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ABSTRACT
Perfluorinated sulfonic acid (PFSA) ionomer membranes demonstrate great potential for use
in proton exchange membrane fuel cells (PEMFCs) due to their favorable electronic properties and
excellent efficiency. However, the assignment of key vibrational transitions such as the symmetric
sulfonate and ether stretches is not yet fully understood depriving researchers of a quick and simple
technique for analyzing morphological changes. The symmetric sulfonate stretch could be used to
track changes in the ionic clusters formed within the membrane while the ether stretch will provide
insight into the largely semi-crystalline PTFE phase. Alterations in either regime will affect both
ion transport and mechanical properties and produce a major shift in device performance.
This study focused on predicting the vibrational transitions for Aquivion, 3M PFSA, and
Nafion using density functional theory (DFT) with the bulk being performed using the same
functional and basis set combination, B3LPY/6-31+G*. For all three ionomers, the predicted
vibrational transitions were affected by changes in both the conformer and solvation method with
water being used as the solvent. Despite the noted changes, both vibrational transitions were
determined to be within the range of 970-1100 cm-1 with the symmetric sulfonate stretch present
at around 970-1010 cm-1 and the ether stretch observed at around 1050-1100 cm-1 with solvation
present. While the calculated peak positions mirror those found in the experimental spectra within
the literature, the traditional normal mode assignments do not match those predicted by our
calculations. However, recent studies have hypothesized that these vibrational transitions are
coupled, which could explain why they have been so difficult to assign.
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ABSTRACT
Perfluorinated sulfonic acid (PFSA) ionomer membranes show great promise for use in proton
exchange membrane fuel cells (PEMFCs) due to their excellent efficiency. However, the current
techniques used to determine changes in structural configurations require sophisticated equipment
and trained personnel to operate. Simpler techniques exist wherein the vibrations of certain bonds
can be measured upon exposure of the sample to measured amounts of infrared light. The problem
with this technique is that researchers currently do not fully understand at what wavelengths certain
portions of the polymer known as functional groups will vibrate. These vibrations are also known
as vibrational transitions. This study was undertaken to predict through numerical solutions to the
Schrödinger equation at what wavelengths two particular vibrational transitions would occur for
three common ionomers, Aquivion, 3M PFSA, and Nafion. For all three structures, the positions
of these transitions mirrored that observed within the literature although the functional groups
assigned to these positions did not match with those identified by our calculations. However, recent
studies have indicated that these vibrational transitions occur at the same positions, which could
explain why they have been so difficult to assign.
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1. Introduction
Perfluorinated sulfonic acid (PFSA) ionomer membranes show great promise for use in proton
exchange membrane fuel cells (PEMFCs) due to high proton conductivity, low permeability, and
low electrical conductivity.1–6 However, the effect of composition and processing conditions on
membrane morphology is not fully understood due, in part, to the difficulty in gaining a molecularlevel understanding of the structure and dynamics of the membranes. This project focuses on
developing computational models to better predict vibrational transitions in the side chains of
PFSA membranes, which can lead to a better understanding of morphological changes within the
membranes at the atomic level.

1.1 Proton Exchange Membrane Fuel Cells (PEMFCs)
Every year the world consumes an increasing amount of electricity primarily due to population
growth. In addition, many resource-limited settings lack a source of cheap, readily-available
power. Thus, new technologies must be explored that would allow for more flexible generation of
electrical power to satisfy the increasing demand.6,7 Ideally, these devices should offer good
efficiency and scale well to allow for flexibility in applications. This adaptability would permit
devices to operate either on a large scale such as a small village or on a smaller scale such as a
vehicle. One solution for this problem is Proton Exchange Membrane Fuel Cells (PEMFCs)
(Figure 1), wherein the PFSA membrane serves as the electrolyte separating the anode and cathode
in order to prevent the premature reaction of the reagents within the device. The membrane is ideal
for this role given the high proton and low electrical conductivity described above. These features
allow the transfer of ions during operation of the device while allowing the electrical current
generated to be siphoned off for use in other appliances.

1

Figure 1: General Diagram of PEMFC Configuration. Figure reproduced from ref. 1 with permission of the rights
holder, Elsevier.

Unlike a typical generator that utilizes the expansion of hot gases due to the combustion of fuel
to generate electricity, fuel cells directly convert the chemical energy of the fuel, commonly H2(g),
to generate electricity without any intermediate steps. H2(g) reacts with catalyst present in the
anode producing both protons and electrical current as noted in Figure 1. These protons diffuse
across the electrolyte membrane where they react at the cathode with oxygen gas and the returning
stream of electrons to produce water. While H2(g) is currently the most prominent fuel being
researched,1,6 other compounds may be utilized, such as methanol or ethanol.2 PEMFCs are
portable, have a short start-up time, and possess a high power density compared to other
generators.8–11 However, PEMFCs currently have a limited range of applications due to problems
associated with the high cost, limited performance, and inadequate durability of the membranes,
which limits the service life of the devices.6,12,13 Presently, the majority of produced devices are
being used in vehicles. PEMFCs are also being investigated as potential back-up power sources
for large facilities such as banks and telecommunications companies1,6,14 due to the short start-up
time, which would allow for minimal uptake before the electricity is restored during a power
outage.
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Presently, the limitations associated with the inadequate performance, insufficient durability,
and high cost of PEMFCs prevent large scale usage.6,12,13 In addition, the average lifetime of
vehicular fuel cells has yet to meet the Department of Energy target of 5,000 hours, with the
longest, achieved in 2009, currently situated at 2,500 hours.1,15–18 Stationary fuel cells were able
to achieve a longer lifetime sooner, reaching 20,000 hours in 2005, although these devices do not
experience the same limitations.1,15–18 Finally, problems with water control and heat management
must be solved to increase device performance and commercial feasibility.
While fuel cells were introduced in 1839 by Sir William Robert Grove,1,19,20 the technology
was not applied practically until over one hundred years later with the onset of the space race in
the 1950s and ‘60s. Fuel cells were developed by the General Electric Company (GE) in the 1950s
and first used to power the Gemini spacecraft in 1962.1,3,21,22 Over the course of the 1960s, GE
began incorporating Polytetrafluoroethylene (PTFE) into the catalyst layer to improve membrane
properties, most notably operating lifetime, by reducing degradation.1,3,21–23 This addition
ultimately led to the introduction of cation-exchange membranes produced using Perfluorinated
Sulfonic-Acid (PFSA) Ionomers beginning with the development of Nafion by DuPont in
collaboration with GE in the early 1970s.1–3,21–23 Nafion-based membranes are currently still
considered to be the standard against which new materials are compared.1,2,8,21–26 Renewed interest
in PEMFCs has recently arisen with the increased focus on sustainable energy and has been largely
focused on membranes formulated from Nafion derivatives.27

1.2 Perfluorinated Sulfonic-Acid (PFSA) Ionomers
Perfluorinated Sulfonic-Acid (PFSA) Ionomers are random copolymers that are composed of
a PTFE backbone combined with randomly spaced ionic side chains that are terminated by a
pendant sulfonate group, which carries an associated counterion (Figure 2)4,5,28–34 to maintain
3

charge neutrality. These polymers are synthesized through the copolymerization of PTFE with a
perfluorinated vinyl ether compound.5,32,35 While the acid form (protons as counterions) is the most
common,4,5,36,37 other counterions can be used and range in size from individual atoms like
lithium4,30,44,31,37–43

and

potassium2,4,5,24,30,35,37,42,43,45-56

to

polyatomic

ions

like

ammonium4,5,13,34,42,43,48,57–60 and tetrabutylammonium.4,5,61 These substitutions were performed to
determine the effect of the counterion on both the ion transport selectivity and physical properties
of the membranes. In addition, the secondary goal of many of these studies was to establish the
prevalent morphological model for the microstructure of hydrated ionomer samples.24,2831,34,35,41,44,54,57,61–66
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Figure 2: Acid-Form Structures of the following PFSAs:
A. Aquivion, B. 3M PFSA, C. Nafion, and D. PFIA.

PFSA side chains are hydrophilic in nature and also tend to be amorphous due in part to the
negatively charged, pendant sulfonate group as noted above in Figure 3. The PTFE backbone, on
the other hand, is hydrophobic and largely semi-crystalline, but the crystallinity will vary based on
both the composition and processing of membranes.3–5,31,36,67–70 Due to differences in
hydrophilicity between the backbone and side chain, the material will separate into two regions in
the presence of a solvent, especially water (Figure 3).3–5,30,36
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Figure 3: General diagram of phase-separated morphology for PFSA membranes. Figure reproduced from ref. 36
(https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00159) with permission of the rights holder, ACS Publications.
Further permissions related to the material excerpted should be directed to the ACS.

The backbone forms a semi-crystalline hydrophobic region due to unfavorable interactions
with water while the side chains prefer to form an amorphous hydrophilic region due to favorable
interactions between the sulfonate and surrounding water molecules.1,3–5,36 This biphasic
morphology allows for unique transport properties in regards to ions and solvent molecules that
make PFSA ionomers ideal for PEMFCs. Transport properties are determined by the electrostatic
interactions between side chains and can be adjusted through manipulation of the morphology.36,29,31,36,39-41,52,58,68,70–81

The morphology can be adjusted by making changes to either the

composition or processing techniques of the membranes.3–5,36,67
For changes in the composition, modifications can be performed both before and after
synthesis by changing the structure and altering the chemical environment of the membrane,
respectively.6,25,26,31,36,61,65,67,71,74,82–121 The chemical structure can be altered by modifying either
the side chain composition (Figure 2) or equivalent weight (EW), which describes the side chain
concentration for a sample and will be discussed in detail later. Changes to either the side chain
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composition or EW must generally be accounted for within the synthetic scheme. Any postsynthetic alterations made to these properties will be difficult to achieve due to the increase in
viscosity from the addition of the physical crosslinks present within the ionic clusters of the cast
membranes, which is discussed below. For this reason, post-synthetic modification of the structure
is generally limited to changes made to the counterion noted above. While this alteration will not
often yield drastic changes in membrane properties, it will produce morphological adjustments due
to shifts in the intermolecular interactions and membrane crystallinity, especially when coupled
with modifications in the hydration that can result in changes in the ionic domains described
above.2–6,8,31,68,71,97
Of all the structural alterations discussed, a change in the side chain composition has the largest
effect on both morphology and mechanical properties.6,36,61,65,82–84,86,93-96,99 Even simply increasing
the overall length with additional tetrafluoroethylene (TFE) groups such as that observed moving
from Aquivion (Figure 2A) to 3M PFSA (Figure 2B) will produce a shift in the membrane
morphology due to changes in the intermolecular interactions of the ionic clusters arising from an
increase in the EW.3–5,36,68,85,86,98 These changes can greatly alter the mechanical properties and the
ion and water conductivity,6,36,65,82-84,86,88,89,93,94,95,97,99,101,102,105–116 which can also affect the
effectiveness of the membrane within a fuel cell assembly. For instance, some studies have found
that the short side chains such as Aquivion and 3M PFSA can be made with lower EWs while
maintaining the high conductivity and good mechanical properties of the longer side chain
membranes such as Nafion (Figure 2C).3,6,8,23,122
The research discussed in this review is focused on the four most common side chains for
PFSA membranes. The acidic forms are depicted in Figure 2.5,6,36,43,65,82–84,93–96 Nafion (Figure 2C)
has received the most attention due to its prevalence, mechanical durability, and proton
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conductivity.1,3–6,36,68 In addition, Nafion was an innovative design upon introduction and
consequently has been researched for longer. Finally, the changes in membrane morphology with
ionomer composition are not fully understood as multiple morphological models are present as
noted in Figure 43-6,31,36,44,55,61,68,69,71,72,85,86,98,104,123–146 though a general trend seems to be
prevalent. As discussed above, the pendant sulfonate groups associate in the presence of hydration
forming ionic clusters that are surrounded by the semi-crystalline PTFE backbone. This phase
separated morphology results in the formation of ion-conductive channels that allow protons to
diffuse across the device due to favorable interactions with the negatively charged clusters while
preventing the movement of excited electrons. However, as noted in Figure 4 below, the shape and
size of these channels is still disputed within the literature given the number of models that have
been proposed to explain this phenomenon.
In addition, the assignment of select vibrational transitions, in particular the symmetric
sulfonate and ether stretches, is still being contested in the literature especially with a change in
the degree of hydration. Hypothetically, these vibrational transitions could be used to determine
shifts in the morphology as alterations are made in the membrane composition or processing
techniques thus allowing for a simple, non-destructive test. Newer side chain compositions have
received more attention recently as researchers seek to improve both the mechanical properties
and ion-exchange capacity (IEC) of the membrane in order to increase the commercial viability of
PEMFCs.1,2,8,36
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Figure 4: Morphological models proposed for phase separation within PFSA membranes. Figure reproduced from
ref. 36 (https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00159) with permission of the rights holder, ACS
Publications. Further permissions related to the material excerpted should be directed to the ACS.

Initial research with shorter side chains indicates that the reduced length can increase the
membrane crystallinity by decreasing the volume of the hydrophilic phase.4,6,8,36,61,68 The sulfonic
groups demonstrate reduced mobility overall and tend to aggregate into smaller clusters, resulting
in a decrease in the size of the ionic regions.8,84,147–157 With the introduction of the shorter side
chain, the hydrophobic backbone plays a larger role in determining membrane properties due
primarily to an increase in the EW.
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In addition to the side chain composition, the EW has one of the largest impacts on membrane
morphology.3,36,82,96, 100,101,105,106 The EW, which describes the average concentration of side chains
present within the membrane as briefly discussed above, can be calculated using the following
equations:4,5,8,36,55
𝐸𝑊 =

𝑔 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 1000
=
𝐼𝐸𝐶
𝑚𝑜𝑙 𝑆𝑂/01

𝐸𝑊 = 100𝑛 + 𝑀𝑊9:;<0=>?:@

(1)
(2)

For Equation 1, the mass of the polymer is divided by the number of moles of sulfonate present
within the membrane to determine the concentration of hydrophilic sulfonate groups relative to the
hydrophobic backbone. In addition, this equation can be used to relate the IEC to the EW allowing
the former to be calculated from either the latter or even simply from the membrane
composition.3,5,8,23,36,55,83,86,158,159 For Equation 2, the number (n) of TFE groups (Figure 2)
multiplied by the molecular weight of TFE, 100 g/mol, is combined with the side chain molecular
weight to determine the EW. This equation can also be used to determine the number of TFE
groups present if the side chain and EW are known.5,36,55,93,96,158,160
In fact, a change in side chain composition will invariably alter the EW due to the shift in the
side chain molecular weight. An increase in the EW indicates a decrease in the proportion of side
chains present, which usually corresponds with a higher crystallinity due to the larger density of
backbone TFE units and increases the effect of the hydrophobic backbone. Conversely, a decrease
correlates with a lower crystallinity which can eventually produce an amorphous morphology
within the sample.8,83,85,122,147,158 Membranes cast from the 3M PFSA ionomer exhibit a substantial
decline in the mechanical properties such as stability when exposed to boiling water or tensile
strength below an EW of 800 g/mol due to the loss of crystallinity.36,93,96,160 As a result, the
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membranes act like gels below this minimum EW due to the absence of stability as determined by
the fraction of undissolved membranes remaining after immersion in boiling water (Figure 5)
though the conductivity does increase as the protons are more mobile within the gel-like
environment of the material.5,36,55,93,96,158,160 This increase is certainly offset due to the substantial
decline in the mechanical properties which are not portrayed in Figure 5 below.

Figure 5: Proton Conductivity vs. Stability for 3M PFSA membranes. Figure reproduced from ref. 36
(https://pubs.acs.org/doi/abs/10.1021/acs.chemrev.6b00159) with permission of the rights holder, ACS Publications.
Further permissions related to the material excerpted should be directed to the ACS.

However, the minimum EW also depends on the counterion. A change in the counterion will
affect the morphology due to the effect of the charge density and size of the counterion on
intermolecular interactions.28,30,61,62,64 For instance, a smaller counterion can be solvated at lower
degrees of hydration allowing for greater separation from the sulfonate. On the other hand, a larger
counterion will require a larger degree of solvation to separate the contact-ion pair and will likely
remain in close proximity of the sulfonate.4,5,28,31,68,140 The shift in morphology with a change in
the counterion will not be as large as that observed with alterations made to the side chain or EW
though. In addition, these modifications can be performed post-synthetically and are magnified as
the degree of hydration increases as noted above. Finally, these changes arise primarily due to a
shift in the interactions between the counterion and sulfonate group as different levels of solvation
are required for separation of the contact-ion pair.5,31,36,61,68,140
10

In addition to the changes to the composition discussed above, morphology can be adjusted by
modifying the processing techniques such as the casting procedure, annealing process, or drying
conditions.67,161 The current membrane formation models used to describe the change in sample
morphology as the sample is cast and annealed are similar in nature to the film formation model
of an organic coating162 though some differences are present. For example, PFSA membranes are
cast from a concentrated polymer solution that typically contains the polymer alone5,36,69,123,132–
134,142,165-174

whereas organic coatings, especially those that are water-based, contain more

ingredients in order to stabilize the polymer binder, pigments, and additives in a homogeneous
solution.162,173 These membranes are then often annealed by exposure to an elevated
temperature32,175–188 to ensure that a uniform, homogeneous film is formed.
The present consensus on annealing is that the high temperature process softens the polymer
and allows the chains to denature to form a continuous film.173 The sample crystallinity increases
due to an increase in both the order and homogeneity of the membrane resulting in an increase in
mechanical

properties

such

as

stability

with

sustained

exposure

to

boiling

water36,160,175,180,185,186,189–195 and tensile strength.8,36,174,177–179,184,185,190,195 However, the annealing
conditions are not always noted in the literature. In addition, some researchers combine it with the
drying stage to save time,196 while others will allow the membrane to cool to room temperature
beforehand to study the effect.174 As such, the mechanism requires further study before any
definitive conceptualization can be accepted36 though current research seems to indicate that the
annealing process produces an increase in crystallinity36,100,128,134,175,179–181,185-187,190,191,196,198,199
which matches with the proposed mechanism based on film formation for organic coatings
described above.
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1.3 Fourier Transform Infrared (FTIR) Spectroscopy
Once membranes have been prepared, one of the most common analytical techniques for
assessing morphology is Fourier Transform Infrared (FTIR) Spectroscopy. For these studies, the
symmetric sulfonate and ether stretch vibrational transitions, which are discussed in more detail
below, are often the primary focus given the location of the sulfonate within the ionic clusters and
the close proximity of the ether to the backbone. Numerous IR studies, both experimental4,5,24,2835,38,42,44,55,59–62,64-66,70,72,82,83,197,200–213

and computational,38,53,66,82,92,210,212–215 have been performed

to determine the effect of changes in both the composition and processing techniques on membrane
morphology. Along with FTIR, other common analytical techniques include Nuclear Magnetic
Resonance (NMR),4,36,42,65,83,84 Small-Angle (SAXS)5,8,31,36,37,69,70,72,76,106-114 and Wide-Angle XRay

Scattering

(TGA),32,36,70,

(WAXS),4,5,31,36,37,69,70,73,87,103,107,108,111,113

82,83,211

Thermogravimetric

Analysis

Differential Scanning Calorimetry (DSC),4,32,36,37,69,70,73,82,86,216 and

Transmission Electron Microscopy (TEM).4,31,36,48,51,52,72,129,136,207 This review will focus in
particular on IR, examining both experimental FTIR and calculated IR spectra.
FTIR is a technique wherein the sample is exposed to IR radiation to induce a transition in the
molecule’s vibrational states. Vibrational transitions depend on the molecule’s functional groups
as different groups will vibrate at different frequencies due to differences in both the mass and the
vibrational force constant. These two factors, mass and vibrational force constant, will affect the
transition frequency according to the harmonic oscillator approximation and determine the amount
of energy required for the molecule to reach the excited vibrational state. Additionally, the
vibrational transition must produce a change in the electric dipole moment for the molecule in
order for it to be an allowed transition that can be detected by the spectrometer, which is known
as the gross selection rule. If the vibration produces a change in the electric dipole moment, the
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normal mode will be infrared active as it is an allowed transition and should be visible on the IR
spectrum though the intensity might be so small that the peak cannot be distinguished from others
present on the spectrum. On the other hand, if the vibrational transition does not produce a change
in the electric dipole moment, the normal mode is considered to be infrared inactive because the
wavefunctions for the final and initial vibrational states overlap completely within the electric
dipole moment operator. The transition moment for that normal mode will be zero, which means
that the vibrational transition is forbidden.217–221 These infrared inactive normal modes are
generally observed with simple molecular structures such as homonuclear diatomic molecules
given that they have no permanent dipole moment present. Nonetheless, these inactive modes can
also be present with more complex molecules such as the ionomers discussed in this report.
In addition, the change in vibrational states is not allowed to exceed one, which is known as
the specific selection rule and was derived from the harmonic oscillator approximation. However,
this does not account for the presence of anharmonicity. With the addition of anharmonicity, the
transition can occur with a change of two or more vibrational levels to produce an overtone, but
this effect will not be discussed further within the context of this report. Furthermore, while the
selection rules noted above might inform the researcher about allowed vibrational transitions, they
cannot determine the intensity for that particular transition which could be either very small or
even zero. This intensity is related to the square of the transition moment, which is dependent on
the vibrational overlap integral. This term is a measure of the overlap between the wavefunctions
for the final and initial vibrational states within the electric dipole moment operator, and the square
of this value is proportional to the intensity of the vibrational transition218–220,222 and is known as
the vibrational transition probability.218–220,223,224 Overall, the intensity is dependent on both the
vibrational transition probability and sample concentration as an increase in either value will
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produce in an increase in the measured absorbance for the vibrational transition.218–220 In addition,
the selected technique will have an effect on peak intensity due to the differences in how the normal
modes are measured by the detector. As a result, the beam intensity and wavelength can also have
an effect on the intensity. The differences in spectroscopy techniques will be discussed in more
detail further below.
As noted above, the frequency depends on the functional groups present within the molecule
due to differences in both the mass of the atoms involved and the force constants of the bonds
present. However, the vibrational frequencies of functional groups tend to be found within certain
regions of the infrared spectrum regardless of differences in the molecular structure. As a result,
frequency tables have been published for the vibrational transitions of some common functional
groups. These serve as useful guidelines for an initial assessment of the spectrum though they
should be accompanied with corroborating studies to sufficiently ascertain the correct assignment
of the normal mode.220
FTIR analysis typically occurs within a range of IR light between 400 – 4000 cm-1. The range
known as the fingerprint region will serve as the primary area of analysis for this research (~1500
cm-1 and below). Every compound has a unique pattern in this region, which can be used for
identification purposes. In addition to symmetric and asymmetric stretches, bending modes are
often found within this range as these transitions are often lower frequency normal modes.220
The most common FTIR techniques, depicted in Figure 6, are transmission and attenuated total
reflectance (ATR). Both examine different sample aspects due to variations in how the IR light
interacts with the sample and could produce distinctive spectra for the same sample. With a
transmission setup, the IR beam passes through the entire sample, and the photons not absorbed
are measured. The percent transmittance is determined by comparing the intensity of the
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transmitted light (It) to the initial intensity (Io).225 An ATR setup uses a crystal to reflect the beam
off the material surface and into a detector. For this method, the recorded absorbance is dependent
on the refractive indices of both the crystal (n2) and the sample with the latter value having both
real (n) and imaginary (ik) components. As noted in Figure 6, these components are wavelength
dependent (l) and can change throughout the analysis.218,225,226 Because of this, spectra obtained
from the two setups cannot
be interpreted in the same way due to S.the
differences in the two
190
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of the IR beam, which is not required to traverse the entirety of the sample as observed above for
a Transmission setup.55
However, ATR intensities must be adjusted after measurement to account for the effect of the
crystal, so comparisons can be established across measurements and between different detectors.227
In addition, the possibility exists that an ATR spectrum may not be representative of the bulk due
to the limited beam penetration (Figure 6). One researcher found a noticeable discrepancy between
Transmission and ATR spectra of Nafion.66 The ATR spectra have similar traces for the acidic and
Lithium forms, while the Transmission spectrum for the Lithium form demonstrated a noticeably
different shape and intensity for the low wavenumber (~975 cm-1) peak (Figure 7). This
discrepancy led the researcher to conclude that the transmission technique is better suited for
counterion studies.66

Figure 7: ATR vs Transmission FTIR spectra of Nafion. Figure reproduced from ref. 66 with permission of the
rights holder, Elsevier.

However, the discrepancy between the spectra for the two different techniques could also
suggest that these ATR experiments did not achieve adequate penetration. The penetration depth
in ATR spectroscopy depends on the refractive index of the crystal and the wavenumber of the IR
beam as seen in the following equations:227
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Where nsample and ncrystal are the refractive indices of the sample and ATR crystal, W is the
wavenumber of the IR beam, and qi is the angle of incidence (Figure 6).227 Thus, a change in the
ATR crystal can increase the penetration depth allowing for enhanced sampling of the bulk
material. Regardless of the technique, sample preparation and analysis methods are key factors
necessary to ensure a complete exploration of the essential fingerprint region, the target of this
study. Indeed, the IR trace can yield rich information about the change in morphology through a
simple analysis as both membrane composition and processing techniques are adjusted in response
to new discoveries. In particular, the symmetric sulfonate and ether stretch vibrational transitions
could be used to determine morphological shifts given their positions within the ionic clusters for
the former and adjacent to the backbone for the latter. The assignment of these two particular
vibrational transitions within the IR spectrum has long been a source of ongoing debate in the
literature4-6,24,28,30,32-36,38,39,43,51,52,54,57,60,61,65,66,68,70,72,82,83,131,197,202–214,216 and will be discussed in
detail later.

1.4 Molecular Simulation
To augment measurements, many PFSA researchers are incorporating molecular simulations
into their research.4,5,25-27,39-42,52,58,65,66,74–82,90,92,210,211,213–216,228–237 Both Density Functional Theory
(DFT) calculations and Molecular Dynamics (MD) simulations are currently employed in PFSA
studies. Density Functional Theory (DFT) calculations were first introduced in 1964 by Hohenberg
and Kohn238 and are currently the most widely used type of electronic structure theory calculations.
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Earlier techniques, such as Hartree-Fock (HF) do not take into account electron correlation effects,
which limits accuracy. DFT, on the other hand, accounts for electron correlation effects and tends
to be more accurate, but is only marginally more costly than HF.239,240 DFT calculations use the
system’s electron probability density to determine the ground state energy and wavefunction,
which can be used to predict IR spectra.221,241 The most common calculations performed are
geometry optimization and frequency calculations. These calculations are often paired to ensure
that the optimized structure is the energy minimum as opposed to a saddle point, which is noted
as such because movement in two opposing directions results in a decrease in energy similar to
standing at a mountain pass. This type of structure can be determined by examining the predicted
vibrational transitions by the presence of a calculated normal mode at a negative wavenumber.
This normal mode will indicate the structural modifications that must be performed on the
molecule to ensure that an energy minimum is produced by the next calculation.
As noted above, geometry optimization and frequency calculations are commonly paired
together and set to run back to back to ensure that the optimum structure is obtained. The geometry
optimization is performed as an iterative, self-consistent field calculation wherein the
wavefunction is continually modified until the change in energy drops below a specified minimum.
An initial guess for the electron density is obtained based on the starting structure and basis set
specified. The latter term refers to the mathematical functions that approximate the electronic
wavefunction and will be discussed in more detail below. This initial electron density is used to
determine the starting orbitals by solving the Kohn-Sham equations. The orbitals obtained are then
used to calculate the electronic energy and obtain a new electron density. These steps are repeated
until the change in energy for the new structure is below that of the previous structure by a specified
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threshold. At this point, the calculation has converged and produced an optimized structure though
not necessarily an energy minimum as discussed above.219,221,223,239
After this, the frequency calculation is performed on the newly obtained structure in order to
predict the vibrational transitions for the molecule. The optimized electron density is used to
determine the energy of the system using a multi-dimensional equation based on the harmonic
oscillator approximation discussed above. This energy, which is in the form of a matrix, is used to
predict the vibrational transitions based on the vibrational quantum number, the reduced mass, the
bond length, and the bond force constant. The latter term is obtained by taking the second
derivative of the energy with regard to the bond length. This calculation will produce the frequency
for the normal mode with the intensity being determined by the overlap between the two
wavefunctions within the electric dipole moment operator as discussed above. However, use of the
harmonic oscillator approximation will introduce errors to the calculated frequencies as these will
be equally spaced while the separation between the vibrational transitions for an experimental
sample will decrease as the vibrational quantum number increases. Thus, a scaling factor is often
introduced to account for these discrepancies with the calculated frequencies by multiplied by the
determined number to try to alleviate these errors.242 All the predicted frequencies for the
calculated spectra discussed later in this thesis have been modified according to scaling factors
found within the literature for their particular functional and basis set combination.
For a DFT calculation, the researcher must specify the functional and the basis set. The
functional describes the method by which the exchange-correlation energy for the molecule is
calculated. The functional can be separated into terms that correspond to the exchange and
correlation functionals.239 Due to their approximate nature, vigorous research continues to produce
functionals of increasing accuracy.221 Two different functional types exist, pure and hybrid. A pure
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functional will contain terms unique to that functional. A hybrid functional, on the other hand, will
often use linear combinations of terms taken from other methods, including HF.221,239,240
In addition to the functional, the basis set must also be specified. The basis set is a set of
mathematical functions that describe the electronic wavefunction.223,239 Selection of the right
method and basis set must balance accuracy with computational cost. A smaller basis set will
reduce the cost often with a decrease in accuracy as the set of basis functions will serve as a poor
representation of the molecular orbitals present within the structure. On the other hand, a larger
basis set will often yield more accurate results as it will better approximate the electronic
wavefunction. However, this increase in accuracy results in a larger cost as more basis functions
are now involved with the calculation. Many researchers will optimize their starting structure with
a smaller basis set first and a larger basis set later to maintain accuracy of the later while
minimizing the overall computational cost for the calculation.223,238,240
For this report, optimization and frequency calculations of PFSA models were performed using
the hybrid functional B3LYP (Becke, three-parameter, Lee-Yang-Parr)240,241,243,244 and splitvalence basis set 6-31+G*. B3LYP is a widely used functional that could provide sufficient
accuracy for the research of this report at a low computational cost. However, this functional does
not incorporate dispersion, which could skew results by not accounting for interactions between
the side chain and backbone TFE groups and will be investigated for the Aquivion calculations in
Chapter 2. The 6-31+G* basis set includes polarization and diffuse functions for all non-hydrogen
atoms. These functions allow the calculation to reasonably account for the resonance and charge
delocalization of the ionic side chain and its interactions with the PTFE backbone. While the
selected basis set and functional yield an acceptable level of accuracy with a comparatively
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Figure 8: ATR-FTIR spectra for acid-form Nafion (a) and Aquivion (b). Figure reproduced from ref. 61 with
permission of the rights holder, John Wiley and Sons.

Figure 1. Portion of FTIR spectrum of H+-form: ( a )
1100 EW Nafionm and ( b ) 808 EW Dow ionomer, showing
the spectral region of interest in this study.
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The ether stretch has traditionally been assigned for Nafion28,32,201,208,209,212,33,34,55,60,61,72,83,196
to two peaks present around ~960-990 cm-1 (Figure 8a) and for the other side chain
structures24,61,83,209,211 to a single peak present at ~970-990 cm-1 (Figure 8b). However, some
studies have assigned one of the two peaks traditionally assigned to the ether stretch for Nafion to
C-F bond stretches.57,63,83,200,201,205,211 In addition, the ether stretch has also been assigned to a
peak38,66,204,210 at ~1060 cm-1 or to multiple peaks35,53,59,210 between ~920-1200 cm-1 due to
coupling with additional normal modes59,210 as mentioned above.
As a result of the ongoing debate, DFT calculations were performed to predict the membrane
normal modes both as standalone studies and coupled with experimental studies due to the
difficulties associated with assigning the symmetric sulfonate and ether stretches to peaks within
the fingerprint region.36,38,53,66,82,209,210,212,213,215 The first theoretical study of the IR spectrum was
performed by Pacansky et al. on model compounds with a focus on the ether stretch which was
noted to be in the region of ~1085-1300 cm-1. However, this study was executed more as a proof
of concept as all the information obtained from the calculations was presented with no clear
objective or comparisons given.213 The first combined experimental and theoretical study was
performed by Danilczuk et al. on Nafion, Aquivion, and 3M PFSA. The membranes were analyzed
using ATR FTIR while model compounds were used for the calculations. The authors focused on
the unscaled, gas phase results as they seemed to have the best agreement with experimental
results209 despite the fact that previous studies had shown that the addition of implicit solvation
was able reproduce the peaks determined from an experimental study.209,251,252 This approximation
seems misguided given that the objective of the study was to determine the location of the two
vibrational transitions and not simply find a model that would match the experimental assignments.
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However, the authors noted that the addition of explicit solvent molecules would have a much
larger effect on the calculated normal modes than the inclusion of a dielectric field.209,248
As noted above, many initial computational studies used model compounds to approximate the
ionomer structures in order to either optimize the backbone with no attached side chains to
determine the ideal starting structure253–255 or perform a conformational scan of the side chain
dihedral angles to determine the barriers to rotation.39,137,215,216,228,231,232,250–254 These initial studies
led researchers to conclude that the assignment of IR peaks to single functional groups was overly
simplistic in nature and failed to capture the full range of atomic motions involved especially given
the changes observed with a shift in the degree of hydration.66 In addition, research has focused on
increasing the accuracy of DFT calculations so that the calculated spectra more closely match
experimental studies. Oligomer models have increasingly been utilized for calculations and have
become gradually more complex with additional side chains being incorporated25,26,90,92 to examine
the effect of structural interactions and EW on the oligomer conformation and rotational barriers
for side chain dihedral angles.25-27,52,65,66,74,76,82,90,92,211,213,230,235
In addition, many studies began to incorporate solvation effects into the calculations with
several27,209,214,215,227,249,250 utilizing an implicit solvation method, the polarizable continuum model
(PCM).261–265 PCM solvation assumes the structure is contained within an empty cavity surrounded
by a solvent field with a uniform dielectric constant. Interactions between the structure and solvent
are therefore limited to electrostatic interactions, and solvent molecules cannot react.239 The
validity of this assumption is questionable for PFSA structures as an increase in hydration
deprotonates the sulfonic acid, which will have a major effect on morphology due to changes in
the intermolecular interactions. The remainder of the studies25,26,36,39,52,90,92,211,213,231,232 utilized
explicit solvation models, wherein a number of explicit solvent molecules can interact with the
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PFSA structure.239,241 Studies performed by Paddison and Elliott on Aquivion with more than one
side chain present examined the effect of deprotonation coupled with explicit consideration of
water molecules. The backbone developed a noticeable kink upon deprotonation as the distance
between side chains decreased due to enhanced intermolecular interactions,25,26,90,92 which seems
to indicate that the general three phase models depicted in Figure 3 and Figure 4 are accurate
representations of the effect of hydration on membrane morphology.
Many studies have been performed to predict vibrational transitions,38,53,66,82,209,210,212,213,215
probe the change in energy with a shift in the side chain dihedral angles,25–27,36,90,92,214,227,230,231 and
even investigate the effect of hydration on the membrane morphology.25,26,90,92,230,231 However, a
study of IR signatures considering various protonation states and conformers is not yet available.
The research for this project sought to combine these studies so that a general model may be
developed for the computational study of PFSA membranes. This strategy will be discussed in
further detail below in the results for the Aquivion, 3M PFSA, and Nafion Calculations.
While DFT calculations solve the electronic Schrödinger equation, Molecular Dynamics (MD)
calculations solve Newton’s equations of motion for nuclei to determine a system’s evolution over
time from a set of initial coordinates and velocities. These are performed according to designated
force fields, which specify interactions between atoms via parametric bonding and non-bonding
terms.238,240,264–267 Different force fields have been developed to simulate everything from
solvation of small molecules to the interactions of macromolecules. Thus, selection of the right
force field for the system is crucial.239,241 These simulations usually encompass a time scale on the
order of 10-9 s although the actual simulation time will depend on the size of both the simulation
area and the individual time steps.241
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MD simulations were some of the first calculations performed on PFSA membranes and
focused on the chain interaction under solvation, both as individual oligomers and within a
membrane.36,40-42,52,58,65,74–81,206,229,230,233,234,236,237,247–249,264–274 Numerous simulations have been
performed with the bulk focusing on the effect of hydration on morphology.36,40-42,52,58,65,74–81,206,
228–230,233,234,236,237

For this study, MD simulations will be used to determine starting explicit

solvation spheres around the sulfonate group of ionomer models which will be further optimized
using DFT calculations. These simulations and their corresponding calculations will be discussed
in further detail below.
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2. Short Side Chain Structure: Aquivion
While many theoretical studies have been performed on Nafion and Aquivion structures to
explore the conformational space25–27,53,90,214,228,230–232 or to predict vibrational transitions,38,66,
209,210,212,215,235,252

no prior studies have explored the effect of molecular conformation on the

predicted infrared spectrum. This absence raises the question of whether the models used for
frequency calculations are representative of experimental membrane samples. Under experimental
conditions, local thermal motion allows the polymer side chain to access a number of
conformations resulting in a distribution of side-chain structures across the sample. As a result, the
experimental IR spectrum is an average of these different conformers weighted by their population.
However, most theoretical studies to date have only used the purported lowest-energy
conformation to predict the IR spectrum, and the contribution of the rest of the thermally available
structures is neglected. Thus, in this project, we first examined the conformational space of an
Aquivion oligomer side chain and studied how the IR spectrum changes for the various accessible
conformers identified.
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2.1 Investigation of Side-Chain Conformation

Figure 9: Oligomeric structure used as the computational model for the Aquivion side-chain conformation search.
Color code: S = green, C = brown, F = yellow, and O = red.

This side-chain conformation search was performed using a 715 EW Aquivion oligomer model
(Figure 9). During all geometry optimizations, the C-C-C-C dihedral angles of the backbone were
frozen in place, but all the side chain dihedral angles were allowed to move. Three side-chain
dihedral angles (F-C-O-C, C-O-C-C, and O-C-C-S) were scanned by 60° increments for a total of
216 initial structures. These structures were optimized using the inexpensive semi-empirical
method PM6281–283 in order to obtain an efficient first selection of possible conformers. After
removing a number of chemically meaningless conformations that could not be fully optimized
during the calculations, the remaining 75 structures were further optimized with density functional
theory (DFT)223,240,241 calculations using Becke’s three-parameter (B3LYP) functional243,244 and
the 6-31+G* basis set, which is the standard functional and basis set combination of this work.
These calculations further narrowed the number of unique conformations to 16 through removal
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of duplicate structures. The spectra for these optimized structures were predicted using the
standard functional and basis set combination (B3LYP/6-31+G*).
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Figure 10: Relative Gibbs Energies (kcal/mol) at 298 K for the structures obtained from the conformation search
optimized using the standard functional and basis set combination (B3LYP/6-31+G*) in the gas phase.

Based on the relative thermal (298 K) Gibbs energies for the optimized structures determined
from the conformation search (Figure 10), we decided to focus on the four lowest energy structures
(1, 2, 3, and 4) which shall be denoted as Minima CA, CB, CC, and CD, respectively. The
conformations for these structures are depicted below in Figure 11.
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Figure 11: Lowest energy structures from the conformation search optimized using the standard functional and
basis set combination (B3LYP/6-31+G*) in the gas phase. Dihedral angles centered around the indicated bonds are
noted for the optimized structures. Same color code as Figure 9.

All the calculations for the conformation search were performed in the gas phase with the
sulfonate group deprotonated and an overall charge of -1. Solvation effects were not included in
this preliminary identification of conformers, but were considered later (vide infra). A counter-ion
was not included either in the conformational search as the membranes are considered to be fully
deprotonated under most experimental conditions. In fact, studies indicate deprotonation with the
presence of 5-6 water molecules per side chain30,32,61,64,200–203 though one study indicated that this
occurred once the degree of hydration is greater than 2.200 The differences in energy for the four
lowest energy minimum structures (Table 1) are within nearly 1 kcal/mol, suggesting they all
might contribute under room-temperature conditions.
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Table 1: Relative Gibbs Energies (kcal/mol) of the four lowest energy structures determined from the conformation
search and optimized using the standard functional and basis set combination (B3LYP/6-31+G*)

Structure
Minimum CA
Minimum CB
Minimum CC
Minimum CD

Relative Energy (kcal/mol)
0.000
0.358
0.404
1.143

The predicted spectra for the 4 individual structures were averaged with weights calculated
according to the Boltzmann population in order to produce the Boltzmann average spectrum
(Figure 12). The Boltzmann populations can be obtained from the thermal Gibbs energies using
Equation 5:218–220,284
VW 0VX
𝑁:
= 𝑒 0 Y∗Z
𝑁U

(5)

Wherein k is the Boltzmann constant, T is the sample temperature (298 K), and (Ei – Ej) is the
energy difference between two different conformations. This average spectrum is compared with
the individual spectra for the four lowest energy conformations in Figure 12 below.
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Figure 12: Effect of the side-chain structure on the predicted IR spectra (B3LYP/6-31+G*, gas phase). The
vibrational wavenumbers were scaled using a factor of 0.9789.285
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The Aquivion side-chain structure has a non-negligible effect on the predicted IR spectrum
(Figure 12), which was obtained from the calculated frequencies assuming a Lorentzian lineshape
given the relatively short lifetime for vibrational transitions with a 10.0 cm-1 half-width. The full
spectrum for CA is shown below in Figure 13 with all the symmetric sulfonate stretch and ether
stretch peaks denoted.
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Figure 13: Predicted spectrum for Minimum CA which was calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) in the gas phase. The wavenumbers were scaled using a factor of 0.9789.285

All the peaks fall within the range of 950-1200 cm-1 as noted in the spectrum above with the
unlabeled peaks arising from C-C and C-F bond stretches. The presence of a single symmetric
sulfonate stretch peak within the spectrum is interesting to note as the introduction of solvation
results in the addition of a second peak as noted below. Given the close proximity between the
symmetric sulfonate stretch and the low wavenumber ether stretch peaks, the rest of this Thesis
will focus on the spectral region of 900-1100 cm-1 as both experimental and theoretical studies
from the literature assign the key symmetric sulfonate stretch and ether stretch to this region.1118,27,29,31–34,40–50

As discussed in Chapter 1, a better understanding of these normal modes would
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allow a deeper insight into how the changes in polymer composition can be monitored with
relatively simple IR studies.
CA
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Ether

Ether

-SO3CC

-SO3CD

Ether

Ether

-SO3-

-SO3-

Figure 14: Depiction of the two key vibrational normal modes for the four lowest energy structures. -SO3- indicates
the symmetric sulfonate stretch, and Ether indicates the ether stretch. Same color code as Figure 9.

The two key normal modes in the 900-1100 cm-1 region are depicted above in Figure 14, and
the calculated spectra for that region are shown in Figure 15.
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Figure 15: Effect of the side-chain structure on the predicted IR spectra (B3LYP/6-31+G*, gas phase). These
spectra are the same as those displayed in Figure 12 but with a focus on the region of 950-1070 cm-1. The
vibrational wavenumbers were scaled using a factor of 0.9789.285

The calculated infrared spectra for the 4 lowest-energy conformers (Figure 11) are shown in
Figure 15. The unlabeled peak at ~988 cm-1 for minimum CA is due to a backbone normal mode,
which is not relevant to this work. While the conformation has a definite effect on the predicted
vibrational transitions, the frequency spread among conformers for the two vibrations is relatively
narrow: ~7 cm-1 for the symmetric sulfonate stretch and ~17 cm-1 for the ether stretch.
Interestingly, there is a more noticeable variation in peak intensities (~43% of the largest peak
intensity) for the ether mode, but this is not the case for the symmetric sulfonate stretch. This
discrepancy is likely due to the larger change in the dipole moment217,218,284 observed for the ether
stretch compared to the symmetric sulfonate stretch.
These spectra suggest the side chain conformation can have an effect, however small, on the
IR spectrum of Aquivion models. The initial Aquivion calculations was performed using the
standard functional and basis set combination (B3LYP/6-31+G*). Given the availability of many
DFT methods and basis set combinations,38, 66, 209,210, 212, 215, 235,253 the question becomes whether
the IR spectrum of the Aquivion model depends on the functional and basis set chosen. In addition,

33

the influence of both the EW and solvation on the predicted vibrational transitions has not been
studied extensively in the literature for Aquivion. Consequently, a study was undertaken to
determine the effect of the functional, basis set, EW, and solvation (implicit and explicit) on the
predicted IR spectrum of Aquivion models.

2.2 Effect of the Functional
The effect of several different functionals (B3LYP,243,244 M06,286 M06-2X,286 and
WB97XD287) were investigated using the structures that were obtained from the conformation
search detailed in the prior section. Two minima (CA and CB) were further optimized using the
aforementioned functionals and the 6-31+G* basis set on the 715 EW oligomer in the gas phase.
None of the backbone dihedral angles were frozen in this part of the study.
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Figure 16: Predicted spectra for Minimum CA in the gas phase for various functionals and the 6-31+G* basis set.
The wavenumbers were scaled using factors of 0.9789,285 0.9643,285 0.9643,285 and 0.9633285 for the B3LYP, M062X, M06, and WB97XD spectra, respectively.

Figure 16 shows the IR spectrum of Aquivion is highly sensitive to the functional. The
variation across functionals of the two normal modes of interest is much larger than that observed
for the different structures with just one functional (Figure 15): ~53 cm-1 for the symmetric
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sulfonate stretch and ~71 cm-1 for the ether stretch. However, the peak positions for the vibrational
transitions of the M06 and WB97XD spectra are relatively close together as compared to the other
functionals with the symmetric sulfonate stretch peaks separated by ~1 cm-1 and the ether stretch
peaks separated by ~9 cm-1. Even with the similarities between these two spectra, some differences
are still present in terms of the peak intensities, especially for the ether stretch. The unlabeled peaks
for the B3LYP and M06-2X spectra correspond to backbone normal modes.
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Figure 17: Predicted spectra for Minimum CB in the gas phase for various functionals and the 6-31+G* basis set.
The wavenumbers were scaled using factors of 0.9789,285 0.9643,285 0.9643,285 and 0.9633285 for the B3LYP, M062X, M06, and WB97XD spectra, respectively.

A similar effect is observed with the different functionals for Minimum CB (Figure 17) as the
overlap between the vibrational transitions for the M06 and WB97XD spectra is still relatively
close (~5 cm-1 for the symmetric sulfonate stretch and ~3 cm-1 for the ether stretch). The largest
shift between the different functionals seems to be with B3LYP for both the symmetric sulfonate
stretch (~34 cm-1) and the ether stretch (~27 cm-1) as both are red shifted compared to the other
spectra. The unlabeled peaks present for the WB97XD and M06-2X spectra correspond to
backbone normal modes.

35

Thus, as observed from both the Minimum CA (Figure 16) and the Minimum CB spectra
(Figure 17), the functional used for the calculation has a large effect on the predicted vibrational
transitions regardless of the starting structure. Since the gas-phase model used for these
calculations cannot capture experiment by design, a functional among the 4 studied cannot be
selected based solely on the spectra of Figure 16 and Figure 17. The main pertinent conclusion of
this study of DFT functionals is that the calculation method selection is essential in any work that
attempts quantitative comparison with experiment.

2.3 Effect of the Basis Set
In addition to investigating the sensitivity of the calculated IR spectra to the DFT functional,
the effect of the basis set was also examined with the same two side-chain structures (CA and CB).
Both structures were optimized using the same functional (B3LYP) and the 6-31+G*, 6-311+G*,
cc-pVDZ, and AUG-cc-pVDZ basis sets. All these calculations were performed in the gas phase
with none of the dihedral angles frozen.
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Figure 18: Predicted spectra for Minimum CA in the gas phase for the B3LYP functional and various basis sets. The
wavenumbers were scaled for the 6-31+G*, 6-311+G*, cc-pVDZ, and AUG-cc-pVDZ basis sets using factors of
0.9789,285 0.9613,288 0.970,289 and 0.967,289 respectively.
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The sensitivity of the Aquivion model’s IR spectrum to the basis set is observed in Figure 18
(unlabeled peaks present correspond to backbone normal modes). The variations across basis sets
are not quite as large as those between functionals (symmetric sulfonate stretch: ~45 cm-1, ether
stretch ~37 cm-1). Interestingly, the predicted spectra and calculated normal modes seem to have
been affected to a larger degree by the different functionals examined than by the different basis
sets explored above.
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Figure 19: Predicted spectra for Minimum CB in the gas phase for the B3LYP functional and various basis sets. The
wavenumbers were scaled for the 6-31+G*, 6-311+G*, cc-pVDZ, and AUG-cc-pVDZ basis sets using scaling of
0.9789,285 0.9613,288 0.970,289 and 0.967,289 respectively.

A similar effect upon a change in the basis set (Figure 19) is observed for Minimum CB as was
observed for Minimum CA. The peak positions for the symmetric sulfonate stretch are spread over
a 44 cm-1 range, and the ether band’s range is 35 cm-1.
Overall, while there are subtle variations across functionals and basis sets, all combinations
investigated produce an IR spectrum in the 930 to 1050 cm-1 range characterized by an ether band
that is more intense and appears at higher frequencies than a sulfonate stretch band. The
insensitivity of these paramount features to changes in the calculation parameters enables further
investigation of more complicated effects such as equivalent weight and solvation.
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2.4 Effect of the Equivalent Weight (EW)
715 EW

815 EW

915 EW

Figure 20: Structures used for the EW study on Minima CA (left) and CB (right). Same color code as Figure 9.

The effect of the EW on the predicted vibrational transitions has not been explored within the
literature as most of the theoretical studies have focused on EW’s effect on conformational space
especially with the addition of explicit solvation for PFSA oligomers.25,26,74,214,228,233 None of these
studies have investigated the effect of the backbone length on the calculated spectra. For this next
portion of the study, three different EWs (Figure 20) were examined for the two thoroughly studied
side-chain Aquivion conformers, Minima CA and CB. These structures were setup by simply
extending the length of the backbone with the addition of one (815 EW) or two (915 EW) extra
tetrafluoroethylene units. These structures were all optimized using the standard functional and
basis set combination (B3LYP/6-31+G*) in the gas phase.
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Figure 21: Predicted spectra for Minimum CA in the gas phase obtained using the standard functional and basis set
combination (B3LYP/6-31+G*). The wavenumbers were scaled using a scaling factor of 0.9789.285

The change in the EW for Minimum CA (Figure 21) seems to have a minor effect on the
predicted spectra, with the largest differences being in peak intensities. The symmetric sulfonate
stretch peaks are all present at the same peak position (~970 cm-1) while the ether stretch peaks all
fall within a very narrow spectral range (~2 cm-1). The unlabeled peaks are due to backbone normal
modes.
As stated above, the largest differences observed for the two vibrational transitions of interest
are with the calculated peak intensities. The intensities for the symmetric sulfonate stretch peaks
seem to increase with an increase in EW. However, the variation (~10% of the largest peak
intensity) is still quite small when compared to that of the ether stretch peaks (~20%), which
decrease with increasing EW. For the Minimum CA spectra, these differences are relatively minor
compared with those observed for the studies examining the different side chain conformations,
functionals, and basis sets.
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Figure 22: Predicted spectra for Minimum CB in the gas phase which were optimized using the standard functional
and basis set combination (B3LYP/6-31+G*). The wavenumbers were scaled using a scaling factor of 0.9789.285

The change in the EW for Minimum CB (Figure 22) seems to have a similar effect to that
observed for Minimum CA above. Both the symmetric sulfonate (~975 cm-1) and ether stretch
(~1051 cm-1) peaks are at the same positions. The unlabeled peaks are due to backbone normal
modes.
Similar trends are present in terms of peak intensities as those observed for the Minimum CA
spectra (Figure 21), and the ranges of both the symmetric sulfonate stretch peaks (~14% of the
largest peak intensity) and the ether stretch peaks (~37%) are comparable in magnitude although
the proportions have increased. The main difference seems to be the discrepancy present in peak
intensities between the 5mer (715 EW) spectrum as compared with the spectra for the other two
EWs. However, the peaks are still within the same region of the spectrum, and most of the peak
intensities are relatively close together as compared with the differences observed for the different
side chain conformations, functionals, and basis sets discussed above.
This suggests that, while the EW may have an effect on the predicted spectra, it is not as
significant as that observed with changes to the starting conformation or to the calculation
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parameters such as the functional or basis set specified for the optimization. However, this study
was performed using a single oligomer with one side chain present in the middle of the backbone.
The introduction of additional side chains at different positions within the backbone might cause
larger changes to the predicted vibrational transitions with shifts in the EW due to the larger range
of accessible conformations under experimental conditions.
In addition, this study was performed in the gas phase with no solvation effect or explicit
solvent molecules present. Thus, the next part of the study focused on the effect of the addition of
implicit solvation effects.

2.5 Effect of Implicit Solvation
To examine the effect of solvation, the same Aquivion structures discussed above were first
optimized using the standard functional and basis set combination (B3LYP/6-31+G*) with the
inclusion of implicit solvation effects through the use of the Polarizable Continuum Model
(PCM).261–265 Water was selected as the solvent for this study given its prevalence in membrane
samples.
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Figure 23: Predicted spectra for Minimum CA calculated using the standard functional and basis set combination
(B3LYP/6-31+G*) in the gas phase and with implicit solvation effects. The wavenumbers were scaled using a factor
of 0.9789.285

Figure 23 shows that the addition of implicit solvation has a large effect on the calculated
spectra especially in the range of 850-1250 cm-1, which encompasses the area of interest (9001100 cm-1) described above. The largest differences seem to be with the sizeable C-F and C-C
stretch bands present at 1100-1250 cm-1 though some differences are observed for the two
vibrational transitions of interest as described below.
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Figure 24: Predicted spectra for Minimum CA focused on the 955-1075 cm-1 range. These spectra were calculated
using the standard functional and basis set combination (B3LYP/6-31+G*) both in the gas phase and with implicit
solvation effects. The wavenumbers were scaled using a factor of 0.9789.285

With the addition of implicit solvation effects (Figure 24), the symmetric sulfonate stretch is
blueshifted by ~8 cm-1 and has an intensity growth of ~122% . The ether stretch is also blueshifted
by ~30 cm-1, and its intensity increases as well by ~69%. While the shift in peak position is not
huge for the symmetric sulfonate stretch given that it is still <10 cm-1, the change in ether stretch
position and peak intensities are certainly significant.
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Figure 25: Predicted spectra for Minimum CB calculated using the standard functional and basis set combination
(B3LYP/6-31+G*) in the gas phase and with implicit solvation effects. The wavenumbers were scaled using a factor
of 0.9789.285
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The addition of implicit solvation (Figure 25) has a similar effect for Minimum CB though the
changes are not as large as though observed for Minimum CA (Figure 24). The symmetric
sulfonate stretch is blueshifted by just ~3 cm-1 and grows by ~69%, and the ether stretch is
blueshifted by ~17 cm-1 and grows by ~72% with the addition of implicit solvation. While the
lineshape for the ether stretch peak calculated with implicit solvation effects does not appear
Lorentzian, this is due to an overlapping peak at 1057 cm-1, which arises from backbone normal
modes that are not relevant to this study.

2.6 Effect of Explicit Solvation
As noted above, the addition of implicit solvation produced significant changes in Aquivion’s
IR spectrum. We consequently decided to increase the scope of our solvation studies by the
addition of explicit water molecules. Initial calculations were performed using a solvation sphere
built by hand for all four different side chain structures produced by the conformation scan.
However, the solvation sphere used was felt to be too arbitrary, and these results will not be
discussed here, even if they showed that explicit solvation affects the IR spectrum.
The new solvation spheres were produced by molecular dynamics (MD) simulations
(performed by Prof. Troya) involving a single high EW oligomer with a deprotonated side chain
in a box solvated by a bath of water molecules and a hydronium counterion. From this simulation,
structures were selected according to the side chain dihedral angles that matched the four energy
minimum conformers (CA, CB, CC, and CD) with the sulfonate solvation spheres included as
depicted below in Figure 26. Three snapshots from the MD simulation were examined for
Minimum CA (CA-1, CA-2, and CA-3) though only one (CA-2) was selected for further study.
Three snapshots were investigated for Minimum CB as well (CB-1, CB-2, and CB-H3O+) one of
which had the hydronium counter-ion present. Only the latter two structures were selected for
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further study. One structure each was selected for Minima CC (CC-1) and CD (CD-1) for further
study.
These structures obtained from the MD simulations include 9 or 10 explicit water molecules
and were optimized using the standard functional and basis set combination (B3LYP/6-31+G*)
with implicit solvation effects. To reveal the effect of explicit solvation, explicit water molecules
were then removed one at a time (from furthest to closest to the sulfonate group) to produce IR
spectra with varying number of explicit water molecules. Each structure was optimized after each
removal using the standard functional and basis set combination with the atomic positions of the
explicit water molecules and most of the backbone frozen in place. The only atoms that were
allowed to move during optimization were the side chain atoms as well as the carbon and fluorine
atoms of the backbone directly in line with the side chain.
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CA-2

CB-2

CC-1

CD-1

Figure 26: Solvation spheres from MD simulation that were used for explicit solvation study. These structures were
optimized using the standard functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects.
Color code: S = green, C = brown, F = yellow, O = red, and H = white.

46

1400

Minimum CA-2

1200

Ether

Intensity (km/mol)

1000
800
600

-SO3-

400
200
0
1400

1200

1000
800
600
400
Wavenumber (cm-1)
Figure 27: Predicted spectrum for Minimum CA-2 (Figure 26 top left) which was calculated using the standard
functional and basis set combination (B3LYP/6-31+G*) on a 465 EW oligomer with implicit solvation and 10
explicit water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

As noted above in Figure 27, all the peaks fall within the range of 900-1200 cm-1 due to the
addition of a second symmetric stretch peak. This new peak contrasts with that observed above for
the gas phase spectrum (Figure 13) as only one peak was present for that particular vibrational
transition. However, given the similarities present in terms of peaks positions for the other normal
modes present, the rest of this study will focus on the region of the spectrum around the high
wavenumber symmetric sulfonate and the low wavenumber ether stretch.
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Figure 28: Effect of the structure on the predicted spectra which were calculated using the standard functional and
basis set combination (B3LYP/6-31+G*) on a 465 EW oligomer with implicit solvation effects and nine explicit
water molecules present for the CA-1, CB-2, CC-1, and CD-1 structures. The wavenumbers were scaled using a
factor of 0.9789.285

The effect of the structure (Figure 28) under a high degree of hydration (~9 explicit water
molecules) shows the largest differences between structures in the ether stretch. For that normal
mode, the ranges for both the peak positions (~34 cm-1) and intensities (~57% of the largest peak)
are both larger than those (~15 cm-1 for position and ~43% for peak intensity) of the sulfonate
stretch. In addition, for the symmetric sulfonate stretch, only the CC-1 structure seems to deviate
from the rest. As observed above in the conformation study in the absence of solvation, the starting
structure does have an effect on the calculated IR spectra.
Compared with the gas phase and implicit solvation calculations discussed above, the
wavenumber ranges for both vibrational transitions increase with the addition of explicit water
molecules to the oligomeric structure. The range of peak positions observed for the symmetric
sulfonate stretch triples with the addition of water (~15 cm-1 vs. ~5 cm-1 and ~4 cm-1 for the gas
phase and implicit solvation calculations, respectively). The ether stretch range is almost doubled
from ~20 cm-1 to ~34 cm-1 with the addition of explicit solvation. While these shifts are not
extraordinarily large, they are noteworthy given the changes in the solvation methods. In addition,
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the ranges seem to gradually decrease for both vibrational transitions with an increase in the
number of explicit water molecules present. The symmetric sulfonate band range moves from ~15
cm-1 to ~9 cm-1 to ~4 cm-1 while the ether stretch shifts from ~34 cm-1 to ~27 cm-1 to ~20 cm-1 as
the amount of explicit solvation present decreases from 9 to 3 to 0 water molecules.
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Figure 29: Effect of the structure on the predicted spectra. B3LYP/6-31+G* were performed on a 465 EW oligomer
with implicit solvation effects for the CA-1, CB-2, CC-1, and CD-1 structures. The wavenumbers were scaled using
a factor of 0.9789.285

The effect of the structure (Figure 29) under implicit solvation effects alone is not as large as
that observed above under a high degree of explicit hydration (Figure 28). The peak position ranges
for both the symmetric sulfonate (~4 cm-1) and ether (~20 cm-1) stretches are smaller than those
discussed above (Figure 28). In addition, the spreads in peak intensities for both the former (~25%
of the largest peak) and latter (~25%) vibrational transitions have also decreased by about half as
compared with the explicit solvation spectra.
These studies confirm what was already observed for the conformation search. The starting
structure has an effect on the calculated IR spectra. Given the shifts observed with a change in the
structure (Figure 28 and Figure 29), the effect of different solvation methods on the predicted
vibrational transitions was analyzed for both Minimum CA (Figure 30) and Minimum CB (Figure
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31). The gas phase and implicit solvation calculations were performed using structures with the
same EW (715 g/mol) whereas the structures used for the explicit solvation calculations had a
lower EW (465 g/mol) in comparison. For the latter study, Structure CA-2 was used for the
Minimum CA comparison while Structure CB-2 was utilized for the Minimum CB comparison
discussed below.
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Figure 30: Effect of different solvation methods on the predicted spectra for Structure CA. B3LYP/6-31+G*
calculations were performed on a 715 EW oligomer both in the gas phase and with implicit solvation effects as well
as on 465 EW oligomer with implicit solvation effects and nine explicit water molecules present. The wavenumbers
were scaled using a factor of 0.9789.285

The addition of solvation on Minimum CA (Figure 30) has different effects for both the
symmetric sulfonate stretch and ether stretch as noted above. For the former, the peak position is
blue shifted as one goes from the gas phase to implicit solvation to explicit solvation with an
overall range of ~24 cm-1 though the same effect is not observed for the peak intensities. The
spread for these is similar (~31% of the largest peak) to those observed above.
On the other hand, for the ether stretch, the peak position and intensity show major increases
with the addition of implicit solvation effects. The former increases by ~30 cm-1 while the latter
increases by ~69% with the addition of implicit solvation. The addition of explicit water molecules
to the structure has a much smaller effect comparatively with the peak being red shifted very
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slightly (~7 cm-1) and a negligible decrease (~1%) in intensity. For Structure CA, the introduction
of additional solvation effects, such as implicit solvation and explicit water molecules, seems to
produce constant changes in the symmetric sulfonate stretch while the ether stretch, on the other
hand, seems to only be majorly affected by the addition of implicit solvation effects. The addition
of explicit water molecules only has a minor effect on the predicted vibrational transition.
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Figure 31: Effect of different solvation methods on the predicted spectra for Structure CB. B3LYP/6-31+G*
calculations were performed on a 715 EW oligomer both in the gas phase and with implicit solvation effects as well
as on 465 EW oligomer with implicit solvation effects and nine explicit water molecules present. The wavenumbers
were scaled using a factor of 0.9789.285

The addition of solvation (Figure 31) has a different effect on Structure CB as compared with
that observed for Structure CA above (Figure 30). The symmetric sulfonate stretch has a minor
shift in peak position (~3 cm-1) with the addition of implicit solvation effects and a major increase
(~16 cm-1) with the addition of explicit water molecules. The changes in peak intensities are similar
to those observed above though the spread (~41% of the largest peak) and differences in the
individual spectra are slightly larger.
For the ether stretch, on the other hand, the peak positions are blue shifted by ~17 cm-1 with
the addition of each implicit and explicit solvation. This trend matches that observed for the
symmetric sulfonate stretch of Structure CA while the shift observed for the ether stretch is similar
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to that observed for the symmetric sulfonate stretch of Structure CA. The shift in peak intensities,
like that observed for the symmetric sulfonate stretch, is consistent with that observed above with
a large change (~42%) present upon the inclusion of implicit solvation effects and a negligible
shift (~3%) with the addition of explicit water molecules.
The changes upon the solvation model seem to be dependent on the structure used for the
calculation as discussed above though similar trends are present. For instance, both the symmetric
sulfonate stretch of Structure CA and the ether stretch of Structure CB demonstrate a constant blue
shift with an increase in the amount of solvation present moving from gas phase to the addition of
explicit water molecules. However, the ether stretch of the former structure and the symmetric
sulfonate stretch of the latter structure have major changes only with the addition of explicit
solvation.
As noted above, the addition of both explicit water molecules and implicit solvation effects
does change the effect of different starting structures though with noticeably different results
depending on the starting structure used. However, the large and inconsistent changes in the
spectra raise the question on how the amount of explicit solvation affects the predicted vibrational
transitions. As a result, the effect of the number of explicit water molecules was also investigated.
Two different structures, CA-2 and CB-2, were used for this study as detailed below.
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Figure 32: Effect of the number of explicit water molecules on the predicted spectra for Structure CA-2. B3LYP/631+G* calculations were performed on a 465 EW oligomer with implicit solvation effects and a number of explicit
water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

Figure 32 shows a redshift to both sulfonate and ether bands as the number of explicit solvent
molecules decreases. For the symmetric sulfonate stretch, the shift is relatively minor until below
a degree of hydration of 4 with a range of ~4 cm-1. When 3 or fewer explicit water molecules are
present, the magnitude of each red shift is magnified by ~8 cm-1 giving an overall range of ~14
cm-1 across all the different degrees of hydration presented. A similar situation is encountered for
the peak intensities with the high degrees of hydration (4-10 explicit water molecules) having a
range of ~5% of the largest peak intensity but ~25% for 0-3 explicit water molecules. The
combination of these two sections yields a range ~42% of the largest peak intensity.
For the ether stretch peaks, the situation is similar to that encountered with the symmetric
sulfonate stretch. While the low degree of hydration (0-3 explicit water molecules) peaks are
clustered in the same region with a range of ~4 cm-1, the high degree of hydration (4-10 explicit
water molecules) band are more spread out with a range of ~9 cm-1. Both sections combined have
a range of ~17 cm-1, which is noticeable smaller than the ranges observed with changes in the
starting side-chain structure discussed above in both Figure 28 and Figure 29. The intensities for
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the ether stretch peaks, on the other hand, do not seem to have a consistent pattern though the range
is noticeably smaller (~19% of the largest peak intensity) than those obtained previously. From
these spectra, it can be ascertained that the number of explicit water molecules present certainly
has an effect on the calculated IR spectra though it is gradual and more moderate than what
observed with a change in the starting side-chain structure.
The discrepancies present in the ether stretch peaks for this structure make it difficult to
determine the minimum degree of hydration that is necessary to model explicit solvation of the
oligomeric models. The peaks seem to be clustered in groups of low, medium, and high degrees
of hydration as noted above. Analysis of the symmetric sulfonate stretch allows for a better
estimation on this value. The shift in the peak positions and intensities for this vibrational transition
becomes negligible above a degree of hydration of 3. Combined with the groupings observed for
the ether stretch peaks, the ideal range for the degree of hydration seems to be 3-6 explicit water
molecules present in the solvation sphere. Analysis of the CB-2 spectra pictured below (Figure 33)
seems to corroborate this range given the more distinct trends present which are present for both
vibrational transitions.
However, the inclusion of a low degree of hydration structure below that range might allow
for a more complete spectral analysis given the presence of experimental studies of dehydrated
membrane samples within the literature.55,61,211 On the other hand, given the smaller changes
observed with a large number of explicit water molecules present especially as noted below for the
CB-2 spectra (Figure 33), this could mean that low degrees of hydration might be sufficient to
observe critical spectral features and shifts in the predicted vibrational transitions. Further
investigation is warranted to confirm that the ideal range for the degree of hydration is 3-6 explicit
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water molecules per sulfonate group. This value will be studied further in the 3M PFSA studies
detailed in Chapter 3.
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Figure 33: Effect of the number of explicit water molecules on the predicted spectra for Structure CB-2. B3LYP/631+G* calculations were performed on a 465 EW oligomer with implicit solvation effects and a number of explicit
water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

The effect of the number of explicit water molecules for the CB-2 structure (Figure 33) is
similar to that observed for the CA-2 spectra discussed above (Figure 32). Both vibrational
transitions are red shifted with a decrease in the amount of explicit solvation present, and the peak
intensities for the ether stretch even increase with the red shift. For the symmetric sulfonate stretch,
the intensities seem to decrease with decreasing solvation at high hydration levels, but increase
with decreasing solvation for 1 and 2 explicit water molecules. The ranges for peak positions of
both the symmetric sulfonate stretch (~14 cm-1) and the ether stretch (~20 cm-1) as well as the
spread in intensity for both the former vibrational transition (~25% of the largest peak intensity)
are all similar to those discussed above. On the other hand, the spread in intensity for the ether
stretch (~42% of the largest peak intensity) is about double of that discussed above.
From both spectra, we can gather that the number of explicit water molecules has a clear effect
on the IR spectrum. Both the symmetric sulfonate stretch and the ether stretch peaks are red shifted
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with a decrease in the degree of hydration, with intensities generally shifting as well though the
shift observed seems to be dependent on the conformer used for the calculation. Relatively few
studies have been performed within the literature to explore the effect of the degree of hydration
on the shifts observed for the IR spectrum for Aquivion. For one experimental study performed
using the transmission technique, two large peaks were observed at ~970 cm-1 and ~1057 cm-1 for
the hydrated membrane sample. The high wavenumber peak was blue shifted by ~9 cm-1 while the
low wavenumber peak was red shifted by ~3 cm-1 with a reduction in hydration level.39 The former
trend does not match the one observed for the ether stretch peak predicted within the same region
while the latter trend, on the other hand, does seem to match that projected for the symmetric
sulfonate stretch. However, the differences observed in this study seem to be very minimal overall.
In addition, the calculated spectra were determined for a single oligomer with one side chain
present in the middle of the backbone. The membrane samples might have interactions present that
are not currently being represented by the oligomeric models.
All the calculations presented so far do not consider the presence of a counter-ion. An
additional study was undertaken wherein the hydronium counter-ion was included in the solvation
sphere for an MD snapshot where it was found to be in close proximity to the sulfonate group.
This study was performed to determine what effect this would have on the predicted vibrational
transitions. The same functional and basis set combination (B3LYP/6-31+G*) was used for this
set of calculations with implicit solvation effects present. The atomic positions for the solvent
molecules, counter-ion, and most of the backbone atoms were frozen in place during the
optimization process as well in the same way as the calculations performed without the counterion present. The only atoms that were allowed to move were the side chain atoms as well as the
carbon and fluorine atoms that are in line with the side chain.
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Figure 34: Effect of a hydronium counter-ion on the predicted spectra. B3LYP/6-31+G* calculations were
performed on a 465 EW oligomer with implicit solvation effects and nine explicit water molecules present for
Structure CB-2. The wavenumbers were scaled using a factor of 0.9789.285

The effect of the hydronium counter-ion (Figure 34) for the CB-2 structure under a high degree
of hydration (9 explicit water molecules) is relatively minor. The change in frequency for both the
symmetric sulfonate stretch (~3 cm-1) and the ether stretch (~1 cm-1) are not substantial. Even the
spreads in peak intensities for the former (~3% of the largest peak) and the latter (~5%) are fairly
negligible compared to the previous studies discussed above. Even the overall traces are very
similar between the two vibrational transitions as they do not start to diverge until the frequency
has increased past the position of the ether stretch. This seems to suggest that under a high degree
of hydration the effect of the counter-ion on both the predicted vibrational transitions and the
calculated spectra is relatively minor.
Under low degrees of hydration (1-3 explicit water molecules), the effect of the counter-ion on
the peak positions is very similar to that observed above (Figure 34). The ranges for both the
symmetric sulfonate stretch (~3-8 cm-1) and the ether stretch (~1 cm-1) are the same. The spread
in peak intensities is similar for these structures with the exception of the lowest degree of
hydration (1 explicit water molecule) structure as observed in the former (~7-9% of the largest
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peak) and latter (~2-6%) vibrational transitions. However, for the lowest degree of hydration, the
spreads are larger for both the former (~24%) and latter (~31%) vibrational transitions. These
trends seem to suggest that the counter-ion has the largest effect only for structures under the
lowest degree of hydration.
This hypothesis is corroborated by the major shift that was observed when the vibrational
transitions were predicted with implicit solvation effects alone. The effect of the counter-ion is
certainly larger for both the peak positions although the peak intensities do not both undergo a
drastic shift is response to the removal of explicit solvation. The ranges for both the symmetric
sulfonate stretch (~16 cm-1) and ether stretch (~6 cm-1) are larger than those observed above. The
spread in peak intensities for the former (~47% of the largest peak) is also larger though that of
the latter (~17%) is on the same level. These studies seem to suggest that the counter-ion only has
an effect at the lowest degree of hydration or with no explicit solvation. Thus, above a degree of
hydration of 1, the presence of a hydronium counter-ion within the solvation sphere is not
necessary to predict the vibrational transitions.

2.7 Boltzmann Average Spectrum for Solvation Studies
Given the changes made in the calculation conditions moving from the gas phase calculations
to the explicit solvation studies detailed above, the initial Boltzmann average spectrum (Figure 12)
was determined to be insufficient because it was determined for an oligomer with a larger EW in
the gas phase with all the backbone dihedral angles frozen in place. Therefore, the four minima
(CA-2, CB-2, CC-1, and CD-1) analyzed and discussed above for the Aquivion explicit solvation
studies were optimized again with implicit solvation effects present and no constraints on the
atomic positions this time.
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Table 2: Relative Gibbs energies (kcal/mol) of the four Aquivion structures obtained from the MD simulation and
optimized using the standard functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects
and no atomic positions frozen during optimization.

Structure
Minimum CA-2
Minimum CB-2
Minimum CC-1
Minimum CD-1

Relative Energy (kcal/mol)
0.566
1.587
1.596
0.000

Boltzmann Population, %
25.30
4.52
4.46
65.72

For Aquivion, the largest contributions to the Boltzmann population (Table 2) seems to be
from Minima CD-1 and CA-2 though the other two structures still make up a decent portion with
a collective total of ~9%. The Boltzmann population was used to determine the Boltzmann average
spectrum for Aquivion that could be compared with that calculated for the 3M PFSA conformers
discussed above. This spectrum will be discussed in more detail in comparison with those
calculated for both 3M PFSA and Nafion.
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Figure 35: Boltzmann average spectrum for Aquivion which was predicted using the standard functional and basis
set combination (B3LYP/6-31+G*) with implicit solvation effects. The spectrum was combined according to the
Boltzmann populations determined from the relative Gibbs energies (Table 2). The wavenumbers were scaled using
a factor of 0.9789.285
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2.2.1.4. 19 F NMR experiments. Solid state NMR experiments were
performed on a Bruker DSX400 in a 2.5 mm X-H/F probe. Magic
Angle Spinning (MAS) spectra were acquired at 376.49 and
400.16 MHz for 19 F and 1 H experiments, respectively. The samples
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2.8 Comparison to Experimental Studies from the Literature

Figure 36: Experimental IR spectra of Aquivion (SSC) and Nafion (LSC) within the range of 900-1100 cm-1 which
19
was obtained
using
an FTIRspectra
spectrometer
ATR detector.
reproduced
from ref.of83
with permission
of membranes. The
Fig. 2.
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in the with
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cm−1Figure
and (b)
F NMR spectra
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the
rights
holder,
Elsevier.
fluorine atoms in both LSC and SSC chemical structure.

The calculated IR spectra for Aquivion are certainly affected by the conformer, basis set,
functional, and hydration level. However, the accuracy of these calculations as compared to
experimental results has not yet been discussed. As noted from the studies discussed above, both
predicted vibrational transitions fall in the range of 965-1085 cm-1 with solvation included. The
symmetric sulfonate stretch is found around 965-994 cm-1, and the ether stretch is observed around
1050-1085 cm-1. From the literature, peaks are found in areas around 950-1000 cm-1 and 10501100 cm-1 as noted from Figure 3683 above so the predicted vibrational transitions are within the
same proximity of those from the experimental studies.
However, in most of the literature, the assigned normal modes do not match those predicted
by our calculations. Most studies ascribe the symmetric sulfonate stretch to the higher frequency
region while the ether stretch is assigned to the low frequency region.55,61,83,209,211,215 This contrasts
with the predicted vibrational transitions received from our studies wherein the symmetric
sulfonate stretch is predicted to reside within the lower frequency region while the ether stretch is
within the higher frequency region. Some studies have been produced with assignments that match
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with those observed for our calculations.38,204 In fact, one of these studies has both normal modes
present within the low and high frequency regions arguing that both vibrational transitions are
coupled within this region of the spectra.38 However, the assignment of these peaks within the
same region of the spectra as that determined from the calculations is interesting to note especially
given the close overlap in the segments. This could mean that the experimental peaks were not
assigned to the correct normal modes.
However, further study will be required to confirm this hypothesis. Given the larger amount
of experimental studies on Nafion and 3M PFSA, these polymers were investigated next using
implicit solvation effects and explicit solvation spheres determined from MD simulations in the
same way as detailed above.
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3. Medium Side Chain Structure: 3M PFSA
The explicit solvation studies performed on the Aquivion oligomers demonstrated that the
structure, solvation method, and number of explicit water molecules present in the solvation sphere
all had an effect on the predicted side-chain vibrational transitions. To investigate the vibrational
signature of the 3M PFSA, a molecular dynamics (MD) simulation was performed with a single
deprotonated oligomer solvated by explicit water molecules and a hydronium counterion.
Structures were selected from this simulation with varying side chain dihedral angles to determine
the effect of the possible conformations on the spectrum. Five different structures were obtained
with five unique side chain dihedral angle combinations of interest.
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DA

DB

DC

DD

DE

Figure 37: Structures from the MD simulation that were optimized using the standard functional and basis set
combination (B3LYP/6-31+G*) with implicit solvation. Same color code as Figure 26.

These structures were optimized using the standard functional and basis set combination
(B3LYP/6-31+G*) with implicit solvation and six explicit water molecules present around the
sulfonate group. During the calculation, most of the backbone atoms were frozen in place. Thus,
only the backbone carbon and fluorine atoms connected to and the atoms that composed the side
chain were allowed to move. The optimized structures are depicted in Figure 37.
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Figure 38: Predicted spectrum for Minimum DA (Figure 37 top left) which was calculated using the standard
functional and basis set combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation and 6 explicit
water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

The distribution of the hallmark sulfonate symmetric stretch and ether stretch vibrational
transitions for the Minimum DA spectrum (Figure 38) is similar to that observed during the
Aquivion studies. As noted above, both vibrational transitions fall between 925-1200 cm-1 on the
spectrum, in agreement with the Aquivion calculations, and experimental studies on 3M PFSA
found within the literature.43,60,65,82 The four remaining structures were then optimized using the
standard functional and basis set combination (B3LYP/6-31+G*) with six explicit water molecules
present as well to determine the effect of the structure for 3M PFSA.
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3.1 Effect of the Structure
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Figure 39: Effect of the structure on the predicted spectra calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation effects and six explicit water
molecules. The wavenumbers were scaled using a factor of 0.9789.285

Figure 39 shows the IR spectrum in the region of interest for the five structures studied in this
work. Clearly, the spectrum depends on the conformer selected, which is in agreement with what
observed for the Aquivion studies. In addition, the range in peak positions for both the symmetric
sulfonate stretch (~16 cm-1) and the ether stretch (~19 cm-1) are of similar magnitude. The value
obtained for the latter vibrational transition matches with that observed (~15 cm-1) for the Aquivion
explicit solvation studies while the range obtained for the former is smaller by about half (~34 cm1

). The spread in peak intensities for both the sulfonate stretch (~50% of the largest peak) and the

ether stretch (~44%) are also similar to those observed in the Aquivion studies (~57% and ~43%,
respectively).
For each of the five structures identified, one explicit water molecule was removed at a time
from the six-water-molecule solvation sphere to investigate the effect of solvation on the IR
spectrum. The side chain of all structures was reoptimized using the same methods after each
successive water-molecule removal. Once all explicit water molecules were removed, the
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structures were also optimized with both implicit solvation and in the gas phase to further study
the effect of different solvation methods on the predicted vibrational transitions.

3.2 Effect of the Solvation Method

Figure 40: Effect of solvation on the predicted spectra for Minima DA (top left), DB (top right), DC (center left),
DD (center right), and DE (bottom). These spectra were calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation effects and a number of explicit water
molecules present as denoted in the legend. The wavenumbers were scaled using a factor of 0.9789.285

For all structures, a gas-phase calculation fails to capture the solution spectrum. On the other
hand, the level of solvation (implicit only vs implicit and explicit with a varying number of water
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molecules) seems to have a minor effect on the spectrum. This is particularly true for structures
DA, DB, and DD. In structures DC and DE, the level of solvation affects the spectral trace of the
ether stretch, but not so much that of the sulfonate stretch. Importantly, the differences in structures
DC and DE diminish at high levels of hydration, so this study seems to corroborate that the ideal
range for the degree of hydration is 3-6 explicit water molecules per sulfonate group, as concluded
in our Aquivion study.
Relatively few studies within the literature have examined the effect of hydration on the IR
spectrum for 3M PFSA. One study analyzed hydrated and partially hydrated membrane samples
with a change in the EW using ATR-FTIR. The changes observed from the spectra with the shift
in hydration seem to be minimal overall. However, the peak differences were not analyzed in detail
as the authors were focused more on determining the effect of EW under different hydration
conditions.

3.3 Effect of the Hydronium Counterion

Figure 41: Minimum DB structures that were optimized both with (left) and without (right) the Hydronium counterion using the standard functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects and
six explicit water molecules present. Same color code as Figure 26.
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In addition to examining the effect of the structure and solvation model, the hydronium
counter-ion was included in the solvation sphere for Minimum DB during the optimization process
for the highest degree of hydration (6 explicit water molecules) to determine what effect this
addition might have on the predicted vibrational transitions for this particular oligomeric structure
(Figure 41). The counter-ion was only included for this one degree of hydration given the effect
that was observed for both the Aquivion studies discussed in the previous chapter and the spectra
discussed below.
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Figure 42: Effect of the hydronium counter-ion on the predicted spectra for Minimum DB calculated using the
standard functional and basis set combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation
effects and six explicit water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

Much as in the Aquivion solvation studies, the hydronium counter-ion has a negligible effect
on the peak positions and intensities for both predicted vibrational transitions as noted above in
Figure 42. The ranges of peak positions for the symmetric sulfonate stretch (~1 cm-1) and ether
stretch (~2 cm-1) are miniscule. Even the spreads in peak intensities for both the former (~7% of
the largest peak) and latter (~11%) vibrational transitions are fairly small. Given the small effect
of the counter-ion as seen both in the Aquivion studies and in the spectrum above, no further
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counter-ion studies were performed on any other structures or under any other degrees of
hydration.

~1070 cm-1

~1100 cm-1

Figure 43: Depiction of the two ether stretch vibrational normal modes from the Minimum DB spectra discussed
above (Figure 42). Same color code as Figure 26.

As noted above from the spectra in Figure 42, two bands were noted for the ether stretch normal
mode both with and without the hydronium counter-ion present. The motions for both peaks are
displayed above in Figure 43. The difference between the two stems from the bonds involved
within the normal mode. The low wavenumber vibrational transition involves the backbone carbon
atom in motion while the C-S and side chain C-F stretches are coupled to the ether stretch within
this normal mode. The high wavenumber vibrational transition is also asymmetric though the
oxygen itself is in motion in this case. While the side chain C-F stretch is coupled to this normal
mode as well, a backbone C-F stretch is coupled additionally as opposed to the C-S stretch
observed above. The proximity of the two bands on the spectra and differences in peak intensity
result in a more distinctive peak for the high frequency normal mode that is noted to varying
degrees for the other structures and solvation methods that are discussed above.
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3.4 Boltzmann Average Spectrum
The starting structures from this study were extracted from an MD simulation. However, the
structures used for the Aquivion solvation studies were obtained from a conformation search of
the dihedral angles using a gas-phase model. To further verify whether the five 3M PFSA sidechain conformations obtained from the MD simulation are reasonable, optimizations were
performed with implicit solvation effects and no constraints placed on the any atomic positions to
determine if a complete optimization of the structures would affect the side chain dihedral angles
(Table 3).
Table 3: Side chain dihedral angles of the 3M PFSA optimized structures. These dihedral angles were obtained by
moving down the side chain and were produced using the standard functional and basis set combination (B3LYP/631+G*) on a 565 EW oligomer with implicit solvation effects. Half were optimized with constraints on the atomic
positions for most of the atoms of the backbone (see the text), while the rest were optimized without constraints.

Structure Constraints
DA
DB
DC
DD
DE

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

F-C-O-C
198.564
202.875
197.989
198.131
5.433
5.075
354.545
354.134
359.645
359.150

Side Chain Dihedral Angles (°)
C-O-C-C
O-C-C-C
C-C-C-C
189.467
168.511
162.652
197.038
171.833
164.002
191.535
287.114
164.666
190.956
291.586
167.086
176.157
70.488
193.837
176.374
67.891
191.069
183.053
306.139
196.132
186.603
306.150
196.919
178.684
169.502
163.373
185.025
168.330
163.312

C-C-C-S
162.811
162.990
162.879
163.196
196.713
197.363
196.120
196.258
163.074
163.144

As noted above in Table 3, the calculations without atomic constraints produced essentially
identical structures to those performed with constraints. Therefore, restricting the motion of most
of the backbone atoms does not have a large effect on the side-chain structure, which is
computationally advantageous.
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Figure 44: Effect of the structure on the predicted spectra calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation effects and no constraints on the
atomic positions. The wavenumbers were scaled using a factor of 0.9789.285

The removal of the atomic constraints (Figure 44) produced spectra similar to those observed
above in Figure 39 with the restrictions present though some slight differences are present. The
range of peak positions among all conformers for the symmetric sulfonate stretch (~3 cm-1) is
smaller than that determined above (~16 cm-1) while the range of the ether stretch (~20 cm-1)
matches the previously determined value (~19 cm-1) almost exactly. A similar situation is observed
for the spread in peak intensities.
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Figure 45: Effect of atomic constraints on the predicted spectra for Minimum DA calculated using the standard
functional and basis set combination (B3LYP/6-31+G*) on a 565 EW oligomer with implicit solvation effects. The
wavenumbers were scaled using a factor of 0.9789.285

The removal of the constraints on the predicted spectra of structure DA (Figure 45) seems to
have the largest effect on the symmetric sulfonate stretch as described above. The variation in the
peak positions computed with and without backbone constraints is ~12 cm-1. For the ether
stretches, the frequency changes that emerge from removing the backbone constraints are only ~7
cm-1 and ~3 cm-1 for the low and high frequency peaks, respectively. The same situation is present
for the spreads in peak intensities.
Table 4: Relative Gibbs energies (kcal/mol) and 298 K Boltzmann populations of the five structures obtained from
the 3M PFSA MD simulation and optimized using the standard functional and basis set combination (B3LYP/631+G*) with implicit solvation effects and no atomic positions frozen during the optimization.

Structure
Relative Energy (kcal/mol)
Boltzmann Population, %
Minimum DA
4.097
0.06
Minimum DB
4.482
0.03
Minimum DC
0.458
25.17
Minimum DD
0.587
20.24
Minimum DE
0.000
54.50
The relative Gibbs energies (Table 4) were used to determine the Boltzmann population for
the conformers at 298 K and a Boltzmann-average IR spectrum. The same spectrum was
determined for Aquivion from the structures determined from the conformation search though
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these were optimized in the gas phase. Given the large energies observed for Minima DA and DB,
these structures have a small effect on the calculated spectrum as they both account for <0.1% of
the Boltzmann population of 3M PFSA.

Boltzmann Average Spectra
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Figure 46: Boltzmann average spectra for Aquivion and 3M PFSA which were predicted using the standard
functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects. The spectra were combined
according to the Boltzmann populations determined from the relative Gibbs energies (Table 2 and Table 4). The
wavenumbers were scaled using a factor of 0.9789.285

For the Boltzmann average spectra (Figure 46), both symmetric sulfonate stretch peaks seem
to line up almost exactly though for Aquivion a second lower frequency peak is present at ~978
cm-1 due to contributions from smaller population conformers (CA-2, CB-2, and CC-1). A similar
scenario is present for the ether stretch peaks with the exception of the Aquivion peak at ~1054
cm-1 which was present for the conformers with the largest populations (CA-2 and CD-1). These
similarities make sense given that the only difference between the two oligomers is that 3M PFSA
has an additional tetrafluoroethylene group in the side chain.
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3.5 Comparison to Experimental Studies from the Literature

Figure 47: Experimental ATR and Boltzmann average IR spectra for 3M PFSA within the range of 700-1500 cm-1.
Experimental spectrum was reproduced from ref. 209 with permission of the rights holder, Elsevier.

As noted for Aquivion, the IR spectrum of 3M PFSA is certainly affected by the conformer,
solvation method, and number of explicit water molecules present. However, the accuracy of these
calculations as compared with experimental studies has yet to be discussed. As noted from the
studies discussed above, both predicted vibrational transitions fall in the range of 970-1110 cm-1
with solvation included. The symmetric sulfonate stretch is found around 970-1010 cm-1, and the
ether stretch is observed around 1050-1110 cm-1. From the literature, these peaks are found within
the

same

regions

as

noted

from

Figure 47209 above so the predicted vibrational transitions are within the same proximity of
those from the experimental results.
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However, for Aquivion, the assigned normal modes found in most of the literature do not match
those predicted by our calculations. Most studies ascribe the symmetric sulfonate stretch to the
higher frequency region while the ether stretch is assigned to the low frequency
region.43,60,65,82,209,244,245,247,248 This contrasts with the predicted vibrational transitions received
from our studies wherein the symmetric sulfonate stretch is predicted to reside within the lower
frequency region while the ether stretch is within the higher frequency region. However, as
discussed in Chapter 1, some studies have begun to hypothesize that the two vibrational transitions
are coupled together33,60,209,245–249 with some also including C-F normal modes within this coupling
as all three vibrational transitions originate with the side chain.33,60,205,209,245–249 This could explain
the difficulties that have been encountered in the literature assigning these vibrational transitions
to the experimental spectra and could mean that these particular peaks have not been assigned to
the correct normal modes. However, further study is required to confirm this hypothesis. Given
the enormous amount of experimental studies on Nafion spanning more than 40 years, this polymer
was investigated next using implicit solvation effects and explicit solvation sphere determined
from an MD simulation in the same way as detailed above.
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4. Long Side Chain Structure: Nafion
As noted for both Aquivion and 3M PFSA, the structure, solvation method, and number of
explicit water molecules present all have an effect on the predicted side chain vibrational
transitions. However, both Aquivion and 3M PFSA have a relatively small presence in the
literature compared to Nafion given that this area of investigation has been of major interest for
more than 40 years now.1–42 Therefore, an MD simulation was performed with a single
deprotonated oligomer solvated by explicit water molecules and a hydronium counterion.
Structures were selected from this simulation with varying side chain dihedral angles to determine
the effect of the possible conformations on the predicted spectrum. Eight different structures were
obtained with eight unique side chain dihedral angle combinations of interest.
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Figure 48: Structures from the MD simulation that were optimized using the standard functional and basis set
combination (B3LYP/6-31+G*) with implicit solvation. Same color code as Figure 26.

These structures were optimized using the standard functional and basis set combination
(B3LYP/6-31+G*) with implicit solvation and six explicit water molecules present around the
sulfonate group. During the calculation, most of the backbone atoms were frozen in place. Thus,
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as noted above for the Aquivion and 3M PFSA studies, only the atoms that are in line with and
that composed the side chain were allowed to move during the calculation. The optimized
structures are depicted in Figure 48.
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Figure 49: Predicted spectrum for Minimum EA (Figure 48 top left) which was calculated using the standard
functional and basis set combination (B3LYP/6-31+G*) on a 631 EW oligomer with implicit solvation and 6 explicit
water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

The distribution of the symmetric sulfonate stretch and ether stretch vibrational transitions for
the Minimum EA spectrum (Figure 49) is similar to that observed for both the Aquivion and 3M
PFSA studies with some slight differences being present. Both peaks are spread over a larger range
of the spectrum comparatively with both symmetric sulfonate stretch being separated by ~80 cm1

while those of the ether stretch span a breadth of almost 200 cm-1. In addition, both normal modes

for the former vibrational transition are separated by a set of two peaks present at ~964 cm-1 and
~948 cm-1, which arose due to C-C and C-F bond stretches. Interestingly enough, the latter peak
seems to demonstrate minor coupling with both the symmetric sulfonate and ether stretches.
Finally, the addition of a second ether linkage within the side chain has doubled the number of
normal modes containing the latter vibrational transition.
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On the other hand, the symmetric sulfonate and ether stretches fall between 925-1200 cm-1 on
the spectrum, in agreement with both the Aquivion and 3M PFSA calculations, albeit with 3-4
peaks for the ether stretch vibrational transition compared to the 1-2 present for the previous
studies. The distribution observed is also in agreement with that detected for the experimental
studies found within the literature and discussed in Chapter 1.3,6,7,9,11–23,27–37,40,41,44,45 However, as
noted above, the peak assignments determined from our calculations do not match those that are
traditionally observed within the literature as the positions are swapped with the ether stretch being
noted in the low wavenumber region (950-1000 cm-1) and the symmetric sulfonate stretch ascribed
to the high wavenumber region (>1000 cm-1).3,6,7,9,11–14,16–19,21–23,27–29,31–37,40,41,44,45 Some recent
studies have begun to assign these vibrational transitions in regions that are in agreement with the
peak assignments observed above.18,30,32,36,37,45,46 In addition, some researchers have hypothesized
that these normal modes are coupled,19,30,37,47–50 which might explain the ongoing debate as to the
positions of these particular vibrational transitions. These peak assignments will be discussed in
more detail below.

79

4.1 Effect of the Structure
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Figure 50: Effect of the structure on the predicted spectra calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) on a 631 EW oligomer with implicit solvation effects and six explicit water
molecules. The wavenumbers were scaled using a factor of 0.9789.285

As noted above in Figure 50, the predicted IR spectrum depends greatly on the conformer
being analyzed, which is in agreement with that observed for both the Aquivion and 3M PFSA
studies. The range in peak positions (~11 cm-1) and the spread in peak intensities (~68% of the
largest peak) for the symmetric sulfonate stretch are similar to those observed for both Aquivion
(~34 cm-1 and ~50%) and 3M PFSA (~16 cm-1 and ~57%). Notably, the Nafion side chain structure
is more complex and larger in size than those of Aquivion and 3M PFSA, which means that
additional normal modes are present within the region of interest.
These additional normal modes are more clearly observed for the ether stretch as each structure
has three peaks present within the region pictured above. The addition of these peaks greatly
increases the range of peak positions and spread of intensities, which become more difficult to
determine given the larger overall differences in spectral traces.
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4.2 Effect of the Solvation Method

Figure 51: Effect of solvation on the predicted spectra for Minima EA, EB, EC, ED, EE, EF, EG, and EH, which
were calculated using the standard functional and basis set combination (B3LYP/6-31+G*) on a 631 EW oligomer
with implicit solvation effects and a number of explicit water molecules present as denoted in the legend. The
wavenumbers were scaled using a factor of 0.9789.285
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As observed for both Aquivion and 3M PFSA, the gas phase spectra fail to capture the solution
spectrum while the solvation model seems to have only a minor effect on the predicted vibrational
transitions. This feature is particularly noticeable for structures EB, ED, EE, EF, EG, and EH as
all the solvation calculations show good overlap for both vibrational transitions. For structure EA,
both ether stretch peaks for the gas phase spectrum seem to be blue shifted with a corresponding
decrease in intensity. A similar situation was observed for structure DC with the 3M PFSA
calculations though the change observed for this structure is smaller than the one noted above. For
structure EC, some differences are observed for the ether stretch peaks as well based on the
solvation model though these are relatively minor in magnitude especially compared to those
observed for the gas phase spectrum.
A number of experimental studies have been performed to determine the effect of the degree
of hydration on the IR spectrum. These studies largely seem to indicate minor differences in the
area of interest with shifts in hydration for acid form membranes.32,212 However, larger shifts have
been observed for membranes with different counterions.30,61 One study examining a sodium form
membrane found that a single peak at ~1060 cm-1 was red shifted while a pair of peaks between
950-1000 cm-1 exhibited noticeable shifts in relative peak intensity and shape with a reduction in
hydration.61 One theoretical study212 seems to produce peaks similar to those observed above
though the researchers used only three different degrees of hydration with one being outside the
range examined by the calculations above. In addition, the authors only used one conformer for
their study and did not assign any peaks below 1000 cm-1, which makes a full comparison difficult
given the number of conformers and spectral range examined above. However, the authors did
examine the addition of a second oligomer,212 which produced some unique changes in the
predicted IR spectrum that should be explored in further detail.
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4.3 Effect of the Hydronium Counterion

Figure 52: Minimum EB structures that were optimized both with (left) and without (right) the Hydronium counterion using the standard functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects and
six explicit water molecules present. Same color code as Figure 26.

In addition to conformer and solvation studies, the hydronium counterion was included in the
solvation sphere for Minimum DB during the optimization process for the highest degree of
hydration (6 explicit water molecules) to determine what effect this addition might have on the
predicted vibrational transitions for this particular oligomeric structure (Figure 52). The counterion
was only included for this one degree of hydration given the effect that was observed for both the
Aquivion and 3M PFSA studies discussed above as well as the spectra discussed below.

83

Minimum EB

1650

Without Counterion

Intensity (km/mol)

1450

Ether

1250

With Counterion

1050
850
650

-SO3-

450
250
50
1085

1065
1045
1025
1005
985
Wavenumber (cm-1)
Figure 53: Effect of the hydronium counterion on the predicted spectra for Minimum EB calculated using the
standard functional and basis set combination (B3LYP/6-31+G*) on a 631 EW oligomer with implicit solvation
effects and six explicit water molecules present. The wavenumbers were scaled using a factor of 0.9789.285

Much as in both the Aquivion and 3M PFSA solvation studies discussed already, inclusion of
the hydronium counterion (Figure 53) has a negligible effect on the peak positions and intensities
for both predicted vibrational transitions. Given the small effect of the counterion as seen in both
the Aquivion and 3M PFSA studies as well as in the spectrum above, no further counterion studies
were performed on any other structures or under any other degrees of hydration.

4.4 Boltzmann Average Spectra
The starting structures from this study were extracted from an MD simulation. However, the
structures used for the Aquivion solvation studies were obtained from a conformation search of
the dihedral angles using a gas-phase model. To further verify whether the eight Nafion side-chain
conformations obtained from the MD simulation are reasonable, optimizations were performed
with implicit solvation effects and no constraints placed on the any atomic positions to determine
if a complete optimization of the structures would affect the side chain dihedral angles (Table 5).
Table 5: Side chain dihedral angles of the optimized structures. These dihedral angles were obtained by moving
down the side chain and were produced using the standard functional and basis set combination (B3LYP/6-31+G*)
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on a 631 EW oligomer with implicit solvation effects. Half were optimized with constraints on the atomic positions
for most of the atoms of the backbone (see the text), while the rest were optimized without constraints.

Structure Constraints
EA
EB
EC
ED
EE
EF
EG
EH

No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes

Side Chain Dihedral Angles (°)
F-C-O-C C-O-C-C O-C-C-O C-C-O-C C-O-C-C O-C-C-S
161.260
169.331
187.785
176.435
197.584
184.710
189.465
177.410
183.795
175.330
202.255
186.949
160.707
169.840
178.295
120.052
181.256
305.000
174.245
169.690
174.221
118.642
180.655
303.617
160.852
180.122
57.755
119.267
179.505
302.795
191.704
187.334
72.236
119.386
178.316
294.812
359.589
181.604
300.527
125.015
178.353
305.511
353.911
199.322
290.047
71.169
162.601
304.136
338.462
177.224
178.259
117.799
181.841
304.440
3.552
170.848
174.829
118.791
181.150
303.330
354.661
178.442
60.398
123.722
176.497
305.611
0.197
179.757
60.686
123.401
177.314
305.064
339.011
187.518
179.951
117.434
177.840
55.823
332.287
186.257
178.436
118.873
176.241
56.130
352.211
187.452
288.903
128.379
164.900
56.058
5.117
191.411
292.693
129.001
164.417
59.052

As noted above in Table 5, the calculations without atomic constraints produced essentially
identical structures to those performed with constraints though some discrepancies are present
between the two sets of structures. Regardless, these calculations still produced unique structures
for each conformer. Therefore, restricting the motion of most of the backbone atoms does not have
a large effect on the side-chain structure, which will help reduce the overall computational cost of
the calculations.
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Figure 54: Effect of the structure on the predicted spectra calculated using the standard functional and basis set
combination (B3LYP/6-31+G*) on 631 EW oligomer with implicit solvation effects and no constraints on the atomic
positions. The wavenumbers were scaled using a factor of 0.9789.285

The removal of the atomic constraints (Figure 54) produced spectra similar to those observed
above with the restrictions present. Indeed, more peaks are present due to backbone C-C and C-F
bond stretches which seem to exhibit some minor coupling with the symmetric sulfonate and ether
stretches. However, this coupling varies amongst the different conformers as some exhibit
coupling with primarily with either the former or latter vibrational transition.
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Figure 55: Effect of atomic constraints on the predicted spectra for Minimum EA calculated using the standard
functional and basis set combination (B3LYP/6-31+G*) on a 631 EW oligomer with implicit solvation effects. The
wavenumbers were scaled using a factor of 0.9789.285

The removal of the constraints on the predicted spectra of Minimum EA (Figure 55) seems to
have had a relatively minor effect within the range of interest though these start to diverge at higher
wavenumbers past the marked ether stretch peaks. The largest difference seems to be the addition
of extra normal modes within the region leading to the changes in the overall spectral traces such
as the added ether stretch peak at ~1065 cm-1 and the added backbone normal modes present with
the removal of constraints at ~995 cm-1.
Table 6: Relative Gibbs energies (kcal/mol) and 298 K Boltzmann populations of the eight structures obtained from
the MD simulation and optimized using the standard functional and basis set combination (B3LPY/6-31+G*) with
implicit solvation effects and no atomic positions frozen during optimization.

Structure
Minimum EA
Minimum EB
Minimum EC
Minimum ED
Minimum EE
Minimum EF
Minimum EG
Minimum EH

Relative Energy (kcal/mol)
5.499
4.249
5.660
0.909
1.171
1.582
0.000
2.812
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Boltzmann Population, %
0.01
0.05
0.01
15.07
9.68
4.84
69.74
0.61

The relative Gibbs energies (Table 6) were used to determine the Boltzmann population for
the conformers at 298 K and a Boltzmann-average IR spectrum. The same spectrum was
determined for both Aquivion and 3M PFSA from the structures determined from the MD
simulations with implicit solvation and no atomic constraints present. Given the large energies
observed for Minima EA, EB, and EC, these structures have a small effect on the calculated
spectrum as they all account for <0.1% of the Boltzmann population for Nafion.
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Figure 56: Boltzmann average spectra for Aquivion, 3M PFSA, and Nafion which were predicted using the standard
functional and basis set combination (B3LYP/6-31+G*) with implicit solvation effects. The spectra were combined
according to the Boltzmann populations determined from the relative Gibbs energies. The wavenumbers were scaled
using a factor of 0.9789.285

For the Boltzmann average spectra (Figure 56), the Nafion spectrum has both similarities and
differences as compared with both the Aquivion and 3M PFSA spectra. For the symmetric
sulfonate stretch, the peak falls between the largest-intensity peak for Aquivion and the peak for
3M PFSA. For the ether stretch, the peaks all seem to fall within the same vicinity. The largest
change seems to be the difference in peak intensities given that the high wavenumber Nafion peak
is almost double those of Aquivion and 3M PFSA.
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4.5 Comparison to Experimental Studies from the Literature
As noted for both Aquivion and 3M PFSA, the IR spectrum of Nafion is also affected by the
conformer, solvation method, and number of explicit water molecules present. The accuracy of
these calculations has been discussed briefly above as the positions for the predicted vibrational
transitions for Minimum EA. However, as determined above in Table 6, this structure makes up
~0.01% of the Boltzmann population with only implicit solvation present at 298 K. Thus, the
Boltzmann average spectrum should be a better representation of the predicted vibrational
transitions given that the effect of the different conformers is included according to the weight of
each determined by their relative Gibbs energies.
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Figure 57: Left – Boltzmann average spectrum from explicit solvation study. Right - Experimental ATR-FTIR
spectrum (red) and DFT predicted normal modes (black lines) which were calculated using X3LYP/6-311++G**.
Figure reproduced from ref. 248 with permission of the rights holder, ACS Publications. Copyright 2010 by
American Chemical Society.

As noted from the studies and discussion above, both vibrational transitions fall in the range
of 970-1120 cm-1 with solvation included. The symmetric sulfonate stretch is found around 9701010 cm-1, and the ether stretch is observed around 1060-1120 cm-1. These assignments are similar
to those predicted for both Aquivion and 3M PFSA though Nafion has more normal modes present
within the same region given the increased complexity of the larger side chain structure. From the
literature, these peaks are found within the same regions as noted from Figure 57249 though one
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peak is present for the Boltzmann average spectrum within the low frequency range while the
experimental has a doublet present. However, the single peak could be a combination of two or
more normal modes in close proximity within the region. In addition, the predicted vibrational
transitions are within the same proximity of those from the experimental results with the only
discrepancy being the difference in spectral traces for the low frequency region of the spectrum as
discussed above.
As noted above for both Aquivion and 3M PFSA, the assigned normal modes found in most
of the literature do not match those predicted by our calculation as discussed above. These tend to
assign the symmetric sulfonate stretch to the high frequency region while the ether stretch has
traditionally been ascribed to the low frequency region given the presence of a doublet matches
with the presence of two ether groups present in the side chain as opposed to the one present for
both Aquivion and 3M PFSA.4,28,30,32–35,38,54,57,61,72,83,124,196,201–209,211,212 However, some researchers
have also assigned one of these low frequency peaks to C-C and C-F normal modes with the other
peak ascribed to an ether stretch vibrational transition.57,63,200,205,211 In addition, some recent studies
have been produced with peak assignments that match with the predicted vibrational transitions
observed for our calculations.52,60,66,210 Finally, as noted above, some researchers have begun to
hypothesize that the two vibrational transitions are coupled together,52,209,210,245,247,248 which could
explain why researchers are still investigating the positions of these particular normal modes
within the experimental spectrum.
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5. Conclusions
Our calculations reveal that for Aquivion, 3M PFSA, and Nafion, the predicted spectra are
affected by the conformer, solvation method, and number of explicit water molecules present. The
effect of the conformer suggests that individual optimizations of a single conformer are insufficient
for predicting the vibrational transitions because they do not account for the distribution of
structures that could be present within the membrane sample. An average spectrum determined
from the accessible energy minima according to the Boltzmann population would serve as a better
representation. In addition, the gas phase calculations are inadequate for predicting the normal
modes given the dramatic differences observed upon the addition of solvation. The addition of
both implicit solvation effects and explicit water molecules will help to reduce the differences
observed between the calculated and experimental spectra.
The predicted vibrational transitions for all three structures fall in the range of 970-1100 cm-1
with the symmetric sulfonate stretch present around 970-1010 cm-1 and the ether stretch observed
around 1050-1100 cm-1. While these peak positions match those found in the literature, the
assigned normal modes in most of the literature do not match those predicted by our calculations
though recent studies have produced peak assignments that are equivalent to those observed above
for our calculations. In addition, some researchers have begun to hypothesize that the two
vibrational transitions examined above are coupled, which complements that observed with some
of the predicted normal modes described above. The discrepancies present between the calculated
normal modes and traditional peak assignments seems to suggest that the exact positions of the
vibrational transitions is more nuanced than the studies in the literature infer. In addition, coupling
could explain the difficulty encountered in allocating these particular normal modes. Finally, the
calculations were performed on a single oligomer with one side chain present in the middle of the
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backbone while the membrane samples have many polymer chains present with a large number of
side chains dispersed randomly over the molecule. Thus, our calculations are not accounting for
interactions between the polymer chains. Further exploration of these interactions would be
necessary to ensure that the computational models reflect the conditions observed within the
membrane samples.
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