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Abstract

Conjugated polymers such as polyethylenedioxythiophene (pEDOT), polypyrrole (pPy),
and polyaniline (pAni) exhibit high electrochemical capacities, making them appealing as
electrode materials for energy storage, electrochemical desalination, and chemical sensing. Recent
work has established the growth of thin films of pEDOT using alternating gas-phase exposures of
the EDOT monomer and a metal-chloride (e.g. MoCls) oxidant in a process termed oxidative
molecular layer deposition (o0MLD). Here, we describe the first demonstration of oMLD of amine-
containing conjugated polymers. We find that pyrrole (Py) and MoCls undergo self-limiting
surface reactions during oMLD exposures to form conformal pPy thin films, but oMLD using
aniline (Ani) and p-phenylenediamine (PDA) monomers yields unexpected azo functionality. The
formation of azo groups is attributed to an MoCls-amine surface adduct that spatially constrains
polymerization reactions near the amine group and produces azo groups when coupling two
primary amines. pPy grown by oMLD exhibits a record-breaking 282 mAh/g capacity in aqueous
electrolyte, and PDA/MoCls oMLD yields azo-polymers of interest as anode materials for alkali-
ion batteries. Alternating between Py and PDA monomers during oMLD produces molecularly
assembled copolymers with qualitatively different electrochemical responses from the isolated
monomer structures. This work lays the foundation for the growth of conformal thin films of

conjugated amine polymers with molecular-level control of composition and thickness.
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Introduction

Conjugated polymers such as polyethylenedioxythiophene (pEDOT), polyaniline (pAni)
and polypyrrole (pPy), are of interest for electrochemical energy storage,! electrochemical
desalination,” and chemical sensors.®> Heteroatoms in these polymers undergo reversible
electrochemical redox reactions to switch between lone-pair and cation-radical configurations,
yielding high electrochemical capacity.* These redox reactions also produce charge carriers
(electrons and holes) that travel down the conjugated backbone of these polymers to produce high
electronic conductivities of 100-6,000 S/cm.> Following the recent demonstration of desalination
batteries™!? and anion-based batteries,''? these conjugated polymers are also of interest for their
ability to reversibly bind anions from solution during electrochemical cycling. Under positive
potentials, cation-radicals form on the polymer backbone that attract and bind anions. pAni and
pPy are two of the most well-studied polymers in this class, initially discovered more than 150
years ago.'>!'* Compared with pEDOT, which contains S and O heteroatoms, polymers containing
N heteroatoms (amine groups) such as pAni and pPy are lower cost, more environmentally
friendly, and have higher theoretical charge storage capacities. Assuming one electron redox per
monomer, pAni has a theoretical capacity of 294 mAh/g and pPy has a theoretical capacity of 411
mAh/g. These values exceed the theoretical capacities for some of the most promising electrode
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materials for next-generation alkali ion batteries, and promise to enable high-energy-density

polymer batteries made from earth-abundant elements (i.e. C, N, H).

Unfortunately, traditional approaches for conjugated amine polymer synthesis struggle to
achieve these maximum theoretical capacities, with the highest experimental capacities limited to
~150 mAh/g.* These lower experimentally achieved capacities are thought to arise from (1)
irreversible formation of electrically resistive phases during electrochemical cycling!”!'® and (2)
non-ideal local molecular structures.!” We also note that anions diffuse slowly through these
polymers (solid state diffusivity of ~107'> cm?/s at room temperature), introducing overpotentials
in bulk polymers or thick polymer films and leading to lower capacities.?’>> However, these issues
are not intrinsic to the polymer materials and could be overcome with improved synthesis
approaches. For example, delivering polymer thin films with controlled molecular structures onto
a conductive (e.g. carbon) support would be expected to overcome these shortcomings and allow

for higher electrochemical capacities.



However, controlling the molecular structure and thickness of conjugated polymer films is
challenging using established synthesis approaches. Conjugated polymer synthesis is traditionally
performed by solution-phase homogeneous chemical oxidation using chemical oxidants such as
ammonium persulfate (APS) or Iron(Ill) chloride (FeCl3).” The polymerization process is
initiated through chemical oxidation of monomers, followed by quenching with other monomers
and short chain oligomers to form a varied distribution of metastable branched structures.**2°
Furthermore, this synthesis approach does not easily allow for formation of polymer films — instead

yielding irregularly-shaped particles or nanofibers,?’-8

which must be dissolved, e.g. in m-cresol,
and spin-coated to produce rough (> 1 um roughness) films.?>** This approach is not easily applied
to 3D substrates. Synthesis of these polymers can also be achieved using electrodeposition, which
provides some control over polymer film thickness, e.g. by pulse deposition,*'*? but this approach
suffers from similar challenges regarding molecular structure control, and electrodeposition onto

porous substrates is challenging >

Over the last 30 years, research into vapor-phase polymerization (VPP) has established the
groundwork to form conformal thin films of conjugated polymers with control over molecular
structure. ¥’ Early work in this area focused on mixing a monomer and oxidant homogeneously
in the gas-phase. As the gas-phase polymer chains increase in length, they condense onto a
substrate surface in a process termed oxidative chemical vapor deposition (oCVD). This oCVD
process employing homogenous gas-phase mixing has been demonstrated for pPy,*® pAni,** and
pEDOT.? yielding improved electrical conductivity for pEDOT relative to solution-phase
polymerization due to the absence of side-chains or additives needed for solution processing.’
While oCVD provides improved control over the uniformity and thickness of conjugated polymer
films, it is a line-of-sight technique that provides poor uniformity on 3D supports,*® and oCVD is
not expected to provide improved molecular structure control as it also employs homogeneous

oxidation (albeit in the gas phase).

More recently, studies have improved on the oCVD process to provide a route for more
pristine control over molecular structure and thickness. To achieve this, the gas phase precursors
used in oCVD are separated and delivered as alternating chemical exposures separated by an inert
purge step in a process termed oxidative molecular layer deposition (oMLD).**> oMLD stems

conceptually from atomic layer deposition (ALD)*~*° and is an extension of the sub-class of ALD



known as molecular layer deposition (MLD).*** In ALD, organometallic precursors and
coreactants (e.g. water) are dosed in sequential gas-phase exposures and undergo self-limiting
(typically ligand exchange) surface reactions to produce thin films with atomic-scale control of
thickness. MLD is analogous to ALD, but employs complementary bifunctional organic molecules
in sequential gas-phase exposures to grow polymer films. For example, alternating exposures of
adipoyl chloride (a bifunctional acyl halide) with 1,6 hexanediamene (a bifunctional primary
amine) react to form R-C-O-N-C-R linkages at the surface and produce the nylon 66 polymer.*
The self-terminating surface reactions in MLD processes allow for the formation of uniform

coatings on complex 3D surfaces.*>%%!

oMLD is similar to conventional MLD, but employs
alternating exposures of a monomer and gas-phase chemical oxidant to drive surface-based radical
polymerization reactions. To date, pEDOT is the only polymer that has been demonstrated using

the oMLD technique.*!-*>33

Here, we expand on previous studies of oMLD,*>*3 and present the first report of oMLD
using a monomer other than EDOT — specifically we study the amine-containing monomers:
pyrrole (Py), aniline (Ani), and paraphenylenediamine (PDA). Our objective in this work was to
(1) establish controlled oMLD growth to form thin films of precise thickness, (2) understand the
oMLD growth mechanisms for these chemistries, and (3) take advantage of the thickness control
and mechanistic understanding to generate polymer films with controlled molecular structure and
improved electrochemical properties. Through this effort, we gained new insights into the
chemical mechanisms for oMLD and identified monomer-dependent differences in growth
yielding unexpected polymer structures and electrochemical properties for oMLD films grown

using amine-containing monomers.

Results and Discussion

Establishing oMLD Growth of Polypyrrole

Our initial studies focused on oMLD of Py. We first employed in situ quartz crystal
microbalance (QCM) studies to examine whether sequential exposures of Py and MoCls result in
self-limiting and controlled growth. Figure 1 depicts steady-state QCM results for oMLD growth
of Py/MoCls at 100 °C using an 8 s Py dose, 200 s Ar purge, 55 s MoCls dose, and 200 s purge for

each oMLD cycle. The linear growth we observe in Figure 1a is a hallmark of controlled ALD and



MLD growth behavior. This linear growth arises from self-limiting surface reactions for each
precursor exposure. In Figure 1b and Ic, we show average QCM traces during MoCls and Py
doses, respectively. These QCM data are average traces over five cycles at steady state following
50 oMLD cycles. The leveling-off of the mass change during each precursor exposure is consistent

with self-limiting reaction behavior.
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Figure 1. Demonstration of self-limiting and linear growth of Py/MoCls oMLD at 100 °C
including (a) QCM during 22 Py/MoCls oMLD cycles, (b) QCM mass change during MoCls dose
averaged over 5 oMLD cycles at steady-state, (¢c) QCM mass change during Py dose averaged over
5 oMLD cycles at steady-state, (d) thickness vs. number of Py/MoCls oMLD cycles as measured
by SE and NR with inset showing photographs of Si coated with 100 oMLD cycles of Py/MoCls
vs. uncoated Si wafer, and (e) raw NR data for 50, 100, and 150 oMLD cycles of Py/MoCls
including model fits corresponding to thicknesses shown in (d). Also shown (f) is SEM imaging
(colorized) of cleaved PGS with pPy oMLD film formed by 150 Py/MoCls oMLD cycles at 100

°C showing uniform conformal coating.

Based on the linear growth and saturating exposures observed from in situ QCM studies in Figure
la-c, we expect to be able to control film thickness of pPy films by adjusting the number of
Py/MoCls oMLD cycles. To confirm this, we performed varying numbers of oMLD cycles on
silicon (Si) wafers and evaluated the resulting film thickness ex situ using spectroscopic
ellipsometry (SE) and neutron reflectivity (NR). In Figure 1d, we observe a linear increase in film
thickness with an increasing number of oMLD growth cycles—as expected for controlled MLD

growth. A linear fit of the SE data in Figure 1d yields a growth rate of 3.0 A/cycle. This



corresponds closely to the diameter of a Py monomer of 3.91 A% and indicates that ~0.8
monolayers of pPy are formed per oMLD growth cycle at 100 °C.

We also show the raw NR data (background subtracted, footprint corrected, and
normalized) with model fits for select pPy films in Figure le. These NR data show an increased
number of Kiessig fringes over the same Q-range with an increased number of oMLD cycles,
indicating an increased film thickness. The well-defined Kiessig fringes are indicative of smooth
films, where modeling of this NR data yielded an RMS roughness of 0.86 nm for a 46.2 nm thick
film (150 oMLD cycles). The NR and SE thicknesses agree closely in Figure 1d. In Figure 1f, we
also confirmed by scanning electron microscopy (SEM) that the thickness of oMLD films
deposited on Si wafers in Figure 1d is consistent with films formed on pyrolytic graphite sheet
(PGS) carbon substrates used for electrochemical measurements. In Figure 1f we measure a film
thickness of 47 = 2 nm for pPy on PGS after 150 Py/MoCls oMLD cycles at 100 °C, which is in
close agreement with the SE thickness of 44.7 nm measured on Si.

In the Supporting Information (SI) Section A, we also examine the effect of purge time on
the uniformity of pPy oMLD films and identify that a purge time of >120 s is necessary to prevent
uncontrolled oCVD through gas-phase mixing of Py and MoCls precursors — hence the 200 s purge
time used in Figure 1. Using sufficient purge times, we demonstrate oMLD pPy growth into
trenches with a 200:1 aspect ratio in SI Section A. We note that dose and purge times employed
here are optimized for a custom laboratory-scale reactor, and different reactor geometries and
ALD-type deposition schemes such as spatial ALD® or fluidized-bed ALD’’ geometries could be
employed to accelerate depositions on higher quantities of substrate (e.g. carbon powder) for scale-
up and device deployment.

Combining the mass gain per cycle (MGPC) of 112 ng/cm?/cycle from steady state QCM
in Figure la with the growth rate of 3 A/cycle from ex situ SE and NR data in Figure 1d, we
calculate a film density of 3.7 g/cm?. This value is higher than typical densities of 1.5 g/cm?
expected for pPy. **> However, X-ray photoelectron spectroscopy (XPS) data (see SI Section B)
indicates that MoClx residue remains in the oMLD pPy following deposition. Assuming the oMLD
pPy/MoClx composite occupies the same volume as pure pPy polymer, but with one MoCl3
molecular unit per Py monomer incorporated into the structure yields a density of 6.0 g/cm®. The
density of 3.7 g/cm? is therefore consistent with ~0.5 MoCl3 molecules per Py monomer, in line

with the Mo:N atomic ratios measured by XPS in SI Section B. We note that the MoClx residue is



electrochemically inert and is removed upon rinsing,*! and we therefore assume a density of 1.5
g/cm® for the pPy films when calculating specific mass capacities from electrochemical
experiments below (see Materials and Methods section for further details).

In Figure 2a we compare the cyclic voltammetry (CV) characteristics of oMLD pPy vs.
electrodeposited pPy. The electrodeposited pPy film in Figure 2a was grown to a thickness of 30.4
nm (as measured by SE) on a gold electrochemical quartz crystal microbalance (EQCM) electrode
using pulsed electrodeposition procedures reported previously.®®®” The mass of the final pPy film
measured via EQCM was 5.56 pg, corresponding to a density of 1.34 g/cm?. This electrodeposited
pPy film exhibited a specific capacity of 128.4 mAh/g at a sweep rate of 50 mV/s, consistent with
typical capacities of ~140 mAh/g reported for pPy. *%° The 20.4 oMLD pPy film in Figure 2a was
deposited using 150 oMLD cycles at a growth temperature of 150 °C. The pPy thickness was
measured via SE on Si wafers placed adjacent to each PGS sample in the reactor chamber. In
Figure 1, we show close agreement between pPy thicknesses on Si and PGS. Multiplying the
thickness by the electrode area (1.21 cm?), and assuming a density of 1.5 g/cm?® for pPy, we
calculate a specific capacity of 258 mAh/g for the oMLD pPy film in Figure 2a. We note that the
oMLD pPy film has a visibly higher current (in A/g) than the electrodeposited pPy, consistent with
this higher capacity. We also note that the CV for the oMLD pPy is qualitatively different from
the CV curve for electrodeposited pPy, and exhibits an additional redox peak at more oxidizing
potential (+0.2 V vs. Ag/AgCl). We attribute the additional CV peak for oMLD pPy to the
formation of different local structures within the pPy film, providing an enhanced electrochemical
capacity. Specifically, we expect that MoClx residue within the pPy film helps to prevent pore

collapse of the pPy polymer fibers and provide a higher electrochemical capacity.

We also performed CV on oMLD pPy films of 7.7 nm and 5.5 nm thickness deposited at 150 °C,
and we measured specific capacities of 260 mAh/g and 247 mAh/g, respectively, at a sweep rate
of 50 mV/s. All of the pPy film thicknesses exhibited reversible rectangular-shaped
pseudocapacitive behavior, with a visible redox feature at an equilibrium potential of -0.2 V vs.
Ag/AgCl—in agreement with the known electrochemical properties of pPy.®® We expected that
the thinnest pPy films would exhibit the best rate performance, and so we performed CV
characterization at varying sweep rates for a series of samples formed together in the same

deposition run where the average pPy thickness measured on all the samples in reactor chamber



was 5.5 £ 0.2 nm. In Figure 2b we report CV of the 5.5 nm pPy thickness deposited on PGS at
sweep rates of 100 mV/s, 200 mV/s, and 300 mV/s. The third CV measured at each sweep rate
was used to establish the capacity vs. sweep rate data in Figure 2b. Using these thickness values

and assuming a density of 1.5 g/cm? for the pPy, >

we calculate a charge capacity of 282 mAh/g
(68% of pPy’s theoretical capacity) at a sweep rate of 10 mV/s (~145 s charge time), and a charge
capacity of 211 mAh/g (50% of pPy’s theoretical capacity) at a charge rate of 500 mV/s (2.9 s
charge time). Furthermore, increasing the charge rate by 50x from 10 mV/s to 500 mV/s only led
to a 25% reduction in charge capacity. A log-log analysis of current vs. sweep rate®! for the data
in Figure 2b (not shown) identifies that the charge storage for these 5.5 nm pPy films is comprised
of 15% diffusive and 85% capacitive behavior — indicating rapid charging of these thin redox-
active layers. We note that the double layer capacity of bare PGS substrates corresponded to only

10% of the total capacity at 10 mV/s sweep rate and 5% of the total capacity at a 500 mV/s sweep

rate — a small fraction of the capacitive charge storage from the log-log analysis.
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Figure 2. Electrochemical properties of pPy films formed by oMLD on PGS at 150 °C including
(a) comparison of CV of 20.4 nm thick oMLD pPy vs. 30.5 nm electrodeposited pPy, (b)
comparison of CV of 5.5 nm thick oMLD pPy films at varying sweep rates and (c¢) corresponding
charge capacities from the third CV cycle of (b) for triplicate samples with sweep rates in
randomized order between samples. The inset on the bottom of (a) shows PGS before and after

Py/MoCls oMLD with a visible change in color from the deposited film.



We emphasize that based on the above analysis, the electrochemical capacities for thin-film oMLD
pPy are initially as high as 282 mAh/g. This is approximately two times higher than typical values
of the electrochemical capacity reported for pPy formed by other synthesis methods. For reference,
assuming every nitrogen atom yields one stoichiometric electron transfer, the maximum theoretical
specific capacity for pPy is 412 mAh/g. However, typical values of charge storage capacity for
pPy are ~140 mAh/g, corresponding to ~1/3 of the theoretical capacity.**° The highest capacity
value reported for electrodeposited pPy is 133 mAh/g (480 F/g over 1.0 V potential window) at a
sweep rate of 10 mV/s,’® and the highest value from chemical oxidative formation of pPy is 111
mAh/g (500 F/g over a 0.8 V potential window) at a sweep rate of 2 mV/s. ' These values are
consistent with the capacity of 128.4 mAh/g we measure on a 30.5 nm thick electrodeposited pPy

in Figure 2a.

The practical capacity limit for pPy of 140 mAh/g has been is thought to originate from irreversible

formation of electrically resistive and nonideal polymer structures '’

arising from uncontrolled
polymer formation, limiting the activity to ~1/3 of amine groups within pPy.* We attribute the
two-fold enhancement in electrochemical capacity we observe here to three factors: (1) controlled
oMLD surface reactions generating favorable local polymer structures for redox reactivity, (2)
incorporation of MoClx into the polymer structure to prevent pore collapse of the pPy, and (3)
reduction in the length scale for ion and electron transport enabled by thin film growth. Previous
VPP deposition studies have only achieved capacities of 118 mAh/g for pPy by oCVD?® and 29
mAh/g for pAni by oCVD.”> However, as described in the introduction, oCVD proceeds via
homogenous reactions like electrodeposition and chemical oxidation, and is therefore expected to

produce similar molecular structures (and electrochemical capacities) to pPy formed by

electrodeposition and chemical oxidation.

We note that within 50 CV cycles, the capacity of each of the oMLD pPy films decreases and
stabilizes at values of <140 mAh/g (vide infra). This capacity decrease gives rise to the breaks in
the CV data in Figure 2a and 2b corresponding to the start/end of the CV cycle at the open circuit
voltage (~0.1 V vs. Ag/AgCl). Similar breaks are observed in below CV data for the same reason.
Nonetheless, the high initial capacity values reported in Figure 2 show promise for further

refinement to employ ultra-thin oMLD pPy films to produce high-rate electrochemical devices.



Mechanistic Insights from oMLD of Ani and PDA oMLD of Ani and PDA

After establishing oMLD chemistry for Py/MoCls, we were interested to form pAni thin
films by oMLD using sequential doses of Ani and MoCls to identify whether oMLD also enhances
the electrochemical capacity of pAni. Similar to pPy, the electrochemical capacity of pAni has
been limited to ~1/2 of its maximum theoretical capacity using conventional deposition
approaches.* However, the oMLD growth behavior of pAni resulted in unexpected growth
behavior, as described in SI Section B, indicating a different oMLD growth process that is not
consistent with pPy oMLD above, or previous reports of oMLD of pEDOT. While Py/MoCls
produced redox activity in line with our expectations for the formation of pPy, the Ani/MoCls
films did not exhibit the expected electrochemical activity for pAni in aqueous electrolyte
regardless of the growth temperature or thickness employed. For example, the CV data for a 83
nm thick Ani/MoCls film deposited at via 300 oMLD cycles at 150 °C is shown in Figure 3
compared with a typical response for an oMLD pPy film (data for 7.7 nm thick pPy film shown).
This Ani/MoCls oMLD film exhibited a specific capacitance of 58.8 mAh/g — only 20% of the
maximum theoretical capacity of pAni, and well below specific capacities of 150 mAh/g reported
for pAni formed by established deposition techniques.* The Ani/oMLD film also does not exhibit
sharp redox features at 0.13 V and 0.41 V vs. Ag/AgCl, as would be expected for pAni at the pH
of 3.5 employed in these experiments.>'”> This suggests that the Ani/MoCls oMLD process does
not yield pAni films. This is surprising, as oMLD is thought to proceed via oxidation and
quenching of surface monomers, which should be equally viable for Ani and Py. This result

suggests that previous descriptions of the oMLD mechanism are incomplete.
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Figure 3. Comparison between electrochemical CV reponse of Py/MoCls vs. Ani/MoCls oMLD
films deposited at 150 °C.

Considering the difference in growth behavior and electrochemical properties between Ani
and Py oMLD films, we hypothesized that the local geometry of the monomer influences the
reaction pathway for polymerization by oMLD. Specifically, considering that oMLD proceeds via
self-limiting surface reactions, we propose that MoCls binds to surface amine groups and forms an
—R-NHx-MoCls surface adduct,”*7¢ and that this surface adduct drives polymerization at sites
adjacent to the amine, near the MoCls surface species. For the Py monomer, the favorable sites for
polymerization are at the alpha carbons adjacent to the amine, and an MoCls surface adduct is
expected to allow coordination of two monomers on the surface to facilitate this polymerization,
as depicted in Figure 4a. This mechanism would also apply to oMLD of EDOT, which has a 5-
membered heterocycle structure similar to Py. In contrast, the favorable polymerization site for the
Ani monomer in solution-phase reactions is at the para position on the benzene ring opposite the
amine, but when two Ani molecules coordinate with one MoCls in a surface adduct, reaction at

this para position is not viable, as depicted in Figure 4b.
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Figure 4. Proposed surface species of MoCls coordinating with (a) Py, (b) Ani, (¢c) PDA identifying
that Py and PDA commonly react adjacent to the amine but Ani does not. This concept is consistent
with (d) QCM growth study of pPDA at 150 °C showing facile nucleation and growth of pPDA
by oMLD and (e) CV of oMLD pPDA film showing redox activity. The dashed line in (d)
represents a linear fit of the QCM data. CVs in (e) were performed at 50 mV/s in 0.1 M NaCl

electrolyte.

Based on this picture of how MoCls is expected to coordinate with Py and Ani surface

monomers in Figure 4a and 4b, we hypothesized that the PDA monomer would exhibit oMLD



growth with MoCls to yield redox-active poly-PDA (pPDA) films as depicted in Figure 4c. The
PDA monomer is a derivative of Ani with a second amine group in the para position. The presence
of this second amine group in the para position drives favorable polymerization at the four free
carbons on the benzene ring highlighted in green in Figure 4c to form phenazine moieties as
depicted in Figure 4c.”” The reaction at these sites is also viable based on the surface coordination
with MoCls. In Figure 4d, we depict QCM data of the steady-state oMLD growth of PDA/MoCls
at 150 °C. We observe saturating dose behavior for both precursor exposures, and linear growth
with an MGPC of 251 ng/cm?. In Figure 4e we depict CV measurements in aqueous electrolyte
for a pPDA film grown by oMLD. We observe four distinct redox features for the pPDA oMLD
film on a reducing sweep from +0.70 to -0.75 V vs. Ag/AgCl, consistent with a blend of primary
amines and phenazine groups within pPDA.”8% This result confirms that oMLD using the PDA
monomer is viable for producing redox-active films and supports our hypothesis that the MoCls
adduct drives polymerization at sites adjacent to the amine. However, interestingly, the capacity
we measure for the pPDA oMLD film is 128 mAh/g, only ~25% of its maximum theoretical
capacity of 500 mAh/g (assuming two redox-active amines per monomer). In contrast, the oMLD
pPy film in Figure 4e achieved 63% of the maximum theoretical capacity of pPy. Although more
distinct redox activity is observed for oMLD of pPDA relative to pAni, the redox capacity relative
to the theoretical capacity is not significantly enhanced for pPDA relative to pAni oMLD.

Based on the surface coordination and reaction picture in Figure 4a-c, we hypothesized that
the lower electrochemical capacity for pAni and pPDA films may arise because primary amine (R-
NH2) groups in Ani and PDA may also react to form azo (R-N=N-R) groups. To examine this, we
performed Raman spectroscopy on both Py/MoCls and Ani/MoCls oMLD films as depicted in
Figure 5a-c and compared these against reference spectra for pPy and pAni. The Raman peaks for
the Py/MoCls oMLD film are all consistent with the peaks expected for pPy as depicted in Figure
428182 Although Ani/MoCls oMLD Raman measurements reveal characteristic peaks for pAni in
Figure 5b,% we also observe a clear peak at 1480 cm™! in the Ani/MoCls Raman spectrum that is
consistent with the azo (R-N=N-R) group in azobenzene.’***> Unfortunately, the remainder of the
Raman peaks for azobenzene overlap with peaks expected for pAni, except for strong peaks at
1575 and 1580 cm!,3%% and these two peaks overlap with a peak from the PGS substrate employed
in Figure 5b. To confirm the presence of azobenzene, we performed Raman spectroscopy on an

Ani/MoCls oMLD film deposited on an anodic aluminum oxide (AAQ) substrate in Figure Sc,



where the AAO substrate does not interfere with peaks at 1575 and 1580 cm™'. Here, we observe
clear features at 1575 and 1580 cm™ for the Ani/MoCls oMLD film deposited on the AAO substrate
and features consistent with all the dominant peaks in azobenzene, confirming that Ani/MoCls
oMLD produces azobenzene. The oxidative formation of azo groups from primary amines has
been described in prior work,?” and recent reports have shown formation of azobenzene by
oxidation of aniline on Mo-based catalysts.®® However, to our knowledge this is the first report of

the formation of an azopolymer using a VPP process.
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Figure 5. Raman spectroscopy results for (a) Py/MoCls oMLD film on PGS, (b) Ani/MoCls oMLD
film on PGS, (c) Ani/MoCls oMLD film on AAO. Also shown are (d) CV experiments in
nonaqueous acetonitrile electrolyte at a sweep rate of 50 mV/s for a 121 nm Ani/MoCls oMLD
film on PGS (red), a 40.3 nm PDA/MoCls oMLD film on PGS (blue), and bare PGS substrate

(black).



The formation of azo groups by oMLD surface reactions demonstrated here provides a
route to grow thin-film azo-polymers, where the growth conditions may be adjusted to be selective
for azo formation to produce, e.g. polyazobenzene homopolymer. Just as the primary amines in
Ani react during Ani/MoCls oMLD to produce azobenzene, we expected that the primary amines
in PDA will also react with MoCls to form azo groups within pPDA —forming polyazobenzene-
domains.®” The formation of thin-film polyazobenzene could be valuable for use in anode materials
in alkali-ion (e.g. Li-ion) batteries due to the highly anodic (negative) redox potential of azo
groups.’>  Azobenzene-containing polymers are also of interest for their opto-mechanical
properties.?’ To identify whether azo groups were formed during PDA/MoCls oMLD, we
performed nonaqueous electrochemical measurements on PGS substrates subjected to Ani/MoCls
and PDA/MoCls oMLD processes as depicted in Figure 5d to look for electrochemical signatures
consistent with azo groups. We find that both Ani/MoCls and PDA/MoCls oMLD films exhibit
electrochemical reduction at -1.74 V vs. Ag/AgNOs, consistent with reduction of azo groups to
form azo anion radicals.’®! This redox process is reversible in pPDA films with a capacity of 185
mAh/g measured on the oxidizing sweep (vs. 500 mAh/g max theoretical), and initial cycling
results up to 10 CV cycles suggest that the azo groups are stable in the condensed phase formed

by PDA/MoCls oMLD.

We note that the electrochemical redox process at -1.74 V vs. Ag/AgNO:s is irreversible for
Ani/MoCls oMLD films and decreases with repeated cycling. We attribute this decrease to the
dissolution of azobenzene molecules upon electrochemical reduction to form azobenzene anion
radicals. Because each Ani monomer has only one amine group, the reaction of two Ani molecules
is expected to form azobenzene or short-chain azo oligomers that easily dissolve in nonaqueous
electrolyte when charged. This was confirmed by UV-Vis spectroscopy (not shown) of the
electrolyte after CV cycling of the Ani/MoCls oMLD films in acetonitrile, which showed an
absorption peak at 300 — 350 nm, consistent with the presence of azobenzene.”? We also observed
visible loss of the deposited Ani/MoCls layer from PGS following electrochemical cycling for the
area of the PGS sample exposed to the electrolyte. We note that the presence of redox activity in
pPDA films under more positive potentials (-0.75 — 0.75 V vs. Ag/AgCl) in Figure 4e suggests
that not all amine R-NH2 groups on PDA have reacted to form azo (R-N=N-R) groups during
PDA/MoCls oMLD, instead producing a blend of both azo moieties (depicted in the inset of Figure

5d), and phenazine-like moieties (depicted as the product in Figure 4¢). Based on the measured



electrochemical capacities corresponding to phenazine (Figure 4e — 128 mAh/g) and azo (Figure
5d — 185 mAh/g) moieties, we expect that these groups exist in a ~2:3 phenazine:azo molar ratio
within PDA/MoCls oMLD films deposited in this work. We expect that oMLD growth conditions
(e.g. growth temperature and dosing scheme) can be tuned in future work to control the phenazine

vs. azo character, and generate polyazobenzene homopolymers.

Controlling Polymer Structure from oMLD of Molecularly Assembled Py/PDA Copolymers
Based on the above understanding of the oMLD mechanism, we expected that introducing
Py monomers during PDA/MoCls oMLD growth would block azo-formation and direct PDA to
react to form phenazine-like moieties, yielding higher electrochemical capacities under cathodic
potentials. In SI Section C, we examine the growth rate and uniformity of molecularly assembled
copolymers of Py and PDA and identify rapid nucleation and growth and facile surface co-
reactions of the PDA and Py monomers. We then employed CV measurements to identify how
assembling these monomers into controlled copolymers impacted the redox features for azo,
phenazine, and Py moieities. In Figure 6a-c, we depict aqueous CV experiments of oMLD films
grown using 1:1, 5:1, and 20:1 cycle ratios of Py:PDA oMLD cycles. If the monomers were to
form discrete pPDA and pPy domains, we would expect that the redox activity for the oMLD
copolymers would appear as a superposition of pPy and pPDA electrochemical responses. Instead,
we observe a response where the qualitative shape of the CV changes depending on the Py:PDA
cycle ratio in Figure 6a-c. This indicates that by alternating doses of the Py and PDA monomers
during oMLD growth in different ratios, we control the assembly of these monomers to form
qualitatively different local molecular structures with different electrochemical properties. For the
1:1 Py:PDA cycle ratio, we observe a CV in Figure 6a that is similar to PDA-only oMLD films,
but with enhanced redox-activity on the oxidizing sweep at +0.6 V and on the reducing sweep at
-0.7 V vs. Ag/AgCl relative to PDA-only oMLD. Although the redox potential of each monomer
may be expected to shift based on blending of molecular orbitals from these monomers within the
copolymer structure, it appears that at this 1:1 cycle ratio, the redox potentials of pPDA are
unshifted, and the electrochemical activity from pPy is only observed after fully oxidizing or
reducing the pPDA component of the film. We note that this hysteresis effect for charge transfer
observed for the 1:1 cycle ratio of Py:PDA in Figure 6a may be of interest for neuromorphic

93,94

computing elements, and other electronics applications (e.g. diodes).”®



We attribute this hysteresis effect to branching effects from assembling the two monomers into a
copolymer. For this 1:1 cycle ratio, the fraction of pPy in the film is expected to be small — the
growth rate of pPy oMLD at 150 °C is only 0.09 nm/cycle, corresponding to ~0.23 monolayers of
pPy, whereas the growth rate of pPDA oMLD at 150 °C is 1.35 nm/cycle, corresponding to ~2.4
monolayers of pPDA. Based on the relative growth rates for the two monomers, we expect that the
polymer films for the 1:1 cycle ratio contain ~90% PDA monomers and ~10% Py monomers. At
this low molar ratio of Py, we expect that Py monomers react on PDA in the most favorable ortho
position as depicted in Figure 6d such that electrons initially flow in/out of the connected pPDA
network, and only transfer to branching Py monomers after oxidizing/reducing the PDA molecular
constituents, giving rise to the irreversible electrochemical behavior observed for the 1:1 Py:PDA

cycle ratio in Figure 6a.
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Figure 6. Comparison of cyclic voltammograms of pPy (20.4 nm thickness), pPDA (40.3 nm
thickness) against (a) 1:1 pPy:pPDA copolymer (48.5 nm thickness), (b) 5:1 pPy:pPDA copolymer
(49.7 nm thickness) and (c) 20:1 pPy:pPDA copolymer (29.5 nm thickness) at a sweep rate of 50
mV/s in aqueous electrolyte tuned to a pH of 3.5. A low Py content for the 1:1 cycle ratio drives
irreversible charge storage, which we attribute to Py branching from pPDA domains as depicted
in (d), whereas a high Py content leads to more reversible charge storage for the Py constituent
which we attribute to isolated PDA monomers surrounded by PDA as depicted in (e). This
interpretation is corroborated by the (f) coulombic efficiency and (g) specific capacity during
extended cycling. The shaded areas around each data set in (f) and (g) represent the standard

deviation from replicate measurements.



To confirm this interpretation, we increased the cycle ratio of Py:PDA from 1:1 to 5:1 and 20:1.
The film thicknesses for the data reported in Figure 6 were 20.4, 40.3, 48.5, 49.7, and 29.5 nm for
Py, PDA, and 1:1, 5:1, 20:1 Py/PDA copolymer films, after 150, 30, 30, 150, and 210 total o0MLD
cycles (sum of Py/MoCls and PDA/MoCls cycles), respectively. Based on the growth rates of the
independent Py/MoCls and PDA/MoCls oMLD chemistries, the 5:1 and 20:1 cycle ratios
correspond to ~1:2 and ~2:1 molar ratios of Py:PDA monomers, respectively, within the
molecularly assembled copolymer films. In Figure 6b,c, we see that as the ratio of Py:PDA oMLD
cycles increases above 1:1 to 5:1 and 20:1, the redox process arising from the pPy constituent of
the film (Eo = -0.2 V vs. Ag/AgCl) becomes more reversible. On the oxidizing sweep, the
additional charge storage capacity provided from introducing Py into pPDA shifts from a redox
potential of 0.6 V at a 1:1 cycle ratio (higher potential than the oxidation peak for pPDA) to a
potential of 0.2 V for the 5:1 and 20:1 cycle ratio (lower potential than the oxidation peak for
pPDA). Likewise, on the reducing sweep, as the amount of Py within the film increases, the amount
of cathodic current at a potential of -0.7 V decreases, and the amount of anodic current between
+0.3 and -0.5 increases — as highlighted with arrows in Figure 6a-c. Under the 20:1 cycle ratio
condition, we expect that Py monomers more completely surround PDA monomers within the
copolymer film, as depicted in Figure 6e. The 5:1 and 20:1 cycle ratios (with ~1:2 and ~2:1 molar
ratios of each monomer based on the QCM growth rates of each isolated monomer) exhibit
qualitatively different redox features from either the PDA-only or Py-only polymers, indicating
that molecular assembly of these monomers into intimate copolymers causes different reactions
and/or molecular orbital mixing for adjacent monomers, impacting the equilibrium redox
potentials we observe. By adjusting the cycle ratio of the two monomers, we achieve different
molecular structure and monomer interaction effects, yielding different redox properties for each

copolymer composition.

The interpretation of differences in molecular branching character depending on the Py content in
the Py:PDA copolymers depicted in Figure 6d and 6e is corroborated by the coulombic efficiency
and stability of the films in Figure 6f and 6g. Phenazine moieties are susceptible to oxidative
decomposition and disproportionation in the presence of hydroxyls,** leading to a low coulombic
efficiency in Figure 6f and rapid decay in electrochemical capacity vs. cycle number in Figure 6g
for pure PDA/MoCls oMLD films. By introducing just ~10 mol% Py into the pPDA film using a
1:1 Py:PDA cycle ratio, the coulombic efficiency increases from ~80% to >95% and the



electrochemical cycling stability improves relative to pure pPDA. We attribute this to branching
Py monomers that interconnect pPDA domains and prevent oxidative decomposition. This
improvement in coulombic efficiency is also observed for the 5:1 and 20:1 cycle ratios. The 5:1
and 20:1 cycle ratios would be expected to result in the highest electrochemical capacity in aqueous
electrolyte by disrupting azo formation, but we expect that the hydrophilic nature of the resulting
branched structure depicted schematically in Figure 6e may facilitate dissolution in the aqueous
electrolyte employed in Figure 6, giving rise to the lower capacity and more rapid capacity loss
for these cycle ratios in Figure 6g. We note that the capacity loss we observe for all the
compositions in Figure 6g is common for redox-active polymers and is typically attributed to

densification and/or chemical decomposition.’®” The capacity loss may be addressed in future
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work by adjusting the potential window, introducing monomer substituents, *° and/or

modifying the polymer surface.””-'%!

To further confirm our understanding of how altering the Py:PDA cycle ratio impacts the
molecular structure within the polymer films, we performed nonaqueous CV measurements on
pure PDA/MoCls oMLD films (0:1 Py:PDA cycle ratio) and the 1:1 and 5:1 cycle ratio copolymers
as depicted in Figure 7. In these measurements, we observe that as we increase the number of Py
cycles, we observe a decrease in the redox activity in the potential window for azo formation (i.e.
more reducing potentials of 1.7 to 0.9 V vs. Na/Na" in Figure 7). We find that the specific capacity
on the cathodic sweep from 1.7 to 0.9 V vs. Na/Na" arising from azo functionality is 204 mAh/g,
134 mAh/g, and 137 mAh/g for the 0:1, 1:1, and 5:1 Py:PDA cycle ratios, respectively, This
confirms that increasing the amount of Py oMLD cycles disrupts formation of azo groups within
the copolymer films as we depict in Figure 6e. Likewise, as the number of Py cycles increases
from a 0:1 to 5:1 Py:PDA ratio, we observe an increase in the redox activity at more oxidizing
potentials of 1.5 to 3.3 V vs. Na/Na", which corresponds to the potential window for phenazine
and pPy functionality. The specific capacity on the cathodic sweep from 3.3 to 1.5 V in Figure 7
arising from pPy/phenazine character is 95 mAh/g, 101 mAh/g, and 292 mAh/g for the 0:1, 1:1,
and 5:1 cycle ratios, respectively. We note that this potential window of 3.3 — 1.5 V vs. Na/Na" on
the cathodic sweep was selected for this analysis to not include the irreversible peak observed at
more oxidizing potentials for the 5:1 Py:PDA cycle ratio. We also note that the 20:1 cycle ratio
sample was not included in this analysis because irreversible peaks under both reducing (+1.0 V

vs. Na/Na") and oxidizing (+3.5 V vs. Na/Na") potentials dominated the electrochemical behavior



for this cycle ratio. We observed similar irreversible response for pure pPy films in nonaqueous
electrolyte. The origins of the irreversible processes in nonaqueous electrolyte for the Py-rich films
may arise from catalytic decomposition of the electrolyte or from dissolution/decomposition of the
polymer films, but this is unclear with the present data. Overall, these nonaqueous electrochemical
results support that oMLD provides control over the molecular composition of polymer films using
different oMLD cycle ratios outlined in Figure 6d and 6e. We emphasize that controlled molecular
assembly of copolymers is not possible by conventional oCVD and other VPP processes, and this

work represents the first demonstration of this concept.
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Figure 7. Nonaqueous cyclic voltammetry at a sweep rate of 20 mV/s in 0.1 M NaClO4 in
acetonitrile for 40.3 nm thick pPDA (dashed red), 48.5 nm thick 1:1 Py:PDA cycle ratio (blue) and
49.7 nm thick 5:1 Py:PDA cycle ratio (green) films grown by oMLD on PGS substrates.

Conclusion

In this work, we report the first demonstration of oMLD of amine-containing conjugated
polymers that are lower cost and exhibit higher electrochemical capacity than previously reported
pEDOT oMLD films. We find that oMLD of amine-containing monomers proceeds via
irreversible chemisorption of each precursor to produce redox-active films with molecular-scale
thickness control. This oMLD approach allows for the formation of conformal and uniform films

of pPy on 3D substrates, as demonstrated by uniform coating into porous channels to an aspect



ratio of 200:1. The ability to form conjugated amine polymers by oMLD provides a route to deliver
thin films of redox-active polymers onto 3D electrode surfaces. We also identify that thin-film
oMLD pPy exhibits capacities up to 282 mAh/g — 68% of pPy’s theoretical capacity, and maintains
50% of the theoretical capacity of pPy when charging in under 3 s. These specific capacities are
up to two times higher than values of ~140 mAh/g observed for pPy synthesized by other methods,*
which we attribute to a favorable molecular structure for high redox activity and ultrathin (< 20

nm) film thicknesses obtained using oMLD.

Previous work has reported similar improvements when forming thin films of inorganic redox-
active layers by ALD, where the reduction in length-scale for solid-state diffusion yields high rate
charge storage for energy storage and desalination applications.®*%> However, the barrier
preventing the adoption of ALD coatings has been the high-cost organometallic precursors needed
to form inorganic active layers by ALD. Here, we demonstrate the formation of redox-active

polymer layers with high electrochemical capacities’>”

using low-cost organic precursors
comprised of earth-abundant elements. This provides a more economically viable and sustainable
route for the use of an ALD-like process (here, oMLD) to deliver high-performance materials in a
thin-film geometry for redox-active electrodes. In particular, the high capacity of pPy films in
aqueous electrolytes makes them of interest as electrode materials (1) for aqueous batteries, (2) as

supercapacitor electrodes, and/or (3) as ion-uptake uptake in electrochemical desalination,!102:103

We also identify that while oMLD of Py/MoCls produces pPy films, oMLD of Ani/MoCls and
PDA/MoCls chemistries produce azo groups (azobenzene and polyazobenzene, respectively). We
attribute this to the coordination of the MoCls oxidant to nucleophilic amine groups on the growth
surface, driving reactions adjacent to the amine, and leading to the formation of azo groups for
primary amines. This provides an improved picture of the oMLD mechanism over previous
reports, identifying that the surface coordination geometry is important to understand oMLD
growth processes. This result also opens avenues to harness this mechanistic understanding to
direct surface polymerization and control the molecular structure of conjugated polymer films
using oMLD. The azo-polymer films produced by PDA/MoCls oMLD exhibit redox activity at
-1.7 V vs. Ag/AgNOs (+1.5 V vs. Na/Na") in nonaqueous electrolyte. This reversible redox
activity at highly anodic (negative) potentials through electrochemical reduction of azo groups

makes these PDA/MoCls oMLD films of interest as anode materials for alkali ion batteries.®



Finally, we report the molecular assembly of Py and PDA monomers by alternating between
oMLD cycles of Py/MoCls and PDA/MoCls chemistries during oMLD growth. These molecularly
assembled copolymer Py/PDA oMLD films exhibit qualitatively different electrochemical
behavior from the films formed using the isolated constituent monomers. We demonstrate control
over molecular constituents within the film by alternating the ratio of oMLD cycles of each
monomer, yielding different electrochemical responses. The controlled molecular assembly of
copolymers we demonstrate here using sequential surface reactions via oMLD provides a route to
achieve pristine control over the molecular structure of conjugated polymers and will allow us to
examine how molecular structure impacts electrical and electrochemical properties in future work.
This is of particular interest considering recent work establishing understanding of the semi-
localized charge transport in conducting polymers,'® where control over monomer ordering in
polymer chains will allow us to examine the molecular origins of charge transport physics in

conjugated polymers.
Materials and Methods

Oxidative Molecular Layer Deposition

oMLD in this work was carried out using a hot walled ALD-type reactor,'®’

utilizing
sequentially dosed chemical precursors separated by argon carrier gas at reduced pressures (~0.8
Torr). The deposition temperature of the main reaction chamber was held at temperatures between
100 °C and 200 °C using PID temperature controllers. Py (98%, Fischer Scientific) was held at
room temp, while Ani (99.9%, Fischer Scientific), PDA (97+%, Fischer Scientific), and MoCls
(99.6%, Fischer Scientific) were held at 80 °C, each in a jacketed flow-over precursor bubbler with
PID temperature control. The peak dose pressures of Py, Ani, PDA, and MoCls were 100 mTorr,

15 mTorr, 10 mTorr, and <5 mTorr, respectively. 200 sccm of continuous Ar carrier gas flow was

used during depositions to maintain a baseline pressure of ~0.8 Torr.

Prior to each deposition, the reactor and sample tray were passivated with at least 150
oMLD cycles of the target chemistry. Substrates used for various depositions included Si pieces
(Silicon Valley Microelectronics), AAO membranes (InRedox), quartz wafers (Valley Design),
and PGS (Newark). The samples were pre-heated in the reaction chamber under inert carrier gas
purge for at least 30 min prior to deposition. During each oMLD growth, the monomer (A) and

oxidant (B) were dosed sequentially in A/B precursor cycles, with a purge step between each



precursor dose. A typical dosing scheme for one oMLD cycle consisted of 10 s of monomer dose,
100 s of Ar purge, 100 s of MoCls oxidant dose, and 100 s of purge. These cycles were repeated
to increase the thickness of the resulting polymer films. Dose and purge times varied based on

monomer and temperature used during deposition, as indicated in the manuscript text.
Electrochemical Characterization

Three-electrode electrochemical measurements were carried out on PGS substrates in a
custom electrochemical cell. The electrochemical cell provides an o-ring seal on the sample
surface to expose a defined 1.21 cm? surface area to the electrolyte solution. 0.1 M NaCl aqueous
electrolyte adjusted to a pH of 3.5 was used for aqueous electrochemical experiments. The
electrolyte solution was purged for at least 30 minutes prior to electrochemical measurements, and
a continuous Ar purge was used in the head-space of the electrochemical cell during
electrochemical measurements. A graphite rod counter electrode (99.999%, Fischer Scientific) and
Ag/AgCl reference electrode were used. CV experiments were performed at a sweep rate of 50

mV/s over a potential range of -0.75 to +0.75 V vs. Ag/AgCl unless otherwise noted.

Non-aqueous electrochemical experiments were performed under inert argon atmosphere
(<0.5 ppm H20, <0.3 ppm O2) in a glovebox. A 0.1 M NaClO4in anhydrous, amine free acetonitrile
(Alfa Aesar, 99.9%) was employed as an electrolyte. A custom glass three-electrode cell was used
for electrochemical experiments with a graphite rod as the counter electrode (99.5%) and a non-
aqueous Ag/AgNOs reference electrode (BASi1). CV experiments were performed at a scan rate of
20 mV/s within a voltage window no greater than -3.0 V and 1.0 V vs Ag/AgNO3. The Ag/AgNO3

reference potential was calibrated using ferrocene to report potentials vs. Na/Na®.

The specific capacity, Cc, and specific capacitance, Cr, of films reported in the text were

A A . .
calculated as C, = pTQh and Cp = ﬁ, where AQ is the total charge transferred on the charging

sweep (cathodic sweep for aqueous electrolyte, and as-specified above for nonaqueous
experiments), AV is the potential window (1.45 V, -0.75 to +0.70 V vs. Ag/AgCl for aqueous
electrolyte, and as-specified above for nonaqueous experiments), p is the density of the film (taken
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as 1.5 g/cm?® for pPy >**° and 1.1 g/cm?® for pPDA based on typical pAni densities,'°*!” and 1.3

g/cm? for the molecularly assembled copolymers), A is the cross-sectional area of film exposed to



the electrolyte (1.27 cm?), and h is the film thickness for each sample as measured by SE on Si

witness wafers, and benchmarked using NR and SEM.
Neutron Reflectivity

NR data was obtained using the Grazing Incidence Neutron Spectrometer (GANS) at the
University of Missouri Research Reactor (MURR).!®® Analysis was done through the Reflpak
suite!® which uses the Parratt method'!? that recursively accounts for the film layers and interfaces
to construct a final film density profile. The fringe spacing in the reflectivity curves is a product

of the layer thickness.
Scanning Electron Microscopy

SEM was used to evaluate deposited thickness using a FEI Scios Dual Beam FIB SEM.
High contrast SEM images of the deposited polymer film were visualized under 5 keV under high
vacuum inert conditions. PGS and AAO samples were cleaved to visualize film thickness. The

film thicknesses were measured using Imagel.
Spectroscopic Ellipsometry

SE analysis and modeling were conducted using an Alpha SE system (J.A. Woollam) at an
incident angle of 65° at room temperature and open to the air and modeled using the
CompleteEASE software package. The optical properties and thickness were modeled using a
Cauchy-Urbach dispersion model'!! of the form n(}) = A + B/A? + C/A* and k(X) = o, exp (B (12400
(1/A-1/y))) where A is the wavelength; A, B, C, a, and B are fitted constants to minimize error
relative to NR measurements; and y is the band edge wavelength, taken as 350 nm for oxidized
pPy.!'? Fitted values for pPy at 100 °C were A= 1.678, B =1.631 x 102, C = 4.0814 x 103, a =
2.4052 x 107", B=6.17 x 10°". Fitted values for pPy at 150 °C were A= 1.807, B=1.297 x 10!, C
=-1.506 x 10, a = 5.8083 x 107!, p=2.618.

Raman Spectroscopy

Raman spectroscopy was conducted with a Renishaw inVia Raman spectrometer using
excitation from a 633 nm laser and Raman spectra were collected over 500 — 2000 cm™ with a
spectral resolution of 10 cm™. Spectra were acquired using a sweeping scan of 10 cm™'/s and a

laser power of 10.1 mW.
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