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Abstract 

With growing freshwater scarcity in many areas of the world, purifying alternative sources of 

water such as seawater, brackish water, and wastewater has become increasingly important. One 

of the main ways this is done is using reverse osmosis (RO) membranes composed of aromatic 

polyamide films synthesized using interfacial polymerization. These membranes have become the 

industry standard due to their excellent salt rejection. However, issues with fouling, degradation, 

and delamination plague current technology, which has led to renewed interest in finding 

innovative solutions. Polyethylene glycol (PEG) has been used extensively for its antifouling 

properties and has been incorporated into RO membranes with some success. In this study, 

oligoethylene glycol (OEG) functionalized aromatic polyamides were covalently grown using 

surface initiation from silicon wafers, quartz crystal microbalance (QCM) sensors, and silica 

particles to form high grafting density polymer brushes. Initially, solution-based kinetic studies 

were used to optimize the polymerization conditions of the OEG functionalized monomers. The 

optimized conditions were then used for surface-initiated substituent effect chain-growth 

condensation polymerization of the monomers. The use of these conditions produced uniform 

OEG functionalized aromatic polyamide brushes with well-defined molecular weight and narrow 

molecular weight distribution. QCM and atomic force microscopy were used to demonstrate 

drastically improved antifouling characteristics of the brushes compared with PEG monolayers 

and aromatic polyamides brushes without the OEG functionalization. 

Introduction 

Fresh water is among one of the most valued resources for life on earth. With growing 

population, climate change, and industrialization, this precious resource is becoming scarcer.1 One 
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of the biggest causes of this scarcity is contamination of conventional water resources, such as 

lakes and rivers, from many sources, including municipal, industrial, and agricultural wastewater.2 

To address this problem, nontraditional water sources, like seawater, brackish water, and 

wastewater, must be tapped into. However, for these water sources to be used as a viable supply 

of fresh water, they must first be treated and purified until they reach acceptable standards for 

human consumption and use. One of the leading ways to purify these nontraditional water sources 

is using membrane processes, of which, reverse osmosis (RO) membranes are the most widely 

used to remove salts, minerals and contaminates.3 Of the currently used RO processes, membranes 

coated with aromatic polyamides are one of the dominant technologies for desalination of 

seawater.4 However, these membranes have multiple issues that limit how well they function and 

their operational lifetimes. One of the main issues that current RO membranes can experience is 

fouling from small organic molecules, microorganisms, and colloids, all of which lowers the flux 

through the membrane, decreasing their performance, and increasing the cost of operation for the 

desalination process.1,5 One of the conventional ways to address fouling is by adding bleach to 

degrade the organic molecules in an effort to suppress fouling.6 The downside of this, however, is 

that the amide linkages of the conventionally used aromatic polyamide coatings have been shown 

to deteriorate with exposure to bleach, which also results in a decline of the membrane 

performance.7,8 Another issue arises due to the aromatic polyamide layer on RO membranes being 

traditionally prepared via an interfacial polymerization and, as a result, not being covalently 

attached to the underlying membrane. This can result in delamination of the coating over time.4  

One method to address the fouling issue of these membranes is surface modification to introduce 

anti-fouling functionality. Surfaces that are hydrophilic, contain hydrogen bonding donors, and are 

electroneutral have been reported to have high resistance to small organic molecules and 
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microorganisms.2 A common material that has been used for anti-fouling coatings is PEG.9 PEG 

has been used extensively to prevent protein and bacterial adhesion in many applications ranging 

from biomedical to industrial usage.10 There are two approaches that have been used to attach PEG 

or other anti-fouling agents to the cross-linked aromatic polyamide coating of RO membranes; 

direct covalent attachment and physical attachment. In order to covalently bind PEG or other anti-

fouling agents to the aromatic polyamide coating, a polymer or monolayer can be attached to either 

a secondary amide nitrogen from the polyamide layer, a surface carboxyl group, or can be grown 

from the polyamide layer using a technique like atom transfer radical polymerization.2  Physically 

absorbed coatings are typically produced by soaking the aromatic polyamide membrane in a 

polymer or antifouling agent solution and then letting the solvent evaporate.11 When applying 

physically absorbed coatings, van der Waals attraction, electrostatic interactions, or hydrogen 

bonding are relied upon to hold the coating modification in place. These forces are not as stable 

for long term attachment, compared with covalent attachment, making the covalent modification 

method preferable.12 

A potential method to overcome many of the issues faced by the current aromatic polyamide RO 

membranes is the application of polymer brushes. Use of a surface-initiated polymerization 

approach to prepare aromatic polyamide brushes on a membrane surface would result in a dense, 

homogenous, and covalently attached film on the membrane. Currently, the crosslinked aromatic 

films used are relatively thick, at around 200 nm, to remove apertures and surface defects, and 

possess a high degree of surface roughness because of the interfacial polymerization used to 

prepare them.13,14 There is a growing interest in fabricating thinner, smoother polyamide films to 

enhance water flux and reduce membrane fouling. By directly growing the aromatic polyamide 

from the membrane surface, in the form of a polymer brush, a covalently attached thin, uniform 
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layer would be produced, which has the potential to increase water permeability without 

compromising selectivity.15,16 The chemistry of the aromatic polyamide brushes can also be highly 

tailored due to a wide variety of side chains that can be attached to the base monomer unit. One 

such side chain could be OEG, which would introduce anti-fouling properties to the aromatic 

polyamide and improve wettability, potentially increasing the membrane flux. Modification of the 

monomer structure would also allow for a one step synthesis methodology to improve coating 

stability and introduce anti-fouling properties, instead of the post-polymerization modifications 

used in current RO membranes.  

One recently used method to create polyamide layers similar to that used in RO membranes is 

molecular layer by layer (mLbL) deposition.17 mLbL deposition has been shown to create well 

defined aromatic polyamide films by utilizing a step-growth polymerization technique.18 This is 

achieved by reacting di- or tri-functional monomers on the surface one monomer layer at a time.19 

However, this technique has its limitations as a result of having to cycle monomer layers, making 

this process very time intensive and difficult to scale.20 Despite this, the reports that have used this 

technique have shown promising results of increased salt rejection, increased flux, and improved 

fouling resistance.16,21-29 Aromatic polyamide brushes could form a similar structure to these films, 

with the added benefit of a quick, simple, and scalable one step polymerization, but to date 

aromatic polyamide brushes have not been used to modify RO membranes. 

In 2000 Yokozawa et al. demonstrated the conversion of a traditional step-growth 

polymerization for the solution preparation of aromatic polyamides to a living chain-growth 

process, termed substituent effect chain-growth condensation (CGC) polymerization.30 In 2006 

Yokozawa further demonstrated the versatility of this technique by preparing aromatic polyamides 

with OEG side chains in solution.31,32 These polymers showed very interesting properties, including 
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reversible phase transitions and improved solubility in water. This groundbreaking work focused 

on the preparation of aromatic polyamides in solution and did not report on the use of substituent 

effect CGC polymerization for surface modification, for example, in the preparation of polymer 

brushes. In 2015 our group published the first example of the synthesis of aromatic polyamides 

from silica surfaces using substituent effect CGC polymerization.33 This work demonstrated a 

proof-of-concept for the adaptation of this new polymerization method for surface modification 

but was limited in application due to the alkyl chain used as the monomer side chain to improve 

polymer solubility. Recently, we expanded on our original work by incorporating a protecting side 

chain on the aromatic polyamide brush to replace the previously used alkyl side chain.34 The use 

of a protecting side chain was first demonstrated by Yokozawa in solution polymerizations, as 

post-polymerization removal of the side chain produces a secondary polyamide structure and 

allows for the formation of hydrogen bonding, which is responsible for many of the desirable 

properties of aromatic polyamides.35 Adaptation of this method using the surface-initiated 

substituent effect CGC process developed by our group allowed for the formation of thick aromatic 

polyamide brushes with the protecting side chain, which was removed after polymerization to 

introduce hydrogen bonding to the polymer brushes. This demonstrated that surface-initiated 

substituent effect CGC polymerization could be modified to prepare aromatic polyamides with 

different side chain functionality, and it was hypothesized that it could be used to add OEG side 

chains to allow for more wettable aromatic polyamide surface and to introduce anti-fouling 

properties.  

In this report, aromatic polyamide brushes with OEG side chains were synthesized via surface-

initiated substituent effect CGC polymerization on Stӧber silica particles and flat silica substrates. 

Aromatic polyamides with either para- or meta-substitution along the backbone and OEG side 
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chains were synthesized, both in solution and as polymer brushes, to compare properties of the 

final polymers. Kinetic studies were performed in solution to optimize the polymerization 

conditions and allow for control over the polymer properties. These conditions were then used for 

the preparation of aromatic polyamide brushes. Quartz crystal microbalance (QCM) and atomic 

force microscopy (AFM) were used to evaluate the fouling resistance of the polymer brushes and 

to probe the anti-fouling mechanisms. To the best of our knowledge this is the first example of the 

synthesis, characterization, and evaluation of surface-initiated aromatic polyamides brushes with 

OEG side chains. 

Experimental section 

Materials. All chemicals were purchased from Sigma Aldrich and were used as received unless 

otherwise noted. N-methylaminopropylmethyldimethoxysilane and 3-

[methoxy(polyethyleneoxy)9-12]propyltrimethoxysilane was purchased from Gelest and used as 

received. HPLC grade tetrahydrofuran (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. QCM 5 MHz 14 

mm Cr/Au/SiO2 Q Sense sensors were purchased from Quartz Pro. Stӧber silica particles were 

synthesized according to previous work.34 Bovine serum albumin (BSA, lyophilized powder, 

≥98%) was purchased from Sigma-Aldrich.   

Characterization. 1H and 13C 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.36 Infrared spectra were recorded using a 

Perkin-Elmer Frontier FT-IR Spectrometer using a diamond/ZnSe attenuated total reflectance 
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(ATR) crystal for bulk samples and a Harrick Scientific VariGATR (glazing-angle ATR) 

accessory for thin films on silicon wafers. Contact angle measurements were recorded with a ramé-

hart standard goniometer 260-U4 using 10 μL drops of deionized water. Images were captured 

using DROPImage software. A FEI Talos 200 kV with a field-emission source was used to obtain 

transmission electron microscope (TEM) micrographs. Samples were prepared by dispersing a 

small amount of material into THF assisted by sonic agitation. An approximately 2 μL aliquot of 

the mixture was placed 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 in 

air at a ramp rate of 20 °C/min. Number-average molecular weight (Mn) and polydispersity index 

(PDI) were measured using a Wyatt miniDawn, Wyatt Optilab, and Agilent HPLC gel-permeation 

chromatography (GPC) unit (eluent: inhibitor free THF (OmniSolv) with a flow rate of 1.0 mL/min 

using 5 μm 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 of 0.09 

for polymers between 2,000-10,000 g/mol and 0.12 for polymers over 10,000 g/mol in THF was 

determined and used for the prepared polymers during the analysis.  

The adsorption kinetics of BSA on the polymer brush surfaces were investigated using a QCM 

(QSense E4 analyzer, Biolin Scientific, Sweden). The polymer brushes were grown on silica 

coated QCM sensors using the same method as on silicon wafers. The BSA deposition experiments 

were conducted on polymer brush coated QCM sensors with a flow rate of 0.1 mL/min inside the 

E4 flow cells at 25 °C. After obtaining a stable baseline (or frequency shift of less 0.2 Hz over 10 

min) in a buffer of 10 mM NaCl and 0.4 mM NaHCO3 at pH 7.6 ± 0.2, 50 mg/L BSA dissolved in 

the same buffer was introduced to the modules to allow for BSA adsorption on the polymer brush 
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surfaces.37 The frequency shifts were monitored and converted to the mass of deposition using the 

Sauerbrey equation.38 AFM imaging of polymer brushes formed on silicon wafers was performed 

with a Multimode 8 AFM (Bruker) using a ScanAsyst-Air probe (Bruker). The root-mean-square 

(rms) roughness of the samples were determined from three replicate measurements. AFM force 

measurements were obtained by first functionalizing the D cantilever of an NP-O10 AFM probe 

(Bruker) with a carboxylate-modified latex (CML, Molecular Probes Latex Beads, 4% w/v, 

diameter 10 µm) sphere. The spring constant of the cantilever was then determined using the 

thermal noise method.39 The force measurements between the CML-modified tip and polymer 

substrates were carried out using the force volume mode in the same buffer solution as in the QCM 

experiments (i.e., 10 mM NaCl and 0.4 mM NaHCO3, pH 7.6 ± 0.2). The CML-probe was cleaned 

using ultrapure water and subjected to UV/ozone cleaning for 15–20 min between measurements. 

The tip was brought to and then pulled off from a surface at a velocity of 500 nm/s, with a dwell 

time of 1 s.40 The force measurements were conducted at 30 different locations. The deflection vs 

displacement curves were converted to force vs separation curves based on the method by Ducker 

et al. and our previous work.42-44 The total interaction energy was calculated by integrating the area 

between the force vs separation curve and the X-axis.43 

 

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 OEG functionalized monomers 

The polymerization procedure, utilizing the initiator phenyl 4-(dimethylcarbamoyl)benzoate 

(DMA-P) and the monomer of interest, is depicted below in Scheme 1. Monomer, phenyl 4-((2-
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(2-(2-methoxyethoxy)ethoxy)ethyl)amino)benzoate (para-OEG-P-AB) or phenyl 3-((2-(2-(2-

methoxyethoxy)ethoxy)ethyl)amino)benzoate (meta-OEG-P-AB), (0.18 g, 0.50 mmol) and the 

initiator DMA-P (3.4 mg, 0.013 mmol) were placed in a round bottom flask, which was then 

attached to a Schlenk line under vacuum for 30 min and degassed three times with nitrogen at 

room temperature. For further drying, 0.25 mL of dry toluene was added to the flask with monomer 

and initiator. The toluene was then removed at 50 °C on the Schlenk line and the flask refilled with 

nitrogen. This drying process repeated three times. After drying, anhydrous THF (10 mL) was 

added to the flask. The flask was placed in a methanol and water mixture cooled with dry ice to -

20 °C for 10 min. After this time, 1 M lithium bis(trimethylsilyl)amide (LiHMDS) base (0.60 mL, 

0.60 mmol) in THF was rapidly injected and the solution stirred while aliquots were taken for 

kinetic studies or without sampling for bulk polymers. For the kinetic studies, 2 mL aliquots were 

withdrawn at given time intervals, either 5 or 15 min. The aliquots for the kinetic studies and the 

bulk polymerizations were immediately quenched with 5 mL saturated aqueous ammonium 

chloride after being withdraw or completing the desired polymerization time. The resulting 

polymer was isolated via extraction with dichloromethane (DCM) and dried over anhydrous 

MgSO4. The 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 final polymer was characterized using GPC, NMR 

spectroscopy, and FTIR spectroscopy. 

Deposition of MDMS-Amide-P initiator on flat silica wafers or QCM sensors 

Silica wafers cut into 1x2 cm pieces were placed in piranha solution (7 mL ACS reagent sulfuric 

acid and 3 mL 30% aqueous hydrogen peroxide) at 100 °C for 2 h and subsequently rinsed three 

times with DI water. QCM sensors were placed in piranha solution for 30 min at room temperature 

and rinsed three times with DI water. Anhydrous toluene (10 mL) and phenyl 
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4((3(dimethoxy(methyl)silyl)propyl)(methyl)carbamoyl)benzoate (MDMS-Amide-P) (0.10 g, 

0.25 mmol) were added to a straight wall 10 mL reaction flask with cleaned wafers or QCM 

sensors, which was then capped with a glass stopper. The solution was heated to 100 °C for 2 h 

without stirring. After this time, the wafers were removed and washed by sonication in fresh 

toluene twice and THF once, to remove unreacted initiator. Following the washing, the initiator-

modified wafers and QCM sensors were annealed in an oven at 140 °C for 30 min and then 

characterized using ellipsometry, goniometry, and GATR-FTIR spectroscopy. 

Deposition of MDMS-Amide-P initiator on Stӧber silica  

3 g of Stӧber silica was placed directly into a 500 mL round bottom reaction flask. Anhydrous 

toluene (350 mL) and MDMS-Amide-P (0.50 g, 1.20 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, FTIR spectroscopy, and TGA.  

Formation of polymer brushes on flat silicon wafers or QCM sensors 

MDMS-Amide-P modified wafers or QCM sensors and a stir bar were placed into a 25 mL round 

bottom flask along with the desired monomer (para-OEG-P-AB or meta-OEG-P-AB) (0.09 g, 0.25 

mmol), and the flask was then sealed with a rubber septum. To fully dry the system, 0.25 mL of 

dry toluene was added to the flask with monomer and wafer or QCM sensor. The toluene was then 

removed at 50 °C on the Schlenk line and the flask refilled with nitrogen. The drying process was 

repeated three times. After drying, anhydrous 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 
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allowed to cool for 10 min at -20 °C. LiHDMS (0.30 mmol, 0.30 mL) was then rapidly added to 

start the polymerization. The polymerization was allowed to proceed at -20 °C for 6 h. After this 

time, the flask was unsealed, and the wafers or sensors removed. The polymer formed in solution 

was then quenched with 5 mL saturated aqueous ammonium chloride solution. The solution 

polymer was isolated via extraction with DCM and dried over anhydrous MgSO4. The 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 or QCM sensors were cleaned via sequential 

sonication in THF three times, and finally dried under a stream of nitrogen. The polymer-modified 

wafers or QCM sensors were characterized using ellipsometry, goniometry, and GATR-FTIR 

spectroscopy. Polymer formed in solution was characterized using NMR spectroscopy, FTIR 

spectroscopy, and GPC. 

Formation of polymer brushes on Stӧber silica  

MDMS-Amide-P modified Stӧber silica (0.50 g) and a stir bar were placed into a 25 mL round 

bottom flask along with the desired monomer (para-OEG-P-AB or meta-OEG-P-AB) (0.36 g, 1.00 

mmol), and the flask was then sealed with a rubber septum. To fully dry the system, 0.25 mL of 

dry toluene was added to flask with the monomer and Stӧber silica. The toluene was then removed 

at 50 °C on the Schlenk line and the flask refilled with nitrogen. The drying process repeated three 

times. After drying, anhydrous 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. LiHDMS (1.20 mmol, 1.20 mL) was then rapidly added to start the 

polymerization. The polymerization proceeded for 6 h before being quenched with 5 mL of 

saturated aqueous ammonium chloride solution. The polymer-modified Stӧber silica was isolated 

and cleaned by centrifugation and washing with THF three times using plastic centrifuge tubes 
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and sonication. The final polymer-modified particles were then dried in vacuum oven at 60 °C 

overnight before characterization with TGA, FTIR spectroscopy, and TEM. 

Deposition of PEG monolayer on QCM sensor 

Anhydrous toluene (10 mL) and 3-[methoxy(polyethyleneoxy)9-12]propyltrimethoxysilane 

(0.10 g, 0.61 mmol) were added to a straight wall 10 mL reaction flask with cleaned QCM sensors 

and capped with a glass stopper. The solution was heated to 100 °C for 2 h without stirring. After 

this time, the sensors were removed and washed by sonication in toluene twice and THF once, to 

remove unreacted PEG silane. Following the washing, the PEG monolayer modified QCM sensors 

were annealed in an oven at 140 °C for 30 min and then characterized using ellipsometry, 

goniometry, QCM, and AFM. 

Formation of meta-substituted deprotected polymer brushes on QCM sensors  

The procedure for this polymerization was adapted from our previous study.34 MDMS-Amide-

P modified QCM sensors were placed into a 25 mL round bottom flask along with a stir bar and 

the monomer (phenyl 3-((4-(octyloxy)benzyl)amino)benzoate) (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, anhydrous 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 sensors 

removed. The polymer-modified sensors were cleaned via sequential sonication in THF, 

chloroform twice, and THF again, before being finally dried under a stream of nitrogen. To remove 

the benzyl protecting side chain from the polymer brushes on the QCM sensors, a polymer-
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modified sensor 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 trifluoroacetic acid (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 cleaned wafers were then dried in a 

vacuum oven at 60 °C for 1 h and characterized using ellipsometry, goniometry, QCM, and AFM.  

 

Results and Discussion 

 Crosslinked aromatic polyamide films have been used extensively for RO membranes due 

to their ease of synthesis and excellent salt rejection. However, these membranes suffer from 

issues, such as fouling and film delamination, which limit their lifetime and increase the cost of 

water purification. Using the recently developed surface-initiated CGC polymerization technique, 

first reported in our previous work, we hypothesize that by adding a OEG side chain to the 

monomer used to prepare aromatic polyamide brushes will not only improve the fouling resistance 

of the polymers but would also allow for covalent attachment of polymers to a wide range of 

underlying substrates.33,34  

Substitution of aromatic rings along the backbone of polymer chains has been shown to have a 

significant effect on a variety of polymer properties, including solubility and a range of physical 

properties.34,47 Solubility has always been a challenge with aromatic polyamides due to strong 

hydrogen bonding and excellent chain packing, particularly for para-substituted monomers, which 

has resulted in difficulty in processing and application of these polymers.1 Another property of 

interest for aromatic polyamides, especially for application in any anti-fouling coating, is 

resistance to degradation. In RO membranes, meta-substituted aromatic polyamides have shown 

greater resistance to chemical degradation compared to para-substituted aromatic polyamides and 
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this, combined with improved flux and salt rejection, have resulted in meta-substituted polyamides 

being primarily used in film formation for commercial membranes.49,50 Yokozawa et al. have 

synthesized both meta- and para-substituted OEG functionalized aromatic polyamides in solution 

using substituent effect CGC polymerization with low PDI and control over molecular weight but 

polymerization was limited to solution.32,46 Using similar synthetic pathways to Yokozawa, both 

meta-substituted and para-substituted OEG functionalized monomers were synthesized to explore 

the different characteristics of each in forming polymer brushes.  

Monomer and Initiator Synthesis 

As mentioned previously, Yokozawa et al. has contributed extensively to CGC aromatic 

polyamides and, because of this, much of the background on monomer synthesis for this study 

involved replicating this work. Like Yokozawa, a three OEG repeat unit side chain was chosen as 

this has been used extensively and has shown good results.32,46,51-53 However, unlike Yokozawa, 

the meta-substituted monomer in this study contained a phenoxide leaving group on the ester, as 

previous work from our group has shown that this leaving group results in enhanced control over 

the polymerization.45,54 In short, to synthesize both para- and meta-substituted monomers, 4- and 

3-nitrobenzoyl chloride were used as the starting material, respectively. These were reacted with 

phenol, followed by reduction of the nitro groups with palladium on carbon under a hydrogen 

atmosphere. The amines were then reacted with 2-[2-(2-methoxyethoxy)ethoxy]acetic acid to form 

an amide bond, which was selectively reduced using borane THF to give the final monomer 

structure. The monomers were then purified using column chromatography, resulting in high 

purity and good yield. Both the surface and solution initiators used in this study were synthesized 

according to previous work.34,45 

Solution Polymerizations of the OEG Functionalized Monomers 
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Scheme 1. Synthetic strategy for the solution preparation of meta- (A) and para- (B) substituted 

OEG functionalized aromatic polyamides using substituent effect CGC polymerization. 

 

a - Meta OEG - meta-substituted OEG functionalized aromatic polyamide; Para OEG - para-substituted 

OEG functionalized aromatic polyamide. b - 30 min: dried monomer and initiator on Schlenk line for stated 

time before degassing with nitrogen 3 times, toluene: drying method is outlined in methods and used 

toluene to azeotropically remove water. c - NMR molecular weight found by using the ratio of polymer and 

initiator NMR peaks. All molecular weights given in g/mol. 

Table 1. The effects of drying techniques on the solution polymerization of the meta- and para-

substituted OEG functionalized monomers.  

Monomera Drying 
methodb 

Mn 
(GPC) 

Mw  
(GPC) 

PDI  
(GPC) 

Conversion 
% (NMR) 

Mnc  
(NMR) 

Meta OEG 30 min 8,889 10,180 1.15 97 10,485 
Meta OEG Toluene 8,557 9,179 1.07 98 10,653 
Para OEG 30 min 10,120 10,620 1.05 80 8,821 
Para OEG Toluene 12,440 12,730 1.02 90 9,737 
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Previous work from our research group has demonstrated that the transfer of solution-based 

substituent effect CGC polymerizations to surface-initiated polymerizations requires a thorough 

understanding of the polymerization kinetics and optimization of the polymerization 

conditions.33,45,54 While Yokozawa et al. have investigated similar monomers to those used in this 

study previously, those reports did not include detailed polymerization kinetics, the 

polymerizations for the meta-substituted monomer were only conducted at one temperature, and 

the meta-substituted monomer had a methoxy leaving group on the ester.32 In addition, our 

preliminary work using these OEG functionalized monomer indicated that drying of the monomers 

played a critical role in their polymerization performance, which has not been previously reported.  
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During the initial polymerization studies for each of the monomers, it was observed that the 

results obtained varied significantly when different drying techniques for the monomers were used. 

PEG polymers have long been known for their affinity to water and, as such, we hypothesized the 

observed variations could be 

due to different amounts of 

water absorbed by the 

monomers.55 Water in the 

substituent effect CGC 

polymerization solution has 

the ability to consume the 

base used to deprotonate 

monomer, which in turn, 

effects the overall 

polymerization, as monomer 

that is not deprotonated can 

react with deprotonated 

monomer to initiate a 

polymer chain and result in 

larger PDIs.44 With this in 

mind, polymerizations were performed using the same drying technique as previous studies by our 

group, that is, 30 minutes of drying followed by degassing with nitrogen three times.34 This was 

compared to drying by adding toluene and removing it with vacuum three times, and replacing the 

atmosphere with nitrogen, to remove water azeotropically. After each drying technique, both meta- 

Figure 1. Kinetic plots for polymerization of both meta- and para-

substituted OEG functionalized monomers comparing different 

drying techniques. Wet refers to drying monomer for 30 min and 

degassing three times. Dry refers to azeotropically removing water 

three times using toluene. 
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kp = 0.38 M
-1
s
-1
 

kp = 1.5 M
-1
s
-1
 

and para-substituted OEG functionalized monomers were polymerized for 5 h to determine 

differences in molecular weight, conversion, and PDI (Table 1). As Yokozawa had previously 

reported that -20 °C was the optimal temperature for the para-substituted OEG functionalized 

monomer, this temperature was utilized for all polymerizations.46 When comparing the different 

drying techniques for both monomers it was observed that use of the toluene drying method 

produced a higher conversion and lower PDI compared to standard drying conditions. These 

results demonstrate the importance of removing water from the polymerization media when using 

hydroscopic monomers, such as these OEG functionalized monomers, and the toluene drying 

method was used for the subsequent surface studies. 

 

 

 The kinetic studies of the OEG-functionalized monomers with the different drying techniques 

also allowed for the influenced on the polymerization rate to be examined. For both the meta- and 

Figure 2. Kinetic plots of Mn (right) and PDI (left) versus conversion for the substituent effect CGC 

polymerization of meta- and para-substituted OEG functionalized monomers.  
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para-substituted OEG functionalized monomers, drying with a toluene azeotrope resulted in a 

higher rate constant of propagation (kp), compared to the standard drying technique, while the first 

order semi-logarithmic plots of conversion versus time remained linear for both drying conditions 

(Figure 1). The kp differences observed for the different drying conditions demonstrates the 

importance of maintaining dry conditions during substituent effect CGC polymerizations. The 

lower kp values for the standard drying polymerizations, the wet conditions in Figure 1, are 

believed to be due to differences in the rate of addition for protonated monomer compared to 

deprotonated monomer. The proposed mechanism for substituent effect CGC polymerization 

relies on deprotonation of the amine on the monomer to deactivate the monomer towards reacting 

with itself but allow preferential reaction with the initiator or propagating chain.56 The 

deprotonated monomer has a negatively charged nitrogen and is more nucleophilic than the 

protonated monomer, which is a secondary amine. As such, deprotonated monomer will react 

faster with the carbonyl of the ester on the propagating chain than the protonated monomer. The 

presence of water in the reaction media will consume some of the added base, resulting in higher 

concentrations of protonated monomer, which leads to a lowering of the observed kp.  

Like our previous study using monomers with a protecting side chain, polymerizations with the 

meta-substituted OEG functionalized monomer were faster than with the para-substituted 

monomer.34 In this case, the kp for the toluene azeotrope dried meta-substituted OEG 

functionalized monomer was 1.5 M-1s-1 compared the para-substituted monomer with a kp of 0.068 

M-1s-1. This difference is believed to be due to deactivation of the meta-substituted monomer via 

induction, compared to resonance for the para-substituted monomer, in the substituent effect CGC 

mechanism resulting in increased reactivity of the carbonyl of the ester. In addition to the semi-

logarithmic kinetics plots, Mn and PDI were also monitored with conversion for both the meta- 
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and para-substituted OEG functionalized monomer that had been dried using the toluene azeotrope 

(Figure 2). For each monomer, the plot of Mn versus conversion demonstrated a close to linear 

relationship, indicating a constant number of propagating chains, with minimal side reactions. The 

PDI versus conversion plots demonstrated that both meta- and para-substituted OEG 

functionalized monomers resulted in polymers with a very low PDI, typically below 1.05, over the 

course of the polymerization. This is indicative of fast initiation relative to propagation for the 

polymerization mechanism. It should be mentioned that the conversion ranges for the 

polymerizations of the meta- and para-substituted OEG functionalized monomers are different due 

to differences in the kp values and monitoring the kinetic experiments over similar time increments. 

As the meta-substituted OEG functionalized monomer has a higher kp, it will reach higher 

conversions over a fixed time period when compared to the para-substituted monomer. 

While Yokozawa et al. also performed solution studies of these OEG functionalized monomers 

using substituent effect CGC polymerization, no specific conditions were discussed for drying of 

the monomers. Instead, their research used additives to try and improve the polymerization of the  

different monomers, which had trouble with slow polymerization times, low conversion, and self-

polymerization.31,32,46,52,57,58 The hypothesis of Yokozawa et al. was that the poor polymerization 

performance was due to the ethylene glycol side chains coordinating with the lithium counter ion 

formed as a result of the LiHDMS base that is used to deprotonate the monomers.32,46,58 To combat 

this, different strategies were investigated, including changing reaction temperature and the 

addition of lithium chloride (LiCl), N,N,N’,N’-tetramethylethylene-diamine (TMEDA), crown 

ether 12-crown-4, or hexamethylphosphoric triamide (HMPA).31,32,46,52,57,58 While the use of these 

additives resulted in some improvements, with lower PDI and higher conversions, most of the 

improvements were not directly compared to the non-additive polymerization or the improvements 
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were minimal, so it is difficult to fully evaluate the true value of the additive.31,32,52,57 Based on 

these reports, and on the work conducted in this study demonstrating the importance of extra drying 

of the monomer, we concluded that extra drying is the primary means to improve the overall 

performance of substituent effect CGC polymerizations using OEG functionalized monomers. 

Synthesis and Deposition of Silane Based CGC Initiator (MDMS-Amide-P) on Flat Silicon 

Substrates 

After optimization of the solution polymerization conditions, surface-initiated substituent effect 

CGC polymerization of the meta- and para-substituted OEG functionalized monomers was 

performed on both flat and high surface area silica surfaces (Scheme 2). As with previous work, a 

silane-based initiator was utilized to allow attachment to silanol groups on the silica surfaces. The 

MDMS-Amide-P initiator was chosen to match the properties of the solution initiator, while also 

allowing for a uniform monolayer on the silica surfaces.34 For flat silica wafers, deposition of the 

initiator was achieved by first cleaning the surface using piranha solution then placing the wafers 

in dry toluene with the MDMS-Amide-P initiator and heating to 100 °C for 2 h. The wafers were 

then sonicated in dry toluene three times to remove any physically absorbed initiator. The initiator-

modified surfaces were characterized using techniques like those in previous work and have been 

shown to confirm the formation of uniform, well defined initiator layers.34 Using ellipsometry, a 

thickness of 3.0 ± 0.6 nm was found and agreed with previous work using the same initiator.34 

Measurement of the water contact angle also gave results like those of previous work, with a value 

74 ± 2° observed in this case. This indicates a relatively hydrophobic surface when compared to 

the hydrophilic hydrolyzed silanol surface, with an essentially completely wetted surface, 

possessing a contact angle of 5-10°. Lastly, the initiator surfaces were characterized using GATR-

FTIR spectroscopy and demonstrated a carbonyl ester stretch at 1730 cm-1, amide carbonyl stretch 
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at 1650 cm-1, and alkyl C-H stretches at 2850 and 2930 cm-1, all of which are characteristic of the 

initiator structure. These results combined indicate that a well-defined initiator layer was formed 

from the flat silicon wafers. 

 

Scheme 2.  Surface-initiated substituent effect CGC polymerization for the preparation of a para- 

(A) and meta- (B) substituted OEG functionalized polymer brushes on flat or curved silica 

surfaces. 

Growth of OEG Functionalized Aromatic Polyamide Brushes from Surface-Immobilized Initiators 

on Flat Silicon Substrates 

 Surface-initiated polymerizations of the meta- and para-substituted OEG functionalized 

monomers were performed by first adding the appropriate monomer and the initiator modified 

wafer to a reaction flask and degassing. Dry THF was then added, and the reaction flask cooled to 

-20 °C. The LiHMDS base was then quickly added to start the polymerization (Scheme 2). Using 



24 

 

the previously discussed toluene azeotrope drying process, polymer brushes with thicknesses up 

to 17 ± 2 and 22 ± 4 nm, as measure by ellipsometry, were grown for the para- and meta-substituted 

OEG monomers, respectively. Using GATR-FTIR spectroscopy on the polymer brushes, the 

aromatic polyamide structure was confirmed by the presence of an ether stretch at 1130 cm-1, an 

amide carbonyl stretch at 1645 cm-1, an ester carbonyl stretch at 1710 cm-1, and alkyl C-H stretches 

at 2910 and 2850 cm-1 (Figure S1). A broad OH stretch was also seen around 3400 cm-1, which is 

most likely due to the hydrophilic nature of OEG resulting in atmospheric water absorbing to the 

surface of the polymer brushes. The water contact angle of the polymer brushes was measured 

using goniometry and showed a significant decrease from the contact angle of the initiator to values 

of 49 ± 2° and 47 ± 2° for para- and meta-substituted OEG functionalized polymers, respectively. 

Comparison of these values to those in our previous study, where the polymer brushes had similar 

backbone structures but had no OEG side chain on the nitrogen of the amide and gave a contact 

angle of 95 ± 2°, show that addition of the OEG side chain makes the polymer brushes significantly 

more hydrophilic.34 This suggests that not only could these OEG side chains help with the fouling 

issues of RO membranes but also produce relatively hydrophilic surfaces that would, potentially, 

also improve the flux of the membrane. 
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Growth of OEG Functionalized Aromatic Polyamide Brushes from Surface-Immobilized Initiators 

on High Surface Area Silica  

To gain more information 

about the OEG functionalized 

aromatic polyamide brushes, 

high surface area Stӧber silica 

was used to synthesize the 

polymer brushes. Like our 

previous study, 500 nm Stӧber 

silica particles were chosen as 

the high surface area substrate 

as they mimic the properties 

of flat wafers but provide a 

high enough surface area to 

degraft and collect the 

surface-grown polymer.34  

Figure 3. TGA profiles of the MDMS-Amide-P initiator (black) 

and meta- (orange) and para- (green) substituted OEG 

functionalized aromatic polyamide brushes on Stӧber silica 

particles. 
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 TGA was used to find the temperature decomposition 

profiles for the initiator and polymer brush modified silica 

particles (Figure 3). TGA showed a 5.0% weight loss for 

para-substituted OEG functionalized polymer brush and a 

5.5% weight loss for the meta-substituted polymer brush 

between 200 °C and 600 °C, while the initiator-modified 

surface showed a 0.5% weight loss in the same range for both 

systems. Onset degradation temperatures of 243 °C and 478 

°C were found for the two degradation stages of the para-

substituted OEG functionalized polymer and 263 °C and 485 

°C for the meta-substituted OEG functionalized polymer. 

The first derivative maximums were also used to find the 

weight loss slope maximums and gave 278 °C and 507 °C for 

the two degradation stages of the para-substituted OEG 

functionalized polymer and 296 °C and 530 °C for the meta-

substituted OEG functionalized polymer degradation stages. 

The TGA decomposition profiles for these polymer brushes 

were like our previous work synthesizing aromatic polyamide 

brushes without the OEG side chain.34 The TGA profiles also 

suggest the presence of water in the polymer brushes due to a 

small weight loss at around 100 °C of approximately 1.5 wt.% for both polymers, which would be 

expected due to the hydroscopic nature of the OEG side chains. Next the polymers were cleaved 

from the silica particles using hydrofluoric acid to determine the grafting density of the polymer 

Figure 4. TEM images of the para- 

(top) and meta- (bottom) substituted 

OEG functionalized aromatic 

polyamide brushes grown from 

Stӧber silica particles. 
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brushes. The degrafted polymers were characterized using GPC to give a Mn of 28,800 g/mol and 

PDI of 1.27 for the meta-substituted OEG functionalized polymer and a Mn of 24,880 g/mol and 

PDI for 1.22 for the para-substituted OEG functionalized polymer. Using the molecular weight 

and the weight loss data, a grafting density of 0.27 chains/nm2 for meta-substituted polymer brush 

and 0.28 chains/ nm2 for the para-substituted polymer brush were calculated using a previously 

reported technique.33,34 These values are similar to values  previously reported in our studies on the 

formation of different aromatic polyamide brushes and indicate that the polymers are within the 

brush regime.33,34 The degrafted polymers were also characterized using NMR and FTIR 

spectroscopy. NMR showed the same characteristic peaks observed for the similar solution 

polymers. FTIR also showed the characteristic ether stretch at 1130 cm-1, amide carbonyl stretch 

at 1645 cm-1, ester carbonyl stretch at 1710 cm-1, and alkyl C-H stretches at 2910 and 2850 cm-1 

seen in the solution polymers and the polymer brushes synthesized on the flat substrates. 

TEM analysis was used to visually investigate the polymer brushes produced on the silica 

particles. The TEM micrographs showed uniform coverage on the silica particles for both polymer 

brush systems, with a thickness of 5.2 ± 0.7 nm for the para-substituted OEG functionalized brush 

and 5.4 ± 0.8 nm for the meta-substituted OEG functionalized brush (Figure 4). In the TEM 

images, the polymer film is seen as the light gray color compared silica particles being seen as a 

darker gray color due to lower electron density of the polymer film resulting in less contrast.59 The 

uniform coverage is indicative of a well-controlled surface polymerization and suggests that the 

optimized solution polymerization conditions transferred successfully to the surface. 

Anti-fouling performance and mechanisms of OEG functionalized aromatic polyamide brushes 

The kinetics of BSA adsorption on the two OEG-functionalized aromatic polyamide brushes was 

investigated using QCM. As a comparison, we also measured BSA adsorption on sensors coated 
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with a meta-substituted aromatic polyamide brush with no substitution on the nitrogen (meta H 

bond) and at similar brush thickness (20 nm) and grafting density (0.28 chains/nm2), to investigate 

the effect of OEG functionalization on the aromatic polyamide chain. In addition, sensors coated 

with a 5 nm PEG (9-12 repeat units) silane monolayer, as a benchmark anti-fouling surface, were 

also tested.  The adsorption of BSA on the surfaces is manifested by negative frequency shifts. 

The adsorbed BSA layers can be considered rigid with calculated ∆Dn/(-∆fn/n) values of 

significantly less than 4 ´ 10-7 Hz-1 (Table S1).60 Therefore, the mass of adsorbed BSA (Figure 

5A and 5B) can be calculated using the 7th overtone with the Sauerbrey equation (1), where C = 

17.7 ng Hz-1 cm-2 for a 5 MHz quartz crystal, and n is the overtone number.37,60 

∆m	 =	–	("	·	∆&)
(

	       (1)  

Figures 5 shows that BSA adsorbed on the polymer brush surfaces at different rates, with the 

measured adsorbed mass over 60 min increasing in an order of meta-substituted OEG 

functionalized aromatic polyamide brush (meta OEG) < para-substituted OEG functionalized 

aromatic polyamide brush (para OEG) < PEG monolayer (PEG layer) < meta-substituted aromatic 

polyamide brush (meta H bond). Following the BSA adsorption experiment, we rinsed the surface 

with a BSA-free buffer (10 mM NaCl and 0.4 mM NaHCO3 at pH 7.6) for 30 min to study the 

reversibility of the adsorption. These results show that the change in frequency is negligible during 

the buffer rinse stage, which indicates that there is almost no release of BSA from the surface after 

buffer rinse. Therefore, the adsorbed BSA mass presented in Figure 5b represents the actual 

amount of BSA adsorbed on the polymer surfaces with or without buffer rinse. In addition, there 

is no significant frequency shift during the 10 min prior to BSA adsorption, as well as in the 30-

min buffer rinse after BSA adsorption. These results together demonstrate that the polymer 

coatings on the surfaces are stable and do not detach from the sensor surface in an aqueous 
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environment. Altogether, these results demonstrate that both the meta- and para-substituted OEG 

functionalized aromatic polyamide brushes had less BSA adsorption, or were more resistant to 

BSA fouling, than the PEG monolayer, which is commonly used as a standard for anti-fouling 

coating. Comparing this PEG monolayer to studies employing similar PEG monolayers and PEG 

layers with additional functional groups shows similar or less absorbed BSA mass, demonstrating 

this PEG monolayer was an effective control surface.61-63 Notably, no BSA adsorption was detected 

on the meta-substituted OEG functionalized brushes over a period of 60 min, suggesting an 

excellent resistance to protein fouling. The results also show that the meta-substituted aromatic 

polyamide brush with no substitution on the nitrogen, used as a comparison to aromatic polyamide 

coatings commonly used in a range of different membrane technologies, including many RO 

membranes, had the highest BSA adsorption over the time period. This demonstrates that 

incorporation of the OEG side chain onto the aromatic polyamide backbone dramatically improves 

fouling resistance. 

 

Figure 5. (A) Adsorption of BSA on polymer brush surfaces in a buffer of 10 mM NaCl and 0.4 

mM NaHCO3 at pH 7.6. (B) Total adsorbed BSA on the surfaces after 60 min adsorption. Error 

bars represent standard deviations, n = 2. Asterisk * indicates that adsorption was not detected.  
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AFM images of the polymer brush surfaces show that the OEG functionalized aromatic 

polyamide brushes had smoother surfaces at the nanoscale than the meta-substituted deprotected 

aromatic polyamide brush and PEG monolayer surfaces (Figure S2). The lower surface roughness 

of the OEG functionalized brushes results in more surface area for contact with BSA, which is one 

possible contributor to the observed less adsorption of BSA on these two surfaces. However, low 

roughness alone cannot explain the almost zero adsorption of BSA on the meta-substituted OEG 

functionalized aromatic polyamide brush surface. 

 

 To further understand the mechanisms by which the OEG-functionalized aromatic polyamide 

brushes resist BSA adsorption, the interaction force between the different surfaces and a CML-

modified AFM probe, in the same buffer as used in the QCM experiments, was measured (Figure 

6).  The CML colloid was used as a surrogate for BSA because they both carry carboxylic 

functional groups, which results in similar interactions with the surface.64,65 In each case, a 

repulsion was observed when the probe was brought close to the surfaces (Figure 6). Notably, the 

repulsion was stronger and extended to longer distances for the two OEG functionalized aromatic 

polyamide surfaces compared with meta-substituted deprotected aromatic polyamide brush and 

PEG monolayer surfaces.  
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Figure 6. Representative force curves during the approach of the probe to the surface. The shaded 

regions indicate interaction energy calculated from the area between the force curve and the X-

axis. 

To better understand these results, the interaction energies for the surfaces were calculated by 

integrating the areas between the force curves and the X-axis, with positive interaction energy 

representing repulsion and negative energy representing attraction (Figure 6). Because AFM 

measurement only probes local interactions, 30 force curves were collected at different locations 

and the distribution of interaction energy is presented in the form of a box plot and frequency plot 

(Figure 7). Both of the OEG functionalized aromatic polyamide surfaces experienced a strong 

repulsion with the CML probe, while the meta-substituted deprotected aromatic polyamide brush 
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and PEG monolayer had minimal interaction with the probe (Figure 7A). This is more clearly 

demonstrated in the frequency count plots (Figure 7B).  Repulsive interactions were detected for 

100% of the approach events between the meta-substituted OEG functionalized brush and CML 

colloidal probe and 80% for the para-substituted OEG functionalized brush. For meta-substituted 

deprotected aromatic polyamide brush and PEG monolayer, negligible interactions were detected 

for >90% of the approach events. 

 

Figure 7. (A) Box plots of total interaction energy calculated from the approach force curves, n = 

30. (B) Frequency count of total interaction energy. Red and black bars indicate repulsion and 

attraction, respectively. 

The adsorption of BSA on the OEG functionalized aromatic polyamide brush surfaces can be 

explained by the interactions measured between the CML probe and the surfaces. The interaction 

energy was the most repulsive for the meta-substituted OEG functionalized brush surface (Figure 

7A), corresponding to the observed zero adsorption of BSA. This strong repulsion cannot be 

electrostatic in nature. The strong repulsion between meta-substituted OEG functionalized brush 

and the CML probe extended to almost 40 nm (Figure 6), well above the Debye screening length 

of 3 nm at an ionic strength of 10 mM, and also above the dry thickness of the brush (22 nm).65 

Such a long-range repulsive interaction is most likely due to a combination of the steric repulsion 
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between the CML probe and the brushes, and surface interactions with the OEG side chains on the 

aromatic polyamide. An “elastic” component of steric repulsion arises when the polymer chains 

are deformed during the approaching of the CML colloid.66 In addition to this, the meta-substituted 

aromatic polyamide chains are more flexible than the para-substituted chains.67 The enhanced 

flexibility of the meta-substituted OEG functionalized aromatic polyamide brush potentially 

allows for increased presentation of the OEG side chains at the polymer-aqueous solution 

interface. This, combined with the fact that each polymer chain contains multiple OEG side chains, 

would result in a densely packed, high concentration OEG layer at the interface interacting with 

the BSA and the CML colloid. Since the PEG layer is hydrophilic, it holds a tightly bound 

hydration layer at the interface; the compression of this hydration layer will also result in a 

repulsive force that prevents the adsorption of BSA. As such, the combination of steric repulsion, 

surface hydrophilicity, and the flexibility of the meta-substituted PEG functionalized aromatic 

polyamide brushes creates a multi-defense mechanism for resisting the adsorption of BSA. It 

should be mentioned that the force curve for the para-substituted OEG functionalized aromatic 

polyamide brush shows the presence of an attractive force for approximately 1/3 of the force 

measurements (Figure 6). This result is somewhat unexpected and is being further investigated 

using both computational and experimental studies.  

 

Conclusion 

Surface-initiated OEG functionalized aromatic polyamides were successfully grown from silicon 

wafers, QCM sensors, and Stӧber silica particles. Before the surface polymerizations were 

performed, solution polymerizations were studied to ensure a chain-growth behavior and in order 

to better understand the polymerization mechanism. These studies found that both para- and meta-
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substituted OEG functionalized aromatic polyamides maintained control throughout 

polymerization when the monomers were dried azeotropically with toluene. Polymerizations were 

then performed on both silicon wafers, demonstrating improved wettability of these surfaces 

compared to previous studies, and Stӧber silica particles, producing grafting densities indicating 

that these polymer films were in the brush regime. TEM was used to show uniform growth of 

polymer on the Stӧber silica particles. Polymer brushes grown on QCM sensors demonstrated very 

low protein absorption compared to the two control surfaces, demonstrating the potential these 

polymers have for antifouling surfaces. Lastly, AFM force measurements suggest that the 

antifouling properties of the OEG-functionalized polyamide brushes are attributed to the strong 

steric repulsion between the polymers and foulants and improved flexibility of the meta-substituted 

brush allowing for easier migration of the OEG side chains to the interface. To the best of our 

knowledge, this study is the first example of growing OEG functionalized aromatic polyamide 

brushes from surfaces and the results show that these systems have great promise for application 

as anti-fouling surface coatings. There is also a great promise in using these OEG-functionalized 

aromatic polyamide brushes as the separation layer of RO membranes to increase fouling 

resistance and stability, which will be the focus of a future study.  
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