The Pennsylvania State University
The Graduate School
Department of Chemical Engineering

STRUCTURE AND DYNAMICS OF SOFT MATERIALS FOR
FLEXIBLE ELECTRONICS AND LITHIUM ION BATTERY

A Dissertation in
Chemical Engineering
by
Pengfei Zhan

 2017 Pengfei Zhan

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

August 2017

The dissertation of Pengfei Zhan was reviewed and approved* by the following:

Janna K. Maranas
Professor of Chemical Engineering and Materials Science and Engineering
Thesis Advisor
Chair of Committee
Chair of Graduate Program

Ralph H. Colby
Professor of Materials Science and Engineering and Chemical Engineering

Michael J. Janik
Associate Professor of Chemical Engineering

Scott T. Milner
Joyce Chair and Professor of Chemical Engineering

*Signatures are on file in the Graduate School

iii

ABSTRACT

Organic semiconductors and solid polymer electrolytes are promising soft materials for
the realization of future electronics and better batteries. Both series of materials
demonstrate considerable advantages over the current materials used in application. For
example, organic semiconductors such as poly(3-alkylthiophene)s (P3ATs) and 2,7dioctyl-benzothenobenzothiophene

(dC8-BTBT)

demonstrate

significantly

higher

mechanical flexibility over inorganic semiconducting materials. These organic materials
dissolve in various organic solvents and can be printed on plastic substrates, thus
decreasing the processing cost. Replacing silicon with organic semiconductors not only
increases the flexibility and lowers the cost, but also makes the device smaller and
lighter. In Lithium ion battery, polyethylene oxide (PEO) based solid polymer
electrolytes are an attractive alternative to the flammable and toxic liquid/gel electrolytes
currently used in rechargable lithium ion batteries. The higher mechanical modulus of
solid PEO can slow the growth of dendrites (Li metal that grows through the electrolyte
and causes battery failure) and prolong battery life. Because the membrane is
mechanically stable, a hard casing is not required and thus the battery is lighter and
flexible.
In polymer semiconductors, side-chains are added to increase the solubility of the
conjugated polymer in common solvents. However, our study of amorphous materials
suggested adding side-chains can harm the charge transport. It is well established that

iv
structure is a critical factor for charge transport. In amorphous materials, side-chains
length has minimal effect on structure. We suspect the polymer dynamic is influenced by
side-chain length. Although the role of molecular motion on charge mobilities is still not
well understood. We experimentally measured the dynamic in amorphous conjugated
polymers poly(3-alkylthiophene)s (P3ATs) with quasi-elastic neutron scattering (QENS).
The analysis of the QENS data shows that longer side-chains relax faster compared with
shorter side-chains and our further analysis of the elastic incoherent structure factor
(EISF) suggests that the amplitude of proton motion on the thiophene rings increases by a
factor of 3 as the side-chain length increases from 6 to 12, demonstrating that longer side
chains lead to enhanced motion of conjugated rings.
To fully understand the effect of side-chain on dynamic of charge transport unit, we
expand our investigation to highly ordered crystalline material. The lattice vibration of
benzothinobenzothiophene (BTBT), 2-octyl-benzothionbenzothiophene (mC8-BTBT),
and 2,7-dioctyl-benzothionbenzothiophene (dC8-BTBT) is measured with inelastic
neutron scattering (INS). The charge mobility of BTBT and its alkylated derivatives has
shown an increase upon the addition of alkyl side-chains and INS experiment shows a
suppressed vibration in the sample with two alkyl side chains. We hypothesize the lattice
vibration can influence the charge transport via electron-phonon interaction and lattice
dynamics should be another factor to be taken into consideration in future material
design.
In solid polymer electrolyte, crystalline PEO6LiX complex has shown to be more
conductive than amorphous counterparts. Since its discovery in 1999, it has attracted
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tremendous amount of attention in the field of solid polymer electrolyte. However, as of
now, none of commercialized electrolyte is based on this complex structure. This is
because the original study used low molecular weight PEO that is liquid at room
temperature. Increasing the molecular weight of PEO introduces higher degree of
disorder to the complex which sacrifices the PEO6LiX crystallinity and decreases the
conductivity. In this study, the PEO molecular weight we use is 600K Da. We use acidic
cellulose nanowhisker to assist the nucleation of PEO6LiX crystalline complex at room
temperature. These polymer-cellulose composite electrolytes have demonstrated room
temperature conductivity higher than 10-5 S/cm and low Li+ transport activation energy.
X-ray diffraction (XRD) shows high cellulose surface acidity increases the PEO6LiX
crystallinity and promotes the conduction around the room temperature. The energy
barrier for Li+ hopping through PEO6 channel decreases significantly as the cellulose
nanowhisker surface acidity increases. With quasi-elastic neutron scattering (QENS) we
demonstrate ion transport is decoupled with polymer relaxation time, suggesting PEO6 is
likely the conduction media. To fully take advantage of the conduction mechanism of
PEO6, the channel should be aligned. In this work, we investigate different options for
alignment and proposed a device design for this purpose.
Another important salt concentration in PEO-salt mixture is the eutectic concentration.
From many polymer electrolyte studies, the conductivity maximized at eutectic
concentration. To understand the influence of eutectic concentration on conduction, we
select a series of PEOxLiX electrolytes with eutectic concentrations (ester oxygen to Li+
ratio) that vary from 7 to 100. We demonstrate that conductivity directly correlates to the
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distance from the eutectic concentration. We demonstrate the maximum gain when these
electrolytes are filled with α-Al2O3 nanoparticles is at the eutectic concentration. Both
findings are important for effective design of polymer electrolytes for Li ion batteries.
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Chapter 1
Functional Materials for Charge Carriers Transport
Organic semiconductors and solid polymer electrolytes are promising soft
materials for the realization of future electronics and safer batteries1–6. Both series of
materials demonstrate considerable advantages over the current materials used in
application. For example, organic semiconductors such as poly(3-alkylthiophene)s
(P3ATs), poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) and
2,7-dioctyl-benzothenobenzothiophene (dC8-BTBT) demonstrate significantly higher
mechanical flexibility over inorganic semiconducting materials7–9. These organic
materials dissolve in various organic solvents and can be printed on plastic substrates,
thus decreasing the processing cost4–6,10,11. Replacing silicon with organic semiconductors
not only increases the flexibility and lowers the cost, but also makes the device smaller
and lighter. In Lithium ion battery, polyethylene oxide (PEO) based solid polymer
electrolytes are an attractive alternative to the flammable and toxic liquid/gel electrolytes
currently used in rechargable lithium ion batteries. The higher mechanical modulus of
solid PEO can slow the growth of dendrites (Li metal that grows through the electrolyte
and causes battery failure) and prolong battery life12–15. Because the membrane is
mechanically stable, a hard casing is not required and thus the battery is lighter and
flexible.
Despite

the

advantages,

low

performance

is

the

key

limitation

on

commercialization of these materials. Althought the charge mobility of organic
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semiconductor has experienced impressive improvement in recent years, charge mobility
(around 10 cm2V-1s-1 with small molecule organic semiconductors) at room temperature
is still orders of magnitude lower than silicon (charge mobility around 103cm2V-1s-1)4,16.
Similar with organic semiconductors, most solid polymer electrolytes suffer from low ion
conductivity (10-5 S/cm at room temperature), much lower than the commercialization
requirement of 10-2 S/cm or higher3,17–20. Understanding the charge carriers transport
mechanism and parameters that affect the efficiency of transport is critical to the future
development of these conductive materials.

1.1 Polymer Semiconductors for Flexible Electronics
Polymer materials are commonly treated as insulators due to the large energy gap
between HOMO and LUMO levels. Unlike metal where electrons can move freely in
conduction band, electrons in most organic materials are highly localized to individual
atoms and transport of charge is a rare event. In 1977, the first conductivity is measured
from polyacetylene and this opened a new field of conductive polymers21. From the
initial discovery until now, many conductive organic materials have been designed and
synthesized. The development of backbone chemistry over 4 decades are summarized in
Table 1-1. Despite the fact the backbone is becoming more complex over 40 years, these
materials either have alternating double bond-single bond as backbone, like
polyacetylene, or ring structures that contains double bond such as thiophene ring. The
electrons with in these structures form p orbitals and charge transport is facilitated by
electronic coupling between adjacent p orbitals.
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Table 1-1. Polymer semiconductors: structure chemistry and performance. Chemical structures obtained from original
publication.
Name

State

Performance

Year and Author

crystalline

560 Ω-1cm-1

Chiang, Chwan
K., et al. (1977)21

semicrystalline

1×10−3-0.1
cm2/Vs

Amorphous

1×10−5
cm2/Vs

Reuben D. Rieke.
et al. (1992)22,23,
Sirringhaus,
Henning et al.
(1999)8

poly(dialkoxy‐p‐phenylene
vinylene) (PPV)

semicrystalline

0.5×10−6
cm2/Vs

Blom, Paul WM.
et al. (1996)24,25

Poly(3,3'''-dialkylquaterthiophene)s (PQT-12)

semicrystalline

0.07-0.12
cm2/Vs

Ong, Beng S., et
al. (2004)26

Polyacetylene

Structure

Poly(3-hexylthiophene)
(P3HT)

4

poly(2,5-bis(3-alkylthiophen2-yl)thieno[3,2- b]thiophenes)
(PBTTT)

semicrystalline

0.3-0.72
cm2/Vs

McCulloch, Iain,
et al. (2006)7

poly[1,2-bis-(2-thienyl)vinyl5,5-diyl)-alt-(9,9dioctyldecylfluorene-2,7diyl], (PTVTF)

Amorphous

0.02 cm2/Vs

Chung, Dae Sung,
et al. (2008)27

{[N,N-9-bis(2octyldodecyl)naphthalene1,4,5,8-bis(dicarboximide)2,6-diyl] -alt-5,59-(2,29bithiophene)}, P(NDI2ODT2)

Amorphous

0.45-0.85
cm2/Vs

Yan, He, et al.
(2009)28

Poly(2-pyridinyl-DPP-altbithiophene), (PDBPyBT)

semicrystalline

1.8-6.3
cm2/Vs

Sun, Bin, et al.
(2014)29

5

[poly-5,6-Difluoro-4,7-bis(5(trimethylstannyl)selenophen2yl)benzo[c][1,2,5]thiadiazole],
(PNBS)

semicrystalline

7.3-8.5
cm2/Vs

[poly-[2,5-bis(2octyldodecyl)-3,6di(thiophen-2yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dionel-altthieno[3,2-b]thiophene],
(DPPTTT)

semicrystalline

8.1-19.5
cm2/Vs

Zhao, Zhiyuan, et
al. (2017)30

Luo, Hewei, et al.
(2016)31
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Poly(3-hexylthiophene) (P3HT) is one of the most widely studied material among
polymer semiconductors. The structure is shown in Figure 1-1. The thiophene backbone
is rich in electrons, therefore it is responsible for charge transport. The alkyl aide-chains
are attached to make it solution processable. P3HT can exists in two forms: regioregular
(RR) and regiorandom (RRa) (shown in Figure 1-1 (a) and (b)). The alkyl aide-chains in
regioregular P3HT have uniform attachment position, this promote the ordering. At room
temperature, RR P3HT is semi-crystalline (shown in Figure 1-1(c)). Regiorandom P3HT
has side-chains randomly attached at either 3 or 4 site of the thiophene ring. Due to the
high degree of disorder in chemical structure, RRa P3HT is amorphous around room
temperature. As shown in Table 1-1, because of the small difference in chemical
structure, the conductivity in RRa P3HT is about two orders- of-magnitude lower than
RR P3HT. In this case, chain morphology and packing play an important role in charge
transport.

Figure 1-1. (a) Regioregular P3HT. (b) Regiorandom P3HT. (c) Semi-crystalline P3HT
with crystalline domains (within orange dashed line) and amorphous domains. Each navy
line represents a P3HT chain.
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1.1.1 Transport of charge carriers
There are two major transport processes in polymer semiconductors: inter-chain
transport and intra-chain transport. In semi-crystalline materials, factors influencing
these transport processes in crystalline and amorphous regions can be very different. As
shown in Figure 1-2(a), in crystalline domain, P3HT chains self-assemble into a lamellar
chain-chain structure. Charge carriers can transport along the backbone through hopping
from one thiophene to another and this is called intra-chain transport. Because the alkylside-chain is not electronically conductive, therefore, no charge transport happens at the
side-chain direction. In another direction (shown in blue arrow), thiophene ring from one
P3HT chain is stacked on top of another thiophene ring from a different P3HT chain. The
electronic orbitals are strongly interacting and this is called π-π stacking. The transport
through this direction is believed to be extremely efficient7,8. The π-π stacking distance
and extent of alignment at this direction is critical to charge transport.
In amorphous region, transport is also facilitated by intra-chain and inter-chain
coupling (shown in Figure 1-2(b)). In this case, inter-chain transport is a critical step for
charge moving through the material. It purely relies on percolation of π orbitals from two
P3HT chains. In disordered amorphous region, when two π orbitals come in contact, the
distance is higher due to entropic disorder and the average extent of π-π alignment is also
lower. Intra-chain transport relies on in-plane alignment of π orbitals. In crystalline
domain, because of the crystalline ordering, the π orbitals are mostly in phase and charge
transport is maximized. In amorphous region, the persistence length of P3HT is
significantly lower32. As a result, the degree of in-plane orbital alignment decreases and
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charge transport is significantly lower. All of these factors above contribute to the low
charge mobility of RRa P3HT.

Figure 1-2. (a) 2-D charge transport mechanism in crystalline P3HT. (b) Charge transport
mechanism in amorphous P3HT.

Currently the main approach for designing a polymer semiconductor with high
charge mobility is to increase the degree of conjugation and promote π-π stacking. In
Table 1-1, the complexity of backbone is reflected in charge mobility. In recent years,
most of the high performance have a complex backbone with high degree of conjugation.

9

With such complex backbone, even amorphous polymer P(NDI2OD-T2) can achieve
charge mobility of 0.85cm2V-1s-1, which is comparable with amorphous silicon28.

1.1.2 Factors influencing charge transport
As described previously, charge transport in organic semiconductors highly
depends on intra-chain transport and inter-chain transport through π-π stacking.
Therefore,

many

factors

crystallinity4,11, dopant21,30,36,

such

as

molecular

weight33,34,

regioregularity8,16,35,

and orientation with respect to electrodes8,37 become

relevant to overall charge transport of the material.
For example, charge mobility of P3HT increases with molecular weight. This is
shown in Figure 1-3 (a), summarized by Salleo et al. from charge mobilities measured
from multiple studies. In Figure 1-3 (b) and Figure 1-3 (c), Kline et al. investigated the
effect of molecular weight on charge mobility by measured surface morphology of films
with different molecular weights using atomic force microscopy (AFM). Figure 1-3 (b)
shows with lower molecular weight, the shorter chains have better short range packing
and forms nanorod like structure, however nanorods are disconnected. Therefore, charge
is localized within the isolated nanorod (shown as yellow region). With longer molecular
weight, the chain length increases. As suggested by authors, one chain could potentially
go through multiple crystalline regions and bridge the ordered regions. The tie-chain (as
shown with red arrow) can soften the boundary, increase the connectivity of crystalline
domains, and increases the conductivity.
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Figure 1-3. (a) Mobility as a function of molecular weight for a variety of
semiconducting polymers. P3HT is shown in red with different symbols referring to
different studies. Other high-performing materials are shown in black. Reprinted with
permission from reference [16], Copyright © 2013, Rights Managed by Nature Publishing Group.

(b) Model for transport in low-MW films. (c) Model for transport in high-MW films.
Reprinted with permission from reference [33], Copyright © 2005, American Chemical Society.

Regioregularity is another factor that has significant influence in charge mobility.
Most minor regioregularity is caused by synthesis defect. In two extreme case, RRa
P3HT has regioregularity of 50% and perfect RR P3HT have regioregularity of 100%.
This parameter can be measured by comparing the α-proton peak in 1HNMR. In the case
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of RR P3HT, the local environment for α-proton is consistent, therefore one single peak
is observed. As regioiregularity increases, the α-proton peak split into two due to the
change in local environment. The regioregularity can be calculated as the fraction of the
main α-proton peak. Sirringhaus et al. have demonstrated by changing regioregularity
from 70% to 96%, the charge mobility increases by 1000 times8. Suggesting the
importance of having highly reguiregular polymer on charge transport. This again is
connected to transport through the structural disorder regioiregularity brings in, which
decreases the π-π stacking.
Dopant is important to semiconductors in general because it create electron and
holes which enable charge transport. In polymer semiconductor research, dopant is also
often added to the material to enhance the performance. In Table 1-1, the highest mobility
of almost 20cm2V-1s-1 is measured with a highly-conjugated polymer with a dopant31.
The high mobility is believed to be a result of adding dopant reduce the torsion of alkyl
side-chain and promote the π-π stacking. Another example is a study done by Smith et al.
by adding ferrocene into RR P3HT36. The charge mobility is improved and the GIWAXS
scattering shows the (010) diffraction peaks shifts to higher Q as dopant is added. This
suggests ferrocene dopant can bring thiophene rings closer together. Because the hopping
activity decreases exponentially with stacking distance, a decrease in distance can bring
significant improvement in charge mobility.
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1.2 Crystalline Organic Small Molecule Semiconductors

1.2.1 Band-like transport
In polymer semiconductors, charge mobility increases as a result of heating. This
is caused by the energy activated hopping charge transport mechanism. However, from
experimental observation made in the past decades, in a series of organic crystalline small
molecule semiconductors such as pentacene, rubrene, and C8-BTBT, the charge mobility
decreases as the temperature is elevated (µ~T-n)38–42. As shown in Figure 1-4, this
behavior is called “band-like” transport and it is similar with conduction in inorganic
crystalline semiconductors where charge carriers are highly delocalized in conduction
band as a form of wave packet (band transport).

Figure 1-4. Band-like transport observed in solution processed dC8-BTBT thin film
transistors. Reprinted with permission from reference [39], Copyright © 2011 WILEY‐VCH
Verlag GmbH & Co. KGaA, Weinheim.
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However, charge modulation spectroscopy (CMS) experiment shows the electron
mean-free-path in pentacene molecule is still the same order of magnitude of the lattice
constant38. The electron mean-free-path is the distance an electron travels before it get
scattered. Possible scatters include lattice vibration (phonon), impurities, defects, etc.…
Based on Matthiessen's rule, their contributions can be calculated as:
1
1
1
1
=
+
+
+⋯
𝜏 𝜏𝑝ℎ𝑜𝑛𝑜𝑛 𝜏𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑖𝑒𝑠 𝜏𝑑𝑒𝑓𝑒𝑐𝑡𝑠
Where τ is the average time of scattering, and τphonon is the scattering time if there was
only phonon scattering but no other source of scattering event. If we assume no electron
mass change due to electron-phonon interaction, with the scattering time, the charge
mobility can be simply expressed as:
𝜇=

𝑒
𝜏
𝑚∗

If the scattering becomes a rare event, τ increases, and charge mobility increases. e is the
electron charge and m* is the effective electron mass. However, in most organic
semiconductor system, electron-phonon interaction can make electrons “heavier” and
slower. This means when a charge is induced, the equilibrium geometry of the molecule
is modified. In charge transport event, the charge propagates through the lattice carrying
the deformation of surrounding molecules with itself. The charge carrier and induced
lattice deformation is called Polaron. At low temperature limit, polaron travels in wave
format like electrons in conduction band. This describes charge transport in crystalline
organic small molecule semiconductors. At higher temperature, the lattice vibration
increases, consequently, the effective electron mass increases, polarons become localized
and hop from site to site. This is the origin of hopping mechanism in polymer
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semiconductors as a result of higher degree of disorder. Nevertheless, The coupling
between electron and lattice deformation plays an important role in charge transport
behavior in organic crystalline semiconductors and it has been widely studied in
simulations10,41,43–52.

1.2.2 Influence of dynamic on charge transport
Unlike metal or inorganic semiconductors, the theory relating dynamic and
transport for organic semiconductors is still under development. Multiple simulation
studies have been carried out to investigate the relation using semiclassical numerical
approach44,46–48,53. One example study on pentacene lattice vibration shown here is done
by Troisi et al. using combined MD simulation and quantum chemistry calculation44.
Shown in Figure 1-5 (a) and (b), electronic coupling Vi(t) (charge transport)
between adjacent sites are calculated as a function of time for A, B, and C direction in
pentacene lattice. The MD simulation is done using MM3 force field with periodic
boundary condition. The fluctuation in the coupling term is around time scale of
700femtosecond and it is believed to be caused by the lattice vibration. In Figure 1-5 (c),
the temperature is raised from 100K to 200K and 300K. Probability distribution of
coupling is plotted for A, B, and C directions. The FWHM is on the same order as the
coupling term suggesting presence of external perturbation. As temperature is increased,
the average coupling shifts to a lower value indicating lattice dynamic localize charge
carriers and reduce the coupling.
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Figure 1-5. (a) Time modulation of the transfer integrals due to thermal motions (300 K)
for three molecular pairs of type A, B, and C. (b) Six unit cells in the ab plane of
pentacene (a portion of the supercell considered for the MD simulation). The arrows
indicate the intermolecular couplings monitored along the MD, divided in four groups A
(dashed-dotted), A (dashed), B (solid) and C (dotted). (c) Distribution of the transfer
integrals in solid pentacene at different temperatures. (d) Fourier transform of the
autocorrelation function of the transfer integrals between HOMOs of neighboring
molecules (300 K). A vertical offset was introduced for clarity among the curves relative
the transfer integral type A, B, and C. Reprinted with permission from reference [44],
Copyright © 2006, American Chemical Society.

Figure 1-5 (d) is the Fourier transform of autocorrelation function of electron
coupling < V (t)V (0) >. It shows the majority of the frequencies lies in between 20-40cm1

corresponding to 2.5 to 5meV. In a later work, they experimentally measured the

vibration spectroscopy of pentacene using terahertz spectroscopy41 and demonstrated the
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overlap between frequency of lattice vibration and frequency of coupling fluctuation,
confirming the idea that electron-phonon coupling is negligible in these systems.

1.2.3 Does molecular weight influence charge transport?
The molecular weight of polymers can be increased by adding or reducing the
number of repeating unit while keep the chemistry the same. From previous section, we
have shown this change can influence the polymer semiconductor mobility by
influencing domain connectivity. For small molecule, the situation is different because
once molecular weight is changed by changing chemistry, the original molecule becomes
a new one. For example, anthracene consists three infused benzene rings. When one more
and two more benzene rings are added linearly, it becomes tetracene and pentacene.
Consequently, lattice structure is also changed. This is makes it fairly hard to measure the
effect of molecular weight on charge mobility in small molecules.
Having a heavier molecule can be beneficial for charge mobility in many ways.
For example, with a more complex core, better π-π stacking can be achieved, therefore
higher mobility. Replacing sulfur with selenium (Se) can increase the electron density in
the conjugated core and promote better charge transport. Another method of increasing
the molecular weight is attaching side groups to the core and many study have suggested
this can improve the charge mobility significantly54,55. But the mechanism of side-chain
influencing the mobility is still not fully understood in this field. In this case lattice
dynamic can potentially play a big role. If we evaluate the influence of molecular weight
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from dynamic perspective and assuming only one harmonic vibration exists, the vibration
frequency ω can be written as:
𝜔 = (𝑘⁄𝑚)

0.5

Where k is the spring constant and m is the molecular weight. Now the question is how is
vibration frequency related to charge mobility in organic semiconductors? There is no
clear answer to that. In the system Hamiltonian (H), we know the phonon frequency is
related phonon-phonon coupling term (Hphonon) and electron-phonon coupling term (Velph).

Understanding the connection between vibration frequency and charge transport

would require a numerical calculation using the relations mentioned above. Many
simulation done that way have suggested inter-molecular vibration around 5meV hinders
charge transport10,44,46,51,53,55,56.
If we consider the simplest one-phonon case, increasing molecular weight would
reduce the frequency and hypothetically increase the mobility. To evaluate if charge
mobility has any correlation with the molecular weight, we collected mobility from over
100 molecules57–73 and the correlation is plotted in Figure 1-6(a). As the molecular
weight increases, higher mobility is reported. The wide spread in charge mobility can be
a result of measurement condition, purity, chemistry, and structure. But on average, using
a heavier molecule improves the charge mobility. At extremely high molecular weight,
the charge mobility seems to level off. This is when structural disorder comes into play.
The extreme case at the high molecular weight end is polymers, where polarons are
localized to individual repeating unit and structural disorder dominates the charge
transport.
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To investigate our previous hypothesis that lower frequency could lead to higher
charge transport, the square root of inverse molecular weight is plotted against the
mobility reported in Figure 1-6 (b). We are able to extract an exponential correlation
between charge mobility and frequency with Pearson’s correlation coefficient of -0.44
suggesting moderate negative correlation. Therefore, we conclude that heavier molecules
may have lower energy vibrations, this suppress phonon related interactions and promote
electronic coupling.

Figure 1-6. (a) Charge mobility-molecular weight correlation for more than 100
crystalline small molecule organic semiconductors. (b) (Molecular weight)-0.5- charge
mobility correlation plot. The exponential fit is shown as the dashed grey line in the
graph. Data obtained from reference [57–73].
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1.3 Solid Polymer Electrolyte for Li ion Batteries
Solid polymer electrolytes (SPE) have many advantages compared with liquid
electrolyte. Most liquid electrolytes consist of flammable organic solvents and most SPE
are PEO based nonflammable polymers1–3. SPE also have higher mechanical stability
compared with liquid electrolyte, they can slow down Li dendrite formation during
cycling and elongate the battery life time. Because SPE is safer, it enables the use of Li
metal as anode directly which will increase the energy density significantly. Despite these
advantages, SPE suffers from low conductivity compared with liquid electrolytes,
especially at room temperature. Currently, the French company Vehicule Électriques
Pininfarina Bolloré uses SPE as battery electrolyte in their fully electric vehicles “Bolloré
Bluecar”. Due to the low room temperature conductivity for most solid polymer
electrolytes, it has been reported that the battery requires heating to 80°C in order to be
functional74. To improve the performance of an electrolyte, understanding the transport
mechanism and factors influencing ion transport is critical.

1.3.1 Ion hopping in amorphous domains
In PEO electrolyte with low salt concentration, PEO partially crystalize into PEO
crystal and the salt remains in amorphous domain. Transport of ions in amorphous
domain involves polymer motion facilitated hopping (as shown in Figure 1-7). At a stable
state, Li ion coordinates with 5-7 ester oxygens. Above glass transition temperature (Tg),
polymers segmental motion can disrupt the coordination and promote conduction. The
coupling between polymer dynamic and ion conductivity is a major reason for low
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conductivity at room temperature because of low polymer mobility. On the other hand,
because high polymer mobility is preferred for conduction, the mechanical stability has to
be sacrificed. The trade-off between conductivity and mechanical stability is major
challenge to polymer electrolytes that use amorphous PEO as conducting domain.

Figure 1-7. Ion transport in amorphous PEO. Black/grey are polymer backbone, blue dots
shows ester oxygen, brown dot shows Li ion, dashed line represent ion-ester oxygen
coordination.

1.3.2 Crystalline PEO-salt complexes
In PEO based electrolytes with high salt concentration, PEO chains can
coordinate salt in a special geometry and form a polymer-salt crystalline complex. This
includes PEO3LiX75 and PEO6LiX76,77. Their structure is shown in Figure 1-8. Both
structures contain cylinders formed by PEO, Li ion stays in the cylinder and coordinate
with oxygen. The anion stays at the vacant site in between cylinders. Crystalline
PEO3LiX complex has a triclinic structure while the structure for crystalline PEO6LiX
complex is monoclinic. In PEO3LiX, only one PEO chain is used to form the cylinder due
to the high salt concentration. At 6:1 ratio, two polymer chains wrap together forming a
cylinder with larger radius, Li remains at the center of the cylinder coordinating with 5
ester oxygens.
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Figure 1-8. (a) Top: view of the PEO3:LiCF3SO3 structure along the chain axis b, bottom:
View of the structure along c. CF3SO3- groups are shaded. For clarity, coordination
around one Li+ is shown in dashed lines. Reprinted with permission from reference [75],
Copyright © 1993, 1993 by the American Association for the Advancement of Science. (b) The
structures of PEO6:LiAsF6. (Left) View of the structure along rows of Li+ ions
perpendicular to the page. (Right) View of the structure showing the relative position of
the chains and their conformation (hydrogens not shown). Thin lines indicate
coordination around the Li+ cation. Blue spheres, lithium; white spheres, arsenic;
magenta, fluorine; green, carbon; red, oxygen. Reprinted with permission from reference [78],
Copyright © 2003, American Chemical Society.

In PEO3LiX crystalline complex the Li ion stays at two possible alternating
positions. The hopping distance is large and the coordination is strong. Therefore,
PEO3LiX crystalline complex is not conductive. The Li ion in crystalline PEO6LiX
complex stays at channel center with minor off set and it has been demonstrated to be
highly conductive along the channel. Bruce et al. compared the conductivity between the
crystalline sample and amorphous sample at the same salt concentration79. The
amorphous sample is prepared using PEO with molecular weight of 100K Da and the
crystalline sample is prepared using PEO with molecular weight of 1K Da. It is
challenging to obtain PEO6LiX with higher molecular weight because chain
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entanglement (entanglement limit for PEO is around 3.2K Da77) prevents the
crystallization. Therefore, the sample with 100K Da PEO remains amorphous during the
conductivity measurement.
In Figure 1-9, the conductivity is plotted against inverse temperature for
crystalline and amorphous samples. Formation of PEO6LiX crystalline complex increases
the conductivity by on order-of-magnitude and the conductivity has an Arrhenius
temperature dependence suggesting crystalline conduction. The transference number
measured from crystalline samples are near unity suggesting anions are immobile.

Figure 1-9. Ionic conductivity of amorphous σ (Scm-1) (open circles) and crystalline
(filled circles) PEO6LiSbF6 as a function of temperature. Reprinted with permission from
reference [79], Copyright © 2001, Rights Managed by Nature Publishing Group.

If the channel direction can be aligned to be perpendicular to the electrodes,
PEO6LiX would be ideal candidate for battery electrolyte. However, many factors hinder
the application of such material in real device. The fact only short molecular weight PEO
can be used is problematic. These oligomeric PEO are viscous liquid at room
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temperature, the modulus is not strong enough to prevent dendrite formation. If longer
PEO chain is used, chain entanglement slows down the crystallization of PEO6LiX. A
previous study from our group has suggested this crystallization process can take as many
as 7 days80 and the crystallized electrolyte has low conductivity because the increased
defect and misaligned channels.

1.3.3 Nanoparticle filled SPEs
Adding nanoparticles in SPEs has been shown to improve the conductivity and
mechanical stability81–90. Most of these nanoparticles are ceramic oxide with different
surface chemistries: acidic, neutral, and base. As shown in Figure 1-10, with acidic
surface, nanoparticle interact with anions and ester oxygen on PEO through hydrogen
bonding. Previous research from our group suggested this interaction can potentially lead
to PEO6LiX formation19. Basic surface sites have unpaired electrons that work as traps
for positively charged Li ions. Neutral surface has a combination of both acidic and basic
sites; therefore, the interaction is mixed.

Figure 1-10. (a) Surface interaction on acidic surface. (b) Surface interaction on basic
surface.
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Many effort has been made to understand the mechanism of conductivity
improvement when the electrolyte is filled with nanoparticles. Croce et al. suggested the
increased conductivity for PEO sample filled with Al2O3 is a result of suppressed PEO
crystallization18. The follow-up study suggested at acidic surface, cations compete with
the surface to coordinate with ester oxygen. The Li-EO coordination strength is weaker
and it enables faster hopping transport91. Another study by Chung et al. suggested that the
transference number is higher in nanoparticle filled electrolyte as a result of surface
interaction and the improvement is especially higher in samples with acidic
nanoparticles92.
Another important factor that influence the interaction is morphology of the
nanofiller. Previous work in our group have demonstrated using Al2O3 nanowhisker can
achieve higher improvement in conductivity at EO:Li=10:1 concentration, especially at
room temperature93. Nanowhisker with high aspect ratio have more effective surface area
for specific interaction with polymer and ions. This effect is believed to be especially
prominent when it comes to promoting formation of PEO6LiX on its surface.
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1.4 Goals of This Work
The primary goal of this work is to solving problems in existing systems, propose
and test new systems that can demonstrate better performance. To achieve this,
understanding the parameters that influence charge and ion transport is important. The
goals of this work are divided base on the application and listed below.

1.4.1 Understanding the influence of side-chain on dynamics
Alkyl side-chains are originally attached to polymer backbone or small molecule
cores to improve the solution processability. However, from charge transport perspective,
alkyl side-chains are treated as “junk” that is not helpful in electron hopping process.
This can be seen in regioregular poly(3-alkylthiophene)s (P3ATs) where charge mobility
drops when side-chain length further increases from 694,95. The origin of this charge
mobility drop is the increase in d spacing reduces the π-π stacking. However, from
Appendix B, we observe same trend in amorphous regiorandom P3ATs. Because these
materials are amorphous, the difference in structure due to side-chain length is
minimized. To understand the effect of side-chain on charge transport in amorphous
polymer, it is important to investigate the influence of side-chain on dynamic of
conjugated thiophene backbone.
In crystalline small molecule semiconductors, the effect of side-chain on charge
transport is opposite with the observation in polymers. Three conjugated molecules
studied in this work are: BTBT, mC8-BTBT, and dC8-BTBT. Addition of side-chain onto
BTBT core can increase the mobility by four order-of-magnitude. As discussed in
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previous section, lattice vibration can play an important role in charge transport. The
lattice vibration for small molecules usually happens in time scale less than 1ps. Sidechain relaxation have a time scale from 10ps-100ps depends on the environment. Will
alkyl side-chain suppress the lattice motion? We will answer this question by measuring
lattice dynamic with inelastic neutron scattering technique.

1.4.2 Using crystalline PEO6LiX complex in conduction
Previously, Al2O3 nanowhisker and natural cellulose nanowhiskers are used to
increase the polymer-particle interaction and facilitate the formation of PEO6LiClO4 on
its surface. The salt concentration used for past study is 14:1, 10:1, and 8:1. Despite
observing rotational motion in quasi-elastic neutron scattering experiments, no direct
evidence suggests formation of large PEO6LiClO4 crystalline domains. To increase the
possibility of achieving PEO6LiClO4 crystallization, we use the salt concentration of 6:1.
This is where it can be formed based on the phase diagram. The surface of cellulose
nanowhisker is further modified to achieve higher acidity and facilitate stronger surface
interaction.
Apart from 6:1, 10:1 is another concentration that has displayed strong
conductivity improvement upon addition of nanoparticles. This is the eutectic
concentration for PEO-LiClO4 in phase diagram and lamellar eutectic structure is
expected to form. To investigate the effect of eutectic concentration on conductivity and
the role of PEO6LiX complex, we expand the target of study to 6 different Li salts. Three
of them forms PEO6LiX at high concentration and three only forms PEO3LiX.
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1.5 Thesis Organization
The body of this thesis is divided into 8 chapter. Chapter 2 provides a review of
fundamental theory and working principles of techniques used in this work. Chapter 3
consists of chemical synthesis details and experimental conditions for material fabrication
as well as characterization.
Chapter 4 discuss the influence of side-chain on backbone dynamics in
amorphous organic semiconductors. Quasi-elastic neutron scattering is the main
technique used for this investigation, a new exponential EISF model that describes sidechain motion is discussed.
Chapter 5 study the influence the side-chain on core dynamics in ordered
crystalline organic small molecule semiconductors. A time-of-flight inelastic neutron
scattering spectrometer is used to access higher excitation energy. From high Q and low
Q analysis, we are able to extract dynamics at different directions.
Chapter 6 contains a possible solution for achieving high conductivity at room
temperature. Crystallization of PEO6LiClO4 is induced using highly acidic cellulose
nanowhiskers. X-ray diffraction and quasi-elastic neutron scattering are combined to
investigate the effect of surface acidity on structure and dynamic.
Chapter 7 is an application study of options for cellulose nanowhiskers to further
align PEO6LiX complex. We evaluated and investigated electric field, magnetic field, and
mechanical alignment options. A device is invented to make it possible to achieve easy
alignment and characterization.
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Chapter 8 study the importance of eutectic concentration on conduction. In this
study, we selected 6 different type of Li salts with different phase behavior. The
conductivity is measure across a wide range of salt concentration. A correlation is made
between conductivity and eutectic concentration.
Chapter 9 summarize this work and provides recommendations for future research
directions on this work. New systems are proposed aimed at further improving
mechanical properties of polymer electrolytes.
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Chapter 2
Fundamental of Techniques
In this chapter, principle and detailed description of experimental techniques used
for this study is reviewed. These techniques include: quasi-elastic neutron scattering
(QENS) that measures picosecond time scale polymer dynamic, inelastic neutron
scattering (INS) that measures femtosecond time scale motion, small-angle neutron/X-ray
scattering (SANS/SAXS) that are used to measure large length scale morphology, wideangle X-ray diffraction (WAXS) that measures atomic scale structure, differential
scanning calorimetry (DSC) that measures thermal transition in materials, thin-film
transistor (TFT) that is used to measure charge mobility of organic semiconductors,
dielectric relaxation spectroscopy (DRS) that is used to measure conductivity of solid
polymer electrolytes, and scanning electron microscopy (SEM) that is used to image
micron scale surface morphology.
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2.1 Scattering Fundamentals
Neutron and X-ray scattering are popular techniques used to measure statistically
averaged dynamic and structure of matters. In a scattering experiment, scattering
intensity, the dynamic structure factor S(Q,ω), is collected as a function of wave vector Q
and energy change ω. It contains information about inter-particle correlation and their
time evolution. There are varieties of scattering techniques available based on the range
of Q and ω measured and details of these techniques will be discussed in this chapter.
Nevertheless, three possible scattering scenarios are shown in Figure 2-1: inelastic
scattering, quasi-elastic scattering, and elastic scattering.
In inelastic/quasi-elastic scattering event, both energy and direction of incident
wave change. The origin of the energy change is the presence of excitation modes within
the material. These excitations include diffusion, bond vibration, lattice phonon, spinwave, crystal field, etc. During a scattering event, incident wave lost/gain energy by
initiating/terminating excitations. For most highly ordered material, the excitation has
well defined energy level, the scattering is called inelastic scattering and this is indicated
by two symmetric inelastic peaks in S(Q,ω) spectrum (shown in Figure 2-1). The peak
position corresponds to the energy level of the excitation and the area under the peak
indicates the density of excitation. In soft matter, most common excitations are relaxation
of polymer chains and rotation of existing structures such as methyl group19,20,96–100. The
time scale of these motions range from 10s picoseconds to nanoseconds and usually have
a wide distribution due to the variation in local environment. As shown in Figure 2-1, the
energy level of these excitations is significantly lower resulting in broad peak centered at
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zero in S(Q,ω) spectrum such type of scattering is known as quasi-elastic neutron
scattering. In elastic scattering event, assuming scatterer is in fixed position, incident
wave changes direction without changing energy (ω=0). The scattering intensity S(Q,0)
follows Bragg’s Law and give us structural information. Depends on the instrument set
up, S(Q) can be measured in wide-angle scattering (WAS) mode or small-angle
scattering (SAS) mode. Both neutron and X-ray are radiations that have wavelength
comparable with the size of features in materials, which makes them suitable tool for
measuring the structures. Despite the similarity, major fundamental differences exist
between these radiations that create a wide variety of applications.

Figure 2-1. Different types of scattering event.
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First, the way neutron and X-ray interact with matters are drastically different
resulting in different contrasts. X-ray is an electromagnetic wave that interact with
electrons surrounding the nucleus of an atom. Heavy elements with more electrons
scatters X-ray more efficiently than lighter elements, thus, the scattering power of X-ray
is usually determined by the atomic number (Z). Neutron is a particle wave with no
charge and negligible electric dipole, in a scattering event, neutron interact with nucleus
through nuclear forces. The extent of interaction between neutron and nucleus is
uncorrelated with the atomic number, making it possible to detect information from
lighter elements that are usually invisible to X-ray. The strength of neutron and nucleus
interaction is measured by neutron scattering length (b) and the neutron scattering crosssection (σ) can be calculated as:
𝜎 = 4𝜋𝑏 2
The neutron scattering cross-section (σ) has a unit of bar (1bar =10-28 m2) is equivalent to
the effective area that scatters neutron isotopically presented by nucleus. The scattering
cross-section also varies among isotopes of the same element. For example, 1H has
scattering cross-section of 82.03 bar, significantly larger than the scattering cross-sections
for 2H (7.64 bar) and 3H (3.03 bar). In a two-phase system that displays no contrast under
X-ray, 1H in one phase can be replaced by 2H to create contrast between two phases. This
technique is called isotopic labeling.
Second, neutron is a heavy particle, with the same wavelength, the energy of
neutron beam is much lower compared with X-ray. The conversion between wavelength
and energy is shown below:
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𝑛𝑒𝑢𝑡𝑟𝑜𝑛: 𝐸 =

ℎ2 1
2𝑚 𝜆2

𝑋 − 𝑟𝑎𝑦: 𝐸 =

ℎ𝑐
𝜆

Where, h is the Planck Constant, m is the neutron mass, c is the speed of light, and λ is
the wavelength. In neutron/X-ray scattering experiment, wavelength usually ranges from
0.1nm to 10nm, this corresponds to X-ray energy range of 100eV to 10keV while for
neutron the energy range is at a much lower level of 8μeV to 80meV. In most soft
material, polymer relaxation occupies an energy level of 0.1μeV to 1meV. Based on
current instrument development, only neutron scattering spectrometers are capable of
detecting such small energy change. While inelastic X-ray scatterings are designed for
measuring excitation at ultra-high energy level such as high energy phonons101, electronic
excitation102, and Compton scattering103.
The key difference between neutron scattering and other dynamic measurement
instruments is demonstrated in Figure 2-2. A wide range of energy and time can be
accessed with QENS/INS by different instrumentations and this will be discussed in the
next section. The energy scale covered by inelastic X-ray technique is much higher than
most of the common neutron scattering techniques. Both dielectric relaxation
spectroscopy (DRS) and NMR can be used to measure relaxation dynamics of soft
materials104–106. However, these techniques lack special resolution therefore, they can be
used as complimentary tool for neutron scattering.
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Figure 2-2. Sketch showing the frequency (time) and size ranges accessible with traditional experimental techniques. Longer
times (not shown) can be accessed by many techniques. Dielectric relaxation spectroscopy, infra-red, and NMR do not have a
resolution in length, thus are demonstrated as straight lines.
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2.1.1 Quasi-elastic and inelastic neutron scattering (QENS and INS)
Quasi-elastic and inelastic neutrons scattering are widely used to measured
dynamics in soft material from 1ps to 2ns. As discussed in previous section, QENS
probes diffusive, segmental motion of polymer while INS can be used to measure phonon
modes in organic crystalline lattice. Because the nature of polymer segmental relaxation
is self-diffusive motion, the type of scattering signal measured is called incoherent
scattering. The incoherent dynamic structure function Sinc(Q,ω) is a self-correlation
function of the position of an atom at time t with position of the same atom at time equals
to zero. In contrast, coherent scattering gives us information about collective motion
where atom motions are correlated with each other such as phonon vibration. The
coherent dynamic structure function Scoh(Q,ω) is an auto-correlation function of the
position of an atom at time t with the position of a different atom at time equals to zero.
Dynamic structure factor S(Q,ω) is related to intermediate scattering function
S(Q,t) which is defined as Fourier transform of Van Hove Correlation function G(r,t) in
real space. When it comes to inter-particle correlation, the Van Hove Correlation function
has two parts, the “self” part Gs(r,t) and “distinct” part Gd(r,t). The mathematical
connection between these functions are shown below:
𝑁

S𝑠 (𝐐, 𝑡) = ∫ 𝑑𝐐G𝑠 (𝐫, 𝑡) 𝑒

−𝑖𝐐𝐫𝑡

1
= ∑〈𝑒𝑥𝑝[𝑖𝐐𝐫𝑗 (𝑡)]𝑒𝑥𝑝[−𝑖𝐐𝐫𝑗 (0)]〉
𝑁
𝑗=1
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𝑁

S𝑑 (𝐐, 𝑡) = ∫ 𝑑𝐐G𝑑 (𝐫, 𝑡) 𝑒

−𝑖𝐐𝐫𝑡

𝑁

1
= ∑ ∑〈𝑒𝑥𝑝[𝑖𝐐𝐫𝑘 (𝑡)]𝑒𝑥𝑝[−𝑖𝐐𝐫𝑗 (0)]〉
𝑁
𝑘=1 𝑗=1

S𝑖𝑛𝑐 (𝐐, 𝜔) =

1
∫ 𝑑𝑡S𝑠 (𝐐, 𝑡) 𝑒 −𝑖𝜔𝑡
2𝜋

S𝑐𝑜ℎ (𝐐, 𝜔) =

1
∫ 𝑑𝑡S𝑑 (𝐐, 𝑡) 𝑒 −𝑖𝜔𝑡
2𝜋

Intermediate scattering function can be calculated from real space trajectory in molecular
dynamic (MD) simulation107–109. In neutron scattering experiment, we directly measure
double differential cross-section ∂2σ/(∂Ω∂E) in reciprocal space, where σ is the scattering
cross-section as described previously, Ω is the solid angle, and E is neutron energy. The
double differential cross-section contains information from both coherent and incoherent
dynamic structure factor:
𝜕 2𝛔
𝑘′
∝ 𝑁[𝜎𝑐𝑜ℎ S𝑐𝑜ℎ (𝐐, 𝜔) + 𝜎𝑖𝑛𝑐 S𝑖𝑛𝑐 (𝐐, 𝜔)]
𝜕𝛺𝜕𝐸 𝑘
Where the k’ and k are scattered wave and incident wave, N is the number of scatterers.
σcoh and σinc are coherent and incoherent scattering cross-sections.
Table 2-1. Coherent and incoherent cross-section of common elements in this study. The
unit is in barn. All of this data was taken from the Special Feature section of neutron
scattering lengths and cross sections of the elements and their isotopes in Neutron News,
Vol. 3, No. 3, 1992, pp. 29-37.
Elements

1

H

2

H

C

O

S

Li

Cl

σcoh

1.7583

5.592

5.551

4.232

1.0186

0.454

11.5257

σinc

80.27

2.05

0.001

0.0008

0.007

0.92

5.3

The systems we study are rich in hydrogen, carbon, oxygen. The scattering power
(scattering cross-section) varies based on elements. In Table 2-1, the coherent and
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incoherent cross-section of common elements in this study is listed110. Hydrogen has high
incoherent cross-section, therefore, signal from QENS measurement originates from
incoherent motion of hydrogen. Due to the low incoherent cross-section of deuterium,
polymers or molecules can be partially deuterated to mask out the motion from the
corresponding group. For polymers investigated in this thesis, we measured side-chain
proton motion in P3HT and backbone protons in PEO. To investigate the motion of
conjugated core, the side-chain of dC8-BTBT molecule is deuterated.

2.1.2 QENS/INS: understanding raw data
In a QENS experiment, we measure neutron scattering intensity as a function of
energy change and scattering vector. A sample raw data is shown in Figure 2-3 (a). The
scattering intensity is color coded and there is a curved boundary for the wave vector Q
and energy change E. This region is named Kinematically Allowed Region (KAR), it
defines Q and E range where it is theoretically possible to collect inelastic neutrons
scattering signal. KAR is dependent on incident neutron energy Ei, given the incident
neutron energy, the boundary can be easily estimated with neutron energy balance and
momentum balance:
𝐸 = 𝐸𝑓 − 𝐸𝑖 =

ℏ
⃑ ′2 − 𝑘
⃑ 2)
(𝑘
2𝑚

⃑′−𝑘
⃑)=𝑄
⃑
(𝑘
Given the angel between incident wave vector k and scattered wave vector k’ equals to
2θ. We can have Q as a function of E:
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𝑄2 =

2𝑚
[𝐸 + 2𝐸𝑖 − 2√𝐸𝑖 (𝐸 + 𝐸𝑖 ) cos(2𝜃)]
ℏ

Plotting Q as a function of E with 2θ from 0 to π, we can obtain Figure 2-3 (b) with each
line represent a 2θ value. The top and bottom boundary are mathematically defined by 2θ
equals to 0 and π, representing transmission and reflection.

Figure 2-3. (a) Scattering intensity as a function of energy, E and wave vector, Q for
mC8-BTBT molecule at 300K with an incident neutron energy of 30meV. (b) Theoretical
kinematically allowed region for inelastic neutron scattering with each line represent a
solid angel (2θ) in real space.
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The intensity at left side of KAR shown in Figure 2-3 (b) indicates neutron lost
energy after scattering while the right side suggest the opposite. The vertical line at E=0
meV represent the elastic scattering line where no energy change. By plotting scattering
intensity S(Q,0) along the elastic line, we yield Bragg diffraction pattern. This can also
be seen in Figure 2-3 (a) as the red line at E=0meV and each dark spot is a Bragg peak
representing a crystalline plane. The KAR is unsymmetrical because neutron can gain
infinite amount of energy while the maximum amount of energy it can lost is the incident
energy Ei. As a result, the energy lost side of KAR ends at Ei (6.3meV shown in Figure
2-3 (b)). Incident energy not only limit the range of energy transfer can be detected, it
also limits the Q range. As incident neutron energy increases, the accessible Q range
increases. However, this may sacrifice the resolution of the measurement. Before an
QENS measurement, one should evaluate the time scale and length scale of interest and
determine the incident wavelength for the measurement.
The dynamic structure factor S(Q,ω) can be obtained by integrating the intensity
within ΔQ and the data is converted into 2-D format as shown in Figure 2-4. The dashed
line at the bottom of the graph is the instrumental resolution R(φ,ω). The instrumental
resolution arises because neutron spectrometers can’t detect infinite small energy change,
thus, the minimal amount can be measured is called the resolution. Vanadium foil is often
used to measure instrumental resolution because it behaves as elastic scatterer (no
motion, only elastic scattering) with incident neutron beam energy up to 1eV at pulse
neutron source111. Vanadium is an incoherent scatterer therefore it scatters isotopically
across all the scattering angle φ. Due to the instrumental resolution, the dynamic structure
factor SEXP(Q,ω) measured experimentally is a convolution of theoretical dynamic
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structure factor STHEO(Q,ω) and R(φ,ω). Theoretically, the elastic scattering peak should
be a delta function, in reality, the instrumental resolution is modeled by a Gaussian peak.

Figure 2-4. Dynamic structure factor S(Q,ω) as a function of energy change for acidic
cellulose nanowhisker filled solid polymer electrolyte sample. Top and bottom spectrums
are measured at two different instrument with different instrumental resolution.
The broadening from instrumental resolution at E≠0 originates from quasi-elastic
scattering. Higher intensity or wider broadening suggests faster motion presents in the
material. For example, in Figure 2-4, the sample with acidic cellulose nanowhisker has
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lower scattering intensity then sample without cellulose nanowhisker suggests acidic
cellulose slows down polymer motion. Each of the broadening can be described by a
Lorentzian function centered at zero. For one Brownian diffusion process, the
mathematical form can be expressed as:

𝑆(𝑄, 𝜔) = 𝐿[∆𝜔(𝑄)] =

1
∆𝜔(𝑄)
𝜋 𝜔 2 + ∆𝜔(𝑄)2

∆𝜔(𝑄) = 𝐷𝑄 2 = 1⁄𝜏
Where D is the diffusion coefficient and τ is the relaxation time of the process.
The advantage of this approach is the fitting process can be done fast and simple in
DAVE developed by NIST Center for Neutron Research and a relaxation time can be
obtained with spatial resolution112. This has been widely adopted in studies on incoherent
diffusive motion in ordered ceramic and bulk free liquid such as water translation
motion113–116. However, in most soft materials, dynamic heterogeneities present and this
cause a wide distribution of relaxation time. Using one relaxation time to describe a
diverse system can’t serve the purpose of dynamic study. Therefore we inverse Fourier
transform the dynamic structure factor S(Q,ω) from energy domain into time domain
intermediate scattering function S(Q,t) and describe the relaxation curve with a model
that have a distribution of relaxation times.
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2.1.3 QENS/INS: dynamic scan data analysis
In time domain, intermediate scattering function is described by stretched
exponential: Kohlrausch-Williams-Watts (KWW) function117.
𝐾𝑊𝑊 = 𝐸𝐼𝑆𝐹(𝑄) + (1 −

𝑡 𝛽(𝑄)
)
−(
𝜏(𝑄)
𝐸𝐼𝑆𝐹(𝑄))𝑒

Where, τ is the relaxation time of the process, β, the stretch factor ranging from 0
to 1 for most soft materials, represents the distribution of the relaxation time. If β equals
to 1, the time distribution becomes a delta function. EISF, the elastic incoherent structure
factor, is the fraction of proton that is not mobile at each Q. The dependence of EISF on
Q can be used to describe the geometries of motion118. Detailed origin of EISF will be
discussed in next section.
An example set of S(Q,t) obtained from inverse Fourier transform and the KWW
fits are shown in Figure 2-5. Again, S(Q,t) is the self-correlation function of an hydrogen
atom at time t with the same atom at time zero. S(Q,t) decays within short period of time,
suggests faster motion and lower relaxation time. The S(Q,t) from an immobile sample
(instrumental resolution) would be shown as a flat line at 1. As t→∞, the S(Q,t) levels off
at a constant value, the EISF. In order to extract these parameters, S(Q,t) is often
described with one KWW equation. However, for complex soft material systems,
multiple processes can co exists. Within the detection limit of QENS instruments, these
processes can include: fast vibration (τ<1ps), segmental motion (10ps<τ<1ns), and
methyl group rotations. These processes have distinct relaxation time scale and can’t be
described by a low β value. Therefore, multiple KWWs are combined to describe the
intermediate scattering function.
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Figure 2-5. Intermediate scattering function S(Q,t) for acidic cellulose nanowhisker filled
polymer electrolyte sample and unfilled polymer electrolyte sample (shown as solid
points) and the model fitting is shown as dashed lines.

When multiple process presents, the dynamic structure factor is expressed as
combined convolution of S(Q,ω)s from each process:
𝑆(𝑄, 𝜔) = 𝑆𝑣𝑖𝑏 (𝑄, 𝜔) ⊗ 𝑆𝑟𝑜𝑡 (𝑄, 𝜔) ⊗ 𝑆𝑡𝑟𝑎𝑛𝑠 (𝑄, 𝜔)
The time domain intermediate scattering function becomes:
𝑆(𝑄, 𝑡) = 𝑆𝑣𝑖𝑏 (𝑄, 𝑡)×𝑆𝑟𝑜𝑡 (𝑄, 𝑡)×𝑆𝑡𝑟𝑎𝑛𝑠 (𝑄, 𝑡) = 𝐾𝑊𝑊𝑣𝑖𝑏 𝐾𝑊𝑊𝑟𝑜𝑡 𝐾𝑊𝑊𝑡𝑟𝑎𝑛𝑠
The combined S(Q,t) model can be therefore used to fit the data transformed from
frequency domain to yield relaxation time and EISF of each process. This is approach
applies to one set of intermediate scattering function measured at one instrument. When
multiple instrument is used to cover different time scales, the data is often disconnected
(demonstrated in Figure 2-4, where lower time scale data measured on DCS while higher
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time scale data measured on HFBS. Details about these instruments will be discussed in
section 2.1.6). This happens when multiple processes co-exist in the sample and the
instruments used have different resolutions.

2.1.4 QENS/INS: effect of instrumental resolution
Instrumental resolution originates from the fact the smallest neutron energy
change can be detected by a spectrometer is non-zero. This value determines the slowest
motion can be measured from a spectrometer. When multiple instruments are used, the
resolution becomes a major reason for the disconnection between S(Q,t) data at different
time scale. This phenomenon is especially prominent for systems with strong dynamic
heterogeneities.
To understand the effect of resolution difference on intermediate scattering
function S(Q,t) from different instruments, let’s assume a simple and extreme scenario
with a disordered system that displays two Brownian diffusive processes only. One
process is at the time scale of 1ns, another one has time scale of 10ps. In frequency
domain, the theoretical S(Q,ω)s are demonstrated in Figure 2-6 (a) and (c) with two
Lorentzian functions that describe each translational process and the elastic component is
absent due to the assumption of free diffusion in disordered system. Figure 2-6 (c) is a
zoom in version of Figure 2-6 (a). Blue and red colored data are simulated based on the
time scale while the dashed resolutions are measurement from the instruments.
DCS has a coarse resolution of ±100μeV as shown in Figure 2-6 (a). Slower
process has scattering at low energy level that is within the resolution of DCS, therefore it
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is treated as elastic component (EISF) in reality. The data collected contains mostly
information from the fast process and after inverse Fourier transform, the fast decay also
represents the fast process as shown in Figure 2-6 (b).

Figure 2-6. Dynamic structure factor S(Q,ω) of an ideal system with two processes (fast:
red; slow: blue.) and their representation in time domain measured by two separated
instruments DCS and HFBS. (a) Ideal S(Q,ω) compared with large instrumental
resolution of DCS. (b) resulting S(Q,t) after fast Fourier transform S(Q,ω) from DCS. (c)
Zoomed in S(Q,ω) compared with instrumental resolution of HFBS. (d) resulting S(Q,t)
after fast Fourier transform S(Q,ω) measured from HFBS.

In Figure 2-6 (c), the Lorentzian components are kept the same except the range
energy change is smaller. HFBS has a finer resolution of ±1μeV, the slow process
becomes visible while the fast process turns into an almost flat line that on a similar level
with HFBS resolution noise. In this regard, the fast process is treated as a background
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that can be ignored. Therefore, the inverse Fourier transformed product (shown in Figure
2-6 (d)) only has the slower decay because the initial fast decay is absent.
This is the reason why S(Q,t) data are disconnected when measured from different
instruments. In Chapter 4, we have observed similar behavior for regiorandom poly(3alkylthiophene)s with different alkyl side-chain length. The S(Q,t)s are measured on three
different instruments and they are disconnected. Two processes are used to describe the
data: translational motion and rotation. As side-chain length increases, the difference
diminishes and for poly(3-dodecylthiophene) all three S(Q,t)s are collapsed on to one
master curve naturally because dynamics become homogeneous and rotation is
negligible.

2.1.5 QENS/INS: elastic incoherent structure factor (EISF)
Another result of using multiple instruments measuring same dynamic is different
EISFs from each S(Q,t). Elastic incoherent structure factor is a function of wave vector
Q, contains information about structure. Theoretically EISF originates from a caged
motion where the incoherent intermediate scattering function S(Q,t) doesn’t decay to zero
at t→∞. This splits the incoherent intermediate scattering function S(Q,t) into a time
independent constant part S(Q,t→∞) (i.e. EISF) and its time dependent part Sqe(Q,t):
𝑆(𝐐, 𝑡) = 𝑆(𝐐, 𝑡 → ∞) + 𝑆 𝑞𝑒 (𝐐, 𝑡)
After Fourier transform to frequency domain, we obtain:
𝑆(𝐐, 𝜔) = 𝑆(𝐐, 𝑡 → ∞)𝛿(𝜔) + 𝑆 𝑞𝑒 (𝐐, 𝜔)
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The dynamic structure factor S(Q,ω) is composed of a purely elastic component and
Sqe(Q,ω), which is a time Fourier transform of a time-dependent component Sqe(Q,t) and
displays a non-vanishing broadening in energy domain. The width of the broadening term
Sqe(Q,ω) contains information about the time scale of the process.
Now, let’s take a look at the elastic component S(Q,t→∞) that in fact originates
from a caged motion. At t→∞, the displacement vector r(∞) should have no correlation
with the position of the atom at initial state. Therefore, we can have:
𝑁

𝑁

𝑗=1

𝑗=1

1
1
2
S(𝐐, 𝑡 → ∞) = ∑〈𝑒𝑥𝑝[𝑖𝐐𝐫𝑗 (∞)]𝑒𝑥𝑝[−𝑖𝐐𝐫𝑗 (0)]〉 = ∑|〈𝑒𝑥𝑝[𝑖𝐐𝐫𝑗 (∞)]〉|
𝑁
𝑁
𝑁

1
2
= ∑|〈𝑒𝑥𝑝[𝑖𝐐𝐫𝑗 ]〉|
𝑁
𝑗=1

From this we can see the S(Q,t→∞) term contains direct information about the space
accessible to the atoms that are involved in the particular motion. By analyzing the Q
dependence of EISF, we can explore the information of confinement.
The integration of incoherent dynamic structure factor S(Q,ω) over energy equals
to one, therefore EISF becomes the fraction of pure elastic intensity originates from
quasi-elastic scattering. However, in experiment, this absolute elastic intensity can never
be measured due to instrumental resolution. The width of the instrumental resolution
defines the longest time scale (τmax) can be detected by the spectrometer. Instead of
measuring S(Q,t→∞) as EISF, the experimental EISF becomes the fraction of area within
the instrument resolution Ael(Q) compared with total area under dynamic structure factor
(Ael(Q)+Aq(Q)), where Ael(Q) represents the elastic component and Aq(Q) represents the
quasi-elastic broadening component:
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𝐸𝐼𝑆𝐹(𝑄) =

𝐴𝑒𝑙 (𝑄)
𝐴𝑒𝑙 (𝑄) + 𝐴𝑞 (𝑄)

As theoretical EISF defines cage effect at infinite time, the experimental EISF provides
information about caging behavior at τmax.
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2.1.6 QENS/INS: instrumentation
To obtain dynamic information over longer range of time scale, multiple
instruments can be used to access wider energy range and better resolution. There are
four major types of instrument that provide dynamic information over a wide range as
shown in

Figure 2-2:

triple axis

spectrometer, time-of-flight

spectrometers,

backscattering spectrometers, and neutron spin-echo spectrometers. Among which triple
axis spectrometers use thermal neutron to access high energy scale and higher wave
vector, it is mostly common for condensed matter research. Time-of-flight spectrometers
have adjustable incident wavelength, they are versatile and can be used for both
condensed matter and soft matter research. Backscattering spectrometers have the highest
instrument resolution; therefore, they are ideal for slow polymer motion. Neutron spinecho spectrometers measure S(Q,t) instead of S(Q,ω) like other instruments. They are
used to measure slow dynamics up to 1000nanoseconds such as protein folding, DNA
motion. Because spin-echo instruments measure coherent scattering, the samples must be
deuterated. Our research interest is about polymer dynamics at the time scale from
picoseconds to nanoseconds and our samples are fully hydrogenated. Therefore, we use
time-of-flight spectrometers and backscattering spectrometers in this study.

Time-of-flight spectrometers
There are multiple time-of-flight spectrometers available in North America
neutron scattering facilities. We used Disk Chopper Spectrometer (DCS)119 from
National Institute of Standard and Technology Center for Neutron Research (NCNR) and
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Cold Neutron Chopper Spectrometer (CNCS)120 from Spallation Neutron Source (SNS)
at Oak Ridge National Lab (ORNL).

Figure 2-7. (a) Working principle of a time-of-flight spectrometer. (b) Disk Chopper
Spectrometer (DCS) at NCNR. (c) Radial collimator from Cold Neutron Chopper
Spectrometer (CNCS) at SNS. (d) Array of He3 dectors inside Cold Neutron Chopper
Spectrometer (CNCS) at SNS. (b is obtained from DCS instrument website, c and d is
obtained from CNCS instrument website, copyright reserved.)

The working principle and instrument appearance are shown in Figure 2-7 (a) and
(b). The incident neutron energy is selected by an array of choppers. The sample chamber
sits at the center of flight chamber. In general, two sample geometry are available: flat
cell and cylindrical cell. The flat cell has limited Q range; therefore, the cylindrical cell is
often used in our experiment. Radial collimator is placed in between sample position and
detectors. As shown in Figure 2-7 (c) is the CNCS collimator, each frame is made from
materials with high neutron absorption cross-section therefore, only neutrons scattered
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from the center will be able to pass through. The detector panel is made from an array of
He3 gas tube detectors (shown in Figure 2-7 (d)). Time-of-flight instruments measure
neutron energy change by calculating neutron velocity from time of flight from sample to
detector. Therefore, the flight chambers usually have a large radius for example, CNCS
flight chamber has a radius of 4 meters. During an experiment, the flight chambers stays
vacuum to minimize scattering from air. A beam stop is placed at the end of beamline to
avoid beam damage from transmitted intensity.

Figure 2-8. Instrumental resolution as a function of incident energy (Obtained from
CNCS instrument website, copyright reserved).

Because the wide array of detectors provide scattering intensity at all angels, it is
possible to measure all scattering intensity within KAR continuously with time-of flight
spectrometers (for example Figure 2-3 (a) is measured from CNCS). Another character
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for time-of-flight instrument is multiple instrumental resolution available because it is
flexible to change the incident neutron energy by adjusting the phase and velocity of
chopper movement. The resolution is related to the incident neutron energy as shown in
Figure 2-8 for CNCS. Higher incident energy satisfies the need of measuring faster
motion, however, this sacrifices the resolution. To obtain a full dynamic range, one
experiment often contains measurement of S(Q,ω) with different incident wavelengths.

Backscattering spectrometers
Unlike time-of-flight spectrometers where neutron travel directly from sample to
detectors. In backscattering spectrometers, scattered neutrons are reflected to detectors by
crystal Si analyzer. The working principle for High Flux Backscattering Spectrometer
(HFBS)121 at NIST and Backscattering Spectrometer (BASIS)122 at SNS is shown in
Figure 2-9 (a) and (b). Both instruments use backscattering geometry where scattered
neutrons are reflected by Si(111) analyzer before the count is collected by detector
(Figure 2-9 (c) and (d)). The role of analyzer is to use Bragg reflection from (111)
crystalline plane in Si to select the energy of scattered neutron to be uniformly
Ef=2.08meV. The energy difference before and after scattering is calculated by ω= Ef -Ei,
where Ei is the incident energy. This is where the difference between BASIS and HFBS
comes into play.
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Figure 2-9. (a) Schematic demonstration of High Flux Backscattering Spectrometer
(HFBS) at NIST. (b) Schematic demonstration of Time-of Flight Backscattering
Spectrometer (BASIS) at SNS. (c) Array of neutron detectors inside BASIS. (d) Si(111)
analyzer inside BASIS. (c and d are obtained from BASIS instrument website, copy right
reserved.)
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The neutron source for HFBS is continuous reactor based source. The beam
energy is uniform after reflection from monochromator. Then Doppler shift the Ei to
create a distribution of beam energy. The dynamic range of HFBS is very much limited
by the range of energy created by the Doppler and the instrumental resolution is limited
by the thermal fluctuation of Si crystal and Doppler. The neutron source for BASIS is
pulsed neutron source, three bandwidth choppers are used to create a beam with a spread
of incident energy Ei. The energy distribution is determined by the time of flight between
neutron source and bandwidth chopper. The dynamic range of BASIS is limited by frame
overlap between neutron from each pulse and the instrumental resolution is limited by
thermal fluctuation of Si crystal and the time-of-flight determination.
It is also convenient to perform elastic scan on backscattering instruments due to
the fine resolution. At HFBS, the elastic scan is done by turning off the Doppler and the
reflected neutron from analyzer is collected as a function of temperature as elastic
intensity. The increment of temperature can be as small as 0.1K. At BASIS, to perform
elastic scan, dynamic structure factor is collected at different temperature for a short time,
the elastic intensity is calculated as the intensity within the resolution. The temperature
increment is usually around 10K to 5K.
Overall, both instruments provide finer resolution compared with time-of-flight
instruments. For HFBS, the resolution is 1μeV and dynamic range of ±17μeV. BASIS
provides higher neutron flux and wider dynamic range of ±100μeV, however, the
resolution is limited to 3.5 ±μeV. In backscattering instruments, there are less detectors
used than time-of-flight instruments, therefore the resolution in wave vector Q from these
instrument is much lower.
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2.1.7 Small and wide angle scattering
The relationship between scattering angle (2θ) and the length probed (d) is
defined by Bragg’s Law:
2𝑑 sin 𝜃 = 𝑛𝜆
Where λ is the wavelength of the radiation. As angle θ decreases, the length scale
increases, and vise versa.

Figure 2-10. Demonstration of a small-angle neutron/X-ray scattering experiment.

Small angle scattering is used to probe large length scale (1nm to 500nm) features
in soft materials. Figure 2-10 demonstrates a simple small angle scattering experiment:
incident wave k0 interacts with sample and scattered at angle 2θ without losing/gain
energy. The wave vector Q is inversely proportional to the length scale probed. To access
wider range of Q, multiple sample to detector distances and neutron wavelengths are
required. This is because if intensity is collected on a 2-D area detector, the beam stop
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size limits the lowest Q can be measured. In contrast, point detector is used in
USANS/USAXS instruments, these instruments have a different geometry and beam stop
is no longer required123. With USAS, the overall Q range can be as wide as 4 decades and
the lowest Q is limited by the beam geometry. Wide angle scattering instrument has
closer sample to detector distance therefore, higher Q becomes available. In our work, all
the wide-angle scattering experiments uses X-ray as radiation due to the high availability.
We use X-ray diffraction technique to measure the atomic crystalline structure in
polymers such as crystalline PEO6LiClO4 complex.
As mentioned previously, when it comes to choose which radiation should be
used, scattering contrast should always be considered. The X-ray scattering contrast is
proportional to the electron density of the material, i.e. heavier elements are stronger Xray scatterers. The neutron scattering contrast should be evaluated based on the coherent
scattering length density:
∑𝑛𝑖 𝑏𝑖
𝜌=
𝑉
Where bi is the scattering length of each atom. It is independent of the atomic number and
its value can be found from literature110. V is the volume that contains these atoms.
Another difference should be considered is nucleus is a point scatterer while Xray can be scattered by a spherical electron cloud. The X-ray form factor depends on the
angle while neutron form factor is content. This only matters when the length scale to be
detected is small, high resolution neutron diffraction can be used124.
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2.1.8 Scattering from anisotropic sample
In 2-D image, the scattering intensity from a sample with isotropic structure is
equal around azimuthal angle. This is shown as the circular intensity in Figure 2-11 (a).
However, in some of our polymer electrolyte sample, after thermal annealing, the
crystalline domains grow in uniform direction. The scattering from such system shows
anisotropy in 2-D image as bright spots instead of circular intensity (shown in Figure
2-11 (b)).

Figure 2-11. X-ray diffraction from two crystalline PEO6LiClO4 samples. (a) Sample
without preferential orientation shows isotropic scattering. (b) Sample with preferential
orientation shows anisotropic scattering from (210) plane of PEO6LiClO4 crystalline
complex.
To understand the corresponding crystal orientation from anisotropic scattering,
the sample is often tiled at multiple angles and a 2-D image is measured for each angle.
When sample has preferential orientation, at each tilting angle, different reflection planes
are highlighted. Therefore, the relative height of peaks changes. Another method of
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determining the orientation in crystalline domain is using grazing incidence
geometry36,125,126. With grazing-incidence scattering (shown in Figure 2-12), the incident
beam is reflected after penetrating certain depth within the polymer on a thick substrate.
As a result, the scattering image is half of circle. Out-of-plane scattering from GIWAXS
suggests the crystalline plane is parallel to the substrate while in-plane scattering
indicates the crystalline plane is perpendicular to the substrate. This is a common
technique in synchrotron beam line as grazing incidence geometry produce lower
scattering count and synchrotron beam lines has sufficient flux to decrease the noise in
final data.

Figure 2-12. Grazing-Incidence Wide Angle X-ray Scattering (GIWAXS). (a) Sample
without preferential orientation shows isotropic scattering. (b) Out-of-plane scattering. (c)
In-plane scattering
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2.2 Differential Scanning Calorimetry (DSC)
We use differential scanning calorimetry (DSC) to detect the thermal property of
soft materials. It directly measures he difference in heat flow rate between a sample and
inert reference (usually empty assembled Hermetic Aluminum can) as a function of time
and temperature. The heat flow dH/dt contains two major components:
𝑑𝐻
𝑑𝑇
= 𝐶𝑝
+ 𝑓(𝑇, 𝑡)
𝑑𝑡
𝑑𝑡
The first term is sample heat capacity time the heating/cooling rate and the second term is
a function of time at an absolute temperature. It represents kinetic transitions such as
chemical reaction, melting, and crystallization.
A sample DSC thermogram is shown in Figure 2-13. During experiment, the data
is generated counter clockwise as the sample gets heated and cooled. In a heating cycle,
the sample absorb heat, the base line is a negative horizontal line if heat capacity remains
constant. During glass transition in heating cycle, before more polymer motion becomes
activated, the heat capacity of the sample increases and the base line drops (before and
after -20°C in Figure 2-13). Polymer crystallization can be observed as a peak in heat
flow. The width of the peak is correlated with the crystallization kinetics as well as the
scan rate. The peak gets broader as the scan rate increases. If the structure has slow
crystallization kinetics, the peaks becomes broader. PEO6LiClO4 crystalline complex,
has an crystallization time of at least 7 days without filler80, therefore, no
crystallization/mealting peak can be observed in the cooling scan and the following
heating scan18.
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Figure 2-13. DSC heat flow of a solid polymer electrolyte sample.

The absolute crystallinity of the material can be calculated if the heat of fusion is
available. The heat flow from a kinetic process (∫f(T,t)dT) can be calculated by
integrating the overall area under the curve, above the baseline. Then divided by the heat
of fusion to yield the weight of crystalline materials. The heat of fusion for crystalline
PEO is reported to be 203J/g127, and the data is not available for PEO6 and PEO3 based
crystalline complex.
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2.3 Thin-Film Transistor (TFT)
As shown in Figure 2-14, bottom-gate, bottom-contact thin-film transistor (TFT)
are fabricated and used to measure the mobility of organic semiconductors6. The device is
built on an n-doped silicon wafer (gate electrode) with a silicon oxide (SiO2) dielectric
layer which is modified with a self-assembled monolayer of octyltrichlorosilane (OTS) to
promote molecular ordering. Polymer films are spin coated on substrates with patterned
gold electrode pairs (source and drain).

Figure 2-14. (a) Bottom-gate, bottom-contact thin-film transistor (TFT) device used for
mobility measurement; (b) Demonstration a turned-on TFT device; (c) Microscope image
of device and probe during mobility measurement; (d) Gold electrodes are deposited as
source and drain.

A field-effect transistor operates as a voltage-controlled current source. When a
gate voltage (Vg) is applied across the dielectric layer, charge carriers are induced

62

polymer-dielectric interface forming an active layer with free charge carriers (shown in
Figure 2-14 (b)). This allows a current (the source drain current, Is-d) to flow between
source and drain when another voltage (the source-drain voltage, Vs-d) is applied between
source and drain. The current is measured as a function of source-drain voltage at
different gate voltage in Figure 2-15(a). At high source-drain voltage, the current
becomes independent of the voltage, this is called saturation regime. At this region, the
current only depends on the channel geometry, dielectric capacity, gate voltage and the
intrinsic property of the semiconductor, charge mobility.

Figure 2-15. (a) Source-drain current vs. source drain voltage plot; (b) Source-drain
current vs. gate voltage.

The mobility, µ, describes how fast charge carriers can move within the organic
layer under the applied electric field. This parameter can be extracted from source-drain
current-gate voltage measurements in the saturation regime shown in Figure 2-15(b) with
the equation shown below5.
2

2𝐿 𝜕√𝐼𝑠−𝑑
𝜇=
(
)
𝑊𝐶
𝜕𝑉𝑔
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Where, L is the distance between source and drain, W is the width of the channel, and C
is the capacity of the dielectric.

2.4 Electrochemical Impedance Spectroscopy (EIS)
Dielectric relaxation phenomena are related to fluctuations of dipoles due to
molecules in a potential landscape. Charge carriers such as ions can cause conductive
contribution in the dielectric response. We measure the conductivity with electrochemical
impedance spectroscopy. The sample is sandwich between brass electrodes and an AC
electrical field E is applied (E=E0exp(-iωt)). The complex impedance of the material Z is
measured as a function of external field frequency ω. The complex relative permittivity ε
can be calculated as:
𝜺=

1
𝑖𝜔𝒁(𝜔)𝐶0

Where C0 is the vacuum capacitance. The complex relative permittivity has two parts: the
dielectric constant and dielectric lost part:
𝜺 = 𝜀 ′ + 𝑖𝜀′′
Both parts are plotted in Figure 2-16 (a). The dielectric lost factor ε’' measures the loss of
energy in a dielectric material dissipative phenomena such as conduction. And the real
part of the conductivity can be calculated as:
𝜎 = 𝜔𝜀′′(𝜔)
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The conductivity (red dashed line) is determined as the plateau region of the frequency
plot in Figure 2-16(b). As temperature increases, the plateau region shifts to higher
frequency.

Figure 2-16. (a) Real and complex part of relative permittivity as a function of frequency;
(b) Real part of conductivity as a function of frequency. Sample is acidic cellulose
nanowhisker filled PEO6LiClO4 sample at 20°C.
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Chapter 3
Experimental Details

3.1 Grignard Metathesis (GRIM) for Poly(3-hexylthiophene) Synthesis
Synthesis steps:
(1) Grignard preparation

(2) Synthesis of 3-hexylthiophene

(3) Synthesis of 2,5-dibromo-3-hexylthiophene
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(4) Grignard metathesis

(5) Synthesis of poly(3-hexylthiophene)

3.1.1 Grignard agent preparation
Measure 0.1mol magnesium (2.4g) to round bottom flask. Add stir bar, measure
100ml anhydrous diethyl either and add to flask. Purge liquid mixture with nitrogen gas
through Schlenk line. Measure 14ml bromohexane to a vial using pipet. Purge
bromohexane in the vial using nitrogen gas to remove air. Start stir bar with a speed of
700-1200rpm and in the meantime, transfer bromohexane to round bottom flask with
syringe. After one hour, the magnesium chips disappear and the mixture turn grey color.
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3.1.2 Synthesis of 3-hexylthiophene
Weight 0.307 g Ni(dppp)2 catalyst and add to flask. Add stir bar to flask. Take
anhydrous THF bottle and purge with nitrogen. Measure 100ml THF using syringe and
inject into flask. Measure 9.4ml 3-bromothiophene with pipet and transfer to a vial. Purge
vial with nitrogen for 5minutes. Transfer 3-bromothiophene to flask using needles and
syringe. Add Grignard mixture from previous step slowly to the reaction drop by drop
using syringe. Must be slow because the reaction is exothermic and diethyl ether has low
boiling point. The color of the reaction mixture will turn brown when first 10ml of
Grignard agent is added. Within 15minutes after Grignard agent is added, salt
precipitation can be observed. This is reaction product MgBr. Wait for half hour, transfer
the flask into an oil bath set at 50°C. Then let the reaction run for 15 hours.
Liquid-liquid extraction: At the end of reaction, measure 100ml 1N HCl solution
and add to the mixture to terminate the reaction. Transfer the liquid mixture to separation
funnel to separate organic layers. Add salt and water to the separation funnel, shake and
add more salt until the concentration saturates. Release the water phase from the bottom
of the funnel. Repeat this step for three times. The add anhydrous MgSO4 to absorb water
in diethyl ether untilMgSO4 powder stops to aggregates in diethyl ether. Use vacuum
filtration funnel to separate solid from liquid phase and collect the liquid phase. Transfer
the liquid phase to a clean flask and use rotary evaporator to remove THF and diethyl
ether.
Column Chromatography: Use a thin and long column to separate
bromothiophene and 3-hexylthiophene. Wash with acetone and dry the separation column
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in oven for 1 hour to allow acetone to evaporate. Pre-mix silica gel and hexane. When
handling silica gel, a N95 particular matter mask is required. Transfer silica gel and
hexane mixture to the funnel and wait for silica gel to rest. Open the stopped at the
bottom to release hexane until hexane is on the same level as silica gel. Carefully add
15ml product from previous step. And open the bottom stopper to release hexane until the
liquid phase is on the same level as hexane. Add sand to cover the surface and then fill
the funnel with hexane. Open the bottom stopper collect the bottom product when desired
component. The detection can be made with thin-layer chromatography (TLC) plates and
UV light. Collect all the liquid in round bottom flask and attach to rotary evaporator to
evaporate the solvent.
Repeat the column chromatography using toluene as solvent to purify product
from previous step. After set up the column and add the sample, two color regions can be
observed: pink and blue. The blue region contains 3-hexylthiophene. Collect the blue
region from the bottom of the column. Evaporate toluene with rotary evaporator and yield
pure 3-hexylthiophene.

3.1.2 Synthesis of 2,5-dibromo-3-hexylthiophene
Add stir bar and 2.0ml 3-hexylthiophene into round bottom flask. Add 24ml
inhibitor free THF. Weight 4.5g N-Bromosuccinimide (NBS) and add only about 0.1g to
the flask. Add 7ml acetic acid and then add the rest of NBS to the reaction slowly. Seal
the reaction with septum and purge with nitrogen. During the reaction, the color changes
from cloudy yellow to clear yellow, then orange, then dark orange, then orange, then

69

clear yellow, then light orange color. This suggests reaction is happening and the reaction
should be stopped when light orange color appears.
The round bottom flask is attached to rotary evaporator to evaporate THF and
acetic acid. Salt precipitation can be observed during this process. Add 250ml hexane to
round bottom flask and then vacuum filtrate the mixture. Collect the liquid, and then
evaporate the hexane using rotary evaporator. Collect the final product 2,5-dibromo-3hexylthiophene.

3.1.3 Synthesis of Poly(3-hexylthiophene)
Measure 1.3g of 2,5-dibromo-3-hexylthiophene with syringe. Add stir bar into
round bottom flask and purge the flask with nitrogen. Inject 2,5-dibromo-3hexylthiophene into the flask, purge THF with nitrogen, and inject 4ml THF to flask.
Purge Grignard agent C3HCl2MgLi solution with nitrogen, measure 3ml with syringe and
add to flask very slowly. The reaction takes about 3 hours.
Measure 30ml anhydrous THF and transfer to flask using syringe. Weight 0.073g
of catalyst and add to flask quickly. Wait for 20-30minutes for the polymerization
reaction to happen. The reaction is quenched with 2.5ml HCl solution. Measure 100ml
methanol in beaker, place in ice bath. Pour reaction mixture into methanol, the polymer
precipitate out as dark purple solid. The mixture is pour through cellulose thimble and
install in Soxhlet extraction set. Two solvents are used for soxhlet extraction: acetone and
hexane. After the extraction, the thimble is dried in vacuum oven and P3HT is collected
from the thimble.
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3.2 mC8-BTBT-d15 and dC8-BTBT-d30 Synthesis
Synthesis pathway:
(1) Friedel–Crafts Acylation
O
S

AlCl3, Cl

S

C7D15

C7D15

DCM, -78C

S

S

O

(2) Wolff-Kishner Reduction
NH2NH2 ·H2O,
KOH

S

C7D15
S

S

C7D15

Diethyleneglycol,
210C

O

S

(3) Friedel–Crafts Acylation
O
S

C7D15

AlCl3, Cl
DCM, -78C

S

S

C7D15

C7D15

D15C7
S

O

(4) Wolff-Kishner Reduction
S

C7D15

D15C7
S

O

NH2NH2 ·H2O,
KOH
Diethyleneglycol,
210C

S

C7D15

D15C7
S

3.2.1 Synthesis preparation
Weight 10g BTBT crystals and transfer into a glass jar. Transfer glass jar into a
small desiccator without a lid. Add 10g P2O5 into a petri dish and place petri dish at the
bottom of the desiccator. Leave the desiccator in vacuum oven overnight. After absorbing
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moisture from BTBT crystals, the P2O5 becomes liquid phosphoric acid, rinse petri dish
carefully with water as the reaction of P2O5 with water is exothermic. The flask for
reaction is dried with propane flame torch while connected to vacuum line. After flame
dry, purge flask with argon gas and carefully check to see if there is any water
condensation. If yes, then repeat flame dry process. Purge flask with argon when
finished.

3.2.2 Friedel–Crafts acylation reactions
Materials and equipment: BTBT crystals (dried), Acid Chloride, AlCl3
(anhydrous), dichloromethane (DCM, anhydrous), dry ice, ice, water, two glass syringes
(dried), dwell, three-neck flask (flame dried), stir bar, cannula needle, para-film, and
Teflon tape.
Synthesis details:
Weight 2.0g of pre-dried BTBT molecules and add to three-neck flask (flame
dried and purged with argon). Purge anhydrous DCM with argon, use cannula needle to
transfer DCM to three-neck flask by pulling vacuum in the flask. When finished, seal
DCM bottle with para-film to make sure air tight. Turn on stir plate to dissolve BTBT
molecules into DCM. Add dry ice and isopropanol alcohol to dwell, place dwell
underneath the flask to make sure the temperature of reaction is at -78°C.

Weight 3.33g of anhydrous AlCl3 and transfer to reactor. After opening AlCl3
bottle, refill the container with argon to make sure moisture free and seal the container
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with Teflon tape. Take a dried syringe, before using, pump argon in and out of syringe
several times to make sure argon atmosphere inside the syringe. Purge acid chloride
container with argon, use dried syringe to transfer 3.6ml acid chloride to three-neck flask.
To clean the syringe, pump DCM in and out of syringe, and then rinse with water.
The reaction turns red upon addition of acid chloride, as reaction proceed, the
color turns into orange color, and eventually turn into a grapefruit like pink color within
5minutes. Add more dry ice to dwell, wrap aluminum foil around the flask. The reaction
take 2-4 hours at least. For better yield, wait for longer time. To monitor the reaction,
transfer small amount of reaction mixture with dried syringe to a clean vial. Quench the
sampler with water to terminate the reaction. The bottom layer is the DCM phase.
Transfer the DCM phase into another vial, run on TLC plate with hexane as solvent to
check if all BTBT molecules have been converted. Because BTBT is a nonpolar
molecule, it moves fast with hexane. The reaction product should stay still as it is a more
polar molecule.
When the reaction is competed, quench the reaction by dropping a piece of ice to
the reactor and observe if there is heat released. If not, pour DI water to further quench
the reaction. Checking with ice before adding water to quench the reaction is critical for
safety because acid chloride have strong exothermic reaction with water.
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3.2.3 Purification
Materials and equipment: potassium sodium tartrate tetrahydrate, DCM, DI
water, magnesium sulfate, silica gel, hexane, separation funnel, liquid-liquid extractor.
Procedure: Add 100ml DI water into a beaker and dissolve potassium sodium
tartrate tetrahydrate into DI water to make saturated solvent. Then add saturated solution
to reactor, stir with stir bar for 1 minutes to make sure fully mixed. Before using liquidliquid extractor, wash with DCM, then add 50-100ml DCM for extraction. Pour reaction
mix into liquid-liquid extractor and clean the flask with DCM and water. It might take a
while to get phase separation inside the liquid-liquid extractor. But it is critical to have
less water in DCM phase because less magnesium sulfate will be needed in next step to
absorb the water.
Collect the bottom DCM layer from the flask in a flask. Add 50-100ml DCM to
the extractor to repeat the extraction process and collect the bottom DCM layer. Dry
DCM phase by adding excess magnesium sulfate. Filter our magnesium sulfate with
vacuum filtration. The clear liquid should be C8-acyl-BTBT in DCM solution. Evaporate
DCM with a rotary evaporator at 35°C, 230rpm, and 260 torr vacuum (DCM has high
density, watch closely to prevent the flask falling off from the rotary evaporator). After
drying, estimate the amount of C8-acyl-BTBT and add silica gel that 3-4 times heavier
than the final product. Dissolve the C8-acyl-BTBT again by adding DCM to the rotary
evaporator flask. Evaporate DCM using rotary evaporator at 240 torr. This step is
extremely critical, as you will observe silica gel starts to boil. Don’t pull too much
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vacuum because silica gel will contaminate the solvent trap. A good ratio between silica
gel and C8-acyl-BTBT should make sure no more C8-acyl-BTBT crystal is observed
during the DCM evaporation process. At the end, use specular to transfer everything into
a filtration funnel.
Before using the vacuum filtration funnel (silica gel column attached at top),
clean the column with DCM and then hexane. Add 1cm thickness of silica gel in the
funnel. Add hexane on top of silica gel, stir to make sure mixed well with silica gel and
then pull vacuum. Add the dried mixture from rotary evaporator on top of hexane silica
gel. Rinse flask with hexane and add liquid to the column. Add hexane slowly to the
column without disturbing the bottom layer. Tap the column to get rid of air bubble. Add
sand or two layers of filtration papers on top of silica gel.
Pour 500ml hexane, pull vacuum to wash BTBT out of the silica gel. Repeat three
times. To test if BTBT is in hexane, use TLC plates and repeat the procedure described
above. If hexane is BTBT free, it can be recycled back to the top of column. When all
BTBT is washed off, run DCM through the column until all product is in DCM solution.
Evaporate DCM with rotary evaporator. Dissolve the crystal with minimal amount of
toluene for recrystallization. The solution should look cloudy. Heat the solution with heat
fun, it should become clear as C8-acyl-BTBT is now dissolved in toluene. Place the
saturated solution in refrigerator overnight to allow C8-acyl-BTBT crystal precipitation.
At the next day, use vacuum filtration to collect C8-acyl-BTBT crystals, dry in vacuum
oven.
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3.2.4 Wolff-Kishner reduction reaction
Materials and equipment: C8-acyl-BTBT crystals (dried), NH2NH2·H2O, KOH,
diethylene glycol, condenser, three-neck flask, oil bath.
Synthesis details:
Add all the C8-acyl-BTBT crystals from previous step into three-neck flask, break
the crystals apart to make it easier to dissolve later. Add diethylene glycol to the threeneck flask to dissolve C8-acyl-BTBT crystals. Use enough solvent to dissolve molecules.
Usually 3g of molecules needs 250-300ml of solvent. Attach the flask on the heating
mantle. Weight 2.7g of KOH, transfer to the three-neck flask. Purge NH2NH2·H2O
container with argon and transfer 13ml of liquid with glass syringe and long needle. Turn
on the stir bar, wait until the temperature reaches 100°C. Once the temperature
equilibrates at 100°C, wait for 1 hour then ramp the temperature to 210°C overnight.
Quench the reaction the next day and follow purification step mentioned above to extract
mC8-BTBT molecules. Extract the non-polar component this time and recrystallize in
toluene.
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3.3 Cellulose Nanowhiskers Synthesis and Surface Functionalization
Cellulose nanowhiskers can be extracted from plant, bacteria, etc. The treatment
procedure varies based on the source. In this section, we follow the procedures described
in references128–138.

3.3.1 CF-11 pretreatment
The purpose of this pretreatment is to remove the surfactants in the cellulose.
These surfactants are added for easy processing however, they interfere with the surface
chemistry, therefore it should be removed. 20g of CF-11 powder is added to a 1L round
bottom flask and it is mixed with 500ml of 0.2M sodium hydroxide solution (ACS grade,
Sigma Aldrich). The mixture is stirred for at least three hours. Centrifuge the mixture for
10minutes at an acceleration of 5×104 m/s2, discard the supernatant, dilute the dense
phase with deionized water, mix thoroughly, then repeat centrifuge until the pH value
reaches neutral.

3.3.2 Synthesis of cellulose nanowhiskers with -OH surface
The purpose of this step is to remove the disordered amorphous region and extract
the crystalline cellulose nanowhiskers. Product from previous step is transferred to 1L
round bottom flask and mixed with 500L of 4N hydrochloric acid (ACS grade, EMD
Chemicals Inc.). The reaction is placed in a water bath with a temperature of 80°C. After
4 hours, the reaction is quenched by placing the flask in ice-water mixture to cool the
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temperature down to 5°C. Cellulose nanowhiskers with -OH surface is separated from the
solution by centrifugation. Each cycle takes 10 minutes and the acceleration is at least
1×105 m/s2. Repeat this process until the pH value reaches neutral and the suspension is
then sonicated for 10minutes with amplitude of 20%.
Higher speed is needed to assist the large particle to precipitate, based on Lamm
equation that defines concentration in solution as a function of time during precipitation
process:
𝜕𝑐
𝜕 2 𝑐 1 𝜕𝑐
𝜕𝑐
= 𝐷[ 2 +
] − 𝑠𝜔2 [𝑟 + 2𝑐]
𝜕𝑡
𝜕𝑟
𝑟 𝜕𝑟
𝜕𝑟
Where D, s, and ω represent the solute diffusion constant, sedimentation
coefficient, and the rotor angular velocity. The first term is a result of diffusion process
while the second term is the result of angular rotation (centrifugation). To achieve higher
precipitation speed for smaller particle, higher rotor angular velocity is therefore
required.

3.3.3 Synthesis of cellulose nanowhiskers with -OSO3H surface
The hydrolyzed suspension from previous step is used directly. 98% Sulfuric acid
is mixed with the suspension at 1:1 ratio by weight in a beaker placed within an ice bath.
Mixing concentrated sulfuric acid and water releases large amount of heat in short time,
using ice bath can keep the temperature of mixture low. Also, face shield, lab coat, and
heavy acid resistant gloves are required for this step. The mixture is transferred into a
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round bottom flask and the reaction temperature is 40 or 60°C and reaction time should
be at least 2 hours. The set-up is shown in Figure 3-1.

Figure 3-1. Experiment set-up for cellulose surface modification. (left, beginning of
reaction; right, final stage of reaction.) A water bath is used. Temperature is controlled by
controlling the heating power of the hot plate.

After the reaction, the sample was diluted immediately with a large amount of ice
and washed by repeated centrifugation-decantation cycles until the micro crystals can
forms a stable suspension in the aqueous phase. Details of centrifugation is discussed in
previous section. Following centrifugation, the suspension is placed in dialysis tube and
sealed. The dialysis tube is placed in 2L beaker with DI water. After each hour, measure
the pH value, and replace the water. Repeat until the suspension pH value is near neutral.
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The final suspension is then freeze dried with freeze drier and acidic cellulose
nanowhisker powder is obtained.

3.3.4 Synthesis of cellulose nanowhisker with -OPO3H2 surface
The hydrolyzed suspension from previous step is used directly. 85% Phosphoric
acid is mixed with the suspension in a beaker placed within an ice bath. An ideal final
concentration should be at around 11M. Mixing concentrated phosphoric acid and water
releases large amount of heat in short time, using ice bath can keep the temperature of
mixture low. Also, face shield, lab coat, and heavy acid resistant gloves are required for
this step. The mixture is transferred into a round bottom flask and the reaction
temperature is about 50°C and reaction time should be at 2 hours. After the reaction, the
sample was diluted immediately with a large amount of ice and washed by repeated
centrifugation-decantation cycles until the micro crystals can forms a stable suspension in
the aqueous phase. Details of centrifugation is discussed in previous section. Following
centrifugation, the suspension is placed in dialysis tube and sealed. The dialysis tube is
placed in 2L beaker with DI water. After each hour, measure the pH value, and replace
the water. Repeat until the suspension pH value is near neutral. The final suspension is
then freeze dried with freeze drier and acidic cellulose nanowhisker powder is obtained.

80

3.3.5 Synthesis of cellulose nanowhisker with -COOH surface
In this reaction, instead of acid hydrolysis, we treat cellulose nanowhiskers with
oxidizer sodium hypochlorite. The reaction is catalyzed by (2,2,6,6-Tetramethylpiperidin1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl, commonly known as TEMPO
(98% Sigma Aldrich).

Figure 3-2. TEMPO mediated oxidation of cellulose nanowhiskers to obtain -COOH
surface chemistry.

Cellulose suspension from hydrochloric acid hydrolysis is used directly in this
reaction. Take 200ml of suspension which have roughly 1.5g of cellulose nanowhiskers.
TEMPO (20mg), NaBr (0.42g), and NaClO (1.76M,0.5ml) were stired in 10ml of water
until complete dissolution. The mixture is then added to the cellulose suspension
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followed by stirring and the reaction is maintained at room temperature. The remaining
NaClO is added dropwise to maintain pH at 10 during the reaction. Add 0.5M NaOH to
maintain the pH of the reaction after NaClO. When the pH becomes constant, the reaction
is completed. To quench the reaction, 5ml of methanol was added to destroy the residual
NaClO and the pH is adjusted to neutral with 0.5M hydrochloric acid.
Centrifuge the mixture to separate out the larger aggregates, the supernatant is the
-COOH cellulose nanowhisker suspension. The cellulose nanowhisker can be precipitated
by adding excess of ethanol, then centrifuge, redissolved, and dialysis against water. The
final mixture is freeze dried to obtain -COOH cellulose nanowhisker powder.
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3.4 Thin-Film Transistor Preparation
Solution preparation: In Nitrogen glove box, prepare polymer solution in
tetrahydrofuran (THF) using a concentration of 10mg/ml. Because spin-coating doesn’t
require large amount of sample, 0.5ml of solution is sufficient. In a small vial, a stir bar is
added and the solution should be stirred overnight.
Substrate pretreatment: We use Silicon wafer coated with 300nm SiO2 dielectric
layer as substrate for thin-film transistor. 100nm thick gold electrodes are deposited on
the wafer and the pattern is shown as Figure 2-14. The substrate is washed by
tetrahydrofuran (THF), isopropanol alcohol (IPA), and acetone after UV Ozone
treatment. Clean substrate is the transferred to glove box.
Spin-coating: This comprised of two steps. The first step is surface treatment
where hexamethyldisilazane (HMDS) (99%, Sigma-Aldrich) is spun-cast at 4000rpm on
the substrates. This step improves the wettability of polymers on the surface of substrate,
improve the adhesion and minimize surface interaction between oxide and polymers. The
HMDS treated substrates are annealed at 90°C for 90 seconds. Then the pre-prepared
solution is spin coated on to the treated substrate at 1000rpm to 5000rpm based on the
desired thickness. This should result in approximately 50nm to 200nm thick polymer
layers. The spin coated TFT is then baked at 100C for 5 minutes before testing.
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3.5 Solid Polymer Electrolyte Preparation
Preparation of unfilled solid polymer electrolyte: weight PEO and salt based on
desired ratio. For one SPE film casted from 100ml PTFE beaker, 1g of PEO is usually
used. Add PEO, salt, and stir bar in to PTFE beaker, dissolve the mixture with anhydrous
acetonitrile. A lid is placed on the beaker to avoid dust and particles during the
evaporation process. The mixture is left stirred for 24 hours. At the next day, remove the
lid, and allow acetonitrile to evaporate while stirring. The evaporation usually take 48
hours, following that, a solid film is peeled off from the bottom of the PTFE beaker and
place in vacuum oven for thermal annealing at 50°C.
Another approach is to pre-make the PEO-acetonitrile solutions (1L). Then mix
the solution with desired amount of salt. This saves time during experiment as PEO
powder takes long time to be dissolved in acetonitrile.
Preparation of filled solid polymer electrolyte: weight PEO and salt based on
desired ratio. For one SPE film casted from 100ml PTFE beaker, 1g of PEO is usually
used. Add PEO, salt, and stir bar in to PTFE beaker, dissolve the mixture with anhydrous
acetonitrile. A lid is placed on the beaker to avoid dust and particles during the
evaporation process. The mixture is left stirred for 24 hours.
The nanoparticles/cellulose nanowhiskers are weighted and placed in acetonitrile.
A Branson Sonicator is used to disperse the nanoparticle in solution for 20 minutes at
10% amplitude. Add the sonicated mixture to the stirred PEO salt mixture and sonicate
for 1 hour with ultra sonicator at 20% amplitude. After the sonication, evaporate the
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solvent overnight. Peel off the film and place it in a petri-dish. A piece of PTFE film is
place in between the polymer and polystyrene petri-dish to avoid contact.

Figure 3-3. Example of solid polymer electrolyte filled with acidic cellulose
nanowhiskers prior to vacuum annealing. (a) PEO10LiClO4 electrolyte; (b) PEO14LiClO4
electrolyte. The white PTFE film is place between the electrolyte and polystyrene petridish to avoid contact.

An example of sample before vacuum annealing is shown in Figure 3-3. The
optical and mechanical property of samples varies significantly based on the salt
concentration. The sample on the left side has a higher salt concentration than the sample
at right side. With less salt, PEO crystalize fast and the crystalline domains influence the
transparency. At higher salt concentration, PEO crystallization is restricted because of
polymer salt interaction, therefore the sample is translucent.
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3.6 Material Characterization Details

3.6.1 Differential scanning calorimetry (DSC)
Sample preparation: Before DSC measurement, samples are annealed under
desired condition. The samples for DSC are usually weight between 10mg to 15mg.
Weighted sample is placed inside the Aluminum Hermetic sample can and the lid is then
placed on the can. The assembled DSC sample is pressed to make sure the can is sealed.
Then the sample is transferred to automatic sampler.
Measurements: The DSC software can be programmed to measure the thermal
property. Tables below shows the program used to measure solid polymer electrolyte and
organic semiconductors.
Table 3-1. DSC Method for solid polymer electrolyte measurement.
1: Sampling interval 0.10 s/pt
2: Data storage On
3: Isothermal for 1.00 min
4: Ramp 5.00 °C/min to -70.00 °C
5: Isothermal for 1.00 min
6: Ramp 5.00 °C/min to 150.00 °C
7: Isothermal for 1.00 min
8: Ramp 5.00 °C/min to -70.00 °C
9: Mark end of cycle 1
10: Isothermal for 1.00 min
11: Ramp 5.00 °C/min to 150.00 °C
12: Isothermal for 1.00 min
13: Ramp 4.00 °C/min to 40.00 °C
14: Mark end of cycle 2
15: Isothermal for 1.00 min
16: Data storage Off
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Table 3-2. DSC Method for organic semiconductor measurement.
1: Sampling interval 0.10 s/pt
2: Data storage On
3: Ramp 5.00 °C/min to 250.00 °C
4: Isothermal for 5.00 min
5: Ramp 5.00 °C/min to -70.00 °C
6: Isothermal for 5.00 min
7: Ramp 5.00 °C/min to 250.00 °C
8: Isothermal for 5.00 min
9: Ramp 5.00 °C/min to -70.00 °C
10: Isothermal for 5.00 min
11: Ramp 5.00 °C/min to 40.00 °C

3.6.2 Electrochemical impedance spectroscopy (EIS)
Sample preparation: To make a measurable sample, the polymer film is pressed
in between brass electrodes to make a sandwich. The press used is Carver Lab Heated
Press located at MSC Penn State. To press high PEO crystallinity sample, the
temperature for hot press should be around 70°C. To press PEO6 based sample, 100°C
should be used to make sure good contact between polymer film and electrodes. The final
polymer thickness between brass electrodes is around 0.1mm and Al foil is used as spacer
while the sample is pressed.
Before EIS measurement, samples are annealed under desired condition. For
example, PEO6 based sample are annealed in vacuum oven at 80°C to ensure good
contact. Samples are stored in desiccator to avoid moisture during handling.
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Figure 3-4. Electrochemical impedance spectroscopy analyzer and sample environment.
(a)Sample chamber, the electrolyte in sample has Silver paint electrodes instead of brass
electrodes which are commonly used; (b) Solartron impedance analyzer. Two output
(GEN) and (I) are connected with the sample chamber; (c) Sample environment that
controls heating and cooling, temperature is indicated on the right panel.

Measurement: We use Solartron MonduLab Impedance Analyzer to measure the
dielectric response of the electrolytes. As shown in Figure 3-4, the sample is placed in a
Nitrogen purged Delta 9023 chamber (labeled as system 4 at RIMS reservation system)
during the experiment. The measurement starts at low temperature then the temperature is
raised to 100°C with an increment of 10°C. Frequency range: 0.1Hz to 1MHz. Amplitude
chosen is 100mV.

88

3.6.3 SEM and TEM
SEM: FEI Nova NanoSEM 630 FESEM is used for surface morphology
characterization. During SEM measurement, a 5mm×5mm size sample is cut and taped
onto the sample stage using conductive carbon tape. During the measurement, the sample
stays in vacuum. For soft materials, beam voltage of 3kV is used. In order to avoid
charge accumulation, samples should be sputtered with a thin layer of gold.
TEM sample preparation: Cryo-Ultramicrotome is used to prepare thin slice of
polymer sample for TEM measurement. The operation temperature is -120°C and the
resulting sample thickness should be less than 100nm. The knife used for sample
preparation is freshly cut sharp glass. For better result, diamond knife should be used.

3.6.4 X-ray diffraction (XRD)
Rigaku DMAX 2-D diffractometer is used for XRD measurement. The
measurement is in transmission mode except for grazing incidence geometry. The X-ray
source is Kα1 Cu radiation with a wavelength of 1.54 Å. The monochromator size for
transmission measurement is 0.8mm and measurement time for each sample is
10minutes. The sample is attached on a blade with a pin hole, the blade is then attached
to the sample holder. The beam go through the part of sample that is exposed through the
pin hole. To avoid sample absorbing water from air, the time of air exposure should be
minimized before the experiment.
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3.6.5 Small angle X-ray scattering (SAXS)
Two different SAXS instruments are used to probe large length scale of materials:
Molecular Metrology SAXS and beamline 12-ID-B at Advanced Photon Source in
Argonne National Lab.
For in house SAXS, polymer films are cut into 1.5cm×0.5cm size and taped onto
the sample holder. The pin hole on sample holder has pre-calibrated z position therefore,
during the experiment, sample can be changed by adjusting the z height with motor. Two
sample positions are available. With higher sample to detector distance, SAXS is
measured. The sample chamber closer to the detector measures WAXS and it is currently
unavailable. Both sample measurement chambers are under vacuum during measurement
because low vacuum influence the signal quality. The wave vector Q is calibrated by
Silver Behenate standard sample before measurement. Based on the sample scattering
counts, each sample is usually measured for 20 minutes.
APS beamline 12-ID-B provides excellent X-ray brightness therefore the
measurement time is shortened to 1 second for each sample. The samples are cut and
mounted onto a grid that can take up to 40 samples. The samples are changed by
manually adjusting the position of each sample. The measurement is done in the air.

3.6.6 Small angle neutron scattering (SANS)
Extended Q-range Small Angle Neutron Scattering (EQ-SANS) from Spallation
Neutron Source at Oak Ridge National Lab is used for SANS measurement. Samples are
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mounted into Aluminum cells and the sample cells are loaded into sample holder that is
built into the beamline as shown in Figure 3-5.

Figure 3-5. Sample holder at EQ-SANS.

Three configurations are used to obtain different Q range: (1.5Å, 1.3m), (2.5Å,
4m), and (10Å, 10m). The first number is the wavelength of neutron and the second
parameter is the sample to detector distance. The sample is measured at 25°C and 50°C.
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3.6.7 Quasi-elastic neutron scattering (QENS)
Samples for QENS measurement are pressed to the thickness that satisfies 10%
incoherent scattering. This avoid multiple scattering and provide sufficient neutron count.
The aluminum foils have extremely low incoherent scattering therefore, all the QENS
sample cells are made from aluminum. We use cylindrical sample cell other than flat cell
to access more effective Q range. Samples are pressed under heat in between aluminum
foils and then rolled into the cylindrical cell. The cell is sealed with indium. Because
indium has a melting temperature of 156°C, the sample measurement temperature should
be below 150°C for safety. If higher temperature is needed, tin wire can be used to seal
the cell, however, this will cause extra scattering background. The assembly of the
sample cell is done in glove box to ensure moisture free.
Table 3-3. Dynamic range for DCS, BASIS, and HFBS.
Fastest Time Scale Available (ps)
Slowest Time Scale Available (ps)

DCS
2
50

BASIS
40
800

HFBS
200
2500

During dynamic scan, three temperatures are used for measurement: 20°C, 50°C,
and 80°C. Because PEO6LiClO4 can’t crystallize in a short period of time, lower
temperature measurement is performed first. To obtain a wide dynamic range, we used
DCS from NIST for fast dynamic around 10ps, BASIS for middle range dynamic of
200ps, and HFBS for slow dynamic up to 2.5ns. As a time-of-flight spectrometer,
multiple wavelengths are available on DCS. We use a wavelength of 4.8Å and medium
resolution. Dynamic range of three instruments are summarized in Table 3-3.
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After measurement, the raw data is binned based on Q to obtain S(Q,ω) at
different Q. S(Q,ω) is then inverse Fourier transformed into time domain relaxation
function S(Q,t), which is a self-correlation function for hydrogens as a function of time.
We use combination of KWW equations to describe the S(Q,t) (described in Section
2.1.3). For soft material system, common processes are fast vibration, segmental motion,
and rotation. These are all included in our fitting model and the combinations of KWWs
are system specific and will be discussed in detail at each chapter. The combined model
is used to fit the S(Q,t). The initial fit id done by hand in Excel. After initial hand fitting,
we obtain an educated initial guess for second step fitting in Mathematica. The error bar
for each fitting parameter is generated using bootstrap algorithm, and represent one
standard deviation from the average value.

3.6.8 Inelastic neutron scattering (INS)
Cold Neutron Chopper Spectrometer from Spallation Neutron Source at Oak
Ridge National Lab is used to measure high energy excitations in crystalline organic
semiconductors. The samples are grinded into powder and wrapped in Al foil. It’s
pressed down to the thickness of 0.2mm to achieve 10% scattering. Cylindrical cell used
for measurement are shown in Figure 3-6. Three cells can be loaded at one time. During
the measurement, a rotor rotates the sample holder to change the sample within the
beamline. Each measurement take roughly 3 hours and S(Q,ω) is measured within KAR.
One example is shown in Figure 2-3. The measurement is done from 0K to 360K with an
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increment of 30K. Because the limitation of the Helium cryostat, 2K scattering is
measured instead of 0K. Total experiment time was 5 days.

Figure 3-6. (a) Sample holder for CNCS, three sample cans can be loaded at one time; (b)
Cryostat as sample environment at CNCS. The sample is placed at the bottom of the
cryostat and facing the beam from source.
Table 3-4. Incident neutron energy E0, maximum allowable energy loss Emax,
Instrumental resolution, and dynamic range for three configurations used on CNCS.
E0
1.9meV

Emax
1.9meV

Resolution
+0.1meV

t range / ps
2.8-30

6.3meV
26meV

6.3meV
26meV

+0.4meV
+1.5meV

0.8-8.3
0.16-2.6

To access a wide dynamic range, three configurations are used for the experiment
the corresponding time scale is listed in Table 3-4. The fastest time scale detected is as
low as hundreds of femtoseconds. Following data collection, S(Q,ω) is binned based on
Q as a function of frequency. Intensity along the elastic line is integrated as a function of
Q to obtain neutron diffraction data. Detailed analysis is shown in Chapter 5.
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3.7 Nanofabrication details
Photolithography is used to deposit ultra-thin gold electrodes to silicon wafer.
This is a multiple step process which include: photoresist spin coating, contact printing,
develop, physical vapor deposition (PVD), and lift-off. The process is shown in Figure
3-7.

Figure 3-7. Gold electrodes patterning with photolithography. (Grey: silicon wafer;
brown: gold electrodes; purple: photoresist)

Photoresists: LOR 5A is coated to Si wafer with spin coating. The recipe used is:
dynamic (dispense), 900rpm (dispense speed), 4000rpm (final speed), 45sec (time). After
spin coating, the substrate is baked at 180°C for 5 minutes. The spin coat second layer of
photoresist SPR 3012 using the same recipe and bake at 95°C for 1 minutes.
Exposure: The contact printer hold mask above the substrate. The sample is
exposed to UV light through the mask for 8 seconds and photo resist decompose and
becomes soluble in development solution CD 26. Patterned substrate is then transferred
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CD 26 bath and submerge for 90 seconds to wash off the area that are exposed to UV
light. Water is used to rinse off CD 26.
PVD: Gold is deposited onto the substrate using PVG technique. Titanium is used
to form initial thin layer to promote adhesion for gold. The thickness for gold is about
100nm for semiconductor and 500nm for electrodes for polymer electrolytes.
Lift-off: The substrate is submerged into PG Nano-remover at 60°C to dissolve the
first layer coated in step one. Part of the gold will come off the substrate leaving the
electrode pattern. Sonication should be used if gold doesn’t come off easily. To clean the
final substrate, wash with DI water for 3 minutes and dry with air gun.
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Chapter 4
Influence of Side-chain on Backbone Motion in Disordered Organic
Semiconductors

4.1 Introduction
Polymer semiconductors such as poly(3-alkylthiophene)s (P3ATs) demonstrate
high mechanical and chemical flexibility making them attractive materials for the next
generation flexible electronics6,57,139. The chemical structures of backbone of these
polymers usually contain conjugated groups such as thiophene, benzothiophene that
facilitate a high degree of conjugation7,8,27,140,141. Charge carriers (electrons and holes) are
transported through energy activated inter- and intra- molecular hopping process10,11. The
effect of structure on hopping has been heavily investigated and it’s shown that hopping
efficiency is sensitive to the local structure (i.e. the hopping integral decreases
exponentially as the hopping distance increases). Due to the system kinetic energy,
molecular motion exists, and this causes a fluctuation in local molecular structure that can
directly affect the transport of charge carrier, for example, in π- π stacking direction,
motion of conjugated polymer backbones induced a variation of d spacing as a function
of time and this could result in a fluctuation in local transport integral50.
The effect of similar thermal vibration in organic crystalline semiconductors has
been investigated through MD-QC simulation by Troisi, et al142. where hopping integrals
at three directions in pentacene lattice are calculated as a function of time. The time
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evolution of hopping integral has a fluctuation frequency around 1.2THz which
corresponds to the frequency of molecular vibration measured from tetra-Hz
spectroscopy41. More interestingly, average value of hopping integrals at three directions
all decreases as the temperature increases from 100K to 300K. This is an indication that
fluctuation in local structure could be potentially bad for charge transport.
In comparison to the vibration dynamic in crystalline pentacene, the segmental
dynamic of polymers at the time scale of pico-second to nano-second can cause a change
in backbone geometry, thus the π- π stacking distances and dihedral angles fluctuates as a
function of time108,143. If we use the similar analogy, investigation in polymer dynamics is
necessary for further understanding of charge transport in these materials. However, due
to the limitation on experimental methods, it’s challenging to measure motion of
conjugated backbone directly. In this work, we use small-angle neutron scattering
(SANS) and quasi-elastic neutron scattering (QENS) to quantitatively evaluate the
structure and dynamic in organic semiconductors. The dynamic information is further
compared with all-atom molecular dynamic simulation. The model materials we selected
for this study are amorphous regiorandom poly(3-alkylthiophene)s (P3ATs) with
different side-chain length (hexyl, octyl, and dodecyl)144. One of the advantages of study
the dynamics in amorphous P3ATs is simplified dynamic measurement. In semicrystalline material, the molecular dynamics in crystalline and amorphous are different145.
This makes it more complicated to differentiate the dynamics between crystalline and
amorphous regions for neutron measurement. Choosing amorphous materials cleverly
avoid the complication in semi-crystalline materials.
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Figure 4-1. Chemical Structure of regiorandom poly(3-hexylthiophene), poly(3octylthiophene), and poly(3-dodecylthiophene).

As shown in Figure 4-1, the side-chains of regiorandom P3ATs is covalently
bonded to polythiophene backbone, randomly connected to either site of thiophene ring.
The conjugated backbone, which is responsible for charge transport, has a low solubility
in common solvents used in industry35. Addition of alkyl side-chain promotes the
solubility and decreases the processing cost for these polymers. However, our TFT
measurement shows a decrease in charge mobility as side-chains are added (discussed in
supporting materials)94,95,146,147. This agrees with the trend observed in regioregular
polymer from previous research, where, the side-chain length is linked to the
performance of the materials. As charge carriers only transport along the polymer
backbone and through the π- π stacking direction, the effect of backbone-backbone
distance in side-chain packing direction on charge transport should be minimal16.
However, this goes against the experimental observation that charge mobility drops
orders-of-magnitude when side-chain length increases. It is possible that polymer
dynamics play a role in charge transport because the fluctuation of local structure can
induce a disordered state and localize charge carrier. Although our SANS result is
suggesting longer side-chain promote orders in side-chain backbone separation, in our
QENS measurement and simulation, we found the backbone motion is highly correlated
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to the side-chain length. The extent of fluctuation of each thiophene ring increases with
side-chain length.

4.2 Material and Methods
Material Preparation
Regiorandom poly(3-hexylthiophene) (P3HT), poly(3-octylthiophene) (P3OT),
and poly(3-dodecylthiophene) (P3DDT) are purchased from Sigma Aldrich. The
polymers were re-precipitated in cold methanol and extensively purified by Soxhlet
extraction with acetone and methanol. Samples for QENS experiment were wrapped in
Al foil and pressed at 450K with a Carver laboratory press. The 10% scattering thickness
is around 60µm in order to minimize multiple scattering. The samples were loaded into
Aluminum HFBS annular sample cans in a dry helium atmosphere and sealed with an
indium O-ring for subsequent QENS measurements, to eliminate the uptake of water.
Samples for SANS experiment were pressed at 350K with the Carver laboratory press in
between Teflon slabs. The final film thickness is around 200µm.
Quasi-Elastic Neutron Scattering
We measured the proton dynamics with QENS. Protons has significantly larger
incoherent scattering cross section than C and S atoms and this contribute to more than
90% of incoherent scattering signal118. We observed a transition in dynamics when the
temperature is high enough to activate the segmental motion in fixed window scan. The
dynamic scans were performed on P3ATs at temperatures at which the alkyl side-chains
are mobile, the scattering function S(q,ω) are measured. The scattering function contains
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information about self-diffusive motion of protons on alkyl side-chains and protons on
thiophenes ring. We further inverse fourier transformed S(q,ω) to its corresponding time
domain function S(q,t), which is further analyzed using coarse analytical models to
extract the fraction of elastic intensity simply referred to as the elastic incoherent
structure factor (EISF)19,148. A more elaborated model is later employed to describe the
EISF and we obtained the amplitude of thiophene ring motion from the fitting parameter
of the model.
QENS experiments were performed using high-flux backscattering spectrometer
(HFBS) at the National Institute of Standards and Technology Center for Neutron
Research in Gaithersburg, MD and Back scattering spectrometer (BASIS) at the Oak
Ridge National Lab Spallation Neutron Source, TN. Fixed window scans (FWS) were
performed on HFBS while Doppler drive at rest. The scan had a temperature range from
100K to 450K and the rate was set at 0.5K/min. The incoherent elastic signals were
collected at 16 different wave vectors ranging between 0.23Å-1 and 1.75Å-1 as a function
of temperature. In dynamic scan, the incident neutron wavelength varies around 6.271Å
(E=2.08meV) after monochromator drive system (Doppler) in HFBS or chopper system
in BASIS. Scattered neutrons with energy of 2.08meV are selectively reflected to
detector by Si(1,1,1) analyzer crystals. The HFBS dynamic range is from -17μeV to
+17μeV and the energy resolution (minimal neutron energy change can be detected by
the instrument) is 0.8μeV121. BASIS covers wider dynamic range from -250μeV to
+250μeV with an elastic resolution of 3.5μeV. The incoherent quasi-elastic signals were
collected as a function of neutron energy change at 300K and 350K. This temperature
range is determined by the transition temperature from fixed window scan experiments.
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The data were further reduced using DAVE software developed by National Institute of
Standard and Technology Center for Neutron Research for detector efficiency correction
and background subtraction.
Differential Scan Calorimetry
The Tg and other thermal transition point of P3ATs are measured by TA Q2000
differential scanning calorimetry (DSC). The scan was done from -70˚C to 250˚C at the
rate of 5˚C/min. The first heating and cooling cycle is used to eliminate the thermal
history in the material and only the data from the second cycle is used.
Small Angle Neutron Scattering
Small angle neutron scattering were performed using Extended Q-range Small
Angle Neutron Scattering Spectrometer (EQ-SANS) at Spallation Neutron Source (SNS),
Oak Ridge National Lab in Oak Ridge, TN149. The sample-detector distance and incident
neutron wave length were varied from 1.3 to 6m and 10 and 2.5Å in order to achieve an
effective q-range of 0.005 to 1 Å. The data is further reduced with MantidPlot for
background subtraction and detector efficiency correction.
Thin Film Transistor Fabrication
Bottom-gate, bottom-contact devices are fabricated and used to measure the
mobility of organic semiconductors. The devices are built on a silicon wafer (gate
electrode) with a silicon oxide (SiO2) dielectric layer which is modified with a selfassembled monolayer of hexamethyldisilazane (HMDS) to promote molecular ordering.
Polymers were dissolved in dichlorobenzene with a concentration of 10mg/mL. The
solution was stirred overnight at room temperature before spin coated on substrates with
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patterned gold electrode pairs (source and drain) at 1000rpm. The substrate was annealed
at 150˚C for 3 hours before mobility testing.
Molecular Dynamic Simulation (by Dr. Scott Milner and Wenlin Zhang)
To directly observe the dynamic behaviors, we simulate regiorandom P3HT and
P3DDT 20mers at 300K and 350K on atomistic scale. The force field parameters for our
atomistic simulations are developed by Huang and coworkers for regioregular P3HT. The
bonded interactions and partial charges are obtained using density functional theory
(DFT) calculations. The Lennard-Jones (LJ) parameters are borrowed from the OPLSAA force field. Huang and coworkers verified the force field parameters by comparing
the densities of 3HT monomers and crystal 3HT oligomers at 300K with experiments.
We also verified the atomistic model by simulating a single crystal of regioregular P3HT
at 300K. The simulated π- π stacking distance and the tilt angle of backbone rings agree
with X-ray and electron diffractions. We assume that the regioregularity does not affect
the accuracy of the force field model.
We build the initial configuration of regiorandom P3HT by random placing 64
chains in a large box. The backbone dihedral angles are randomly rotated so that the
P3HT chains have various conformations. Likewise, we build the initial configuration for
40 chains of regiorandom P3DDT. We obtain isotropic melts by simulating the loosely
packed P3AT chains at 700K and 1 bar. The amorphous samples are prepared by
quenching the isotropic melts to the desired temperatures (300K or 350K) at 1 bar. After
the system density ρ starts to fluctuate around its equilibrium value, we collect the
trajectories of regiorandom P3ATs over 20ns. To verify that equilibrium is achieved in
our simulations, we compute the self-intermediate scattering function S(q, t) using three
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di↵erent time periods in our simulations (0-6ns, 7-13ns, and 14-20ns). The three selfintermediate scattering functions agree well for all our simulations, indicating the
amorphous P3ATs are equilibrated.

4.3 Properties of P3ATs
The molecular weight of the polymers was evaluated by GPC with polystyrene
standard. Although, the molecular weight has a high impact on charge mobility in
semicrystalline materials, a study on amorphous system has shown the charge mobility is
independent on molecular weight28. This is possibly due to the rate limiting step in
amorphous materials is the transport through π- π interaction which is not affected by the
molecular weight.

Figure 4-2. Heat capacity obtained from DSC heating scan of regiorandom P3ATs. (Full
scan curves from -70 ˚C to 250 ˚C are shown in supporting materials. The absent of
melting transition agrees with the amorphous structure.)
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Thermal transitions are measured with differential scanning calorimetry (DSC).
Figure 4-2 shows the DSC thermograms of regiorandom P3ATs. The drop of heat
capacity as temperature decrease around 10 ˚C to -20 ˚C originates from the glass
transition of regiorandom P3ATs. The glass transition temperature for regiorandom
P3HT, regiorandom P3OT, and regiorandom P3DDT are 14 ˚C, -6 ˚C, and -15 ˚C
respectively, the drop in glass transition temperature indicates the polymer mobility
increases as side-chain length increase. The heat capacity peak around 20˚C observed in
P3DDT sample is assigned to the melting of alkyl side-chains, the absent of melting peak
in regiorandom P3OT and P3HT suggests that only alkyl side-chains in regiorandom
P3DDT are crystalized. As the side-chain length increase, the interaction between
backbone and side-chains becomes less prominent; the alkyl side-chains behave more and
more similar with polyethylene. Since alkyl side-chain is more flexible than backbone
and has more mobility, this contributes to the higher overall heat capacity of regiorandom
P3DDT.

4.4 Ordering in Amorphous P3ATs
The side-chains have more protons than thiophene backbone. This non-uniform
distribution of protons provides the contrast in small-angle neutron scattering and it is
easier to observe backbone/side-chain separation than x-ray. As shown in Figure 4-3, at
low q SANS spectra, the decay of intensity indicates the polymer chains form a network
and this agree with the amorphous nature of the material150. High q peaks correspond to a
disordered lamellar structure formed by backbone/side-chain separation.
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Figure 4-3. SANS spectra of P3ATs at 300K.

The structure information at π- π stacking direction is difficult to measure due to
the limit of the q range of the instrument. The upturn of intensity could be a result of
diffuse scattering from (010) plane; however, it’s not sufficient for any interpretation
because of the increase in error of scattering signal.

4.5 Dynamics of P3ATs
In this work, we use QENS to measure the dynamics in regiorandom P3ATs. It is
important to emphasize that it is critical to measure the motion of the thiophene backbone
since it is associated to the charge transport. Other techniques such as Dielectric
Relaxation Spectroscopy (DRS) and Nuclear Magnetic Resonance (NMR) can also be
used to measure the dynamics, however, the information from these measurements is a
mixed dynamic information of both side-chain and backbone which makes it impossible
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to distinguish the motion of backbone from the side-chains unless their frequency are
well separated98,151,152. The q resolution of QENS provides protons dynamic information
as a function of special scale and this is particularly important for differentiate the
dynamic between backbone and side-chains since rigid backbone moves in smaller length
scale.

4.5.1 Elastic scan
In elastic scan, the intensity measured is a result of elastic scattering events. The
elastic intensities decay as temperature increase (Figure 4-4). This is because the
segmental mobility of polymers increases with temperature, the time scale of segmental
motion falls out of the time window of HFBS resolution causing a decrease in elastic
intensity. At HFBS, the elastic intensity is calculated by the intensity within the energy
resolution of the instrument. All the elastic intensity (I) is normalized by elastic intensity
(I0) at 100K. The vibrational regime is located below 260K where the decay of elastic
signal mainly comes from the increased vibrational motion of protons in the materials as
the temperature increase. At the end of vibrational regime, polymers start to relax and this
is seen as glass transition in DSC. Around 295K, as shown in DSC, the side-chains melt
in P3DDT and a change of slop in temperature dependence of elastic intensity is
observed. The side-chains in P3HT and P3OT are not crystalized, thus the slop before
and after 295K remains the same.
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Figure 4-4. (Left) Summation of elastic intensities over 16 detectors (16 scattering
vectors) as a function of temperature. At 100K, the elastic intensity from P3DDT is
expected to be higher than P3OT and P3HT due to the vibrational motion of the alkyl
side-chains. However, since all the intensities are normalized by elastic intensities at
100K, the higher elastic intensity of P3DDT before the crossover of three curves does not
necessarily mean the P3DDT vibrate slower than other samples. (Right) Ensemble
averages of the mean-square-displacement (MSD) of P3ATs as a function of temperature.

If only vibrational motion is present, the elastic intensity can be described by the
Debye-Waller Factor: I=exp(-q2<u2>/3), where <u2> is the mean-square-displacement153.
The ensemble average of mean-square-displacement of all the protons can be calculated
as the slop of -3ln[I(T)/I(Tmin)] vs. q2. At vibrational regime, the mean-squaredisplacements of P3ATs are consistent and increase linearly as temperature increase.
Between 260K and 295K, due to glass transition, part of side-chains in P3ATs started to
gain mobility and mean-square-displacement started deviate from linear increase. The
significant gain in P3DDT mean-square-displacement indicates the spatial scale that is
accessible for the alkyl side-chains is higher than P3OT and P3HT. After the transition
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region, when the side-chains are fully mobile, the mean-square-displacements go to
another linear increase region.

4.5.2 Dynamic scan
As seen from the elastic scan, the transition regime starts from 260K and the sidechains become fully mobile after 295K. The measurement temperatures for dynamic scan
are chosen to be 300K and 350K at which the side-chains are fully mobile. When motion
presents in the samples, neutrons exchange kinetic energy with mobile molecules and the
instrument detect the neutron energy change before and after scattering. Higher neutron
energy change is a result of faster molecular motion. The scattering intensity, S(q, ω),
collected directly by the instrument is a function of both energy change (ω) and
momentum transfer (q). As shown in Figure 4-5(a), the instrument resolution is a
representation of S(q, ω) while no molecular motion is present (100% elastic scattering).
The sharp peak around zero energy transfer is a result of elastic scattering and the
broadening of the elastic signal (quasi-elastic scattering) comes from the translational,
vibrational, and rotational motion in the samples.
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Figure 4-5. (a) S(q,ω) of P3HT (blue triangle), P3OT (green rectangular), P3DDT (red
circle), and instrument resolution (Black dashed line) at 300K and momentum transfer of
1.1 Å-1, (b) S(q,t) of P3HT (blue), P3OT (green), and P3DDT (red) at 300K and
momentum transfer of 1.1 Å-1. The fit with KWW functions are shown as dashed lines.

The width of the broadening represents the relaxation time of the motion. A wide
“wings” usually indicates a faster process. The motion of alkyl side-chain close to
backbone is suppressed by the thiophene backbone of P3ATs which has low molecular
mobility because of the high stiffness. As side-chain length increase, the effect of
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suppression became less prominent so alkyl side-chains in P3DDT are more likely to
move faster. This is confirmed by the significant broadening of S(q, ω) for P3DDT
sample measured at 300K, q=1.1Å-1. The intensity at ω ≠0 is less for P3OT and P3HT
due to the suppression effect. We inverse fourier transform the scattering function in
frequency domain S(q,ω) to intermediate scattering function S(q,t) in time domain. S(q,t)
is self-autocorrelation function of protons in reciprocal space. A faster decay of S(q,t) is
suggesting a faster relaxation process. S(q,t) are shown in Figure 4-5(b) for three
regiorandom P3AT samples. The decay is more significant as side-chain length increase
and this is consistent at all length scales. For P3HT and P3OT, the S(q,t) from HFBS and
BASIS are disconnected. This is due to the difference between instrument energy
resolutions. In P3DDT, where most of protons undergo segmental relaxation, the
difference between two curves vanishes.
We describe the decay of a single process can be with a stretched exponential, the
Kolrausch-Williams-Watts (KWW) equation (shown below)117.
𝐾𝑊𝑊 = 𝐸𝐼𝑆𝐹(𝑞) + (1 −

𝑡 𝛽(𝑞)
)
−(
𝐸𝐼𝑆𝐹(𝑞))𝑒 𝜏(𝑞)

Where, τ is the relaxation time of the process, β, the stretch factor, represents the
distribution of the relaxation time. EISF, the elastic incoherent structure factor, is the
fraction of proton that is not mobile at each q. The dependence of EISF on q can be used
to describe the geometries of motion118. In regiorandom P3ATs, the protons on methyl
groups undergo a three-fold rotation. The total S(q,t) for proton relaxation is described by
a combination of two Kolrausch-Williams-Watts (KWW) equations which represent the
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translational diffusion of protons on alkyl side-chains (KWWtrans) and rotation of protons
on methyl group (KWWrot):
𝑆(𝑞, 𝑡) = (𝑥 𝐾𝑊𝑊𝑟𝑜𝑡 + 1 − 𝑥)𝐾𝑊𝑊𝑡𝑟𝑎𝑛𝑠
Where, x is the fractions of protons undergo rotational motion as seen by the
instrument. Thus, it is instrument specific. These protons undergo both processes at the
same time. For rotation motion of the methyl group, because each proton is equivalent to
each other, the stretch factor βrot is fixed to be 1 for all temperatures and momentum
transfers. The EISFrot is derived theoretically from a three-fold rotation with equal
probability model118. The only variable for rotational motion is the relaxation time τrot
and our fitting suggests it’s a constant at different q, which agree with the q dependence
behavior of relaxation time of rotational motion.
We calculated the self-correlation function S(q,t) from all-atom simulation, three
processes were observed. A comparison between experimental and simulation S(q,t) is
shown in supporting materials. The initial decay of simulation S(q,t) below 1 picosecond
comes from fast molecular vibration of protons. This is not observed in experiment due to
the limited accessible energy range from the dynamic measurement. Thus, the S(q,t)
obtained from experiment is always higher than simulation due to the lack of initial decay
from vibration. The second decay around 10~100 ps originates from the rotation of
methyl groups. The segmental relaxation of P3ATs appears at longer time scale (around
1000 ps). The second and third decay processes are combined to construct the model to
fit our experiment data shown previously.
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4.5.3 Elastic incoherent structure factor
The q dependence of EISF originates from the geometry of motion. In frequency
domain, it can be directly calculated as the ratio of elastic intensity to overall intensity. In
time domain, it is a fitting parameter we obtain from our model. The q dependence of
EISF for translational process in P3ATs is plotted in Figure 4-6. The value of EISF
decreases as the q decreases. From P3HT to P3DDT, the decay of EISF becomes more
significant due to the increase in length scale of side-chain motion. Detailed geometry
information of proton motion can be obtained by fitting the q dependence of EISF with
theoretical models. For proton diffusion in small molecules such as water, a sphere of
radius R is most commonly used to define the spatial range of the motion109,154. In
P3ATs, a variation in proton dynamics exists along the side-chains due to the difference
in local environment and this agrees with a stretch factor βtrans that is smaller than 1.
Instead of using a single sphere to describe the geometry of proton motion in P3ATs, we
use a series spheres with a radius Rn for each proton site because the dynamic process of
protons in the same sphere should be identical. Figure 4-6(a) is showing a schematic
representation of spheres for P3HT. There are N= 7, 9, 13 spheres assigned to P3HT,
P3OT, and P3DDT respectively. As shown in the following equations, the total EISF(q)
of protons can be calculated as a summation of theoretical EISFn(q) of each spheres
weighted by the fraction of protons in the sphere (xn).
𝑁

𝐸𝐼𝑆𝐹(𝑞) = ∑ 𝑥𝑛 𝐸𝐼𝑆𝐹𝑛 (𝑞)
1

2

3𝑗1 (𝑞𝑅𝑛 )
𝐸𝐼𝑆𝐹𝑛 (𝑞) = [
]
𝑞𝑅𝑛
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𝑗1 (𝑞𝑅𝑛 ) =

𝑠𝑖𝑛(𝑞𝑅𝑛 ) − (𝑞𝑅𝑛 )𝑐𝑜𝑠(𝑞𝑅𝑛 )
(𝑞𝑅𝑛 )2

Where, n is the number of the sphere, we define n=0 for the proton on the
thiophene ring, N is the total number of spheres.
In order to describe the dependence of Rn on n, we first consider our SANS
measurement which suggest that the backbones and side-chains are separated so a good
variation of translational dynamics from α-protons to protons on methyl group is
expected. Molecular mobility of carbon atoms on the alkyl side-chain close to the
backbone is more restricted due to the stiffness of the backbone. This restriction effect on
dynamics propagates and the extent of restriction decreases in certain way from the inside
to the free end of the alkyl side-chains. If the alkyl side-chain is long enough, this
restriction effect on the free end will eventually vanish and the methyl group will have
similar behavior as polyethylene.
Dynamics of alkyl side-chain in other soft materials have been investigated by
QENS98,155,156. One of the most popular empirical models describes the radius of spheres
Rn increase linearly as n increase. To verify the accuracy of this model in our system, we
fit our EISF with the summation of spheres with radius of Rn=R0+C n. R0 is the radius of
sphere on thiophene ring and corresponding to the amplitude of ring motion, C is a
constant that characterize the variation in Rn. However, the fit quality of this model is not
satisfying. The black dashed line in Figure 4-6(c) is the best fit of P3HT EISF at 300K
with the linear model. More graphs that show the fit quality of linear models are attached
in supporting materials. For P3DDT EISF, at high Q, linear model provide a reasonable
overlap with EISF, however, the model value at low Q started to deviate from actual
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EISF. This indicates linear model can only describe motion of protons close to backbone
which has smaller spatial scale (higher Q). The linear increase is not sufficient enough to
capture the increase of Rn close to the free end of alkyl side-chains and this is caused
model value lower than actual EISF. To better describe the increase in Rn as n increase,
we attempt to increase the order to 2nd, 3rd, and 4th; however, this could not yield better
fit.
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Figure 4-6. (a) Diffusion in sphere model for P3HT. A sphere is assigned to each proton
site. (b) Elastic Incoherent Structure Factor of P3ATs at 300K and solid lines are fit with
exponential model. (c) EISF of regiornadom P3HT at 300K (blue dots), fit from
exponential model (solid line) is compared with linear model (dashed line).
Another way to describe this propagation of restriction effect is to assume the
radius of spheres increase exponentially:
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𝑅𝑛 = 𝑅0 𝛾 𝑛
In this model, R0 is the radius of sphere assigned to the proton on thiophene ring;
γ is an exponential factor that characterizes the change in Rn, larger γ value indicates less
correlation in molecular motion in adjacent spheres. Figure 4-6(b) shows that our
exponential model can provide a good qualitative prediction of EISF as a function of
momentum transfer. This exponential assumption is further supported by MD simulation.
As shown in Figure S3, the radius of spheres for each proton is calculated from the meansquare-displacement of MD simulation and the increase is close to exponential with small
deviation. By experimental extracting all the fitting parameters for P3ATs at 300K and
350K, we plot R0 against the corresponding side-chain length in Figure 4-7(a). For
comparison, the radiuses of spheres are shown in Figure 4-7(b). The radius measured in
QENS is significantly lower than simulation; this is caused by the limited energy range
that can be measured by QENS instruments.
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Figure 4-7. (a) Radius of sphere of proton on thiophene ring at 300K and 350K, (b)
Comparison between radiuses calculated from MD simulation and experiment. (MD
simulation work done by Dr. Scott Milner and Wenlin Zhang.)

As defined previously, R0 is a direct measurement of amplitude of fluctuation in
conjugated backbone. As shown in Figure 4-7(a) and (b), from both QENS measurement
and MD simulation, the spatial range of the motion of thiophene rings increases as the
side-chain length increase. To understand this information, we can think of individual
polyethylene chain which has picosecond scale relaxation time and polythiophene chain
which relax in longer time scale98,157. When we attach short polyethylene chains to slow
polythiophene backbone as side-chain, the mobile polyethylene can affect the mobility of
thiophene backbone. When the side-chain attached is short (within one persistence length
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of polyethylene, N<4)158, thiophene backbone can suppress the dynamic of short sidechain, thus, the extent of enhancement in backbone motion is small. As side-chain length
increase, side-chain relaxation starts to affect the backbone motion and this effect is
enhanced with longer side-chain. In Figure 4-7(a), the increase in R0 starts to level off for
P3DDT and this agree with our hypothesis that when we further increase the side-chain
length, the free end become uncorrelated to the backbone and the curve shown in Figure
4-7(a) will eventually become flat.

4.6 Conclusion Remarks
We study the effect of alkyl side-chains on the structure and segmental dynamics
of regiorandom P3ATs semiconductors. With stronger contrast between side-chain and
backbone in small angle neutron scattering, we are able to measure the phase separation
between side-chains and backbone in these amorphous materials.
The polymer segmental dynamics are further examined using QENS and all-atom
molecular dynamic simulation. We observed that the alkyl side-chain mobility is higher
in regiorandom P3DDT. This comes from less side-chain backbone interaction at the free
end when side-chain length increases. Notably, in both experiment and simulation, we
found the extent of fluctuations in conjugated backbone increases with side-chain length.
As discussed above, the charge mobility in amorphous materials are limited by the inter
chain hopping, such enhanced motion of conjugated rings could directly affect the π-π
stacking distance and further affect the electronic coupling between conjugated rings. In
general, the effect of dynamics in charge transport in soft matter is still not well
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understood and we are currently examining the dynamics at different time scale in
various model systems to get a better understanding of this effect.

4.7 Supporting Information

4.7.1 Comparison between MD simulation and neutron scattering
The intermediate scattering function S(q,t)s of P3HT and P3DDT from
experiment and simulation are plotted in Figure 4-8. The upper dashed line is measured
on HFBS and lower dashed line is measured from BASIS. The intermediate scattering
function gap between two instruments vanishes for P3DDT. This is because long sidechain segmental relaxation dominates the scattering. Total incoherent scattering
contribution from methyl group protons is negligible. At each QENS instrument, the
dynamic range is limited. The decay observed from each instrument represent the
relaxation process falls into the time scale of the instrument. In our case, the fast
vibration motion is out of the time window of both instruments, thus the corresponding
decay is not seen in experimental S(q,t). The rotation of methyl groups is too fast for the
time range of HFBS so, the S(q,t) measured on HFBS is mostly from segmental
relaxation. Thus, experimental S(q,t) is higher than S(q,t) from simulation and because
HFBS measure slower dynamics, the S(q,t) measured have the slowest decay.
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4.7.2 Radius of spheres
To compare with the radius obtained from EISF, the mean-square-displacements of
protons from MD simulation are calculated and plotted in Figure 4-9. The exponential
increase of sphere radius as seen in simulation validates the model we used. We further
attempted to fit the experimental EISF with radius generated in simulation. Due to the
limitation of dynamic range in experimental measurement, to fit experimental EISF
value, we modified the simulation radius by applying shifting parameters to radius, the
final adjusted radius is calculated as: aRb, where a and b are two constant adjustment
parameters. In summary, the agreement between experiment and simulation suggests that
the mobility of protons increase almost exponentially from backbone to methyl group,
and as side-chain length increase, the spatial range of the backbone also increases.

4.7.3 SANS analysis
The SANS spectra can be fit into equation:
𝐼(𝑄) =

𝐴
𝐶
+
+𝐵
𝑄 𝑛 1 + (|𝑄 − 𝑄0 |ζ)𝑚

Where, A and C are amplitude parameters, B is the incoherent scattering background, m
is a shape factor of the lorentzian function, n is the fractal dimension of the polymer
network, Q0 is the peak position, and 2/ ζ is full width at half maximum (FWHM) of the
Lorentzian function. The FWHM indicates the amplitude of variation in lamellar spacing.
The range of deviation from average lamellar thickness in real space can be calculated as:
2π/(Q0+1/ ζ). From the momentum transfer of the peak in P3HT varies from 0.2-1.0 Å-1
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which corresponds to a d spacing range of 6~31 Å in real space. As shown in Figure 4-3,
the variation in d spacing allows backbone gets closer and this may further increase the
chance of inter-chain charge transport in P3HT (as shown in red region). In P3DDT, the
backbones are quite far apart, the chance of inter-chain charge transport is small.
It’s also important to note that the average backbone-backbone distance in regiorandom
P3ATs is smaller than the distance in regioregular P3ATs that were reported159. That
suggests that the side-chains are more coiled in regiorandom P3ATs and this could push
thiophene rings apart and decrease the degree of π- π stacking. If we assume the alkyl
side-chains have similar packing density, the average π-π stacking distance drra

π-π

in

regiorandom P3ATs can be calculated by the following equation:
𝑑𝑟𝑟𝑎 𝜋−𝜋 = 𝑑𝑟𝑟 ×𝑑𝑟𝑟 𝜋−𝜋 /𝑑𝑟𝑟𝑎
Where, drra is the backbone-backbone distance measured with SANS, drr is the backbonebackbone distance reported from literature, drr π-π is the π-π stacking distance in crystal
domain in regioregular P3ATs. This distance has been reported as a constant 3.79 Å for
P3ATs with alkyl side-chain length from 6 to 10 and the spacing for regioregular P3DDT
is slightly higher with the value of 3.95 Å22,23. The calculated stacking distance of P3HT
is 4.57 Å, 5.19 Å for P3OT, and 5.8 Å for P3DDT. It is well known that the hopping
integral decrease exponentially as the distance increase, the lower charge mobility in
P3DDT could be a result of longer stacking distance.
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Figure 4-8. Intermediate scattering function pf P3HT and P3DDT at 300K q=1.1Å-1
calculated from simulation (dots), S(q,t) measured from experiments (dashed lines). (MD
simulation work done by Dr. Scott Milner and Wenlin Zhang.)

Figure 4-9. (Left) the mean-square-displacements calculated from the MD simulation.
(Right) modified MSD and experimental radius at 350K for P3HT and P3DDT. (MD
simulation work done by Dr. Scott Milner and Wenlin Zhang.)
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Chapter 5
Influence of Side-chains on Core Motion in Ordered Organic Semiconductors

5.1 Introduction
Organic small molecule semiconductors, such as rubrene and dC8-BTBT, have
demonstrated charge mobilities comparable with amorphous silicon in the order of
10cm2V-1s-1, are promising materials for next generation flexible electronics9,39,160–162. In
solid state, these materials form closed packing crystalline structure through weak Van
der Waals intermolecular interaction thus increases the extent of charge delocalization
and promote the charge transport. Similar to polymer semiconductors, designing new
type of small molecules often involves structural optimization by adding side groups to
the conjugated core which could also promote the solubility of the materials for solution
processing. The local lattice structure of organic small molecules is very sensitive to the
chemistry and positions of the side groups are being added, therefore, a minor change
could result in order-of-magnitude difference in mobility. Properly designed side-chains
can decrease the HOMO-LUMO gap and bring the conjugated cores closer while
misplaced side-groups can destroy the overlap of electronic orbitals and decrease the
charge mobility.
One of the essential differences between ordered organic crystalline
semiconductors and disordered polymer semiconductors is the temperature dependence
of charge mobility. In polymer semiconductors, the charge mobility follows Arrhenius
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temperature dependence suggesting an energy activated hopping mechanism. The charge
mobilities measured from devices fabricated from conjugated organic crystalline
materials has a “band like” transport behavior (µ~T-n). Band transport is commonly
observed in inorganic crystalline semiconductors such as Si and GaAs, the negative
temperature dependence is due to thermal activated lattice vibration affects the charge
transport.
In organic small molecule semiconductors, the details of the charge transport
mechanism are still not understood, recent development in theories has suggested a
polaronic band transport mechanism which is an intermediate mechanism between band
transport and hopping transport. In polaronic band transport, charge carriers induce a
deformation of lattice due to polarization effect; on the other hand, the deformation of
lattice can also increase the effective mass of electrons and thus slow down the free
charge carriers. While slight deformation of lattice can be caused by electrons, the
intermolecular interaction is believed to be a major factor that contributes to the
displacement in lattice parameters, which resulting in collective lattice dynamics, i.e.
lattice phonon. In organic small molecule lattice, it has been widely demonstrated in
simulation that molecular motion could play an important role in electron-phonon
coupling and affect the charge transport.142,163–165 For this reason, it is critical to
understand the lattice dynamic and the factors influencing lattice motion in ordered
organic semiconductors.
Alkyl side-chains are attached to semiconducting molecules to improve the
solubility. However, the influence of side-chain on lattice motion is unknown. In this
chapter, to understand the influence of side-chain on lattice motion, we measure the
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dynamics of BTBT, mC8-BTBT, and dC8-BTBT (structure shown in Figure 5-1) with
inelastic neutron scattering (INS). These molecules have similar crystalline structure, the
major difference is the number of alkyl-side-chains attached to conjugated BTBT core,
which is responsible for charge transport. From dynamic perspective, small molecule
crystalline lattice vibration has time scale less than 1 picosecond, while alkyl-side-chain
relaxation has slower time scale of 10-100 picosecond. In this work, we hypothesize the
addition of alkyl side-chains can significantly suppress the vibration of BTBT core due to
the difference in time scale. It has been suggested the lattice vibration in these crystals is
sufficient to increase the electron-phonon interaction term in the Hamiltonian44,46,47,166
and electron-phonon interaction can increase the electron effective mass and decrease the
charge transport. In this work, using inelastic neutron scattering, we demonstrate that
adding alkyl side-chains can effectively suppress the low frequency inter-molecular
vibration and this could potentially decrease electron-phonon coupling and promote
charge transport.

Figure 5-1. Structures of molecules used in this study. (a) BTBT, (b) mC8-BTBT, (c)
dC8-BTBT. BTBT is a conjugated molecule without side-chain. mC8-BTBT is
synthesized by attaching an octyl side-chain to BTBT and dC8-BTBT has two octyl sidechains (synthesis steps are described in Chapter 3).
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5.2 Crystalline Structure, Charge Transfer Integral, and Mobility
The charge mobilities of these three molecules were measured on thin film
transistors with spin-coated films. Transport integrals were calculated using DFT based
on the structure obtained from single crystal diffraction at the condition of minimized
entropy. Our thin film transistor (TFT) measurement showed the charge mobility
increases by orders of magnitude while alkyl side-chains are added. However, the
hopping integrals of three molecules are similar which suggest the difference in lattice
structure is not sufficient to cause such a change in charge mobility.
BTBT, mC8-BTBT, and dC8-BTBT have similar crystal structures and lattice
constant at x and y direction54,167. The structures and possible charge transport direction
for three molecules are shown in Figure 5-2. For alkylated BTBT, side-chains in between
conjugated layers are impose high energy barriers for charge carriers, therefore transport
at z direction (out-of-plane direction as seen in Figure 5-2) is not considered. The
electronic coupling between states localized on adjacent molecules are characterized by
charge transport (CT) integral, τ, which can be calculated numerically based on Marcus
Theory52,166,168. The extent of overlap and distance between delocalized electrons are
critical for the coupling effect. When alkyl side-chain layers are absent, for example in
BTBT crystal, the overlap between electronic orbitals in a direction is poor and the
charge transport is not favored. This is demonstrated in Table 5-1 as a direction has the
lowest CT integral. Because the similarity in crystalline structures and lattice parameters,
the calculated CT integral are similar among three molecules. Highest charge transport is
expected from mC8-BTBT molecule as it has the highest CT integral at b direction.
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Figure 5-2. Charge transport directions within crystalline structure54,167. (a) BTBT, (b)
mC8-BTBT, (c) dC8-BTBT. Alkyl side-chains are not shown for mC8-BTBT and dC8BTBT. Three intermolecular transport directions are shown as red arrows and labeled as
a, b, and c.
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Table 5-1. Charge transfer integrals at a, b, c directions for BTBT, mC8-BTBT and dC8BTBT. (CT integral calculation is done using DFT with minimized entropy by Hao
Kuang.)

BTBT

mC8-BTBT

dC8-BTBT

Direction

t (eV)

a

0.013

b

0.03

c

0.027

a

0.017

b

0.048

c

0.025

a

0.019

b

0.026

c

0.026

Figure 5-3. Charge mobility measured for BTBT, mC8-BTBT, and dC8-BTBT with single
crystals. (Mobility measurement is done with bottom gate bottom contact semiconductors
by Jwala Adhikari.)
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However, the prediction from quantum calculation contradicts with the
experimental charge mobility measurement shown in Figure 5-3. dC8-BTBT
demonstrates charge mobility as high as 5cm2V-1s-1, this is followed by mC8-BTBT with
a charge mobility of 0.19cm2V-1s-1. No charge mobility can be measured from BTBT thin
film device and the single-crystal charge mobility measured is 0.0001cm2V-1s-1. The CT
integral calculation assumes that molecules are in fixed position, therefore lattice
dynamic is not considered. However, lattice motion can interfere with electron transport
and affect the mobility for systems with delocalized charge carriers41,48,163,166,169. For
example, in inorganic semiconductors that display band transport, electron-phonon
interaction is responsible for scattering electron; decrease the mean-free-path; and reduce
the charge mobility. dC8-BTBT displays a “band like” mobility-temperature
dependence39. Unlike band transport where charge carriers are delocalized into a
conduction band, electron wave in dC8-BTBT crystal interact with lattice displacement,
and the effect mass for electrons are increased. This interaction hinders charge transport
in such type of ordered semiconductors, but the dynamic and the extent of its influence
on charge transport is not well understood. So far, most of the effort has been made on
quantum calculation combined with MD simulation40,44–46,51,52,142,168. Limited amount of
experimental measurements on dynamics are available, for example terahertz
spectroscopy has been widely used to measure the vibration at the energy level of
meV170–174, however the signal lacks spatial resolution. Sirringhaus et al. measured the
electron diffraction intensity and the smearing of signal in reciprocal space is interpreted
as a result lattice vibration56. This approach provides vibration amplitude directly
however, the frequency of vibration is still unknown. Neutron scattering combines both
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frequency and length because the scattering intensity is a function of wave vector and
energy change, therefore it is a proper tool for this study.

5.3 Lattice Dynamics
The lattice vibration of BTBT, mC8-BTBT, and dC8-BTBT is examined with
inelastic neutron scattering using the Cold Neutron Chopper Spectrometer (CNCS) at
Spallation Neutron Source in Oak Ridge National Lab, TN120. CNCS instrumentation and
experimental details are discussed in Chapter 2 and Chapter 3 respectively. The energy of
excitation is measured by neutron energy loss and gain as it represents initiation and
termination of an excitation. To highlight the dynamics of the conjugated core, instead of
using hydrogenated molecules, mC8-BTBT-d15 and dC8-BTBT-d30 with deuterated sidechains are synthesized (synthesis procedure described in Chapter 3). As shown in Figure
5-4, these molecules have partially deuterated side-chains; only α carbon has protons
attached.

Figure 5-4. Chemical structure of molecules used in inelastic neutron scattering
experiment. Side-chains of mC8-BTBT and dC8-BTBT are partially deuterated.

The total inelastic scattering signal contains both coherent and incoherent signals
and the contribution of coherent and incoherent scattering from core and side-chains are
listed in Table 5-2. Because hydrogen has strong incoherent scattering cross-section, the
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core incoherent scattering dominates the overall signal for all samples. The dynamic
structure factor is measured as a function of wave vector and energy change. The
scattering intensity is converted into 2-D graph as shown in Figure 5-5 for 300K
scattering function of three samples with incident energy of 26meV. All the scattering
signals collected falls into the KAR where neutron energy and momentum conservation is
observed. The central red line with the highest intensity represents elastic scattering and
the intensity beyond the elastic line is a result of thermal motion of the molecules.
Table 5-2. Percentage of total scattering signal from coherent and incoherent scattering
from core as well as coherent and incoherent scattering from side-chain for BTBT, mC8BTBT-d15, and dC8-BTBT-d30.
BTBT

mC8-BTBT-d15

dC8-BTBT-d30

Coherent core

12.75

9.79

8.00

Incoherent core

87.25

73.99

65.97

Coherent side-chain

0.00

13.15

21.10

Incoherent side-chain

0.00

3.07

4.93
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Figure 5-5. Scattering function S(Q, ω) as a function of Q and ω for (a) BTBT, (b) mC8BTBT-d15, (c) dC8-BTBT-d30 at 300K with incident neutron beam energy of 26meV.
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5.3.1 Elastic scan and thermal transitions
First, we investigate the evolution of dynamics and structure as a function of
temperature. In elastic scan, elastic intensity is integrated under the resolution and
divided by elastic intensity at 2K. Because the instrumental resolution has a finite width,
the intensities within the resolution originates from immobile molecules as well as
molecules that are less mobile than the energy cut off from the resolution. Scattering
intensities from 1.9meV and 26meV incident neutron beam are used to calculate elastic
intensity, the resolutions are 0.1meV and 1.5meV respectively. With 0.1meV resolution,
any motion slower than 30ps is treated as elastic. For 1.5meV, the time scale cut off is
2.6ps.
Another important distinction between 1.9meV measurement and 26meV
measurement is the type of motion probed is different (shown in Figure 5-6). Because
BTBT, mC8-BTBT, and dC8-BTBT molecules has a long axis and short axis. In-plane
and out-of-plane features have very different Q locations. At z direction, the planes have
smaller Q while and x, y directions, the planes show up at Q in diffraction. Based on
KAR, the Q range for 1.9meV is around 0.1-1.7Å-1, this is where out-of-plane diffraction
peaks (00l) are observed (see Appendix B.3 for neutron diffraction discussion).
Therefore, the inelastic scattering in this region contains information about out-of-plane
vibrations. The Q for 26meV measurement is much higher and it overlap with positions
of in-plane diffraction peaks (hk0). As temperature increases, the elastic intensity decays
due to the activation of in-plane vibration.

134

Figure 5-6. Demonstration of dC8-BTBT monoclinic crystalline structure and
corresponding information can be obtained with 1.9meV and 26meV as incident neutron
energy. Direction of vibration is illustrated with red arrows.

The decay of elastic intensity as a function of temperature is shown in Figure 5-7,
upper panel is measured from 1.9meV incident neutron energy and lower panel is
measured with 26meV incident neutron energy. With both configuration, the elastic
intensity drops when the temperature increases due to the activation of thermal motions.
In Figure 5-7 (a, b), below 300K, the elastic intensity drops linearly suggesting vibration
motion presents. The elastic intensity increases as the temperature increases from 150K
to 180K for dC8-BTBT in Figure 5-7 (c). This is likely a result of reorganization of alkyl
side-chains when higher kinetic energy is given. The idea is similar with cold
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crystallization however because the lower detection limit of DSC is around 200K, it is
hard to be verified directly. From neutron diffraction intensity (Appendix B.3), we
observe the diffraction peak for (001) plane shifts to lower Q around that temperature
range. The corresponding spacing is related to the core-core distance at z direction and it
is increased from 26.18 to 28.56Å. We suspect this is due to alkyl side-chains are
becoming more “stretched” (similar with perfectly arranged side-chains in Figure 5-6).
Above 270K, a strong decrease in elastic intensity is observed in Figure 5-7 (a, b,
and c) suggesting transitions around room temperature for all three molecules. Neutron
diffraction analysis in Appendix B.3 suggests this transition is due to a structural change
after 270K. The (001) plane spacing (along the molecule direction) for BTBT molecule
increases by 1 Å resulting in higher degree of freedom for individual molecules. For dC8BTBT molecule, the third and fourth order diffraction peak for (001) plane vanishes after
270K suggesting higher degree of static disorder. This could result in higher degree of
dynamic disorder. After 270K, the alkyl side-chains becomes disorganized and gains
mobility. If we ignore the four data points from 180K to 270K in Figure 5-7(c), the
elastic intensity decreases almost linearly from 150K to 300K. This suggests the
reorganization of side-chain is only temporary from 180K to 270K. Similar transitions
around 300K are observed in DSC for BTBT and dC8-BTBT (shown in Appendix B.3).
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Figure 5-7. Elastic intensity decreases as temperature increases from 2K to 360K with
step size of 30K. Figure (a-c) are measured with incident beam energy of 1.9meV with
resolution of 0.1meV. Figure (d-f) are measured with incident beam energy of 26meV
with resolution of 1.5meV. (a, d) BTBT, (b, e) mC8-BTBT-d15, (c, f) dC8-BTBT-d30.

Despite the drop in elastic intensity in Figure 5-7(b), no thermal transition is
observed from DSC measurement of mC8-BTBT. The contradiction is likely because
mC8-BTBT has two possible crystalline structures at room temperature167, it is highly
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dependent on the thermal history and handling condition. Our neutron diffraction results
also suggest two phases may co-exists in the sample measured (see Appendix B.3).
Another unique feature for mC8-BTBT is the drop in elastic intensity is significantly
higher after 270K suggesting the mobility is higher than the other two molecules. This is
likely caused by the fact that mC8-BTBT an asymmetric molecule and the translational
freedom is higher comparing to dC8-BTBT.
In conclusion, from the upper panel in Figure 5-7, the temperature dependence of
elastic intensity originates from the change in out-of-plane vibration dynamics. The drop
in elastic intensity between 270K and 300K is related to structural transition observed in
neutron diffraction. We suspect octyl side-chains in dC8-BTBT undergo reorganization
when enough kinetic energy is available (cold crystallization). This increases the
restriction effect of side-chains; therefore, the elastic intensity is increased from 180K to
270K.
The decay of elastic intensity at lower panel in Figure 5-7 (d, e, and f) is near
linear and no obvious transition is observed. The near linear character confirms the
presence of vibration motion. With 26meV as incident neutron energy, the resolution is
coarse, therefore, in-plane vibration faster than 2.6ps contributes to decay of elastic
intensity. In Figure 5-7(f), the effect of side-chain reorganization on core vibration is
visible as the elastic intensity from 180K-270K shifted upwards from original linear
decay. At 300K, the elastic intensity resumes the original linear decay. For mC8-BTBT
molecule, despite structure transition observed in neutron diffraction, the in-plane
vibration is unaffected.
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5.3.1 Energy of vibrations
In organic crystalline materials, possible excitations that falls within the energy
range of INS are: intramolecular vibration and intermolecular vibration. From Figure 5-5,
each horizontal line at E≠0 corresponding to an excitation. Three excitation lines are
observed for BTBT molecule at room temperature 4meV, 18meV, and 22meV. The
4meV excitation shift to lower energy level for mC8-BTBT and dC8-BTBT and the
higher energy excitations are absent. To estimate the energy scale of intramolecular
vibration and differentiate the origin of each excitation lines, a DFT simulation of a
single BTBT molecule was performed and the lowest intramolecular vibration has energy
of 8.1meV175. Therefore, we can conclude that the 4meV excitation originates from
intermolecular vibration. From Appendix B.3 we established that the vibrations out of
instrumental resolution of 1.5meV happen at x and y plane. Because the 4meV excitation
line is the only mode observed above 1.5meV and below 8.1meV, therefore, the 4meV
originates from vibrations at x and y plane. Because charge transport also happens at the x
and y plane, investigating the excitation at 4meV becomes critical. To gain better energy
resolution around that area, scattering intensity is collected using 6.3meV as incident
energy. The S(Q,ω) for BTBT, mC8-BTBT, and dC8-BTBT are shown in Figure 5-8. The
E>0 side representing neutron energy loss, therefore the range is limited to 6.3meV.
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Figure 5-8. Dynamic structure factor for three molecules at temperature from 2K (shown
as 0 in Figure) to 360K with step size of 30K. Incident neutron beam energy is 6.3meV
with resolution of ±0.4meV. The temperatures are color coded with blue as low
temperature and red as high temperature. (a) BTBT, (b) mC8-BTBT-d15, (c) dC8-BTBTd30.

The effect of adding alkyl side-chains on dynamic is prominent on both
intermolecular and intramolecular level. Only two intramolecular vibration (18meV and
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22meV) is observed for BTBT molecule in Figure 5-8(a) and the energy level agree with
the excitation lines in Figure 5-5. The intramolecular vibrations are absent in Figure
5-8(b) and (c) when alkyl side-chains are added suggesting side-chain damps vibration.
Intermolecular vibration can be differentiated as two modes in Figure 5-8(a) with one
peak at 4meV and shoulder at 6meV. These are likely the scattering from lattice phonons
and the energy is independent of Q can be caused by the fact that polycrystalline samples
are used for the measurement, dispersion curves overlap on top of each other. We
observed weak phonon dispersion from Bragg diffraction and it is discussed in Appendix
B.4.
Compare with BTBT, the inelastic peaks are suppressed in Figure 5-8(b) and (c)
when alkyl side-chains are added to the core. 6meV excitation diminishes and the 4meV
excitation shifts to lower energy (3meV for mC8-BTBT and 2.5meV for dC8-BTBT).
Around 1meV, a “quasi-elastic like” broadening appears near the instrumental resolution
line and this feature is more prominent for dC8-BTBT. We suspect broadening arise from
α-protons on the alkyl side-chain. Overall, comparing Figure 5-8(a), (b), and (c), the
inelastic scattering feature is most prominent with BTBT suggesting intermolecular
vibrations with well-defined energies exists. Adding one side-chain can disrupt the
vibration modes of the core and with two side-chains at both ends of the core, the
scattering transform from inelastic to “quasi-elastic like”.
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Figure 5-9. Energies of each excitation changes as a function of temperature. Two
excitations are observed for BTBT molecules, for simplicity, the excitations are named
4meV and 6meV respectively.

Another feature observed in Figure 5-8 is the frequency of excitations shifts as a
function of temperature. The positions of peaks in Figure 5-8 are collected and plotted in
Figure 5-9. BTBT has two visible excitation peaks, mC8-BTBT has excitation at 4meV
starting at 2K, and the excitation at dC8-BTBT is only visible at temperature higher than
210K. This is because for dC8-BTBT, 210K is within the temperature range where
structural transition happens (Appendix B.3). Below this temperature range, the core is
restricted by alkyl side-chains at both ends, the density of states is almost flat. The exact
origin of the frequency shift is unknown. Many factors can contribute to phonon
frequency shift such as phonon-phonon interaction, contraction/expansion, and
stress/strain. Full investigation usually involves performing MD and quantum simulations
that constrain volume or pressure (NVT/NPT) to isolate these contributions176–180. we
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suspect the small redshift at higher temperature is due to lattice thermal expansion. The
force strength between molecules is decreased during thermal expansion, therefore the
phonon frequency decreases. The situation is more complicated for mC8-BTBT and dC8BTBT because the core vibration is also influenced by side-chain and the oscillation is
further damped, resulting in significant drop in frequency at higher temperature.

5.3.2 Mean-square-displacement

Figure 5-10. -3ln[Iel /I0] vs Q2 plot for mC8-BTBT from 2K (shown as 0) to 360K with
30K as temperature step. The mean-square-displacement for each temperature is
extracted by fitting a line through data measured from inelastic scattering experiment.
26meV incident neutron energy is used for this set of data.
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When the temperature increases, the elastic intensity reduces due to the thermal
motion of materials by Debye-Waller Factor exp(-<u2>Q2/3):
1 2 2
〈𝑢 〉𝑄 )

𝐼𝑒𝑙 = 𝐼0 𝑒𝑥𝑝(−3

Where, Iel is the elastic intensities, I0 is the scattering intensity at 0K (assuming no
motion), <u2> is the ensemble average of mean-square-displacement (MSD) of all the
atoms, can be calculated as the slop of -3ln[Iel /I0] vs. Q2 as shown in Figure 5-10. We
calculate the MSD from elastic intensity measured using 1.9meV and 26meV as incident
energy. Each configuration has different instrumental resolution, therefore the MSD
obtained from each measurement is defined by the motion faster than the energy cut off.
The Q range of each configuration defines the spatial scale of the motion that is counted
in MSD. For 1.9meV, the Q ranges from 0.2-1.25Å-1 this is the range where out-of-plane
diffraction (001), (002), and (003) is observed, therefore it provides information of
motion at z direction. The Q range for 26meV configuration is from 1.25-6Å-1, in this
range, in-plane diffraction peaks (020) and (110) are observed. The calculated MSD
correspond to in-plane vibration. Details of in-plane and out-of-plane vibration are
demonstrated in Figure 5-11.
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Figure 5-11. Mean-square-displacement as a function of temperature for BTBT, mC8BTBT, and dC8-BTBT. (a) Measurement with incident energy of 1.9meV, resolution
±0.1meV (cut-off time: 30ps). (b) Measurement with incident energy of 26meB,
resolution ±1.5meV (cut-off time: 2.6ps). The directions of vibration for all three
materials are demonstrated with dC8-BTBT molecule because they have same crystal
structure.
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Calculated MSD is shown in Figure 5-11 for both configuration. 1.9meV
measures slower dynamic in larger length scale and 26meV measures faster dynamic in
smaller length scale. Figure 5-11 (a) provides information of out-of-plane vibration,
below 300K, the MSD increases linearly for BTBT and mC8-BTBT because of thermally
activated vibration. We can see the out-of-plane vibration is restricted by side-chains as
mC8-BTBT and dC8-BTBT have smaller MSD. For dC8-BTBT, the MSD is almost
constant around 180K to 300K, this is believed to be caused by reorganization (cold
crystallization) of alkyl-side-chains as suggested by neutron diffraction and elastic scan.
Above 300K, the MSD is significantly shifted to higher value as a result of structural
transition for (001) plane. As discussed previously, because mC8-BTBT is asymmetric,
the degree of freedom of motion is higher therefore the MSD for mC8-BTBT is highest
after 300K.
The higher energy in-plane vibration MSD is shown in Figure 5-11(b). From 90K
to 240K, side-chains has a visible suppression effect on in-plane vibration as the MSD is
highest for BTBT followed by mC8-BTBT and dC8-BTBT. Above 300K, the MSD of
dC8-BTBT and BTBT overlap and there is a small upper shift on the MSD of mC8BTBT. Because asymmetric mC8-BTBT molecule is only restricted by side-chain at one
side, it is possible to gain more degree of freedom at in-plane direction after the structure
transition.
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5.4 Conclusion
In summary, we discovered addition of alkyl side-chains have significant
suppression effect on low energy intermolecular vibrations that are believed to reduce the
charge transport41,44,55. Without side-chains, BTBT molecule has two visible vibration
modes at 4meV and 6meV. Similar low frequency vibration around 4meV has been
observed in pentacene molecules using teraHz spectroscopy measurements. This
vibration is on the time scale of 0.8ps, same as the relaxation time of delocalized free
charge carriers in pentacene, and it is believed that in these van der Waals interacting
materials the electron-phonon couple could be strong enough to affect the charge
transport behavior41,170–172,174,181. Addition of side-chains to the BTBT core can
effectively suppress the 6meV vibration, shift 4meV vibration to 3meV, and decrease the
phonon density. It is evident that alkyl side-chains decrease the amplitude of the vibration
below 300K. Structural transition around 270K-300K energized the slow motion of sidechain as the MSDs of BTBT and dC8-BTBT become similar. Surprisingly, the highest inplane and out-of-plane MSD are observed for mC8-BTBT above transition, we believe
this is a result of its asymmetric nature.
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Chapter 6
High Performance Polymer-Cellulose Composite Electrolyte for Lithium ion
Battery
Crystalline PEO6LiX complex has shown to be more conductive than amorphous
counterparts. But this property has never been used in room temperature applications
because oligomeric Poly(ethylene oxide) (PEO) used in previous study melts at room
temperature. Increasing the melting point by increasing the molecular weight of PEO
introduces higher degree of disorder to the complex which sacrifices the PEO6LiX
crystallinity and decreases the conductivity. We solve this problem by using high
molecular weight PEO (600K Da) along with acidic cellulose nanowhisker which assists
in the nucleation of PEO6LiX crystalline complex at room temperature. These polymercellulose composite electrolytes have demonstrated room temperature conductivity higher
than 10-5 S/cm and low Li+ transport activation energy. X-ray diffraction (XRD) shows
high cellulose surface acidity increases the PEO6LiX crystallinity and promotes the
conduction around the room temperature. The energy barrier for Li+ hopping through
PEO6 channel decreases significantly as the cellulose nanowhisker surface acidity
increases. With quasi-elastic neutron scattering (QENS) we demonstrate ion transport is
decoupled with polymer relaxation time, suggesting PEO6 is likely the conduction media.
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6.1 Introduction
Polyethylene oxide (PEO) based solid polymer electrolytes are an attractive alternative to
the flammable and toxic liquid/gel electrolytes currently used in rechargeable lithium ion
batteries. Ion conduction in PEO based electrolyte is dominated by ion hopping between
Li+ coordination sites in amorphous matrix and the conductivity is dependent on polymer
dynamics. Based on this principle, polymer electrolytes with low glass transition
temperatures are desired for higher conductivity. However, lowering glass transition
temperature sacrifices the mechanical property, promotes the growth of dendrite (Li
metal extension from the electrodes), and shortens the battery life. Previous studies on
PEO salt based solid polymer electrolytes mostly focus on low salt concentration with
ether oxygen to Li+ ratio (EO:Li) higher than 8. This is because at higher salt
concentration, presence of large amount of Li+ coordinates with polymer chains, slows
down the polymer dynamic, and decreases the conductivity in amorphous domain. Our
current study is focused on high salt concentration of EO:Li=6:1, as this is the
concentration for PEO6LiX to form in the phase diagram.

Figure 6-1. Structure of PEO6 channel, left, front view of the cylinder; right, side-view of
the cylinder. Two PEO backbones are labeled as lighter and darker grey.
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Crystalline PEO6LiX complex (demonstrated in Figure 6-1) is an alternative conduction
media that has been shown to be more conductive than its amorphous counterparts with
same salt concentration. Since the discovery of PEO6LiX complex structure in 199979, it
has never been used in industrial battery application because oligomeric PEO used in the
original study is instable at room temperature78. Increasing the molecular weight of PEO
improves the mechanical properties at room temperature, but the entanglement of long
PEO chains reduce the crystallization of PEO6LiX complex. Misalignment of PEO6
channels at the grain boundary further decreases the conductivity. To preserve PEO6LiX
complex crystallinity and increase the degree of order with high PEO molecular weight,
we induce heterogeneous crystallization of PEO6LiX complex with nanofillers.

Figure 6-2. Cellulose nanowhiskers with different surface chemistry. The primart alcohol
and secondary alcohol groups are highlighed.

Nanofillers have been shown to influence the crystallization of PEO chains and increase
the ionic conductivity through surface interaction19,182. Previous research from our group
have shown that using nanowhiskers over nanoparticles can promote higher polymersurface interaction as nanowhiskers offer higher contact area. We use cellulose
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nanowhiskers (CNWs) as the nanofillers for this study because cellulose is abundant and
environment friendly compared to heavy metal ceramic fillers. The aspect ratio of CNWs
varies based on the type of source they are derived from, this offers high flexibility in
filler morphology128,183–185. These whiskers have been used as reinforcement agent in
various polymer matrixes including PEO to improve the mechanical property186. The
CNWs concentration we use is 1 wt% which is above the percolation threshold of
cylindrical fillers in composite material182,187. As demonstrated in Figure 6-2, untreated
crystalline cellulose has –OH group on the surface and the Lewis-acid character of
surface proton makes it possible to interact with ether oxygen on PEO chain through
hydrogen bonding. Due to this existing strong surface interaction, these CNWs can work
as the heterogeneous nucleation site for the formation of PEO6LiClO4 crystalline
structure and decrease the free energy barrier of nucleation process compared with
homogeneous nucleation. To manipulate the interaction strength between cellulose
surface and PEO, we chemically modify the primary alcohol groups and synthesized
CNWs with a variety of acidic surfaces: –OSO3H, –OPO3H2, –COOH, and –OH
(chemical synthesis details are included in Chapter 3). The pKa of –OSO3H, –OPO3H2
groups are less than 3, indicating strong acidity while –COOH and –OH surfaces have
weaker acidities.
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6.2 Cellulose Enhance PEO6LiClO4 Crystallization
A major barrier for the application of PEO6LiX complex in solid polymer electrolyte is
the formation and stability of the crystalline complex. We have previously reported
crystallization of PEO6LiX complex takes as long as 7 days under thermal annealing20.
Crystallization can be speed up by lowering the PEO molecular weight below the
entanglement limit (3200 Da) and it has been demonstrated that rapid crystallization can
be achieved with low molecular weight of 1000 Da and 2000 Da76. However, because of
the lower molecular weight, these crystalline complexes are more likely to melt at room
temperature. We use ultra-high molecular weight of PEO (600,000 Da) to improve the
stability of the electrolyte around room temperature and acidic cellulose nanowhiskers
are added to aid the formation of crystalline complex.
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Figure 6-3. X-ray diffraction of cellulose-polymer composite electrolyte with different
cellulose nanowhiskers. Diffraction pattern for PEO crystal and PEO6LiSbF6 complex [Ref
76]
are listed at bottom. (K-α1 Cu radiation source).

The effect of cellulose surface chemistry on crystallization kinetics is shown in Figure
6-3 the crystalline structure is measured with X-ray diffraction after 3 days of thermal
annealing. For comparison, the XRD peaks position of PEO crystal and PEO6 crystal are
shown at the bottom of Figure 6-3. Without CNWs, the diffuse scattering suggests
sample is amorphous and PEO6LiClO4 crystalline domains are not formed due to large
homogeneous nucleation free energy barrier (ΔGhomogeneous) which prevents the formation
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of nucleation site. The samples remain amorphous with weak acidic –OH surface. As the
cellulose surface acidity further increases, diffraction peaks appear suggesting formation
of crystalline PEO6LiClO4 domain. At acidic surface sites, the effective surface energy is
lower, thus diminishes the free energy barrier (ΔGheterogeneous) and facilitating nucleation.
This can be demonstrated through equation listed below.
∆𝐺ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 = ∆𝐺ℎ𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑜𝑢𝑠 ×𝑓(𝜃)
𝑓(𝜃) =

2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠 3 𝜃
4

f(θ) is a factor dependent on the contact angle, θ. As the surface acidity increases, the
wettability at the surface is improved, thus the contact angle, f(θ) and free energy barrier
drops. Associated with the nucleate density increases, the crystal growth rate is increased
in acidic whisker filled SPEs.
Detailed surface interaction mechanism is demonstrated in Figure 6-4, the nucleation of
PEO6LiClO4 happens along the surface of cellulose nanowhiskers. The distance between
primary alcohol groups on cellulose surface along the axial direction (1.1nm) is close to
the lattice parameter of PEO6LiX crystal along the channel direction (around 1.1nm to
1.2 nm based on the anion chemistry). This similarity is critical for the growth of
PEO6LiX complex at the direction aligned with the axial direction of cellulose
nanowhiskers. It is possible that acidic surface sites promote stronger polymer-surface
interaction, diminish the nucleation free energy barrier, and increase the crystallinity.
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Figure 6-4. Formation of PEO6 channel on the surface of cellulose nanowhisker. Green
rod is the cellulose nanowhisker. The lattice parameter of PEO6 along the axis direction
is labeled.

Cellulose nanowhiskers not only act as a growth initiator for PEO6LiX complex, they
also guide the orientation of the channels for better connectivity and therefore increase
the conductivity. Our group have previously reported that PEO6LiX complex exists at
EO:Li=8:1 ratio, however, the conductivity at 20°C is lower than 10-8S/cm. This is
because individual PEO6 channels can be misaligned at grain boundary causing a
conduction barrier. With 1wt% of CNWs, we construct a percolated core for PEO6LiX
grow on. As previously discussed, PEO6LiX channel direction is aligned with axial
direction of CNWs. Consequently, an inter-connected conduction pathway can be formed
along the surface of cellulose. Utilizing this mechanism, we can manually control the
connectivity of the conductive PEO6LiClO4 crystalline domain and increase the overall
conductivity.
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Figure 6-5. Small-angle X-ray scattering profile for -OPO3H2 CNWs and -OSO3H CNWs
filled PEO6LiClO4 samples and unfilled PEO6LiClO4 sample.

Addition of acidic cellulose nanowhiskers also influence the nanoscale range order. This
can be seen in small angle X-ray scattering (SAXS) experiment carried on unfilled
samples vs. filled samples (shown in Figure 6-5) at beamline 12-ID-B at Advanced
Photon Source in Argonne National Lab. First and second order scattering peaks of
lamellar structure are prominent in both acidic whiskers filled samples. This is the first
time such morphology is observed for PEO6LiX crystalline domain in small angle
scattering experiment. As the crystallization of PEO6LiX complex is still not fully
understood, we suspect the lamellae morphology is a result of kinetically trapped
structure formed during the process of solvent evaporation. In polar liquid suspension,
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acidic cellulose nanowhiskers with negative surface charge repulse their neighbors
creating locally aligned structure. This structure can be demonstrated with “birefringent
pattern” under polarized light. As solvent evaporate, the complex become viscous,
mobility of individual cellulose nanowhiskers becomes restricted, local order can be
therefore preserved. Consequently, as crystalline PEO6LiClO4 domain grow from the
surface the cellulose whiskers, we expect the orientation of crystalline domain reflect the
ordering of cellulose nanowhiskers.

6.3 Effect of Surface Acidity on Li+ Conduction
As discussed previously, the surface acidity of cellulose nanowhiskers affects the
conductivity by promoting PEO6LiX complex formation. Typically, in an amorphous
glassy conductor, the temperature dependence of conductivity follows Vogel–Fulcher–
Tammann (VFT) behavior. This is most common in PEO based electrolytes and single
ion conductors as ion hopping in amorphous domain facilitates the conduction96. When
the material has ordered conductive structure such as crystalline ceramic conductors, the
conductivity follows Arrhenius temperature dependence.
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Figure 6-6. (a) Temperature dependence of conductivity for composite electrolyte
compared with unfilled and ceramic electrolyte. (b) Activation energy as a function of
whisker surface acidity.

The temperature dependence of conductivity of cellulose-polymer composite electrolytes
is shown in Figure 6-5(a). Below 50˚C, the conductivity demonstrates Arrhenius
temperature dependence. This suggests the predominant conduction mechanism is Li
hopping through crystalline PEO6LiClO4 complex. The conductivity at 20˚C is higher
than 10-5S/cm with high acidic cellulose nanowhiskers. This is significantly improved
over other amorphous PEO based electrolytes and PEO6 based electrolytes that were
previously reported. Above 50°C, the high conductivity originates from melted small
PEO amorphous domains. In this temperature region, adding nanofillers becomes a
disadvantage because the acidic surface restricts polymer motion. The -COOH CNWs
filled sample demonstrates the lowest conductivity among all the samples despite the
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temperature. This is likely a result of Lewis-Base character of the double bond oxygen on
the carboxylic acid group. Despite the acidic proton, the partially negatively charged
oxygen may attracts and trap Li+, therefore reduces the conduction.
The activation energy of Li transport around the room temperature is calculated
from Arrhenius equation and plotted in Figure 6-6(b). The activation energy of unfilled
sample is similar compared with oligomeric PEO6LiAsF6 single crystal confirming the
crystalline conduction mechanism. Addition of CNWs decreases the energy barrier for Li
hopping through the PEO6 channel. In composite electrolytes, as the surface acidity
increases, the activation energy drops to as low as 7kJ/mol, suggesting adding acidic
cellulose lowers the energy penalty for Li hopping between neighbor coordination sites in
PEO6 channel. This is significantly improved over energy barrier for conduction through
amorphous PEO domain (usually above 60kJ/mol from our measurement).

6.3 Influence of Polymer Dynamics on Conductivity

6.3.1 Decouple dynamic and conductivity
We perform quasi-elastic neutron scattering (QENS) experiments to directly
measure the dynamics in cellulose-composite electrolyte. First, we investigate the effect
of cellulose surface acidity on dynamics of polymer. As shown in Figure 6-7, at 20˚C,
higher relaxation time indicates adding acidic cellulose nanowhiskers slows down
polymer segmental motion but -OSO3H CNWs filled sample has one order of magnitude
higher conductivity than unfilled sample. This observation is opposite to the common
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belief that faster polymer motion promotes higher conductivity. We believe conduction
through PEO6LiClO4 crystalline complex is the origin of the decoupling. This concept is
further demonstrated in Figure 6-8, where the correlation between conductivity and
relaxation time is plotted for –OSO3H, –OPO3H2, –COOH, and unfilled samples at 20˚C,
50˚C, and 80˚C. At each temperature, the correlation between relaxation time and
conductivity is statistically insignificant (R2<0.1) suggesting decoupling between
dynamic and conductivity.

Figure 6-7. q dependence of segmental relaxation time for unfilled sample and sample
filled with -OSO3H cellulose nanowhisker.

Figure 6-8. Correlation between relaxation time and conductivity at 20˚C, 50˚C, and
80˚C. Data points with same color represent –OSO3H, –OPO3H2, –COOH, and unfilled
samples at particular temperature.
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6.3.2 Influence of surface acidity on rotation
To understand the mechanism behind the decreased hopping activation energy
with acidic whisker filled samples, we examine the geometry of PEO6 channel rotation
motion by analyzing the q dependence of elastic incoherent structural factor (EISF).
From our combined dynamic measurements on DCS and HFBS, we are able to capture
the EISF of rotation motion at 80˚C. The q dependence of EISF at lower temperature has
significantly higher statistical error as the rotation process is slow.

Figure 6-9. PEO6 channel radius and extent of restriction extracted from EISF.

As demonstrated in Figure 6-9, the channel undergo rotation motion. From
previous work, we have observed that PEO chains undergo jump rotation among sites
non-uniformly distributed on a circle that has a radius roughly around the radius of
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PEO620. The q dependence of rotational EISF can be described by the uniaxial rotation
with non-uniform distribution of jump sites model:
𝑁

1
𝜋𝑛
𝜋𝑛
𝐴0 (𝑄) = 2 ′ ∑ 𝑗0 (2𝑄𝑟 𝑠𝑖𝑛 ) 𝐼0 (2𝛽 ′ |𝑐𝑜𝑠 |)
𝑁
𝑁
𝑁𝐼0 (𝛽 )
𝑛=1

From the model, the radius of rotation and extent of restriction of the rotational
motion is extracted and plotted for all samples in Figure 6-9. The presence of cellulose
nanowhiskers and the surface chemistry have strong influence on the rotation geometry.
As the surface acidity increase, β‘ increases suggesting the rotation becomes more
restricted. This is because more acidic surface has stronger interaction with ester oxygen
on PEO backbone and stabilizes the PEO6 channel. The rotation radius increases as the
surface acidity increases. As the radius of rotation increase, the coordination distance
between EO and Li increases, resulting in lower coordination strength. In case of Li
conduction, with weaker Li-EO coordination, the energy panelty for Li to disassociate
from its current site, hop to the next site, and reassociate with EO is much lower,
resulting in lower activation energy as shown in Figure 6-9.

6.4 Radius of PEO6 Channel
The mechanism of how surface acidity influence the rotation radius is not clear.
We suspect the interaction between acidic surface and polymer chain plays an important
role. The number of previous research on factors that influence the PEO6LiX lattice
structure is very limited. Most these study suggests anion chemistry has a significant
effect on the lattice parameters including anion doping78,188,189. For exmple, Lilley et al
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has demonstrated doping PEO6LiAsF6 with LiSbF6 can influence the lattice constant of
PEO6 structure and improve the conductivity188. With 10% and 90% of replacement of
LiAsF6 with LiSbF6, conductivity reaches local maximum; lattice constant of axial
direction of PEO6 (stated as a in the reference) and Li hopping activation energy reach
local minimum.
From our study on acidic cellulose nanowhiskers filled electrolyte, lowest Li
hopping activation energy are observed for samples filled with most acidic cellulose
nanowhiskers and our EISF analysis suggests the lower activation energy is assiciated
with increased radius of PEO6 channel. In previous example, changing fraction of doping
affect the lattice structure. In current study, the lattice structure is altered by surface
acidity of cellulose nanowhiskers. This is possible because there is a small dismatch
between lattice constant of PEO6 crystals and cellulose crystals. The lattice constants at
the axiel direction for PEO6 and cellulose nanowhiskers are 1.2nm and 1.1nm respectly.
Once PEO6 is stablized on the surface of cellulose, the channel is likely to be slightly
compressed in order to fit with -OH to -OH distance on cellulose. We hypothesize the
extent of compression increases as the surface acidity increases due to stronger hydrogen
bonding and such compression in axiel direction may lead to expansion in radius,
resulting in lower activation energy.
To verify our hypothesis, high resolution diffraction should be used to measure
the lattice constant of PEO6 with different cellulose. QENS measurement on PEO6
rotation in doped system is also necessary and more detail will be discussed in Chapter 9.
A complimentary method for understanding effect of cellulose surface chemistry on
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PEO6 geometry and ion transport is molecular dynamic simulation combined with
quantum calculation on the surface of cellulose.

6.5 Conclusion
In summary, we use functionalized cellulose nanowhiskers as fillers in PEO based
composite electrolyte. The presence of acidic cellulose aids the nucleation of
PEO6LiClO4 crystalline complex in solid polymer electrolytes. With a percolated
PEO6LiClO4 crystalline complex, we are able to significantly improve room temperature
conductivity. Even though neutron scattering measurements suggest that the acidic
whisker surface slows down polymer segmental motion, the conductivity is higher than
samples without cellulose nanowhiskers. The decoupling between dynamics and
conduction suggests conduction happens in PEO6 phase instead of amorphous PEO. The
activation energy of conduction around room temperature is significantly decreased as
the cellulose surface acidity increases. We hypothesize this originates from the difference
in PEO6 geometry as the surface acidity changes (as shown in Figure 6-9). As the surface
becomes more acidic, the ester oxygen-Li distance increases and the rotation dynamic
becomes stabilized which provide a stable pathway for Li conduction.
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Chapter 7
Device Design for PEO6LiClO4 Crystal Alignment
In previous chapter, we discussed achieving high room temperature conductivity using
highly conductive crystalline PEO6LiClO4 phase. To induce the crystallization of
PEO6LiClO4 crystalline complex, we isotopically disperse cellulose nanowhiskers into
polymer matrix. Due to the surface interaction, the axial direction of PEO6LiClO4
channel is parallel with the cellulose nanowhsikers, resulting in random orientation of
conductive PEO6 channels. Because the conduction within PEO6 channel is 1-D
conduction where Li ion hops to the adjacent vacant site under external electrical field.
Controlling the orientation of PEO6 channel is therefore critical for further improving the
conductivity. To our best knowledge, no literature has been reported on aligning cellulose
nanowhiskers in PEO+ salt mixture. In this chapter, we discuss the attempts of aligning
cellulose nanowhiskers with different approach and a new device we designed that
simplifies alignment and further characterization.

7.1 Conductivity Improvement by Aligning PEO6 Orientations
Assuming PEO6 crystals are randomly oriented and the conductivity is σaverage, as
demonstrated in Figure 7-1 the improved conductivity (σmax) of fully aligned electrolyte
can be used to calculated σaverage as follow:
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Figure 7-1. PEO6 channel need to be aligned for more efficient conduction.

𝜎𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = ∑ 𝑃𝜎 = ∑

∆𝜃
𝜎𝑚𝑎𝑥 𝜋
2𝜎𝑚𝑎𝑥
𝜎𝑚𝑎𝑥 |𝑐𝑜𝑠𝜃| =
∫ |𝑐𝑜𝑠𝜃| 𝑑𝜃 =
𝜋
𝜋 0
𝜋

Where P is the probability of cellulose nanowhiskers that are oriented between
angel θ and θ+Δθ with respect to the desired direction of conduction. As shown in the
calculation, theoretically, the conductivity can be improved by π/2 with aligning crystal
orientation to the direction of conduction. We expect the real improvement can exceed
the theoretical limit because of improved PEO6 channel-channel alignment at crystalline
grain boundary.
Multiple factors can influence the conduction of Li ion in crystalline PEO 6 based
sample. With long molecular weight, it is challenging to obtain single crystal PEO 6LiX
complex. Most of the samples we prepared in our lab are polycrystalline PEO6LiX and
this is demonstrated as the transmission x-ray diffraction is isotropic. For unfilled
polycrystalline PEO6LiX samples, the conductivity is low due to two major reasons: 1.
the isolation of crystalline PEO6LiX domain by amorphous PEO; 2. misalignment of
PEO6 channels at the grain boundary between two connecting PEO6LiX crystalline
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domains. Using cellulose nanowhiskers, we guide the crystallization of PEO6LiX
complex with percolated cellulose nanowhiskers network and therefore improve the
connectivity of PEO6 crystalline domains.

This approach certainly improved the

conductivity by addressing reason 1 mentioned previously, the misalignment of PEO6
channels at grain boundary still exists. Creating uniform PEO6LiX crystalline domain
orientation by aligning cellulose nanowhiskers can effectively reduce the misalignment at
grain boundary and we expect the improvement in conduction can exceed the theoretical
limit of π/2.
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7.2 Methods for Cellulose Nanowhisker Alignment
Cellulose has been widely used as reinforcement agent in soft material. Higher
mechanical strength composite can be obtained by aligning the cellulose nanowhiskers.
From previous research, we summarize three general approaches for cellulose
nanowhiskers alignment in Table 7-1: electrical field190–192, magnetic field193–196, and
mechanical alignment186.
Table 7-1. Methods for aligning cellulose in aqueous phase/polymer matrix and
evaluation of feasibility of each method for aligning cellulose nanowhiskers in PEO+LiX
mixture.

Methods

Electrical
Field190–192
Magnetic
Field194–198
Mechanical:
Electrospun186
Mechanical:
Rheometer

Mechanical:
DMA

Feasibilit
y

Cost

Time

No

NA

NA

Yes

Low

Long

No

Low

Short

Conductivity

Structure

Modulus

measuremen

measuremen

measuremen

t

t

t

NA

NA

NA

Transmission

Stress-strain

Transmission

Stress-strain

Vapor deposit
electrodes
NA

Metal plate
Yes

Low

Short

In situ

too thick to
penetrate
Metal plate

Yes

High

Short

In situ

too thick to
penetrate

In situ G’ and
G’’
In situ E’ and
E’’
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7.2.1 Electrical field
In aqueous suspension, cellulose nanowhiskers under an electrical field E are
exposed to induced dipole moment given by p=αVE where V is the volume and α is the
polarizability that depends on the permittivity of nanoparticle and solution. The
interaction between dipole moment and applied electrical field induces a torque on
cellulose nanowhisker which facilitate alignment. Past research is limited to aligning
cellulose nanowhiskers in aqueous suspension such as water, silicon oil, etc190,192. In our
study, the solution contains LiX salts and PEO. Applying external electrical field will
induce electrochemical reaction at electrode-solution interface and these reactions is
detrimental to the preparation of solid polymer electrolytes. Thus, we conclude it is not
feasible to align cellulose nanowhiskers in PEO6LiX solution with electric field.

7.2.2 Magnetic field
Cellulose nanowhiskers can be aligned under magnetic field due to diamagnetic
anisotropy193–196,198. The diamagnetic susceptibility of cellulose nanowhiskers at the
direction that perpendicular with fiber axis (χ┴) is larger than in the direction that parallel
with the fiber axis (χ║) resulting in negative diamagnetic anisotropy (χa = (χ║  χ┴) <0).
Under magnetic field, fibers with negative diamagnetic anisotropy undergo planar
alignment where the axis is perpendicular with the direction of magnetic field as shown
in Figure 7-2.
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Figure 7-2. Planar alignment of cellulose nanowhiskers under magnetic field.

In polymer matrix, the mobility of cellulose nanowhisker is very limited
compared with solution. Thus, we align the cellulose nanowhisker in solution during
solvent evaporation. To increase the exposure time of cellulose nanowhiskers under
magnetic field and promote better alignment, we limit the solvent evaporation by limiting
the convection air flow inside the beaker. After 7 days of alignment and evaporation, we
can obtain a polymer film from the bottom of the PTFE beaker. As shown in Table 7-1,
this method enable us to further characterize the structure and performance of the
electrolyte. Aligned structure is measured with x-ray diffraction in transmission
geometry. Mechanical modulus can be measured with tensile test directly. To measure
conductivity of aligned structure, we modify the traditional method of pressing polymer
film in between brass electrodes. To avoid the change in orientation induced by heated
press, we will deposit thin gold electrodes on both sides of the polymer film at low
temperature using physical vapor deposition technique.
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Figure 7-3. Experimental setup for cellulose nanowhisker alignment at two different
orientations.

We choose two orientations for cellulose nanowhiskers alignment: “lie” in the
film vs “stand” in the film (shown in Figure 7-3). With cellulose “lie” in the film, we
expect the conductivity can be minimized as PEO6 channels are expected to be
perpendicular with the direction of conduction. We apply a vertical magnetic field using a
ring magnet. Because of negative diamagnetic anisotropy, cellulose nanowhiskers forms
chiral nematic phase with its axis (helical axis) parallel with the external magnetic field.
In the case of cellulose nanowhiskers “stand” in the film, the orientation of PEO6 channel
is expected to be parallel with the direction of conduction resulting in maximized
conductivity. To unwind the helical axis, a rotating magnetic field (10rpm) is used to
align the cellulose nanowhiskers parallel with the direction of rotation axis (shown in
Figure 7-3).
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Figure 7-4. Experimental setup for cellulose nanowhisker alignment at two different
orientations.

To verify the influence of magnetic field on orientation, we measure the PEO6
crystalline structure with x-ray diffraction. The preliminary results are shown in Figure
7-4. Without magnetic field, the diffraction pattern exhibits all the peaks from
PEO6LiClO4, suggesting isotropic crystalline domain orientation. With vertical magnetic
field, the higher angle peaks diminish and lower angle peaks intensity increases
suggesting magnetic field influences the structure of polymer film. For the sample
aligned under rotating magnetic field, a broad peak centered at higher angle is observed.
The broadening of diffraction peak could be a result of humidity from the air as well as
insufficient time for crystallization. However, the fact that diffraction intensity shifts to
higher angle suggests a different orientation. PEO6LiX is a complex crystalline structure,
to identify the origin of each peaks, further modeling is required.
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Conductivity Testing Method for Free Standing Film
In order to test the SPE conductivity after alignment, methods for conductivity
measurement without pressing the film is explored. First, we used a silver paint on the
polymer electrolyte and the electrolyte is further dried in vacuum oven over night.
Testing set up is shown in Figure 3-4. The conductivity obtained is one order of
magnitude higher than conductivity measured in between brass electrodes. This is likely
due to the residue from the silver paint slurry. Unlike small molecule solvent, higher
molecular weight component such as organic binder can be hard to be removed, these act
as plasticizer for the electrolyte and increases the conductivity.

Figure 7-5. Conductivity measured with silver paint electrodes compared with
conductivity measured from brass electrodes.
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Second option explored is gold electrodes directly sputtered onto the electrolyte
surface. During sputtering, metals atoms are ejected from the target with high energy.
Because high energy atoms can influence the substrate it is being deposited on, insert gas
molecules is used in the chamber to collide with the atoms. After going through a random
walk, the atom reach the substrate with lower kinetic energy.

Figure 7-6. (a) Cressington 108 Auto Sputter; (b) Gold layers deposition within the
sample chamber. The variation of color originates from different optical property as gold
thickness changes. (c) and (d) Two sides of gold electrodes deposite on PEO10LiClO4
film.

As shown in Figure 7-6, Cressington 108 Auto Sputter Coater is used to deposit
thin gold electrodes to PEO10LiClO4 polymer film. The resulting film is shown in Figure
7-6 (c) and (d), the dark edge is due to thin layer of gold have different optical property
than bulk gold, therefore it is not impurity. The conductivity is tested as a function of
temperature and it is compared with data taken with brass electrodes in Figure 7-7.
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Figure 7-7. Conductivity measured with thin layer gold electrodes compared with brass
electrodes for PEO10LiClO4 sample.

With gold electrodes, the conductivity is improved by on average 3-4 times. This
is likely a result of lower interfacial resistance. As gold is deposited on to polymer atom
by atom, the contact with polymer better compared with heated pressing. Because the
conductivity of polymer electrolytes varies based on the testing method20, this different is
expected.

7.2.3 Mechanical alignment
Nanofibers can be aligned under mechanical force in both liquid suspension and
polymer matrix186,199–201. Mechanical alignment can be achieved through processing such
as spin coating200 and electro-spun186, as well as mechanical stretching and shear force201.
This is the most efficient approach to align the cellulose nanowhiskers in PEO + salt
matrix compared with magnetic and electric field assisted alignment because of the short
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time-span and absence of electrochemical reactions. However, the challenge in applying
mechanical alignment method in polymer electrolyte is feasibility for further
characterization after alignment. For example, nanofillers can be aligned with shear force
in between rheometer sample plates202. If the plates are made from metals that has good
electrical conductivity, in-situ conductivity measurement can be carried out directly by
applying a AC/DC voltage. However, this method can be challenging for structural
measurement (x-ray diffraction). The metal plates used in rheometer is usually too thick
for x-ray to penetrate through. Opening the plate-sample-plate sandwich could also result
in disruption in aligned structure. Therefore, it is critical to design a device that is
convenient for alignment and further characterization.

7.3 Device Design
One of the most common and convenient method of alignment is shear alignment
on the surface of a substrate. This method has been demonstrated to improve the charge
mobility of organic semiconductors on silicon substrate37,203,204. The device geometry is
shown in Figure 7-8 (a) and the shear force can be applied directly on the surface.
Electrical property of aligned polymer can be measured by applying voltage to predeposited electrodes. Because the thickness of vapor deposited electrodes is usually less
than 500nm, the contact area of electrode-polymer interface is significantly smaller
compared with conventional electrode-polymer-electrode sandwich (contact area around
1cm2). Low contact area can result in low signal quality due to the high noise. We
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examine the feasibility of measuring conductivity with small contact area through a proof
concept experiment on indium-tin oxide (ITO) coated glass slides.

Figure 7-8. (a) A semiconductor device for polymer alignment on the surface using shear
force.; (b) ITO coated glass slides with a channel.

ITO is a conductive material and it is used as electrodes in this proof of concept
experiment. To create a channel in between electrodes, we scratch off the ITO coating
(70nm thick) with diamond tip from glass cutter. As shown in Figure 7-8 (b), instead of
using a straight channel, the zigzag shape is used to maximize the total channel contour
length. We cast PEO+salt in acetonitrile solution on the substrate followed by drying and
annealing in vacuum oven. A AC voltage is applied to the device at the sites illustrated in
Figure 7-8 (b). The conductivity measurement uses same sample environment as
electrode-polymer-electrode sandwich sample and the sample chamber is purged with
nitrogen gas environment during the measurement to avoid moisture.
The conductivity obtained from the ITO substrate and electrode-polymerelectrode device for PEO14LiClO4 is plotted in Figure 7-9. We are able to obtain reliable
signal from ITO substrate suggesting it is possible to measure conductivity with small
surface contact area. However, from this ITO substrate device, the conductivity above
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room temperature is significantly lower compared with brass electrodes based sandwich
device. This is caused by surface interaction between ITO-PEO interface and glass-PEO
interface. The oxygen on ceramic oxide surface can attract free moving Li+ and restrict its
mobility resulting in low conductivity. To avoid this artifact, surface treatment such
HMDS should be used to minimize the interaction between substrate and polymer.

Figure 7-9. PEO14LiClO4 conductivity from ITO substrate compared with conductivity
measured from brass electrodes sandwich.

From the proof concept experiment, we learned that conductivity can be measured
with device that has small contact area and the surface interaction exists at ceramic oxidePEO interface. To gain better control on the channel geometry and avoid polymerceramic oxide interaction, we replace ITO substrate with gold electrodes on Si wafer
because of easy fabrication and multiple surface treatment chemistry is available.

178

Figure 7-10. (a) Designed electrodes pattern; (b)SEM image of scratch on ITO substrate
surface (channel width shown); (c) Device from nanofabrication; (d) SEM image of
channel geometry.

The electrodes pattern design is shown in Figure 7-10 (a). The total contact area
of this device is around 0.004 mm2. We determine the channel width in Figure 7-10 (a)
by averaging the scratched channel width in Figure 7-10 (b). The detailed nanofabrication
procedure is discussed in Method chapter. Final product is shown in Figure 7-10 (c) and
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channel geometry is shown in Figure 7-10 (d). With the Si wafer based device, we can
easily align the cellulose nanowhisker by applying shear force on the surface and
cellulose nanowhiskers can be aligned in multiple angles with respect to the desired
direction of conduction by tilting the substrate during alignment.
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Chapter 8
Does the Eutectic Concentration Impact Conductivity in Solid Polymer
Electrolytes?

8.1 Introduction
The word “eutectic” means easy to melt. For a binary mixture, the composition
with the lowest melting temperature is called the eutectic composition, and this
temperature is called the eutectic temperature205. The corresponding point on the phase
diagram is called the eutectic or the invariant point. At the eutectic point, equilibrium
occurs between one liquid and two solid phases. The study of co-existing crystalline
phases and their eutectic thermodynamics is rare in polymer science but common in
binary metal alloys206–209. Above the melting points of either crystalline phase, the
eutectic composition is associated with increased concentration fluctuations, high
electrical conductivity, and superior mechanical properties210–212. Below the eutectic
temperature, formation of alternating lamellae of the two co-existing phases is predicted
by the marginal stability theory for eutectic solidification213–215.

In this Letter, we

explore the possibility that similar behavior occurs at the eutectic concentration of solid
polymer electrolytes (SPEs) for Li ion batteries. If so, the highest conductivity would be
observed at the eutectic concentration across a wide variety of SPEs; we investigate six,
with eutectic concentrations between 100:1 and 7:1 (polymer ether oxygen:Li ratio, often
used to express the concentration of solid polymer electrolytes), asking if the eutectic
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concentration and the concentration of maximum conductivity coincide, and proposing
reasons behind why they do. This contribution is of wide scientific interest, particularly
within the polymer physics community, because co-existing crystal phases are rare in
polymer science, and within the Li battery community, because it can change how we
view mechanisms of conduction.
The basis for our study is that ideas behind metal alloys can be extended to PEO +
Li salt electrolytes, with similar phase behavior that depends on ion content, as metal
alloys depend on alloy concentration80,216,217. In the polymer case, the identity of one
“component” is pure PEO, and the other is a PEO/salt co-crystal. An example is the
PEOxLiAsF6 solid polymer electrolyte (SPE). The designation x in PEOxLiAsF6 means
that there are x ether oxygens for every Li (this concentration is often cited as 6:1). As the
salt concentration changes from low to high (see supporting information, Figure S1),
three crystalline phases form: the neat PEO crystal, the PEO6LiAsF6 [PEO6] crystalline
complex, and the PEO3LiAsF6 crystalline complex [PEO3]75,77,218. At salt concentrations
less than 6:1, pure PEO and PEO6 co-exist below 50 °C. At salt concentrations greater
than 6:1, PEO6 and PEO3 co-exist below 130 °C. SPEs with ion content greater than 6:1
are not good conductors, and thus we limit our discussion to those below 6:1. In the
liquid portion of the phase diagram, PEO segmental motion-assisted conduction
dominates. Below the melting temperature, the SPE is semi-crystalline, with amorphous
PEOxLiSf6, neat PEO crystalline domains, and PEO6 crystalline domains. Neat PEO is
bad for conduction for two reasons: the PEO crystalline domains limit segmental motion
of amorphous PEO, and the “effective ion concentration” (x in PEOxLiSF6) increases,
which further decreases Li mobility. In contrast, the PEO6 co-crystal is highly
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conductive. Conduction through PEO6 is facilitated by two PEO chains that self-assemble
in a cylindrical channel, enclosing an array of Li+. The anions sit outside the channel in
the low energy solvent separated pair configuration. The conductivity of single crystal
PEO6LiSbF6 is greater than the amorphous PEO+salt equivalent79. Conduction through
PEO6 is decoupled from polymer motion, allowing high conduction with high modulus,
and providing a pathway for designing electrolytes that prevent dendrite formation. Fast
conduction in PEO6 is limited to SPES with PEO molecular weight less than 3,000 Da.
As molecular weight increases, polymer chain entanglement prevents full crystallization
of PEO6LiX, and conduction drops.
Why might the eutectic composition be important? Let’s take another example,
PEOxLiClO4, with eutectic composition 10:1, eg PEO10LiClO4. Above the eutectic
temperature, concentration fluctuations related to the underlying crystalline phase
separation create temporary PEO6LiClO4 regions (meaning that the composition in the
region is 6:1, but the structure is not necessarily the same as the PEO6 crystal structure).
If these temporary regions are locally organized in a structure that resembles PEO6, the
fast conduction of PEO6 may locally occur. This is the explanation for fast electrical
conduction of metal alloys at the eutectic composition. Upon cooling below the eutectic
temperature, thermodynamics requires phase separation into two solid phases (PEO6 and
neat PEO), but unlike metal alloys, crystallization of polymers is not complete and
amporphous PEOxLiClO4 is also present.

In metal alloys, phase separation forms

alternating lamellae of the two crystal structures[10]. Another difference between
polymers and metal alloys is the sensitivity of crystallization to thermal history[19]. Even
if alternating lamellae of the two crystalline phases is thermodynamically favored, their
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crystallization kinetics are different: PEO forms very rapidly, while PEO6 takes at least
seven days to form [13,19,20]. Thus, it is challenging to achieve such a layered pattern in
practice. An outcome of this work is that annealing at the eutectic composition and
temperature for a sufficiently long time can aid the formation of such microstructures, if
they are important for conduction.

8.2 Results and Discussion

8.2.1 PEO6 and PEO3 forming salts and their conductivities
We choose six lithium salts, as listed in Table 8-1. The most studied concentration
of polymer electrolytes is 8:1. Two of the SPEs are frequent targets of study: LiClO4 and
LiTFSI, both with eutectic concentration near 8:1. To test for correlation with eutectic
composition, we need SPEs with eutectic concentrations away from this target, thus we
include LiAsF6 (eutectic concentration 22), and LiCF3SO3 (eutectic composition 100:1).
SPEs with salt concentrations less than 8:1 are not common, but we include one: LiBF4,
with eutectic composition 7:1).
We include SPEs that do form PEO6 [as well as PEO and PEO3], (LiAsF6,
LiClO4, LiTFSI), and those that don’t, forming only PEO and PEO3, (LiI, LiCF3SO3 and
LiBF4), with the expectation that, based on the hypothesis above, the conductivity of
SPEs that do not form PEO6 will not be as sensitive to eutectic composition. As noted in
Table 1, there is a difference between these two groups. In SPEs studied using neutron
spectroscopy, salts that form PEO6 have two dynamic processes20,99,100, with the slower
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one consistent with the rotation of the PEO6 structure. The conductivity of each
electrolyte was measured at the eutectic concentration, two concentrations below the
eutectic concentration, and two concentrations below the eutectic concentration (see
Table 8-2 and Table 8-3 in supporting material).
Table 8-1. Type of salts used, eutectic concentration, the concentration of maximum
conductivity at 20°C, crystalline phases, and number of dynamic processes.

Salt
LiAsF6
LiClO4
LiTFSI
LiI
LiBF4
LiCF3SO3

Eutectic
EO:Li+
22
10
11
11.5
7
100

σmax EO:Li+
22
10
8
8
7
120

Crystalline
Phases
PEO6/ PEO3/PEO
PEO6/ PEO3/PEO
PEO6/ PEO3/PEO
PEO3/PEO
PEO3/PEO
PEO3/PEO

# of Dynamic
Processes
20,100
2
299,100
1219,220
-

Examining Table 8-1, a correlation between the eutectic concentration and the
concentration of maximum conductivity is clear. Even when the eutectic composition is
far from 8:1, such as LiCF3SO3 (eutectic at 100:1), the concentration of maximum
conductivity (120:1) is far from 8:1 as well. This suggests that the maximum conductivity
is not near 8:1 for every SPE, rather that is occurs near the eutectic concentration.
Expanding on this result, we plot conductivity as a function of salt concentration in
Figure 8-1. Starting from high ion content, the conductivity increases sharply, reaches a
maximum, and then begins a slow decline. This general behavior has been seen in SPEs
studied as a function of composition216. Conductivity depends on the number of Li ions
and how fast they move. Increasing ion content should thus increase until the segmental
polymer motion becomes too slow to promote conduction.
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We highlight three temperatures: the eutectic temperature (50˚C), and ±30˚C
away from the eutectic. For the PEO6 forming salts, top panel, the eutectic concentration
falls within the peak marking the highest conductivity, even when the eutectic
concentration roughly doubles [from 22:1 10:1].

For the PEO3 salts, the eutectic

concentration is also important for conductivity. In PEOxLiI and PEOxLiBF4, the peak is
sharp and slightly displaced from the eutectic. In PEOxLiCF3SO3, the peak is absent,
instead a large plateau includes the eutectic concentration.

Taken together, the

conductivity of PEO6 forming salts show a strong connection to the eutectic
concentration, and the conductivity of PEO3 forming salts is connected to the eutectic
concentration, although the connection is weaker than for the PEO6 forming salts.
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Figure 8-1. Conductivity as a function of salt concentration for salts used in this study
(blue: 20°C, green: 50°C, red: 80°C). The dashed gray lines are eutectic EO:Li for each
salt.

8.2.2 Correlating conductivity with eutectic concentration
With the eutectic salt concentration linked to conductivity, we now ask a tougher
question: does the distance from the eutectic concentration control conductivity across all
salt concentrations?

To do so, we introduce concentration distance from eutectic

concentration Δc:
∆𝑐 = |𝑐 − 𝑐𝑒𝑢𝑡𝑒𝑐𝑡𝑖𝑐 |
∆𝑇 = |𝑇 − 𝑇𝑔 |
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𝑐=

𝑚𝑜𝑙𝑒 𝐿𝑖
𝑚𝑜𝑙𝑒 𝐸𝑂

The concentration of Li+ is defined as amount of Li+ per ester oxygen shares and
it can be calculated as 1/x, the inverse of ester oxygen to Li+ ratio x.
Because anion chemistry has strong influences the conductivity, we minimize this
effect by normalizing the conductivity with the maximum conductivity of the same salts
at same temperature. To quantify the correlation coefficient γΔc, in Figure 8-2(a), we
describe the trend with exponential model at each temperature. The correlation
coefficient γΔc is extracted as the exponent of the equation in Figure 8-2(a). Similarly, the
correlation coefficient γTg between normalized conductivity and temperature above the
glass transition (T-Tg) is calculated.

Figure 8-2. (a) Correlation with Δc at 60˚C for unfilled PEO6 forming samples. (b)
Correlation with (T-Tg) at 60˚C for unfilled PEO6 forming samples. (c) Pearson’s r for
Δc and (T-Tg) correlation.

In Error! Reference source not found.-(a), at room temperature (20˚C), the γΔc is c
alculated to be 13.89 with Pearson’s correlation coefficient r = -0.4 suggesting a
moderate negative correlation. This indicates the influence of eutectic concentration on
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conductivity is valid for all salts that forms PEO6. As concentration deviate from eutectic
concentration, conduction drops. In comparison, we compare the correlation between
conductivity and temperature above the glass transition temperature (T-Tg). It is widely
recognized as a factor influencing ion conduction in amorphous polymer. However, in
this study. As shown in Figure 8-2(b), the conductivity is uncorrelated with (T-Tg). This
is likely due to the dependence of conductivity on (T-Tg) varies as salt species change.
The correlation quality of all PEO6 forming samples are shown in Figure 8-2(c),
the Pearson’s r increases as temperature rise meaning the statistics improves as the
temperature reaches the eutectic temperature. The Pearson’s r for (T-Tg) correlation is
significantly lower suggesting the absence of correlation. This indicates that eutectic
concentration has a more significant role in conductivity than glass transition in PEO6
forming samples. The Pearson’s r for conductivity-Δc correlation maximize at eutectic
temperature. At eutectic concentration, two phases co-exists in the form of alternating
lamellar structure. We suspect in electrolyte system, alternating PEO and PEO6LiX
complex layer structure can promote ordering in both PEO and PEO6LiX complex phase.
This especially important for conduction in PEO6LiX phase where ordering is critical for
Li ion hopping at PEO6LiX channels boundaries.

8.2.3 Temperature dependence of correlation
We expand our research topic and measure the conductivity of PEO3 forming
electrolytes and nanoparticles filled electrolytes to investigate if the influence of eutectic
concentration remains. The conductivity was measured for the same set of PEO+ salt
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electrolytes filled with 5% of acidic α-Al2O3 nanoparticles. The correlation coefficient γΔc
and γTg for all filled and unfilled samples are calculated and compared in Figure 8-3. The
correlation between conductivity and (T-Tg) is shown in Figure 8-3(c) and Figure 8-3(d).
Weak correlation (r < 0.1) is observed in both PEO6 and PEO3 forming electrolytes. As
discussed previously, this is because the influence of glass transition on conductivity
varies for different salt species.

Figure 8-3. Correlation coefficient between normalized conductivity and Δc or (T-Tg).
(a)Normalized conductivity- Δc correlation coefficient for PEO6 forming electrolytes.
(b)Normalized conductivity-Δc correlation coefficient for PEO3 forming electrolytes.
(c)Normalized conductivity-(T-Tg) correlation coefficient for PEO6 forming electrolytes.
(d)Normalized conductivity-(T-Tg) correlation coefficient for PEO3 forming electrolytes.

190

In comparison with (T-Tg) correlation, the high correlation coefficient values in
Figure 8-3 (a) and (b) suggest the influence of eutectic concentration remains consistent
for all salt species. Below PEO melting temperature, in solid state, due to the
microstructure of the electrolyte, the distribution of ions varies strongly based on salt
concentration and this causes the dependence of conductivity on eutectic concentration.
As temperature increases, PEO and PEO6 phase start to melt, the composition fluctuation
decreases and eventually diminishes above the melting temperature. In polymer salt melt,
the conductivity solely depends on the salt concentration and the influence of eutectic
structure is minimized. This is reflected in the the drop of γΔc for unfilled PEO6 forming
samples in Figure 8-3(a) as temperature increases. Based on phase diagram, the
microstructure melts from 65-80˚C and the γΔc levels off at 90˚C and 100˚C. For samples
filled with nanoparticles, the significantly lower γΔc in Figure 8-3(a) suggests
conductivity is less influenced by salt concentration. We hypothesize the surface of αAl2O3 nanoparticles can interact with PEO and promote the formation of PEO6 layer on
the surface regardless of the salt concentration. The conductivity can be improved across
all samples and eutectic concentration becomes less relevant.
For comparison, we calculated the γ’Δc for systems that only forms PEO3LiX
phase. As shown in Figure 8-3(b), presence of fillers has significantly less influence on
the correlation coefficient because PEO6 is not formed. In both filled and unfilled
samples, the γ’Δc increases as temperature increases due to an increased concentration
fluctuation at higher temperature (explained in supporting material). As the temperature
pass above the PEO melting temperature and the γ’Δc value levels off because the partial
liquid/partial solid phase structure is stabilized before the melting of PEO3LiX complex.
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8.2.4 Role of filler on PEO crystallinity
The strong difference in the response to nanoparticles between PEO3 and PEO6
forming electrolytes suggests difference in conduction mechanism and different
interactions with nanoparticles. It is widely believed that presence of nanoparticles
improves conductivity by suppressing the crystallization of PEO. However, our previous
discussion suggests the impact of nanoparticle on crystallinity varies as the polymer+salt
system changes. To address this issue, we systematically examine the influence of acidic
nanoparticle on electrolyte crystallinity for both PEO3 and PEO6 forming electrolytes.
Figure 8-4 shows the correlation between log(σfilled/σunfilled) and change in crystallinity
(Δcrystallinity) after adding nanoparticles to the electrolytes for PEO3 (left) and PEO6
(right) forming electrolytes.

Figure 8-4. Correlation between conductivity change and change in crystallinity when
nanoparticles are added. (a), PEO3 forming electrolyte. (b), PEO6 forming electrolytes.

For salts only form PEO3 complex, in Figure 8-4(a), adding nanoparticles can
both increase and decrease PEO crystallinity. This is due to the lack of interaction
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between nanoparticles and PEO/PEO3 crystalline phase (discussed in supporting
material). However, the correlation between conductivity improvement and decrease in
crystallinity is evident. This is in agreement with the current understanding that lower
PEO crystallinity creates more amorphous domains for better Li conduction.
Interestingly, this correlation is absent in electrolytes that forms PEO6 as shown in
Figure 8-4(b). The degree of crystallinity is unaffected in majority of the samples. In
DSC measurement of filled PEO6 forming electrolyte, the area under the PEO6 melting
peak significantly increases compared with unfilled sample at the same salt concentration
(shown in supporting material). This suggests that nanofillers seed PEO6 formation, and
further confirms that the fillers prefer to interact with PEO6 rather than PEO. The initial
PEO6 layer on the surface of nanoparticle can further minimizes the influence of
nanoparticles on bulk PEO crystallinity. Applying this mechanism to other salts that
forms PEO6LiX complex, we can conclude that the surface induces PEO6 domain that
aids the conduction across all the samples, especially at the concentrations that don’t
form PEO6LiX without nanoparticles. Since conductivity varies less with salt
concentration, the correlation regarding Δc drops.

8.3 Conclusion
In summary, we measure the ion conductivity for PEO based electrolytes with
different Li salts (ClO4-1, I-1, TFSI-1, AsF6-1, CF3SO3-1, and BF4-1) and investigated the
influence of acidic α-Al2O3 nanoparticles on conductivity and thermal behavior. We
demonstrate that the maximum conductivity falls near the eutectic concentration in all
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samples measured in this study. The influence of eutectic concentration is further
quantified by the correlation coefficient γΔc. The distinct temperature dependence
between PEO6LiX forming electrolyte and non-PEO6LiX forming electrolytes suggests a
different mechanism for conductivity improvement when the sample is filled with
nanoparticles. We propose eutectic concentration should be considered as guideline
concentration for future study of electrolytes for Li ion battery.

8.4 Supporting Materials

Figure 8-5. PEO-LiAsF6 phase diagram.
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Table 8-2. Sample concentrations for electrolytes that form PEO, PEO6 and PEO3 crystal structures. Fractions of PEO and PEO6
(EO/Li less than 6:1), or PEO3 and PEO6 (EO/Li greater than 6:1), assuming complete crystallization.
PEO+LiAsF6
PEO+LiClO4
PEO+LiTFSI
EO/Li X[PEO] X[PEO6] X[PEO3] EO/Li X[PEO] X[PEO6] X[PEO3] EO/Li X[PEO] X[PEO6] X[PEO3]
4
0.00
0.47
0.53
4
0.00
0.47
0.53
4
0.00
0.31
0.69
12
0.46
0.54
0.00
8
0.22
0.78
0.00
8
0.13
0.87
0.00
22
0.70
0.30
0.00
10
0.36
0.64
0.00
11
0.27
0.73
0.00
36
0.80
0.19
0.00
14
0.53
0.47
0.00
14
0.38
0.62
0.00
100
0.93
0.07
0.00
30
0.78
0.22
0.00
30
0.63
0.37
0.00

Table 8-3. Sample concentrations for electrolytes that form PEO and PEO3 crystal structures. Fractions of PEO and PEO3
assuming complete crystallization.
PEO+LiI
PEO+LiBF4
PEO+LiTf
EO/Li X[PEO] X[PEO3] EO/Li X[PEO] X[PEO3] EO/Li X[PEO] X[PEO3]
4
0.14
0.86
4.5
0.23
0.77
8
0.43
0.57
8
0.45
0.55
7
0.44
0.56
18
0.70
0.30
11.5
0.58
0.42
19
0.76
0.24
36
0.83
0.17
15
0.66
0.34
50
0.90
0.10
100
0.94
0.06
30
0.82
0.18
100
0.95
0.05
120
0.95
0.05
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Figure 8-6. DSC heat flow for filled and unfilled PEOxLiAsF6 electrolytes. (solid grey:
unfilled PEO4LiAsF6 electrolyte, dashed grey: filled PEO4LiAsF6 electrolyte, solid black:
unfilled PEO12LiAsF6 electrolyte, dashed black: unfilled PEO12LiAsF6)

8.4.1 Discussion on Impact of Nanoparticles on Crystallization
For salts form PEO6, the filler acidic surface sites prefer to interact with PEO6
rather than PEO. The stoichiometric amounts of PEO and PEO complexes [PEO3, PEO6]
are shown in Table 8-2 and Table 8-3. In samples that have significant amounts of PEO6
phase compared to PEO, the nanoparticle prefers to interact with PEO6, forming layer(s)
of PEO6 complex at the surface and thus minimize its effect on conductivity. In Figure
8-6, the 12:1 composition in PEO+LiAsF6 electrolyte contains crystalline PEO6.
However the area under the PEO6 peak is higher in the filled sample compared to the
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unfilled sample. Thus nanofillers seed PEO6 crystallization, and this further confirms that
the fillers prefer to interact with PEO6 rather than PEO. At concentration higher than
eutectic concentration (lower EO:Li+ ratio), the impact of α-alumni nanoparticle filler on
conductivity is small. This is due to PEO6 phase can be formed without presence of
nanoparticle, addition of nanoparticles have minimal effect on PEO6 crystallinity. When
salt concentration was decreased, the chance of forming PEO6 phase in SPEs decreases.
From the phase diagram, PEO3 is present at the highest concentration for all the
salts. The lack for perfect heat of fusion data for PEO3 and PEO6 makes it impossible to
calculate their crystal fraction through DSC measurement. Within the window of our
DSC measurement, we are able to capture the PEO3 phase in LiClO4, LiI and LiAsF6
electrolytes. From the area under the PEO3 peaks in Figure 8-6, nanoparticle filled SPEs
have smaller PEO3 crystal fraction than the unfilled samples with both salts. This
indicates that nanoparticles reduce crystallization of PEO3 by breaking the Li-EO
coordination in the crystal structure. The breaking down of PEO3 phase releases free ions
into amorphous PEO domain, this could have a significant influence on conductivity
when nanoparticles are added to these samples.

8.4.2 Why correlation increases as T increases in PEO3 electrolytes?
Around room temperature, crystalline PEO3 and PEO phase exists in sample with
high and low salt concentration. Because both crystalline PEO3LiX and crystalline PEO
phase are non-conductive, these two structures are equivalent regarding conductivity.
When temperature is below eutectic temperature, the conduction is only dominated by
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amorphous domain conduction and the salt concentration becomes irrelevant resulting in
low γ’Δc. In both filled and unfilled samples, the γ’Δc increases as temperature increases.
At temperature higher than PEO melting temperature (50˚C), these crystalline domains
melt; the average salt concentration in amorphous phase decreases as the ions are being
“released” into the previously crystalline PEO phase. As a result, polymer dynamic gets
faster and conductivity improves. This “melting effect” is less prominent in samples with
high salt concentration as PEO3 phase is the majority crystalline phase, thus the extent of
improvement of conductivity from melting is less. This create a difference in
conductivity above the melting temperature as salt concentration changes, therefore,
increases the correlation to the eutectic concentration γ’Δc.
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Chapter 9
Future Works

9.1 Organic Semiconductors
Based on findings from this work and literature review, the future research on
higher performance organic semiconductors can follow several paths listed below:
(1) Designing new polymers with highly conjugated backbone chemistries that

promote π-π stacking and ordering.
(2) Design new small molecules that has suppressed lattice motion.
(3) Fundamental understanding on factors influencing charge transport and theory

development.
Many work done in the past two years has demonstrated a strong progress in
achieving ultra-high charge mobility. However, the theoretical development is still very
slow. Compare with metal and inorganic semiconductor theory, the theoretical
connection between molecular motion and charge transport is still missing for organic
semiconductors due to the complexity of the system. Therefore, we encourage more
efforts on this fundamental area as future direction.
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9.2 Solid Polymer Electrolytes

9.2.1 Promoting PEO6 crystallization in PEO-PS blend
PEO-PS block copolymer is used in battery electrolyte to improve the mechanical
property and reduce dendrite formation. Ion conduction happens at PEO domain and the
conduction mechanism is facilitated by polymer segmental motion221–223. The ion content
used in these block copolymers are less than EO:Li=10:1 ratio. It is believed higher salt
concentration increases salt-polymer interaction, slows down the dynamic and decreases
the conductivity. Recently, Balsara et al. demonstrated a second conductivity local
maximum at much higher salt concentration EO:Li=5:1 ratio in PEO-PS block
copolymer224. There is no evidence suggesting PEO6 formation and the improved
conductivity is believed to be caused by increased lamellar grain size.
It is challenging to achieve crystallization of PEO6 due to the restriction effect at
the boundary junction and the smaller domain spacing could enhance the boundary effect.
To reduce the restriction effect and achieve PEO6 crystallization, PEO-PS polymer blend
should be used. The major trade off from using immiscible polymer blend is harder
morphology control compared with block copolymer. It has been reported nanoparticle
can be used to influence the phase behavior of immiscible blend225–229. From our previous
research, nanoparticle with acidic surface can also be used to facilitate PEO6 formation19.
Therefore, nanoparticles are ideal candidate to induce PEO6 formation in PS-PEO blend.
The next question is how are nanoparticles distributed in an immiscible polymer
blend. This is highly depends on the surface chemistry of the nanoparticle as well as the
chemistry of homo-polymers225–228,230,231. For precision control of the distribution, two
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common methods are usually used: changing surface group density/chemistry232,233 and
using Janus particles225,226. Due to the nature of the Al2O3 nanoparticle, changing surface
group density is not feasible. Janus is the name of the two faced Roman God. Janus
particles usually have two or more distinct surface properties. In immiscible blend,
because of the dual surface chemistries, the Janus particle prefer to stay at and stabilize
the phase boundary and further improve the mechanical stability. We propose to
synthesize Janus particle with Al2O3 surface and polystyrene surface. In PEO-PS blend,
the acidic Al2O3 side prefers to interact with PEO (shown in Figure 9-1). We believe this
can potentially facilitate the PEO6 formation in polymer blend.

Figure 9-1. Janus particle design (PS grafted on the surface of Al2O3 nanoparticle) and
expected interaction at the interface of PS-PEO blend.

Janus particles can be easily synthesis through many approaches234. PS-Al2O3
Janus particle can be synthesized through two major pathways: (1) Chemically grafting
polystyrene on to the surface of Al2O3 nanoparticles. (2) Deposit Al2O3 thin layer on PS
nanoparticles through physical vapor deposition technique (shown in Figure 9-2). The
second pathway is preferred because PS nanoparticles can be synthesized by emulsion
polymerization in aqueous phase, therefore the size of nanoparticle is flexible. The PVD
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technique enables deposition of other materials besides Al2O3 to change the surface
chemistry.

Figure 9-2. Preparation of polystyrene-Al2O3 Janus particle via physical vapor deposition
technique on a substrate.

Compared with nanoparticle, acidic cellulose nanowhisker has demonstrated
stronger effect on PEO6 crystallization. However, there are very limited number of study
on the effect of rod shaped nanofiller on the morphology control of immiscible polymer
blend. One simulation study done by Balazs et al. suggests in binary immiscible polymer
blend (A/B mixture), rod shaped nanofiller can self-assemble into needle shaped
percolated network and guide one of the domains as shown in Figure 9-3229. Cellulose
nanowhisker prefers to interact with PEO due to hydrogen bonding. If mixed with PSPEO blend above melting temperature, we expect similar assembly as shown in Figure
9-3. Note the concentration of nanorod used in Figure 9-3 is below the percolation
threshold of the rod in A domain. Based on this study when concentration of nanorod is
higher than the percolation threshold, the A domain assembles into lamellar structure
with nanorod remains at domain center as shown in Figure 9-3(D).
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Figure 9-3. Self-assembly of rods into a percolating network. (A) The 30:70 A/B mixture
without rods. (B) N= 340 rods of length L= 13 (a number density of 7%) and no fluid.
(C) Rods and A/B mixture after 100,000 time steps. (D) Representative lamellar
morphologies. N=1000, L=11. White regions are A domains, blue regions are B domains,
dark lines in the white areas depict rods. Readapted with permission from reference [229],
Copyright © 2000, The American Association for the Advancement of Science.

We believe such type of geometry is extremely beneficial for conduction. The
conduction through PEO6 channel is 1-D conduction and the PEO6 channel forms along
the long axis of cellulose nanowhisker. If the assembly of cellulose nanowhisker follows
the prediction in Figure 9-3, the PEO domain will be highly oriented and we expect an
significant improvement over conductivity and mechanical stability of the electrolyte
film.
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9.2.2 Manually change PEO6 geometry by anion doping
Previously in Chapter 6, we reported an increase in PEO6 radius as the cellulose
nanowhisker surface acidity increases. The increased radius decreases the interaction
strength between Li and oxygen, thus decreases the activation energy barrier for Li
hopping. Are there any other factors influencing the geometry of PEO6? From previous
research, anion chemistry is known to be critical to the lattice constant. This also include
mixed anions which has non-linear influence on lattice constant188,189.
For example, Bruce et al. demonstrated a correlation between conductivity and
lattice constant at “a direction” in PEO6:Li(AsF6)1-x(SbF6)x mixed anion system as shown
in Figure 9-4. The “a direction” is the axis direction of PEO6 channel and the direction
for Li ion conduction. In Figure 9-4 (a), with 10% of doping, the lattice parameter a
reaches a local minimum and the conductivity reaches local maximum. The Li hopping
activation energy shown in Figure 9-4 (b) is minimized at 10% as well. Same observation
can be made for 90% doping.
This has strong similarity with PEO6 in acidic cellulose nanowhisker filled
samples. Because of the slight mismatch on the surface, cellulose lattice constant at axis
direction is 1Å smaller than PEO6 channel. When PEO6 is attached to cellulose surface,
we expect some extent of contraction at a direction. We expect lattice parameter a to
decrease as acidity increases because of stronger interaction strength. As a result, lower
activation energy is observed with sample filled with cellulose nanowhiskers of higher
acidity. QENS study suggests the radius of PEO6 increases as cellulose nanowhisker
surface becomes more acidic. We suspect the increase in radius is caused by the
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contraction at axial direction. The decrease in a brings Li ion sites closer; increase in
radius reduces the coordination strength, and the activation energy drops as a result. This
analogy can be applied to explain observation in Figure 9-4 as well.

Figure 9-4. Conductivity of PEO6:Li(AsF6)1-x(SbF6)x. (a) Conductivity isotherms, black,
and variation of a lattice parameter, red, as a function of x. Dotted line represents a linear
variation of a with composition. (b) Ionic conductivity as a function of temperature.
Activation energies are given on plot. Reprinted with permission from reference [188],
Copyright © 2006, American Chemical Society.
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To verify our hypothesis that conduction is highly related to lattice structure of
PEO6. We propose to create more variations in lattice constants by doping acidic
cellulose nanowhisker filled PEO6LiClO4 system. Previously, we achieved high room
temperature conductivity and high PEO6 crystallinity with molecular weight of 600K Da.
Doping LiClO4 with a different salt specie can potentially change the lattice constant and
increase the conductivity. The series of salt will be used should include PEO6 forming
salt and non-PEO6 forming salt. Lattice constant, conductivity, activation energy will be
collected and compared. Although PEO6 radius can’t be directly calculated from its
monoclinic lattice constant, it can be obtained with QENS through EISF analysis using
rotation model118.

9.2.3 Manually control PEO6 radius with metal-organic-framework (MOF)
Metal organic framework (MOF) is a class of hybrid materials and has been
widely used in

gas storage, separation, purification, catalysis, as well as

supercapacitors235–240. The wide range of application is a result of its diverse structure and
chemistry. MOF has porous structure with different pore radius and shapes241. MOF also
has superior mechanical stability with elastic modulus at scale of GPa242,243. It is
considered as an ideal host for liquid electrolyte for Li-ion batteries to improve the
overall mechanical stability. Balsara et al. have demonstrated a room temperature
conductivity of 3.1×10-4 S/cm using modified Mg2(dobdc) metal organic framework
(shown in Figure 9-5). Li alkoxide is introduced to the pore and the alkoxide anion is
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chemically attached to Mgδ+ site leaving Li+ as a free cation. EC/DEC and LiBF4 is
introduced consequently to increase the charge carrier density.

Figure 9-5. Structure of Mg2(dobdc) and the scheme for its modification to form the solid
electrolyte. A representation of a cross-sectional view along a channel of the solid is
shown at the lower right [R = -CH2CH2(EC) or-CH2CH3(DEC)]. Reprinted with permission
from reference [235], Copyright © 2011, American Chemical Society.

Previously, we discussed that increasing radius of PEO6 could be beneficial due to
weaker interaction between Li and ester oxygen can decrease the energy barrier for Li
hopping in PEO6 channel. Naturally PEO6 has a radius around 7Å. If we can introduce
oligomeric PEO and Li salt into a larger pore within MOF structure, due to the internal
surface carry partially positive charge, ester oxygen and anions are attracted to the
surface and the Li+ are opposed by the surface resulting in a structure shown in Figure
9-6. In this way, we can manually create a PEO6 like channel within each MOF pore. The
size of the channel can be controlled by using MOF with similar chemistry but a different
pore size. A larger pore size could be beneficial to ion transport, however, if the pore size
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becomes two large, the internal channel structure may collapse. Therefore, a careful
MOF selection is required.

Figure 9-6. Demonstration of PEO6 like channel organization with in MOF pore. Partially
positive surface attracts polymer chains (solid black and grey) and anions (red). Li ion
(brown) remains in center.
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Appendix A

Abbreviations
BASIS
CNCS
CNW
DCS
EISF
GIWAXS

backscattering spectrometer
cold neutron chopper spectrometer
cellulose nano-whisker
disk-chopper spectrometer
elastic incoherent structure factor
grazing incidence wide angle x-ray scattering

HFBS
INS
KAR
KWW
MD
ND

high-flux backscattering spectrometer
inelastic neutron scattering
kinematically allowed region
Kohlrausch-Williams-Watts function
molecular dynamic
neutron diffraction

P3AT
P3HT
PEO
QENS
SANS
SAS

poly(3-alkylthiophene)
poly(3-hexylthiophene)
polyethylene oxide
quasi-elastic neutron scattering
small angle neutron scattering
small angle scattering

SAXS
SPE
TFT
THF
WAS
WAXS

small angle X-ray scattering
solid polymer electrolyte
thin-film transistors
tetrahydrofuran
wide angle scattering
wide angle X-ray scattering

XRD

X-ray diffraction
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Appendix B
Other Results

B.1 Effect of P3HT Molecular Weight and Mixing on Charge Mobility
The molecular weight dependence of charge mobility suggests tie-chain
connecting crystalline domains are responsible for promoting charge transport16,244,245.
Regioregular P3HT is a semi-crystalline polymer. Charge transport processes between
crystalline domains includes: inter-chain hopping at crystalline-amorphous interface, and
intra-chain hopping in amorphous domain. The energy barrier for inter-chain hopping is
high because of insufficient π-π stacking at interface, therefore it is the rate limiting step.
Here, tie-chain serves as bridge for fast transport between crystalline domains and replace
the inter-chain hopping by intra-chain hopping. With higher molecular weight, more tiechain connections between crystalline domains are possible, therefore, higher charge
mobility can be achieved.
We proposed to investigate the effect of tie-chain on charge mobility by blending
10% of 70K regioregular P3HT into 10K regioregular P3HT. These regioregular P3HT
are synthesized using different catalyst concentration during polycondensation
polymerization. In this case, a small amount of 70K P3HT should be sufficient to connect
crystalline domains. Transistor fabrication procedure is described in Chapter 3. The spin
coated device is shown in Figure B-1. Spin-coated P3HT blend on thin film displays two
colored regions. We believe this is a result of phase separation because of the molecular
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weight difference. Charge mobilities are measured from 15 devices and the average
mobility of the P3HT blend is plotted in Figure B-2.

Figure B-1. (a) Mixed molecular weight P3HT thin film transistor device. (b) Zoomed in
image showing phase separation.

Figure B-2. Charge mobility of P3HT with different molecular weight and mixed P3HT.
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The charge mobility increases from 3K to 70K. However, blending 70k with 10k
doesn’t yield mobility higher than the linear averaged mobility from each molecular
weight. This is likely caused by insufficient incorporation of 70k into 10k P3HT.

B.2 Charge Mobility of Regiorandom P3ATs
Field effect mobility of poly(3-alkylthiophene)s are measured with TFT device.
These are the polymers used for dynamic study in Chapter 4. Results are shown here:

Figure B-3. Charge mobility of regiorandom P3HT with different side-chain length.
Right panel shows devices from which the mobility is measured.

The charge mobility drops two orders of magnitude as side-chain length increases
from 6 to 12 carbon. It is possible that as side-chain length increases, the effective charge
transport fraction (thiophene backbone) decreases causing drop in charge mobility.
However, the contribution from the factor mentioned above in mobility drop should be
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very small as the thiophene backbone is percolated (otherwise, no conduction). For
example, a study from Gomez group on P3HT/PCBM blend shows only two-fold
mobility drop as the conductive domain fraction changes from 100% to 60% in
percolated regime246.
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B.3 Phase Transition in BTBT and Derivatives Revealed by Neutron Diffraction
Neutron diffraction data can be extracted from dynamic structure factor measured
at CNCS by integrating intensity at elastic line as shown in Figure B-4.

Figure B-4. Extraction of neutron diffraction data from S(Q,ω) by calculating elastic
intensity as a function of Q along the elastic line.

Because CNCS has time resolution, the elastic intensity S(Q, ω=0) obtained from
this method eliminates inelastic scattering. In a traditional diffraction setup where the
instrument can’t differentiate energy, the scattering intensity collected is an integration
across all energy range while keeping Q as a constant:
+∞

𝑆(𝑄) = ∫

𝑆(𝑄, 𝜔) 𝑑𝜔

−∞

CNCS is not an instrument built for diffraction, the angle resolution is lower compared
with high resolution diffractometers. However, analyzing the diffraction part in S(Q,ω) is
helpful for understanding the dynamic data in Chapter 5. In this section, the diffraction
data from 1.9meV and 26meV measurement is shown. The measured Q range for 1.9meV
incident energy is from 0.1 to 1.7Å-1 and 0.8 to 6.4Å-1 for 26meV. In Chapter 5, to
distinguish the in-plane and out-of-plane dynamic, 0.2-1.25 Å-1 is used to calculate outof-plane dynamic and 1.25-6 Å-1 is used to calculate the in-plane dynamic.
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B.3.1 BTBT diffraction

Figure B-5. BTBT diffraction extracted from S(Q,ω) measured on CNCS. (a) High Q,
26meV. The 60K diffraction is removed due to error during measurement. (b) Low Q,
1.9meV. Intensity represent real neutron counts collected. Shaded area are diffraction
peaks from aluminum sample can (subtracted). Bottom red: 360K, count upwards, reduce
30K for each line.
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Diffraction of BTBT at low Q and high Q are shown in Figure B-5. As
temperature increases, the baseline of diffraction drops linearly. Detailed peak position
shift can be seen in Figure B-5(b). The (00l) planes shifts after 270K and the d-spacing
increases from 11.22Å to 11.64Å. The intensity under (00l) peaks drops significantly
after the transition. The (hk0) planes peak position shifts slowly as temperature increases.
This is likely a result of thermal expansion.
In DSC experiment, an endothermic peak is observed at heating cycle at -30°C.
However, no significant transition is observed in neutron diffraction and dynamic scan at
this temperature. A weak “Tg like” transition is observed around 40°C. This could be
caused by the structural transition.

Figure B-6. DSC heating scan of BTBT molecule.
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B.3.2 mC8-BTBT diffraction

Figure B-7. mC8-BTBT diffraction extracted from S(Q,ω) measured on CNCS. (a) High
Q, 26meV. The 60K diffraction is removed due to error during measurement. (b) Low Q,
1.9meV. Shaded area are diffraction peaks from aluminum sample can (subtracted).
Bottom red: 360K, count upwards, reduce 30K for each line.
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In Figure B-7, the diffraction of mC8-BTBT is shown. The structural transition is
evident at 300K. (00l) diffraction peaks intensity decrease. The most significant change is
(001) peak. The intensity drops significantly and split into two peaks (0.162Å-1 and
0.201Å-1). When zoom in on the (001) peak, we found at low temperature peak (001) has
a main peak at 0.162Å-1 and a shoulder at 0.201Å-1 (shown in Figure B-8). It has been
previously reported at room temperature mC8-BTBT can exists in two crystalline
forms167. We suspect this persists at lower temperature. Increasing temperature seems to
impact one of the form more than the other.

Figure B-8. mC8-BTBT diffraction extracted from S(Q,ω) measured on CNCS. Zoom-in
on (001) diffraction peak. Bottom red: 360K, count upwards, reduce 30K for each line.

The heating scan from DSC shown in also suggests two crystalline peaks coexists as two melting peaks are observed. From 10 to 70°C, a broad exothermic transition
is observed. This is likely caused by the transition as seen in neutron diffraction. The
temperature range is much wider in DSC is due to we measure signal during heating
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while in neutron measurement, samples are equilibrated at certain temperature before
measurement.

Figure B-9. DSC heating scan of mC8-BTBT molecule.

B.3.3 dC8-BTBT diffraction
At 300K, the elastic intensity drops because side-chains gains mobility. (110)
plane is related to π- π stacking (shown in Figure B-10). After 300K, the diffraction peak
from (110) shifts left and the peak becomes narrower (as observed in both Figure B-11
and Figure B-10). This suggests the transition at z direction is somehow promoting higher
degree of order at x and y plane. The structure transition in dC8-BTBT happens at much
lower temperature: around 180-210K. The (00l) plane diffractions start to shift to left
during that temperature range (shown in Figure B-11).
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Figure B-10. mC8-BTBT diffraction extracted from S(Q,ω) measured on CNCS. (a) High
Q, 26meV. The 60K diffraction is removed due to error during measurement. (b) Low Q,
1.9meV. The diffraction planes are labeled. Shaded area are diffraction peaks from
aluminum sample can (subtracted). Bottom red: 360K, count upwards, reduce 30K for
each line.
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Figure B-11. dC8-BTBT diffraction extracted from S(Q,ω) measured on CNCS. Zoom-in
on (001) diffraction peak. Bottom red: 360K, count upwards, reduce 30K for each line.
The dC8-BTBT elastic intensity shown in Chapter 5 has an increase during this
shift suggesting the molecular motion is decreased. We suspect this shift is caused by the
reorganization of alkyl side-chains that changes the d spacing at z direction. DSC heating
scan of dC8-BTBT only covers a limited temperature range of the reorganization. We
observe a weak exothermic peak at -30°C while heating suggesting a cold crystallization
like behavior.

Figure B-12. DSC heating scan of dC8-BTBT molecule.
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B.4 Powder Averaged Phonon Dispersion
Traditionally, phonon dispersion is measured with single crystal at preferred
orientation using triple axis spectrometer. With powder sample, if phonon exists, the
dispersion curve measured from time of flight spectrometer overlap on top of each other.
Figure B-13 demonstrated a calculated dynamic structure factor from powder sample for
an inorganic crystalline material. For complex systems, it is challenging to differentiate
individual dispersion curve. At lower energy, the dispersion curve spread from Bragg
diffraction; around high energy, the dispersion curves overlap, forming a vertical band
with high intensity.

Figure B-13. Calculated S(Q,ω) map (on a logarithmic intensity scale) for a skutterudite
in which La guest atoms are encaged in a Fe-Sb network. The vertical Q-axis extends
from 0 to 5 Å−1. The horizontal, energy axis extends from 0 to 35meV. Obtained from
Book “Dynamics in Soft Matter: Neutron Application” Reference number: [247, 248].

We observe similar feature in our powder measurements with BTBT, mC8BTBT, and dC8-BTBT. The S(Q,ω) is shown in Figure B-14.
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Figure B-14. S(Q,ω) measured for BTBT, mC8-BTBT, and dC8-BTBT at 270K. Incident
neutron energy is 6.3meV.
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We observe acoustic phonon like branch spreading from the diffraction line. The
diffraction plane from which the phonon dispersion originates from is labeled. We
believe low energy phonons exists in these materials, however, due to the complexity of
the system, it is challenging to isolate individual dispersion lines. To fully investigates
vibration dynamic, single crystal should be used and phonon density of state should be
calculated using DFT to compare with experimental data.
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B.5 Phase Separation in PEO8LiClO4 After Long Thermal Annealing
This accidental discovery comes from a sample that was annealed in vacuum oven
at 50°C for 3 month. This sample has 8:1 EO to salt ratio, and is filled with 1wt% of -OH
cellulose nanowhiskers. Different from regular uniform SPE samples that are usually
prepared in our lab, this sample has two visible phases with significantly different
mechanical property. There are stiff areas and soft areas as shown in Figure B-15. Stiff
region is thicker and feels like hard solid and the soft region is thinner and has a rubber
like property.

Figure B-15. Filled 8:1 sample on sample holder before x-ray diffraction. Stiff and soft
areas are labeled.

The X-ray diffraction data is taken from both region and shown in Figure B-16.
Diffraction from unfilled 8:1 sample with the same salt concentration that was annealed
for same period is plotted for comparison. In the stiff sample, we observe diffraction
peaks from both PEO6LiClO4 crystalline complex and PEO crystal. The (021) peak has
anisotropic diffraction suggesting preferential orientation exists. The soft sample
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diffraction has two amorphous halo, both broad peak originates from disordered PEO6
structure. In comparison, the unfilled sample is dominated by PEO crystal diffraction and
weak diffraction PEO6LiClO4 crystalline complex diffraction peaks are observed.

Figure B-16. (a) X-ray diffraction obtained from stiff and soft region. Annealed unfilled
8:1 sample is also measured for comparison. The diffraction peaks from PEO crystal and
PEO6LiClO4 crystalline complex is labeled. (b) 2-D diffraction image of stiff sample
shows anisotropy. (c) 2-D diffraction image of soft sample. (d) 2-D diffraction image of
unfilled sample with same 8:1 concentration.
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It is possible to form PEO6LiClO4 crystalline complex at 8:1 salt concentration
based on the phase diagram. However, the formation for large pure crystalline domains
(5mm) with PEO6LiClO4 and PEO crystals co exists is not expected. Because the PEO
molecular weight used is in this research 600K Da, entanglement prevents the
reorganization of polymer chains into cylinder morphology. This is the reason unfilled
sample have demonant PEO crystallization other than PEO6 crystallization. We suspect
despite the surface acidity, cellulose nanowhiskers can promote the crystallization of
PEO6LiClO4 if enough time is given. As for the large separation length scale between
stiff and soft domain, we believe it is caused by non-uniform distribution of cellulose
whiskers.
To investigate the arrangement of crystalline PEO and PEO6LiClO4 domain,
SAXS is used to measure morphology at larger length scale (shown in Figure B-17). In
both 8:1 sample, despite the difference in X-ray diffraction, both demonstrates lamellar
structure of alternating domains. Combining XRD data discussed previously, in the stiff
region, alternating phases in lamellar are likely PEO6 and PEO crystals. The scattering
from stiff region is anisotropic suggesting lamellar stands in the film. In filled 10:1
sample, two different types of lamellar is observed. Position for all peaks are identified
and d-spacing is calculated in Table B-1. The later one have similar Q with PEO6
lamellar and the low Q lamellar has similar d spacing compared with PEO 14:1 sample
which demonstrates crystallization of PEO crystals. This can be explained by the fact that
10:1 is the eutectic concentration where PEO and PEO6 crystalline domains are expected
to co-exists.
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Figure B-17. (a) SAXS obtained from 8:1 stiff/soft region. Filled 10:1 and 14:1 sample
are also measured. (b) 2-D scattering image of stiff sample shows anisotropy. (c) 2-D
scattering image of soft sample. (d) 2-D scattering image of filled 10:1 sample. (e)2-D
scattering image of filled 14:1 sample. Peak positions are labeled.

Table B-1. Peak positions and corresponding d spacing from SAXS.
Sample

Q1(Å-1)

Q2(Å-1)

d (nm)

8:1 soft

0.046889 0.100004 13.4001263

8:1 stiff

0.029191 0.056879 21.5243918

10 low Q

0.011925 0.027368 52.6891841

10:1 high Q
14:01

0.048317

0.09898

13.004088

0.010497 0.020487

59.856961
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Figure B-18. (a) SAXS obtained from 8:1 stiff integrate at two different directions to
yield anisotropic scattering profile. (b) Demonstration of areas that are integrated.

The scattering intensity of anisotropic stiff sample is integrated along high
intensity and low intensity direction as shown in Figure B-18. Lamellar feature is
prominent at one direction while the perpendicular in-plane direction shows no
significant feature. The origin of such type of preferential orientation is still unclear. In
block copolymer, the self-assembly of standing lamellar is often guided by creating
alternating domains on substrate surface that has chemistry favors one block over
another249–253. The sample is annealed on PTFE film to avoid the SPE sticking to
polystyrene petri-dish. The surface of PTFE film is uniform and the interaction between
PTFE and PEO is small. The presence of cellulose nanowhiskers can guide the
crystallization of PEO6. However, in filled 6:1 samples, the scattering is isotropic,
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therefore, cellulose nanowhisker is irrelevant to the preferred orientation. Another
method for directional crystallization is to use solvent that is crystallizable to guide the
formation of polymer crystals or block copolymer254,255. However, in our case, liquid
acetonitrile is used and no extra procedure is taken. Therefore, solvent is not the effect
causing the orientation. Because 8:1 filled sample segregate into stiff and soft regions.
The stiff regions are thicker compared with soft regions. We suspect before thermal
annealing; the alternating nuclei of each crystalline domain are formed isotopically. The
alternation is likely caused by the diffusion of salt into PEO6 domains causing low salt
concentration domain to be crystallized into PEO. This idea is similar with eutectic
solidification. During eutectic solidification, the growth direction is parallel to the
lamellar direction. It is possible somehow the standing lamellar is favored and the growth
in the direction both perpendicular to substrate and parallel to the substrate results in
thicker film.

B.6 Effect of Humidity on PEO6LiClO4 Crystallinity
PEO based SPE is sensitive to moisture. Past research have investigated the effect
of moisture on low salt concentration SPE80. Here, we investigate the effect of moisture
on PEO6 crystalline structure measured with X-ray. In grazing incidence X-ray
diffraction geometry, the X-ray beam only penetrate through a thin layer on the surface of
PEO6 film. Figure B-19 demonstrates the effect of moisture on crystallinity of PEO6.
Two measurements are performed with 20minutes for the first scan and 1 hour for the
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second scan. Incident angel is 5 degrees and the collimator used is 0.3mm. The water
update is significant during the second measurement and the crystallinity decreases as
more water is absorbed. This suggests these films should be handled in low moisture
environment. Transportation in desiccator is recommended.

Figure B-19. Grazing incidence diffraction pattern for same sample measured in air.

B.7 Effect of Cellulose Nanowhiskers on Microstructure at Low Salt Concentration.
In Chapter 6, we discussed the effect of cellulose nanowhisker on PEO6
crystallization at 6:1 ratio. The surface chemistry is important to the interaction between
polymer and cellulose nanowhiskers. Will this kind of interaction persist at lower salt
concentration? Here, we compare the diffraction pattern from 14:1 samples filled with OH and -OSO3H cellulose nanowhiskers in Figure B-20.
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Figure B-20. (a) X-ray diffraction image of PEO14LiClO4 filled with 1wt% of -OH
cellulose nanowhiskers. (b) X-ray diffraction image of PEO14LiClO4 filled with 1wt% of
-OSO3H cellulose nanowhiskers.

Figure B-20(a) has two diffraction rings due to the crystallization of PEO. In
Figure B-20(b), on top of PEO diffraction rings. Two symmetric bright spots are
observed within the ring. This is the diffraction from (210) plane of PEO6LiClO4. The
presence of PEO6LiClO4 structure suggests high acidic cellulose nanowhiskers can
promote formation of PEO6LiClO4 crystalline complex even at lower salt concentration.
The diffraction from PEO6LiClO4 is anisotropic in Figure B-20(b) while the diffraction
from PEO remains isotropic. It is possible that crystallization of PEO promotes the
ordering of cellulose nanowhiskers, therefore, the PEO6LiClO4 crystalline complex
formed on cellulose retains such order.
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B.8 Polyelectrolyte Complexes
When polyanion and polycation aqueous solutions are mixed, the polymers bind
together under electrostatic force and precipitate from the solution. Salt is often added as
the third component to influence the extent of aggregation256,257. Figure B-21 shows
phase behavior of simple polyelectrolyte complex (PDAC and PSS) with NaCl in water.

Figure B-21. (a) Structure of PSS and PDAC. Reprinted with permission from reference [256].
Copyright © 2016, American Chemical Society. (b) Diagram of PDAC–PSS behavior as a
function of salt concentration and PDAC content. Regions a, b, and c stand for PECs that
are colloidally stable, unstable, or dissolving, respectively. The insets depict possible
PEC configurations that lend themselves towards specific phase behavior. Reproduced
with permission from reference [257]. Copyright © 2015, Royal Society of Chemistry.

These polymers have ion content higher than ionomers, are potential materials to
promote ion aggregations in polymer electrolytes. Instead of using water as dielectric
media, we propose to use PEO. In preliminary study, NaClO4 is used as the salt because
it is weakly binding. By increase the concentration of polyelectrolyte complex in PEO,
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we can achieve percolated aggregation. Na ion can be conducted through the stable core
under similar mechanisms proposed for ionomer systems258,259.
The ratio between PEO chains and polyelectrolyte complex used in this study are:
2:1, 10:1, 20:1, and 50:1. We also add NaClO4 with a concentration of PEO14NaClO4.
Polyelectrolyte complex is directly used for testing without further dialyzing, therefore
the salt species include NaCl and NaClO4. Because PDAC has poor solubility in
acetonitrile, we use water as solvent for film preparation. PEO is first dissolved in
deionized water, PDAC solution is added to PEO solution while stirring. NaClO4 solution
is then added to the mixture, followed by addition of PSS solution in water while stirring.
Sample is placed in warm water bath to allow water to evaporate overnight, then
annealed at 50°C in vacuum oven for 2 days to ensure removal of water. The appearance
of PEO-PEC films is shown in Figure B-22.

Figure B-22. PEO-PEC films. PEO concentration increases from left to right. Top panel
is samples with NaClO4 at 14:1 concentration, No NaClO4 is added to bottom panel
samples.
On the left side, with high PEC concentration, the dried film is brittle and has a
texture like potato chips. As PEO content increases, the materials gains toughness.
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Bottom panel samples are more brittle compared with top panel samples. Likely caused
by higher extent of PEO crystallization in absence of NaClO4 as observed in DSC (shown
in Figure B-23).

Figure B-23. DSC heating scan of PEO-PEC films. Samples are labeled as PEO-PSS
because PSS and PDAC have same molar ratio. (a) Without NaClO4. (b) With NaClO4.

Figure B-23(a) suggests PEO crystallizations happens in all samples without
additional NaClO4. The melting temperature of PEO changes as the PEC concentration
change. This is likely caused by a variation of local environment. Further investigation
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should include scattering and imaging techniques. Addition of NaClO4 suppress PEO
crystallization as shown in Figure B-23(b). Two melting peaks are observed for 2:1
sample, this is likely caused by PEO is partially confined by PEC. However, further
structural investigation is needed.
The conductivity is measured at room temperature (25°C) using method described
in Chapter 3. In Figure B-24, we compare the conductivity of PEO-PEC films with and
without NaClO4. The conductivity is lowest at 50:1 concentration without NaClO4. This
is likely because lack of PEC aggregation at low concentration causing absence of charge
carriers. Samples with NaClO4 have higher conductivity because salt suppress the PEO
crystallization and increases its mobility. The conductivity reaches maximum at 20:1
concentration, we believe this is where PEC percolates.

Figure B-24. Conductivity of PEO-PEC films. Measured at room temperature.
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B.9 Structure in PEO-Mixed Sodium Salts System
Conduction in ionomers are facilitated by ion aggregation and segmental
motion96,97,104–106,258–262. Ion aggregates exists in various forms. In MD simulation, string
like aggregates is believed to facilitate super ionic conduction. We mimic the ionomer
system by creating aggregates using strongly interacting salts in PEO (600k Da) and
weakly interacting salts are dispersed in amorphous matrix as separated pairs. In this
study, we mix sodium acetate (NaAc) and sodium perchloride (NaClO4) in PEO. Because
NaAc is the strongly interacting salt, the extent of aggregation can be controlled by
changing its concentration.

In this section the structure and thermal property is

investigated with XRD and DSC.

Figure B-25. Aggregation in PEO6NaAc sample observed in MD simulation at 343K.
Only salts are shown. Molecular weight of PEO used is 3.5k Da. Simulation done by
David Caldwell II and Ahmed Sherif Badreldin.

The ion content used in this study is EO:Na=6:1. The anion specie varies from 0%
acetate to 100% acetate. As shown in Figure B-25 with 100% NaAc, percolated ion
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aggregates network is observed. The extent of solvation of NaAc in PEO is low.
However, this aggregated network can be utilized for ion transport once weakly
interacting NaClO4 is added. The X-ray diffraction from low NaClO4 fraction electrolyte
films are shown in Figure B-26. Two major diffraction peaks at 1.35Å-1 and 1.62Å-1
suggests extensive crystallization of PEO despite the high salt concentration. We also
observe diffraction peak from pure NaAc component (0.62Å-1, diffraction reference data
taken from [263]) suggesting experimentally, NaAc precipitates from PEO.

Figure B-26. XRD of PEO6Sodium mixed salts at higher NaAc fraction. Overall salt
concentration 6:1. The number behind NaAc indicates the fraction of NaAc used. X-ray
data is taken using Mo radiation source.

Now the question is NaAc precipitated completely? If we look at the diffraction
pattern closely, a series of peaks present at high Q and these peaks doesn’t match with
diffraction from pure NaAc. The length scale these peaks are representing is smaller than
4Å. Possible explanation is this reflect certain kind of periodicity of NaAc in aggregates.
To confirm this idea, pair-distribution function g(r) will be calculated in simulation.
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Another way to examine this is by considering the thermal property using DSC (shown in
Figure B-27). With 100% NaAc, two exothermal transitions are observed. The first
around 50-60°C originates from melting of PEO. Because there is no evidence that PEO8,
PEO6, or PEO3 crystalline complex structures presents in the sample from XRD, the
second broad peak is likely a result of thermal transition related to ion aggregates.

Figure B-27. DSC heating scan of PEO6NaX mixed salts. Overall salt concentration 6:1.
The number behind Na indicates the percentage of NaAc used.

As we increase the fraction of weakly interacting NaClO4, the area under PEO
melting peak decreases suggesting NaClO4 is being solvated by PEO to prevent the
crystallization. Above 20% NaClO4, the melting peak seems to split into two separated
peaks, we suspect this is a result of minor cold crystallization before or during melting
transition. This could be caused by the complexity of the system, the local environment
of PEO is significantly different. The area under the higher thermal transition peak
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decreases as more NaClO4 is added. This is caused by the decrease in the extent of
aggregation. The transition temperature shifts to the right, the origin of this is still
unknown. Structural investigation before and after the transition is needed.

Figure B-28. XRD of PEO6Sodium mixed salts at lower NaAc fraction. Overall salt
concentration 6:1. The number behind NaAc indicates the fraction of NaAc used. X-ray
data is taken using Mo radiation source.

When NaClO4 fraction becomes dominant, the PEO crystallinity diminishes and
the films transit into amorphous state as suggested by decreasing diffraction intensity
from PEO crystal in Figure B-28. With 100% NaClO4, the diffraction pattern resembles
crystalline PEO3NaClO4 complex218. The predicted morphology change from XRD and
DSC is summarized in Figure B-29. Figure B-29 (d) demonstrates the large NaAc
aggregation and PEO crystalline domains present in sample due to NaAc is a strongly
interacting salt. As weakly interacting salt NaClO4 is added, the crystalline domain
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diminishes and the extent of aggregation decreases. Amorphous sample is seen at 40%
NaAc fraction and demonstrated in Figure B-29(b).

Figure B-29. XRD of PEO6Sodium mixed salts. Overall salt concentration 6:1. The
number behind NaAc indicates the fraction of NaAc used. X-ray data is taken using Mo
radiation source. In the demonstration figure, green represent NaAc, red represents
NaClO4, shaded area represents PEO crystal. The PEO3NaClO4 crystalline complex structure
in Figure (a) is Reproduced with permission from reference [218]. Copyright © 1992, Royal
Society of Chemistry
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GPC Spectra
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Appendix D
1

H NMR Spectra

The proton NMR spectra for polymers and small molecules synthesized is listed in the
following page.
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