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1. Abstract

Oxidative molecular layer deposition (0MLD) promises to enable molecular-level control of
polymer structure through monomer-by-monomer growth via sequential, self-limiting, gas-phase
surface reactions of monomer(s) and oxidant(s). However, only a few oMLD growth chemistries
have been demonstrated to date and limited mechanistic understanding is impairing progress in
this field. Here, we examine oMLD growth using ethylenedioxythiophene (EDOT), pyrrole (Py),
paraphenylenediamine (PDA), thiophene (Thi), and furan (Fu) monomers. We establish key
insights into the surface reaction mechanisms underlying oMLD growth. We specifically identify
the importance of a two-electron chemical oxidant with sufficient oxidation strength to oxidize
both a surface and a gas-phase monomer to enable oMLD growth. The mechanistic insights we
report enable rational molecular assembly of copolymer structures to improve electrochemical
capacity. This work is foundational to unlock molecular-level control of redox-active polymer
structure and will enable the study of previously intractable questions regarding the molecular
origins of polymer properties, allowing us to control and optimize polymer properties for energy

storage, water desalination, and sensors.



Introduction

Oxidative molecular layer deposition (0MLD) is a relatively new deposition technique used
to form electrically (semi)conductive and redox-active conjugated polymers. oMLD is of growing
interest because it provides molecular-level control of conjugated polymer film thickness, yielding
uniform thin film polymers that are useful for electrochemical energy conversion and storage,!™
sensors®>, and textiles.®*® The oMLD technique is a sub-category of molecular layer deposition
(MLD), in which complementary bifunctional organic molecules are dosed in alternating

exposures to form polymer films,'*!!

and is akin to common atomic layer deposition (ALD)
processes used to form inorganic films.!?> The oMLD process uses the same monomers and
oxidants that are used in conventional solution phase polymerization, but doses these species in
the gas phase in sequential chemical exposures, as depicted in Figure 1a. oMLD is distinct from
gas phase polymerization studies in which an oxidant and monomer are co-dosed in the gas phase
to produce polymer films,'*"!® because it separates the gas phase chemical precursors into
sequential exposure steps. To date, oMLD processes have been demonstrated using
ethylenedioxythiophene (EDOT, Figure 1b)3!*%, pyrrole (Py, Figure 1c),? paraphenylenediamine
(PDA, Figure 1d),> and 3-hexylthiophene (3HT, Figure 1¢)’ monomers and MoCls,® ReCls,?* and

SbCls!” chemical oxidants. These species undergo self-limiting surface reactions to grow thin-film

polymers monomer-by-monomer.
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Figure 1. (a) Schematic of oMLD growth proceeding via sequential doses of a monomer and
chemical oxidant. Successful oMLD growth has been reported using monomers such as (b) EDOT,
(c) Py, (d) PDA, and (e) 3HT. Also shown are (f) thiophene (Thi) and (g) furan (Fu) monomers
studied in this work.

Because oMLD proceeds via surface reactions from vapor phase precursors, it does not require
the use of side-chains or copolymer additives necessary for solution-based polymer processing.
This allows for the formation of chemically pure polymers and enables a fundamental shift in
polymer material development (and scientific inquiry), in which polymer properties are dictated
by local structure, rather than microstructure or defects. As an example of this, pEDOT coatings

8.2021 "and in some

formed by oMLD routinely achieve high electrical conductivities of >2000 S/cm
reports have achieved conductivities of > 6000 S/cm.!” In recent work, our group has also
expanded beyond oMLD of pEDOT and demonstrated the deposition of pPy by oMLD, achieving
record electrochemical capacities of up to 282 mAh/g.?> This specific capacity is ~2 times higher

than the highest capacities of ~140 mAh/g measured for pPy*>?

and is on-par with the
electrochemical capacities of next-generation alkali-ion battery materials.>** The high
electrochemical capacity of oMLD pPy (and high electronic conductivity of oMLD pEDOT
described above) are attributed to the chemical purity and molecular structure control provided by

oMLD growth.

In early studies, the oMLD mechanism has been described as equivalent to homogeneous oxidative

polymerization reactions, but spatially constrained to a substrate surface.®??! However, recent



work has demonstrated that this picture is incomplete. Some combinations of monomers and
oxidants that successfully polymerize in homogenous mixtures do not yield polymers in sequential
oMLD doses. For example, EDOT and Br; yield pEDOT when mixed homogeneously in vapor or
liquid**?’ , but do not yield pEDOT films when dosed in sequential pulses.?’ Additionally, some
reactions do not yield the same products as observed from homogeneous mixtures. For example,
primary amines in Ani react to form azo species (e.g. azobenzene) during sequential oMLD doses?
instead of forming pAni observed by homogeneous oxidation. Here, we (1) establish key insights
into the oMLD growth mechanism that help to explain these unexpected phenomena, (2) identify
design rules to guide future development of new oMLD chemistries and processes, and (3) use this
understanding to control the molecular assembly of copolymers with record electrochemical

capacity.
I1. Experimental Section

Oxidative Molecular layer Deposition

Deposition of polymer thin-films by oMLD was carried following previously established
conditions.? Briefly, the oMLD reactor chamber was held at 150°C using PID temperature
controllers. The reactor chamber operated under a continuous stream of 250 SCCM of ultra-high
purity argon carrier gas at reduced pressure (~0.85 Torr). Thiophene (Thi, 98%, Fischer Scientific)
and, Furan (Fu, 99%, Fischer Scientific) were held at room temp, while ethylenedioxythiophene
(EDOT, 98%, 1PlusChem), paraphenylenediamine (PDA, >97%, Fischer Scientific), and
molybdenum pentachloride (MoCls, 99.6%, Fischer Scientific) were held at 100 °C, each in a
jacketed flow-over precursor bubbler held at a fixed temperature with PID temperature control.
All precursors were used as-received and were transferred into the precursor delivery vessels in an
argon-filled glovebox. A peak dose pressure of at least ~100 mTorr above base pressure was

observed for each monomer precursor dose under these conditions.

The reactor chamber, QCM holder, and sample tray were passivated with the target oMLD
chemistry before performing each experiment. Films for ex-situ analysis were deposited on Si
wafers (Silicon Valley Microelectronics) and pyrolytic graphite sheets (PGS, Newark). The
samples were preheated prior to depositions under inert argon flow for at least 30 min. A typical

growth consisted of an A/B dose sequence where the monomer chemical precursor (A) was dosed



for 10 s followed by 100 s of carrier gas purge time, then the MoCls chemical oxidant (B) was
dosed for 100 s followed by 100 s of carrier gas purge time. These A/B cycles were repeated to

increase the thickness of the resulting polymer films.

Electrochemical Characterization

Polymers deposited onto PGS substrates were characterized by cyclic voltammetry (CV) with a
Biologic SP-150 potentiostat using a 3-electrode custom glass electrochemical cell, as described
previously.>* Aqueous electrochemical measurements were performed in 0.1 M NaCl aqueous
electrolyte degassed using argon purge at circumneutral pH using an Ag/AgCl reference electrode
(BASI) and graphite rod counter electrode (99.999%, Fischer Scientific). CV experiments were
performed at a sweep rate of 50 mV/s over a potential range of —1.00 to +1.00 V vs Ag/AgCl,

unless otherwise noted.

Raman Spectroscopy
Raman Spectra acquisition was conducted utilizing a Renishaw inVia Raman spectrometer with
633 nm excitation laser. Data was collected over 500-2000 cm™' with sweeping scan of 10 cm™/s

and a laser power of 10.1 mW.

X-ray photoelectron spectroscopy (XPS)

Select oMLD polymer films were analyzed via XPS using a Thermo Scientific Nexsa instrument
with a monochromatic Al Ka X-ray source. These XPS measurements were used to measure
incorporation of Fu and Thi into pPy during alternating oMLD exposures. High-resolution scans
(200 s acquisition time, 500 ms dwell time, 40 eV pass energy, and 100 meV step size) of O ls,
N 1s and S 2p regions were performed to observe S (Thi) or O (Fu) incorporation into pPy. The
peak locations used in this work were charge-corrected to the C 1s peak, centered at an energy of
284.8 eV. The final XPS spectra was analyzed using CasaXPS and plotted using Origin Lab

Software.

111. Results and Discussion

To highlight the shortfall of current oMLD mechanistic understanding, we compare in situ quartz

crystal microbalance (QCM) data acquired during oMLD growth using EDOT vs Thi (Figure 1f)



monomers in Figure 2a. Here, each monomer is dosed in alternating exposures with the MoCls
oxidant at 150 °C under ~0.85 Torr (250 sccm) of continuous argon purge in a A:purge:B:purge
timing sequence of 10 s: 150 s: 130 s: 150 s. As reported in previous studies, oMLD growth readily
proceeds using the EDOT monomer, here exhibiting a mass gain per cycle (MGPC) of ~300
ng/cm?/cycle. But, surprisingly, we do not observe oMLD growth using the Thi monomer (MGPC
< 2 ng/cm?/cycle). As shown in the inset of Figure 2a, the Thi monomer represents the core
functional structure of EDOT, but without the ethylene-dioxyl substituent. Considering the
successful oMLD growth of EDOT:MoCls, as well as recent reports of successful oMLD of
Py:MoCls and 3HT:MoCls,> one would expect that the Thi monomer would undergo oMLD
growth, but it does not. This highlights a gap in mechanistic understanding of the oMLD growth

mechanism.
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Figure 2. oMLD using EDOT, PDA, Py produced the expected polymers, but surprisingly did not
produce polymer films using Thi or Fu monomers. (a) A comparison of EDOT and Thi growth
under the same conditions (Dose:Purge, 10s:100s ). (b) oMLD steady-state mass gain per cycle
(MGPC) of each monomer used with MoCl oxidant. (c-e) Raman spectroscopy of oMLD-formed
films (solid blue lines), PGS substrate (solid black lines), and literature references (dashed lines)
for (c) pPy**2, (d) pPDA 3, (¢) pEDOT*. (f-h) Cyclic voltammetry (CV) of oMLD films grown
using (f) Py, (g) PDA, (h) EDOT.



In Figure 2b we report the MGPC measured under these same growth conditions for three
monomers that have been previously demonstrated by oMLD: EDOT (~300 ng/cm?), PDA (~250
ng/cm?/cycle), and Py (~45 ng/cm?/cycle). We also report the MGPC values measured for Thi and
Fu (Figure 1g) monomers in Figure 2b. Fu and Thi do not produce appreciable film growth in
QCM experiments. To confirm these results, we also performed depositions on flat samples for ex
situ characterization. Spectroscopic ellipsometry (SE) on films deposited on Si witness wafers
confirmed the growth behavior in Figure 2b, where EDOT, PDA, and Py exhibited growth rates
of ~0.5, 0.98, and 0.3 nm/cycle, respectively, after 100 oMLD cycles, but Fu and Thi produced no
detectable films. Raman spectroscopy of the EDOT/MoCls and Py/MoCls oMLD films exhibited
characteristic spectra for polypyrrole (pPy), polyparaphenyelenediamine (pPDA) and
polyethylenedioxythiophene (pEDOT), respectively (Figure 2c-¢), while no Raman response was
observed above the background when using Fu and Thi monomers. Likewise, cyclic voltammetry
(CV) electrochemical measurements in 0.1 M NaCl electrolyte yielded characteristic
electrochemical response consistent with pPy, pPDA, and pEDOT (Figure 2f-h). As reported in
recent work, PDA/MoCls produces a blend of phenazine and azo functionality with corresponding
mixed redox activity.”? However, we observed no electrochemical response above the bare
substrate signal for Fu and Thi monomers. The SE, Raman, and CV data for the samples exposed
to Fu/MoCls and Thi/MoCls chemical exposures are reported in the Supporting Information (SI)
Section A. Considering the molecular structures of the five monomers studied in Figure 2, there is

not a clear pattern as to why Thi and Fu do not exhibit o MLD growth

To understand the failure of oMLD growth using the Fu and Thi monomers, we more carefully
examined the QCM data collected during oMLD growth of pEDOT as presented in Figure 3. By
examining mass changes during precursor exposures, the mechanistic details of surface reactions
can be elucidated.>>>” The EDOT monomer was used for these mechanistic studies because
polymerization is constrained to the Ca positions due to the ethylene dioxyl ligand, simplifying
interpretation. The goal of these QCM studies was to determine the specific monomer and oxidant
surface reaction processes and extend this understanding of EDOT reaction mechanisms to
understand why Thi and Fu do not react to form polymer films. In Figure 3a we steadily increased
the dose times and purge times over the course of the experiment until fully saturating behavior
was observed for the EDOT/MoCls growth chemistry. Initial growth conditions reflected
previously reported dose/purge times for EDOT (5s/60s) and MoCls (5s/60s), and we observed an



MGPC of ~20 ng/cm? under these conditions. However, recent studies indicate that these dose and
purge times may be insufficient for saturation.’*® When increasing dose/purge times from
condition (i) to condition (iii) in Figure 3a, we observe an increase in MGPC from 20 ng/cm?/cycle
to >300 ng/cm?/cycle. Further increasing the dose and purge times from condition (iv) to condition
(v) in Figure 3a did not lead to an increase in MGPC, indicating sufficient dose and purge times at
condition (iv). We note that the specific dose and purge times for each precursor are indicated in
the inset of Figure 3a. Using condition (iv) from Figure 3a consisting of 10 s EDOT dose, 100 s
EDOT purge, 100 s MoCls dose, 100 s MoCls purge, we then examined the mass changes during
each precursor dose as depicted in Figure 3b (MoCls) and Figure 3¢ (EDOT) at steady state
following > 50 oMLD cycles. We identified a mass gain from the MoCls dose (Am1) of 278 £5.8
ng/cm? from Figure 3b, and a mass gain from the EDOT dose (Amz) of 71 £2.7 ng/cm? from Figure
3c. Taking the ratio of Amz/Am; to normalize against the number of growth sites yields a value R
= 0.26. Using this ratio, R, we can then compare against hypothesized mechanisms to establish a

mechanistic picture for EDOT/MoCls oMLD surface reactions.
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Figure 3. Experimental mass changes during steady-state and saturating oMLD growth of
EDOT/MoCls provide mechanistic insights. (a) QCM of oMLD of EDOT/MoCls with increasing
dose and purge time of oxidant and monomer until complete saturation is achieved. At steady state,
we observe (b) single cycle mass gain for MoCls of ~ 278 ng/cm? and (c) single cycle mass gain
for EDOT of ~ 71 ng/cm?.

In Figure 4, we propose a reaction mechanism for pPEDOT oMLD that is supported by the
QCM data collected in Figure 3. In this reaction scheme, MoCls forms a surface adduct with EDOT
during the MoCls dose (Figure 4a), and upon subsequent EDOT dose, gas-phase EDOT
coordinates to this adduct and MoCls performs a two-electron oxidation via Mo(V)Cls + 2¢” 2
Mo(II)CI3 + 2CI7; oxidizing both the surface EDOT monomer and the gas-phase monomer and
linking the gas-phase monomer to the surface EDOT (Figure 4b). The net reaction generates 2HCI
and MoCls, where the MoCl3 byproduct that remains in the pEDOT film. The theoretical mass
gain at each growth site can be calculated from the reaction scheme in Figure 4 by employing

tabulated atomic masses of each element to calculate the net mass change on each precursor



exposure. In Figure 4a, one MoCls binds to each active growth site on the surface. The molecular
weight (MW) of MoCls is 273.2 g/mol, so we calculate a mass increase of Am;=273.2 g/(mol
sites). In Figure 4b, one EDOT molecule (MW=142.2 g/mol) is added and two HCI molecules
(MW=36.46 g/mol) are lost per active growth site on the surface, corresponding to a net mass
change of Am»=69.28 g/(mol sites). Taking the ratio of Amo>/Amj, we calculate a theoretical mass

gain ratio of R=0.2536 for the overall scheme in Figure 4.

This theoretical value of R=0.2536 from Figure 4 is consistent with the experimentally
measured value of R=0.26 from Figure 3. We note that in previous reports, the EDOT/MoCls
oMLD process is described to proceed via a surface-based polymerization reaction in which the
MoCls oxidant reacts with surface EDOT monomers to produce EDOT"™ + HCI + MoCla. In this
alternate scheme, one interprets that the HCl and MoCly are inert volatile by-products and the
surface EDOT"" drives reaction with gas-phase EDOT on the next EDOT exposure. However, this
reaction scheme produces a theoretical ratio of R = 2.954 which is not consistent with the value of
R=0.26 measured in Figure 3. Furthermore, for surface polymerization to proceed, the gas-phase
EDOT must undergo oxidation to form EDOT™, and this previously reported mechanistic picture
does not explain how this occurs. We also examined other potential reaction schemes and
calculated the corresponding R values, and the mechanism we report in Figure 4 is the only
mechanism we found that is consistent with our experimental results. For example, coordination
of a Mo2Cljo dimer to each surface EDOT growth site yields a ratio of R=0.127, only 50% of the
measured value. Furthermore, previous reports of a stoichiometric amount of Mo:S in the resulting

pEDOT films® are consistent with the mechanism we describe here.
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Figure 4. Proposed mechanism for oMLD surface reactions during sequential (a) MoCls and (b)
EDOT exposures, where (a) MoCls complexes with a surface monomer (Am;=273.2), then (b)
during EDOT dose, a surface Mo (IV) species oxidizes both a surface and a gas-phase EDOT
monomer and links them together (Am>=69.27), producing nonvolatile MoCl3 and volatile HCI
byproducts. Taking the ratio Amy Am; yields a value of 0.2536 vs. the experimentally measured
value of 0.26 from Figure 2.

The reaction scheme in Figure 4 reveals multiple key properties of monomers and oxidants
that are necessary for a successful oMLD chemistry. For oMLD growth to proceed, an oxidant

182021 and must

must be used which exhibits multiple oxidation states (i.e. Mo, Re, Sb used to date
undergo two reduction reactions, where both electron uptake processes occur at high enough
oxidation potentials to oxidize both a surface monomer and a gas-phase monomer to link them
together. In the case of the proposed EDOT oMLD reaction scheme in Figure 4, the oxidant
(MoCls), oxidizes two EDOT monomers, propagating polymerization by linking the surface
EDOT (terminating a pEDOT chain) to the next gas-phase EDOT monomer. One can conceptually
separate this into two one-electron oxidation steps for the MoCls oxidant: Mo(V)Cls + ¢ >
Mo(IV)Cl4 + CI" and Mo(VI)Cl4 + ¢ = Mo(III)Cl3 + CI'. These two reactions must together have

strong enough oxidation potentials to oxidize both the surface and gas-phase monomers. We

propose that this two-electron oxidation process is the underlying reason for the failure of the



oMLD process for the Fu and Thi monomers, where the oxidation power of Mo(IV)Cls is

insufficient to oxidize Fu or Thi monomers.

To explore this possibility, we examined the equilibrium redox potentials of the five
monomers examined in Figure 2 as well as the equilibrium redox potential of
Mo(V)Cls/Mo(IV)Cls and Mo(IV)Cls/Mo(III)Cl3. We employed nonaqueous linear sweep
voltammetry measurements to measure monomer oxidation potentials as described in SI Section
B. We measured onset monomer oxidation potentials of 0.87, 0.74, 1.21, 1.72, and 1.91 V vs.
standard hydrogen electrode (SHE) for Py, PDA, EDOT, Thi, and Fu, respectively. We also
performed density functional theory (DFT) calculations to determine the oxidation potentials of
the Mo(V)Cls/Mo(IV)Cls and Mo(IV)Cl4/Mo(IIT)Cl; redox couples as described in SI Section C.
We calculated oxidation potentials of 3.34 and 1.46 V vs. SHE for the Mo(V)Cls/Mo(IV)Cls and
Mo(IV)Cls/Mo(IIT)Cl3 redox couples, respectively. A subset of the monomer and oxidant redox
potential values have been reported in previous literature and we compare our results against prior

reports in SI Sections B and C. An energy diagram of these cumulative results is presented in

Figure 5.
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Figure 5. We identify that relative oxidation/reduction potentials can be used as a descriptor to
predict the success of a monomer/oxidant combination for an oMLD chemistry. In this schematic
depiction, the reduction potentials of oxidants (as calculated by DFT) and monomers (as measured



experimentally) are plotted vs SHE. Oxidants are shown in green and monomers are in blue.
Stronger oxidants appear at higher (more positive) potentials and monomers that are more
susceptible to oxidation appear at lower (more negative) potentials. The Mo(IV)Cls/Mo(III)Cl3
redox couple does not have sufficient oxidation strength to oxidize Fu or Thi monomers.

In Figure 5, we use the relative oxidation potentials at room temperature from nonaqueous
electrochemical measurements and DFT calculations within a vacuum corrected to room
temperature as surrogates to identify qualitative trends in the relative oxidation/reduction strength
of the monomers and oxidant. Although the oMLD process is carried out at elevated temperature
in the gas phase, these reference values provide a conceptual view of the driving forces for oMLD
reaction. In Figure 5, the oxidation potentials of Fu and Thi monomers are 1.91 V and 1.72 V vs
SHE, respectively*®, which are higher than the oxidation power of Mo(IV)Cls —Mo(II)Cl; (1.46
V vs SHE). Although the Mo(V)Cls/Mo(IV)Cls redox couple is capable of oxidizing one Fu or Thi
monomer, the Mo(IV)Cls/Mo(IIT)Cl3 couple has insufficient oxidizing power to oxidize a second
monomer and drive surface polymerization, preventing the oMLD reaction from propagating
further. Conversely, the oxidation potentials of EDOT, PDA, and Py of 1.21, 0.74 and 0.87 V vs.
SHE fall below the oxidation power of Mo(V)Cls—Mo(IV)Cls and Mo(IV)Cls —-Mo(III)Cls ,
allowing for continued polymer growth of pEDOT, pPDA, and pPy. We also note that oMLD
using the 3HT monomer” is viable due to the electron donating hexyl group which lowers the onset

potential for oxidation, similar to the ethylene dioxyl group on EDOT.

While the mechanistic insights provided above explain why pure pThi and pFu polymers are
inaccessible by oMLD using the MoCls oxidant, this mechanistic picture also suggests that Thi or
Fu monomers could be incorporated into pEDOT, pPy or pPDA polymers through controlled
molecular assembly. Specifically, if a Py-MoCls adduct is present on the growth surface, based on
the conceptual picture in Figure 5, the MoCls oxidant is expected to have enough oxidizing power
to oxidize a gas-phase Thi (or Fu) monomer, as well as the surface Py monomer, allowing Thi (or

Fu) to link to the surface Py and incorporate into the polymer structure.

To confirm this, we performed oMLD in a two-stage series, alternating between 10 oMLD cycles
of the Py/MoCls oMLD chemistry and 10 oMLD cycles using a high oxidation potential monomer
(Thi or Fu) for a total of 400 oMLD cycles overall. These depositions can be described by a
NIn(ta:tpurge:tB:tPurge):m(tc:trurge:tB: tPurge) | timing sequence where ta is the Py dose time, tg is the

MoCls dose time, tc is the Fu dose time (for pPy:Fu) or Thi dose time (for pPy:Thi), tpurge is the



purge time following each precursor dose, n is the number of A/B oMLD subcycles, m is the
number of C/B oMLD subcycles, and N is the number of supercycles. For these depositions, N=20,
n=10, m=10, ta=10, tg=60, tc=10, and tpurge=60. The pPy:Fu and pPy:Thi molecularly mixed
copolymer films had SE thicknesses on Si of 15.4 nm and 17.7 nm, respectively. SE data for these
samples is presented in SI Section A. In addition to this SE characterization, the resulting polymer
films were analyzed by Raman, XPS, and CV, as described below. We also report data below and
in the SI for oMLD pPy films formed at 150°C for comparison, using previously established

growth conditions.?

In Figure 6a, we report the Raman spectroscopy data for pure pPy and pPy:Fu and pPy:Thi
copolymers. We observe that most of the Raman spectroscopy features for pPy are also present in
the pPy:Fu and pPy:Thi molecularly assembled copolymers. These Raman features include the C-
C and C=C backbone stretching modes of pPy at 1580-1620 cm™', the C-C and C-N stretching
vibrations at 1490 cm!, the C-C inter-ring stretching modes at 1386 and 1324 cm™', and the
antisymmetrical C-H in-plane bending vibrations at 1238 cm™. 23132 However we note that in
both Figure 6a and 6b, the Raman bipolaron band at 900-1000 cm™! indicating long-range order in
oMLD pPy?*3° is attenuated from the addition of Fu and Thi oMLD cycles. The bipolaron
molecular unit of pPy is depicted in the inset of Figure 6a for reference. In Figure 6b, we separately
plot the Raman bipolaron feature over 880-1020 cm™! for each of the compositions in Figure 6a.

The attenuation of this bipoloran band is consistent with the incorporation of the Fu and Thi

monomers into the pPy polymer films, disrupting long-range order in the pPy chains.
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Figure 6. (a) Raman spectroscopy of oMLD pPy as well as pPy:Fu and pPy:Thi formed by
alternating 10 cycles of Py and 10 cycles of Fu or Thi oMLD chemistries. The pPy bipolaron bands
at 900-1000 cm™! are highlighted (a) and shown with a zoomed view in (b). The incorporation of
Fu and Thi into the pPy structure disrupts the pPy bipolaron band.

Incorporation of Fu and Thi into pPy films was also confirmed using XPS analysis in Figure 7.
The XPS elemental compositions of each of the pPy, pPy:Fu, and pPy:Thi samples and discussion
are provided in SI Section D. Here, S 2p, N Is, and O 1s peaks were used to analyze the
incorporation of Fu (C4sH40) and Thi (C4H4S) monomers into pPy (C4HsN) polymer films. For the
pure pPy oMLD film, we observe no S 1s signature in Figure 7a (as expected), and a clear N 1s
peak in Figure 7b consistent with the C4HsN Py monomer that includes a superposition of C=N",
C-N*, N-H, and C=N features.*>*! In Figure 7c, we observe O 1s peaks at binding energies of
530.7 and 532.4 eV arising from Mo-O and Mo-OH features, respectively,*** due to the reaction
of residual MoCls in the oMLD film*® with air to form MoOxHy. For the pPy:Fu copolymer, we
observe equivalent XPS signatures for the S 1s and N 1s as observed for pPy. However, distinct
from pure oMLD pPy, we observe an increase in the O 1s peak at higher binding energy for the
pPy:Fu oMLD film in Figure 7f. The O 1s peak for Fu exhibits a binding energy of 532.2 eV,*



and we attribute this more pronounced shoulder in Figure 7f to the incorporation of Fu monomers
(C4H40) into the pPy films. Likewise, we observe a clear peak in the S 2p spectrum for the pPy:Thi
copolymer in Figure 7g, indicating the incorporation of the Thi monomer into the pPy:Thi oMLD
film. The N Is and O 1s peaks for the Thi:Py copolymer in Figure 7h and 7i, are consistent the N
Is and O 1s peaks for the pure pPy Figure 7b and 7c. The shoulder in the O 1s peak for the Fu:Py
copolymer in Figure 7f and the appearance of S 2p peak for the pPy:Thi copolymer in Figure 7g
support the incorporation of Fu and Thi into pPy polymers through alternating chemical exposures.
The ability to incorporate Fu and Thi into pPy further validates the mechanistic picture for o MLD
described above, where a surface complexed MoCls oxidant is expected to have sufficient
oxidation strength to undergo a two-electron oxidation to oxidize and link a surface-bound Py

monomer with a gas-phase Fu or Thi monomer.
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Figure 7. XPS analysis for pPy (a:S 2p, b:N 1s, c:O 1s), pPy:Fu (d:S 2p, e:N Is, f:O 1s), and
pPy:Thi (g:S 2p, h:N 1s, 1:O 1s). The additional shoulder at higher binding energy for the O 1s
peak confirmed incorporation of Fu into pPy:Fu in (f), while S from Thi was confirmed to

incorporate into pPy:Thi in (g).



In Figure 8, we report aqueous CV in 0.1 M NaCl for a 14.3 nm thick oMLD pPy film as well as
the pPy:Fu and pPy:Thi copolymers grown using the same scheme described above for the samples
examined in Figures 6 and 7. We observe a qualitative shift in the number and location of CV
peaks when using only Py monomers (Figure 8a) vs alternating between Py and Fu monomers
(Figure 8b) and Py and Thi monomers (Figure 8c). These qualitative differences in the CVs we
measure further support that Fu and Thi incorporate into the pPy polymer structure and suggest
that the incorporation of these monomers impacts the thermodynamics for -electron
insertion/extraction into pPy. The addition of Fu monomers to pPy through controlled molecular
assembly through oMLD increases the voltage window of electrochemical stability by 0.45 V in
Figure 8b, and enhances the redox capacity from 267 mAh/g for pPy to 313 mAh/g for pPy:Fu.
Likewise, the addition of Thi monomers to pPy through controlled molecular assembly through
oMLD increases the voltage window for electrochemical stability by 0.15 V in Figure 8c, and
enhances the redox capacity from 267 mAh/g to 369 mAh/g. By assembling Py and Thi monomers
together by oMLD we achieve a 38% enhancement in electrochemical capacity vs. o MLD pPy and
achieve 90% of the maximum theoretical charge storage capacity of pPy of 411 mAh/g.?? This 369

2,45,46

mAh/g capacity exceeds the highest capacities reported for pPy to date and represents a higher

capacity than materials currently under consideration for next-generation materials for lithium-ion

batteries. 24
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Figure 8. CV of (a) oMLD pPy (b) pPy:Fu, and (c) pPy:Thi films on PGS substrate, measured in
0.1 M NaCl aqueous electrolyte. Incorporating Fu and Thi into the pPy film enhances the
electrochemical capacity and potential window for electrochemical activity.

V. Conclusions

This work establishes a mechanistic picture for the surface reactions responsible for o MLD growth
consisting of (1) complexation of a two-electron oxidant to a surface monomer and (2) the
oxidation of both a surface and gas-phase monomer by the same oxidant molecule to link the gas-
phase monomer to the surface. This mechanistic picture helps explain the success of metal

pentachloride two-electron oxidants for oMLD,>%20-21

and establishes a conceptual picture to guide
future exploration of new oMLD growth processes, narrowing the focus to combinations of
monomers and oxidants with complimentary oxidation potentials. New two-electron oxidants with
higher oxidation strength may enable oMLD of Thi, Fu, and other monomers which are not
oxidized as readily as Py, EDOT, PDA, or 3HT. Furthermore, this work suggests that a wide range
of monomers with appropriate oxidation potentials*’*® could be used with the MoCls oxidant to
form polymer films by oMLD. Additionally, the molecular assembly of copolymers of Py with Fu

and Thi monomers shown in this work to enhance electrochemical capacity over pure pPy

demonstrates a platform for tuning the molecular structure of polymers to access improved



electrochemical properties for applications including energy storage, water desalination, and

sensing.
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