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Introduction

The technique known as initiated chemical vapor deposition

Non-line-of-sight synthesis and characterization
of a conformal submicron-thick cationic polymer
deposited on 2D and 3D substratest

Hunter O. Ford, @2 Brian L. Chaloux, ©° Battogtokh Jugdersuren, ©¢ Xiao Liu, @
Christopher A. Klug, @° Joel B. Miller, ©¢ Xiaobing Zuo, ® Michael W. Swift, @9
Michelle D. Johannes, @9 Jeffrey W. Long, ®°

Debra R. Rolison @ ** and Megan B. Sassin @ *°

The non-line-of-sight nature of initiated chemical vapor deposition (iCVD) makes it an amenable technique
for depositing thin, conformal polymer films on three-dimensional (3D) high surface-area substrates.
Adding to the versatility of iCVD, we process the deposited film in situ to impart additional functionality.
Herein we describe fabricating submicron-thick positively charged polymer films with labile anions, a class
of materials that brings ion-transport regulation to water desalination, gas separations, and energy-storage
systems. Coatings of iCVD-deposited poly(4-dimethylaminomethylstyrene) (pDMAMS) on planar and 3D
substrates are reacted with an alkylating/cross-linking reagent to yield quaternary ammonium-containing
pDMAMS*. By optimizing deposition conditions, we demonstrate conformal coatings of pDMAMS and
pDMAMS" spanning a thickness range of 30-1000+ nm. Chemical and mechanical characterization
confirms the successful quaternization of the iCVD-generated films, subsequent ion exchange of various
counterions (Br, HCO3~, and OH"), and enhanced modulus of the crosslinked pDMAMS™ polymer. The use
of grazing-incidence X-ray scattering reveals the films are noncrystalline and contain ion clusters with
anion-dependent geometry. By understanding the impact of deposition conditions and functionalization
on subsequent physicochemical-mechanical properties, we lay the groundwork for using iCVD-derived
pDMAMS* films in targeted applications.

Initiated CVD relies on free-radical polymerization, albeit
one that is mediated through adsorption of monomer and
activated initiator to the substrate surface.'® In a typical

(iCVD) enables coating complex substrates with conformal,
submicron-thick polymer layers of a wide variety of chemistry
and function. Demonstrated applications in the literature
include iCVD-generated coatings for biocidal medical device
treatment, hydrophobic surface modifications, targeted-
release drug delivery, and energy-storage applications."™
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iCVD process, monomer and initiator are vaporized and
brought into the deposition chamber under controlled flow
and pressure. Within the deposition chamber, hot filaments
decompose the initiator molecules in the gas phase into
active radicals. Monomer and free-radical molecules adsorb
to the cooler substrate surface where polymerization begins.
The coating thickness and the degree of polymerization
depend on the reactant concentrations in the vapor phase
and the temperature of the substrate.'®" This design
enables iCVD generation of polymer films from any
monomer chemistry that can be vaporized and free-radical
initiated.

Initiated CVD is a non-line-of-sight technique because
polymer film growth occurs by adsorption of monomer and
radical to a substrate surface from the vapor phase. Any
surface in contact with the vapor phase can be coated with
polymer, which contrasts with line-of-sight techniques such
as magnetron sputtering that require a direct path between
the source and substrate. The non-line-of-sight nature of
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iCVD makes this technique particularly well suited to
deposit thin polymer films within three-dimensional (3D)
structures  that are otherwise difficult to coat
homogeneously and conformally. The ever-increasing
complexity of 3D architected substrates, whether they are
for medical devices, electrochemical electrodes and
components, or sensors, warrants further development of
new iCVD-derived polymer chemistries.

Ionomeric polymers, specifically positively charged
ionomers, have applications in ion-transport regulation in
desalination, gas separation, and fuel cell and battery
systems.'>"> One route to an iCVD-derived positively charged
polymer involves copolymerization of an amine-
functionalized acrylate monomer with vinylbenzyl chloride,
where both monomers polymerize and undergo amine
quaternization on the substrate surface simultaneously.*’
Here we report iCVD synthesis of an ionomeric positively
charged polymer coating based on an isomerically pure
polymer of poly(4-dimethylaminomethylstyrene) (pDMAMS).
Post deposition, vapor-phase alkylation converts the iCVD-
generated pDMAMS film to a positively charged anion-labile
form (pDMAMS"). This route decouples the deposition and
quaternization reactions, leading to enhanced process
design flexibility. We characterize the submicron-thick
pDMAMS and alkylated pDMAMS' polymers in terms of
morphology, chemical composition, and mechanical
properties.

The counterbalancing anions we report are relevant for
energy storage, but the ease of anion exchange without
damage to the film conformality and integrity allows this
approach to be tailored to any application requiring a
submicron-thick polymer with mobile anions. Coupling the
post-deposition introduction of fixed ionic charge and ease of
ion exchange to our extensive characterization establishes the
foundation for design and delivery of multifunctional
polymers with wide-ranging impact.
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Results and discussion

Generating ionomeric films

We adapt iCVD protocols previously reported by Gleason and co-
workers for generating poly(dimethylaminomethylstyrene)>'%**
but synthesize isomerically pure 4-DMAMS as a monomer
rather than using the commercially available ortho-para
mixture. The NMR spectrum of 4-DMAMS monomer (Fig.
S17) verifies molecular identity and purity. The isomerically
pure polymer (pDMAMS) allows for more direct experimental
and computational comparison between iCVD-derived and
bulk-synthesized  polymers.'® Fig. 1 illustrates the
deposition and functionalization processing steps. Films are
deposited, annealed above the glass-transition temperature
(Ty: 82 ©°C; Fig. S2%), and subsequently reacted with a
vapor-phase alkylating agent (1-chloro-3-bromopropane) to
transform the amine pendent group to quaternary
ammonium functionality (pDMAMS"). The labile, charge-
balancing counterions incorporated during alkylation (Cl/
Br’) are readily exchanged for other anions of interest (Br’,
HCO;, and OH’); the anion-exchanged forms are
designated as pDMAMS'(Br), pDMAMS'(HCO;), and
pDMAMS'(OH). We characterize the morphology, structure,
and composition of the pDMAMS-based films as a function
of iCVD deposition conditions, processing steps, and
incorporated anion.

Evaluation of deposition conditions on pDMAMS film
conformality

We find that substrate temperature impacts the uniformity
and smoothness of pDMAMS coatings. Films deposited at a
substrate temperature of 40 °C are optically textured
(Fig. 2A), indicating islanding effects during polymer
deposition. Raising substrate temperature to 50 or 60 °C
generates more uniform films (Fig. 2B and C). Nanoscale
morphology measured using atomic force microscopy

e &
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80°C

100°C

Fig. 1 Synthetic and processing protocol to generate
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anion-conducting pDMAMS*
4-dimethylaminomethylstyrene (DMAMS) using tert-butyl peroxide (TBPO) initiator.

polymer via iCVD polymerization of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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RMS roughness = 8.87 nm
Roughness Rmax = 48.2 nm

RMS roughness (Rq) = 0.576 nm
Roughness (Rmax) = 4.18 nm
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RMS roughness (Rq) = 0.376 nm
Roughness (Rmax) = 2.93 nm

Fig. 2 Optical images (top row) and atomic force micrographs (bottom row) of pDMAMS films deposited at different iCVD substrate temperatures
on Au-coated glass microscope slides (A and D) 40 °C; (B and E) 50 °C; (C and F) 60 °C.

quantitatively tracks these trends with a root-mean-square
(RMS) roughness of 8.9 nm at 40 °C (Fig. 2D) but comparably
low RMS values at 50 °C and 60 °C (0.58 and 0.38 nm,
respectively; Fig. 2E and F). We set the substrate temperature
at 60 °C for all iCVD-generated films in this report. The
smooth morphology (RMS roughness < 1 nm) is retained
after annealing, quaternization, and ion exchange (Fig. 3).
Scanning electron microscopy (SEM) confirms the
conformality of pDMAMS deposited on 2D (Au-coated glass)
and 3D (zinc metal sponge) substrates (Fig. 4). The Zn metal

Film
annealing

Deposition
of pPDMAMS

4.9 nm

pDMAMS pDMAN!anealed

2.0nm I

RMS roughness = 0.38 nm RMS roughness = 1.07 nm

—_—

sponge is selected as a model 3D substrate owing to its
interconnected pore network and relevance in alkaline
batteries where anions are the active ionic charge carrier. On
2D Au-coated glass substrates (Fig. 4A), the SEM-derived
thickness (358 nm) is comparable to the profilometry-
measured thickness (359 + 10 nm) for the given deposition
time (Fig. 5). Low-magnification SEM imaging of a cross-
sectioned millimeter-thick Zn sponge reveals a uniform coating
of pDMAMS within the interior surfaces (Fig. 4B). Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
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Fig. 3 Atomic force and scanning electron microscopic analyses of pDMAMS films as a function of processing step. The scanning electron

micrograph includes contamination particles to show image is in focus.
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Fig. 4 Scanning electron micrographs of cross-sections of iCVD-derived pDMAMS coated on (A) planar Au-coated glass substrate; (B) 3D Zn

sponge electrode; and (C) cleaved Zn particle within 3D Zn sponge.

corroborates the efficacy of iCVD for non-line-of-sight coating
in a complex 3D morphology, showing co-location of the C
signal from the pDMAMS with the Zn and O maps. At higher
magnification, the EDS maps of a cleaved Zn particle confirm
that carbon from the polymer is preferentially located at the
edges of the cleaved Zn particle (Fig. 4C).
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Fig. 5 Top: Film thickness as a function of deposition time and
processing step. Films are deposited on Au-coated glass slides.
Bottom: Atomic force micrograph of 31 nm thick pDMAMS film
obtained after 30 min of iCVD.
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Film thickness vs. time of deposition

An advantage of iCVD is facile control of the thickness of the
deposited film; deposition time determines the thickness of
the resultant polymer. Control of film thickness is important,
such as in battery systems where the thinnest coating
possible that can withstand the physico-electrochemical
processes at the electrodes improves energy density by
decreasing the mass and volume of inactive material. The
growth of pDMAMS films is nonlinear (Fig. 5), with
deposition rates slow in the beginning and faster at later
times. This result is consistent with previous reports on
pDMAMS thickness growth via iCVD.”> Even at the shortest
time, 30 min, corresponding to a thickness of 31 nm, the
film morphology remains conformal and pinhole free
according to AFM. At the longest deposition time (4 h), the
film thickness exceeds 1000 nm.

Annealing and alkylation impact the film thickness.
Generally, thickness decreases after annealing, which may
result from a densification of the film stemming from cross-
linking and/or the removal of small molecules (e.g., absorbed
water, volatile unreacted organics). After alkylation, which
introduces charge into the film, film thickness increases
from introduction of additional mass and cross-linking of
polymer chains, the latter of which prevents relaxation of the
polymer into higher density chain-packing conformations.
Charge overlap minimization/electrostatic chain repulsion
between quaternized backbone pendant nitrogen atoms may
also result in less dense chain packing."”

The standard deposition time for the majority of
experiments in this study is 120 min, corresponding to an as-
deposited film thickness of 359 + 10 nm, an annealed film of
300 + 17 nm, and an alkylated film of 570 + 106 nm. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thickness of the ion-exchanged forms pDMAMS'(Br’) and
pDMAMS'(HCO; ) are 580 + 59 nm and 502 + 83 nm,
respectively, indicating the ion-exchange process does not
markedly alter post-alkylation film thickness.

Physicochemical characterization of iCVD-derived pDMAMS
and derivatives

For a primary assessment of chemical structure as a function
of processing step, we analyze iCVD-derived pDMAMS films
using solid-state *C  nuclear magnetic resonance
spectroscopy (*C NMR) and attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR). To
obtain sufficient "*C NMR signal for submicron-thick films of
pDMAMS, we iCVD-coat conformal pDMAMS on another 3D
substrate, high surface-area silica fiber paper (Fig. S3t). The
3C NMR and ATR-FTIR spectra of iCVD-derived pDMAMS are
nearly identical to those of solution-polymerized bulk
pDMAMS (Fig. 6A and B)." Thus, solution-polymerized
pDMAMS can serve as a surrogate for iCVD-derived pDMAMS
for rapid screening of general materials properties'® or when
large quantities of material are required. For reference, the
estimated diffusive molecular weight (Mp) of solution-
polymerized bulk pDMAMS is 350 kDa (Fig. S47). Additional
characterization of bulk pDMAMS (*H and '*C NMR, ATR-
FTIR) are found in Fig. S5 and S6.}
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After initial deposition, iCVD-derived pDMAMS films are
thermally annealed at 100 °C under vacuum. Solid-state "*C
NMR shows that peaks generally broaden after annealing,
indicating a greater variety in local physical and chemical
environments (Fig. 6A). The peaks associated with amine-
coupled C-H modes in ATR-FTIR (2770, 2810 c¢cm ') also
diminish, which we attribute to cross-linking through the
pendant nitrogen functionality (Fig. 6B), coincident with a
decrease in film thickness (Fig. 5). Annealing-induced cross-
linking increases the shear modulus of the pDMAMS film
from 0.34 to 0.36 GPa (Fig. 6C). For context, the shear
modulus of amorphous polystyrene is ~1.2 GPa.'’ Our
density functional theory (DFT) calculations further support
this interpretation of cross-linked densification after
annealing, finding that linking two DMAMS units at their
amine centers (and liberating trimethylamine) is energetically
favorable by 0.17 eV, an energy barrier surmountable at the
annealing temperature (Fig. S771).

Alkylation of pDMAMS with 1-chloro-3-bromopropane to
generate pDMAMS' leads to the expected peak shift in the
3C NMR spectra associated with converting C-N to C-N*
bonds (Fig. 6A) and an increase in ATR-FTIR intensity at
3020 em ™', which occurs in conjunction with disappearance
of the amine-coupled C-H modes at 2770 cm™' and
2810 ecm™ (Fig. 6B). The additional cross-links introduced
upon alkylation further increase the shear modulus by 26%
(Fig. 6C). These mechanical changes in the post-alkylated

B.
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Fig. 6 Chemical and mechanical characterization of iCVD-generated and solution-polymerized pDMAMS as a function of processing step to
generate pDMAMS™ (A) 13C solid-state NMR; (B) ATR-FTIR (peaks were assigned by referencing the National Institute of Standards and Technology
(NIST) spectral database for polystyrene, trimethylamine, and tetramethylammonium chloride); and (C) shear moduli.
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polymer correlate to an increase in the local structural order
compared to native pDMAMS, indicated by a decrease in
internal friction as a function of temperature (Fig. S8AT). We
discuss polymer structural arrangement measured using
X-ray scattering in a later section.

X-ray photoelectron spectroscopy (XPS) further confirms
the conversion of pPDMAMS to pDMAMS' and the successful
exchange of anions within the film. These chemical state
data also allow us to estimate the film cross-linking density
and ion-exchange capacity (IEC). For pDMAMS, the Cis
region is dominated by a primary peak at 284.5 eV (typical
for alkyl and related carbon speciation), while the N1s region
reveals a pair of peaks at 399 eV and 400 eV that are
attributed to C-N amine functionality (Fig. 7A and B).>® After
alkylation to generate pDMAMS’, a secondary peak appears
in both the C 1s and N 1s spectra at 286 eV and 402 eV,
respectively. The appearance of these new peaks, concomitant
with a decrease in the intensity of the C-N tertiary amine
peak, show successful conversion of ~65% of the pendant
amines to quaternary C-N' functionality.”® This degree of
alkylation translates to an ion-exchange capacity (IEC) of
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~2.7 meq g ' for pDMAMS® (see eqn (S1) in ESIf), a
moderately high value with respect to IEC values reported in
the literature.>*

Gentle ion-beam milling through the thickness of the
pDMAMS" film coupled with collection of spectra after
specified milling intervals reveals that the boundary N'/N
ratio persists into the first 90 nm of the ~507 nm thick
pDMAMS" film, indicating that alkylation is not solely
surface-sited (Fig. S9AY). After solution-based exchange to
generate pDMAMS'(HCO;), the N'/N ratio decreases slightly
to 54%, and stays consistent through the ion-milled depth of
the film. We attribute the decrease in quaternary nitrogen
upon exchange to HCO; to swelling-induced mechanical
elimination of the quaternary groups, hinting at a design
shortcoming when the charged moieties participate in the
cross-link.

Quantification of the photoelectron intensity assigned to
the halide chemical state in pDMAMS" is used to estimate
cross-linking density. As expected, pDMAMS" contains both
bromide and chloride species (Fig. 7C and S9Ff) that
originate from the organohalogens in the alkylating agent
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Fig. 7 X-ray photoelectron spectra for pDMAMS, pDMAMS™*, and pDMAMS*(HCO3"): (A) C 1s; (B) N 1s; (C) Br 3d; and (D) O 1s.
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(1-chloro-3-bromopropane) and then serve as charge-
balancing species for the ammonium functionality. The two
broad Br 3d peaks are consistent with the spin-orbit couples
(3ds/»/3d3,) of bromide (67 eV, 68 eV) and unreacted alkyl
bromine (70 eV, 71 eV). The presence of organobromine
arises when the chloro end of the alkylating agent reacts with
a tertiary amine but the Br-terminated end remains
unreacted.”>** A similar ionic-organic blend is observed in
the Cl 1s spectra (Fig. S9Ff). To test the hypothesis that
pDMAMS" contains some portion of unreacted alkyl
bromine/chlorine, we treat pDMAMS' with a solution of
ethanolic trimethylamine, which reacts any residual alkyl
halogen to generate Br-, and find decreased intensity of the
organobromine peaks at 70 eV and 71 eV (Fig. S107). From
the relative atom ratios for N'/N and Br /Br, and given that
65% of the nitrogen in pDMAMS" exists as N', we calculate a
cross-linking density of 49%, indicating a high degree of
cross-linking (see eqn (S2) in ESIY).

The XPS analyses of the pDMAMS' films after ion
exchange confirm successful exchange of CI'/Br~ for other
anions of interest. The anion-exchange protocol requires
immersing pDMAMS" films in a solution containing the
desired anion (e.g,, OH or HCO; ). The pDMAMS" film is
exchanged to OH™ using a solution-based protocol and then
exposed to CO, in ambient air to generate HCO; . The Br~
peak in the Br 1s spectra decreases, translating to 90%
exchange of Br~ for HCO; . The additional peak observed in
the O 1s spectra at 530 eV, attributed to C=0 from inclusion
of HCO;, also corroborates successful ion exchange (Fig. 7D).>
The depth-profile XPS results (Fig. S9Ef) reveal that
pDMAMS'(HCO; ) has significantly higher (and stable)
oxygen content relative to the halogenated counterpart. The
O content of the pristine pDMAMS film is attributed to
incorporation of initiated tert-butyl peroxide radicals in the
polymer at either the chain initiation or termination steps
and to unterminated radical chains reacting with molecular
oxygen upon removing the film from the iCVD deposition
chamber.”

Nanoscale morphology of pPDMAMS and pDMAMS" via
grazing incidence small- and wide-angle X-ray scattering
(GISAXS/GIWAXS)

The techniques of GISAXS/GIWAXS are well suited for
probing the nanoscale structure of thin films, especially for
amorphous soft materials where structure can have a
dramatic impact on ion transport.>® Fig. 8 displays the 2D
GISAXS patterns and 1D horizontal GISAXS/GIWAXS line-cuts
for select ambient relative humidity (RH)-equilibrated
pDMAMS films; the 2D GIWAXS patterns and 1D vertical
GISAXS line-cuts can be found in Fig. S11.f The 2D GISAXS
patterns (Fig. 8A) indicate no strong periodic ordering of
scattering domains within the films in either the XY (parallel
to substrate) or Z (perpendicular to substrate) planes,
although such ordering is sometimes observed for dry bulk
polymers of similar chemistry.”*>® Thus, any scattering

© 2024 The Author(s). Published by the Royal Society of Chemistry
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domains are spatially distributed randomly in these films. In
the GIWAXS portion of the 1D horizontal linecuts, the
presence of an amorphous halo at ¢ = 1.2-1.4 A™ (W, d =
0.5 nm given that d = 2n/q) indicates the various pDMAMS
films are noncrystalline (Fig. 8B).

Modeling the data using the multi-level unified function
(eqn (S3A and B)Y) provides some geometric description of
the scattering domains. This analysis yields radius of gyration
(Rg), power factor P relating to the shape, and prefactors G
and B relating to the scattering domain volume, surface area,
and contrast. Table S2t contains the model parameters
obtained by fitting the data in Fig. 8. Each spectrum is fit
with a two-level model, with level 1 representing larger
structures (low g) and level 2 representing smaller structures
(high g).

The annealed pPDMAMS spectra can be fit with Ry, set to
1.1 nm, the radius of gyration calculated for a pDMAMS
chain in our recent work,'® however as-deposited pDMAMS
can only be fit using a larger Ry, value. The decrease in Ry
and Ry, upon annealing pDMAMS is consistent with our
hypothesis of chain rearrangement-induced densification.
Introducing charge to the polymer significantly alters the
GISAXS spectra, where a clear knee is present in the spectra
for pDMAMS" and pDMAMS'(HCOj; ). For pDMAMS’, R, is
10.5 nm and the associated power P, is 3.76, meaning the
primary scattering structure in this system is larger than that
of uncharged pDMAMS and has a sharp scattering length
density contrast with the surrounding medium. We attribute

RSC Appl. Interfaces, 2024, 1, 531-543 | 537


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lf00256j

Open Access Article. Published on 19 February 2024. Downloaded on 12/10/2025 3:41:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

this feature to an ionic cluster containing high-contrast
halogen anions. A secondary structure with Ry; = 48.1 nm
and P; = 2.59 is taken to be a semi-compact arrangement of
the primary structures into a longer-range ionic domain.
Upon exchanging the halides for HCO;", Ry increases to
99.0 nm and P; decreases to 1.69, while Ry, and P, both
decrease to 7.3 nm and 3.2, respectively. Fig. S121 shows the
GISAXS experimental and modeled spectra replotted with
denotations for R, values in g space. We interpret these
results as the expansion and decreased density of the larger
secondary structure due to the softer and lower scattering
length density of the HCO; anion. The modeled scattering
data indicate that the ionic domains in pDMAMS'(HCO;")
are less aggregated than in pDMAMS'.

The GISAXS/GIWAXS results confirm that introducing
charge into the polymer impacts the nanoscale morphology
of the film. The different structural arrangement of ionic
groups within the polymers should impact ion and mass
transport through the material, an effect that we explore in
detail elsewhere.*

Conclusions

Post-deposition modification of an iCVD-derived pDMAMS
film with alkylating agent 1-bromo-3-chloropropane yields a
positively charged ionomer with labile anions, a material
with applications in diverse fields in which mass- and ion-
transport regulation is desirable. Successful alkylation and
subsequent ion exchange to prepare pDMAMS(anion”) are
confirmed using NMR, ATR-FTIR, and XPS. Through
optimization of the deposition conditions, the polymer films
are demonstrated to be both conformal on 2D and complex
irregular 3D substrates and smooth at the nanoscale.
Morphological differences induced by alkylation and the
identity of the charge-balancing anion are assessed using
GISAXS/GIWAXS, where the polymers are found to be
noncrystalline and to contain ion-rich domains of varying
shape. The demonstration and extensive characterization of a
conformal submicron-thick anion-conducting  polymer
provide a foundation for the design and synthesis of related
materials using iCVD. The ability to non-line-of-sight deposit
this class of materials on complex substrates with facile
control of thickness will advance a variety of application
spaces, including medical devices, desalination, and energy
storage.

Experimental

Synthesis of 4-dimethylaminomethylstyrene monomer
(4-DMAMS)

Aqueous dimethylamine (Thermo Fisher, 40% wt/wt aqueous
solution, 250 mL of a 7.9 M solution, 1.98 mol), 53.99 g of
K,CO; (0.391 mol), and a magnetic stir bar were added to a
500 mL round-bottom flask and chilled to 0 °C in an ice
bath. An addition funnel was attached to the flask to which
58.17 g of 1-(chloromethyl)-4-vinylbenzene (Oakwood
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Products, 98%, 0.381 mol) was added after filtration through
a plug of neutral alumina to remove the tbutylcatechol
inhibitor. Neat 1-(chloromethyl)-4-vinylbenzene was added
dropwise to the stirring aqueous dimethylamine solution
under N, flow, forming a pale-yellow emulsion, which was
stirred for 16 h and allowed to warm slowly to room
temperature. Volatiles (e.g., excess dimethylamine) were
subsequently removed under vacuum at ambient temperature
causing the emulsion to separate into a colorless aqueous
lower layer and yellow organic upper layer. The organic layer
was separated, then the aqueous layer was washed several
times with ethyl acetate. The multiple organic fractions were
combined and washed several times with deionized water,
dried over magnesium sulfate, and concentrated in vacuo.
The crude yellow oil was vacuum distilled at 100 °C then
filtered through neutral alumina to remove colored
impurities (e.g., trace inhibitor that had carried over during
distillation). The isomerically pure 4-dimethylaminomethyl-
styrene (4-DMAMS) was isolated as a colorless oil (49.98 g,
81% yield). "H NMR (CDCl;, 400.13 MHz, Fig. S1A1): § 7.40
(d, 2H, J = 15.3 Hz), 7.30 (d, 2H, J = 15.3 Hz), 6.74 (dd, 1H,
Jerans = 17.6 Hz, J;s = 10.8 Hz), 5.77 (d, 1H, J = 17.6 Hz), 5.25
(d, 1H, J = 10.8 Hz), 3.44 (s, 2H), 2.27 (s, 6H). C['H] NMR
(CDCl;, 100.61 MHz, Fig. S1Bt): 6 138.64, 136.68, 136.47,
129.26, 126.13, 113.42, 64.13, 45.37. IR (ATR, Fig. S61): v
(em™) = 3085 (w), 2975 (m), 2940 (m), 2855 (w), 2815 (s),
2765 (s), 1805 (w), 1700 (vw), 1630 (s), 1610 (w), 1565 (W),
1510 (s), 1465 (s), 1455 (s), 1440 (s), 1405 (s), 1360 (s), 1320
(w), 1285 (w), 1255 (s), 1200 (w), 1175 (s), 1145 (s), 1110 (m),
1095 (m), 1030 (vs), 1015 (s), 990 (vs), 945 (w), 900 (vs), 860
(vs), 845 (m), 820 (vs), 765 (w), 725 (s), 715 (w), 640 (w), 625
(vw), 570 (m).

The 4-DMAMS was stabilized with CuCl, (forming a dark
red solution) for long-term storage and for use in solution-
based polymerization and initiated chemical vapor
deposition.

Synthesis of bulk solution-polymerized pDMAMS

2,2'-Azobis(isobutyronitrile) (AIBN, Aldrich, 98%), 10.62 mg
(64.7 pmol) was dissolved in 2.2050 g of unstabilized
4-DMAMS (13.67 mmol). The solution was subsequently
deoxygenated by freeze-pump-thaw cycling and flame sealed
under vacuum in a thick-walled Pyrex tube. The tube was
immersed in a boiling water bath (100 °C) for 120 min then
removed from the bath, cracked open, and the resulting hazy,
viscous liquid was dissolved in 10 mL CHCI;. This solution
was subsequently precipitated dropwise into ice cold CH;CN
(Fisher Chemical, 99.5%), yielding a tacky white solid. After
isolating the solid and drying it under vacuum at ambient
temperature, 1.371 g of a brittle, off-white (CHCl; soluble)
foam was obtained (62% monomer conversion). The glass-
transition temperature (T,) of pPDMAMS was measured to be
82 ©°C using differential scanning calorimetry (DSC, TA
Instruments Q100 Series Fig. S21) performed in aluminum
pans under N, at a heating/cooling rate of 20 K min~". The
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experimentally measured 7, is consistent with the
computationally calculated T, of 83.4 °C."® 'H NMR (CDCl,,
400.13 MHz, Fig. S5At): 6 6.9-6.8 (br, 2H), 6.4-6.3 (br, 2H),
3.29 (s, 2H), 2.15 (br, 6H), 1.7 (br, 1H), 1.3-1.2 (br, 2H).
3C['H] NMR (CDCl;, 100.61 MHz, Fig. S5Bf): 0 144 (br),
135.5, 128.5, 127.3, 64.0, 45.2, 44 (br), 40.1. IR (ATR, Fig.
S61): v (em™) = 3380 (br, w), 3085 (vw), 3045 (W), 3015 (w),
2970 (m), 2930 (s), 2855 (m), 2810 (m), 2765 (s), 1795 (vw),
1700 (w), 1650 (w), 1610 (w), 1575 (vw), 1510 (s), 1455 (s),
1420 (m), 1360 (s), 1310 (w), 1255 (s), 1210 (vw), 1175 (m),
1145 (m), 1095 (m), 1030 (s), 1015 (vs), 980 (m), 940 (m), 855
(vs), 810 (vs), 725 (m), 710 (m), 545 (s).

Poly(4-dimethylaminomethylstyrene) (pDMAMS) is soluble
in a wide variety of polar and nonpolar solvents, including:
CHCl;, ethyl acetate, hexanes, and methanol. Acetonitrile was
the only solvent identified as suitable for precipitation of the
polymer from solution.

Poly(4-dimethylaminomethylstyrene) films were prepared
by creating a 10% w/v stock solution of polymer in a 2:1:1
(by volume) mixture of diethyl ether, chloroform, and xylenes.
The viscous solution was pipetted onto glass cover slips and
dried under flowing air at room temperature. To create
thicker films, additional aliquots of solution were added to
previously deposited films after drying and before heat
treating. Films and substrates were vacuum annealed at 50
°C for 16 h to remove residual solvent.

Analysis of pDMAMS M,y by "H DOSY (diffusion ordered
spectroscopy) NMR

As an alternative to gel-permeation chromatography,
diffusion-ordered NMR spectroscopy (‘H DOSY) was used to
estimate the average molecular weight of bulk pDMAMS
synthesized by free-radical polymerization. A sequence of 32
bipolar pulsed-field gradient (PFG) 'H NMR spectra with
applied z-gradients ranging from g = 0.96-38.5 G cm™ " were
acquired in randomized order on a Bruker AVANCE NEO
NMR spectrometer using the “Oneshot45” pulse sequence
outlined by Botana and colleagues.® A gradient length (d) of
2 ms, delay time (A) of 1 s, acquisition time of 1 s, and
recycle delay of 9 s were used for these acquisitions. The
series of 1D 'H spectra was subsequently inverse Laplace
transformed in the z-gradient strength (F1) domain using the

I 5
Stejskal-Tanner relationship (I_ = e_Dgz‘SZVZ(A_g)) with
0

processing routines built into Bruker TopSpin 4.0.6 software
package, resulting in a diffusion-ordered, pseudo-2D
spectrum plotting average diffusion coefficient (D, m* s™) vs.
'H chemical shift (Fig. S47).

The average diffusion coefficient of the polymer (Dppyawms)
= 3.0 x 107 cm? s ' under these conditions; the
corresponding diffusion coefficient of the monomer (Dpyawms)
=1.5 x 10° cm® s™'. Using the Stokes-Einstein relationship

kgT . . ..
D=2 as a means to relate diffusion coefficient to
6mnrg

molecular size vis-a-vis radius of gyration (g o \ number of
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repeat units), the radius of gyration of pDMAMS is ~47x the
radius of gyration of DMAMS monomer, equating to a degree
of polymerization (DP) ~ 2200 (diffusion average molecular
weight Mp = 350 kDa). In theory, the number average
molecular weight (My) should be ~11 kDa based on DP = 65
assuming 62% monomer conversion, quantitative initiation
from AIBN, and no chain transfer to monomer (creating more
polymer chains than expected). Polydispersity (D = Mw/My)
cannot be measured directly by DOSY NMR but is likely to be
high due to My, (observed) > My (theoretical). Since the half-
life of AIBN is <10 min at 100 °C, a high polydispersity likely
results from significant chain branching rather than slow
initiation.

iCVD of pDMAMS

Substrates were loaded into the center of the iCVD chamber
(GVD ilab coating system) which was then evacuated to
50 mTorr. Fresh 4-dimethylaminomethylstyrene (DMAMS)
monomer and tert-butyl peroxide (TBPO, Sigma-Aldrich
synthesis grade) initiator were loaded into the monomer and
initiator jars, respectively. Unless otherwise noted, the
monomer jar and line were heated to 70 °C and 80 °C,
respectively, the initiator jar and line were heated to 25 °C
and 50 °C, respectively, the substrate stage temperature was
maintained at 60 °C with a recirculating chiller, and the
chamber and viewport temperatures were maintained at
80 °C and 60 °C, respectively. The impact of stage temperature
on film morphology is shown in Fig. 2. Initiator flow rate was
set to 1.2 sccm with the use of a nitrogen-calibrated mass-flow
controller (MKS instruments 1479A11CR1BM-SPCAL), while
monomer flow rate was regulated with the use of a needle
valve. The operating chamber pressure was maintained at 210
mTorr using an automated butterfly valve and the tungsten
filaments were set to 35 V (1.93 A, 220 °C). The amount of
monomer and initiator added to the jars was such that the
pressure in the chamber would not fall below 190 mTorr
during the deposition. For 120 min of deposition, 2 mL of
DMAMS was used. After the allotted deposition time, the
chamber was evacuated for 30 min with the stage maintained
at 60 °C to remove unreacted components.

Films of pDMAMS were deposited onto various
substrates. For FTIR, profilometry thickness measurements,
X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and scanning electron microscopy
(SEM) pDMAMS was deposited onto 25 mm x 35 mm Au-
coated glass slides. These substrates were prepared by
cleaning glass microscope slides (VWR) in a KOH bath
(water, ethanol, potassium hydroxide), drying, and then
sputter coating with ~50 nm of gold using a Denton
Vacuum Desk IV. For NMR, silica-fiber filter paper (Pallflex
TISSUQUARTZ-2500QAT-UP) was heat treated in a muffle
furnace at 500 °C overnight in air, then coated with pDMAMS
via iCVD for 240 min (120 min on each side). For
demonstration of deposition within a complex 3D substrate,
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3D zinc sponges were prepared according to a recent
patent.*

Post-deposition processing of pPDMAMS films

As-deposited pDMAMS films were annealed under dynamic
vacuum at 100 °C for 24 h, removed from the oven while hot,
and allowed to cool under ambient laboratory conditions.
Annealed films were quaternized by placing them on a glass
shelf in a ~1 L glass vacuum desiccator containing 2 mL of
1-bromo-3-chloropropane (Alfa Aesar, 99%) in a glass Petri
dish at the bottom of the desiccator. The desiccator was
vacuum sealed, then placed into an 80 °C oven. After 24 h,
the desiccator was removed from the oven and recovered
films placed under dynamic vacuum for 24 h at 80 °C to
remove any unreacted material and yield the pDMAMS' form.
The pDMAMS'(Br') form was obtained by placing pDMAMS"
in an ion-exchange bath of 0.1 M potassium bromide (KBr,
Fisher Scientific Certified Reagent) in deionized water for
1 h, followed by three rinses with DI water. Because direct
exchange using aqueous KOH delaminated the films, the
pDMAMS'(OH) form was obtained by placing the film in
0.1 M tetramethylammonium hydroxide (Sigma, min. 97%)
in isopropanol (Fisher, ACS+) for 1 h under a dry nitrogen
atmosphere, followed by three rinses with isopropanol. The
pDMAMS'(HCO;") form was obtained by exposing
pDMAMS'(OH") to CO, in ambient atmosphere.

Characterization

Fourier-transform infrared spectroscopy (FTIR). Spectra of
pDMAMS films on Au-coated glass substrates were collected
on a Nicolet 6700 FTIR (Thermo Scientific) using a
Spectratech specular reflectance accessory (model 0014-391).
The spectrometer was operated in single-beam mode with a
resolution of 2 cm™* from 400 to 4000 cm ', 32 scans were
collected. Spectra were background subtracted and baseline
adjusted within the OMNIC software package (Thermo
Fisher). Peaks were assigned by referencing the National
Institute of Standards and Technology (NIST) spectral
database for polystyrene, trimethylamine, and
tetramethylammonium chloride.

Magic-angle spinning (MAS) solid-state NMR. Pieces of
pDMAMS-coated silica fiber paper were placed in an NMR
tube for "*C NMR characterization using a Varian 11.7 T
spectrometer at a resonance frequency of 125.7 MHz.
Adamantane served as an external chemical shift reference.
Spectra were obtained at a temperature setting of 303 K using
a 4 mm triple-resonance MAS probe and a spinning
frequency of 15 kHz. All spectra were acquired with 'H to *C
cross polarization with a contact time of 2 ms, a delay
between scans of 2 s, and a total of 8192 scans except for
bulk pDMAMS where only 128 scans were acquired. Predicted
shifts were calculated using programs at https://nmrdb.org, a
tool for modeling chemical shifts based on structure. The
predicted chemical shifts are modeled with a Gaussian

fit 32-34
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X-ray photoelectron spectroscopy (XPS). Spectra of various
pDMAMS films on Au-coated glass slides were collected on a
NEXSA XPS (Thermo Fisher Scientific) with a pass energy of
30 eV, using a dwell time of 50 ms with a 400 pm beam spot,
collecting 10 scans. A flood gun was activated during analysis
to minimize sample charging. For depth profiling, samples
were sputtered with Ar clusters (cluster size 1000 Ar atoms) at
6 keV acceleration voltage for 30 to 90 s at a 2 mm raster size,
a common range of parameters for sputtering soft
materials.>>>°  During sputtering, spectra  collection
parameters were the same as above except 5 scans were
collected instead of 10. Spectra were processed using the
Thermo Fisher Avantage software package for quantitative
analysis.

Atomic force microscopy (AFM). An atomic-force
microscope (Bruker Dimension FastScan) was used in
tapping mode to investigate the surface roughness of
pDMAMS films on Au-coated glass in terms of root-mean-
square (RMS) and maximum roughness value (Rp,.x) at room
temperature with relative humidity about 33%. A high-quality
etched silicon probe (TESPA-V2), which has 320 kHz
resonance frequency and nominal spring constant of 40 N
m™ was employed for the AFM measurements. The image
scan rate was controlled at 1 Hz with a resolution of 512
digital pixels per line. Images were processed and analyzed
using Bruker's Nanoscope package program.

Scanning electron microscopy - energy-dispersive X-ray
spectroscopy (SEM-EDX). Scanning electron micrographs
were collected on a LEO Zeiss Supra 55 FESEM at 10-15.0 kV
at a working distance of 5-9 mm. An Oxford Instruments X-
max" detector collected EDX spectra, which were then
analyzed using Aztec software.

Film thickness/profilometry. To measure dry-film
thickness, Au-coated glass slides as prepared above were
masked with Kapton tape prior to iCVD, so the Kapton® tape
could be removed post-deposition/post-processing to expose
a sharp interface to measure film thickness. Samples were
measured on a KLA Tencor Alpha Step D120 profilometer,
with a tip force of 2 mg, speed of 0.03 mm s™', and Z range
of 100 pm. The error bars on the thickness figure represent
the standard deviation of six or more measurements of the
same film in different locations on the sample.

Mechanical measurements. For mechanical
measurements, a film of pDMAMS was deposited on the neck
of a double-paddle oscillator (DPO) through a laser-cut
shadow mask. DPOs were fabricated out of high purity (100)-
oriented single-crystal silicon wafers. The DPO was mounted
in the experimental apparatus by clamping it to an invar
block to minimize thermal contraction during cool down.
The DPO was driven into resonance and its oscillation
detected electrostatically, using the so-called second
antisymmetric mode oscillating at ~5500 Hz. The DPO has
an exceptionally small background internal friction Q7" ~ 1 x
107® at low temperatures (T < 10 K). During oscillation, the
head and the wings vibrate against each other, which leads
to a torsional oscillation of the neck while leaving the leg
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and the foot with little vibration, minimizing the external
loss. The resonance frequency and the internal friction of
the DPO were measured before and after film deposition.
Addition of a film on the neck leads to a frequency shift
and a change in internal friction, from which the shear
modulus, internal friction, and relative change of speed of
sound of the film can be determined. For details, see
equations in ref. 40.

Grazing-incidence small- and wide-angle X-ray scattering
(GISAXS/GIWAXS). Various pDMAMS films were coated onto
silicon wafers for GISAXS/GIWAXS measurements, which
were taken at the synchrotron beamline 12-ID-B of the
Advanced Photon Source (APS) at the Argonne National
Laboratory using a beam energy of 13.3 keV. Scattering data
were modeled using the SASview software package.

Density functional theory (DFT) modeling. The cross-
linking reaction was approximated by the linking of two
DMAMS monomers via the amine groups with release of
trimethylamine. Energies were calculated with density
functional theory in the VASP code* wusing the PBE
exchange-correlation functional,® a 500 eV plane-wave
cutoff, and a 3 x 2 x 1.5 nm simulation box. The van der
Waals interaction was taken into account using the
Grimme-D3 method with zero damping.*” The minimum-
energy path was found using the nudged elastic band
(NEB) method.** The NEB images were relaxed until their
energies converged to within 0.01 eV.
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