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ABSTRACT: Surface-initiated atom transfer radical polymerization (ATRP) of acrylamide is achieved
on silica at room temperature by using a catalytic system of CuCl/CuCl,/tris(2-dimethylaminoethyl)-
amine. The thickness of the polyacrylamide film is proportional to the monomer concentration but not to
reaction time. This behavior is qualitatively similar to that for surface ATRP of acrylamide using a CuCl/
bipyridine catalytic system, which required 130 °C for initiation. A kinetic study shows that, at room
temperature, both the rate for chain propagation and the rate of chain termination are higher, despite
a much higher concentration of Cu(l1) to reduce the radical population at room temperature. XPS shows
that the concentration of chlorine at the surface drops as the polymerization reaction progresses, indicating
that termination is caused by radical combination. For polymerization on silica gel at room temperature,
microanalysis shows that half of the chlorine is lost during polymerization. Equilibration of the surface-
bound initiator with only the copper catalyst shows that most of the chlorine loss is due to the combination

of initiator radicals.

Introduction

Recently, controlled free radical polymerization tech-
niques have been used to synthesize polymers with
narrow polydispersities and predetermined molecular
weights.'=® The application of these techniques opened
new ways for the modification of solid substrates for
their potential applications in a variety of technological
fields. Polymer films with thicknesses in molecular
dimensions attached to solid substrates are very ver-
satile in bringing the surface new properties.® Compared
with traditional physisorption,” “grafting to”,® and
“grafting from” methods,® the advantage of controlled
free radical polymerization techniques is their tailoring
potential in that the film thickness is adjustable; the
film properties can be finely tuned by introducing
varieties of functional groups or by copolymerization and
polymer patterning by the microcontact technique.'°

All three controlled free radical polymerization meth-
ods, namely the atom transfer radical polymerization
(ATRP),11715 the nitroxide-mediated free radical poly-
merization (TEMPO),16~18 and the polymerization method
based on iniferters,'® have been applied to grow polymer
films on the surface of a substrate by grafting the
initiator directly to the surface.?°=26 While the method
of iniferters is plagued by high polydispersities and poor
control over the functional groups at the chain ends?’
and the method of TEMPO is mainly used in the
research of the polymerization or copolymerization of
styrene and its derivatives, ATRP appears to be the
most versatile?® for preparing polystyrene(s),1214.29-31
poly(methyl methacrylate) (PMMA),32-34 polyacrylate,3®
poly(methyl acrylate),3® and their copolymers,37~3° with
well-controlled molecular weight and well-defined struc-
tures. In a typical ATRP reaction, CuCl or CuBr is
generally used as catalyst and bipyridines or multiden-
titate amines as the ligand. The range of reaction
temperatures is 100—130 °C. For catalytic initiation by
chlorinated derivatives, a rather high temperature of
130 °C is necessary, which might cause side reactions.
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There are several factors that can affect the reaction
temperature, namely the catalyst, the monomer, the
solvent, and the ligand that complexes with the catalyst.
The ligand has been reported to be an especially strong
factor in the reaction temperature. The ligand must
have a high complexation constant to compete with the
polyacrylamide for copper, and it must allow fast redox
between Cu(l) and Cu(ll). A multidentate amine, (PM-
DETA), allows initiation at 110 °C, but polymerization
is slow and uncontrolled.*® In the case of solution
polymerization of (meth)acrylamide, it has been re-
ported that tris[2-(dimethylamino)ethyl] amine (Meg-
TREN) forms a complex with Cu(l) that is more reduc-
ing and powerful.*® The reason is the quadridentate
tripodal nitrogen donor ligand MesTREN forms high
spin, five coordinated complexes with copper(ll) of the
type[M(MesTREN)X]X, which have a trigonal bipyra-
midal structure,*? enabling the easy valence change of
copper. With this ligand, solution polymerizations of
N,N-dimethylacrylamide, N-tert-butylacrylamide, and
N-(2-hydroxypropyl)methacrylamide were achieved in
a controlled manner at room temperature.*:

The ability to initiate ATRP at room temperature
offers advantages for the growth of chains on surfaces.
The most significant advantage is that thermally formed
polymer, which can foul the surface or clog nanoscale
pores, is avoided by operation at room temperature. In
our previous papers,23~25 we reported for the polymer-
ization of acrylamide at 130 °C that the polymer chains
grow proportionally to the monomer concentration.
However, when we observed the chain length depen-
dence on time, we did not find a linear relationship.?
Instead, the polymer growth leveled off after about 10
h. It was assumed that the termination was related to
thermal polymerization because the solution became
more viscous. The behavior was not studied further. The
advent of radical polymerization at room-temperature
now makes the nature of termination interesting be-
cause thermal polymerization can be eliminated. Other
mechanisms for termination are possible, as well. As
one possibility, for any radical polymerization, radical
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transfer can occur from the intended, surface-bound
radical to an acrylamide monomer in solution. The
possibility has been suggested that nucleophilic dis-
placement of the terminal chlorine by —NH, can occur
to form a heterocycle, yielding an amino chloride
functionality.*® A third possibility that the Cu(ll) species
in the solution can act as the catalyst for the extraction
of HX in atom-transfer living polymerization.** Each of
these termination reactions is first order with respect
to radical concentration. Additionally, since surface-
bound radicals can, in principle, be generated at high
concentrations due to the proximity of adjacent initia-
tors, radical annihilation could occur. This process
would be second order in radical concentration. Char-
acterizing termination is important to the control of the
growth of polymer chains from surfaces. The purpose
of this paper is to investigate the kinetics of ATRP for
the growth of polyacrylamide on silica surfaces.

Experimental Section

Materials and Equipment. Acrylamide (electrophoresis
grade, 99.9%) was obtained from Fisher Scientific. CuCl
(99+%) was obtained from Aldrich and was purified according
to the published procedure.’®> CuCl, (anhydrous, 99+%) was
obtained from Acros and used as received. Formic acid (reagent
grade ACS 88+%) and tris(2-aminoethyl)amine(TREN, 96%)
were obtained from Acros. Tris[2-(dimethylamino)ethyl]lamine-
(MesTREN) was prepared from TREN by a procedure similar
to that of Ciampolini and Nardi*® and stored under argon.
1-Trichlorosilyl-2-m-p-chloromethyl phenyl)ethane was ob-
tained from United Chemical Technology, Inc. Silica gel
(Nucleosil 1000 A S-5 um) was obtained from The Nest Group,
Inc. Silica gel (Nucleosil 300 A S-5 um) was obtained from
Phenomenex. Silicon wafers (3 in. diameter, 20.5—-21.5 mm
thickness, orientation 100, both sides polished) were obtained
from Semicondutor Processing Co. (Boston, MA). The fused-
silica coverslips were obtained from Esco Products. All other
solvents (reagent or HPLC grade) were from Fisher Chemicals.
The proteins used were from Sigma.

Preparation of Benzyl Chloride Monolayer on Silicon
Wafers. The silicon wafer disk was cut into small pieces (2.5
cm x 2.5 cm) before cleaning. The small pieces of wafer were
boiled in HNO3:H,0 (50:50, V:V) for 4.0 h and then rinsed with
a copious amount of pure water. The cleaned wafers were dried
at 120 °C in an oven for 2.0 h. Then the dried wafers were
placed into a 500 mL flask (specially made so the wafers can
be separated in the flask) and humidified at 50% relative
humidity briefly. Then 1 mL of 1-trichlorosily-2-(m-p-chloro-
methyl phenyl) ethane was added to 100 mL of toluene which
was dried by passing through an Al,O3:SiO, packed column.
The above solution was sonicated for 30 s and then im-
mediately added to the flask containing the silicon wafers. The
flask was purged with nitrogen for the first 5 min of the
reaction as HCI evolved and then sealed with the stopper. The
reaction proceeded at room-temperature overnight. After the
reaction, the wafers were rinsed with toluene and acetone and
dried in an oven at 110 °C for 1.0 h.

Preparation of Benzyl Chloride Monolayer on Silica
Gel. The silica gel was first cleaned in HNO3:H,0 (50:50, V:V)
for 4 h, rinsed with large amounts of distilled water, and dried
under nitrogen in a tube furnace for 3 h. Then 3.0 g of the
above silica gel was humidified at 50% relative humidity for
4 h and placed in a 250 mL flask, and 0.35 mL of 1-trichlo-
rosilyl-2-(m,p-chloromethyl phenyl) ethane was added to 60
mL of dried toluene. This solution was immediately added to
the reaction flask. The flask was purged with nitrogen for the
first 5 min of the reaction as HCI evolved, and then sealed
with the stopper. The reaction proceeded at room-temperature
overnight. After the reaction, the silica gel was filtered and
rinsed with toluene, methanol, methylene chloride and acetone
and dried in an oven at 110 °C for 1.0 h.

Surface ATRP of Acrylamide on Silicon Wafer or
Silica Gel. A typical procedure for reactions using a CuCl/
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Figure 1. Thickness of polyacrylamide film vs time for ATRP
on silicon wafers at 130 °C. Two different acrylamide concen-
trations were used: 6 and 3 M. The data are indicated by the
points and the curves show the best fit to eq 5.

bipyridine catalytic system at 130 °C was mentioned in our
previous papers.?®~25 A typical procedure for reactions using
a CuCl/CuCl,/MesTREN catalytic system at room temperature
is as follows: A Schlenk flask was charged with 49.5 mg (500
umol) of CuCl, 6.7 mg (50 umol) of CuCl,, and silicon wafers
or silica gel. The flask was sealed with a rubber stopper and
cycled between vacuum and argon three times to remove
oxygen. A 20 mL solution of 3 M acrylamide in DMF was
bubbled with argon for 45 min and then transferred into the
flask via a syringe. After the catalyst has completely dissolved
0.17 mL (600 umol) of MesTREN was injected into the flask.
The reaction solution was then transferred to another flask
containing silicon wafers, or 0.5 g of silica gel, which was sealed
with a rubber stopper and cycled between vacuum and argon
at least three times to remove oxygen. Then the flask was
placed in a water bath at room temperature. The thickness of
the polyacrylamide film was determined from the infrared
absorbance of the C=O0 stretch. A linear calibration curve of
thickness and absorbance was used to convert the absorbance
to the thickness.t®

X-ray Photoelectron Spectroscopy. XPS was performed
on a SSI 310 x-probe spectrometer using Al Ko radiation at
1487 eV to determine the surface composition of the substrates
with organic layer.

13C Solid State NMR Spectroscopy. Solid -state NMR
spectroscopy was completed using a Bruker MSL 300 spec-
trometer. Single-pulse excitation was used along with proton
decoupling. Single-pulse excitation was shown to be sensitive
to the molecular motion of the groups on the unbound end of
the alkyl chains and proton decoupling reduced influences
associated with heteronuclear dipolar coupling. The sample
was spun at a rate of 3000 Hz at the magic angle to remove
line-broadening influences due to chemical-shift anisotropy.*647

Result and Discussion

We previously showed that the thickness of living
polyacrylamide on silica surfaces, grown at 130 °C using
bipyridine as the catalyst, was linear in monomer
concentration,?® but we had preliminary evidence that
thickness was not linear in time.*3 To investigate this
behavior in more detail, we have chosen two monomer
concentrations and studied the growth as a function of
time on a silicon wafer. Figure 1 shows the polyacryl-
amide thickness vs time, where monomer concentrations
of 3and 6 M are used. In both cases, the film thickness
levels off as the reaction proceeds. The limiting surface
concentration is proportional to monomer concentration
within experimental error, which is largely due to the
error in the infrared spectral intensities. While the
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linearity in monomer concentration ostensibly suggests
living polymerization, the nonlinearity in the time
dependence indicates termination. We have observed
that the solution always becomes increasingly viscous
with time, indicating solution polymerization occurs.
The roll-off in thickness could be due to the solution
polymer causing either a drop in monomer concentration
or the fouling of the surface by polymer in solution. The
roll-off in thickness could also be due to termination
from radical combination. To explain how the growth
of the polymer could be linear in monomer concentra-
tion, despite termination, requires a testable model.

The initiation and propagation steps of living radical
polymerization can be written as shown in Scheme 1.

Monomer disappears only due to propagation, step 2
of Scheme 1.

_dim)

o = K[~RM] &y

If [~R*] is constant, the monomer concentration is
reduced in accord with first-order kinetics.
[M]
Mo
However, [~R‘] is not necessarily constant. Fischer*®

derived a rate expression for the radical by considering
the first and third reactions in Scheme 1.

= exp(— k,[~R]t) )

d[R’] . .
gt K[PR=X] = k[~RT — k(~R )
The expression for the equilibrium constant helps to
illustrate the conditions under which equilibrium can
be approached.
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In Fischer's detailed treatment,*8 equilibrium is main-
tained but Cu(ll) accumulates over time due to combi-
nation of radicals. The accumulating Cu(ll) suppresses
termination, and this time dependence complicates the
time dependence of [~R°]. Fischer derived an expression
to show that [~R°] depends on t¥3 and that conversion,
p, has a t2? dependence.

(M] 3
p=1—m=1—exp(—§kp
Ka[~R—=X]o[Cu()],|*?
( a ) tz/s) )
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To apply Fischer’'s model to the system at hand, which
entails polymer chains growing from a surface, thick-
ness is proportional to p[M]o. It is noted here that we
do not typically report conversion for surface polymer-
ization because p ~ 10~ for the reaction of monomer to
initiators on flat surfaces. In solution polymerization,
high conversion is valuable. In surface polymerization,
high surface coverage is valuable, not conversion. Equa-
tion 5 shows, for a given reaction time, the thickness is
proportional to the initial monomer concentration re-
gardless of the complicated time dependence or radical
combination. Hence, our observation that film thickness
is proportional to monomer concentration says nothing
about the extent of radical combination, i.e., about
whether the reaction approaches living polymerization.
A kinetic analysis is required to judge the importance
of radical combination.

It is evident that the model of Fischer*® does not apply
because eq 5 predicts that complete conversion is
approached at infinite time, yet experimentally the
surface reaction appears to be stopped at these minis-
cule conversions. Fischer’s elegant model is valuable for
solution polymerization but does not apply for poly-
merization to low surface area materials because there
are so few moles of initiator relative to molecules of
catalyst that the initiation is not a significant source of
Cu(ll). The Cu(ll) does not accumulate significantly to
suppress termination, and a different model is required.

Since the concentration of Cu(ll) does not significantly
change for a material with few moles of initiator, [~R’]
changes only due to termination. This neglects possible
contributions from surface fouling or side reactions, such
as radical transfer to solution.

d~RT_
G = K~RT ©®)

- ["'R.]o
~R1= 14 [~Rkit (")

Recognizing that monomer concentration changes neg-
ligibly for so few moles of initiator, this simplifies the
solution of eq 2.

[M] .
v, S LRt ®)

By substitution of eq 7 into eq 8, the conversion would
have a simple nonlinear time dependence when termi-
nation occurs.

[M]Okp[NR-]Ot

[M], — [M] = 1+ [~R7ok

9)

Recognizing that ellipsometric thickness is proportional
to [M]o — [M], the data of Figure 1 are fit to eq 9, and
the solid lines show that the quality of the fit is good at
both concentrations. The solid lines have the same value
of [~R°]k; in each case, 0.1, and the height of each curve
is proportional to [M]o. The model describes the data
well, explaining the proportionality to monomer con-
centration and the ability of termination to stop the
reaction at miniscule conversion levels.

For comparison, the CuCl/CuCl,/Mes TREN catalytic
system was used to initiate the polymerization at room
temperature. In the first attempts at using this catalyst,
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Figure 2. Thickness of polyacrylamide film vs acrylamide
concentration for two different reaction temperatures: 22 and
130 °C. For a given termperture, [acrylamide] was the only
component varied. The points are the experimental data, and
the lines are from linear regressions.

10

22 °C: y=4.8*t/(1+0.5%)

130 °C: y=1.0"t/(1+0.12*t)

Thickness(nm)

0 — T 1 1 T T ' T ' T
0 5 10 15 20 25 30 35 40

Time (hours)

Figure 3. Thickness of polyacrylamide vs time for two
different reaction temperatures: 22 and 130 °C. The points
are the experimental data, and each of the curves represent
the best fit to eq 5.

the same concentrations of Cu(l) and monomer concen-
trations, and the same solvent, were used as those that
had been used for the 130 °C reaction. The reaction was
uncontrolled, giving irreproducible results. We found
that adding a large amount of Cu(ll) was key to
reproducible results. The results are reported here for
a ratio of [Cu(D))/[Cu(ll)] = 10.

Figure 2 shows the polyacrylamide thickness as a
function of monomer concentration for the room tem-
perature polymerization on silicon wafers. On the same
graph is shown the plot for the 130 °C polymerization
for the same monomer concentration of 3 M. Despite
the much higher amount of Cu(ll) at room temperature,
the slope of the line is actually higher at room temper-
ature.

The kinetics of the chain growth were studied for the
room-temperature polymerization, and the results are
shown in Figure 3. The growth curves for polyacryl-
amide at the two temperatures are for the same
monomer concentration. Both curves were fit to eq 9,
as graphed by the solid curves. For the room-tempera-
ture case, the propagation rate, [M]okp[~R*]o, is 5-fold
faster than that of the high-temperature reaction (4.8/
1.0), and the termination rate, k{~R*]o, is also 5-fold

Macromolecules, Vol. 35, No. 8, 2002

faster (0.5/0.1). The result is that the final film is thicker
at room temperature but is expected to be less uniform.

The model considers only radical combination as a
means of termination. This can be tested by determining
whether chlorine is lost at the surface. XPS measure-
ments were performed, and the results are shown in
Figure 4. For the benzyl chloride monolayer, the peak
for chlorine is clearly visible, but for the 4 nm polyacryl-
amide film, the chlorine peak is hardly visible above the
baseline. For the case of the 8 nm film, the chlorine peak
is not visible. These results show that the chlorine atoms
are less accessible to photoelectron spectroscopy, which
is sensitive to the outer surface of the film. This could
either be due to the chlorine atoms becoming inacces-
sible by being buried in the film or to loss of chlorine
from termination reactions.

To investigate chlorine accessibility vs termination,
the polyacrylamide film was prepared on silica gel to
take advantage of the greater number of analytical
techniques amenable to high surface area materials.
Solid state 13C NMR spectroscopy was used to probe
mobility of the chains by line width, where a broader
peak would indicate slower motion.*! Cross-polarization
and magic-angle spinning were used. Figure 5 shows
the 13C solid-state NMR spectra of silica gel samples
for the benzyl chloride monolayer and for polyacryl-
amide film thickness prepared under conditions that
gave 4 and 8 nm films on the silicon wafer. There is no
obvious change in the width of the peak at 47 ppm,
which corresponds to the two carbons of the acrylamide,
indicating no significant change in mobility. Addition-
ally, the resonance for the methylene group of the
initiator drops as reaction proceeds, consistent with loss
of chlorine.

The moles of chlorine can be tested directly though
microanalysis of this higher surface area material as
the reaction progresses. The calculations were simplified
by first analyzing a sample of silica gel with only benzyl
chloride and then using the remainder of this same
material for polymerization so that the initial amount
of benzyl chloride was known. For the silica gel with
only benzyl chloride, the percent carbon is related to
coverage of benzyl chloride directly.

g 9-12
% Cini — bCFWbc (10)

100 Gy t Gsio,

The grams of benzyl chloride and silica are indicated
as goc and gsjo,, respectively, and FWy is the formula
weight for the benzyl chloride reagent. Since the specific
surface area of the bare silica is known, this allows
moles/area to be calculated. The expression was solved
for gnc/0sio,, and the known specific surface area of the
silica, which was 100 m?/g, was used to convert the
result to moles per square meter. To test for self-
consistency, the analogous expression for % Cl was also
used to calculate molar coverage.

355
% Cly  JFW,,
100 Obe T Isio,

11)

Once polymerization proceeds, if termination occurs,
chlorine is lost and the moles of benzyl groups are no
longer coupled to the moles of chlorine, necessitating
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Figure 4. X-ray photoelectron spectra of films on silicon wafers: (A) benzyl chloride; (B) 4 nm polyacrylamide; (C) 8 nm

polyacrylamide. The peak due to Cl is at 200 eV.
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Figure 5. 8C NMR spectra, obtained with cross-polarization
and magic angle spinning, for benzyl chloride (blue), 4 nm
polyacrylamide (red), and 8 nm polyacrylamide (black). The
resonances of interest are indicated with reference to the
structures of acrylamide and benzyl chloride, shown in the
figure.

more information in the microanalysis. Consequently,
nitrogen microanalysis was done allowing the ratio to
be used to determine gaam/gsio, and, hence, molar
coverage of reacted acrylamide groups.

g 9-12 tg 3-12
% C — bcl:Wbc AAmI:\NAAm (12)
% N 14
gAAmFWAAm

Similarly, the ratio % CI/% N allows determination of
the molar coverage of chlorine atoms.

The results of the calculations from the microanalysis
data are presented in Table 1. The carbon and chlorine

Table 1. Molar Coverages of the Initial Benzyl Chloride
Monolayer (PhCI) before Polymerization and the Moles
of Attached Acrylamide Units and Chlorine Atoms as a
Function of Reaction Time, Each Calculated from
Microanalysis Data, As Indicated

PhCI (mol/m?)

acrylamide (mol/m?)

CI (mol/m?)
time, based on based on based on based on based on
h % C % CI % C % N % CI
0 7.1x10% 6.9x10°¢ 6.9 x 1076
2 25x10% 23x10° 3.2x 106
10 3.8x105 3.8x 105 23 x10°°®
25 59x10% 58x 105 1.4 x10°°¢
74 w | —e—acrylamide units
8 _ —u— Ci atoms
1 o0 ¢-Cl alone ¢
54

Coverage (pmol/im?)
w
1 1 1
%{
a
a

T
0 5 10 15 20 25
Time (h)

Figure 6. Plot of coverages vs time for chlorine (W) and
acrylamide (®) for polymerization reaction and chlorine (O)
in the absence of acrylamide monomer.

analyses agreed within 3% for the initial coverage of
benzyl chloride, which is shown to be a dense self-
assembled monolayer of 7 x 107® mol/m2. Figure 6
shows a plot of the molar concentrations of acrylamide
and chlorine on the surface as a function of time, where
the solid lines simply connect the points. The mi-
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croanalysis results show that the chlorine coverage
decreases rapidly very early in the reaction, then
decreases much more slowly. The graph shows that
coverage of acrylamide units jumps initially and then
grows more slowly. The coverage of reacted acrylamide
units is scaled by 10 to fit on the same graph as the
chlorine coverage. The results confirm that termination
is due to radical combination.

The shape of the kinetic curve for growth of acryl-
amide differs from that of the flat surface in that the
curve for the silica gel does not level after 10 h. The
surface area of silica gel is high enough that deviation
from the model of eq 9 occurs: the ratio [Cu(D)]/[Cu(l1)]
is not constant over the course of the reaction. For the
0.5 g of silica gel used, and its specific area of 100 m?/g,
the 4 umol/m? of chlorine atoms lost from the surface
contribute to doubling the number of moles of Cu(ll) in
solution. The ratio [Cu(1)]/[Cu(l1)] drops from 10 to 4.5,
thereby lowering the radical concentration to slow
termination. This persistent radical effect and Fisher’s
model become applicable once the surface area of the
material is sufficiently high.

For the silica gel, one wonders whether only the
benzyl chloride groups are involved in termination. This
was answered by exposing benzyl chloride to the copper
catalyst over the same reaction period, under the same
reaction conditions but without acrylamide. The data,
as graphed in Figure 6, show that benzyl chloride is
responsible for most of the loss of chlorine. The loss of
chlorine from benzyl chloride alone is almost complete
in 2 h, and is complete at 5 h. The coverage of chlorine
atoms drops from 7 to 3 umol/m? and then is constant,
rather than progressing to zero chlorine coverage.
Second-order kinetics would predict the concentration
would go to zero, but the leveling off to a constant can
be explained by the benzyl chloride groups being im-
mobilized; hence, they can only react with close neigh-
bors and then the termination stops. When polymeri-
zation is occurring, the graph shows that the loss of
chlorine continues after 2 h. This difference in behavior
from benzyl chloride alone can be explained by the
greater mobility of acrylamide chains than the benzyl
groups. The resonance for the benzyl chloride group in
the NMR spectrum of Figure 5 continues to drop
through the reaction. It is possible that this late
termination is due to reaction of benzyl radicals with
acrylamide radicals.

The strategy of adding initiator into the solution is
sometimes used to infer molecular weight and polydis-
persity of the tethered polymer chains on the surface.
The idea is that the solution polymer lends itself more
readily to analysis by gel permeation chromatography.
The results here draw attention to the problem that the
initiator concentration on the surface is potentially
much higher, which would cause much greater termina-
tion on the surface.

Conclusions

The results show that the polyacrylamide chains can
be grown on silica surfaces at room temperature through
atom-transfer radical polymerization using the CuCl/
CuCly/MesTREN catalytic system. The results further
show that polymer thickness can be controlled readily
by monomer concentration. Finally, the results show
that the polymerization under the present conditions
is strongly affected by termination from radical combi-
nation, as demonstrated by the loss of chlorine from the
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surface. Radical combination is particularly a problem
for surface polymerization because it is easy to prepare
a surface for which the reactive groups are in close
proximity. Since the propagation rate is linear in [R*]
but the termination rate is linear in [R]?, controlled
growth of polymer from surfaces can be achieved by
reducing the radical concentration.
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