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Abstract: The molecular weight and polydispersity of the chains in a polymer brush are critical parameters determining the
brush properties. However, the characterization of polymer brushes is hindered by the vanishingly small mass of polymer pre-
sent in brush layers. In this study, in order to obtain sufficient quantities of polymer for analysis, polymer brushes were grown
from high surface area fibrous nylon membranes by ATRP. The brushes were synthesized with varying surface initiator densities,
polymerization times, and amounts of sacrificial initiator, then cleaved from the substrate and analyzed by GPC and NMR. Char-
acterization showed that the surface-grown polymer chains were more polydisperse and had lower average molecular weight
compared to solution-grown polymers synthesized concurrently. Furthermore, the molecular weight distribution of the polymer
brushes was observed to be bimodal, with a low molecular weight population of chains representing a significant mass fraction
of the polymer chains at high surface initiator densities. The origin of this low MW polymer fraction is proposed to be the ter-
mination of growing chains by recombination during the early stages of polymerization, a mechanism confirmed by molecular
dynamics simulations of brush polymerization.

INTRODUCTION

Polymer brushes are of interest for a range of applications that include non-biofouling,'? cell adhe-
sion,3 4 low friction surfaces,5 )6 organic electronics,7’8 tunable colloidal systems,9’10 and stimuli-
responsive materials.'""'? Stretching of the polymer chains as a result of their close packing in a brush is
the basis for their unique properties and is known to be affected by both the molecular weight (MW) and
polydispersity index (PDI) of the brush chains.*!* Despite their considerable interest, however, the di-
rect characterization of polymer brushes can be problematic, largely due to the vanishingly small mass
of polymer that constitute a typical brush. In this study we use a high surface area nylon filters com-
posed of fibers, which, on the scale of the polymer brush, are effectively flat surfaces. Cleaving the pol-
ymer chains from the surface provides sufficient material to directly characterize the polymer brushes

by GPC and NMR.
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Polymer brushes are synthesized by several polymerization mechanisms, including: ionic, ™

ring-
opening,'” radical,'® and controlled radical polymerizations, most notably atom transfer radical polymer-
ization (ATRP),"*" with two general strategies to prepare the brush. In one approach, grafting-to, pre-
made polymers are attached to a surface. This approach benefits from the ability to easily characterize
the polymers constituting the brush, as their MW and PDI can be measured prior to surface attachment,
but it suffers from limited brush densities as the first polymer chains attached shield the surface from the
attachment of additional chains.

In a second approach, grafting-from, the polymers are grown from initiation sites attached to the sub-
strate. The grafting-from approach, used in our investigation, is more common and has the advantage of
being able to form denser brushes, but characterization of the MW and PDI of these brushes is difficult.
To overcome the difficulty in characterizing growing-from brushes, it is common to use polymers con-
currently grown in solution as a “stand-in” for the brush polymer in MW and PDI analysis.'* These so-
lution polymers are grown by using a “sacrificial initiator”, where initiator is added to the solution in
which the brush is grown. The MW and PDI of the polymers in the brush are then inferred from the so-
lution grown polymers rather than characterizing the polymer brush directly. This approach was first
reported by Marutani ef al. who used ATRP to grow poly(methyl methacrylate) (PMMA) from magnet-
ite nanoparticles.”” In that work, polymers were cleaved from high surface curvature particles and com-
pared to polymers grown in a solution, and it was observed that the MW and PDI of the two polymers
were nearly identical.

However, the sacrificial initiator technique for describing the MW and PDI of brush polymers is still
contentious, as substrate geometry has been shown to play a significant role. Genzer et al. studied
PMMA grown by ATRP from substrates including porous silicon (pore size~50 nm), anodically etched
aluminum oxide (pore size~200 nm), and in solution.”! They found, using mass spectroscopy, that MW
was lowest for the porous silicon grown polymer and highest for the solution grown polymer. They at-
tributed this finding to the progressive confinement of polymer chains in a concave environment. Using

ellipsometry, Kim et al. found that, unlike solution grown polymers, the rate of brush thickness growth
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slowed over time. They attributed this to the higher concentration of radicals found in a growing brush
resulting in a higher rate of termination than is found in solution grown polyrners.22 A recent report by
Patil et al. focused on the use of tetrabutylammonium fluoride to cleave PMMS chains from a silica sur-
face and found that a higher Cu™/Cu® ratio led to an increase in the apparent grafting density. Due to
experimental uncertainties, the authors exercised caution and referred to their measured grafting densi-
ties as apparent grafting densities. In addition, the authors speculated on the existence of a low MW
population of grafted polymers, but were unable to observe them due to a lack of instrumental sensitivi-
ty.” Computational studies of polymer brushes grown both with®* and without™ sacrificial initiator pre-
dict that brush density decreases with distance from the surface due to the stunted growth of shorter
chains arising from a monomer concentration gradient as well as from termination. Increasing initiator
density in these simulations exacerbates the phenomenon.

In the results reported here, we find significant differences in the MW and PDI between surface
grown and solution grown polymer. Further, we observe a bimodal molecular weight distribution
(MWD) for the surface-grown polymer brushes, with low MW polymers constituting a considerable
fraction of the total polymer mass, especially at higher initiator densities. While this low MW fraction

has not been reported previously, the results of several groups have hinted at its presence.***¢

Huang er.
al. grew 2-hydroxyethyl methacrylate (HEMA) from gold surfaces by ATRP and reported that the loose
packing of grafted chains indicated that only 10% of the surface bound initiator led to high molecular
weight polymer. They hypothesized the remainder never initiated or was lost via early termination reac-
tions.”” Our results provide experimental evidence and computational corroboration that many chains
stop growing during the early stages of the surface-initiated polymerization, by termination resulting
from the high concentration of active centers. This early termination effectively reduces the grafting
density of the polymer brushes.

EXPERIMENTAL SECTION

Materials: 2-bromoisobutyryl bromide (BrIbB)(Acros, 98%), isobutyryl bromide (IbB)(TCI, >95 %),

CuBr (Strem Chemicals, 98 %), CuBr, (Fisher, reagent grade), N,N,N’,N”N”-
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pentamethyldiethylenetriamine (PMDETA)(Aldrich, 99+ %), methanol (Aldrich, 99.8 %), tetrahydrofu-
ran (THF)(Fisher, histological grade), sodium hydroxide (Fisher, pellets), formaldehyde (Fisher, 37 wt
%, Certified ACS), phosphoric acid (Acros, 85 wt %) and 35 kg/mol poly(methyl methacrylate)
(PMMA)(Scientific Polymer Products Incorporated) were used as purchased without further purifica-
tion. Acetone (Fisher, histological grade) was dried with CaSOy then distilled and stored over 3 A mo-
lecular sieves and degased. Methyl methacrylate (MMA) (Aldrich, 99 %) was rinsed three times with 5
wt % NaOH ,q), and three times with distilled water, then dried with CaCl,, distilled under reduced pres-
sure, and stored over CaH, at -32 "C. Triethylamine (Acros, 99 %) and chloroform (Fisher, histological
grade) were dried with CaSQOys, distilled under reduced pressure, and then stored over CaH,.

Methods: Fourier transform infrared spectroscopy (FTIR) was performed using a Magna-IR 560 spec-
trometer with an ATR accessory. Samples were prepared by drying in a vacuum oven and were used
without further modification. X-ray photoelectron spectroscopy (XPS) was performed using a Phi Mul-
tiprobe Model 25—120 instrument. Nylon samples were adhered to a sample holder using carbon tape.
Binding energies were used to determine the presence of carbon, oxygen, nitrogen, and bromine atoms.
NMR spectra were obtained with a Bruker AVANCE III 400 instrument using CDCIlj; as a solvent. Gel
permeation chromatography (GPC) was preformed using a Waters 717 plus autosampler with THF as
eluent, a Waters 1515 isocratic HPLC pump, a Jordi flash gel DVB column, and a Varian 380-LC ELS
detector. For scanning electron microscopy (SEM) analysis, nylon samples were adhered to a SEM stub
using carbon tape. Samples were then coated with gold/palladium using a Polaron Instruments SEM
coating unit E5100 for approximately 40 s. Images were taken on a JEOL 6335F field emission

(FESEM) instrument operating at 12 kV accelerating voltage and a 8-15 mm working distance.
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Scheme 1. Reaction for functionalization of nylon membranes using the acid bromide 2-bromoisobutyryl bro-
mide (BrlbB).

Membrane Functionalization: 13 mm diameter Whatman 0.2 pm nylon membrane filters were func-
tionalized for ATRP by techniques previously descsribed.”® Membranes were first rinsed with acetone
and dried with air, then placed in 10 ml of 37 wt % formaldehyde and 0.4 ml of 85 wt % phosphoric ac-
id was added. Membranes were stirred in this solution for approximately two hours at 60-70 °C, then
rinsed with distilled water followed by acetone and dried under vacuum. The reaction scheme leading to
initiator-functionalized membranes is shown in Scheme 1. Steps of the functionalization were followed
by FTIR (Figure 1) and XPS (Figure SI1 of supplementary information). XPS was used to verify at-
tachment of BrIbB due the carbonyl peaks of BrIbB overlapping with nylon carbonyl peaks in FTIR.
Next, membranes were placed in a vial with 10 ml chloroform and 0.8 ml triethylamine and chilled in
an ice bath while solutions of BrIbB and IbB were made at various molar ratios from 0-100 % BrIbB.
0.20 ml of these acid bromide solutions were added to the vial in each case and white smoke was
formed. The flask was topped with argon or nitrogen before sealing and stirring on an ice bath. The bath
was allowed to come to room temperature and the membranes sat in the solution approximately two
hours. Next, membranes were rinsed with acetone and distilled water before drying under vacuum.
Polymerization: Polymerizations were prepared inside a nitrogen-filled glovebox. First, CuBr (0.48
mmol, 0.067 g), CuBr2 (0.048 mmol, 0.011 g) and PMDETA (0.51 mmol, 0.11 ml) were dissolved in
acetone (5.0 ml). Next, MMA (48 mmol, 5.0 ml) was added immediately followed by initiator function-
alized membranes and the contents were stirred at room temperature for an allotted period of time.
The reagents MMA, CuBr, CuBr;, and PMDETA were used in a 100:1.0:0.10:1.1 molar ratio. When

sacrificial initiator was used, it was added last via syringe at the start of the polymerization. Polymeriza-
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tions were terminated with degased methanol. Membranes were rinsed extensively with acetone. Mild
bath sonication was employed to assist in the removal of physically adsorbed solution grown polymer.
Precipitation and Chain Cleavage: Terminated polymerizations were decanted to methanol. Resulting
precipitated polymer was redissolved in THF and precipitated into methanol to assist in the removal of
copper salts. Polymer chains were cleaved from nylon membranes by stirring overnight in 0.5 M
NaOH,q) at approximately 60 °C, then solutions were decanted into methanol. Polymer was collected
by filtration and redissolved/precipitated to remove salts.

RESULTS AND DISSCUSSION

Polymer brushes are grown from nylon filters composed of fibers that are nearly flat on the scale of the
brush spacing. The average curvature of the fibers is 4.9x10” nm™ (see SII for calculation), meaning

that points on a fiber separated by 1 nm would vary in height by, at most, 0.024 A. Thus from the point
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Figure 1. FTIR spectra of membrane surfaces. A) the unmodified membrane shows all peaks expected for nylon. B) Hy-
droxymethylation introduces a peak at 1030 cm™ corresponding to C—O stretching. C) Functionalization with BrIbB gives
the C=0 stretching peak at 1700 cm™ that appears as a shoulder to the amide carbonyl stretching peak of the membrane. D)
Post polymerization showing a C=0 stretch from PMMA observed at 1730 cm™.



of view of the growing polymer chain, the surface is flat. This is significant, as highly curved convex
surfaces, unlike flat surfaces, provide increasing volume for chains to occupy as they grow further from

the surface.

Figure 2. SEM images of (a) membrane prior to polymerization, (b-d) 30%, 50%, 100% mol initiator functionalized mem-
brane respectively post polymerization. The inset image shows a membrane pre (left) and post (right) polymerization.



To grow polymers from the nylon surface, the filters are functionalized with 2-bromoisobutyryl
bromide (BrIbB). This acid bromide contains an alkyl bromide and is a well-known ATRP initiator. To
vary the density of initiator on the surface, the BrIbB is diluted with isobutyryl bromide (IbB), also an
acid bromide, but lacking the necessary alkyl bromide for ATRP initiation. This reaction is outlined in
Scheme 1. While the functionalization of the membrane with BrIbB results in an ATRP initiator at-
tached to the membrane, reaction with IbB serves to block the placement of an active ATRP initiator at
that position. The functionalization of the surface is followed by FTIR, as shown in Figure 1, as well as
being demonstrated by XPS (Figure SI1).

The membranes are prepared with molar ratios of BrIbB to IbB from 1 to 0. Although both mol-
ecules react with the membrane surface by way of an acid bromide, their reactivity is not identical, as
indicated by a test reaction using cryogenically ground nylon powder in an NMR tube. Comparing the

initial concentrations of BrIbB and IbB in the tube before and after the addition of the nylon (shown in
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Figure 3. GPC spectra of solution (black) and cleaved surface-initiated (red) PMMA. The inset cartoon illustrated the
proposed origins of the two peaks in the surface-initiated polymer spectrum. The solution grown polymer is of higher
MW and narrower polydispersity and does not contain the low MW fraction found in the surface grown polymers.



Figure SI2) indicates the BrIbB is approximately 2.5 times more reactive than IbB towards the nylon
powder in deuterated chloroform. While this means that the initiator/blocker molar ratio on the surface
is greater than the molar ratio used to functionalize the surface, for simplicity the BrIbB/IbB mole frac-
tion used to functionalize the surface is reported to indicate the relative density of surface functionaliza-
tion. Also, due to the fibrous morphology of our membranes, accurate measurements of grafting densi-
ties are difficult, as the use of commonly applied techniques to measure brush height are not accurate
with a fiber network. Nonetheless, by using image analysis of numerous SEM images of a 100 % func-
tionalized filter to estimate the increase in fiber thickness due to the growth of brushes from the surface,
and comparing that result to the GPC molecular weight of the removed polymer, we find a grafting den-
sity of 0.842 chains per nm? (see Table S1 in the SI for details). However, as explained in the following
sections, the density of attached initiator is likely much higher, as this analysis includes only high MW

chains.
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Figure 4. Proton NMR comparison of: top) polymer cleaved from the surface of the filter, and bottom) polymer grown in
solution. From these results it is clear the cleaved polymer does not contain any significant degradation products of the
nylon surface.



SEM images show that after polymerization, individual fibers in the membrane are thicker with
increasing initiator density. Figure 2a is an SEM image of a filter prior to polymerization. Figures 2b
through 2d show membranes that have been reacted with monomer for the same amount of time, but
differ in the density of initiation. A macroscopic indication of the surface density of initiator is the ob-
servation that the more densely functionalized the membrane, the greater its expansion, as shown in the
inset of Figure 2a and Figure SI3. Membranes that are reacted with only IbB, and thus not functional-
ized with initiator, do not change in size. This expansion appears to be a result of chain repulsion
stretching the nylon fibers of the filter. This conclusion is supported by increases in expansion with both
reaction time and with initiator density, and the fact that the filters do not return to their original size
upon removal of solvent, although they do shrink to some extent. Re-wetting the filters swells them

back to their swollen size before drying, and the extent of swelling is observed to be greater in solvents
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known to be good solvents for PMMA. In addition, after the polymer is removed from the filters by
cleavage, the filters return to approximately their original size.

Removal of the polymer chains from the nylon surface is accomplished by base hydrolysis, an
approach similar to that employed in the past for bottle brush polymers.” The polymer from the brush is
then analyzed and compared with polymer grown concurrently in solution. A notable difference be-
tween the solution grown and surface grown polymer is a low MW polymer fraction appearing in only
the surface grown polymer. This low MW fraction remains in systems with added sacrificial initiator,
although disparities in MW and PDI between solution and surface grown polymer are reduced. Figure 3
compares the GPC traces of polymer grown from sacrificial initiator in solution and polymer grown
from initiator attached to the membrane surface, for a brush with 100 % initiator density after 23 hours

of reaction time. The compared polymers are gown at the same time in the same reaction vessel. In all
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Figure 5. GPC spectra of polymers cleaved from nylon membranes made with varying molar ratios of BrIbB to IbB.
Polymerizations were run for 11 hours. Increasing the density of initiator is shown to increase the fraction of low MW
polymers grown from the surface.
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cases we observe the MW to be higher and the PDI smaller for solution-grown polymer. This finding
agrees with previous computational and experimental reports by Genzer*'**, Milchev®®, and Kim*.

The low MW material, however, is unexpected. To investigate the possibility it arises as a result
of the conditions used to cleave chains from the membrane, either by low molecular weight nylon con-
taminants, hydrolysis, or degradation of PMMA, we compare the NMR spectra of polymer grown in
solution with polymer cleaved from the surface, and find them to be identical (Figure 4). This verifies
that the polymer is not hydrolyzed and that the nylon membrane did not degrade and contaminate the
PMMA brush sample. This is especially compelling evidence as the low MW polymer fraction can con-
stitute up to half the mass of the cleaved brush sample. If that mass were the result of degraded nylon
filter or hydrolyzed PMMA, the NMR spectra of the solution grown and cleaved PMMA would be sig-
nificantly different.

In order to show the low MW fraction is not the result of degrading the PMMA backbone, we com-
pare the GPC traces of commercially obtained 35 Kg/mol PMMA before and after treatment with the
conditions used to cleave chains from the membrane. The GPC shows the polymers to be unaffected
(Figure SI4), thus the conditions used for cleaving the chains do not account for the low MW fraction.
We are also reassured by the work of Sumita ef al. studying the hydrolytic degradation of poly(L-
lactide)/PMMA blends, who showed that, even with twice the hydroxide concentration as utilized in our
cleaving step, only ploy(L-lactide) was degraded, leaving the PMMA unscathed.’® Finally, to be sure the
cleaved polymer is not simply solution grown polymer that had adsorbed to the surface of the nylon fil-
ter, extensive washing with THF is preformed prior to cleaving the attached polymer. The polymer col-
lected prior to cleavage is also significantly different in MW from the polymer cut from the surface, ar-
guing against it being the same material.

Although not affected by the addition of sacrifical initiator, the low MW polymer is affected by
grafting density, as shown in Figure 5, and the mass and number fraction of the low MW polymer is
shown in Table 1. The results are based on the low MW polymer having a MW of 2K. This number

should be used with caution, however, as it is at the limit of the linear response of the GPC column. Ad-
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ditionally, each ratio was run as a separate reaction, so small variations may be due to experimental var-

iations and only larger trends are considered.

Table 1: Calculation of the ratios of high MW and low MW polymer fractions from GPC results.

Grgfju'ng ratio (ratio | MW of high MW Mass fraction of Number fraction of
of initiator to block- cleaved polymer low MW polvmer low MW polvmer
er) (Kg/mole) POty oLy
100% 229 0.272 0.977
75 % 337 0.350 0.989
50 % 314 0.048 0.888
30 % 321 0.073 0.927

At low grafting densities, the amount of low MW polymer is barely discernable. The decrease in
total mass of low MW chains with lower initiator density suggests that termination or monomer shield-
ing is less prevalent when chains are less densely packed. This makes conceptual sense as radical chain
ends that are more closely packed will have a greater probability of coupling and a more dense brush
would be expected to impede monomer diffusion to a greater extent. Bimodal low MW peaks (Figure 5)
are also observed with longer polymerizations runs, but not with shorter reaction times. It is tempting to
explain this by chain coupling, but that would require that the growing polymers were starved of mon-
omer more effectively by the higher MW polymers than is indicated by our simulations. Additionally, it
is not clear if the MW of the low MW chains is affected by initiator density. While there appears to be a
very slight increase in MW of the low MW fraction with decreasing grafting density, the decrease in

retention time in the GPC is extremely small.
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In order to see the effect of reaction time on the low MW brush material, we run a number of
concurrent brush polymerizations and analyze them at various times. The result is shown in Figure 6.
The 1-hour sample contains too little polymer for GPC analysis, however after two hours a significant
low MW peak is seen along with a shoulder corresponding to growing brush chains. At the 2-hour point,
the sample has a majority of chains that are short and a few that have grown to higher MW. As the
polymerization time increases, the high molecular weight peak appears and increases in area relative to
the low MW peak. It should be noted that the GPC indicates the mass of the polymer chains being ana-
lyzed, not the number of chains. Therefore the number of low MW chains remains very large in compar-
ison to the higher MW chains. The number and mass fractions of the low MW polymer at 2, 4, and 8
eight hours is shown in the SI Table S2. The higher MW fraction increases with time due to the growth
of chains that are neither terminated nor confined. The observation that mass increases more quickly
early in the polymerization and more slowly after roughly two hours indicates that initially many chains

are growing. As the number of either screened or terminated chains increases, fewer chains consume
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Figure 6. Mass of membranes as a function of polymerization time. Shown in the inset is the GPC of PMMA cleaved from
filters after 2, 4, and 8 hours. The fraction of total polymer made up by low MW brushes decreases with reaction time.
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Figure 7. Number fraction, P(N), and weight fraction, P,,(N), distribution functions of the chains in the growing brush layers
obtained for two monomer conversions 22% (left) and 40% (right) as a function of the chain degree of polymerization N.
Simulation results obtained for fast termination rate are shown by cyan bars, for slow termination rate are shown by gray bars
and without termination are plotted as black bars.

monomer, and thus membrane mass increases more slowly.

In an effort to gain insight into the bimodal distribution of polymer chains grown from the filter
surface, we perform molecular dynamics simulations of the brush polymerization at different surface
initiator concentrations. We use a coarse-grained representation of monomers and polymer chains,
where monomers are modeled by Lennard-Jones beads with diameter o, and their connectivity in the
polymer chains is maintained by the FENE potential. In our simulations to model a chain’s recombina-
tion/termination, two growing chains combine with some probability by forming a bond if their active
ends were within a capture radius from each other. Simulation details and the systems’ set up are de-
scribed in SI2. Our results for the evolution of the number fraction and weight fraction distribution func-
tion are as shown in Figure 7. This figure combines simulation data for the highest density of initiator
on the substrate, p,=0.385 o2, and two different degrees of monomer conversion: 22% and 40%. The
three sets of simulations presented in each graph in Figure 7 suggest the effect of chain termination by
recombination on the distribution of chains the growing brush layer. In the simulations with fast recom-
bination rate (equal to the propagation rate), shown in Figure 7 by cyan bars, we see a large peak in the
number fraction distribution function, P(N), located at small values of chain degree of polymerization,
N. This indicates the dominance of short loops in the number fraction distribution appearing with fast

termination rates. With increasing time (conversion) the contribution of these chains to the weight frac-
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tion distribution decreases as can be seen by comparing the weight fraction distribution functions for
22% and 40% conversion in Figure 7. Distribution functions are also obtained from two other simula-
tions: one without termination (black bars) and one with a termination rate ten times slower than the
polymerization rate (gray bars). For the slower termination rate, the number fraction distribution func-
tion P(N) is very broad at conversion 22%, but at 40% conversion there is a peak corresponding to short
chains. This is a manifestation of two effects: chain end termination and short chains being “screened”
in the growing brush layer by the longer chains. (At high brush grafting density, the longer chains
“starve” the shorter chains precluding available monomers from reaching the active chain ends of the
short chains buried deep in the brush layer). This is confirmed by the change in the form of P(N) for
simulations without termination for which only the screening effect is possible. The weight fraction dis-
tribution functions are narrow, unlike the fast and slow termination simulations where we observe a
growth in the center of the distribution function with increasing conversion. Although there are limita-
tions to our simulation in terms of box size and ultimate degree of polymerization, the trend towards a
multimodal distribution as a result of termination is apparent. At the DP’s simulated in our system, the
changing rate of propagation between the long and short chains has just started to become apparent.
CONCLUSIONS

Functionalizing high surface area substrates with varying initiator densities, polymer brushes are syn-
thesized in quantities large enough to allow characterization of the bound brush polymers after removal
from the surface, and simulations are preformed to better understand the results. GPC results indicate
higher MW’s and lower PDI’s for solution grown chains compared to brush chains, and also reveals the
presence of a low MW polymer fraction in all the brushes grown, with the mass ratio of low MW to
high MW chains increasing with increasing initiator surface density. Longer reaction times (higher con-
versions) result in an increase in the mass of high MW chains relative to low MW chains, suggesting the
continued growth of the longer chains and stagnation of the shorter ones. At very long reaction times
(more than 100 hours) we observe a bimodal low MW peak suggestive of termination by radical recom-

bination. These observations are explained in terms of a combination of termination and the screening of
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monomer from shorter chains by longer chains. Initially the rate of propagation of all chains is nearly
identical, but as the reaction progresses, the rate of polymerization for the longer and shorter chains di-
verges. This divergence in propagation rate due to shorter chains being starved of monomer increases as
the degree of polymerization (DP) of growing chains increases, leading to increased dispersity of chain
lengths in the final polymer brush. Molecular dynamics simulations, although somewhat limited in total
DP, indicate that screening alone can not explain the bimodal or multimodal population and suggests the
formation of a bimodal population of chain lengths with increasing DP is due largely to the chains’ ter-
mination. Our results indicate that solution grown polymer gives an incomplete picture of surface grown
chains, and suggests there may be an upper limit to the density of brushes possible by this widely used

approach to polymer brush synthesis.
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