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ABSTRACT: This work reports on the grafting of methyl methacrylate polymer brushes containing spiroben-
zopyran pendant groups from flat silica surfaces and colloidal particles utilizing atom transfer radical polymerization
(ATRP). The reaction conditions were optimized with respect to the kind of surface bound initiator, the type of
halide and ligand used in the catalytic complex, the presence/absence of untethered initiator, and solvent type.
This enabled synthesis of coatings up to #03 nm thick with controlled spirobenzopyran content. While
polymerization kinetics indicate the presence of chain termination reactions, the “living” character of the process
is confirmed by controlled formation of block copolymer brushes. UV/vis spectroscopy was used to characterize
the UV-induced isomerization of spirobenzopyran to zwitterionic merocyanine and the thermal back-reaction.
Spectral and kinetic analyses of this latter bleaching process points to the existence of free and associated
merocyanines in the polymeric brush in both tetrahydrofuran and toluene. However, stabilization of merocyanine
species by the polymer matrix is considerably greater in toluene with thermal back-reaction rates approaching
those determined for solid dry films.

Introduction surfaces and colloidal particles utilizing atom transfer radical

The ability to reversibly alter system properties through Polymerization (ATRP).
application of remote stimuli such as light is highly attractive
in a number of technologically relevant fields. Specifically, the
optical actuation of nanointeractions to impact behavior on both  Materials. Methyl methacrylate (Aldrich, 99%) was freed of
the nano- and microscales has potential applications in directedinhibitor by passing through a MEHQ removing column (Aldrich,
nanostructure formation, microfluidic rheology, and tribological cat. no. 306312). Similarly, styrene (Acros, SP) was passed through
control. Photochromic compounds with reversible, specific a tert-butylcatechol removing column (Aldrich, cat. no. 306320).
wavelength-induced changes in molecular properties have been’he monomers were then distilled under reduced pressure. All

incorporated into various material systems including surface Solvents were at least HPLC grade and used without further

boung monolayers;5 Langmuir mon{)layer§7 Langn?uir— purification. Similarly, CuBr (Aldrich, 99.999%), CuCl (Aldrich,
A . ' 99.999%), CuBr (Aldrich, 99.99%), CuGl (Aldrich, 99+%),

1-6 .9 _

Blodgett films!1—¢ polymeric brushe&? photocontrollable sur PMDETA (Aldrich, 99%), MaCyclam (Aldrich, 98%), and other

Experimental Section

factantsi®! liquid crystalline materiald;'>* polymeric reagents were used as received. Tris[2-(dimethylamino)ethylJamine
matrices}*2* organic/inorganic hybrid system&?’ and col- (TREN) ligand was prepared by a known literature procedure.
loidal particles?® 3! This has led to reversible changes in system AJl liquid reagents used in polymerization reactions were degassed
properties such as conductivity® wetting behavio?,> adsorp- using three freezepump-thaw cycles and then transferred into a
tion,152529metal ion complexatiof?32 chiral expressiof?33 dry, O-free glovebox. Spherical, monodisperse, silica particles
surface morpholog¥&2! gelation2334 solution viscosity:?-22 (Fuso Chemical Co., Ltd., grade SP-03B and SP-1B) were received
association/solubility?18.2025mechanical effect¥’2colloidal as dry powders and used without further purification. Substrates

employed were either 1 ihfused silica coverslips (0.019% 0.002
in. thick; Valley Design) or test type n-doped silicon (100) wafers
with 19.7-27.6 A thick oxide layer (Allied Bendix) cut into 1 if.
pieces.
. . . . Initiator Synthesis. Undecen-1-yl-2-bromo-2-methylpropionate
Despl_te recent adyances in the area Of. photoactive mat_erlaland (11-(2-bromo-2-methyl)priopionyloxy)undecyltrichlorosilane
synthesis, the formation of robust, well-defined surface coatings ,are synthesized according to a published proce#urethe case
with greater than monolayer coverage of photochromic moieties ¢ undecen-1-yl 2-chloropropionate and (11-(2-chloro)priopiony-
would be a welcome addition. Here, we describe a general joxy)undecyltrichlorosilane an analogous protocol was adopted.
process of controllably grafting polymeric matrixes containing  pjonolayer Self-Assembly A procedure similar to that reported
photochromic molecules from surfaces using a “living” polym-  py Matyjaszewski et al. was followed for attachment of initiator to
erization approach. Particularly, spirobenzopyran/methyl meth- fused silica coverslips and silicon (100) waféfdn the case of
acrylate (pSR:0-MMA) copolymers were grafted from flat silica  silica colloids, this was modified slightly. Specifically, the particles

system stability®31and membrane permeabili#y.Apart from
applications in the area of optical memory and optical recording,
these developments offer opportunities for designing sensor
materials, actuators, and other photomodulated devices.
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(20 g) were added to 50 mL of anhydrous toluene in a drybox. zation mixture at the reaction onset. Following the synthesis and
The suspension was sonicated for 5 min and shaken to break apartemoval of modified silica surfaces or patrticles, the free polymer
larger aggregates. Trichlorosilane (see above) was then added tavas recovered by (re)precipitation twice in methanol.

give a 155 mM solution in the case of 284 nm diameter particles  Polymerizations from pSP-€o-MMA Brushes. In the first step,

and a 65 mM solution for the 927 nm diameter spheres. These pSP€o-MMA brushes on silica colloids were prepared as described
concentrations were chosen to provide at least 5 times the excessbove, except for quenching the reaction with excess Coéfore

of monolayer coverage. Following overnight reaction atG%under it reached completion. The particles were then cleaned centrifuga-
stirring, the particles were washed by centrifugation/decantation tion/decantation sequence in the usual manner before being dried
cycles with anhydrous toluene (2 cycles), tetrahydrofuran (THF; 2 and reintroduced into the glovebox. The second polymerization step
cycles), and methylene chloride (@Ely; 2 cycles). After washing, was conducted with either an identical SP/MMA mixture or utilizing
the treated colloids were dried under vacuum, sealed in a dark styrene monomer. In the latter case, the particles (0.072 g) were

container, and stored in the drybox until use. first dispersed in anisole (0.5 mL) using ultrasound energy to break
Spirobenzopyran Monomer Synthesis.1'-(2-Hydroxyethyl)- apart aggregates. Next, CuBr (9.9 mg, 0.044 mmol), (L8

3,3 -dimethyl-6-nitrospiro(®-1-benzopyran-2,Zndoline) (SP al- mg, 0.0013 mmol), PMDETA (29 mg, 0.17 mmol), and styrene

cohol) was prepared according to a published protéctlhile (1.36 g, 13 mmol) were added. The polymerization was allowed

synthesis of t(2-methacryloxyethyl)-33'-dimethyl-6-nitrospiro- to proceed in a sealed flask for 20 h at 95 under stirring. The

(2H-1-benzopyran-2;andoline) (SP) has been reported elsewli&re,  solidified reaction mixture was then removed from the glovebox
a different method was adopted here. Specifically, a solution of and dissolved in THF. The particles were washed by a centrifuga-
SP alcohol (15.0 g, 42.6 mmol) and triphenylphosphine (20.1 g, tion/decantation sequence using anhydrous THF (5 cycles) and
76.7 mmol) in THF (640 mL) was cooled to @ under Ar. anhydrous toluene (5 cycles).

Diethylazodicarboxylate (13.2 g, 75.8 mmol) was then added, and  Scanning Electron Microscopy.Hitachi S4500 field emission

the mixture was stirred for 10 min. Following the addition of SEM operating at 5 kV was used to image particles deposited onto
methacrylic acid (6.6 g, 75.8 mmol) and after removal of cooling, freshly cleaved mica and sputter coated with Au/Pd (coating
the solution was stirred for 24 h at room temperature. The solvent thickness~8 nm). Sizes of the core silica particles were determined
was dried using a rotary evaporator and the product passed throughfrom SEM micrographs that show well-packed monolayer films
the silica gel column to remove oxyphosphonium salts. The crude utilizing IMIX particle analysis software (Princeton Gamma Tech).
product (21.9 g) was recrystallized from hexanes to give 14.8 g On the basis of the analysis of at least 900 particles, the diameters
(35.1 mmol) of pale green crystals in 82.5% yield. NMR (500 of SPO3B and SP1B silica spheres were determined to bet283
MHz CDCl) 6: 1.17 (s, 3H); 1.28 (s, 3H); 1.92 (s, 3H); 3:38 11 and 927+ 24 nm, respectively.

3.63 (m, 2H); 4.3 (t, 2H); 5.56 and 6.07 (d, 2H); 5.87 (d, 1H); 6.73 Transmission Electron Microscopy. A Philips CM30 TEM/

(g, 2H); 6.89 (g, 2H); 7.09 (d, 1H); 7.x77.28 (m, 1H); 7.96 STEM operating at 300 kV was employed to image polymer brushes

8.05 ppm (m, 2H). grafted onto the silica core particles. The polymer layer thickness
General Polymerization ProceduresThe reactions were carried ~ was estimated from 8 to 20 separate measurements per sample.

out in a moisture- and £free glovebox under different conditions. Particle Density Determination. The density of polymer-coated

Specifically, monomer concentration, SP/MMA monomer ratio, particles was calculated from the known core and shell sizes using
types of initiator surfaces, copper halide catalysts, coordinating 2.1 g/cn? as the density of silica core (value provided by the
ligands, and solvents were all varied. The polymerizations were manufacturer) and 1.19% 0.012 g/cm for the density of pSf-
performed in glass jars with sealable tops or in round-bottom flasks co-MMA o g copolymer brush. This latter value was obtained by
equipped with septa when it was necessary to remove samplesdetermining the density of free pgPco-MMA g copolymer.
during the reaction. Representative synthesis of poly\d®FHMA) 1H Solution NMR Spectroscopy.SolutionH NMR analyses
brush layers containing 20 mol % SP (p3fRo-MMA o g for short) were performed on a Bruker DRX400 spectrometer and were
was as follows: Contents of a glass jar filled with SP (16.0 g, 38.0 referenced against residual solvent peaks or external TMS. Samples
mmol), MMA (15.2 g, 152 mmol), and THF (4 mL) were stirred were prepared by dispersing 5250 mg of polymer-modified
until SP monomer dissolved completely. To this a catalyst solution colloids or 5-15 mg of free polymer irt 1 g 0f99.998% CDRCl,.
comprised of CuBr (163 mg, 0.73 mmol), Cu@.86 mg, 0.035 The SP content of pSBe-MMA copolymer brushes and free
mmol), PMDETA (0.90 mL, 4.31 mmol), and THF (0.37 mL) was  copolymers was obtained by comparing integrated peak areas in
added, and the mixture was stirred for2 min. Following the the range 5.3% ¢ < 9 ppm (corresponding to 9 SP protons) to
removal of stirring, a custom holder containing-80 silica the peak areas in the range<0d < 5.27 ppm (corresponding to
substrates modified with an initiator SAM was submerged in this 15 SP and 8 MMA protons).
monomer/catalyst mixture. After sealing tightly with a screw-top Gel Premeation Chromatography. GPC measurements were
lid, the container was placed in a thermostated oil bath kept at 65 carried out on a Polymer Laboratories Inc. PL-GPC210 system with
°C, and the reaction was allowed to proceed fer2@ h. Upon incorporated differential refractometer detector operating &40
removal from the solution, samples were immediately transferred The HPLC-grade THF was used as the mobile phase at a flow rate
into anhydrous THF and cleaned under ultrasound for 15 min. This of 1.0 mL/min. The GPC system was equipped with two in-series
cleaning procedure was repeated in dry toluene and then again inPLgel 5um MIXED-C columns to cover an exclusion limit of 260
CH.Cl,. The samples were kept under anhydrous toluene in a 2 000 000. The instrument was calibrated with five different linear
glovebox when not in use. low polydispersity (i.e.,Mw/M, < 1.11) polystyrene standards
When colloidal particles were treated, this procedure had to be having molecular weightsl,, = 4920-1 065 000 (symbolM, and
adopted slightly. In the glovebox, dry particles modified with M, represent number- and weight-averaged molecular weight,
initiator SAMs were first dispersed into a chosen solvent by 1 min respectively).
sonication in an ultrasonic bath. This suspension was then UV —vis SpectroscopylJV—vis absorption spectra of monomer,
transferred into a stirred monomer/catalyst solution via a syringe. polymer, and modified particles in THF and toluene were recorded
Upon reaction completion, the mixture was removed from the with an Ocean Optics USB2000 spectrometer coupled to a pulsed
glovebox, and the particles were washed by a centrifugation/ xenon lamp (Model PX-2, Ocean Optics). A custom-made cell
decantation sequence using anhydrous THF (5 cycles) and anhy-older allowed simultaneous recording of absorption and lateral
drous toluene (5 cycles) or until the supernatant was free of SP illumination of the sample witih = 3654+ 10 nm light from a 200
monomer. The colloids were then stored as toluene suspensions inV mercury arc lamp (Oriel) fitted with a band-pass filter. The
sealed, dark bottles within a separate drybox. kinetic rates of SP~ MC were determined by monitoring changes
Polymerizations with a Free Initiator. To facilitate polymer in absorbance at the visible absorption maximum during the UV
synthesis in the bulk, a sacrificial initiator (i.e., ethyl 2-chloropro- irradiation. Analogously, the ME~ SP isomerization kinetics were
pionate or ethyl 2-bromoisobutyrate) was added to the polymeri- recorded immediately after the UV treatment. CDV



Macromolecules, Vol. 39, No. 3, 2006 Synthesis of Photochromic Polymer BrusheXl7

Table 1. Conditions of Different Polymerization Reactions Used To Synthesize the pS®-MMA Polymer Brushes on Silica Colloids; Reaction
Temperature and Duration Were 65 °C and 18-24 h, Respectively, with All Syntheses Performed in Tetrahydrofuran

expt no. [mono] (mol/L) SP % rn® initc CuxXdx = CuYzeY = [ligand] (mol/L) h9 (nm)

varying reaction control (no. 1, addition of &Guno. 2, addition of sacrificial initiator)

1h 34 20 Br Br Br 2.7x 102 255+1.2

2h 3.4 20 Br Br 2.7x 1072 29.4+ 4.3

varying initiator type and halogen in the catalytic system

3 3.8 20 Br Br Br 8.6x 1072 249+2.6

4 3.8 20 Br Cl Cl 7.8x 1072 342+ 3.3

5 3.8 20 Br Br Cl 7.8x 1072 49.3+2.2

6 3.8 20 Cl Cl Br 7.8x 1072 50.3+ 1.7

7 3.8 20 Cl Br Br 7.8x 1072 55.5+2.3

8 3.8 20 Cl Cl Cl 7.8x 1072 57.8+1.3

9 3.8 20 Cl Br Cl 7.8x 1072 75.8+2.6
varying ligand type (no. 16 MesTREN, no. 11= Mescyclam, no. 12= PMDETA)f

10 3.8 20 Cl Br Cl 3.2 1072 32.7+1.7

11 3.8 20 Cl Br Cl 3.2 1072 73.8+6.0

12 3.8 20 Cl Br Cl 3.2 10°? 79.5+2.6

aTotal monomer concentration, [SP][MMA]. P Content of SP in the reaction mixture expressed as mole pefcEype and concentration of initiator
monolayer chemisorbed onto the silica partilces: “Br” stands for (11-(2-bromo-2-methyl)priopionyloxy)undecyltrichlorosilane, while @#sdad-(2-
chloro)priopionyloxy)undecyltrichlorosilane. Except for experiments 1 and 2, SP1B-type colloidal silica was employed.(X = Br) or CuCl (X = Cl)
was used as catalyst at a concentration of<d 502 to 2.1 x 1072 mol/L. € CuBr, (Y = Br) or CuCk (Y = Cl) was used as the inhibitor at a concentration
of 4.9 x 1074 to 6.4 x 1074 mol/L, except for experiment 2 where sacrificial initiator was employed to control the reattiand concentration. In most
casesN,N,N',N",N"-pentamethyldiethylenetriamine (PMDETA) was used, except for experiments 10 and 11, employing tris[2-(dimethylamino)ethyl]amine
(MesTREN) and 1,4,8,11-tetraaza-1,4,8,11-tetramethylcyclotetradecaney@dlam), respectivelyd Polymer brush layer thickness determined from TEM
analysis." SP0O3B type colloidal silica was used in both experiments 1 and 2. In the case of experiment 2, sacrificial initiator, ethyl 2-bromoisobutyrate was
added at the reaction onset at a concentration 0&21®-3 mol/L.  In addition to CuCJ deactivator, free sacrificial initiator, ethyl 2-bromoisobutyrate, was
added at the reaction onset at a concentration of<13~3 mol/L.

Scheme 1. Formation of Grafted Polymer Layers colloidal particles was very low, addition of the cupric halide
deactivator was essential to ensure a controlled polymerization
process® In a few cases, sacrificial initiator (i.e., ethyl
2-bromoisobutyrate and ethyl 2-chloropropionate at a concentra-

‘ + o:?:+ o:?: tion of (2—10) x 1073 M) was utilized instead?_ generating

o o free pSPeo-MMA copolymers in solution along with the grafted

/ Sfp. brushes. Although both of these approaches produced polymer
films of comparable thickness (see experiments 1 and 2 in Table
1), the addition of sacrificial initiator resulted in gelation and
complicated further processing.

It is apparent from Table 1 that the choice of the surface
bound initiator, Clihalide catalyst, and C!thalide deactivator
greatly affects the brush layer thickness (see experimer3.3
Thus, the use of 2-chloropriopionate instead of 2-bromoisobu-
tyrate initiator groups attached to colloidal particles yielded
significantly thicker polymer shells under identical reaction
conditions. Similarly, solution polymerization with ethyl 2-chlor-
oisobutyrate vs ethyl 2-bromoisobutyrate offered higher mo-
lecular weight pSREO-MMA copolymers characterized by a
lower polydispersity index.

Thus, in the case of ethyl 2-choropropiondtg, = 78 310
g/mol andM,,/M, = 1.82. MeanwhileM, = 45 270 g/mol and
Mw/M, = 2.42 was obtained with the ethyl 2-bromoisobutyrate
reaction. These results are somewhat unexpected; tao-
propionates are generally less suitable for MMA polymerization
due to the low reactivity of their €X bonds compared with
that of the dormant methacrylate termif&Conversely, more

Synthesis of Grafted pSPeo-MMA Copolymer Brushes. reactive 2-bromoisobutyrate is a unimer model of poly-
Several polymerization reactions were performed under different (methacrylate) with a dormant-Br terminal and has been
conditions in an attempt to identify main control variables and employed as a versatile initiator for methacrylates, acrylates,
optimize the polymer brush thickness. The results of these and styrene$! However, once formed, the more stable 1-bro-
experiments along with specific reaction conditions are sum- moisobutyrate radical reacts more slowly with monomers, giving
marized in Table 1, while the formation of grafted polymer an increasing chance of recombination with another initiator
layers via ATRP is illustrated in Scheme 1. A common feature radical. This is especially likely to occur in dense monolayers
of all syntheses was the use of cuprous halide catalyst and cupricon surfaces, as is the case here.
halide deactivator. Together with a suitable ligand, this catalytic =~ Experiments 3-9 in Table 1 also show that the combination
system has been well researched in the past and applied to thef CuBr catalyst and Cugldeactivator affords the thickest
polymerization of various acrylate and methacrylate mono- polymer brushes for a given initiator choice. This might be
mers3%41 Since the initiator concentration on the surface of caused by the higher reactivity of CuBr toward the initia&)f)v

ATRP

Results and Discussion
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terminal compared to CuCl. Thus, a greater percentage of
initiator molecules become activated when CuBr is used as the
catalyst. Since the kinetics of brush growth are directly
proportional to the number of growing chains, thicker polymer
layers are obtained. Analogously, Cy@ompared to CuBr
affords slower deactivation of the growing chain ends to their
dormant state. This allows a greater number of monomer units
to be inserted per activation/deactivation cycle and will yield
faster brush growth. However, these are speculative arguments,
and detailed mechanistic study would be helpful in answering
why the combination of 2-choropropionate initiator, CuBr
catalyst, and CuGldeactivator affords thickest polymer layers. | e
Finally, data in Table 1 show that out of the three ligands ol L L . :
examined here PMDETA provided thickest pS&MMA 0 20 o480 80
brushes (compare experiments—1® in Table 1). This might SP content in reaction mixture (% mol)
result from PMDETA having the highest solubility in the Figure 1. Content of SP molecules in the polymeric brush as a function
monomer/solvent mixture. of reaction mixture composition. The brush was grown from 927 nm
Several different solvents (e.g., benzene, toluene, anisole diameter Si@ colloids modified with (11-(2-chloro)propionyloxy)-

) ' ! ’ ol 'undecyltrichlorosilane. Reaction conditions were as follows: [monomer]
tetrahydrofuran, antl,N-dimethylformamide) produced similar = 1.2 M, [CuBr]= 1.5 x 1072 M; [CuCl;] = 6 x 10~*M; [PMDETA]
synthesis results. However, THF became the solvent of choice= 7.7 x 1072 M in THF solvent with temperature 65 °C. *H solution
due to its excellent pSBe-MMA copolymer solubility and low ~ NMR analysis was used to determine the mole percent (mol %) of SP
viscosity. It should be mentioned that presence of moisture in :rz1attri1§npolymer brush. The broken line represents azeotropic polymer-
the reaction mixture significantly retarded copolymer film '
growth (i.e., 3x 103 mol/L of water reduced the final brush  these copolymer films were especially well suited for study of
thickness by~60%). This effect can be attributed to lowered photocontrolled aggregation and sedimentation phenorffena.
SP solubility and its conversion into the bulkier, more polar The polymer layer thickness and molecular weight data for

\
\\
oy

\

N
o
T

A}

SP content in brush (% mol)

MC isomer (see Scheme 2). free polymers synthesized under the same conditions may be
combined to estimate a cross-sectional area per chain in the
Scheme 2. Photoswitching of SP brush,Ac,
'SP’ form
M

n

Crit-
o~/ Hvo,

N
S Here, h is the brush thicknessgy, is the polymer density, and
o] Na represents Avogadro’s constant. Equation 1 is based on the
szi? assumption that surface polymerization and its solution analogue
o result in polymers with the same molecular weight. This has
been shown to be true for a variety of ATRP synthe§e¥ In
%= 365 nm A= 560 nm the case of pS-co-MMA o g brushes on silicad, = 2.85+
or heat 0.7 nn? was found, which is similar to the value determined
for acrylamide brushes prepared via surface-initiated ATRP (i.e.,
© A = 2.8 nn?).*! Given that the cross-sectional area per
Q 2-bromoisobutyrate group is 1.4 Aponly 50% of available
O N initiator molecules participated in the polymerization, most likely
N® Q due to early radical recombination reactidh&Reaction kinetics
S NO, illustrated in Figure 2 for the growth of pgRco-MMA g
brushes from SP1B silica colloids also imply significant loss
— 2 °© of active chain ends during the polymerization. Specifically,
the plot of layer thickness vs time is nonlinear, while linear
‘MC' form relationship is expected in the absence of chain termination.
) ) ] ] Furthermore, the kinetic data can be well described using models
Synthesis of brushes with a general SP/MMA ratio required of |ayer growth that take into account radical combination
only that the same monomer proportions are present in the initial ;g actiong1.51 For example, a simple model of Kim et al.
reaction mixture. This is illustrated in Figure 1, where the SP expressed by eq 2 fits Figure 2 data with Bf statistic of
content in the copolymer brush mirrors the reaction mixture g gggst
composition with an error of up to 20%. Similar results were
reported for free pSRe-MMA copolymers synthesized via a h(t) = (Kyky) In(1 + K,[X] ot) (2)
conventional 2,2azobis(isobutyronitrile) (AIBN)-initiated radi-
cal polymerization processDespite the ability to fabricate  Here, [X], denotes the starting concentration of active initiator
copolymer films with an arbitrary composition, p§&Fco- sites, while k; and k, are the rate constants for radical
MMA o g brushes (i.e., pPSBe-MMA polymer containing 20% combination and chain propagation reactions, respectively.
mol SP) were synthesized predominantly. The copolymers with Similarly, using a more elaborative model of Xiao et al. to fit
this particular composition were shown to undergo a reversible the kinetic data giveB? value of 0.995'! Despite the presence
solubility change in toluene upon alternating UV/vis light of these termination reactions, p8B-MMA brushes up to~80
irradiation® Consequently, when grafted onto colloidal particles, nm thick could be synthesized in a controllable manner.

)

Ccbv
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Figure 2. Thickness of pSPrco-MMAgg brush vs time. The (a)
copolymer film was grown from 927 nm diameter Si©olloids
modified with 2-chloropriopionate initiator groups. Polymerization
conditions were as follows: [monomer} 3.3 M, [CuBr] = 1.3 x
1072 M; [CuCly] = 6 x 1074 M; [PMDETA] = 7.5 x 102M in THF
solvent with temperature= 65 °C. The line represents fit to eq 2.

Formation of Block Copolymer Brushes. By quenching
polymerization before completion with excess deactivator, it was
possible to preserve dormant chain ends and allow subsequent
block copolymerization. For example, stopping pSPo-
MMA o s layer growth from SP1B silica colloids after 74 min
gaveh = 36.5+ 1.6 nm (see Figure 2). Following washing,
subsequent polymerization from these modified particles under
identical reaction conditions (see Figure 2 caption for details)
increased the film thickness to 61411.7 nm. Similarly, ATRP
of styrene from quenched p&Pco-MMA ¢ s brushes with initial
layer thickness of 56.% 3.2 nm yielded significantly thicker

films characterized byh = 77.4 + 4.5 nm (see Figure 3). (b)

Moreover, the particles modified with these p&#MMA- b- Figure 3. TEM micrographs showing the increase in the layer thickness
pS block copolymer brushes exhibited considerably different following block copolymerization of styrene from SiQ-pSR.co-
dispersion behavior. Particularly, colloids with pSRo- MMA ¢ s core—shell particles. (a) The initial polymerization of pSP

. . co-MMA ¢ s brush (see Figure 2 caption for details) was quenched with
MMA,z films aggregated and sedimented out of toluene excess CuGlafter 173 min, giving 56.3t 3.2 nm thick copolymer

suspension following UV light irradiation, while pSie-MMA- film. (b) Subsequent ATRP of styrene increased the layer thickness to
b-pS treated particles remained well dispersed. The ability to 77.4+ 4.5 nm. Polymerization conditions were as follows: [styrene]

synthesize block copolymer brushes by subsequent quenching= 6.2 M, [CuBr] = 2.1 x 1072 M; [CuCl;] = 6.4 x 10* M;
and reinitiation confirms the “living” nature of the polymeri- LPMDETA] = 7.9x 10°2 M in anisole solvent with temperature 95

- . . C and reaction time= 20 h. Insets in the figures show dispersion
zation reactions examined here. behavior in toluene following UV light excitation.

Photochromism of SiQ-g-pSP-co-MMA Core —Shell Par-
ticles. The photochromic reaction of the spirobenzopyran moiety It is apparent from Figure 4 data that in addition to the
is depicted in Scheme 2. Upon UV irradiation, the neutral and absorption peak atnax = 578—598 nm there is a pronounced
colorless spirobenzopyran (SP) undergoes a ring-opening isomershoulder neaf. = 540-560 nm. While the main peak can be
ization to form a zwitterionic blue/purple merocyanine (MC). ascribed to the open merocyanines in the trans form around the
The reverse process is facilitated by visible light or heat and double bond&53the shoulder is most likely due to the formation
will occur spontaneously at room temperature, albeit slower. of molecular H-stacks characterized by antiparallel alignment
These reactions are accompanied by characteristic changes inf alternate MC dipole%*=6 The development of J-stacks with
the UV/vis absorption spectra, which strongly depend on the parallel orientation of dipoles absorbing in= 600-640 nm
polarity of the microenvironment surrounding the photochromic range was not observed héfeThe toluene spectrum is also
molecule3®52Consequently, the presence of the polymer matrix characterized by a significant blue shift ig.x relative to the
and the solvent polarity are expected to significantly affect the THF data, which indicates a significantly more polar photo-
SP photochromic behavior. Moreover, because of the high chrome microenvironment. This is likely the result of a closer

grafting density achievable with the ATRP approathhe proximity of polar merocyanines in the polymeric brush under

isomerization reactions within pS&-MMA polymeric brushes poor solvency conditions or by MC solvation by the more polar

may be influenced by steric constraints. poly(methyl methacrylate) ester side grodpd’ Conversely,
Absorption spectra of 927 nm diameter Sidlloids deriva- Amax Was red-shifted for the SP monomer in toluene-b¥8

tized with pSPeo-MMA brushes and dispersed in THF or nm compared with the THF spectrum (see Table 2), emphasizing
toluene are shown in Figure 4. Analogous absorption spectrathe importance of the polymer matrix in controlling the
have been acquired for monomeric SP and free p$B photochrome microenvironment.

MMA o s polymers with the pertinent data summarized in Table  First-order rate constants for the SP MC coloration and

2. MC — SP bleaching processes of SP monomers and),p%’DV
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Table 2. Calculated Rate Constants for the SP~ MC, and MC — SP Isomerization Reactions at 25C

speciedsolvent mad (NM) a-fe kd (102sh) kg or kg€ (s73) ka® (579
monomer/THF 590.4- 1.0 0 29+ 2 (4.8+0.1)x 102

monomer/toluene 6083 0.8 0 29+ 2 (4.9+£0.1)x 102

polymer/THF 586.6k 0.8 0 23+ 7 (1.4+0.1) x 1072

polymer/toluene 582 5 0 15+ 2 (1.94+0.2) x 1073

particles/THF 598-590.5 0.50 15k 2 (5.3+0.6) x 1073 (4.3+0.5)x 104
particles/toluene 585578 0.17 8.3- 1.6 (8.4+0.3)x 104 (6.3+£2.8)x 10°°

aMonomer= SP with [SP]= 4.6 x 10°—4.6 x 10~ M; polymer= pSR >co-MMA (g with [polymer] = 3.7 x 1076-3.7 x 1075 g/mL; particles=
927 nm diameter Si©g-pSR) >co-MMA o s with [particles]= 9.4 x 1075—3.5 x 10~ g/mL. ° Position of the visible absorption peak. When range is given,
first number corresponds to spectrum immediately following UV irradiation, while the second represents data in the late stages $PM@nversion.
¢ Fraction of the long-lived MC species (see eq%¥irst-order rate constant for the SP MC “coloration” reaction determined from eq 3. Data combine
measurements made at three different concentrations varying from 804° to 3.5 x 104 g/mL. Identical results were obtained at all three concentrations.
¢In the case of SP monomer and p3feo-MMA o g polymer the MC— SP isomerization kinetics were well described by a monoexponential decay (eq 3)
with the rate constant denoted ky For pSB.co-MMA (g copolymer brushes grafted onto Sifarticles, eq 4 expressing superposition of two exponents
fit the data accurately. Thukg; represents rate constant for the shorter-lived MC species, Whiltenotes the rate constant for the longer-lived analogue.
Data combine measurements made at three different concentrations varying freni@:2to 3.5 x 104 g/mL. Identical results were obtained at all three
concentrations.

0.6 gives a direct measure of coloration or decoloration kinetics
THF (i.e., back-reactions during coloration or bleaching processes
are negligibleP? Equation 3 has also been used to determine
the coloration rate constarks, for the SP— MC reaction in
pSR.>co-MMA ¢ g brushes on silica colloids. However, the
bleaching process in that case was well fitted by a superposition
of two first-order rate processés.

Al — A
A(0) — A

0.4

— — initial

Absorbance

02 = fexp(—kyt) + (1 — ) exp(—kyt)  (4)

@  TTTme—===

0.0 L L . ) -
400 500 600 700 faster with a rate constak§; and slower withkg,, respectively.

The slower decaying MC species were found to constitute
0.3 H-stacks with a UV-vis absorption neat = 560 nm, while

Here,f and (1— f) denote fractions of MC moieties decaying

toluene the faster relaxation rate was attributed to individual, unasso-
5 ciated merocyanine®:>>Thus, the relaxation process in Figure

4 shows relative enrichment of the polymeric brush with longer-
lived MC species on fading. Moreover, the M€ SP isomer-
ization within copolymer brushes is characterized by higher
fraction of slower decaying MC species in THF compared to
toluene (see Table 2). This might be due to the fact that polymer
brushes in THF are more solvated, allowing for chain reorga-
nization and facilitating the formation of molecular MC ag-
gregates. In toluene, after UV irradiation, polymer chains find
themselves under poor solvency conditions. Therefore, brush
penetration by solvent molecules is greatly limited, and chains
400 500 600 700 are restricted from reorganizing to form MC complexes.
Decoloration data for 927 nm diameter Si@pSh co-
Figure 4. Changes in absorption spectra of 927 nm diameter, SiO MMA 08 co_re—_shell particles QISp.ersed in THF and toluene "?‘re
colloids derivatized with pSE-co-MMA g copolymer brush and  Illustrated in Figure 5 along with fits to eq 4. The corresponding
dispersed in (a) THF and (b) toluene. The sample concentration was ka1 andkgz values were found to be order of magnitude lower
1.8 x 10*g/mL. The broken line represents data before UV irradiation; in toluene (see Table 2). The fact that the bleaching process
while solid lines correspond to spectra acquired after the UV treatment yas found to be-6—7 times faster in THF for both derivatized

at the times indicated. particles and free polymers points to the much better solvation
of MC groups by that solvent and higher chain mobility. The
same argument explains the approximately twice as fast-SP
MC isomerization in THF. Almost equéd. andky values for

Absorbance

Wavelength, A (nm)

co-MMA o s copolymers (see Table 2) were determined from
the following equatior¥?

Alt) — monomeric SP in both solvents further emphasize the impor-
—In M = kt 3) tance of polymersolvent interactions in controlling the pho-
A(0) — A, tochromic process.

The kinetic data in Table 2 also illustrates the progressive
Here A(t) andA(0) denote the absorbance/at:x at timet and slowing of both isomerization reactions following incorporation
at the beginning of the coloration or bleaching process. of the SP photochrome first into a polymer chain and then into
Similarly, A. represents the absorbancelatx after reaching a densely grafted polymeric brush. This is to be expected from
the photostationary state. Because the equilibrium constant forincreased steric confinement. However, if steric effects alone
the MC < SP isomerization reaction is no greater than?@ determined retardatiotk, andky should be similarly affectedCDV
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1.0 The type of surface-bound initiator and its concentration along
O THF data with the choice of catalytic system markedly affected the final
® toluene data brush thickness. Polymerization kinetics indicated that termina-

tion reactions cause relatively low monomer conversions and
film growth retardation. However, successful synthesis of block
pSPe€o-MMA- b-pS copolymer brushes by reaction quenching
and subsequent reinitiation confirmed the “living” character of
the polymerization. UV/vis spectral analysis of the p&P-
MMA copolymer brushes following UV irradiation indicated
the presence of free and H-stack associated merocyanines in
both THF and toluene. This is supported by the kinetics of the
bleaching process, which is described by the superposition of
two first-order relaxation reactions corresponding to the two
distinct MC species. At the same time, monomer and polymer
kinetics followed first-order rate laws, indicating the absence

i - . . of MC associations. Progressive slowing of both coloration and
Figure 5. Kinetics of MC— SP bleaching process for 927 nm diameter L o ! L -
SiO-g-pSR 2c0-MMA 5 coreshell particles dispersed in THF and ~decoloration isomerization reactions following incorporation of
toluene. Data combine the measurements at three different concentrathe SP photochrome first into a polymer chain and then into a
tions ranging from 9.4 1075to 3.5x 10~* g/mL. Solid lines represent  densely grafted polymeric brush points to significant steric

best fits to eq 4. crowding in pSPeo-MMA brushes. However, data also suggests
) N stabilization of the MC moiety by the interaction with the

Meanwhile, upon transition from a free SP molecule to the brush gyrrounding polymer matrix. The extent of this stabilization is

entrapped speciég decreased by a factor of 2in THF and by strongly mediated by the solvent properties. In fact, bleaching

3.4 in toluene. At the same timky decreased by a factor of 9 process are-6—7 times faster in THF for both the derivatized

and 60 for the corresponding solvents. This suggests stabilizationyayticles and free polymers, indicating much better solvation

of MC moieties via interaction with the surrounding polymer of MC groups and higher chain mobility in THF. Finally, UV

matrix, with the extent of such stabilization strongly mediated jrradiated pSR-co-MMA o5 polymer brushes in toluene were

by the solvent properties. _ found to behave as solid, dry films with respect to MESP

It should also be noted that the rate constants determined hergeaction kinetics and point to poor solvency conditions.

for the pSRB.-co-MMA o g polymer bushes in toluene (i.ékq1

=84 x 10*s™, kg2 = 6.3 x 107> s7%) are comparable with Acknowledgment. Sandia is a multiprogram laboratory

the dry film values. Specifically, Eckhardt et aéportedky, = operated by Sandia Corp., a Lockheed Martin Co., for the United

8 x 107* st andks, = 7 x 107° s7* for a copolymer film  States Department of Energy’s National Nuclear Security

comprised of 1:1 isobutyl methacrylate amtdutyl methacrylate  Administration under Contract DE-AC04-94AL85000.
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