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ABSTRACT
Nanostructured carbon materials are perhaps the most widely studied adsorbents, and
cryogenic nitrogen adsorption is likely the most common method to assess textural
properties of adsorbents. Yet, in-situ vibrational spectroscopic studies of nitrogen’s
interactions with three nanostructured carbon materials have provided new insight into
carbon-nitrogen interactions.
In this dissertation I present the work of 2 projects: (i) Study of the interaction of N 2
with different carbon geometries at a molecular level and (ii) exploration of novel C-H
interactions on carbon materials via mechano-chemistry. Both of these projects utilize
in-situ Raman spectroscopy for exploring gas-surface interactions. Chapters 2 and 3
explore the interaction of molecular Nitrogen on carbon surfaces. With complementary
theoretical studies and systematic experimental studies at various temperatures and
pressures for different surfaces, I demonstrate how the spectroscopic peak features of
N 2 gives an indication of gas-surface binding energy, pore structure, and surface
chemistry. Using 1D and 3D carbon architectures, spectroscopic perturbation of N 2 is
probed as a function of adsorption potential and pore dimension, and the spectroscopic
response is mapped to the cryogenic volumetric adsorption isotherms. Whereas the
latter required multiple days and ~100 mg of sample, the spectroscopic technique
provided similar structural information in the matter of a few hours for a few
micrograms of the sample. It is anticipated that the development of the site-specific
spectroscopic technique will advance the understanding of adsorbent geometry versus
chemical functionality in a way not possible with deconstruction of bulk gas adsorption
measurements of pore dimension, surface area, and diffusivity.
The second project probed mechanochemical means to
polymerize aromatics and hydro-aromatics in the presence of hydrogen in an attempt to
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form localized carbon cages that trap hydrogen. Interesting aspects of the phase change
of the carbon structures have been demonstrated with complex characterization
techniques utilised throughout this project are described in Chapter 4 and 5. The
introduction (Chapter 1) provides an overview on vibrational spectroscopy, porous
carbons, theoretical models for porosity measurements and mechanochemistry and
Chapter 6 summarises the conclusions with some future directions.
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EPIGRAPH
“A scientist in his laboratory is not a mere technician: he is also a child confronting
natural phenomena that impress him as though they were fairy tales.”
-------- Marie Curie
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Chapter 1: Introduction to the importance of Nitrogen entrapment and Carbon
materials
1.1 History of Nitrogen fixation
One of the oldest and most important reactions involving Nitrogen is the Haber-Bosch
process of Ammonia synthesis (Scheme 1). Discovered by two German chemists Fritz
Haber and Carl Bosch in 1910, the Haber-Bosch process is the most significant reaction
of fixing Nitrogen from air. In the late nineteenth century the demand for Nitrates and
Nitrogen fertilizers increased and hence provided a great challenge for the synthesis of
ammonia in the industrial scale [1, 2]. This single most reaction was the key point of
preventing mankind from starvation when it was on the verge of a great famine.
N2 +3H2

2NH3

(∆H= -92.4kJ/mol)……….(1)

The chemistry of Nitrogen has evolved and developed for its applications as an
adsorbate for pore size analysis [3] and atomic Nitrogen as a dopant for electronic
applications [4], propellants and explosives (polymeric Nitrogen) [8].This chapter will
include an introduction into the different applications of N2, theory behind the models
for pore size determination using Nitrogen adsorption isotherms, and spectroscopic
evidences reported in the literature to study gaseous interactions onto porous surfaces at
a molecular level. This will also introduce the types of porous carbons and how they
can be tuned for gas storage purposes. The latter part (Section 1.4) is related to our
attempts to trap hydrogen in carbon cages using high pressure (discussed in Chapter 45).
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1.1.1 Nitrogen within confined geometries for electronic applications
The interest in Nitrogen entrapment within confined geometries has begun because of
the tremendous amount of theoretical work that has gone into the molecular level
studies of gases within confined geometries. C60 acts as a great model for carbon caged
structure. Experimental work of Nitrogen confinement within carbon nanostructures
shows Nitrogen to exist as (i) atomic Nitrogen as substitutional atomic impurities in the
carbon network, (ii) as molecular N2 intercalated between the graphite layers of
nanotubes (structure of nanotubes described in Section 1.3), (iii) trapped as molecular
N2 inside the compact nanobells in nanotubes and (iv) exohedrally bonded to the
nanotube’s surface [7]. Position of Nitrogen with regards to the carbon nanostructure is
important as it determines the macroscopic properties of the system.

Figure 1-1: Structure of endohedral Nitrogen (N2@C82) [7]

For all potential electronic applications using carbon nanostructures with Nitrogen
dopants the systems mostly studied in the literature are atomic nitrogen intercalated into
SWNTs or fullerenes. Kotakoski et al [5] showed that N atoms can be easily
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exohedrally implanted in the nanotube atomic network by means of low energy ion
irradiation. Kang and Jeong [6] demonstrated the role of nanotube chirality in
determining the distribution of nitrogen impurities on the carbon structure, concluding
uniform distributions for zigzag tubes and island formation for arm-chair structures.
Barajas-Barraza et al were the first to study endohedral N2 (Fig 1-1) confined within a
C60 structures [7]. In their studies they had utilised DFT calculations to determine the
structural properties of N2 encapsulated within the fullerene structure where they obtain
the reactivity of N2 changes with gas pressure. According to their studies it was seen
that with increased density of Nitrogen, the Nitrogen molecules form clusters within the
encapsulation (Fig 1-1) with adsorption on the carbon wall. Such studies are significant
as it provides an indication of the Nitrogen storage capacities of the carbon structures.
Moreover clustering and polymerization of N2 chains have also been studied in Single
Walled Carbon nanotubes [8] and is of interest because of their potential applications as
explosives or propellants.
1.1.2

Nitrogen as an adsorbate for surface area and pore size analysis

Adsorption isotherms generally follow one of six forms (Fig 1-2). IUPAC classifies
these six forms as follows: Type I-indicates the isotherm typical to adsorbents which
are microporous. Type II - It indicates the formation of an adsorbed layer whose
thickness increases with relative pressure. The point at which there is completion of
monolayer formation and multilayer starts is known as the B-point. This type indicates
isotherms of adsorbents which have relatively large pores, including mesopores (pores
2-50nm) and macropores (pores >50nm). Type IV-The initial region of these isotherms
are closely related to the Type II isotherm however the larger pores lead to a rapid rise
in the intermediate pressure zone and a hysteresis loop. The hysteresis loop arises due
to the filling of the mesopores by capillary condensation. Type III isotherms are
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materials where the adsorbate-adsorbate interactions are stronger compared to
adsorbate-adsorbent, it has no B point and is convex relative to the x-axis. Type V- It is
initially convex and levels off at high relative pressures. It has a hysteresis loop
showing the pore filing mechanism. Type VI is associated with layer-by-layer
adsorption on a highly uniform surface [9].

Figure 1-2: The six types of adsorption isotherms [9].

Nitrogen is most commonly used as an adsorbate for surface area and pore size analysis
as it is inexpensive. The isotherm is studied at 77 K which is the boiling point of N2,
thus collection of an adsorption isotherm at 77 K up to 1 bar leads to study of the
adsorption isotherm up to the condensation point of nitrogen, and thereby ensuring
maximum uptake of the adsorbate [10-11]. In order to compute the porosity from the
adsorption isotherm several models are available for pore size determination. The
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classic models for pore size analysis are based on the use of the Kelvin equation [12],
but more commonly applied models include the Horvath and Kawazoe (H-K) [13] and
density functional theory (DFT) models [16]. The DFT model for pore size analysis
should be differentiated from the DFT method used to calculate electron density in ab
initio molecular simulations. The latter utilizes the density of electrons, whereas the
former considers the density of the adsorbed phase.
The Kelvin equation provides a way to relate pore filling pressure to pore size, and is
represented by the following formula:
𝑃𝑃

2𝛾𝛾𝛾𝛾

𝑙𝑙𝑙𝑙 𝑃𝑃 = − 𝑟𝑟𝑟𝑟𝑟𝑟…………………………(2)
0

Where P0 is the saturated vapour pressure at T (the temperature), γ is the surface
tension, V is the molar volume of the liquid, r is the radius of the cylindrical pore, R is
the gas constant. This method is commonly applied to the mesoporous region of the
Type IV isotherms. The above equation (2) allows us to calculate the pore radius for
any P/P0 on the isotherm. The use of the Kelvin equation for pore size analysis has been
questioned because the method cannot be used for cases when the pore size approaches
the molecular dimensions. The limitations of this model led to the development of other
models.
1.1.2.1 Horvath-Kawazoe (H-K) model
This model proposed by Horvath and Kawazoe in 1983 which is based on the
assumption of micropore filling and equating the free-energy change upon adsorption to
the average interaction energy of the adsorbing molecules, i.e.:
𝑃𝑃

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 �𝑃𝑃 � = 𝑈𝑈0 + 𝑃𝑃𝑎𝑎 …………………………(3)
0
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Here, U0 denotes the adsorbate-adsorbent interaction and Pa denotes the adorbateadsorbate interaction. This model takes into consideration that the isotherm follows
Henry’s law and hence pore sizes estimated by the H-K model for the higher micropore
size range (0.8-2nm) are very low in some cases. Later adaptations of the model
allowed for Langmuir-like adsorption isotherms and alternate geometries.
1.1.2.2 Density Functional Theory Model (DFT)
Another model employed for pore size analysis that is gaining acceptance is the Density
Functional Theory (DFT) as a precise method compared to the classical Kelvin model.
The DFT model allows for pore size analysis from the N2 isotherm in both the
microporous (0.2-2nm) and mesoporous (2-50nm) materials via a single method. The
DFT model computes Nitrogen adsorption on porous carbon via local mean field
approximation with an assumed geometry (4), then computes a probability distribution
function of different dimension pores to match the experimental measurement [14, 15].
Precise determination of the pore size distribution from Nitrogen isotherm has
been a challenge. The classical models (i.e. Kelvin and H-K) assume the pressure of
capillary condensation to be directly related to the pore size [16, 17]. This becomes less
accurate as the pore size approaches the molecular size of the adsorbate. This clearly
shows that the classical models are not very suitable in the microporous region because
they do not take into consideration the interaction between the molecules in the
opposite films. Another aspect which is not taken into consideration is the increase in
the adsorption energy due to overlapping of wall potentials in the micropore. In
contrast, the DFT model defines the composite adsorption isotherm as the integral of
single pore isotherm multiplied by the pore size distribution, i.e.
𝑤𝑤

𝑁𝑁(𝑝𝑝) = ∫𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓(𝑤𝑤)𝜌𝜌(𝑃𝑃, 𝑤𝑤)𝑑𝑑𝑑𝑑…………………..(4)
𝑚𝑚𝑚𝑚𝑚𝑚
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where N(P)is the number of moles adsorbed at a pressure P, wmin and wmax are the
widths of the smallest and largest pores present and ρ is the molar density of Nitrogen
at a pressure P occupying a pore of width w.
Modifications of the DFT model are now able to approach systems with varied pore
geometries and adsorbate types. Lueking et al. have validated the the DFT methodology
for pore size determination against the Grand Canonical Monte Carlo (GCMC)
simulation method [75]. In their study they have used the DFT and the GCMC
simulation to calculate the adsorption isotherm for Ar and H2 in slit shaped pores at
77K. Their results concluded that the DFT method predicts sharper condensation
transition for subcritical Ar at 77K whereas the GCMC method predicts a smooth pore
filling. These differences in the theoretical adsorption lead to subtle differences in the
predicted PSDs generated from experimental Ar adsorption isotherms collected at 77 K.
Understanding the working principles and assumptions of these models would help us
in the design of novel methodologies for pore size determination.

1.2 Use of vibrational spectroscopic methods to study gas-surface interactions
1.2.1 General Overview of Vibrational Spectroscopy
Vibrational spectroscopy is one of the most important tools to probe the interaction of
materials at a molecular level. Raman spectroscopy is a spectroscopic technique based
on inelastic scattering of monochromatic light, usually from a laser source. Inelastic
scattering means that the frequency of photons in monochromatic light changes upon
interaction with a sample. Photons of the laser light are absorbed by the sample and
then re-emitted. Frequency of the reemitted photons are shifted up or down in
comparison with original monochromatic frequency, which is called the Raman effect.
This shift provides information about vibrational, rotational and other low frequency
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transitions in molecules. Raman spectroscopy can be used to study solid, liquid and
gaseous states. While infrared (IR) spectroscopy is sensitive to changes in the dipole
moment, Raman spectroscopy is sensitive to vibrations which cause a change in
polarizability [18-22].
Both IR and Raman spectroscopy can be employed for studying gas adsorption but the
choice of spectroscopy would be based on the bonding nature and symmetry of the gas
molecules. Typically, symmetric molecules like H2 or N2, which do not possess a dipole
moment, would be candidates for Raman spectroscopy: their bond vibrations cause a
change in the polarizability and this would make them Raman active. In polar
molecules like CO or CO2, the bond vibrations cause a change in dipole moment and
this makes them IR active. However, in some exceptional cases these principles change
when the molecules are influenced by a surface, as discussed in this section.
1.2.2 Raman spectroscopy
The literature provides very few examples in which experimental Raman spectroscopic
studies are used to probe the interaction of gases on porous surfaces. A study by Peter
Eklund and his group probed the behaviour of H2 within the confined geometry of
Single Walled Carbon Nanotubes (SWNT) [23]. According to their in-situ Raman
spectroscopic studies the H-H bond vibration shows a perturbation as a result of
confinement of H2 molecule within the SWNT (Fig 1-3). Comparative studies done on
Highly Oriented Pyrolytic Graphite (HOPG) showed no perturbation, indicative of the
fact that perturbation mainly arises due to the confinement of H2 within the interior of
the SWNT. The degree of shift observed from the Raman spectroscopy of the Q branch
(-1.8cm-1) confirmed that the interaction is physisorptive, i.e. little to no charge transfer.
Specifically, in the case of charge transfer, the degree of shift in the spectra is expected
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to be on the order of ~ 2000cm-1 per electron [24].This is an important example
showing the potential of using in-situ Raman spectroscopy as a tool to study the
confinement of gases and obtain important information about the type and the degree of
interaction between the adsorbate and the adsorbent. This study has been further
explored in the case of I2 and Br2 interaction with SWNT. In addition to the molecular
vibration of the adsorbate, a shift in the carbon D peaks (sp2 disorder mode) and G
peaks (sp2 C=C stretching mode) suggested the interaction was primarily due to charge
transfer, with Br2 acting like an acceptor [25]. Other systems such as ice clathrates have
also utilized Raman spectroscopy as their tool to verify endohedral occupation of N2
[26, 27].

Figure 1-3: Q-branch data for H2 on SWNT at 8 and 4 atm, together
with data for C60 and HOPG at 4 atm [23].
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1.2.3 FTIR spectroscopy
FTIR is an important tool for studying gas adsorption specifically with molecules
possessing a dipole moment. Yves Chabal and co workers have explored several such
cases. As an illustrative example, the unusual uptake of CO2 compared to N2 by a
particular flexible Metal Organic Framework (MOF) was probed by in-situ IR
spectroscopy [28]. Free N2 is not IR active as it does not possess a dipole moment
however on interaction with the MOF it shows an induced dipole moment with a weak
peak at 2325cm-1. The spectroscopic studies provided molecular-level insights on how
the specific chemical functional groups of the MOF led to the selectivity.

Figure 1-4: FTIR spectra of CO2 adsorption of flexible Metal Organic Framework (MOF) showing
the CO2 to be preferentially adsorbed on the C=C bond site [28].

Specifically, this IR study demonstrated that the most favourable interaction site for the
CO2 were the C=C double bond sites present in the MOF; a shift in the C=C stretching
mode (Fig 1-4) was indicative of interaction with CO2. In case of CO2 adsorption, an IR
band at 2334 cm-1 was observed, indicating a downshift of 15 cm-1 (from the
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unperturbed value at 2349 cm-1) of the asymmetric C=O stretch mode of the CO2. In
comparison, the N2 showed a downshift of only 5cm-1 prominent only at -190°C [28].
Similar studies have been seen for SO2 adsorption on MOF showing π-π stacking
within the structure as a result of SO2 adsorption [29].The adsorption of CO on two
different types of MOFs were studied by Lueking et al. According to their gravimetric
adsorption studies, two similar Cu-paddle wheel based MOFs (namely Cu-BTC and CuTDPAT) both strongly chemisorbed CO; with data supporting chemisorption to the
open metal site of the Cu paddlewheel [30].

Figure 1-5: FTIR spectra of (A–C) B(SA), and (D) aged B(RU)-1 at 150 K in 0.34 bar CO
(1–3),and subsequently, in 0.34 bar Ar to retain chemisorbed CO (4–11).(Right) FTIR spectra
of T at 150 K in excess CO exposure (1–3) and in Ar purging to remove gas phase CO for CO
chemisorption (4–6). The number represents the sequence of each spectrum, where (0) was
collected in Ar purging before the sample was exposed to CO. Spectra(4) is a transient as CO
was being removed. No evidence for CO chemisorptions was observed for any pretreatment
temperature, adsorption temperature, or sample preparation method [30].

Yet, the presence of perturbation in the spectra of the adsorbed CO was seen in IR
only in the case of Cu-BTC, but not for Cu-TDPAT, despite similar open metal binding
sites (Fig 1-5). The FTIR inactivity of CO chemisorbed to Cu-TDPAT was attributed to
the orientation and/or packing of the CO relative to the Cu binding site.
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In case of Cu-TDPAT where the number of CO molecules adsorbed per Cu atom were
4 and hence due to the orientation and cancellation of the dipole moment the CO
adsorbed onto Cu-TDPAT did not show any perturbation. This work showed the
inactivity of using CO adsorption on MOFs to determine the defects using in-situ FTIR
spectroscopy.

In addition to the study of MOFs, the adsorption of CF4 also has also been studied on
SWNT [31]. Infrared spectroscopy has been used to make the first experimental
discrimination between molecules bound by physisorption on the exterior surface of
carbon single-walled nanotubes (SWNTs) and molecules bound to the interior sites.

Figure 1-6: FTIR of CF4 adsorption on SWNT showing different shifts for adsorption onto the
interior and exterior sites [31].

In their study they employed both open and closed nanotubes. In case of closed
nanotubes the CF4 only binds to the exterior site, while in case of open tubes the CF4
gas was adsorbed both on the exterior and interior sites (Fig 1-6). What was observed
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experimentally is that CF4 when adsorbed on to the exterior site of the SWNT shows a
red shift of 15 cm-1 however when adsorbed on to the interior sites it shows a red shift
of 35 cm-1 for adsorption studied at 133K. The gas phase CF4 shows an IR active stretch
at 1282 cm-1.The larger shift from the gas-phase frequency of the ν3 mode of internal
CF4 in comparison to the external CF4 is due to much stronger interaction of CF4 with
the interior walls of SWNTs. In case of open tubes the CF4 had two binding sites the
external and the interior, however in case of closed nanotubes the CF4 only goes into
the exterior sites. This study shows the importance of vibrational spectroscopy in
determining the site occupancy of the molecule within the SWNT and establishing a
relationship between the degree of shifts and binding energy.
Most of the studies of in-situ IR spectroscopy as a probe for gas adsorption have been
limited to molecules which possess a dipole moment. However interestingly it has been
shown by Palamino and co-workers that H2 adsorbed to Magnesium-exchanged zeolite
shows an IR active peak at 4056 cm-1[32].

Figure 1-7: Variable-temperature FTIR spectra (zeolite blank subtracted) of hydrogen adsorbed
on (Mg, Na)-Y. Temperature, in K, and pressure (mbar, in brackets) are as shown [32].

14
Free hydrogen is a symmetric molecule with a stretch at 4165cm-1, however due to the
polarization effect of the Mg2+ it creates an induced dipole moment. This serves as an
important example of showing that gases which are IR inactive in the free state can
become IR active on interaction with specific surfaces.

1.3 Porous carbon materials
Porosity in carbon materials is mainly of two types: (i) Cylindrical pores (as in Single
Walled Carbon nanotubes), (ii) Slit pores (as in the case of activated carbon). Single
walled carbon nanotubes from their discovery in 1991 by Iijima [33] have shown
tremendous potential for various applications such as gas storage and electronic
applications [34, 35]. Single walled carbon nanotubes are 1D cylindrical structures
which are made from rolling a single atom thick layer of graphene. Based on the angle
at which they fold they can have different chiralities which determine their electronic
properties and nature i.e. metallic or semiconducting [36]. Carbon nanotubes are mostly
capped but can also exist as open tubes by high temperature treatments [37]. Carbon
nanotubes have been studied extensively for Hydrogen storage and Nitrogen adsorption
as well [38-42]. Dillon et al [43] were the first to study hydrogen uptake on SWNTs.
Subsequent developments were made to modify the surface chemistry of SWNTs and
increase the hydrogen uptake by oxidation of the SWNT to create defects which would
facilitate the hydrogen binding into the SWNTs [44]. Other methods involve metal
doping and trapping hydrogen via spillover mechanism has also been studied [45-47].
In case of open SWNTs the gas molecule can adsorb onto both the interior sites and the
interstitial sites which have different binding energies. Interesting cases of gas
entrapment have been reported where Ar was trapped within the SWNT and was
verified by energy dispersive x-ray spectroscopy scans. These were known as the
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“World’s smallest Argon cylinders” [48]. Nitrogen adsorption isotherms have also been
extensively studied [49-52]. Most of these studies have been directed towards studying
the effect of purification methods on the Nitrogen isotherms. To the best of our
knowledge there is no evidence in the literature dealing with theoretical or experimental
studies of N2 adsorption using vibrational spectroscopy on SWNTs and this thesis will
utilize SWNTs as a model for cylindrical pores to study the molecular level interaction
of N2 within such geometries.

Figure 1-8: Structure of an open Single Walled Carbon Nanotube [53]

Activated Carbons are complex heterogeneous structures which can be visualised as an
assembly of graphitic planes in a roughly parallel fashion giving rise to a slit like pore
model (Fig 1-9). Most of the current characterisations for ACs are based on this model.
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Figure1-9: Diagram showing the structure of (left) non-graphitizing and (right) graphitizing
carbon [54]

However there are certain drawbacks of the simplified model in explaining the actual
structure of the activated carbon. The individual graphene planes may have crystalline
stacking order. A wall may carry surface functionalities. In addition the simplified
model assumes the structure to be rigid however realistically there will be a dialation of
domains due to pressure tensors within the pore system [55]. Attempts have been made
to improve the simplified model which assumes a homogeneous structure with the
graphitic planes in a parallel format to form a slit like pore. S. Bhatia [56] suggested
that the pore wall units must have a thickness in the range of 1-3 graphene planes
leading to decrease the wall potentials assumed in the simple model. According to his
correction the adsorptive potential of a wall unit composed of n graphene planes can be
calculated by the following formula:
2

𝜎𝜎
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𝑓𝑓𝑓𝑓
𝜑𝜑𝑓𝑓𝑓𝑓 = 2𝜋𝜋𝑝𝑝𝑠𝑠 𝜎𝜎𝑓𝑓𝑓𝑓 ∑𝑛𝑛−1
𝑖𝑖=0 [5 �𝑧𝑧+𝑖𝑖∆�

𝜎𝜎

4

𝑓𝑓𝑓𝑓
− �𝑧𝑧+𝑖𝑖∆
� ]………… (5)

Where φfs is the potential acting on a single adsorptive molecule at a distance of z from
n planes with a distance of ∆. Other modifications by Ustinov and Do [57] assume that
the pore wall adsorptive potentials are variable with no correlations to the wall
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thickness and pore size. Understanding of the working principle of the different models
formulated for pore size analysis would be instrumental in our attempt to design
improved methods for porosity analysis.
1.4 Tuning structures of materials at high pressure in an attempt to trap gases
One of the major concerns and challenges in the science of gas entrapment is to trap it
under ambient conditions (room temperature and pressures below 100bar) and release it
when required. The two domains of gaseous adsorption are mainly (i) Physisorption
(Binding energy<=0.1eV) and (ii) Chemisorption (Binding energy>1eV). Physisorption
is too weak a force to hold and sustain the molecule at ambient conditions [58].
Chemisorption on the other hand is too strong a force and hence does not release the gas
easily under room temperature conditions. Hence there is a need to have a material
which can bind with the gas molecule having a binding energy in the range 0.1 to
0.9eV. The interactions which fall within that window are namely Spillover [59-61],
Kubas binding [62] and Enhanced physisorption [63].

Figure 1-10: Figure showing the different binding energies of Hydrogen on different surfaces [64].
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Trapping of gases via repulsive forces in a confined geometry is a novel concept. High
pressure is generally used as a tool to minimize the free volume where the kinetic
diameter of the gas will be of the order of the cage diameter. This can be explained by
the Lennard-Jones potential where it shows that when the distance between the gas
molecule and the surface is large there is only a weak van der Waal type interaction
between the two. As the distance between the gas and the surface becomes smaller and
smaller the gas molecules interact with the surface through repulsive interactions,
appearing due to the overlap of electron clouds (Fig 1-11). Hence by use of high
pressure it is possible to change the geometry of the carbon structure and reach a point
where the gas molecule will be trapped via strong interactions due to the overlap of
electron clouds. Such confinement can be utilised in storage of several gases with
different applications, especially for achieving high density at low pressure. Most of the
experimental work using high pressure, directed towards this concept has been studied
for hydrogen because of its potential application in the energy storage department.

Figure 1-11: Diagram showing the Lennard-Jones potential [65].
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High pressure is an important tool for tuning the structure of materials for gas
storage. One such example is provided by Mao and co-workers where they have
studied the high pressure behaviour of ammonia borane in presence of hydrogen
which led to the formation of a new phase with a hydrogen content of 8-12 wt% of
molecular H2 along with the chemically bonded hydrogen. This was studied by
compression of NH3-BH3 (AB) in a diamond anvil cell (DAC) [66].

Figure 1-12: (Left) In-situ Raman spectroscopy of the H2 peak on Ammonia-Borane under high
pressure, Effect of high pressure on the (A) N-H mode and the (B) B-H modes [66].

The formation of the new phase led to two new H2 peaks at 4153cm-1 and 4233cm-1
(Fig 1-12).The large shift in the H-H bond shows the strong intermolecular interaction
between the H2 and the AB. Similar studies have been done for H2 and GeH4 and H2+
SiH4, and also seen in the case of clathrates [67-69].
Other than uniaxial stress, shear forces have also been employed for the release and
trapping of hydrogen. Ball milling of anthracite coal with cyclohexene led to the release
of molecular hydrogen and formation of a Diels-Alder adduct [70].The cyclohexene
under the presence of the shear force released hydrogen to form a benzyne intermediate
which reacts with the anthracene part of the anthracite coal to form a Diels-Alder
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cycloadduct (Fig 1-13). The cycloadduct thus formed trapped the hydrogen released
which was monitored by Raman spectroscopy. As a result of ball milling there was an
increase in the photoluminescence background which is an indication of the increase in
hydrogen content [71]. Further on probing the changes on the H-H stretching region
(Fig 1-14) it was seen that in addition to the free H2 stretching mode at 4165cm-1 there
are two other peaks at 4125cm-1 and 4377cm-1 indicative of trapping of H2 in the newly
formed cage. Other than high pressure there are examples of tuning the cage structure
of clathrates via chemical modifications [72].

Figure 1-13: Schematic showing the possible reaction mechanism after ball milling. Formation
of a caged Diels-Alder product by the 4+2 addition of anthracene moiety and cyclohexene [71].

Figure1-14: Visible Raman (633 nm) and BMT* samples after (a) 3 days and (b, e) 1 year, relative
to (c) the BMT precursor. Dashed lines reflect observed background photoluminescence. (d) A
representative HRTEM of the BMT* sample shows a defective (quasi-amorphous) carbon
structure [71].
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1.4.1 Retention of porosity at high pressure
One of the limitations of studying porous materials or caged molecules under high
pressure is that the first force which will be destroyed under extreme conditions is the
destruction of the porous geometry. Recent developments in the high pressure studies of
mesoporous carbons and coesites (single-crystalline mesoporous high-pressure silica
phases) under high pressure have shown the retention of porosity even after extreme
compression. Fei et al. have reported the synthesis of mesoporous diamond from the
compression of CMK-8 (a grade of mesoporous carbon) at 21GPa and 1600°C [73].

Figure 1-15: (A) TEM and (B) SAED of diamond product obtained at 21 GPa and 1600 °C [73].

The observation of the formation of a porous phase at high-pressure conditions is
counterintuitive, but was explained by considering elastic strain effects, crystallizationinduced volume shrinkage, the high kinetic inertness of diamond at high temperature,
and the possible formation of superhard graphite-like intermediates. A multianvil cell
was used for milligram scale production of the product and porosity was confirmed by
Kr adsorption on a 0.6mg sample showing a surface area of 33m2/g. Because of the
lack of methods for probing porosity in the microscale the multianvil cell had to be used
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for milligram scale synthesis. The SAED (Selected Area Electron Diffraction) of the
compressed product confirmed diamond formation (Fig 1-15B). Similar reactions have
been reported by the same group, where they have demonstrated the formation of
single-crystalline mesoporous high-pressure silica phases (coesite) from periodic
mesoporous silicas without the aid of templates [74]. Such examples act as an
aberration towards the general line of thinking regarding the behaviour of porous
materials under extreme conditions and lend support and interest towards exploration of
the high pressure chemistry of porous materials and carbon nanostructures for gas
storage applications.

1.5 Goals of this Dissertation
This dissertation has the following goals:
1. At first I aim at achieving a fundamental understanding on how N2 interacts within
porous carbon geometries at a molecular level using vibrational spectroscopy and
adsorption kinetic studies. Use of in-situ vibrational spectroscopy allows to pin-point
the specific binding sites and the effect of surface functionalities (Chapter 2).
Adsorption kinetic studies help assess the capabilities of these porous materials for
trapping and release of N2 for commercial applications. Studying the effect of N2
vibrational modes on pore size in different porous geometries in carbon materials
(SWNTs and ACs) is useful in gaining a better understanding on the behaviour of
Nitrogen within different confined geometries. This is instrumental in drawing an
analogue between the traditional method for pore size determination by volumetric N2
adsorption and developing a novel methodology of pore size determination in the
microscale using Raman spectroscopy for carbon materials (Chapter 3).
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2. The latter part of this thesis deals with the tuning of carbon molecules under high
pressure to probe the release and trapping of hydrogen (Chapter 4 and 5). In-situ Raman
spectroscopy is used to probe the phase changes in the carbon structures
(Hydroaromatic systems and molecules with internal free volume) and their interactions
with molecular hydrogen. The latter work is in line with the Department of Energy’s
(DOE’s) attempt to explore novel materials and mechanisms for hydrogen storage.
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Chapter 2: Understanding the interaction of Nitrogen with Polymer of Intrinsic
microporosity (PIM-1) by vibrational spectroscopy, adsorption and kinetic studies
Abstract: This work is the first in a series aimed at studying the role of host-guest
interactions in microporous carbon materials and perturbation of the Nitrogen molecule
in confined geometries. The goal is to assess the use of in-situ vibrational spectroscopy
as a probe of local pore structure and surface chemistry in porous materials. Here, we
explore the perturbation of the vibrational mode of N2 in the confined geometry of a
Polymer of Intrinsic Microporosity (PIM-1), as the pore size is reduced with UV
irradiation. The N2 vibrational mode becomes infrared-active in the pores of PIM-1,
thereby establishing a weak dipole-dipole interaction. Relative to non-functionalized
porous carbon materials, a relatively strong perturbation of the N2vibrational mode is
found at room temperature, consistent with a strong π-π stacking interaction between
the C-N group of PIM-1 and N2, and thereby demonstrating sensitivity of the
spectroscopic N2 probe to surface chemistry. As the pore size of PIM-1 is reduced via
UV irradiation, the degree of perturbation of the N2 molecule is increased, as shown by
Raman spectroscopy. The diffusivity of N2 relative to Ar on PIM-1 is studied in the
Knudsen regime to assess the effect of π-π stacking interactions on diffusion rates.
2.1 Introduction
Nitrogen confinement in porous carbon materials has been of interest because of the
design of structures used for purification of air [1], high-density gas storage containers
[2], new optical devices [3], chemical sensors [4] etc. Nitrogen within confined
geometry can change the carrier concentration of the carbon nanostructure and thus can
tune the electronic properties of the carbon material for various electronic applications
[5]. Previous work related to the study of N2 within confined geometry at a molecular
level has mostly been limited to theoretical studies of endohedral C60 [6]. Based on
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these studies, the N2 molecule within C60 has a repulsive interaction; however as the
concentration of N2 increases within C60, the interaction is not necessarily repulsive.
The study further reveals that N2 with different loading concentrations have different
molecular conformations (zig zag, arm-chair) within the confined geometry. Further
Nitrogen’s extra π electrons have a greater interaction with functionalized porous
materials which are stronger than the van der-Waal type of interactions. At a molecular
level, the interaction of N2 within porous geometries causes a change in the bond
strength of the N-N bond (either bond softening or hardening based on the type of
interaction) [7]. Hence the use of vibrational spectroscopy can be instrumental in
investigating the degree and type of interaction N2 has within a porous geometry for
better design of materials for electronic applications.
Vibrational spectroscopy has been used in the past to study the confinement of N2 in
distorted cages [7] and was shown to experience more attractive interactions than in
spherical cages where the interaction is more repulsive with a downshift in the N-N
stretching mode. Raman spectroscopy is an important tool for understanding host-guest
interactions of gases within different environments at a molecular level. Recently
researchers have investigated low temperature Raman spectroscopy of N2 within
clathrates concluding the N-N interaction to be attractive in nature [7]. Raman
spectroscopy has proven to increase the understanding of this interaction based on the
varying degree of peak shift, peak shape and intensity.
Polymers of Intrinsic Microporosity (PIM-1)(Fig 2-1) are a unique class of organic
polymers which are porous because of the presence of a spiro centre that prevent
rotation of the polymer chain and causes them to possess internal free volume(IFV).
PIM-1 is unique compared to other porous carbon nanostructures because of the
presence of C-N surface functionalities. The permeability and selectivity of PIM-1 for
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gas separation can be tuned via chemical modification of the nitrile group or
photochemical modification of the spirocentre [9, 10, 11]. Because of such structural
attributes these polymers possess a high surface area and can be probed for N2
adsorption and entrapment. As compared to other porous carbons such as Activated
Carbons (AC) and Single Walled cabon nanotubes (SWNTs), PIM-1’s ability to (i)
reduce the porosity by simple means (thermal or photochemical) and (ii) the presence of
CN surface functionalities, make them a unique candidate for the study of N2 adsorption
and storage.
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Figure 2-1: Polymer of Intrinsic Microporosity (PIM-1)

Activated carbon (AC) is treated as a slit pore where as SWNTs are considered as
cylindrical pores. Both of these structures have a graphitic polyhedral and because of
the variation in the pore dimensions and geometry, it offers several binding sites for N2
to interact with. In this study I present in-situ vibrational spectroscopic studies on the
interactions of N2 and PIM-1 showing changes in the N-N stretching mode as a function
of pore size. UV irradiation is utilised to tighten the polymer chain and reduce the interchain spacing. This establishes a direct relationship between the N-N stretching mode
with the conformational changes in PIM-1. Further I establish the effect of C-N surface
functionalities on the strong interaction between N2 and PIM-1 at room temperature by
comparative studies with ACs and SWNTs. I also study the kinetics of adsorption of N2
on PIM-1 and compare it to that of Ar to investigate the effect of π-π stacking
interaction between CN and N2 on the diffusion rate. These studies are significant as it
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demonstrates the molecular level behaviour of N2 within CN functionalized porous
carbon medium.
2.2 Methods and Materials
Materials: All reagents, solvents were used without further purification as purchased.
Distilled DMF was used for the synthesis of PIM-1. Maxsorb-AC and SWNT were
purchased from NREL and Thomas-Swan respectively. Synthesis: PIM-1 was
synthesized using a previously published method established by Budd and McKeown
[12].Membrane Preparation: Membranes of PIM-1 were prepared using a previously
demonstrated method [9].The membranes were prepared by dissolving 2(w/w) % of
PIM-1 powder into DCM. The polymer solution was filtered and then ring casted onto
Silicon wafers. Dense membranes were formed after 3days at room temperature (300K)
and dried at 120°C under high vacuum for 24hrs. Sample termed modified PIM-1 was
synthesized by a previously published method [11]. The synthesis was done by amide
modification of PIM-1 by a base catalysed reaction. PIM-1 powder was treated with
10% NaOH solution (H2O/EtOH 1:1) and the mixture was refluxed at 100°C for 7
hours. The samples were soaked in water (pH adjusted to ~4–5 by addition of a few
drops of HCl) and boiled for 2 hours. They were collected by vacuum filtration, and
then washed with water until it was neutral.
2.2.1 Characterizations
The FTIR (Fourier Transform Infrared) spectra were measured in a Bruker Hyperion
3000 Spectrometer in transmittance mode. The PIM-1 sample was pressed to form
pellets with a quick press handle and a die set and measurements were done on a Bruker
Hyperion 3000 Microscope using a Linkam stage (THMS600PS Pressure System). The
aperture has the diameter 1.3 mm, and the stage has top and bottom IR permeable ZnSe
windows. PIM-1 powders (few micrograms) were pressed on to a 400-mesh Cu-TEM
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grid with a quick press handle and a die set, and then placed on the Linkam stage
aperture.
In-situ Raman spectra were collected using a 633nm He-Ne laser Renishaw Invia
spectrometer with a resolution of 1cm-1 per pixel. A 20X objective with a Numerical
Aperture of 0.35 was used. The in-situ N2 Raman experiments at room temperature
were carried out by loading the PIM-1 sample in a 150µ (ID) Silica micro-capillary
attached to a N2 reservoir capable of holding pressures upto 68bars.
UV irradiation was done using a 365nm UV lamp. The distance between the lamp and
the sample was 1inch, using the PIM-1 membranes on a Silicon wafer. Previous
investigators have used a 254nm UV lamp for irradiation, however for our studies we
have found that on exposure to 254nm UV light, the resulting cross-linked structure
shows a lot of photoluminescence in the visible Raman spectra totally covering up the
N2-Raman stretching region.
Positron Annihilation lifetime spectroscopy (PALS) was used to monitor pore size and
relative porosity [29]. A focused 3.2 keV beam of positrons in high vacuum implanted
positrons throughout the several hundred nanometre thick membrane of PIM-1
supported on a silicon wafer. The resulting positronium signal was analysed for a
pristine PIM-1 membrane and similarly prepared membranes after varying durations of
365 nm UV irradiations. PALS analysis was done in the University of Michigan by
sending samples to Prof. David Gidley.1H NMR of the synthesised PIM-1 was obtained
using a CDPX 400MHz NMR instrument for characterizing the PIM-1 (See Appendix
A Fig A-2). A Micromeritics ASAP 2020 volumetric adsorption unit was used to collect
Nitrogen adsorption isotherms at 77 K, and was used for the determination of BET
surface area and porosity. The BET surface area was measured in the relative pressure
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region P/P0 of 2.6 x 10-6 to 0.032 (See Appendix A, Fig A-10). Supercritical N2
adsorption isotherms at near-ambient temperature were collected on a Hiden Intelligent
Gravimetric Analyzer (IGA-001).To correct for buoyancy, the density of PIM-1 was
measured in He up to 20 bar, and determined to be 1.4g/cc, which is in agreement with
previously reported values for PIM-1[21,22]. Heat of adsorption was calculated via the
Clausius-Clapeyron equation (Appendix A, Fig A-10(b)) after fitting the low presssure
region of the isotherm (P<3bar) to Henry’s law; which were in agreement with the
fittings previously reported in the literature[23]. Up to 20 bar, measurements of gas
diffusivity were determined via the rate of adsorption of N2 from these IGA
measurements. At pressures exceeding 20 bar, adsorption measurements were
conducted on a differential Sieverts apparatus, relative to He blank experiments, as
described elsewhere [13]. Adsorption rate data were fit to the following models: the
Linear Driving Force (LDF), the Stretched Exponential (SE), and the Double
Exponential (DE). A full description of these models is provided elsewhere [26, 27].
As the DE model provided the best fitting statistics for both N2 and Ar, I limit my
discussion in the main chapter to the DE model. Adsorption data is collected for N2 and
Ar for comparative studies because the kinetic diameters of N2 (0.36nm) and Ar
(0.34nm) are comparable and hence their diffusion parameters are ideally expected to
be of the same order. Additional fitting statistics are provided in Appendix A. The DE
model is described by the following equation:

A1 (1 − e − k1t ) + A2 (1 − e − k2t ) ………………. (1)

Where k1, k2 are mass transfer coefficients and A1, A2 are pre-exponential factors and t
is the time. The DE Kinetics model describes two diffusion phenomenon with two mass
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transfer coefficients showing two phenomenon: (a) a slow diffusion into a pore with
high energy barrier and (b) a fast diffusion into pores of low activation barrier.
The saturated vapour pressure of Ar at 77K was determined previously to be 230 torr
and this value is utilised for relative pressure calculation for Ar [28].
2.3 Results and Discussions
2.3.1 Structural Characterization of PIM-1
PIM-1 was synthesized by the nucleophilic substitution reaction of
tetrafluoroterephthalonitrile and 5, 5, 6, 6’-tetrahydroxy-3, 3, 3’, 3’-tetramethyl- 1, 1'spirobisindane (> 96%). The resulting product was a yellow powder which was
characterised by 1 H NMR (Appendix A, Fig A-2). The FTIR and Raman spectra
showed the presence of the CN stretch (Appendix A, Fig A-5). N2 adsorption to PIM-1
at 77K is a type IV isotherm (Fig. 2), indicative of the presence of both micropores and
mesopores.

Figure 2-2: N2 adsorption isotherm of PIM-1 at 77K

From this isotherm, the BET surface area (Appendix A, Fig A-10c) was calculated to be
666m2/g (in the P/P0 range 2.6 x 10-6 to 0.03) with an average pore size of 0.8nm from
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the DFT model (Appendix A, Fig A-1). The pore size distribution calculated from the
N2 adsorption measurements indicates a bimodal pore size distribution which is
validated with PALS analysis of PIM-1 (Table 2-1).

Figure 2-3: Nitrogen adsorption isotherm on PIM-1 upto 20bar collected at 298K (red curve) and
272K (black curve)

At near-ambient temperature, the heat of adsorption of N2 on PIM-1 is
16kJ/mol(=0.15eV), at an uptake of 0.18wt% as determined from supercritical
adsorption isotherms at 272.6 K and 298 K from the Clausius-Clayperon equation (Fig
2-3).
The heat of adsorption is comparable to that of N2 on Carbon Molecular Sieve[20], but
higher than that expected for N2 on graphite (0.1eV) [31]. Thus, the heat of adsorption
is indicative of strong physisorption, supportive of charge transfer between the N2 and
CN sites discussed below.
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2.3.2 In-situ vibrational spectroscopy of N2 adsorbed on PIM-1 at room
temperature
Free N2 is a symmetric linear molecule with a vibrational stretch at 2330cm-1(Appendix
B, Fig B-3); this vibrational mode is not IR active as it is symmetrical and thus does not
possess a dipole moment.

Figure 2-4: In-situ FTIR of N2 adsorbed on PIM-1 (red) at room temperature and at 13.8bar
showing a weak perturbed N2 peak at 2327.6cm-1 which is not seen in the absence of N2 (blue).

PIM-1 has no FTIR modes in the proximity of the expected N2 mode (Fig 2-4, blue
curve). Upon introduction of N2 (at 298 K and 13.8 bar), a very weak IR active mode is
observed at 2327.6cm-1 (Fig 2-4, red curve). No changes were observed in the C-N
stretching region of PIM-1 as a result of Nitrogen adsorption (Appendix A, Fig A-5),
likely due to a relatively weak interaction. The induced IR activity of N2 is indicative of
an induced dipole-dipole interaction when Nitrogen is confined within the pores of
PIM-1. Similar induced IR-activity of symmetric molecules in the presence of a solid
were observed previously, for example, in the case of hydrogen interacting with
Magnesium-exchanged zeolites [15]. It is well known that induced dipole interactions
may increase the adsorption in porous materials, as exemplified in the case of H2
adsorption to zeolites, where charge-transfer is known to occur [15].
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The 2.4 cm-1downshift (bathochromic shift) of N2 confined in PIM-1 (relative to that
expected for free N2) illustrates the polarizing capability of the C-N and C-O groups in
PIM-1[14]. Downshifts in the N-N stretching mode indicate bond softening and the
preferential orientation of the Nitrogen with respect to the C-N bond to cause a net
dipole moment. Other N2 pressure and temperature conditions were explored (see
Appendix A, Fig A-3a). After fitting the spectra to compensate for the background, no
significant changes in the intensity of the adsorbed N2 peak were observed for constant
N2 gas density. The shift of the perturbed N2 mode (relative to the expected N2 vibration
at ~2330cm-1) is a reflection of the interaction energy, as discussed in a later section.
The N2 Raman spectra in the presence of PIM-1 at similar conditions (298 K and 27.5
bar) shows two N2 features, hereby referred to as N2(I) and N2(II),at 2330.6 cm-1 and
2325.4cm-1, respectively(Fig 2-5). The N2(I) mode is close to that expected for the
stretching mode of free nitrogen, and is thus assigned to N2 molecules that are not
closely influenced by the pore. Unlike the activity in IR, the N2 stretching mode is
Raman active, as Raman is sensitive to symmetric vibrations which cause a change in
polarizability. The downshift of the N2(II) mode in Raman is similar to that observed in
FTIR; slight differences in the peak position are a combined effect of the change in
pressure as well as the broadness of the peak. Previously, a similar mode was observed
by endohedral occupation of N2 in ice mixtures, after low temperature synthesis [16].
Previous in-situ Raman probes of adsorbed molecules have typically utilized cryogenic
measurements [17], where the amount of gas physically adsorbed to the structure will
be increased. It is likely that the relatively high heat of adsorption (i.e. 16kJ/mol, Fig 23) allows us to study the N2 perturbation at room temperature. N2 Raman spectroscopy
was limited to conditions in which there was minimal photoluminescence of PIM-1;
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photoluminescence became a problem at a pressure of 2bar and below (Appendix A,
Fig A-7).

Figure 2-5: In-situ visible Raman spectrum of N2 adsorbed on PIM-1 at room temperature and 27.5
bar collected using 633nm excitation wavelength and 1mW power. The spectrum is fitted by using
Lorentzian curves with a cubic background. In addition to the free N-N stretch at 2330.6cm-1
assigned as N2(I) ,a lower wave number peak at 2325.4cm-1is assigned as N2(II)

2.3.3 Role of Surface Chemistry and Pore Geometry

The N2 perturbation in the presence of PIM-1 was compared to non-CN-functionalized
micro porous carbon materials, including Maxsorb-activated carbon (AC) and SWNT.
Maxsorb AC has a slit pore geometry with pore sizes of 1-2nm according to the H-K
model (Appendix A, Fig A-11). SWNTs represent cylindrical porous geometry, with
tube diameter of 1.2nm, as reported by the manufacturer. The SWNT, Maxsorb-AC and
PIM-1 samples were degassed at 120°C under vacuum for 12 hours before introducing
N2. The Raman spectra of the three materials at comparable conditions are shown in
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Figure 2-6. At room temperature, the perturbation of N2 for the non-CN-functionalized
carbon materials is much less pronounced as compared to that of PIM-1 (Fig 2-6).
Specifically, the N2(II) mode is downshifted by 1.1cm-1 and 1.7 cm-1, for SWNT and AC
respectively, compared to the 5.5 cm-1downshift for PIM-1 at this gas density. The
larger relative shift of PIM-1 is attributed to the presence of CN surface functionalities
that lead to a greater charge transfer.
The large FWHM of 4.8cm-1 of the perturbed N2 peak on PIM-1 can be seen for 4-5
spots in N2 Raman spectra(Appendix A, Table A-1) and is not clear because it takes
into account the broad pore size distribution with large amount of free volume in the
pristine sample as shown in the N2 adsorption data at 77K (Fig 2-2). In the following
section of this chapter I discuss the effect of surface functionalities in greater detail.

Figure 2-6: In-situ visible Raman spectra of N2 adsorbed on PIM-1, activated carbon (AC) and
Single walled carbon nanotubes (SWNTs) at room temperature and 68bar using 633nm excitation
wavelength, showing the strongest perturbation for PIM-1 directly indicating the effect of the CN
functional groups. The dotted line shows the fitted curve. The reason why the Raman spectra are
collected at 68bar because of the high PL of PIM-1 and at a pressure of 2bar only the free N2 is
seen.
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To unequivocally demonstrate the role of surface functional groups, the CN group of
PIM-1 was eliminated in “Amide-PIM1”. In the absence of the CN group, the N2 modes
are at 2330cm-1 and 2329.1cm-1 for the N2(I) and N2(II) features, respectively (Fig 2-7,
pink curve). The N2(II) downshift is thus 0.9cm-1, much less than the pristine PIM-1 (5.5 cm-1, Fig 2-7, red curve) at comparable conditions. Tetrafluoro-terepthalonitrile (see
inset, Fig 2-7, blue curve), which contains the CN group in a nonporous environment,
does not exhibit the N2(II) mode and the N2(I) mode is decreased in intensity. Combined,
these control studies demonstrate that the N2(II) mode is a result of both surface
functionalities and porosity. The decreased intensity of the N2(I) mode for non-porous
tetrafluoro-terepthalonitrile implies (i) The lack of porosity in the structure does not
allow enough N2 molecules to interact with the CN and (ii) lower surface area does not
provide enough sites for the N2 molecules to bind with.

Figure 2-7:N2 Raman spectra comparing three different surface (red curve) PIM-1, (blue curve)
tetrafluoro-terepthalonitrile and (pink curve) modified PIM-1 with CN converted to an amide
obtained using a 633nm excitation laser with a power of 2mW showing the effect of CN and porous
structure.
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Thus, the high shift seen in PIM-1 can be directly attributed to the confined effect of the
CN polarizing functional group in a porous geometry. The interaction between CN and
N2 is likely a π-π stacking interaction, similar to the case of the benzene π-π stacking
interaction [18], i.e. the triple bonded N2 molecule with 2 π bonds has an electronic
interaction with the triple bond of CN. Such π-π stacking interactions are consistent
with the induced dipole vibrational mode observed in FTIR (Fig 2-4). Substituents on
the CN minimize the repulsive interaction and stabilize the N2 conformation with PIM1. Stabilization is provided by the off-set parallel configurations as well. Pristine PIM-1
clearly shows the evidence of preferential orientation of N2 aligning with the CN group
in particular. The localized dipole moment created due to π-π stacking interactions
between CN and N2 is weakened by the stabilization of the repulsive interaction via
aromatic side groups. The greater degree of perturbation in case of PIM-1 relative to
that of AC and SWNTs specifically can be explained as a result of charge transfer.

2.3.4 Role of Pore Size on the N2 perturbation probed by in-situ Raman
spectroscopy
As discussed above, the pore size distribution of PIM-1 is bimodal, based on both N2
adsorption (Appendix A1) and PALS (Table 2-1). UV irradiation of PIM-1 induces a
photochemical reaction at the spiro centre of PIM-1 to reduce the micropore size and
fractional free volume [19]. Specifically, UV irradiation causes a 1,2 migration reaction
resulting in the destruction of the spiro centre in effect changing the packing
configuration(Fig 2-8)[19].
As PIM-1 is irradiated with a 365nm UV lamp, the PALS analysis indicates a reduction
in average pore size (Table 2-1). The larger pores are more affected by the UV
irradiation, thereby shifting the bimodal distribution. For example, after 1hr of UV
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irradiation, it appears that pores are collapsing and the larger pores may be slightly
more susceptible to UV induced collapse (Appendix A, Table A-9), hence some
reduction in the average pore size of the remaining pores.
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Figure 2-8: Schematic showing the UV induced reaction of PIM-1 leading to a 1, 2 migration
reaction [19]

Figure 2-9: (Left) In-situ N2-Raman spectra using 633nm, 2mW in a Silica fibre at 27.6bar
and 298K showing the change in the intensity and shift of the N2 Raman peak with UV
irradiation time.(Right) Shows the variation of the relative intensity of the perturbed N2
peak with respect to the UV irradiation (365nm) time and Average pore size of PIM-1

As the pore size is reduced, the N2 (II) Raman mode increases in intensity relative to the
N2(I) mode (Fig 2-9, see also Appendix A6).No trends were observed in the FWHM of
the peaks (Appendix A6), likely due to lack of a distinct pore structure and the
amorphous nature of PIM-1. The increased N2 (II): N2 (I) ratio is consistent with greater

n
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gas-surface interactions relative to adsorbate-adsorbate interactions. A reduction in
pore size is anticipated to shift adsorption from multiple layer coverage to monolayer
coverage. For monolayer coverage, the N2-N2 interactions will be reduced relative to
the N2-surface interactions. To the best of our knowledge this is the first spectroscopic
evidence of the change in N-N stretching region with pore size. Hence increased
intensity with reduced pore size indicates increased strength in the N2-surface
interaction.
Further it is observed that the CN-N2 interaction plays a pivotal role in the strong N2perturbed peak.The increase in intensity of the peak indicates that at low pore size the
CN groups are oriented in such a way as to favour and strengthen the π-π stacking
interactions between N2 and CN. As the UV irradiation time increases the relative
intensity increases upto a certain point beyond which the UV irradiation would collapse
the pores.The Raman spectra is collected for several spots at each UV irradiation time
and the average is plotted in Figure 2-9.Thus, the magnitude of the N–N perturbed peak
can be viewed as a measure of the strength of the molecular interaction with different
pore sizes of PIM-1.
Sample

Average pore size
(nm)
0.8

Pristine
PIM-1
1hr UV
0.77(1)
2hr UV
0.72(4)
4hr UV
0.6(2)
Table 2-1: PALS analysis to study the effect of UV irradiation on pore size.

Positron Annhiliation Lifetime Spectroscopy (PALS) measurement of the PIM-1
sample shows a gradual decrease in the pore size with increase in UV irradiation time.
If the UV irradiation time is increased beyond 4hrs then there is no measurable porosity
because of damage of the porous structure. Details are provided in Appendix A (Table
A-9).
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2.3.5 Gas Diffusivity
The rates of N2 adsorption to PIM-1 have been studied at 77K. Pressures were chosen to
correspond (approximately) to both the configurational and Knudsen diffusion regime
[24] (Calculations in Appendix A, Table A-4). In the configurational diffusion regime,
gas molecules must overcome an activation barrier to “hop” to the next site. In the
Knudsen diffusion regime, the pore dimension is less than the mean free path, and thus
diffusion is inhibited by collision with the pores.
At higher pressures, within the configurational regime, adsorbate-adsorbate interactions
also affect the diffusivity [25]. The rates of N2 adsorption were compared to Ar, due to
their similar kinetic diameters (0.36 and 0.34nm, respectively); however it is anticipated
that Ar will not be subject to π-π stacking interactions. Although Ar is slightly smaller
than N2, it is expected to have a lower diffusivity due to a higher molecular mass.

(a)

(b)
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(c)

Figure 2-10: Kinetic profiles with the corresponding DE model fits and rate constants of Ar and N2
diffusion into PIM-1 at 77K and different relative pressures(a) P/P0=0.15 (b) P/P0=0.12 and (c)
P/P0=0.05

At 77 K, the rates of both N2 and Ar data were well-described by the Double
Exponential model (Fig 2-10). (Additional models were considered, with fits and fitting
statistics provided in Appendix A9-11). The fitted mass transfer coefficient showed no
real pressure dependence over the limited pressure range studied (i.e. 50 -180 mbar).

Figure 2-11: DE model rate constants of Ar and N2 diffusion into PIM-1 at 77K versus reduced
chemical potential of the adsorbed phase (based on [30]).
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In all cases, the diffusivity of N2 exceeded that of Ar (Fig 2-10), consistent with the
molecular mass. Thus, no effect of impediment of N2 diffusivity due to strong π-π
interactions was noted. The dependence of the rate constant on the reduced chemical
potential does not show any noticeable trends, this is because the pressure points
selected are very close to each other. The capability of porous materials for confinement
of gases not only depends on the surface functionalities but also on the surface barrier,
pore dimensions, diffusion rate of the gas molecules. The motivation of the adsorption
studies on PIM-1 with N2 was to study and understand the transport mechanism and
ascertain if the π-π stacking interaction investigated by vibrational spectroscopy, has
any contribution to the diffusion rate of N2 within PIM-1.Comparative studies to Ar
show no significant effects of the π-π stacking interactions on the diffusion rates.
2.4 Conclusions
In conclusion I have demonstrated the role of CN in a porous geometry which promotes
strong π-π stacking interaction of N2 and the CN group of PIM-1.Further I have
established a direct relationship between the N-N stretching modes and pore size using
Raman spectroscopy. It is anticipated that such a development of the site-specific
spectroscopic technique will advance the understanding of adsorbent geometry versus
chemical functionality. The kinetics of N2 diffusion has been studied in the Knudsen
regime and the results suggest the diffusion rate constants follow a Double Exponential
decay model. Comparison of the diffusion rate constants of N2 and Ar at 77K does not
show any significant effect of the π-π stacking interaction of CN and N2 on the
diffusivity.
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Chapter 3: Spectroscopic probes of nitrogen’s interactions with carbon
nanomaterials as a means to characterize pore size in the microscale
3.1 Introduction
Porous carbon materials are important for gas separation, storage, catalytic applications,
and electronic applications [1-4]. Several methods are available for pore size analysis,
which can be categorized into two types: (i) Adsorption methods (ii) Spectroscopic and
Imaging methods. Gas adsorption methods are the most common and widely used
methods for pore size analysis [5]. Nitrogen is the most common gas used for porosity
measurements because it has a kinetic diameter of 0.36nm and can easily go into
micropores (0.2 to 2nm). Further the boiling point of Nitrogen is 77K which makes it
easy to achieve its saturation point and measurements are done below this point to
ensure high uptake, which is utilised as the basis of the pore size determination method
[6]. At 77K different size pores are expected to fill with N2 at different pressures, and
thus the shape of the adsorption isotherm is sensitive to the pore size distribution and
hence this serves as the primary basis why N2 adsorption is utilised for pore size and
surface area measurements [6]. However for quantitative analysis with the volumetric
adsorption method the sample required is typically on the order of 100mg, to achieve a
reasonable accuracy in both weighing out macroscopic quantities of the sample as well
as sensitivity of most instruments. In certain cases synthesising new porous materials in
such scales is challenging. For example recent synthesis of mesoporous diamond at
high pressure using Diamond Anvil Cells only was verified by scale up experiments
followed by Kr adsorption measurements with 0.6mg of sample [9, 10]. Synthesis of
porous materials in the Diamond anvil cell (DAC) where the sample size is 160µm [11],
or template growth of porous material in a 2D deposition system do not have standard
procedures for pore size analysis in such small scales. In chapter 5 of this thesis I have
studied the high pressure chemistry of triptycene and inspite of mechanistic insights and
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TEM results suggesting pore formation, due to the lack of conclusive methods for
porosity determination in the microscale there is lack of clarity regarding the presence
or absence of pores in the polymerised product.
3.1.1 Spectroscopic and Imaging methods for pore size analysis and their
limitations
Spectroscopic methods of pore size analysis include Small Angle X-ray Scattering
(SAXS), however it is useful only for crystalline porous materials as amorphous pores
do not scatter X-rays well [12-14]. Further a regular beam cross-section for SAXS is
0.8mm diameter and the area required is 1mm2, which is not usable for sample sizes in
the microscale. Other imaging techniques such as Transmission Electron Microscopy
(TEM) and Scanning Electron Microscopy (SEM) are rarely used as a conclusive
method for pore size analysis, especially in case of amorphous materials. This is
because based on how the sample is made, it may appear as bundles showing void
spaces but that may not be pores but just spaces between clusters or particles. Only in
the case of crystalline materials, TEM can be used. From the diffraction pattern (SAED)
one can generate an X-ray pattern which would resemble the SAXS pattern. Positron
Annhiliation Lifetime Spectroscpy (PALS) is another method where high energy
positrons are issued into a substance and when Positroniums form from positrons, one
can detect the void speces. Positronium usually forms in the void spaces where the
electron density is highest and based on the lifetime of the positronium the pore size is
calibrated [15-17]. This is a useful technique of exploring porosity beneath dense layers
and diffusion barriers. However the beam size of PALS is 5mm by 5mm and hence
cannot be used for samples in the micro-scale. From this analysis it is clear that there is
a need for a technique for pore size analysis in the microscale which can be used both
for amorphous and crystalline materials.
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Vibrational spectroscopy is an important tool to study the behaviour of gases within
different environments. Based on the type of bonding, either Raman or IR spectroscopy
is used, with sensitivity towards symmetric or asymmetric bonding, respectively [18].
An advantage of using Raman spectroscopy for gas adsorption and pore size
determination is that the beam size of the laser is a few microns and hence the sample
requirement is very little. Furthermore, vibrational spectroscopy has the potential to
probe the nature of the molecular level interactions by obtaining the magnitude of
perturbation on the electron cloud of the N2 molecule, as a result of interactions
between the N2 molecule and the pore wall.
In conversion of bulk gas adsorption data to a pore size distribution, the geometry of the
pore is often assumed. For example, in case of porous carbon nanostructures, the pores
are generally modelled as either slit or cylindrical pores, exemplified by activated
carbons and single-wall carbon nanotubes (SWNT), respectively. In many cases,
activated carbons are generally represented by a polymodal pore-size distribution where
small pores are seen to branch out from large ones and are open through the entire
particle (Fig 3-1). The larger pores are called “feeder or transport pores” and the smaller
ones are called “adsorption pores” [19].

Figure 3-1: Diagram showing the structure of activated carbon [20]

Single walled carbon nanotubes (SWNTs) are tubular one dimensional structures made
of a single layered graphene rolled into a cylindrical form (Fig 3-2). Based on the angle
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at which the graphene sheets are folded the SWNTs can be chiral or achiral (arm chair,
zig-zag) [21]. Pores of SWNTs consist of tube bundles, as well as amorphous regions
that may be present due to the purity and nature of synthetic method.

Figure 3-2: Diagram showing the angles of folding of the graphene sheet giving rise to different
chiralities in the SWNT (left) and (right) shows a typical open Single Walled Carbon Nanotube [2223].

Different chiralities in the tubes give rise to different electronic properties [24]. From its
discovery in 1993 by Iijima, they have been of interest as sorbents [25].Single walled
Carbon nanotubes have also been of interest as an ideal 1D structure and for their
various mechanical and electrical properties. These properties are dependent on the
diameter of the tube hence there is an interest in the determination of the tube diameter
and its effect. In case of SWNTs the diameter determines the band gap trends.
Nanotubes are specifically important because they can be of Metallic (M) or
Semiconducting(S) [37] and it has been debated if the S and M properties effect the gas
adsorption behaviour of SWNTs or not. Previous investigations of Xe adsorption on
SWNTs show that the S and M properties of SWNTs do not have any effect on Xe
adsorption [26]. However N2 is a symmetric molecule with a quadrupole moment and is
expected to show a change in its polarizability when interacting with M and S SWNTs.
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3.1.2 Radial Breathing mode (RBM) to determine tube diameters of SWNT
The properties of SWNTs depend strongly on the microscopic structure, which is
defined by the tube diameter and the chiral index [36]. Optical methods for the
determination of tube diameter are most useful. Photoluminescence studies on the
assignment of tube diameter by Bachilo et al [38] allowed the study of optical
properties of SWNTs as a function of tube diameter and chiral angle. In contrast, use of
Raman spectroscopy to determine the tube diameter is applicable to both metallic and
semiconducting tubes [37]. The SWNT is represented by a radial breathing mode
(RBM) which spans from 50 to 350cm-1 wavenumbers [36].

Figure 3-3: Radial breathing mode of an (8, 4) nanotube. The arrows show the phonon eigenvector.
The RBM leads to a periodic increase and decrease of the tube diameter as shown by the wire
model of the tube [39].

The frequency of the radial vibration is linear with the inverse tube diameter (1/d) and
is represented by the following formula:
𝜔𝜔𝑅𝑅𝑅𝑅𝑅𝑅 =

223.75
𝑑𝑑𝑡𝑡

……………………………(1)

The Radial breathing mode being a resonant feature where the peak features for
particular tube diameters are resonance enhanced at certain excitation wavelengths and
thus the other tube diameters appear to be very weak at the same excitation wavelength.
So the RBM seen for a single wavelength Raman spectra correspond to only those tubes
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which are in resonance with the excitation wavelength. Hence to determine the tube
diameter for a SWNT sample it is essential to do multiwavelength Raman spectroscopy.
Eklund and co-workers have demonstrated multiwavelength Raman spectroscopy on
SWNTs where they have shown that the lower diameter SWNTs are more intense in the
higher wavelength region [24].
Eklund et al. used Raman spectroscopy to explore the in-situ vibrational modes of H2
and D2 adsorbed on SWNT at 85K [27]. Based on the degree of shift in the H-H bond
vibration it was concluded that the interaction is mainly due to physisorption and no
charge transfer was observed. Further Eklund and co-workers explored charge transfer
on SWNT using dopants (I2, Br2, Na, K) via in-situ Raman spectroscopy. Shifts in the
radial breathing mode (RBM) and the G-peak (Graphitic mode) were used to infer the
type of interaction between the dopant and the SWNTs [28]. These observations
confirmed the existence of charge transfer between the dopant and the SWNT and that
the dopant increased the carrier concentration of the SWNT. These examples illustrate
the importance of Raman spectroscopy as a tool to observe the behaviour of molecules
within confined geometries.
3.1.3 Goals of this chapter
Current work focuses on the study of N2 adsorption on porous carbon materials:
activated carbon (AC) and SWNT, which are typically considered to be slit and
cylindrical pores, respectively. Nitrogen was selected as a probe adsorbate, as it is the
most widely used gas to probe pore structure. Moreover, N2 is a symmetric triple
bonded molecule which has a Raman active mode at ~2330cm-1(Appendix B, Fig B-3),
which provides the advantage of probing changes in the N-N stretching mode due to
confinement by Raman spectroscopy. As a first step, this work aims at drawing an
analogue between the N2 isotherm method using volumetric gas adsorption and the
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signature N2 Raman spectroscopic features as a function of pressure, temperature, and
pore diameter. Although the N2 adsorption isotherm is well studied, the role of pore size
and structure on altering the N2 Raman shift has not been studied previously, to the best
of our knowledge. The experimental work of this chapter explores the following
points:(i) comparison of pore structure (cylindrical versus slit) on N2 adsorption and
Raman perturbation, (ii) comparison of various pore dimensions of SWNTs; (iii)
comparison of gas film density, as determined by variations in pressure and
temperature, to develop isotherms based on the Raman spectroscopic probe. In each
case, the perturbation of both the N2 vibrational mode and the carbon G (sp2C=C
stretching mode in graphitic structures) and D (disorder mode) peak are quantified as a
function of N2 adsorption.
Complementary theoretical studies in our collaborator’s lab also explore the nature of
pore confinement on the perturbation of the Raman spectra, including: (i) the nature of
the N2 perturbation, (ii) the orientation of the N2 molecule within cylindrical SWNT
with respect to the tube axis, (iii) the effect of pore diameter on the N2 Raman shift, (iv)
the effect of tube chirality on the N2 Raman shift, and (v) binding energy calculations
for N2 in both interior and interstitial sites of SWNTs [40].
3.2 Methods and Materials
Single Walled carbon nanotubes were purchased from commercial sources. The SWNT
sample with diameter 0.7-0.9nm was purchased from Sigma Aldrich, synthesized by the
CoMoCAT Chemical Vapour Deposition (CVD) method. The sample with diameter
0.64-1.8nm with length of 5-30µm was purchased from SES Research synthesized by
the CVD method. The sample with average diameter 1.2nm was purchased from
Thomas Swan and the sample with diameter 1-2nm was purchased from Cheaptubes.

59
All the samples have open tubes. The Maxsorb-AC sample was obtained from NREL.
Before the N2 adsorption experiments all the samples were pre-treated at 120°C for 12
hours under vacuum to remove gases and moisture adsorbed from atmosphere.
A Micromeritics ASAP 2020 volumetric adsorption unit was used to collect Nitrogen
adsorption isotherms (at 77 K) up to the pressure of condensation for the determination
of surface area and porosity. For pore size determination the DFT model was employed
(Appendix B, Fig B-2). The BET surface area was measured for all samples in the
relative pressure range (P/P0) of 0.05 to 0.3 (Appendix B, Table B-1). In-situ N2 Raman
experiments were collected on a Linkam stage (THMS600PS Pressure System). The
aperture has the diameter 1.3 mm, and the stage has top and bottom Quartz windows.
Micrograms of SWNT and AC powders were pressed on to a double-sided scotch tape
and then placed on the Linkam stage aperture (Fig 3-4).

Figure 3-4: Schematic showing different components of the Linkam stage, (right) Picture of the
Linkam stage during Raman analysis using a 514nm excitation wavelength with a long working
distance objective [7, 8].

For the purpose of in-situ Raman spectroscopy, quartz windows (22 mm diameter, 2
mm thick) were fitted. The set up can take upto 14bars of pressure at room temperature.
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The system can maintain the temperature at -196⁰ C and can be heated upto 600⁰ C.
Experiments below room temperature are carried out using a liquid nitrogen cooling
system which is connected to the stage through a dewar siphon. In order to avoid
condensation of air on the top surface of the window a de-fogger is attached to the top
surface, which blows warm recycled Nitrogen gas across the lid window. In-situ Raman
spectra were collected using a 633nm He-Ne laser Renishaw Invia spectrometer with a
resolution of 1cm-1 per pixel. A 20X objective with a Numerical Aperture of 0.35 was
used. The spectra were fitted by a Lorentzian type curve with a cubic background. TEM
images were taken using a LaB6 emmiter TEM JEOL microscope after sonicating the
SWNT samples in Ethanol for 30mins and drop casting on a Cu-grid. The low wave
number Raman spectroscopy was done using a Witec instrument with 514nm excitation
wavelength using an Ar-ion laser with a Optigate notch filter.
3.3 Results and Discussions
3.3.1 SWNT-Cylindrical Pores
3.3.1.1 Characterisations

Figure 3-5: N2 adsorption (circles)-desorption (squares) isotherms of the SWNTs at 77K. The
SWNT with tube diameter 0.64-1.8nm shows a type II isotherm and the remaining SWNTs show a
type IV isotherm.
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The adsorption isotherms of N2 on the SWNTs at 77K are presented in Figure 3-5.
According to IUPAC classification, the SWNT with tube diameter 0.64-1.8nm shows a
type II isotherm indicative of a largely microporous material. All other SWNTs show a
type IV isotherm with an adsorption-desorption hysteresis loop (at P/P0 between 0.6 and
1.0), indicative that a fraction of the material includes mesopores. The mesopores can
be attributed to the space between bundles. TEM images of select SWNTs (Figure 3-5)
confirm the tube diameter range and show them to appear as bundles. The pore size
analysis and surface area measurement results for SWNTs are presented in Appendix B.

(a)

(b)

Figure 3-6: (a) TEM image of SWNT with tube diameter 1.2nm, (b) 1-2nm

3.3.1.2 Radial Breathing mode of SWNT
As discussed above the Radial breathing mode (RBM) of SWNTs is an important mode
for determining the tube diameter. In our analysis we have used 514nm excitation
wavelength to determine the RBM of the SWNT. It must be noted that for complete
analysis of tube diameter determination, multi-wavelength Raman spectroscopy is
mandatory, as in a single excitation wavelength only those modes will be more intense
which are in resonance with the particular excitation wavelength. The 514nm Raman
spectra of the sample with 0.7-0.9nm diameter is shown in Fig 3-7. The tube diameter
obtained for all the four samples from 514nm Raman spectrcoscopy is summarized in
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Table 3-1. The corresponding spectra for all the SWNT samples are provided in
Appendix B.

Figure 3-7: Raman spectrum of the 0.7-0.9nm SWNT at 514nm excitation wavelength and 0.6mW
power. The spectrum shows two RBMs corresponding to tube diameters of 0.85nm (261.7cm-1) and
0.72nm (308.5cm-1)

In this chapter the labelling of the SWNT is based on the TEM results which are in sync
with the values supplied by the manufacturer. Only by using multiwavelength Raman
spectroscopy we can obtain all the tube diameters from the RBM. Because of lack of
sufficient filters and near-IR (1064nm) Raman setups this wasn’t possible.
Sample

RBM(cm-1)

0.7-0.9nm

261.7
308.5
120.2
337.6
123.2
133.8
151.8
187.8
254.12
116.8
151.6
190.7
251.3
293.4

0.64-1.8nm
1.2nm

1-2nm

Tube
diameter(nm)
0.85
0.72
1.86
0.66
1.81
1.67
1.47
1.19
0.88
1.91
1.47
1.17
0.89
0.76

Table 3-1: Table showing the RBM and corresponding SWNT diameter obtained from 514nm
Raman spectra.
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3.3.1.3 In-situ N2 Raman spectroscopy on SWNT

Figure 3-8: In-situ N2 Raman spectroscopy showing a downshifted N2 peak at 2328.2cm-1 in
addition to the free N2 peak at 2330.9cm-1 at -193.4°C. The spectra fitted a Lorentzian type curve
with a cubic background.

Free Nitrogen is a symmetric molecule with a Raman active mode at ~2330 cm-1
(Appendix B, Fig B-3). N2 on interaction with 0.7-0.9 nm SWNT shows a secondary
peak at 2328.2cm-1 (Fig 3-8). The N2(I) peak in the presence of SWNT shows a slight
shift in its position and peak shape (and broadness), indicating that this peak is also
slightly affected by the SWNT surface. The N2(II) perturbed peak is attributed to the
perturbation of the electron cloud of N2 because of its confinement and interaction
within the SWNT and this is verified by control experiments done on Highly Ordered
Pyrolitic Graphite (HOPG) under the same conditions (Fig 3-9). In order to establish the
diameter dependence of the N2 Raman peak, 3 SWNTs with varying diameter were
tested (Fig 3-9) at -194°C and 0.48bar (P/P0=0.48), and compared to non-porous Highly
Ordered Pyrolitic Graphite (HOPG).
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Figure 3-9: In-situ N2 Raman adsorption at -194°C and 0.48bar (P/P0 =0.48) on different diameter
SWNTs with comparison to that of Highly Ordered Pyrolytic Graphite (HOPG). The spectra for
the N2 on HOPG does not show any perturbation where as perturbation only occurs in the SWNTs
indicating the presence and absence of perturbation is a direct proof of the presence or absence of
porosity. The dotted line shows the curve fitting and the solid black line shows the components of
the fit.

At these conditions, N2 adsorption is expected to be on both micro and mesoporous
regions. However, no adsorption on HOPG is expected at these conditions, due to small
surface area and negligible porosity [29]. Indeed, the presence of HOPG does not lead
to a secondary N2(II) peak, which is present to some extent, in all of the SWNTs (Fig 39). This indicates the N2(II) is associated with porosity and confinement of N2 within a
porous geometry. The full range SWNT Raman spectra are shown in the Appendix B
(Fig B-3) for comparative reasons, which clarifies that neither the N2(I) or N2(II) features
are present in the absence of N2 gas. Small shifts in the position of the N2(II) peak are
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noted with changes in tube diameter (Table 3-1). Notably, the 1-2 nm SWNT shows a
secondary N2(III) peak.
∆N2(II)
(cm-1)
Relative to
HOPG
-1.3

FWHMN2(II)
(cm-1)

1.35

N2(II)
peak
position
(cm-1)
2329.5

2330.9

1.58

2328.7

1-2nm

2331

0.876

HOPG

2330.9

1.52

SWNT

N2(I)
Peak
position

FWHMN2(I)
(cm-1)

0.7-0.9nm

2331

1.2nm

FWHMN2(III)
(cm-1)

1.73

∆N2(III)
(cm-1)
Relative to
HOPG
-

-2.2

2.79

-

-

2329.4

-1.5

1.47

-4.2

2.18

-

-

-

-

-

-

Table 3-2: Table showing the shifts in the N2 peaks (relative to HOPG measurement) and the
corresponding FWHM of the peaks for the different diameter SWNT samples as a result of N2
adsorption.

The degree of shift qualitatively increases with the diameter, if we presume the SWNT
are not of single type and size. In particular, the dual modes found in the 1-2 nm SWNT
sample is reflective of the broad pore size distribution of the tubes. The FWHM of both
the N2(I) and N2(II) peaks varies for the various SWNT (Table 3-2), and it is anticipated
that the FWHM would reflect a distribution of binding sites or pore environments.
3.3.1.4 Changes in the Carbon electronic environment as a result of N2 adsorption

Figure 3-10: Raman spectroscopy showing the shift in the D and G peaks in the 1.2nm SWNT as a
result of N2 adsorption at -193.3°C and 0.48bar. Positive shift in the D and G peaks verify that
there is very weak charge transfer between N2 and the SWNT and the interaction is physisorption
type [28].
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The Carbon backbone of SWNT is represented by a D peak which indicates defects in
the structure, and a G+ and a G- peak due to the graphitic sp2 C=C stretching mode. For
the 1.2 nm SWNT sample, the carbon G-peak is shifted by +2.2cm-1 by N2 adsorption;
the G+ peak and D peak are shifted by +2cm-1and +3.5cm-1, respectively. These small
shifts in the G and D peaks are indicative of very weak charge transfer, and mostly
physisorption, similar to that observed previously with I2 on SWNT [28]. Yet, the shift
in the carbon peaks support the claim that the perturbations observed in the N2spectra,
is due to an electronic interaction between N2 and the SWNT walls that leads to the
shift for both the adsorbate and the adsorbent.
Change in the Line shape of the G- mode: The low broadness of the G-mode actually
further justifies the weak charge transfer. The G- mode is sensitive to whether the
nanotube is metallic or semiconducting [30]. This mode does not show a large change
in its line shape (Fig 3-10). This further confirms that there is very little charge transfer
as a result of N2 adsorption under these conditions. Minute changes in the D and G peak
illustrate that N2 is changing the carrier concentration of the SWNT, which is
information not obtainable from large scale adsorption experiments.
3.3.1.5 Pressure dependence of the N2 Raman modes adsorbed on SWNT as a
pathway to pore filling

Pressure dependence of the N2 perturbed peak is studied at -193.9°C on the 0.7-0.9 nm
SWNT. Somewhat surprisingly, the secondary N2(II) peak observed at a P/P0 of 0.2 is
very less intense, despite this pressure being well above the micropore filling pressure
(see, e.g. Figure 3-3). This may be explained due to the changes in the polarizability of
the N2 peak under these densities or partial filling of pores. The previous point is being
theoretically investigated.
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Figure 3-11: In-situ N2 Raman spectra showing the N-N stretching region when N2 is adsorbed onto
SWNT (0.7-0.9nm) at -193.9°C as a function of pressure.

The N2(II) peak appears to become intense at P/Po of 0.4 and above; and at these
pressures the N2(I) peak is narrower, as noted by the FWHM (Fig 3-13). As N2
condenses (i.e. P/P01), liquid N2 is expected to fill all the pores as well as condense
upon non-porous surfaces, and thus, the isotherm approaches a maximum in Fig 3-11.
Notably, both N2(I) and N2(II) modes are retained at this condition(P/P0=0.96), with the
relative intensity of the latter reaching a maximum.
As a first step towards using Raman spectra to track adsorption, I have plotted
the relative intensity of the N2(II) peak with respect to the N2(I)with increasing pressure
(Fig 3-12a). The result is qualitatively similar to the mesoporous region of the
volumetric N2 adsorption (i.e. 0.2<P/Po<0.6 in Fig 3-12b), but seems to entirely miss
adsorption that occurs in the micropore, all of which are expected to fill below P/P0<0.2
(See Fig. 3-12a and Ref. [31]). We return to this point in section 3.3.2.
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(a)

(b)

Figure 3-12: (a) Relative intensity (IN2II/IN2I) of the N2 perturbed peak as a function of relative
pressure (P/P0) when N2 is adsorbed onto SWNT (diameter: 0.7-0.9nm) at -193.9°C=79K, (b) N2
adsorption isotherm on SWNT (diameter: 0.7-0.9nm) at 77K.

Figure 3-13: (Left) N2(II) down shift as a function of relative pressure (P/P0) for N2 adsorption on
SWNT (diameter:0.7-0.9nm) at -193.9°C. (Right) FWHM (cm-1) of N2(II) and N2(I) as a function of
relative pressure(P/P0).

I also considered trends in peak position and FWHM (Fig 3-13). The degree of shift for
the N2(II) decreases gradually with the increase in the relative pressure, which can be
explained as the relative pressure increases the number of nearest neighbours increase
and as a result of that interaction there is an increase in the degree of shift. At the lowest
pressure (P/P0<= 0.2 in the microporous region) the highest binding sites are to be filled
up and is expected to give the largest shift, however due to the high broadness (FWHM
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=3.4 cm-1) it overlaps with the N2(I) and cannot be resolved properly. One explanation
would be that the curve shape of N2(I) and N2(II) changes on increasing pressure and
hence that would affect the determination of the degree of shift. The FWHM of the
N2(II) peak becomes narrower with increase in pressure and the N2(I) peak appears to
show a random change with increase in relative pressure acquiring more or less the
same broadness at the condensed phase as in P/P0=0.2.
3.3.1.6 Nitrogen bond softening in narrow carbon nanotubes in a physisorption
setup

From theexperimental observations I find that the degree of downshift in the N2
perturbed peak for the SWNTs tested are in the range of 1-4cm-1. This is consistent with
the theoretical observations of shift versus pore diameter (discussed in section 3.3.1.7)
where the degree of downshift is 1-10cm-1 for SWNT diameters of 0.7nm or greater.
Interestingly, the narrowest SWNT tested, with a diameter of 0.64-1.8 nm,
demonstrated a -93cm-1 downshift at 79K, 0.48bar (Fig 3-14). The reason why the tubes
with narrow daimeter show such a strong downshift can be explained as when the N2 is
confined within such narrow geometries there is a charge overlapping between the
Nitrogen triple bond and the nanotube. This charge overlapping changes the energy
level of the N2 molecule which is reflected in the Raman spectra. It is interesting
because (i) a bond softening is seen for chatge overlap interactions for both
experimental and theoretical studies and (ii) charge overlap is observed in a
physisorption set up. Parallel DFT calculations also show bond softening under these
conditions (Fig 3-16). The N2 Raman spectrum of this (0.64-1.8nm) SWNT also shows
a lower wavenumber peak with a downshift of -1.6cm-1 (Fig 3-14).This can be
explained because of the presence of higher diameter (>0.7nm) SWNTs, which give rise
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to these smaller shifts. Previous example of experimental studies on the phase diagram
of Nitrogen actually show an upward shift in N-N stretching mode [31] under high
pressure where there is strong charge overlap between the Nitrogen molecules.

Figure 3-14: In-situ 633nm Raman spectroscopy of N2 adsorbed onto SWNTs at 77 K and 0.48 bar
N2, showing the presence of the -93cm-1 downshifted peak for the SWNT with diameter 0.64 to
1.8nm.

An alternative explanation to the large degree of shift seen, is that because of the
narrowness of the tubes the binding energy is expected to be the largest and hence
showing the greatest degree of shift. Theoretical calculations have been employed to
explain the large degree of shift and study the effect of tube chirality and tube diameter,
and is discussed in the next section [40].
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3.3.1.7 Theoretical studies: vdW-DFT calculations on N2 interaction with Single
Walled Nanotubes (SWNTs)

Important outcomes of the theoretical studies include [40]:
1. Cause of N2 perturbation within porous geometries: Theoretical calculations
indicate there are at least two types of scenarios where the N2 stretching mode will shift
in a porous geometry: (i) calculations of N2 inside large diameter nanotube indicates
small downshift of N2 mode, (ii) calculations of N2 inside small diameter nanotube or in
the interstitial site show a large downshift due to the electronic structure change of N2
as a result of the pi-pi interactions between N2 and nanotube.
2. Orientation of the Nitrogen molecule with respect to the tube axis: The Nitrogen
molecule is oriented parallel to the tube axis (Fig 3-15).

Figure 3-15: SWNT with open ends with Nitrogen molecule in the interior of the tube. The N2
molecule is seen to be parallel to the tube axis.

3. Effect of tube chirality: Calculations have been performed mainly on zigzag tube,
and one instance of armchair and one instance of chiral tube (Table 3-3).
Chirality

Raman Shift(cm-1)

(5,5) arm chair

-10

(6,3) chiral tube

-36

Table 3-3: Table showing the downshift of the N2 Raman mode with the chirality.
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The diameters of the latter two tubes are smaller than 0.7nm and show a large red shift
in the N2 mode. The chiral tube shows a three-fold increase in the degree of shift (Table
3-3), but whether the chirality is significantly affecting the N2 mode shift is still under
investigation.
4. Effect of tube diameter on the N2 Raman shift: When the tube diameter is smaller
than 0.7nm, the smaller the diameter, the larger the shift; when the tube diameter is
larger than 0.7nm, the downshift is small on the order of <10 cm-1, and the current
calculation precision cannot resolve the precise dependence because of the limitations
of the vdW-DFT method.

N2 stretch downshift (cm-1)
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N2 + CNT energy of formation (eV)
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Figure 3-16: DFT calculated spectra shift for N2 adsorbed in various SWNT. The van der Waals
interactions between all pairs of atoms are treated by an empirical potential added to the density
functional theory calculations. As tube diameter decreases, a large spectral shift is observed,
consistent with the experimental observation.
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5. Occupancy of N2 within interior or interstitial sites: As a calibration of modelling
the vdw interaction in DFT, N2 adsorbed on graphene was calculated, and the
physisorption energy is ~ 0.13 eV, consistent with the findings of Milton Cole work
[32]. N2 will be physisorbed into nanotubes whose diameter is >0.6nm and the binding
energy varies with tube diameter. In smaller tubes or interstitial sites, N2 won't be
physisorbed.
3.3.2 Maxsorb Activated Carbon, a model for slit pores
Nitrogen adsorption on Maxsorb-AC at 77 K is shown in Figure 3-18. According to the
H-K model the PSD was obtained to be 1-2nm (Appendix A).
Raman measurements for Maxsorb were collected at 298 K.

At this

temperature, adsorption at pressures up to 4.9 bar is expected to be in the ‘micropore’
filling regime of the isotherm. Thus, use of 298 K allows for more resolution in the
micropore filling regime than the 77 K SWNT studies shown in the previous section. At
298 K, all pressures studied are expected to be within the micropore filling regime, i.e.
below P/P0 ~ 0.2, or the monlayer formation point or “B-point” of the isotherm [34]. As
N2 is a supercritical gas at 298 K, the 77 K and 298 K data were compared using the
reduced chemical potential relative to super-critical conditions [35], defined as:
𝑇𝑇

𝑃𝑃

𝜇𝜇𝑅𝑅 = −𝑅𝑅 𝑇𝑇 ln(𝑃𝑃 ) …………………(2)
𝑐𝑐

𝑐𝑐

Where µR is the reduced adsorption potential, TC is the critical point of N2 and PC is the
critical pressure of N2. The “B point” of the 77 K isotherm was taken as P/Po = 0.18,
which corresponds to a reduced chemical potential of N2 adsorbed at the B point as
37.8 J/mol at 77K. At 298 K, an equivalent reduced chemical potential is achieved at
4.9 bar. If the “universal adsorption theory” is valid, this would suggest monolayer
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coverage occurs at this pressure. Thus, we expect N2 micropore filling up to
(approximately) 4.9bar at 298K.
A sample Raman spectra of Nitrogen adsorbed on to Maxsorb-AC at 298K is
shown in Figure 3-17 at high resolution. As seen in Section 3.3.1.5 in the microporous
region of SWNT at 77K the peak intensity is low and hence we turn to room
temperature and study the pressure dependence to access the micropore filling
mechanism. Further room temperature experiments simplify our process of pore size
determination. In addition to the N2(I)peak, two other downshifted peaks are seen as a
result of adsorption of N2 onto Maxsorb-AC (Fig 3-17). As before, downshifts in the NN stretching mode are indicative of bond softening as a result of physisorbtion. Multiple
N2 perturbation peaks suggest that the N2 is adsorbed onto multiple binding sites where
each component indicates the different binding environments provided within the
activated carbon slit pore.

Figure 3-17: In-situ Raman spectroscopy of N2 adsorbed onto Activated Carbon at room
temperature and at 1.62bar showing a multicomponent N2 perturbed peak at 2325.7cm-1 and
2328cm-1 indicating occupancy of N2 in different binding sites.
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An alternative explanation for the peak splitting behaviour can be due to
variation in adsorbate-adsorbate interaction. At high density of N2, the adsorbateadsorbate interaction is strengthened due to increase in the N2-N2 interaction energy,
however this is not likely at 298 K in the monolayer filling regime. Elsewhere,
theoretical studies on the endohedral occupation of N2 within the confined geometry of
C60 indicates different orientations on N2 molecules (dimers, zig-zag) [33] which lead to
variable interaction energies and hence multiple components in the N-N Raman
stretching mode. However this seems more relevant in the case of SWNT where the
geometry is more ordered.
Pressure dependence of the Nitrogen perturbed peak at room temperature: Once
again, the intensity of the N2(II) peak with respect to the N2(I) peak was considered as a
function of pressure (Figure 3-18 and 3-19). At the lowest pressure studied, 0.34 bars,
the room temperature N2 Raman spectrum with AC shows a single perturbation with a
downshift of -1.2cm-1. As pressure is increased, the degree of shift increases to -3.5cm1

.

Figure 3-18: (Left) N2 volumetric isotherm of activated carbon at 77K; (Right) reconsideration of
this adsorption isotherm (red) versus reduced chemical potential, so that the 298 K Raman
intensity ratio, defined as IN2(II)/IN2(I)(blue), may also be considered.
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At a pressure of 1.62 bars, multiple perturbed peaks are found, as discussed above.
Ruling out adsorbate-adsorbate interactions at this high temperature, the dual peaks are
likely indicative of multiple adsorption sites. Sites with highest binding energy are
expected to be filled at the lowest pressure. As these sites become filled, lower binding
energy sites may be filled as pressure is increased. At higher pressure the splitting of the
perturbed N2 peak is observed indicating that the N2 molecules are now occupying the
secondary pore site at higher pressure.
In order to correlate the 298 K Raman data, to the adsorption isotherm at 77 K,
the data was considered as a function of reduced chemical potential, as defined by
Equation 2. The intensity ratio of nitrogen follows that of the adsorption isotherm
obtained at 77 K, to good agreement (Figure 3-18 b). Unlike the SWNT studies
conducted at 77 K, we are now able to track the pore filing in the micropore regime.

Figure 3-19: In-situ N2 Raman spectroscopy of N2 adsorbed onto Activated Carbon at room
temperature as a function of pressure. At pressure points below 1.62bar there is only a single
perturbed peak however the N-N spectra at 1.62bar shows a multicomponent N2 perturbed peak at
2325.7cm-1 and 2328cm-1 indicating occupancy of N2 within different binding sites.
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Such a pressure dependence study of the N2 perturbed peak helps to correlate
the pore filling technique of N2 in activated carbon in the microscale. This also helps
reveal aspects about the molecular interactions which cannot be revealed by bulk gas
adsorption measurements.
3.4 Conclusions
The following conclusions can be drawn from this study:
(i) In conclusion we have observed bond softening of the N-N bond using in-situ
Raman spectroscopy as a result of adsorption of N2 onto Activated carbon at room
temperature. Spectroscopic evidence shows a downshift of -1 to -4 cm-1 of the perturbed
N2 peak with respect to the free N2 peak. Pressure dependence of N2 perturbed peak
shows peak splitting at higher pressure (1.62 bar) due to occupancy of the N2 in
secondary binding sites. This study for the first time establishes a correlation between
the Nitrogen vibrational modes and the pore filling mechanism of Activated carbon.
(ii) N2 Raman studies on SWNTs in comparison to HOPG show that the presence of or
absence of perturbation in the N-N stretching mode is a direct indication of the presence
or absence of porosity. Pressure dependence studies of the N2 Raman mode at 77K give
information about the mesoporous region of the adsorption isotherm.
(iii) Theoretical studies reveal that the N2 adsorbed in SWNTs resides in the interior
sites and is oriented parallel to the tube axis.
(iv) A 93cm-1downshift is seen in the N-N stretching mode in the case of narrow
SWNTs indicative of bond softening and charge overlap between the Nitrogen
molecule and the nanotube.
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Chapter 4: Use of high pressure in an attempt to explore novel C-H interactions on
carbon cages and hydroaromatic systems
4.1 Motivation
Hydrogen storage is a key enabling technology for the advancement of hydrogen and
fuel cell power technologies in transportation, stationary and portable applications. The
current available technologies for on-board hydrogen storage include: (i) physical
storage via compression or liquefaction, (ii) chemical storage in irreversible hydrogen
carriers (e.g., methanol, ammonia), (iii) reversible metal hydrides and (iv) gas-on-solid
adsorption [1]. Hydrogen can interact with carbon in two ways i) Physisorption where
molecular hydrogen is adsorbed on the carbon surface and ii) Chemisorption where
covalent bonds are formed. Each method has its own drawbacks. Physisorption is too
weak a force to hold the hydrogen under room temperature conditions and
chemisorption is too strong to release the hydrogen under ambient conditions. Recent
research has focused on finding the ideal adsorbent that, used at room temperature,
allows the storage of desirable amounts of H2 [1]. This has generated renewed interest
in the use of carbon materials for hydrogen storage. Hydrogen storage in a carbon-based
material offers significant advantages associated with its low mass density. Early
experimental data for hydrogen storage in carbon nanomaterials was initially promising,
indicating high hydrogen storage capacities exceeding DOE (Department of Energy)
targets [1]. However, the more recent experimental data obtained with different
methods and on various carbon nanostructures are contradictory with large variance in
the amount of hydrogen stored [2].
Current work is directed to explore trapping of hydrogen in carbon caged
structures through novel carbon chemistry at extreme conditions of pressure. It was
anticipated that the extended networks of carbon rings will polymerize and form threedimensional cage structures generated by Diels Alder or polymerization reactions. It
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was anticipated that hydrogen will become trapped within the newly created pores,
formed either through hydrogenation or direct addition of molecular hydrogen. A
complementary project probed the release of hydrogen from hydroaromatic compounds
and hydrogenated C60 under high pressure.
Hydrogen trapping within carbon cages was assessed with perturbation of the
characteristic hydrogen vibration in Raman spectroscopy. Parallel theoretical studies in
our collaborators lab (Prof. Vin Crespi-PSU Physics) explored candidate carbon cage
molecules, hydrogen capture by sp2-sp3 re-hybridization, and hydrogen storage by
repulsive interactions [31]. Hydrogen trapped in a carbon cage, captured through
repulsive interactions, is a novel concept in hydrogen storage. Trapping hydrogen via
repulsive interactions borrows an idea from macroscale hydrogen storage (i.e.
compressed gas storage tanks) and reapplies these concepts on the nanoscale in
specially designed molecular containers.

Under extreme conditions of pressure,

hydrogen’s solubility in carbon materials is expected to increase and carbon is expected
to restructure to minimize volume via rehybridization from sp2 to sp3 hydrogenated
state. Thermodynamics dictate that pre-formed C-H structures will rearrange with
increased pressure, yet the final carbon-hydrogen interactions may be dependent upon
the mechanism by which hydrogen is introduced. Gas “trapping” is meant to denote gas
present in a solid in a high density, adsorbed-like state, when the external pressure is
much less that that necessary to provide a comparable fluid density. Trapping thus
denotes a kinetically metastable state rather than thermodynamic equilibrium.
4.2 Introduction to Mechanochemistry
In order to assess whether a reaction would occur or not, knowledge about free energy
change is crucial. The equation below shows the dependence of free energy on pressure
and temperature.
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∆𝐺 = −𝑆∆𝑇 + 𝑉∆𝑃 + ∑𝑘𝑖=1 𝜇𝑖 ∆𝑁𝑖 ……………….. (1)
Where T is the temperature, N is the number of molecules of a certain species, G is
the free energy, of a system and P is the pressure. Mechanochemistry involves the study
of the effect of P to change the free energy of the system for chemical reactions. This
involves the transformation of mechanical energy into the driving force for the chemical
reactions of solid reagents. Figure 4-1 shows the variation of free energy of Hydrogen
molecule as a function of pressure [3, 4].

Figure 4-1: Free energy of hydrogen molecule as a function of pressure. The 3 curves represent 3
different temperatures; top: 100K, middle: 500K, bottom: 1000K [3]

Mechanochemistry is able to effect significant chemical changes on carbon materials,
depending on the magnitude of the force. Most common reactions induced by high
pressure include polymerizations. Polymerizations of hydrocarbons under high pressure
have been studied since 1930 by Conant and Tongberg where they studied the effect of
pressure on isoprene and butyl-aldehyde [5]. There have been more recent reports of
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other polymerizations that occur at high pressure including aromatic compounds such
as benzene [6, 7]. Benzene reacts to form 2 polymeric tetrahedral amorphous carbons
via pressure induced destabilization of the aromatic carbon ring [8, 9, 10]. Benzene
when subjected to static high pressure of 23GPa at room temperature, it leads to an
amorphous product which prevents it from obtaining visible Raman spectroscopy. The
product formation is shown to go through a ring opening mechanism and the reaction
rate is accelerated on depressurizing. Mechanochemistry on aromatic carbon
compounds also leads to re-hybridization of sp2 to sp3 carbons [11]. As a result there are
opportunities to synthesize extended C-H networks from aromatic fused rings with
properties that can be tuned from those in graphite to those of diamond. Under the
influence of mechanical pressure the carbon structures was expected to form extended
caged polymers there by creating new porosity. The hydrogen was expected to be
trapped in these newly created voids. Reactions that exhibit a negative activation
volume (i.e. a negative volume difference between the transition state complex and the
final product), the kinetics of such reactions will be greatly enhanced with the
application of pressure [12].
Reactions that have a negative activation volume are Diels Alder, Polymerisation and
2+2 cycloaddition reactions (Table 4-1). Hence these are the most studied reactions
under high pressure.
Reactions

∆V*(cm3/mol)

Polymerization reactions

-20

Diels-Alder

-25 to -40

(2+2) cycloadditions

-40 to -55

Intramolecular Cyloadditions

-25 to -30

Table 4-1: Table showing the reactions and their corresponding activation volumes [13].

85
4.2.1 Effects of Pressure on Carbon systems
The effects of pressure on the electronic structures of compounds are analyzed by
electronic absorption, Raman and Infrared spectroscopy. Drickamer and co-workers
have analyzed several aromatic systems such as anthracene, pentacene and tetracene
under high pressure [14]. At high pressure there is a decrease in the HOMO-LUMO gap
which leads to a shift in the absorption band. In cases of non polar acyclic molecules
such as butadiene and ethylene, increase of pressure leads to a build up of dipole
moment [15]. The effect of pressure on the electronic structure becomes much more
pronounced at very high pressures. In cases of electronic transitions the main effect of
pressure, by the reduction of volume of the system, is to increase the overlap of the
interacting orbitals so that the transition energy generally decreases.
Amongst the various types of possible transitions, the π-> π* transition is most sensitive
to pressure. The energy shift with pressure of the π-> π* transition has been studied for
several conjugated carbon systems like anthracene, tetracene and pentacene [16],
leading to the formation of amorphous hydrogenated carbons. Figure 4-2 shows the
ternary phase diagram of carbon. Transformations can also be observed by the change
in colour of the compound. Change of colour is a sharp evidence of the effect of
pressure in the orbital energies and in the HOMO-LUMO separation corresponding to
the first electronic transition.
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Figure 4-2: Ternary phase diagram of carbon [17]

C60 shows interesting transformations under varying magnitudes of pressure. C60 is
relatively stable under ambient pressure and temperature [18]. Due to the presence of
numerous C=C double bonds in C60 it readily polymerises under UV irradiation via 2+2
cycloaddition reactions to give several forms of polymerised cycloadducts.
Because of the spherical shape of C60 there exists a lot of bond strain on the carbon
atoms making them more prone to reaction. Upon reaction and forming sp3 carbons the
bond strain is relieved [19]. High pressure-high temperature treatments on C60 have led
to different metastable polymeric structures [20]. C60 reacts below 9GPa in the
temperature range of 370-600 K to give an orthorhombic structure. Above 600K two
different polymers having 1-D chains and 2-D chains have been reported [21]. When
fullerene is compressed above 22GPa at above 800K it transforms into a 3-D network
with extremely high hardness [22]. Diffraction patterns of the heated sample at 12GPa
show the C60 caged structures to remain stable up to 900-1000K in a very high
covalently bonded polymer, however at more extreme conditions the cage collapses to
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graphite or amorphous carbon. Due to these evidences of reactivity of C60 under
different conditions of temperature and pressure our current work aims at forming these
or similar polymers in the presence of high pressure from hydrogenated C60 so that the
formed polymer can wrap around the H2 which is released.

4.3 Goals of this project
This work consists of two parts. The first part probes hydrogen evolution from known
and well-characterized carbon materials under extreme conditions. The second part
(Discussed

in

Chapter

5)

utilizes

mechano-chemical

synthetic

routes

and

polymerization reactions to attempt to trap hydrogen in carbon cages via ‘wrapping’
and/or polymerization of carbon around available hydrogen. This project used
mechano-chemistry to polymerize aromatics in the presence of gases in a diamond anvil
cell (DAC), in an attempt to form localized carbon cages that trap gases via repulsive
interactions. Aromatic and hydroaromatic molecules expected to undergo cycloaddition reactions were polymerized at high (~GPa) pressures to form extended
hydrogenated amorphous carbon networks. Notably, aromatics with a pre-existing
internal free volume (such as Triptycene) appeared to retain its bridge-head C-C bond
and rigidity upon application of pressure (discussed in Chapter 5). However, a high
photoluminescence background after polymerization precluded in situ identification of
trapped gases. Thus, we monitored the vibrational spectra of the gas molecule after
depressurization. No spectroscopic evidence was found indicative of pockets of trapped
gases in a localized high-pressure environment.

Control studies suggested this

measurement may be insensitive to gases at low pressure.
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4.4 Method and Materials
C60, Dihydroanthracene and Tetralin were purchased from commercial sources (SigmaAldrich) and were used without further purification.
4.4.1 Diamond Anvil Cells
High pressure experiments are conducted in a Diamond Anvil Cell (DAC) simply
because diamond is the hardest substance known and has a high bulk modulus allowing
it to reach very high pressures. Depending on the culet size and hardness of the
material, DACs can reach upto 550GPa of pressure [23]. The DAC used in our
experiments are the Mao-Bell type DAC [24]. Design features of this cell consist of a
pair of opposed diamonds in a piston and cylinder arrangement that provides
mechanical stability (Fig 4-3). The diamonds are placed on a tungsten carbide seat
attached with epoxy. In between the 2 diamond anvils a steel gasket is placed which
acts as a sample holder. Diamond alignment and mechanical stability of the cell is
important because any slight translational movement can cause diamond failure.

Fig 4-3: (Left) DAC picture showing different components, (Right) Typical Mao-Bell type DAC
[25,26]
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4.4.2 Ruby fluorescence method
In these studies Ruby fluorescence is used for pressure calibration. For Ruby
fluorescence calibration, a small chip of Ruby (Al2O3:Cr3+) is placed in the sample
chamber. The fluorescence is excited by a suitable laser (Ar-ion or He-Ne). The Ruby
fluorescence spectrum contains two well-defined peaks (R1 and R2) which shifts to
longer wavelengths (Fig 4-4) with increasing pressure [27, 28]. The pressure
dependence of the Ruby R2 (694.2 nm) shifts are used to determine pressure which is
governed by the following relation:
𝑃(𝐺𝑃𝑎) =

1904
𝐵

∆𝜆

𝐵−1

{(694.21 + 1)

}………………(2)

Where B= 7.665 for hydrostatic and B= 5 for non-hydrostatic compression. Δλ is the
shift in the R2 line in nanometres.

Figure 4-4: 633nm Photoluminescence spectra of Ruby as a function of pressure in a DAC. As the
pressure increases the peak shifts to a higher wavelength.
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4.4.3 Multiwavelength Raman Spectroscopy
Multiwavelength (MW) Raman spectroscopy is an important analytical tool for probing
transformations in carbon compounds. All amorphous carbons have 2 common features
in their Raman spectra in the 800–2000 cm-1 region, the G and D peaks, which lie at
around 1560 and 1360 cm-1 respectively for visible excitation. The T peak at around
1060 cm-1 is seen only under UV excitation. The G and D peaks are due to sp2 sites.
The G peak is due to the bond stretching of all pairs of sp2 atoms in both rings and
chains. The D peak is due to the breathing modes of sp2 atoms in rings. The T peak is
due to the C-C sp3 vibrations. Molecular hydrogen penetration in the caged carbon is
monitored by the presence of the Q band at 4160cm-1 under visible excitation
wavelengths. This peak can give information about hydrogen evolution from the
starting material during transformation and/or if hydrogen is being trapped in a solid
state lattice. Re-hybridization of sp2 to sp3 carbon can be verified by using UV Raman
spectroscopy which is marked by a T peak at around 1060 cm-1. Thus MW Raman
spectroscopy with excitation wavelengths ranging from deep UV to the near IR is now
emerging as an elegant tool that can give far more information about the structure,
bonding, and defects in carbon than conventional visible Raman spectroscopy alone.
Raman spectroscopy bears details of whether the sp3 hybridized carbon is attached to
hydrogen or not, the degree of order present for the sp2 carbon, how the sp2 carbon is
organized (chains or rings, for example), how many defects are present in the sp2
carbon etc. However visible Raman spectroscopy is an important tool in probing the
changes in the carbon backbone [17, 29-30]. Type-1 diamonds which are widely used
for these studies are convenient tools for in-situ analysis under visible excitation
wavelengths. However due to the presence of nitrogen impurities in-situ UV Raman
cannot be conducted in these cells.
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4.5 Results and Discussions
4.5.1 Probing the hydrogen release mechanism in hydrogenated C60 under
photochemical and mechanochamical conditions
The current challenges in hydrogen storage are not only to find an ideal material which
can store high weight percentage of H2 but also to find materials which can easily
release the H2 when required. For commercial applications in hydrogen storage, success
relies on the amount of hydrogen that is releasable. In this case compounds are chosen
on the basis of their degree of unsaturation, number of rings and aromatic analogues.
4.5.1.1 Theoretical Predictions
Molecular dynamics with reactive force fields (ReaxFF) were implemented in
modelling hydrogenated C60 (C60H36 and C60H18 were considered based on experimental
synthesis described below). Under hydrostatic compression, the modelling results
suggest that C60H36 is resistant to high-pressure polymerization and dehydrogenation up
to ~30 GPa (Fig 4-5).

Figure 4-5: The C60H36 crystal is shock-compressed to about 30 GPa at 1000 C to speed up the
reactions, and the cage is broken to form C-C links between molecules [31].
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At higher pressure, the molecules lose the spherical shape, and begin to form
intermolecular links due to the loss of preferred tetrahedral geometry. However, no
release of molecular hydrogen is observed in the modelling studies. Studies predicted
the loss of hydrogen under shock compression.
4.5.1.2 Synthesis of Hydrogenated C60 and high pressure studies
Simulations conducted by collaborating physicists imply that trapping of hydrogen gas
during compression of C60H36 will require extreme conditions [31]. Rapid (shock)
compression may induce polymerization. Shock compression at 30GPa within 1ps, at
1000K leads to the failure of ball structure and hydrogen release. Current efforts utilize
static high pressure compression of C60H14 under non hydrostatic conditions. It is
expected that the uniaxial stress may be more efficient in causing a reaction with the
potential to release hydrogen than the simulated hydrostatic compression. Hydrogenated
C60 was synthesised using transfer hydrogenation reaction with diethylenetriamine and
pristine C60 [32].

Figure 4-6: MALDI of the C60H14
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The degree of hydrogenation of the resultant product was obtained by Matrix-assisted
laser desorption/ionization (MALDI) which shows broad distribution of ions from 728
to 740 showing evidence of hydrogenation. Intense peaks at 734 confirm the formation
of C60H14 as the major product (Fig 4-6). XRD results show the hydrogenated product
to retain most of its crystalline structure however it also indicates some degree of
amorphatization. Several methods have been studied in the past by other groups to
hydrogenate C60 [33-35] however none of the previous methods demonstrate the
possibility of oxidation of the compound formed under their storage conditions. The
most common method of hydrogenation of C60 studied in the past is the reduction with
Zn-HCl [36]. Several efforts have been made to reproduce these results however all
attempts led to the oxidised product C60Hx(OH)y . From our study it can be revealed that
hydrogenated C60 is more prone to oxidation when synthesised through a wet processes.
Oxygen incorporation may also be caused due to aerial oxidation which is unfavourable
for our current purpose as extreme oxidation of C60 may lead to formation of ketones
thus completely destroying the spherical structure of the buckyball. Also hydrogenated
C60 is sensitive to light and hence the compound has to be synthesised and stored in
dark places. Results of compression of C60H14 under non-hydrostatic conditions reveal
the following facts i) Upto 9GPa C60H14 shows very high photoluminescence (PL) on
being irradiated with visible Raman excitation wavelength of 633 and 514nm.ii) Above
9.24 GPa the PL shifts to produce visible Raman peaks of the sample. Two peaks are
seen in the visible Raman above 9.24GPa at 1505cm-1 and 1620cm-1 which are due to
Gg vibrational mode of C60 which show significant shift upto 24GPa. (iii) On
decompression the recovered product does not revert back to the highly fluorescent
starting material but gives a product with regular Raman features (Fig 4-7), (iv) There is
no evidence of hydrogen release at room temperature upto 24GPa pressure.
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Figure 4-7 : Visible Raman spectra at 633nm of hydrogenated C60 shows very high
photoluminescence. At 9.87GPa the photoluminescence shifts to exhibit regular Raman peaks
but upto 24GPa no significant changes occur. New peaks at 1810cm-1 and 1620cm-1 are due to
Gg vibrational mode of C60 seen in the recovered product (blak spectra). No loss of hydrogen is
observed as no new peaks are seen in the 4165cm-1 region.

Consistent with theoretical predictions, compression of the resulting C60Hx materials
under non-hydrostatic conditions at 300K indicate no signs of dehydrogenation, as
monitored via in situ Raman spectroscopy (tracking the C-C bonding). Analysis of the
recovered pressurized material showed no significant changes. Unfortunately, it was
not possible to do shock compression in the DAC, and no laboratory facilities capable
of shock compression were known. Thus, it was not possibly to fully validate the
theoretical studies, which suggested polymerization might occur under shock
compression with the release of hydrogen.
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4.5.1.3 Experimental validation via photochemical methods
Due to equipment limitations for inducing shock compression, UV irradiation was used
to induce dehydrogenation and rehybridization of C60Hx, drawing from previous studies
of photochemical-induced polymerization [37]. C60H18 was irradiated with a 257 nm
UV laser to initiate dehydrogenation. A significant decrease in the C-H alkyl stretch
region (i.e. in the range of 2800-3000 cm-1, see Figure 4-8) via in situ FTIR
spectroscopy

confirmed

dehydrogenation

upon

UV

irradiation.

Figure 4-8: (Left) FTIR spectra of hydrogenated C60 before and after UV irradiation. (Right)
Photoluminescence shift of hydrogenated C60 before (red) and after UV irradiation (blue),
measured with 514nm excitation. A shift to higher wavelength demonstrates a reduced band gap,
consistent with a change from sp3 to sp2.

Shifts in the photoluminescence (PL) peak (514nm excitation wavelength) were also
consistent with dehydrogenation: relative to C60H18, the PL of UV-irradiated C60H18 is
shifted to a higher wavelength, which corresponds to a smaller band gap, and is thus
indicative of the formation of sp2 bonds (Fig 4-8). An increased sp2 character verifies
conversion of sp3 C-H bonds in C60Hx to form C=C double bonds in C60. As this
reaction would liberate H2, we monitored the spectra for the H2 Q-band at 4157cm-1 [8].
However, a high photoluminescence (PL) in this region masked the spectral features.
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High PL was observed at excitations of 488nm, 514nm, 633nm, and 785nm, and thus
detection of trapped H2 after UV-induced dehydrogenation was not possible. The 1064
nm excitation wavelength was able to eliminate the PL of the precursor (Fig 4-9),
however, the 1064 nm Raman set-up available was not micro-Raman and thus could not
be focused for in situ analysis in the DAC. Subsequent attempts using a Type II
diamond in other studies, monitoring for trapped H2 was limited by the low sensitivity
of the Raman spectroscopy and high PL of the carbon materials. Although the 1064nm
spectra of the hydrogenated C60 got rid of the PL issue (Fig 4-9) the low intensities of
the spectra were not favorable for analysis. This is because the Raman intensity is
1

inversely proportional to the fourth power of the excitation wavelength (𝐼 ∝ 𝜆4 ) and so
use of 1064nm Raman wasn’t helpful in this case.

Figure 4-9: 1064nm Raman spectra of hydrogenated C60 showing the lack of PL in the C-H
stretching region (2800-3200cm-1)

Use of 458nm excitation wavelength for Raman showed the D and G peak in the case of
UV irradiated hydrogenated C60 (Fig 4-10). However there was still PL in the C-H
stretching region (2800-3200cm-1) and hence this was discontinued to probe the H2
release mechanism.
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Figure 4-10: 458nm Raman spectra of the UV irradiated hydrogenated C 60 showing the
D and G peaks. Curve fitting was done by using Gaussian curves with a constant background.

4.5.2 Hydrogen evolution by hydroaromatic compounds under mechanical
pressure
Hydroaromatic compounds are derived from aromatic compounds by addition of
hydrogen. For example, 1, 2, 3, 4, Tetrahydronaphthalene (Tetralin) is derived from
naphthalene, via addition of two H2 molecules.

Figure 4-11: Structure of tetralin.

Hydroaromatics were explored, as it was anticipated these compounds would be more
prone to dehydrogenation relative to their aromatic analogs. Specifically, two possible
reactions were anticipated under mechanical pressure: 1) Dehydrogenation at the sp3
site; and/or 2) cross-linking at the C=C double bond site to initiate polymerization.
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Figure 4-12: In-situVisible Raman (633 nm, 1 mW power) of Tetralin at different pressures

Photoluminescence was first observed in the Raman spectra of tetralin at 23.54 GPa
(Fig 4-12). However, upon decompression, the Raman spectra of tetralin was recovered,
suggesting the PL was due to excimer formation. Subsequent compression of tetralin to
26 GPa led to an amorphous hydrogenated carbon, as evidence from the Raman spectra
(Fig 4-13) of the recovered spectra at 633nm excitation. No loss of hydrogen was seen
in either case. So appearance of PL indicated that under conditions of uniaxial stress
these molecules are likely to increase their co-ordination number and cross link to form
polymerized products instead of dehydrogenating and forming naphthalene.
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Figure 4-13: Raman spectra at 633nm of recovered sample after pressure release after 26GPa
showing photoluminescence.

Another hydroaromatic compound studied was 9, 10 Dihydroanthracene (DHA), as
illustrated in Fig 4-14. DHA is derived from anthracene via hydrogenation of the central
aromatic ring. Reaction of dihydroanthracene was noted at 20.14 GPa, as noted by a
strong photoluminescence in the in-situ Raman spectra (Fig 4-15: green spectra)
collected in the DAC. However, the spectra of the recovered product was that of the
DHA, suggesting the PL was due to excimer formation. DHA did not polymerize upto
30 GPa at room temperature, which was close to the pressure limit of the equipment.

Figure 4-14: Structure of 9, 10 Dihydroanthracene

The Raman spectra (with 488 nm excitation) of both tetralin and DHA showed PL over
the whole spectra, thus precluding in situ analysis for the Q-band H2 mode found at
~4200 cm-1. The H2 mode was not observed after pressure release. Addition of gaseous
H2 was problematic due to the low vapor pressure of the hydroaromatics. In short, it
was impossible to evacuate the system without evaporating the hydroaromatics
(tetralin). Cooling the system was unsuccessful due to the physical constraints of the
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DAC.

High pressure studies with DHA were abandoned due to the lack of

polymerization in absence of H2.

Figure 4-15: Raman of Dihydroanthracene (DHA) at different pressures at 633 nm excitation (in
absence of H2). (Low pressure represents initial tightening of the diamond anvil cell.) The intense
peak seen at 1333 cm-1 is signal from the diamond anvil. Photoluminescence (PL) was oberved at
20.14 GPa, but upon depressuirization, the spectra of the recovered product the PL was not
retained. No polymerization of DHA was observed up to 30 GPa, the pressure limit of the
equipment.GPa, but upon depressuirization, the Raman spectra of the recovered product retained
the PL but the FTIR of the recovered product matched thtthat of the DHA precursor, suggesting
the PL was due to excimer formation. No polymerization of DHA was observed up to 30 GPa, the
pressure limit of the equipment.

4.6 Conclusions
A number of precursors were tested under high pressure; however, a high
photoluminescence background after polymerization precluded in-situ identification of
trapped gases. Monitoring for trapped gases after pressure release was complicated by a
subsequent demonstration of a low sensitivity of adsorbed films at low pressures.
Overall, our experiments thus indicate that no high-pressure pockets exist in the
polymerized materials, and/or trapped gases easily escape from the current materials in
the matter of a few minutes. Moreover, in cases where evidence for dehydrogenation of
the carbon precursors was found, very little hydrogen was lost in the microgram
quantities of samples used in the diamond anvil cell, which complicated detection. It
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was difficult to precisely control stoichiometry in bimolecular reactions in microgram
quantities; non-stoichiometric quantities of reactants may lead to unwanted side
reactions such as self-polymerization. At the onset of this project, it was anticipated that
carbon-based molecules would be dehyrogenated upon extreme pressurization so that
carbon-carbon bonds could be created. This did not occur. In general, in the presence of
a uniaxial stress, the carbon molecules (including aromatics, polyarmatics,
hydroaromatics and hydrogenated fullerene) increased their coordination number (i.e.
went from to sp2 to sp3) to form dimers and polymers without undergoing
dehydrogenation. Modeling studies suggested shock or shear compression may lead to
dehydrogenation (for hydrogentated fullerene, i.e. C60Hx), but we were unable to
reproduce these conditions in existing experimental equipment.
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Chapter 5: High pressure reactivity of molecules with internal free volume probed
by Raman spectroscopy

Abstract: The high pressure reactivity of caged olefinic carbons and polymeric
aromatic hydrocarbons (PAHs) have been of interest due to their capability of
producing unique C-H networks with varying geometries and bonding environments.
This work focuses on the study of the effect of high pressure on molecules with internal
free volume with special focus on triptycene to study the reactivity of systems with
aromatic and bridgehead sites. Triptycene (a molecule with bridgehead bonds
possessing internal free volume) starts to polymerize at 25GPa at room temperature to
yield an amorphous hydrogenated carbon (a: C-H) network with a high sp3 C-H content
via a ring opening mechanism. The reactivity is similar to that of benzene however due
to the site dependent polymerisation however the product retains its rigid backbone
after high pressure treatment.
Keywords: Iptycene, Internal free volume, high pressure, amorphous hydrogenated
carbon
5.1 Introduction
The use of high pressure to tune the chemical and physical properties of small
molecules has been of interest for a long time [1, 2]. The ability of high pressure to
induce reactions in systems which are unreactive otherwise has been demonstrated both
in linear acenes as well as cage like structures like C60 [3, 4, 5, 6 ]. Unsaturated
hydrocarbons exhibit unique reactivity under high pressure. In-situ vibrational
spectroscopy provides important information about the reaction pathway and the
molecular arrangement and rearrangement in the crystal structure [8, 9]. High pressure
chemistry using diamond anvil cells (DAC) has emerged as a unique way of studying
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carbon transformations. Such pressure induced reactive pathways of small molecule
have many applications in the field of gas storage and synthesis of hard materials [10,
11, 12]. Pressure induced rehybridization from sp2 to sp3 carbons in acenes have been
studied for decades as it promotes the synthesis of high hardness materials. Recently
our group has demonstrated the synthesis of sp3 bonded crystalline one dimensional
carbon nanothreads from the high pressure polymerization of benzene [13]. Such
nanothreads exhibit extraordinary stiffness as compared to sp2 carbon nanotubes. Slow
decompression allows the retention of the order of the sample. This study when
extended to other members of polycyclic aromatic hydrocarbons (PAHs) help disclose
important facts about the entire class of compounds leading to the formation of novel
carbon nanostructures. In this case we extend our study to explore the high pressure
reactivity of benzene rings arranged in a Y-shaped scaffold in triptycene.
Iptycenes have a unique paddle wheeled structure with benzene rings fused together
through a bridge head creating internal free volume. These molecules with bridgeheads
are a good model for pressure induced polymerisation studies because of their fixed
geometries. Iptycenes have attracted a lot of attention as they form the building blocks
for several porous materials with potential applications in supramolecular chemistry.
Due to its rigid structure and non-planarity and the presence of bridgeheads extends its
application to the formation of molecular rotors and study of arene-arene interactions
[14, 15]. In most cases the study of iptycenes is limited to triptycene (Fig 5-1) because
of the synthetic challenges for the higher order iptycenes. Bartlett in 1942 first
synthesised and named triptycene where the prefix indicates the number of arenes [16].
The high energy barrier for twisting or deformation of the [2.2.2] bridgehead system
keeps the angle between aromatic rings at 120 °, making iptycenes useful for imparting
rigidity and for creating structures with fixed geometries.
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Figure 5-1: Structure of triptycene [10]

Additionally this three bladed geometry hinders efficient packing, producing voids.
High pressure studies allow the exploration of new transformations in such rigid
molecules which can lead to the formation of several 3-D caged polymers. However
catalyst free, high pressure reactions of triptycene haven’t been studied before. Cross
linked triptycene molecules in the past have been investigated to form single molecule
thick 2D polymers and their evolution into hollow spheres [17]. Further photochemistry
of triptycene leads to the formation of a (nonbenzo) norcaradiene type structure [18].
Use of high pressure on molecules with varying C: H ratios and structures can lead to a
variety of amorphous carbon which ranges from hard tetrahedral amorphous carbons
(ta-C) to soft polymer-like hydrogenated amorphous carbons (a-C:H). In contrast to the
plasma deposition method for synthesis of amorphous hydrogenated carbon, high
pressure allows a better control over the topochemistry of the end product with varying
precursors. In this work I report the formation of a highly fluorescent polymer like
hydrogenated amorphous carbon(PLHC) with 40% sp3 C-H content produced as a result
of compression of triptycene at room temperature. Effect of uniaxial stress leads to
induction of reactions in the aromatic sites however the bridgehead carbon remains
unaffected. This is due to the fact that the reaction of carbon bridgeheads causes an
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increase in the activation volume which is unfavourable at high pressure. Visible and
UV Raman spectroscopy along with FTIR, EELS and TEM are utilized as tools to
investigate the composition and the reaction pathway of polymerisation of triptycene.
Triptycene starts to polymerize at 25GPa as studied by in-situ Raman measurements.
5.2 Experimental
5.2.1 Methods and Materials: Triptycene was purchased from Sigma-Aldrich and was
used without further purification. Triptycene was loaded into a steel gasket which was
pre indented to a thickness of 35 micron and a 160 micron hole acted as the sample
chamber. Compression was done under non-hydrostatic conditions at room temperature
in a Mao-Bell type Diamond Anvil Cell (DAC) with a 400 micron culet using Type-II
diamonds. A ruby chip was inserted in the sample in order to perform in-situ pressure
measurements by monitoring the R1 ruby fluorescence band shift [19].
5.2.2 Characterization
In-situ Raman spectra were collected using a 633nm He-Ne and 514nm Ar ion laser
Renishaw Invia spectrometer. TEM images were taken using a LaB6 emmiter TEM
JEOL microscope. EELS (Electron Energy Loss spectroscopy) data were collected by a
JEOL EM-2010F field emission TEM at an accelerating voltage of 200 keV with a
Gatan Model EnfinaTM 1000 spectrometer that has a 1.1 eV resolution. Due to the lack
of suitable standard sp2 carbon references the sp3 content could not be quantified by
EELS. Graphite cannot be used as a 100% sp2reference because of less isotropic
distribution of sp2 sites. Moreover quantification is only possible if both the reference
and the sample have the same medium range order [37]. FT-IR spectra were collected
with a Hyperion 3000 FT-IR microscope in transmission mode 400 scans from 4000 400 cm-1. UV Raman of polymerized triptycene was collected using 0.2 mW power,
244nm laser. No sample damage was observed while using a laser power of 0.2mW or
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below. The UV Raman of pristine triptycene could not be obtained due to sample
damage as a result of rapid photo-polymerisation of triptycene to a semi-bulvallene type
structure reported previously [26].
5.3 Results and Discussions
5.3.1 Polymerisation of Triptycene probed by In-situ Visible Raman Spectra
Triptycene belongs to the D3h symmetry group with each aromatic ring experiencing a
local C2v symmetry [20].Visible Raman spectra of triptycene in the Diamond Anvil Cell
(DAC) were collected using a 633nm excitation wavelength (Fig 5-2) under nonhydrostatic conditions. Triptycene is marked by the C=C double bond stretching mode
at 1599.7cm-1 and a C=C breathing mode at 1324.3cm-1[20]. The diamond signal at
1332cm-1 masks the C=C breathing mode during in-situ Raman studies. In-situ visible
Raman spectroscopy shows that with pressurisation the mode at1599.7cm-1 broadens
and blue shifts. At the pressure of 25.73GPa the Raman spectra is replaced by huge
photoluminescence with a broad G peak centred at 1650.9cm-1 indicative of amorphous
hydrogenated carbon [21].

Figure 5-2: In-situ visible Raman spectra of triptycene at high pressure in DAC at 633nm
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The polymerised sample after decompression is an orange coloured sample exhibiting a
strong photoluminescence (PL) under visible excitation. The orange colour (Fig 5-4) of
the polymerised triptycene can be attributed to the band gap closure of the HOMOLUMO gap. Splitting and broadening of the low frequency vibrational modes can be
explained as a result of stronger intermolecular interactions under high pressure (Fig 53). Photoluminescence is caused due to the defect sites created as a result of pressure
induced amorphatization, which are formed due to the passivation of non-radiative
recombination sites, and the intensity of the PL increases with hydrogen content [22].
Due to the strong photoluminescence exhibited by the amorphous
hydrogenated carbon ex-situ characterisation in the near-IR range or the UV range is
instrumental in characterizing the recovered polymerized product. Multiwavelength
Raman spectroscopy has been used in the past to differentiate between different types
of amorphous carbon networks [23, 24], however in this case using multiwavelength
visible excitations (488nm, 514nm, 633nm, and 754nm) have produced a featureless
Raman spectrum due to the high photoluminescence (PL).

5.3.2 Phase Transition
Triptycene has an orthorhombic crystal structure with 4 molecules per unit cell [34]. Insitu visible Raman studies at 633nm reveal important aspects of the phase change of
triptycene. The low frequency vibrational modes are assigned in Table 5-1. The skeletal
modes (<400cm-1) of triptycene are particularly important since they consist of relative
motions of the three nearly-rigid o-xylene rings and may bear some information of the
relative motion of the benzene ring, however the pressure evolution of these modes
could not be studied due to the weakening of these bands under high pressure. The
splitting of the 1026cm-1 mode can be explained due to its phase transition to a
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more ordered state (Fig 5-3b). The intensity of the 798.93cm-1 (ν22) increases with
respect to 803.97 cm-1(ν21) mode and at 10GPa both combine to form a broad peak (Fig
5-3b). This may be explained due to the formation of intermediate species or dimers.
The pressure evolution of these modes (Fig 5-3) obtained by 633nm Raman spectra
further show a second order phase transition from the orthorhombic crystal structure of
triptycene [34] to a more ordered phase at 3.35GPa. High pressure is expected to favour
transitions to a high density phase. At a pressure above 3.35GPa there is an increase in
the Raman shift which is prominent in the 1026cm-1 and 1208.2cm-1 modes. Change in
slope of the pressure-frequency curves above 3.35GPa shows a second order phase
transition to occur at this pressure. The slope flattens at 6GPa and the peaks start
broadening at 17GPa and above this pressure the low frequency modes are covered up
with a strong photoluminescence to form an amorphous hydrogenated carbon at
25.7GPa. Almost all the modes are lost above 17GPa due to growing
photoluminescence. High photoluminescence (PL) before reaching the polymerisation
pressure can be explained due to excimer (excited dimer) formation [35]. The higher
critical pressure of triptycene compared to benzene can be attributed to the inefficient
packing of the structures due to higher free volume.
Experimental
Raman
Frequency(cm-1)
350.86
361.66
497.31
626.07
646.77
798.93
803.97

Symmetry

Mode

E’
A1’
A1’
E’
E”
E’
A1’

ν6
ν7
ν11
ν14
ν15
ν22
ν21

Table 5-1: Raman active vibration modes of triptycene with assignment [36].
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Figure 5-3 (Left): Pressure evolution of the vibrational modes in triptycene obtained by 633nm
Raman spectra, The vertical dashed line shows the phase transformation, (Right) In-situ Raman
spectra(633nm) showing splitting and broadening of the vibration modes at high pressure(zoomed
in version of Fig 5-2).

5.3.3. Photoluminescence

Figure 5-4: Image of pressure recovered sample in a steel gasket within a 160µm diameter hole.
Dark orange appearance indicates the polymer to have a lower band gap.

Photoluminescence (PL) of amorphous hydrogenated carbon can be explained due to
sufficient amount of sp2 content in the polymer, the delocalization of the π electrons can
cause them to recombine non-radiatively. The increased PL in the polymerised
triptycene causes the product to show no G peak in the visible Raman due to high
hydrogen content. The orange colour of the polymerised triptycene (Fig 5-4) shows a
band gap closure however compared to benzene which appears white after compression
to 20GPa [13]. The darker appearance of the polymerised triptycene suggests the band
gap to be smaller than that of polymerised benzene. Another reason for the smaller band
gap is the higher sp2 content in polymerised triptycene as compared to that of
polymerised benzene (polymerised benzene has 80% sp3 content) [13].
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5.3.4 UV Raman of Polymerised Triptycene

The UV Raman of amorphous hydrogenated carbon is marked by three important
features, namely the “D peak” centred around 1360cm-1, a “G peak” centred around
1600cm-1 and a “T peak” which is due to sp3 vibrations lying around 1060 cm-1, for Hfree carbons and around 980 cm-1 in hydrogenated carbons. The D peak is due to the
breathing modes of sp2 carbons in rings whereas the G peak is caused by sp2 bonded
carbon both in rings and chains. The T peak signifies the sp3 C-C vibration and is only
seen in the UV excitation region. This is because systems containing both sp2 and sp3 C
–C bonds, the resonance enhancement of the sp2 carbon scattering causes it to be much
larger in the visible region is not present with deep UV excitation [23].

Figure 5-5: Deep UV Raman of polymerised triptycene at 244nm showing a broad G peak(FWHM
57.73cm-1) at 1611.4cm-1 indicating the formation of polymer like amorphous hydrogenated
carbon(PLHC) and a D peak at 1379.7cm-1 indicating presence of defect.The spectrum was fitted
using a Lorentzian peak with a cubic background.

Here, amorphous hydrogenated carbon synthesized by the compression
of triptycene shows a D peak at 1379.7 cm-1 and a G peak at 1611.4 cm-1 (Fig 5-5). The
shift in position of the G peak with respect to that of graphite (1582cm-1) can be
attributed to the presence of sp2 bonded chains along with rings. The FWHM of the G
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peak (57.73cm-1) is lower than 60cm-1 , indicating lesser disorder in the polymeric
amorphous carbon, and shows the polymer to be mechanically soft [24]. The low
I(D)/I(G) ratio of 0.314 further indicates lower amount of disorder in the final product.
The T peak at 1060cm-1 mostly denotes sp3 C-C vibrational modes not bonded to
hydrogen [25]. In case of polymerised triptycene there is a very weak almost nonexistent T peak around 1000cm-1 indicating there are no sp3 C-C formed which are not
bonded to hydrogen. This observation further confirms that no loss of hydrogen takes
place during the compression of triptycene. The UV Raman spectrum thus indicates that
the polymerised triptycene closely resembles polymer like hydrogenated amorphous
carbon (PLHC).

5.3.5 Infrared Spectroscopy
FTIR is used to probe asymmetric bond vibrations which cause a change in dipole
moment and often reveals important aspects about the bond vibrations. The FTIR
spectra for the polymerised triptycene (Fig 5-6) shows an increase in intensity of sp3
and sp2 C-H. Especially in the case of the sp3 C-H stretch it increases and broadens
indicating rehybridization of sp2 to sp3 C bonds. The mode at 1457cm-1 indicates the
aromatic C=C stretching mode. Presence of this peak after polymerisation indicates
only one or two of the benzene rings in triptycene are participating in polymerisation.
This can be explained as a result of uniaxial stress (under non-hydrostatic conditions)
which promotes cross-linking only in one direction. Our experiments with triptycene
under hydrostatic conditions have shown no polymerisation upto 34GPa at room
temperature (Fig 5-10).
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Figure 5-6(Left): FTIR spectra of polymerised triptycene in comparison to prtistine triptycene
showing and increase in the intensity in the C-H stretching mode suggesting high amount of
crosslinking. The spectra is normalized with respect to the aromatic C=C stretching mode at
1457cm-1. (Right) FTIR of polymerised triptycene. Enlargement of the C-H region of the spectra
showing the presence of both sp3 C-H from 2750-3000cm-1 and sp2 C-H from 3000-3200cm-1. The
spectrum was fitted using a Lorentzian peak with a cubic background.

Occurrence of new peaks in the 1600-1700cm-1 region indicates the
presence of alkenyl C=C bonds which suggests a ring opening mechanism for the
polymerisation pathway. The sp3 C-H stretch (Fig 5-6) can be fit with multiple peaks
with a component at 2854cm-1 which corresponds to newly formed CH2 bonds. Such
CH2 stretches are common to cage like structures like Adamantane [27]. Existence of
the sp3 C-H stretch at 2956cm-1 further confirms the stability of the bridgehead C-Hs
under high pressure and thus reaction only takes place at the aromatic site.
Integration of the C-H stretching region gives an estimate of the
hydrogen content in the amorphous hydrogenated carbon to be 40% sp3. Ratio of
integration for sp3 to sp2 is 2.18, which converts to a Csp3:Csp2 ratio of 1 which is
equivalent to approximately 40% abundance of sp3carbon. 1 Due to the variation in
thickness of the sample the absolute hydrogen content of the polymerised triptycene

1
This calculation is based on the direct correlation of the integrated intensities of sp3 and sp2 C-H to the
Csp3/Csp2 ratio established by Dischler and co authors [28, 29].
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cannot be quantified using FT -IR spectroscopy. Micro-scale sample in the DAC further
prohibits use of standard methods like NMR for H-content determination.
5.3.6 Electron Energy Loss Spectroscopy
EELS spectrum of polymerised triptycene exhibited a plasmon peak at 22.9eV (Fig 5-7)
consistent with formation of amorphous carbon bonded to hydrogen. No sample
damage was observed under a 200kV beam. The higher energy peaks show the carbon
K-edge with substantial amount of sp2 carbon content.

Figure 5-7:(Left)EELS spectra of the polymerised triptycene, (Right)Plasmon peak at 22.9eV
showing the presence of amorphous carbon bonded to hydrogen

Figure 5-8: TEM of the polymerised triptycene (inset: SAED)
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This observation can be justified based on the observation in the FTIR which indicates
the formation of new alkenes via ring opening mechanism. Due to the lack of suitable
standard sp2 carbon references the sp3 content could not be quantified by EELS. The
Bright field TEM image (Fig 5-8) and the SAED(inset) shows the amorphous nature of
the polymerised triptycene.
5.3.7 Chemical Reaction
The structure of triptycene has two reaction sites at high pressure, one is the aromatic
ring system and the other is the very strained C-C and C-H bridgehead bonds (Fig 5-1).
Cleavage of the bridgehead C-C bond would lead to an increase in free volume which
wouldn’t be favourable under high pressure [30]. Moreover the C-C bond breakage
would result in a retro-Diels –Alder type reaction forming Anthracene and Benzyne
(Fig 5-9), however no evidence of either was found in the Raman or IR spectra.
Breakage of the C-H bridgehead bond would result in a radical formation at the
bridgehead carbon which can only be stabilized via a double bond formation in the
bridgehead which is not supported by Bredt’s rule [31]. Moreover the loss of hydrogen
would lead to the appearance of a vibration at 4165cm-1 [32] in the Raman spectra
which is not seen. Hence it can be concluded that the only reactive site is the aromatic
ring system via cross linking through [2+2] or [4+2] or [4+4] cycloaddition reactions.
The 2+2 addition occurs via mixing of orbitals to form a SOMO (Singly occupied
molecular orbital) state. Such cross linking pathways support retention of internal free
volume in the polymerised substance. Conventionally such cycloaddition reactions are
either thermally or photochemically activated, in this case pressure induces the mixing
of orbitals causing the de-aromatization via ring opening mechanism. Generation of
radicals cause the propagation of the polymerisation via the aromatic site. The retention
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of bridgeheads further causes this to be topochemical. Previous investigations on such
laticyclic topology reconfirm that 2+2 interaction would stabilize such geometries [33].

Figure 5-9: Schematic showing the possible reaction pathway

5.3.8 Compression of Triptycene under hydrostatic conditions in the presence of
Hydrogen
In order to study and explore the potential of polymerised triptycene for hydrogen
trapping via repulsive interactions, high pressure Hydrogen was loaded into the DAC
with triptycene and the reactivity was studied by in-situ Raman spectroscopy. Presence
of high pressure hydrogen creates a hydrostatic environment and the reactivity and
pressure threshold of polymerisation of triptycene may be different. In the presence of
hydrogen the stress on the molecule is no longer uniaxial but poly-axial which leads to
a greater pressure threshold of polymerisation.
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Figure 5-10(Left): Visible Raman spectra of triptycene before and after high pressure compression
at 633nm showing no sign of polymerisation after hydrostatic compression in presence of hydrogen
upto 34GPa. (Right)In-situ Raman spectroscopy showing the shift in the H-H stretching mode as a
result of high pressure compression upto 34GPa, however no sign of the H-H mode seen on release
of pressure.

In-situ Raman spectroscopy showing the shift in the H-H stretching mode as a result of
high pressure compression upto 34GPa (Fig 5-10), however no sign of the H-H mode
seen on release of pressure.
5.4 High pressure studies of other molecules with larger internal free volume
In addition to Triptycene the high pressure reactivity of Anthracene dimer (Fig 5-11)
was studied. Anthracene dimer shows a high PL at 10GPa which is due to excimer
formation as monitored by in-situ Raman spectroscopy (Fig 5-12) however on
increasing the pressure the Anthracene dimer polymerised at 29 GPa.

Figure 5-11: Structure of Anthracene dimer
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Figure 5-12: In-situ Raman spectra of anthracene dimer at high pressure in the DAC using 633nm
excitation wavelength and 1mW power. At a pressure of 10GPa the PL occurs because of formation
of excimers.

Anthracene dimer was synthesized by the UV irradiation of Anthracene dissolved in
Benzene for 24hrs by using a previously published work [38]. Excimer formation was
confirmed by ex-situ FTIR characterisation of the compressed product (Fig 5-13). There
was no change in the composition of the compressed product after 10GPa which
confirms that the photoluminescence observed in the Raman spectra is due to the
excimer (excited dimer) formation. On increasing the pressure upto 29GPa the FTIR of
the compressed product was studied. The FTIR of the compressed product showed
signs of polymerisation by the increase in the intensity of the sp3 C-H stretch. The
reaction mechanism is seen to be similar to that of triptycene polymerisation via a ring
opening mechanism with the formation of new alkenyl C=C bonds. The increase in the
intensity of the sp3 C-H stretch is a further confirmation of the rehybridisation sp2 to sp3
carbon. The polymerised anthracene dimer shows the appearance of a stretch at
2858.5cm-1due to the formation of a new highly strained C-H bond (Fig 5-13).
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Figure 5-13: (Left)FTIR spectra of polymerised anthracene dimer compared to the pristine sample
showing the increase in the intensity of the sp3 C-H stretch confirming re-hybridisation of sp2 to sp3
C due to cross linking.(Right)FTIR spectra of the C-H stretching region showing that the
compressed anthracene dimerafter 10GPa does not show any change in the C-H stretch indicatin
excimer formation with no sign of polymerisation.The C-H stretch changes for the compressed
sample at 29GPa confirming polymerisation.

The TEM and the SAED (Fig 5-14) of the polymerised anthracene showed the product
to be highly amorphous which very little long range order.

Figure 5-14:Dark field and Bright field image and (Extreme right) SAED of polymerised
anthracene dimer showing the amorphous nature of the polymerised product.

The comparative studies of the polymerisation of triptycene and anthracene dimer
shows that the pressure thresh hold for polymerisation at high pressure is higher for
anthracene-dimer (29GPa) than triptycene (26GPa). This shows that the greater the
number of bridgeheads the greater would be the pressure for polymerisation because of
greater steric hindrance and packing constrictions.
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5.5 Conclusions
This work has demonstrated the high pressure synthesis of amorphous hydrogenated
carbon from triptycene at room temperature at 25.7GPa. The amorphous cross linked
product is identified as a mechanically soft, PLHC with an estimated 40% sp3 content
with strong photoluminescence under visible excitation. The sp3 content is lesser
compared to that of polymerised benzene because only one or two of the aromatic rings
of triptycene react under high pressure. The dark orange appearance of the polymerised
triptycene shows it to have a smaller band gap compared to polymerised benzene. The
polymerisation reaction proceeds through a ring opening mechanism of the aromatic
ring system. Existence of the bridgehead C-C bond after high pressure studies reveal the
polymeric structure to have some rigidity and lower disorder and Triptycene seemed to
retain some semblance of porosity upon pressurization. Understanding the reactive
pathway for these high pressure transformations would help in the design of new
fluorescent polymers with various applications. Under high pressure hydrogen upto
34GPa no polymerisation of triptycene or gas trapping was observed. In comparison
Anthracene dimer under non-hydrostatic conditions showed polymerisation at 29GPa.
This shows that the higher the number of bridgeheads higher would be the pressure
threshold of polymerisation.
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Chapter 6: Summary and Future directions
In the course of this PhD I have demonstrated how Nitrogen molecules interact with
porous carbon materials of varied geometries. In-situ Raman spectroscopy has been
used for studying the molecular level interactions of N2 with porous carbon geometries.
This study has demonstrated that by using Raman spectroscopy and studying the
pressure dependence of the N2 signature peak we form a Raman based isotherm which
is an analogue to the N2 isotherm obtained from volumetric measurements. Such
analogies help develop a novel methodology for pore size determination in the microscale for carbon materials. Further we have seen a large shift in the N2 Raman mode in
case of the SWNT of diameter 0.64nm to 1.8nm. This is an interesting observation as
the large degree of shift indicates non physisorptive interactions and the downshift is
indicative of bond softening when the electrons of the nitrogen molecule overlap with
the nanotube. Theoretical work in our collaborator’s lab [1] lends support to the effect
of tube chirality on the N2 Raman peak. In this work I have also demonstrated the
mechano-chemistry of carbon cages and hydroaromatic systems showing no evolution
of hydrogen under the influence of uniaxial stress. Using high pressure I have shown
the polymerisation of molecules with internal free volume and formation of amorphous
hydrogenated carbon. Overall this thesis has demonstrated the usefulness of in-situ
vibration spectroscopy in studying gas-surface interactions in a way not possible with
deconstruction of bulk gas adsorption measurements. In this chapter I will outline some
future directions on Nitrogen adsorption on porous carbon materials.
6.1 Study of the effect of Semiconducting and Metallic tubes on the N2 Raman
spectra
Most of the tubes which are commercially available and have been used for this study
are mixtures of chiral and achiral tubes. There is a lot of debate in the literature with
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regards to whether the chirality of the tube has any effect on the adsorption chemistry of
gases. In case of Xe it was shown that there was no effect [14]; however the adsorption
of N2 hasn’t been systematically studied. There have been several developments in the
synthesis and isolation of semiconducting and metallic nanotubes [2, 3]. Moreover
semiconducting and metallic carbon nanotubes can be easily differentiated by studying
the Ring breathing mode (RBM) of the nanotube as seen in Fig 6-1.

Figure 6-1: Micro-Raman spectra of purified SWCNTs (bottom curve) before separation and after
electrophoretically sorting it into semiconducting (middle curve) and metallic (top curve) tubes [4].

Studying N2 adsorption Raman spectroscopy on S and M tubes would enable further
justification of the theoretical findings.
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6.2 UV Raman spectroscopy for calibration: Application of the N2 Raman method
to porous amorphous hydrogenated carbons
Amorphous hydrogenated carbons show a strong a Photoluminescence (PL)
background because of the presence of the reduction of non-radiative recombination
sites [5]. The higher the degree of hydrogen content greater would be the PL
background. In cases like these to obtain the Raman spectra the use of multi-wavelength
Raman spectroscopy has proven to be useful. In order to avoid PL in the visible range
the excitation wavelengths are either chosen to be in the near IR range (~1064nm) or in
the UV range (~244-365nm). However Raman spectroscopy is a scattering
phenomenon where the intensity is inversely proportional to the fourth power of the
1

excitation wavelength (𝐼𝐼 ∝ 𝜆𝜆4 ). So the use of a higher wavelength would lead to a

weakening of the Raman intensity and hence it is not generally used for amorphous
hydrogenated carbons. In case of UV Raman there is a chance of burning the sample
because of the large excitation energy and high power density. However there have
been demonstrations of using UV Raman to study the structure of amorphous carbons
using low power to avoid sample damage [6]. In chapter 5 I have demonstrated the UV
Raman spectroscopy of amorphous hydrogenated carbon formed as a result of
polymerisation of triptycene in a non-destructive manner. There are several porous
carbon materials which are hydrogenated and are amorphous in nature such as PIMs. In
order to utilize our developed method for amorphous hydrogenated porous materials in
the microscale there is a need to use UV Raman to do the N2 calibrations with SWNT
and Activated Carbons. Our group was the first to study the UV Raman spectra of
Carbon nanotubes (Fig 6-2) in a non destructive way [6]. Although the N-N stretching
mode which is perturbed as a result of adsorption is not a resonance feature and is not
expected to shift with changes in excitation wavelength, such calibrations will help
create cryogenic temperature Raman-therms and would extend the application of the
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porosity determination method to a broader range of amorphous hydrogenated carbon
materials.

Figure 6-2: UV Raman spectrum of SWNT with a 2.4 eV excitation. The G- peak is typical of
semiconducting tubes. UV Raman spectra of SWNTs as a function of incident laser power. Spectra
were recorded at 0.125, 0.25, 0.5, 1.25, 2, and 2.5 W/cm2 (from bottom to top). The intensity of the
1564 cm-1 peak decreases as the incident power is increased [6].

6.3 N2 Raman on Multi Walled Carbon Nanotubes (MWNT)
The appearance of a large wavenumber downshift in the N2 Raman mode seen for the
narrow diameter SWNTs has been an interesting outcome of this study. One of the key
explanations is that the N2 in the narrow tubes causes the electron cloud of the N2
molecule to overlap with the nanotube which causes this large downshift in the N2
Raman spectra. In case of Multi walled Carbon nanotubes (MWNT) the spacing
between the two tubes is 0.34nm [7] and one interesting thing to explore is that whether
the N2 can penetrate into the inter-tube spacings or not? If the N2 can reside within the
inter-tube spacing then it is expected to show a large downshift in the Raman spectra.

128
Moreover such studies can also account for the uptake and binding energies of N2 on
MWNTs. So far in the literature only H2 has been studied (theoretically) vastly on
MWNT (Fig 6-3).

Figure 6-3: Picture showing Hydrogen molecules within Multiwalled Carbon Nanotubes [7]

In the literature N2 adsorption has been studied on MWNT experimentally to determine
the pore size of the MWNT [8] however there aren’t detailed studies on the occupancy
and the different binding energies for different sites to the best of our knowledge.
6.4 Exploration of N2 adsorption on capped SWNTs
In case of the SWNTs with open ends theoretical calculations shown in Chapter 3
suggest that the N2 will reside in the interior site however for closed nanotubes those
sites aren’t available for adsorption. Hence it would be interesting to study
spectroscopically how the N-N stretching mode changes when adsorbed onto the caps.
Will it be similar to the Raman shift of N2 on C60? Moreover what would the degree of
shift say about the binding energy? Previous FTIR studies of CF4 on open and closed

129
SWNTs show a larger shift when the CF4 adsorbs onto the interior sites because of
higher binding energy as compared to when it is adsorbed onto the exterior sites [9].
6.5 Probing changes in the Radial breathing mode as a result of N2 adsorption
In case of SWNTs the radial breathing mode (RBM) is the measure of radial contraction
and expansion [10]. The Radial breathing mode is a resonance feature and is dependent
on the diameter [10]. Probing the shifts in the Radial breathing mode (Fig 6-4) by insitu Raman spectroscopy would be an experimental verification on the effect of N2 and
the site it occupies. It is expected that the degree of shift and also the direction (up or
down shift) would vary depending on the occupancy of N2 in the interior or the exterior
[11]. Further shifts of RBM with pressure of N2 would indicate when the tubes are half
filled or fully filled and would produce insights into the pore filing mechanism and if
the interaction is purely physisorptive or charge transfer like.

Figure 6-4: Ring Breathing Mode of SWNT [12]
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6.6 Raman mapping to determine a correlation between bulk analytical methods
and the micro-scale Raman method
One of the aspects that are to be considered regarding the development of Nitrogen
Raman based method for pore size analysis that it is in the microscale (where the laser
beam is a few microns in diameter. The volumetric method for gas adsorption and pore
size analysis is however a type of bulk analytical method. Although using the N2
Raman method for porosity analysis is very convenient, in order to quantify the N2
Raman parameters and compare them to those of the bulk analytic methods, Raman
mapping studies can be useful. So far in these studies (Chapter 3), I obtain the Raman
spectra on several spots on the carbon surface and the relative intensity reported is the
average of 4-5 spots. Use of Raman mapping [13] studies will allow us to obtain a full
range data and the variation of the FWHM, Intensity and shifts throughout the entire
surface of the sample.
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APPENDIX A: Supporting Information to Chapter 2
Understanding the interaction of Nitrogen with PIM-1 by vibrational
spectroscopy, adsorption and kinetic studies

A1: DFT model showing the pore size distribution of PIM-1

Figure A-1: DFT model showing the pore size distribution of PIM-1
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A2: Proton NMR of PIM-1
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Figure A-2: Proton NMR of PIM-1
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A3: FTIR spectra of N2+PIM-1

Figure A-3 (a): FTIR spectra of N2 adsorbed on PIM-1 at (-40°C) and at room temperature.

Figure A-3 (b): FTIR spectra of N2 adsorbed on PIM-1 at room temperature showing the fitted
data with Gaussian curve fitting with a cubic background.
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A4: FTIR spectra of Amide modified PIM-1 in comparison to PIM-1

Figure A-4: FTIR spectra of Amide modified PIM-1 in comparison to PIM-1

A5: FTIR spectra of the CN stretch of PIM-1 in the presence and absence of N2 at room
temperature.

Figure A-5: FTIR spectra of PIM-1 and N2+PIM-1 showing no change in the CN peak
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A6: Full table of fits of Raman data of UV irradiated PIM-1 samples for several spots
measured using 633nm Raman spectroscopy
UV
irradiation
time(hrs)
0

1

2

4

Spot

N2(II)-peak
position(cm-1)

FWHM of
IN2(II)/IN2-I
Average
N2(II) peak
IN2(II)/IN2(I)
(cm-1)
1
2325.4
4.78
0.19
2
2325.1
2.48
0.12
0.17
3
2326.8
5.9
0.21
1
2327.6
8.31
0.24
2
2326.6
1.84
0.26
3
2326.8
1.39
0.16
0.206
4
2324.6
1.3
0.18
5
2328.1
0.99
0.19
1
2324.7
3.2
0.59
2
2425.4
1.88
0.45
0.543
3
2325.4
2.93
0.59
1
2324.5
2.83
0.72
2
2324.5
4.85
0.64
3
2324.7
3.56
0.78
0.718
4
2324.5
4.5
0.8
5
2325.2
3.87
0.65
Table A-1: Raman data of UV irradiated PIM-1 samples measured using 633nm Raman
spectroscopy

A7: Particle Size Analysis
To determine the exact diffusion rate, the particle size of the PIM-1 powder is
determined using a Zeta analyser using DCM as the solvent. The average particle size is
determined to be 18.73nm(Fig A-6).The solution when standing in DCM for an hour
shows gel formation and leads to a particle size in the higher range(not shown).
However this is not taken into consideration while calculating the diffusion coefficient
as it arises mostly due to gel formation in solution.

Figure A-6: Particle size distribution of PIM-1 measured in a solution of Dichloromethane
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A8: In-situ N2 Raman spectra of N2 and PIM-1 at low pressure and room temperature
showing no perturbation of the N2 Raman peak.

Figure A-7: In-situ N2 Raman spectrum of N2 and PIM-1 at 2bar and room temperature showing
no perturbation of the N2 Raman peak due to high PL using 633nm excitation wavelength

A9: Full kinetics data of N2 at 77K fitted to different models
The SE model is based on the assumption of modified LDF where it takes into account
the interaction of the adsorbate molecule and surface site. The shape factor λ is 0.5 for 1
D showing a distribution of lifetimes hopping to different sites. The SE model is
described by the following equation: 1 − 𝑒𝑒 −(𝑘𝑘𝑘𝑘)

𝜆𝜆

The LDF model is described by the following equation: 1 − 𝑒𝑒 −𝑘𝑘𝑘𝑘
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Figure A-8: Showing the experimental kinetics results with the corresponding models and rate
constants at different pressures of N2 diffusion into PIM-1 at 77K.
Temperature
(K)

Pressure
(mbar)

SE
model
k(sec1
)x10-3

SE model
t(secs)

DE model
k(sec-1)x10-3

DE
model
t(secs)
x 103

LDF
model
k
(sec-1)
x10-3

LDF
model
t(secs)

77

50

0.5614 x 103

2.67609

0.3736 x 103

77

120

0.612 x 103

1.74434

0.5732 x103

77

150

2.17655

0.45944x103

77

180

1.63374
Λ=0.77
2.14294
Λ=0.74
1.92356
Λ =0.77

0.272
1.0454
0.5114
0.263
0.2578
1.266
0.973
0.194
1.05
0.22

0.547 x 103

100

k1=0.9565
k2=3.6746
k1=1.9553
k2=3.8099
k1=0.789628
k2=3.87824
k1=1.02774
k2=5.14576
k1=0.95129
k2=4.44941

1.826

77

1.78101
Λ=0.81
-------

1.984

0.504x103

-------

0.466 x 103
0.51986x103

Table A-2: Showing rate constants for N2 diffusion with different models.

Based on the DE model the diffusion rates of N2 at 77K at different pressure points are
computed and are summarized in the table below (Particle diameter =18.7nm).
Temperature
(K)
77
77
77
77
77

Pressure
(mbar)

(P/P0)

DE model
k(sec-1)x10-3

DE model
t(secs)

DE model
D(m2/sec) x
10-19
3
50
0.05
k1=0.9565
0.272 x 10
3.355525
k2=3.6746
1.0454 x 103
12.88887
100
0.1
k1=1.9553
0.5114 x 103
6.859445
k2=3.8099
0.263 x 103
13.36562
120
0.12
k1=0.789628
0.2578 x 103
2.7701169
k2=3.87824
1.266 x 103
13.60537
150
0.15
k1=1.02774
0.973 x103
3.60544
k2=5.14576
0.194 x 103
18.05199
180
0.18
k1=0.95129
1.05 x 103
3.337248
k2=4.44941
0.22 x 103
15.6091
Table A-3: Showing Diffusion rates for N2 in PIM-1with DE model at different pressures.
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A10: Full kinetics data of N2 at room temperature fitted to different models

T(K)

P(bar)

233
298
298
298

20
1
20
68.04

Diffusion
Regime
Configurational
Knudsen
Configurational
Configurational

Ed[1]

D(m2/sec)

6kcal
6kcal
6kcal

2.37 x 10-13
1.16 x 10-7
4.63 x 10-12
4.63 x 10-12

t=x2/D
(sec)
4.2 x1016 sec
0.089sec
2158.89sec
2158.89sec

Table A-4: Calculated diffusion rates at different temperature and pressure conditions in Knudsen
and Configurational regime.

A11: Full kinetics data of Ar at 77K fitted to different models
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Figure A-9: Showing the experimental kinetics results with the corresponding models and rate
constants at different pressures of N2 diffusion into PIM-1 at 77K.

Temperature
(K)

Pressure
(mbar)

(P/P0)

SE
model
k(sec-1)
x10-3

SE
model
t(secs)
x 103

DE model
k(sec-1)x10-3

DE
model
t(secs)
x103

LDF
model
k(sec1)
x10-3

LDF
model
t(secs)
x 103

77

15

0.05

0.873

0.12

0.94923

1.053

77

45

0.15

0.96217

1.039

77

120

0.4

0.91353

1.094

77

150

0.5

0.477
1.497
0.658
1.642
1.689
0.617
0.502
2.273
2.264
0.571

0.870

36

k1=2.0926
k2=0.66776
k1=1.5184
k2=0.60897
k1=0.59183
k2=1.61819
k1=1.99118
k2=0.43988
k1=0.44156
k2=1.74864

1.1492

77

1.14528
Λ=0.849
0.942627
Λ=0.902
0.959688
Λ=0.885
0.876768
Λ=0.77
0.83246
Λ =0.805

0.85642

1.167

1.06
1.042
1.14
1.201

Table A-5: Showing rate constants for Ar diffusion with different models at 77K.

Based on the DE model the diffusion rates of Ar at 77K at different pressure points are
computed and are summarized in the table below.
Temperature
(K)

Pressure
(mbar)

(P/P0)

DE model
k(sec-1)x10-3

77

15

0.05

77

36

0.12

77

45

0.15

77

120

0.4

77

150

0.5

k1=2.0926
k2=0.667762
k1=1.5184
k2=0.608972
k1=0.591837
k2=1.61819
k1=1.99118
k2=0.43988
k1=0.441568
k2=1.74864

DE model
t(secs)
x103
0.477
1.497
0.658
1.642
1.689
0.6179
0.502
2.2737
2.264
0.5718

DE model
D(m2/sec) x
10-19
7.3411
2.3425
5.32
2.1363
2.07624
5.6768
6.9853
1.54315
1.549078
6.134455

Table A-6: Showing Diffusion rates for Ar in PIM-1with DE model at different pressures.
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Temperature(K)
P/P0
k1(N2)/k1(Ar)
k2(N2)/k2(Ar)
77
0.15
3.1799
2.23
77
0.12
2.55
1.29
77
0.05
1.7567
1.43
Table A-7: Showing the relative rate constants for N2 and Ar in PIM-1 at 77K for the DE model.

In order to study the pressure dependence of the kinetics of N2 diffusion pathway in
PIM-1 the diffusion regime is estimated by obtaining the ratio of the mean free path of
N2 at different pressure and temperature conditions (Table A-4, A-8). According to
previous reports the Configurational diffusion regime is reached when the mean free
path of the gas molecule is comparable to that of the pore size [2]. We estimate the
transition pressure between Knudsen and Configurational regime of diffusion for
Nitrogen is 10bar at 298K. The diffusion rate was calculated by using the empirical
formula given below [2]
D = guL exp(−

E
)=
RT

8kT
E
)
α exp(−
RT
πm

Kinetic
T(K)
P(bar)
Diffusion
D(m2/sec)
diameter(nm)
Regime
Ar
0.36
77
0.1
Knudsen
6.8 x 10-8
N2
0.34
77
0.1
Knudsen
7.86 x 10-8
Table A-8: Table showing the Kinetic diameter and calculated diffusion rates of N2 and Ar at 77K
and 0.1bar
Gas

A12: N2 isotherm at low pressure at 298K showing good fitting according to Henry’s
law and a plot of ln(P2/P1) vs 1/T to obtain the heat of adsorption of N2 on PIM-1.
(a)

(b)

Figure A-10: (a) N 2 isotherm upto 3bar at 298K showing good fitting according to Henry’s law, (b)
Plot of ln(P2/P1) vs 1/T to obtain the heat of adsorption of N2 on PIM-1.
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(c)

Figure A-10 (c): BET linear plot for PIM-1 (from N2 adsorption at 77 K)

A13: PALS analysis of PIM-1 samples before and after UV irradiation
Sample

Pristine
PIM-1

Life1
ns
FIXED
2.25
(10)

1hr UV

2.25 F

I1

Life2
fixed

I2

4.5
(2)%

6.1(2)

1.85
(.15)%

D1 nm

0.61
(2)

D2
nm
1.04
(2)

I1V1
%nm3

I2V2
%nm3

IV sum
%nm3

0.535

1.09

1.62

Average
poresize
(nm)
0.8

2.37
6.1 F
0.71
0.61
1.04
0.281
0.418
0.699
0.77(1)
(4)%
(2)%
(2)%
(2)%
2hr UV
2.25 F
0.95
6.1
0.12
0.61
1.04
0.113
0.135
0.25
0.72(4)
(5)%
(2)%
(2)
(2)
4hr UV
2.25 F
0.96
6.1
-0.04
0.61
1.04
0.114
----0.114
0.6(2)
(5)%
(2)%
(2)
(2)
Table A-9: PALS analysis to study the effect of UV irradiation on pore size. The two Ps lifetimes
for the UV irradiated samples are held fixed (F) at the values fitted for the pristine PIM-1 sampleto
reduce fitting volatility

The two Ps lifetimes and the respective fitted intensities are presented in TableA-9.
The corresponding spherical pore diameters and hence specific spherical pore volume
in nm3are determined from the Ps lifetime. Finally, the product of the specific pore
volume, V, and the corresponding Ps intensity, I, is considered a relative measure of
porosity (it is NOT the absolute porosity in %). The IV sum is just the sum of the
individual values, I1V1 + I2V2. The longer Ps lifetime of 6.1 ns with 5 times the specific
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volume tends to dominate the relative porosity despite having lower Ps intensity. The
target area of the positron beam was moved around on the large area pristine film and
the results obtained were consistent, thus it may be concluded that the films are
reasonably uniform laterally. For comparison, a single Ps lifetime fit of the pristine
spectrum yields an average lifetime of 3.82(3) ns at 4.79(4) % for an average pore
diameter of 0.82(2) nm and IV of 1.38%nm.
For the 1 hr and 2hr UV irradiated samples the spectra could be fitted using two Ps
lifetimes but for convenience and consistency the Ps lifetimes are fixed at the pristine
values; otherwise the fitting is uncontrollably volatile. The 1 hr irradiated sample
clearly has porosity remaining in both components (about 40-50% of the pristine
porosity). A single Ps lifetime fit yields average lifetime of 3.42(3) ns at 2.32(2)% for
an average pore diameter of 0.77(1) nm and IV = 0.566 %nm. Hence single lifetime
fitting indicates 41% remaining porosity after 1 hr UV irradiation which is very
consistent with 43% for 2 lifetime fitting.
The 2 hr irradiated sample presents much less intensity in the 6.1 ns component. This fit
does detect a non-zero intensity for the 6.1 ns component but it is not surprising that a
single Ps lifetime fit yields an intermediate value of 2.97(30) ns at 0.83(4)%. Unlike the
pristine sample the chi-square/variance of this single lifetime fit is actually a little bit
better than the 2-lifetime fit (it was very significantly worse for pristine, necessitating
the second lifetime). This single Ps lifetime of 2.97(30) corresponds to an average
spherical pore diameter of 0.72(4) nm and would have an IV product of 0.31 %nm3, a
bit higher than the IV sum above using 2 Ps lifetimes. The takeaway point here is that
PALS doesn’t detect much residual porosity in this film, perhaps a factor of 6-7 less
than the pristine film.
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The spectrum for 4hr UV irradiated film shows no indication for fitting 2 Ps lifetimes.
The negative intensity clearly indicates that the 2 Ps lifetime fitting is not useful. In
single Ps lifetime fitting the fitted lifetime is 2.2(1) ns at 0.94(9) %, consistent with just
the shorter pristine Ps lifetime. This result suggests that the smaller voids of the
pristine film are somewhat more resistant to the UV damage, the larger ones are
effectively gone. Note that both 2 hour and 4 hour irradiation presented these smaller
voids with 0.95%, considerably reduced from the pristine value of 4.5%, so they might
be a bit more resistant but have been UV-reduced in porosity by nearly a factor of 5.
The average diameter of the resulting voids in the 4hr UV irradiated sample is 0.60(2)
nm.
A-14: Pore size distribution of AC-Maxsorb sample

Figure A-11: H-K model of pore size distribution of Maxsorb-AC from N2 isotherm at 77K
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APPENDIX B: Supporting Information to Chapter 3
Spectroscopic probes of nitrogen’s interactions with carbon nanomaterials as a
means to characterize pore size in the microscale
B1: Ring breathing mode of the SWNTs
(a)

(b)

(c)

Figure B-1: Raman spectra of SWNTs showing the Radial breathing modes at 514nm and 0.6mW.

B2: BET surface area results of Maxsorb-AC and SWNTs
Sample
AC-Maxsorb
SWNT-0.7-0.9nm
SWNT-0.64-1.8nm
SWNT-1-2nm
SWNT-1.2nm

BET surface
Area(m2/g)
3286.57
579.95
900.25
518.53
641.12

P/P0 range
0.004-0.3
0.05-0.29
0.05-0.3
0.05-0.29
0.05-0.3

Table B-1: Table showing the BET surface areas and the corresponding pressure ranges for ACMaxsorb and SWNTs.
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B3: Pore size distribution of SWNTs and Maxsorb-AC by DFT model.

Figure B-2: DFT model for pore size determination of Maxsorb-AC and SWNT

147
B4: N2 Raman intensity as a function of pressure for N2 adsorbed on Maxsorb-AC at
298K

Pressure(bar)
0.3

Spots
1
2
3

IN2(II)/IN2(I)
0.303155

Average IN2(II)/IN2(I)
0.314248

0.286667
0.352921

0.66

1
2
3

0.307121

0.344513

0.345519
0.380899

1.01

1
2
3

0.525958

0.504545

0.482778
0.504899

1.07
1.36

1
2

0.430521

1
2
3

0.779218

0.491787

0.553053
0.756064

0.820697
0.668278

1.68

1
2

0.69137

0.843218

0.995067

Table B-2: N2 Raman intensity as a function of pressure for N2 adsorbed on Maxsorb-AC at 298K

B5: N2 Raman data as a function of pressure

P/P0

0.2

FWHM
(cm-1)
N2(II)
3.4

FWHM
(cm-1)
N2(I)
1.6

0.4

2.5

0.8

0.55

1.57

1.62

0.61

1.26

1.63

0.96

1.25

1.88

Table B-3: FWHM data of N2 peaks as a function of pressure for N2 adsorption on 0.7-0.9nm
SWNT at 79K
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B6: Nitrogen Raman spectra without sample

Figure B-3: Visible Raman spectra showing the free Nitrogen peak (blue curve); N2 adsorbed on
SWNT (1.2nm) shows the perturbed peak at 2328.5cm-1 (red curve) at room temperature and
0.48bar; Raman spectra of SWNT without N2 showing no peaks in the N-N stretching region (green
curve).
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