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ABSTRACT: Reversible addition fragmentation chain transfer (RAFT) living radical polymerization has been
utilized successfully to allow the systematic tuning of photochromic switching rates in a rigid, ophthalmic quality,
polymer matrix. Block copolymers of poly(styrene) and pohputyl acrylate) were synthesized using a RAFT
functionalized photochromic (spirooxazine) dye. Thus the photochromic dye initiated the polymerizations and
allowed the known and precise placement of the dye at the start of the block copolymer chains. The photophysical
investigation of these more complex architectures demonstrated that systematic tuning of photochromic rates
could be achieved by changing the length and choice of either block. The photochromic rates were significantly
more sensitive to the presence of low glass-transition temperatureimlfy(l acrylate) than high glass-transition
temperature poly(styrene), even if the poldqutyl acrylate) was the more distant second block from the

spirooxazine.

Introduction

The development of living radical polymerization has facili-
tated a new avenue for simple macromolecular design of
complicated polymer architecturésThere are three main
techniques referred to a living radical polymerization, atom chain
transfer radical polymerization (ATRP¥, reversible addition
fragmentation transfer (RAFT)? and nitroxide-mediated po-
lymerization (NMP)&7 A large range of architectures can be

accessed easily using these techniques; examples include star,

graft, branched, and block copolyméfBlock copolymers have
defined segments of each component monomer that follow
sequentially along the main polymer chain (Figuré®Jhis is
distinct from random copolymers that have component mono-
mers randomly distributed along the polymer backbone. The
use of block copolymers is one very simple way to get materials
with quite different properties by adjusting amounts of opposing
monomers such as hard/soft or hydrophobic/hydrophilic to name
a few well-researched examplés.

Another important benefit of living radical polymerization
is that it facilitates the addition of functionality. All living radical
polymerization techniques have the ability to incorporate
sophisticated functionality on one or both ends of the polymer
chain? This functionality is guaranteed to be present on almost

all chain ends synthesized during the process. Consequently,

living radical polymerization can be utilized to investigate the
effects of various polymer systems on a specific functional
moiety 1213

The control of photochromism in a rigid, ophthalmic lenslike
matrix is one application that could benefit from this technique.
Photochromism is referred to as a light-induced reversible
transformation of a chemical species between two isoAfdts.
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Figure 1. Schematic of this investigation where the A-B block
copolymers consist of segments of high and [@ypolymer, which
are poly(styrene) and poly{butyl acrylate), respectively.

is well documented that the rates of the photochromic transition
are influenced by the host environment, e.g., rigidity, polarity,
and free volumé>1® Spirooxazines are a commonly used type
of photochromic compound, which undergoes switching between
their clear and colored states by photo and/or thermal stimuli
(Scheme 1} It is the large intermolecular rotation needed for
switching that causes their rates to be effected by properties
such as rigidity and free volunié.

There has been limited research into the controlling of
photochromic behavior in a host lens matrix. The majority of
the research has focused on studies where the host environment
was constructed so there was little control or uniformity over
the location of the photochromic moie¥§Typically the dye is
randomly dispersed/dissolved in the medium and control of the
photochromic dye can only occur through bulk modification of
the matrix. There has been limited investigation using anionic
polymerization to construct photochromic dygolymer con-
jugates. However, the inconsistent grafting efficiencies (i.e., the
reliable attachment of the photochromic dye to the polymer)
and the highly rigorous technical demands needed for successful
anionic polymerization make the approach relatively unattrac-
tive 1%20The use of living radical polymerization offers a simpler
and more effective method for the synthesis of a customized,
uniform environment for the photochromic moiety. In this work,
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Scheme 1. Photochromic Transitions of a Spirooxazine Positive and negative ion APCI mass spectra were acquired with a
Compound VG Platform mass spectrometer.
Photochromic analyses were performed on lenses composed of
polymer—photochromic conjugates (12 10-2 mmol/gram) dis-

N hv (1) Q solved in a standard industrial lens formulation of 1:4 weight ratio
- O [ I g_/ - of polyethyleneglycol 400 dimethacrylate (PEGDMA (9G)) and
N o - N d 2,2-bis[4-methacryloxyethoxy]phenyl]propane (EBPDMA (Noury-
g\rlr(é)at | set 110)) with 0.4% AIBN and cured (8C, 8 h) to give clear test

clear coloured

lenses (structures given below).

Orthogonal Planar

o
O. O. o}
Aty A OOy
a radical initiator based on a spirooxazine compound was used © \6/\ o o O O 0

to initiate a well-defined polymer chain. This facilitated a  polyethyleneglycol 400 2,2'-Bis[4-methacryloxyethoxy]phenyl]propane

conjugate where each photochromic moiety was attached to a dimethacrylate (PEGDMA)  (EBPDMA)

single polymer chain that is almost identical in length and

characteristics. The properties of this polymer conjugate could The photochromic responses of the lenses were analyzed on a

be easily varied using living radical polymerization techniques. I(i)ghtltable cc|>mposed of a Q(«j’ﬂlryt5|_0 ﬁfeCtrODh(Xometer afr;\clivaff_s‘l?orsvv
These polymerspirooxazine conjugates were investigated S!'€!Xe€nonlamp as anincident light source. A series of two hite

in a rigid polymer lenslike matrix. The photophysical investiga- (Edmund Optics 320 cutoff and bandpass filter U-340) were used

tion d trated that th lvmer coniugat ted | Ito restrict the output of the lamp to a narrow band (3800 nm).
lon demonstrate at the polymer conjugate acted as a locairy, o samples were monitored at their maximum absorbance of the

environment for the photochromic moiety, encapsulating it from  |5req form (620 nm) for a period of 1000 s. Then the decoloration

the host matrix. Consequently, photochromic switching rates \yas monitored for a further 6000 s.

could be tuned based on the characteristics of the attached Synthesis of 3(4-Chloromethylbenzoyloxy)-1,3,3-trimethyl-

polymer. spiro[indoline2,3-[3H]naphtha[2,1-b][1,4]oxazine] (1). 9'-Hy-
Previous research demonstrated that photochromic propertiesiroxy-1,3,3-trimethylspiro[indoline2,3[3H]naphtha[2,1-

in a rigid host polymer could be tailored by changing either the bl[1,4]oxazine] (2.5 g, 72.% 10~* mol) was added to 30 mL of

T, or the chain length of the attached polyr&&#2 That work dichloromethane in a 100 mL three-necked round-bottomed flask.

was performed by using the living radical polymerization Thethylamine (1.10 g, 10.9< 10°° mol) was added, and the

technique, ATRP. In this work, block copolymespirooxazine reaction was stirred for half an hour. 4-(Chloromethyl)benzoyl

. . ! . chloride (1.65 g, 87.2x 10* mol), dissolved in 10 mL of
conjugates have been synthesized using the RAFT teChn'quedichloronfethang, was added drop\?vise under argon °%g.0The

in order to investigate the effect of position of high and [oy  rgaction was stirred at ice temperature foh and then at room
segments along the polymer backbone (Figure 1). Poly(styrene)temperature for a final hour. A TLC in 1:1 diethyl ether/hexane
and polyg-butyl acrylate) were used as the high and [dyv confirmed all starting material was consumed and a single product
polymers, respectively. The photophysical investigation of these obtained. The product was washed with 100 mL of 0.5 M NaOH,
systems demonstrated that photochromic behavior could bel00 mL of water, 100 mL of 0.5 M HCI, 100 mL of water, 100 mL
tailored successfully by changing the length of the secondary of brine, and dried with MgS© The final solution was rotary
block. It was found that the photochromic rates were extremely evaporated to produce 3.05 g of material (85% yield). This product
sensitive to a lowly component, even when it was separated ‘(’:"Iﬁzré?;rr‘n rﬁ)cg’if/g"gzg?e;:'ngzecrovr\ng]'”;‘“rgg géﬂr)n;?(‘:aqg: and
from the moiety by an intervening high block. NMR ((CD3),CO) 6: 1.35 (s, 3H, H-2), 1.36 (s 3H, H-3), 2.78 (s,
. . 3H, H-10), 4.87 (s, 2H, H-30), 6.67 (d,= 7.8 Hz, H-8), 6.87 (t
Experimental Section ofd,J=7.4, 1.0 Hz, 1H, H-6), 7.08 (d = 9 Hz, 1H, H-13), 7.16
General Proceduresn-Butyl acrylate was purified by vacuum  (app d,J = 7.4 Hz, 1H, H-5), 7.20 (t of dJ = 7.8, 1.2 Hz, 1H,
distillation. Styrene was purified by filtration through basic alumina H-7), 7.38 (d of d,J = 8.8, 2.4 Hz, 1H, H-14), 7.72 (app d,=
(70—230 mesh) immediately prior to use. The TLC plates used 8.5 Hz, 2H, (H-26 and H-28)), 7.84 (s, 1H, H-22), 7.86J¢5s 8.5
were Merck Silica 60 fss All chromatography was performed  Hz, 1H, H-17), 7.96 (dJ = 8.6 Hz, 1H, H-16) 8.28 (app d, =
using silica gel 60 (0.460.63 mm). Other reagents and solvents 8.6 Hz, 2H, H-25 and H-29)), 8.40 (d,= 2.4 Hz, 1H, H-19)13C
unless otherwise stated were obtained from Aldrich at the highest NMR (CsDg) 6: 21.10 (C-2), 25.59 (C-3), 29.77 (C-10), 45.50 (C-
purity and used without further purification. 30), 52.23 (C-1), 99.52 (C-11), 107.89 (C-8), 114.25 (C-19), 117.07
Experimental Methods. Molecular weights of polymer were  (C-13), 120.41 (C-17), 120.68 (C-6), 122.02 (C-5), 124.1 (C-21),
characterized by gel permeation chromatography (GPC) performed128.1 (C-15), 129.15 (C-26 and C-28 and C-7), 130.07 (C-16),
in tetrahydrofuran (THF, 1.0 mL/min) at 2& using a Waters GPC ~ 130.39 (C-20), 130.70 (C-14), 131.14 (C-25 and C-29), 133.02 (C-
instrument, with a Waters 2414 refractive index detector, a series 24), 136.57 (C-4), 143.36 (C-27), 145.52 (C-12), 148.35 (C-9),
of four Polymer Laboratories PLGel columns X35 um Mixed-C 151.17 (C-18), 151.27 (C-22), 165.06 (C-23). The nonstandard
and 1x 3 um Mixed-E), and Millennium Software. The GPC was numbering system is given on the structlifgelow. Mass spectrum
calibrated with narrow polydispersity polystyrene standards (Poly- (El): m/z 497 (M™ + 1, 45%), 193 (100), 160(55), 218(40), 457-
mer Laboratories EasiCal, MW from 264 to 256 000). For the poly- (35). Mass spectrum (HR, FAB)m/z 496.154 (GoH25CIN,O3
(n-butyl acrylate) conjugates, the Marklouwink parameters were  requires 496.16).
used to convert values obtained to polNfutyl acrylate) equiva- Synthesis of RAFT Agent (2).Carbon disulfide (0.59 g, 7.73
lents?® Molecular weight valuesM,) of the block copolymer x 1073 mol), butane thiol (0.35 g, 3.8% 1072 mol), and triethyl-
spirooxazine conjugates were calculated first using GPC for the amine (0.78 g, 7.73x 103 mol) were added to 15 mL of
initial block and then using NMR to calculate the molecular weight chloroform in a round-bottomed flask. This mixture was left to stir
of the second block relative to the first (Figure 2). overnight. Then, compourti(1.60 g, 3.22x 103 mol) was added
Polymer conversions were obtained frolH NMR spectra in 10 mL of chloroform and left to stir for another 24 hours. The
recorded on a Bruker Av400 spectrometer. Chemical shifts were TLC of the product (3:2 hexane/diethyl ether) showed only small
reported in ppm from external tetramethylsilane. High-resolution impurities. The product was washed with 100 mL of water and
electron impact (El), chemical ionization (Cl), GCMS, and LSIMS 100 mL of brine and dried with MgSQ The final solution was
(FAB) mass spectra were run on a ThermoQuest MAT95XL. rotary evaporated to produce 1.91 g of material (95% vyield). &Pbev
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Figure 2. Calculation of molecular weight,) using NMR, where arrows indicate areas used to calculate relative composition. The small peaks
in the aromatic region are due to the aromatic hydrogen atoms on the spirooxazine end group.

product was then purified using methanol/chloroform (mp-89

92°C). 'H NMR ((CeDe) &: 0.69 (t,J = 7.3 Hz, 3H, H-35), 1.06 synthesis of mass of styrene mass of RAFT initi@or
. 676, . . = . ’ » 1= 3 e

(s 3H, H-3), 1.12 (mJ = 7.5 Hz, 2H, H-34), 1.23 (s, 3H, H-2), 3a 54649 0.32¢g

1.40 (m,J = 7.5 Hz, 2H, H-33), 2.43 (s, 3H, H-10), 3.15 {t= 3b 8.00¢g 0.24g

7.4 Hz, 2H, H-32), 4.32 (s, 2H, H-30), 6.34 (@= 7.7 Hz, 1H, ) . . .

H-8), 6.75 (d,J = 8.8 Hz, 1H, H-13), 6.87 (m, 2H, H-5 and H-6), Synthesis of PolyQ-butyl acrylate) —Spirooxazine Conjugate

7.03 (d,J = 8.2 Hz, 2H, (H-26 and H-28)), 7.12 (t of d, 1= Macroinitiators (4a and 4b). The n-butyl acrylate monomer

7.4, 1.6 Hz, H-7), 7.22 (d of d] = 8.8, 2.5 Hz, 1H, H-17), 7.24 (7.28 g, 5.67x 1072 mol) and RAFT agent?) (0.437 g, 6.98x
(d,J = 9 Hz, 1H, H-14), 7.43 (dJ = 8.8 Hz, 1H, H-16), 7.56 (s, 10-* mol) were added to an ampule, and 5 mol % AIBN was also

1H, H-22), 8.07 (dJ = 8.2 Hz, 2H, H-25 and H-29), 8.98 (app d, added relative to the RAFT initiator.. The reaction was degassed
J = 2.2 Hz, 1H, H-19)23C NMR (CsDe) o: 13.94 (C-35), 21.11 by four freeze-pump-thaw cycles using a Sc_hlenk line and theq
(C-3), 22.54 (C-34), 25.59 (C-2), 29.77 (C-10), 30.63 (C-33), 37.38 flame sealed under vacuum. The polymerizations were then carried
(C-32), 41.13 (C-SO), 52.22 (C-l), 99.51 (C-ll), 107.88 (C-S), out in a constant tempera_ltur_e oil t_)ath at |0 for 3 and 7 h,
114.27 (C-19), 117.00 (C-13), 120.49 (C-17), 120.67 (C-6), 122.02 respectively. The polymerization mixtures were purified by pre-
(C-5), 124.12 (C-Zl), 128.1 (C-15), 129.86 (C-7), 129.97 (C-25 C|p|tat|on into methanol. Ponme#a had aM, of 5100 (260%

and C-29), 130.02 (C-16), 130.39 (C-20), 130.69 (C-14), 131.14 conversion):H NMR ((CeDe) o: 0.63 Ch t (H-35), 0.74 m (H-
(C-26 and C-28), 133.05 (C-15), 136.60 (C-4), 141.88 (C-27), 34), 0.78-0.98 CH (d), 1.04 s (H-2), 1.20 s (H-3), 1.221.42
145.49 (C-12), 148.37 (C-9), 151.21 (C-18), 151.25 (C-22), 165.13 CH2 (¢), 1.43-1.78 CH (b) and CH (polymer backbone), 1.79
(C-23), 223.68 (C-31). The nonstandard numbering system is given2-04 CH (polymer backbone), 2.£52.35 Ch (polymer backbone),

on the structur@ below. Mass spectrum (Elyn/z 497 (M, 52%), 2.40 s (H-10), 2.472.98 CH (polymer backbone), 3.02 t (H-32),
159 (100), 158(34), 160(32), 627(22), 144(22). Mass spectrum (HR, 3-89-4.31 Chb (&), 5.28-5.38 CH (polymer end group), 6.31 d
El): m/z 626.1739 (GsH34N20:S; requires 626.17). (photochromic aromatics), 6.71 d (photochromic aromatics),6.78

6.88 muliplet (photochromic aromatics), 6.93 s (photochromic
aromatics), 6.987.17 m (photochromic aromatics), 7.22 t (pho-

, Q. » tochromic aromatics), 7.32 s (photochromic aromatics), 7.40 d
s 2 b 07 CI (photochromic aromatics), 7.52 s (photochromic aromatics), 8.22
. /N » * » = d (photochromic aromatics), 8.96 s (photochromic aromatics).
, A "y Polymer 4b had aM, of 13 000 (82.3% conversion}H NMR
A . ((CéDg) 0 0.64 CHt (H-35), 0.73 m (H-34), 0.790.97 CH; (d),
pon o = 1.04 CH s (H-2), 1.20 CH s (H-3), 1.23-1.41 CH (c), 1.46-
L. " 7w 1.62 CH (b), 1.62-1.73 CH (polymer backbone), 1.72.00 CH
s 2 s Q7 H. (polymer backbone), 2.3&2.33 CH (polymer backbone), 2.40 GH
. AN O S s (H-10), 2.63-2.80 CH (polymer backbone), 3.03 GH(H-32),
7 N (')' OO 1 2 w 4.00-4.21 CH (&), 5.28-5.37 CH (polymer end group), 6.13 s
s T e 15 s (photochromic aromatics), 6.31 d (photochromic aromatics), 6.71

° B d (photochromic aromatics), 6.85.87 m (photochromic aromat-
ics), 6.92 s (photochromic aromatics), 6:9817 m (photochromic
aromatics), 7.23 t (photochromic aromatics), 7.32 s (photochromic
aromatics), 7.41 d (photochromic aromatics), 7.53 s (photochromic
aromatics), 8.20 d (photochromic aromatics), 8.96 s (photochromic
aromatics). The numbers in the assignment refer to the nonstandard
numbering system on the RAFT initiatdrabove and the letters to

the polyf-butyl acrylate) assigned above.

Synthesis of Poly(styrene) Spirooxazine Conjugate Macro-
agent (3a and 3b) Styrene monomer and RAFT initiata2)(were
added to an ampule (exact amounts given in table below). The
reaction was degassed by four freepaimp—-thaw cycles using a
Schlenk line and then flame sealed under vacuum. The polymeriza-
tions were then carried out in a constant temperature oil bath at
110°C for 8 and 29 h, respectively. The polymerization mixtures
were purified by precipitation into methanol. Polyn8zrhad aM,
of 2560 (18.6% conversioniH NMR ((C¢Dg) 0: 0.61 CHs t (H- 0
35), 1.03 s (H-2), 1.19 s (H-3), 1.28 t (H-33), 1:4D.83 ChH 0
(polymer backbone), 1.962.34 CH (polymer backbone), 2.39 gH =N
s (H-10), 3.02 CHt (H-32), 5.06-5.36 CH (polymer end group), N o QO 0
6.31 d (photochromic aromatics), 6:38.28 (polymer aromatics), | a
7.32 s (photochromic aromatics), 7.39 t (photochromic aromatics),
7.51-7.53 m (photochromic aromatics), 8-22.21 m (photochro- c
mic aromatics), 8.98 d (photochromic aromatics). PolyBtehad
a M, of 12600 (52.3% conversion}H NMR ((C¢D¢) 6: 0.58—

0.65 CH (H-35), 1.04 CH s (H-2), 1.20 CH s (H-3), 1.42-1.78 Synthesis of Block CopolymerSpirooxazine Conjugates
CH, (polymer backbone), 1.952.33 CH (polymer backbone), 2.40  (5a—c). A stock solution was produced containingputyl acrylate
CH; s (H-10), 2.99-3.07 CH (H-32), 6.31 d (photochromic monomer (3.356 g, 2.62 1072 mol), macroinitiator3a (0.670 g,
aromatics), 6.467.17 polymer aromatics. The nonstandard num- 2.62 x 10~ mol), AIBN (0.0021 g, 1.28x 10°°> mol), and 3 mL
bering is given on the labeled initiat@rabove. of benzene. This stock solution was then divided into trkrﬁgv

I
S

b

N0 S

d
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Scheme 2. Synthesis of Macroinitiators and Block CopolymersSpirooxazine Conjugates (3-8) by Free Radical Polymerization
Utilizing the RAFT Group Functionalized Spirooxazine (2)

=N é
n—butyi acrylate W
N O
5a3300

b 7700
¢ 15700

Q\%f"
o 0
3 a 2600
styren/ b 12600 n-t butyl acrylate

N

4 a 5100

s
b 13000 T
=N, s
s(yrene N o ~~_O g

8 214900
b 22000
c 28000

Table 1. Polymer Characteristics of the Block Copolymer-Spirooxazine Conjugated

M of styrene M of total
conjugate componerit BA componerit Mn¢ polydispersit§

polystyrene initial block 3a 2600 2600 1.13
5a 2600 800 3300 1.13
5b 2600 5100 7700 1.08
5c 2600 13 200 15700 1.07
3b 12 600 12 600 1.13
6a 12 600 2000 14 600 1.15
6b 12 600 6600 19 200 1.13
6¢C 12 600 14 200 26 800 1.18

poly(n-butyl acrylate) initial block 4a 5100 5100 111
7a 2200 5100 7300 1.09
7b 8600 5100 13700 1.09
7c 16 500 5100 21 600 1.08
4b 13 000 13 000 1.07
8a 1900 13 000 14 900 1.06
8b 9000 13000 21900 1.08
8c 14 900 13 000 27900 1.11

aAll Mp values have been rounded to the nearest hunéiddlecular weight valuesMn) of the block-copolymerspirooxazine conjugates were calculated
first using GPC for the initial block and then using NMR to calculate the molecular weight of the second block relative to th8dirsbf bothM,, values
d Polydispersity was calculated using GPC.

ampoules. Each reaction was degassed by four fregzep—thaw ampoules. Each reaction was then degassed by four frgemep—
cycles using a Schlenk line and then flame sealed under vacuum.thaw cycles using a Schlenk line and then flame sealed under
The polymerizations were then carried out in a constant temperaturevacuum. The polymerizations were then carried out in a constant
oil bath at 60°C for 4, 8, and 16 h, respectively. All polymerizations temperature oil bath at 6TC for 2, 8, and 48 h, respectively. The
were precipitated into methanol and then purified by column ampule removedta h had no polymer, so a further ampule was
chromatography with dichoromethane/diethyl ether. Polysadrad produced with n-butyl acrylate (0.0957, 7.47x 10 mol),
aM, of 3340 (1.67% conversiondH NMR ((CD3),CO) d: 0.85— macroinitiator3b (0.100 g, 7.46< 107% mol), AIBN (6.0 x 10 g,
1.01 CH; (d), 1.36 CH s (H-2 and H-3), 1.232.59 (general 3.65 x 1077 mol), and 0.25 mL of benzene. This reaction was
polymer peaks), 3.323.47 CH (H-32), 4.19-3.79 CH (a), 4.83— degassed and sealed as above and then heated in a constant
4.94 CH (polymer end group), 6.4 .40 (polystyrene aromatics),  temperature oil bath for 8 h. All polymerizations were precipitated
7.81-7.89 m (photochromic aromatics), 7.94 d (photochromic into methanol and then purified by column chromatography with
aromatics), 8.068.18 m (photochromic aromatics), 8.42 d (pho- dichoromethane/diethyl ether. Polyméa had aM, of 14570
tochromic aromatics). The numbers in the assignment refer to the (18.7% conversion}H NMR ((CD3),CO) ¢: 0.84-1.02 CH; (d),
nonstandard numbering system on the RAFT initi&tabove and 1.34 CH; s (H-2 and H-3), 1.262.57 (general polymer peaks),
the letters to the polybutyl acrylate) polymer assigned above. 3.39-3.46 CH (H-32), 3.83-4.18 CH (a), 4.83-4.93 CH
Synthesis of Block CopolymerSpirooxazine Conjugates (polymer end group), 6.377.39 (polystyrene aromatics), 779
(6a—c). A stock solution was produced containingputyl acrylate 8.48 m (photochromic aromatics). The numbers in the assignment
monomer (2.786 g, 3.7 102 mol), macroinitiator3b (2.501 g, refer to the nonstandard numbering system on the RAFT initiator
1.87 x 10~ mol), AIBN (1.6 x 1073g, 9.74 x 10°6 mol), and 2 above and the letters to the paififutyl acrylate) polymer
2 mL of benzene. This stock solution was then divided into three assigned above. CDV
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Synthesis of Block CopolymerSpirooxazine Conjugates
(7a—c). A stock solution was produced containing styrene monomer
(3.599 g, 3.46x 102 mol), macroinitiator4a (1.651 g, 3.46x
1074 mol), AIBN (2.9 x 1073g, 1.77 x 107 mol), and 2 mL of
benzene. This stock solution was then divided into three ampoules,
and a further 1.199 g of styrene monomer was added to ampule 3.
Each reaction was then degassed by four fre@eenp—thaw cycles
using a Schlenk line and then flame sealed under vacuum. The
polymerizations were then carried out in a constant temperature
oil bath at 60°C for 16, 46, and 48 h, respectively. All
polymerizations were precipitated into methanol and then purified
by column chromatography with dichoromethane/diethyl ether.
Polymer 7a had aM, of 7260 (16.4% conversion}H NMR
((CD3),C0O) 6: 0.86-1.05 CH; (d), 2.12-1.24 (general polymer
peaks), 2.232.51 CH (polyf-butyl acrylate) backbone), 3.28
3.38 CH (H-32), 3.81-4.18 CH (a), 6.44-7.34 (polystyrene
aromatics), 7.36 d (photochromic aromatics), 7.47 d (photochromic
aromatics), 7.827.89 m (photochromic aromatics), 7.95 d (pho-
tochromic aromatics), 8.20 d (photochromic aromatics), 8.40 s
(photochromic aromatics). The numbers in the assignment refer to
the nonstandard numbering system on the RAFT initidtabove
and the letters to the poly{butyl acrylate) assigned above.

Synthesis of Block Copolymer-Spirooxazine Conjugates
(8a—c). A stock solution was produced containing styrene monomer
(2.332 g, 2.24x 10-2mol), macroinitiatodb (3.00 g, 2.24x 104
mol), and 2 mL of benzene. This stock solution was then divided
into three ampoules. Each reaction was degassed by four freeze
pump-thaw cycles using a Schlenk line and then flame sealed under
vacuum. The polymerizations were then carried out in a constant
temperature oil bath at 11 for 16, 96, and 120 h, respectively.
All polymerizations were precipitated into methanol and then
purified by column chromatography with dichoromethane/diethyl
ether. PolymeBahad aM,, of 14900 (7.0% conversion}H NMR
((CD3)C0O) 6: 0.85-1.05 CH; (d), 1.32-1.78 (general polymer
peaks), 1.872.00 CH (poly(n-butyl acrylate) backbone), 2.27
2.50 CH (poly@-butyl acrylate) backbone), 2.79 Gk (H-10),
3.29-3.38 CH (H-32), 3.96-4.18 CH (a), 6.41-7.33 (polystyrene
aromatics), 7.36 d (photochromic aromatics), 7.48 d (photochromic
aromatics), 7.837.88 m (photochromic aromatics), 7.95 d (pho-
tochromic aromatics), 8.19 d (photochromic aromatics), 8.40 s
(photochromic aromatics). The numbers in the assignment refer to
the nonstandard numbering system on the RAFT initidtabove
and the letters to the poly{butyl acrylate) assigned above.

Results and Discussion

Polymer Chemistry. The RAFT polymerization using com-
pound?2 as the initiator was performed using either AIBN or
the thermal initiation of styrene monomer as a radical source.
Propagating chains add to the carbon sulfur double bond
reversibly, forming an equilibrium of mostly dormant chains
allowing a living radical polymerization to occur. A detailed
mechanism of the RAFT process has been reported and
discussed previously by othetsln our case, the design of the
RAFT spirooxazine conjugate is such that the spirooxazine
initiates the polymerization and the RAFT group terminates the
polymer chain.

The use of two different monomers sequentially allowed block
copolymers to be synthesized with structures identified in
Scheme 2. The two monomers used were styrenengmnatyl
acrylate due to the significant differences in thg of their
homopolymers. Four initial blocks were synthesized corre-
sponding to a high and loM,, example of each type of polymer.
Each initial polymer was then used to polymerize a low, medium
and highM,, secondary block of the opposing polymer.

The block copolymetspirooxazine conjugates synthesized
(Table 1) also had polydispersity values in the range-1.2,
which is consistent with a living radical polymerization. Further
evidence that these block copolymepirooxazine conjugates
behave as living systems is given in Figure 3.
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Figure 3. GPC traces of a range of block copolymepirooxazine
conjugates with increasing polystyrene compon&at-) relative to

the starting polyg-butyl acrylatey-spirooxazine macroinitiator4g).

(a) Block copolymerspirooxazine conjugate: lowd, polystyrene
second block. (b) Block copolymespirooxazine conjugate: medium

M, polystyrene second block. (c) Block copolymepirooxazine
conjugate: highM, polystyrene second block. CDV
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Figure 4. Photochromic thermal decoloration rates of a range of block copolysmrooxazine conjugates with polystyrene as the A-block where
(a) the polystyrene blocksé—c) is short M, 2600) and (b) the polystyrene blocka—c) is long M, 12 600) and the amount of polyputyl
acrylate) B-block is increasing. Spirooxazifngolymer conjugateS8a—b are the corresponding A-block only controls. (a) Decoloration of block
copolymers-spirooxazine conjugates with small styrene A-block. (b) Decoloration of block copolyrapit®oxazine conjugates with large styrene
A-block.

Regrowth experiments have been utilized in previous ATRP back to the initial state (decoloration). Both of these rates were
work using spirooxazine initiators to provide further confirma- examinedTy,; is a measure of decoloration rate, and it is used
tion of living behavior?® As with these previous ATRP systems, to describe the time taken to reach half the initial absorbance.
the RAFT—spirooxazine conjugate mediated polymerizations  The first set of results investigated was the sets of block
demonstrated good living behavior (Figure 3). However, unlike copolymer-spirooxazine conjugates with a poly(styrene) A-
the previous research, in this regrowth experiment, the secondblock component §a—c, 6a—c). In both of these sets, the
monomer used is different from the first. This facilitates the decoloration rates increased steadily when the B-block of poly-
construction of block copolymerspirooxazine conjugates. The  (n-butyl acrylate) was increased. Interestingly, the size of the
length of the second polymer has been adjusted to provide astyrene component did not seem to make a difference in the
range of copolymers to investigate (Figure 3). magnitude of this change (Figure 4). The iniffal values were

Photophysics. All of the block copolymet-spirooxazine slower for the set of conjugates with the longer polystyrene
conjugates were added to the PEGDMA/EBPDMA lens for- A-block. However, theTy, values when a medium and large
mulation and cured to give optically clear test lenses. Although length poly@-butyl acrylate) component were added were
block copolymers can give rise to phase separation, this is unde-similar in both series even though the initial A-blo8k was
sirable in this work, as the resulting haze makes the lens unsuit-four times as long a8a (Table 2).
able for ophthalmic applications. Thus, our systems are designed A similar trend was observed with the coloration rates of the
not to phase separate. The macroinitiators used to form theblock copolymerspirooxazine conjugates. A significant in-
blocks and the original initiator were also made into lenses and crease in the coloration rate occurred with an increase in the
used as reference materials. Two rates are important for the photoB-block poly(-butyl acrylate) component (Figure 5).
chromic performance: first, the rate of the forward reaction to  All photochromic decoloration rates have also been investi-
the secondary state (coloration) and, second, the rate of reactiorgated by mathematical modeling. A biexponential equationés%
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Table 2. Photophysical Results of Block Copolymer Spirooxazine Conjugates with a Styrene A-Block (5&c, 6a—c) in a Polyethyleneglycol 400
Dimethacrylate (PEGDMA)/2,2'-bis[4-methacryloxyethoxy]phenyl]propane (EBPDMA) Test Leng

sample MyP Ty (s) Tai (S) Ald ki€ (min=1) ko (min=1) Ag® A An®
3a 2600 99 680 0.71 0.80 0.055 0.45 0.33 0.08
5a 3300 84 579 0.84 0.87 0.057 0.47 0.32 0.07
5b 7700 35 270 0.81 1.39 0.067 0.52 0.26 0.06
5c 15700 9 55 0.85 3.60 0.084 0.59 0.17 0.03
3b 12 600 151 1017 0.41 0.66 0.049 0.41 0.35 0.10
6a 14 600 134 891 0.40 0.68 0.050 0.42 0.35 0.09
6b 19 200 48 395 0.67 1.17 0.063 0.48 0.28 0.07
6C 26 800 8 96 0.73 2.55 0.078 0.56 0.20 0.04

a Decolorization monitored &tmax Of the colored form of the dye (605 nm) at 20 after irradiation at 356400 nm. Molecular weight calculated using
GPC for initial block and then NMR for final block. Measured absorbance of each system before normalfZEtieriime taken to reach halfif) and
three-quarterst{s) of the initial absorbance, respectiveyMeasured absorbance of each system before normalizatianetic parameters of biexponential
decoloration expression whekeandk; are the fast and slow rate constadtsandA; are the contributions to the initial absorbance, Apnds the absorbance

when time approaches infinity.
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Figure 5. Photochromic coloration rates of a range of block copolymer
spirooxazine conjugates with polystyrene as the A-block where (a) the
polystyrene block%a—c) is short M, 2600) and (b) the polystyrene
block (6a—c) is long M, 12 600) and the amount of pohyputyl
acrylate) B-block is increasing. Spirooxazifgolymer conjugateS3a—b

are the corresponding A-block only controls. (a) Coloration of block
copolymers-spirooxazine conjugates with short styrene A-block. (b)
Coloration of block copolymersspirooxazine conjugates with long
styrene A-block.

been used to fit the decoloration kinetics of the block copolymer
spirooxazine conjugates:

At) = Ae M+ AT+ Ay

where A(t) is the optical density at théna.x, A1 and A, are
contributions to the initial optical densityo, k; andk; are the
rates of the fast and slow components, respectively,fanid
coloration when time approaches This model was used in a
previous work by Biteau et &f A biexponential is one of the
many models used to fit photochromic decolorafi6?f It was
found to accurately fit the data in this study. The values for the
constants for each conjugate in the series are given in Table 2.

The addition of polyg-butyl acrylate) to the block copolymer
spirooxazine conjugates gave a ca. 400% increase in the fast
componentk; of the decoloration relative to the model com-
pound Ba0.80,5¢ 3.60,3b 0.66,6c 2.55). In both series, there
was a general increase k@ as a longer poly{-butyl-acrylate)
B-block was added. The percentage ofitheomponent showed
a corresponding increase. A smaller increaseJmwks also
observed across the range of copolymgpirooxazine conju-
gates.

In the second set of results with tinebutyl acrylate as the
initial block, a less significant change in the photochromic rates
was observedf@—c, 8a—c) (Figure 6). A small increase in the
Ty, Was observed as a greater component of styrene was added
to the block copolymerspirooxazine conjugate. When the
initial poly(n-butyl acrylate) was large, this increaseTiy, was
only seen when the styrene component added was of a
comparable size (Table 3).

These results were also investigated with the biexponential
model discussed above, and the constants of that model are given
in Table 3. The addition of polystyrene to the block copolymer
spirooxazine conjugate gave a ca. 20-30% decrease in the fast
componentk; of the decoloration relative to the model com-
pound #a1.89,7c¢1.34,4b 4.10,8¢ 3.30). In both series, there
was a decrease Ky as more polystyrene component was added
to the copolymer. The slower decoloration rktelso showed
a small decrease with an increase in the polystyrene component.

In previous research, a detailed model for these polymer
spirooxazine conjugates has been discussed. It is postulated that
the behavior of the polymerspirooxazine conjugates is due to
statistical or probabilistic encapsulation of the photochromic dye
by the polymer chaif!?227 This encapsulation leads to the
polymer providing an averaged customized local environment
for the photochromic compound. Thus, for a given host matrix,
photochromic response is dependent on the characteristics of
the attached polymer, and systematic changes in photochromic
switching speed are achieved by adjusting the properties of
polymer. The effects observed would be dependent on a number
of factors like the geometry of the attached polymer andélbev
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Figure 6. Photochromic thermal decoloration rates of a range of block copolysprooxazine conjugates with pofyputyl acrylate) as the
A-block where (a) polyg-butyl acrylate) A-block Ta—c) is short M, 5100) and (b) poly{-butyl acrylate) A-block 8a—c) is long (M, 13 000).
Spirooxazine-polymer conjugateda—b are the corresponding A-block only controls. (a) Decoloration of block copolysprooxazine conjugates
with a small polyf-butyl acrylate) A-block. (b) Decoloration of block copolymeispirooxazine conjugates with a large poldutyl acrylate)
A-block.

Table 3. Photophysical Results of Block Copolymer Spirooxazine Conjugates with a Poly§-butyl acrylate) A-block (7a-c, 8a-c) in a
Polyethyleneglycol 400 Dimethacrylate (PEGDMA)/2,2bis[4-Methacryloxyethoxy]phenyl]propane (EBPDMA) Test Lens$

sample MyP Ty*(s) T34 (S) Avd kq® (min*l) ko2 (min*l) A A At
4a 5100 20 116 0.71 1.89 0.079 0.61 0.21 0.04
7a 7300 25 157 0.69 1.61 0.077 0.57 0.24 0.04
b 13700 30 181 0.75 1.54 0.076 0.57 0.24 0.04
7c 21600 39 269 0.84 131 0.068 0.54 0.25 0.06
4b 13000 8 37 0.80 4.10 0.094 0.65 0.15 0.03
8a 14900 7 39 0.76 4.41 0.094 0.69 0.15 0.03
8b 21900 8 39 0.81 4.46 0.094 0.69 0.15 0.03
8c 27900 10 57 0.92 3.30 0.083 0.63 0.17 0.03

aDecolorization monitored &itmax Of the colored form of the dye (605 nm) at 20 after irradiation at 356400 nm. Molecular weight calculated using
GPC for initial block and then NMR for final block. Measured absorbance of each system before normalfZEtierime taken to reach halfif) and
three-quarterst{s) of the initial absorbance, respectiveyMeasured absorbance of each system before normaliz&tionetic parameters of biexponential
decoloration expression whekeandk; are the fast and slow rate constadtsandA; are the contributions to the initial absorbance, Apds the absorbance

when time approaches infinity.

polarity/Ty of the host matrix and attached polymer as well as using the second or “B-" block, which is insulated from the
compatibility between them. In this work, as many of those photochromic moiety by an intervening A-block. Blocks of high

factors as possible are kept constant.

Previous work demonstrated photochromic rates could be
tuned using either rigidity or chain length of the polymer
attached. In this work, block copolymeconjugates were

and low Ty were used for this investigation.

Experimental results demonstrated that changes in a second
block could be successfully used to adjust photochromic
response. In the series with polystyrene as the first (A-) block,

investigated to explore whether rates could be affected or tunedT;, of the spirooxazine decreased significantly as increasie%(/
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larger poly@-butyl-acrylate) B-blocks were added. This indicates  (3) Kamigaito, M.; Ando, T.; Sawamoto, MChem. Re. 2001, 101, 3689~
an increase in switching speed. This is what would be expected 3746

theoretically, as poly¢butyl acrylate) is a lowly polymer. A ) gﬂl%ad' G.; Rizzardo, E.; Thang, S. Hust. J. Chem2005 58, 379~
Iarg_er amOlinlt of the.dlowezgtﬂdymertv;l.” mal.(”e the local (5) Barner-Kowollik, C.; Davis, T. D.; Heuts, J. P. A.; Stenzel, M. H,;
environment less rigid, and thus switching will_occur more Vana, P.; Whittaker, MJ. Polym. Sci., Part A: Polym. Cher2003
rapidly. What is particularly interesting is that the effect of the 41, 365-375.

low Ty polymer was significant even if it was separated from  (6) Hawker, C. J.; Bosman, A. W.; Harth, Enem. Re. 2001, 101, 3661
the photochromic moiety by the block of hidly polystyrene. 3688.

Ty12 values of the conjugates appeared to be independent of the (7) Shipp, D. A.J. Macromol. Sci., Polym. Re2005

M, of the A-block when a significant polg{butyl acrylate) (8) Hao, X.; Malmstion, E.; Davis, T. P.; Stenzel, M. H.; Barner-

B-block was added. This observation can be explained using  Kowollik, C. Aust. J. Chem2005 58, 483-491.

the proposed model. Because of the dynamic coiling of the (9) Barner, L. Barner-Kowollik, C.; Davis, T. P.; Stenzel, M. Aust. J.
: . . Chem.2004 57, 19-25.

polymer, the photochromic compound would still have interac-

. . (10) Billmeyer, F. W., JrTextbook of Polymer Scienc&d ed.; John Wiley
tion with the low Ty component of the block copolymer, even & Sons Inc: Singapore, 1984.

if it is at the end of a long chain _ (11) Ruzette, A-V.; Leibler, LNat. Mater.2005 4, 19-30.
The results for the second Set of data V_V'th leb(Jtyl_ (12) Chen, M.; Ghiggino, K. P.; Mau, A. W. H.; Rizzardo, E.; Thang, S.
acrylate) as the A-block also confirms theoretical expectations. H.; Wilson, G. J.Chem. Commur2002 22, 2276-2277.

In this case Ty, increases when a larger polystyrene B-block (13) chen, M.; Ghiggino, K. P.; Launikonis, A.; Mau, A. W. H.; Rizzardo,
is added. A larger polystyrene component equates to a more  E.; Sasse, W. H. F.; Thang, S. H.; Wison, GJ.Mater. Chem2003

rigid environment, and therefore, slowey;, is expected. It is 13, 2696-2700..
interesting to note that the changes in photochromic rates are(14) ggggtggeé%?_'ég MAnnu. Rep. Prog. Chem., Sect. C: Phys. Chem.
significantly reduced when the blocks are in this order. This ' i

S - . . (15) Krongauz, V. A. InlPhotochromism: Molecules and Systefist ed.;
indicates that the photochromic response is more sensitive 0™ by " ~Bous-Laurent, H., Eds.; Elsevier Science Publishing

the presence of a loWy environment. When it is close to the House: Amsterdam, 1990; Vol. 40, pp 79820.

photochromic compound such as in the second set of data, it(16) Such, G. K.; Evans, R. A.; Yee, L. H.; Davis, T. £.Macromol.
has a very strong effect on kinetics and it is difficult to override Sci., Polym. Re 2003 C43 547-579.

its effect with a highTy B-block unless the initial poly(-butyl (17) Bouas-Laurent, H.; Durr, Houre Appl. Chem2001, 73, 639-665.
acrylate) block is relatively small. However, even as the second (18) Ivanov, A. E.; Eremmev, N. L.; Wahlund, P.-O.; Galaev, I. Y.
block, the low T, poly(n-butyl acrylate) displays a strong Mattissson, BPolymer2002 43, 3819-3823.

; i ; inq (19) Gaude, D.; Le Baccon, M.; Guglielmetti, R.; Gautron,Bill. Soc.
ggltléirt]ig? over photochromic rates and provides strong tuning Chim. Br. 1979 910, 489498,

(20) Goett, C.; Lambia, M.; Wippler, GMacromol. Chem1979 180,
1865-1875.

) ] ) (21) Such, G.; Evans, R.; Davis, Macromolecule2004 37, 9664-9666.
Block copolymet-spiroxazine conjugates of poly(styrene) (22) such, G. K.: Evans, R. A.; Davis, T. Flol. Cryst. Lig. Cryst2005

Conclusion

and poly@-butyl acrylate) have been synthesized that demon- 430, 273-279.
strate strong systematic tailoring of photochromic switching rates (23) Hutchinson, R. A.; Paquet, D. A., Jr.; McMinn, J. H.; Beuermann, S.;
in a rigid lens host matrix. A particularly wide range of Fuller, R.; Jackson, MECHEMA Monogr.1995 131, 467-493.

Switching Speeds were observed when pmly(n:y| acry|ate) (24) Favier, A.; Charreyre, M.-TMacromol. Rapid. Commur2006 27,
was the second block. Results showed photochromic rates are 653-692.

very sensitive to the addition of a lof, component even if it %) f;g{';lggg'; Evans, R. A.; Davis, T. Macromolecules2006 39,

is separated from the photochromic moiety by an intervening (26) Biteau, J.: Chaput, F.: Boilot, J-B.Phys. Chem.996 100, 9024

high Tq component. 9031,
(27) Evans, R. A.; Hanley, T. L.; Skidmore, M. A.; Davis, T. P.; Such, G.
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