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ABSTRACT: Without intervention, it has been found that surface-initiated photoiniferter-mediated photopo-
lymerization (SI-PMP) of methyl methacrylate suffers from irreversible termination, which leads to cessation of
polymerization. These irreversible termination reactions were successfully reduced by preaddition of tetraeth-
ylthiuram disulfide (TED). The poly(methyl methacrylate) layers were also reinitiated using styrene as a monomer
to investigate the effect of TED concentration on the extent of irreversible termination. The reinitiation efficiency
increased as [TED] was increased, indicating that extent of irreversible termination reactions can be reduced by
increasing [TED]. It was also observed that dithiocarbamyl radicals generated from TED can initiate polymerization
in solution, resulting in significant monomer consumption.

Introduction Scheme 1. Idealized Scheme for the Growth of a

. Surface-Tethered Polymer Chain by Surface-Initiated
Polymer brusheésgrafted covalently to solid substrates are  photoiniferter-Mediated Photopolymerization: Several Such

of great importance owing to their potential applications in food Chains Grow Simultaneously To Form a Polymer Brush
packaging, lithography, microelectronics, and design of corro- dormant chain .
sion resistant and biocompatible materials. Of the various L) (d;i;;‘j;;j;;‘;;yl
methods by which polymer brushes can be made, the “grafting L J N radical)
from” approach using controlled (free) radical polymerizations N ¢=s
has become perhaps the most widely practicBechniques such (SF:S H onomer

[ ]

as atom transfer radical polymerization (ATRPY,nitroxide-
mediated free-radical polymerization (NMP);12 and reversible
addition fragmentation transfer (RAFF)4have been used to
produce polymer brushes. While the grafting-from approaches ) )

in general allow surface densities and molecular weights of the (stla;;zc‘]::t}tfé;ed
tethered chains to be independently manipulated, thereby o carbon radical)
allowing interfacial structure to be tailored, the controlled-
polymerization methods have the additional advantage of being
amenable to the synthesis of multiblock copolymers. The
creation of such multifunctional layers springs from the
preservation of the active end groups during the polymerization, CH,
brought about by establishing and maintaining an equilibrium

between capped, dormant chains and active, free-radical species.

Most often, this is accomplished by the addition of a deactivating

species that reacts reversibly with the radic@915-21 thereby H3CO-Si-OCH, H3CO-Si-OCH;
allowing another block(s) to be added subsequetith>16.21 —— ———

In a recent publication, we described our interest in using extensively used by several groéhs® to modify surface
surface-initiated, photoiniferter-mediated photopolymerization properties of various organic and inorganic substrates. Ideally,
(SI-PMP) to create polymer brush&sSI-PMP is advantageous photoiniferter-mediated photopolymerization involves a dynamic
for the fabrication of these interfacial layers because it is equilibrium between growing chains with active free radicals
mediated by light, which permits polymerization to be carried 5,4 chains that exist in a “dormant” state, temporarily capped
out at room temperature and readily allows spatial and temporalyith the deactivating dithiocarbamyl radicafsas depicted in
control over layer growth. Photoiniferter-mediated photopo- gcheme 1. As predicted by persistent radical effect and
lymerization was first discovered by Otsu ef&hnd has been  mentioned previously, a sufficient concentration of these

deactivating species must be present to provide reversible
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Scheme 2. Formation of Two Identical Dithiocarbamyl Radicals by Homolytic Cleavage of Tetraethylthiuram Disulfide (TED)
Mediated by Ultraviolet (UV) Light
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low concentration of deactivating radicals produced by surface- is the addition of TED to the photopolymerization solutions.
initiated photoiniferter-mediated photopolymerization (SI-PMP)  Solutions of MMA and TED in anhydrous toluene were prepared
from flat surfaces leads to irreversible termination, primarily in air-free Schlenk tubes. MMA concentration of 4.68 M in toluene
by bimolecular termination, and cessation of layer gro#th. Was used for all experiments. The concentrations of TED (based

“ - L p :«_on the volume of the solution of MMA in toluene) used were 0.02,
analglgcmzr ngmg’;]lgs li)eha;\ﬂ?fgcs:ea_lliiti)tig?;grv:%g]jtﬁgss;ér:]tge&s 0.2, 1, and 2 mM. The reinitiation of the PMMA layers synthesized
NMFI)Dl‘XH from low areay flat substrates at various photopolymerization conditions used styrene as a

° monomer. Styrene concentration of 4.34 M in toluene was used
Because of the problem of cessation of layer growth brought to, g reinitiation experiments, and for all of these reinitiation

about by bimolecular termination, in this work we investigate studies, the preparations, photopolymerization, and postpolymer-
the impact of adding a source of deactivating species, tetraeth-ization treatment were analogous to those followed for MMA
ylthiuram disulfide (TED), to the reaction mixture. As shown photopolymerizations.
in Scheme 2, when irradiated with UV light, TED undergoes a  Characterization. A Beaglehole Instruments phase-modulated
homolytic cleavage, yielding two dithiocarbamyl (DTC) radicals. Picometer ellipsometer (HeNe laserA = 632.8 nm) was used to
Previously, TED has been used by Doi et*%@ko prevent measure the dry layer thicknesses of the SBDC SAMs, PMMA
bimolecular termination during photoiniferter-mediated photo- layers, and PMMA-PS block copolymer layers. Refractive indices
polymerization of methyl acrylate in bulk or in benzene. Lovell 0f1.45,1.48, and 1.59 were used for the SAMs of SBDC, PMMA,
et al3” used TED in combination with conventional initiator, 2and PS, respectively. The ellipsometric arlg)eandA, measured
2,2-dimethoxy-2-phenylacetophenone, to create cross-linkedPY. €hanging the angle of incidence from*8l 35, were fitted

. " T - . using a Cauchy model (Igor Pro. software package) to determine
polymers without trapped radicals. Similarly, in studies of SI-

t ool hvi I | vl eth h | f the thickness. Thickness measurements were taken at five different
PMP of poly(ethylene glycol) methyl ether methacrylate from ,5inq on every sample in ambient air. The SAMs, PMMA layers,

pliethyldithiocarbgmate-modified polymer substrates, Luo@tal. and PMMA—PS block copolymers were also characterized by
inferred that chain transfer to poly(ethylene glycol) units can measuring the static water contact angle. The details of contact angle
be suppressed by addition of TED to the reaction mixture. Otsu instrument and measurement method are discussed elséhdrate
et al3® were able to synthesize di- and triblock copolymers of therefore not repeated here. Monomer conversions were estimated
polystyrene (PS) and poly(methyl methacrylate) (PMMA) layers from the_lH nuclear mggnetic resonance (NMR) spectra of aliql_Jots
using surface-initiated photopolymerization from photoiniferter- Of reaction cell solutions before and after photopolymerization.
modified PS beads in the presence of TED. These'H NMR spectra were recorded on a Bruk(_ar AC300 Fourier
However, to date, synthesis of block copolymer brushes from transform_NMR spectrometer. Monomer conversion was calculated
flat surfaces using SI-PMP in the presence of TED has not beends the ratio of the peak integral corresponding to the double bond

o . .. proton (CH=C) of MMA after SI-PMP to the peak integral
reported. Additionally, the impact of added TED on the kinetics corresponding to the double bond proton of MMA before SI-PMP.

of surface-tethered chain growth and the ability of this strategy ror the comparison of peak integrals, peaks corresponding to the
to preserve active ends during brush formation to allow block constant concentration of solvent (toluene) protons were used as
copolymers to be created has not been adequately investigatednternal controls.

To better understand the kinetics of SI-PMP in the presence of

TED, we have studied the impact of TED concentration on the Results and Discussion

growth of surface-tethered PMMA layers by SI-PMP. Addition-
ally, reinitiation experiments were conducted using PMMA
layers photopolymerized in the presence of varying amounts

of TED. These studies provide additional insight into the . .
reinitiation efficiency (ability of PMMA layers to restart growth) fo_r various TED concentrations, [TED]' All data sets show an
initial period of slow increase in thickness followed by a rapid

and, therefore, the extent of irreversible termination reactions increase. This initial lag has been previously attributed to the
occurring during SI-PMP of MMA in the presence of TED. “mushroom-to-brush” transitidA (indicated by the arrow).
Experimental Section Therefore, the kinetic analysis of the variation of PMMA layer

thickness with time at all [TED] is done after this initial lag

(MMA), solvents, and reagents are described in detail in a previous period (after the exposure time marked by the ar_row). As seen
publication?? Additional compounds used here were styrene (Acros, by the curve Ial_)eled In Flgure 1, yvhen no TED is added to
999%), which was dehibited by passing it through a neutral alumina the polymerization solution, the thickness of the PMMA layer
column prior to use, and tetraethylthiuram disulfide (TED) (Sigma, increases rapidly after the initial lag period but is followed by
97%), which was used as received. The synthesis and characterizaa sharp decline in the growth rate. Through complementary
tion?228 of the photoiniferterN,N-(diethylamino)dithiocarbamoyl- kinetic modeling studies, this cessation of layer growth has been
benzyl(trimethoxy)silane (SBDC), and procedures used to make primarily attributed to loss of active ends by bimolecular
self-assembled monolayers (SAMs) of this iniferter on silicon termination2?
surfaces are discussed elsewReaad therefore not repeated here. -
Photopolymerization. The protocols used in these photopolym- The %’ata sets labele—e in Figure 1 show the effect of
erization studies, including solution preparation, assembly of the increasing [TED] on the growth of the grafted PMMA layers.
reaction cell, photopolymerization, and post-photopolymerization AS seen in Figure 1, when [TEB} 0.02 mM (data seb), the
treatments, were also described in our previous Baged therefore ~ maximum growth rate (observed between 30 min and 1 h
are not repeated here. The only significant change in these studiesexposure time) is slower than when no TED is added; howeCYBr\,/

Growth of the PMMA Layers. Figure 1 shows how the dry
layer thicknesses of grafted PMMA layers measured using
variable-angle ellipsometry increase with polymerization time

Materials. Purities and preparations of methyl methacrylate
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Exposure Time (hours) Figure 2. Effect of exposure time on the conversion of methyl

. . . methacrylate (MMA) when no tetraethylthiuram disulfide (TED) was
Figure 1. Poly(methyl methacrylate) dry layer thicknesses as a function 54qeq (filled diamond#$) and at a TED concentration of 2 mM (open
of exposure time at tetraethylthiuram disulfide (TED) concentrations circles,O).

of (@) 0, (b) 0.02, (c) 0.2, (d) 1, and (e) 2 mM. The thin lines are only
to guide the eye. In these experiments, a methyl methacrylate 100 1 (@)
concentration of 4.68 M and a light intensity of 5 mW/Awere used.

Error bars represent the standard deviation calculated from repeat i) 80
measurements using three identical samples (and five thickness &C 60
measurements per sample). E E
2E 41 @
the thickness of this PMMA layer afté h of exposure (209 é 20 g
5 nm) exceeds that of the sample polymerized without TED 0 ‘ : ®
(162+ 4 nm). The presence of a thicker layer suggests that the 0 0.5 1 1.5
extent of irreversible termination is lower in the presence of [TED] (mM)
TED. At a [TED] of 0.2 mM (data set labeledin Figure 1), a 20

nonlinear increase in PMMA layer thickness is still observed. 15 ® %
However, at [TED] of 1 and 2 mM (data sets and e, %

respectively), the measured thicknesses of PMMA layers 10

increase linearly throughout the experiment, albeit the layers 5

grow more slowly compared to the other three cases. A linear 0 . . .
increase in PMMA layer thickness throughout the photopolym- 0 05

erization provides evidence that the extent of irreversible
termination is less than at the lower TED concentrations studied.
These simultaneous decreases in extent of irreversible terminafigure 3. Effect of tetraethylthiuram disulfide concentration [TED]

. - - . on (a) maximum rate of poly(methyl methacrylate) (PMMA) layer
tion and PMMA layer growth rate are consistent with a shift in growth and (b) the thickness of poly(styrene) blocks synthesized by

the equilibrium of the surface-tethered radicals toward the reinitiating the PMMA layers that were synthesized at the various TED
dormant state. concentrations shown. The maximum rates were obtained by plotting

Thus, on the basis of behaviors exhibited in Figure 1, we flSIFaighftt"nehthf_O!Jgfll Ithe first tV&/%df?ta F;]Oints for thickness of FLMQAQ

; ; . layers after the initial lag period (after the exposure time marke

Qonclude Fhat TED decreases .the extent OT irreversible termlna-thé arrow in Figure 1) fc?r peach TED concentf’;\tion. Error bars in thg
tion reactions that occur during SI-PMP; however, we alsO maximum rates, which are of the size of the datum points or smaller,
observed that at long times when [TEB]2 mM, the viscosity represent the standard error obtained using linear regression of the
of the bulk solution increased. In comparison, we observed no multiple measurements. Reinitiation of the PMMA layers (synthesized
thickening of the solution in control experiments in which a at a light intensity of 5 mW/crh a methyl methacrylate concentration

I . . . of 4.68 M, and an exposure time of 6 h) was carried out at an intensity
bi?lre silicon sub_strat_e was immersed In_monomer solu_tlon of 5 mW/cn#, a styrene concentration of 4.34 M, and an exposure time
without TED and irradiated for 6 h. These pieces of information of 4 h.

suggest that monomer consumption caused by propagation of
dithiocarbamyl radicals occurs in solution. This dithiocarbamyl- with increasing [TED], implying that the instantaneous con-
initiated photopolymerization of MMA has been previously centration of active, surface-tethered radicals decreases as [TED]
observed by Otsu et & Lambrinos et al*® and Turner et at’ is increased. As a result, because of the shift in the equilibrium
in their studies of photoiniferter-mediated photopolymerization. of the surface-tethered radicals toward the dormant state,
NMR analysis was used to quantify the consumption of propagation and extent of irreversible termination are both
monomer in solution as a function of exposure time and [TED]. decreased.
Figure 2 shows monomer conversion as a function of exposure To support the inference that the extent of irreversible
time when no TED was added and at [TEB]2 mM. As can termination decreases upon preaddition of TED, PMMA layers
be seen, monomer conversion becomes significant when TEDsynthesized wit 6 h of UV exposure in the presence of TED
is added to the system. In the presence of TED, monomerwere reinitiated using styrene as a monomer. All the reinitiation
conversion increases with exposure time. Increased monomerpolymerizations were conducted h intoluene using a light
conversion, in addition to irreversible termination, reduces the intensity of 5 mW/cr (1 = 365 nm) and a styrene concentration
rate of PMMA layer growth at long exposure times. of 4.34 M without preaddition of TED. Also, a control
Because monomer conversion is not significant at short experiment in which synthesis of a PS layer directly tethered
exposure times, even at high TED concentrations, the shift in to photoiniferter-modified silicon wafer at the reinitiation
the equilibrium of the surface-tethered radicals toward the conditions was carried out. The thickness of this control PS
dormant state as a function of increasing [TED] can be inferred layer was found to be 74 2 nm. Because all of the reinitiation
by comparing the maximum PMMA layer growth rates obtained experiments were conducted under exactly the same conditions,
during early stages of photopolymerization. As can be seen from the molecular weights of the PS chains grown during reinitiation
Figure 3a, the maximum rate of PMMA layer growth decreases of PMMA layers should be approximately constant. TherengV

Tps block (NM)

1 1.5 2
[TED] (mM)
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Table 1. Static Water Contact Angle of Poly(methy! measured. These contact angles correspond to the static water
e e e £ L e oot it angle of PE.AL [TED] of 002, 0.2, and L mi. the
Tetraethylthiuram Disulfide Concentration [}Il'ED] Used for the PMMA Fhlcknes;eﬁ a':e greatefr. than the thl(,:kness of PS layer
Synthesis of PMMA Layerst synthesized at reinitiation conditions, suggesting that the PMMA
[TED] PMMA block PS block static water contact Cha!n lengths at these [TED] are greater than. the Ieng_th of I.DS
(MM)  thickness (hnm) thickness (nm) angle (deg) chains formed upon reinitiation. As hypothesized earlier, this
0 16244 0 43519 comparison of chain Iengths and contact angle data indicate that
0.02 2164 21 442 90.64+ 0.3 the PMMA layers synthesized at [TEB] 0.02, 0.2, and 1 mM,
0.2 154+ 5 8+6 92.3+2.2 when reinitiated in the presence of styrene produce PMMA
1 8745 13+ 3 91.3+3.2 PS block copolymer, rather than a mixed brush of individual
2 63+1 18+2 95.2£ 0.6 PMMA and PS chains. We note that at [TEB] 2 mM the

aUncertainties in the reported contact angles represent the standardthickness of the initial PMMA layer is smaller than that of the
deviation calculated from three identical samples with three repeat measure-PS |ayer grown under control conditions. Nevertheless, on the
ments per sample. basis of behaviors observed in the reinitiation studies of PMMA

] . ) i o layers made at lower TED concentrations, we believe that
owing to steric crowding effects, the ellipsometric thickness of |ginitiation of PMMA layers grown at [TEDE 2 mM also
the PS block formed will be a function of the number of PS produce a PMMA-PS block copolymer.
chains per unit area, which in turn depends on the number of i should be noted that these studies to quantify the impact
PMMA chains per unit area capable of reinitiating. of TED on PMMA layer growth kinetics and reinitiation

Figure 3b shows how the PS block thickness (dry layer) capapility only prove that preaddition of TED helps reduce the
increases as a function of [TED] used during formation of the extent of irreversible termination reactions. This decrease in
initial PMMA layer. When no TED was added to the polym-  jreversible termination reactions, however, is not sufficient to
erization solution, the PMMA layer could not be reinitiated, ¢onclude that preaddition of TED improves the control over
indicating the complete loss of active chain ends via irreversible 5|-pMPp. Such a contention requires additional information about
termination reactions during the initéh MMA polymerization. the molecular weight (MW) and molecular weight distribution
As [TED] increases, the PS block thickness increases, suggestingMwD) of the surface-tethered PMMA chains. To obtain these
that the extent of irreversible termination reactions during nw and MWD data, it is necessary to first degraft the PMMA
PMMA layer formation decreases with increasing [TED]. Even chains from the surface and subsequently characterize them with
at [TED] = 2 mM, hOWeVer, a Signiﬁcant degree Of termination ge' permeation Chromatography (GPC) or an analogous tech_
is still believed to occur since the PS block thickness of the nique. Unfortunately, application of any degrafting strategy to
sample polymerized under these conditions£18 nm) is still low-area substrates is rather impractical because of the insuf-
significantly less than that of the PS control layer (Z& nm). ficient amount of polymer synthesized. Previous efforts to
These results suggest that TED, which provides deactivating gegraft polymer chains synthesized by surface-initiated poly-
DTC radicals, helps to at least partially preserve DTC-capped merizations have involved the use of high area substrates such
PMMA chains that are capable of reinitiation in the presence s sjlica gel0:43-44 However, a uniform SI-PMP from photo-
of PS. iniferter-modified silica gel is difficult to achieve because of

Contact angle measurements were made to confirm that thehigh solution opacities that can lead to nonuniform exposure
observed thickness increases seen after reinitiation with styreneof all initiating sites. In addition, molecular weight data obtained
are due to the formation of surface-tethered PMiM2S block  from such systems may not accurately reflect the molecular
copolymers and not due to the formation of PS chains tetheredweight distribution of chains grown from flat substrates due to
directly to photoiniferter-modified silicon wafer. If surface- important differences in surface geometry, chain conformation,
tethered PS chains instead of PMMRS block copolymers  and ratio of surface to bulk radical concentrations. Therefore,

are created, a mixed polymer brush containing individual degrafting of PMMA chains to obtain MW and MWD data was
PMMA and PS chains tethered to the surface would be formed. not included in this work.

In this case, because static water contact angles of PMMA and
PS are significantly differerf@ a mixed PMMA-PS brush ~ Conclusion
contact angle will reflect the presence of (i) a PMMA surface  These studies of the impact of TED, a source of deactivating
if PMMA chain length is greater than PS chain length, (ii) a dithiocarbamyl radicals, on the growth of PMMA by SI-PMP
PS surface if PS chain length is greater than PMMA chain reveal interesting tradeoffs: As expected, TED reduces the rate
length, or (i) a mixed PMMA-PS surface if PMMA and PS  of growth of the layers and decreases the extent of irreversible
chains are of approximately equal length. Alternatively, a termination reactions that lead to cessation of polymerization;
PMMA—PS block copolymer exposed to toluene, which is a however, at long times the DTC radicals generated from TED
better solvent for PS than PMMA, will exhibit contact angle can initiate polymerization in solution, resulting in monomer
that corresponds to PS. consumption, which can further retard the rate of propagation.
Table 1 lists the water contact angle of the photopolymerized Reinitiation studies using styrene support the contention that
PMMA—PS layers along with the individual thicknesses of preaddition of TED helps to preserve the active ends, leading
PMMA and PS layers. All measurements were taken after the to an increase in reinitiation efficiency and block copolymer
layers were sonicated in toluene and vacuum-dried. As can beformation, as manifest by increasing PS block thicknesses with
seen from Table 1, a water contact angle of 74.8.9°, which increasing [TED]. These studies show that it is necessary to
corresponds to that of PMMA was observed when no TED  supply a source of deactivating radicals to decrease the extent
was added to the polymerization solution. This result is expected of irreversible termination reactions during SI-PMP, but this
because no increase in the PMMA layer thickness was observedoenefit comes at the cost of reducing the rate of polymerization
upon reinitiation with styrene. For TED concentrations of 0.02, and layer growth. These insights into the kinetic behavior and
0.2, 1, and 2 mM, static water contact angles of 98.6.3, reinitiation efficiency of SI-PMP in the presence of an added
92.3+ 2.2°,91.3+ 3.2, and 95.2+ 0.6°, respectively, were deactivating species highlight the impact and importanc%B(/
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reaction conditions, including amount of TED, on the engineer- (21) Kim, J. B.; Huang, W.; Miller, M. D.; Baker, G. L.; Bruening, M. L.

ing of soft material interfaces by SI-PMP.
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