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ABSTRACT
ABPBI [poly(2,5-benzimidazole)] membrane doped with phosphoric acid (PA) are promising
electrolytes in high temperature fuel cells. In the present work, we employ Molecular Dynamics
(MD) simulations to characterize the effect of polymer chain length using a Dimer to Hectamer.
Results from our MD simulations (Dimer to Decamer) show the following trends: The inter-
chain and intra-chain interactions in membrane are unaffected with polymer chain length and
temperature, though a significant increase with PA doping is observed. The radius of gyration
linearly increases with polymer chain length and remains unchanged with PA doping and
temperature. However, the end-to-end distance deviates from linearity with polymer chain length
which suggests increasing coiling of the membrane. The diffusion coefficient of PA increases
with PA doping and temperature, but remains constant with polymer chain length. The activation
energy of diffusion of PA decreases significantly with an increase in polymer chain length at low
PA doping, but remains unaffected at higher PA doping. A comparison of structural and
dynamical properties of a Decamer and Hectamer shows that the Decamer represents the

optimum polymer chain length beyond which no significant change in properties are observed.

Keywords: PEM fuel cells, ABPBI, Molecular Dynamics, Radial Distribution Function, Radius

of gyration, Diffusion coefficient, Activation Energy.
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1. Introduction
Polymer Electrolyte Membrane (PEM) fuel cells have attracted interest due to their ability to
provide clean energy and high power density for a variety of stationary and mobile
applications.? The key requirements of a polymer membrane to serve as an electrolyte are:
thermal and mechanical stability, chemical resistivity, inhibiting fuel cross-over across
electrodes, reduction of CO poisoning of the catalyst, and high proton conduction under
prolonged fuel cell operation.® Several classes of polymer membranes like the perfluorosulfonic
acid (PFSA) membranes®’, cross-linked sulfonated poly(1,3-cyclohexadiene)®™® have been
investigated as electrolytes. Among them, PFSA membranes like Dow, Aciplex and Nafion have
been extensively investigated by experiments and theoretical methods.'®*' While, PFSA
membranes offer high conductivity, their efficiency depend on the amount of humidification and
fuel cell operating temperature. Hence, the use of PFSA membranes remains limited to 100 °C,
due to their dependence on water for proton transport. Further, operation of fuel cells using the
membranes as electrolytes at T > 100 °C leads to decrease in CO poisoning of the catalyst layer.
As an alternative to PFSA membranes, cost effective membranes such as poly(2,5-
benzimidazole) (ABPBI) and poly[2,2-(m-phenylene)-5,5-bibenzimidazole] (PBI) membranes
have been developed and tested up to 200 °C.**?’ These membranes can be doped with
phosphoric acid (PA) which serve as replacement of water for transport of protons. ABPBI
membrane have received recent attention due to equivalent or better electrochemical properties
compared to PBL***® Kim et al.”® showed that the ABPBI membrane can be easily synthesized
from 3,4-diaminobenzoic acid (DABA). Asensio et al.”’ employed Fourier transform Infrared
Spectroscopy on PA doped ABPBI membranes and reported a maximum conductivity of 6.2 x

102 S em™ at 150 °C and 30 % Relative Humidity. Diaz et al.”’ investigated the role of
3
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temperature on PA uptake by the ABPBI membrane and found that low temperature casting
results in higher uptake of PA due to less compact supra-molecular packing and large number of
accessibility of sorption sites. Linares et al.*’ characterized physico-chemical properties of
ABPBI membranes at varying amount of PA doping. The authors observed suitable mechanical
strength, low acid leaching rate, good electrochemical stability and excellent thermal stability
even beyond 500 °C.

Li et al.*' characterized hydrogen bonding interactions using Molecular Dynamics (MD)
simulations study on neat, hydrated and PA doped ABPBI and PBI membranes at 298 K. The
authors concluded that compared to PBI, hydrogen bonding interactions are stronger between
ABPBI and PA and also suggested that the structure of polymer membrane play a significant role
in proton transport. Recently, Sunda et al.* employed MD simulations and observed that the
degree of hydration show a significant influence on structure and dynamics in various hydrated
environments of PA doped ABPBI membrane. The authors observed that the number of PA
molecules around the ABPBI polymer chain decrease significantly with hydration, and an
inclusion of trifluoromethanesulfonic acid results in a decrease in water mobility. However, the
effect of PA doping and temperature were not examined in non-humidified PA doped ABPBI
membrane. Further, the hetero-aromatic nature of the polymer membrane which increases with
polymer chain length can influence the structural properties of the polymer membrane. The
objective of this work is to characterize the effect of polymer chain length, PA doping and
temperature on various structural and dynamical properties of PA doped ABPBI membrane using
MD simulations. In order to demonstrate the effect of polymer chain length for various PA
doping and temperatures, we have chosen a Dimer, Trimer, Tetramer, Pentamer and Decamer

units of the ABPBI membrane. Sunda et al.** demonstrated that increasing polymer chain length

4
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from Decamer to Icosamer results in negligible effect on structure and dynamics of hydrated PA
doped ABPBI membrane. Based on their observations and to simulate a large polymeric system,
we also perform simulations on a Hectamer and compare the structural and dynamical properties
obtained from a Decamer. The input preparation of polymers of varying chain lengths with
various PA doping, force-field parameters and details of MD simulations are described in
computational details section. The structure and dynamical properties calculated from MD
simulations are presented in the results and discussion section. A summary of important results

concludes the paper.

2. Computational details

The chemical structure of ABPBI membrane [“n” is a repeat unit of the membrane used for
generation of polymers of varying chain length or Molecular Weight (MW)] and PA, with atom
types (used for description of structural properties) is shown in Fig. 1. MD simulations were
performed using the GROMACS® 4.5.4 program. The force-field parameters of the ABPBI
membrane were taken from the OPLS-AA force-field database.** Force-field parameters of PA
were extracted from the work of Spieser et al.** The input configurations of a Dimer (n=2,
MW=234), Trimer (n=3, MW=350), Tetramer (n=4, MW=466), Pentamer (n=5, MW=582),
Decamer (n=10, MW=1162) and Hectamer (n=100, MW=11602) was generated using a
molecular builder program.

Each configuration (Dimer, Trimer, Tetramer, Pentamer and Decamer) was energy-
minimized using the steepest descent algorithm.*® The energy minimized configuration was
replicated in three directions of a cubic box to create a large system containing N=128 polymer

replicas. In order to obtain a density close to an experimental density, a simulated annealing was
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performed on the replicated systems in the following manner: Each system was heated from 300
K to 1000 K and cooled back to 300 K with an annealing time of 1.35 ns. The annealing
procedure was repeated five times for a total annealing time of 6.75 ns and the final
configuration used as an input for a 10 ns equilibration (isobaric-isothermal: NPT) at T = 300 K,
350 K, 400 K and 450 K. The calculated density (from the last 5 ns equilibration) of a Decamer
is (1.35 g em™, T = 300 K) is in good agreement with the experimental®’ density (1.4 g cm™, T =
298 K). The final configuration obtained from this equilibration was chosen as a template to
create configurations which vary only in amount of PA doping. The amount of PA doping
chosen in our present study is y = 1.6, 3.0 and 3.7, where, y denotes the number of PA molecules
per monomer unit of ABPBI membrane. The choice of y was based on the experimental work of

Kim et al.”® and Asensio et al.*****

on PA doped ABPBI membrane. Further, we have included
only the neutral form of PA in this study due to the following reasons: a) The Infrared
spectroscopy measurements of Glipa et al.*® on PA doped PBI membranes show that the neutral
form of PA is in equilibrium with its corresponding ionic species*’, and b) the limitations of the
classical force-field used in this study do not permit the dissociation of PA into phosphate ions.
Nevertheless, the inclusion of neutral PA can offer a molecular level understanding of the
interactions in neutral PA and with the polymer membrane.

For configuration (Dimer, Trimer, Tetramer, Pentamer and Decamer) which contains 128
polymer replicas and various PA doping (y = 1.6, 3.0 and 3.7), MD simulations were performed
at T = 300, 350, 400 and 450 K. The cut-off for calculation of van der Waals and electrostatic

d>*! method was used for calculation

interactions was chosen as 12 A. The Particle-Mesh Ewal
of long-range electrostatic interactions. The leapfrog algorithm® was used to integrate the

equations of motion with a time-step of 1 fs. Each system was equilibrated for 10 ns using the

6
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NPT ensemble at a constant 1 bar isotropic pressure maintained by a Berendsen barostat.”® The
velocity-rescale thermostat™ was chosen to keep the systems set at the target temperature. The
number of PA molecules (calculated based on each polymer chain and 7), total number of atoms
in the system and cubic box length are shown in Table 1. The instantaneous densities are shown
in Fig. S1 (Supporting Information). The calculated densities from the last 5 ns of the
equilibration run are shown in Table 2. As seen, density increases with polymer chain length. At
300 K and y = 1.6, the density calculated for a Dimer is 1.56 g cm™, Tetramer is 1.60 g cm™ and
Pentamer is 1.61 g cm™. Similar trends in density are also seen at y = 3.0 and y = 3.7, and T =
350 K, 400 K and 450 K. The final configuration from the equilibration run was chosen as an
input for a 10 ns production run using the isochoric-isothermal (NVT) ensemble. A final
snapshot from the production run in PA doped ABPBI membrane is shown in Fig. S2
(Supporting Information). Trajectories from the production run were recorded every 5 ps for
calculation of various structural and dynamical properties. The results presented in Sections 3.1 —
3.6 are from ABPBI polymer membrane constructed from Dimer to Decamer in a single chain.

In order to investigate the differences in structural and dynamical properties between a
Decamer and polymer chain lengths larger than the Decamer (and to simulate a large polymeric
system), we choose a Hectamer (n=100) of the ABPBI polymer membrane. The input
configuration of the Hectamer was created (constructed from 100 monomer units with a total of
1302 atoms in each chain), energy minimized and replicated in a cubic box to contain 16
polymer replicas. The replicated configuration was used as input for a simulated annealing
procedure as described earlier. The final configuration from the annealing procedure was
solvated with 2560 PA molecules (y = 1.6). After energy minimization, the PA doped

configuration was pre-equilibrated for 1 ns using the NPT ensemble, followed by a 10 ns NPT
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equilibration (at 300 K and 450 K). Equilibration was followed by a 20 ns production run using
the NVT ensemble. Section 3.7 describes the structural and dynamical properties (calculated
from the trajectories of the production run) of Hectamer and its comparison with a Decamer (y =

1.6 and T =300 K and 450 K).

3.  Results and discussion

3.1. Intra and Inter chain membrane interactions:

The interactions in the polymer membrane can be seen from an examination of N-N, N-Ny and
N-Hy Radial Distribution Functions (RDFs) (Fig 2 and Fig. S3 of Supporting Information) and
coordination numbers calculated at y = 1.6, 3.0 and 3.7 (Fig. 2). All coordination numbers are
calculated at the first minima of the RDFs. For each polymer chain length and PA doping, a first
and second peak from the N-N RDFs (Fig. 2a, Fig S3. a,b) appears at 4.8 A and 6.1 A which
correspond to inter-chain and intra-chain interactions respectively. The peak positions resemble
closely with work of Sunda et al.** on hydrated PA doped ABPBI membrane. This suggests that
exclusion of hydration does not impact the interactions in the membrane. The first peak of the N-
Ny RDFs at 3 A (Fig. 2c, Fig. S3 c,d) shows inter-chain interactions, whereas intra-chain
interactions are seen only at 6.1 A, with a small peak at 5.2 A (inset of Fig. 2¢ and Fig S3c,d)
absent in a Decamer. The peak of N-Hy RDFs at 5.2 A and 6.1 A correspond to a separation of
N-Hy by six and seven bonds respectively.* In a dimer, the intensity of N-Hy intra-chain
interactions at 5.2 A is very low and increases with polymer chain length (inset of Fig. 2e, Fig.
S3e,f). The increase in intensity could be due to increasing possibility of free rotation around the
C-C single bond which connect adjacent benzimidazole moieties. The coordination numbers

from the N-N, N-Ny and N-Hy RDFs decrease with increase in PA doping. This is because more
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amount of PA can interact with the membrane matrix thereby reducing the interactions within the
membrane. Further, a negligible effect of temperature on RDF profiles and coordination numbers
is observed which illustrates the thermal stability of the membrane.

3.2. Phosphoric Acid and Membrane-Phosphoric Acid interactions.

The various interactions in PA are seen from RDFs (Fig 3 and Fig. S4 of Supporting
Information) and coordination numbers calculated at y = 1.6, 3.0 and 3.7 (Fig. 3). The variation
in polymer chain length has no effect on all interactions. The interactions between PA molecules
show the following features: The P-P RDFs show a first minimum at 6 A, higher than the
minimum at 5.5 A reported on hydrated** PA doped ABPBI membrane. This shows that unlike
membrane interactions (as discussed in previous section), the solvation shell of PA is different in
hydrated and dry environments. As expected, the coordination numbers from the P-P RDFs
shows (see Fig. 3b) an increase with PA doping. The coordination numbers show that the
interaction between the non-protonated oxygen atom (O4) and hydrogen atoms (Hp) of PA show
(see Fig. 3d) a slight increase with PA doping. This shows that the double bonded oxygen atom
has less preference for hydrogen bonding with other PA molecules.

The membrane-phosphoric acid interactions elucidated from the coordination numbers
show the following features: The interaction between the nitrogen atom (lone pair) of the
benzimidazole moiety of the membrane and the hydrogen atom of PA (Hp) shows an increase
with PA doping (see Fig 3f). This compensates the decreasing interactions seen within the
membrane with increasing PA doping. The hydrogen bond interactions between the hydrogen
atom of the imidazole moiety (Hx) and the double bonded oxygen atom of PA (Og4) slightly

increases with PA doping (see Fig 3h). This again shows that the double bonded oxygen atom
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has less inclination for interactions with the membrane. The variation in temperature shows no

effect on RDF profiles and coordination numbers.

3.3. Radius of gyration and end-to-end distance:

The radius of gyration, Rg, for each polymer chain is calculated as:

L
s v
2 M,

where, M; is the mass of atom i, S; is the position of atom i with respect to the center of mass of

(1)

Rg =

the ABPBI polymer chain. This is further illustrated by a normalized probability distribution plot
of a time averaged radius of gyration (<Rg>) and end-to-end distance (<Rg.g>) calculated for
N=128 polymer replicas at y = 1.6 (see Fig. 4). The normalized probability plot shows a broad
distribution of <Rg>; and <Rgpg> which increases with polymer chain length (from n=2 to
n=10). For example, in the case of Dimer, a sharp peak of Gaussian probability distribution is
observed which diminishes in the Decamer. Similar trends are seen aty = 3.0 and y = 3.7.

For each polymer chain length, PA doping and temperature, a time and system (N=128)
averaged radius of gyration ( Rg ) and the end-to-end distance ( Reg ) is calculated. The effect
of polymer chain length, PA doping and temperature on Rg and Rgg shows the following
trends: At 300 K, Rg increases linearly with polymer chain length for all PA doping (Fig. 5a).
Similar trends are seen at other temperatures. For each polymer chain length and temperature, the
increase in PA doping shows no effect on Rg. For each polymer chain length and PA doping, the
effect of temperature on f{g is insignificant (Fig. 5b). Similar to the trends seen in _Rg, Ree
remains invariant to change in PA doping and temperature. Rg.g increases linearly from a Dimer

to Tetramer (Fig. 6), though a deviation in linearity is seen in a Pentamer and Decamer. A
10
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deviation in linearity of f{E_E in a Pentamer and Decamer can be attributed to the flexibility of
the membrane which arises from more unrestricted rotations around the C-C bond with an
absence of aromatic ring current drive through the single bond which connects benzimidazole

1.%° used thermal gravimetric analysis on PA doped ABPBI membrane and

segments. Asensio et a
concluded that the glass transition temperature (Tg) of ABPBI is higher than the membrane
degradation temperature (560 °C).>* Hence, our calculated Rg and Rp.g suggest the stability of
the membrane within the temperature range used in this present study.

The error bar in Fig. 5 and Fig. 6 represents standard deviation of _Rg or Rgg. For all PA
doping and temperature, the standard deviation in Rg and Rg.g increases with polymer chain
length. This trend is consistent with the broadening of probability distribution with increasing
polymer chain length (see Fig. 4). The effect of PA doping on Rg and Rg. is examined by a

55-57

calculation of scaling exponents (v) at 300 K and 450 K. The scaling exponent can be

expressed as:

R=cn" )
where, R is either f{g or f{E_E , ¢ 1s a constant and n is “chain length”. The variation of _Rg
and Rg.g with polymer chain length (n = 2, 3, 4, 5 and 10) is fitted using equation 2. For all v,
the calculated v at 300 K and 450 K are shown in Table 3. The v value for Rg is 0.73, which
closely resembles a characteristic polymer chain behavior (v = 0.75)° where Self-Avoiding
Walks (SAWs) of ABPBI polymer chains in PA are two-dimensional.”>>® The v value for Rg.g
is 0.9, which represents the SAWs of ABPBI polymer chains in PA are confined to one
dimension. In conclusion, the effect of PA doping and temperature on scaling exponents is

insignificant. Our calculations shows that the behavior of ABPBI membrane differ from the work

11
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59,60
1>

of Wang et a on poly-ethylene terephthalate oligomers where authors found the v value of

0.59 to represent a three dimensional SAWs of polymer chains. A higher v value in ABPBI
membrane (in this study) could be due to the compact packing of polymer chains in a highly

dense PA environment.

3.4. Cluster analysis

a. Interactions between benzimidazole moiety:

A visual®' inspection of polymer chain (Dimer to Decamer) with the lowest Rg (skewed) and the
highest Rg (extended) is shown in Fig. 7. To obtain further insights into inter-chain interactions
and orientations of benzimidazole (BI) units, we choose only a skewed polymer chain as a
reference polymer chain to characterize the interactions of other polymer chains around this
reference polymer chain. To illustrate this, a cluster analysis is performed using the Gromos
algorithm® with a 12 A distance (the cutoff used in MD simulations for non-bonding
interactions) at y = 1.6 and 300 K. A snapshot of polymer chains (of various Rg) around the
skewed configuration of a Dimer, Trimer, Tetramer and Pentamer, respectively is shown in Fig.
8. We examine inter-chain interactions with respect to the center of mass of each BI unit of a
skewed polymer chain with other polymer chains from the Bl,m-Bleom RDFs. The details of
calculation of the Blom-Bleom RDFs are shown in Supporting Information. For each polymer
chain length, a peak at ~5.2 A (Fig. 8) seen from the Bl on-Bleom RDFs show that the inter-chain
BI distance (center of mass to center of mass) is higher than the geometrical criteria® (3.4 to 3.8
A) of m-m interaction. Hence, the peak distance from the Bl om-Bleom RDFs suggest that the
nearest distance between any two inter-chain BI moiety can be only from N-Ny inter-chain

interactions which appears at a distance of 3 A (see Fig. 2). Additionally, a low intensity peak

12
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from the Bloom-Bleom RDFs appears at ~ 4.2 A in a Tetramer and Pentamer. The presence of low

6466 f aromatic

intensity peaks could arise from van der Waals interactions or C-H/r interactions
ring in BI moieties which is difficult to distinguish from an all atom simulation performed in the
present study.

b.  PA clusters around the polymer chain:

For each polymer chain length, PA doping and temperature, we choose a skewed and an
extended polymer configuration to calculate the number of PA molecules present in a cluster
calculated using the criteria described earlier. The average number of PA molecules around the
skewed and extended polymer chain at 300 K and 450 K is shown in Fig. 9. The number of PA
molecules in a cluster shows no particular trend with variation in polymer chain length and PA
doping. However, a significant effect of temperature is seen on the average number of PA
molecules which forms a cluster. For example, compared to 300 K, a decrease of ~ 25-30 % in

the number of PA molecules at 450 K is observed around the skewed or extended configuration

with varying polymer chain length and PA doping.

3.5. Diffusion of PA:
The mobility of PA is seen from the Mean Square Displacement (MSD) calculated using the

Einstein equation®® as

) 2
a0 0]7) e ®
€A
where, 1; is the center of mass position of PA and D represents the corresponding self-diffusion
coefficient. The MSDs are shown in Fig. S5 of Supporting Information where a linear regime is
observed from 2 ns to 8 ns. The diffusion coefficients (Da) of PA calculated from the linear

regime are shown in Fig. 10 with the corresponding values in Table S1 (Supporting Information).

13
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The effect of polymer chain length on the diffusion coefficient of PA is insignificant, though
diffusion coefficients are slightly lower in a Decamer compared to Dimer only at 450 K. For
each polymer chain length and temperature, a significant effect of PA doping is seen on the
diffusion coefficient of PA. For example, in a Decamer, at 450 K, the diffusion coefficient of PA
increase by a factor of ~2.3 from y = 1.6 to y = 3.0. An increase from y = 3.0 to y = 3.7, results in
an increase in the diffusion coefficient of PA by a factor of ~1.2. For each polymer chain length
and PA doping, an increase in temperature results in a significant increase in PA mobility. For e.
g., in a Decamer, at y = 3.0, the diffusion coefficient of PA increases by a factor of ~2.8 from
300 K to 350 K. Further, increase in temperature from 350 K to 400 K and 400 K to 450 K

results in increase in diffusion coefficient of PA by a factor of ~4.3 and ~5.2, respectively.

3.6. Activation energy of diffusion:
The calculated diffusion coefficients of PA at 300 K, 350 K, 400 K and 450 K are used to

calculate the activation energy of diffusion (E») of PA using an Arrhenius equation:

E
InD, =lnD, ——2 4

RT
where, E4 is calculated from the slope of linear fit. The calculated E, values are presented in
Table 4. The variation in PA doping gives similarity in E5 of PA at low polymer chain length
(Dimer and Trimer). For example, the E, of PA for Dimer is 33.29 kJ mol™ (y=1.6) and 35.25 kJ
mol” (y=3.7), and in Trimer is 32.74 kJ mol™ (y=1.6) and 35.06 kJ mol” (y=3.7). The E4 of PA
in Decamer is 26.99 kJ mol™ (y = 1.6), 30.63 kJ mol” (y = 3.0) and 34.25 kJ mol™ (y = 3.7)
respectively. These trends in calculated E, values are in qualitatively agreement with the

experiment Ex of PA [27.4 kJ mol™” (y=2.7) and 39.8 kJ mol™ (y=3.0)] reported by Asensio et

14
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al.’® The difference in E4 calculated from our work is due to the presence of water molecules in

the experimental work of Asensio et al.*

3.7.  Effect of long polymer chain lengths on structure and dynamics:

The influence of long polymer chain length is examined by a comparison of structural and
dynamical properties obtained from a Decamer and Hectamer. As seen (Table S2 of Supporting
Information), the densities obtained from MD simulations using a Decamer and Hectamer
resemble very closely. An examination of N-N, N-Ny, and N-Hy RDFs (Fig. S6 of Supporting
Information) show that structural properties from a Decamer and Hectamer are similar. As
expected, due to increasing chain length, the end-to-end polymer chain distance shows a
difference between a Decamer and Hectamer. For e. g., the _RE_E is 28.15 A for a Decamer and
48.66 A for a Hectamer (see Table S2 of Supporting Information). However, the radius of
gyration shows a small change from a Decamer to Hectamer. For e. g., the Rg for Decamer is
11.15 A and 14.91 A for a Hectamer (y = 1.6, T = 300 K). Similar trends are seen at T = 450 K.
The dynamical properties of PA obtained from the MSDs (Fig. S7 of Supporting Information)
and diffusion coefficients (Table S2 of Supporting Information) show similar behavior from a
Decamer and Hectamer. A representative snapshot of a Hectamer (extracted from the final
snapshot of a production run) shown in Fig. 11 illustrates enhanced coiling of polymer chain
compared to the Decamer (see Fig. 7). Nevertheless, the similarity in properties between
Decamer and Hectamer does indicate that the Decamer can be an optimum chain length of
ABPBI membrane.

4. Conclusions

15
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A molecular investigation on structure and dynamics of PA doped ABPBI membrane is
performed using varying polymer chain length, PA doping and temperature. An examination of
properties calculated using polymer chain lengths from Dimer to Decamer shows the following
trends: An increase in polymer chain length and PA doping show a more dense packing of
polymer membrane, where the intra-chain hydrogen-bonding interaction (N-Hy) increase
significantly with polymer chain length. The variation in temperature does not affect the N-N, N-
Ny and N-Hy interactions between sites in the membrane, within sites in PA and between the
membrane and PA. The variation in polymer chain length and temperature has insignificant
effect on interactions in PA, whereas interactions increase with PA doping. The radius of
gyration and end-to-end distance of various polymer chains remains unaffected with PA doping
and temperature which show the thermal stability of the PA doped ABPBI membrane. A scaling
exponent of 0.73 for Rg and 0.9 for Rg.g suggest that the inclusion of PA shows the Self-
Avoiding Walk of ABPBI polymer chains in one or two dimensions.

The interactions and orientations of benzimidazole units seen from the Bl.,n-Bleom RDFSs
and BI-BI clusters shows that inter-chain benzimidazole interactions are from N-Hy hydrogen
bonding. The random orientations of BI units and the presence of free rotation around the single
bond which connects two monomeric Bl segments lead to minimal possibility of m-m
interactions. The number of PA molecules in a cluster around the polymer chain is invariant to
polymer chain length and PA doping, though increasing temperature leads to reduced number of
PA molecules. The effect of PA doping and temperature shows a significant impact on diffusion
of PA, but remains unchanged with variation in polymer chain length. The activation energy of
PA diffusion is unaffected by polymer chain length at higher doping (y = 3.0 or y = 3.7). The

structural and dynamical properties using a Decamer and Hectamer exhibit identical
16
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characteristics. A molecular understanding of effect of polymer chain length, PA doping and
temperature effects presented in this study can guide experimental efforts to deploy these

membranes in fuel cell applications.

Supporting Information

Dimer to Decamer: The calculation details of Bliom-Bleom RDFs are shown in Page S1. The
value of diffusion coefficients is shown in Table S1. The instantaneous densities are shown in
Fig. S1. The final snapshot from a 10 ns production run of PA doped (T =300 K, y =1.6 and 3.7)
for a Pentamer and Decamer are shown in Fig. S2. The RDFs at y = 3.0 and 3.7 are shown in Fig.
S3 and Fig. S4, respectively. The MSDs are shown in Fig. S5. Decamer to Hectamer: The
effect of polymer chain length from Decamer to Hectamer on density, end-to-end polymer chain
distance, radius of gyration and diffusion coefficients of PA is shown in Table S2. A comparison

of RDF and MSD for Decamer and Hectamer are shown in Fig. S6 and Fig S7, respectively.
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Table 1: The number of PA molecules, total number of atoms and cubic box length (after

equilibration).

g‘])llg’}:er PA doping Number of PA  Total number Box length (A)
lengih ) molecules of atoms 300 K 450 K
. 1.6 410 6864 42.040 42.606
alfgr 3.0 768 9728 47.153 47.974
3.7 947 11160 49.432 50.162
. 1.6 614 10160 47.797 48.429
(ngfr 3.0 1152 14464 53.742 54.540
3.7 1421 16616 56.363 57.157
1.6 819 13464 52.534 53.200
(Trf’:tf)mer 3.0 1536 19200 59.106 59.895
3.7 1894 22064 61.905 62.839
1.6 1024 16768 56.415 57.194
frfjga)‘mer 3.0 1920 23936 63.629 64.451
3.7 2368 27520 66.686 67.584
1.6 2048 33280 71.316 71.739
ge:‘:f‘(f)‘)’er 3.0 3840 47616 80.506 81.118
3.7 4736 54784 84.038 84.998
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Table 2: Density (p) obtained from a 5 ns equilibration run.

Polymer PA p (g em™)
Chain length  doping (y) 300 K 350 K 400 K 450 K
, 1.6 1.56 1.55 1.53 1.50
alfgr 3.0 1.66 1.64 1.62 1.58
3.7 1.68 1.66 1.64 1.61
_ 1.6 1.59 1.58 1.56 1.53
Trf;’er 3.0 1.67 1.66 1.64 161
(n=3) 3.7 1.71 1.68 1.66 1.63
1.6 1.60 1.59 1.57 1.54
(Tnei%mer 3.0 1.69 1.67 1.64 161
3.7 1.72 1.69 1.66 1.64
1.6 161 1.60 1.58 1.55
fnef;?mer 3.0 1.69 1.67 1.65 1.61
3.7 1.72 1.69 1.67 1.64
1.6 1.59 1.59 1.58 1.57
gech(f)l)’er 3.0 1.67 1.66 1.65 1.63
3.7 1.71 1.70 1.68 1.65
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Table 3: Scaling exponent (v) calculated for radius of gyration ( f{g ) and end-to-end chain

( f{E_E) distance at 300 and 450 K.

PA doping v from Rg v from Rgg
v 300 K 450 K 300 K 450 K
1.6 0.736 0.746 0.902 0.913
3.0 0.738 0.760 0.908 0.934
3.7 0.737 0.743 0.889 0.895
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Table 4: Activation energy of diffusion (Ea) from a 10 ns production run.

PA E,
Poly.mer doping p
Chain length @) (kJ mol™)

_ 1.6 33.29

Eg;r 3.0 35.25

3.7 33.45

1.6 32.74
Trimer 3.0 34.13
(n=3) ' '

3.7 35.06

1.6 31.14
Tetramer 3.0 3442
n=4 ' '
®=4) 3.7 34.51

1.6 30.08
Pentamer

3.0 3341
(n=5)

3.7 36.17

1.6 26.99
Decamer

3.0 30.63
(n=10)

3.7 34.25
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FIGURE CAPTIONS:

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Chemical structure with atom types of a) ABPBI polymer membrane and b)

Phosphoric acid (PA).

RDFs (y = 1.6) and coordination numbers (for all PA doping) of (a,b) N-N, (c,d)
N-Ny and (e,f) N-Hy interactions at T = 300 K.

RDFs (y = 1.6) and coordination numbers (for all PA doping) of (a,b) P-P, (c,d) Oq4.
Hj, (e,f) N-Hj, (g,h) Og-Hn interactions at T = 300 K.

Normalized probability distribution (for N=128 polymer replicas) for various
polymer chain length (n=2, 3, 4, 5, 10) at y=1.6 using a) time averaged radius of

gyration (<Rg>) and b) time averaged end-to-end distance (<Rg.g>).

Time and system averaged radius of gyration ( Rg) calculated at varying PA
doping for (a) various polymer chain length (n=2, 3, 4, 5, 10) at T = 300 K and b)
Decamer (n=10) at different temperatures. (Error bar are standard deviation of

Rg).

Time and system averaged end-to-end distance ( Rg.g) at varying PA doping for
various polymer chain length (n=2, 3,4, 5, 10) at a) T =300 K and at b) T =450 K

respectively. (Error bar represents standard deviation of Rg.g).

Snapshots of a) skewed and b) extended ABPBI membrane for various polymer
chain length. [benzimidazole ring: orange, hydrogen: grey, nitrogen: violet

(Licorice)] at 300 K.

Snapshots of ABPBI polymer chain clusters for Dimer (top left), Trimer (top
right), Tetramer (bottom left), Pentamer (bottom right) and RDFs (at y =1.6) for
center of mass to center of mass of any benzimidazole unit in ABPBI cluster
(center) at 300 K. [benzimidazole ring: orange, hydrogen: grey, nitrogen: violet

(Licorice)]
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Figure 9:

Figure 10:

Figure 11:
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Average number of PA molecules in a cluster around the skewed and extended

ABPBI membrane at (a and b) T =300 K and (c and d) T =450 K.
Diffusion coefficients (D) of PA using varying polymer chain lengths (n=2, 3, 4,

5,10)at(a)y=1.6,(b)y=3.0and (c) y=3.7.

Snapshot of a single polymer chain of Hectamer (n=100) of ABPBI membrane (y =
1.6) at 300 K. [benzimidazole ring: paperchain; hydrogen: white (CPK); nitrogen:
violet (CPK)]
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