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Abstract



Since being developed over 50 years ago, aromatic polyamides have been used industrially for
numerous high-performance applications due to their heat resistance, chemical stability, and high
strength. Despite this extensive time span, few applications as surface coatings have been explored
due to most aromatic polyamides being insoluble in organic solvents and their extremely high
melting temperatures. However, new polymerization techniques have been developed to overcome
this insolubility allowing applications such as reverse osmosis membranes and gas separation
membranes to be developed. With the recent advancement of substituent effect chain growth
condensation polymerization, controlled growth aromatic polyamides have been shown to grow
from flat and curved surfaces. In this study aromatic polyamides with a protecting side chain were
grown from flat and curved surfaces to allow for deprotection post polymerization and the
introduction of hydrogen bonding along the backbone of the polyamide. The aromatic polyamide
brushes formed were then characterized using TEM and AFM to explore important physical
properties of the polymer brushes, including grafting density and Young’s modulus. The
introduction of hydrogen bonding dramatically increased the Young’s modulus of the polyamide
brushes from 5-6 GPa to 22-32 GPa. Our results demonstrate the tunability of the aromatic
polyamide brushes to achieve high mechanical strength and pave the way for their application in

areas such as high-performance coatings.

Introduction

Aromatic polyamides have long been known to possess excellent chemical and thermal stability,
and superior mechanical properties.' These properties primarily stem from their rod-like aromatic
amide linkage and the hydrogen bonding that occurs along the backbone. These properties have

led to aromatic polyamides fibers being used in many high-performance applications including



protective clothing, bullet-proof body armor, composites for armament and aerospace applications,
composites for asbestos substitutes, and high-temperature insulation paper.? While many studies
have been performed to understand bulk semi-crystalline aromatic polyamide fibers, there have
been limited investigations into high performance aromatic polyamide films due to the lack of
techniques needed to produce well-defined surface coatings of these polymers.*# This is primarily
due to the step-growth polymerization technique typically required to synthesize aromatic
polyamides, which makes modification of surfaces to produced well-defined coatings difficult.
Despite this hurdle, aromatic polyamide coatings have been extensively used for reverse osmosis
(RO) membranes due to their excellent performance and have been recently used in gas separation
membranes.>® While these applications are very important, the films used tend to suffer from
coating instability and often do not exhibit the predicted physical properties of aromatic
polyamides due to the non-covalent attachment of the polymers to the surface, the lack of control
over the coating properties, and limitations introduced by chemical modifications made to improve
polymer solubility in adapting the aromatic polyamides for these applications.®®

The development of well-defined, covalently attached polymer coatings prepared from semi-rigid
or rigid-rod polymers has recently attracted significant attention, as highlighted in a recent review
published by our group.!®!! Many theoretical studies have predicted these systems would possess
advantageous properties, such as strong orientation order, weak interpenetration, strong interfacial
tension, semi-crystalline properties, and exceptional long-range order.'>!® One of the factors
limiting the expansion of these systems is the identification of suitable synthetic techniques to
prepare the well-defined coatings. This is particularly evident with aromatic polyamide systems.
Typically, two methods have been used to make covalently attached aromatic polyamide films,

molecular layer deposition (MLD) and molecular layer by layer deposition (mLbL).!72° MLD and
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mLbL typically use two different monomers possessing acid chloride groups on one and amine
groups on the other monomer, where the acid chlorides react with the amines to form the amide
linkage. In each case, one monomer is reacted on the surface until complete saturation has
occurred. This is followed by a purge and/or rinse period to remove the unreacted monomer. The
next monomer is then added to the system to continue growth of the polymer coating, followed by
another purge and/or rinse cycle. The monomers reacting with the surface are then alternated until
the desired thickness is achieved. The primary difference between the two techniques is that MLD
is performed in the vapor phase, whereas mLbL is conducted in the solution phase.!*?! Because of
the low volatility of most aromatic polyamide monomers, the mLBL technique is more commonly
used.!7-202229 While these methods have been successfully used to produce aromatic polyamide thin
films, they both have issues with variability of growth rate, long polymerization times, limited
thickness, and self-limiting growth.!”-?* Because of the challenges associated with MLD and mLbL,
recently our group reported on a new surface-initiated polymerization technique that could allow
for the preparation of well-defined, covalently attached aromatic polyamide brush films using a
one-step polymerization.*

Polymer brushes are polymers chains that are attached to a surface with a high enough grafting
density to force the chains to adopt an extended conformation away from the surface.*® Polymer
brushes have played an important role in the area of surface modification due to the high level of
control over surface properties they offer, and the ability to make covalently attached films with a
variety of different functionalities and topographies.?!*? Traditionally polymer brushes have been
made primarily using vinyl-based monomers due to the need for a chain-growth mechanism to
produce well-defined coatings. This requirement limited the opportunities of producing polymer

brushes from polymers normally synthesized using a step-growth mechanism, such as aromatic
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polyamides. However, recently our group demonstrated the growth of densely grafted aromatic
polyamide brushes from both flat and curved silica surfaces.’** To make these polymer brushes the
traditional step-growth polymerization to produce aromatic polyamides had to be converted to a
chain-growth polymerization. This conversion was performed using a solution-based technique
developed by Yokozawa et al. that focused on substituent effect chain-growth condensation (CGC)
polymerization.>*37 Yokozawa hypothesized this technique works using a “deactivated” monomer
and an “activated” initiator to favor reaction of the monomer with the propagation chain instead
of monomer reacting with itself, resulting in a chain-growth process.*®“** Subsequent work from
our group found that, in addition to the activation-deactivation roles of the monomer and initiator,
the pK, of the monomer leaving group also plays a critical role in establishing the CGC
polymerization kinetics and in producing well-defined polymers.*# Adaptation of the solution-
based substituent effect CGC polymerization method to a surface-initiated technique led to the
preparation of well-defined and uniform polymer brushes from silica surfaces.*

While our original work was the first report of the synthesis of well-defined aromatic polyamide
brushes using substituent effect CGC polymerization, application of the polymer synthesized was
limited due to the presence of an octyl side chain on the nitrogen of the polyamide linkage. This
side chain was used, both in our work and the solution work by Yokozawa, to help with solubility
of the polymer and limit side reactions during the polymerization.**#+4 Aromatic polyamides alone
with many other rigid rod polymers typically have very low solubility in most solvents making
them difficult to synthesize and characterize.*’ Because of this, aromatic polyamides are
industrially synthesized with solvents such as N-methyl-2-pyrrolidone and extruded into fibers
using sulfuric acid.*® As such, in order to synthesize well-defined aromatic polyamides using the

substituent effect CGC polymerization technique, a solubilizing side chain is used to allow for
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polymers of reasonable molecular weight and the use of lower boiling point solvents, such as
tetrahydrofuran (THF). However, the exceptional physical properties of aromatic polyamides
primarily come from the packing of the rigid aromatic polymer backbone and the hydrogen
bonding between the amide linkages, both of which are disrupted when using a solubilizing side
chain. To overcome this issue in solution-based polymerizations, Yokozawa reported the use of a
nitrogen protection strategy using a benzyl ether side chain that could be removed after the
polymerization was complete.’* This protecting side chain allows for polymerizations of higher
molecular weight polymers at lower polymerization temperatures using conventional
polymerization solvents. Once the polymers are formed, the protecting side chain is cleaved,
producing an amide proton which can then hydrogen bond with neighboring chains and allow
tighter packing of the polymer chains to produce the high-performance properties associated with
aromatic polyamides.

In this report the use of a protection strategy, inspired by Yokozawa’s solution polymerizations,
to make high performance aromatic polyamide brushes is presented. In addition to the brush
synthesis, optimization of the polymerization kinetics and brush properties, compared to our
previous study, was performed.*® A new surface initiator was used to enable fast initiation relative
to propagation, which allowed for the preparation of well-defined brushes of controlled molecular
weight and narrow molecular weight distribution.* The effect of monomer structure on the
polymerization kinetics and brush properties was also investigated by using both para- and meta-
substituted monomers. Protected aromatic polyamide brushes were grown using a surface-initiated
substituent effect CGC polymerization on both high surface area Stober silica particles and flat
silica wafers. The deprotection strategy was then used to cleave the side chain allowing for

hydrogen bonding along the backbone of the rigid-rod like aromatic polyamide brushes. The final
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polymer brushes were characterized using transmission electron microscope (TEM), goniometry,
ellipsometry, and atomic force microscopy (AFM) to better characterize the improved surface
properties.

Experimental section

Materials. All chemicals were purchased from Sigma Aldrich and were used as received unless
otherwise noted. N-methylaminopropylmethyldimethoxysilane was purchased from Gelest and
used as received. HPLC grade THF and HPLC grade toluene were purified and dispensed through
a MBRAUN MB-SPS solvent purification system. Silicon wafers (prime grade, single side
polished) were obtained from Wafer World, with only a native oxide.

Characterization. 'H and *C nuclear magnetic resonance (NMR) spectra were obtained using an
Agilent 400-MR DD2 NMR spectrometer. Ellipsometry measurements were carried out on a FS-
1 Film Sense multi-wavelength ellipsometer with a 65° angle of incidence. Refractive indices and
thickness were measured using a Cauchy model. Infrared spectra were recorded using a Perkin-
Elmer Frontier Fourier-transform infrared (FTIR) spectroscopy spectrometer using a
diamond/ZnSe attenuated total reflectance (ATR) crystal for bulk samples, and a Harrick Scientific
VariGATR (grazing-angle ATR) accessory for thin films on silicon wafers. Contact angle
measurements were recorded with a ramé-hart standard goniometer 260-U4 using 10 pL. drops of
deionized water. Images were captured using DROPImage software. A FEI Talos 200 kV with a
field-emission source was used to obtain TEM micrographs. Samples were prepared by dispersing
a small amount of material into THF assisted by sonic agitation. An approximately 2 pL aliquot
of the mixture was dispersed on a carbon coated 400 mesh copper grid and allowed to dry for 2 h
under vacuum before inserting into the TEM. Thermogravimetric analysis (TGA) was performed

on a Perkin-Elmer PYRIS 1 TGA. The samples were placed in a platinum crucible, and then heated
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in air at a ramp rate of 20 °C/min. Number average molecular weight (M,) and polydispersity index
(PDI) were measured using a Wyatt miniDawn, Wyatt Optilab, and Agilent HPLC gel-permeation
chromatography (GPC) unit (eluent: inhibitor free THF with a flow rate of 1.0 mL/min using 5 um
PSS SDV Lux analytical columns: molecular weight range 100-10,000 (1000 A) and 1,000—
1,000,000 (100,000 A) g/mol (polystyrene equivalent), respectively). A dn/dc value for the
prepared polymers of 0.16 for THF and 0.13 for chloroform was determined and used during the
analysis. An atomic force microscope (MultiMode 8-HR, Bruker Inc.) was used to characterize
the topography and roughness of samples using a ScanAsyst — Air probe. RTESPA-525 and
RTESPA-525-30 probes were used to perform Young’s modulus measurement under the force
volume mode. The RTESPA-525-30 (nominal spring constant 200 N/m) has a spherical tip with
a nominal radius of 30 nm. The measurement consists of the following steps: first, the deflection
sensitivity of the probe on a fused silica sample (Bruker) was determined; next, approach and
retract force curves on the polymer brush samples were collected with an approach and retract
velocity of 1um/s. The peak force setpoint and trigger threshold were adjusted to obtain a 2-10 nm
indentation depth into the polymer brush samples. The deflection vs displacement raw data was
converted to force vs distance curves using the method by Ducker et al.* To determine Young’s
modulus values of the polymer brush samples, the approach force distance curves were fitted to

the Derjaguin-Muller-Toporov (DMT) model as shown in Equation 1.

F=Defxk == — RY25%2 (1)

In this equation, F' is the force (nN) obtained from approach force distance curves, Def. is the
deflection sensitivity, & is the spring constant (N/m) of the cantilever, E is the Young’s modulus
(GPa), v is the Poisson ratio (0.3 was used), R is the tip radius (nm), and § is the indentation depth

(nm).



Synthesis

Synthetic procedures for the preparation of the monomers and initiators used in this study can be
found in the Support Information.

Solution polymerization of benzyl protected para-OOB-AB-P or meta-OOB-P-AB monomers

A typical polymerization procedure utilizing the initiator DMA-P and the monomer of interest is
depicted below in Scheme 1. Monomer (para-OOB-P-AB or meta-OOB-P-AB) (0.216 g, 0.5
mmol) and DMA-P (3.4 mg, 0.0125 mmol) were placed in a round bottom flask and then degassed
three times with nitrogen, followed by the addition of THF (10 mL) via a degassed syringe. The
flask was then placed in a methanol and water mixture cooled with dry ice to -20 °C for 10 min to
cool. The 1 M lithium bis(trimethylsilyl)amide (LiHMDS) base in THF (0.6 mL, 0.6 mmol) was
then rapidly injected and the solution stirred while aliquots were taken for kinetic studies or for 1
h for bulk polymers. For the kinetic studies, 2 mL aliquots were withdrawn using a degassed
syringe at one min intervals. Aliquots and bulk polymerizations were immediately quenched with
5 mL saturated aqueous ammonium chloride after being withdraw with syringe or completing the
desired polymerization time. The polymer was then isolated via extraction with DCM and dried
over anhydrous magnesium sulfate. DCM was then removed at room temperature using a rotary
evaporator before further drying the obtained polymer in a vacuum oven at 60 °C for 2 h.
Removal of protecting side chain of para- and meta-substituted polymers

To remove the protecting side chain from the synthesized polymers (Scheme 1), 0.1 g of polymer
was dissolved in 2 mL of DCM. To this solution, 2 mL of trifluoroacetic acid (TFA) was added
and the solution was stirred at room temperature for 72 h. After this time, the TFA and DCM were
removed at 40 °C using a rotary evaporator. The polymer was then dispersed in DCM using

sonication to dissolve the cleaved side chains. The insoluble polymer was then filtered off using
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gravity filtration and rinsed with DCM. The obtained polymer was dried in a vacuum oven at 120
°C for 1 h before characterization using NMR and FTIR spectroscopy.

Preparation of 500 nm Stober silica

Stober silica was synthesized as previously reported.’® Stober silica particles, approximately 500
nm in diameter, were synthesized by adding 300 mL of absolute ethanol and aqueous ammonia
(100 mL, 1.45 mol) into a 500 mL round bottom flask with a stir bar. Tetraethyl orthosilicate
(TEOS) (25 mL, 112 mmol) was then added at room temperature while stirring vigorously. After
12 h, the particles were washed three times with anhydrous ethanol using sonication/centrifugation
wash cycles. The particles were then dried in a vacuum oven and calcined in a tube furnace at 600
°C for 4 h open to air. The particles were subsequently hydrolyzed by heating the silica particles
(5 g), 40 mL of 30% hydrogen peroxide solution, and 20 mL of ethanol to 75 °C for 24 h. The
hydrolyzed particles were centrifuged and dried in vacuum oven at 60 °C for 2 h. The final particles
were characterized using TEM and TGA.

Deposition of MDMS-Amide-P initiator on flat silica wafers

Silica wafers cut into 1x2 cm pieces were placed in a glass petri dish. Piranha solution (7 mL
sulfuric acid and 3 mL 30% aqueous hydrogen peroxide) was poured into petri dish and set at 100
°C for 2 h and subsequently rinsed three times with DI water. Anhydrous toluene (10 mL) and
MDMS-Amide-P (0.1 g, 0.25 mmol) were then added to a 10 mL reaction vial with the cleaned
wafers, which was then capped with a glass stopper. The solution was heated to 100 °C for 2 h
without stirring. The initiator-modified wafers were then sonicated with fresh toluene twice and
THF once, to remove unreacted initiator, and finally annealed in an oven at 140 °C for 30 min.
The final wafers were characterized using ellipsometry, goniometry, and GATR-FTIR

spectroscopy.
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Deposition of MDMS-Amide-P initiator on Stober silica

3 g of Stober silica was placed directly into a 500 mL round bottom reaction flask. Anhydrous
toluene (350 mL) and MDMS-Amide-P (0.5 g, 1.2 mmol) were added to the flask, which was then
capped with a glass stopper. The solution was heated to 100 °C for 2 h with stirring. After this
time, the particles were washed with repeated centrifugation/suspension cycles, twice in toluene
and once in THF, using centrifuge tubes. The resulting powder was dried in a vacuum oven at 60
°C for 1 h to give an off-white powder. The initiator-modified particles were characterized using
TEM and TGA.

Formation of polymer brushes on flat silicon wafers

MDMS-Amide-P modified wafers were placed into a 25 mL round bottom flask along with a stir
bar and the desired monomer (para-OOB-P-AB or meta-OOB-P-AB) (0.108 g, 0.25 mmol), and
the flask was then sealed with a rubber septum. The flask was placed under vacuum for 1 h before
being degassed and backfilled with nitrogen three times. After this, dry THF (3 mL) was added to
the flask using a degassed syringe. The flask was then placed in a methanol and water mixture
cooled with dry ice and allowed to cool for 10 min at -20 °C. LiHDMS (0.3 mmol, 0.3 mL) was
then rapidly added using a degassed syringe to start the polymerization. The polymerization was
allowed to proceed at -20 °C for 1 h. After this time, the flask was unsealed, and the wafers
removed. The polymer formed in solution was then quenched with 5 mL saturated aqueous
ammonium chloride solution and isolated via extraction with DCM, before being dried over
anhydrous magnesium sulfate. DCM was then removed at room temperature using a rotary
evaporator before further drying in a vacuum oven at 60 °C for 2 h. The polymer-modified wafers
were cleaned via sequential sonication in THF, chloroform twice, and THF again, before being

finally dried under a stream of nitrogen. The polymer-modified wafers were characterized using
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ellipsometry, goniometry, GATR-FTIR spectroscopy, and AFM. Polymer formed in solution was
characterized using NMR and GPC.

Formation of polymer brushes on Stober silica

MDMS-Amide-P modified Stober silica (0.5 g) was placed into a 25 mL round bottom flask along
with a stir bar and the desired monomer (para-OOB-P-AB or meta-OOB-P-AB) (0.432 g, 1 mmol),
and the flask was then sealed with a rubber septum. The flask was placed under vacuum for 1 h
before being degassed and backfilled with nitrogen three times. After this, dry THF (10 mL) was
added to the flask using a degassed syringe. The flask was then placed in a methanol and water
mixture cooled with dry ice and allowed to cool for 10 min at -20 °C. LiIHDMS (1.2 mmol, 1.2
mL) was then rapidly added via a degassed syringe to start the polymerization. The polymerization
proceeded for 1 h before being quenched with 5 mL of a saturated aqueous ammonium chloride
solution. The polymer-modified Stober silica was isolated and cleaned by repeated centrifugations
and washings with THF, chloroform twice, and THF using plastic centrifuge tubes and sonication.
The final polymer-modified particles were then dried in vacuum oven at 60 °C overnight before
characterization with TGA and TEM.

Removal of the protecting side chain of para- and meta-substituted polymers on modified wafers
To remove the benzyl protecting side chain from the polymer brushes on the silicon wafers, a
polymer-modified wafer was placed in a round bottom flask containing 2 mL of DCM. The flask
was sonicated for 10 min, followed by the addition of 2 mL of TFA. The flask was then stirred for
72 h at room temperature. After this time, the wafer was removed from the flask, placed in 10 mL
of THF, and sonicated for 10 min. The wafer was finally heated in dimethylacetamide (DMAc) to

remove any remaining physically absorbed material. The cleaned wafers were then dried in a
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vacuum oven at 60 °C for 1 h and characterized using ellipsometry, goniometry, GATR-FTIR
spectroscopy, and AFM.

Removal of protecting side chain of para- and meta-substituted polymers on modified silica
particles

To remove the benzyl protecting side chain from the polymer brushes on the Stober silica, 1 g of
polymer-modified Stober silica was placed in a round bottom flask and sonicated in 10 mL of
DCM until dispersed. 2 mL of TFA was then added to the dispersed Stober silica solution and
stirred for 72 h at room temperature. After this time, the TFA and DCM were removed at 40 °C
using a rotary evaporator. The polymer-modified Stober silica was then dispersed in THF using
sonication for 10 min and centrifuged. Particles were then dispersed in DMAc and heated to 100
°C for 10 minutes before cooling to room temperature and centrifuging. The polymer-modified
Stober silica was then dried in vacuo at 60 °C for 1 h and characterized using TGA and TEM.
Results and Discussion

Aromatic polyamides are classified as high-performance polymers due to their outstanding
mechanical properties and exceptional thermal resistance, which arise from their rigid aromatic
amide linkages and hydrogen bonding between the chains. However, these also result in solubility
problems and make producing well-defined polymers difficult, both of which inhibit the use of
these materials for new applications and limit optimization of current applications. One such area
is the preparation of aromatic polyamide coatings. While aromatic polyamides have been used as
coatings for RO and gas separation membranes, the lack of covalent attachment and the difficulty
in controlling the properties of the polymers using the current synthetic methods has inhibited the

further development of these membranes and the expansion of these materials to new areas.
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Recently, we reported on the use of substituent effect CGC polymerization for the preparation of
aromatic polyamide brushes.*® The adaptation of this synthetic technique to a surface-initiated
polymerization allowed for the synthesis of covalently attached, well-defined aromatic polyamide
coatings. The success of this technique is dependent on the ability to convert the traditional step-
growth polymerization used for aromatic polyamides to a chain-growth process. A limitation of
our previous work was the use of an octyl side chain, on the nitrogen of the amide linkage, to
improve solubility of the polymer. The presence of this side chain eliminates the strong hydrogen
bonding, which is characteristic in most commercial aromatic polyamides. To produce aromatic
polyamide brushes with the exceptional properties observed in the conventional polymers, we have
hypothesized that the protection-deprotection process used in solution by Yokozawa could be
adapted to our surface-initiated system 3433463051

Monomer and Initiator Synthesis

Similar synthetic routes to Yokozawa and our earlier work were utilized to produce each monomer
and both solution and surface initiators.**#4 Para- and meta-substituted monomers were
synthesized using the same procedure starting with either 4- or 3-nitrobenzoyl chloride,
respectively. In short, the nitrobenzoyl chloride was reacted with phenol to introduce the desired
leaving group for these monomers. Then the nitro groups were reduced using palladium on carbon
in ethyl acetate under a hydrogen atmosphere. Once reduced, the protecting group was added to
the amine via reaction with 4-octyloxybenzaldehyde using reductive amination. Both monomers
were synthesized in reasonable yields and high purity.

A new initiator was synthesized for the substituent effect CGC surface polymerizations in order to
produce well defined polymers (Scheme 1). The same solution initiator that was used in our

previous solution studies was utilized in this study.**#> The new surface initiator incorporated the
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same ester leaving group and electron withdrawing amide as the solution initiator but was
improved upon from our initial surface studies by reducing the number of methoxy silane groups
on the attachment group from three to two. This has been previously shown to lower the tendency
towards side condensation reactions and produce more uniform surfaces.’> The silane surface
initiator was synthesized by reacting phenyl 4-(chlorocarbonyl)benzoate with N-

methylaminopropylmethyldimethoxysilane and was produced with good yield and high purity.
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Scheme 1. Synthetic strategy for the preparation of meta- (A) and para- (B) substituted aromatic

polyamides with a protecting side chain in solution and the subsequent deprotection process.

Solution Polymerizations of the Protected Monomers

Yokozawa has performed similar solution polymerizations of both meta- and para-substituted
benzyl ether monomers, demonstrating that aromatic polyamides containing the benzyl ether
leaving group could be produced in a controlled manner leading to polymers with low PDI’s and
well-defined molecular weights.** However, detailed kinetic studies were not reported in these
studies. Obtaining a thorough understanding of the kinetics for the different monomers is important
in adapting their solution polymerization to a surface-initiated system. As such, the solution
kinetics for both the meta- and para-substituted monomers containing the benzyl ether side chain
were examined. From the semi-logarithmic plot of conversion versus time (Figure 1), both the
meta- and para-substituted protected monomers exhibit first order kinetics, which is indicative of
maintaining an active number of reactive chains throughout the polymerization. From these
studies, it was determined that the rate constant of propagation (k,) for the meta-substituted
protected monomer was 3.92 M-'s!, which was nearly threefold that of the para-substituted
protected monomer at 1.38 M-'s"!. This was hypothesized to be due to the para-substituted
protected system exhibiting a stronger deactivation of the carbonyl of the ester in the substituent
effect GCG polymerization via resonance, compared to inductive effect observed with the meta-

substituted protected system, for both monomer and growing polymer chain. However, both

16



systems had a larger k,

2
when compared to the 18 4 °
. . 1.6 1
previously studied para o
14
. = k,=3.92 M!s’!
octyl monomer, which S 12 - P S
S I °
had a k, of 0.64 M's 2
= 0.8 A
144 0.6 Py Py
04 - °
During the kinetic 02 ° k, =138 M5!
°
. . 0 T T T T T
studies, 1t was 0 100 200 300 400 500 600
Time (seconds)
observed, as expected, Figure 1. Semi-logarithmic plot of conversion versus time for

that the transparency of the the solution polymerization of meta- (red) and para- (blue)

polymerization solution for the  sybstituted protected monomers.

1.5

[ ]
15000 { @ Para ® Para
¢ Meta ° 14 { @Meta
12000 4
°
¢ & 1.3
S 9000 - s o
=) ® S
E) =
3 A12
= 6000 o 2
® 1.1 4
3000 - , ° o ®
\ Theoretical °
Y [ )
O T T T T 1 T T T T
0 20 40 60 80 0 20 40 60 80 100
Conversion % Conversion (%)

Figure 2. Plots of number average molecular weight (M,) (left) and PDI (right) versus monomer
conversion for the solution polymerization of meta- (red) and para- (blue) substituted protected

monomers.

17



meta-substituted aromatic polyamide with the protecting side chain was greater than the para-
substituted system. In the case of the para-substituted polymer, the polymerization solution
remained clear until an estimated degree of polymerization (DP) of 12, which corresponded to a
molecular weight of approximately 4000 g/mol, after which it became opaque. This change in
solution properties was also observed in the solution kinetics examining molecular weight and PDI
versus monomer conversion (Figure 2). In these plots, between a M, of 3800 g/mol and 6260
g/mol for the para-substituted monomer, the PDI shows an increase from 1.09 to 1.27 and
continues increasing to 1.5 at a M, of 8800 g/mol. Comparing this to the meta-substituted polymer,
the PDI remains low, typically less than 1.1, throughout the polymerization and the polymer
remained soluble in THF, as evidenced by the transparent polymerization solution. It is
hypothesized that the change in solution properties for polymerization of the para-substituted
monomer is due to chain aggregation in solution rather than precipitation of the polymer. This
conclusion was reached as there was no settling of precipitate over time if stirring of solution was
stopped and the molecular weight of the polymer continued to grow even after the solution became
opaque, as evidenced by a monomodal peak in the GPC analysis. Due to this potential chain
aggregation of the para-substituted polymer at higher molecular weights in THF, chloroform was
used as the GPC solvent to allow molecular weight characterization of these samples without
interference to the light scattering detectors. However, chloroform cannot be used as the
polymerization solvent due to the strong base, LIHDMS, used in the polymerization system, as
this would deprotonate the chloroform. Despite the differences in solution properties, Figure 2
demonstrates approximately linear growth of polymer molecular weight with conversion for both

monomers. This is indicative of a controlled chain-growth polymerization with a constant number
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of polymer chains and fast initiation relative to propagation, which are both characteristics required
for the formation of uniform polymer brushes.>

Deprotection of the Aromatic Polyamides Produced in Solution

Yokozawa has previously demonstrated deprotection of both the meta- and para-substituted benzyl
ether protected polymers using either pure TFA or TFA in DCM 34355951 Using this work as a
starting point, both the meta- and para-substituted benzyl ether protected polymers were placed in
a TFA/DCM solution for 72 h (Scheme 1). During the deprotection reaction, the para-substituted
polymers formed an off-white precipitate that was insoluble in chloroform, DCM, dimethyl
sulfoxide (DMSO), and THF. As such, only FTIR spectroscopy characterization was performed
for these deprotected polymers (Figure 3). The meta-substituted polymers also formed an off-
white precipitate during the reaction that was insoluble in chloroform and DCM. However, the
meta-substituted deprotected polymers were soluble in DMSO, allowing for both FTIR (Figure 3)
and NMR spectroscopy characterization (Figure S1). Comparing the benzyl ether protected and
deprotected meta-substituted polymers using NMR, a peak at 10.6 ppm appeared after the
deprotection reaction, showing the presence of an N-H amide proton, and the peak for the benzylic
proton at 4.8 ppm almost completely disappeared, confirming the successful deprotection of the
polymer (Figure S1). To determine the efficiency of the reaction, the aromatic peaks at 8.38 ppm
were integrated and compared to the integrated alkyl methyl end group peaks of the protecting side
chain at 0.81 ppm, which indicated 94% deprotection efficiency for the meta-substituted polymer.
FTIR spectroscopy demonstrated that both the deprotected meta- and para-substituted polymers
had a broad amide proton stretch at approximately 3300 cm!, when compared to the protected
versions of the polymer, and the alkyl C-H stretches from the protecting benzyl ether side chain at

2920 and 2850 cm! had also mostly disappeared (Figure 3). Comparison of the FTIR spectra for
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the deprotected meta- and para-substituted polymers suggest very similar deprotection due to very
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Synthesis and Deposition of Silane Based CGC Initiator (MDMS-Amide-P)
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A similar silane CGC initiator to our previous work was synthesized for this study (Scheme 2).%°
The initiator in this work was designed to incorporate two improved functionalities compared to
the previous surface-based initiator. As mentioned previously, the first change was the
functionality on the silane attachment group of the initiator. In this case, two hydrolysable methoxy
groups were used in place of the three in the original initiator. This allows for less branching and
crosslinking of the silane in solution and leads to a more uniform film on the surface.’*>> The
second aspect of the initiator that was improved was the leaving group of the ester. For the initiator
used in this study, the leaving group of the ester was changed to a phenyl ester moiety, instead of
the previous methyl ester, as it is similar to the solution initiator, has been shown to provide better
control over the polymerization, and the lithium phenoxide produced as a by-product of the
initiation process demonstrates excellent solubility in the THF reaction media.**

The new initiator for the surface-based CGC polymerizations, MDMS-Amide-P, was deposited on
piranha-cleaned flat silicon wafers in anhydrous toluene at 100 °C for 2 h, followed by sonication
with fresh toluene twice and THF once to remove unreacted initiator. The initiator-modified wafers
were blown dry between sonication washes before finally being annealing in a vacuum oven at
140 °C for 30 min. Goniometry analysis of the wafers before and after surface modification with
the initiator showed an increase in water contact angle from a surface that is essentially completely
wetted (~5-10°) for the clean wafers to a contact angle of 74 + 1.7° for the wafers with the
deposited MDMS-Amide-P initiator. These results are consistent with a change from the initial
hydroxylated silicon surface to the more hydrophobic phenyl ester terminal moiety. Ellipsometry
measurements show that the thickness of the film increases from the initial silica layer thickness
of 2.3 + 0.1 nm to a thickness 3.0 £ 0.6 nm, using the same SiO, model to fit the data, after

deposition of the initiator. The low error in the measurements suggests a good model fit to the
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ellipsometry data and a uniform MDMS-Amide-P initiator film. GATR-FTIR spectroscopy
performed on the deposited MDMS-Amide-P film on silicon wafers showed similar peaks to the
previous methyl ester study (Figure S2).° Pertinent absorption bands indicative of the MDMS-
Amide-P molecule are evident with peaks at approximately 2850 and 2930 cm!, corresponding to
the alkane C-H stretches, along with peaks at 1730 cm', for the carbonyl stretch of the ester leaving
group, and 1650 cm', corresponding to the amide carbonyl stretch. The peaks at 1200 cm™ and
900-800 cm! are present in a spectrum for clean, unmodified silicon wafers and can be assigned
to the Si-O-Si stretch and Si-O-H stretch & bend modes for silica, respectively .’

Growth of Aromatic Polyamide Brushes from Surface-Immobilized Initiators on Flat Silicon
Substrates Employing the Benzyl Protected Monomers

To determine the effectiveness of the surface-immobilized MDMS-Amide-P initiator for CGC
polymerization, aromatic polyamide brushes were grown by immersing the initiator-modified
silica wafers in a solution of deprotonated monomer, either the meta- or para-substituted benzyl
ether protected, in THF at -20 °C (Scheme 2). After the polymerization, the polymer-modified
wafers were extensively cleaned using sonication to remove unreacted monomer and physically
absorbed self-initiated polymer to ensure characterization was focused on the surface-immobilized
polymer. Like the previously discussed solution polymerizations, both the meta- and para-
substituted benzyl ether protected monomers were used for the preparation of polymer brushes. It
was once again observed that during polymerization of the para-substituted benzyl ether protected
monomer the solution turned opaque over time, which was attributed to self-initiation of
monomers in solution and the chain aggregation of the polymer at higher molecular weights, as

previously discussed. Whereas the meta-substituted benzyl ether protected polymer solutions
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remained clear throughout the polymerization, although NMR analysis of the polymerization
solution indicated that self-initiation was still observed, resulting in polymer forming in solution.
Goniometry measurements demonstrated that the water contact angle of the modified wafers

increased from 74+2° for the immobilized initiator to 94 + 2° and 95 + 2° for the meta- and para-
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the polymer films were measured using ellipsometry. To find the best fit for determining the
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thickness, a Cauchy model was used.”” The use of the Cauchy model was justified based on the
wavelength range of 465 to 635 nm for the ellipsometer, where the polymer films are non-
absorbing. In addition, the Cauchy model allowed for a more appropriate fit of the data to the
model with an extracted index of refraction for the aromatic polyamide brush films being 1.56,
instead of using silica’s index of refraction of 1.45. From this thickness analysis, it was determined
that the thickness of the aromatic polyamide brushes created using the system developed in this
study were almost five times thicker than films achieved using the methyl ester method in our first
report on the octyl substituted monomer.*® Thicknesses of up to 57 + 4 nm were obtained for the
para-substituted protected aromatic polyamide brushes, whereas the meta-substituted protected
brushes achieved thickness up to 46 = 1 nm. GATR-FTIR spectroscopy (Figure 4) shows, as
expected, that the surface-immobilized polymers had near perfect spectral overlap when compared
to those of the same polymers prepared in solution (Figure 3). Using AFM, the topography of both
para- and meta-substituted benzyl ether protected surfaces were examined (Figure 5). The AFM
analysis showed a low root-mean-square (rms) roughness for both surfaces, with the meta-
substituted protected polymer surface having a rms of 1.04 + 0.19 nm and the para-substituted
system had a rms of 2.29 + 0.29 nm. The higher rms value for the para-substituted benzyl ether
protected polymer is possibly due to some aggregation of the chains due to the more linear
backbone. The AFM image for this surface does indeed show the presence of small features on the

surface that are consistent with chain aggregation. The AFM low rms roughness values for both
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surfaces suggest excellent control was achieved during the surface-initiated polymerization,

resulting in well-defined polymer films.

Meta Protected Para Protected
RMS 1.04 £ 0.19 RMS 2.20 £ 0.29 nm

Meta Deprotected Para Deprotected
RMS 1.51 £ 0.04 nm RMS 1.79 £ 0.06 nm

Figure 5. AFM 3D images with a scan size of 500 nm for meta protected, meta deprotected, para

protected, and para deprotected surface profiles.
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Scheme 2. Substituent effect CGC polymerization for the preparation of a meta-substituted benzyl
ether protected polymer brush and the subsequent deprotection reaction on flat or curved silica

surfaces. The same procedure was used for the para-substituted monomer.

Deprotection of Polyamide Brushes on Silica Wafers

Following a similar strategy to the solution polymers, the protected aromatic polyamide brushes
were deprotected by placing them in a solution of TFA and DCM for 72 h (Scheme 2). After this
time, the brushes were sonicated in THF and heated in DMAc to remove any physically absorbed
benzyl ether side chains from the surface. The deprotected polymer brushes were characterized
using GATR-FTIR spectroscopy, ellipsometry, goniometry, and AFM. Goniometry showed the
water contact angle decreased from 94 + 2° to 81 + 2° after the deprotection reaction for the meta-
substituted polymer brushes and from 95 + 2° to 81 + 2° for para-substituted brushes. This is

hypothesized to be due to the removal of the hydrophobic octyl solubilizing chain off the benzyl
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ether protecting group. Ellipsometry showed a decrease in the thickness of the brushes after the
deprotection reaction, which was expected, due to loss of the protecting side chain that comprised
approximately 65 wt.% of the polymer repeating unit.*® It is also possible that hydrogen bonding
between the amide proton, present after the deprotection reaction, and the amide carbonyl groups
on the polymers contributes to the observed thickness decrease due to the polymer chains forming
aggregates on the surface. The meta-substituted aromatic polyamide brushes exhibited a decrease
in thickness from 46 + 1 nm to 23 + 1 nm, while the para-substituted brushes had a decrease from
57 4 nm to 21 + 2 nm. The larger decrease in thickness for the para-substituted brush after the
deprotection reaction may be due to the reduced solubility of the deprotected para-substituted
brush in dichloromethane. As the deprotection reaction progresses, the para-substituted brush will
precipitate out of solution, which would result in a larger decrease in the observed thickness
compared to the meta-substituted polymer that is more soluble in dichloromethane.

Removal of the protecting benzyl ether side chain was also characterized using GATR-FTIR
spectroscopy (Figure 4). In both cases, comparison of the spectra before and after the deprotection
reaction showed the reduction of alkyl side chains the C-H stretches near 2850 and 2930 cm™ and
the appearance of a small amide proton peak at 3300 cm™'. However, the spectra for the deprotected
para-substituted polymer brush (Figure 4) still shows significant C-H stretches, which suggest the
deprotection reaction was not as efficient for this system. We hypothesize the reason for this is the
reduced solubility of the deprotected para-substituted polymer, compared to the deprotected meta-
substituted polymer in the solvent used for the deprotection reaction, dichloromethane. As the
deprotection reaction starts, the solubility of the para-substituted polymer brush will decrease,
inhibiting removal of all the protecting groups. Whereas the meta-substituted polymer brush is

more soluble and shows a larger decrease in the C-H stretches, indicating more efficient
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deprotection. Despite the differences in deprotection efficiency, overall, the para-substituted
polymer brush shows the largest decrease in thickness after deprotection due to the dominant
solubility effect resulting in precipitation of the polymer brush from solution as the deprotection
reaction occurs. Comparing the AFM topography of protected and deprotected surfaces, very
similar rms roughness values were observed for both meta- and para-substituted surfaces (Figure
5). Despite the similar rms values, the AFM images show significant differences in the
topographies of both the meta- and para-substituted surfaces after the deprotection reaction. The
meta-substituted surface shows a slight increase in the RMS roughness and the presence of more
pronounced surface features after deprotection (Figure 5). This is attributed to aggregation of the
chains on the surface as a result of intermolecular hydrogen bonding. While the para-substituted
surface had a decrease in the rms roughness after the deprotection reaction, the surface topography
appears to be come more uniform and resembles that of the deprotected meta-substituted surface
(Figure 5). Once again, we propose that this is due to intermolecular hydrogen bonding.

Growth of Aromatic Polyamide Brushes from Surface-Immobilized Initiators on High Surface
Area Silica Using Benzyl Protected Monomers

To gain greater insight to the properties of the surface-initiated aromatic polyamide brushes, Stober
silica particles were also used to prepare the same polymer brushes systems that were synthesized
on flat silicon wafers. To achieve this, large Stober silica particles (approximately 500 nm in
diameter) were synthesized, calcined, rehydrated, and dried using a similar previously reported
technique.” The large diameter particles were chosen as it has been reported they mimic the
properties of flat silicon wafers and allow for effective comparison between the two different
substrates.®® The surface initiator was deposited on the Stober silica by stirring the particles in hot

anhydrous toluene with the MDMS-Amide-P initiator. The aromatic polyamide brushes then were
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grown from the cleaned and dried initiator-modified particles using a similar procedure to that of

the flat silicon wafers (Scheme 2). As was the case for the flat silicon wafers, the Stober silica

solution for polymerization of the para-substituted benzyl ether protected monomer became

opaque, because of self-initiated polymer forming and aggregating in solution, while the solution

for the meta-substituted monomer stayed transparent. After polymerization, the polymer-modified

silica particles were isolated by extensive washings and centrifugations, and then dried and

characterized using TEM and TGA.

TGA results for the aromatic polyamide polymer brushes prepared on the Stober silica particles

can be seen in Figure 6. TGA analysis of surface-initiated polymers is important, as it allows for

the determination of the grafting density of the polymer chains and, thus, determination if a

polymer brush structure
was synthesized. The TGA
trace for MDMS-Amide-P
initiator modified Stober
silica particles has an
approximately 0.5 wt.%
weight loss, when
compared to the calcined
silica. This weight loss
corresponds to a grafting

density of approximately

1.8 initiator molecules/nm2 and meta-

on the surface of the silica
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Figure 6. TGA profiles of the MDMS-Amide-P surface initiator (black)

(red) and para- (blue) substituted protected and deprotected

aromatic polyamide brushes on Stober silica particles.
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particles. This calculation was performed by using the wt.% of initiator lost in TGA, the molecular
weight of the organic component of the MDMS-Amide-P initiator, and the surface area of the 500
nm spherical Stober silica particles. When comparing these results to those previously reported,
the initiator density for the MDMS-Amide-P system is approximately half of that observed for the
methyl ester initiator.*® This can be explained by the difference in the structure of the silane
attaching group between the two initiators. As discussed previously, the MDMS-Amide-P initiator
was designed with two hydrolysable methoxy groups on the silane compared to the three groups
of the previously reported initiator to reduce condensation side reactions.’? Silanes with three
hydrolysable groups have been shown to form crosslinked structures on the surface, which
produces a higher number of groups per unit surface area but produces less uniform films.

When comparing weight loss of both polymers on the high surface area particles, the para-
substituted protected polymer demonstrates a higher weight loss, 20 wt.%, compared to the weight
loss of the meta-substituted protected polymer, 15 wt.% (Figure 6). This was due to the thicker
films produced with the para-substituted protected polymer, as discussed below. Despite this
weight loss difference, both degradation profiles were very similar, with the para-substituted
protected polymer degrading at a slightly higher temperature than the meta-substituted protected
polymer. Onset degradation temperatures of 260 °C and 515 °C were found for the two degradation
stages of the para-substituted protected polymer and 247 °C and 451°C for the meta-substituted
protected polymer. The first derivative maximums were also used to find the weight loss slope
maximums and gave 294 °C and 557 °C for the two degradation stages of the para-substituted
protected polymer and 289 °C and 509 °C for the meta-substituted protected polymer degradation
stages. The first stage of both degradation profile temperatures is very close and is hypothesized

to be due to loss of the benzyl ether protecting side chain. This side chain corresponds to
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approximately 65% of the weight of the polymer repeat unit. However, both polymers only showed
an approximately 52% weight loss in this stage, which does not account for all the protecting side
chains. The second burn off stage at higher temperature is hypothesized to correspond to
degradation of the polymer backbone. The second stage of degradation for both polymers is
comparable to similar aromatic polyamide structures, such as Kevlar® and Nomex® fibers, and
corresponds closely to their degradation temperatures.®! They also are very close to the degradation
profiles for the meta- and para-substituted deprotected polymers, which will be discussed below.

To further examine the protected brushes, grafting densities of both polymer brushes were obtained
and compared to our previous study.** To do this, the polymers must be degrafted from the Stober
silica particles and their molecular weight properties determined. To degraft the polymer brushes,
the particles were first suspended in THF, hydrofluoric acid (HF) added, and the suspension was
stirred at room temperature for 1 h. The cleaved polymers were then extracted and characterized
using NMR spectroscopy, GPC, and FTIR spectroscopy. NMR of the degrafted polymer showed
the same proton peaks observed in the spectra of similar solution polymers (Figure S3). GPC gave
a M, of 97,240 g/mol with a PDI of 1.09 for the meta-substituted protected polymer and a M, of
122,900 g/mol and PDI of 1.38 for para-substituted protected polymer. This demonstrates that the
meta-substituted polymerization remained controlled throughout, while the para-substituted
polymerization resulted in an increased PDI because of chain aggregation, as discussed above,
which follows what was observed in the solution kinetic studies. It should be noted that, while the
molecular weights prepared in the solution kinetic studies were much small than those obtained
for the surface-initiated systems, a lower concentration of initiator is present on the surface of the
particles when compared to that used in the solutions studies. Solutions polymerization were

conducted for both the meta- and para-substituted protected monomers with an initiator
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concentration of 0.002 mmol/L or targeting a theoretical DP of 500 to mimic the lower initiator
concentration present on the surface and in each case the M, values were greater than 80,000 g/mol
and similar PDI’s were observed. FTIR for both meta- and para-substituted protected polymers
showed the same characteristic peaks that were seen in the solution polymers (Figure S4). Using
the TGA weight loss percent of the particles along with the observed M, grafting densities of 0.30
chains/nm? for the meta-substituted protected polymer and 0.28 chains/nm? for the para-substituted
protected polymer were calculated, using the same process as used in our previous work.*
Comparing to our previous study, these grafting densities are similar and show that both the meta-
and para-substituted systems are within the reported polymer brush regime, indicating that a high
level of chain packing on the surface was obtained for these polymer brush surfaces.!

Using TEM, the protected aromatic polyamide brush thicknesses were measured to be 22 + 4 nm
and 18 + 3 nm for the para- and meta-substituted protected polymer brushes, respectively, and
appeared to be very uniform across the surface of both particles (Figure 7). The lower thickness
of the aromatic polyamide brush on the Stober silica particles, compared to the silicon wafers, is
attributed to the higher concentration of initiators on the silica particles relative to the amount of
monomer present in the reaction mixture, when compared to the flat wafers. The silicon wafers
have roughly 6 orders of magnitude less initiator molecules present in the reaction, so these
initiators would see more monomer over the course of the reaction when compared to the Stober
silica particles. As the polymer molecular weight, which is proportional to the thickness of the
polymer brushes, is a function of the ratio of monomer concentration to initiator concentration, the
polymer on the flat wafers should have a higher molecular weight and, hence, brush thickness,
which is indeed the case. As mentioned previously, the thickness of the polymer layer on the

particles is very uniform for both the meta- and para-substituted protected polymers, suggesting a
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well-defined polymerization process was obtained. When compared to the results for the methyl
ester system in our previous work, where no obvious polymer was observed, the aromatic
polyamide brushes produced from the phenyl ester monomer proved to be much thicker on both

the silicon wafer and high surface area particles.*
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Figure 7. TEM images of hybrid Stober silica particles with meta- (top) and para- (bottom)

substituted protected polymer brushes (left) and deprotected polymer brushes (right).

Deprotection of Polyamide Brushes on High Surface Area Silica
To further investigate the aromatic polyamide brushes prepared on Stober silica, the polymers were
deprotected using a similar process as the flat silicon wafers. The particles were first suspended in

DCM, followed by the addition of TFA, and were then stirred for 72 h. The particles were then
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thoroughly cleaned with chloroform and heated in DMAc to remove physically absorbed side
chains. The deprotected meta- and para-substituted polymer brushes on the Stober silica were then
characterized using TGA. These results showed a decreased weight loss for both meta- and para-
substituted deprotected brushes but did not get to the calculated 65 wt.% repeat unit mass loss
expected with the removed side chain. Instead, a 54 wt.% decrease was observed for the para-
substituted deprotected polymer brushes and 55 wt.% for the meta-substituted deprotected polymer
brushes when compared to the protected surfaces. Both degradation profiles for the deprotected
polymers were similar to the second stage profile of the protected polymers, which was again
hypothesized to be due to degradation of the polymer backbone. Onset degradation temperature of
438 °C was found for para-substituted deprotected polymer and 455 °C for meta-substituted
deprotected polymer. First derivative of the degradation profiles showed 493 °C for para-
substituted deprotected polymer and 500 °C for meta-substituted deprotected polymer (Figure 6).
The meta- and para-substituted deprotected polymer-modified Stober silica particles were also
characterized using TEM. Images of these systems showed a decrease in film thickness to 11 £ 5
nm and 11 + 3 nm for the para- and meta-substituted brushes, respectively (Figure 7). This
decrease in thickness was also observed with the polymers on the flat wafers but was more
pronounced for the flat surfaces compared to the Stober silica particles. The TEM images of the
deprotected polymers also indicated that there was an increase in the surface roughness of the

polymer after the deprotection reaction. This increased surface roughness is hypothesized to be
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due to clumping of the polymer chains because of hydrogen bonding along the backbone of the
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confirmed that after the aromatic polyamides for both the para- (bottom) and meta- (top)

deprotection reaction the substituted polymers degrafted from Stober silica.

characteristic amide proton

peak was seen at 3300 cm' along with reduced alkyl side chain C-H stretches and bends at 2850
and 2930 cm! (Figure 8). Due to the insolubility of the para-substituted deprotected polymer,
NMR characterization was only performed on the meta-substituted deprotected polymer. NMR of

the meta-substituted deprotected polymer showed a 95% deprotection efficiency, which is similar
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to the solution deprotection results of 94% using the same benzyl methyl NMR peak compared to
the amide proton peak.

Nanomechanical Analysis Using AFM

The physical properties of thin polymer films can play a crucial part in the performance of modified
surfaces. In particular, there has been interest in tailoring the chemical robustness, mechanical
strength, and functionality of polymer films for application in areas that include membranes, high
performance coatings, lubrication, and adhesion. As such, in order to determine whether the
introduction of hydrogen bonding along the polymer backbone improves the mechanical properties
of the brushes, AFM was used to obtain force curves for each surface in order to determine the
Young’s modulus of the polymer brushes. To the best of our knowledge this is the first example

of force measurements of fully aromatic polyamides covalently attached to a substrate.
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modulus. (B) Young’s modulus of the different polymer brushes on flat wafers. Meta P: meta-
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substituted protected; Meta D: meta-substituted deprotected; Para P: para-substituted protected;

and Para D: para-substituted deprotected. Error bar represents the standard deviation, n = 10.

The mechanical properties of the different polymer brush samples were measured from force-
displacement curves using AFM (Figure 9A). The obtained curves were fitted to eq. 1 to obtain
Young’s modulus values for each of the brushes (Figure 9B). These results demonstrate that
removal of the protecting side chain for either the meta-substituted or para-substituted brushes
resulted in a dramatic increase in the Young’s modulus values. The meta-substituted brush
increased from approximately 5 GPa to almost 22 GPa and the para-substituted brush from 6 GPa
to almost 32 GPa. It is hypothesized that the improved modulus results from the introduction of
hydrogen bonding along the backbone after the deprotection reaction. In addition, the para-
substituted deprotected brush had a higher Young’s modulus than the meta-substituted brush after
deprotection, which was expected due to the more linear chains with para-substitution. The
Young’s moduli of the deprotected aromatic polyamide brushes in this study (~20-30 GPa) are
some of the highest values reported for polymer brushes and have not been previously reported for
similar systems prepared using the MLD technique.!” To provide context for these values, they are
a significantly higher than that reported for the thin aromatic polyamide layer used in reverse
osmosis membranes (~2 GPa).%2 To further provide a comparison for the Young’s modulus values
obtained for the aromatic polyamide brushes synthesized in this study, an aromatic polyamide film
was prepared using a previously reported interfacial polymerization technique with trimesoyl
chloride and meta-phenylenediamine as the monomers.*® This film was isolated on a silica wafer
and the Young’s modulus measure using the same method to that used for the polymer brushes.
Analysis of this aromatic polyamide film yielded a Young’s modulus value of 2.0 +£ 0.5 GPa, which

further demonstrates the tremendous potential of these polymer brush films.
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Conclusion

Aromatic polyamides are considered high performance engineering polymers due to their high
heat stability, excellent chemical stability, and exceptional strength. Aromatic polyamides have
very seldom been utilized for surface applications however due to the relative insolubility of these
polymers in common organic solvents rendering application of these polymer to surfaces difficult.
However, due to these excellent properties, high surface strength polymer films have been
predicted for polymers with rigid rod backbones making these aromatic polyamides an ideal
candidate to be explored. Surface initiated aromatic polyamide polymer brushes were grown from
flat silicon wafers and high surface area silica particles surfaces using the newly developed surface-
initiated substituent effect CGC polymerization method. Protecting side chains on the monomer
structures were utilized to allow for deprotection after polymerization and introduce hydrogen
bonding alone the backbone of the polymer. The polymerization was first examined in solution to
establish the optimal polymerization conditions for the meta- and para-substituted benzyl ether
protected monomers. The resultant solution polymers were then deprotected, showing high
deprotection efficiency and the introduction of hydrogen bonding between chains. These results
were transferred to surface-initiated polymerizations via the preparation and deposition of a new
initiator system on both flat and curved surfaces. The surface-initiated polymerizations produced
well defined, thick polymer brushes from both the meta- and para-substituted protected monomers.
The protecting side chains on these polymer brushes were also successfully removed. TEM
demonstrated a high grafting density for both the meta- and para-substituted systems, showing
both were in the polymer brush regime. Finally, AFM was used to show the outstanding Young’s
modulus values obtained for the polymer brushes after removal of the protecting side chain

introduces hydrogen bonding to the polymer backbone.
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spectroscopy; GATR, grazing-angle attenuated total reflextance; GPC, gel-permeation
chromatography; LiHMDS, lithium bis(trimethylsilyl)amide; meta-OOB-P-AB, phenyl 3-((4-
(octyloxy)benzyl)amino)benzoate; mLbL, molecular layer by layer; NMR, nuclear magnetic
resonance; para-OOB-P-AB, phenyl 4-((4-(octyloxy)benzyl)amino)benzoate; PDI, polydispersity
index; RO, reverse osmosis; TEA, triethylamine; TEM, transmission electron microscope; TEOS,
tetracthyl orthosilicate; TFA, trifluoroacetic acid; TGA, thermogravimetric analysis; THF,

tetrahydrofuran.
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