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ABSTRACT
However, the crystalline cellulose assembly inside plant cell walls is extremely difficult to
analyze in their intact states. This study utilizes sum frequency generation (SFG) vibration
spectroscopy which can selectively detect crystalline cellulose within intact plant biomass, due to
the unique requirement of non-centrosymmetric ordering. In this work we found that SFG is
sensitive to the molecular structure, crystal structure and mesoscale structure of cellulose inside
plant biomass. Obtaining such structural information spanning multiple length scales is not
achievable by conventional analytical methods. Therefore, SFG presents a unique opportunity to
study the hierarchical structures of cellulose in plant cell walls which are designed for specific
biological functions.
At the nanoscale, the molecular and crystal structures of cellulose are determined by the
covalent bonds as well as hydrogen bonding networks between glucan chains. The peak positions
in the SFG spectra of native cellulose Iα and Iβ were identified through comparison to the
vibration frequencies calculated with density functional theory with dispersion corrections (DFTD2). The frequencies from DFT-D2 calculations allowed the full assignments of the dominant
SFG peaks. These are the localized CH2 symmetric (2850, 2886 cm-1) and asymmetric (2920,
2944, 2968 cm-1) stretching vibrations, and the coupled 2O-H (3270 cm-1), 2,3,6O-H (3300‒3330
cm-1) and 3O-H (3370 cm-1) stretching vibrations. The observation that O-H stretching vibration
modes are highly coupled through hydrogen bonds lead to new assignments for the O-H peaks
which replaced the incorrect assignments propagating in the literature for more than two decades.
These advances in spectral interpretation of cellulose vibrational spectra are critical to utilize SFG
analysis for the identification of cellulose crystal structures.
SFG was employed to distinguish between the native crystal structures (Iα and Iβ) from the
artificially-induced polymorphs (cellulose II, IIII and IIIII). This study showed that SFG is
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sensitive to cellulose crystal structure; due to the non-centrosymmetric ordering of polar cellulose
chains within the crystallographic unit cell at the nanometer length scale. The SFG intensity in the
O-H stretching region was strong for crystals containing parallel chains (Iβ and IIII) and quite
weak for antiparallel chains (II and IIIII) due to the symmetry cancellation of the OH stretching
vibrations.
The SFG intensity is also dependent on the non-centrosymmetric ordering of functional
groups or crystallites over the SFG coherence length which is approximately hundreds of
nanometers to microns. Two reference samples of purified cellulose Iβ were used: uniaxiallyaligned crystallites and randomly-packed or aggregated crystallites. It was found that the overall
SFG intensities and peak shapes of the alkyl (C-H) and hydroxyl (O-H) stretch modes correlate
with the lateral packing and net directionality of cellulose microfibrils at the mesoscale. Cellulose
SFG spectra of cell walls from various plant species could be identified into two groups based on
the (C-H/O-H) intensity ratios. The first group included antiparallel-packed cellulose microfibrils
as found in textile fibers and secondary cell walls of dicots and monocots. The second group
included non-antiparallel packed cellulose as found in primary cell walls, algal cell walls,
bacterial biofilms and tunicate mantles. This study showed that SFG can distinguish between
cellulose within the (primary) walls of actively growing cells and cellulose within (secondary)
walls of matured and lignified cells. The (C-H/O-H) intensity ratio was utilized to study the
development of cotton fibers from two species, G. hirsutum and G. barbadense, which had
different lateral packing at the mesoscale depending on the natural drying process that takes place
during the maturation stage. The (C-H/O-H) intensity ratio was also used to determine the
mesoscale packing of bacterial cellulose pellicles produced from two strains of G. xylinus. The
packing pattern of crystalline cellulose was found to be different on the upper and lower portions
of the pellicle and culture time of the bacteria.
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A broadband sum frequency generation spectrometer combined with a microscope (BBSFG-M) was constructed in order to visualize the heterogeneous nature of cellulose across plant
tissues with different cell types. We demonstrated the applicability of SFG microscopy to
secondary cell walls in cotton fibers and the primary cell walls from onion epidermal cells.
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hydrogen-bond (3O–H•••O5) is shown in blue. Hydrogen atoms on OH groups are
omitted. Image was adapted with permission from.6 ...................................................... 6
Figure 1-2. Unit cell structure of two native cellulose polymorphs, Iα and Iβ. The crosssectional view along the chain axis direction where inter-chain hydrogen bonds
shown in blue. Notice that the networks of hydrogen bonding are two-dimensional
where chains are packed into flat sheets. Image adapted with permission from. 10.......... 6
Figure 1-3. (a) Cellulose polymorphism. Conversion of native cellulose (Iα and Iβ) into
mercerized cellulose (II) and ammonia treated cellulose III. The parallel chain
polarity is shown with two red arrows pointing in the same direction, and
antiparallel chain polarity is shown with two red arrows pointing in the opposite
directions. (b) Cross-sectional view along the chain axis direction and the associated
unit cell for IIII and IIIII where inter-chain hydrogen bonds shown in blue. Compared
to cellulose Iα and Iβ, chains are tilted slightly and a three-dimensional network of
hydrogen bonds connects chains within and between sheets. Image adapted with
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Figure 1-4. Schematic of the hierarchal assembly of plant biomass (a-e) and schematic defining
the intermediate length scale, or “mesoscale” probed by SFG spectroscopy (f-h). (a) In-lab
picture of a 8-week old poplar (P. trichocarpa) stem and cross section where the red region
below the central pith shows normal wood (nw).23 (b) Optical microscope image of normal
wood cells (transverse to growth direction) with a single tracheid cell in red region. 23 (c)
Structural model of the multi-layer cell wall including, secondary wall layers (S1, S2 and S3)
and the primary cell wall in woody cell.24 (d) electron microscope images of an S2 layer in
Ginkgo xylem. In red region, the rod-shaped features are proposed to be bundles of cellulose
microfibrils.17 (e) A single cellulose microfibril containing 36 cellulose chains (carbon =
black, oxygen = red, hydrogens are omitted). This image was obtained from molecular
dynamics (MD) simulations.25 The yellow boxed region shows the crystallographic unit cell
for cellulose Iβ (blue box). The two chain unit cell contains 4 monomer units, the published
unit cell dimensions are shown in Angstroms (carbon = black, oxygen = red, hydrogens =
white). The red arrows designate the approximate displacement of hydrogen atom covalently
bonded to 2O during a stretching vibration motion. The asterisk “ *” designates the carbon on
the non-reducing end of the cellulose chain. In cellulose Iβ all non-reducing ends point in the
same direction. (f) Camera image during a SFG experiment on a plant tissue sample shows
the direction of input 532 nm visible beam (green arrow), 3397 nm (2944 cm -1) infrared
beam (red arrow) and emitted SFG beam at 460 nm (blue arrow). Infrared light is invisible,
but the SFG beam is also not visible due to low yield of SFG photons. The 532 nm light is
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strongly scattered in all directions, the SFG signals are collected and directed to the detector
(left). (g) The typical SFG experiment, signals are an average response over 100 IR and
visible laser shots collected from within the information volume (blue region) which is
governed by the area of overlapping IR and visible beams (200 x 150 μm) and the maximum
penetration of the IR beam into the sample (~20 μm). The area of the overlapping beams is
also show to scale in the optical microscope image in (c), in the dashed yellow line. (h)
Within the information volume, the SFG signal is also a response of the net coherence of
SFG light emitted from multiple sliced regions (blue arrows) where each layer has a
thickness that is defined by the coherence length (~300‒600 nm). This intermediate, or
mesoscale region is on the order of the probing wavelengths and the black double-sided
arrow in (h) shows the relative scale in the electron microscope image (d) to the SFG optical
coherence length. The range of SFG coherence lengths were calculated using only the
refractive index values of cellulose when the SFG light is collected in reflection mode.
Images are reproduced with permission from: (a,b) from ref. 23 (c) from ref. 24 Copyright
1974 John Wiley and Sons, (d) from ref. 17 Copyright 2004 Academie des sciences…..39
Figure 1-5. Schematic of the SFG non-centrosymmetric requirement at different length
scales. In (a-c) the directionality of vibration modes are depicted with brown arrows
(red arrows in Figure 1-4e) and crystal domains are depicted in the dark red box
(blue box in Figure 1-4e). In (d and e) the brown arrows signify the net orientation
of polar ordered crystallites (double black arrow in Figure 1-4d), which are
aggregated within the SFG coherence length which is depicted in the dark red box
(blue cylinder in Figure 1-4h). (d) Represents purified cellulose Iα or Iβ crystallites
with the amorphous matrix removed. (e) Represents the detection of the native three
dimensional network of cellulose crystallites in biological samples. This schematic
depicts the SFG experiment is performed in reflection mode where the blue, green,
red arrows show the propagation of sum-frequency, visible, and infrared waves,
respectably. Blue region represents the surrounding amorphous matrix. Image was
adapted with permission from.10,28.................................................................................. 13
Figure 2-1. Hypothetical SFG spectrum of a molecule with non-centrosymmetrically arranged
vibration modes (top). Energy level diagrams for the vibrational SFG process (bottom). The
dashed lines are the virtual states upon excitation by absorption of the IR and visible
photons. The IR beam is tuned with increasing energy (cm -1) while the visible beam remains
at fixed, at points A and B the SFG process is efficient since (ω IR ≅ ωq). For point C the
energy of IR photons do not correspond to any vibrational mode in the molecule and no SFG
photons are emitted……………………………………………………………………..48
Figure 2-2. Perfect phase matching condition. (a) Bulk nonlinear medium is irradiated with IR
(red) and VIS (green) beams generating SFG signal (blue) at different locations along the
beam propagation direction (L). (b) Phase synchronization factor as a function of phase
mismatch. However, note that phase matching is satisfied, Δk = 0 at every location in the
medium……………………………………………………………………………..…50
Figure 2-3. Conditions of SFG phase mismatch. (a) Bulk nonlinear medium is irradiated with IR
(red) and VIS (green) beams generating SFG signal (blue) at different locations along the
beam propagation direction (L). Points (1) and (2) show that when SFG is separated by the
coherence length (Lc = 200 nm) destructive interference of the SFG light propagating along
the dimension L, is at a maximum. (b) At the air/liquid interface, the nonlinear medium is
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synchronization factor as a function of phase mismatch with the coherence length indicated.
(d) Normalized SFG intensity as a function of sample thickness, the small variations due to
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Figure 2-4. Conditions of SFG with periodic quasi-phase matching. (a) Bulk nonlinear medium is
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Lc = 200 nm. In quasi phase matching, the minimum conversion efficiency does not occur at
the coherence length due to alternation of χeff along the beam propagation direction which
are shown in dashed brown lines. (b) Normalized SFG intensity as a function of sample
thickness. Instead of the optimal case where (Λ = 2Lc ) , the green line shows the periodicity
of Λ~250 nm where the maximum intensity occurs at approximately 200 nm, which partially
recovers for phase mismatch………………………………………………………..53
Figure 2-5. SFG with random quasi-phase matching. (a) Isotropic bulk nonlinear medium is
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AFM images of uniaxially aligned (b) cellulose Iα and (c) cellulose Iβ crystallite bundles
~5‒40 μm in size. (d) Randomly packed cellulose Iβ………………………………56
Figure 2-7. Schematic of ps-scanning SFG spectrometer. (a) Regenerative amplifier and power
amplifier to generate high power 1064 nm near IR ps pulses (pink lines) followed by second
harmonic generation for production of 532 nm visible ps pulses (green lines). Visible pulses
are either used for the experiment or for conversion in OPO/OPA unit along with 1064 nm
pulses (b) Beam path of the OPO and OPA units followed by mid IR pulse generation
through DFG in AgGaS2. Color code: parametric superfluorescence (orange and yellow line,
marked with “*”), seed/idler (orange line), signal (red line) and mid IR (brown line). Vertical
breadboard layout for optically flat interfaces (c) and crystalline cellulose powders (d). In (c,
d) the incident angles for IR and VIS beams are with respect to the surface normal and
within the plane of incident (POI) in the xz-plane. Polarization convention is within the POI
(p-polarization) and perpendicular to the POI (s-polarization). The polarization convention is
applicable for IR and visible beams but is not shown for clarity. In (c) beams are reflected
from the surface in the phase matching direction, while in (d) scattering of beams produces a
wide distribution of SFG photons which depends on the orientation of individual crystallites
with respect to the incident IR and visible photons (e). In both cases the reflected IR and
visible beams are removed with filters (F). In (d) the SFG signal collection is enhanced using
a beam collimator (B). Color code: visible (green line), IR (red line) and SFG (blue line).
Image in (e) was adapted with permission from. 3…………………………………60

xii
Figure 2-8. Schematic of BB-SFG spectrometer. (a) Ti:sapphire amplifier to generate high power,
800 nm “visible” ~85fs pulses (pink lines). (b) Creating a broadband seed beam through
supercontinuum in a sapphire plate (green line). The seed beam undergoes OPA in a preamplification (Pre. Amp.) step to select the desired signal beam frequency through phase
matching. Power amplifier (Amp.) OPA with amplified signal (red line) and idler beams
(orange line) which are used to generate broadband mid IR pulse (brown line) through DFG
in AgGaS2. (c) Vertical breadboard layout for optically flat interfaces where the incident
angles for IR and VIS beams are with respect to the surface normal and within the plane of
incident (POI) in the xz-plane. Polarization convention is within the POI (p-polarization) and
perpendicular to the POI (s-polarization). The polarization convention is applicable for IR
and visible beams but is not shown for clarity. All beams are reflected or transmitted in the
phase matching directions, SFG signals reflected from the surface (reflection mode) or
travelling through the sample (transmission mode) could be acquired and sent to the detector.
IR and visible beams are removed with filters (F). Color code: 800 nm (pink line), IR (red
line) and SFG (blue line) ……………………………………………………………… 64
Figure 3-1. Molecular model of the exocyclic C6H2OH group in tg (green), gt (blue), and
gg (pink) conformations. In the pair-wise representation (t = trans and g = gauche),
the first letter is the torsion angle of O5C5C6O6 and the second letter the angle
of C4C5C6O6.  is the angle between the C5O5 and C6O6 bond axes.
(C=dark gray; O=red; H=light gray) .............................................................................. 39
Figure 3-2. Two possible hydrogen bonding networks in cellulose I and I crystals: (a)
network A and (b) network B.44 (C=dark gray; O=red; H=light gray). ........................... 40
Figure 3-3. Two conformations of the exocyclic CH2OH groups in cellulose I and I
are shown in (a). The  angles are marked in red and blue colors. Stacking of
cellulose chains in (b) cellulose Iα and (c) cellulose Iβ. The dotted boxes are the
triclinic unit cell containing a single chain in (b) and the monoclinic unit cell
containing two chains in (c). The unit cell axes are marked following the notation
from Sugiyama et al.46 .................................................................................................... 41
Figure 3-4. Two laser incidence plane geometries for aligned cellulose I and I
nanowhiskers. The nanowhisker alignment axis (black arrow) of the cellulose films
was positioned (a) parallel (//) and (b) perpendicular () to the laser incidence plane
(gray). The polarizations of IR and visible incidence beams were in-plane (p) and
out-of-plane (s), respectively, with respect to the laser incidence plane. ........................ 46
Figure 3-5. SFG spectra of laterally-packed and aligned films of cellulose Iα
nanowhiskers (from Glaucocystis; A1 and A2) and cellulose I nanowhiskers (from
Halocynthia; B1 and B2). (C) Linear combination of the B1 and B2 spectra. (D)
SFG spectrum of randomly-packed powder of cellulose I (Avicel PH-101). Spectra
A1 and B1 were taken with the laser incidence plane perpendicular to the chain
alignment direction, and A2 and B2 were taken with the laser incidence plane
parallel to the chain alignment direction. For the region 2700‒3800 cm-1 the y-axis
was enlarged 4 times for clarity. The peaks discussed in the text are highlighted with
dotted lines. .................................................................................................................... 49

xiii
Figure 3-7. Polarized FT-Raman spectra of laterally-packed and aligned films of (a)
cellulose Iα and (b) I nanowhiskers. Spectra were taken with the excitation laser
polarization perpendicular and parallel to the nanowhisker alignment direction. The
peaks discussed in the text are highlighted with dotted lines. ......................................... 50
Figure 3-8. Cellulose Iα (top) and Iβ (bottom) structures obtained after full relaxation
(energy minimization) from DFT-D2 calculations: (a) network A and (b) network B.
(C=dark gray; O=red; H=light gray). Red and blue arrows correspond to the same
color units shown as in Figure 2-3.................................................................................. 54
Figure 3-9. Peak positions predicted by DFT-D2 calculations for (a) CH and CH2
stretching and (b) dominant OH stretching modes of the energy-minimized
structures of cellulose I and I crystals with two different hydrogen bond
arrangements (networks A and B). In (a), the CH methine stretching regions are
marked with black, the CH2 symmetric stretching regions are red, the CH2
asymmetric regions are green. The bands marked with † have some degree of
coupling between the CH2 asymmetric stretching and the 5CH stretching. In (b), the
intra-chain hydrogen-bonded O2H and O3H stretching groups are marked with
black and blue, respectively, and the inter-chain hydrogen-bonded O2H/O6H and
O2H/O3H/O6H groups are marked with pink and red, respectively. The observed
SFG peaks for cellulose Iα and Iβ are shown with the dashed line. ................................ 57
Figure 3-10. Snapshots of vibrational modes from DFT-D2 calculations for cellulose Iβ
network A: (a) CH2 symmetric stretch at 2867 cm-1, (b) CH2 asymmetric stretch at
2943 cm-1, (c) CH2 bend at 1477 cm-1, (d) localized CH stretch at 2909 cm-1, (e)
delocalized CH stretch at 2872 cm-1, (f) stretch of intra- and inter-chain hydrogenbonded OH groups at 3231 cm-1and (g) skeletal stretch and bend at 1098 cm-1.
(C=dark gray; O=red; H=light gray; displacement vectors = green) .............................. 61
Figure 3-1. (a) Perspective representation of two unit cells of cellulose Iβ determined
from x-ray and neutron diffraction studies.12,44 In this model, two possible OH group
arrangements are proposed as network A (b) and network B (c). Each network
contains three hydrogen bonds: 2O‒H···6O (black), 3O‒H···5O (blue) and 6O‒
H···3O (Network A) or 6O‒H···2O (Network B) (red). In (a), the cellulose chain
axis is along the c-direction and the hydrophobic facets of the two alternate sheets
are stacked along the a-direction. The experimentally determined H···O distances
(Å), which are the average of the center and corner chains, are also shown in (b) and
(c). The C, O, and H atoms are represented as black, red, and light gray,
respectively. ................................................................................................................... 66
Figure 3-2. (a) Polarized FTIR spectra of uniaxially aligned cellulose Iβ of annealed
celery collenchyma. IR beam is polarized parallel (blue, open circle; Aǁ) and
perpendicular (red, closed circle; A) to the fiber axis. Data from Ref. 22. (b)
Dichroism (black bars), defined as the absorbance ratio Aǁ/A, of each OH peak
identified from the polarized IR analysis and the calculated angle (θIR; gray bars)
between the OH dipole moment and the chain alignment axis. Error bars represent
the range in θIR calculated if the cellulose chains are oriented within ±30° along the
fiber axis......................................................................................................................... 74

xiv
Figure 3-3. SFG spectra of cellulose from three native sources: (a) cellulose Iβ from the
tunicate Halocynthia, (b) cellulose Iα and Iβ mixture from algae Glaucocystis, and
(c) cellulose in 8-week-old stems from the plant Arabidopsis. Reprint permissions
from: (a,b) Ref. 10 Lee et al. 2014, Royal Society of Chemistry and (c) Ref. 28 Park
et al. 2012, Copyright American Society of Plant Biologists, available at
www.plantphysiol.org. SFG spectra in (a) and (b) were fit with 4 OH peaks and 5
OH peaks as described in Ref. 10. .................................................................................. 77
Figure 3-4. Calculated hydroxyl stretching frequencies from network A and network B
hydrogen bonding. Each network structure containing two unit cells gave 24
vibration modes. (a) Based on similarities of vibration frequencies and
displacements of H atoms involved in vibrations, they are grouped into 6 regions for
network A (marked with green boxes) and 9 regions for network B (marked with
yellow boxes). The symbol code is as follows: 2O‒H as the proton donor (square),
3O‒H···5O with 3O‒H as the proton donor (circle), and 6O‒H···3O (Network A) or
6O‒H···2O (Network B) with 6O‒H as the proton donor (triangle). On the y-axis
the O-H stretching contribution (%) is the total displacement of H atoms on 2OH,
3OH or 6OH divided by the total H displacement (on the OH groups), at each
frequency. Visualization of coupled OH stretching vibrations at the selected
frequencies (b) 3200 cm-1 , (c) 3268 cm-1 , (d) 3329 cm-1 , (e) 3354 cm-1 .
Displacement vectors are shown to scale (green lines). These vibration modes (b-e)
are shown in the supporting information Movies M1, M3, M6 and M7 respectively. .... 79
Figure 3-5. Comparison of the orientation angle (θH) between the net dipole moment and
the chain axis determined by DFT-D2 for network A (blue circles) and network B
(green triangles) and the orientation angle (θ IR) determined by polarized FTIR (red
squares). The modes marked with asterisks have predominant contributions from
those specific O-H groups (Figure 3-4). ......................................................................... 81
Figure 3-6. Hydroxyl groups geometry from MD simulations of a 6x6 cellulose
microfibril: (a) Final snapshot of the twisted microfibril (C=black, O=red), hydrogen
atoms are omitted for clarity. The value of θMD is the angle between the OH bond
axis and the microfibril axis (z-axis in (a)). The value of ψ is the azimuth angle of
the cross section plane with respect to the b-axis of the bottom unit cell (y-axis in
(a)). (b-g) Angular distributions of the O-H groups averaged along the cellulose
microfibril. (b-d) Hydroxyl groups from the 16 interior chains: θMD,ψ values for (b)
2O-H, (c) 3O-H, and (d) 6O-H. (e-g) Hydroxyl groups from the 20 exterior chains:
θMD,ψ values for (e) 2O-H, (f) 3O-H, and (g) 6O-H. The color scale represents the
relative abundance, with red signifying the highest occurrence...................................... 83
Figure 3-S1. (a) Orientation distribution of cellulose chains in annealed celery
collenchyma, from X-ray diffraction of the 200 reflection as a function of azimuthal
angle. The main part of the distribution can be modelled as a Gaussian with σ = 6°.
(b) Variation in the estimated values of θ (from Equation 7-9) for the OH peaks in
polarized IR, depending on different orientation of cellulose chains in the celery
fiber, Φ. .......................................................................................................................... 93
Figure 3-S2. Comparison of the vibration frequencies predicted by DFT-D2 calculations
with the full relaxations of all atoms (▲,▼) and hydrogen only (■,●) during the

xv
energy minimization step. The data for the full relaxation were taken from the
previous DFT-D2 study.2 ............................................................................................... 96
Figure 3-S3. Screenshot of the cellulose chains in the animations from structures with
Network A. Field of view is outlined in white. The atoms on the center chain are
outlined in yellow and the atoms placed on nearest center chain neighbors in
adjacent unit cells are in green; red ovals are intra- and inter-chain hydrogen bonds.
Some atoms on the origin chains are above and below the plane but the covalent
bonds are not shown. The chain axis is vertical. The C atoms are labeled and atom
colors are: C = dark grey, O = red and hydrogen = white. .............................................. 97
Figure 3-S4. Calculated hydroxyl stretching frequencies from Network A hydrogen
bonding on the fully relaxed structures for six selected frequencies.2 The symbol
code is as follows: 2O‒H as the proton donor (black), 3O‒H···5O with 3O‒H as the
proton donor (blue), and 6O‒H···3O (Network A) or 6O‒H···2O (Network B) with
6O‒H as the proton donor (red). On the y-axis the O-H proportion H displacement
(%) is the total displacement of H atoms on 2OH, 3OH or 6OH divided by the total
H displacement (on the OH groups), at each frequency. Due to shorter O···O
distances in this model, the vibrational coupling is slightly reduced (e.g. 3032 and
3245 cm-1) compared to structures with only H atom relaxation in this paper. .............. 98
Figure 5-1. Transition of native cellulose Iβ to type II, IIII and IIIII. b) Schematic of the
repeating unit along the cellulose chain (C=dark gray; O=red; H=light gray). Three
conformations, tg, gt or gg, of the OH group in the exocyclic C6H2OH group are
shown on the right glucose unit. The t and g characters stand for trans and gauche
conformations, respectively. The first italic character refers to the relative position
between O5 and O6 (O5-C5-C6-O6), and the second italic character refers to the
relative position between C4 and O6 (C4-C5-C6-O6). In the left glucose unit, the
C6H2OH group is in the tg conformation. The intra-chain hydrogen-bond (3OH···O5) is shown in blue. Hydrogen atoms on OH groups are omitted. ......................... 101
Figure 5-2. a) XRD, b) NMR, and c) SFG analysis data for Avicel cellulose I, II, and
IIII, and IIIII. The SFG intensity of cellulose I is reduced by 75% for comparison.
The spectra of cellulose polymorphs produced from α-cellulose are shown in the
supporting information. .................................................................................................. 108
Figure 5-3. SFG spectrum of a single flax (Linum usitatissimum) fiber with orientation of
the fiber axis with respect to the incident IR polarization: A) parallel B) 45 degrees
C) perpendicular. Flax contains cellulose elementary fibrils highly oriented along the
fiber axis; therefore the cellulose chain axis is along the fiber axis. ............................... 110
Figure 6-1. Phase synchronization condition in SFG. a) Schematic of SFG experiment in
reflection geometry. Blue, green, red arrows show the propagation of sumfrequency, visible, and infrared waves, respectively. Small brown arrows represent
dipoles of vibration modes. Blue region represent a surrounding amorphous matrix.
b) Plot of SFG phase synchronizing factor as a function of phase mismatch ∆k. ........... 117
Figure 6-2. Comparison of SFG spectra (a,b) and AFM images (c,d) of uniaxially-aligned
(a,c) and randomly-packed (b,d) cellulose Iβ crystals. ................................................... 126

xvi
Figure 6-3. SFG spectra of cellulose in biological tissues. a) Mature secondary cell walls
of land plants: flax, ramie, cotton, Brachypodium, poplar, Arabidopsis, pine, maize
and switchgrass. b) Algal cell walls (Glaucocystis, Oocystis, Valonia, and
Cladophora), cellulose biofilm produced from G. xylinus, Halocynthia mantle,
Onion epidermis and Arabidopsis aerial tissue. .............................................................. 131
Figure 6-4. Electron microscope images of (a) cotton (Gossypium)47 (b) ramie
(Boehmeria)47 (c) Structural model for secondary wall (S1, S2, S3) and primary cell
wall in woody tissue.58 (d) S2 layer of Ginkgo xylem48 (e) Glaucocystis53 (f)
Gluconacetobacter57 and (g) tunicate (Perophora)43. Scale bars are 0.25 µm (b,d),
0.5 µm (e), 1 µm (a), 4 µm (f,g). (a, b, e) Ref. 47 and 53 modified with permission
from Heyn A.N.J. 1966 and Willison J.H.M and Brown M.R. 1978. Originally
published in Journal of Cell Biology doi:10.1083/jcb.29.2.181 and doi:
10.1083/jcb.77.1.103. Reproduced with permission from (c) Ref. 58 Copyright
1974 John Wiley and Sons, (d) from Ref. 48 Copyright 2004 Académie des
sciences, (f) from Ref. 57 Copyright 2012 Elsevier Ltd., (g) from Ref. 43 Copyright
2004 Kluwer Academic Publishers. Electron microscope images of cellulose in
Oocystis4, Valonia54 and Cladophora55 are similar to (e). ........................................... 132
Figure 6-5. Deconvolution of the OH region of the SFG spectra shown in Figure 5-3b
using Equation (11): (a) Glaucocystis, (b) Oocystis (c) Cladophora, (d) Valonia, (e)
Gluconacetobacter, and (f) Halocynthia. Solid lines are the fitting curves. The fitting
results and parameters from Equations (12) and (13) are shown in the
Supplementary Information. ........................................................................................... 134
Figure 6-S1. AFM images (topography and deformation) of cellulose nanocrystals
purified from (a) Halocynthia and (b) Avicel. SFG spectra of cellulose nanocrystals
purified from (c) Halocynthia, (d) Cladophora, (e) Gluconacetobacter, and (f)
Avicel. The SFG intensities were adjusted for comparison of peak shape...................... 139
Figure 6-S2. Deconvolution of the OH region of the SFG spectra using Equation (11) of
(a) Glaucocystis, (b) Oocystis (c) Cladophora, (d) Valonia, (e) Gluconacetobacter,
and (f) Halocynthia shown in Figure 5-3b. Solid lines are the fitted curves. .................. 140
Table 6-S1. Fitting parameters (with standard error of the mean) of the SFG spectra from
Glaucocystis in Figure 5-3b, using Equations (12) and (13)........................................... 140
Figure 7-1. Characterization of cellulose reference samples using (a) XRD, (b) Raman,
(c) IR, and (d) SFG. Reference samples were prepared from filter paper and are
labeled as untreated (black), partially decrystallized (red) and amorphous (blue). All
spectra are offset for clarity and the insets in (b) and (c) show the regions used in the
CI calculations. ............................................................................................................... 153
Figure 7-2. Correlations between crystalline peak intensities in (a) Raman, (b) IR and (c)
SFG vibration spectroscopy of reference samples with respeoct to XRD
crystallinities calculated using the peak height method (PH, open circles) and
amorphous subtraction method (AS, closed circles). ...................................................... 156

xvii
Figure 7-3. (a) Estimation of the diameter of a cellulose microfibril with circular crosssection as a function of number of chains in the microfibril. (b) Simulated XRD
diffractograms using the Mercury program at different peak input values of full
width at half maximum (FWHM). Inset in (b) shows the calculated CI value from
the amorphous subraction (AS) method versus FWHM value. ....................................... 158
Figure 7-4. Characterization of isolated and natural cellulose samples using (a) XRD, (b)
13
C NMR, (c) Raman, (d) IR and (e) SFG. Samples are cotton linter (black), Avicel
(red), α-cellulose (green), hardwood (HW) pulp (blue) and softwood (SW) pulp
(orange). In (a) the amorphous standard is plotted as a dotted line. The insets in (c)
and (d) show the spectral regions used in the CI calculations. All spectra are offset
for clarity. ....................................................................................................................... 160
Figure 8-1. Images of artificially-open (AD) cotton bolls of G. hirsutum at 23 and 45
DPA. (Color Figure online) ............................................................................................ 169
Figure 8-2. Crystalline cellulose and water content during development of G. hirsutum
and G. barbadense cotton fibers. Square and circle symbols represent G. hirsutum
and G. barbadense, respectively. Crystalline cellulose content and water content
changed inversely with developmental time and similarly for both species. Each data
point is the mean of three biological replications with standard deviations graphed
with the cellulose content data. ...................................................................................... 175
Figure 8-3. SFG spectra during cotton fiber development for AWD fibers. SFG spectra of
the cotton fiber bundles from 13 DPA to 60 DPA: (a) G. hirsutum and (b) G.
barbadense. The inset shows the magnified SFG spectra of 21 DPA and 23 DPA
samples. The y-axis scale is offset for each spectra to allow intensities to be
compared between species. ............................................................................................ 177
Figure 8-4. SFG spectral changes during fiber development for AWD fibers of G.
hirsutum and G. barbadense. (a) Total peak area in the CH stretching region (2700‒
3000 cm-1) and the OH stretching region (3100‒3400 cm -1) determined from peak
fitting with Lorentzian peak shape. (b) Ratio of SFG peak areas in the CH and OH
regions showing a similar increase with DPA for both species. ..................................... 177
Figure 8-5. SFG spectra of crystalline cellulose in AWD cotton fibers before and after
2M TFA extraction. (a) SFG spectra of TFA-treated (T) and untreated (U) G.
hirsutum cotton fibers at 17 DPA (primary wall stage; bottom) and 23 DPA
(beginning of secondary wall synthesis; top). In the 17 DPA sample, the TFA
treatment caused the emergence of SFG peaks at 2944 cm -1 and 3320 cm-1 typically
associated with secondary wall cellulose. In the 23 DPA sample, these peaks were
enhanced by TFA extraction. (b,c) SFG from TFA-treated (T) and untreated (U) G.
hirsutum (b) and G. barbadense (c) cotton fibers at 40 DPA (secondary wall stage).
In these nearly mature fibers, the TFA treatment reduced the SFG intensity of
cellulose and the intensity difference between G. hirsutum and G. barbadense
species became smaller. ................................................................................................. 179
Figure 8-6. ATR-IR spectra of AWD cotton fiber bundles at 13‒60 DPA for (a) G.
hirsutum and (b) G. barbadense. The spectra of two species are nearly identical at

xviii
the same DPA. (c) Loading plot of principal component 1, PC-1 (90% explained
variance) of all ATR-IR spectra representing the predominant spectral elements
across all DPAs. The letters W, C, Pr, Pc, and H indicate water, cellulose, protein,
pectin, and hydrocarbon components, respectively. The dotted line represents zero
PC1 loading. (d) Plot of PC1 score versus DPA. ............................................................ 182
Figure 8-7. Effect of water removal from G. hirsutum AWD cotton fibers. (a) Thermal
gravimetric analysis (TGA) data of air-dried cotton fibers collected from the unopen bolls at 13, 23, and 50 DPA. The desorption temperature of weaklyphysisorbed water (~100 oC) and cellulose decomposition temperature (320‒370 oC)
are marked with dashed lines. The mass-losses between these lines are due to
strongly-bound water and hemicellulose decomposition. (b) In situ ATR-FTIR
spectra during heating at 60, 135 and 210°C of 13, 23 and 50 DPA fibers. The pairs
of dotted lines show the peaks shifting due to water loss during the heating. ................. 183
Figure 8-8. Raman spectra of AWD cotton fiber bundles at 13‒60DPA for two species:
(a) G. hirsutum and (b) G. barbadense. These spectra are nearly identical in the two
species. (c) Loading plot of principal component 1, PC-1 (85% explained variance)
of all spectra representing the predominant spectral elements. The letters C, U, H
indicate cellulose, unsaturated hydrocarbon, and long-chain alkyl groups,
respectively. The dotted line represents zero PC1 loading. (d) Plot of PC1 score
versus DPA. ................................................................................................................... 186
Figure 8-9. X-ray diffractograms of AWD cotton fibers at 17, 23, 40, and 60 DPA of (a)
G. hirsutum and (b) G. barbadense species. ................................................................... 187
Figure 8-S1. Example of XRD peak fitting of G. hirsutum (a) 17DPA and (b) 60DPA. ........ 194
Figure 8-S2. SFG spectral changes during fiber development for G. hirsutum and G.
barbadense. (a) Principal component (PC1, 99% explained variance) of the
predominant elements of the SFG spectra of all DPA’s. (b) Plot of PC1 scores as a
function of DPA. ............................................................................................................ 194
Figure 8-S3. SFG spectra of AD cotton fibers that were air-dried directly upon boll
opening in the lab without storage in water at 4oC. In these samples no discernable
SFG signals are observed at 17 DPA; the SFG signals of the 23 DPA samples were
weaker than the ones shown in Figure 2 (rehydrated and stored at 4oC before airdry). ................................................................................................................................ 194
Figure 8-S4. Effects from natural drying (ND) of fully-developed cotton fibers upon boll
opening. The SFG intensities from ND cotton fibers from naturally opened bolls are
significantly lower than those of AWD fibers (artificially opened, stored in water
and air-dried). Also it is noted that the intensity difference between G. hirsutum and
G. barbadense becomes insignificant after the boll opened naturally. ........................... 195
Figure 8-S5. Iodine staining of young never-dried cotton fibers from G. hirsutum: (a) 17,
(b) 21, (c) 23, (d) 30 DPA. White arrows refer to stained starch granules. Scale bar is
50µm. ............................................................................................................................. 195

xix
Figure 9-1. SEM images of bacterial cellulose produced from (a-j) ATCC 53524 and (k-r)
ATCC 23769. Images of (a-d) and (k-n) are the water-washed samples and images
of (e-j) and (o-r) are the NaOH-treated samples. (a,e,k,o) top surface of the pellicle
harvested after 1 day; (b,f,l,p) bottom surface of the pellicle harvested after 1 day;
(c,g,i,j,m,q) top surface of the pellicle harvested after 7 days; (d,h,n,r) bottom
surface of the pellicle harvested after 7 day.................................................................... 203
Figure 9-2. X-ray diffraction patterns of bacterial cellulose pellicles produced by ATCC
53524 and 23769 for 1 day and 7 days of culture. The crystallinity index (CrI, %)
and crystal size (CrS, nm) are shown in the Figure. The diffraction peaks for
cellulose Iα are labeled. .................................................................................................. 206
Figure 9-3. SFG spectra of bacterial cellulose produced after 1day or 7 days from (a)
ATCC 53524 and (b) ATCC 23769. Spectra were normalized at 3320 cm -1. ................. 207
Figure 9-4. ATR-IR spectra of bacterial cellulose produced after 1day or 7 days from (a)
ATCC 53524 and (b) ATCC 23769. Spectra were normalized at 1032 cm -1. ................. 208
Figure 10-1. Energy level diagrams for the vibrational SFG process, with (a-c) tunable
narrow-bandwidth or (d) broad-bandwidth infrared radiation (ωIR) with the upconverting narrow-bandwidth visible or near-infrared pulses (typically λVIS = 532 nm
or 1064 nm in ps-systems and 800 nm in fs-systems). The solid horizontal lines
represent hypothetical vibrational energy levels of a hydrocarbon molecule with
non-centrosymmetrically arranged CH2 and CH3 groups; the dashed horizontal lines
are virtual states upon excitation by absorption of the IR and visible photons. In a
system using narrow-bandwidths for both IR and visible input beams, such as
picosecond laser pulses, the SFG spectrum is obtained by scanning the infrared
beam as illustrated in a  b  c; here b is not in resonance thus the SFG process is
inefficient. In a system using IR pulses with a broad bandwidth as in (d), multiple
vibrational modes can be simultaneously excited which can be up-converted with the
narrow-bandwidth visible beam into SFG signals. In this illustration, infrared, midinfrared and SFG pulse are represented by brown, red and blue lines, respectively. ...... 214
Figure 10-2. Illustration of the broadband SFG system setup. (a) Optical layout of the
MM-BB-SFG system, abbreviations are: (BS) 1:3 beam-splitter, (E1, E2) FabryPérot etalons, (HP) half-wave plate, (GLP) Glan-Laser prism, (P) periscope, (Ge)
germanium window, (VB) vertical breadboard, (S) tabletop sample stage, (L1) BaF 2
focusing lens, (L2, L3) BK-7 collimating lens for reflection and transmission modes,
(SPF) short-pass filter, (GTP) Glan-Thompson prism, (L4) BK-7 focusing lens, (SP)
spectrometer, (M) microscope. The mirror after L2 and L3 can be rotated for
tabletop or microscope experiments (curved arrow). (b) Vertical breadboard layout
for the tabletop sample stage, abbreviations are: (FM) flip-mirrors for visible and
infrared beam (dotted lines) alignment to microscope, (Si) silicon wafer for power
reduction. The incident and collection angles (θ) were set at 45° with respect to
surface normal. The visible and infrared beams also travel along the path of the sum
frequency beam in the reflection and transmission directions but are not shown for
clarity. (c) SFG-microscope layout in a reflection mode, abbreviations are: (DM)
Al2O3 dichroic-mirror, (RO) 15 reflective objective with NA = 0.4, the piezo stage
allows a sample translation over 300 m  300 μm in the xy plane. The laboratory

xx
frame is defined as z = surface normal, xz is the plane of incidence, y =
perpendicular to the plane of incidence. The transmission mode is not shown in (c).
The 800nm beam, 2.3‒10 µm mid-infrared beam, and 605‒740 nm SFG signal beam
are drawn in red, brown, and blue colors, respectively. .................................................. 219
Figure 10-3. Spectral profiles of the 85 fs 800 nm pulse from the Ti:sapphire amplifier
(black), and filtered pulses after the first etalon (red) and second etalon (blue). ............ 222
Figure 10-4. (Bottom) Non-resonant SFG profiles produced from the α-quartz surface
showing the spectral shapes of individual broadband IR pulses in different spectral
regions. The full width at half max (FWHM) was approximately 150180 cm-1.
Removal of water vapor in the beam path by purging with dry nitrogen results in
some increase in the IR profile in the water absorption region (black line). (Top)
Average power of the input IR pulse measured with a pyroelectric detector at
different NDFG settings. ................................................................................................ 225
Figure 10-5. Comparison of BB-SFG and ps-scanning SFG systems of (a) lowwavenumber region of SFG spectra of Avicel ®, (b) high-wavenumber region of
Avicel® and Kimwipe®, and (c) SNOOP® surfactants at the air/water interface. The
spectra in (a) and (b) were collected with ssp polarization and the spectra in (c) was
taken in ppp polarization. The y-axis shows the counts per second of the BB-SFG
spectra after normalization for 800 nm and IR power (cpsSFG/mW800nm/mWIR); the
intensities of the ps scanning-SFG spectra were arbitrarily adjusted with
normalization of the biggest peak for comparison. For the BB-SFG spectra, the data
acquisition at each NDFG setting was 0.5 sec for cellulose (a,b) and 30 sec for
SNOOP® surfactants at the air/water interface (c). ......................................................... 233
Figure 10-6. SFG intensity of Avicel at 2944 cm-1 (a) and air/DMSO at 2920 cm-1 (b) at
various time delays between the visible and IR pulses. The time delay of the visible
pulses was adjusted to arrive before the IR pulse (positive on the x-axis) and after
the IR pulse (negative on the x-axis). In insets show the full profile in the CH
stretching region (27503050 cm-1) at -1ps (A), without delay (B) and +1ps (C). ......... 236
Figure 10-7. Determination of (a,b) probe area and (c) probe depth for a bulk sample in
the BB-SFG tabletop experiment. The z-axis is in the direction normal to the
surface, x-axis is along the incident beam propagation direction (thus, the xz plane is
the plane of incidence), and y-axis is perpendicular to the plane of incidence. In (a),
a flax fiber was placed along the y-axis and translated along the x-axis; in (b), the
fiber was placed along the x-axis and translated along the y-axis. In (c), the SFG
signal intensity was measured for thin films of cellulose nanocrystals with different
thicknesses in the reflection (black and blue) and transmission (red and pink) modes.
The SFG intensities were monitored at 2944 cm-1 (black and red curves) and 3320
cm-1 (blue and purple curves). The fit lines are a guide to the eye. ................................. 238
Figure 10-8. Comparison of BB-SFG to the HR-BB-SFG system using (a) air/DMSO
interface and (b,c) crystalline cellulose in the Cladophora cell wall. The polarization
combination was ssp and all spectra were normalized with IR power as mentioned in
the methods section. The main observed peaks are marked with dotted lines. ............... 240

xxi
Figure 10-9. (a) Spectral image on the CCD camera of SFG signals produced in reflection
and transmission directions from a thin film of highly-crystalline cellulose isolated
from the tunicate Halocynthia. (b) SFG spectra in the OH stretching region from the
transmission ROI (red curve) and reflection ROI (black curve). .................................... 243
Figure 10-10. TIR-BB-SFG spectrum of α-pinene vapor in contact with a CaF2 prism.
The inset shows the experimental setup where the incidence angles are θ IR = θVIS =
45° with respect to the surface normal. The spectrum was collected in the ssp
polarization and was an arithmetic average of three spectra taken over 30 seconds.
The y-axis is the SFG intensity normalized with the 800 nm power and the IR beam
profile obtained with a quartz surface (cpsSFG/mW800nm/cpsIR). ...................................... 244
Figure 10-11. Analysis of the spatial variance of crystalline cellulose in a single cotton
fiber using the BB-SFG microscope. The BB-SFG spectra were taken by moving the
beam position at 5 µm steps (a) along the fiber axis and (c) across the fiber diameter.
The data acquisition time was 1 sec per location. The optical microscope image of
the fiber is shown in (b). The polarization of IR and 800 nm beams are in the xz
plane. .............................................................................................................................. 247
Figure 10-12. SFG spectral image of cellulose in a single cotton fiber. (a) Optical
microscope image of the analyzed region of the fiber (scale bar = 35 µm). Loading
plots of (b) PC-1 (94% explained variance) and (c) PC-2 (3% explained variance)
from PCA of the entire spectra collected at all pixels. Image plots of (d) PC-1 scores
and (e) PC-2 scores. (f) Merge of the optical microscope image and SFG PC-1 score
image. The laser incidence as well as polarization were along the xz plane. .................. 249
Figure 10-13. Analysis of the spatial variance of crystalline cellulose in onion epidermis
using the BB-SFG microscope. (a) Optical image of the cell wall (scale bar = 100
µm). (b) SFG spectra of the vertical (1,2,4) and planar (3,5) and of the cell wall. (c)
A schematic of the side view of the half cell wall of the abaxial epidermis. The
polarization of IR and 800 nm beams as well as the laser incidence plane are in the
xz plane. ......................................................................................................................... 250
Figure 10-S1. Effect of the spectral bandwidth of the 800 nm pulse on the SFG peak
width of the CH vibration region of crystalline cellulose (Avicel®). The spectra were
taken with one etalon (λ = 0.96 nm; shown in black) and two etalons (λ = 0.78
nm; shown in red). The polarization combination of the SF, Vis, and IR pulses was
ssp. ................................................................................................................................. 252
Figure 10-S2. Normalized SFG signals from α-quartz surface obtained with broadband IR
pulses generated using 40 fs pulses for OPA pumping. The 40 fs 800 nm pump beam
was produced by reconfiguration of the Libra® amplifier. The conversion of the 40
fs broadband 800 nm pulse to the narrowband pulse for SFG experiment was made
using a series of two etalons as shown in Figure 9-2 of the main paper. The full
width at half max (FWHM) was ~100140 cm-1. The data suggested that the pulse
width of the 800 nm pump beam (40 fs versus 85 fs) for the OPA does not affect the
bandwidth of the IR pulse produced by the OPA; the IR bandwidth seemed to be
more sensitive to the phase mismatch of the signal and idler beams of OPA at the
NDFG crystal. ................................................................................................................ 252

xxii
Figure 10-S3. Simulations of the NDFG step-scan setting (ν) on the IR power spectrum
(purple curve) delivered to the sample. For simplification, a Gaussian profile with a
150 cm-1 FWHM was used for the spectral shape of the broadband IR pulse. The
step size is (a) smaller than and (b) equal to the FWHM of the IR pulse. The
simulation indicates that if the step-scan of NDFG is smaller than the measured
bandwidth (FWHM) of the IR pulse, then the SFG spectral segments obtained at a
constant NSFG step-scan setting can be summed and then normalized with the
average IR power spectrum recorded using a pyroelectric power meter upon stepscanning of the NDFG crystal over the same spectral region (for example,
continuous line obtained by polynomial fit of the black circle data in Figure 9-4 of
the main paper). The normalized SFG spectrum obtained in this way would be
identical with the one obtained by normalizing individual SFG spectra with the nonresonance background spectra obtained at the same NDFG crystal setting (for
example, individual spectra shown in Figure 9-4 and Figure 9-S2) and then summing
the normalized segments. ............................................................................................... 253
Figure 10-S4. Comparison of the SFG spectral resolutions of the CH3 stretch signal of the
air/DMSO interface (in ssp polarization) obtained using (a) HR-BB-SFG system, (b)
ps-scanning SFG system, and (c) MM-BB-SFG system. The HR-BB-SFG spectrum
was collected using the system constructed by Dr. Hongfei Wang (EMSL User
Program 47913). The data in (a) shows the true lineshape of the CH 3 group of
DMSO at the air/liquid interface.1 The ps-scanning system was the one constructed
by EKSPLA (using ~27 ps pulses) available in our lab at PSU. The data in (c) was
collected with two etalons in series (Figure 9-2 of the main paper). Using the
lineshape of the spectrum shown in (a), the resolutions were calculated to be ~6 cm-1
for ps-scanning system and ~5.5 cm-1 for the MM-BB-SFG system (with two
etalons).1......................................................................................................................... 253
Figure 11-1. Molecular model of cellulose Iβ used in TD-DFT calculations drawn in the
molecular frame (a) and Euler transformation (b) into the laboratory frame used in
SFG vibrational spectroscopy experiments (c). .............................................................. 259
Figure 11-2. Calculated SFG spectra in ssp polarization using TD-DFT. (a) Cellulose Iα
and (b) Cellulose Iβ . The intensity scale is proportional to the modulus square of
𝜒𝑠𝑠𝑝𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙2 (red line) and 𝜒𝑠𝑠𝑝𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙2 (black line). The main peak
positions are designated with dotted lines. Spectra are offset for clarity. ....................... 264
Figure 11-3. The azimuthal angle dependence of (a) the CH 2 asymmetric vibrational
mode (νas) for the antiparallel packed cellulose Iβ with TD-DFT and (b) the SFG
intensity of the 2944 cm-1 peak in experiment which was tentatively assigned to CH 2
(νas). In (a) the intensity is proportional to the modulus square of
𝜒𝑠𝑠𝑝𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙2 for three different modes at their unscaled peak center: 3087
cm-1 (black line), 3110 cm-1 (red line) and 3062 cm-1 (green line). The green line in
(a) is reduced x4 for clarity. ........................................................................................... 264

xxiii

LIST OF TABLES
Table 3-1. SFG, Raman, and IR peaks observed for cellulose Iα and Iβ in the alkyl
stretching and bending regions and empirical assignments to vibration modes. All
values in units (cm-1). .................................................................................................... 52
Table 3-2. Comparison of unit cell parameters determined from experiments from XRD
and calculated from DFT-D2 for cellulose Iα and Iβ with networks A and B (all
distances are in Angstroms)............................................................................................ 54
Table 3-3. Comparison of the O···O distance between hydrogen-bonded hydroxyl groups
determined from XRD and calculated from DFT-D2 for cellulose Iα and Iβ with
network A and B (all distances are in Angstroms). ........................................................ 61
Table 3-1. Comparison of unit cell parameters determined from x-ray diffraction and this
work and previous DFT-D2 studies. The structures used in this work are from
Nishiyama et al.12 ........................................................................................................... 69
Table 3-2. Assignment of OH peaks in cellulose I based on the comparison of DFT-D2
calculations for network A (Figure 3-1) with polarized FTIR and SFG spectra. ............ 89
Table 3-S1. List of all the unscaled and scaled O-H, C-H, C-H2 symmetric (sym.) and CH2 asymmetric (asym.) vibrational frequencies calculated by DFT-D2. ........................ 94
Table 3-S2. List of the scaling factors used to correct the calculated frequencies by DFTD2 with the peak positions of alkyl stretching and bending vibration modes from
SFG analysis.2 ................................................................................................................ 95
Table 5-1. Conformation of C6H2OH group in cellulose Iβ, II, IIII and IIIII polymorphs. ... 109
Table 6-1. Comparison of cellulose allomorph contents from the literature and the value
calculated from SFG analysis shown in Figure 5-5. ....................................................... 135
Table 7-1. CI values obtain from reference samples with three varying crystallinities. The
CI values obtained from Raman, IR and SFG were correlated relative to the XRD
values obtained using the peak height method (PH) and the amorphous subtraction
method (AS). .................................................................................................................. 161
Table 8-1: Vibrational peak assignments used in the analysis of ATR-IR 235, Raman 139,262
and SFG 131..................................................................................................................... 173
Table 8-2. Characteristics of cotton fiber development at various stages analyzed in this
study. .............................................................................................................................. 175
Table 8-3. Crystallinity index (calculated by peak deconvolution method) and crystallite
dimension normal to the (200) planes (calculated from the 200 peak width using the
Scherrer Equation) of cellulose in cotton fibers of G. hirsutum and G. barbadense
species. ........................................................................................................................... 187

xxiv
Table 8-S1. Neutral sugar composition released from the cotton fibers after hydrolysis
with 2M TFA. Concentration is expressed as µg/mg and standard error in
parenthesis, technical replication n=2. The glucose released during the TFA
treatment has been attributed to non-cellulosic glucose 274. ............................................ 196
Table 9-1. Average diameter of individual macrofibrils......................................................... 204

xxv

PULICATIONS
(26) Lee, C. M., Kafle, K., Huang, S., Makarem, M. & Kim, S. H. (2016). Vibrational
Spectroscopy for Probing Cellulose Structure in Plant Biomass: Recent Shifts in Understanding
Plant Cell Wall Formation and Lignocellulose Deconstruction. (in progress)
(25) Lee, C. M., Chen, X., Weiss, P.A., Wang, H.F. L., Jensen, L, & Kim, S. H. (2016).
Polarization Analysis of Biological Organic Crystals with Vibrational Sum-FrequencyGeneration (SFG) and Time Dependent Density Functional Theory (TD-DFT) Calculations:
Spectral Assignments of Alkyl and Hydroxyl Stretching Vibrations in Cellulose Iβ. (in progress)
(24) Kim, H.J., Lee, C. M., Dazen, K., Delhom, C., Liu, Y., Rodgers, J., Fang, D. & Kim, S. H.
(2016). Disruption of Lateral Packing of Cellulose Microfibrils is linked to the Phenotype of
Immature Fiber (im) Cotton Mutant that has Low Degree of Fiber Wall Thickness. (in progress)
(23) Ogawa, Y., Lee, C. M., Kim, S. H. & Nishiyama Y. (2016). Chain Polarity of α-chitin and
β-chitin Polymorphs Using X-Ray Diffraction (XRD), IR, Raman and Sum Frequency Generation
(SFG) Vibrational Spectroscopy. (in progress)
(22) Lee, C. M., Fang, L., Catchmark, J. & Kim, S. H. (2016). Assignment of Fermi Resonance
Peaks in the CH Stretching Region of Crystalline Cellulose. (in progress)
(21) Mehta, N., Lee, C. M., Kim, S. H. & Liu, Z. (2016). High Resolution Sum Frequency
Generation Vibrational Spectroscopy of vapor/DMSO Interface Using Two Dimensional Phase
Retrieval. (in progress)
(20) Lee, C. M., Mittal, A., Park, Y.B., Makarem, M., Park, S., & Kim, S. H. (2016). A Hybrid
Nanoscale Structure of Cellulose Microfibrils with Parallel Chain Directionality and Cellulose II
Crystalline Domains in Alkali Treated Corn Stover. (in progress)
(19) Lee, C. M., Kubicki, J. D., Fan, B., Zhong, L., Jarvis, M. C., & Kim, S. H. (2015).
Hydrogen-Bonding Network and OH Stretch Vibration of Cellulose: Comparison of
Computational Modeling with Polarized IR and SFG Spectra. The Journal of Physical Chemistry
B, 119(49), 15138-15149.
(18) Lee, C. M., Dazen, K., Kafle, K., Moore, A., Johnson, D. K., Park, S., & Kim, S. H. (2015).
Correlations of apparent cellulose crystallinity determined by XRD, NMR, IR, Raman, and SFG
methods. Advances in Polymer Science. Springer-Int. Publishing, 1-17.
(17) Lee, C. M., Gu, J., Kafle, K., Catchmark, J., & Kim, S. H. (2015). Cellulose produced by
Gluconacetobacter xylinus strains ATCC 53524 and ATCC 23768: Pellicle formation, postsynthesis aggregation and fiber density. Carbohydrate Polymers, 133, 270-276.
(16) Lee, C. M., Kafle, K., Belias, D. W., Park, Y. B., Glick, R. E., Haigler, C. H., & Kim, S. H.
(2015). Comprehensive analysis of cellulose content, crystallinity, and lateral packing in
Gossypium hirsutum and Gossypium barbadense cotton fibers using sum frequency generation,
infrared and Raman spectroscopy, and X-ray diffraction. Cellulose, 22(2), 971-989.

xxvi

(15) Kafle, K., Lee, C. M., Shin, H., Zoppe, J., Johnson, D. K., Kim, S. H., & Park, S. (2015).
Effects of delignification on crystalline cellulose in lignocellulose biomass characterized by
vibrational sum frequency generation spectroscopy and X-ray diffraction. BioEnergy Research,
8(4), 1750-1758.
(14) Kafle, K., Shin, H., Lee, C. M., Park, S., & Kim, S. H. (2015). Progressive structural
changes of Avicel, bleached softwood, and bacterial cellulose during enzymatic hydrolysis.
Scientific Reports, 5.
(13) Park, Y. B., Kafle, K., Lee, C. M., Cosgrove, D. J., & Kim, S. H. (2015). Does cellulose II
exist in native alga cell walls? Cellulose structure of Derbesia cell walls studied with SFG, IR and
XRD. Cellulose, 22(6), 3531-3540. (Cover article)
(12) Lee, C. M., Kafle, K., Park, Y. B., & Kim, S. H. (2014). Probing crystal structure and
mesoscale assembly of cellulose microfibrils in plant cell walls, tunicate tests, and bacterial films
using vibrational sum frequency generation (SFG) spectroscopy. Physical Chemistry Chemical
Physics, 16(22), 10844-10853.
(11) Kafle, K., Shi, R., Lee, C. M., Mittal, A., Park, Y. B., Sun, Y. H., Park, S., Chiang V. &
Kim, S. H. (2014). Vibrational sum-frequency-generation (SFG) spectroscopy study of the
structural assembly of cellulose microfibrils in reaction woods. Cellulose, 21(4), 2219-2231.
(10) Lei, L., Zhang, T., Strasser, R., Lee, C. M., Gonneau, M., Mach, L., Vernhettes, S., Kim,
S.H., Cosgrove, D.J., Li, S. & Gu, Y. (2014). The jiaoyao1 mutant is an allele of korrigan1 that
abolishes endoglucanase activity and affects the organization of both cellulose microfibrils and
microtubules in Arabidopsis. The Plant Cell, 26(6), 2601-2616.
(9) Park, Y. B., Lee, C. M., Kafle, K., Park, S., Cosgrove, D. J., & Kim, S. H. (2014). Effects of
plant cell wall matrix polysaccharides on bacterial cellulose structure studied with vibrational
sum frequency generation spectroscopy and X-ray diffraction. Biomacromolecules, 15(7), 27182724.
(8) Wang, W., Chen, X., Donohoe, B. S., Ciesielski, P. N., Katahira, R., Kuhn, E. M., Kafle, K.,
Lee, C.M., Park, S., Kim, S.H., Tucker, M. P., Himmel, M.E. & Johnson, D.K (2014). Effect of
mechanical disruption on the effectiveness of three reactors used for dilute acid pretreatment of
corn stover Part 1: chemical and physical substrate analysis. Biotechnology for biofuels, 7(1), 1.
(7) Kafle, K., Xi, X., Lee, C. M., Tittmann, B. R., Cosgrove, D. J., Park, Y. B., & Kim, S. H.
(2014). Cellulose microfibril orientation in onion (Allium cepa L.) epidermis studied by atomic
force microscopy (AFM) and vibrational sum frequency generation (SFG) spectroscopy.
Cellulose, 21(2), 1075-1086.
(6) Kong, L., Lee, C. M., Kim, S. H., & Ziegler, G. R. (2014). Characterization of starch
polymorphic structures using vibrational sum frequency generation spectroscopy. The Journal of
Physical Chemistry B, 118(7), 1775-1783.

xxvii
(5) Kim, S. H., Lee, C. M., & Kafle, K. (2013). Characterization of crystalline cellulose in
biomass: basic principles, applications, and limitations of XRD, NMR, IR, Raman, and SFG.
Korean Journal of Chemical Engineering, 30(12), 2127-2141.
(4) Park, Y. B., Lee, C. M., Koo, B. W., Park, S., Cosgrove, D. J., & Kim, S. H. (2013).
Monitoring meso-scale ordering of cellulose in intact plant cell walls using sum frequency
generation spectroscopy. Plant physiology, 163(2), 907-913.
(3) Lee, C. M., Mittal, A., Barnette, A. L., Kafle, K., Park, Y. B., Shin, H., Johnson, D.K., Park,
S. & Kim, S. H. (2013). Cellulose polymorphism study with sum-frequency-generation (SFG)
vibration spectroscopy: identification of exocyclic CH2OH conformation and chain orientation.
Cellulose, 20(3), 991-1000. (Cover article)
(2) Lee, C. M., Mohamed, N. M., Watts, H. D., Kubicki, J. D., & Kim, S. H. (2013). Sumfrequency-generation vibration spectroscopy and density functional theory calculations with
dispersion corrections (DFT-D2) for cellulose Iα and Iβ. The Journal of Physical Chemistry B,
117(22), 6681-6692.
(1) Barnette, A. L., Lee, C. M., Bradley, L. C., Schreiner, E. P., Park, Y. B., Shin, H., Cosgrove,
D.J., Park, S. & Kim, S. H. (2012). Quantification of crystalline cellulose in lignocellulosic
biomass using sum frequency generation (SFG) vibration spectroscopy and comparison with
other analytical methods. Carbohydrate Polymers, 89(3), 802-809.

xxviii

PREFACE
Portions of this dissertation are adapted from a collection of previously published work
used with the permissions from each of the copyright holders. The author’s contributions to
multiple-authored work are noted as follows. Chapters 3 and 4: IR, Raman and SFG experiments,
data analysis of DFT-D2, and comparisons of the experimental work with DFT-D2 and MD
calculations. Chapter 5-10: IR, Raman and SFG experiments and data analysis. Chapter 1, 2 and
11 are original and not taken from previously published work.

xxix

ACKNOWLEDGEMENTS
I am incredibly grateful for all of my fellow collaborators, mentors, friends and family who
have helped me throughout my journey to complete my Ph.D. which began in 2010. There is a
long list of my supporters for which I could never have made it through on my own. To Dr. Yong
Bum Park, who was my first collaborator and the most influential mentor in understanding plant
cell walls, who gave me a crash course when I first arrived at Penn State. I will not forget his
hardworking and creative talents as well as patience, teaching a complete novice like myself, how
to design experiments and introducing me to plant biology. I received valuable mentorship from
Professor Sunkyu Park, Professor Daniel Cosgrove, Professor Candace Haigler, Professor Jim
Kubicki, Professor Jeff Catchmark, Dr. Hongfei Wang and Professor Mike Jarvis. All of them
took great interest in my work and provided guidance through my experiments, and through our
collaborations we were able to publish manuscripts together. A special thanks to Jim Kubicki for
the support on the DFT-D2 calculations, this was foundational to my experimental work with
SFG; as well as Candace Haigler for the travel to NC State for our collaboration on cotton fibers
and assistance with my writing. A special thanks to Daniel Cosgrove for giving me the honor, on
several occasions, to represent the CLSF by presenting my research at DOE meetings in
Washington, D.C., it was a phenomenal experience. I am very thankful for all my mentors which
have provided me with many critiques, corrections and thoughtful ideas which lead me to become
a better scientist. I admit that at the beginning of my studies while reading all the literature to
form the basis for my research, I did not think that I would be so lucky to work with such a long
list of high quality scientists which are the leaders in their fields.
To my peers, fellow graduate student collaborators who integrated my expertise into their
work, it was quite an enriching experience to be exposed to many scientific fields: Lingyan Kong,
Nikhil Mehta, Yu Ogawa, Lei Lei, Bingxin Fan, Jin Gu, Tian Zhang, Xing Chen, and many

xxx
others. To my lab group members who provided key support in the lab and constructive critiques
of my work: Ala’ Al-Azizi and Tony Barthel; and a special mention to my co-workers on the
CLSF cellulose project, Kabi Kafle and Shixing Huang. Best wishes for their future endeavors.
Most importantly I am deeply grateful to my adviser Professor Seong Kim, who
continually kept pushing me forward through these years and teaching me effective scientific
communication and collaboration, precision in technical writing and undergraduate instruction.
Not only these skills, but also inspirational meetings with important life lessons including how to
deal with changes in my work life and personal life; “Who Moved My Cheese?” by Dr. Spencer
Johnson. He continually motivated me to keep working harder and to think critically about my
research and was able to provide an atmosphere of high energy and fast paced learning, many
times seeing value in my data that I could not interpret and when I hit roadblocks in my research.
His influence on my time at Penn State will always be remembered.
Lastly, I want to dedicate this work to my parents and family who have encouraged me
through every single stage of life as I progress through my education and instilled in me the
values of hard work, patience and compassion for others. It has been very challenging being on
the other side of the country away from you, I am grateful for all the Skype calls which have kept
me going. I look forward to our brief time together between Penn State and the start of my
professional career.
I count myself fortunate to have been able to work in the same research field since my
undergraduate years ‒ research on understanding the structure of lignocellulosic biomass. My
work at Penn State would not have been possible without the generous funding sources from the
Center for Lignocellulose Structure and Formation (CLSF) an Energy Frontier Research Center
funded by the U.S. Department of Energy, Office of Science, and Office of Basic Energy
Sciences under Award Number DE-SC0001090.

Chapter 1 : Introduction

Motivation

The plant cell wall is an extracellular matrix providing the cell rigidity to withstand
external forces and the protection from invasive organisms and is also pliant so that its structure
could expand during the growth process. To construct a material with these desirable traits, plants
synthesize a wall which typically consists of two components with vastly different mechanical
properties. Resistance to tensile stress is mainly due to a rigid scaffold that is made up of
cellulose, which exists in crystalline state called cellulose microfibrils (CMFs). On the other
hand, compressive stresses are obtained from an amorphous matrix consisting of hemicellulose,
pectin and lignin polymers which are intermeshed within the cellulose microfibril framework.
The wall structure is not static; the three dimensional arrangements of cellulose microfibrils with
the amorphous matrix are continuously modified during growth to cope wiht the specific
biological functions of the cell wall at various stages. Arguably, cellulose is the most essential
component in the wall as it exists across nearly all species, cell and tissue types and every
developmental stage. Therefore, it is critically important to determine the three dimensional
spatial organization of the crystalline cellulose microfibrils within the intact cell wall in order to
better understand the growth process in plant organisms.
However, probing the crystalline cellulose microfibril assemblies within the cell wall is
extremely difficult. This is due to the lack of analytical techniques which are selective to
crystalline domains that are imbedded in a material where both the crystalline and amorphous
components have very similar molecular structures ‒ as is the case for plant cell walls. Due to this
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limitation, most previous studies could evaluate crystalline cellulose structure only after the
amorphous components were removed by harsh chemical treatments. In the process of separating
crystalline cellulose from hemicellulose, lignin or pectin, the native spatial organizations of
cellulose are irreversibly altered. As a consequence, the relationships between native cellulose
structure and cell wall expansion during the growth process cannot be fully understood.
Recently, in our laboratory it was discovered that sum frequency generation (SFG)
vibrational spectroscopy can selectively detect crystalline cellulose within intact plant cell walls.
Without harsh chemical extraction procedures, the native spatial organizations of the crystalline
cellulose are expected to remain intact. This initial work demonstrated that SFG is a unique tool
sensitive to crystalline cellulose in plants, but the interpretation of SFG data was very challenging
in part due to the inaccurate peak assignments in the literature and the lack of deep understanding
of the coherency of SFG-active domains dispersed in amorphous matrices . In this dissertation we
describe the two main advancements in our understanding of crystalline cellulose using SFG. In
chapters 3‒6, we report that SFG is sensitive to the structure of cellulose at various length scales.
In chapters 6 – 9, the newly discovered SFG spectral interpretation rules are employed to probe
cellulose structures at multiple length scales in plant and algal cell walls and bacterial biofilms
under different growth conditions and developmental stages (chapters 6‒ 9). Finally, in chapter
10 we report the development of broadband sum frequency generation (BB-SFG) spectrometer
and microscope, demonstrating imaging capability to understand cellulose structure in plant cell
walls.

3
Understanding the hierarchical structure of cellulose with SFG vibrational spectroscopy

In plant cell walls, the structure of cellulose has hierarchical ordering spanning multiple
length scales. Thus, how to define cellulose structure also requires a definition of the length scale
over which cellulose is ordered. At the Angstrom length scale, the cellulose molecular structure
refers to the ordering of covalent and hydrogen bonds. These interactions will dictate that
cellulose is a linear polymer chain, the positions of hydroxyl (O‒H) and alkyl (C‒H and C‒H 2)
functional groups on the glucan ring as well as the allowable hydrogen bonding between
neighboring cellulose molecules. Thus, analytical techniques which are sensitive to the strength,
geometry and atomic constituents in the covalent and hydrogen bonds of cellulose can provide
valuable information to the cellulose molecular structure. Conventionally, the cellulose molecular
structure has been obtained using IR and Raman vibrational spectroscopy as well as X-ray
diffraction (XRD).
At larger length scales spanning tens of nanometers, multiple cellulose chains are packed
into a crystalline domain through networks of hydrogen bonding where all chains are highly
ordered into periodic three dimensional arrays or a crystal lattice. At the nanoscale, the crystal
structure of cellulose can be described by the unit cell symmetry, crystallite size and shape,
degree of crystalline order or “crystallinity” as well as the inter-chain distances and cellulose
chain polarity in the unit cell. XRD as well as neutron and electron diffraction methods are
uniquely sensitive to the crystalline phases of cellulose and have been the primary tool to study its
nanoscale structure.
In nature, CMFs are ordered into three dimensional networks spanning the length scale
from tens of nanometers to several microns. This is an intermediate length scale or “mesoscale”
which is a bridge between the nanoscale ordering of individual CMFs and the macroscale
ordering of the entire cell wall which is typically on the order of hundreds of microns. A few
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examples of the cellulose mesoscale structure are the aggregation of CMFs into laterally packed
cylindrically shaped bundles (macrofibrils) or stacked into interwoven layers (lamella). It is well
known that the mesoscale ordering of cellulose is associated with the specific biological functions
of the cell wall.1 Thus, there exist an enormous variation in the mesoscale structure of cellulose
microfibrils and their associations with amorphous polymers depending on the cell and tissue
type, growth stage and species. To visualize the mesoscale structure of cellulose, scanning
electron microscopy (SEM) and atomic force microscopy (AFM) have been widely used.2
Probing the molecular, crystalline and mesoscale structures of cellulose at the multiple
length scales spanning from Angstroms to several microns has been extremely difficult even with
combinations of conventional analytical techniques. Our initial report 3 using SFG spectroscopy to
probe cellulose indicated that SFG signals were highly scattered; and although all SFG, IR and
Raman spectra give vibrational information, their spectra from cellulose were drastically
different. Therefore, our preliminary hypothesis was that SFG could give information of cellulose
molecular and crystal structure. The inadequate interpretation of SFG spectra, combined with the
complexity of a hierarchical cellulose structure in plant cell walls, greatly hindered the practical
application of SFG. The central goal of this work was to clearly interpret the cellulose SFG
spectra obtained from isolated cellulose samples and cellulose inside intact plant cell walls.
Therefore, it was necessary to obtain complementary information using the conventional
analytical techniques including XRD, IR and Raman vibrational spectroscopy as well as new
computational methods such as density functional theory (DFT). The significant discovery in this
work was that SFG can provide not only the molecular and crystal structure of cellulose but also
the mesoscale structure or three dimensional spatial arrangements of cellulose crystallites. This
unique feature originates from the selectivity of SFG to non-centrosymmetric ordering. The
addition of SFG to the repertoire of analytical tools for plant cell walls will eventually bring about
an advancement in our understanding of cellulose structure within intact plant cell walls.

5
Background

Molecular and crystal structure of cellulose
French scientist Anselme Payen was credited with the discovery of cellulose. He observed
a common fibrous substance remaining after treatment of various plant materials by strong acids.
The substance contained a highly uniform atomic composition consistent with a carbohydrate
molecule. The term “cellulose” was coined shortly after his 1838 paper where he stated: “In fact,
wood contains a substance isomeric with starch, which we call cellulose and a material filling the
cells, the real ligneous substance”.4 Since then, the study of cellulose has captivated many
researchers across many scientific disciplines.
The molecular structure of cellulose is a linear polymer chain of β-D-glucopyranose
monomers connected by 1,4 glycosidic linkages (Figure 1-1). The glucan ring is folded into an
arm-chain configuration with all hydroxyl groups (O‒H) groups located on equatorial positions
and methine groups (C-H) groups on the axial positions. There is a hydroxymethylene group
(CH2OH) pointing off the glucan ring which can be positioned in three energetically favorable
configurations (Figure 1-1). In nature, the molecular structure of an individual cellulose chain is
intimately related to the polymerization mechanism carried out by subunits of an intermembrane
enzyme complex.5 These enzymes place each successive glucan unit rotated 180° around the
chain axis to its nearest neighbor.

6
Figure 1-1. The Three conformations, tg, gt or gg, of the OH group in the exocyclic
C6H2OH group are shown on the right glucose unit. The t and g characters stand for trans and
gauche conformations, respectively. The first italic character refers to the relative position
between O5 and O6 (O5–C5–C6–O6), and the second italic character refers to the relative
position between C4 and O6 (C4–C5–C6–O6). In the left glucose unit, the C6H2OH group is in
the tg conformation. The intra-chain hydrogen-bond (3O–H•••O5) is shown in blue. Hydrogen
atoms on OH groups are omitted. Image was adapted with permission from. 6

Multiple cellulose chains are extruded outside of the plasma membrane and are in close
proximity to one another. Near the site of synthesis cellulose chains are packed into CMFs. The
O‒H groups form inter-chain hydrogen bonding interactions that stabilize the assembly of
cellulose chains side by side into sheets (Figure 1-2). The C-H groups on the axial positions of the
glucan ring are hydrophobic; van der Waals interactions stabilize sheet stacking to form a threedimensional crystal. It is estimated that the number of chains within a single CMF are
approximately 18‒36 in plant cell walls1,7 and on the order of hundreds of chains in microfibrils
in certain species of algae and tunicates.8 There are two crystal structures produced in nature:
cellulose Iα, predominately found in algae and bacterial biofilms and cellulose Iβ, found in land
plants and tunicates (Figure 1-2).9 The biosynthesis of cellulose dictates that all chains have their
glucan reducing ends pointing in the same direction, thus cellulose Iα and Iβ crystallites have
parallel chain polarity.

Figure 1-2. Unit cell structure of two native cellulose polymorphs, Iα and Iβ. The crosssectional view along the chain axis direction where inter-chain hydrogen bonds shown in blue.
Notice that the networks of hydrogen bonding are two-dimensional where chains are packed into
flat sheets. Image adapted with permission from.10
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The native cellulose polymorphs can be converted into different crystal structures through
chemical treatments (Figure 1-3a). Cellulose II is formed through treatment of Iα or Iβ with
strong alkali solution. When cellulose Iα and Iβ or II is treated with liquid ammonia then the
polymorph IIII or IIIII is produced, respectively.11

Figure 1-3. (a) Cellulose polymorphism. Conversion of native cellulose (Iα and Iβ) into
mercerized cellulose (II) and ammonia treated cellulose III. The parallel chain polarity is shown
with two red arrows pointing in the same direction, and antiparallel chain polarity is shown with
two red arrows pointing in the opposite directions. (b) Cross-sectional view along the chain axis
direction and the associated unit cell for IIII and IIIII where inter-chain hydrogen bonds shown in
blue. Compared to cellulose Iα and Iβ, chains are tilted slightly and a three-dimensional network
of hydrogen bonds connects chains within and between sheets. Image adapted with permission
from.6
All polymorphs are chemically identical but differ in the three dimensional arrangements
of cellulose chains in the unit cell imposed by hydrogen bonding (Figure 1-3b). The most
significant differences in crystal structures are the CH2OH conformation and chain polarity.
Figure 1-1 shows the three possible orientations of the O6 atom which can be trans to O5 and
gauche to C4 (called tg), gauche to O5 and trans to C4 (called gt) or gauche to both O5 and C4
(called gg). Cellulose Iα and Iβ have tg conformation while cellulose II and III polymorphs have
gt conformation.12-14 The parallel chain polarity of cellulose Iα and Iβ when treated with strong
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alkali forms cellulose II which has anti-parallel chain polarity (red arrows shown in Figure 1-3a).
14,15

Most of what is known on the crystal structure of native celluloses is obtained from XRD
studies of purified cellulose obtained from algae (Iα) or tunicates (Iβ) (Figure 1-4e).16 This is due
to the fact that these are the largest crystals found in nature (~20 nm in cross section). Because
larger crystallites can provide a greater number of x-ray reflections, the crystallographic models
for algal and tunicate celluloses can be refined to a higher accuracy.10 Unfortunately, the models
available for native cellulose produced in vascular plants are less certain because crystallites are
an order of magnitude smaller (~2‒3 nm) and are intermeshed with amorphous components.1,7

Mesoscale structure of native cellulose synthesized in the cell walls of vascular plants, algae
and tunicates tests
Vascular plants utilize photosynthesis to convert the solar energy and carbon dioxide into
storage and structural carbohydrates which are essential for growth. Plant cells are surrounded by
a cell wall (Figure 1-4c) which can form a rigid structure to provide strength and support to cells
and may also be flexible to withstand deformation which occurs during cell expansion. Actively
growing cells contain primary cell walls. Secondary cell walls are formed around cells which are
no long actively growing; these are the main walls found in textile fibers and woody tissues. The
mesoscale structure of the plant cell wall is defined at a length scale smaller than the micron-level
features of plant tissues or plant cells that can be visualized through the use of optical
microscopy, but larger than the nanoscale structure. How is cellulose organized within plant cell
walls at the mesoscale?
For a woody cell, Figure 1-4c shows a model for the different layers of secondary cell wall
(S1, S2 and S3) and the primary wall; where the middle layer, S2 is the thickest at ~1‒5 μm.
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Under the electron microscope (Figure 1-4d), rod shaped structures about ~10‒20 nm thick are
visible. Since XRD studies have shown that each individual CMF (Figure 1-4e) is no larger than
~2-3 nm,1 the rod shaped structures in electron microscopy are likely bundles of multiple CMFs
aggregated together. At the mesoscale, aggregates are oriented along a preferred direction or
“uniaxial” alignment (Figure 1-4c).1,17,18 Secondary cell walls play a major role in providing
mechanical support to resist compressive and tensile stresses from the environment or their own
weight. Electron microscopic images revealed that cellulose microfibrils are mostly deposited
along the fiber axis in textile fibers and preferentially toward the growth axis in the S2 layer of
woody tissue (Figure 1-4d).17,19
In primary cell walls CMFs are deposited parallel to the cell wall surface into layers
(lamella). Election microscopy often observed stacks of CMFs into lamella, and depending on the
developmental stage the lamella are deposited at varying angles to the long axis of the cell. 18 The
mesoscale ordering of CMFs in algal cell walls are very similar to the lamellar structure in
primary cell walls.20,21 In the algae that have been most studied for their CMF organization:
Oocystis, Glaucocystis and Valonia, have crossed lamellar aggregation where each lamellae is
deposited at a ~90 degree angle with respect to its neighboring lamellae laid above and below.22
The cross lamella packing of CMFs in the primary walls of vascular plants or in algae may serve
to withstand forces normal to the cell wall surface which may include high turgor pressures.
In summary, previous microscopic analysis revealed that the mesoscale structure of
cellulose in plant cell walls includes: (i) aggregation of multiple CMFs into laterally packed
bundles or stacked lamella (ii) preferential orientation of CMF aggregates along the cell
longitudinal direction (S2 layer) or cross lamellar packing (algal walls and some primary walls in
vascular plants). Although microscopic analysis has been integral to visualize CMF mesoscale
structure, there are some disadvantages. If extensive preparation procedures involving chemical
or mechanical treatments are required the mesoscale structure of cellulose may reflect, in part, the
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effects of pretreatment rather than the architecture in the native state. Sum frequency generation
(SFG) vibrational spectroscopy is a technique which can detect cellulose structure without the
requirement of extensive preparation procedures. SFG is also sensitive to the mesoscale structure
of cellulose due to the sensitivity of SFG to noncentrosymmetric ordering within the optical
coherence length (Figure 1-4h).

Figure 1-4. Schematic of the hierarchal assembly of plant biomass (a-e) and schematic
defining the intermediate length scale, or “mesoscale” probed by SFG spectroscopy (f-h). (a) Inlab picture of a 8-week old poplar (P. trichocarpa) stem and cross section where the red region
below the central pith shows normal wood (nw).23 (b) Optical microscope image of normal wood
cells (transverse to growth direction) with a single tracheid cell in red region.23 (c) Structural
model of the multi-layer cell wall including, secondary wall layers (S1, S2 and S3) and the
primary cell wall in woody cell.24 (d) electron microscope images of an S2 layer in Ginkgo
xylem. In red region, the rod-shaped features are proposed to be bundles of cellulose
microfibrils.17 (e) A single cellulose microfibril containing 36 cellulose chains (carbon = black,
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oxygen = red, hydrogens are omitted). This image was obtained from molecular dynamics (MD)
simulations.25 The yellow boxed region shows the crystallographic unit cell for cellulose Iβ (blue
box). The two chain unit cell contains 4 monomer units, the published unit cell dimensions are
shown in Angstroms (carbon = black, oxygen = red, hydrogens = white). The red arrows
designate the approximate displacement of hydrogen atom covalently bonded to 2O during a
stretching vibration motion. The asterisk “*” designates the carbon on the non-reducing end of the
cellulose chain. In cellulose Iβ all non-reducing ends point in the same direction. (f) Camera
image during a SFG experiment on a plant tissue sample shows the direction of input 532 nm
visible beam (green arrow), 3397 nm (2944 cm-1) infrared beam (red arrow) and emitted SFG
beam at 460 nm (blue arrow). Infrared light is invisible, but the SFG beam is also not visible due
to low yield of SFG photons. The 532 nm light is strongly scattered in all directions, the SFG
signals are collected and directed to the detector (left). (g) The typical SFG experiment, signals
are an average response over 100 IR and visible laser shots collected from within the information
volume (blue region) which is governed by the area of overlapping IR and visible beams (200 x
150 μm) and the maximum penetration of the IR beam into the sample (~20 μm). The area of the
overlapping beams is also show to scale in the optical microscope image in (c), in the dashed
yellow line. (h) Within the information volume, the SFG signal is also a response of the net
coherence of SFG light emitted from multiple sliced regions (blue arrows) where each layer has a
thickness that is defined by the coherence length (~300‒600 nm). This intermediate, or mesoscale
region is on the order of the probing wavelengths and the black double-sided arrow in (h) shows
the relative scale in the electron microscope image (d) to the SFG optical coherence length. The
range of SFG coherence lengths were calculated using only the refractive index values of
cellulose when the SFG light is collected in reflection mode. Images are reproduced with
permission from: (a,b) from ref. 23 (c) from ref. 24 Copyright 1974 John Wiley and Sons, (d)
from ref. 17 Copyright 2004 Academie des sciences.

Sum frequency generation (SFG) vibrational spectroscopy
SFG is a nonlinear optical process which takes place in noncentrosymmetric media during
the interaction with incident light at high-intensity.26 In SFG vibrational spectroscopy, two high
intensity laser pulses are irradiated simultaneously in the sample which combine forming a third
signal at the frequency (ωSFG = ω1 + ω2), where ω1 are fixed visible laser pulses (typically 532 nm)
and ω2 is tunable in the infrared region (2.310 µm). The output intensity can be expressed as27:
2

𝐼(𝜔𝑆𝐹𝐺 ) ∝ |𝜒𝑒𝑓𝑓 (2) | 𝐼(𝜔𝑉𝐼𝑆 )𝐼(𝜔𝐼𝑅 )

(1-1)

where 𝐼(𝜔𝑉𝐼𝑆 ) and 𝐼(𝜔𝐼𝑅 ) are the intensities of the visible and infrared laser pulses and
𝜒𝑒𝑓𝑓 (2) is the second-order nonlinear susceptibility:
𝜒𝑒𝑓𝑓 (2) ∝ 𝑁

∑𝛼𝛽𝛾〈𝑀𝛼𝛽 𝐴𝛾 〉
𝜀𝑜 (𝜔𝑞 −𝜔𝐼𝑅 −𝑖𝛤𝑞 )

(1-2)
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where N is the number density, 𝜀𝑜 the dielectric constant of vacuum, 〈𝑀𝛼𝛽 𝐴𝛾 〉 the angleaverage product of the Raman polarizability tensor and IR transition dipole moment vector, 𝜔𝑞 is
the frequency and 𝛤𝑞 the damping constant of the qth vibration mode. Equation 1-2 shows that
when the tunable IR pulse energy approaches a vibration transition in the sample (ω q  ωIR) the
SFG process is resonantly enhanced. Equation 1-2 shows that both Raman and IR activity are
required for 𝜒𝑒𝑓𝑓 (2) to be non-zero ‒ this requirement is the non-centrosymmetric selection rule
for SFG active vibration modes. Figures 1-5a, 1-5b and 1-5c shows three conditions with very
different arrangements of hypothetical vibrational modes (directions are shown in brown
arrows).10 Isotropic bulk media having randomly arranged vibrational modes do not produce SFG
signals (Figure 1-5a). For example, the plant cell wall polymers such as hemicellulose and lignin
are made of randomly arranged molecules; their vibration modes from alkyl (C-H) and hydroxyl
(O-H) functional groups do not possess non-centrosymmetric ordering and are not SFG active.3 In
the case of native cellulose, chains have non-centrosymmetric packing into crystals (brown
region), thus their C-H and O-H groups are ordered such that their vibration modes can be SFG
active (red arrows in Figure 1-4e and Figure 1-5b). This is the reason that SFG selectively detects
cellulose structure in plant biomass. Linear spectroscopic techniques such as IR and Raman do
not have the non-centrosymmetric selection rule so all C-H and O-H functional groups from
hemicellulose, lignin and cellulose produce signals. Therefore IR and Raman are not selective to
cellulose structure in biomass; this can become a significant disadvantage when it is desired to
probe the cellulose structure in intact state where the hemicellulose or lignin components are
present.
Figure 1-5c shows that when chains have antiparallel packing within individual crystals,
there is the possibility that the C-H or O-H groups are ordered such that their vibration modes are
cancelled. Chain packing within the unit cell can be visualized in Figure 1-4e, non-
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centrosymmetric chain packing occurs if the non-reducing ends (labeled with “*” in Figure 1-4e)
point in the same direction or parallel; centrosymmetric chain packing occurs if non-reducing
ends point in the opposite directions or antiparallel. In chapter 5, we discuss how SFG can
distinguish between cellulose polymorphs based on the chain polarity. The SFG intensities of OH
vibration modes are much stronger for cellulose Iβ and IIII which have parallel chains in the unit
cell (Figure 1-5b) compared to cellulose II and IIIII which has antiparallel chains in the unit cell
(Figure 1-5c).6 This study demonstrates that SFG is uniquely sensitive to noncentrosymmetric
ordering of cellulose crystal structure over the nanoscale.

Figure 1-5. Schematic of the SFG non-centrosymmetric requirement at different length
scales. In (a-c) the directionality of vibration modes are depicted with brown arrows (red arrows
in Figure 1-4e) and crystal domains are depicted in the dark red box (blue box in Figure 1-4e). In
(d and e) the brown arrows signify the net orientation of polar ordered crystallites (double black
arrow in Figure 1-4d), which are aggregated within the SFG coherence length which is depicted
in the dark red box (blue cylinder in Figure 1-4h). (d) Represents purified cellulose Iα or Iβ
crystallites with the amorphous matrix removed. (e) Represents the detection of the native three
dimensional network of cellulose crystallites in biological samples. This schematic depicts the
SFG experiment is performed in reflection mode where the blue, green, red arrows show the
propagation of sum-frequency, visible, and infrared waves, respectably. Blue region represents
the surrounding amorphous matrix. Image was adapted with permission from. 10,28

Figure 1-5b and 1-5c show that the native cellulose Iα and Iβ crystallites are SFG-active
due to the non-centrosymmetric ordering of parallel chains in the unit cells. However, SFG is a
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nonlinear optical process where incident visible and IR photons have a phase relationship relative
to the SFG photons that are emitted from the non-centrosymmetric media. Another form of eq 1.1
for bulk nonlinear media can be expressed as:
2

𝐼(𝜔𝑆𝐹𝐺 ) ∝ |𝜒𝑒𝑓𝑓 (2) | 𝐼(𝜔𝑉𝐼𝑆 )𝐼(𝜔𝐼𝑅 ) ∙ 𝐿2 (

𝑠𝑖𝑛2 (𝐿⁄𝐿𝑐 )
)
(𝐿⁄𝐿𝑐 )2

(1.3)

where L is a characteristic dimension in which the SFG light is propagating in the sample
and the distance 𝐿𝑐 is defined as the coherence length.
The term on the right hand side of eq 1.3 states that the SFG intensity is also a function of
how the cellulose Iα and Iβ crystallites are arranged within the coherence length (Figure 1-4h),
which is on the order of the probing wavelengths (hundreds of nanometers to microns). This
principle was used to interpret the mesoscale packing of crystalline cellulose microfibrils
imbedded in amorphous matrices: cell walls in vascular plants and algae, bacterial biofilms and
tunicates (Figure 1-5d). Chapters 6‒9 describe how the non-centrosymmetric process can reveal
the mesoscale packing of cellulose in biological samples.
In typical SFG tabletop experiments (chapters 3‒9) the SFG signal is an average response
within the probing volume defined by the IR and visible beam sizes and IR penetration depth
which is on the order of hundreds of microns (Figure 1-4g). At this length scale, the plant tissues
may consist of a variety of distinct cell types (Figure 1-4b) each of which may have very different
cell wall structures (Figure 1-4c). In order to probe the cellulose structure specific to certain cell
types, a broadband sum frequency generation spectrometer combined with a microscope (BBSFG-M) was constructed. In chapter 10 we demonstrate the applicability of SFG microscopy to
secondary cell walls in cotton fibers and the primary cell walls from onion epidermal cells. BBSFG-M will be a very useful tool to uncover variations in cellulose microfibril mesoscale
structure at different locations in plant tissues.
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Chapter 2 : Sum-Frequency-Generation (SFG) Vibration Spectroscopy:
Theoretical Description of Noncentrosymmetry and Optical Coherence
Length for Analysis of Crystalline Cellulose Mesoscale Structure

Overview
This chapter will present both an introduction to SFG theory, as well as a description of
the instrumentation and the SFG experimental methodologies which will be used to explore
cellulose structure in chapters 3‒10. SFG is one example of a nonlinear optical process of the
second-order; all of which require noncentrosymmetry to be present in the medium. The first two
sections present a general overview of second order nonlinear phenomena, and the
noncentrosymmetry requirement for SFG. SFG is also a parametric process; meaning that the
initial and final quantum states are identical. This implies that the energy and momentum
exchange between the electric fields of the incident photons and the material are conserved.
Secondly the concept of phase matching which is an essential feature of parametric processes will
be discussed. Finally, the instrumental details of the SFG spectrometer systems used in our
laboratory are described.

Second order nonlinear polarization
Spectroscopy is the study of light-matter interactions. In general, as the incident light
interacts with the bound electrons in a molecule a separation of charges is induced, called an
electric dipole moment 𝑝(𝜔) .
𝑝(𝜔) = 𝛼𝐸(𝜔) + 𝛽 (2) 𝐸(𝜔)2 + 𝛾 (3) 𝐸(𝜔)3 + ⋯

(2-1)
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where α is the polarizability, β(2) and γ(3) are the first and second order
hyperpolarizabilities. In general, 𝑝(𝜔) and 𝐸(𝜔) are vector quantities while 𝛼, 𝛽 (2) and 𝛾 (3) are
second, third and fourth rank tensors, respectively.27 The net response of a dielectric material
containing N molecules is the sum of all its electric dipoles, or bulk polarization 𝑃(𝜔) = 𝑁𝑝(𝜔)
and is dependent on the frequency, ω of the applied electric field:

𝑃(𝜔) = 𝜀0 (𝜒 (1) 𝐸(𝜔) + 𝜒 (2)𝐸(𝜔)2 + 𝜒 (3)𝐸(𝜔)3 + ⋯ )

(2-2)

𝜀0 is the permittivity of vacuum and the 𝜒 (𝑛) terms are the linear (n=1) and the nonlinear
second (n=2) and third (n=3) order optical susceptibilities of the material. In the first term, the
linear polarization 𝑃 (1) (𝜔) = 𝜀0 𝜒 (1) 𝐸(𝜔) leads to the optical effects which are detectable using
linear spectroscopic methods such as IR and Raman. Consider only the second order nonlinear
polarization: 𝑃(2) (𝜔) = 𝜀0 𝜒 (2)𝐸(𝜔)2 and in the case that the incident electric field contains two
distinct frequency components, (𝜔) = 𝐸1 𝑐𝑜𝑠𝜔1 𝑡 + 𝐸2 𝑐𝑜𝑠𝜔2 𝑡 , simplification10 of 𝑃(2) gives:
= 𝜀0 𝜒 (2)(𝐸1 𝑐𝑜𝑠𝜔1 𝑡 + 𝐸2 𝑐𝑜𝑠𝜔2 𝑡)2

(2-3)

1
1
= 𝜀0 𝜒 (2) { (𝐸12 + 𝐸12 ) + [𝐸12 𝑐𝑜𝑠(2𝜔1 𝑡) + 𝐸22 𝑐𝑜𝑠(2𝜔2 𝑡)] + 𝐸1 𝐸2 𝑐𝑜𝑠[(𝜔1 + 𝜔2 )𝑡]
2
2
+ 𝐸1 𝐸2 𝑐𝑜𝑠[(𝜔1 − 𝜔2 )𝑡]}

In this case, 𝑃(2) contains several terms: optical rectification (frequency independent),
sum-harmonic generation (2ω1 and 2ω2), sum-frequency generation (ω1 + ω2) and differencefrequency generation (ω1 - ω2). In summary, SFG is a second-order nonlinear optical process
where the nonlinear polarization in the medium that is induced by light with components ω 1 and
ω2 gives rise to the emission of radiation at the sum of the two input frequencies.
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Sum frequency generation (SFG) vibrational spectroscopy
In SFG vibrational spectroscopy, the incident light consists of a visible photon at fixed
frequency (ωVIS = 532 nm) combined with a tunable mid-infrared photon (ωIR = 1000 ‒ 4000 cm1

) and therefore the SFG signal (ω SFG = ωVIS + ωIR ) will span the visible range as the IR frequency

is tuned (432‒505 nm = 532 nm + 2.3‒10 μm). In this section, we will show that in SFG
vibrational spectroscopy, SFG signals are generated only from vibrational modes in molecules
arranged in noncentrosymmetric environments.
Recall in eq 2.3 that 𝜒 (2) is the proportionality constant describing the second-order
nonlinear polarization of the medium and the interactions between the three electromagnetic
waves; this term must be non-zero in order for a SFG signal to be observable. In fact
𝜒 (2) contains all of the important structural information for the nonlinear response of the material.
Since the incident visible and infrared electric fields are propagating in the laboratory frame as
(2)

specified by the Cartesian coordinates (X, Y, Z), 𝜒𝑋𝑌𝑍 is a third rank tensor which is a
(2)

combination of 27 elements. For example: 𝐸(𝜔𝑆𝐹𝐺 )𝐼 ∝ ∑𝐽𝐾 𝜒𝐼𝐽𝐾 𝐸(𝜔𝑉𝐼𝑆 )𝐽 𝐸(𝜔𝐼𝑅 )𝐾 where the
indices I, J and K can take on any value of X, Y or Z. 29
There are symmetry requirements for 𝜒 (2). In the case of centrosymmetric environments,
opposing directions in Cartesian space are all equivalent (e.g. X = -X, Y = -Y and Z = -Z). But
(2)

since 𝜒𝑋𝑌𝑍 is a third rank tensor, reversing the system axis must also be accompanied with a
(2)

(2)

change in sign (e.g. 𝜒𝑋𝑌𝑍 = −𝜒𝑋𝑌𝑍 ); the only possibility to satisfy both situations is when 𝜒 (2) is
zero.27 Thus, SFG is not possible in centrosymmetric media. For non-centrosymmetric
environments, the specific arrangements of molecules in the material becomes a critical factor to
determine the non-zero values of 𝜒 (2) . These selection rules for 𝜒 (2) are the SFG
noncentrosymmetric requirement of the material.
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Additionally, 𝜒 (2) is the macroscopic average of the molecular response, described in the
second order hyperpolarizability, 𝛽 (2).

(2)

𝜒𝐼𝐽𝐾,𝑞 (𝜔𝐼𝑅 ) =

𝑁
(2)
∑ 〈𝛽𝑖𝑗𝑘,𝑞
(𝜔𝐼𝑅 )〉
𝜀0 𝑖𝑗𝑘

=

𝑀𝑖𝑗 𝐴𝑘
𝑁
−1
∑ 〈∑𝑞 (
)〉
𝜀0 𝑖𝑗𝑘
2ħ 𝜔𝐼𝑅 −𝜔𝑞 +𝑖𝛤𝑞

(2-4)

Here, every qth vibration mode has a resonance frequency 𝜔𝑞 and damping constant 𝛤𝑞 ,
𝑀𝑖𝑗 is the Raman electric polarizability tensor and 𝐴𝑘 is the IR electric dipole moment vector.
Therefore, vibrational modes must both be IR active and Raman active in order for SFG to occur;
this rule is the SFG molecular-scale noncentrosymmetry requirement. The index notation shows
that for every vibration mode, 𝛽 (2) is a third rank tensor and is a combination of 27 elements
with respect to the molecular frame (i, j, k). Note that the molecular frames typically do not
coincide with the laboratory frame so averaging over molecular orientation is required; this is
done using Euler angles which are designated in brackets 〈𝑎〉. The intensity of the output SFG
signal is the modulus square of the nonlinear susceptibility:

2

2

𝐼𝑆𝐹𝐺 (𝜔𝐼𝑅 ) ∝ |𝜒𝑅 (2) (𝜔𝐼𝑅 ) + 𝜒𝑁𝑅 (2) + 𝜒 (3) 𝐸𝐷𝐶 | 𝐼𝑉𝐼𝑆 𝐼𝐼𝑅 ∝ |𝜒𝑒𝑓𝑓 (2) | 𝐼𝑉𝐼𝑆 𝐼𝐼𝑅

(2-5)

where 𝜒𝑒𝑓𝑓 (2) is the effective second-order susceptibility and the intensity of visible and
infrared light is 𝐼𝑉𝐼𝑆 and 𝐼𝐼𝑅 , respectively. In some cases, when there is a net electric field present
in the material or underlying metallic substrate, the nonlinear susceptibility contains additional
non-resonant contributions 𝜒 (3) or 𝜒𝑁𝑅 (2) , respectively. Typically in dielectric materials (e.g.
crystalline cellulose), the output intensity is proportional to the square of the resonant
contributions, 𝜒𝑒𝑓𝑓 (2) = 𝜒𝑅 (2) and the other susceptibility terms are negligible.
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Combining eq 2.4 and 2.5, one can see that when the frequency of the incident infrared
pulses is close to that of a vibrational transition in the molecule (ω IR ≅ ωq) then the SFG process
can be resonantly enhanced. Figure 2.1 illustrates how the vibrational information from the
sample can be obtained by detecting the SFG photons in the visible range (Figure 2-1).

Figure 2-1. Hypothetical SFG spectrum of a molecule with non-centrosymmetrically
arranged vibration modes (top). Energy level diagrams for the vibrational SFG process (bottom).
The dashed lines are the virtual states upon excitation by absorption of the IR and visible photons.
The IR beam is tuned with increasing energy (cm-1) while the visible beam remains at fixed, at
points A and B the SFG process is efficient since (ωIR ≅ ωq). For point C the energy of IR
photons do not correspond to any vibrational mode in the molecule and no SFG photons are
emitted.

SFG is a fairly weak phenomenon and signals are only detectable when the magnitude of
the applied electric fields are sufficiently large. This requires a light source using pulsed lasers
which can deliver high intensity photons. Later, we describe the experimental setup for SFG
vibrational spectroscopy.
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Theoretical description of SFG phase matching conditions
Due to the coherence of laser light used in SFG vibrational spectroscopy, it is a coherence
based technique. This means that within the noncentrosymmetric medium the three interacting
beams will have a certain phase relationship between them. A general form describing the SFG
intensity from a nonlinear medium is:
2

𝐼𝑆𝐹𝐺 ∝ |𝜒𝑒𝑓𝑓 | ∙ 𝐼𝑉𝐼𝑆 𝐼𝐼𝑅 ∙ 𝐿2 (

𝑠𝑖𝑛2 (𝛥𝑘𝐿 ⁄2)
)
(𝛥𝑘𝐿⁄2)2

(2-6)

where 𝛥𝑘 is the quantity of phase mismatch. Note that this expression is similar to eq 2-5
but includes the additional cardinal sine term on the right hand side called the phase
synchronization factor which will describe the optical coherence of the SFG process. In this
section the phase synchronization factor will be discussed in the context of four cases: (1) perfect
phase matching, (2) phase mismatch, (3) quasi-phase matching and (4) random quasi-phase
matching. Lastly, the SFG phase matching conditions for detecting the mesoscale structure of
crystalline cellulose will be described.

Perfect phase matching
In the ideal case where momentum conservation is satisfied (𝑘𝑖𝑛 = 𝑘𝑜𝑢𝑡 ), the phase
mismatch is zero, 𝛥𝑘 = 0:
𝛥𝑘 = −𝑘𝑆𝐹𝐺 + (𝑘𝑉𝐼𝑆 + 𝑘𝐼𝑅 ) = 0

(2-7)

where the wave vectors for SFG (𝑘𝑆𝐹𝐺 )IR (𝑘𝐼𝑅 ) and visible (𝑘𝑉𝐼𝑆 ) light are equal to the
wavenumber of the light multiplied by the refractive index of the medium, along the propagation
direction. Note that in eq 2.5 perfect phase matching was assumed, and when 𝛥𝑘 = 0 the
synchronization factor is 1. Figure 2-2 shows the case of perfect phase matching where the SFG
light is added constructively across the nonlinear medium.
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Figure 2-2. Perfect phase matching condition. (a) Bulk nonlinear medium is irradiated
with IR (red) and VIS (green) beams generating SFG signal (blue) at different locations along the
beam propagation direction (L). (b) Phase synchronization factor as a function of phase
mismatch. However, note that phase matching is satisfied, 𝛥𝑘 = 0 at every location in the
medium.

Perfect phase matching is not common because the refractive index of the material
generally decreases as wavelength increases (optical dispersion). In reality, the efficiency of the
SFG process will depend on the phase mismatch value, 𝛥𝑘 and the distances the IR, visible and
SFG waves have travelled into the material along a specified direction, L.

Phase mismatch
With phase mismatch 𝛥𝑘 ≠ 0, the synchronization factor is no longer unity as described
by eq 2.6, and the efficiency can vary depending on the location of SFG in the bulk media. One
can see that when the distance in the material increases, the term falls drastically and reaches zero
when =

2𝜋
𝛥𝑘

, this distance is defined as the coherence length (𝐿𝑐 ). Consider any two points in the

material that are separated by a depth equal to the coherence length (𝐿 = 𝐿𝑐 ). The output SFG
signals generated by the material at these two points destructively interfere with one another,
reducing the total SFG efficiency.30 This can be seen in Figure 2-3 by the SFG signals at points 1
& 2 as well as 3 & 4 which are separated by 𝐿𝑐 . The output SFG intensity will vary with
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approximately sin2(L) behavior when the sample thickness increases past the coherence length
(Figure 2-3).

Figure 2-3. Conditions of SFG phase mismatch. (a) Bulk nonlinear medium is irradiated
with IR (red) and VIS (green) beams generating SFG signal (blue) at different locations along the
beam propagation direction (L). Points (1) and (2) show that when SFG is separated by the
coherence length (Lc = 200 nm) destructive interference of the SFG light propagating along the
dimension L, is at a maximum. (b) At the air/liquid interface, the nonlinear medium is much
shorter than the coherence length and the phase mismatch is nearly 0. (c) Phase synchronization
factor as a function of phase mismatch with the coherence length indicated. (d) Normalized SFG
intensity as a function of sample thickness, the small variations due to the decreasing sinc 2 term
as L increases is difficult to see.

First, the magnitude of phase mismatch is a significant factor dictating the coherence
length and thereby the SFG efficiency. One can alter coherence length by changing the phase
mismatch via the incident wavelengths (magnitude of kIR or kVIS), or the experimental geometry
could be adjusted to change the propagation directions of the incident beams (sign of kIR or kVIS).
As an example, SFG light can be collected by placing the detector in either the transmission
(trans) or reflection (ref) directions, yielding different phase mismatch values in each case.
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Higher SFG efficiency (ISFG,trans > ISFG,ref) is associated with smaller phase mismatch values
(Δktrans < Δkref) and the corresponding larger coherence lengths (Lc,trans > Lc,ref).
Secondly, the relative length scale of the sample thickness compared to the coherence
length is an important factor. Consider the case of molecules at air/liquid interfaces which are
non-centrosymmetrically arranged on the order of a few nanometers, which is much less than the
coherence length (𝐿 ≪ 𝐿𝑐 ). In this case, the phase synchronization factor is very close to unity
and is very close to the case of phase matching.
In summary, under the typical conditions where perfect phase matching does not apply,
there are several factors governing the SFG efficiency: the propagation directions of the input
beams, probing wavelengths, optical properties of the media and the relative length scale between
the sample thickness and coherence length. These factors are important when considering quasi
phase matching in bulk media.

Periodic and random quasi phase matching
In periodic quasi phase matching, the second order non-linear susceptibility varies along
the propagation direction of the SFG light, 𝜒𝑒𝑓𝑓 (𝐿). Figure 2-4 shows that if the nonlinear media
can be stacked with multiple layers where the sign of 𝜒𝑒𝑓𝑓 varies with a periodicity (𝛬) equal to
twice the coherence length(𝛬 = 2𝐿𝑐 ), there is a preserved phase relationship between the SFG
light emitted at length scales beyond the coherence length and phase mismatch is avoided. This
can be seen in Figure 2-4 by the SFG signals at points 1 & 2 and 3 & 4 which are separated by 𝐿𝑐
but points 2 and 4 have 𝜒𝑒𝑓𝑓 with opposite signs compared to points 1 and 3 along the beam
propagation direction.
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Figure 2-4. Conditions of SFG with periodic quasi-phase matching. (a) Bulk nonlinear
medium is irradiated with IR (red) and VIS (green) beams generating SFG signal (blue) at
different locations along the beam propagation direction (L). As in Figure 2-3, the coherence
length is Lc = 200 nm. In quasi phase matching, the minimum conversion efficiency does not
occur at the coherence length due to alternation of 𝜒𝑒𝑓𝑓 along the beam propagation direction
which are shown in dashed brown lines. (b) Normalized SFG intensity as a function of sample
thickness. Instead of the optimal case where (𝛬 = 2𝐿𝑐 ) , the green line shows the periodicity of
Λ~250 nm where the maximum intensity occurs at approximately 200 nm, which partially
recovers for phase mismatch.

In random quasi phase matching, the individual domains are oriented randomly in the
sample and the second order nonlinear susceptibility, 𝜒𝑒𝑓𝑓 no longer has periodic variation along
the beam propagation direction and is instead averaged over all possible domain orientations
(Figure 2-5).31 The characteristic feature of random quasi phase matching is that the SFG
intensity will scale linearly with the sample thickness 𝐼𝑆𝐹𝐺 ∝ 𝐿 , which is related to the number of
domains, N having a mean size X, 𝐼𝑆𝐹𝐺 ∝ 𝐿 = 𝑁𝑋 .31 Within each domain the interacting SFG
waves have a randomized relative phase relationship, and do not have completely constructive or
destructive interference. Although the conversion efficiency is lower than with periodic quasi
phase matching and perfect phase matching, phase mismatch is avoided.
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Figure 2-5. SFG with random quasi-phase matching. (a) Isotropic bulk nonlinear medium
is irradiated with IR (red) and VIS (green) beams generating SFG signal (blue) at different
locations along the beam propagation direction (L). In random quasi phase matching, each
domain generates SFG signals with a random phase (blue line) with respect to neighboring
domains and there is no position in the material giving a minimum SFG conversion efficiency. (b)
Normalized SFG intensity as a function of sample thickness, which varies linearly with the
number of domains.

In both quasi phase matching cases, the SFG efficiency is changed significantly
depending on the size of the coherence length (𝐿𝑐 ) relative to periodicity length (𝛬) or to sample
domain size and the number of SFG active domains (𝑁) . The quasi phase matching behavior
may be useful to explain the SFG conversion efficiency in cellulose, which is a nonlinear
polycrystalline material.

Detection of crystalline cellulose structure at the mesoscale: Considerations of phase
mismatch and coherence length.
From the previous sections, it is clear that several factors can influence the efficiency of
the SFG processes in a bulk noncentrosymmetric material. Here is a summary of the SFG
selection rules:
1. Vibrational modes must be IR and Raman active (eq 2-4).
2. Vibrational modes must be non-centrosymmetrically arranged (without random
arrangement or inversion symmetry).
3. Phase matching:
a. With perfect phase matching, (𝛥𝑘 = 0) the phase synchronization term is 1. Due to
optical dispersion, this occurs only under specific conditions. One example, is
rotation of birefringent crystals with respect to the beam propagation direction to
enforce phase matching.

26
b. Nearly perfect phase matching; (𝛥𝑘 ≅ 0) the phase synchronization term is nearly 1.
One example is the non-centrosymmetric arrangement of molecules at the air/liquid
interface, due to the fact that 𝐿 ≪ 𝐿𝑐 .
c. With phase mismatch, (𝛥𝑘 ≠ 0) the SFG signals have destructive interferences if
they are generated in the material at locations which are separated by a coherence
length (𝐿𝑐 ). The sample domain sizes and orientations are important factors dictating
the SFG conversion efficiency.
Applying these SFG selection rules for crystalline cellulose:
A. Alkyl (CH, CH2) and hydroxyl (OH) vibration modes are potentially SFG active since
these are also IR and Raman active.
B. Cellulose crystallites are inherently non-centrosymmetric since their space group for
cellulose Iα is P1 and for cellulose Iβ P2 1 which are non-centrosymmetric.
C. Vibrational modes of CH, CH2 and OH groups within the crystal domains must be
arranged with non-centrosymmetry, containing a net polar ordering within each
individual domain (crystallographic unit cell).
D. Packing of multiple crystallites must be arranged with non-centrosymmetry, containing a
net polar ordering within each aggregate. This is at a length scale approaching or greater
than the coherence length(𝐿 ≥ 𝐿𝑐 )
E. In addition, if the size of domains (𝑋), spacings between domains (𝐿), or domain
orientations are changed at length scales approaching or greater than the coherence
length(𝐿 ≥ 𝐿𝑐 ), the SFG efficiency will be altered due to phase mismatch.
As presented in chapter 1, crystalline cellulose has a hierarchal structure which spans
from the crystal structure at the atomic scale (Figure 1-4h) to a mesoscale structure on the order
of hundreds of nanometers to microns (Figure 1-4d). This means that within intact plant cell
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walls, the net SFG response due to crystalline cellulose could be governed by several factors. The
work in this dissertation was a series of SFG studies, each of which used a set of control samples
where only one variable was allowed to change; this allowed us to distinguish how the SFG
signals were varying depending on the cellulose crystal, nanoscale or mesoscale structures.
In order to selectively test whether the CH, CH2 or OH groups were
noncentrosymmetrically ordered in cellulose crystallites at the unit cell length scale several
conditions must be met. The sample must not have preferred orientation or contain a mixture of
polymorphs, and must have homogeneous crystallite sizes and inter-crystallite packing. For these
reasons, purified cellulose Iβ from Avicel® (PH-101) was chosen. SEM images of Avicel are
shown in Figure 2-6. Avicel is commercially available microcrystalline cellulose which is used in
the pharmaceutical industry as inert pellet filler. Avicel is prepared by acid hydrolysis of
polycrystalline cellulose from wood pulp, which removes the amorphous fraction to produce
large micron size cellulose aggregates (Figure 2-6a). Avicel has mostly uniform crystallite sizes,
no preferred orientation and contains a single polymorph (Iβ) as determined from XRD 32 as well
as more uniform crystallite aggregation compared to the starting material (Figure 2-6a).

Figure 2-6. (a) SEM image of Avicel PH-101 obtained from the manufactures website
(http://www.fmcbiopolymer.com/Portals/bio/content/Docs/PS-Section%2011.pdf) (FMC
BioPolymer, Philadelphia, USA) which shows crystallite aggregates of ~10‒30 μm is size. AFM
images of uniaxially aligned (b) cellulose Iα and (c) cellulose Iβ crystallite bundles ~5‒40 μm in
size. (d) Randomly packed cellulose Iβ.
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Avicel removes the complications of variations in cellulose mesoscale structure, enabling
the net polar ordering of CH2 and OH groups to be selectively probed. These groups are
noncentrosymmetrically ordered in cellulose crystallites at the unit cell length. 3 Chapter 5
describes how SFG can distinguish CH2OH conformation and chain polarity at the unit cell length
scale through the CH2 and OH peaks, respectively.
In order to selectively test whether the SFG signals could give information on the noncentrosymmetric arrangement of multiple crystallites at a length scale approaching the coherence
length, it was necessary to have a set of controls samples with a defined crystallite packing over
the mesoscale (100s of nanometers to microns). For these reasons, the ideal samples were
uniaxial aligned cellulose Iα and Iβ crystallites (Figure 2-6b and 2-6c) and randomly packed Iβ
crystallites (Figure 2-6d), AFM images clearly show the preferential or random mesoscale
packing. Chapter 6 describes how the phase matching conditions of the SFG process could
provide valuable information on the mesoscale packing of cellulose within plant cell walls,
tunicate tests and bacterial biofilms.

Experimental setup for sum frequency generation SFG vibrational spectroscopy
Recall that SFG requires light with very high intensities and therefore pulse laser systems
are required. In SFG vibrational spectroscopy one of the incident photons must be in the mid
infrared region (IR), typically 1000‒4000 cm -1. However, pulsed laser systems generating
photons in the mid infrared region with the tenability of frequency are not available. Therefore,
most SFG spectrometers typically employ lasers generating light in the near infrared range,
Ti:sapphire (800 nm) or Nd: YAG (1064 nm). The output from these lasers is then split into two
pathways. The first portion will undergo frequency conversion using a collection of optical
parametric effects to generate the IR pulses. The second portion is then mixed with the IR pulses
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to generate SFG in the sample. Alignment optics ensures that both beams will travel the same
distance before reaching the sample to ensure adequate temporal overlap.
Two common SFG spectrometers are (1) the picosecond (ps) scanning systems and (2)
the femtosecond (fs) broadband systems. This section describes the two SFG spectrometer
systems in our laboratory which were used for experiments on crystalline cellulose, the psscanning SFG spectrometer and the fs BB-SFG spectrometer.

Picosecond scanning SFG spectrometer (ps-scanning SFG)
Figure 2-7 shows a schematic of the ps-scanning SFG spectrometer used in our
laboratory. The laser system is a flash lamp pumped Nd:YAG laser (PL2241, EKSPLA) seeded
by a Nd:YVO4 diode pumped master oscillator which emits near IR light at 1064 nm. The seed
pulses are amplified in two stages. The seed pulses are injected into the regenerative amplifier,
trapped inside the cavity, travel 30‒40 roundtrips through the Nd:YAG laser rod while being
pumped with a flash lamp to ~500 μJ before being ejected from the amplifier. Pulses are directed
in the proper direction to the second amplification step using a combination of Pockel cells,
Faraday rotator, polarizers and half wave plates. The power amplification step includes another
Nd:YAG laser rod pumped with two flash lamps which are synchronized to the regenerative
amplifier to generate 1064 nm pulses to the desired power which is ~40 mJ (10 Hz) needed for
the downstream SHG and OPO/OPA. The near IR light (𝜔1 ) is converted into 532 nm
(𝜔2 ) pulses through second harmonic generation 𝜔2 = 2𝜔1 in a nonlinear crystal. The adequate
energies of visible and near IR pulses needed for generation of tunable IR light using OPO/OPA
is no greater than 10 mJ and the remainder is dumped; 2 mJ of 532 nm is sent to the sample.
The OPO/OPA and DFG unit shown in Figure 2-7b (PG501/DFG, EKSPLA) converts
the pulses at 532 and 1064 nm into a tunable IR beam which is required for the SFG experiments.
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This is accomplished using a series of parametric effects, which are also driven by an induced
second-order nonlinear polarization (Equation 2.3). Likewise, phase matching (Equation 2.7)
must be achieved or the conversion efficiency will drop significantly (Equation 2.6). In the
OPO/OPA and DFG unit, the nonlinear crystals are birefringent where phase matching can be
enforced by selecting the precise beam propagation directions and their polarizations in the
crystal. Note that in Figure 2.7b, whenever two photons must be mixed to generate a third, delay
lines are needed to ensure precise temporal overlap of the picosecond pulses.
Producing a tunable light source from 15% of the input 532nm beam is done in the first
step through parametric superfluorescence in a BBO crystal placed between two mirrors, also
known as an optical parametric oscillator (OPO). The OPO step produces a seed pulse with a
broad spectrum of near IR light (800‒2300 nm) which is then reflected off a diffraction grating at
a specific angle according to the desired frequency to be amplified in OPA. In the OPA, the
remaining 85% of the input 532 nm beam amplifies the seed pulse, also producing another wave
at a higher frequency (signal beam). The amplified seed pulses (1.19‒1.98 μm) are also called
idler waves according to the convention that 𝜆𝑖𝑑𝑙𝑒𝑟 > 𝜆𝑠𝑖𝑔𝑛𝑎𝑙 > 𝜆𝑝𝑢𝑚𝑝 . Finally, the input 1064
nm pulses are temporally overlapped with the idler beam in AgGaS2 producing IR pulses through
difference frequency generation (DFG). AgGaS2 is mounted on a rotation stage so that as the idler
beam is tuned to different wavelengths (through the OPO), the 1064 nm beam will overlap at the
same location in the crystal satisfying the phase matching condition. In AgGaS2 the incident
beams travel nearly co-linear with the IR pulses and are subsequently separated from IR through
a series of filters. The final energies of the tunable IR pulses are ~350 to 50 μJ corresponding to
the range of 2.3 μm (4347 cm-1) to 10μm (1000 cm-1). Hence, the peak powers of IR pulses (0.3
mJ) and visible pulses (<2 mJ) which are sent to the sample are on the order of gigawatts (10 9 W).
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Figure 2-7. Schematic of ps-scanning SFG spectrometer. (a) Regenerative amplifier and
power amplifier to generate high power 1064 nm near IR ps pulses (pink lines) followed by
second harmonic generation for production of 532 nm visible ps pulses (green lines). Visible
pulses are either used for the experiment or for conversion in OPO/OPA unit along with 1064 nm
pulses (b) Beam path of the OPO and OPA units followed by mid IR pulse generation through
DFG in AgGaS2. Color code: parametric superfluorescence (orange and yellow line, marked with
“*”), seed/idler (orange line), signal (red line) and mid IR (brown line). Vertical breadboard
layout for optically flat interfaces (c) and crystalline cellulose powders (d). In (c, d) the incident
angles for IR and VIS beams are with respect to the surface normal and within the plane of
incident (POI) in the xz-plane. Polarization convention is within the POI (p-polarization) and
perpendicular to the POI (s-polarization). The polarization convention is applicable for IR and
visible beams but is not shown for clarity. In (c) beams are reflected from the surface in the phase
matching direction, while in (d) scattering of beams produces a wide distribution of SFG photons
which depends on the orientation of individual crystallites with respect to the incident IR and
visible photons (e). In both cases the reflected IR and visible beams are removed with filters (F).
In (d) the SFG signal collection is enhanced using a beam collimator (B). Color code: visible
(green line), IR (red line) and SFG (blue line). Image in (e) was adapted with permission from. 3
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The IR and visible beam alignments on the vertical breadboard are shown in Figure 2-7c
and 2-7d. The incident light is sent to the sample at an angle with respect to the surface normal in
the lab frame where β IR=56° and βVIS=60°. For optically flat surfaces such as the air/liquid
interface which are always horizontal, the SFG signal is emitted at the specific angle
𝑘𝑆𝐹𝐺 𝑠𝑖𝑛𝛽𝑆𝐹𝐺 = 𝑘𝑉𝐼𝑆 𝑠𝑖𝑛𝛽𝑉𝐼𝑆 + 𝑘𝐼𝑅 𝑠𝑖𝑛𝛽𝐼𝑅 when phase matching is applicable (Figure 2-3b). In
the case of Avicel cellulose, the pressed pellet may lay flat on the sample stage, but individual
crystallites are randomly arranged with respect to the incident IR and visible light. Hence, the
SFG signals are not emitted at a specific angle defined by phase matching condition, but are
scattered from the sample in a wide distribution and collected with a beam collimator (B) to
increase the collection efficiency (Figure 2-7e).
The operation of the ps-scanning system to obtain SFG spectra (Figure 2-1) consists of
the IR beam stepped across the region of interest while mixing with the visible pulse. For
cellulose, the primary regions of interest are the CH stretching region (2700‒3050 cm-1) and the
OH stretching region (3100‒3800 cm-1). Using cellulose as an example, the IR beam is set at
2700 cm-1 and overlapped with the visible beam (532 nm), and the number of desired incident
pulses and stepping interval are specified (typically 100 shots, 4 cm-1/step in CH region and 8 cm1

/step in the OH region). SFG photons are filtered with a grating and slit and detected by a

photomultiplier tube. The monochromator is synchronized using a computer, to set at the
corresponding SFG frequency (2700 cm-1 + 532 nm = 465 nm). After 100 laser shots the signals
reaching the detector are averaged and the IR beam is then tuned to 2704 cm -1 and the process is
repeated until 3050 cm-1 is reached. As shown in Figure 2-7, when tuning the IR pulse
frequencies, the entire system requires the synchronized control of: (1) the angle of the diffraction
grating after OPO (2) rotation of AgGaS2 and (3) selection of proper SFG wavelength in the
detector unit.
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One disadvantage of ps-scanning systems is that acquiring SFG spectra could be time
consuming. In the previous example, good signal to noise ratio (S/N) for cellulose requires: 100
shots x 10Hz repetition rate of laser = 10 seconds/step x 87 steps = 28 minutes to obtain both the
CH and OH stretching regions. Additionally if the SFG signal is low, more laser shots would
need to be averaged to get a decent S/N and the acquisition times would become longer.

Femtosecond Broadband SFG spectrometer (BB-SFG)
In BB-SFG spectrometers, femtosecond IR laser pulses with broad spectral width (150200 cm-1) are overlapped with narrowband visible pulses (few picoseconds). If the IR pulses are
sufficiently broad to cover the region of interest, then scanning of the IR beam is no longer
needed. Shortening of the data acquisition times could be one advantage of BB-SFG over the psscanning systems. In this section, details of the instrumentation need for BB-SFG will be
discussed. Figure 2-8 shows a schematic of the BB-SFG spectrometer used in our laboratory. A
Ti:sapphire regenerative amplifier (Figure 2-8a) gives 800nm femtosecond pulses in the near IR,
which are conventionally called visible. The BB-SFG and ps-scanning systems share some
common features. Like ps-scanning, the 800 nm light is split into two paths, one for generation of
tunable IR pulses through OPG/OPA (top lines, Figure 2-8b) and the other will be reduced in
bandwidth (bottom line, Figure 2-8b) to be recombined with the broadband IR to generate
broadband SFG signals in the sample (Figure 2-8c).
The system consists of a Ti:sapphire regenerative amplifier (Libra, Coherent) pumped
with a CW frequency-doubled Nd:YLF laser (Vitesse, Coherent). The seed pulse are generated by
a Ti:sapphire oscillator (Evolution, Coherent) emitting 800 nm 20 fs pulses at 80 MHz. The seed
pulses are first inserted into a grating stretcher employing chirped pulse amplification (CPA) to
lower peak power during regenerative amplification in Ti:sapphire. The amplified 800 nm beam
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is then compressed to give an output beam with 12 nm full width half maximum, 85 fs pulse
width at 2 kHz, the average power was 4.8 W.
Approximately 75% (3.6W) of the 85 fs 800 nm pulse was used for the two-stage
OPG/OPA setup. Producing a tunable light source is done by taking a small portion of the 800
nm beam for white light supercontinuum (WLC) in a sapphire plate. The first OPA step combines
the WLC pulse with 800 nm fs pulses in the nonlinear crystal at a specific phase matching angle
according to the desired frequency to be amplified in OPA (1100‒1900 nm). In the second OPA
step, the remaining 85% of the input 800 nm beam amplifies the seed pulse, also producing
another wave at a lower frequency (idler beam). The amplified seed pulses are also called signal
waves according to the convention that 𝜆𝑖𝑑𝑙𝑒𝑟 > 𝜆𝑠𝑖𝑔𝑛𝑎𝑙 > 𝜆𝑝𝑢𝑚𝑝 . Finally, the signal and idler
beams are temporally overlapped in AgGaS2 producing IR pulses through non-collinear
difference frequency generation (NDFG). AgGaS2 is mounted on a rotation stage so that as the
signal beam is tuned to different wavelengths (through phase matching in first OPA), the idler
beam will overlap at the same location in the crystal satisfying the phase matching condition. In
AgGaS2 the incident beams are blocked with an iris, further filtered with a Ge plate at the
Brewster angle. The ~85 fs IR pulses are ~10-30 to 5 μJ/pulse corresponding to the range of 2.5
μm (4000 cm-1) to 10μm (1000 cm-1). Hence, the peak powers of IR and 800 nm pulses that are
sent to the sample are on the order of gigawatts (10 9 W).
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Figure 2-8. Schematic of BB-SFG spectrometer. (a) Ti:sapphire amplifier to generate
high power, 800 nm “visible” ~85fs pulses (pink lines). (b) Creating a broadband seed beam
through supercontinuum in a sapphire plate (green line). The seed beam undergoes OPA in a preamplification (Pre. Amp.) step to select the desired signal beam frequency through phase
matching. Power amplifier (Amp.) OPA with amplified signal (red line) and idler beams (orange
line) which are used to generate broadband mid IR pulse (brown line) through DFG in AgGaS 2.
(c) Vertical breadboard layout for optically flat interfaces where the incident angles for IR and
VIS beams are with respect to the surface normal and within the plane of incident (POI) in the xzplane. Polarization convention is within the POI (p-polarization) and perpendicular to the POI (spolarization). The polarization convention is applicable for IR and visible beams but is not shown
for clarity. All beams are reflected or transmitted in the phase matching directions, SFG signals
reflected from the surface (reflection mode) or travelling through the sample (transmission mode)
could be acquired and sent to the detector. IR and visible beams are removed with filters (F).
Color code: 800 nm (pink line), IR (red line) and SFG (blue line).

The remaining portion of the 85 fs 800 nm pulses from the regenerative amplifier (1.2 W)
must be reduced in the spectral bandwidth. In the literature, two methods which are widely used
are: using a combination of grating and slit and the other is the Fabry-Perot etalon. In our BBSFG system, both setups are available. Chapter 10 provides more information on the spectral
narrowing of 800 nm pulses which are extended in time to ~2.1‒2.3 ps, to be used in SFG
experiments. Polarization control of 800 nm ps pulses are done through half-wave plates and
Glan-Laser prism. Afterwards, the two beams are aligned to travel nearly collinearly by reflecting

36
the IR beam off a sharp edge of an elliptical-shape gold mirror. The IR and visible beam
alignments on the vertical breadboard are shown in Figure 2-8c. The incident light is sent to the
sample at an angle with respect to the surface normal in the lab frame where β IR=βVIS=45° and for
the air/liquid interfaces the SFG signal is emitted at the phase matching angle β SFG=45°. Notice
that when the incident beams are collinear, the reflected SFG beam travels along the same path as
the 800 nm and IR beams. This setup was chosen so that the bright 800 nm beam could be used to
guide the very weak SFG light into the narrow entrance slit to the detector.
The operation of the BB-SFG system to obtain typical SFG spectra (Figure 2-1) consists
of stepping the IR beam stepped across the region of interest while mixing with the narrowband
visible pulse. However, since the IR is spectrally broad, the stepping interval is much larger ~100
cm-1 instead of 4 or 8 cm-1 for ps-scanning. For cellulose as an example, the IR beam is set at the
peak maximum near 2750 cm-1 and overlapped with the 800 nm beam, with exposure to beams
lasting 0.5‒1 second (1000‒2000 laser shots). The broadband SFG signal are dispersed with a
volume-phase holographic (VPH) grating and detected with a CCD camera. Then the broadband
IR is tuned to 2850 cm-1 and the process is repeated until the entire region of interest is covered.
Typically, cellulose spectra in the CH and OH region are acquired with 11‒14 steps spaced at 100
cm-1 apart. After averaging and normalization with the input IR power, BB-SFG gives
comparable Avicel cellulose spectra at about one third the time which is needed for ps-scanning.
More detailed information on the BB-SFG setup is given in chapter 10 and includes: mode of
operation in reflection, transmission and total internal reflection as well as SFG imaging by
alignment into an upright optical microscope.
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Chapter 3 : Sum-Frequency-Generation (SFG) Vibration Spectroscopy
and Density Functional Theory Calculations with Dispersion
Corrections (DFT-D2) for Cellulose Iα and Iβ
Reproduced with permission from ACS: Lee, C. M., Mohamed, N. M., Watts, H. D., Kubicki, J.
D., & Kim, S. H. (2013).The Journal of Physical Chemistry B,117(22), 6681-6692.

Overview
Sum-frequency-generation (SFG) vibration spectroscopy selectively detects noncentrosymmetric vibrational modes in crystalline cellulose inside intact lignocellulose. However,
SFG peak assignment in biomass samples is challenging due to the complexity of the SFG
processes and the lack of reference SFG spectra from the two crystal forms synthesized in nature,
cellulose Iα and Iβ. This paper compares SFG spectra of laterally-aligned cellulose Iα and
Iβ crystals with vibration frequencies calculated from density functional theory with dispersion
corrections (DFT-D2). Two possible hydrogen-bond networks A and B (Nishiyama et al.
Biomacromolecules 2008, 9, 3133) were investigated for both polymorphs. From DFT-D2
calculations the energetically favorable structures for cellulose Iα and Iβ had CH 2OH groups in
tg conformations and network-A hydrogen bonding. The calculated frequencies of C‒H stretch
modes agreed reasonably well with the peak positions observed with SFG and were localized
vibrations; thus peak assignments to specific alkyl groups were proposed. DFT-D2 calculations
underestimated the distances between hydrogen-bonded oxygen atoms compared to the
experimentally-determined values; therefore the OH stretching calculated frequencies were ~100
cm-1 lower than observed. The SFG peak assignments through comparison with DFT-D2
calculations will guide the SFG analysis of the crystalline cellulose structure in plant cell walls
and lignocellulose biomass.
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Introduction
Vibration spectroscopy of cellulose has been an important tool in the biological sciences
and also sustainable engineering to understanding cellulose structure. 33 Plants use much of the
carbon and solar energy captured during photosynthesis to produce cell walls, which are critical
for proper growth and development.18 Plant biomass is processed for use as lumber, textiles,
papers, and additives in foods, paints and films. 34 Recently, global efforts are underway to
convert plant cell walls (which are collectively called lignocellulosic biomass) to biofuels for
transportation needs.35-37 Cellulose is the most abundant and important constituent in plant cell
walls. Its crystal structure and complex network with other carbohydrate polymers are key factors
determining the mechanical strength and degradability of plant cell walls.38,39 A nondestructive
spectroscopic technique that can selectively detect crystalline cellulose imbedded in amorphous
carbohydrate polymers is necessary to advance our understanding of the roles of crystalline
cellulose in the chemical and physical properties of plant cell walls.
Cellulose is a linear polymer chain of β-D-glucopyranose monomers connected by 1,4
glycosidic linkages. In plants, chains are synthesized by cellulose synthase complexes (CSCs)
present at the plasma membrane.40,41 Shortly after polymerization several chains crystalize into
elementary microfibrils and are deposited into the cell wall.42, There are two crystal structures that
are produced in nature; cellulose Iα, predominantly found in algae and bacterial biofilms and
cellulose Iβ, predominantly found in land plants and tunicates. 9 In cellulose microfibrils, the sixmembered glucan unit has the arm-chaired conformation and the hydroxyl (O2H, O3H) and
exocyclic hydroxymethylene (C6H2OH) groups at the equatorial positions, and the methine (CH)
functional groups on carbons 1,2,3,4 and 5 at the axial positions (Figure 3-1). Three
conformations of the C6H2OH groups are possible through the rotation of the C5C6 bond, the tg
conformation is found to be the dominant form in cellulose I and I as shown in Figure 3-1.13,43
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Cellulose chains are linear and assembled side-by-side into a sheet through networks of intrachain hydrogen bonds (O3H···O5; O2H···O6) and inter-chain hydrogen bonds (O6H···O2’;
O2H···O6’; O6H···O3’) (Figure 3-2). There are two possible patterns of hydrogen bonding
within a sheet which are called networks A and B.44 In network A (Figure 3-2a), the hydrogen of
O2 is involved in intra-chain hydrogen bond to O6 (O2H···O6) and the hydrogen of O6 is
involved in inter-chain hydrogen bonds (O6H···O3’).44 In network B (Figure 3-2b), the hydrogen
of O2 is involved in inter-chain hydrogen bond to O6 (O2H···O6’) and the hydrogen of O6 is
involved in intra-chain hydrogen bond to O2 (O6H···O2). 44

Figure 3-1. Molecular model of the exocyclic C6H2OH group in tg (green), gt (blue), and
gg (pink) conformations. In the pair-wise representation (t = trans and g = gauche), the first letter
is the torsion angle of O5C5C6O6 and the second letter the angle of C4C5C6O6.  is the
angle between the C5O5 and C6O6 bond axes. (C=dark gray; O=red; H=light gray)

These sheets are stacked through van-der Waals interactions between the hydrophobic
facets of the glucan units to form three-dimensional crystals of cellulose I and cellulose I.13,43
Sheet stacking influences the covalent bond lengths as well as the torsion angles of the glycosidic
bonds and the hydroxymethylene groups in cellulose Iα and Iβ. 45 In the cellulose Iα triclinic unit
cell, all sheets are identical and the chains in each sheet contain alternating units with slightly
different CH2OH conformations ( = 166o and 167o, Figure 3-3b).13 In the cellulose Iβ monoclinic
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unit cell, chains in each sheet are identical, but the CH 2OH conformations of the glucose units in
two adjacent sheets are slightly different ( = 158o and 170o, Figure 3-3c).43

Figure 3-2. Two possible hydrogen bonding networks in cellulose I and I crystals: (a)
network A and (b) network B.44 (C=dark gray; O=red; H=light gray).

The structural models described in Figure 3-3 are constructed based on x-ray and neutron
diffraction studies of aligned nanowhiskers (cylinder-shape nanocrystals) of cellulose I isolated
from the green alga Glaucocystis nostochinearum and cellulose I isolated from the tunicate
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Halocynthia roretzi.13,43 These species are unique in that they produce large crystals (~20nm) of a
single allomorph. Cellulose crystals in cell walls of vascular plants contain varying ratios of Iα
and Iβ forms and are thought to be more disordered than cellulose from Halocynthia and
Glaucocystis.16 In addition, cellulose in vascular plant cell walls are smaller (~25 nm) and
interact with hemicellulose, pectin and lignin components in the cell wall. 1,42

Figure 3-3. Two conformations of the exocyclic CH2OH groups in cellulose I and I are
shown in (a). The  angles are marked in red and blue colors. Stacking of cellulose chains in (b)
cellulose Iα and (c) cellulose Iβ. The dotted boxes are the triclinic unit cell containing a single
chain in (b) and the monoclinic unit cell containing two chains in (c). The unit cell axes are
marked following the notation from Sugiyama et al. 46

Determining the native cellulose polymorphism47,48, crystallinity49, hydrogen bonding50-52,
and mechanical properties53 are commonly performed using IR and Raman vibration
spectroscopy as well as x-ray diffraction (XRD) and solid-state nuclear magnetic resonance
(NMR).54-58 These techniques are useful for structural analysis of isolated or purified cellulose;
but they suffer from spectral interferences from other matrix polysaccharide components when
applied to the structural study of cellulose within intact plant cell walls.59-61 Because crystalline
cellulose is more resistant to hydrolysis than amorphous polysaccharides, cellulose can be
isolated from plant cell walls. However, this process can alter the crystal structure of native
cellulose. In order to study crystalline cellulose structure in situ without separation of cellulose
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from other matrix components, it is desirable to use a spectroscopic technique that is highly
selective to cellulose only.
Recently, sum-frequency-generation (SFG) vibration spectroscopy has been shown to
selectively detect crystalline cellulose in plant cell walls and lignocellulosic biomass without
interferences from amorphous components such as hemicellulose, pectin, and lignin. 61,62 SFG is a
nonlinear optical process in which visible (ωVIS) and infrared (ωIR) photons are combined into a
single photon whose frequency is the sum of the two input frequencies, ω SFG = ωVIS + ωIR. The
output SFG signal I(ωSFG) is expressed as:63-65
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( 2) 2

I (VIS ) I (IR )

(3-1)

where I(ωVIS) and I(ωIR) are the intensities of the visible and infrared laser beams and χeff(2)
is the effective nonlinear susceptibility:63
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Here, N is the number density, o is the dielectric constant of vacuum, MαβAy is the angleaverage of the product of the Raman and infrared tensors, q is the frequency of a normal
vibration mode, and Γ is the damping constant. In the SFG analysis with a tunable IR beam,
signals are resonantly enhanced as the frequency of the input IR beam (ωIR) approaches q in the
sample. Equation 3-2 also states that the vibration mode must be both IR- and Raman-active. The
third order tensor, χeff(2) dictates that the SFG process takes place only when the irradiated
medium has no inversion symmetry, otherwise χeff(2) is zero.27 Only certain vibrational modes in
crystalline cellulose within plant cell walls meet this noncentrosymmetry. 66 In contrast, other
amorphous matrix polymers (hemicellulose and lignin) in plant cell walls do not produce SFG
signal even though they are composed of monomers which contain several chiral centers. 61
Without net polar ordering or electronic resonance, the SFG signals from chiral centers are very
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weak using reflection geometry, which is chosen due to opaque plant cell wall samples. 67 For
these reasons, SFG can selectively detect cellulose in lignocellulose biomass.
Peak assignment is challenging, however, because several factors affect the SFG signal
generation from crystalline cellulose. The non-linear susceptibilities of individual vibration
modes depend on the polarizations of input and output photons. If a single crystal or molecular
thin film of cellulose is available, one could conduct thorough polarization analyses to obtain the
χeff(2) tensors of various vibration modes.68,69 Unfortunately, native cellulose chains crystallize into
only a few nanometer wide microfibrils and often cellulose Iα or Iβ crystals are present together
in polycrystalline samples18 or are aggregated into bundles.1,57,70 Moreover, cellulose is a
birefringent material containing many chiral centers in the glucan monomeric unit.71 Thus, the
polarization of the light can be altered while light travels through the sample. 72 Furthermore, SFG
intensity analysis is complicated because the phase matching condition is strongly influenced by
the spatial distribution of cellulose crystals in the sample over the SFG coherence length. 73 Hieu
et al. proposed the χeff(2) tensors for cellulose in a single cotton fiber.66 In this method, it was
assumed that the cellulose crystalline axis coincides with the fiber axis in the laboratory
coordinates. However, the cellulose microfibril orientation in cotton fibers is known to contain
several layers, each layer with alternating spiral arrangements.74 Thus, using SFG to analyze
plant cell walls is complicated because the native cellulose structure could be influenced by the
growth process.42,75 In this situation, theoretical calculations of vibration modes and frequencies
could provide valuable information needed for peak assignment of the SFG spectra.
There have been several simulation studies to calculate the vibration frequencies for
cellulose to assist peak assignments. Earlier works have used a classical mechanics approach
called normal coordinate analysis to compare calculated vibration modes with the IR and Raman
spectra of cellulose from the alga Valonia ventricosa.76,77 Recently, ab initio calculations have
been used to evaluate the crystal structures of native cellulose44,78 and to predict the vibrational
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spectra using Hartree-Fock79 and density functional theory (DFT).80,81 Barsberg et al. used
cellulose I single chain models in DFT calculations to estimate peak positions and intensities.
However, these results did not distinguish between Iα and Iβ because only the covalent intrachain interactions were considered. A more advanced method is DFT with dispersion corrections
(DFT-D2) that includes an empirical correction for long-range interactions.82 DFT-D2 has been
recently applied to cellulose Iα and Iβ, to calculate crystal structures, intermolecular forces,
interactions with water, and allomorph conversion. 83,84
In this study, we report the SFG spectra of highly-crystalline and laterally-packed
cellulose I and I nanowhiskers prepared from Glaucocystis and Halocynthia, respectively, and
compare the SFG peaks with the fundamental vibration modes calculated from DFT-D2.81 The
crystal structures of cellulose I and I were constructed from the experimentally determined
atomic coordinates and optimized through energy minimization processes. The vibration energies
obtained from DFT-D2 calculations were rescaled with the empirically known peak positions of
specific localized vibration modes. The comparison of the DFT-D2 calculations with the SFG
spectra made the peak assignments possible for the exocyclic methylene group in cellulose I and
I crystal and the hydrogen bonding network in each allomorph. Being able to detect and identify
the vibration modes of crystalline cellulose in plant cell walls and lignocellulosic biomass will
greatly assist the structural study for the roles of crystalline cellulose in plant growth and
mechanics as well as recalcitrance of biomass to degradation processes.

Methods
Cellulose sources
Films of highly-aligned cellulose I and I nanowhiskers, prepared by H2SO4-treatment
of Glaucocystis nostochinearum and the tunicate Halocynthia roretzi, were generously provided
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by Yoshiharu Nishiyama, CERMAV–CNRS, France. The details of sample preparation and full
characterization of these samples with x-ray and neutron diffraction were previously
published.13,43,44 In these samples, cellulose chains were roughly aligned with the unit cell c-axis
along one direction by shearing of an aqueous suspension of nanowhiskers during the drying
process.85 Avicel® PH-101 with ~50 µm particle size microcrystalline cellulose (FMC
Biopolymer, CAS-No. 9004-34-6) was pressed into a pellet.
SFG vibration Spectroscopy
The SFG setup (EKSPLA) used in our laboratory was described in previous studies. 61,62
The 532nm laser pulse was generated by frequency doubling of the 1064 nm output from a
Nd:YAG laser. An optical parameter generator/amplifier (OPG/OPA) using beta-BaB2O4 and
AgGaS2 crystals was pumped with 532nm and 1064 nm laser pulses and generated tunable IR
pulses in the wavelength range of 2.3–10 µm with <6cm-1 bandwidth. The incidence angles of
visible and IR pulses with respect to surface normal were 60° and 56°, respectively. The incident
visible and IR beams were s-polarized and p-polarized, respectively, with respect to the laser
incidence plane. The SFG signal was collected in the reflection geometry with no polarization
selection. A beam collimator was used to enhance the collection efficiency of the SFG signals.
SFG spectra were taken at 4 cm-1/step for the 10001500 cm-1 and 2700–3050 cm-1 regions, and 8
cm-1/step in the 3096–3800 cm-1, with averaging 100 shots/step. SFG spectra of cellulose films
were taken with the plane of laser incidence parallel and perpendicular to the nanowhisker
alignment axis, as shown in Figure 3-4. Spectral data were fitted with the Lorentzian function to
find the peak center position.
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Figure 3-4. Two laser incidence plane geometries for aligned cellulose I and I
nanowhiskers. The nanowhisker alignment axis (black arrow) of the cellulose films was
positioned (a) parallel (//) and (b) perpendicular () to the laser incidence plane (gray). The
polarizations of IR and visible incidence beams were in-plane (p) and out-of-plane (s),
respectively, with respect to the laser incidence plane.

Infrared spectroscopy
IR spectra of cellulose Iα and Iβ films were obtained in a transmission mode using a Nexus
760 FT-IR spectrometer (Thermo Scientific). The sample was fixed normal to the incident beam
which was polarized using a wire grid polarizer (Harrick Scientific Products). Spectra were taken
with the IR polarization parallel and perpendicular to the nanowhisker alignment axis. All spectra
were taken in the region 5004000 cm-1 using 2 cm-1/step and averaged over 100 scans.
Raman spectroscopy
Cellulose Iα and Iβ films were analyzed with a Nicolet 8700 FT-Raman spectrometer
(Thermo Scientific). This system was equipped with a near infrared (1064nm) Nd:YAG polarized
excitation source, a CaF2 beam splitter and a germanium detector. Polarized incident light was
normal to the sample and spectra were taken by rotating the sample so that the nanowhisker
alignment axis was aligned parallel and perpendicular to the incident beam polarization. All
spectra were taken in the region 2503700 cm-1 using 8 cm-1/step and averaged over 1000 scans.
DFT-D2 calculations
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Periodic DFT calculations were performed with the Vienna Ab-initio Simulation
Package (VASP)86-89 . The initial crystal structures of cellulose I and I were created
using Materials Studio 5.5 (Accelrys Inc., San Diego CA) based on the coordinates
determined by Nishiyama et al.13,43 The simulation cell size contained C 24O20H40 for
cellulose I and C48O40H80 for cellulose I. These corresponded to two unit cells for
cellulose I and I, respectively. Cartesian coordinate files generated with Materials
Studio 5.5 were converted into VASP 5.2 input files via a Perl script written by A.V.
Bandura (St. Petersburg State University). Manipulations of the hydroxymethylene group
torsions to three different conformations (tg, gg and gt) and hydrogen bonding networks
A and B were performed manually in Materials Studio 5.5. Networks A and B were
based on two possible hydrogen atom positions centered about 6O suggested by
Nishiyama and co-workers.44
Projector-augmented planewave pseudopotentials were used with the PBE
gradient-corrected exchange correlation function for the 3-D periodic DFT calculations.
The choice of electron density and atomic structure optimization parameters were based
on previous work.83

84

An energy cut-off of 800 eV was used with an electronic energy

convergence criterion of 1 x 10-7 eV. Atomic structures were relaxed until the energy
gradient was less than 0.02 eV/Å at 222 k-point samplings. Atoms were first allowed
to relax with the lattice parameters constrained to the experimental values, then the atoms
and lattice parameters were allowed to relax to obtain reported structures, energies and
spectroscopic properties. The dispersion-correction parameters were 40 Å for the cutoff
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distance 83 and 0.75 for the scaling factor (s6) and 20 for the exponential coefficient (d) in
the damping function. 82
Frequency analyses were performed on the energy minimized structures as
predicted using VASP. Second derivatives of the potential energy matrix with respect to
atomic displacements were calculated using two finite-difference steps (NFREE=2) and
atomic movements of 0.015 Å (POTIM=0.015). Vibrational modes were analyzed using
the program wxDragon 1.8.0.

90

Representative movies are shown in the Supporting

Information.

Results and discussion

SFG spectra of aligned cellulose I and I
The SFG spectra for the laterally-packed and aligned films of cellulose Iα and Iβ
nanowhiskers as well as randomly-oriented powders of cellulose Iβ (Avicel® PH-101) are shown
in Figure 3-5. It is important to note that although SFG responses can originate from both the bulk
and surface species, the cellulose SFG signals are mostly from the crystalline phase. The surface
species can easily be detected when the signals from the bulk phase and surface do not overlap. It
is known that the OH groups at the cellulose crystal surface are readily converted to OD through
OH/OD exchange with D2O.91 When the crystalline cellulose samples were treated with D 2O, the
OD SFG signal was negligible although IR showed very strong OD signals.61,92
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Figure 3-5. SFG spectra of laterally-packed and aligned films of cellulose Iα nanowhiskers
(from Glaucocystis; A1 and A2) and cellulose I nanowhiskers (from Halocynthia; B1 and B2).
(C) Linear combination of the B1 and B2 spectra. (D) SFG spectrum of randomly-packed powder
of cellulose I (Avicel PH-101). Spectra A1 and B1 were taken with the laser incidence plane
perpendicular to the chain alignment direction, and A2 and B2 were taken with the laser
incidence plane parallel to the chain alignment direction. For the region 2700‒3800 cm-1 the yaxis was enlarged 4 times for clarity. The peaks discussed in the text are highlighted with dotted
lines.

Figure 3-6. Polarized FT-IR spectra of laterally-packed and aligned films of (a) cellulose Iα
and (b) I nanowhiskers. Spectra were taken with the IR polarization perpendicular and parallel
to the nanowhisker alignment direction. The peaks discussed in the text are highlighted with
dotted lines.
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Figure 3-7. Polarized FT-Raman spectra of laterally-packed and aligned films of (a)
cellulose Iα and (b) I nanowhiskers. Spectra were taken with the excitation laser polarization
perpendicular and parallel to the nanowhisker alignment direction. The peaks discussed in the text
are highlighted with dotted lines.

In the case of the aligned samples (A and B spectra in Figure 3-5), nanowhiskers were
aligned along the long axis without specific directionality of the reducing end. 85 Within each
nanowhisker the cellulose chains are parallel, i.e. the reducing ends of the glucose units point the
same direction. Since cellulose crystals are distributed anisotropically, the SFG spectra of the
aligned nanowhisker samples showed some dependence of the polarization of the input IR and
visible beams. For comparison, the polarized IR and Raman spectra of the aligned cellulose I
and I films are shown in Figures 3-6 and 3-7, respectively. The peak positions and polarization
dependences of SFG, IR and Raman peaks in the stretching and bending regions of the alkyl
groups are shown in Table 3-1. For comparison, the Raman and IR peak assignments from the
literature are also shown in Table 3-1.77,93
Due to the non-centrosymmetric requirement in the SFG process (Equation 3-2), not all
peaks seen in IR and Raman spectra are observed in SFG. Note that in the SFG spectra of these
cellulose samples there is no peak observed at 2898 cm -1 or 2904 cm-1 (Figure 3-5) while both
Raman and IR spectra show a strong peak in this region (Figures 3-6 and 3-7). The strong peak at
2898 cm-1 in Raman and 2904 cm-1 in IR are attributed to the stretch vibrations of the methine
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groups at the axial positions of the six-membered ring of the glucopyranose unit. 77,93 There are
equal numbers of methine groups on both sides of the cellulose chain with dipole moments that
point in the opposite directions. When chains are stacked during the native crystallization process,
the symmetric arrangement of these groups cancels their dipoles across the entire crystal. This
may explain the absence of the methine stretch modes are in SFG (Figure 3-5), although they are
IR- and Raman-active (Figures 3-6 and 3-7). A similar phenomenon has been observed for the
SFG spectra of the CH2 groups in a well-packed self-assembled monolayer.94-96
The shoulders at 29202968 cm-1 in IR and Raman (Figures 3-6 and 3-7) are the main
peaks observed in SFG where the dominant peak is centered at 2944 cm-1 (Figure 3-5). Minor
peaks are observed at 2920 and 2968 cm-1, except when the aligned I nanowhiskers from
Halocynthia were probed with the laser incidence plane parallel to the nanowhisker alignment
direction (B2 in Figure 3-5). Previously the 2944 cm-1 peak was attributed to the methylene
asymmetric stretch modes of the exocyclic CH 2OH groups (Table 3-1).61,62 More details of the
mode assignment for these peaks will be discussed with DFT-D2 calculations (Part III).
Comparison of the SFG peaks (Figure 3-5) in the finger-print region (<1400 cm-1) with the
IR (Figure 3-6) and Raman (Figure 3-7) spectra further reveals the complexity of the SFG peak
interpretation. For example, a major peak at 1098 cm -1 is observed in Raman, but this peak is
minor in IR. This might explain the weak intensity of this peak in SFG, since Equation 3-2
dictates that the SFG-active functional groups must be both IR- and Raman-active. But this rule is
not as strictly applicable to cellulose as in the case for molecular species at interface. 30,73 Other
examples include the 1120 and 1320 cm-1 peaks that are observed to be strong in SFG and IR, but
are weak in Raman. It is believed that these complications in the SFG peak intensity investigation
must be partially due to the birefringence of cellulose crystals71 and light scattering by crystal
aggregates.62,73
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In the OH stretch region, the SFG spectra of cellulose (Figure 3-5) show well-resolved
discernible peaks but with weak intensity, which contrasts to IR (Figure 3-6). Because cellulose is
hygroscopic, the cellulose OH peaks in IR can sometimes be obscured by signals from water. In
contrast, SFG is insensitive to water molecules inside the cellulose sample since they are
randomly distributed.61 Cellulose I shows three peaks at 3240cm-1, 3320 cm-1, and ~3370 cm-1,
while cellulose I shows two peaks at 3270 cm-1 and 3320 cm-1. The 3240 cm-1 and 3270 cm-1
peaks are known to be characteristic to cellulose I and I, respectively.97
The random powders of cellulose I (Avicel® PH-101) did not show any polarization
dependence. A simple linear combination of the SFG spectra of the aligned cellulose I film
taken at the parallel and perpendicular orientations (Figure 3-5C) produces a spectrum whose
relative peak intensities are similar to those of the random sample (Figure 3-5D). This suggests
that the SFG signals from Avicel are the average signals from crystallites which have no
preferred orientation with respect to the laser incidence plane.
Table 3-1. SFG, Raman, and IR peaks observed for cellulose Iα and Iβ in the alkyl
stretching and bending regions and empirical assignments to vibration modes. All values in units
(cm-1).
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Comparison with DFT-D2 calculations for cellulose I and I
The vibration modes of cellulose I and I with two possible hydrogen bonding schemes
(networks A and B, Figure 3-2) were calculated using the unit cell structure optimized through
energy minimization. Table 3-2 summarizes the lattice parameters determined from XRD
analyses and obtained from DFT-D2 calculations. Figure 3-8 shows that the torsion angles of the
hydroxymethylene groups in the energy-relaxed network A structure (165167°) did not differ
significantly from the initial tg conformation (158170° as shown in Figure 3-3a), whereas the
network B final structure rotated one of the hydroxymethylene groups to a position between tg
and gt (8691°). The network A structure was found to be more stable than the network B
structure by approximately 20 and 24 kJ per glucose unit for cellulose Iα and Iβ, respectively. We
also examined two other structures for cellulose Iα and Iβ where the initial positions of the
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hydroxymethylene group were set into the gt or gg conformations (Figure 3-1); but after energy
minimization these structures were significantly unstable compared to those from the tg initial
conformation. For this reason, the gt and gg models were excluded from consideration.
Table 3-2. Comparison of unit cell parameters determined from experiments from XRD
and calculated from DFT-D2 for cellulose Iα and Iβ with networks A and B (all distances are in
Angstroms).

Figure 3-8. Cellulose Iα (top) and Iβ (bottom) structures obtained after full relaxation
(energy minimization) from DFT-D2 calculations: (a) network A and (b) network B. (C=dark
gray; O=red; H=light gray). Red and blue arrows correspond to the same color units shown as in
Figure 3-3.
To correct for the harmonic approximation in DFT-D2, the calculated vibration modes
were rescaled against the experimental SFG data. For this comparison the CH2 bending (), CH
stretch (), and CH2 stretch () modes were selected because their normal modes are known to be
more isolated from others (this was later confirmed in our DFT-D2 calculations).77 The CH2 
modes are near 1452 and 1484 cm-1.77 In the alkyl stretch vibration region, the calculated
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wavenumbers increase in the order of CH  (delocalized) < CH2 s < CH  (localized) < CH2
as.76,77 As shown in Table 3-1, the major peak at ~2900 cm-1 is assigned to the CH  mode in the
IR, Raman and SFG spectra.61,76,77,98-100 The most abundant alkyl group in cellulose is the methine
group; thus, the strongest peak of the alkyl stretch region in IR and Raman can be assigned to this
peak. When the calculated CH  (localized) frequencies were set to the 2900 cm-1 peak and the
same scaling factor was applied to other vibration modes, all CH stretch and bend modes were
in good agreement with the wavenumber regions observed in SFG, IR and Raman spectra. The
scaled peak positions for the CH, CH2, and OH stretch modes are shown in Figure 3-9. Vibration
modes in the fingerprint region (<1400 cm-1) were also calculated; but are not shown here
because vibration modes are delocalized over several groups. Thus, the peak assignment of the
skeletal modes in the finger print region is complex and not critical for the purposes of this study.
Movies of the representative vibration modes can be found in the Supporting Information and
snapshots of several vibration modes are shown in Figure 3-10.
CH2 stretching and bending modes of hydroxymethylene (CH 2OH) group
The methylene (C6H2) stretching and bending modes for cellulose I and Iβ are found to
be localized and have little coupling with other groups, with only a minor contribution from the
C5H stretch (see movies M3AM6A and M3BM6B in the Supporting Information). Examples
of these νs and νas vibration modes are shown in Figures 3-10a and 3-10b. The calculated CH2
stretching frequencies in Figure 3-9a are 28502890 cm-1 for νs (symmetric) and 29202960 cm-1
for νas (asymmetric) for both cellulose Iα and Iβ. These are in good agreement with the observed
peaks in SFG (Figure 3-5 and Table 3-1). Especially, the calculations for the network A structures
of cellulose I and I and network B of I with the tg conformation predict CH2 νas peaks to be at
~2940‒2945 cm-1, which is very close to the experimentally observed peak at 2944 cm -1 (Figure
3-5, Table 3-1).
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In the case of the network B structure of cellulose Iβ, the DFT-D2 calculations predicted
the CH2 νas peak of the corner chain with χ=91° to be at 2960 cm -1 and that of the center chain
with χ=159° to be at 2916 cm-1 (Figure 3-9a). These positions are close to the two peaks observed
for the aligned cellulose I sample with the laser incidence plane parallel to the nanowhisker
alignment axis (spectrum B2 in Figure 3-5). However, this may be coincidental because the gt
geometry of the CH2OH group in the network B structure (Figure 3-8b) is not consistent with the
structure determined from the x-ray and neutron diffraction studies (Figure 3-3a). A previous
XRD study suggested that in both polymorphs mixtures of both networks are possible; although
network A is more favorable, network B might be associated less ordered regions. 44 NMR studies
have suggested that gt or gg conformations are present in regions with reduced order, most likely
at the crystal surfaces where the CH2OH group is not confined to the tg geometry by a wellorganized network of intra- and intermolecular hydrogen bonds.101 However, SFG signals from
crystalline cellulose are insensitive to functional groups that are accessible to water. 61 Thus, it is
still uncertain to assign the peaks at 2920 and 2968 cm -1 to either the gt conformation or the
network B structure.
The strong 2944 cm-1 peak could be due to the Fermi resonance of the overtone of the CH 2
 mode.66,68,102 In Table 3-1, the overtones (2) of the 1468 and 1484 cm-1 peaks are expected to
be at 2936 and 2968 cm-1, respectively. Since the CH2  modes are symmetric (Figure 3-10c), it is
unlikely that they will have Fermi resonance with the CH 2 νas mode. The only possible mode for
the Fermi resonance would be the CH2 νs mode. However, the energy difference between the CH 2
νs mode (28502890 cm-1) and the CH2  overtone (2934 and 2968 cm-1) is too large (45120 cm1

) to have a significant exchange.103 Additionally, the Fermi resonance peak intensity is expected

to be weaker than the fundamental mode intensity. If the 2944 cm -1 peak is due to the Fermi
resonance between the CH2 νs and CH2 2 modes, the intensity would be smaller than the peaks in
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the 28502890 cm-1 region. However, the 2944 cm-1 peak is always the dominant peak compared
to the 28502890 cm-1 region which is very weak in most cases. Thus, it is unlikely that the 2944
cm-1 peak is due to the Fermi resonance. Unfortunately, this could not be confirmed since the
Fermi resonance between the fundamental CH 2 νs mode and the CH2  overtone could not be
calculated in this method.

Figure 3-9. Peak positions predicted by DFT-D2 calculations for (a) CH and CH2
stretching and (b) dominant OH stretching modes of the energy-minimized structures of cellulose
I and I crystals with two different hydrogen bond arrangements (networks A and B). In (a), the
CH methine stretching regions are marked with black, the CH2 symmetric stretching regions are
red, the CH2 asymmetric regions are green. The bands marked with † have some degree of
coupling between the CH2 asymmetric stretching and the 5CH stretching. In (b), the intra-chain
hydrogen-bonded O2H and O3H stretching groups are marked with black and blue, respectively,
and the inter-chain hydrogen-bonded O2H/O6H and O2H/O3H/O6H groups are marked with
pink and red, respectively. The observed SFG peaks for cellulose Iα and Iβ are shown with the
dashed line.

CH stretching from the methine (CH) groups at the carbon 1,2,3,4, and 5 positions

58
The stretching vibrations of the methine (CH) groups at the axial positions of the glucose
ring on carbons 1, 2, 3, 4 and 5 are the strongest peaks at 2904 and 2898 cm -1 in the IR and
Raman spectra, respectively (Figures 3-6 and 3-7), but are absent in SFG (Figure 3-5). The
methine groups are arranged perpendicular to the chain axis; their peaks in IR and Raman become
enhanced when the incident light is polarized perpendicular to the chain axis (Figure 3-6 and 3-7).
It has been proposed that in SFG these modes are symmetry-cancelled because the axialpositioned CH groups are in equal numbers on either side of the cellulose chain (Figure 3-10d and
2-10e).61 DFT-D2 analysis shows that the peaks around 2900 cm -1 are the stretch modes of the CH
groups with opposite displacements (Figure 3-10d). Below 2850 cm-1 there are several CH stretch
vibrations predicted from DFT-D2 calculations (Figure 3-9a). These modes involve some degree
of the CC ring stretch and are delocalized over the entire cellulose chain (Figure 3-10e, and see
movies M8A and M8B in the Supporting Information). The peaks in this region are very weak in
IR and Raman (Figures 3-6 and 3-7) and negligible in the SFG (Figure 3-5). Overall, DFT-D2
calculations show that the collective motions of the CH groups are equally distributed in the
opposite directions along the [100] direction of the cellulose crystal, which supports the previous
explanation for the absence of the CH stretch peak at ~2900 cm -1 in SFG.61,62
OH stretching from intra- and inter-chain hydrogen bonding
The peak positions of the OH stretching modes in cellulose Iα and Iβ are sensitive to the
intra- and inter-chain hydrogen bonding networks.51,93 Because most hydroxyl groups are
connected by hydrogen bonds, their stretching vibrations are highly coupled (i.e., as the OH
bond stretches the hydrogen bond donor H atom approaches the central O atom; Figure 3-10e,
and see movies M1,2A and M1,2B in the Supporting Information). The OH stretching vibration
wavenumbers obtained from DFT-D2 calculations (Figure 3-9b) range from 3000 to 3350 cm-1,
which is lower than the experimentally observed values (3200–3400 cm-1 in SFG and 3200–3600
cm-1 in IR).104 One possible source for this discrepancy is the use of the re-scaling factor obtained
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from the CH vibration modes in our method. Different covalent bonds may require different
scaling factors since the degree of deviation from the harmonic oscillation approximation can
vary from one chemical bond to another.105
The vibration wavenumber of the OH stretching mode could be off by as much as 100 cm1

with a 0.1 Å change in the O···O distance between hydrogen-bonded oxygen atoms.106 These

small changes in the O···O distance can be generated with the small deviations in the torsional
angle of the hydroxymethylene groups (Figure 3-8). As shown in Table 3-3, many O···O distances
calculated by DFT-D2 are smaller than those determined by x-ray and neutron diffraction.13,43,44
This is likely due to the inaccuracy of the hydrogen bond energy calculation in the DFT-D2
energy minimization.81,83,84 The dimension of the unit cell b axis is about 0.10.9 Å smaller than
the experimental values, implying that the inter-chain distances are slightly decreased. The
exception is the unit cell of cellulose I with network B in which the b-axis dimension is ~0.2 Å
larger than the experimental value (Table 3-2). This is consistent with the slightly higher OH
stretch peak positions for cellulose I with network B, compared to the others (Figure 3-9b).
Even with these changes in the b-axis dimension of the unit cell, it is noteworthy that the
stretching vibrations of the O3H group were closer to the experimental values (Figure 3-9b). The
O3H group is connected only by an intra-chain hydrogen bond (O3H···O5) along the chain
direction, in both network A and B (Figure 3-3) and would therefore be more sensitive to the caxis dimension. The calculated c-axis lattice constant was close to the experimental value (Table
2-2) and the peak positions for the O3H stretch mode were in the 3200–3325 cm-1 range (blue in
Figure 3-9b), which were within 100 cm-1 to the values observed experimentally.
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Figure 3-10. Snapshots of vibrational modes from DFT-D2 calculations for cellulose Iβ
network A: (a) CH2 symmetric stretch at 2867 cm-1, (b) CH2 asymmetric stretch at 2943 cm-1, (c)
CH2 bend at 1477 cm-1, (d) localized CH stretch at 2909 cm-1, (e) delocalized CH stretch at 2872
cm-1, (f) stretch of intra- and inter-chain hydrogen-bonded OH groups at 3231 cm-1and (g)
skeletal stretch and bend at 1098 cm-1. (C=dark gray; O=red; H=light gray; displacement vectors
= green)

Skeletal stretching and bending vibrations (10001400cm-1)
The skeletal stretch modes of the CC and CO bonds and the deformation modes of the
CCH and COH groups of the glucan chain are found in the 10001400 cm-1 region.77,93
There are several well-resolved SFG peaks with relatively high signal intensities in this region
(Figure 3-5). However, it is difficult to assign these peaks to specific vibration modes because
each band is a combination of several vibrational modes coupled together. This means that the
vibrational motions of atoms are delocalized over several covalent bonds and often over the entire
chain.77 This can be seen in the example shown in Figure 3-10f (and movies M8,9A and M8,9B
in the Supporting Information). Because the major differences between polymorphs are interchain hydrogen bonds, the skeletal vibration motions in this region are similar in cellulose Iα and
Iβ.97
Table 3-3. Comparison of the O···O distance between hydrogen-bonded hydroxyl groups
determined from XRD and calculated from DFT-D2 for cellulose Iα and Iβ with network A and B
(all distances are in Angstroms).
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Implications
The comparison of the SFG peak positions of cellulose I and I samples with the
wavenumbers estimated from DFT-D2 calculations is the first step toward molecular
understanding of the SFG activity of cellulose crystals. The cellulose nanowhiskers from
Glaucocystis and Halocynthia are good model systems for the initial peak assignment study since
they are highly crystalline, contain mostly single allomorphs, and have been fully analyzed with
x-ray and neutron diffraction studies.13,43 The peak assignment of these well-characterized
cellulose I and I samples will provide basis for the comparative SFG study of crystal structures
of different polymorphs.92 The SFG intensities of cellulose in plants can vary depending on the
spatial orientation and distribution of crystalline cellulose. Thus, SFG can provide information of
three dimensional arrangements or packing of cellulose microfibrils in plant cell walls at various
developmental stages.107 The spatial distribution of cellulose could be imaged if SFG is
combined with microscopy.66,108,109 The SFG peak assignment would greatly assist the
interpretation of these SFG microscopic imaging of cellulose crystals distributed in biomass. The
digestibility of cellulose in biomass could be strongly influenced by the accessibility of enzymes
to cellulose microfibrils, which could be altered or controlled through pre-treatment
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processes.39,110 Without a molecular understanding of high-quality large crystals, structural
deviations in smaller and thinner cellulose microfibrils in biomass would not be properly
understood. The SFG peak assignment of cellulose I and I made through comparison with
DFT-D2 calculations in this study will be the foundation for future research on spatial
distributions of cellulose microfibrils and cellulose polymorphism in developing plant cell walls
and their roles in digestibility of lignocellulose biomass.

Conclusion
The SFG spectra of uniaxial-aligned cellulose Iα and Iβ crystals were compared with the
vibration modes simulated from DFT-D2 calculations for the energy-minimized crystal structures
of cellulose Iα and Iβ. According to DFT-D2 calculations, the SFG peaks that can be assigned to
specific normal modes were the methylene (CH 2) stretching and bending vibrations. In particular,
the CH2 asymmetric stretching vibration of the exocyclic CH 2OH group in the tg conformation
was predicted to be around 2944 cm-1, which was close to the strongest peak in the alkyl stretch
region of the SFG spectra of highly-crystalline, uniaxial-aligned cellulose I and I. DFT-D2
calculations also showed that the stretch modes of the methine (CH) group at the axial position of
the glucopyranose unit were coupled with those on the opposite side of the glucan unit. This
supports earlier predictions that although these modes were dominant in IR and Raman, they are
SFG-inactive. The peak ranges calculated for the OH stretch modes were lower than the
experimental values due to the inaccuracy in the hydrogen bonding stabilization in DFT-D2. Even
with this potential error, it was noteworthy that the peak positions of the intra-chain hydrogenbonded hydroxyl groups (O3H···O5) were close to the observed SFG peaks (32403450 cm-1).
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Chapter 4 : Hydrogen Bonding Network and OH Stretch Vibration of
Cellulose: Comparison of Computational Modeling with Polarized IR
and SFG Spectra
Reproduced with permission from ACS: Lee, C. M., Kubicki, J. D., Fan, B., Zhong, L., Jarvis, M.
C., & Kim, S. H. (2015).The Journal of Physical Chemistry B, 119(49), 15138-15149.

Overview
Hydrogen bonds play critical roles in non-covalent directional interactions determining the
crystal structure of cellulose. Although diffraction studies accurately determined the coordinates
of carbon and oxygen atoms in crystalline cellulose, the structural information on hydrogen atoms
involved in hydrogen bonding is still elusive. This could be complemented by vibrational
spectroscopy; but the assignment of the OH stretch peaks has been controversial. In this study, we
performed calculations using density functional theory with dispersion corrections (DFT-D2) for
the cellulose I crystal lattices with the experimentally determined carbon and oxygen
coordinates. DFT-D2 calculations revealed that the OH stretch vibrations of cellulose are highly
coupled and delocalized through intra- and inter-chain hydrogen bonds involving all OH groups
in the crystal. Additionally, molecular dynamics (MD) simulations of a single cellulose
microfibril showed that the conformations of OH groups exposed at the microfibril surface are
not well defined. Comparison of the computation results with the experimentally-determined
dichroism of IR spectra from uniaxially-aligned cellulose microfibrils and the peak positions of
various cellulose crystals allowed unambiguous identification of OH groups involved in all IR
absorption bands in the OH stretch region.
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Introduction
Hydrogen bonds play a central role in the packing of cellulose chains into crystalline order,
resulting in one of the most recalcitrant biopolymers found in nature. 111 Two polymorphic
structures, cellulose Iα and Iβ are naturally produced. Cellulose Iβ is produced in the cell walls of
land plants, while both cellulose Iβ and cellulose Iα are found in algae and bacterial biofilms. 12,112
The mechanical properties of cellulose microfibrils and their networks in cell walls are important
for plant growth and integrity. In recent years, cellulose has drawn attention as a bio-renewable
feedstock for engineered materials and valuable chemicals.113 For renewable bioenergy
applications, cellulose in biomass must be depolymerized into monomers which can be further
converted to liquid ethanol. However, the crystalline nature of cellulose makes lignocellulose
biomass recalcitrant to chemical or biological conversion processes. Overall, knowledge of
hydrogen bonding interactions in crystalline cellulose is critically important to understand the
thermal stability,114,115 enzymatic degradation,116 mechanical strength,117 and biosynthesis of plant
cell walls and lignocellulosic biomass.28,118
Cellulose is a linear polymer chain of β-D-glucopyranose monomers connected by 1,4
glycosidic linkages. Each glucan unit contains three hydroxyl groups on the equatorial positions
(2OH, 3OH and 6OH), whereas the hydrophobic methine (1,2,3,4,5C-H) and methylene (6C-H2)
groups point off the ring plane. 111 X-ray and neutron diffraction studies of isolated cellulose
crystals showed that there are O-H···O hydrogen bonds between two adjacent chains (inter-chain)
as well as between two glucan units within the same chain (intra-chain).12 This two dimensional
network of hydrogen bonds dictates that cellulose chains are assembled into flat sheets with all
hydrogen bonds in plane. These sheets are stacked by van der Waals interactions between the
hydrophobic facets, forming long fibers with crystalline structures called microfibrils. Cellulose
microfibrils present in the cell walls of higher plants are usually 3‒5 nm in diameter.119,120 In
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2002, Nishiyama et al. determined the crystal structure of cellulose Iβ by x-ray and neutron
diffraction as shown in Figure 4-1a.12 The unit cell of cellulose Iβ crystal contains two chains
called corner and center chains; so alternate sheets in cellulose Iβ have slightly different hydrogen
bonding patterns. In the diffraction study, structure refinements considered two distinct positions
of H atom networks, called network A and B (Figure 4-1b and 4-1c).44 Both networks have the
3O-H···5O intra-chain hydrogen bond in common; but the hydrogen bonds involving 2O-H and
6O-H are different. Network A was found to be more energetically favorable and proposed to the
dominant structure of the crystalline regions of the microfibril. 44 It was proposed that network B
could be attributed to disordered regions or defects within the crystal or at the surface region.

Figure 4-1. (a) Perspective representation of two unit cells of cellulose Iβ determined from
x-ray and neutron diffraction studies.12,44 In this model, two possible OH group arrangements are
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proposed as network A (b) and network B (c). Each network contains three hydrogen bonds: 2O‒
H···6O (black), 3O‒H···5O (blue) and 6O‒H···3O (Network A) or 6O‒H···2O (Network B)
(red). In (a), the cellulose chain axis is along the c-direction and the hydrophobic facets of the two
alternate sheets are stacked along the a-direction. The experimentally determined H···O distances
(Å), which are the average of the center and corner chains, are also shown in (b) and (c). The C,
O, and H atoms are represented as black, red, and light gray, respectively.

Infrared spectroscopy has been widely used to understand the hydrogen bonding in
cellulose by careful analysis of the O-H stretch vibration peak intensities and positions (3000‒
3800 cm-1).10 Hydrogen bonding causes the OH peak position to shift to a lower wavenumber
compared to the O-H without hydrogen bonding. Thus, the O-H stretching frequency can be
correlated to the O···O distance between two hydroxyl groups interacting through the hydrogen
bond.121 Also, the polarization dependence of IR absorption of oriented molecules can be used to
find the O-H bond orientations.122 Although the structural analysis of the O-H stretching region of
the cellulose IR spectrum has been attempted for many years, 123 its exploitation was limited due
to the complex nature of OH groups in the cellulose crystal. In addition, the experimentallyobserved peaks are quite broad due to fast relaxation dynamics of hydrogen bonded O-H
vibrations in the solid state.124 Also, overlap of several O-H stretching modes gives inherently
broad features spanning several hundred wavenumbers.
In a highly cited paper for the OH peak assignment of cellulose Iβ, 125 the polarized IR
spectra were compared with a structure having conformation of the hydroxymethyl group that is
inconsistent with the XRD structure obtained later in 2002. 12 Another widely accepted assignment
assumed that inter-chain hydrogen bonds are shorter and therefore have lower O-H stretching
frequencies than intra-chain hydrogen bonds;126 but these assignments used the outdated
structures proposed by Gardner and Blackwell (1974) with incorrect hydrogen-bond lengths and
angles.127 A few papers have recognized this and stated the concern that the O-H stretching peak
assignments need revision.12,114,115 These previous peak assignments have propagated into recent
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literatures and two contradictory assignments can be traced to the superseded models. 16,128 This
hampered advances in structural understanding of crystalline cellulose in plant cell walls,
biomass, and biomaterials.
None of the previous O-H stretching band assignments for cellulose have systematically
considered vibrational coupling of the OH group throughout the entire crystal, although the
possibility for coupling was recognized in two early reports. 123,129 Neglecting O-H vibrational
coupling is another reason for the inaccuracy of the previous empirical attempts to correlate the
OH peak position to the O···O distance of a specific proton donor/acceptor pair or to find the
dipole direction of a specific OH group based on the polarization dependence of a specific IR
absorption peak. These simplified approaches cannot resolve the vibrational modes involving
many constituents connected through hydrogen bonds as well as covalent bonds. Previous
calculations did mention these issues of vibrational coupling in the O-H stretching region; but due
to computational limitations, single chain models were used where inter-chain hydrogen bonds
could not be included.129,130
In this work, we analyzed the O-H stretching vibrations of cellulose Iβ by comparing the
calculated vibrational frequencies for networks A and B (Figure 4-1b and 4-1c) using density
functional theory with dispersion corrections (DFT-D2) methods. Cellulose in vascular plants is
mostly Iβ.119,120 This allomorph is the focus of this DFT-D2 study as cell walls of vascular plants
are the main feedstock for renewable lignocellulosic biomass. The crystal structures of cellulose
Iα and Iβ differ slightly in the hydrogen bonding and sheet stacking. 12,112 Previously, we
calculated the structures and vibration modes of cellulose Iα and Iβ using DFT-D2 with full
energy minimizations;131 although we were able to correlate the C-H vibration frequencies with
the experimental values, the OH stretch vibrations were significantly lower than the experimental
values due to energy minimization which resulted in slight reduction of the unit cell dimension.
Thus, in the current study, we carried out DFT-D2 calculations with the experimentally
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determined coordinates for C and O atoms in the crystalline lattice. 12 We also performed
molecular dynamics (MD) simulations to find the distribution of the 2O-H, 3O-H or 6O-H angles
in a single cellulose Iβ microfibril due to twisting and interactions with water molecules at the
crystal surface. The comparison of computationally-calculated vibration frequencies and
dichroism with experimentally-measured OH peaks in polarized IR and sum-frequencygeneration (SFG) vibrational spectroscopy allowed the full and accurate assignment of inter-chain
and intra-chain hydrogen bonds of cellulose crystals, which is a major breakthrough in structural
understanding of naturally produced crystalline cellulose. Our calculations showed that every OH stretching vibration mode consists of a combination of nearly all hydroxyl groups in the unit
cell in a concerted motion.

Methods
Polarized FTIR Spectroscopy
The polarized FTIR analysis was performed in our lab (M.C.J.) for uniaxially-aligned
cellulose microfibrils from celery collenchyma. 16 The details of sample alignment, thin sectioning
and hydrothermal annealing treatments to remove non-cellulosic wall polymers and convert the
native microfibrils to the I form were described previously.16 Thermal annealing brings the unit
cell dimensions of cellulose in celery closer to the literature values reported for cellulose I
which were used in DFT-D2 calculations (Table 4-1).16
Table 4-1. Comparison of unit cell parameters determined from x-ray diffraction and this
work and previous DFT-D2 studies. The structures used in this work are from Nishiyama et al. 12

XRD, Halocynthia;12 DFT-D2 (this work)
131
DFT-D2, fully-relaxed network A
131
DFT-D2, fully-relaxed network B
XRD, celery collenchyma120
XRD, annealed celery collenchyma

a (Å)
7.78
7.54
7.53
8.1
7.88

b (Å)
8.20
8.14
8.40
8.0
8.30

c (Å)
10.38
10.39
10.35
10.3
10.36

γ (°)
96.5
96.4
100.0
95.0
94.5
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Polarized FTIR spectra of the celery collenchyma samples were collected under D2O vapor
in a through-flow hydration cell.16 In this condition, the OH groups exposed at the cellulose
crystal are likely to be exchanged to OD; thus, the contribution from the surface OH groups can
be reduced in the IR analysis of crystalline cellulose. 16,119,120 The average angle (θIR) between the
dipole moment of the vibration peak and the cellulose microfibril alignment axis was calculated
from the dichroism, 𝐷 =

𝐴ǁ
𝐴

where Aǁ and A are the absorbance measured when the polarization

of the infrared beam is aligned parallel and perpendicular to the fiber axis, using the theory
established for molecular orientation of uniaxially-aligned polymers.132 Full details of the
calculation are provided in the Supporting Information. This calculation assumes that all cellulose
chains have a narrow distribution of orientations along the fiber axis, which is consistent to x-ray
diffraction data for celery.120 The approximate errors in θIR is less than ±4° when the cellulose
chains are oriented ±30° along the fiber axis as shown in Figure 4-S1 in the Supporting
Information.
Sum frequency generation (SFG) vibrational spectroscopy
The SFG spectra were obtained in our lab (C.M.L and S.H.K.) from the mantles of
Halocynthia roretzi, inflorescence stems from Arabidopsis thaliana, and cell walls from the algae
Glaucocystis nostochinearum; details of the SFG measurements were presented in the previous
publications.28,133 In brief, the SFG spectrometer consisted of a Nd:YAG laser and optical
parameter generation/amplification systems (EKSPLA) which produced ~27ps pulses in the
visible (532 nm) and infrared regions (30003600 cm-1).28 The polarization of laser pulses was sfor sum frequency, s- for visible and p- for infrared (ssp). The SFG spectra were deconvoluted by
fitting with simple Lorentzian lineshape curves to find peak positions of individual components.28
The number of OH components used in the peak deconvolution was determined based on the
literature.28
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DFT-D2 Calculations
The Vienna Ab-initio Simulation Package (VASP) was used to perform calculations for
cellulose Iβ with periodic boundary conditions.131,134,135 The initial cellulose Iβ crystal structures
was created using Materials Studio 5.5 (Accelrys Inc., San Diego CA) using the coordinates from
Nishiyama et al. (2002).12 Networks A and B were based on alternative H atom positions on O2
and O6 (Figure 4-1).44 The simulation cell stoichiometry was C48O40H80. Cartesian coordinate
files generated with Materials Studio 5.5 were converted into VASP 5.2 input files via a Perl
script written by A.V. Bandura (St. Petersburg State University). Projector-augmented planewave
pseudopotentials were used with the PBE gradient-corrected exchange correlation function for the
3-D periodic DFT calculations.
Atomic positions for the H atoms were relaxed, while the C and O atoms were fixed at the
experimentally determined positions, until the energy gradient was less than -0.02 eV/Å
(EDIFFG) over 222 k-point samplings. The atomic structure optimization parameters and
electron density were based on previous works. 136,137 An energy cut-off of 800 eV (ENCUT) and
an electronic energy convergence criterion of 1  10-7 eV (EDIFF) were used. The dispersioncorrection parameters were 40 Å for the cutoff distance136 and 0.75 for the scaling factor (s6) and
20 for the exponential coefficient (d) in the damping function. 137
Frequency analyses were performed using VASP on the modified energy minimized
structures. Second derivatives of the potential energy matrix with respect to atomic displacements
were calculated using two finite-difference steps (NFREE=2) and atomic movements of 0.015 Å
(POTIM). Due to the harmonic approximation in DFT-D2, the calculated vibration frequencies
must be adequately scaled to the empirically known peak positions using the CH 2 bending and
stretching vibrational modes from vibrational SFG spectroscopy and the CH stretching modes
from infrared IR and Raman.131,138,139 The CH2 and CH modes were selected because they behave
as isolated normal vibration motions in the crystal.131 The peak positions used were: 1468 cm-1
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and 1484 cm-1 for CH2 bending, 2850 cm-1 and 2870 cm-1 for CH2 symmetric stretching, 2900 cm1

for 1,2,3,4,5CH stretching, and 2944 cm-1 and 2968cm-1 for CH2 asymmetric stretching.

Identification of vibration modes and evaluation of the phase relations between hydroxyl groups
were done using wxDragon 1.8.0. The representative movies of the hydroxyl vibration modes are
given in the Supporting Information.
The H atom displacements were analyzed to determine the degree of vibrational coupling
between the hydrogen bonded hydroxyl groups at each frequency. The H displacement angle (θ H)
with respect to the chain axis direction was calculated at each frequency; θ H is defined as the
angle between the cellulose chain and the sum of displacements of all 36 H atoms bonded to O2,
O3 and O6 atoms and calculated using the direction cosine equation:
𝜃𝐻 = 𝑐𝑜𝑠 −1 (

∑𝑖 𝑑𝑧𝑖

√∑𝑖 𝑑𝑥𝑖 +∑𝑖 𝑑𝑦𝑖 +∑𝑖 𝑑𝑧𝑖

)

(4-1)

where dx, dy and dz are H atom displacements along the x-axis (inter-sheet direction), yaxis (intra-sheet and perpendicular to cellulose chain) and z-axis (intra-sheet and parallel to
cellulose chain), respectively. The values of dx and dy in the laboratory frame are corrected for
the monoclinic simulation cell using the experimentally determined monoclinic angle of 96.5°. 12
For comparison, the H atom displacements for 6 frequencies in the fully relaxed network A
structure is shown in Figure 4-S4 of the supporting information.131
MD Simulations
The atomistic models of cellulose microﬁbrils were generated on the basis of the known
crystal structure of cellulose Iβ with hydrogen bonding network A as described in previous
works.118 All simulations were performed with CHARMM developed for carbohydrates.140,141 A
single cellulose microﬁbril was centered in a box of explicit TIP3P water molecules 142 with a
solvation shell of ~10 Å from the microﬁbril. Long-range electrostatics was handled using the
particle mesh Ewald algorithm with a 1 Å charge grid size. Non-bonded interactions were
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truncated at 10 Å. All chemical bonds involving H atoms were ﬁxed in length by the SHAKE
algorithm.143 Any large strains associated with the initial conditions were relieved through
combinations of steepest descent and conjugate gradient minimization steps. The system was then
equilibrated at 300 K. The 10 ns production trajectory was collected in the NVE ensemble using a
Verlet integrator with a step size of 1 fs. NVE was chosen so that cellulose microfibril solvated
by water molecules remains straight during the simulation. Conﬁgurations are saved every 0.1 ps.
Then, the probability distributions of θ vs. ψ are derived to observe the orientation of each type of
hydroxyl group. The value of θ is defined as the angle between each OH bond axis and the
microfibril axis, which is the axis between the centers of mass of the two end cross sections:
𝜃 = 𝑐𝑜𝑠 −1 (𝑛𝐶𝑂𝑀 ∙ 𝑛𝑂𝐻 )

(4-2)

where nCOM and nOH are the unit vectors of the microfibril axis and the OH bond axis,
respectively. The θ is defined as the polar (tilt) angle between each OH group and the microfibril
axis that is parallel to the cellulose chain direction. The ψ is defined as the azimuth angle between
the each OH bond axis and a reference cross-section plane parallel the microfibril axis.

Previous experimental results
Polarized Fourier Transform Vibration Spectroscopy of Aligned Cellulose Iβ
Figure 4-2a shows the polarized FTIR spectra of the uniaxially-aligned cellulose
microfibrils in the annealed celery collenchyma cellulose, after removal of contributions from
components other than cellulose I as described.16 When the IR polarization was parallel to the
fiber axis, three peaks were prominent at 3278, 3336 and 3444 cm-1 as well as a shoulder near
3381 cm-1. When the IR polarization was perpendicular to the fiber axis, three peaks were
observed at 3307, 3348 and 3408 cm-1. The polarization anisotropy can be defined as the
dichorism (D = Aǁǁ / A) where Aǁǁ and A are the absorbance measured when the polarization of
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the infrared beam is aligned parallel and perpendicular to the fiber axis. The data shown in Figure
4-2a is in agreement with the dichroism observed for highly crystalline cellulose from the algae
Valonia and Cladophora,.125,144 Using the value of D for each peak, the angle of the dipole
moment (θIR) with respect to the chain axis can be calculated using the mathematical model for
uniaxially-aligned polymers described in the Supporting Information. This is assuming that all
cellulose chains have narrow distribution of orientation along the fiber axis, which is reasonable
considering the published X-ray diffraction data for celery collenchyma.120 As shown in Figure 42b, the calculated θ values fall between 38 o and 57o.

Figure 4-2. (a) Polarized FTIR spectra of uniaxially aligned cellulose Iβ of annealed celery
collenchyma. IR beam is polarized parallel (blue, open circle; Aǁ) and perpendicular (red, closed
circle; A) to the fiber axis. Data from Ref. 16. (b) Dichroism (black bars), defined as the
absorbance ratio Aǁ/A, of each OH peak identified from the polarized IR analysis and the
calculated angle (θIR; gray bars) between the OH dipole moment and the chain alignment axis.
Error bars represent the range in θIR calculated if the cellulose chains are oriented within ±30°
along the fiber axis.

In the past, numerous attempts have been made for peak assignments based on the
qualitative analysis of experimentally observed dichroism. 122,125 For instance, the network A
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model of cellulose Iβ shown in Figure 4-1b suggests that θIR would be 0‒30° for the 2OH or 3OH
group and 60‒90° for the 6OH group; these approximations of IR values for single OH groups
are also shown in MD simulations (Section IV-B). However, Figure 4-2b shows that the values of
θIR = 38‒57° determined from D are not consistent with the values predicted for the individual
OH groups shown in Figure 4-1b. To summarize, although the OH peaks do show some IR
polarization dependence, it cannot be interpreted with the dichroism predicted from a single OH
group in the cellulose Iβ crystal. The experimentally-determined θIR values (Figure 4-2b) will be
compared the θH data from DFT-D2 calculations in Section IV-A.

Sum Frequency Generation (SFG) Vibration Spectroscopy of Cellulose Iα, Iβ and
vascular plant cellulose
In IR and Raman spectra of native cellulose, the OH peaks are very broad with bandwidths
exceeding 300 cm-1 and often not well resolved due to overlap with residual water signals.
Cellulose microfibrils with less crystalline order also contribute to the broad features in IR and
Raman. Vibrational SFG spectroscopy can selectively detect the crystalline cellulose structure. 61
SFG is sensitive only to the non-centrosymmetrically arranged OH modes in the crystal core and
insensitive to random OH vibrations of adsorbed water molecules. 6,61 Thus, SFG can provide
relatively well-resolved OH peaks (Figure 4-3).
The SFG spectra of the cellulose Iβ crystals isolated from Halocynthia is shown in Figure
4-3a. Comparing with the previously reported IR and SFG literatures, 28,131 the OH peaks of
cellulose Iβ can be deconvoluted into four main peaks at 3273 cm -1, 3302 cm-1, 3326 cm-1 and
3363 cm-1. Figure 4-3b shows the SFG spectra of the Glaucocystis cell wall which contains both
cellulose Iα (major component) and Iβ (minor). Cellulose Iα and Iβ have slightly different
hydrogen bonding networks which leads to small differences in the OH stretch vibration
peaks.12,112 The 3240 cm-1 peak is characteristic to cellulose Iα (3236 cm-1 in Figure 4-3b) and the
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3270 cm-1 peak is to cellulose Iβ (3273 cm-1 in Figure 4-3a).97 The 3304 cm-1, 3328 cm-1, and
3372 cm-1 components in Glaucocystis are almost identical to the 3302 cm-1, 3326 cm-1 and 3363
cm-1 components in Halocynthia (Figure 4-3a) although the peak near ~3370 cm-1 is much
stronger. The OH components observed in SFG (Figure 4-3a and 4-3b) as well as in IR (Figure 42a) will be compared with the peaks identified from DFT-D2 calculations in Section V-B.

77
Figure 4-3. SFG spectra of cellulose from three native sources: (a) cellulose Iβ from the
tunicate Halocynthia, (b) cellulose Iα and Iβ mixture from algae Glaucocystis, and (c) cellulose in
8-week-old stems from the plant Arabidopsis. Reprint permissions from: (a,b) Ref. 28 Lee et al.
2014, Royal Society of Chemistry and (c) Ref. 133 Park et al. 2012, Copyright American Society
of Plant Biologists, available at www.plantphysiol.org. SFG spectra in (a) and (b) were fit with 4
OH peaks and 5 OH peaks as described in Ref. 28.

The SFG spectra of large cellulose crystals from Halocynthia and Glaucocystis (20‒30 nm
cross section) have negligible intensities in the region higher than 3400 cm -1 (Figure 4-3a and 43b);28 in contrast, the SFG spectra of thinner cellulose microfibrils (3‒5 nm cross section) present
in Arabidopsis stems show an additional broad shoulder centered near 3450 cm -1 (Figure 4-3c).133
Similarly, the IR spectra of large cellulose crystals from Valonia,125 Halocynthia144 and
Cladophora144 have negligible intensities at the region higher than 3410 cm -1. However, cellulose
in celery has a discernable peak at 3444 cm -1 (Figure 4-2a). The possible origin of this high
wavenumber component will be discussed in Section V-B.

Computational results
DFT-D2 Calculations for Cellulose Iβ
In our previous report on DFT-D2 calculations of vibration modes of cellulose, the
calculated frequencies matched reasonably well with the experimental values in the alkyl (C-H)
bending and stretching regions.131 However, the calculated frequencies of the O-H stretching
modes were lower by ~200 cm-1 compared to the experimental values as shown in Ref. 131 and
Figure 4-S2 in the supporting information. This was a consequence of the full energy
minimization process of the DFT-D2 calculations allowing adjustments of all C, O, and H
positions in the crystal, which over-stabilized the lattice energy through maximization of the
hydrogen-bonding interactions between OH groups. Thus, many of the inter-chain O···O
distances were ~0.1 Å shorter than the experimental values, resulting in smaller unit cell
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dimensions (Table 4-1).131 The effects of the energy minimization with full relaxations for all
atoms on the crystal structure could be seen when the experimental (Figure 4-3) and calculated
(Figure 4-8) structures of cellulose in Ref. 131 are compared.
To avoid this alteration of the crystal structure from the structure determined
experimentally, the energy minimization was performed with the following constraints  relaxing
the H atoms only while fixing the lattice parameters as well as the C and O coordinates to their
experimentally-determined values. In this way, the O···O distances in DFT-D2 calculations were
identical to those obtained from diffraction experiments. 12 The calculated frequencies were then
re-scaled using the published alkyl peak positions in IR, Raman and SFG vibration spectra as
described earlier.131
As shown in Figure 4-4, the DFT-D2 calculations with the crystal lattice possessing the C
and O atoms at the experimentally-determined positions resulted in OH stretch vibration
frequencies in 3190‒3330 cm-1 for network A and 3340‒3540 cm-1 for network B, which are
much closer to the experimental values. This is a dramatic improvement compared to the results
from the fully-energy-minimized DFT-D2 calculations. Although the calculated OH frequencies
are lower by ~70 cm-1 compared to the experimental values (Figure 4-2 and 4-3), these are
reasonable estimates based on the well-known descriptions of hydrogen bonds in DFT.106,145,146
The accuracy of our DFT-D2 calculations has also been validated through comparison of the
predicted chemical shifts for 13C NMR with the experimental values.134,147,148 The calculated
frequencies for CH and CH2 stretching modes for both networks were much less dependent on the
energy minimization method (within 10 cm-1) because they behave as localized vibration modes
and are not influenced by small distortions in hydrogen bond distance (Figure 4-S2 in the
Supporting Information).
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Figure 4-4. Calculated hydroxyl stretching frequencies from network A and network B
hydrogen bonding. Each network structure containing two unit cells gave 24 vibration modes. (a)
Based on similarities of vibration frequencies and displacements of H atoms involved in
vibrations, they are grouped into 6 regions for network A (marked with green boxes) and 9
regions for network B (marked with yellow boxes). The symbol code is as follows: 2O‒H as the
proton donor (square), 3O‒H···5O with 3O‒H as the proton donor (circle), and 6O‒H···3O
(Network A) or 6O‒H···2O (Network B) with 6O‒H as the proton donor (triangle). On the y-axis
the O-H stretching contribution (%) is the total displacement of H atoms on 2OH, 3OH or 6OH
divided by the total H displacement (on the OH groups), at each frequency. Visualization of
coupled OH stretching vibrations at the selected frequencies (b) 3200 cm-1 , (c) 3268 cm-1 , (d)
3329 cm-1 , (e) 3354 cm-1 . Displacement vectors are shown to scale (green lines). These
vibration modes (b-e) are shown in the supporting information Movies M1, M3, M6 and M7
respectively.

A set of 24 OH frequencies were obtained since the calculations were performed for 2 unit
cells with each cell containing 4 glucan units (3 hydroxyl groups/glucan unit). In network A, the
calculated vibration modes could be clustered into 6 groups based on similarities of vibration
frequencies and displacements of H atoms involved in vibrations. Using the same criteria,
vibration modes of network B could be clustered into 9 groups (Table 4-S1 in the Supporting
Information). These groups are marked with boxes in Figure 4-4a. Visualization of each vibration
mode showed that within each group the same types of OH bonds were vibrating (e.g. 2OH, 3OH
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and 6OH) although the exact locations in the unit cell (e.g. origin or center chain) were
sometimes different (Movies M1‒M12 in the Supporting Information).
Animations of all vibrational modes calculated for network A showed strong vibrational
coupling, i.e. at each mode, all OH groups are involved in a concerted fashion (Figure 4-4b 4-4d
and Movies M1‒M6 in the Supporting Information). For instance, the vibration mode near 3191‒
3208 cm-1 had ~60% contributions from the 2O-H stretch and ~40% from the 3O-H and 6O-H
stretches (Figure 4-4b). In this group, the OH motions were in-phase, e.g. simultaneously
contracting and extending. Vibrational coupling was even more extensive in the 3255‒3330 cm-1
region (Figure 4-4c 4-4d). In these modes, the OH motions were mostly out-of-phase, moving
opposite directions.
In network B, the calculated frequencies were on average 150 cm -1 higher than network A
and the coupling of O-H stretching vibrations was not as substantial (Figure 4-4e and Movies
M7‒M12 in the Supporting Information). These differences are attributed to weaker inter-chain
hydrogen bonding interactions in network B (2OH···6O = 2.37Å) than network A (6OH···3O =
1.87Å), as shown in Figure 4-1.44 Overall charge transfer (proton donating and accepting) through
multiple OH groups in an extended network is known to increase with the strength of hydrogen
bonding.149 Thus, this effect would be larger for inter-chain hydrogen bonds in network A than
network B.
In both network models, the vibration modes in the lower wavenumber region have larger
contributions from the OH groups involved in the intra-chain hydrogen bonding interactions. This
indicates that the intra-chain hydrogen bonding interactions are stronger than the inter-chain
hydrogen bonding. However, because the two networks have different hydrogen bond
arrangements (Figure 4-1), contributions from specific OH groups are different. In network A, the
vibration modes at the lowest wavenumber region (~3200 cm-1) have greater contributions from
intra-chain hydrogen-bonded 2OH···6O groups, and the highest wavenumber region (~3330 cm -1)
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has large contributions from the inter-chain hydrogen bonded 6OH···3O groups. In network B,
the vibration modes at the lower wavenumber region (3340‒3365 cm-1) have greater contributions
from intra-chain 3OH···5O and 6OH···2O groups compared to the inter-chain hydrogen bonded
2OH···6O group (3480‒3475 cm-1). One exception is the highly degenerated peak at ~3540 cm -1.
In order to compare the DFT-D2 results with the experimental IR spectra of cellulose Iβ,
the orientation angle (θH) of the net dipole moment of each coupled vibration mode with respect
to the chain axis was calculated by summing all H displacements along the three principal axes of
the crystal unit cell. Figure 4-5 compares the θH values calculated from DFT-D2 calculations
using Equation 4-1 and the experimental θIR values calculated from the dichroism of the OH
stretching peaks of uniaxially-aligned cellulose in annealed celery collenchyma (Figure 4-2).

Figure 4-5. Comparison of the orientation angle (θH) between the net dipole moment and
the chain axis determined by DFT-D2 for network A (blue circles) and network B (green
triangles) and the orientation angle (θIR) determined by polarized FTIR (red squares). The modes
marked with asterisks have predominant contributions from those specific O-H groups (Figure 44).
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Although the calculated peak positions for network A are slightly lower (~70 cm -1) than the
experimental peak positions, the range of θH calculated for network A is in a good agreement with
the experimental θIR values. The θH values calculated for all vibration modes of network A are
between 28o and 57o. The experimentally determined values (θ IR) are between 38o and 57o. The θH
values for network A from DFT-D2 fluctuate more than the experimental θ IR values. This is
because the cellulose chains in DFT-D2 were fixed in the unit cell and perfectly aligned along the
lab coordinate, while the cellulose chains in a celery collenchyma fiber are not perfectly aligned
(Figure 4-S1b in the Supporting Information). It is noted that the θ H values of network B are
between 7o and 35o, indicating that the dipoles of the OH stretch vibrations are more aligned
along the chain axis in this structure. However, these values are far lower than the experimental
θIR values. The differences in the θH values for networks A and B are related to the difference in
2OH and 6OH geometries. In network A, the 2OH and 3OH groups point in opposite directions
along the chain and the 6OH groups are nearly perpendicular to the chain direction (Figure 4-1b);
in network B, all OH groups are pointing in the same direction along the chain (Figure 4-1c).
Molecular Dynamics (MD) Simulation for Cellulose Iβ Microfibril
In order to visualize the orientations of the individual 2OH, 3OH and 6OH groups at a
length scale spanning multiple unit cells, we performed MD simulations for a single microfibril
with the cellulose I network A structure solvated in water. The microfibril length was ~20 nm,
covering 40 glucose units along the chain length (c-axis) direction. MD simulations showed that
the cellulose microfibril forms a right handed twist (1.3°/nm) along the chain direction (Figure 46a).118 Cellulose microfibril twisting has been observed in plant cell walls although it is not yet
determined if twisting has a structural or biological importance.39 For a microfibril with a square
cross section consisting of 36 chains, there are 20 chains at the surface and 16 chains in the core
region. Figure 4-6 shows the hydroxyl group geometries for the 2OH, 3OH and 6OH groups in
these two regions.
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Figure 4-6. Hydroxyl groups geometry from MD simulations of a 6x6 cellulose microfibril:
(a) Final snapshot of the twisted microfibril (C=black, O=red), hydrogen atoms are omitted for
clarity. The value of θMD is the angle between the OH bond axis and the microfibril axis (z-axis
in (a)). The value of ψ is the azimuth angle of the cross section plane with respect to the b-axis of
the bottom unit cell (y-axis in (a)). (b-g) Angular distributions of the O-H groups averaged along
the cellulose microfibril. (b-d) Hydroxyl groups from the 16 interior chains: θMD,ψ values for (b)
2O-H, (c) 3O-H, and (d) 6O-H. (e-g) Hydroxyl groups from the 20 exterior chains: θMD,ψ values
for (e) 2O-H, (f) 3O-H, and (g) 6O-H. The color scale represents the relative abundance, with red
signifying the highest occurrence.

Figure 4-7. Angular distribution of CH2 stretch modes predicted from MD simulations of a
6x6 cellulose microfibril: The convention used for θMD and of ψ are the same as for OH groups
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in Figure 4-6. Map of θMD,ψ values for the dipole moment vector of the CH2 symmetric (νs)
stretch (a,c) and CH2 asymmetric (νas) stretch (b,d) for methylene (6CH2OH) groups. (e) The
CH2 stretching modes both lie in the molecular bc plane: the CH2 (νs) bisects the H-C-H bond
and the CH2 (νas) is perpendicular to CH2 (νs), the tg, gt and gg conformations are shown. The
nomenclature for tg is 5O‒5C trans to 6C-6O and 4C-5C gauche to 6C-6O. As the CH2OH group
is rotated about the 6C‒5C bond the MD value for tg and gt conformations overlap in νas but
not νs.

The geometry of each hydroxyl group was assessed by plotting the relative abundance of
the OH bond polar angle, θMD, at each cross section as a function of azimuth angle, ψ (Figure 4-6
b-g). Along the azimuth angle (ψ) axis, there are two peaks due to the P2 1 symmetry of the unit
cell. There is some asymmetric distribution in the values of ψ for 2OH and 3OH due to the righthanded twist of the microfibril. On the polar angle (θMD) axis, the 2OH group is pointing
downward (~160°) and the 3OH group is upward (~30 o). The polar angle for the 6OH group is
~100°, nearly normal to the chain axis.
All OH groups in the core have a narrow angle distribution in θ MD (Figure 4-6b-d). In
contrast, the OH groups at the surface of the cellulose microfibril have broader distributions in
θMD for 2OH and 6OH, but not for 3OH (Figure 4-6e-g). Interestingly, the 2OH and 6OH groups
at the microfibril surface rotated from their initial positions in network A, to the θ MD values close
to network B which are approximately θMD=45° at ψ = -75° and ψ = 110° (yellow arrows in
Figure 4-6e and 4-6g). Overall, the θMD distribution shows that in a single cellulose microfibril,
the core OH groups are slightly tilted off the microfibril axis; even in this ideal single fiber case,
they are not oriented in the parallel (θMD=0o and 180o) or perpendicular (θMD=90o) directions.
Moreover, the OH groups at the microfibril surface have a greater degree of geometric freedom
because they are not confined into their unit cell positions and have hydrogen bonding
interactions with water molecules.147 Such disorders of the OH groups exposed at the microfibril
surface (Figure 4-6e and 4-6g) would further reduce the dichroism contrast (θ IR) to intermediate
values (Figure 4-2b) from the values calculated from the intrinsic distribution of the polar angles
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of the core OH groups (Figure 4-6b and 4-6c) of the ideal uniformly aligned cellulose
microfibrils.
It is noteworthy that the hydrogen bonding interaction involving the primary hydroxyl
group (6OH) at the microfibril surface with water molecules also influences the conformation of
the hydroxymethyl (6CH2OH) groups. Figure 4-7 plots the polar angles of the symmetric and
asymmetric stretch dipole moments of the CH2 group present in the simulated microfibril (Figure
4-6a). Three possible rotamer conformations for the 6CH 2OH groups are denoted as tg, gt and gg
which describes the position of O6 relative to O5 or C4, respectively. The core 6CH 2OH groups
are found in the tg conformation, as predicted for the cellulose Iβ crystal structure. 12 In contrast, a
significant portion of the surface 6CH2OH groups are found in the gt and gg positions, consistent
with 13C NMR.16,119,120 Thus, the hydrogen bonding interactions of the surface chain 6OH groups
with surrounding molecules could reduce the dichroism of the CH2 stretch vibration modes.
The diameter and cross-sectional shape of cellulose microfibrils in plant cell walls vary
depending on plant species, cell type, and growth stages. 119,120 Recent models suggest that in
primary cell walls found in young and growing plants, cellulose microfibrils are produced by
enzyme complexes capable of synthesizing 18 cellulose chains, instead of 36. 150 If the cellulose
microfibrils contain 18 chains, only one third of chains are in the core and two thirds are exposed
at the surface as suggested by 13C NMR.16 Then, the contribution from surface chain disorders
will dominate over the contribution from the more-ordered core chains. We also performed MD
simulations for 44 (16-chain) and 22 (4-chain) cellulose microfibrils. As the cross section size
decreases, the θMD(ψ) distributions are progressively broader (Figure 4-S4 in the Supporting
Information). In secondary cell walls formed in mature plants, cellulose microfibrils are much
thicker.119 As the microfibril diameter increases, the crystalline contribution would become
larger.
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Discussion
Vibrational coupling of OH groups due to hydrogen-bonding interactions
Dichroic analyses of IR bands have been widely used to find the average orientation of
molecules, for examples, adsorbed on solid surfaces. 151 This is possible if the orientation of
specific functional groups with respect to the molecular reference axis is known. The reverse
approach is also possible: if the molecules in the sample of interest are highly aligned and the
molecular alignment axis can be arranged along a known laboratory coordinate, then the dichroic
analysis of IR peaks can provide the angle between the molecular axis and the dipoles of specific
vibration modes.122 This latter approach has been employed to assign IR peaks in the 3000–3500
cm-1 region to individual OH groups of cellulose I.125 However, despite that MD simulations
showed that individual OH groups in thick cellulose microfibrils have clearly defined geometries
(Figure 4-6), the assessment of OH bond orientation (θIR) of the highly aligned celery
collenchyma by FTIR (Figure 4-2b) was rather close to random (note that the magic angle
equivalent to complete random is θ=54.7°). DFT-D2 calculations showed that the OH stretch
vibration modes involve movements of all OH groups in the crystal, in varying proportions
(Figure 4-4). Thus, it is not suitable to have a direct comparison of the polar angles of OH peaks
determined from the IR dichroism (θIR) with the polar angle of individual OH groups (θMD) in
cellulose I.
Previous quantum mechanics calculations predicted that network A has a lower energy
than network B due to stronger hydrogen bonding interactions between chains in the unit cell.
The relative energy difference between network A and B is ~24kJ/mol/glucan. 134 Because of this
more stable lattice energy, the network A structure (Figure 4-1b) was thought to be more likely to
be found in cellulose Iβ than the network B structure (Figure 4-1c).44,131,152,153 The better
agreement between the experimental θ IR value and the θH value from network A (Figure 4-5) also
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supports this conclusion. Thus, DFT-D2 calculation results for network B are excluded from the
cellulose Iβ OH peak assignments (see Section V-B).
Considering the current estimates of approximately 18‒24 chains within a cellulose
microfibril, a majority of OH groups would be exposed at the surface. MD simulations (Figures
4-6 and 4-S4) showed that 2OH and 6OH groups at the surface could rotate from their initial
network A positions into configurations consistent with network B. However, the DFT-D2
calculation results for network B shown in Figure 4-4a should not be considered as the OH peak
positions of the surface chains since these frequencies are calculated from the OH groups with
periodic order in the core of microfibrils, not for the chains exposed at the microfibril surface.
Therefore, DFT-D2 calculation results for network B should not be used for the interpretation of
OH peaks > 3410 cm-1 (see Section V-B).
Assignment of the OH peaks observed in IR and SFG of cellulose Iβ
Even though the extensive coupling of OH groups prevents peak assignments based on the
dichroism of individual OH groups, the sequence of peak positions (low to high frequency) from
DFT-D2 can be compared to the experimentally-observed peak positions from IR and SFG
spectroscopy. In DFT-D2 calculations for network A, the vibration mode with the lowest
wavenumber (near 3191‒3208 cm-1) has a large contribution from 2OH stretching (about 60%, as
shown in Figure 4-4). Therefore, the 2OH···6O intra-chain hydrogen bond is the strongest. The
average H···O distances for 2OH···6O and 3OH···5O are very similar in network A (Figure 41b). However, the 2OH···6O angle is closer to 180° than the 3OH···5O angle; thus, the hydrogen
bonding between 2OH and 6O is stronger.12 Based on this finding, the lowest wavenumber OH
peak at ~3270 cm-1 (3278 cm-1 in Figure 4-2 and 3273 cm-1 in Figure 4-3a) can be assigned to the
stretch mode containing predominantly the intra-chain hydrogen-bonded 2OH groups of network
A (Figure 4-4b).
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It has been shown that the OH peaks in the SFG spectra of the highly crystalline cellulose
Iβ isolated from tunicate Halocynthia (Figure 4-3a) are found within a 100 cm-1 range (3270‒
3370 cm-1).28 The vibration peaks calculated from DFT-D2 for network A are found within ~140
cm-1 range (3190‒3330 cm-1, as shown in Figure 4-4). Therefore the highest wavenumber peak at
~3370 cm-1 in the OH SFG spectra of large cellulose Iβ crystals (Figure 4-3a) could be attributed
to the stretch mode containing large contributions from the intra-chain hydrogen bonded 3OH
groups. The peak at ~3410 cm-1 in the IR of large crystallites125,144 and celery collenchyma
(Figure 4-2a) can be assigned to the highest frequencies of network A which is due to large
contributions (60%) of 6OH (Figure 4-4d). Using the XRD experimental C and O positions in
DFT-D2 gave a surprising close match of experimental and calculated frequencies (e.g. 3370 –
3270 = 100 cm-1 and 3410 – 3270 = 140 cm-1 ). The remaining OH peaks at ~3300 cm-1 and
~3330 cm-1 in Figure 4-3a are mostly due to the highly coupled vibrations of 3OH and 6OH
groups (3300‒3300 cm-1 region in Figure 4-4, an example is shown in Figure 4-4c).
Determination of why the 3410 cm-1 is not present in the SFG spectra of highly crystalline
samples is the focus of our current work. 154
The assignment of the OH modes in cellulose Iβ could also provide insight to the OH peak
characteristic to cellulose Iα (~3240 cm-1 in Figure 4-3b). Since DFT-D2 calculations of cellulose
Iβ showed that the lowest wavenumber OH peak has the large contributions from the intra-chain
hydrogen bonded groups (Figure 4-4b), the 3240 cm-1 peak of cellulose Iα is also likely to be due
to intra-chain hydrogen bonded groups. The 2O-H···6O distance in cellulose I is 1.72Å, which
is slightly shorter than 1.86 Å in cellulose Iβ (Figure 4-1b).12,112
It is also noted that in the SFG spectra of algal cell walls and bacterial cellulose, the ~3370
cm-1 peak is stronger in samples rich in cellulose Iα (Figure 4-3b), which was not recognized in
previous IR and Raman studies.28,138,139 In the discussion of cellulose I, this peak is assigned to
vibration modes with large contributions from inter-chain hydrogen bonded groups involving 3O-
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H···5O (Figure 4-4d). Thus, the difference in the ~3370 cm-1 peak intensity between cellulose I
and I could be related to the chain packing in these allomorphs. Computational studies for
cellulose Iα would provide more insights into vibrational coupling of OH groups and assignment
of the 3370 cm-1 peak in this allomorph.
Knowing that the core OH groups only spans within a 140 cm -1 range in DFT-D2
calculations, one can make tentative interpretations about the origin of the OH peaks higher than
3410 cm-1 as observed in IR and SFG (Figure 4-2a and 4-3c). MD simulations showed that the
surface chains are more disordered due to hydrogen bonding interactions with surrounding
molecules (Figures 4-6 and 4-7). The hydrogen bonding interaction of surface chains with
surrounding molecules are expected to be weaker than those between cellulose chains inside the
crystal;147 thus, the peak positions of vibration modes involving surface OH groups are expected
to be higher than the OH vibration modes of the crystal core. 148 Smaller cellulose crystals or
thinner cellulose microfibrils have a higher proportion of surface OH groups and their spectral
contributions will be greater, as shown in Figure 4-3c. On these arguments, the IR peaks at 3448
cm-1 could be attributed to the OH groups of the surface chains (Figure 4-2). This is also
consistent with the fact that the intensities of this high wavenumber peak is preferentially reduced
in IR upon deuterium exchange of hydroxyl groups accessible on microfibril surfaces. 119,120
Table 4-2. Assignment of OH peaks in cellulose I based on the comparison of DFT-D2
calculations for network A (Figure 4-1) with polarized FTIR and SFG spectra.
Wavenumber (cm-1)a

OH assignmentb

Hydrogen bondc

6CH2OHd

~3240

2O-H

Iα, (intra-chain) 2O-H···6O

tg

~3270

2O-H (60%)

Iβ, (intra-chain) 2O-H···6O

tg

3300-3330

2,3,6O-H

(coupled) 2O-H···6O-H···3O-H···5O

tg

3340-3350

3O-H (45%)

(coupled) 2O-H···6O-H···3O-H···5O

tg

e

3O-H (60%)

(intra-chain) 3O-H···5O

—

3370-3380

90
~3410

6O-H (60%)

(inter-chain) 6O-H···3O

tg

>3410

2,3,6O-H

surface O-H groups
mostly 2O-H and 6O-Hf

tg>gt>ggf

a

Approximate peak positions from FTIR and SFG spectra
This work, from comparison of DFT-D2 and polarized FTIR and SFG.
c
Network A from Nishiyama et al. 2002
d
6CH2OH conformation is relevant only to the hydrogen bonds involving 2OH and 6OH
e
This peak is strong in cellulose Iα; the assignment for Iα is not yet determined
f
Based on MD simulations of 6x6 cellulose microfibril
b

Table 4-2 summarizes the OH band assignments based on the comparison of the polarized
FTIR and SFG spectra to the calculated frequencies from DFT-D2 for network A. Note that
network B was ruled out because it is energetically unfavorable and the calculated polar angles
are not consistent with the experimentally-determined IR values. It should be noted that the
vibration modes are highly coupled and only as much as 60‒70% of a specific OH group
contributes to each peak.

Conclusion
The origins of the OH peaks observed in vibrational spectra of crystalline cellulose have
been identified through comparison of DFT-D2 and MD simulation results with experimental
data obtained from polarized FTIR and SFG spectroscopy analyses. When the coordinates of
carbon and oxygen were fixed at the experimentally determined positions in DFT-D2
calculations, the calculated vibration peak positions and dichroisms were in good agreement with
the experimental values, which allowed visualization and assignment of the OH stretch peaks of
cellulose. The OH stretch vibration modes are highly coupled and delocalized over the entire
cellulose crystal due to strong hydrogen bonding interactions. The comparison of the calculated
and experimental dichroism data confirmed that network A is a more realistic structure for
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cellulose I than network B. The 3270 cm-1 peak of cellulose I and the 3240 cm-1 peak of
cellulose I could be assigned to the OH vibrations with a large contribution from intra-chain
hydrogen-bonded 2OH groups. The peaks at ~3370 and ~3410 cm-1 could be attributed to the
modes with contributions from intra- and inter-chain hydrogen-bonded 3OH and 6OH groups,
respectively. The 33003330 region is mostly due to high-coupled OH vibrations with substantial
contributions from both inter- and intra-chain hydrogen-bonded groups. The shoulder near 3450
cm-1 could be due to contributions from OH groups at the crystal surface. The accurate
information of the hydrogen bond network of cellulose will be of great help in studying structural
roles of crystalline cellulose in chemical and mechanical properties of plant cell walls as well as
cellulose-based biomaterials.

Supporting Information
Dichroism and orientation of vibration mode
The derivation and Mathematica program are given in the Appendix. The orientation
function for the distribution of cellulose chains, f, in the sample is given by:
𝑓(Φ) =

3⟨𝑐𝑜𝑠 2 Φ⟩−1
2

(4-S1)

where Φ is the orientation angle of a single chain with respect to the sample fiber axis and
brackets denote the orientation average. The dichroism, D, is defined as:
𝐷=

𝐴ǁ
𝐴

(4-S2)

where Aǁ and A are the absorbance measured when the polarization of the infrared beam is
aligned parallel and perpendicular to the fiber axis. The experimentally measured D can be
related to the orientation function for the distributions of the dipole moment (θ) with respect to
the chain axis, f (θ), using the following Equation:
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𝑓(θ) =

3⟨𝑐𝑜𝑠 2 θ⟩−1
2

=

1
𝐷−1
( )
𝑓(Φ) 𝐷+2

(4-S3)

Thus, the angle θ of the transition moment for each absorption band can be determined
using its dichroism determined from the IR spectra under the assumption that all chains are
exactly aligned along the sample axis (Φ=0° therefore f=1). Alternatively, the orientation average
angle 〈Φ〉 of cellulose chains along the fiber axis could be determined if the transition moment
angle with respect to the chain axis (θ) for that respective absorption band is known.
There will be some variations of θ depending on the assumptions for Φ values in the fiber.
Figure 4-S1a shows the distribution of Φ values for cellulose chains by monitoring the 200
reflection as the celery fiber is rotated about the azimuthal angle. The distribution function for
chains in the fiber is very narrow and can be modeled as having a Gaussian distribution with σ =
6°. The values of ⟨𝑐𝑜𝑠 2 Φ⟩ can be found using the orientational average relationship in Equation
4-S4, and inserting into Equations 4-S1 to 4-S3 the error in θ can be determined which is shown
in Figure 4-S1b. The error in θ is below 8% if the chains are tilted ±20° from the fiber. Also
perfect alignment of celery fiber in the XRD experiment is not expected.
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Figure 4-S1. (a) Orientation distribution of cellulose chains in annealed celery
collenchyma, from X-ray diffraction of the 200 reflection as a function of azimuthal angle. The
main part of the distribution can be modelled as a Gaussian with σ = 6°. (b) Variation in the
estimated values of θ for the OH peaks in polarized IR, depending on different orientation of
cellulose chains in the celery fiber, Φ.

The orientation average property of ⟨𝑐𝑜𝑠 2 Φ⟩ for uniaxial systems is determined using1:
〈𝐴 〉 =



∫0 𝐴()𝑓()𝑠𝑖𝑛 𝑑


∫0 𝑓()𝑠𝑖𝑛 𝑑

(4-S4)

Where 〈𝐴〉 is the orientation average property of 𝐴() over the orientation distribution
function 𝑓(), modeled as Gaussian function (Figure 4-S1a). The peak center position in the
Gaussian function was varied from 090° at 1° steps.

List of Supplementary Movies for the representative O-H stretching vibrational
modes of cellulose Iβ network A from DFT-D2:
M1

Network A (3200 cm-1)

M2

Network A (3208 cm-1)

M3

Network A (3268 cm-1)

M4

Network A (3284 cm-1)

M5

Network A (3301 cm-1)

M6

Network A (3329 cm-1)

M7

Network B (3350 cm-1)

M8

Network B (3354 cm-1)

M9

Network B (3440 cm-1)

M10

Network B (3460 cm-1)

M11

Network B (3474 cm-1)

M12

Network B (3539 cm-1)
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DFT-D2 Calculations for Cellulose Iβ
Table 4-S1. List of all the unscaled and scaled O-H, C-H, C-H2 symmetric (sym.) and CH2 asymmetric (asym.) vibrational frequencies calculated by DFT-D2.
Network A

Network B

DFTD2 frequency

Scaled
with CH SFG
frequencies

predomin
ant vibration
modes

3406
3406
3405
3404
3376
3376
3374
3372
3358
3357
3357
3342
3340
3338
3338
3328
3280
3279
3278
3271
3271
3268
3268
3261
3009
3009
3008
3008
2998
2997
2997
2997
2989
2989
2988
2988
2979
2979

3329
3329
3329
3328
3301
3301
3299
3297
3284
3283
3283
3268
3267
3264
3264
3255
3208
3207
3207
3200
3200
3198
3197
3191
2949
2949
2949
2948
2948
2938
2938
2938
2937
2930
2929
2929
2929
2920

3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
2,3,6OH
2,3,6OH
2,3,6OH
2,3,6OH
2,3,6OH
2,3,6OH
2,3,6OH
2,3,6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
CH2 asym
2CH
2CH

DFTD2 frequency
3656
3656
3656
3655
3587
3584
3584
3577
3572
3564
3564
3551
3488
3487
3487
3472
3460
3459
3457
3455
3455
3455
3454
3448
3032
3032
3032
3032
3005
3005
3005
3005
2995
2995
2995
2995
2988
2987

Scale
d with CH
SFG values

predomin
ant vibration
modes

3539
3539
3539
3539
3474
3471
3471
3464
3460
3453
3452
3440
3381
3380
3379
3365
3354
3354
3351
3350
3350
3349
3349
3343
2950
2950
2950
2950
2925
2925
2925
2925
2915
2915
2915
2915
2908
2908

3OH
3OH
3OH
3OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
2OH, 6OH
3OH, 6OH
3OH, 6OH
6OH
3OH, 6OH
3OH, 6OH
3OH, 6OH
3OH
3OH
3OH
3OH
3OH
CH2 asym
CH2 asym
CH2 asym
CH2 asym
5CH
5CH
5CH
5CH
CH2 asym
CH2 asym
CH2 asym
CH2 asym
5CH
5CH
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2979
2978
2972
2972
2972
2972
2954
2954
2953
2953
2943
2943
2943
2943
2940
2939
2939
2939
2935
2934
2934
2934
2934
2933
2933
2933
2931
2931
2931
2930
2909
2908
2908
2908
2906
2905
2905
2905
2890
2890
2890
2890

2920
2920
2920
2914
2914
2913
2913
2896
2896
2896
2896
2886
2886
2886
2885
2882
2882
2882
2882
2878
2877
2877
2877
2877
2877
2876
2876
2875
2874
2874
2873
2853
2853
2853
2853
2850
2850
2850
2849
2835
2835
2835

2CH
2CH
1,3,4CH
1,3,4CH
1,3,4CH
1,3,4CH
all CH
all CH
all CH
all CH
CH2sym
CH2sym
CH2sym
CH2sym
CH2sym
CH2sym
CH2sym
CH2sym
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
CH2sym
CH2sym
CH2sym
CH2sym
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH

2987
2987
2971
2970
2970
2970
2969
2969
2969
2968
2950
2949
2949
2949
2945
2944
2944
2943
2934
2934
2934
2934
2934
2934
2934
2933
2926
2926
2926
2925
2907
2906
2906
2906
2894
2893
2893
2893
2892
2892
2891
2891

2908
2908
2892
2892
2892
2892
2891
2891
2890
2890
2873
2872
2872
2872
2868
2867
2867
2866
2858
2858
2858
2858
2858
2857
2857
2857
2850
2850
2850
2850
2832
2832
2832
2832
2820
2819
2819
2819
2818
2818
2817
2817

5CH
5CH
CH2 sym
CH2 sym
CH2 sym
CH2 sym
CH2 sym
CH2 sym
CH2 sym
CH2 sym
1,2CH
1,2CH
1,2CH
1,2CH
CH2 sym
CH2 sym
CH2 sym
CH2 sym
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH
all CH

Table 4-S2. List of the scaling factors used to correct the calculated frequencies by DFTD2 with the peak positions of alkyl stretching and bending vibration modes from SFG analysis. 2
Minimized structure

Scaling factor
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Network A, fully relaxed (Ref. 131)
Network A, H-atom relaxed (this work)
Network B, fully relaxed (Ref. 131)
Network B, H-atom relaxed (this work)

0.958
0.926
0.958
0.943

Figure 4-S2. Comparison of the vibration frequencies predicted by DFT-D2 calculations
with the full relaxations of all atoms (▲,▼) and hydrogen only (■,●) during the energy
minimization step. The data for the full relaxation were taken from the previous DFT-D2 study.2
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Figure 4-S3. Screenshot of the cellulose chains in the animations from structures with
Network A. Field of view is outlined in white. The atoms on the center chain are outlined in
yellow and the atoms placed on nearest center chain neighbors in adjacent unit cells are in green;
red ovals are intra- and inter-chain hydrogen bonds. Some atoms on the origin chains are above
and below the plane but the covalent bonds are not shown. The chain axis is vertical. The C atoms
are labeled and atom colors are: C = dark grey, O = red and hydrogen = white.
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Figure 4-S4. Calculated hydroxyl stretching frequencies from Network A hydrogen
bonding on the fully relaxed structures for six selected frequencies.2 The symbol code is as
follows: 2O‒H as the proton donor (black), 3O‒H···5O with 3O‒H as the proton donor (blue),
and 6O‒H···3O (Network A) or 6O‒H···2O (Network B) with 6O‒H as the proton donor (red).
On the y-axis the O-H proportion H displacement (%) is the total displacement of H atoms on
2OH, 3OH or 6OH divided by the total H displacement (on the OH groups), at each frequency.
Due to shorter O···O distances in this model, the vibrational coupling is slightly reduced (e.g.
3032 and 3245 cm-1) compared to structures with only H atom relaxation in this paper.
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Figure 4-S5. Angular distributions, θMD(ψ), of hydroxyl groups predicted from MD
simulations for 44 and 22 cellulose microfibrils: (a) 2O-H, (b) 3O-H, and (c) 6O-H of the 4
interior chains and (d) 2O-H, (e) 3O-H, and (f) 6O-H of the 12 surface chains of a 44
microfibril; (g) 2O-H, (h) 3O-H, and (i) 6O-H of the 4 chains of a 22 microfibril. The θMD is
the angle between the OH bond axis and the microfibril center of mass (z-axis in Figure 4-5(a)).
The ψ is the azimuth angle of the cross section plane with respect to the b-axis of the bottom unit
cell (y-axis in Figure 4-5(a)). The color scale represents the relative abundance, with red
signifying the highest occurrence.
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Chapter 5 : Cellulose Polymorphism Study with Sum-FrequencyGeneration (SFG) Vibration Spectroscopy: Identification of Exocyclic
CH2OH Conformation and Chain Orientation
Reproduced with permission from Springer: Lee, C. M., Mittal, A., Barnette, A. L., Kafle, K.,
Park, Y. B., Shin, H.,D.K. Johnson, S. Park & Kim, S. H. (2013). Cellulose, 20(3), 991-1000.

Overview
Sum-frequency-generation (SFG) vibration spectroscopy is a technique only sensitive to
functional groups with a net polar ordering; and in crystalline cellulose, the C6H 2 and O3H
groups meet this requirement. The geometries of these groups are highly sensitive to the
hydrogen bonding network that stabilizes each cellulose polymorph. Therefore, SFG can
distinguish cellulose polymorphs (Iβ, II, IIII and IIIII), determine the conformation of the
exocyclic hydroxymethyl group, and the directionality of glucan chains in cellulose. The C6H 2
asymmetric stretching peaks at 2944cm-1 for cellulose I and 2960cm-1 for cellulose II, IIII and
IIIII corresponds to the trans-gauche (tg) and gauche-trans (gt) conformation, respectively. The
SFG intensity of the stretch peak of O3H, hydrogen-bonded to O5 in the adjacent glucan residue
in the same chain (O3HO5), implies that the chain arrangement in cellulose is parallel in Iβ
and IIII, and antiparallel in II and IIIII.

Introduction
Cellulose is the most abundant biopolymer on earth synthesized by plants, algae, and
bacteria. In nature, cellulose I is produced into crystalline forms; land plants produce mostly I ,
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while algae and bacteria produce mostly I 9,111. Cellulose Iβ can be converted into different
polymorphs such as II, IIII and IIIII through treatments with NaOH or NH3 (Figure 5-1a) 11. These
polymorphs are relevant in many industrial applications. For instance, there is growing interest to
transform cellulose in lignocellulosic biomass to transportation fuels and bio-based chemicals.
The digestibility of cellulose Iβ during enzymatic deconstruction can be significantly increased by
conversion into cellulose II or III 155. The mechanical and coloring properties of cotton fabrics
can be altered through conversion of cellulose Iβ to II or III 156.

Figure 5-1. Transition of native cellulose Iβ to type II, IIII and IIIII. b) Schematic of the
repeating unit along the cellulose chain (C=dark gray; O=red; H=light gray). Three
conformations, tg, gt or gg, of the OH group in the exocyclic C6H2OH group are shown on the
right glucose unit. The t and g characters stand for trans and gauche conformations, respectively.
The first italic character refers to the relative position between O5 and O6 (O5-C5-C6-O6), and
the second italic character refers to the relative position between C4 and O6 (C4-C5-C6-O6). In
the left glucose unit, the C6H2OH group is in the tg conformation. The intra-chain hydrogenbond (3O-H···O5) is shown in blue. Hydrogen atoms on OH groups are omitted.
The polymorphism of cellulose is also important in native plant cell walls, where the
growth mechanism is thought to be strongly controlled by both cellulose crystal structure and the
interaction between cell wall polymers as cellulose is synthesized 157. Cellulose Iβ is
predominantly synthesized in plant cell walls 16, but there are a few reports suggesting the
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production of bacterial cellulose II from Gluconacetobacter xylinus 158. In structural studies of
cellulose within plant cell walls, the samples are often treated with high concentration NaOH
solutions to remove hemicelluloses. This isolation procedure can irreversibly convert native
cellulose into type II which has structures different from the starting material, which may
complicate the determination of the exact cellulose structure 2,56,159.
Cellulose polymorphs are chemically identical; they are all linear polymers of -Dglucopyranose units connected through 1,4 glycosidic linkages. But they differ in the packing of
cellulose chains involving intra- and inter-chain hydrogen bond networks of three hydroxyl
groups (O2H, O3H and O6H) 12,14,160-162. The hydrogen bond network in cellulose is intimately
related to the conformation of the exocyclic C6H 2OH group, which has three possible
arrangements (tg, gt, and gg) as shown in Figure 5-1b. Cellulose chains may be packed in parallel
during biosynthesis or antiparallel directions during recrystallization after NaOH or NH 3
treatments 163,164. There is a general consensus for the parallel chain packing for cellulose I, while
the chain directionality of cellulose II is not yet in full agreement. Although XRD analysis and
selective modification of reducing ends of cellulose chains proposed the antiparallel packing of
the chain in cellulose II, parallel packing has been proposed by others 15,165,166.
Thus, it is critical to determine the C6H2OH conformation and chain directionality to
understand cellulose polymorph structures. Cellulose polymorphs have been widely studied with
x-ray diffraction (XRD), 13C nuclear magnetic resonance (NMR), infrared (IR) and Raman
spectroscopy 76,77,155. However, there are several challenges when applying these conventional
techniques to cellulose. For instance, 13C NMR can determine the C6H2OH conformation for
isolated pure cellulose crystals; but applying this method to cellulose in lignocellulosic biomass is
very difficult due to the spectral interference from amorphous hemicellulose and lignin 1,32,167. IR
and Raman spectroscopy have identified the deformation peaks of the C6OH 2 group in purified
cellulose Iβ, but whether the geometry is either tg or gt was not determined 168,169.
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In this paper, the C6H2OH conformation and chain directionality of cellulose polymorphs
were studied with sum-frequency-generation (SFG) vibration spectroscopy. Because of the noncentrosymmetry requirement of the SFG process, this technique selectively detects functional
groups arranged with a net polar ordering in space 65,170,171. SFG is known to be highly sensitive to
molecular species at interfaces as long as molecules or functional groups in the bulk phases are
not SFG active. This occurs when the bulk phase is amorphous or centrosymmetric. In crystalline
cellulose, the crystal structure is non-centrosymmetric; certain vibration modes in cellulose can
have a net polar ordering across the entire crystal. In this case, the SFG signal is dominated by the
bulk phase and the surface contribution becomes negligible. A few examples are: collagen, starch,
lysozyme and ferroelectric materials.
In cellulose, the methine groups on carbon-1,2,3,4,5 at the axial positions on the
glucopyranose ring are equally distributed in both facets of the chain; so their net dipole over the
entire crystal is zero, making them SFG-inactive 3. Similarly, water molecules absorbed in the
amorphous region of the sample do not generate SFG signals because they are randomly
distributed. The absence of interferences from these structure-insensitive vibration modes enables
SFG to determine the C6H2OH conformation and the chain directionality in cellulose
polymorphs.

Methods
Cellulose Samples
Commercially available cellulose Iβ samples Avicel PH-101® produced by acid
hydrolysis of wood pulps, and α-cellulose (this is the commercial name; not to be confused with
the cellulose Iα polymorph) prepared by alkaline hydrolysis of pulps 172 were purchased from
Sigma-Aldrich 11365 and C8002. Approximately 100 mg of each cellulose sample was hand
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pressed into pellets and analyzed in SFG, FT-IR, FT-Raman and XRD under ambient conditions.
The data obtained with Avicel are shown in the main text, and α-cellulose in the supporting
information. Flax fibers, Linum usitatissimum, were a gift from Yoshiharu Nishiyama, Centre de
Recherches sur les Macromolécules Végétales-CNRS. A single fiber (diameter ~50 µm) was
straightened and mounted on a slide glass for SFG analysis.
Material Preparations
Cellulose II samples were prepared by aqueous NaOH treatment of cellulose I ,
according to the method described by Atalla and Nagel 173. Approximately 5 g of cellulose was
soaked and stirred in 100 g of 23% wt. NaOH solution at 25 °C under nitrogen for 50 minutes.
This solution was then further heated at 70 °C under a nitrogen cover at successive NaOH
concentrations of 15, 12, 10, 8, 4, and 1 mass percent NaOH. The lower concentrations of NaOH
were obtained by dilution with warm deionized water. A 50 minute heating time was used for
each NaOH concentration. After the final washing with the 1 mass percent NaOH, the cellulose
was extensively washed with deionized water at 70 °C to obtain a pH of ~7. The washed cellulose
was dewatered by filtration and immersed in glycerol at 100 °C in a stainless steel reaction vessel
(Parr Instrument Co., Model 4520) and heated at 145 °C for 7 days, and washed with boiling
deionized water and freeze dried.
Cellulose IIII samples were prepared according to the method described earlier 155. Avicel
or α-cellulose was placed in a stainless steel reaction vessel (Parr Instrument Company, Model
4714) then chilled in a dry ice and acetone bath at –75 °C, anhydrous liquid ammonia was slowly
added to the reaction vessel in the ratio ~2.5 g ammonia per gram of cellulose by using a stainless
steel transfer tube from a liquid ammonia cylinder equipped with an eductor tube. Following
treatment, the vessel was chilled in a dry ice and acetone bath at –75 °C for 15 minutes. at 25 °C
for 30 minutes and maintained at 130 °C for 1 hour using a preheated fluidized sand bath. The
vessel was then immersed in a water bath maintained at ~ 25 °C for a reaction period of 30
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minutes. The vessel was then placed in a preheated fluidized sand bath (Techne Inc.) maintained
at 130 °C for 1 hour. After concluding this final heat treatment and prior to its removal from the
sand bath, the reaction vessel was depressurized by allowing the ammonia to leak out in a
ventilated hood. After releasing the ammonia, the vessel was cooled in a water bath maintained at
25 °C. The cellulose sample was removed from the vessel and left in the hood overnight until all
the ammonia had evaporated.
Cellulose IIIII sample from Avicel was prepared by liquid ammonia treatment at 25 °C for
a reaction period of 30 minutes of cellulose II obtained from Avicel with NaOH treatment at
25°C as described earlier. Cellulose IIIII sample from α-cellulose was prepared by liquid
ammonia treatment at 130 °C for a reaction period of 1 hour of cellulose II obtained from αcellulose with NaOH treatment at 145°C as described earlier. The OH/OD exchange was carried
out by immersing the sample in D2O overnight and dried under vacuum. The OH/OD-exchanged
samples were analyzed in nitrogen environments (free of ambient water vapor).
SFG Vibration Spectroscopy
Our SFG setup was described in previous studies 3. The SFG spectrometer (EKSPLA)
was pumped by a picosecond Nd:YAG laser, 1064nm at 10Hz. The visible 532nm excitation
pulse was generated by frequency doubling of the 1064 nm output from the Nd:YAG laser. An
optical parameter generator/amplifier (OPG/OPA) using β-BaB2O4 and AgGaS2 crystal was
pumped with 532nm and 1064 nm and tuned to 2.3–10 µm with <6cm-1 bandwidth. All spectra
were collected using ssp polarization, SFG signal (s-polarized), visible (s-polarized) and IR (ppolarized). Visible (60° to surface normal) and IR (56°) laser pulses were overlapped spatially
and temporally on each sample with reflection geometry. A beam collimator was used to enhance
SFG signals from ~20 µm depth and 150 x 200 µm2 spot size, and detected with a photomultiplier
tube (Hamamatsu Corp.). SFG spectra were taken at 4 cm-1/step, in the CH stretching region
(2700–3050 cm-1) and 8 cm-1/step in the OH stretching region (3096–3800 cm-1), with averaging
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100 shots/step. The data shown in the paper were representative spectra of 10 different locations
of the pellet. SFG spectra of single flax (Linum usitatissimum) fiber were taken with the plane of
incidence parallel to, at 45°, and perpendicular to the fiber axis. Spectral data was fitted with the
Lorentzian function to find the peak center positions.
X-ray Diffraction
XRD was performed using a Rigaku (Tokyo, Japan) Ultima IV diffractometer with CuKα
radiation having a wavelength (K1) = 0.15406 nm generated at 40 kV and 44 mA in reflection
geometry. The diffraction intensities of freeze dried samples placed on a quartz substrate were
measured in the range of 8 to 42° 2 using a step size of 0.02° at a rate of 2°/min.
Fourier Transform Raman Spectroscopy
FT-Raman spectra were collected using Nicolet NXR FT-Raman Spectrometer (Thermo
Scientific) equipped with diode-pumped Nd:YAG laser (1064nm) as an excitation source, a CaF2
beam splitter, and a liquid nitrogen cooled germanium detector. The spectra from the sample
pellets were collected in the region 250–3750 cm-1 with an 8 cm-1 step, averaged over 1000 scans.
Excitation beam power was varied (0.7-1.8 W) and different spots on the sample pellet were
probed after every 200 scans for each sample to prevent sample burning. For display purposes,
the signal intensities were normalized with the CH stretch peak at 2900cm-1.
Fourier Transform Infrared Spectroscopy
FT-IR spectra were collected using Nicolet 8700 Research FT-IR Spectrometer (Thermo
Scientific) equipped with smart iTR diamond ATR unit, a KBr beam splitter, and a deuterated
triglycine sulfate (DTGS) detector. All spectra were collected from the pressed sample pellet in
the region 650–4000 cm-1 with a 2 cm-1 resolution, averaged over 100 scans. For display
purposes, the signal intensities were normalized with the CH stretch peak at 2900cm-1.
Solid-State 13C NMR Spectroscopy
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High-resolution solid-state 13C NMR spectra were collected at 9.4T with crosspolarization and magic angle spinning (CP/MAS) in a Bruker Avance 400MHz spectrometer. 1H
and 13C fields were matched at 53.6 kHz and a 1dB ramp was applied to the proton rotating-frame
during the matching period. Acquisition time was 0.034 seconds and sweep-width was 30 kHz.
Magic-angle spinning was performed at 7000 Hz. 3000 scans were averaged using a 2
millisecond contact time and a delay time of 4.0 seconds. For display purposes, the signal
intensities were normalized with the maximum signal from carbon-2,3,5 in the region from 8070ppm.

Results and discussion
The structures of cellulose I , II, IIII and IIIII used in this study were confirmed with XRD
(Figure 5-2a) and NMR (Figure 5-2b) 58. The SFG spectra of cellulose polymorphs are shown in
Figure 5-2c. Cellulose Iβ shows the CH2 symmetric (s) and asymmetric (as) stretch peaks at
2850 cm-1 and 2944 cm-1, respectively, and a weak shoulder at 2964 cm-1 3,62,174. Cellulose II, IIII,
and IIIII derived from cellulose Iβ show a blue shift of the CH2 peaks to 2886 cm-1 (s), ~2960
cm-1 (as), and ~2980 cm-1 (shoulder). The CH2 peaks observed in SFG are also observed in the IR
and Raman spectra as weak shoulders at 2944–2980 cm-1 (Figure 5-3a, b). However, in IR and
Raman, these shoulders have never been discussed in terms of their relation to crystal structure
because they are not resolved from the broad peak at ~2900 cm -1 which is assigned to the stretch
vibration of the methine group at carbon-1,2,3,4,5 positions 77.
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Figure 5-2. a) XRD, b) NMR, and c) SFG analysis data for Avicel cellulose I, II, and IIII,
and IIIII. The SFG intensity of cellulose I is reduced by 75% for comparison. The spectra of
cellulose polymorphs produced from α-cellulose are shown in the supporting information.

The CH2 s and as peak positions in SFG can be correlated with the conformations of the
C6H2OH group in these polymorphs. The NMR spectra in Figure 5-2b shows the carbon-6 (C-6)
signal at 64.9 ppm for cellulose I , and ~62.1-62.8 ppm for cellulose II, IIII, and IIIII. It is known
that the C-6 chemical shift in NMR is ~65 ppm for the tg conformation, 62-64 ppm for gt, and
60-62 ppm for gg 167. Based on this comparison, and the crystal structure determination from xray and neutron diffraction, the SFG peaks at 2850 cm -1 (s) and 2944 cm-1 (as) for cellulose I
are attributed to the C6H2OH group with the tg conformation. The SFG peaks at 2886 cm-1 and
2956-2960 cm-1 are assigned to the gt conformation (Table 5-1). Disorder at the crystallite surface
can produce a C-6 peak at 60-63 ppm for I and 60-62 ppm for II, IIII, and IIIII in NMR (Figure 52b) 32. Previous NMR studies suggest that the gt or gg conformations are possible at the surface
of cellulose crystallites. However, these disordered surface groups would not be SFG-active in
cellulose Iβ since only functional groups with a high degree of polar ordering can generate strong
SFG signals 3,170. Although cellulose II and IIII have more OH groups at the surface, they do not
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contribute to the SFG signal from cellulose II, IIII and IIIII polymorphs. The surface OH groups
and the OH groups in the amorphous region can easily be exchanged with deuterium upon simple
incubation in D2O. After the OH/OD exchange, IR shows a significant growth of the OD signal at
2400-2600 cm-1 (Figure 5-S3 in the supporting information), but the OD signal in SFG is
negligible (Figure 5-S4 in the supporting information). These results confirmed that the SFG
signals of cellulose are mainly from the polar ordering of vibration groups in the bulk.
Table 5-1. Conformation of C6H2OH group in cellulose Iβ, II, IIII and IIIII polymorphs.

In the OH stretch region of SFG, drastic differences are observed among cellulose
polymorphs (Figure 5-2c). Cellulose Iβ shows a peak at 3320cm-1 with a weak shoulder at 3270
cm-1. Cellulose IIII has a very sharp and strong peak at 3480 cm -1; in contrast, cellulose II and IIIII
which display very weak or barely noticeable peaks at 3450–3480 cm-1. The OH peaks in SFG are
quite sharp, while the OH region in IR is broad and poorly-resolved (Figure 5-3a). The broadness
in IR is due to signal contributions from all hydroxyl groups in cellulose as well as water
absorbed in the amorphous region of the sample. This is verified by a broad peak ~1645cm -1
which is due to OH bending in water (data not shown). Although weak, cellulose II has two weak
peaks at 3440 cm-1 and 3480 cm-1, while cellulose IIII has a single peak at 3480 cm-1 in IR (Figure
5-3a).
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Figure 5-3. SFG spectrum of a single flax (Linum usitatissimum) fiber with orientation of
the fiber axis with respect to the incident IR polarization: A) parallel B) 45 degrees C)
perpendicular. Flax contains cellulose elementary fibrils highly oriented along the fiber axis;
therefore the cellulose chain axis is along the fiber axis.

The approximate orientation of the transition dipoles of SFG peaks can be determined from
the polarization dependence of the SFG intensity. It is known that cellulose in the flax fiber is
almost pure cellulose Iβ 175, with the chains aligned along the fiber axis. When the incident ppolarized IR field is perpendicular to the fiber axis, the 2944cm-1 CH2 peak is strong and the
3320cm-1 OH peak is very weak, giving a larger CH2/OH intensity ratio (Figure 5-4C). When the
incident p-polarized IR is parallel to the fiber axis, the intensity ratio between the 2944 cm -1 and
3320cm-1 peak are smaller (Figure 5-4A). This indicates that the transition dipole of the 2944cm -1
CH2 as peak is perpendicular to the chain axis and that of the 3320cm -1 peak is close to the chain
axis.
It is noticed that the shoulder peak at 2964cm-1 of cellulose I (Figure 5-1c and Figure 54B) becomes significant when the p-polarized IR is parallel to the chain axis (Figure 5-4A). A
similar observation was reported previously for cotton with the same IR polarization 174. Its origin
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is not clear at this time. The crystal structure of cellulose Iβ contains all C6H2OH groups in the tg
conformation, 12 so the 2964cm-1 peak of cellulose I is not due to the gt conformation, although
its peak position is close to 2960cm-1 in cellulose II, IIII and IIIII. In fact, cellulose II, IIII, and IIIII
show the similar shoulder peak at ~20cm-1 higher than the main CH2 as peak position (Figure 51C and Table 5-1). The shoulder peaks in all these polymorphs seem to have the same origin.
Based on NMR analyses, the conformations of two glucopyranose residues in the unit cells of
cellulose I , II, and IIIII are thought to be slightly different, while all glucopyranose residues in
cellulose IIII have the same conformation 162. However, the shoulder peak is always observed
regardless of polymorph type. Thus, the shoulder peaks at 2964cm -1 for I and 2980cm-1 for II, IIII
and IIIII cannot be due to the presence of two slightly different conformations in the unit cell. At
this time, it is speculated that the shoulder peak at 2964cm-1 for I and 2980cm-1 for II, IIII and
IIIII is due to Fermi resonance of the CH2 bending overtone peak 174.
The transition dipole of the O-H stretch SFG peak and its intensity can provide critical
information about the chain directionality in cellulose polymorph structures. For cellulose I, the
3320 cm-1 O-H peak is negligible when the incident p-polarized IR is perpendicular to the fiber
axis, and becomes stronger when the incident IR polarization is parallel to the fiber axis (Figure
5-4). This result indicates that the transition dipole of the 3320 cm -1 O-H peak is aligned along (or
close to) the cellulose chain direction. Thus, it can be attributed to the intra-chain hydrogen
bonded OH group, most likely O3HO5 and O2HO6 groups 44,104,152,176.
Polarization-dependent IR studies have indicated that the peaks near 3450 cm-1 and 3480
cm-1 of cellulose II and IIII have dipole moments aligned along the cellulose chain direction and
are assigned to the O3HO5 group 122,162. The peak position of the OH stretch is sensitive to the
strength of hydrogen bonding interactions 177. The higher wavenumber of the O3HO5 peak for
cellulose II and IIII compared to cellulose I implies that the O3HO5 distance is slightly longer
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in cellulose II and IIII polymorphs, which is consistent with the structural models from XRD
12,14,160

. Thus, the 3450 cm-1 and 3480 cm-1 O-H peaks in SFG can be assigned to the O3HO5

groups in cellulose II and IIII polymorphs.
The SFG intensities of these O-H vibration modes whose dipole are along the cellulose
chain axis can be correlated to the chain directionality in each polymorph using the noncentrosymmetry rule of the SFG process. In the biosynthesis of cellulose I , all reducing ends of
the monomer units are positioned in the same direction along the chain, and then chains are
ordered into crystallites near the site of synthesis 12,163. Thus, the cellulose I crystal has the
glucan chains pointing in the same (parallel) direction. In this structure, the dipoles of the O3H
groups add up over the entire crystal, becoming SFG-active.
In contrast, cellulose II shows a negligible O-H peak in SFG compared to the CH2 as
peak (Figure 5-2c). Cellulose II is obtained through 4M NaOH treatments. In concentrated
alkaline solutions, the cellulose hydroxyl groups are ionized and lose their original hydrogen
bond interactions, making the cellulose crystallites swell. Upon neutralization of the solution, the
new interactions between hydroxyl groups are formed and the chains crystalize into cellulose II.
XRD and selective labeling studies proposed that cellulose chains in cellulose II are organized
into an anti-parallel direction 14,164. However, the validity of this antiparallel model has often been
questioned. One argument is the extremely high mobility of long cellulose chains that would be
required to convert half of the chains which are originally all parallel to the antiparallel direction
15,165

. In SFG, only the functional groups having a net polar ordering over the coherence length of

the SFG process can produce signals 178. Thus, the absence (or weakness) of the O3H SFG peak
for cellulose II indicates that the dipoles of O3H groups in cellulose II cancel one another, which
may arise if the glucan chains are aligned in an antiparallel fashion. This observation in cellulose
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II is similar to what has been found with certain amide bands in collagen which are present in IR
and Raman, but vanish in SFG due to a dipole cancellation 179.
Cellulose III is produced by liquid NH3 treatments. NH3 cannot ionize cellulose hydroxyl
groups; instead, it mitigates their hydrogen bonding interactions without complete separation of
chains. Upon removal of liquid NH3, the chains crystallize into cellulose III 164. Since the
cellulose chains are not completely separated in liquid NH3, the original chain directionality is
expected to be conserved. Cellulose IIII produced from cellulose I shows the very strong
O3HO5 peak at 3480 cm-1 (Figure 5-2c) due to the parallel chain orientation. In contrast,
cellulose IIIII produced from cellulose II shows no OH peaks in SFG, which also supports the
antiparallel chain direction of cellulose II before the liquid NH 3 treatment.

Conclusions
The non-centrosymmetry constraint of the SFG process allows detection of the structuresensitive vibration modes of cellulose. This makes SFG vibration spectroscopy capable of
unambiguously distinguishing cellulose polymorph structures. The peak positions of the CH 2 s
and as vibrations are a strong indicator of the conformation of the C6H2OH group in cellulose
polymorphs. The peak position and intensity of the O3HO5 stretch mode are correlated with
the arrangement between adjacent glucan units along the chain and the chain directionality of
each cellulose polymorph. Since the SFG signal is generated by crystalline cellulose only, the
information provided here will be an effective means to determine the crystal structure of
cellulose present in lignocellulose biomass, before and after chemical pretreatments.
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Chapter 6 : Probing Crystal Structure and Mesoscale Assembly of
Cellulose Microfibrils in Plant Cell Walls, Tunicate Tests, and Bacterial
Films Using Vibrational Sum Frequency Generation (SFG)
Spectroscopy
Reproduced with permission from the Royal Chemical Society: Lee, C. M., Kafle, K., Park, Y. B.,
& Kim, S. H. (2014). Physical Chemistry Chemical Physics, 16(22), 10844-10853.

Overview
This study reports that the noncentrosymmetry and phase synchronization requirements of
the sum frequency generation (SFG) process can be used to distinguish the three-dimensional
organization of crystalline cellulose distributed in amorphous matrices. Crystalline cellulose is
produced as microfibrils with a few nanometer diameters by plants, tunicates, and bacteria.
Crystalline cellulose microfibrils are embedded in wall matrix polymers and assembled into
hierarchical structures that are precisely designed for specific biological and mechanical
functions. The cellulose microfibril assemblies inside cell walls are extremely difficult to probe.
The comparison of vibrational SFG spectra of uniaxially-aligned and disordered films of cellulose
Iβ nanocrystals revealed that the spectral features cannot be fully explained with the
crystallographic unit structure of cellulose. The overall SFG intensity, the CH 2 peak shape, and
the CH2/OH intensity ratio are sensitive to the lateral packing and net directionality of the
cellulose microfibrils within the SFG coherence length scale. It was also found that the OH SFG
stretch peaks could be deconvoluted to find the polymorphic crystal structures of cellulose (Iα
and Iβ). These findings were used to investigate the cellulose crystal structure and mesoscale
cellulose microfibril packing in intact plant cell walls, tunicate tests, and bacterial films.

115
Introduction
Cellulose, a linear polymer of β-D-glucose units linked through 1, 4-glycosidic bonds, is
the main constituent of plant cell walls which are often called lignocellulosic biomass. Some
heterotrophic bacteria (e.g. Gluconacetobacter xylinus) and tunicates (e.g. Halocynthia roretzi)
can also synthesize cellulose. In plants, cellulose is synthesized by enzyme complexes in plasma
membranes and crystallized into microfibrils. 180 The dimensions of individual crystalline domains
in land plants can vary within 2‒6 nm in diameter and a few hundreds of nanometers to several
microns in length, depending on biological origins and developmental stages. 1 Some algae,
bacteria and tunicates can produce crystals as thick as ~20 nm.181 All individual cellulose chains
in the microfibril extend from the reducing end to the non-reducing end in the same (parallel)
direction.5,163 These cellulose microfibrils are mingled with other matrix polymers and assembled
into hierarchical structures that are precisely designed for specific biological functions. 2 In that
sense, plant cell walls can be viewed as fibrous composites.
The packing pattern of cellulose microfibrils in the cell wall can vary depending on the
plant developmental stage to regulate cell growth and differentiation. The cellulose microfibril
“packing” refers the degree of alignment of adjacent individual (parallel) microfibrils and their
physical aggregation into bundles or lamella, at lengths scales from hundreds of nanometers to
several microns.The inter-microfibril spacing, orientation and packing density can be determined
by the directionality of cellulose synthesis, the interactions between matrix polymers to cellulose
microfibrils as well as cell wall loosening that is mediated by proteins called expansins.
Understanding cellulose microfibril packing could give insights into the physical roles of
cellulose microfibrils in various plant tissues. Cellulose is also an important economic resource
for pulp, paper, and fabrics as well as for biofuel production. However, plant cell walls are highly
recalcitrant to enzymatic conversion processes, in part due to the crystalline nature of cellulose
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and its assembly in the cell wall matrix. Thus, understanding the crystal structure and
architectural assembly of cellulose microfibrils in plant cell walls is critical for both biology and
sustainable engineering.
The crystalline cellulose microfibril assemblies inside cell walls are difficult to probe
without disrupting the integrity of the cell wall. The assembly of cellulose microfibrils has been
studied mainly through visualization with electron microscopy. Freeze fracture techniques were
commonly used to expose cellulose microfibrils buried within the cell walls.181 In this technique,
tissues are frozen, fractured and coated with platinum and carbon to form a replica which can be
imaged without damage from high-energy electron beam irradiation. Atomic force microscopy
(AFM) has been used to examine the assembly of cellulose microfibrils exposed at the external
surfaces of plant cell wall.39 AFM can be used near in vivo conditions with minimal artifacts from
preparative techniques, but cannot provide cellulose microfibril packing information inside the
cell walls.
Here we report nondestructive spectroscopic distinction of the three-dimensional packing
patterns of cellulose microfibrils inside intact plant cell walls, tunicate tests, and bacterial
biofilms. Vibrational sum-frequency-generation (SFG) spectroscopy is a non-linear optical
process that takes place in a noncentrosymmetric medium.3 The cellulose crystals have the
noncentrosymmetric unit cell structures; thus, certain vibration modes of crystalline cellulose are
SFG-active. All other matrix polymers in plant cell walls such as hemicellulose, pectin, and lignin
are amorphous and do not produce detectable SFG signals.3 Thus, SFG analyses of plant cell
walls can determine the structure of crystalline cellulose without interference from non-cellulosic
components.182 In addition, the phase synchronization of the SFG process is sensitive to the
distribution or assembly of cellulose over the optical coherence length. 31,73 Therefore, the relative
intensities of various vibration modes in SFG spectra can be related to the architectural assembly
of cellulose crystals in the sample over the optical coherence length.
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Figure 6-1 schematically illustrates the phase synchronizing factor of the SFG process
expressed as sinc2 (∆k∙L/2), where sinc(x)=sin(x)/x, L is the sample size, and ∆k=|kSF-(kVIS+kIR)|
is the phase mismatch between the sum-frequency output, visible input, and infrared input waves
with wave vectors kSF, kVIS , and kIR, respectively. The sinc2 (∆k∙L/2) term is largest when
∆k∙L=0. When SFG analysis is conducted for optically flat interfaces in a reflection detection
mode, the phase match of the wave vectors parallel to the interface (∆kx=0) determines the
direction of the SFG photon emission. In the z-direction normal to the surface, there will be a
phase mismatch, ∆kz≠0. Since the sinc2 (∆k∙L/2) term becomes small when ∆k∙L > 1, this phase
mismatch defines the coherence length, Lc≈2/∆kz along the z-direction. The coherence lengths
along the surface parallel directions (x and y) are quite large if the SFG detection is made near the
phase matching condition.

Figure 6-1. Phase synchronization condition in SFG. a) Schematic of SFG experiment in
reflection geometry. Blue, green, red arrows show the propagation of sum-frequency, visible, and
infrared waves, respectively. Small brown arrows represent dipoles of vibration modes. Blue
region represent a surrounding amorphous matrix. b) Plot of SFG phase synchronizing factor as a
function of phase mismatch ∆k.

For optically flat interfaces, the thickness of the surface region where molecules are
arranged noncentrosymmetrically is much smaller than Lc and does not vary significantly; thus,
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the coherence length along the depth (z) direction is not a major factor affecting the signal
intensity. But for bulk crystals dispersed in amorphous matrices, the size of crystallites and the
distance between crystallites relative to the coherence length become important factors
determining the SFG output from the sample.31 If the packing or coherence of crystallites within
lc changes in the sample, then SFG output varies with the degree of packing.
In this study, the correlation between the SFG spectral features and the three-dimensional
assembly of crystalline cellulose microfibrils is demonstrated for various plant cell walls, tunicate
tests, and bacterial pellicles. The minimum coherence length can be estimated considering the
dispersion of the incident and SFG light in cellulose (Supporting Information). Since our SFG
detection geometry gave Lc ~ 290‒310 nm along the z-direction and Lc ~ 14‒18 µm along the xdirection, SFG analysis of cellulose microfibrils can provide cellulose microfibril packing
information over the mesoscale (between nm and μm). It was found that the SFG spectral features
(overall intensity, CH2 peak shape, and CH2/OH intensity ratio) could be associated with the
assembly patterns of crystalline cellulose in these biological tissues. It was intriguing to note that
the cellulose microfibril assembly patterns could be related to engineering design principles for
fibrous composites with specific structural functions. In addition, the relative concentration of
cellulose Iα and Iβ polymorphs produced by these biological species could be determined from
the deconvolution of SFG peaks in the OH stretch region, similar to IR analyses. These results
indicate that vibrational SFG spectroscopy can be used to nondestructively examine the cellulose
polymorphism and the three-dimensional assembly of crystalline cellulose domains inside various
plant cell walls, tunicate tests, and bacterial pellicles. The same approach could be applied to
other SFG-active crystalline biopolymers dispersed in amorphous matrices.
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Methods
Cellulose Samples
Flax fibers (Linum usitatissimum) and uniaxially-aligned cellulose Iβ film were generously
provided by Yoshiharu Nishiyama, CERMAV-CNRS, France. The uniaxially-aligned cellulose Iβ
film was prepared by stretching a polyvinyl alcohol (PVA) film containing cellulose Iβ
nanocrystals prepared by H2SO4-treatment of the tunicate Halocynthia roretzi. Glaucocystis
nostochinearum, Oocystis apiculata, and Valonia ventricosa were grown by Eric Roberts at
Rhode Island College following previously reported culture methods. Glaucocystis and Oocystis
cells were disrupted using a French press; insoluble cell walls were then collected by
centrifugation and washed repeatedly with distilled water until no foaming was evident and were
frozen at -80°C until further use. Valonia cells were opened with a razor blade and the cytoplasm
was removed; cell walls were then washed with distilled water at room temperature then freeze
dried. Halocynthia roretzi samples were provided by Alison Roberts at University of Rhode
Island and Daniel Cosgrove at Pennsylvania State University and were purified as reported by
Imai et al. Cotton fibers from Gossypium hirsutum were provided by Candace Haigler at North
Carolina State University; the naturally dried fibers were harvested at approximately 60 days post
anthesis. Bacterial cellulose pellicles of Gluconacetobacter xylinus (ATCC 53524; formerly
known as Acetobacter xylinus) were provided by Jeffrey Catchmark at Pennsylvania State
University. Cultures were incubated in Hestrin Schramm medium at 30°C under static conditions.
The cellulose pellicle was harvested after one week culture, sterilized with 0.1 M NaOH for 30
min at room temperature, and washed thoroughly with deionized water. Maize (Zea mays) stems
were provided by Surinder Chopra at Pennsylvania State University. Seedlings were harvested at
10‒15 days after silk emergence. The anterior portion of a blade midrib was analyzed with SFG.
Cladophora aegagropila, poplar (Poplus trichocarpa) woodchips, and ramie (Boehmeria nivea)
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fibers were provided by Sunkyu Park at North Carolina State University. Cladophora cells were
extracted with 0.1 M NaOH for 6 hours and then 0.2 M NaOH for 6 hours, immersed in 0.1 M
HCl solution overnight, and rinsed with deionized water. White onion (Allium cepa) bulbs were
obtained from a local grocery. The outermost dry scale was removed and the fifth abaxial
epidermal layer was carefully peeled and mounted on a glass slide with the cell wall surface close
to the plasma membrane facing up. Switchgrass (Panicum virgatum) was provided by Tom
Richard at Pennsylvania State University. A three year old stem was harvested after flowering
and set to air dry. Arabidopsis thaliana (Colombia ecotype) seeds were grown as described
previously. The aerial tissue from the petiole and whole inflorescence stems were collected at 4
and 8 weeks, respectively; the former was kept under darkness 24 h prior to harvest to deplete the
starch inside the cells. Both Arabidopsis samples were incubated twice in 100% ethanol at room
temperature for 24 h to remove chlorophylls, rinsed with deionized water and freeze-dried.
Brachypodium distachyon was provided by Samuel Hazen at University of Massachusetts, and
prepared as described earlier.
For SFG analyses, the samples were prepared as follows. The thin film of uniaxiallyaligned cellulose Iβ nanocrystals locked in the PVA matrix was analyzed as received; and then
the thin film was placed on a glass slide and the PVA matrix was dissolved with a few drops of
water and then air-dried. This process disturbed the uniaxial alignment and randomized the
cellulose Iβ nanocrystals. The randomized sample of the glass slide was analyzed with SFG.
Poplar, pine, switchgrass, Brachypodium, Arabidopsis and maize stems were sectioned in half
and the interior portion was analyzed with the plane of incidence parallel to the long axis of the
stem. Onion epidermis was air dried, placed on slide glass and analyzed with the plane of
incidence perpendicular to the long axis of the cells. Individual fibers of flax, ramie and cotton
were straightened and placed on slide glass; the displayed spectra in Figure 6-3a were an average
of three spectra which were taken with the laser incidence plane 0°, 45° and 90° with respect to
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the fiber axis. Algal, bacterial and tunicate cellulose samples were freeze dried overnight and
lightly pressed onto glass slides.
Sum Frequency Generation (SFG) Spectroscopy
The SFG spectroscopic measurements were carried out by irradiating the sample with
picosecond laser pulses of infrared and visible wavelengths and detecting the emitted SFG
signals. The SFG spectrometer (EKSPLA) was pumped by a picosecond Nd:YAG laser, 1064 nm
at 10Hz. An optical parameter generator/amplifier (OPG/OPA) was pumped with 532nm and
1064 nm and tuned to 2.3–10 µm with <6 cm-1 bandwidth. All spectra were collected using the
polarization combination of s-polarized SFG signal, s-polarized visible input, and p-polarized IR
input. The visible (incidence angle=60° to surface normal) and IR (incidence angle=56° from
surface normal) laser pulses were overlapped spatially and temporally on the sample. All
experiments were carried out in reflection geometry which means that the SFG signal emitted
from the sample was collected at a direction defined by the phase matching condition ∆k x=0 , the
left hand side in Figure 6-1. A beam collimator was used to enhance the collection efficiency of
the scattered SFG signals. The sample probe volume was determined to be approximately 200 μm
(in x) ~ 150 μm (in y) ~ 20 μm (in z). These values were governed by the irradiated beam
footprint and the IR penetration in the sample. In this geometry, the coherence lengths in the xand y-directions must be close to the entire irradiated area and lc along the z-direction was
calculated to be 270‒350 nm. Thus the entire probe volume could be viewed as multiple stacks of
slices whose thickness was defined by the z-direction coherence length. The exact coherence
length could not be determined accurately due to the scattering of the SFG signals within the
probe volume. The SFG signal was filtered through a monochromator and detected with a
photomultiplier tube (Hamamatsu Corp.). The SFG intensity was normalized with incident IR and
visible laser intensities. SFG spectra of multiple locations (n=10) on each sample were analyzed.
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SFG spectra were taken at 4 cm-1/step in the CH stretching region (2700–3050 cm-1) and 8 cm1

/step in the OH stretching region (3096–3800 cm-1).
Deconvolution of OH stretch region in SFG spectra
Previous FTIR studies have shown that the OH stretching region can be deconvoluted into

Iα/Iβ allomorph specific peaks as well as peaks common to both allomorphs. The subtle
differences between cellulose Iα and Iβ in hydrogen bonding within and between cellulose chains
make it possible to distinct and quantify these two allomorphs. In principle, SFG peaks could be
fitted with models that can find the amplitude and phase of the second-order nonlinear
susceptibility. Although the model fit works well for the surface analysis where the SFG signal
originates from a single coherent domain, it may not work well for cellulose analysis because the
cellulose SFG signals originate from multiple domains and are scattered from topographically
rough and inhomogeneous bulk media. Also cellulose nanocrystals dispersed in the sample are
birefringent and they do not show typical achiral or chiral polarization dependences. These results
can be found in the Supporting Information of ref. 3.
Considering these complications, we employed two fitting algorithms to deconvolute the
OH stretch vibration region (3100‒3500 cm -1). The first method is to model the data with sum of
simple Lorentzian line shape curves:
(2) ∗

(2)

𝐼𝑆𝐹𝐺 (𝜔) ∝ (∑𝑞 𝜒𝑞 ) ∙ (∑𝑞 𝜒𝑞 )

(6-1)

where ISFG(ω) is the fitted SFG intensity, ω q, αq and Гq are the peak position, peak
amplitude and full width at half maximum of the q th component, respectively. The second is to fit
the SFG spectra using the nonlinear susceptibility χ(2) model:
(2)
𝜒𝑞 (𝜔) =

𝛼𝑞

(6-2)

(𝜔𝐼𝑅 −𝜔𝑞 )−𝑖𝛤𝑞

where
(2)

(2)∗

𝐼𝑆𝐹𝐺 (𝜔) ∝ ∑𝑞 (𝜒𝑞 ∙ 𝜒𝑞

)

(6-3)
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Since the second method fits the data with the product of complex conjugates which
contain all possible peaks, its peak shape could be affected by phase relations between adjacent
peaks. The first method uses the sum of individual products of complex conjugates of single
components; thus, it is insensitive to the phase relations. It is expected that the first method would
work better for the signals originating from multiple domains, while the second method would
work well for the signals generated from a single coherent domain.
In the peak fitting, the main OH peak region could be fitted with 5 components: 3236‒3242
cm-1, 3267‒3275 cm-1, 3298‒3305 cm-1, 3326‒3335 cm-1, and 3363‒3380 cm-1. The peak
positions of all these components are in good agreement with the peaks reported in the IR
literature.36 It is important to note that the first two components correspond to the Iα (~3240 cm 1

) and Iβ (~3270 cm-1) characteristic peaks previously mentioned in the literature.33, 37, 38 The

third peak at ~3300 cm-1 was added for peak fitting purposes. Without this third peak, the peak in
the ~3320 cm-1 region became significantly broader than the other components. Since the main
OH peaks observed in SFG are all due to the hydroxyl groups inside the crystal, their peak widths
would be expected to be similar. When the peak at ~3300 cm -1 was added in the fitting algorithm,
all five components could have the same peak width (~20cm -1). Moreover, the position of the Iβ
characteristic peak deviated substantially from the expected peak position (~3270 cm -1) in fittings
without inclusion of the peak at 3298‒3305 cm-1. These justified the presence of this additional
component in the region between 3270 cm-1 and 3320 cm-1, although its origin could not be
understood in the current study. The portion of cellulose Iα was determined using
I3240/(I3240+I3270).
Atomic Force Microscopy (AFM) Imaging
AFM images of uniaxially-aligned high-purity cellulose Iβ films and dried nanocrystals on
slide glass were obtained with a Bruker Dimension Icon with ScanAsyst equipped with the
NanoScope V controller (Bruker Corporation, Santa Barbara, CA). All samples were scanned
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with PeakForce QNM mode using ScanAsyst AIR probes made of a nitride lever with a silicon
tip (Bruker Corporation). Average spring constants of the cantilevers were 0.4 N/m. Each probe
was calibrated before scanning. Samples were dried onto mica disks or affixed onto glass slides
with tape. Scan rates did not exceed 0.6 Hz and were optimized to achieve the best resolution for
both topography and force modulation images.

Results and Discussion
SFG spectra of uniaxially-aligned and randomly-packed cellulose Iβ nanocrystals
Figure 6-2 compares the SFG spectra and AFM images of the uniaxially-aligned and
randomly-packed cellulose Iβ crystals obtained from Halocyntia. The aligned sample, generously
provided by Y. Nishiyama,12 was prepared by stretching the PVA film containing cellulose Iβ
nanocrystals. This composite film was initially prepared by drying the solution containing PVA
and cellulose Iβ nanocrystals; thus, the directionality (from reducing end to the non-reducing end)
of cellulose nanocrystals was random before stretching. When this composite film was stretched,
then cellulose nanocrystals were uniaxially aligned along the stretch direction. The high degree of
uniaxial alignment of this sample was reported in the previous study with two-dimensional x-ray
diffraction.12 Figure 6-2c shows the AFM image of the uniaxially-aligned sample without the
PVA matrix.11, 39 The uniaxially-aligned cellulose Iβ nanocrystals in the PVA matrix cannot be
imaged with AFM because they are embedded in the amorphous matrix. Regardless of the
presence of the amorphous PVA matrix, the uniaxially-aligned cellulose Iβ nanocrystals show a
strong SFG peak at 2944 cm-1 in the alkyl stretch region and a weak SFG signal at 3320 cm -1 in
the hydroxyl stretch region (Figure 6-2a). A similar SFG spectrum is observed for the uniaxiallyaligned cellulose Iβ nanocrystals without the PVA matrix. 21 The peak at 2944 cm-1 is assigned to
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the CH2 stretch of the exocyclic hydroxymethylene (CH2OH) side group of the cellulose chain,
and the 3320 cm-1 peak is to the intra- or inter-chain hydrogen-bonded hydroxyl groups.20-22
When the lateral packing of the cellulose Iβ nanocrystals embedded in the PVA matrix was
disturbed by dissolving the PVA matrix with a few drops of water followed by air drying (Figure
6-2d), the overall SFG intensities of the same sample were reduced significantly (Figure 6-2b).
The overall intensity of the randomized sample was about 50 times smaller than that of the
uniaxially-aligned sample even though the crystal structure was the same and the cellulose
amount was the same or slightly higher after removal of the PVA matrix. This substantial
reduction of the overall intensity was much larger than the changes expected from the orientation
dependence of the aligned sample.16,21 This must be due to the disorder in cellulose crystal
packing within the SFG coherence length scale. A similar packing dependence was observed for
the second harmonic generation (SHG) imaging of collagen fibers. 27 In addition, the OH peak
intensity became stronger than the CH2 peaks. Since there was no preferential order in the
sample, the relative CH2/OH ratio did not change when the disordered sample was rotated with
respect to the laser incidence plane.16
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Figure 6-2. Comparison of SFG spectra (a,b) and AFM images (c,d) of uniaxially-aligned
(a,c) and randomly-packed (b,d) cellulose Iβ crystals.

The relative CH2/OH intensity of these samples can be explained with the
noncentrosymmetry requirement of the SFG process. When the randomly-oriented cellulose
crystals in the amorphous matrix are uniaxially aligned via stretching of the matrix polymer, then
the cellulose nanocrystals will be oriented antiparallel in average; in other words, the number of
crystals with reducing ends pointing one direction is almost identical to that pointing the opposite
direction. The OH dipoles have the components parallel to the chain axis and all chains are
aligned parallel along the length direction of cellulose microfibril. 21 Thus, the net polar ordering
of the hydroxyl groups within the coherence length will be small due to symmetry cancellations
between antiparallel microfibrils. This explains the weak intensity of the OH peak at ~3320 cm -1
in the SFG spectrum of laterally-packed cellulose Iβ nanocrystals (Figure 6-2a). A similar
symmetry cancellation of the OH peak was observed for cellulose II allomorph; but in this case,
the cancellation was between two antiparallel chains within the unit cell of cellulose II crystal. 20,
40

In the case of the uniaxially-aligned cellulose Iβ, the cancellation must be between antiparallel

crystallites since all cellulose chains in each crystallite are parallel.
When the antiparallel packing was disturbed and the crystallites were randomized, this
symmetry cancellation of the hydroxyl dipoles between crystallites was reduced, and the SFG
intensity of the OH region became larger in comparison to the CH 2 region (Figure 6-2b). The
randomization made the peaks at 2920 cm-1 and 2968 cm-1 more prominent in the CH2 stretch
region, which was dominated by the 2944 cm-1 peak in the antiparallel-packed cellulose Iβ nano
crystal sample. Although the origin of 2920 cm -1 and 2968 cm-1 peaks are not fully understood; it
is noteworthy that the density functional theory calculations showed the presence of multiple
peaks in the CH and CH2 stretch region.21 The positions of these additional peaks were consistent
with the peaks observed at various polarization and orientation angles for cotton and flax
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fibers.20,23 Based on the relative intensities observed in Figure 6-2, it can be speculated that the
peaks at 2920 cm-1 and 2968 cm-1 are suppressed due to cancellations in the antiparallel-packed
cellulose Iβ nanocrystals, and this symmetry cancellation is lifted when the antiparallel-packing is
disturbed.
It is also intriguing to note that the 3320 cm-1 OH intensity was more sensitive to the
cancellation due to antiparallel-packing of cellulose Iβ crystals than the 2944 cm -1 CH2 peak
intensity. This is consistent with the disappearance of the OH stretch peak upon conversion of
cellulose Iβ (parallel chains in the unit cell) to cellulose II (antiparallel chains in the unit cell). 20
In cellulose II, the CH2 SFG peak is shifted to 2960 cm-1, but it is not suppressed completely.20
One possible reason could be the difference in their vibration dipole angles with respect to the
cellulose chain axis. The CH2 peaks in the 2900–3000 cm-1 region are attributed to the CH2
asymmetric stretch vibration of the exocyclic CH 2 side group of the glucose unit and the OH
peaks in the 3100‒3500 cm-1 region are to intra- and inter-chain hydrogen bonded hydroxyl
groups.21 Thus, the OH stretch dipoles are all within the glucan sheet formed by inter-chain
hydrogen bonding (200 plane in cellulose Iβ and 110 plane in cellulose Iα), while the CH 2
asymmetric stretch peaks have the dipole components normal to the cellulose chain axis. 21 In
contrast the CH2 symmetric stretch vibration peaks have dipole components nearly parallel to the
chain axis, these peaks are near 2800‒2900 cm -1. It is interesting to note that in cellulose the CH2
asymmetric peaks are dominant while peaks from CH 2 symmetric are quite weak, which is
contrary to what is observed for self-assembled monolayer. Further details on molecular origins
of these relative intensity changes are beyond the scope of current work and require more
advanced theoretical studies calculating the SFG intensities from the known cellulose crystal
structures which are currently in progress.41
The similar dependence of the SFG spectral features on nano crystal packing was observed
for cellulose Iα. In the case of antiparallel-packed cellulose Iα nanocrystals prepared from
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Glaucocystis, one main peak is observed at 2944 cm -1 in the CH2 stretch region (2900–3000 cm-1)
and very weak peaks in the OH stretch region (3100–3500 cm-1).21 But, the samples containing
randomly-packed cellulose nanocrystals of mostly Iα obtained from Cladophora and
Gluconacetobacter showed three peaks at 2920 cm -1, 2944 cm-1, and 2968 cm-1 in the same CH2
stretch region and the OH stretch peak intensities in the 3100–3500 cm-1 were similar to the CH2
peak intensities (Supporting Information Figure 6-S1).
When solutions containing purified cellulose nanocrystals were dried without any
orientation control, the packing patterns of the nanocrystals in the dried films appeared to depend
on the size of the cellulose nanocrystals (Supporting Information Figure 6-S1). The thick and
long cellulose nanocrystals produced from Halocyntia (Iβ), Cladophora (mostly Iα and some Iβ),
and Gluconacetobacter (mostly Iα and some Iβ) gave the SFG spectra with the characteristics of
random packing (Figure 6-2b), while the thin and short cellulose nanocrystals produced from
Avicel gave the spectra of the laterally well-packed system (Figure 6-2a). The tight lateral
packing of thin and short nanocrystals must be induced by the action of water surface tension
during the drying process. However, the surface tension force did not seem to be large enough to
induce packing of thick and long cellulose nanocrystals. The tighter lateral packing of thinner and
shorter cellulose crystals is in agreement with the crystallite size dependence observed in
magnetic field induced packing of cellulose suspensions. 42 These results indicate that the SFG
spectra of samples containing ‘pure’ cellulose nanocrystals cannot be fully explained with the
crystallographic unit cell structure of cellulose; the SFG spectral features can vary depending on
the packing of crystallites which also varies depending on the crystal size and deposition
conditions.
Architectural assembly of crystalline cellulose microfibrils in intact biological tissues
The example shown in Figure 6-2 demonstrates that the overall and relative intensities of
the CH2 and OH peaks in SFG spectra are sensitive to the packing of the cellulose crystallites.
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This principle can be employed to analyze the architectural assembly of native cellulose
microfibrils inside biological tissues. Figure 6-3 compares SFG spectra of the cellulose crystals in
algal cell walls, bacterial pellicles, tunicate tests, and primary as well as secondary cell walls of
vascular land plants.
The cellulose SFG spectra of these biological samples could be divided into two groups:
single major peak in the CH2 region (2944 cm-1) along with smaller OH peaks (Figure 6-3a) and
multiple peaks in the CH2 region (2920, 2944, and 2968 cm-1) and larger OH peaks (Figure 6-3b).
The former resembled the characteristics of the antiparallel-packed cellulose crystals (Figure 62a); fully-developed secondary cell walls of land plants such as cotton, flax, and ramie fibers as
well as vascular tissues of pine, poplar, Arabidopsis, Brachypodium, maize and switchgrass were
found to belong to this group (Figure 6-3a). The latter group exhibited the features of cellulose
crystals that are not antiparallel-packed (Figure 6-2b) and included algal cell walls, bacterial
biofilms, tunicate tests, and primary plant cell walls (Figure 6-3b). Although the mechanisms
determining cellulose microfibril packing in these species are not fully understood,4,43,44 the
structural hierarchy revealed by SFG in this study and previous microscopic analyses can be
related to the biological functions of these tissues when viewed as fibrous composites.45
In vascular plants, the main role of secondary cell walls is to provide mechanical support
for compressive stresses due to its own weight or tensile stresses from environmental stimuli. If
such materials are to be designed using fibrous composites, the most efficient design is to
laterally pack multiple fibers into thick bundles and align them along the stress axis. In fact,
electron microscopy images reveal this laterally aligned microfibril structure in many secondary
cell walls of land plants examined in this study (Figures 6-4a-d).46-48 The cellulose microfibril
deposition is known to be determined by the movement of cellulose synthase complexes (CSCs)
in the plasma membrane of the plant cell; but, the overall directionality of microfibrils in plant
cell walls is still uncertain.49,50 The resemblance of the SFG data shown in Figure 6-3a with the
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spectrum in Figure 6-2a indicates that the overall directionality of cellulose microfibrils within
the SFG coherence length is close to antiparallel. Note that this does not imply that each pair of
cellulose microfibrils is antiparallel; it simply means that the average directionality over the SFG
coherence length is close to antiparallel. The differences between species in Figure 6-3a could
mean that there are some deviations in the degree of overall antiparallel packing over the SFG
probe volume. For instance, cellulose microfibrils in flax and ramie are known to be more aligned
along the fiber axis than those in cotton. In woody cell walls, cellulose microfibrils in the thick
middle layer (S2 in Figure 6-4c) are predominantly aligned along a preferential axis slightly tiled
from the longitudinal axis of the cell.46 The thinner outer and inner layers of secondary wall
components (S1 and S3 in Figure 6-4c) also have preferential alignment angles different from the
S2 layer. The microfibril directions vary depending on species and tissues even in a single plant. 45
The cellulose microfibril arrangement in the primary cell walls of Arabidopsis aerial tissues and
onion epidermis (Figure 6-3b) are noticeably different from that in the secondary cell walls
(Figure 6-3a). Cells with primary walls are growing and experience high turgor pressure; this
requires resistances to forces normal to the cell wall. An efficient fiber-reinforced composite
structure for this purpose would be to arrange fibers into layers (lamellae) which are parallel to
the cell wall surface. In fact, the lamellar structure is frequently observed in electron micrographs
of primary cell walls.52 The degree of microfibril ordering in stacked lamellae varies depending
on the cell wall developmental stage. The fact that the OH/CH 2 SFG relative intensity is much
larger for these primary walls (Figure 6-3b) than most secondary walls (Figure 6-3a) suggests that
primary cell walls seem to have a lower degree of antiparallel orientation of cellulose microfibrils
over the SFG coherence length scale.16
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Figure 6-3. SFG spectra of cellulose in biological tissues. a) Mature secondary cell walls of
land plants: flax, ramie, cotton, Brachypodium, poplar, Arabidopsis, pine, maize and switchgrass.
b) Algal cell walls (Glaucocystis, Oocystis, Valonia, and Cladophora), cellulose biofilm produced
from G. xylinus, Halocynthia mantle, Onion epidermis and Arabidopsis aerial tissue.

The SFG spectra of algal cell walls in Figure 6-3b also exhibit the characteristics of nonantiparallel bundles of cellulose microfibrils. Electron microcopy studies of these cell walls
revealed the lamellar structure with varying angles among adjacent lamellae (Figure 6-4e).4,53
These plants live underwater where the need to support body weight against gravity is
substantially alleviated. The main mechanical roles of algal cell walls are to sustain the turgor
pressure, in some aspects similar to the primary cell walls of land plants. Tunicates, a marine
animal, produce robust cellulose-containing tests which protect internal organs. The engineering
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design for such functions is also a stacked lamellate structure, similar to plywood. The SFG
spectrum of Halocynthia test in Figure 6-3b can be explained with this structure (Figure 6-4g).
In the case of bacterial cellulose, the microfibril deposition is associated with the bacterial
motility. Under typical conditions, Gluconacetobacter cells move randomly in the water/air
interface region where oxygen is most readily available during culturing. 13 Thus, cellulose
microfibrils in bacterial pellicles are randomly entangled without any specific orientation instead
of preferentially aligned along specific directions. The random cellulose microfibril structure was
confirmed by SFG and electron microscopy analyses (Figure 6-4f).56,57

Figure 6-4. Electron microscope images of (a) cotton (Gossypium)47 (b) ramie
(Boehmeria)47 (c) Structural model for secondary wall (S1, S2, S3) and primary cell wall in
woody tissue.58 (d) S2 layer of Ginkgo xylem 48 (e) Glaucocystis53 (f) Gluconacetobacter57 and (g)
tunicate (Perophora)43. Scale bars are 0.25 µm (b,d), 0.5 µm (e), 1 µm (a), 4 µm (f,g). (a, b, e)
Ref. 47 and 53 modified with permission from Heyn A.N.J. 1966 and Willison J.H.M and Brown
M.R. 1978. Originally published in Journal of Cell Biology doi:10.1083/jcb.29.2.181 and doi:
10.1083/jcb.77.1.103. Reproduced with permission from (c) Ref. 58 Copyright 1974 John Wiley
and Sons, (d) from Ref. 48 Copyright 2004 Académie des sciences, (f) from Ref. 57 Copyright
2012 Elsevier Ltd., (g) from Ref. 43 Copyright 2004 Kluwer Academic Publishers. Electron
microscope images of cellulose in Oocystis4, Valonia54 and Cladophora55 are similar to (e).
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Polymorphic structure of cellulose Iα and Iβ in biological samples
Depending on the cellulose-producing species a mixture of two allomorphs referred to as
cellulose Iα and Iβ are synthesized.11,12,59 Allomorphs differ in the network of hydrogen bonds
within and between chains so there are subtle differences in the OH stretching region. Cellulose
Iα is mostly produced by algae and bacteria and shows characteristic peaks at 3240 cm -1.33
Cellulose Iβ is mostly produced by land plants and tunicates and shows a peak at 3270 cm -1.33
The peak centered at ~3320 cm-1 appears to be common in both allomorphs. There are additional
components in addition to these peaks.38
Figure 6-5 displays the peak fitting results of the OH regions of the selected SFG spectra in
Figure 6-3b. The vibration mode assignment of these OH peaks to specific hydroxyl groups is not
obvious since all OH vibrations are highly coupled involving multiple hydroxyl groups. 21 It is
noted in Figures 6-5a-e that the intensity of the fifth component at ~3370 cm -1 varies in
accordance with the intensity of the Iα characteristic peak at ~3240 cm-1. This component
intensity is very weak in the Halocynthia sample that is known to be predominantly Iβ (Figure 65f). These results indicate that the OH peak at ~3370 cm -1 is also characteristic to cellulose Iα. A
similar observation was also made in infrared analysis of highly-crystalline cellulose Iα and Iβ
samples isolated from Halocynthia and Cladophora. 38
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Figure 6-5. Deconvolution of the OH region of the SFG spectra shown in Figure 6-3b using
Equation (6-1): (a) Glaucocystis, (b) Oocystis (c) Cladophora, (d) Valonia, (e)
Gluconacetobacter, and (f) Halocynthia. Solid lines are the fitting curves. The fitting results and
parameters from Equations (6-2) and (6-3) are shown in the Supplementary Information.

The relative abundance of the Iα and Iβ allomorphs in the sample was estimated by
comparing the relative intensities of the ~3240 cm -1 and ~3270 cm-1 peaks. The ~3370 cm-1
component was not included in this calculation since the Iβ component did not have the
contribution equivalent to this fifth component. The Iα/(Iα+Iβ) values calculated from the fit
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results of two methods Equation (6-1) versus Equations (6-2) and (6-3) are listed and compared
with typical literature values in Table 6-1. Although the values from the SFG data were slightly
different from each other and lower than the literature values from the 13C NMR analysis,30 the
qualitative trends were the same. The SFG fit data of the Cladophora sample showed the largest
discrepancy from the literature value, and the Valonia sample gave the best agreement. The small
discrepancy between the Iα/(Iα+Iβ) values between SFG and 13C NMR could be due to the
different sensitivity of each technique. A factor complicating the SFG data analysis is that the
signal intensity is sensitive to spatial distribution of the crystalline cellulose domains. If one
allomorph is at the surface of microfibrils and the other is at the core,60 then SFG could detect
two allomorphs with different sensitivities. Similarly, if one allomorph is aggregated more than
the other, some differences in the SFG sensitivity should be expected. In addition, the optical
phase mixing among adjacent OH peaks could also affect the relative intensities.61 The sum of
simple Lorentzian-shape curves (Equation 6-1) gave the fits results closer to the literature values
than the non-linear susceptibility fit (Equations 6-2 and 6-3); this seems to be consistent with the
fact that the cellulose SFG signals originate from multiple domains and undergo multiple
scattering. More details require further studies with reference samples with good control in spatial
distribution of cellulose nanocrystals.
Cell walls of vascular plants are known to contain a hydrogen bonding network close to Iβ
cellulose; however, whether cellulose Iα is present in vascular plants is still uncertain.2, 62 In our
SFG analysis of a variety of vascular plant samples, the OH peak at 3240 cm -1 was never
observed (Figure 6-3a). The 3370 cm-1 component assigned to Iα was not observed in flax, ramie
and cotton; all of these species produce highly crystalline cellulose fibers (Figure 6-3a). Thus, it
can be concluded that cellulose Iα synthesis is negligible in vascular plants.
Table 6-1. Comparison of cellulose allomorph contents from the literature and the value
calculated from SFG analysis shown in Figure 6-5.
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It is noted that fully-developed secondary cell walls from woody tissues (poplar, pine, and
Arabidopsis stem) and grass samples (Brachypodium, switchgrass, and maize) plants in Figure 63a and primary cell walls of Onion epidermis and Arabidopsis aerial tissues (Figure 6-3b) showed
a broad shoulder peak above 3400 cm-1 (often centered at ~3450 cm-1). Since this component was
observed most often in the samples where cellulose microfibrils are synthesized and deposited
into the cell wall matrix containing hemicelluloses, one might speculate that this component is
related to cellulose-hemicellulose interactions. This may be the weakly hydrogen-bonded OH
groups at the surface region of the cellulose crystals where the glucan chains interact with
surrounding hemicellulose molecules.2,62 Also, x-ray diffraction and electron microscopy
analyses of cellulose microfibrils from these cell walls showed that the cellulose crystals in these
samples are much thinner (3‒5 nm in diameter)2 than the ones produced in algal cell walls (10‒
20)5, bacterial pellicles (10‒20)13, and tunicate tests (15‒30)64. The ~3450 cm -1 component was
very weak in SFG spectra of thick cellulose crystallites in these samples (Figure 6-5); the SFG
contribution from the less ordered surface regions of cellulose crystals would become weaker as
the crystal diameter increases. These results support the assignment of the ~3450 cm -1 peak to the
surface region of the cellulose crystal.
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Conclusions
The noncentrosymmetry and phase synchronizing condition of vibrational SFG
spectroscopy made the CH2 and OH peak intensities of crystalline cellulose dispersed in
amorphous matrices to vary depending on the spatial distribution of the cellulose nanocrystals.
Since the SFG coherence length is on the order of hundreds nanometers, changes in the cellulose
SFG intensities can be used for investigation of mesoscale assembly of cellulose microfibrils in
intact biological samples such as plant cell walls, tunicate tests, and bacterial films. The structural
hierarchy found by the SFG analysis of the cellulose microfibril assembly in plant cell walls,
tunicate tests, and bacterial films is surprisingly close to the engineering principles of fibrous
composites designed for specific mechanical functions. The polymorphic crystal structures of
cellulose, Iα and Iβ, can be deduced from the deconvolution of the OH SFG peaks. The
noninvasive spectroscopic analysis of three-dimensional architectures of cellulose microfibrils
could provide critical insights into cell wall structures related to the plant growth and functions
and guidance for efficient biomass deconstruction in future studies.

Supporting Information

Pure cellulose samples produced by drying solutions containing cellulose
nanowhiskers were analyzed with AFM and SFG. Because of the intrinsic size
distribution of cellulose crystals in biological samples, cellulose nanocrystals produced
by acid hydrolysis of Halocynthia, Cladophora, Gluconacetobacter are thick and long;
while cellulose nanocrystals from wood pulps are thin and short. Typical crystal sizes
reported in the literature are 15~30 nm for Halocynthia,183 10~20 nm for Cladophora,184
10~20 nm for Gluconacetobacter,22 and 3~4 nm for secondary woody cells119 .
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Halocynthia and secondary wood cells contain cellulose Iβ only, while Cladophora and
Gluconacetobacter have mostly cellulose Iα (see Table 6-1 in the main paper). AFM
analyses showed that thick and long cellulose nanowhiskers were packed without
substantial lateral packing (Figure 6-S1a), while thin and short nanowhiskers were
packed with a high degree of lateral packing at least within the small area imaged by
AFM (Figure 6-S1b). Different regions of the sample showed different degree of packing
and orientation. The tight lateral packing of thin and short nanocrystals must be induced
by the action of water surface tension during the dry process. However, the surface
tension force did not seem to be large enough to induce packing of thick and long
cellulose nanocrystals. The thick and long cellulose nanocrystals produced from
Halocyntia (Figure 6-S1c), Cladophora (Figure 6-S1d), and Glucoancetobacter (Figure
6-S1e) gave the SFG spectra with the characteristics of random packing (Figure 6-2b),
while the thin and short cellulose nanocrystals produced from Avicel (Figure 6-S1f) gave
the spectra of the laterally well-packed system (Figure 6-2a). These data indicate that the
SFG spectra of samples containing ‘pure’ cellulose nanocrystals cannot be fully
understood with the crystallographic unit cell structures of cellulose; the CH 2 peak shape
and CH2/OH intensity ratio can vary depending on the packing of crystallites which also
varies depending on the crystal size and deposition conditions.
Estimation of the coherence length in cellulose
⃗ 𝑆𝐹 − (𝑘
⃗ 𝑉𝐼𝑆 + 𝑘
⃗ 𝐼𝑅 )| and the
The coherence length can be estimated using, ∆𝑘 = |𝑘
refractive index of cellulose at the wavelength of the input visible (532nm) infrared (2700
or 3800 cm-1) beams.185 Using the incidence angles θVIS = 60° and θIR = 56° to surface
normal the emitted SFG signal was 465‒442nm and propagated at θVIS = 58° in the phase
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matched direction Δk = 0. The coherence lengths in the z-direction were Lc=308nm at
2700cm-1 and Lc=291nm at 3800cm-1. The coherence lengths in the x-direction were
Lc=18µm at 2700cm-1 and Lc=14 µm at 3800cm-1.

Figure 6-S1. AFM images (topography and deformation) of cellulose nanocrystals purified
from (a) Halocynthia and (b) Avicel. SFG spectra of cellulose nanocrystals purified from (c)
Halocynthia, (d) Cladophora, (e) Gluconacetobacter, and (f) Avicel. The SFG intensities were
adjusted for comparison of peak shape.
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Figure 6-S2. Deconvolution of the OH region of the SFG spectra using Equation (6-1) of
(a) Glaucocystis, (b) Oocystis (c) Cladophora, (d) Valonia, (e) Gluconacetobacter, and (f)
Halocynthia shown in Figure 6-3b. Solid lines are the fitted curves.
Table 6-S1. Fitting parameters (with standard error of the mean) of the SFG spectra from
Glaucocystis in Figure 6-3b, using Equations (6-2) and (6-3).
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Chapter 7 : Correlations of apparent cellulose crystallinity determined
by XRD, NMR, IR, Raman, and SFG methods
Reproduced with permission from Springer: Lee, C. M., Dazen, K., Kafle, K., Moore, A.,
Johnson, D. K., Park, S., & Kim, S. H. (2015). Advances in Polymer Science. Springer-Int.
Publishing, 1-17.

Overview

Although cellulose crystallinity index (CI) has been used widely, its limitation may
not be adequately demonstrated. In this study, the CI values of a set of reference samples
were determined from X-ray diffraction (XRD), nuclear magnetic resonance (NMR), and
infrared (IR), Raman and vibrational sum frequency generation (SFG) spectroscopies.
The intensities of certain crystalline peaks in IR, Raman, and SFG spectra positively
correlated to the amount of crystalline cellulose in the sample, but the correlation with
XRD was non-linear due to fundamental differences in detection sensitivity to crystalline
cellulose and improper baseline corrections for amorphous contributions. It is
demonstrated that the intensity and shape of XRD signal is affected by both crystalline
cellulose amount and crystal size, which make XRD analysis complicated. It is clear that
the methods investigated show the same qualitative trends among samples, but the
absolute CI values differ depending on the determination method. This clearly indicates
that the CI, as estimated from different methods, is not an absolute value and for a given
set of samples CI values can be compared only as a qualitative measure.
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Introduction

Cellulose is the most abundant natural polymer on the planet, and constitutes
lignocellulosic biomass along with hemicelluloses and lignin 186. Cellulose is produced
from glucose molecules by photosynthesizing plants such as trees, grasses and algae as
well as from bacteria fungi and tunicates (i.e. sea squirts) 187. Cellulose is a linear
macromolecule of repeating 1-4-linked β-D-glucopyranose units. In plants, individual
cellulose polymer chains are produced by protein complexes in the plasma membrane and
aggregate into microfibrils 40,42,180. Hydrogen bonding between and within cellulose
chains in the cellulose microfibrils lead to the formation of ordered crystal structures 7,188190

. The crystal structure of cellulose plays a key role in the mechanical strength of plant

cell walls as well as deconstruction of lignocellulose biomass 113,191-194.
Naturally occurring cellulose exists in two polymorphs, cellulose Iα and Iβ. Algae
and bacteria primarily produce cellulose Iα, whereas land plants tend to produce mostly
cellulose Iβ 111,195. Cellulose can be converted into cellulose Iβ irreversibly with heat
treatment 196. Cellulose II is produced via mercerization with a strong alkaline solution or
precipitation from a dissolved state 197,198. Cellulose I and II can be converted to cellulose
III1 and III2, respectively, by treatment with dry liquid ammonia 187. It has been also
claimed that cellulose IV1 and IV2 can be produced by simply heating cellulose III1 or III2
but their presence may be a form of disordered cellulose Iβ 199. These polymorphs of
cellulose differ in the size of the unit cell, number of chains included in the crystal unit
cell as well as the orientation of the chains in the crystal, parallel or anti-parallel.
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Several techniques have been used to measure the amount of crystalline character
as well as the polymorph type in cellulose samples. While X-ray diffraction (XRD) is the
most widely used technique, infrared spectroscopy (IR), Raman spectroscopy, nuclear
magnetic resonance (NMR) and vibrational sum-frequency-generation (SFG)
spectroscopy are also used to investigate the crystal structure of cellulose 13,97,200,201.
Since XRD measures coherent scattering from crystalline lattices, it is conceptually easy
to understand. However, there are several issues in the practical application of XRD to
biomass 202. In fact, XRD analysis of whole biomass might be a challenge due to the
interference from incoherent X-ray scattering of the amorphous phases that include
hemicelluloses and lignin. Several data processing methods have been proposed and used
to extract the amount of crystalline cellulose from XRD data of biomass 203; but these
methods have some limitations, which are often neglected in data processing or
interpretation. These issues will be discussed in this study.
There are several peaks in NMR, IR, and Raman spectra that are characteristic of
crystalline cellulose. Cellulose and hemicelluloses share the same organic functional
groups (C-C, C-H, C-O-C, and C-O-H); the main differences are the monomeric
constituents and region-selectivity in glycosidic bonds, which eventually govern the
packing of these carbohydrate polymer chains. Structural constraints (such as bond
distances and bond angles) imposed by specific polymer chain packing can cause certain
peaks in NMR, IR, and Raman spectra to be different for crystalline and amorphous
structures 201. Although many studies have shown that crystalline cellulose can be
distinguished from other components in biomass using NMR, IR, and Raman
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spectroscopy, a quantitative analysis is still challenging because the subtle differences
between the crystalline and amorphous phases.
Recently, vibrational SFG spectroscopy has been demonstrated to selectively detect
crystalline cellulose dispersed in amorphous phases 62,204. SFG is a non-linear optical
process of a noncentrosymmetric optical medium. Crystalline cellulose has
noncentrosymmetry over several orders of length scales. At the molecular scale, all
carbon centers (C1, C2, C3, C4, C5) in the glucopyranose ring are chiral. The symmetry
of the crystal unit cells are also noncentrosymmetric (space group P1 and P2 1) 13,190. The
glucan chains in cellulose Iα and Iβ are arranged in parallel fashion while those of
cellulose II are arranged in antiparallel fashion 205. The noncentrosymmetric crystals can
be distributed randomly, centrosymmetrically (for example, anti-parallel packing) or
noncentrosymmetrically (parallel packing) within the amorphous matrices. Thus, the
dispersion pattern of cellulose crystals over the characteristic length of the SFG process
(so called coherence length) can also affect the SFG spectra 206. Although individual
chiral centers could general weak SFG signals, in principle their signals are generally
much weaker or negligible compared to the SFG signals from noncentrosymmetric
crystals. Thus, SFG can selectively detect multi-scale structural aspects (such as crystal
structure and meso-scale packing) of crystalline cellulose dispersed in a whole biomass
sample without interference from amorphous components 182,201,205-208. This selective
detection capability of crystalline cellulose in its native state is very important for a deep
understanding of the role of crystalline cellulose in cell wall properties, both
mechanically and chemically. If the packing of crystalline cellulose in biomass remain
relatively constant, the SFG signal intensity can be used to estimate crystallinity 62.
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However, this becomes challenging if the crystal packing pattern changes drastically
among samples 206.
In this paper, we compare the apparent crystallinity index (CI) obtained from the
structural characterization techniques aforementioned. In the literature, the CI values
obtained from different techniques and/or samples have been compared in a quantitative
manner, and in some cases the results have been taken as “accurate” or “absolute”. We
propose that the CI value should be taken or considered only as a qualitative index to
draw a trend among samples but not as an absolute quantity. The main purpose of this
paper is to explain how the CI is obtained by different methods and how different the
results can be (even for a given technique when CI is calculated by different calculation
methods). We also attempt to draw a correlation from the different methods. The data
presented in this paper will provide an insight into the usefulness and limitations of CI
value estimation.

Methods
Sample preparation.

Several types of celluloses were used in this study. Cotton linter (Justfiber C10CL
FCC) was kindly provided from International Fiber Corporation and Avicel PH-101 and
α-cellulose were purchased from Sigma-Aldrich. Fully bleached hardwood and softwood
pulps were obtained from a mill in the southeastern United States. These pulps contain
20.0 and 16.3 % non-cellulosic carbohydrates, respectively.
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Decrystallized samples were prepared by using a modified procedure from
Schroeder et al. 192,209. Whatman filter paper 1 was used in this study as a reference,
highly crystalline and purified sample. It was first soaked in water and the fibers were
dispersed under magnetic stirring overnight. The water was then removed by vacuum
filtration over a glass filter. The mat of fibers was removed and re-suspended in a beaker
filled with acetone. This dispersion was filtered through vacuum filtration. After the third
rinsing with acetone, the fiber mat was suspended in dimethyl sulfoxide (DMSO).
Following the same procedure, the DMSO was removed via vacuum and re-suspended
three times. The purpose of this solvent exchange was to swell the cellulose fibers and to
make them more accessible to reaction with formaldehyde. The cellulose and DMSO
mixture was then heated to 125°C and para-formaldehyde was added. As a result of the
reaction, methylol-cellulose was formed, which is soluble in DMSO and thus turned the
system clear. The methylol-cellulose and DMSO solution was then filtered through a
glass crucible. Amorphous cellulose was then precipitated in a stirred bath with 0.2M
sodium methoxide in methanol and propanol (1:1). After precipitation, the fibers were
washed thoroughly with methanol, 0.1M hydrochloric acid, and de-ionized water, and
then freeze-dried. Partially decrystallized samples were also obtained but the solvent
exchange method used above was not applied so that the cellulose chains only partially
dissolve. In addition, no filtration was used in order to preserve these chains. The same
procedure was followed to precipitate and wash the dissolved portion.
X-ray diffraction (XRD).

Freeze-dried cellulose samples were placed on a low-background quartz holder and
measured using a Rigaku SmartLab X-ray diffractometer with a Cu tube (λ = 1.5405 Å).
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The radiation was generated at 25 mA and 35 kV. A step size of 0.05° and a 5 second
exposure was used for the scattering angle 2θ from 9 to 41. The crystallinity index was
determined by two methods, the peak height (PH) and amorphous subtraction (AS)
methods. The PH method, also known as Segal’s method, measures the intensity of the
crystalline peak (I200-IAM) and the total intensity (I200) after the background spectrum is
removed. The ratio between the intensities of these two peaks give an estimate for the
crystallinity of the cellulose sample 210. The AS method requires an amorphous spectrum
to be subtracted from the sample spectrum 211. This method is challenging since a
comparable amorphous sample should be used, and most processes to obtain such
sample, such as ball-milling or others, produce significant modifications. The amorphous
background spectrum used was prepared as stated previously by utilizing an amorphous
cellulose sample from the same given, starting material. A scaling factor was used to shift
the amorphous spectrum to fit under the sample spectrums. The crystallinity index was
then taken as the area of the crystalline portion (total - amorphous background) divided
by that of the total area.
XRD simulation.

To investigate the effect of cellulose crystal size on the CI value using the
amorphous subtraction method, simulated diffraction patterns were created from the .cif
file from cellulose Iβ 190 using the Mercury program v3.3 212, which is similar to that used
in a previous report 213. Several powder diffraction patterns were obtained by varying the
full width at half maximum values. The CI values for each simulated spectra were found
by applying the amorphous subtraction method in a manner similar to that sued for the
experimental spectra described earlier.
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Nuclear magnetic resonance (NMR) spectroscopy.

High-resolution solid-state 13C NMR spectra were collected at 9.4T with crosspolarization and magic angle spinning (CP/MAS) in a Bruker Avance 400MHz
spectrometer. 1H and 13C fields were matched at 53.6 kHz and a 1dB ramp was applied
to the proton rotating-frame during the matching period. Acquisition time was 0.034
seconds and sweep-width was 30 kHz. Magic-angle spinning was performed at 7000 Hz.
3000 scans were averaged using a 2 ms contact time and a delay time of 4.0 sec.
Crystalline cellulose peaks can be found in the literature 214. The crystallinity index was
determined by dividing the total area of crystalline peaks by that of the C4 carbon peaks.
Fourier Transform Infrared and Raman spectroscopies.

The Fourier transform infrared (FT-IR) spectroscopy measurements were
performed using a Nicolet 8700 FT-IR Spectrometer (Thermo Scientific) with a DGTS
detector. Data were collected in the region from 650‒4000 cm -1 with a 4 cm-1 resolution
averaged over 100 scans in reflection mode using a smart iTR diamond plate unit
(Thermo Scientific). Each spectrum was baseline-corrected and normalized with the
maximum absorbance at 1030 cm-1. Similar to previous studies, the FT-IR relative
crystallinity was calculated using the ratio of the absorption bands 1315/1369 cm -1 from
the filter paper reference samples 49,215. The absorbance of each band was measured
relative to the valley value at approximately 1348 cm -1. These two bands were chosen
because the 1315 cm-1 peak intensity varies substantially in the reference samples and is
located close to the 1369 cm-1 peak, which is used as an internal standard for crystallinity
calculations 215. The Fourier transform Raman (FT-Raman) spectroscopy measurements
were taken using a Nicolet NXR Spectrometer (Thermo Scientific) using a 1064 nm
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excitation source with a beam power of 1‒1.8 W and a germanium detector. Data were
collected in the region from 250‒3800 cm-1 with an 8 cm-1 resolution averaged over 1000
scans. Each spectrum was baseline- corrected and normalized with the maximum
absorbance at 2894 cm-1. The relative crystallinity from the Raman spectra was
calculated using the ratio of the absorbance bands 380/1096 cm -1 216. The 380 cm-1 and
1096 cm-1 peak intensities were measured relative to the minima at 356 cm -1 and 942 cm1

, respectively.
Vibrational sum-frequency-generation (SFG) spectroscopy.

The SFG spectroscopic measurements were carried out by irradiating the sample
with picosecond laser pulses in the IR and visible wavelengths and detecting the emitted
SFG signals. The SFG spectrometer (EKSPLA) was pumped by a picosecond Nd:YAG
laser, 1064nm at 10Hz. The infrared light was generated with an optical parameter
generator/amplifier (OPG/OPA) pumped with 532 and 1064 nm and tuned to 2.3–10 µm
with <6 cm-1 bandwidth. The polarization of incident IR and visible laser pulses were
parallel (p-polarized) and perpendicular (s-polarized) to the plane of laser incidence and
the emitted SFG signal (s-polarized) was detected in the reflection geometry 204. The
visible (60° to surface normal) and IR (56°) laser pulses were overlapped spatially and
temporally on each sample. A beam collimator was used to enhance the signal collection
efficiency and the SFG signal was filtered through a monochromator and detected with a
photomultiplier tube (Hamamatsu Corp.). The SFG intensity was normalized with
incident IR and visible laser intensities. SFG spectra were taken at 4 cm -1/step in the CH
stretching region (2700–3050 cm-1) and 8 cm-1/step in the OH stretching region (3096–
3800 cm-1). Slight variations in SFG intensity occurred at different locations on the

151

sample pellet, depending on the texture and packing density of the cellulose during
sample preparation. Therefore the SFG intensity at the 2944 and 3320 cm-1 peaks were
monitored at multiple locations (n=3‒8) on the pellet so that each full-scan spectra was
representative of the average SFG intensity at the given locations. No baseline
corrections or normalization was performed. The relative crystallinity was calculated by
measuring the peak intensity at 2944 cm-1 relative to the minima at 3132 cm-1 62.

Results and Discussion
Correlation of ‘apparent’ crystallinity estimated from XRD, IR, Raman, and SFG
analyses of reference samples

A set of reference samples with three different crystallinities was prepared using
the method described in the Sample Preparation section. We used Whatman filter paper
since it is readily and widely available and can be taken as a reference for highly
crystalline (as-received filter paper), partially crystalline (by adjusting the
decrystallization process), and for amorphous cellulose

192,209

. These samples were

analyzed with XRD, IR, Raman, and SFG, as shown in Figure 7-1. The filter paper
samples were not suitable for 13C solid-state NMR analysis, and thus the comparison of
CI with this technique was not possible.
There are many different methods proposed for the calculation of crystallinity index
(CI) from XRD data shown in Figure 7-1a 217,218. Among various methods, the most
widely used one is the peak height (PH) method originally proposed by Segal et al. as a
“time-saving empirical measure of relative crystallinity” 210. This method assumes the
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background intensity at 2θ = ~18o as an amorphous contribution and the peak height at 2θ
= 22.8o as both crystalline and amorpous contribution. In order to quantify and provide a
more realistic value, alternative methods such as curve fitting or amorphous subtraction
(AS) have been suggested 203. Depending on the method used to analyze XRD data, the
CI value can vary drastically 62. Note that most of the methods incorrectly assume that the
X-ray sensitivity to the crystalline and amorphous phases is the same. The Rietveld fitting
of the XRD data can resolve these uncertainties in the CI calculation 219. Since these
advanced methods are not easily amenaeable to non-XRD experts, a more user-friendly
method has been proposed 220.
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Figure 7-1. Characterization of cellulose reference samples using (a) XRD, (b) Raman, (c)
IR, and (d) SFG. Reference samples were prepared from filter paper and are labeled as untreated
(black), partially decrystallized (red) and amorphous (blue). All spectra are offset for clarity and
the insets in (b) and (c) show the regions used in the CI calculations.

Figure 7-1b compares the Raman spectra of the same samples. The 1480 cm -1 and
380 cm-1 peaks are known to be characteristic of crystalline cellulose 216,221. The former
is assigned to the CH2 bending mode of the exocyclic CH2OH side chain and the latter is
speculated to originate from one of the torsion or bending modes of the six-membered
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ring with respect to the glycosidic bonds 201. In the case of 1480 cm-1 peak, the peak
deconvolution from the amorphous counterpart (~1460 cm -1) can be troublesome for the
CI calculation. After proper background correction, a good correlation between the 380
cm-1 intensity and the XRD CI value has been demonstrated 216. Hemicelluloses do not
show a peak at 380 cm-1, while they can show broad peaks in the CH2 bending vibration
region. Thus, the use of 380 cm-1 Raman peak intensity is advantageous for the CI
calculation 222.
Figure 7-1c displays the IR spectra of the same samples. There are a number of
small peaks that vary with the degree of crystallinity. Noticeable peaks are foud at 706,
1056, 1110, and 1315 cm-1. The intensities of these peaks are reported to vary in
accordance with the XRD CI value 215. Although the 1056 cm-1 and 1110 cm-1 peaks are
sharp, they overap with broad and strong background in the C-C and C-O stretch
vibration region. For that reason the peaks at 706 and 1315 cm -1 might work better for the
CI calculation. The peaks at 1640 cm-1 grows larger as the degree of crystallinity
decreases. This is due to the ingress of water into the amorphous cellulose region. For the
same reason, the OH stretch peaks (3000‒3600 cm-1) become broader for the partially
and fully decrystallized samples. When applied directly to lignocellulose biomass, the IR
method may suffer from peak overlap from non-cellulosic components.
Figure 7-1d exhibits the SFG spectra of the same samples. Although there are many
peaks characteristic to crystalline cellulose in the lower wavenumber region, their peak
assignment is not straightforward due to substantial coupling among various vibrational
modes 207. The C-H and O-H stretching vibration region alone can provide rich
information about the polymorphism (Iα, Iβ, II, III) as well as meso-scale packing pattern
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of celluose microfibrils 205,206. A strong SFG peak at 2944 cm-1 and a weaker peak at
3320 cm-1 are characteristic features of antiparallel-packed cellulose Iβ microfibrils 206.
The intensities of these peaks decrease in a nonlinear fashion as the crystalline cellulose
portion in the sample is reduced 62. An additional peak at 2968 cm-1 for the partially
decrystallized sample might be due to some changes in the cellulose crystal packing 206,
which may have occurred during the partial decrystallization process that involves
incomplete dissolution of cellulose crystals. For the fully decrystallized sample, which
was precipitated from the fully dissolved cellulose chains, the OH stretch peak is
completely missing and the CH peak is shifted to 2960 cm -1 and became weaker. This
implies that a small amount of cellulose II is formed during the precipitation process
because the amorphous cellulose chains do not produce measureable SFG signals 205.
Figure 7-2 presents the correlations among the CI values calculated from the data
shown in Figure 7-1. The XRD data were processed with the peak height (PH) and
amorphous subtraction (AS) methods. For the AS method, the XRD data of the fully
depolymerized sample (blue curve in Figure 7-1a) was used as a reference for CI = 0%. It
is noted that the PH method always gives higher CI values than the AS method. This is an
artifact and limitation of the PH method since it simply reads the height at 2 = 22o as
total diffraction, even though the amorphous phase alters the baseline. For the fully
depolymerized sample, the PH method gives 34% CI while the AS method gives CI = 0%
(simply due to the reference for CI = 0%). The difference between two methods becomes
smaller for samples of higher crystallinity (CIPH = 94% vs. CIAS = 78% for the asreceived filter paper). It should be noted that both methods ignore the fact that the XRD
sensitivity to the amorphous background and crystalline peaks are different.
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Figure 7-2. Correlations between crystalline peak intensities in (a) Raman, (b) IR and (c)
SFG vibration spectroscopy of reference samples with respeoct to XRD crystallinities calculated
using the peak height method (PH, open circles) and amorphous subtraction method (AS, closed
circles).

Since there are peaks characteristic to crystalline cellulose in IR, Raman, and SFG,
the intensities of these peaks can be correlated to the absolute amount of crystalline
cellulose in the sample. However, it is difficult to know the absolute value unless the
sample is prepared by mixing known amounts of fully crystalline and fully amorphous
cellulose 62. Thus, we simply compared their intensities with the XRD CI values. Figure
7-2 shows non-linear but reasonably good correlations among the CI values obtained
from the different techniques. In the case of IR and Raman data, the crystalline peaks
appear above the non-zero background or sometimes overlap with the amorphous peaks.
Thus, proper background subtraction and intensity normalization with an internal
reference (the peak that is not sensitive to the crystallinity) are needed 215,216. The nonlinearity of the correlation in Figure 7-2 could be due to improper baseline corrections or
the non-linearity of the XRD CI to the true crystallinity of the sample 62. In the case of
SFG, the background from amorphous cellulose is typically zero; thus, the absolute
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intensity can be used for CI calculations. However, due to the nonlinear nature of the
SFG process and scattering of the incident and emitting lights from rough samples as well
as birefringence of crystalline cellulose, it is very difficult to obtain theoretical
predictions of the SFG intensity 62.
Simulation of XRD data for cellulose crystals with different size

In plant cell walls, cellulose microfibrils are synthesized by cellulose synthase
complexes (CSC). The CSC consists of a rosette of 6 subunits and each subunit contains
putatively 6 cellulose synthesis proteins. If all units are active in cellulose synthesis, then
cellulose microfibrils would contain 36 chains 223. However, some models assumed
microfibrils with 18 chains 7. The cross sectional shape of the cellulose microfibril and
the exact number of cellulose chains is very difficult to determine 224. Based on the
average cross-section of glucose chain, the diameter of a microfibril containing 36 chains
is estimated to be ~3.8 nm (Figure 7-3a). The exact diameter is dependent on an
assumption of the shape of the microfibril cross-section. As the number of chains in the
crystalline microfibrils varies, the size of the coherent lattice that produce XRD peaks
will also vary. In plant cell walls several individual microfibrils have been observed to
bundle into larger aggregates called macrofibrils 225. Some algae and tunicates produce
much thicker cellulose crystals (up to 15‒20 nm in diameter).
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Figure 7-3. (a) Estimation of the diameter of a cellulose microfibril with circular crosssection as a function of number of chains in the microfibril. (b) Simulated XRD diffractograms
using the Mercury program at different peak input values of full width at half maximum
(FWHM). Inset in (b) shows the calculated CI value from the amorphous subraction (AS) method
versus FWHM value.

In XRD, the crystal size affects the width of the diffraction peak. The mathematical
relationship between the peak width (full-width-at-half-maximum, FWHM) of the
diffraction peaks and the crystal size (d) is known as the Scherrer Equation 226:
𝐹𝑊𝐻𝑀 =

𝑘
𝑑 𝑐𝑜𝑠

where k is the proportionality constant,  is the wavelength of X-ray, and  is the
Bragg diffraction angle. Note that the proportionality constant k value was derived to be
about 0.9 assuming Gaussian line profiles of XRD and small perfect cubic crystals of
uniform size without any distortion of the lattice. 227. This value is widely used for the
estimation of cellulose crystal size since it is not sensitive to the crystallite shape and
symmetry.
In the literature, it is often assumed that the CI and the crystal size are independent
from each other and calculated as separate quantities. However, it should be realized that
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these two terms may not be totally independent but are somewhat coupled. In order to
demonstrate their dependency, XRD diffractograms were simulated using the Mercury
software for the unit cell of cellulose Iβ crystal with different FWHM settings (Figure 73b) 213. Thus, this data could be considered as 100% crystalline sample with different
crystal sizes. In Figure 7-3b, it is noted that the background region close to the assumed
amorphous phase rises as the FWHM increases. The inset of Figure 7-3b plot the CI
values calculated for the data in Figure 7-3b using the AS method. The CI value
decreases in proportion to the FWHM value. This simulation clearly shows that as
cellulose microfibril diameter decreases, the calculated CI values will also decrease
although the true crystallinity does not change. For a 36 chain cellulose microfibril, the
Scherrer Equation predicts the FWHM to be around 2.3o, which sets the maximum CI
value calculated from the AS method at ~78%. Should the 78% CI from the AS method
analysis be taken as the 100% crystalline sample? To also consider the aggregation of
individual cellulose microfibrils in the plant cell walls, pristine samples with high
uniformity are needed 1. More in-depth analysis with independent experimental design is
needed to address this question.
Comparison of ‘apparent’ crystallinity estimated from XRD, NMR, IR, Raman, and
SFG of isolated and natural cellulose samples

Five different samples containing cellulose were analyzed with XRD, NMR, IR,
Raman, and SFG. Cotton linter is one of the most pure native (biologically intact) sample
that contains the highest amount cellulose (>95% by dry mass). Avicel and α-cellulose
are commercially-available purified cellulose. Avicel is produced via acid hydrolysis of
pulp or cotton linter; thus the degree of polymerization of cellulose in Avicel is low. α-
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Cellulose is produced via base-catalyzed hydrolysis of wood pulp. Thus, the commercial
α-cellulose contains mostly cellulose Iβ and should not be confused with cellulose Iα. The
bleached hardwood (HW) and softwood (SW) pulps were included in this analysis for
comparison with commercial cellulose samples.

13

Figure 7-4. Characterization of isolated and natural cellulose samples using (a) XRD, (b)
C NMR, (c) Raman, (d) IR and (e) SFG. Samples are cotton linter (black), Avicel (red), α-
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cellulose (green), hardwood (HW) pulp (blue) and softwood (SW) pulp (orange). In (a) the
amorphous standard is plotted as a dotted line. The insets in (c) and (d) show the spectral regions
used in the CI calculations. All spectra are offset for clarity.

Figure 7-4 compares the XRD, NMR, IR, Raman, and SFG intensity data of the
five samples tested. The CI values from XRD were calculated using both PH and AS
methods. For the IR, Raman, and SFG data, the signal intensities were converted to
values equivalent to the XRD CI values using the calibration curves shown in Figure 7-2.
In 13C ss-NMR, the C4 peak chemical shifts of amorphous and crystalline cellulose
phases are 80‒85 ppm and 85‒89 ppm, respectively. Thus, their relative intensity can be
taken as the CI. The processed CI values are plotted in Figure 7-5. It is clear that all
methods show the same qualitative trends among samples (for example, the CI is the
highest for cotton linter and the lowest for α-cellulose); but the absolute values are
different depending on the method. This indicates that the CI values estimated from
different methods are not “absolute” and should not be compared directly. The CI values
obtained for different samples from one method can be compared only as a qualitative
measure.
Table 7-1. CI values obtain from reference samples with three varying crystallinities. The
CI values obtained from Raman, IR and SFG were correlated relative to the XRD values obtained
using the peak height method (PH) and the amorphous subtraction method (AS).

162

There are a few details that deserve further discussion. Firstly, the NMR CI values
are much lower than the values calculated from XRD, even lower than the values
determined by the AS method. As pointed out earlier, XRD is sensitive to the crystalline
phase, but less sensitive to the amorphous phase. Thus, the XRD analysis inevitably
discriminates the amorphous phase over the crystalline phase. In contrast, NMR is
equally sensitive to both crystalline and amorphous phases. The fundamental difference
in detection sensitivity of these two methods might be responsible for the discrepancy
between the CI values determined from these methods.
Secondly, the XRD CI values calculated for hardwood and softwood fiber samples
with the AS method are high, in fact close to those calculated with the PH method. The
source for this high value can be seen in Figure 7-4a, which plots the amorphous
background portion determined in the AS method. The reference diffractogram used as
the amorphous background (blue curve in Figure 7-1a) has low intensities at 2 above
25o; but the hardwood and softwood fiber samples show high background in this region.
Thus, the AS method cannot properly subtract the background portion in this high 2
region, adding this difference into the crystalline portion. Figure 7-3b shows that the
background intensities in the 2 > 25o region as well as 2 = 18o region rises as the
FWHM increases. But the reference sample for amorphous phase has negligible
intensities at 2 > 25o. This makes the CI values calculated with the AS method for the
fiber samples much higher than the true mass fraction of crystalline cellulose over the
total mass.
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Conclusions

The apparent crystallinity index (CI) values of cellulose and biomass samples were
evaluated from XRD, solid-state NMR, IR, Raman, and SFG. For a set of filter paper
samples the CI calculated from IR, Raman, and SFG plotted were compared to values
from XRD and a a non-linear, positive correlation was observed. The size of cellulose
crystals is a factor that can affect the XRD CI value. When different types of cellulose
were assumed, it was clear that all characterization methods show similar trends; but the
absolute values are quantitatively different. This indicates that the CI value determined
from a given method can be used only as a qualitative and relative measurement.
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Chapter 8 : Comprehensive Analysis of Cellulose Content,
Crystallinity, and Lateral Packing in Gossypium hirsutum and
Gossypium barbadense Cotton Fibers using Sum Frequency
Generation, Infrared and Raman Spectroscopy, and X-Ray
Diffraction
Reproduced with permission from Springer: Lee, C. M., Kafle, K., Belias, D. W., Park, Y.
B., Glick, R. E., Haigler, C. H., & Kim, S. H. (2015). Cellulose, 22(2), 971-989.

Overview
The mesoscale packing and crystal structure of cellulose microfibrils as well as
temporal changes in cell wall composition and hydration during the development of cotton
fibers from two species, Gossypium hirsutum and G. barbadense were studied. Analytical
methods included vibrational sum frequency generation (SFG), attenuated total refection
infrared (ATR-IR), Fourier transform Raman (FT-Raman) spectroscopy and x-ray
diffraction (XRD). The developmental stages analyzed (13 to 60 days post anthesis; DPA)
included primary wall synthesis, transitional cell wall remodeling, secondary wall
thickening via synthesis of nearly pure cellulose, and fiber maturation. ATR-IR and FTRaman combined with principle component analysis (PCA) revealed that fibers of both
species undergo abrupt changes in the cellulose and matrix polymer contents during the
transition to secondary cell wall synthesis. XRD revealed that cellulose crystal size and
crystallinity increase similarly over time in both species. SFG analysis of fibers from unopened bolls, which were stored in water then air dried, showed subtle differences between
two species in the mesoscale ordering of cellulose microfibrils in the maturing secondary
walls. In the samples of mature fibers that dried on the plant after the boll split open
naturally, the difference in SFG spectra between species was negligible. Collectively the
results show that (a) SFG can uniquely reveal differences in cellulose fibril ordering in
maturing cotton fibers before boll opening; and (b) illustrate the comparative usefulness of
other commonly used spectroscopic analytical methods for cotton fiber analysis.
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Introduction
Cotton fiber, the most important renewable textile fiber, is composed of nearly pure
cellulose at maturity and provides unique opportunities to analyze progressivelydeveloping cell wall and cellulose properties in a single-cell 228. A cotton fiber is a highly
elongated epidermal cell of the cotton seed. Thousands of cotton fibers develop on one
seed in a differentiation process that spans about 50 days after flowering (or 50 days postanthesis, DPA). Cotton fiber differentiation includes extensive elongation during the
primary wall synthesis, transitional cell wall remodeling, and secondary wall cellulose
synthesis. The primary walls of cotton fibers are similar to those in other elongating plant
cells (Meinert and Delmer, 1977). During the transitional cell wall remodeling, a distinct
cell wall layer is deposited, called the “winding layer” that is reminiscent of the ‘S1’ layer
of wood fibers. The winding layer occurs between the classical primary and secondary
walls of cotton fibers. It has a composition similar to the primary wall, although the
cellulose content is slightly higher and the cellulose microfibrils are oriented in a crosshatched, shallow helix along the longitudinal cell axis 229,230. The genetic program
supporting secondary wall cellulose synthesis is similar to the one used in sclerenchyma
cells of the plant body 231, although cotton fiber secondary walls lack lignin and extensive
matrix components. Toward the end of cotton fiber development, there is an ill-defined
‘maturation’ phase before the boll opens to allow final drying of the fiber in air 228.
Given the prospects of using molecular tools to alter the properties of cotton fibers in
novel ways, we need efficient and informative methods to reveal the chemical and
biophysical properties of cotton fiber cell walls 232-237. In particular, many of the useful
industrial properties of cotton fiber are conferred through the amount and biophysical
properties of secondary wall cellulose, e.g. strength, reactivity, dyeablity, and collapse into
the cross-sectional elliptical shape that aids yarn spinning 230,238,239. In Gossypium hirsutum
fibers that have been most extensively characterized so far, cellulose properties analyzed
include quantity 240,241, microfibril orientation 242,243, fibril bundling 20,244, degree of
polymerization 230,245, crystallite size 246 as well as interactions with water 236,247. Never-

166
dried cotton fibers showed 85% of the crystallinity detected after drying and rewetting, a
process that can increase the size and perfection of the cellulose crystallites 248.
In our research, we compared the fibers of G. hirsutum and G. barbadense, the two
most important commercial species. These allotetraploid species arose ~1-2 million years
ago through the unification of two ancestral diploid genomes, followed by human
domestication beginning thousands of years ago 249. Modern forms of G. barbadense are
typically referred to as Pima or Egyptian cotton, in contrast with the Upland designation
for G. hirsutum 250. The fiber from G. barbadense is now used in premium textile fabrics
because it has several superior properties compared to G. hirsutum fiber: greater length and
strength, but smaller diameter and gravimetric fineness (mass per unit length) 230. All of
these factors contribute to the ability to spin stronger yarns from G. barbadense fiber 251.
The similarities and differences among fiber cell walls of G. hirsutum and G.
barbadense are largely just beginning to be uncovered. For example in comparison to G.
hirsutum, G. barbadense fiber has less loosely-bound xyloglucan 234 and pectin with a
lower level of esterification near the onset of secondary wall deposition 240. The density of
crystalline cellulose (mass per unit volume) in the dried fibers of both species was similar
(~1.52 g cm-3) 252. However, there are other indications of biophysical differences: during
enzymatic hydrolysis of never-dried fiber with a fungal cellulase solution, G. hirsutum
fiber released glucose more rapidly than G. barbadense fiber. This difference may have
been due to a higher cell wall porosity in G. hirsutum fiber so that enzymes penetrated
more rapidly 253, but other explanations are possible given that the specificity of the
cellulase mixture was not determined.
Understanding the biophysical basis of the higher fiber quality in G. barbadense
may allow strategies to be designed for transferring these superior traits to G. hirsutum. In
this study, we analyzed cotton fibers collected throughout a well-characterized
developmental progression from cotton plants of the two species grown in parallel. We
used multiple analytical tools including attenuated total reflection infrared (ATR-IR) and
Fourier-transform Raman (FT-Raman) spectroscopy, x-ray diffraction (XRD), and
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vibrational sum frequency generation (SFG) spectroscopy. ATR-IR and FT-Raman are
linear optical spectroscopies in that their signal intensities are proportional to compositions
of all components inside the sample. XRD is used to estimate the cellulose crystallinity and
crystal size. SFG is a non-linear optical spectroscopy recently applied to cellulose materials
28,61,174

. The SFG signal intensity is a function of the net dipole of specific vibration modes

averaged over the SFG coherence length, which is estimated to be on the order of hundreds
of nanometers 28. Thus, vibration modes or molecules that are arranged randomly (for
example, amorphous phases) in plant cell walls will give net zero dipole moments over the
SFG coherence length, becoming SFG-inactive 61,254. In contrast, cellulose crystals are
noncentrosymmetric; thus, this makes SFG intrinsically sensitive to certain vibration
modes of crystalline cellulose. In addition to the crystallinity, the spatial packing of
crystalline cellulose domain can also influence the SFG intensity 28,254. For example,
adjacent cellulose microfibrils may be laterally packed into bundles in which individual
fibrils have opposite directionality (i.e. anti-parallel fibril packing); in this case, the OH
dipoles among multiple microfibrils present within the SFG coherence length could be
symmetry-cancelled, making their peaks small in SFG. Thus, monitoring the OH SFG
intensity with respect to a reference peak such as the CH 2 signal could give some insights
into mesoscale packing of cellulose microfibrils in different species and at varying growth
stages 28,254.
The results reported here show that although the cellulose content and crystallinity
are similar in both G. barbadense and G. hirsutum species, there is a difference in
crystalline cellulose microfibril packing in the secondary cell walls that was uniquely
revealed by SFG analysis. This difference occurred in fibers harvested during the
maturation stage after cellulose synthesis had stopped but before bolls had opened
naturally. The difference became more prominent when the cotton fibers retrieved from unopen bolls were stored in water and then dried; but it was not significant when fibers were
air-dried immediately without water storage. The comprehensive results illustrate how
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various analytical techniques can be employed synergistically to understand the properties
of cellulose in cotton fibers.

Experimental
Cotton plant growth, fiber harvesting, and storage
Cotton plants from G. hirsutum cv Deltapine90 and G. barbadense cv Phytogen 800
were grown in an air-conditioned greenhouse with a 26/22°C day/night temperature cycle
as previously described 255. These varieties are representative of modern commercial cotton
of each species. Flowers were tagged on the day of anthesis (flowering) in order to harvest
fibers at successive DPA representing the major stages of cotton fiber development. Under
these growing conditions, the boll walls of both species typically cracked at 59-60 DPA
followed by complete boll opening, which allowed cotton fiber to dry naturally in air.
Between 13‒60 DPA (as indicated for each experiment), unopened bolls were cut-open
with a razor blade. Examples of artificially open bolls are shown in Figure 8-1. After cutopening the bolls, cotton seeds with attached fiber were immediately stored in water
containing 0.02% sodium azide preservative at 4°C until the samples were dried just prior
to analysis. These cotton fibers are designated as artificially open, wet and air-dried
(AWD) samples. SFG, ATR-IR, Raman, and XRD analyses were carried out for AWD
samples collected at 13, 17, 21, 23, 40, 45, 50, 55 and 60 DPA. In a separate crop, cotton
bolls at 17, 23, 45 and 58 DPA were artificially opened and laboratory-dried with the intact
locules in dry air at room temperature prior to separation of seed and fiber without storing
in water. The fibers collected in this way were subject to SFG analysis and are abbreviated
as artificially open and air-dried immediately (AD) samples. Finally, some cotton fibers
were harvested from bolls that naturally opened and air dried on the plant in the
greenhouse, and they were stored at room temperature until further analysis. These cotton
fibers are abbreviated as naturally open and air-dried (ND) samples. The SFG spectra of
AWD samples were compared with those of AD and ND samples.
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Figure 8-1. Images of artificially-open (AD) cotton bolls of G. hirsutum at 23 and 45
DPA. (Color Figure online)

Determining cellulose and water content in cotton fibers
The percentage of water in the fiber at each DPA was determined by a gravimetric
method for fibers collected from three newly harvested bolls at each DPA. After immediate
weighing to establish the hydrated fiber weight, fiber was oven dried (60°C, 72 hr) and
reweighed. The percent water in the newly harvested fiber was calculated from the weight
difference before and after oven drying. The crystalline cellulose content was determined
in 5-10 mg dry fiber after digestion with acetic/nitric reagent and using an anthrone
colorimetric assay with Avicel as a reference sample and a glucose standard curve 256.
Extracting cotton fibers with trifluoroacetic acid (TFA) and KI/I2 staining
Hydrolysis of non-cellulosic polysaccharides with TFA was performed using the
protocol by Fry 257. 10 mg (dry weight) of each cotton sample was suspended in 1 mL 2 M
TFA at 121°C for 1 h. Samples were cooled, centrifuged at 10,000 g, rinsed twice with
deionized water, frozen at -80°C and freeze dried overnight. The resulting powders were
hand pressed into pellets before SFG and XRD analysis.
Iodine staining to visualize starch granules was performed as described
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. Never-

dried cotton fibers were washed twice with distilled deionized water (ddH 2O), incubated in
iodine staining solution (2% KI (w/v), 1% I2 (w/v)) for 30 minutes, rinsed three times with
ddH2O, and then observed under an optical microscope. Light exposure of iodine stained
samples was minimized as much as possible.
Extraction of matrix polymers from cotton fibers by 2M TFA
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Freeze-dried cotton samples (~ 3 mg) at various DPA were incubated in 2 M TFA at
121°C for 1 h. The supernatant was evaporated under air-flow at room temperature, resuspended in ddH2O, and filtered through a 0.1 µm filter (Amicon, Temecula, CA). The
monosaccharide composition was analyzed with a Dionex Carbo PA-20 column in 0.1 M
NaOH isocratic condition for first 15 min and with a linear gradient elution for 20 min
from 0.1 M NaOH to a 0.1 M NaOH and 0.1 M sodium acetate (1:1. v/v) mixture at a flow
rate of 0.5 mL min-1 259. The monosaccharides in the extracted cell wall matrix polymers
were detected with a pulsed amperometric detector, and the residual cell wall material was
analyzed by SFG.
Sum-frequency-generation spectroscopy (SFG)
The SFG spectroscopic measurements were carried out by irradiating the sample
with laser pulses of p-polarized IR and s-polarized visible wavelengths and detecting the
emitted SFG signals. The details of SFG measurements were published previously 61. The
SFG spectrometer (EKSPLA) was pumped by a Nd:YAG laser, 1064nm at 10Hz (pulse
duration = 27 ps). An optical parameter generator/amplifier (OPG/OPA) was pumped with
532nm and 1064 nm and tuned to 2.3–10 µm with <6 cm-1 bandwidth. All spectra were
collected using a ssp polarization combination: SFG signal = s-polarized, visible = spolarized and IR = p-polarized. Visible (60° from the surface normal) and IR (56°) laser
pulses were overlapped spatially and temporally on each sample and the SFG signal was
collected at a reflection geometry. In this geometry, the coherence length is defined by the
synchronizing factor of the SFG process is calculated to be approximately 270‒350nm 28.
The actual coherence length is difficult to determine due to scattering of laser beams and
signals, but is expected to be greater than the value calculated for an optically smooth
surface. A beam collimator was used to enhance the collection efficiency of the scattered
SFG photons. The SFG signal was filtered through a monochromator and detected with a
photomultiplier tube. The SFG intensity was normalized with incident IR and visible laser
intensities. SFG spectra were taken at 4 cm-1/step in the CH stretching region (2700–3050
cm-1) and 8 cm-1/step in the OH stretching region (3096–3800 cm-1). The lower frequency
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region (1000‒1400 cm-1) is challenging to interpret because the skeletal stretching modes
are highly delocalized 131; thus, this region was not analyzed in this study. The probe
volume was estimated to be ~150  200 µm2 wide and ~20 µm deep from the external
surface. The effective depth of ~20m appeared to be governed by the IR beam attenuation
in the sample 260.
SFG experiments were performed on three batches of fibers grown separately,
termed AWD, AD and ND as described earlier. In sample preparation for SFG, care was
taken to generate compacted samples with similar density under the laser beam. For
younger samples (<23 DPA), several layers of extended fiber were air dried on glass slides
within a trough created by two glued coverslips. For higher DPA samples (>30 DPA),
fibers were air dried for ~7 days, tightly twisted into an ~2 mm diameter bundle (avoiding
secondary twisting), and then fixed on a glass slide with tapes on each end of the bundle.
The twisted cotton fiber bundles were then pressed firmly between metal plates for two
weeks before SFG analysis. This procedure minimized the effects of sample roughness on
SFG signal intensity. For each DPA the intensities of the dominant peaks at 2944 cm -1 and
3320 cm-1 were analyzed at 15 locations per sample. The values from these 15
measurements were averaged to create the representative spectrum for each DPA as
displayed in Figure 8-3.
X-ray diffraction (XRD)
XRD experiments were performed with a PANalytical Empyrean diffractometer
(PANalytical, Netherlands) equipped with a Cu x-ray source (λ=1.5404 Å) operated at 45
kV and 40 mA. The instrumental profile was calibrated with LaB6 (NIST 660a). Fully
dried cotton samples were ground in a Wiley mill to 20 mesh; hand pressed into a pellet
and placed on a quartz zero-background holder before analysis. Scans were measured at 2
in the range of 845° at 0.05° step. All XRD experiments were run in duplicate.
Cellulose crystallinity and crystal width were estimated using a peak
deconvolution method. Bragg peaks were extracted from the intensity profile using a
Gaussian function, positions were initially centered at 14.6° (11̅0), 16.4° (110), 22.8° (200)
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and 35° (004) and a broad peak at 21.5° to represent a contribution from amorphous phase.
In older cotton fiber samples (2360DPA) Bragg peaks were well resolved from the
background; thus, the positions, widths and intensities of all Bragg peaks were allowed to
change, except the position of the amorphous contribution (21.5 o) during the fit process. In
young cotton fiber samples (1321DPA), the amorphous background was the dominant
feature and the Bragg peaks of cellulose were small. In this case, the widths and positions
of the (11̅0) and (110) peaks were fixed so that only the intensities were allowed to vary.
The peak position of the amorphous contribution at 21.5° was also fixed. Two examples of
typical peak deconvolution results are shown in the supplementary information (Figure 8S1). The crystallinity index was the ratio of the total area under all Bragg peaks divided by
the total area of all fitted peaks. Each profile was normalized at the peak center for the 200
peak ~22.8°. The crystal width across the (200) plane was calculated using the Scherrer
formula, D200 = K∙λ/β∙cosθ. D200 is the crystal size perpendicular to the (200) plane, K is the
Scherrer constant K=0.9 261, λ is the x-ray wavelength, θ is the Bragg angle and β is the full
width at half maximum (FWHM) of the (200) peak from the fitting procedure described
earlier.
FT-Raman spectroscopy
Cotton fiber bundles, stretched and pressed between metal plates, were analyzed
with a Nicolet 8700 FT-Raman spectrometer (Thermo Scientific). A diode-pumped
Nd:YAG laser (1064nm) was used as the excitation source and the Raman signal was
collected with a liquid nitrogen cooled germanium detector. Spectra were taken in the
region 2503800 cm-1 at 8 cm-1 per step with 1000 scans. The beam power was set to
0.52.0 W; a lower power was used for young cotton fibers which tended to burn more
easily. During the data acquisition, the beam spot was moved to different locations on the
sample several times. Spectra were baseline corrected and normalized with the peak
intensity at 1098 cm-1.
ATR-FTIR spectroscopy
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ATR-FTIR spectra were collected using a Nicolet 8700 spectrometer (Thermo
Scientific, USA) equipped with a smartiTR diamond ATR unit and a deuterated triglycine
sulfate (DTGS) detector. Spectra were taken in the region 6503800 cm-1 at 2 cm-1 per step
with 100 scans. Spectra were baseline corrected and then normalized at 1030 cm -1.
Assignments of vibrational peaks in SFG, ATR-IR, and Raman from literature
Typically observed peak positions in IR, Raman, and SFG spectra and their
assignments to vibrational modes are summarized in Table 8-1.

139,262

Table 8-1: Vibrational peak assignments used in the analysis of ATR-IR
and SFG 131.

235

, Raman
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Principal Component Analysis (PCA)
Baseline corrected and normalized IR and Raman spectra, and unprocessed SFG
spectra for all G. hirsutum and G. barbadense samples were processed with a PCA
algorithm to find the unbiased characteristics of fibers at different developmental stages.
Separate PCA calculations were performed for IR, Raman and SFG, using a chemometric
software (Unscrambler8.0, CAMO, Norway).
Thermo-gravimetric analysis (TGA)
Cotton fibers were air dried for several days before TGA analysis. The
water desorption and thermal decomposition of the cotton fibers were analyzed with a
TGA Q50 analyzer (TA instruments, USA). The sample was heated from 28600°C at
10°C/min with a continuous flow of He.

Results
Cellulose and water content in developing cotton fibers of G. hirsutum and G.
barbadense
To provide a background for the temporal progression of fiber development, the
water and cellulose content of the fiber of both species grown in parallel are shown in
Figure 8-2. For clarity, the results of Figure 8-2 and other relevant data published before
are summarized along with fiber developmental stages in Table 8-2. The results were
remarkably similar for both species, which allowed comparison of spectroscopic results at
any DPA in the context of nearly the same stage of fiber development.
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Figure 8-2. Crystalline cellulose and water content during development of G.
hirsutum and G. barbadense cotton fibers. Square and circle symbols represent G.
hirsutum and G. barbadense, respectively. Crystalline cellulose content and water content
changed inversely with developmental time and similarly for both species. Each data point
is the mean of three biological replications with standard deviations graphed with the
cellulose content data.
Table 8-2. Characteristics of cotton fiber development at various stages analyzed in
this study.

In the primary wall synthesis stage (earlier than ~17 DPA), the cellulose content is
typically less than 17%. During the synthesis of a winding layer (18-22 DPA), the cellulose
content slightly increases to ~20%. At the initiation of the secondary wall synthesis (23
DPA), the cellulose content was ~28% in G. barbadense fiber and 42% in G. hirsutum
fiber. The cellulose content increased rapidly in both species between 23‒30 DPA, then
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slowly up to >99% (w/w) cellulose at 45 DPA. The fiber mass and length increased until
45 DPA in both species (Avci et al., 2013), and then stopped increasing. This suggested the
end of cellulose synthesis near that time. The period between 45 DPA and the natural boll
opening represents the fiber maturation stage. From the beginning of secondary wall
cellulose synthesis (23 DPA), the fiber water content declined steadily from 88‒89% (w/w)
in both species until it reached 61‒64% water at 55 DPA just before boll opening. Once the
bolls were fully mature, they opened naturally and the fibers rapidly dried in air to reach 3‒
5% water.
SFG analysis of cellulose in intact developing cotton fibers
The AWD cotton fibers were analyzed with SFG and the spectra of cellulose in
13‒60 DPA cotton fibers of G. hirsutum and G. barbadense are displayed in Figure 8-3a
and 3b, respectively. During the period of exclusively primary wall synthesis (13 DPA and
17 DPA samples), the SFG signals were extremely weak in both species. The discernable
SFG signals appeared at 21 DPA during synthesis of the winding layer, which included a
small peak centered at 2904 cm-1 in the CH stretching region (27003000 cm-1) and a very
broad and weak feature in the OH stretching region (31003800 cm-1) (Figure 8-3a and 83b, insets). At the beginning of secondary wall synthesis (23 DPA), the 2904 cm -1 peak
disappeared and two peaks emerged at 2944 cm -1 and 3320 cm-1, which are congruent with
the characteristic peaks of cellulose in the secondary cell walls of cotton, ramie, flax,
Arabidopsis stems and wood 28,254,263.
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Figure 8-3. SFG spectra during cotton fiber development for AWD fibers. SFG
spectra of the cotton fiber bundles from 13 DPA to 60 DPA: (a) G. hirsutum and (b) G.
barbadense. The inset shows the magnified SFG spectra of 21 DPA and 23 DPA samples.
The y-axis scale is offset for each spectra to allow intensities to be compared between
species.

Figure 8-4. SFG spectral changes during fiber development for AWD fibers of G.
hirsutum and G. barbadense. (a) Total peak area in the CH stretching region (2700‒3000
cm-1) and the OH stretching region (3100‒3400 cm -1) determined from peak fitting with
Lorentzian peak shape. (b) Ratio of SFG peak areas in the CH and OH regions showing a
similar increase with DPA for both species.

The 2944 cm-1 SFG signal intensity continued to increase in the fiber of both species
even after the cellulose synthesis stopped near 45 DPA until the natural boll opening
(Figure 8-2; Table 8-1). The magnitude of this increase was greater in G. barbadense fiber
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even though the cellulose content on a weight basis was nearly the same for both species
(Figure 8-2).
To further explore this observation, which could relate to changes in the mesoscale
ordering of cellulose (Lee et al., 2014), the total areas calculated from the Lorentzian peak
fitting for the CH stretching region (2700‒3000 cm -1) and the OH stretching region (3100‒
3400 cm-1) are plotted as a function of DPA in Figure 8-4a. In both G. hirsutum and G.
barbadense fibers, the CH2 SFG peak of cellulose increased continuously during the
secondary wall synthesis and maturation inside the boll. Except for 23 DPA, the CH 2 SFG
peak intensity was higher for G. barbadense fiber. The OH SFG peak of cellulose
increased mainly at the beginning of secondary wall synthesis (23–30 DPA) and leveled
off after 30 DPA for both species. PCA analysis showed that the total SFG intensity (sum
of CH2 and OH peak areas) increased from 23‒60 DPA although cellulose synthesis
stopped about 45 DPA (Supplemental Figure 8-S2).
The CH2/OH ratio (Figure 8-4b) can be implicated to the variation in cellulose
microfibril packing 28,254. This ratio was <1 in 23 and 30 DPA fibers of both species and
then subsequently increased linearly until 60 DPA. This result indicated that the lateral
packing of cellulose microfibrils increases during the fiber maturation stage.
To investigate any influence of the storage conditions on the cellulose microfibril
packing, SFG spectra of AWD and AD samples were compared. The SFG spectra of AD
samples are shown in Figure 8-S3 of the supporting information. At 17 DPA, both AWD
and AD cotton fibers did not show any SFG signals. At 23, 45 and 58 DPA, the AD
samples (Figure 8-S3) showed a slightly weaker SFG signal than the AWD samples
(Figure 8-3). These results suggest that the 4oC storage in aqueous solution before drying
could induce aggregation of cellulose microfibrils; this effect appeared to be large for G.
barbadense than G. hirsutum.
To analyze the packing of cellulose microfibrils in cotton fibers during the natural
drying process, the SFG spectra of 60 DPA ND sample were compared with the 60DPA
AWD spectra in Figure 8-S4 in the supporting information. The difference in SFG
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intensity and CH2/OH ratio between G. hirsutum and G. barbadense species that was
observed for the AWD 60DPA fibers was not significant in the ND 60DPA cotton fibers.
SFG spectral changes upon TFA-extraction of non-cellulosic components of
cotton fibers
The 17 DPA AWD cotton fibers with 16% cellulose did not show any SFG signal
(Figure 8-3). In primary cell walls, if cellulose crystals are well packed, SFG can detect the
cellulose content as low as 12% 264. Thus, the lack of a SFG signal from cotton primary
walls (<17 DPA) cannot be due to just the low concentration of cellulose; it could be
hypothesized that it might be due to sparse packing of cellulose microfibrils. To test this
hypothesis, we treated 17 DPA cotton fibers with 2M TFA to selectively remove
amorphous carbohydrate polymers from plant cell walls while retaining cellulose
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. The

sugar contents of the extracted polymers are shown in Table 8-S1 (Supporting
Information). If the cellulose microfibrils are crystalline but sparsely packed in the 17 DPA
fiber, treatment with 2M TFA will remove the matrix polymers and could allow better
packing of the microfibrils by the action of water surface tension during air drying.

Figure 8-5. SFG spectra of crystalline cellulose in AWD cotton fibers before and
after 2M TFA extraction. (a) SFG spectra of TFA-treated (T) and untreated (U) G.
hirsutum cotton fibers at 17 DPA (primary wall stage; bottom) and 23 DPA (beginning of
secondary wall synthesis; top). In the 17 DPA sample, the TFA treatment caused the
emergence of SFG peaks at 2944 cm -1 and 3320 cm-1 typically associated with secondary
wall cellulose. In the 23 DPA sample, these peaks were enhanced by TFA extraction. (b,c)
SFG from TFA-treated (T) and untreated (U) G. hirsutum (b) and G. barbadense (c) cotton
fibers at 40 DPA (secondary wall stage). In these nearly mature fibers, the TFA treatment
reduced the SFG intensity of cellulose and the intensity difference between G. hirsutum
and G. barbadense species became smaller.
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After the 2M TFA treatment, three peaks emerged at 2850, 2944 and 3320 cm -1 in
the SFG spectra (Figure 8-5a). These peaks were congruent with the characteristic SFG
peaks observed for cellulose in secondary cell walls as well as purified cellulose crystals
28,254

. This result supported the hypothesis that cellulose microfibrils are loosely bundled or

separated by amorphous matrix polymers in primary cell walls and densely packed upon
removal of matrix polymers. This interpretation is reasonable since the cellulose content is
significantly lower than the matrix polymer content. Similarly, the 23 DPA samples
containing 28‒42% cellulose show weak SFG cellulose signals. After the 2M TFA
treatment, the cellulose content in the solid residue increased to ~60% and the SFG signal
intensities were enhanced substantially (Figure 8-5a).
Surprisingly, however, the 2M TFA treatment of nearly-mature 40 DPA fibers
containing 80‒90% crystalline cellulose resulted in reduction of the cellulose SFG signal
intensities, compared to the AWD samples, for both G. barbadense and G. hirsutum fibers
(Figures 8-5b and 8-5c). For these matured fibers, the removal of a small amount of matrix
polymers between cellulose microfibrils with 2M TFA appeared to reduce the aggregation
effect during the aqueous storage and drying process.
ATR-IR analysis of intact cotton fibers
ATR-FTIR analysis was performed to monitor the cellulose and matrix polymer
composition during the fiber development. The ATR-IR spectra for G. hirsutum and G.
barbadense AWD cotton fibers at 1360 DPA are shown in Figure 8-6a and 8-6b,
respectively. The peak assignments marked in the Figure 8-6 correspond to specific
vibration modes shown in Table 8-1. Figure 8-6c displays the principal component (PC1)
that represents 90% of the variance of the G. hirsutum and G. barbadense spectra. Several
peaks were negative in the PC1 loading plot (Figure 8-6c) including: the water peaks (HO-H bending peak at ~1640 cm-1 and broad O-H stretch peak at 3100‒3600 cm-1), protein
peaks (amide-I and amide-II bands at 1520-1650 cm-1), pectin peaks (C=O stretching
vibration at 1740 cm-1), and long-chain alkyl hydrocarbon peaks (CH2 stretch peaks at
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2850 cm-1 and 2926 cm-1). In contrast, the peaks attributable to cellulose in the 890‒1450
cm-1 and 3270‒3330 cm-1 are positive in the PC1 spectrum (Figure 8-6c).
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Figure 8-6. ATR-IR spectra of AWD cotton fiber bundles at 13‒60 DPA for (a) G.
hirsutum and (b) G. barbadense. The spectra of two species are nearly identical at the same
DPA. (c) Loading plot of principal component 1, PC-1 (90% explained variance) of all
ATR-IR spectra representing the predominant spectral elements across all DPAs. The
letters W, C, Pr, Pc, and H indicate water, cellulose, protein, pectin, and hydrocarbon
components, respectively. The dotted line represents zero PC1 loading. (d) Plot of PC1
score versus DPA.

The score plot shown in Figure 8-6d revealed that the primary cell wall fibers has
large negative scores of PC1 and the score increased as the secondary cell wall grew in the
cotton fiber. Thus, the PC1 scores of the ATR-IR spectra are a good indicator
distinguishing the primary and secondary cell walls in cotton fibers at various
developmental stages. The PC1 scores of ATR-IR spectra leveled off after 45 DPA,
following the cellulose content in the cotton fiber (Figure 8-2). Thus, the PC1 scores can
be used to quantify the cellulose amount in the sample if a proper calibration curve is
constructed. The differences between the ATR-IR spectra of G. hirsutum and G.
barbadense species at the same DPA are so subtle that it was difficult to distinguish the
two species based on the ATR-IR data alone.
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Figure 8-7. Effect of water removal from G. hirsutum AWD cotton fibers. (a)
Thermal gravimetric analysis (TGA) data of air-dried cotton fibers collected from the unopen bolls at 13, 23, and 50 DPA. The desorption temperature of weakly-physisorbed
water (~100 oC) and cellulose decomposition temperature (320‒370 oC) are marked with
dashed lines. The mass-losses between these lines are due to strongly-bound water and
hemicellulose decomposition. (b) In situ ATR-FTIR spectra during heating at 60, 135 and
210°C of 13, 23 and 50 DPA fibers. The pairs of dotted lines show the peaks shifting due
to water loss during the heating.

Although cotton fibers were fully air-dried before ATR-IR analysis, the spectra and
PCA (Figure 8-6) showed the presence of residual water in younger cotton fibers. The
amount of residual water varies with the fiber maturity. To gain more insight into the water
retention in the cotton fibers, TGA and in-situ heating ATR-IR analyses were performed.
Figure 8-7a shows the TGA data of AWD fibers of 13, 23, and 50 DPA. The mass loss at
<120oC must be due to the evaporation of the physisorbed water 265. Figure 8-7b displays
the ATR-IR spectra of 13, 23 and 50 DPA cotton fibers at 60 oC, 135 oC, and 210 oC. Upon
heating, the broad H2O bending peak (1620‒1644cm-1) decreased slightly. It is noted that
the OH stretch peak in the (3100‒3600 cm-1) shows more reduction in the low
wavenumber side (left side of the peak) at 135 oC and 210 oC. This region corresponds to
the strongly hydrogen-bonded water molecules 236,266. Thus, these residual water molecules
present in the fully air-dried cotton fibers must have strong hydrogen bonding interactions
with hydroxyl groups in the amorphous carbohydrate phase or at the crystalline cellulose
surface.
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Raman Spectroscopic analysis of intact cotton fibers
The Raman spectra of G. hirsutum and G. barbadense AWD cotton fibers
collected at 1360 DPAs are shown in Figure 8-8a and 8-8b, respectively. The principal
component (PC1, 85% explained variance, Figure 8-8c) showed negative peaks at 1614
cm-1 and 1660 cm-1 (the unsaturated hydrocarbon components) and at 2883 and 2933 cm -1
(long-chain alkyl components) 262. The PC1 had positive peaks at locations that could be
attributed to crystalline cellulose: 380, 1000‒1150, 1300‒1500, 2894 and 3357 cm -1 139. As
shown in Figure 8-8d, the PC1 score was negative for the younger primary wall fibers (<21
DPA) and increased as the secondary cell wall became dominant (>23 DPA). Similar to
ATR-IR (Figure 8-6d), the Raman PC1 scores leveled off after 45 DPA, which is
consistent cellulose synthesis ending at that time (Figure 8-2). Thus, the PC1 of Raman
spectra could also be used to differentiate the primary and secondary cell walls of G.
hirsutum and G. barbadense species at various development stages. As for ATR-IR, the
difference in Raman spectra of G. hirsutum and G. barbadense fibers were too subtle to be
used as a reliable differentiator between these two species.
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Figure 8-8. Raman spectra of AWD cotton fiber bundles at 13‒60DPA for two
species: (a) G. hirsutum and (b) G. barbadense. These spectra are nearly identical in the
two species. (c) Loading plot of principal component 1, PC-1 (85% explained variance) of
all spectra representing the predominant spectral elements. The letters C, U, H indicate
cellulose, unsaturated hydrocarbon, and long-chain alkyl groups, respectively. The dotted
line represents zero PC1 loading. (d) Plot of PC1 score versus DPA.

The 380 cm-1 peak in Raman is characteristic of the crystalline phase of cellulose
267

. It is noted that this crystalline phase peak becomes prominent in cotton fibers after 23

DPA (Figure 8-8). This result is consistent with the lack of SFG signals at <23 DPA and
the strong SFG signal at 23 DPA (Figure 8-3).
XRD analysis of cellulose in intact cotton fibers
XRD was used to investigate the changes in cellulose crystallinity and the crystal
width during the development of G. hirsutum and G. barbadense cotton fibers (Figure 8-9).
Young cotton fibers at the primary wall synthesis stage (17 DPA) showed very weak and
broad diffraction profiles due to the low cellulose content (~17%) and the small crystallite
size 229,246,263. For the 23, 40 and 60 DPA samples, three main peaks characteristic of
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cellulose Iβ were observed: 2 = 14.6°, 16.4° and 22.7° corresponding to the (11̅0), (110)
and (200) reflections, respectively 237. The XRD peaks at 23 DPA were stronger in G.
hirsutum fibers, which could be due to a higher cellulose content at this stage as compared
to G. barbadense (Figure 8-2). At 40 DPA, these cellulose XRD peaks became more
prominent, congruent with the increase in crystalline cellulose content. At 60 DPA, the
XRD peak intensity and shape were nearly identical to 40 DPA, consistent with the
relatively small change in cellulose content (~80‒95%) from 40 to 60 DPA (Figure 8-1).

Figure 8-9. X-ray diffractograms of AWD cotton fibers at 17, 23, 40, and 60 DPA of
(a) G. hirsutum and (b) G. barbadense species.

Table 8-3. Crystallinity index (calculated by peak deconvolution method) and
crystallite dimension normal to the (200) planes (calculated from the 200 peak width using
the Scherrer Equation) of cellulose in cotton fibers of G. hirsutum and G. barbadense
species.

Table 8-3 shows the cellulose crystallinity (estimated from the peak deconvolution
method) and the crystal size normal to the (200) plane (estimated using the Scherrer
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Equation). In both species the apparent crystallinity increased with DPA 237,246. The
cellulose crystal size of 17 and 23 DPA fibers could not be obtained from the peak fitting
procedure due to the broad diffraction profile. The cellulose crystal size and crystallinity
were nearly the same in both G. hirsutum and G. barbadense during the maturation stage
(40 through 60 DPA).

Discussion
Progression of cellulose packing in cotton fibers during the maturation phase
revealed by SFG
The maturation phase is reported to follow the secondary wall synthesis phase, but
the genetics and cell wall physiology are not well defined yet 228,268. How physical and
chemical properties of cellulose change during the maturation phase is not well
documented either. Figures 8-3 and 8-4 clearly demonstrate that SFG can reveal subtle
differences in cellulose inside the developing cotton bolls of G. hirsutum and G.
barbadense (Figures 8-3 and 8-4). These differences cannot be observed for cotton fibers
harvested after the cotton bolls open naturally (Figure 8-S4). The two main changes in SFG
spectra during the secondary cell wall synthesis and maturation phases are increases in (1)
the total signal intensity (Figure 8-4a) and the CH2/OH intensity ratio (Figure 8-4b). These
two aspects will be discussed separately. SFG is a nonlinear optical process that requires a
non-centrosymmetric ordering of functional groups over the SFG coherence length, which
is estimated to be hundreds of nanometers to microns 28. Thus, the relative intensities of
SFG peaks could provide mesoscale structural information of crystalline cellulose in plant
cell walls 23,254,260,263,264. If the degree of inter-fibrillar packing does not change, then the
SFG intensity at 2944cm-1 can be related to the cellulose mass fraction in the sample 263. If
the packing of the crystalline cellulose domains changes in the sample, the SFG intensity
can vary even though the cellulose content is constant 28.
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By 45 DPA, cotton fibers had reached their maximum weight and length and were
composed of nearly pure cellulose (Figure 8-2 and Table 8-2). However, the SFG peak
intensities continue increasing from 45 to 60 DPA during the fiber maturation phase
(Figures 8-3 and 8-4a). These data suggest that the mesoscale packing of cellulose
microfibrils increases during this maturation phase. Not that during this phase, the fiber
water content is decreasing (Figure 8-1). As water is removed, the hydrogen bonding and
physical association between adjacent fibrils could increase 248.
The CH2/OH intensity ratio is another indicator of the mesoscale packing pattern of
cellulose microfibrils 28. In individual cellulose microfibrils, hydroxyl groups are tilted
toward the chain direction (along the microfibril axis), while the CH2 asymmetric stretch
modes are mostly perpendicular to the chain direction 131. If cellulose microfibrils are
laterally packed into aggregates without specific directionality control, it is likely that the
number of fibrils running up and down directions would be close. In this case, the OH
dipoles positioned along the chain direction would cancel each other at the mesoscale.
Thus, the net OH dipoles of cellulose microfibril aggregates would be very small, although
each individual microfibrils inside have large dipoles. This would make the OH SFG
intensity much smaller than the CH 2 SFG intensity.
When the secondary cell walls are just formed, the CH 2/OH ratio is relatively small.
As the secondary cell walls develop more, the CH2/OH intensity ratio increases. It
continues to increase even after cellulose synthesis is completed at 45DPA (Figure 8-4b).
The growth of the CH2/OH intensity ratio during the maturation phase implies more lateral
packing of cellulose microfibrils into macrofibrils with an average anti-parallel fiber
alignments over the SFG coherence length. As mentioned previously, this better packing
can be associated with continuing water loss in fibers in the un-open cotton boll during the
maturation phase. Future experiments are needed to prove the molecular causes of these
observations.
It is known that the packing of cellulose microfibrils could be affected by
rehydration in water 269 270. The comparison of SFG spectra of AWD (Figure 8-3) and AD
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cotton fibers (Figure 8-S3) suggests that the mesoscale bundling of cellulose microfibrils
was enhanced for the samples stored in water at 4 oC. The presence of bulk water might
gradually alter the surface chemistry of microfibrils allowing them to reorient in a way
that increases inter-fibrillar hydrogen-bonding interactions. The enhanced aggregation of
cellulose microfibrils in the wet state may be related to the superior breaking force in
hydrated versus dried single cellulose fibers. The larger SFG intensity (more inter-fibrillar
packing) of the G. barbadense fibers could also be related to their higher tenacity and
breaking force than the G. hirsutum fibers 237. Answering this question is beyond the scope
of this paper and reserved for future study.
Differences in cellulose packing in the primary and secondary cell walls
revealed by SFG
As discussed in the previous section, the SFG intensity is governed by both the
content and mesoscale assembly of cellulose microfibrils in the cotton fibers. The detection
sensitivity of SFG is shown to be as low as 10 wt.% in the woody secondary cell walls 263
and 12‒16% wt. in the primary cell walls of Arabidopsis 264. Thus, the lack of cellulose
SFG peak intensity for the 13‒17 DPA cotton fibers which contain 16-17% cellulose
(Figure 8-2a) could indicate that the mesoscale packing of cellulose in the primary cell
wall is not well ordered as in the case of cellulose in the secondary cell wall. The 2M TFA
treatment experiment (Figure 8-4a) supported this hypothesis.
It is well known that the presence of amorphous matrix polymers can play a role in
spacing cellulose microfibrils in the primary cell wall 39. A study by Nelson and Mares
showed that the purification methods to remove non-cellulosic components in young G.
hirsutum cotton fibers induced a crystallization of the remaining cellulose; the purified
cellulose from young cotton fibers became similar to the mature cotton fibers in terms of
response to deuterium exchange and alkali treatment 244. In electron microscopic images of
cotton, the primary cell walls show bundles of cellulose microfibrils that are more sparely
packed than secondary cell walls 20,271. The spacing of cortical microtubules, which help to
determine the location of cellulose microfibril synthesis, is also consistent with sparsely
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packed cellulose fibrils in cotton fiber primary walls 272. Clearly, cell walls with >95%
cellulose would have more closely spaced fibrils compared to walls with much higher
percentages of matrix components.
The cellulose SFG signals are not clearly discernable at 21 DPA (19‒21% cellulose),
and suddenly appear at 23 DPA (28‒42% cellulose). The sudden appearance of the SFG
signal at 23 DPA is due to the initiation of mesoscale aggregation and bundling of cellulose
microfibrils upon the onset of the secondary cell wall synthesis.
It is interesting that the SFG signal at 2904 cm-1 is only detected in 21 DPA cotton
fibers (Figures 8-2a and 8-2b). The 2904 cm-1 peak does not match the positions of typical
primary cell walls (2920, 2964 and 3320 cm-1) or secondary cell walls (2850, 2944 and
3320cm-1) 254,260. However the 2904 cm-1 peak does coincide with the SFG feature of starch
273

. Starch is the main form of glucose storage in plant cells; SFG detected starch in the

primary cells of Arabidopsis aerial tissues 254. However, the starch content in cotton fibers
is very low 229, and starch grains were rarely observed when 13‒21 DPA fibers were
stained by I2-KI (Supplementary information, Figure 8-S5). The 2904 cm-1 peak may be
from a component that is only present during this transient stage because the peak is
completely absent at 23 DPA. Further studies are needed in order to understand the origin
of this peak.
Changes in the cotton fiber chemical composition during development revealed
by ATR-FTIR and FT Raman spectroscopy
The ATR-IR and FT-Raman analysis results (Figures 8-6 and 8-8) are consistent
with the well-known fact that young fibers contain a small fraction of cellulose dispersed
in a high concentration of matrix polymers (Table 8-S1 in the Supporting information) and
a high water content (Figure 8-2). The increased amount of cellulose during the secondary
cell wall thickening between 23 and 45 DPA was reflected in the PC1 scores of ATR-IR
and Raman spectra; the PC1 scores increased most rapidly around 30 DPA and then
leveled off after 45 DPA (Figures 8-6d and 8-8d). In summary, ATR-FTIR and FT Raman
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in combination with PCA can distinguish the primary, transition, and secondary wall
synthesis stages based on the chemical composition of the cotton fibers.
The time in which cotton fibers initiate secondary cell wall synthesis can vary
between cultivars 235 and species 237. In order to monitor cotton fiber development, one
could attempt to monitor the changes in the concentrations of specific matrix polymers or
proteins by following individual peaks in IR and Raman spectra. However, reliable and
meaningful analysis of individual peaks is often difficult due to uncertainties in
background correction and peak deconvolution. The data presented in Figures 8-6d and 88d demonstrate that the entire IR and Raman spectra can be used for chemometric analysis
such as PCA to monitor the chemical composition change during the developmental stages
of plant cell walls.
Cellulose crystallinity, crystal size and polymorphism in cotton during the fiber
development
The broad diffraction profiles of 17 DPA cotton fibers (Figure 8-8) confirm that the
primary cell wall consists of mostly non-crystalline components 246. During the maturation
stage, both G. hirsutum and G. barbadense species have nearly identical cellulose content
(Figure 8-2, 8-6d, 8-8d) and similar crystallinity and crystal size (Table 8-3). These results
suggest that the molecular and nanoscale structure of cellulose did not vary during the
maturation stage.
The differences in the unit cell planes between cellulose Iα and Iβ crystal structures
are so subtle that deconvoluting the presence of two polymorphs from XRD is challenging
especially when the crystallinity is low (as in 17 DPA and 23 DPA). In this case, the
distinction of two polymorphs can be assisted with using spectroscopic methods that are
sensitive to small differences in hydrogen bonding patterns between these polymorphs.
Cellulose Iα has a characteristic peak at 3240 cm -1 in IR and SFG, while cellulose Iβ has a
characteristic peak near 3270 cm-1 28,97. Since SFG does not suffer from background
interference from amorphous phase and residual water, it is more sensitive and useful than
IR. The 3240 cm-1 signal was absent in all SFG spectra obtained in this study; this result
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excludes the presence of the cellulose Iα hydrogen bonding pattern in the secondary cell
walls of cotton (Figures 8-2a and 8-2b). The secondary cell walls from wood also lack the
cellulose Iα polymorph 28. The SFG spectra of the cotton fiber samples in the primary cell
wall stage are so weak that they do not provide any meaningful information about the
crystal structure. However, the SFG spectra obtained after the extraction of amorphous
fraction with 2M TFA clearly show the characteristic features of cellulose Iβ.

Conclusions
The cellulose structure at the nanoscale and mesoscale as well as the cell wall
composition in fibers of two cotton species, G. hirsutum and G. barbadense, can be
investigated at various developing stages (17‒60 DPA) using a combination of several
analytical techniques. ATR-IR and Raman spectroscopy are useful to monitor the changes
in chemical composition and water content in cell walls. The primary, transition, and
secondary wall stages can be distinguished through PCA of ATR-IR and Raman spectra.
XRD reveals nanoscale changes in cellulose crystallinity and crystal size during the cotton
fiber development. Vibrational SFG spectroscopy can reveal the mesoscale structure
(packing) of cellulose microfibrils and between G. hirsutum and G. barbadense species
during the maturation stage. The degree of mesoscale packing of cellulose microfibrils in
cotton fibers appears to be sensitive to the sample preparation and storage methods.

Supplementary Information
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Figure 8-S1. Example of XRD peak fitting of G. hirsutum (a) 17DPA and (b)
60DPA.

Figure 8-S2. SFG spectral changes during fiber development for G. hirsutum and G.
barbadense. (a) Principal component (PC1, 99% explained variance) of the predominant
elements of the SFG spectra of all DPA’s. (b) Plot of PC1 scores as a function of DPA.

Figure 8-S3. SFG spectra of AD cotton fibers that were air-dried directly upon boll
opening in the lab without storage in water at 4 oC. In these samples no discernable SFG
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signals are observed at 17 DPA; the SFG signals of the 23 DPA samples were weaker than
the ones shown in Figure 8-2 (rehydrated and stored at 4oC before air-dry).

Figure 8-S4. Effects from natural drying (ND) of fully-developed cotton fibers upon
boll opening. The SFG intensities from ND cotton fibers from naturally opened bolls are
significantly lower than those of AWD fibers (artificially opened, stored in water and airdried). Also it is noted that the intensity difference between G. hirsutum and G. barbadense
becomes insignificant after the boll opened naturally.

Figure 8-S5. Iodine staining of young never-dried cotton fibers from G. hirsutum: (a)
17, (b) 21, (c) 23, (d) 30 DPA. White arrows refer to stained starch granules. Scale bar is
50µm.

Table 8-S1. Neutral sugar composition released from the cotton fibers after hydrolysis with
2M TFA. Concentration is expressed as µg/mg and standard error in parenthesis, technical
replication n=2. The glucose released during the TFA treatment has been attributed to noncellulosic glucose 274.

197

Chapter 9 : Cellulose produced by Gluconacetobacter xylinus strains

ATCC 53524 and ATCC 23768: pellicle formation, post-synthesis
aggregation and fiber density
Reproduced with permission from Elsevier: Lee, C. M., Gu, J., Kafle, K., Catchmark, J., & Kim,
S. H. (2015). Carbohydrate Polymers, 133, 270-276.

Overview

The pellicle formation, crystallinity, and bundling of cellulose microfibrils
produced by bacterium Gluconacetobacter xylinus were studied. Cellulose pellicles were
produced by two strains (ATCC 53524 and ATCC 23769) for 1 and 7 days; pellicles
were analyzed with scanning electron microscopy (SEM), X-ray diffraction (XRD),
vibrational sum-frequency-generation (SFG) spectroscopy, and attenuated total
reflectance infrared (ATR-IR) spectroscopy. The bacterial cell population was higher at
the surface exposed to air, indicating that the newly synthesized cellulose is deposited at
the top of the pellicle. XRD, ATR-IR, and SFG analyses found no significant changes in
the cellulose crystallinity, crystal size or polymorphic distribution with the culture time.
However, SEM and SFG analyses revealed cellulose macrofibrils produced for 7 days
had a higher packing density at the top of the pellicle, compared to the bottom. These
findings suggest that the physical properties of cellulose microfibrils are different locally
within the bacterial pellicles.
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Introduction
Some species of Gram-negative bacteria can produce cellulose when grown in a culture
medium containing glucose, forming pellicles at the top of the medium. Gluconacetobacter
xylinus (G. xylinus) is the most extensively studied microorganism which produces cellulose
under aerobic conditions 275. The hierarchal structure of bacterial cellulose spans length scales
from nanometers to hundreds of microns. Cellulose chains are linear polymers consisting of β-1,
4-linked glucosyl residues. Individual cellulose chains are packed by hydrogen bonding into
elementary microfibrils which are ~10‒20nm in diameter and are excreted into the culture media
276

. The higher order organization of bacterial cellulose is the aggregation of multiple elementary

microfibrils forming thick fibrils are called macrofibrils 39. According to previous studies,
macrofibril formation occurs approximately 24‒48h after synthesis 277. The width of the
macrofibril can vary with cultivation time 276. The three dimensional macrofibril networks can
vary depending on the strains used, culture time and chemical additives present in the culture
media 278,279.
Because of the unique physical properties of G. xylinus cellulose, it is being used for
many applications including wound care, tissue engineering, filtration, papermaking, engineered
foods, and reinforcement fibers for polymer composites 280. Additionally, G. xylinus cellulose has
been studied as a model system to understand cellulose-hemicellulose interactions during the
plant cell wall formation 281,282. In plants, cellulose is produced and embedded in a matrix of
amorphous wall polymers with varying molecular structures and amounts, depending on the plant
growth stage and environment 59. These factors makes structural analysis of cellulose in plant cell
walls extremely difficult. In contrast, G. xylinus produces nearly pure cellulose and extrudes it
into the liquid medium. Thus, by adding matrix polymers in the culture medium, it is possible to
study how cellulose-matrix polymer interactions alter the post-synthesis crystallization of
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bacterial cellulose 282-285. It is also possible that non-cellulosic exopolysaccharides secreted by G.
xylinus could be associated with bacterial cellulose in the pellicle 286.
This study addresses whether the G. xylinus strain and culture time affect the pellicle
formation, crystallinity, crystal size, polymorphism and bundling of bacterial cellulose produced
under static culture conditions. Two of the most widely used strains, ATCC 23769 and 53524,
were chosen for this work. The former has been used to study the mechanism of cellulose
synthesis and assembly 281,287 and it genome sequence was determined 288. The latter is reported to
be genetically stable during the agitated culture conditions and thus could be used for large-scale
cellulose production 279,289. Detailed information of cellulose microfibril and bundle formation is
important to understanding the mechanical properties of bacterial cellulose pellicles as well as
interactions between bacterial cellulose and matrix polymers.

Methods
Bacterial cell culture conditions
Two G. xylinus strains (ATCC 53524 and ATCC 23769) were obtained from the
bioresource center of American Type Culture Collection. G. xylinus cells were cultured in 100
mL test tubes with 30 mL media at 30°C under static conditions. One liter culture medium
contained 20.0 g glucose, 5.0 g yeast extract, 5.0 g bacterial peptone, 2.7 g sodium phosphate
dibasic, 1.2 g citric acid, 1 g magnesium sulfate, 2 g ammonia sulfate and 1 mL of corn steep
liquor supernatant. The initial pH of the medium was adjusted to 5.0 with 3 M HCl. The bacterial
cellulose pellicles were formed at the liquid-air interface. The samples were harvested at two
points during cultivation: (1) after 1 day when the pellicles were barely formed and (2) when the
pellicles were fully formed, at about 7 days.
Field-Emission Scanning Electron Microscopy (FESEM)
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FESEM was used to observe the distribution of bacterial cells in the pellicle and the
morphology of cellulose network. The pellicle samples were either boiled in DI water for 90 s to
sterilize the bacterial cells or washed 3 times with 0.1M NaOH for 30 min to remove the bacterial
cells. The samples were then thoroughly rinsed with DI water, frozen at -80 °C and freeze-dried.
Before the SEM imaging, a thin layer of gold (~5 nm) was deposited on the samples. The SEM
(LEO 1530, Leo Co., Okerkochen, Germany) was operated at 5 kV and 2 mm working distance.
Statistical analysis was performed using ImageJ 1.43u (NIH) and only single bacterial cellulose
macrofibrils were selected to obtain the mean and standard deviation of their diameter (25 ≤ n ≤
60).
X-Ray Diffraction (XRD)
XRD was used to obtain the crystallinity index (CrI) and crystal size (CrS) of cellulose
produced by G. xylinus. The pellicles were prepared in the same way as for SEM analysis with
NaOH treatment. They were then pressed into thin films at 2000 lb and placed on a zerobackground quartz sample holder for XRD analysis. A diffractometer (PANalytical Empyrean,
Westborough, MA) with 0.15406 nm wavelength (Cu-Kα radiation generated at 45 kV and 40
mA) was used to analyze the crystal structure of the cellulose samples. X-ray scanning was
performed at a rate of 2 degrees per minute from 10° to 40° 2θ . The instrumental broadening was
determined from the full width at half maximum (FWHM) of reflection peaks of a silicon
standard (NIST Si 640) and corrected. The CrI was calculated using the peak deconvolution
method 290. The detailed fitting process could be found in a previous work 283. A Gaussian-shape
function was used to fit the peaks and the broad peak centered around 21.5 degrees was assigned
to be the amorphous contribution. The crystal size along the (110) direction was calculated by the
Scherrer Equation D110 = K∙λ/β∙cosθ where K is the Scherrer constant (0.9), λ is the X-ray
wavelength, θ is the Bragg angle and β is the FWHM of the (110) peak from the fitting procedure
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283,291

. The significant difference of the data was evaluated using the student t-test (with p<0.05

confident interval).
Vibrational Sum frequency Generation (SFG) Spectroscopy
The details of our SFG spectrometer and experimental setup used for the SFG
measurements were the same as previously published 204. Sodium hydroxide treated bacterial
cellulose samples were freeze dried overnight and lightly pressed on a glass slide. Spectra were
taken at 4 cm-1/step in the CH stretching region (2700–3050 cm-1) and 8 cm-1/step in the OH
stretching region (3096–3800 cm-1). The probe volume was estimated to be ~150  200 µm2 wide
and ~20 µm deep from the external surface. The effective probe depth of ~20 m was governed
by the IR beam attenuation in the sample 208. SFG spectra of multiple locations (n = 5) on each
sample were analyzed. Spectral data were fitted with Lorentzian-shape functions to find the peak
center positions 284,292.
Attenuated Total Reflection Fourier-Transform Infrared (ATR-FTIR) Spectroscopy

Infrared spectra were collected using a Nicolet 8700 FTIR spectrometer (Thermo
Scientific) equipped with a KBr beam splitter, and a deuterated triglycine sulfate (DTGS)
detector. NaOH-treated and freeze-dried pellicles were pressed on a diamond ATR
crystal and spectra were collected in the region 800‒4000 cm -1 with a 2 cm-1 resolution
and averaged over 100 scans. The signal intensities were normalized over the 1032 cm -1
peak.

Results
Bacterial cell population and bacterial cellulose pellicle morphology from SEM
analysis
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Both G. xylinus strains (ATCC 53524 and ATCC 23769) formed visibly
noticeable pellicles at the surface of the culture medium after 20‒30 h under static
conditions. The bacterial cellulose pellicle produced by ATCC 53524 continued to grow
thicker after 7 days, but the pellicle thickness of ATCC 23769 did not increase after 7
days of cultivation. In order to see if the morphology of the bacterial cellulose network
changes over culture time, pellicles were harvested after 1 or 7 days of cultivation and
analyzed with FESEM.
In order to visualize the distribution of bacterial cells, the pellicles were boiled in
DI water to kill the bacteria without disturbing the shape of the pellicle and then washed
to remove the culture medium. The SEM images of the water-washed samples from
ATCC 53524 and 23769 are shown in Figure 9-1 a-d and k-n, respectively. Most
bacterial cells (rod-shaped, about 2 µm long) are found at the top surface in contact with
the air (Figure 9-1 a, c, k, and m) rather than the bottom surface facing the culture
medium (Figure 9-1 b, d, l, and n). At the beginning of the culture, the aerobic G. xylinus
cells consume oxygen dissolved in the culture medium. It is well known that the G.
xylinus bacteria can proliferate mostly at the air/solution interface where oxygen is
readily supplied 293,294 although culture nutrients are more available in the liquid media.
Because cellulose production is also primarily dependent on oxygen supply 295, as the
pellicle thickens, the newly synthesized cellulose is likely located at the top surface of the
pellicle 293.
There were some impurities such as cell debris and non-cellulosic extracellular
polysaccharides secreted by the bacteria 296. Treatment with sodium hydroxide is
commonly used to remove all impurities as well as bacterial cells and purify the bacterial
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cellulose samples 294. The SEM images of the NaOH-treated bacterial cellulose samples
show that the impurities were almost completely removed (Figure 9-1 e-j and o-r).
Moderate treatment with sodium hydroxide did not appear to alter the network of
bacterial cellulose.
ATCC 53524

ATCC 23769
Top

Bottom

7 day

1day

Bottom

7 day

NaOH-treated
7 day

1day

Water-washed

Top

Figure 9-1. SEM images of bacterial cellulose produced from (a-j) ATCC 53524 and (k-r)
ATCC 23769. Images of (a-d) and (k-n) are the water-washed samples and images of (e-j) and (or) are the NaOH-treated samples. (a,e,k,o) top surface of the pellicle harvested after 1 day;
(b,f,l,p) bottom surface of the pellicle harvested after 1 day; (c,g,i,j,m,q) top surface of the pellicle
harvested after 7 days; (d,h,n,r) bottom surface of the pellicle harvested after 7 day.
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Individual microfibrils were not observed in Figure 9-1, their average diameters are
known to be approximately 10‒20nm. However, macrofibrils were observed and the
average diameter at the bottom of the 7-day pellicle is slightly thicker than those found at
the top of the 7-day pellicle as well as the 1-day pellicle surfaces (Table 9-1). The
increase in individual macrofibril diameter could be associated with either the binding
between individual cellulose microfibrils 277 or possibly as a result of exopolysaccharides
secreted by the bacteria 286.
The areal packing density of cellulose macrofibrils varied significantly with the
culture history. Both top and bottom surfaces of the 1-day sample consisted of a random
porous network of macrofibrils (Figure 9-1 e,f and o,p). For the 7-day samples, the
bottom surface was homogeneous consisting of only loosely bundled macrofibrils,
similar to the 1-day sample (Figure 9-1 h and r). The similarity of the 1-day old sample
surface and the bottom of the 7-day old sample also supported the idea that the bacteria
are mostly populated at the top (air-side) of the pellicle during the culture.
Table 9-1. Average diameter of individual macrofibrils.

In contrast, the top surfaces of the 7-day samples were quite heterogeneous,
consisting of porous regions as well as regions with densely-packed macrofibrils (Figure
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9-1 c and m). Even after the NaOH treatment, some regions remained heterogeneous; an
example of the ATCC 53524 pellicle is shown in Figure 9-1 g and i. Under low
magnification (100X), the dark locations on the top surface of the 7-day cultured pellicle
consisted of densely-packed macrofibrils (Figure 9-1g). At high magnification (500010000X), most of fibers appear as bundles of multiple macrofibrils (Figure 9-1 j, q). The
bright spots on the top surface of the pellicle consisted of a loosely-packed cellulose
network spanning several micrometers (Figure 9-1i). The total area of the bright spots
varied, but was usually less than 15-20% of the entire pellicle. These results clearly
showed that the density of macrofibrils are significantly higher for the portion
synthesized near the end of culture (top region of the 7-day sample) compared to the
region produced at the beginning of the culture (day 1 as well as bottom region of the 7day sample).
Crystallinity and crystal size from XRD analysis

Figure 9-2 shows the XRD analysis results of bacterial pellicles harvested at 1 and
7 days of culture. Three diffraction peaks at 2 = 14.5°, 16.6° and 22.7° can be attributed
to the (100), (010) and (110) planes of cellulose I or the (1 1 0 ), (110), and (200) planes
of cellulose I 297. Since these peak positions of two allomorphs are so close to each
other, it is not easy to distinguish two allomorphs based on the XRD peak positions only.
However, it is noted that the intensity of the 14.5° peak is larger than that of the 16.6°
peak, which is characteristic of typical cellulose samples produced by G. xylinus which
contain mostly I 298. Cellulose crystallites with a square cross sectional shape should
have a nearly equal intensities of the (100) and (010) reflections (French, 2013). The
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slightly stronger (100) reflection in Figure 9-2 indicated that the cellulose crystallites are
in a rectangular shape. It has been hypothesized that the shape of the cellulose crystallites
must reflect the arrangement of the cellulose synthesis enzymes at the cell wall
membrane 299.

Figure 9-2. X-ray diffraction patterns of bacterial cellulose pellicles produced by ATCC
53524 and 23769 for 1 day and 7 days of culture. The crystallinity index (CrI, %) and crystal size
(CrS, nm) are shown in the Figure. The diffraction peaks for cellulose Iα are labeled.

There was no clear difference or trend in the peak width or relative intensities
among the samples from two different strains and two different cultivation times. Thus,
the estimates for the crystal size and crystallinity, shown in Figure 9-2 at the top of each
XRD pattern, did not vary significantly (p>0.05).
Cellulose polymorphism, density and bundling from SFG and ATR-IR analysis

The SFG spectra of bacterial cellulose produced by two strains (ATCC 53524 and
23769) of G. xylinus are shown in Figure 9-3. The SFG spectral features in Figure 9-3 are
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consistent with the previous reports on SFG analysis of cellulose pellicles produced by G.
xylinus 284,292. It is noted that there were small changes in the alkyl/hydroxyl intensity
ratio with the cultivation time. The lowest alkyl/hydroxyl ratio was observed for the
pellicles harvested after 1 day (0.31‒0.37). The alkyl/hydroxyl ratio of the day 1 samples
was closer to those of the bottom of the 7-day cultured pellicle (0.32‒0.44) as compared
to the top of the day 7 pellicle (0.52‒0.53).
In the alkyl (CH and CH2) stretching regions, a weak peak near 2850 cm-1 and
triplet peaks at 2920, 2944 and 2968 cm-1 were observed. The 2850 and 2944 cm-1 peaks
were tentatively assigned to the CH2 symmetric and asymmetric stretching vibrations,
respectively 300. The origins of the 2920 and 2968 cm-1 peaks are not yet known; but the
presence of three peaks in the 2920 – 2968 cm-1 region signified a random ordering of
cellulose crystallites at the mesoscale 292, which is consistent with the random orientation
observed with SEM (Figure 9-1).

Figure 9-3. SFG spectra of bacterial cellulose produced after 1day or 7 days from (a)
ATCC 53524 and (b) ATCC 23769. Spectra were normalized at 3320 cm -1.
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Figure 9-4. ATR-IR spectra of bacterial cellulose produced after 1day or 7 days from (a)
ATCC 53524 and (b) ATCC 23769. Spectra were normalized at 1032 cm -1.

In the SFG spectra, the 3100‒3800 cm-1 region consists of the stretching vibration
peaks of the hydroxyl groups involved in intra- and inter-chain hydrogen bonds within
the cellulose crystal 300. The strongest peak was centered at 3330 cm-1 and there were two
small peaks at 3240 and 3370 cm-1 as well as a broad shoulder near 3450 cm-1 292. The
deconvolution of the OH peaks, shown in the supporting information (Figure 9-S1),
clearly showed the presence of a peak at 3270 cm -1. The 3240 cm-1 and 3270 cm-1 peaks
are characteristic of cellulose Iα and Iβ, respectively 301. The presence of a shoulder peak
at 3270 cm-1 can also be seen in the ATR-IR analysis (Figure 9-4). Thus, both SFG and
ATR-IR analyses confirmed that the bacterial cellulose pellicles of both strains contain
both cellulose I and I polymorphs.
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Discussion

The aerobic G. xylinus requires oxygen supply for proliferation 293. The SEM
images showed that the bacterial cells were mainly populated at the top face of the
cellulose pellicle in contact with the air (Figure 9-1 a,c,k,m). Bacterial cells at the top of
the pellicle could maintain their metabolic activity 294. As the cell population increases
near the liquid culture/air interface, the oxygen transport in the deeper regions of the
pellicle will be more limited 302 and the bacteria near the top surface would be more
active. Additionally, the cellulose synthesis in pellicle formation is mostly limited by
oxygen supply 295. Hence the 7 day grown pellicle contains newly synthesized cellulose
predominantly located at the upper regions of the pellicle compared to the deeper or
bottom regions, which is consistent with Klemm et al. 293. Thus, the post-synthesis
aggregation of bacterial cellulose macrofibrils became denser with culture time at the top
surface of the pellicle. This could explain why a greater density of cellulose macrofibrils
as well as a higher cell population was observed at the top of the 7 day culture pellicle
compared to the bottom (Figure 9-1).
SFG is intrinsically sensitive to the mesoscale packing of cellulose crystallites over
the SFG coherence length which is estimated to be hundreds of nanometers up to a
micron 292. In this study, the major difference in the SFG spectra of 1- and 7-day cultured
pellicles was the alkyl/hydroxyl intensity ratio (Figure 9-3). Since there is no significant
changes in cellulose content, crystallinity and crystal size (Figure 9-2), as well as
cellulose macrofibril orientation (Figure 9-1), the relative intensities of alkyl and
hydroxyl stretching peaks can be interpreted in terms of the lateral packing of cellulose
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macrofibrils 292. When cellulose macrofibrils are packed without specific orientations, the
alignment of multiple crystallites over the SFG coherence length (hundreds of
nanometers to microns) is likely to be antiparallel, on average. In this case, the OH
dipoles in the neighboring crystallites or macrofibrils would be cancelled, resulting in
lower OH SFG intensities. Thus, the larger alkyl/hydroxyl intensity ratio in SFG could be
related to the higher density of random macrofibrils.
When the pellicles are collected after 1 day cultivation, the porous network of macrofibrils
is observed for both the top and bottom surfaces of the pellicle (Figure 9-1); the SFG peak shape
and alkyl/hydroxyl intensity ratio were quite similar for the top and bottom surface of the 1-day
pellicle (Figure 9-3). After 7 days in culture, the bacterial cellulose pellicles contained a porous
network at the bottom surface (Figure 9-1 h and r) and densely packed macrofibrils at the top
surface (Figure 9-1 j and q). In the 7-day pellicles, the value of the alkyl/hydroxyl ratio at the
bottom surface was closer to the 1-day pellicles, whereas the top surface showed an increased
alkyl/hydroxyl ratio suggesting more antiparallel aggregation of bacterial cellulose crystals in the
pellicle (Figure 9-3). The alkyl/hydroxyl ratio also varied more at the top of the 7-day pellicle
(standard deviation = 0.13‒0.14) which was consistent with the SEM images which showed that
the top surface contained regions of high packing density and more porous regions (Figure 9-1i).
Although the size of individual macrofibrils was slightly larger at the bottom of 7-day pellicles
(Table 9-1), the cancellation of the OH SFG signal due to antiparallel packing is expected with
higher macrofibril density over the length scale of hundreds of nanometers. This is because the
SFG signal is sensitive to the interactions of the propagating lights (IR, visible, and SFG photons)
over the coherence length. These results supports the notion that the alkyl/hydroxyl SFG intensity
ratio correlates with the packing and density of bacterial cellulose macrofibrils 292. Thus the
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relative intensities of the alkyl and hydroxyl SFG peaks can be used to discern the arrangements
of cellulose macrofibrils which is over hundreds of nanometers.
Understanding cellulose fibril aggregation and network formation under the influence of
growth conditions is fundamentally important for optimizing bacterial cellulose properties for
many applications. Structural composites composed of bacterial cellulose typically require high
mechanical modulus and strength, while bacterial cellulose used for biomedical, cosmetic or even
food applications may require lower modulus and higher porosity. SFG analysis may provide new
insights to the ordering and assembly of bacterial cellulose, aiding in the controlled production of
bacterial cellulose with desired properties.

Conclusions

The structure of bacterial cellulose after 1 day and 7 day cultivation has been examined by
SEM, XRD, ATR-IR and SFG. After 7 days, the network of macrofibrils formed near the airmedia interface exhibited increased density. Although no difference in cellulose crystal structure
was observed by IR and XRD, SFG was sensitive to changes in macrofibril packing. Macrofibril
assembly can have a significant impact on the physical properties of bacterial cellulose. As an
established product in the food, cosmetics and healthcare industries, and new emerging
applications, bacterial cellulose produced in large quantities with controlled physical
characteristics is becoming more essential. This paper demonstrates the use of complementary
characterization techniques to assess macrofibril formation, an important component in the
structure of cellulose biofilms.

Chapter 10 : Multimodal Broadband Vibrational Sum Frequency
Generation (MM-BB-V-SFG) Spectrometer and Microscope
Reproduced with permission from ACS: Lee, C. M., Kafle, K., Huang, S., & Kim, S. H. (2016).
The Journal of Physical Chemistry B, 120(1), 102-116.

Overview

A broadband sum frequency generation (BB-SFG) spectrometer with multimodal
(MM) capabilities was constructed, which could be routinely reconfigured for tabletop
experiments in reflection, transmission, and total internal reflection (TIR) geometries, as
well as microscopic imaging. The system was constructed using a Ti:sapphire amplifier
(800 nm, pulse width = 85 fs, repetition rate = 2 kHz), an optical parameter amplification
(OPA) system for production of broadband IR pulses tunable between 1000 and 4000 cm 1

, and two Fabry-Pérot etalons arranged in series for production of narrowband 800 nm

pulses. The key feature allowing the MM operation was the nearly collinear alignment of
the visible (fixed, 800 nm) and infrared (tunable, 1000 – 4000 cm-1) pulses which were
spatially separated. Physical insights discussed in this paper include the comparison of
spectral bandwidth produced with 40 fs and 85 fs pump beams, the improvement of
spectral resolution using etalons, the SFG probe volume in bulk analysis, the
normalization of SFG signals, the stitching of multiple spectral segments, and the
operation in different modes for air/liquid and adsorbate/solid interfaces, bulk samples, as
well as spectral imaging combined with principle component analysis (PCA). The SFG
spectral features obtained with MM-BB-SFG system were compared with those obtained
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with picosecond-scanning SFG system and high-resolution BB-SFG system (HR-BBSFG) for dimethyl sulfoxide, -pinene, and various samples containing cellulose
(purified commercial products, Cladophora cell wall, cotton and flax fibers, and onion
epidermis cell wall).

Introduction

Vibrational sum frequency generation (SFG) spectroscopy is a non-linear optical
process where infrared (ωIR) and visible (ωVIS) beams are combined to generate a new
photon whose frequency is the sum of the frequencies of two input beams, ωSFG= ωIR +
ωVIS.26 Figure 10-1 schematically illustrates the SFG process. When ωIR is in resonance
with a vibrational transition of a molecule, the SFG process can be enhanced; vibrational
information can be obtained by detecting the photons emitted by the molecule at
frequency ωSFG. In contrast to linear spectroscopy such as IR and Raman, SFG can arise
only in a medium where centrosymmetry is broken.303 Interfaces between two
centrosymmetric or random phases meet this non-centrosymmetry requirement;303 thus,
SFG is widely used as a surface-sensitive vibrational spectroscopy technique. 170,304-307
The noncentrosymmetry requirement of the SFG process also allows selective detection
of non-centrosymmetric crystals imbedded in amorphous matrices without interferences
from amorphous bulk.61,308,309
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Figure 10-1. Energy level diagrams for the vibrational SFG process, with (a-c) tunable
narrow-bandwidth or (d) broad-bandwidth infrared radiation (ωIR) with the up-converting narrowbandwidth visible or near-infrared pulses (typically λVIS = 532 nm or 1064 nm in ps-systems and
800 nm in fs-systems). The solid horizontal lines represent hypothetical vibrational energy levels
of a hydrocarbon molecule with non-centrosymmetrically arranged CH2 and CH3 groups; the
dashed horizontal lines are virtual states upon excitation by absorption of the IR and visible
photons. In a system using narrow-bandwidths for both IR and visible input beams, such as
picosecond laser pulses, the SFG spectrum is obtained by scanning the infrared beam as
illustrated in a  b  c; here b is not in resonance thus the SFG process is inefficient. In a
system using IR pulses with a broad bandwidth as in (d), multiple vibrational modes can be
simultaneously excited which can be up-converted with the narrow-bandwidth visible beam into
SFG signals. In this illustration, infrared, mid-infrared and SFG pulse are represented by brown,
red and blue lines, respectively.

SFG requires photons with very high intensities; 26 thus, it is typically done using
picosecond (ps) or femtosecond (fs) pulsed laser systems. In the case of ps-laser systems,
narrow-band IR beam (typical spectral bandwidth ~6 cm-1) and visible pulses are
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overlapped and the IR beam is step scanned over the entire spectral window region of
interest (Figure 10-1a-1c). Thus, these systems are often called scanning-SFG. In the case
of fs-laser systems, ~100 fs IR pulses with a broad spectral width spanning over 150200
cm-1 are overlapped with spectrally narrow visible pulses (Figure 10-1d).310 This upconverting pulse is usually 800 nm and conventionally called ωVIS although it is in the
near infrared range. If the spectral window of interest is fully covered by the spectral
bandwidth of the IR pulse, then scanning of IR is not needed. This technique is called
broadband SFG (BB-SFG). The spectral resolution of BB-SFG systems is determined by
the bandwidth of the ωVIS beam, which is typically in 8~15 cm-1.310,311 Recently, a highresolution broadband SFG (HR-BB-SFG) system was demonstrated, which combined a
broadband IR pulses with an extremely long visible pulses (~90 ps, compared to a few ps
in typical BB-SFG systems) and could give an instrument resolution of less than 1 cm1 311

.

Since the first demonstration of broadband sum frequency generation310, many
research groups have constructed custom-built systems which have provided details of
how to generate and overlap laser pulses needed for BB-SFG experiments.312-323 In the
past two decades, BB-SFG techniques have been vastly improved allowing phasesensitive detection,324-326 non-resonant background suppression,315,323,327 time-resolved
measurements,313,328,329 ultrafast two-dimensional SFG,330 sum-frequency scattering
(SFS),308,331-333 and microscopic imaging,312 as well as detection of chiral
molecules,29,317,334,335 electronic structures,336,337 and third and fourth-order nonlinear
interactions.338,339 Many of the previous BB-SFG instrument designs have been refined
for probing either the interface or bulk media, which only requires operation in one
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detection mode. When it is desired to use a single laser source for routine analysis various
samples with different physical constraints, then the BB-SFG instrument must be
designed with the capability of multiple experimental geometries.
In the past, typical SFG analyses have been focused on optically-flat interfaces;304
more recently, SFG analyses have been extended to molecules at colloidal surfaces and
crystalline domains dispersed in amorphous matrices. 61,308,333 Covering all these
applications, a general form expressing the SFG intensity, 𝐼𝑆𝐹𝐺 , can be written as:
(2)

(2)
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) ∙ 𝐿2 (10-1)

Here, D is the detection sensitivity which includes the terms for the refractive
indices, collection efficiency and angles of the incident beams. Not only reflection or
transmission modes, SFG can also be performed in the scattering mode; in this case, the
SFG intensity will be a function of scattering factor, S(𝜗), which can be treated with the
Rayleigh, Rayleigh-Gans-Debye (RGD), Mie, or Faunhofer models depending on
refractive indices of the sample and surrounding medium, scattering angle (𝜗), and the
relative size of scattering objects with respect to the probing wave length. 33, 34 The SFG
intensity is proportional to the square of the sum of all second order nonlinear
susceptibilities including resonant background χNR(2), resonant contribution χR(2), and
third-order contribution χ(3) if there is a net electrical field (EDC) within the system of
interest.327,340,341 These terms can be combined into an effective nonlinear susceptibility,
χeff(2). If the incident visible (I0VIS) or infrared (I0IR) beams are absorbed by the sample,
then their intensities will be attenuated during the propagation through the sample. The
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attenuation of the incident beam will be an exponential decay function, ∫0 𝑠 𝑒

𝑧

−𝑑

𝑝

𝑑𝑧 where

ds is the sample thickness and dp is the penetration depth of the beam.342 The last term
𝐿∙∆𝑘

containing cardinal sine function, 𝑠𝑖𝑛𝑐 2 (

2

) ∙ 𝐿2 , is the synchronization factor which

considers the phase mismatch (𝑘 = 𝑘𝑆𝐹𝐺 − 𝑘𝑉𝐼𝑆 − 𝑘𝐼𝑅 ) of the incident and SFG beams
along the propagation direction in a particular dimension (L) in the sample. The spatial
distribution of SFG-active domains within the coherence length defined by this
synchronization factor influences the SFG spectral features and intensities.28 In bulk
polycrystalline isotropic samples, this term is replaced with random quasi phase matching
condition.31
In the case of SFG detection of an optically-flat interface through a transparent
medium at the phase matching condition (𝑘 = 0) and in the absence of contributions
from (3)𝐸𝐷𝐶 , Equation (10-1) can be simplified as:305
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(10-2)

where Aq, ωq, and 𝛤q are the amplitude, frequency and half-width of the q-th
vibration mode, respectively, N is the number of SFG-active molecules, and ANR and ψNR
are the magnitude and phase of the non-resonant background, respectively. The Aq term
is the sum of the angle-averaged Raman polarizability tensor and IR dipole moment
vector in the molecular frame, the Fresnel coefficients, and polarization selections. 304 If
the detection sensitivity, D, is determined by comparison of the SFG Intensity measured
for a known reference sample (such as z-cut quartz) and its theoretical value, then the
absolute value of χeff(2) can be determined.343 In many applications, the relative or
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arbitrary intensity unit is sufficient for the identification and analysis of SFG-active
molecular species.310,314,319,320
In this paper, we describe the construction of a multimodal (MM) BB-SFG system
which can be operated in various experimental arrangements including reflection
(sometimes called epi mode), transmission, total internal reflection (TIR), and
microscopy with minimum reconfiguration times of optics for routine change between
different operation modes. In a typical SFG setup, the conversion from one mode to
another could be cumbersome. In our design, this problem is resolved by aligning visible
and IR beams to propagate parallel but spatially separated within a few millimeters. Thus,
two beams can be directed using the same mirrors and focused or collimated using the
same lenses. Since two IR and visible beams are very close to each other, the SFG signal
is always within the footprint of the visible beam. Thus, the alignment of weak SFG
signals to the detector is straightforward by aligning the high-intensity visible beam
reflected, transmitted, or scattered from the sample to the entrance slit of a spectrometer
and then filtering out the visible beam just before the spectrometer. This paper also
describes details of how to improve the spectral resolution of BB-SFG systems using two
Fabry-Pérot etalons, stitching multiple BB-SFG spectral segments to cover a large
spectral window as well as how to determine the sampling area and depth for bulk
samples containing SFG-active non-centrosymmetric domains. The results from the BBSFG system are compared with the SFG spectra obtained from the ps scanning-SFG
system in our lab and the HR-BB-SFG system at the Environmental Molecular Sciences
Laboratory (EMSL) of Pacific Northwest National Laboratory. 321,322,344,345 Lastly, we
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demonstrate a BB-SFG microscopic imaging of biological samples using a single
objective lens and a step-scanning sample stage.

Experimental setup
Experimental Setup of Broadband SFG Spectrometer

Figure 10-2. Illustration of the broadband SFG system setup. (a) Optical layout of the MMBB-SFG system, abbreviations are: (BS) 1:3 beam-splitter, (E1, E2) Fabry-Pérot etalons, (HP)
half-wave plate, (GLP) Glan-Laser prism, (P) periscope, (Ge) germanium window, (VB) vertical
breadboard, (S) tabletop sample stage, (L1) BaF2 focusing lens, (L2, L3) BK-7 collimating lens
for reflection and transmission modes, (SPF) short-pass filter, (GTP) Glan-Thompson prism, (L4)
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BK-7 focusing lens, (SP) spectrometer, (M) microscope. The mirror after L2 and L3 can be
rotated for tabletop or microscope experiments (curved arrow). (b) Vertical breadboard layout for
the tabletop sample stage, abbreviations are: (FM) flip-mirrors for visible and infrared beam
(dotted lines) alignment to microscope, (Si) silicon wafer for power reduction. The incident and
collection angles (θ) were set at 45° with respect to surface normal. The visible and infrared
beams also travel along the path of the sum frequency beam in the reflection and transmission
directions but are not shown for clarity. (c) SFG-microscope layout in a reflection mode,
abbreviations are: (DM) Al2O3 dichroic-mirror, (RO) 15 reflective objective with NA = 0.4, the
piezo stage allows a sample translation over 300 m  300 μm in the xy plane. The laboratory
frame is defined as z = surface normal, xz is the plane of incidence, y = perpendicular to the plane
of incidence. The transmission mode is not shown in (c). The 800nm beam, 2.3‒10 µm midinfrared beam, and 605‒740 nm SFG signal beam are drawn in red, brown, and blue colors,
respectively.

The experimental setup is schematically shown in Figure 10-2. The laser pulses
needed for SFG experiments were generated with a Ti:sapphire amplifier (Coherent,
Libra) consisting of a Ti:sapphire oscillator delivering 20 fs 800 nm seed pulses at 80
MHz, a grating stretcher, a temperature-controlled Ti:sapphire regenerative amplification
crystal, a frequency-doubled Nd:YLF diode-pumped laser producing 250 ns 527 nm at 2
kHz for regenerative amplification, and a grating compressor. The output from the
Ti:sapphire amplifier was 800 nm pulses with a 12 nm full-width-half-maximum
(FWHM) and a 85 fs pulse width at a 2 kHz repetition rate; the pulse energy was ~2.4
mJ, which gave an average power of ~4.8 W. A 1:3 beam splitter was used to divide the
85 fs pulse for generation of narrowband 800 nm and broadband IR beams.
In order to reduce the bandwidth of the 800 nm pulse, two methods are widely used in
the literature: one is to use a combination of a grating and a slit314,317,321,322 and the other
is to use a Fabry-Pérot etalon.315,316,319 The grating and slit method can adjust the
bandwidth of the spectrally-filtered beam by adjusting the slit width, but it requires a
large space on an optical table. The etalon method is more compact and space-saving, but
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changing the bandwidth requires replacement of the etalon. Note that this is not an issue
in practice since most applications do not require changing the 800 nm bandwidth once
the optimum operation condition is set. In many BB-SFG systems reported in the
literature only one etalon was used; however, this could suffer from the limited spectral
channel spacing, resulting in a pulse with broad tales on both sides of the filtered band. 346
This could be improved by using multiple etalons. 346
In our system, 25% of the 85 fs 800 nm pulse was passed through a pair of angletuned Fabry-Pérot etalons (custom-made by TecOptics, Merrick, NY; finesse = 75.5 and
free spectral range = 483.3 cm-1 at 800 nm) for spectral narrowing.315,316 The bandwidth
of the 800 nm beam before and after the etalon filtering was measured with
a spectrometer (Princeton Instrument 2500i). As shown in Figure 10-3, the use of one
etalon reduced the band width (ΔFWHM) of the 85 fs 800 nm pulse from 12 nm to 0.96
nm; the use of the second etalon narrowed ΔFWHM further down to 0.78 nm. Note that
the tail of the filtered 800 nm beam is significantly reduced when two etalons are used
(Figure 10-3), which helps to improve the BB-SFG spectral resolution. The comparison
of the SFG spectra of microcrystalline cellulose obtained with one-etalon and-two etalon
configurations is shown in Figure 10-S1 in the Supporting Information. The power of the
800 nm pulse filtered with two etalons was in average ~12 μJ/pulse (24 mW). The
narrowband 800 nm power could be attenuated further by using a combination of a pair
of half-wave plates and a Glan-Laser prism (Figure 10-2a). The 800 nm pulse with a
desired power then passes through another half-wave plate to rotate its polarization to
vertical or horizontal directions; in our experimental geometry, this corresponds to p- and
s-polarizations, respectively (Figure 10-2b).
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Figure 10-3. Spectral profiles of the 85 fs 800 nm pulse from the Ti:sapphire amplifier
(black), and filtered pulses after the first etalon (red) and second etalon (blue).

The rest (75%) of the 85 fs 800nm pulse was used to generate a broadband mid-IR
pulse through optical parameter generation/amplification (OPG/OPA). We used a
commercial OPG/OPA system (Coherent, OPerA Solo) consisting of a white-light
generation unit and two-stage optical parametric amplifications. The signal and idler
outputs of the second OPA system were overlapped on an AgGaS2 crystal at different
angles for non-collinear difference frequency generation (NDFG) of mid-IR pulses. This
system produced IR pulses tunable in the 2.5‒10 μm range (corresponding to 4000–1000
cm-1) with a bandwidth of ~150‒200 cm-1 depending on the phase matching at the NDFG
crystal. The mid-infrared output from the NDFG unit was spatially separated from the
signal and idler beams and further cleaned with a Germanium window (ISP Optics) tilted
at the Brewster angle. Polarization of the broadband mid-IR beam was adjusted using
combinations of gold mirrors assembled into a set of periscopes. As shown in Figure 10-
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4, the output energy of the broadband IR measured with a pyroelectric detector was 10‒
20 μJ/pulse in the OH stretching region (3200‒3800 cm -1), 20‒30 μJ/pulse in the CH
stretching region (2800‒3000 cm-1), 10‒20 J/pulse in the C=O and amide stretching
region (1500‒1800 cm-1) not shown, and 5‒10 J/pulse in the C-O and C-O stretching
region (1100‒1300 cm-1). Tuning the angle of the Ge window could be used for
attenuation of the mid-IR pulse energy. The Ge window could be rotated away from the
beam path if spatial chirping becomes a problem in time-resolved measurements. This
beam was reflected by two gold mirrors and passed through the BaF2 lens (Figure 10-2b);
thus, the actual power delivered to the sample is reduced by ~17%. Additionally, the IR
power delivered to the sample could be altered by humid air in the H2O absorption
region; the attenuation by the water vapor could be minimized by constructing an
enclosure along the IR beam path and purging with dry nitrogen gas.
The spectral bandwidth of the IR pulse could be characterized by analyzing the SFG
signal produced by overlapping the narrowband 800 nm pulse with the broadband IR
pulse on the α-quartz crystal surface. In order to compensate the long beam path in the
OPG/OPA system, the narrowband 800 nm pulse was delayed by reflecting off a prism
mounted on an automated step-scan micrometer (Thorlabs, NRT100) shown in Figure 102a. Examples of the non-resonance SFG spectra of -quartz are shown in Figure 10-4.
The broadband IR pulse had a nearly Gaussian profile and the full width at half
maximum (FWHM) was approximately 150‒200 cm -1.
It was questioned if the use of 40 fs pulses from the regenerative amplifier, instead of
~100 fs pulses, for the NDFG of mid-IR pulse could give a spectrally-broader IR pulse
since the shorter pulse has a broader bandwidth. We have tested this by configuring the
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Ti:sapphire amplifier to generate 40 fs pulses. Using the same NDFG crystal and
geometry, the bandwidth of mid-IR pulse was not improved at all (Figure 10-S2 in the
Supporting Information). The average power of the 40 fs mid-IR pulse was reduced by a
half when compared to the 85 fs pulse, producing almost the same peak power for
individual pulses. It appears that the IR bandwidth is mostly determined by the phase
matching condition of NDFG in the AgGaS2 crystal,347 rather than the pulse width of the
pump beam. The broader mid-IR pulse could be produced to cover a wider spectral range
per IR pulse by tuning the NDFG stage.310,317 This would reduce or eliminate the need to
step-scan NDFG crystal to cover a wide range of spectral region of interest; however,
since the photon density at the resonance frequency would be lower when the IR
bandwidth is wider, the data collection time per a given NDFG setting would increase to
get a spectrum with a good signal-to-noise (S/N) ratio. The optimum bandwidth for the
IR pulse could be determined considering the compromise between these two factors.
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Figure 10-4. (Bottom) Non-resonant SFG profiles produced from the α-quartz surface
showing the spectral shapes of individual broadband IR pulses in different spectral regions. The
full width at half max (FWHM) was approximately 150180 cm-1. Removal of water vapor in the
beam path by purging with dry nitrogen results in some increase in the IR profile in the water
absorption region (black line). (Top) Average power of the input IR pulse measured with a
pyroelectric detector at different NDFG settings.

Alignments of broadband mid-IR and narrowband 800 nm beams

In many SFG systems, IR and visible beams are focused onto the sample using two
separate lenses; so their incident angles are different. 316,317,319 In this case, the emission
angle of the SFG signal (SFG) is different from VIS and IR and determined from the
phase matching condition: 𝑘 = 0.26 In order to construct a multimodal system with easy
conversion between different experimental modes, we designed the system such that IR
and visible beams are irradiated with the same incident angle in the xz plane. There are
two ways to align the mid-IR and 800 nm beams to propagate collinearly – one is to
spatially overlap two beams using a dichroic mirror 310,326 and the other is to spatially
separate two beams by reflecting one beam off the edge of a thin mirror. The former
method, where two beams are truly collinear, requires a window transparent to one of the
beams and highly reflective to the other beam. Such dichroic mirror can be made by IRreflection coatings on various window materials.310,348 However, this method is not
feasible when one wants to cover the entire mid-IR range (2.510 m) produced by the
OPA/NDFG system.349 It is difficult to deposit a high-reflection (HR) coating for the
entire 2.510 m range on a window transparent at 800 nm; also, it is very expensive to
deposit a HR coating at 800 nm onto an IR-transparent window. This problem could be
avoided by keeping two beams spatially separated.
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Thus, we chose the latter approach reflecting the IR beam off a sharp edge of an
elliptical-shape gold mirror (marked as * in Figure 10-2a) so that both beams could travel
nearly collinearly with small spatial separation. The beam diameters for mid-IR and 800
nm were approximately 3 mm and 9 mm, respectively. The edge-to-edge separation
between two beams was ~5 mm (d). Thus, the distance from the left end of the mid-IR
beam to the right end of the 800 nm beam was less than 20 mm, allowing reflection of
both beams using the same mirrors and transmitting them through a 1-inch diameter BaF2
lens.
For the tabletop experiment where the sample is placed on a horizontal plane, the IR
and 800 nm beams were sent onto the sample at a 45° incidence angle using a planoconvex BaF2 lens (focal point f = 15 cm). Because of small differences in the refractive
index of BaF2 at these wavelengths, the exact focal points of IR and 800 nm were slightly
different. This chromatic aberration was used to make one beam tightly focused and the
other slightly less focused. By doing so, one could tolerate a small displacement
(walking) of the IR beam upon changing the NDFG crystal angle during the IR scanning.
When the IR and 800 nm beams are horizontally separated, there are technically two
incident planes separated by tan-1(d/f). In this geometry, the phase matching in the xdirection (𝑘𝑥 ) is identical to the spatially-overlapped geometry case; the phase
matching in the y direction (𝑘𝑦 ) is slightly off, but this is very small and practically
negligible in most applications. If having a single incidence plane for both beams is
critical, then the gold-coated elliptical mirror could be placed above the 800 nm beam so
that the IR beam is in the collinear geometry but vertically separated.
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There are several advantages of aligning the IR and 800 nm beams parallel but
spatially separated and directing both of them with the same mirrors and focusing them
through a single lens. Although the SFG signal propagation direction can be calculated
from the phase matching condition, it is often difficult to find and direct the SFG beam to
the narrow entrance slit (100m wide) of the monochromator since the SFG beam is
typically weak and invisible. In our design the path of the SFG beam is essentially
overlapped to the 800 nm beam, and the strong 800 nm beam reflected from the sample is
easy to find. Therefore, the alignment of the SFG signal could be done simply by
directing the 800 nm beam to the monochromator and then filtering out the 800 nm beam
by using a short-pass filter with a cut-off frequency of 775 nm (SPF in Figure 10-2a).
This also made switching from the reflection geometry to the transmission geometry
quick and simple (Figure 10-2b).
Another advantage is that since both mid-IR and 800 nm beams were irradiated at 45o
from the surface normal, the conversion of the system from an open surface analysis to a
total internal reflection (TIR) mode is straightforward. Placing an equilateral CaF2 prism
onto the sample stage could change the normal air/sample analysis geometry to the TIR
geometry. When all optics was aligned properly, switching between two detection
geometries could be done routinely. If a different incidence angle is needed, one could
simply change the sample height and re-align the L1 and L2 mirrors as well as two
reflection mirrors at the top of the vertical breadboard.
Since both mid-IR and 800 nm beams were focused onto the sample with a short focal
length lens, the reflected or transmitted beams (and SFG signal) are diverging. These
diverging beams were collimated using a BK-7 plano-convex lens with a focal length of
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3.8 cm (L2 in Figure 10-2b). A short focal distance lens was used to maximize the signal
collection efficiency especially for powder or bulk samples such as cellulose and amylose
that scatter SFG signals.61,273 The polarization of the SFG signal to be detected was
selected using a Glan-Thompson prism (Figure 10-2a). A half-wave plate was used to
rotate the polarization-filtered SFG signal to the polarization direction where the
dispersion efficiency of the grating used in the spectrometer was the maximum. Finally,
the signal beam was focused using a lens (L4 in Figure 10-2a) into the entrance slit (100
m wide) of the spectrometer.
Spectrometer and Detector

For spectral recording of BB-SFG spectra, the SFG signals were dispersed using a
volume-phase holographic (VPH) grating (Andor, Holospec). VPH gratings are
transmissive gratings, different from reflective gratings used in traditional Czerny-Turner
(CZ) spectrographs. The VPH systems do not have astigmatism which is a common
problem of typical CZ systems. Also, the VPH system is much smaller than CZ systems
and has a higher light collection efficiency than typical CZ systems. In our system, the
full spectral range of the SFG signal (607–740 nm) was covered with two VPH gratings:
(1) a grating with a 606.5–697.5 nm range (Andor, HS-HSG-532-HF; dispersion = 3.45
nm/mm; resolution = 0.19 nm) for the SFG signal detection in the 4000–1900 cm-1 region
and (2) another grating with a 644.8–747.2 nm range (Andor, HS-HSG-647-LF;
dispersion = 3.89 nm/mm; resolution = 0.20 nm) for the 3000–1000 cm-1 SFG signals.
The 2944 cm-1 peak of commercially available cellulose Avicel ® (also filter paper or
Kim-Wipe® tissue) was used when it was necessary to calibrate the relative intensities of
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the high and low wavenumber spectra obtained with two separate gratings. Switching
between two gratings could be done in less than 10 minutes.
The dispersed SFG signal was detected with a back-illuminated deep-depletion
charge-coupled device (CCD) camera with anti-fringing, extended-range dual antireflection coating (Andor, DU420A-BEX2-DD). The active detection area was covered
by 1024  256 pixels (each pixel = 26 m  26 m) and the sensitivity (e-/count) was 100
kHz. Normally, the detector was binned in the vertical direction to minimize background
noises from the inactive region of the CCD camera. For samples with highly scattering
SFG signals such as cellulose, the vertical beam size on the CCD camera was
approximately 2030 bins. If the signal intensity was strong enough, then the S/N ratio
was not affected by the vertical bin size; in this case, a full bin of 256 pixels could be
used for simplification. For optically-flat surface samples such as liquids or α-quartz, the
SFG signal with good S/N ratio could be collected with a small vertical bin size setting,
typically ~5 bins. The spectral calibration of the VPH grating and CCD camera assembly
was made using emission lines from a mercury lamp.
Collection of BB-SFG spectra

When SFG spectra are collected, the recorded SFG signal intensity should be
normalized with the intensities of the input laser pulses. For the 800 nm pulse, the
average power of the pulse can be used for normalization. In the case of broadband IR
pulse, the actual spectral shape is important since the IR energy varies with the
wavenumber. The IR energy normalization can be done by measuring the SFG spectrum
with a non-resonant reference substrate, such as -quartz or gold film, at each NDFG
setting for the broadband IR pulse and dividing the SFG spectrum of the sample of
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interest with this non-resonant reference spectrum. Figure 10-4 shows examples of nonresonant reference SFG profiles from an -quartz surface. When the spectral range of
interest is narrow enough that the data collection at only one NDFG setting is sufficient,
then this is the best way to normalize the SFG spectrum with the laser pulse input
powers.
When the spectral window of interest is larger than the IR bandwidth of a single
NDFG setting, then multiple spectra must be obtained and stitched together. In this case,
the NDFG settings must be step-scanned over the multiple positions with several
different band centers. Then, the normalization of the spectrum with the IR beam profile
can be done in two ways: (i) normalize each SFG spectrum with the IR beam profile
(using each nonresonant spectrum; for example, individual curves at the bottom of Figure
10-4) and then add the normalized spectra obtained at different NDFG settings, or (ii)
simply sum all raw spectra collected at a certain NDFG scan interval and then divide the
summed spectrum with the overall IR power over the given IR spectral range (the top
curve in Figure 10-4). A polynomial fit of the IR power curve can be used to create
smooth mathematical function for normalization of the measured spectrum.
Of these two stitching methods, the second is simpler than the first. However, it should
be noted that the spectrum processed by the second method could be used only for
relative intensity comparison. In this case, the NDFG step-scan interval should be smaller
than the FWHM of the broadband IR pulses; otherwise, the polynomial fit curve cannot
be used to reflect the actual IR power delivered to the sample. This is explained in Figure
10-S3 in the Supporting Information. Also, the NDFG step-scan should start from a value
lower than the lowest end of the spectral range of interest and end at a value higher than
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the highest end of the spectral range needed for analysis. This makes sure that the IR
power for the entire spectral range of interest is truly represented by the overall IR power
measured with a pyroelectric detector.
SFG Microscope

The parallel propagation of the mid-IR and 800 nm laser beams simplifies the
conversion of the tabletop experimental setup over a large area (Figure 10-2b) to the SFG
imaging or small-spot analysis with a microscope (Figure 10-2c). We used a fixed-stage
upright optical microscope with a side laser port (Olympus, BX51W1). The spatiallyseparated collinearly-propagating laser beams were reflected from a silicon wafer to
reduce the laser power (Figure 10-2b) to avoid beam damage of the sample when the
laser beams were tightly focused into a small spot on the microscope stage. The near
normal reflection off the silicon wafer reduces the pulse power by ~70%. If a larger
power reduction is needed, then a glass window (refractive index ~1.5) can be used
which reflects only 5% of the incident beam at the near normal reflection angle. A
custom-coated dichroic mirror (Spectral Products) was positioned at a 45° angle in the
beam line before entering the microscope for microscopic imaging in the reflection mode.
The dichroic mirror was made with a 1-inch diameter aluminum oxide window with a
2.6–4.2 m anti-reflection coating at the entrance side and a 610–700 nm high-reflection
coating at the reflection side. A 15 reflective objective lens (Newport, 50105-02;
numerical aperture NA = 0.4) with a working distance of 24 mm was used to focus both
mid-IR and 800 nm beams onto the sample. This lens could focus the 800 nm collimated
laser beam down to a 2~3 m area. A higher magnification and higher NA lens could be
used to focus the beam tighter into a smaller spot. The sample was placed on a
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nanopositioner with a translation range of 300 m  300 m (MadCityLab, NanoBio300) for step-scan imaging. A condenser and a reflection mirror were placed at the
bottom of the sample for transmission imaging of thin transparent samples (not shown in
Figure 10-2c). The microscope was also equipped with a CCD camera (Exi Blue,
QImaging) in the epi direction for optical imaging (Figure 10-2c).
Comparison with ps-scanning SFG spectrometer and high-resolution broadband SFG
(HR-BB-SFG) spectrometer

The spectral resolution of the MM-BB-SFG system was compared with the spectra of
the same samples collected with a ps scanning-SFG system available in our laboratory
and the HR-BB-SFG system available at the Environmental Molecular Science
Laboratory (EMSL) of the Pacific Northwest National Laboratory. The details of the ps
scanning-SFG and HR-BB-SFG systems were described in detail in Ref. 9 and 49,
respectively.

Materials

Avicel® PH-101 (CAS No. 9004-34-6) was obtained from Sigma-Aldrich (Product
No. 11363) and was hand-pressed into a pellet. Thin films of pure cellulose isolated from
Halocynthia,349 air-dried cell walls of Cladophora aegagropila28 and onion abaxial
epidermis,342 as well as air-dried fibers of flax28 and cotton28 were used for spectral
comparison. Details of these samples were described in the references cited for each
sample. For microscopic analysis, a single fiber of cotton or a single cell wall of onion
epidermis was placed on a glass slide. To determine the probe depth of the MM-BB-SFG
spectrometer in the table-top experiment,342 thin films of cellulose nanocrystals with
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varying thicknesses were prepared by air drying cellulose nanocrystal suspension
solutions (made from a solution of crystals from 4M HCl treatment of Avicel PH-101) on
slide glasses. The thickness of these cellulose crystal films was measured with optical
profilometry (Zygo New View 7300). For the TIR-BB-SFG or liquid surface
experiments, (+)-α-pinene (CAS 7785-70-8) and dimethyl sulfoxide (DMSO; CAS 6768-5) were purchased from Sigma Aldrich. A surfactant mixture used for beam alignment
(SNOOP® liquid leak detector) was purchased from Swagelok Inc. (Solon, OH). All
experiments were performed under ambient conditions in the lab (21±1°C and 2330%
relative humidity).

Results and discussion
Comparison of BB-SFG and picosecond scanning-SFG systems

Figure 10-5. Comparison of BB-SFG and ps-scanning SFG systems of (a) lowwavenumber region of SFG spectra of Avicel®, (b) high-wavenumber region of Avicel® and
Kimwipe®, and (c) SNOOP® surfactants at the air/water interface. The spectra in (a) and (b) were
collected with ssp polarization and the spectra in (c) was taken in ppp polarization. The y-axis
shows the counts per second of the BB-SFG spectra after normalization for 800 nm and IR power
(cpsSFG/mW800nm/mWIR); the intensities of the ps scanning-SFG spectra were arbitrarily adjusted
with normalization of the biggest peak for comparison. For the BB-SFG spectra, the data
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acquisition at each NDFG setting was 0.5 sec for cellulose (a,b) and 30 sec for SNOOP®
surfactants at the air/water interface (c).

We first compare the BB-SFG and scanning-SFG spectra of cellulose (Figure 10-5a
and 5b). Pure cellulose (either commercially available Avicel® or Kimwipe® lab tissues)
is a useful substrate for initial alignment of the SFG set-up since it gives very strong SFG
signals scattering in all directions.28,61,342,350 One could see this from the magnitude of
the signal shown in Figure 10-5b, which are about 23 orders of magnitude stronger than
typical signals from air/liquid interfaces (Figure 10-5c). This is because the SFG signals
originate mostly from the crystalline bulk, rather than the surface. 28,61 Once the beams
were aligned properly, the SFG intensity of cellulose was much stronger than that of quartz (typically ~1000 counts/second before normalization with input laser power).
Since the cellulose signal intensity was so strong, the beam alignment could be done with
a refreshing rate (0.5 sec per spectral reading) high enough for real-time video display.
The real time monitoring of the spectral signal made the beam alignment very easy.
Once the overlap of mid-IR and visible pulses were made and the scattered SFG
signals were successfully detected, then a liquid sample could be used to more precisely
align the SFG signal emitted at the phase-matching direction. The air/liquid interface is
always horizontal, free of a complication due to the sample stage tilting. For this purpose,
a surfactant film at the surface of water is a convenient system since it gives decent signal
intensities in the alkyl stretch region. Figure 10-5c shows BB-SFG and scanning-SFG
spectra of SNOOP®, a commercial mixed surfactant solution. The BB-SFG system
produced high-quality data comparable with the scanning-SFG spectra. In the case of
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SNOOP® data collection, the data acquisition over 2030 seconds at each NDFG setting
gave spectra with decent S/N ratios. The total data collection time over the 28003000
cm-1 (summing data from 5 DFG settings at 2700, 2800, 2900, 3000, and 3100 cm -1) was
about 2 min, while the ps-system took ~15 min to scan from 2800 cm-1 to 3000 cm-1. As
shown in Figure 10-5c, the S/N ratio is better for the BB-SFG spectrum (~2030 cps)
than the scanning-SFG spectrum (~810 cps), even though the data collection time is
much shorter for the BB-SFG measurement. Since the exact chemical composition of
SNOOP® is unknown (proprietary), the peak assignment could not be made; regardless, a
few drops of SNOOP® on water was a reliable and non-hazardous sample that could be
used for daily beam alignments.
Pulse width of 800 nm filtered with a pair of Fabry-Pérot etalons

The temporal profile of the 800 nm beam which was spectrally narrowed from ~12 nm
to 0.78 nm using two etalons (Figure 10-3) could be estimated from cross-correlation
between IR and 800 nm pulses,311,320 i.e., by recording the BB-SFG peak intensity as a
function of delay between IR and 800 nm pulses. Figure 10-6 plots the intensity of main
peaks of BB-SFG spectra of Avicel® (2944 cm-1) and air/DMSO interface (2920 cm-1)
measured while varying delay time. From these measurements, the effective pulse
duration at the half-intensity of the 800 nm beam was estimated to be 2.12.4 ps. Note
that the temporal profile of the 800 nm pulse is asymmetric, which is characteristic to the
spectral filtering with etalons.315,316,351
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Figure 10-6. SFG intensity of Avicel at 2944 cm -1 (a) and air/DMSO at 2920 cm-1 (b) at
various time delays between the visible and IR pulses. The time delay of the visible pulses was
adjusted to arrive before the IR pulse (positive on the x-axis) and after the IR pulse (negative on
the x-axis). In insets show the full profile in the CH stretching region (27503050 cm-1) at -1ps
(A), without delay (B) and +1ps (C).

Figure 10-6 also compares the BB-SFG spectra obtained at the zero delay, which is the
maximum overlap between IR and 800nm pulses (B) with those obtained at ±1 ps delay
(A and C). In the Avicel spectra (Figure 10-6a), it can be seen that the 2944 cm-1 peak is
slightly narrower when the IR pulse arrives at the sample surface 1 ps earlier (A) than the
delay time for the maximum intensity (B); and slightly broader when the IR pulse arrives
1ps later (C) than the maximum intensity delay (B). This originates from the convolution
of the 800 nm pulse duration and the full relaxation time of the vibrational modes excited
by the short IR pulse.311,352 In the air/DMSO spectra shown in Figure 10-6b, the spectral
broadening effect due to delay mismatch was less prominent due to low S/N ratios.
Characterization of beam spot size and probe depth of bulk sample
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In the tabletop experiment, the total SFG signal is an average response within the area
onto which the incident IR and visible beams are overlapped. This area could be
measured by step-scanning of a very thin and flat cellulose fiber (such as flax) across the
overlapped area and recording the SFG signal intensity. 342 Figures 10-7a and 10-7b
display the SFG signal intensity at 2944 cm -1 at every 5 m displacement of a flax fiber
along and normal to the laser incidence plane, respectively. By fitting the measured SFG
intensity as a function of displacement distance, the diameters of the SFG sampling area
parallel and perpendicular to the laser incidence plane could be obtained. Most of the
signal intensity is coming from the area within 2 times of the FWHM of the beam profile.
Thus, the SFG probe area was determined to be ~120 m along the incidence plane
(Figure 10-7a) and ~80 m normal to the incidence plane (Figure 10-7b). The ellipsoidal
area is due to the off-normal incidence of the laser beams. Using this area, the photon
energy delivered to the sample was estimated to be 3.5 mJ/mm2/pulse for IR at 2944 cm1

. Cellulose samples were not damaged at this irradiation condition. Some samples

absorbing laser pulses such as gold films can be damaged at this photon flux. In that case,
the IR pulse energy could be reduced by tilting the Ge window away from the Brewster
angle (Figure 10-2a) and the 800 nm pulse could be reduced by rotating the half-wave
plate before the Glan-Laser prism (Figure 10-2a).
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Figure 10-7. Determination of (a,b) probe area and (c) probe depth for a bulk sample in the
BB-SFG tabletop experiment. The z-axis is in the direction normal to the surface, x-axis is along
the incident beam propagation direction (thus, the xz plane is the plane of incidence), and y-axis
is perpendicular to the plane of incidence. In (a), a flax fiber was placed along the y-axis and
translated along the x-axis; in (b), the fiber was placed along the x-axis and translated along the yaxis. In (c), the SFG signal intensity was measured for thin films of cellulose nanocrystals with
different thicknesses in the reflection (black and blue) and transmission (red and pink) modes.
The SFG intensities were monitored at 2944 cm -1 (black and red curves) and 3320 cm-1 (blue and
purple curves). The fit lines are a guide to the eye.

When SFG signals are generated by noncentrosymmetric organic crystals dispersed in
amorphous organic matrices (such as cellulose in biomass), it is important to know the
sampling depth of SFG, i.e. from what region SFG signals are generated. In order to find
the SFG sampling depth, the SFG signal intensity was recorded for a series of thin films
of cellulose nanocrystals with varying thicknesses (Figure 10-7c). When the SFG signal
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was collected in the reflection mode (black and blue data in Figure 10-9c), the SFG signal
was saturated at 20‒25 µm. Note that this thickness is comparable to typical IR
penetration depths (dp,IR in Equation 10-1) for organic materials.353 Since the IR
absorptivity is higher for the OH stretch modes than the C-H stretch modes, the IR
attenuation is larger in the OH region than the CH region; thus, the OH region penetration
depth (or probe depth) is slightly smaller than the CH region penetration depth. When the
SFG signal was collected in the transmission direction (red curve and purple data in
Figure 10-7c), the signal intensity was maximum at 5~10 m and then decreased
gradually as the film thickness increased. This was due to the scattering of the forward
SFG signal in the progressively opaque samples (S(𝜗) in Equation 10-1).354
In Figure 10-7c it is noted that when the thickness is less than 5 m where the
attenuation and scattering effects were small, the SFG intensity increased almost linearly
with the sample thickness, rather than square of the thickness as predicted from Equation
(10-2). This is consistent with quasi-phase matching of signals from SFG-active domains
isotropically dispersed in amorphous matrices, which replaces the synchronization factor
term in Equation 10-1.31
Comparison of BB-SFG Resolution with HR-BB-SFG

The spectral resolution of the BB-SFG system can be estimated by comparing with the
HR-BB-SFG data obtained with identical samples.311,321,323 Figure 10-8a shows the SFG
spectra of the air/DMSO interface collected with our BB-SFG and EMSL’s HR-BB-SFG
systems. In the ssp polarization, there is an asymmetric peak centered around ~2920 cm 1 321

.

The peak width of the BB-SFG spectrum is greater than that of the HR-BB-SFG

spectrum.
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Figure 10-8. Comparison of BB-SFG to the HR-BB-SFG system using (a) air/DMSO
interface and (b,c) crystalline cellulose in the Cladophora cell wall. The polarization combination
was ssp and all spectra were normalized with IR power as mentioned in the methods section. The
main observed peaks are marked with dotted lines.

For quantitative comparison of the spectral resolution, the air/DMSO spectra were
fitted using Equation 10-2. The FWHM (2Γq = 𝛥𝜈𝑉 ) of the 2915 cm-1 peak were found to
be 10.74 cm-1 for the BB-SFG spectrum and 8.6 cm-1 for the HR-BB-SFG spectrum
(Figure 10-S4 in the Supporting Information).321,322 Assuming the HR-BB-SFG value is
the true Lorentzian peak width ΔνL and using the Voigt profile relationship, the
instrumental resolution (ΔνG) could be estimated using the equation
𝛥𝜈𝐺 = √(𝛥𝜈𝑉 − 0.5346𝛥𝜈𝐿 )2 − 0.2166(𝛥𝜈𝐿 )2 .305 This calculation estimated the ΔνG of
our BB-SFG system to be ~5.5 cm-1. It should be noted that this estimation is based on
the convolution of Gaussian and Lorentzian profiles; but the actual 800 nm beam is not
the Gaussian profile but the exponential decay shape (Figure 10-6) characteristic of the
etalon.351
The HR-BB-SFG and BB-SFG spectra of crystalline cellulose from the Cladophora
cell wall in the alkyl and hydroxyl stretching regions are shown in Figure 10-8b and 10-
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8c, respectively. In the alkyl stretching region, the HR-BB-SFG spectrum shows at least 6
peaks at 2850, 2868, 2888, 2924, 2945 and 2968 cm-1, which are consistent with the
previously reported spectra obtained with the ps scanning-SFG system.28 In Figure 10-8b,
the 2888 cm-1 shoulder can be seen clearly in the HR-BB-SFG spectrum, while it is
barely recognizable in the BB-SFG spectrum. The difference in relative intensities
among the 2924, 2945, and 2968 cm-1 peaks are due to local variations in cellulose
microfibril packing in the cell wall.28
In the hydroxyl stretching region, the BB-SFG and HR-BB-SFG spectra of
Cladophora are comparable to each other (Figure 10-8c). The BB-SFG spectrum shows 4
major peaks (3241, 3275, 3320, 3366 cm-1) and one shoulder peak at 3302 cm-1. In the
previous study carried out with the ps scanning-SFG system, the presence of the 3302
cm-1 component was justified based on density functional theory (DFT) calculations and
the consistency of peak width in data deconvolution with equation 10-2.28,349,355 In the
HR-BB-SFG spectrum, the peak at 3302 cm-1 was more noticeable, verifying the
existence of 5 major OH peaks in the SFG spectra of cellulose.
Using the ΔνG value obtained from the air/DMSO analysis, one could estimate of the
spectral broadening of the OH peaks in the BB-SFG spectra compared to the HR-BBSFG spectra. For an OH peak with a ~20 cm-1 FWHM, the BB-SFG spectra would give
~15% broader width than the HR-BB-SFG spectra.305 Compared to the methyl peaks of
DMSO at the air/liquid interface (Figure 10-8a), the relative difference in FWHM is
smaller for the crystalline cellulose peaks. The OH groups in crystalline cellulose are
highly inter-connected through hydrogen bonds,349,355 giving rise to fast relaxation
dynamics with very short decoherence lifetime (τq).124 Thus, the homogeneous linewidth
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broadening predicts that their peak widths are intrinsically broad (𝛤𝑞 = 1⁄2𝜋𝑐𝜏𝑞 ).305 It
is likely that inhomogeneous broadening is also involved. In this case, spectral
broadening due to lower instrumental resolution is less.
BB-SFG in reflection, transmission, and total internal reflection (TIR) modes

The tabletop BB-SFG setup can be operated in the reflection and transmission modes
simultaneously for transparent samples (Figure 10-2b). The reflected and transmitted
SFG signals can be projected at two different locations in the 2D CCD array and recorded
simultaneously by defining two regions of interest (ROI) in data reading. Figure 10-9a
shows an 2D CCD image of BB-SFG signals from a thin film (10 μm thick) of crystalline
cellulose isolated from Halocynthia.28,349 For the cellulose sample, the SFG signal beam
size is large because the sample scatters SFG signals. In the case of α-quartz and
air/liquid surfaces, the signal beam size was much smaller (data not shown). Figure 10-9b
shows the BB-SFG spectra obtained from reflection ROI (from 129 to 142 bins) and
transmission ROI (from 105 to 117 bins). In this experiment, the beam alignment was
intentionally adjusted so that both reflected and transmitted SFG signals could be viewed
on the same CCD image with comparable counts. However, in the typical alignment, the
SFG intensity is much stronger for the transmission mode than the reflection mode which
is due to the large coherence length in the forward propagation compared to the backward
propagation.28,31,354 Thus, the transmission mode detection would be advantageous for
thin transparent bulk samples with weak signals such as cellulose in onion epidermis 342 or
dicot seedlings.356
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Figure 10-9. (a) Spectral image on the CCD camera of SFG signals produced in reflection
and transmission directions from a thin film of highly-crystalline cellulose isolated from the
tunicate Halocynthia. (b) SFG spectra in the OH stretching region from the transmission ROI (red
curve) and reflection ROI (black curve).

Total internal reflection (TIR) is another widely used geometry for detection of
adsorbate molecules in equilibrium with the gas or liquid phase without attenuation of IR
beams by the same molecules in the bulk phase.312 It is also a good alternative approach
for samples that can be damaged easily by high-intensity laser beams.357 In our BB-SFG
system where both IR and 800 nm beams are focused with one BaF2 lens, the conversion
from the open-top surface analysis to the TIR geometry could be made very easily once
the beams were aligned for an air/liquid interface. To convert to the TIR-BB-SFG mode,
a right angle CaF2 prism was placed on top of a liquid reservoir (as shown in Figure 1010) and the sample height was adjusted until the SFG signal was detected. Since the IR
and 800 nm beams were entering the CaF2 facet near the surface normal direction,
additional alignment of the beams was minimal (often redundant). The 45 o incidence
angle is higher than the critical angle for TIR from the CaF2/air interface.
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Figure 10-10. TIR-BB-SFG spectrum of α-pinene vapor in contact with a CaF2 prism. The
inset shows the experimental setup where the incidence angles are θ IR = θVIS = 45° with respect to
the surface normal. The spectrum was collected in the ssp polarization and was an arithmetic
average of three spectra taken over 30 seconds. The y-axis is the SFG intensity normalized with
the 800 nm power and the IR beam profile obtained with a quartz surface (cps SFG/mW800nm/cpsIR).

As an example, Figure 10-10 shows the TIR-BB-SFG spectrum of α-pinene adsorbed
on the CaF2 surface. Two moderate-intensity peaks at 2851 cm-1 and 2872 cm-1 and a
strong peak at 2932 cm-1 are detected, which agrees with the literature.344 The spectral
resolution is also comparable with the previously reported data collected using a ps
scanning-SFG system with a 6 cm-1 resolution.344 Note that the y-axis scale of the TIRBB-SFG spectrum in Figure 10-10 is much larger than those of the spectra obtained for
air/liquid interfaces (Figure 10-5b and 10-6b). Thus, data collection time for TIR-BBSFG spectra with a good S/N ratio was much shorter than typical BB-SFG experiments
for the air/liquid interface.
BB-SFG Microscopic imaging
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For homogeneous samples, an area-averaged spectroscopic analysis is sufficient.
However, in biological samples such as plant tissues, the distribution of SFG-active
domains can vary from one location to the other.342,350 In this circumstance, microscopic
imaging or small spot analysis for selected areas is necessary. For SFG imaging, the BBSFG system was combined with a microscope (Figure 10-2c). There are several designs
which have successfully demonstrated SFG imaging capabilities. 174,312,348,358-364 One
example is to irradiate the sample with IR at a glancing angle from the side and the
visible beam is focused into a small spot through an objective lens and scanned over the
imaging area.174,359 In this design, since IR is irradiated over an area larger than the entire
imaging area, a high intensity IR beam at the resonance wavenumber is required to
guarantee sufficient IR photon density in the focused spot of the visible pulse from which
SFG signals are generated. This method has been demonstrated for ps-scanning SFG
system, where a narrowband IR beam is used, so the IR photon density at a given
wavenumber is high.174,359 One disadvantage of this method is the imaging can be done
by recording the SFG intensity at only one resonance wavenumber at a time and therefore
it is difficult to obtain full spectral imaging.
The spectral information over a 150200 cm-1 window can be obtained in BB-SFG;
but the broadband IR pulse is not suitable for the blanket irradiation over a large area.
Since the IR bandwidth is broad, the IR photon intensities at the wavenumbers resonant
with absorption bands of the sample are low. This problem can be resolved if IR and
visible (800nm in the case of BB-SFG) beams are spatially overlapped using a dichroic
mirror and both are focused onto the sample using a reflective objective lens. 358 One
disadvantage of this approach would be that the spectral range could be limited to the
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bandwidth of the dichroic mirror used for spatial overlap of two beams; however, if the
spectral range of interest is narrow, this would not be an issue. 363,364
In our BB-SFG design, the IR and 800 nm beams are spatially separated but very close
to each other; thus, both can be focused using a commercially-available reflective
objective lens. Since two beams are reflected from the opposite sides of the reflective
objective lens (Figure 10-2c), two beams are focused on the sample from the opposite
sides (for example, the IR approaches the sample in the +x direction and the 800 nm
beam in the –x direction in Figure 10-11). In this geometry, the incidence plane of IR and
800 nm beams can be defined and the polarization-dependent SFG analysis can be
determined.29 However, the polarization dependence may not be as well defined as the
tabletop experiment since the incidence angle of the reflective objective lens is shallow
and has a wide distribution. When a 15 objective lens with NA=0.4 (Newport 5010502), the incidence angle spans from 12o to 24o from the surface normal. For a 36
objective lens with NA=0.52 (Newport 50102-02), the incidence angle spans from 15o to
30o from the surface normal.
When imaging is done in the transmission mode, the entire IR range (10004000 cm-1)
can be scanned. In the reflection mode (Figure 10-2c), an Al2O3 window with dichroic
coatings can be used for spectral analysis for the 1700–4000 cm-1 region. If analysis of a
lower wavenumber region is necessary in the reflection mode, then a more IR transparent
window (ZnSe) could be used.
Figure 10-11 shows changes in the cellulose SFG spectra in the alkyl stretch region
along and across a cotton fiber; in this case, the BB-SFG microscope was used in a linescan mode. A single cotton fiber was placed on a slide glass and SFG signal was recorded
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in the reflection mode at every 5 m displacement along the fiber length (Figure 10-11a)
and diameter (Figure 10-11c) directions. The data clearly show the heterogeneous nature
of the spectral features in a single cotton fiber.

Figure 10-11. Analysis of the spatial variance of crystalline cellulose in a single cotton
fiber using the BB-SFG microscope. The BB-SFG spectra were taken by moving the beam
position at 5 µm steps (a) along the fiber axis and (c) across the fiber diameter. The data
acquisition time was 1 sec per location. The optical microscope image of the fiber is shown in (b).
The polarization of IR and 800 nm beams are in the xz plane.

The cotton fibers have a kidney-shape cross-section with a hollowed central region
(lumen) which collapses during air-drying.365 As the focused laser beam is scanned
across the fiber diameter, a greater amount of cellulose would be probed in the edge
region compared to the center region (Figure 10-11c). It is known that the cellulose
microfibrils are deposited or aligned in right-handed or left-handed helices which
alternate along the fiber length direction.19 The SFG spectral shape of cellulose is very
sensitive to the orientation and spatial packing of cellulose microfibrils. 28 Especially, the
relative intensity ratio of the 2944 cm-1 and 2964 cm-1 SFG peaks of the fully-developed
plant cell walls could vary depending on the angle of the cellulose microfibril axis with
respect to the laser incidence angle and polarization. 366 Thus, the variations in the relative
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intensity between the 2944 cm-1 and 2964 cm-1 peaks could be associated to the changes
in cellulose microfibril orientation or packing from one location to another.
Figure 10-12 demonstrates the full SFG spectral imaging of a single cotton fiber in the
alkyl stretch region. A fully-grown cotton fiber is naturally twisted (Figure 10-12a).365
The BB-SFG spectra over a 2800–3100 cm-1 region (at a NDFG setting fixed at 2950 cm) were collected for total 23  80 pixels at every 2 m displacement of the sample

1

position, covering an area of 46 m  160 m. The BB-SFG data collection time was 1
sec per pixel. The collected BB-SFG spectra were processed with a PCA algorithm.367
The first and second principal components (PC-1 and PC-2) are shown in Figure 10-12b
and 9-12c, respectively. The PC-1 shows the characteristic feature of cellulose
microfibrils found in the fully-developed cotton fibers.367 The score plot of PC-1 (Figure
10-12d) corresponds to the total amount of cellulose at each pixel position. The PC-2
reveals the small variance that is not represented by PC-1, which represents changes in
the relative intensity of 2944 and 2964 cm-1 peaks (as seen in Figure 10-11a). Thus, the
score plot of PC-2 (Figure 10-12e) can be interpreted as local variances in cellulose
microfibril orientation or packing.28,366 The data shown in Figures 10-12d and 10-12e
reveal the inhomogeneous distribution of cellulose microfibril amount and orientation in
a single cotton fiber. These spectral variances as well as intensity changes could be
missed if SFG imaging was done only at one wavenumber.
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Figure 10-12. SFG spectral image of cellulose in a single cotton fiber. (a) Optical
microscope image of the analyzed region of the fiber (scale bar = 35 µm). Loading plots of (b)
PC-1 (94% explained variance) and (c) PC-2 (3% explained variance) from PCA of the entire
spectra collected at all pixels. Image plots of (d) PC-1 scores and (e) PC-2 scores. (f) Merge of
the optical microscope image and SFG PC-1 score image. The laser incidence as well as
polarization were along the xz plane.

Figure 10-13 demonstrates the use of BB-SFG microscope for full spectral analysis
over the alkyl and hydroxyl stretch region for selected locations. The sample used in this
test was an abaxial epidermis cell wall of the second scale of an onion bulb. 342 Figure 1013a shows an optical image of the inner side of a dehydrated epidermis cell wall. Five
different spots were analyzed with BB-SFG at NDFG settings scanning every 100 cm-1
intervals from 2600 cm-1 to 3700 cm-1. At each NDFG setting, BB-SFG spectrum was
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collected for 60 sec; the long data collection time was needed since the cellulose SFG
signal of the onion was much weaker than that of cotton fiber.342,360 Overall, one full
spectral analysis at each position took roughly 13 minutes including the NDFG step scan
and data saving. The collected BB-SFG spectra are plotted in Figure 10-13b. It is noted
that the vertical (1,2,4) and planar (3,5) regions of the cell wall have some differences in
spectral features (Figure 10-13c). In the vertical region, the peaks at 2920 cm -1 and 3320
cm-1 appear to be enhanced. In the planar region, the 2920 cm -1 and 2964 cm-1 peaks are
comparable and the 3420 cm-1 component is more prominent than the 3320 cm -1 peak.
The spectral variances must be related to the local variations in cellulose microfibril
packing or orientation with respect to the laser incidence plane and
polarizations.28,342,349,366 Further details of the cellulose microfibril packing in the young
and growing cell walls and its biological functions are the subject of future studies.

Figure 10-13. Analysis of the spatial variance of crystalline cellulose in onion epidermis
using the BB-SFG microscope. (a) Optical image of the cell wall (scale bar = 100 µm). (b) SFG
spectra of the vertical (1,2,4) and planar (3,5) and of the cell wall. (c) A schematic of the side
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view of the half cell wall of the abaxial epidermis. The polarization of IR and 800 nm beams as
well as the laser incidence plane are in the xz plane.

Conclusions

A broadband SFG system with multimodal capabilities for reflection, transmission,
total internal reflection, as well as spectral imaging and small-spot analysis is described.
This design uses the nearly collinear propagation of spatially-separated broadband-IR and
800 nm pulsed laser beams. Using a pair of Fabry-Pérot etalons in series can improve the
spectral narrowing of the femtosecond 800 nm pulse for up-conversion beam in SFG.
This system gave spectral resolutions comparable to the picosecond scanning-SFG
system in analyses of air/liquid and adsorbate/solid interfaces and comparable to the HRBB-SFG system in analyses of cellulose in plant cell walls. The microscopic imaging
operation of the system revealed spectral variations in cellulose microfibril packing in
plant cell walls.

Supporting Information
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Figure 10-S1. Effect of the spectral bandwidth of the 800 nm pulse on the SFG peak width
of the CH vibration region of crystalline cellulose (Avicel®). The spectra were taken with one
etalon (λ = 0.96 nm; shown in black) and two etalons (λ = 0.78 nm; shown in red). The
polarization combination of the SF, Vis, and IR pulses was ssp.

Figure 10-S2. Normalized SFG signals from α-quartz surface obtained with broadband IR
pulses generated using 40 fs pulses for OPA pumping. The 40 fs 800 nm pump beam was
produced by reconfiguration of the Libra® amplifier. The conversion of the 40 fs broadband 800
nm pulse to the narrowband pulse for SFG experiment was made using a series of two etalons as
shown in Figure 10-2 of the main paper. The full width at half max (FWHM) was ~100140 cm-1.
The data suggested that the pulse width of the 800 nm pump beam (40 fs versus 85 fs) for the
OPA does not affect the bandwidth of the IR pulse produced by the OPA; the IR bandwidth
seemed to be more sensitive to the phase mismatch of the signal and idler beams of OPA at the
NDFG crystal.
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Figure 10-S3. Simulations of the NDFG step-scan setting (ν) on the IR power spectrum
(purple curve) delivered to the sample. For simplification, a Gaussian profile with a 150 cm-1
FWHM was used for the spectral shape of the broadband IR pulse. The step size is (a) smaller
than and (b) equal to the FWHM of the IR pulse. The simulation indicates that if the step-scan of
NDFG is smaller than the measured bandwidth (FWHM) of the IR pulse, then the SFG spectral
segments obtained at a constant NSFG step-scan setting can be summed and then normalized with
the average IR power spectrum recorded using a pyroelectric power meter upon step-scanning of
the NDFG crystal over the same spectral region (for example, continuous line obtained by
polynomial fit of the black circle data in Figure 10-4 of the main paper). The normalized SFG
spectrum obtained in this way would be identical with the one obtained by normalizing individual
SFG spectra with the non-resonance background spectra obtained at the same NDFG crystal
setting (for example, individual spectra shown in Figure 10-4 and Figure 10-S2) and then
summing the normalized segments.

Figure 10-S4. Comparison of the SFG spectral resolutions of the CH 3 stretch signal of the
air/DMSO interface (in ssp polarization) obtained using (a) HR-BB-SFG system, (b) ps-scanning
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SFG system, and (c) MM-BB-SFG system. The HR-BB-SFG spectrum was collected using the
system constructed by Dr. Hongfei Wang (EMSL User Program 47913). The data in (a) shows
the true lineshape of the CH3 group of DMSO at the air/liquid interface.1 The ps-scanning system
was the one constructed by EKSPLA (using ~27 ps pulses) available in our lab at PSU. The data
in (c) was collected with two etalons in series (Figure 10-2 of the main paper). Using the
lineshape of the spectrum shown in (a), the resolutions were calculated to be ~6 cm -1 for psscanning system and ~5.5 cm-1 for the MM-BB-SFG system (with two etalons).1

Chapter 11 : Time Dependent Density Functional Theory (TD-DFT)
Frequency Calculations of Cellulose Iα and Iβ
Cellulose is a linear polysaccharide consisting of D-glucopyranose monomers connected
by β(14) glycosidic bonds; the environment of C1 or C4 at the chain ends have different
functional groups and are defined as reducing (hemiacetal) or non-reducing (acetyl). In vascular
plants, a cellulose synthase enzymes located in the plasma membrane polymerize an individual
cellulose chain from the reducing to non-reducing ends into the extracellular regions, called the
plant cell wall. Shortly after synthesis the nearby chains are tightly packed into 34nm crystallites
called cellulose microfibrils; this crystal structure determined by x-ray diffraction is called
cellulose I.111 Nature produces microfibrils with cellulose I crystal structure containing
approximately 18-chains with all reducing ends pointing in the same direction, defined as parallel
chain packing. 1 Cellulose I is further divided into two native polymorphs based on differences in
glycosidic bond and torsion angles and hydrogen bonding: Iα found in bacteria biofilms and algae
as well as Iβ found in tunicates and vascular plants.43,368
Cellulose I (Iα or Iβ) transitions into the polymorphs cellulose II when treated with strong
alkali and the chain directionality in cellulose II has anti-parallel packing. 14 Since cellulose II
has different chain directionality than native cellulose, probing the polarity of cellulose
crystallites could be a potential route to understand the conditions for the polymorph transitions.
Understanding cellulose polymorphs is important because alkali treatments are important to
prepare cotton fibers for preparation of textile fabrics 369 as well as improving the accessibility for
enzymes that hydrolyze cellulose for conversion of lignocellulose for biofuels production. 370 Xray diffraction is the well-established evidence for chain polarity in highly crystalline and
oriented fibers from algae and tunicates; the structure refinements were optimized using the
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geometric constraints from cellobiose (parallel) and cellotetraose (antiparallel) atomic packing. 371
In addition, one report selectively labeled the reducing ends with gold and used electron
diffraction to visualize the chain packing in cellulose Iβ and II from ramie. 372 These diffraction
methods would be challenging to apply for cellulose in plant biomass which is less crystalline and
less oriented than algae, tunicates and ramie as well as fixed into an amorphous ligninhemicellulose matrix.206
We recently discovered that sum-frequency-generation (SFG) vibration spectroscopy could
provide direct evidence to chain polarity in cellulose polymorphs due to the noncentrosymmetry
selection rule that is inherent in second-order nonlinear optical processes.6,61 SFG photons are
emitted when two high intensity laser pulses in the visible and infrared regions are combined on
non-centrosymmetric crystals.373 As a vibration spectroscopic method the SFG photons contain
structural information from the SFG-active alkyl (C-H) and hydroxyl (O-H) stretching vibration
modes in the non-centrosymmetric cellulose crystallites.374 Cellulose chain polarity could be
determined by the comparison of SFG spectra in the O-H stretching vibrations of cellulose I, II
and III from Avicel when correlated with the presumptive chain directionality from XRD. 6 The
OH stretching signals are present in parallel crystallites (Iβ and IIII) but vanish in anti-parallel
crystallites (II and IIIII).
Identification of the parallel versus antiparallel molecular packing using SFG was also
shown in amyloses and cyclodextrins. First, the native amylose forms A or B (parallel packed
double-helices) gave strong SFG signals and was abolished in the amylose form V (anti-parallel
single-helices).375 However, there are still some ambiguities in helix directionality of amylose
because unlike cellulose, the high crystalline reference samples are not available preventing
higher quality XRD data for structural refinement.376 Secondly, SFG signals were present in the
cyclodextrin -CD/palmitic acid complex with parallel packing of 6-member rings, but not for CD/KI complex with anti-parallel packing.375 One question which arose from these studies is that
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in anti-parallel systems, all SFG signals in the CH and OH stretching regions were suppressed for
V amylose and -CD/KI complex but in cellulose II only the OH stretching signals vanished.6,375
In summary, the empirical evidence from the SFG intensity could provide information for
molecular packing of chain or helices but this interpretation was dependent on a simple
comparison to the known molecular packing from XRD.
One well known approach for identification of molecular orientations at interfaces using
SFG is to model the intensity from experimental spectra to determine the second order non-linear
susceptibility χ(2) tensor using polarized input visible, infrared and output SFG lights.64 However,
in bulk systems this method has mostly been applied to micron-size organic structures 377 and
would be challenging for cellulose which has <20nm crystals which are birefringent.
Alternatively, quantum mechanical calculations such as time-dependent density functional theory
(TDDFT) can simulate the SFG intensities from parallel or anti-parallel cellulose systems
constructed in silico and provide valuable insight to the chain polarity. In the past the traditional
density functional theory with dispersion corrections (DFT-D2) has provided the peak
assignments of alkyl and hydroxyl vibration modes in cellulose Iα and Iβ based on peak positions,
but this method cannot predict the SFG peak intensities because first principles of the nonlinear
optical SFG process are not included.6,25
In this paper, we performed TDDFT calculations which provided supporting evidence to
the earlier interpretations of SFG spectra from parallel versus anti-parallel biological systems. In
this approach, we created structures of Iα- and Iβ-like dimers and artificially modeled parallel or
anti-parallel cellulose crystals by altering the χ(2) tensor. These calculations showed that within
the same cellulose polymorph (parallel vs. antiparallel cellulose Iβ) the relative intensities of SFG
peaks in the CH and OH stretch regions vary with the chain polarity. The insights obtained from
this model study can be applied for SFG spectral interpretation of chain directionality within a
unit cell (cellulose I vs. cellulose II) as well as aggregates of multiple cellulose I crystals within
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SFG coherence length.6,206 Furthermore, this study demonstrates that to characterize crystalline
cellulose in plant biomass SFG is unique because it is currently the only technique that is
sensitive to the polarity of cellulose chain packing.

Methods
TD-DFT Calculations
The procedure for simulations of SFG spectra for cellulose were described earlier.378
Atomic coordinates were taken from the fiber diffraction analysis and the fractional coordinates
based on the unit cell parameters were transformed into Cartesian space using the rotation
matrix.378

𝑎
𝑥𝑐
0
[ 𝑦𝑐 ] =
𝑧𝑐
0
[

𝑏𝑐𝑜𝑠𝛾
𝑏𝑠𝑖𝑛𝛾
0

𝑐𝑐𝑜𝑠𝛽
𝑐𝑜𝑠𝛼 − 𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛾 𝑥𝑓
𝑐
[𝑦𝑓 ]
𝑠𝑖𝑛𝛾
𝑧𝑓
𝜈
]
𝑎𝑏𝑠𝑖𝑛𝛾

where a, b, and c are the unit vectors, α, β, γ are the inter axial angles, and ν is the volume
of a parallelepiped:

𝜈 = 𝑎𝑏𝑐 √1 − 𝑐𝑜𝑠 2 𝑎 − 𝑐𝑜𝑠 2 𝑏 − 𝑐𝑜𝑠 2 𝑐 + 2𝑐𝑜𝑠𝑎𝑐𝑜𝑠𝑏𝑐𝑜𝑠𝑐
The Iα and Iβ cellulose atomic coordinates have two chains in the unit cell which
includes 2 dimers; where each dimer consist of two anhydroglucose monomers. To model
intermolecular hydrogen bonding interactions, an additional dimer was added along the
direction in the a-axis and b-axis using:378
𝑇𝑎 = 1 + [𝑎
𝑇𝑏 = 1 + [𝑏𝑐𝑜𝑠𝛾

0

0]

𝑏𝑠𝑖𝑛𝛾

0]
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𝑇𝑐 = 1 + [𝑐𝑐𝑜𝑠𝛽

𝑐

𝑐𝑜𝑠𝛼 − 𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛾
𝑠𝑖𝑛𝛾

𝜈
]
𝑎𝑏𝑠𝑖𝑛𝛾

Therefore, the structures for cellulose Iα and Iβ included 179 atoms. The final structure of
cellulose Iα is shown in Figure 11-1a.

Figure 11-1. Molecular model of cellulose Iβ used in TD-DFT calculations drawn in the
molecular frame (a) and Euler transformation (b) into the laboratory frame used in SFG
vibrational spectroscopy experiments (c).
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Performing the polarizability and dipole moment derivatives are computationally
expensive, to retain a structure similar to that found for the crystal the geometry optimization was
performed with all non-hydrogen atoms kept frozen. This method was shown to better predict the
absolute frequencies using DFT-D2. The ground state structure and normal mode frequencies
were calculated using the B3LYP functional and 6-311G basis set using the NWChem program
package. The polarizability and dipole derivatives needed to simulate the SFG spectrum were
obtained from three point numerical differentiation of the Raman electric polarizability tensor and
IR electric transition dipole moment vector using the normal modes obtained in the frequency
calculation. As the incident light is far from any electronic resonances in the system, the Placzek
approximation can be used:378

𝛽𝑥′𝑦′𝑧′ (𝜔𝑆𝐹𝐺 , 𝜔𝑉𝐼𝑆 , 𝜔𝐼𝑅 ) = ∑
𝑞

Where

𝜕𝛼𝑥′𝑦′
𝜕𝑄𝑞

−ħ 𝜕𝛼𝑥′𝑦′ 𝜕µ𝑧′
1
(
)
2𝜔𝑞 𝜕𝑄𝑞 𝜕𝑄𝑞 𝜔𝐼𝑅 − 𝜔𝑞 + 𝛤𝑞

is the Raman electric polarizability tensor and

𝜕µ𝑧′
𝜕𝑄𝑞

is the IR electric dipole

moment vector along the qth normal coordinate, 𝑄𝑞 . The angular frequencies 𝜔𝐼𝑅 , 𝜔𝑉𝐼𝑆 𝑎𝑛𝑑 𝜔𝑆𝐹𝐺
are in the infrared (2.3‒3 µm), visible (532 nm) and sum-frequency (430‒500 nm) range. When
the frequency of the infrared light is in resonance with a vibration mode (𝜔𝐼𝑅 = 𝜔𝑞 ) then the
SFG process in enhanced; this equation shows that the vibration modes must be Raman and IR
active. For comparison to SFG experiments, the 𝛽𝑥′𝑦′𝑧′ values must be converted from the
(2)

molecular frame (x’, y’, z’) into the laboratory coordinates (X, Y, Z), defined as, 𝜒𝑋𝑌𝑍 the
second-order susceptibility tensor:
(2)
𝜒𝑋𝑌𝑍 = 𝑁 ∑ 〈𝑅𝑋𝑥′𝑅𝑌𝑦′𝑅𝑍𝑧′〉𝛽𝑥′𝑦′𝑧′
𝑥′,𝑦′,𝑧′

where N is the number density of the SFG active moieties. In our laboratory, the XZ plane
includes the incident beams, Z is along the surface normal and Y is perpendicular to the incident
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plane. The cellulose chain axis which is along the glycosidic bond direction (C1-O4-C4) was set
along the X direction. The z-x-z the transformation matrix was used:

〈𝑅𝑋𝑥′𝑅𝑌𝑦′ 𝑅𝑍𝑧′〉
𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜓 − 𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜓
= [𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜓 + 𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜓
𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜓

−𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜓 − 𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜓
𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜓 − 𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜓
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜓

𝑠𝑖𝑛𝜙𝑠𝑖𝑛𝜃
−𝑐𝑜𝑠𝜙𝑠𝑖𝑛𝜃 ]
𝑐𝑜𝑠𝜃

where the angles θ, φ, ψ are defined as the polar, azimuth and twist angles, respectively. A
schematic of the Euler transformation is shown below in Figure 11-1b. Figure 11-1b is different
from all previous SFG literature which consider interface molecules oriented with respect to the
surface normal. For cellulose, coordinate system chosen in Figure 11-1b is simpler because
cellulose crystals lie along the surface (XY) plane and not the surface normal, however the
rotational operations are the same.
The cellulose crystals are uniaxially oriented along the X direction in the lab frame.
Therefore the second-order susceptibility is averaged around the azimuth angle, φ. The
orientation average property in spherical coordinates was used:

𝜋

〈𝐴 〉 =

2𝜋

2𝜋

∫0 ∫0 ∫0 𝐴(𝜃, 𝜙, 𝜓)𝑓(𝜃, 𝜙, 𝜓)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙𝑑𝜓
𝜋

2𝜋

2𝜋

∫0 ∫0 ∫0 𝑓(𝜃, 𝜙, 𝜓)𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙𝑑𝜓

where 𝑓(𝜃, 𝜙, 𝜓) is the distribution function often modeled as Gaussian or δ-distribution,
the solid angle is included in the 𝑠𝑖𝑛𝜃 term. Now the second-order susceptibility is a function of
(2)

polar () and twist (ψ) angles only. Antiparallel susceptibility 𝜒𝑋𝑌𝑍(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) were obtained:

(2)

(2)
𝜒𝑋𝑌𝑍(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)

=

(2)

(𝐶(𝑧) ∙ 𝜒𝑋𝑌𝑍 + 𝜒𝑋𝑌𝑍 )
2
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where 𝐶(𝑧) is the rotation matrix around the surface normal:
𝑐𝑜𝑠𝛼
𝐶(𝑧) = [ 𝑠𝑖𝑛𝛼
0

−𝑠𝑖𝑛𝛼
𝑐𝑜𝑠𝛼
0

0
0]
1

where α is the azimuthal angle around the surface normal. To generate the parallel
(2)

(2)

susceptibility no rotation was performed (𝜒𝑋𝑌𝑍(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) = 𝜒𝑋𝑌𝑍 ). The calculated SFG intensities
for antiparallel and parallel cellulose crystallites were found using:

(2)

(2)

(2)

𝐼(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) ∝ 𝜒𝑒𝑓𝑓(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) = ∑ 𝜒𝑋𝑌𝑍(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) ∙ 𝜒𝑋𝑌𝑍(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)

∗

𝑋,𝑌,𝑍
(2)

(2)

(2)

𝐼(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) ∝ 𝜒𝑒𝑓𝑓(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) = ∑ 𝜒𝑋𝑌𝑍(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) ∙ 𝜒𝑋𝑌𝑍(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)

∗

𝑋,𝑌,𝑍

(2)

where 𝜒𝑒𝑓𝑓 is the effective second-order susceptibility, which is a linear combination of all
(2)

27 𝜒𝑋𝑌𝑍 terms. In the lab frame, the incident visible and IR beams are linear polarized and the
polarization of the emitted SFG beam is selected (Figure 11-1c). The beams with p-polarization
contain the electric vectors within the incident (XZ) plane and the s-polarized beams are the (XY)
plane which is perpendicular to the incident plane. As an example, to find the SFG intensity of
parallel cellulose using ssp polarization (s-polarized SFG, s-polarized visible beam, and p(2)

polarized IR beam) only certain terms of 𝜒𝑒𝑓𝑓(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) will contribute:
(2)

𝐼(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)𝑠𝑠𝑝 ∝ 𝜒𝑠𝑠𝑝(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)
(2)

= 𝜒𝑌𝑌𝑍(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) 𝐿𝑦𝑦 (𝜔𝑆𝐹𝐺 )𝐿𝑦𝑦 (𝜔𝑉𝐼𝑆 )𝐿𝑧𝑧 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛽𝐼𝑅
(2)

+ 𝜒𝑌𝑌𝑋(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) 𝐿𝑦𝑦 (𝜔𝑆𝐹𝐺 )𝐿𝑦𝑦 (𝜔𝑉𝐼𝑆 )𝐿𝑥𝑥 (𝜔𝐼𝑅 )𝑠𝑖𝑛𝛽𝐼𝑅
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where 𝛽𝐼𝑅 is the incident angle for the IR beam and 𝐿𝑖𝑗 (𝜔𝑖𝑗 ) are the frequency dependent
Fresnel factors which can be neglected for cellulose. The expressions for the other seven
combinations (sss, pss, ppp, psp, spp, and pps) are covered in the literature.
Each dimer was terminated by a hydroxyl group at C4 and hydrogen atoms at C1, these OH
and CH2 stretching vibration modes were manual removed from the spectra. Vibration modes
below 1600 cm-1 are not straightforward to interpret because they consist of delocalized motions
over the entire chain; only the alkyl stretching (2700‒3100 cm-1) and hydroxyl stretching (3100‒
3700 cm-1) regions were discussed.
For the rotationally dependent analysis of antiparallel uniaxial aligned cellulose from
tunicates the following transformation was performed:
(2)

(2)

𝐼(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)𝑠𝑠𝑝 ∝ 𝜒𝑠𝑠𝑝(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) = 𝑁 ∑ 〈𝐶(𝑧) ∙ 𝐶(𝑧) ∙ 𝐶(𝑧)〉 𝜒(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)
𝑋,𝑌,𝑍

Which reduces to:
(2)

(𝟐)

(2)

(2)

(2)

(2)

(2)

(2)

𝜒𝑠𝑠𝑝 = 𝝌𝒀𝒀𝒁 cos 2 (𝛼) + 𝜒𝑌𝑌𝑋 cos 3 (𝛼) + (𝜒𝑋𝑌𝑋 +𝜒𝑌𝑋𝑋 − 𝜒𝑌𝑌𝑌 )cos 2 (𝛼) sin(𝛼) + (𝜒𝑋𝑋𝑋 − 𝜒𝑋𝑌𝑌
(2)

(𝟐)

(2)

(𝟐)

− 𝜒𝑌𝑋𝑌 )cos(𝛼)sin2 (𝛼) + 𝝌𝑿𝑿𝒁 sin2 (𝛼) + 𝜒𝑋𝑋𝑌 sin3 (𝛼) + (𝝌𝑿𝒀𝒁
(𝟐)

+ 𝝌𝒀𝑿𝒁 )cos(𝛼) sin(𝛼)

Where only the bold indicates the dominant terms from TD-DFT calculations, the
antiparallel definition was dropped for clarity. This equation was used to estimate the azimuthal
dependence of the SFG intensity in SSP polarization. Similar expression were also derived for
(2)

(2)

(2)

𝜒𝑝𝑝𝑝 , 𝜒𝑝𝑠𝑝 𝑎𝑛𝑑 𝜒𝑠𝑝𝑝 and their dependence on azimuth angle, α, but are not shown for brevity.
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Results

Figure 11-2. Calculated SFG spectra in ssp polarization using TD-DFT. (a) Cellulose Iα
(2)
and (b) Cellulose Iβ . The intensity scale is proportional to the modulus square of 𝜒𝑠𝑠𝑝(𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙)
(2)

(red line) and 𝜒𝑠𝑠𝑝(𝑎𝑛𝑡𝑖𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙) (black line). The main peak positions are designated with dotted
lines. Spectra are offset for clarity.

Figure 11-3. (top) SFG spectra in SSP polarization, from the antiparallel packed cellulose
Iβ. The azimuthal angle dependence of the OH stretching vibration of 3OH (3320 cm-1), CH2
asymmetric vibrational mode (νas) (2968 and 2944 cm-1) and CH2 symmetric vibrational mode (νs)
(2850 cm-1) with the polar plots from TD-DFT calculations (bottom)
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Appendix A
Disruption of lateral packing of cellulose microfibrils is linked to the phenotype of
immature fiber (im) cotton mutant that has low degree of fiber wall thickness.
ATR-FTIR analysis of NIL fibers.
The cellulose and matrix polymer composition during the fiber development was
monitored using ATR-FTIR. Figure A1-1a and A1-1b shows the ATR-IR spectra for TM-1 and
im cotton fibers at 10‒48 DPA, respectively. PCA from the TM-1 and im spectra, revealed 93%
explained variance for the first principal component (PC1) shown in Figure A1-1c. The peaks
which were negative in the PC1 loading plot (Figure A1-1c) included: water peaks (H-O-H
bending peak at ~1640 cm-1 and broad O-H stretch peak at 3100‒3600 cm-1), protein peaks
(amide-I and amide-II bands at 15201650 cm-1) and pectin peaks (C=O stretching vibration at
1740 cm-1) 379. In contrast, the peaks attributable to cellulose in the 890‒1450 cm-1 and 3270‒
3330 cm-1 are positive in the PC1 spectrum (Figure A1-1c). The long-chain alkyl hydrocarbon
peaks (CH2 stretch peaks at 2850 cm-1 and 2926 cm-1) were negative in im mutant, but positive in
TM-1 (Figure A1-1c).
The score plot shown in Figure A1-1d shows that large negative scores of PC1 for 10 DPA
cotton fibers are due to signals from non-cellulosic components (water, proteins, pectins and
hydrocarbon in the cuticle). As the SCW cellulose was produced at the transition from 10 to 17
DPA, the PC1 scores significantly increased. During the fiber wall thickening stage (1737
DPA), the cotton fibers are composed of SCW cellulose, which led to a significant increase in
PC1 scores. In the previous study, the progression of PC1 scores with DPA was indicative of the
transition from PCW to SCW in the cotton fiber 380. Thus, the PC1 scores of the ATR-IR spectra
was a good indicator to distinguish 10 DPA as the stage of PCW synthesis which quickly
transitioned to SCW synthesis at 17 DPA in both TM-1 and im mutant. Consistent with the trend
of cellulose content observed for the NILs (Figure A1-1), the FTIR spectroscopy also showed the
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common fiber developmental stages and similar cellulose and matrix polymer compositions
during the NIL fiber development (Figure A1-1d).

Figure A1-1. ATR-IR spectra of G. hirsutum cotton fiber bundles at 10 to 48 DPA for (a)
TM-1 and (b) im mutant. PCA of entire data set and (c) loading plot of principal component 1,
PC-1 (93% explained variance) representing the predominant spectral elements. The letters W, C,
Pr, Pc, and H indicate water, cellulose, protein, pectin, and hydrocarbon components,
respectively. The dotted line represents zero PC1 loading. (d) Plot of PC1 score versus DPA.
Raman Spectroscopic analysis of NIL fibers
The Raman spectra of TM-1 and im mutant fibers collected at 1048 DPA are shown in
Figure A1-2a and A1-2b, respectively. The loading plot of the first principal component (PC1,
88% explained variance) in Figure A1-2c showed positive peaks at locations that could be
attributed to crystalline cellulose: 380, 1000‒1150, 1300‒1500, 2894 and 3357 cm -1. The PC1
had negative peaks at 2883 and 2933 cm-1 (long-chain alkyl components) as well as 1614 cm-1
and 1660 cm-1 (unsaturated hydrocarbon components) 381. The PC1 score was negative for the 10
DPA cotton fibers and gradually increased during maturity (Figure A1-2d). Similar to ATR-FTIR
(Figure A1-2d), the Raman PC1 scores indicated that 10 DPA cotton fibers were mostly PCW
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and 1748 DPA cotton fibers were SCW cellulose. In the Raman spectrum of cellulose the
characteristic peak attributed to the crystalline phase occurs at 380 cm-1 382. This peak became
prominent in cotton fibers at 17 DPA (Figure A1-2a and A1-2b). These results were consistent
with the steady increase in cellulose content in the cotton fibers with development (Figure A1-2).
There were no differences between the Raman spectra (Figure A1-2c) or PC1 scores (Figure A12d) of TM-1 and im mutant at the same DPA. Consistent with the results from cellulose content
(Figure A1-2) and ATR-FTIR (Figure A1-2d), the Raman spectroscopy results also showed that
the developmental changes in chemical compositions were similar between the NILs (Figure A12d).

Figure A1-2. Raman spectra of G. hirsutum cotton fiber bundles at 10 to 48 DPA for (a)
TM-1 wild type and (b) im mutant. PCA of entire data set and (c) loading plot of principal
component 1, PC-1 (88% explained variance) representing the predominant spectral elements.
The letters C, U, H indicate cellulose, unsaturated hydrocarbon, and long-chain alkyl groups,
respectively. The dotted line represents zero PC1 loading. (d) Plot of PC1 score versus DPA.
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SFG analysis of cellulose from the NIL fibers
SFG has recently been applied to study cellulose structure in cotton fibers 380,383,384. SFG
is a non-linear optical spectroscopy where the signal intensity is proportional to the noncentrosymmetrically arranged vibration modes at the mesoscale (estimated to be around 300 nm)
defined by the SFG coherence length 380. At the mesoscale, the non-cellulosic polymers in plant
cell walls (e.g. hemicellulose and lignin) are amorphous and are SFG-inactive 385,386. In contrast,
the cellulose crystals are inherently noncentrosymmetric. This allows SFG to selectively probe
the vibration modes from the crystalline cellulose in the cotton fibers without contributions from
amorphous matrix polymers or amorphous phase of cellulose 385. Additionally, the spatial packing
of cellulose crystallites influences the SFG intensity ratio of the peaks corresponding to alkyl (CH
and CH2) and hydroxyl (OH) stretching vibrations 380,387. Therefore, the absolute SFG intensity is
related to the cellulose mass fraction only when the spatial packing in the sample does not
change. The absolute SFG intensity and CH 2/OH intensity ratio could reveal structural
development of CMFs at various stages.
The SFG spectra of TM-1 and im mutant fibers from 10 to 48 DPA are shown in Figure
A1-3. At 10 DPA there were no SFG signals in either TM-1 or im fibers suggesting that during
PCW synthesis the CMFs are sparsely packed at the mesoscale (Figure A1-3a and A1-3b). It has
been shown that CMFs with insufficient mesoscale ordering do not produce SFG signals despite
that the cotton fibers have ~10% wt. cellulose content (Figure A1-3) which is above the detection
threshold of SFG 380. The discernible SFG signals at 2944 cm-1 and 3320 cm-1appeared at 17
DPA. These are two characteristic peaks of cellulose in the SCWs of cotton, ramie and flax 380,387.
To explore possible changes in mesoscale packing with development stage, the total areas
calculated from the Lorentzian peak fitting for the CH stretching region (2700‒3000 cm -1) and the
OH stretching region (3100‒3400 cm-1) are plotted as a function of DPA in Figure A1-3c. In the
case of TM-1, the CH2 SFG peak of cellulose increased steadily during the transition (17‒28
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DPA), late thickening (33‒37 DPA) and maturation (37‒48 DPA) stages; however, in the case of
im mutant, it increased only during the transition and late thickening stages and then slightly
dropped during the maturation state. It was also noted that the OH SFG peak of TM-1 was leveled
off at 17 DPA, while that of im mutant steadily increased further and became larger than TM-1.
Consequently, the CH2/OH intensity ratio increased continuously from ~0.5 at 17 DPA to ~3 at
48 DPA, while it was leveled off at ~1.5 after 30 DPA in the case of im mutant (Figure A1-3c).
In previous SFG studies on G. hirsutum and G. barbadense cotton fibers, the changes in
CH2/OH ratio could be related to the mesoscale arrangement of CMFs 380,387. If CMFs are
laterally packed with adjacent microfibrils without specific control in their directionality, then the
amounts of CMFs running in opposite directions would be similar. In that case, the opposite
directionality or “antiparallel packing” of CMFs would result in the cancellation of the OH
dipoles between adjacent microfibrils placed within the SFG coherence length. Although the
molecular details are not fully understood yet, the cancellation effect due to the antiparallel
packing of crystalline domains has been experimentally proven to be larger for the OH stretch
dipoles than the CH2 stretch dipoles 387. Based on this empirical observation, the high CH 2/OH
intensity ratio can be interpreted as a better lateral packing of crystalline domains with overall
antiparallel directionality in the mesoscale. Thus, the data shown in Figure A1-3 suggests that the
degree of lateral packing of CMFs keeps increasing in the case of TM-1 cotton fibers until the
boll opens, whereas im mutant fibers do not have high degree of lateral packing of CMFs
(compare 33 and 48 DPA in Figure A1-3c).
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Figure A1-3. SFG spectra during cotton fiber development for G. hirsutum cotton fibers
from 10 to 48 DPA for (a) TM-1 wild type and (b) im mutant. The y-axis scale is offset for each
spectra to allow intensities to be compared between spectra. (c) CH/OH SFG intensity ratio for
TM-1 (black circle) and im mutant (red square) with SE bars. For each DPA, a total number of
data points per sample was n=20.

X-ray diffraction analysis of intact cotton fibers
Changes in crystallinity and crystal width during fiber development were investigated with
XRD analysis. All tested TM-1 and im mutant fibers showed the characteristic diffraction peaks
for crystalline cellulose: 2 = 14.6°, 16.4° and 22.7° corresponding to the (1-10), (110) and (200)
reflections, respectively (Figure A1-4a and A1-4b). There were no significant difference between
TM-1 wild type and im mutant fibers in terms of crystallinity index (CI%) or crystal width of the
(200) reflection, shown in Table A1-4. The 24 DPA sample of im mutant appeared to have
slightly higher CI%; but, it should be noted that the CI% calculation based on the deconvolution
method is very sensitive to the base line corrections as well as the sample mounting to XRD; thus,
such a small difference in the XRD CI% values prevents meaningful interpretation.
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Figure A1-4. X-ray diffractograms of G. hirsutum cotton fiber bundles at 24, 37, and 48
DPA for (a) TM-1 and (b) im mutant.
Table A1-1. XRD crystallinity index (calculated from peak deconvolution method) and the
dimension normal to the (200) planes (calculated from the 200 peak width using the Scherrer
equation) for TM-1 wild type and im mutant fibers.
Cotton lines
Crystal size
Crystallinity

24 DPA

TM-1
37 DPA

48 DPA

4.8 nm
66%

4.6 nm
68%

5.2 nm
64%

24 DPA

im mutant
37 DPA

48 DPA

4.7 nm
80%

4.8 nm
66%

5.0 nm
74%

Clear[aaa,aab,aac,aba,abb,abc,aca,acb,acc,baa,bab,bac,bba,bbb,bbc,bca,bcb,bcc,caa,cab,cac,cba,cbb,cbc,cca,ccb,ccc,χxxx,χxxy,χxxz,]
(χmatrix={{{xxx,xxy,xxz},{xyx,xyy,xyz},{xzx,xzy,xzy}},{{yxx,yxy,yxz},{yyx,yyy,yyz},{yzx,yzy,yzz}},{{zxx,zxy,zxz},{zyx,zyy,z
yz},3
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Matthews, J. F.; Bergenstråhle, M.; Beckham, G. T.; Himmel, M. E.; Nimlos, M. R.;
Brady, J. W.; Crowley, M. F. High-temperature behavior of cellulose I. J. Phys. Chem.
B 2011, 115, 2155-2166.
Agarwal, V.; Huber, G. W.; Conner Jr, W. C.; Auerbach, S. M. Simulating infrared
spectra and hydrogen bonding in cellulose Iβ at elevated temperatures. J. Chem. Phys.
2011, 135, 134506.
Chundawat, S. P.; Bellesia, G.; Uppugundla, N.; da Costa Sousa, L.; Gao, D.; Cheh, A.
M.; Agarwal, U. P.; Bianchetti, C. M.; Phillips Jr, G. N.; Langan, P. Restructuring the
crystalline cellulose hydrogen bond network enhances its depolymerization rate. J. Am.
Chem. Soc. 2011, 133, 11163-11174.
Altaner, C. M.; Thomas, L. H.; Fernandes, A. N.; Jarvis, M. C. How cellulose stretches:
Synergism between covalent and hydrogen bonding. Biomacromolecules 2014, 15, 791798.
Zhao, Z.; Shklyaev, O. E.; Nili, A.; Mohamed, M. N. A.; Kubicki, J. D.; Crespi, V. H.;
Zhong, L. Cellulose microfibril twist, mechanics, and implication for cellulose
biosynthesis. J. Phys. Chem. A 2013, 117, 2580-2589.
Fernandes, A. N.; Thomas, L. H.; Altaner, C. M.; Callow, P.; Forsyth, V. T.; Apperley,
D. C.; Kennedy, C. J.; Jarvis, M. C. Nanostructure of cellulose microfibrils in spruce
wood. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, E1195-E1203.
Thomas, L. H.; Forsyth, V. T.; Šturcová, A.; Kennedy, C. J.; May, R. P.; Altaner, C.
M.; Apperley, D. C.; Wess, T. J.; Jarvis, M. C. Structure of cellulose microfibrils in
primary cell walls from collenchyma. Plant Physiol. 2013, 161, 465-476.
Pimentel, G. C.; Sederholm, C. H. Correlation of infrared stretching frequencies and
hydrogen bond distances in crystals. J. Chem. Phys. 1956, 24, 639-641.
Šturcová, A.; His, I.; Wess, T. J.; Cameron, G.; Jarvis, M. C. Polarized vibrational
spectroscopy of fiber polymers: hydrogen bonding in cellulose II. Biomacromolecules
2003, 4, 1589-1595.
Liang, C.; Marchessault, R. Infrared spectra of crystalline polysaccharides. I. Hydrogen
bonds in native celluloses. J. Polym. Sci. 1959, 37, 385-395.
Nienhuys, H.-K.; Woutersen, S.; Van Santen, R. A.; Bakker, H. J. Mechanism for
vibrational relaxation in water investigated by femtosecond infrared spectroscopy. J.
Chem. Phys. 1999, 111.
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