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ABSTRACT: A simple and straightforward method for forming polymer grafts on glass and silicon surfaces
using thiok-ene photopolymerizations is presented. A linear thésle system composed of 1,6-hexanedithiol
and triethylene glycol divinyl ether was photopolymerized over a silicon surface functionalized with a thiol-
terminated self-assembled monolayer (SAM). Although the grafted-tkioé films are thin, ranging from 0.1 to

9.6 nm, the thickness is linearly related to the molecular weight of the polymer formed in the bulk. Thus, the
thickness is tunable simply by controlling the polymerization conversion or the stoichiometric excess of one
component. By lithographically patterning the SAM chemistry on the surface prior to polymerizationyde

lines of grafted thiot-ene polymer were created. Thin, grafted acrylic films, from 0.5 to 1.7 nm in thickness,
were formed by photopolymerizingrt-butyl acrylate with a small amount of thiol chain transfer agent to control
chain length and facilitate radical transfer to the surface.

Introduction polymerizations, initiator sites are generated at the surface, often
from a self-assembled monolayer (SAM). The most common
methods for SAM-based initiation use controlled-radical po-
lymerization initiators, such as ATRP 9 or nitroxide-baset}11
systems, or radical photoinitiato¥.14

Grafting on SAM-modified silica particles during radical
polymerizations was observed by Tsubokawa et alinyl
monomers were polymerized in the presence of the function-
alized silica particles. Chain transfer of polymeric radicals to
the surface allowed subsequent coupling with polymeric radicals
in the bulk or the reinitiation of the polymerization from the
surface. The grafted film quality, in terms of film thickness and

Surface chemistry control is critical to numerous applications
of both polymers and microelectronics, including sensors,
microelectromechanical systems (MEMS), and other micro- and
macrodevices. Surface chemistry control is critical to facilitate
desired interactions, to catalyze reactions, to limit adsorption
of undesirable species, and to alter friction and adhesion
behavior. In particular, the surface properties of materials are
effectively modified and enhanced by the formation of thin
polymer films and coatings. A wide range of polymers are
readily formed into thin films, allowing the surface hydropho-
bicity, wettability, lubricity, biocompatibility, or chemical -
reactivity to be designed appropriately. Surface-grafted polymer graﬂt density, (\]/I\_/as not reporteoll. hod f idly formi
layers have the additional advantage of decoupling surface and i ere, we |S(|:uss a fr;ove fmelt 0 | OL. rﬁp('j y .orm|r:jg
bulk properties. Surface-grafting techniques are used to prepare0 igomeric or polymeric films of relatively high density an
very thin polymer layers with strong surface adhesion, usually unlform|§y through a pr(_ewo_usly unexpl_ored te(_:hmque for
by covalent linkages. The thickness of the film created by the surface-induced polymerlzatlons. Specifically, this paper ex-
polymer graft is defined by the molecular weight and the surface plores the use of th|e+eng polymer systems for the creation
density of the polymet2 of polymer grafts on functionalized S|I!con and glass surfaces.

. . . Thiol—ene polymers form by a radical-based, step-growth
Thdg t.((ajcf:jnl.ques available fqr tr.lejorr?tgnon c,),f pog/rper ?tfafts mechanism in which multifunctional thiol and ene (usually vinyl
ﬁ:)em".';" Ir? “g;rrl;ofti:]véo tg?tiggt”eerﬁ:s %:2 f(l)':r?]etg S(?Iymg:z I:r% or allyl ether) monomers are coupl&d?® In these studies, a
hed to a surface, either by forr’ning a chemical bond betweenstomhlometrlc mixture of a_d|_t_h|ol and a d|v!nyl ether (ene) are
Zttgglymer end grou’p and a reactive surface site or by the polymer!zeo_l using a photoinitiator to fqr_m linear p(_)lymer. The
physisorption of a block copolymer where one block preferen- polymerlzathn propagates by the addition of a thiyl radlcal 0
tially “sticks” to the surfacé: 8 The “grafting to” approach is a vinyl functional group (step 1). The carbon radical then

Y . ? : > abstracts a hydrogen from a thiol functional group, regeneratin
limited in that it generally cannot achieve high surface densities yerog group. reg g

a thiyl radical (step 2).
due to steric blocking of available surface sites by grafted y (step 2)
polymer. For this reason, the film thickness is comparatively step 1: propagation

low. With the “grafting from” method, much higher polymer L kosc .
surface densities are possible. In these so-called surface-initiated RS + RCH=CH, — R'C'H-CH,SR
step 2: chain transfer
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(@ Hs~~SH Polished, double-sided silicon wafers (Umicore Semiconductor
Processing, Boston, MA) were used as substrates for all but the
micropatterning experiments, for which float glass was used. Wafers

(b 2o OO were in the (100) orientation and 2Q6n thick. Prior to SAM
deposition, the substrates were “piranha’-cleaned in a mixture of
hydrogen peroxide and sulfuric acid (1:3 by volume) for 30 min,

© =(= o) rinsed in DI water, and then blown dry with & Ntream.
° SAM Deposition. A vapor-based method was used for SAM
Q deposition on most samplésClean pieces of Si were placed in a
/$ ~0-Si~o— Teflon bottle with an open vial containing0.5 mL of 3-mercap-
SN topropyltrimethoxysilane. The bottle was purged with argon, sealed,

_ _ _ and then placed in a 9 oven for 3 h. After removal, the SAM-
Figure 1. Chemical structures of monomer species (a) 1,6-hex- coated Si (SH-Si) pieces were rinsed in toluene and acetone and
anedithiol (HDT), (b) triethylene glycol divinyl ether (DVE-3), @  then blown dry with a nitrogen stream.
butyl acrylate, and SAM-forming species (d) 3-mercaptopropyltri- £ the solution-based method, used for the micropatterned
methoxysilane. . . . -

sample detailed below, samples are immersed into a toluene solution

. . ) of 1.5 wt % tri(lm)ethoxysilane and 0.5 wt #butylamine at room
creation of a thiot-ene polymer graft a stralghtforwa_rd process.  temperaturé-22Then-butylamine was omitted for (3-aminopropyl)-
In general, the “enes” selected for these reactions tend to riethoxysilane due to the presence of the primary amine functional-
homopolymerize (i.e., the typical chain growth mechanism) only ity. After 45 min, the slides were removed from the solution and
to a very limited extent? immediately rinsed with toluene and acetone. The SAMs were cured
To form a graft, the thictene polymerization is simply  under vacuum at room temperature for_ 48 h.

carried out over a silicon surface that has been functionalized SAM Micropatterning. Photoresist micropatterns were formed
with a commercially available, thiol-terminated SAM. The thiol ~ &ccording to processing conditions supplied by MicroChem Corp.
groups on the surface readily participate in the thieme fSor_use W'tth dthehSt1805_pto.'f:,_||tlve photoresist anddtMl;ZZnes dLeJ\\//ellppﬁtr.
reaction, serving as surface initiators once a hydrogen is pin-coated photoresist Wms were exposed 1o nm '9

. (Blak-Ray B 100 AP; UVP, Inc., San Gabriel, CA) though a
abstracted from a surface bound thiol. Thus, for the case of achromium-on-quartz mask. Following photoresist development, the

diene reacting with a dlthlo!, a_llnear polymer forms on the samples were etched in an./BF; plasma using a Surface
surface as the bulk polymerization proceeds, without the needTechnology Systems MESC Multiplex ICP (Newport, UK). The
for a special initiating SAM. Because of the step-growth nature conditions used were sufficient to etch a short distance-{D.5m)

of the thiol-ene polymerization, the grafting process cannot into the glass substrate, thus completely removing the underlying
solely be considered a “grafting to” or “grafting from” process. SAM and exposing bare SjOimmediately following etching, the
Oligomer or polymer chains forming in the bulk readily react Photoresist was removed by sonicating for 10 min in NMP and
with surface-bound thiol or ene groups in the same way as then scrubbing for 1 min under NMP with a cotton-tipped
monomeric species. At very high conversions, where the @Pplicator; both steps were repeated twice. The stripped sample
molecular weight of the bulk polymer increases rapidly in this was finally rinsed and sonicated in toluene before being transferred

step-growth system, the grafting process becomes more like to a fresh SAM deposition solution for backfilling a second SAM

“qrafti » hi ; . dinto the etched pattern.
grafting to” system. However, this system is less restricted * ppgtopolymer Graft Formation. For experiments in which the

because reactive functional groups remain accessible at theyolymerization conversion was controlled, the thishe monomer
polymer surface, not just the original SAM surface, as in mixture was a 1:1 stoichiometric ratio of HDT and DVE-3, with
classical “grafting to” systems. 0.1 wt % DMPA. Other experiments varied the stoichiometric ratio
In this study, the viability of using a thielene polymerization and were conducted to achieve 100% conversion of the limiting
to form grafted films is explored. A variety of techniques are reagent. Before polymer graft formation, the thiol-terminated SAM
used to verify the presence of the thi@ne grafts. In particular, ~ (SH-Si) is treated with a solution of dithiothreitol (DTT) which
the thickness of the grafted films as a function of conversion is "educes disulfide bonds to thiols. Followirigndson etal., substrates
tracked. Preliminary experiments demonstrate that acrylic "ere immersed in a 100 mM DTT solution in 10 mM phosphate

. . . buffer for 10 min, then rinsed with DI water and acetone, and blown
monomers with small amounts O_f thiol (as ch_aln transfer agent) dry with nitrogen?® The polymerization was carried out immediately
present in the bulk also form thin polymer films.

following DTT treatment.
. . For some experiments, the polymerization conversion was
Experimental Section monitored in real time by in situ infrared (IR) spectroscopy. By
Materials. The thio-ene monomer system used was a stoichio- using thin, double-polished silicon wafers, it is possible to collect
metric mixture of 1,6-hexanedithiol (HDT) and triethylene glycol a transmission IR spectrum directly through the sample. A small
divinyl ether (DVE-3). Acrylic grafts were formed frotert-butyl drop of monomer plus initiator solution was sandwiched between
acrylate (tBa). HDT and tBa were purchased from Aldrich (Mil- the DTT-reduced SH-Si and a polished NaCl salt crystal. A custom-
waukee, WI). The tBa was purified by running through a column built horizontal sample mounting accessory was used with the IR
of dried K;COs and aluminum oxide. DVE-3 was provided as a spectrometer (FTIR Magna 750, Series Il, Nicolet Instrument,
sample (Rapi-Cure DVE-3) from ISP Technologies, Inc. (Wayne, Madison, WI), allowing consistent, simplified data collection of
NJ). The UV photoinitiator, 2,2-dimethoxy-2-phenylacetophenone liquid sampleg* The photopolymerization was initiated by an
(DMPA), was purchased from Ciba-Geigy (Hawthorn, NY). Acticure UV light source (EXFO, Mississauga, Ontario) providing
Thiol-functionalized SAMs were formed from 3-mercaptotri- a light intensity between 5 and 10 mW/gmith a 320-550 nm
methoxysilane purchased from Aldrich. Amino-terminated SAMs filter. All reported conversions are for the “ene” groups (from the
were formed from (3-aminopropyl)triethoxysilane from Gelest, Inc. DVE-3). The peak area across the region from 1740 to 1555 cm
(Morrisville, PA). Chemical structures of monomer and SAM was monitored at a resolution of 8 cf After the UV exposure
species are shown in Figure 1. was initiated, the peak area drops until the maximum conversion
ACS reagent-grade toluene, acetone, methylene chloride, andis reached or the light is extinguished.
N-methylpyrrolidinone (NMP), used for sample cleaning, were If a precise conversion measurement was unnecessary for a
purchased from Aldrich. All chemicals, except tBa, were used particular sample, the SH-Si was immersed in a vial containing
without further purification. the monomer plus initiator solution. The photopolymerization \&EBV
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Figure 2. Grafted thiot-ene polymer film thickness vs bulk polymer  Figure 3. Grafted thiol-ene polymer film thickness vs monomer ratio
conversion for a stoichiometric mixture of HDT and DVE-3. The solid for fully reacted p = 1.0) mixtures of HDT and DVE-3. The solid
line plots the calculated chain length, for the step-growth polym- line plots the calculated chain length;, for the step-growth polym-
erization. erization.

initiated with an EFOS Novacure UV light source (EFOS USA, thus, the thickness of the grafted films. This technique has the
Williamsville, NY) with a 320-550 nm filter. Conversion estimates  added advantage of being a self-limiting process that does not
were made by collecting IR spectra (between salt crystals) for the require monitoring of the conversion. Rather, the desired film
mixture before and after polymerization. However, thickness thickness is simply achieved at compete conversion of the
variations make such calculations relatively inaccurate. limiting functional group. The film thickness is plotted as a

Following polymerization, a relatively thick coating of the bulk ¢, tion of the stoichiometric ratio in Figure 3 where each
thiol—ene polymer remains on the sample surface. To remove bulk . -
sample was polymerized to 100% conversiprn= 1.0).

polymer that is not covalently bound to the surface, the samples . . . .
were rinsed for a minimum of 48 h in a Soxhlet extraction apparatus N general, the thickness of the grafted thiehe films is
running with methylene chloride. less than that typically seen in ATRP brush systems. Because

Polymer Film Analysis. An ellipsometer (Multiskop, Optrel ~ of the step-growth nature of the thieéne system, the molecular
GBR, Berlin) was used to perform all film thickness measurements. weight develops more slowly and uniformly. Likewise, the
The background measurement of the oxide layer on the silicon andthiol—ene grafts are expected to develop uniformly, even at low
the bare SAM were made using samples from the same batch of Siconversions. Although an ATRP system will form very thin
or SH-Si as used for the polymer brushes. Five measurements inpryshes with the addition of increased amounts of initiator, the
separate spots on each sample were averaged for the th'CkneSﬁolydispersity of the system is also incread&tihe “controlled”
calculations. . growth of the ATRP system depends on the continuous

Topographic images of the sample surfaces were collected using® . " . N .

a PicoPlus scanning probe microscope (SPM) (Molecular Imaging, actlvgtlon and deactlv_atlon o_f the propagating end group O.f the

Inc., Phoenix, AZ) operating in contact mode. growing polymer chain. During the growth of shorter chains,
fewer activation-deactivation steps have occurred, reducing the

Results and Discussion number of opportunities for controlled growth and increasing

The thickness of a grafted polymer film is a function of two the polydispersity of the grafts. Thus, in the limit of very thin

variables: the molecular weight and the surface density of the firl]msA(_:roF:TDposed of on.:ly a fe\k/)v repeat #nits, itis ﬁxpi(;tid that
polymer. In this study, the molecular weight of the surface- "€ system will not be as uniform as the thiehe

attached polymer was not measured. However, for astep-grovvthSyStem' A_n empirical comparison_ of the uniformity/roughness
polymerization, the chain length of the bulk polymer as a of very thin thiol-ene and ATRP films is left for future study.

function of conversion is well-know#F. In particular If the chain length of the surface-attached polyméys is
assumed equal to the chain length of the bulk polyKgrthe

1+r surface density (i.e., coverage) of polymer grafts can be
X, = Ttr—2p (1) estimated from the equation
wherer is the ratio of ene to thiol functional groups apds o= hoN, )
the conversion. Several groups have demonstrated that the MX; s

thiol—ene polymerization does proceed in a stepwise manner
with respect to molecular weight evolution and gel point wherer is the polymer density (1.08 g/&n N, is Avogadro’s
conversiort®27” Because the conversion of the bulk polymeri- number (6.022< 10%3), andM is the average molecular weight
zation was measured using IR spectroscopy, the chain lengthof each repeat unit (176.3 g/mol). The polymer density was
of the bulk polymer is calculated from the above equation.  estimated from the monomer densitigsipr = 0.983 g/cm,
Several grafted polymer films of varying thickness were ppve-3 = 0.99 g/cnf)?® and an assumed volume shrinkage of
formed by polymerizing samples to different conversions, as 15 cn¥/mol.1”2%31The averager for all points in Figure 2 is
monitored by in situ IR. The thickness of the films (measured 0.264 0.09 chains/nrh Interestingly, this value is intermediate
by ellipsometry) is plotted as a function of conversion in Figure to the surface densities seen in “grafting to” and “grafting from”
2. The graph of eq 1 is also shown on the plot 0.9975). systems. In the grafting of poly(2-vinylpyridirtestyrene) block
The observed trend in thickness growth matches the calculatedcopolymers to silicon and mica surfaces, significantly lower
growth of the chain length with conversion with dramatic surface densities in the range of 0.6a503 chains/nmhave
increases in film thickness and expected molecular weight been reported:® In contrast, surface densities are higher for
occurring only at high conversions beyond-%5%. ATRP polymerizations from organosilane and thiol-on-gold
Following eq 1, the ratio of thiol to ene functional groups, =~ SAMs, yielding between 0.25 and 1.3 chainsfrin? 32 Thus,
is also an effective means for controlling the chain length and, the thiol-ene polymer grafting density is in the low rangeépbv
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those commonly seen with ATRP. The surface density of a high-
quality organosilane SAM is 6.0 molecules/fmssuming a
hexagonal latticé® Hence, even in the highest density ATRP
systems, fewer than 1 in 5 SAM molecules participate in the
polymerization. In the thietene system, assuming the molecular
weight of the surface-attached polymer is equal to that of the
bulk polymer, only 5% of the available SAM molecules are
attached to a polymer chain.

While the initial seven points from Figure 2 give an average
o of 0.28+ 0.08 chains/ni the final point at 99.5% conversion
drops off considerably to 0.13 chains/Aim decrease in graft
density with increasing conversion is not realistically occurring
in this system. The error has two possible explanations, both
of which relate to the accuracy with which the molecular weight
of the grafted polymer chains can be determined. The first
explanation is that a small error in the conversion measured by
in situ IR would cause a significant deviation in the calculated
chain length at high conversions. For example, at 99.5%
conversionX, (the bulk chain length) is 160, which yieldsya
of 0.13 chains/n However, using a value of 99.0%, is
reduced to 89 and increases to 0.24 chains/Anwhich is
within the error of the other points. This sensitivity to small
conversion changes occurs only at the very high degrees of
conversion attained in the last sample.

Although deviations in the measured conversion could easily
account for variations in the calculated coverage, a mechanistic
explanation is also possible. A breakdown in the assumption
that the molecular weight of the surface-attached polymer is
equal to that of the bulk polymer may occur at high conversion.
If it is assumed that the final point at 99.5% conversion has a
surface density equal to that of the average of the previous seven
points (0.30 chains/nfj, X, s (the surface chain length) is only
75, significantly lower than the bulk, of 160. AsX,sincreases,
steric blocking of active surface sites and end groups will
increase, limiting the final molecular graft weight. Uniquely,
the polymer molecular weight on the surface might also be
limited by the formation of loops. A growing polymer chain
attached to the surface could as easily react with a thiol on the
surface as a thiol in the bulk, effectively terminating the growth
of the chain. If loop formation predominates in this system, very
high surface densities could be attained, while maintaining very
low molecular weights.

From the existing data, it is impossible to distinguish between
the case of high surface molecular weight and low coverage -
and vice versa. A direct measurement of the surface molecularFigure 4. SPM topographlc images. (a) SH SI SAM before polym-
weight by a chromatographic method, following detachment of erization. Arrows indicate examples of siloxane globules. (b) Grafted

the chains from the surface, would be required to obtain an thiol—ene polymer film. (c) Grafted thielene polymer film after
accurate calculation of the surface density rubbing in toluene. Arrow “R” indicates the rubbing direction.

Parts a and b of Figure 4 show SPM images of a sample morphology change with rubbing may be an indication that the
before and after polymerizatior-L00% conversion, 1:1 thiol:  polymer on the surface is of at least intermediate molecular
ene), respectively. Large globules visible in both images are weight and low surface density. In the opposite case of high
siloxane polymer from a flawed SAM deposition. A few of the coverage and low molecular weight, the short chains on the
globules are marked with arrows in Figure 4a. In general, the surface, resembling a SAM, would not undergo an observable
SPM results do not indicate a significant topographic change transformation.
following polymerization, although the postpolymerization An amino-terminated SAM on glass was micropatterned with
features appear more fine-grained. To establish further that5 um wide lines of a thiol-terminated SAM. Specifically,
polymer was present on the surface, the polymer-coated sampldollowing the procedure explained in the Experimental Section,
shown in Figure 4b was immersed in toluene and rubbed in a microlithographic technique was used to removarbwide
one direction with a cotton-tipped applicator. After drying, the lines of the amino-terminated SAM from the glass surface by
sample was imaged by SPM. Figure 4c clearly shows the plasma etching. The exposed lines of bare glass were subse-
grooves created by rubbing, indicating that there is polymer on quently backfilled with 3-mercaptopropyltrimethoxysilane, yield-
the surface. Bare SAMs do not show any surface morphology ing lines of a thiol-terminated SAM separated by an amino-
changes following rubbing, as in Figure 4a, in which the sample terminated SAM. The etching process left the top of the thiol-
was rubbed unidirectionally before imaging. As such, the terminated SAM~1 nm below the amino-terminated surfacteDV
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Figure 5. SPM topographic images. (a) Micropatterned amino-
terminated SAM on glass with/m wide thiol-terminated SAM lines.
The thiol lines (black) are 1 nm below the amino surface (gray). (b)
Same micropatterned sample following thi@ne polymer graft forma-
tion. The grafted regions (white) are raised.5 nm above the amino
surface (gray).

Table 1. Thickness of Thiok-Ene Films Grafted during and after
Photopolymerization

thickness (nm)

approx conversion A (during) B (after)
0 0 0
0.45 1.0 2.2
0.96 2.7 1.8
1.00 35 1.2

as visualized in Figure 5a. The thieéne polymerization was
carried out on this sample. Figure 5b shows the pattern following
rinsing. Because of the growth of thieéne grafts from the
thiol-terminated SAM, the lines are raisedl..5 nm above the
amino surface. The experiment verifies that the thehe grafts
will only grow from the thiol surface and not from the amino
surface. Beyond its experimental utility, the micropatterning of
grafted thiol-ene polymer films provides a useful method for
controlling surface properties in 2-D. Following thiegne graft
formation, the remaining amino groups are available for further
functionalization by a variety of organic coupling reactions. For
instance, if an ATRP initiator were attached to the amino
surface, a patterned surface composed of both-tiené and
vinyl polymer grafts could be created.

A second set of thickness vs conversion data for thésle
grafts on SH-Si is shown in Table 1. The grafts were formed
from a stoichiometric mixture of HDT and DVE-3 with 0.1 wt
% DMPA photopolymerized at 23C using a Novacure UV
light source at~8 mW/cn?. These samples were not prepared
using in situ IR, so the conversions measured are only

Thiol—Ene Photopolymer Grafts1465

Table 2. Film Thickness and Chain Length of Polyfert-butyl
acrylate) Grafts Formed with HDT as Chain Transfer Agent

[HDT] thickness  calcd chain  normalized normalized
(wt %) (nm) length thickness chain length
1.0 1.8 89 1.0 1.0
19 0.85 45 0.47 0.51
3.8 0.51 23 0.28 0.26

for both an A and B sample. The A samples were in contact
with the solution from the beginning to the end of polymeri-
zation. The B samples were immersed in the viscous polymer
after the UV light was extinguished and then allowed to react
for several minutes. Indeed, a polymer film is also formed with
the B samples. Residual radical activity in the polymer mixture
enables the reaction of polymeric vinyl ether molecules with
the SAM surface.

Interestingly, for the B (postpolymerization) samples, the film
thickness decreases with increasing conversion. In this case,
adsorbed polymer chains would sterically block surface func-
tionality. At higher conversions, the presence of longer chains
would make this effect more pronounced. Additionally, the
reduced ene concentration at higher conversions decreases the
reaction rate. Finally, at higher conversions, and, thus, higher
molecular weights and viscosities, the mobility of reactive end
groups is lower, making diffusion to the surface occur more
slowly. Solvent addition to this almost purely “grafting to”
system would enhance mobility and potentially increase film
thickness.

The thiol-ene grafts studied in this paper are all initiated by
the formation of a thiyl radical on the SAM. However, other
types of radical polymerizations, namely acrylic, are also readily
initiated by that radical. In this study, a set of samples were
made usindert-butyl acrylate as the monomer, with HDT added
as a chain transfer agent. The acrylic monomer polymerizes by
a radical chain growth mechanism, which would predominantly
result in a “grafting from” growth mechanism. The bulk chain
length, X, of polymer formed in this system is calculated as

_ ¢ focelc=Cl_, , JC=C]
S e s 2t s @

where f is the thiol functionality, k,cc and kpcr are the
propagation constants of the monomer and the chain transfer
agent, respectively, FEC] is the concentration of double bonds,
and [SH] is the concentration of thiol groups (i.e., chain transfer
agent). On the basis of real-time Fourier transform infrared
spectroscopy of thietacylate polymerizations, Cramer and
Bowman developed kinetic expressions to determine that the
acrylate propagation constant is 1.5 times larger than the rate
constant for hydrogen abstraction from the tifolThus, the
molecular weight of the polymer is easily controlled by the ratio
of monomer to chain transfer agent. Three acrylic graft samples
were prepared using three concentrations of HDT (1%, 2%, and
4%), with 0.5 wt % DMPA. The samples were photopolymer-
ized at 23C using a Novacure UV light source with an intensity
of ~60 mW/cn? for 60 s. As shown in Table 2, the thickness
of the grafted acrylic films decreases with increasing concentra-
tions of chain transfer agent. In fact, the normalized thickness
decreases by the same fraction that the normalized chain length
drops with added thiol. As with the step-growth system, the
film thickness is directly proportional to the chain length of
the polymer.

Conclusions
The thiol-ene polymerization technique detailed in this study

approximate values. At each conversion, a thickness is shownis a simple and straightforward method for forming surfa(S%-V
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grafted polymer films on glass and silicon surfaces. Although (15) Tsubokawa, N.; Kimoto, T.; Koyama, KColloid Polym. Sci1993

the grafted thiol-ene polymer films are thin, the thickness
directly correlates with the molecular weight of the polymer

formed in the bulk. Thus, the thickness is tunable by controlling (17) Jacobine, A. F.

the polymerization conversion or the ratio of thiol to ene

functional groups in the monomer mixture. The low thickness
of the films suggests that the surface density and/or molecular (18)
weight of the surface-attached polymers are lower than could

be expected.
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