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ABSTRACT: The attachment of lowTg poly(n-butyl acrylate) polymers (Mn 4100 to 13 100) to naphthopyran
photochromic dyes provided large tunable improvements in their photochromic performance in a rigid thermoset
host polymer matrix. Both coloration and decoloration speeds were greatly increased, with the criticalt1/2

decoloration times reduced by 50-95% andt3/4 decoloration times reduced by at least 63% through the use of
these polymer conjugates. In addition, the optical density of the colored form of the dye-polymer conjugates
rapidly reached a steady state absorption ca. 60-70% greater than the nonpolymer conjugated control dyes. The
effect of the geometry of the polymer conjugates was examined, and it was found that mid-placement of the dye
on the polymer provided secondary decoloration speed enhancement over end-placement. Thus, conjugation of
low Tg poly(n-butyl acrylate) not only provides faster coloration and decoloration but also greatly increases optical
density with near square-wave characteristics.

Introduction

Traditionally, the main interest in photochromic dyes and their
materials has been in their ability to undergo reversible color
changeforeitherophthalmicoropticaldatastorageapplications.1-6

However, there is increasing interest in the use of such systems
to modulate conductivity, fluorescence, magnetism, and cellular
adhesion as described in a recent review.7 Common to many of
these and new applications is the conjugation of photochromic
dyes to polymers,7-20 and this includes their use in photochromic
lenses which remains, by a wide margin, the largest commercial
application of conventional photochromic dyes in general.
Accordingly, the understanding and control of the switching
performance of photochromic dyes with polymers and specif-
ically within rigid polymeric matrices have been important areas
of research. Ongoing efforts in this area have focused largely
on increasing switching speeds, particularly decoloration. Some
methods which have been explored are the changing of the
electronic properties of the dye itself, i.e., to synthesize a dye
that is inherently fast,21-23 and modification of the host matrix
in which the dye is incorporated.24-27 Both of these methodolo-
gies have their compromises. Electronic and structural modifica-
tions are relatively unpredictable in their effectiveness, and
matrix modification can compromise the mechanical properties.

A new approach in controlling photochromic switching
performance within rigid cross-linked polymer matrices has
recently been realized through the development of photochromic
dye-polymer conjugates. Since our initial publication11 describ-
ing the use of living radical polymerization techniques with
photochromic moieties, other researchers have found the
combination useful for their photochromic applications.16,17We

have used the living radical polymerization and other methods
to show the utility of attaching a single photochromic dye to a
single polymer chain to control the photochromism of the
dye.8-11,13 The work showed that the covalent attachment of a
polymer directly to a dye allows for the control of the immediate
local environment surrounding each individual dye molecule
or their aggregates without compromising the properties of the
bulk polymeric matrix in which it is contained.

The ability of spirooxazine and naphthopyran (chromene)
dyes to switch between their colored and uncolored forms is
greatly affected by the viscosity of their medium since the
switching requires a physical mechanical motion, where half
the molecule undergoes an approximate 90° rotation (Figure
1). Thus, placement of the dye in a rigid cross-linked host matrix
represents the most severe test of a dye’s photochromic
performance. Having a highly localized fluid environment
around the dye by conjugating a soft oligomer/polymer allows
for greater freedom of movement for this motion to occur,
resulting in faster switching.8

A particular facet of this technique was demonstrated by using
atom transfer radical polymerization (ATRP) to grow polymers
of well-controlled molecular weight and polydispersity from a
photochromic spirooxazine macroinitiator.11,13 Having a high
Tg polymer attached to the dye, such as polystyrene and poly-
(methyl methacrylate), retarded switching rates. Providing a fluid
environment surrounding the dye via the attachment of a low
Tg polymer, namely, poly(n-butyl acrylate), dramatically ac-
celerated the switching performance of the spirooxazines.13

Naphthopyrans are an important commercial class of photo-
chromic dyes due to their good fatigue properties and strongly
colored state while representing the best source of yellow and
red colors.28-31 To date, no polymer conjugation of free radically
derived polymers to naphthopyrans in this manner or their
photochromic performance has been reported. We now report
the synthesis of mid- as well as end-functionalized 2,2-diaryl-
2H-naphtho[1,2-b]pyran dye-poly(n-butyl acrylate) conjugates
and the highly beneficial effect this conjugation has on the
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photochromism on the naphthopyran. In addition, we also
studied the effect of where the dye was placed on the polymer.
This was achieved through our recently published methodology
for the synthesis of Y-branched polymeric tail architectures via
ATRP and RAFT polymerization, which allows for the facile
synthesis of mid-functionalized polymer conjugates.32

It is expected that for a given molecular weight of polymer
the attachment of the dye to the middle of the polymer would
provide more efficient encapsulation than the placement at the
end (Figure 2). Specifically, dyes would switch faster when
placed in the middle of a lowTg polymer than at the end. As a
result of more efficient polymer encapsulation via mid-polymer
attachment of the dye, the molecular weight of the polymer
conjugated to the dye needed for a given switching speed can
be reduced.

Results and Discussion

The napthopyran selected for examination,8, is of the class
described by Van Gemert et al.33 in their patent. It is relatively
straight forward to synthesize33,34and possesses a free hydroxyl
group that is readily functionalized with our initiator systems.
The 6-acetoxy analogue of8 has been previously shown to have
very slow switching kinetics when incorporated within a rigid
sol-gel prepared gel-glass matrix.35 The naphthopyran selected
gives a red colored isomer (λmax ca. 510 nm) on UV irradiation.

The synthesis of mid-functionalized photochromic dye-
polymer conjugates is enabled through the use of a Y-branching
linker. We have previously documented a facile water based
synthesis of functionalized macroinitiators containing two ATRP
initiating moieties from the useful synthon 3,5-dihydroxybenzoic
acid, 2.32 Reaction of2, in cold and basic water-isopropanol
solution, with 2 equiv of 2-bromoisobutyryl bromide3a gave
the bisacylated product6a in 75% yield. Conversion to the acid
chloride7a was achieved using thionyl chloride and DMF as
the catalyst. Subsequent reaction with the hydroxyl-function-
alized naphthopyran8 gave the bisfunctionalized ATRP mac-
roinitiator 10a (Scheme 1).

The synthesis of the monofunctionalized ATRP macroinitiator
9a was achieved in the same way as for10a, however, using
3-hydroxybenzoic acid1 as a linking group. For the purpose of
an accurate comparison, we used such a linker in order to
replicate, as best possible, any effects resulting from the steric
bulk of the Y-branching linker of the bis-system. Reaction of1
with acid bromide3a gave the acylated derivative4a in 98%

yield, which was then quantitatively converted to the acid
chloride 5a and reacted with naphthopyran8 to give the
monofunctionalized ATRP macroinitiator9a.

The naphthopyran derivatives9b and 10b (control com-
pounds) were synthesized in an identical manner as that of the
macroinitiators9aand10a, using the non-brominated acid halide
3b. Once again, these control compounds were synthesized to
contain functionalized (di)hydroxybenzoic acid moieties to
replicate as close as possible the steric bulk of the linker groups
of both systems.

Polymerizations using the naphthopyran macroinitiators9a
and10awere performed under homogeneous ATRP conditions
with CuBr and 4,4′-dinonyl-2,2′-bipyridine functioning as the
catalyst system (Scheme 1). This method has been used
previously and has been shown to be effective in forming poly-
(n-butyl acrylate)-spirooxazine conjugates with well-controlled
properties.13 As with this previous study, here, we also see
polymerization characteristics which are indicative of good
living behavior, namely, consistently low polydispersities
(∼1.10) and a linear growth of molecular weight (Mn) with
conversion. Details of polymer conjugates11a-d and12a-c
are summarized in Table 1.

The polymerizations giving end-functionalized conjugates
11a-d were conducted with ann-butyl acrylate to9a ratio of
100:1. Figure 3 shows a slight deviation of the molecular
weights from those of the theoretical values, which could be
attributed to a lower than expected initiator efficiency as well
as the presence of high molecular weight products arising from
chain termination via radical coupling. The presence of such
radical coupled products was confirmed by GPC analysis which
showed a small shoulder on the main peak toward higher
molecular weight. The shoulder became more prominent at
higher conversions and is a common characteristic of living
radical polymerizations by ATRP. In contrast, polymerizations
giving mid-functionalized conjugates12a-c were conducted
with an n-butyl acrylate to10a ratio of 200:1 (Figure 4). This
was done to compensate for the presence of two ATRP initiating
moieties (2-bromoisobutyryl esters) per macroinitiator molecule,
10a, thus effectively maintaining a 100:1 molar ratio of
monomer to initiator. A halving of this ratio would see a greater
proportion of chain termination, resulting from intermolecular
and intramolecular radical coupling. Intramolecular radical
coupling giving dead cyclic polymer chains is a phenomenon
previously observed in the ATRP polymerization ofn-butyl
acrylate using a similar type of Y-branched macroinitiator.32

Not unexpectedly, a small proportion of both these types of
termination products were observed on analysis of the product
conjugates by GPC, with a progressively greater proportion
being observed at higher conversions. This is indicated by the
presence of shoulders on both sides of the main peak in the
GPC trace (see Supporting Information).

A comparison of the1H NMR spectrum of a low molecular
weight mid-functionalized poly(n-butyl acrylate)-naphthopyran

Figure 1. Transitions between the closed and open forms of a 2,2-diaryl-2H-naphtho[1,2-b]pyran illustrating the mechanical rotation of the bulky
gem-diaryl substituents.

Figure 2. Photochromic dye-polymer conjugates, where attachment
of the dye is at the (a) end and (b) middle of the polymer. Structure
(b) is expected to provide better dye encapsulation per unit length of
attached polymer when incorporated within rigid polymeric matrices.

Macromolecules, Vol. 41, No. 4, 2008 Photochromic Performance of Naphthopyrans1207



conjugate,12a, along with the naphthopyran macroinitiator
10a from which it was derived is given in Figure 5. The
peaks corresponding to the naphthopyran photochromic moiety

are clearly visible in the spectrum of the conjugate. Signals
from the two CH3O groups of the substitutedgem-diphenyls
and the CH3 of the ester moiety on the naphthyl group over-
lap at 3.78 ppm. The aromatic region shows naphthyl protons
at 8.46, 7.91, 7.71, and 7.63 ppm,p-methoxy substituted

Scheme 1. Synthesis Scheme for Photochromic ATRP
Macroinitiators 9a and 10a, Control Compounds 9b and 10b,
and n-Butyl Acrylate Polymerizations Giving Dye-Polymer

Conjugates 11a-d and 12a-c

Figure 3. Evolution of molecular weight (9) and polydispersity (O)
of conjugates11a-d during atom transfer radical polymerization
(ATRP) of n-butyl acrylate using macroinitiator9a, where [n-butyl
acrylate]:[CuBr]:[dinonyl-bipyridine]:[9a] ) 100:1:2:1.

Figure 4. Evolution of molecular weight (9) and polydispersity (O)
of conjugates12a-c during atom transfer radical polymerization
(ATRP) of n-butyl acrylate with macroinitiator10a, where [n-butyl
acrylate]:[CuBr]:[dinonyl-bipyridine]:[10a] ) 200:1:2:1.

Table 1. Polymerization Characteristics of Poly(n-butyl
acrylate)-Naphthopyran Dye Conjugates 11a-d and 12a-c
(Scheme 1) Using Naphthopyran Macroinitiators 9a and 10a

sample
polymerization
duration (min)a

conversion
(%)b exptlMn

c calcdMn
d PDI

11a 270 22.3 4100 3596 1.08
11b 491 32.8 5600 4942 1.08
11c 965 47.3 8000 6800 1.10
11d 1570 61.5 10 600 8620 1.12
12a 90 15.0 4600 4745 1.11
12b 140 23.3 6900 6872 1.10
12c 390 44.2 12 700 12 230 1.09

a Polymerizations for11a- d were performed at 90°C with n-butyl
acrylate (15.60 mmol), macroinitiator9a (0.156 mmol), 4,4′-dinonyl-2,2′-
bipyridine (0.312 mmol), and CuBr (0.156 mmol) in benzene (3 mL)
solution. Polymerizations for12a-c were similarly performed, however,
using 31.21 mmoln-butyl acrylate and 2 mL benzene.b Determined by1H
NMR analysis of reaction mixture ind6-acetone solution.c Determined by
GPC analysis (polystyrene calibration standards) of unpurified polymer
conjugates.d Calculated based on monomer conversion plus macroinitiator
molecular weight.

1208 Malic et al. Macromolecules, Vol. 41, No. 4, 2008



gem-diphenyl protons as two doublets at 7.48 and 6.91 ppm,
olefinic protons of the pyran ring as two doublets at 7.05
and 6.44 ppm, and signals for protons of the linker group as
singlets at 7.96 and 7.41 ppm, which are shifted upfield
from 8.01 and 7.52 ppm when compared with the macro-
initiator 10a. This shifting of signals is due to the movement
of the Br atoms away from the linker upon polymerization. The
end groups of the polymer are visible as a signal at 4.38 ppm
corresponding to CHBr. The displacement of the Br atoms
is also reflected in the shifting of thegem-dimethyl signals of
the 2-bromoisobutyryl moieties of the macroinitiator from 2.12
ppm. The signal is no longer visible in the spectrum of the
polymer conjugate as it is expected to reside beneath the signals
of the bulk polymer between 1 and 2 ppm. A comparison of
the two spectra gives a good indication of the successful

synthesis of conjugates having the structure depicted in
Scheme 1.

Each poly(n-butyl acrylate)-naphthopyran dye conjugate and
the control compounds9b and 10b were added to the meth-
acrylate based host matrix of poly(ethylene glycol) 400
dimethacrylate (PEGDMA) and 2,2′-bis((4-methacryloxyethox-
y)phenyl)propane (EBPDMA) (1:4 by wt) lens formulation at
the same molar concentration, then added to a mould, and heat
cured to give a test lens. All samples were then subjected to an
identical analysis procedure: irradiation at 350-400 nm for
1000 s while monitoring the absorbance atλmax of the colored
form of the naphthopyran dye (510 nm) at 20°C, then further
continuous monitoring of the decoloration in the dark for a
maximum of 4800 s. In contrast to the previously mentioned
work of an analogous dye incorporated within a sol-gel

Figure 5. Comparison between1H NMR spectra (d6-acetone) of mid-functionalized poly(n-butyl acrylate)-naphthopyran conjugate12a (top) and
the corresponding naphthopyran-functionalized macroinitiator10a (bottom).

Table 2. Photophysical Analysis of the Decoloration of Poly(n-butyl acrylate)-Naphthopyran Conjugates Relative to Control Compounds 9b
and 10b in a Poly(ethylene glycol) 400 Dimethacrylate (PEGDMA)/2,2′-Bis((4-methacryloxyethoxy)phenyl)propane (EBPDMA) Test Lensa

sample Mn
b (PD) t1/2

c t3/4
c A0 k1 (min-1) A1 k2 (min-1) A2 Ath

9b control 139 2131 1.07 0.85 0.50 0.06 0.23 0.22
11a 4100 (1.08) 70 782 1.70 1.20 0.58 0.07 0.18 0.20
11b 5700 (1.07) 52 545 1.77 1.44 0.63 0.08 0.15 0.19
11c 8400 (1.08) 39 410 1.80 1.82 0.68 0.09 0.12 0.18
11d 11300 (1.09) 37 308 1.44 1.85 0.67 0.09 0.12 0.18
10b control 263 n/a 1.01 0.77 0.41 0.05 0.26 0.27
12a 4900 (1.09) 46 636 1.73 1.68 0.61 0.08 0.16 0.19
12b 7100 (1.09) 32 322 1.72 2.15 0.67 0.09 0.12 0.18
12c 13 100 (1.07) 21 104 1.75 2.96 0.75 0.10 0.08 0.17

a Samples initially irradiated at 350-400 nm for 1000 s and then decoloration monitored atλmax of the colored form of the naphthopyran dye (510 nm)
at 20°C in the dark for a further duration of 4800 s (maximum).b Molecular weight (Mn) of conjugates post purification from GPC analysis using polystyrene
calibration.c Time taken to reach one-half (t1/2) and three-quarters (t3/4) of the initial absorbance. Values are averages of 3 runs per lens sample.
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prepared matrix,35 the photophysical analysis of the conjugates
incorporated within our rigid polymeric test lens system showed
very rapid switching for both the forward reaction (coloration)
as well as for the reaction back to the initial state (decoloration).
For decoloration, the time taken to reach one-half and three-
quarters of the initial absorbance is designated ast1/2 and t3/4,
respectively, and is a convenient measure of the fading speed
where smaller numbers indicate faster decolorations. In addition,
standard biexponential kinetic parameters were calculated for
the decoloration in the dark.

All poly(n-butyl acrylate) conjugates show far superior
decoloration rates compared with the control compounds (Table
2), with the rates increasing with molecular weight of the
appended polymer chains. End-functionalized conjugate11d
faded almost 4 times faster than the control9b to t1/2 and almost
7 times faster tot3/4. More impressively, the mid-functionalized
conjugate12c was ca. 12.5 times faster tot1/2 compared with
the control10b. A direct numerical comparison of thet3/4 values
could not be obtained since even after 80 min the control
compound 10b did not reach three-quarters of its initial
absorbance. We may qualitatively say that this value is greater
than 4800 s, which in that case is a remarkable improvement.

The decoloration curves were analyzed using the following
biexponential equation:

where A(t) is the optical density atλmax, A1 and A2 are
contributions to the initial optical densityA0, k1 andk2 are the
rates of the fast and slow components, respectively, andAth is
the residual coloration when time approaches infinity. The model
was found to accurately fit our data, givingRvalues (correlation
coefficients) greater than 0.99. Values of the constants for each
conjugate and control compound are given in Table 2. This
equation is one of the many models used to fit photochromic
decoloration15 and has been used previously to model the
decoloration of spirooxazines and naphthopyrans.13,35,36

Comparison of the decoloration performance between the end-
functionalized conjugates,11a-d, and mid-functionalized con-
juagates,12a-c, (see plots ofk1 andk2 vs molecular weight,
Figures 6 and 7 respectively) shows that having the photochro-
mic dye in the center of the lowTg poly(n-butyl acrylate)

polymer gives improved decoloration performance per unit
molecular weight. This is also clearly observed in the plots of
t1/2 and t3/4 versus molecular weight (see Supporting Informa-
tion). Previous work with end-functional spirooxazine-polymer
conjugates confined within a rigid host matrix proposed a de
facto or statistical encapsulation model due to the natural
tendency of a polymer conjugate to coil.8 Hence, the factors
which influence photochromic performance could be controlled
by the choice of the attached polymer. Here, it is proposed that
having two comparable polymer chains radiating from the
central functional molecule (naphthopyran dye), rather than a
single chain of equivalent molecular weight, provides a further
enhancement of molecular encapsulation within a rigid host
matrix. This is certainly reflected in thek1 values and in thek2

values for molecular weights above ca. 4000. For example, the
mid-placed dye-polymer conjugate12b has a fasterk1 than
the end-functionalized11c (2.15 vs 1.82 min-1) even though
12b is of lower molecular weight (7100 for12b vs 8400 for
11c). Similar results are seen for dye-polymer conjugate12a,
which has a fasterk1 than the end-functionalized11b (1.68 vs
1.44 min-1), with 12a being also of lower molecular weight
(4900 for12avs 5700 for11c). Figure 7 shows that there may
be a crossover point at a molecular weight of roughly 4000,
where below this value end functionalization may become
comparable or more efficient in the latter stages of decoloration.
Although at these low molecular weights the decoloration speeds
are better than those of the control dyes in both systems, much
better performance is gained at only modestly higher molecular
weights.

Interestingly, there appears to be a plateau effect with end-
functional dye-polymer conjugates, where increased molecular
weight aboveMn 8400 shows limited or no further decoloration
rate increase. This is in contrast to the mid-functionalized dye-
polymer conjugates, which show no such plateau of performance
with increasing molecular weight within the range tested.

Although the controls are sterically similar, the use of such
linking molecules has not exactly produced two electronically
identical controls. Since photochromic molecules are generally
very sensitive to electronic factors, the differences in kinetic
performance between the two control dyes9b and10b (Table
2) may be due to the presence of only one propionyl ester moiety
in 9b compared with two in10b. However, despite the possible

Figure 6. Decoloration of the colored form of naphthopyran after
irradiation at 350-400 nm monitored at 510 nm. Evolution ofk1 (rate
of decoloration, fast component) with molecular weight of naphthopyran
end-functionalized poly(n-butyl acrylate) conjugates11a-d and control
compound9b (O) and naphthopyran mid-functionalized poly(n-butyl
acrylate) conjugates12a-c and control compound10b (b) in the host
matrix PEGDMA:EBPDMA (1:4). Dye concentration) 1.20× 10-6

mol/g.

A(t) ) A1e
-k1t + A2e

-k2t + Ath

Figure 7. Decoloration of the colored form of naphthopyran after
irradiation at 350-400 nm monitored at 510 nm. Evolution ofk2 (rate
of decoloration, slow component) with molecular weight of naphtho-
pyran end-functionalized poly(n-butyl acrylate) conjugates11a-d and
control compound9b (O) and naphthopyran mid-functionalized poly-
(n-butyl acrylate) conjugates12a-c and control compound10b (b) in
the host matrix PEGDMA:EBPDMA (1:4). Dye concentration) 1.20
× 10-6 mol/g.
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influence of these electronic effects in slowing down the fade
kinetics of the actual photochromic dye in control10b and the
corresponding conjugates12a-c, the effect of conjugate forma-
tion with midfunctionalization far outweighs any effects due to
this, as reflected in the comparison of fading rates between the
two conjugate systems.

As mentioned earlier, naphthopyran photochromics have
important application in ophthalmic lenses due to their dark
coloration, having large extinction coefficients in the open form,
inherent fatigue resistance, and moderately good switching
performance. Upon our testing of switching performance, we
found that the coloration of the lenses containing end- and mid-
functionalized conjugates was about 60 and 70% greater,
respectively, than that of the controls after 1000 s irradiation
(Figures 8 and 9). Therefore, the attachment of the lowTg poly-
(n-butyl acrylate) tails to the photochromic also greatly improves
switching efficiency when the dye conjugate is incorporated

within a rigid polymeric host matrix. This has obvious com-
mercial cost benefits in terms of being able to use less
photochromic material than otherwise required. Clearly, the
polymer conjugation to the naphthopyrans provides superior
coloration and decoloration performance by displaying a more
square-wave like profile. Coloration of the conjugates reached
a steady-state optical density in about 600 s (10 min) whereas
that of the control is continuing to rise when irradiation ceased
at 1000 s.

Another feature of naphthopyran (chromene) photochromics
is that upon exposure to UV radiation there are a number of
possible photoisomers of the open form produced.37-40 With a
symmetrically substituted diaryl naphthopyran such as8 and
its derivatives, we expect there to be two major photoisomers.
It is known that for one of these photoisomers the thermal rever-
sion back to the closed form is relatively unfavored and requires
photobleaching with visible light to progress at any significant
rate. This phenomenon is observed in our kinetic experiments
(Figures 8 and 9), where the absorbance does not return to a
baseline zero value upon decoloration in the dark. A plateau is
reached at ca. 18% of the initial absorbance obtained immed-
iately prior to the onset of decoloration, and this appears unaf-
fected by the presence or not of a polymer attached to the dye.

Conclusion

We have shown that the attachment of poly(n-butyl acrylate)
to naphthopyrans gives markedly improved photochromic
performance in coloration and decoloration rates as well as
greater optical density in the colored state when in a rigid cross-
linked host matrix. In addition, placement of the dye in the
middle of a polymer provided greater improvement than at the
end. This midfunctionalization was readily achieved by the use
of a Y-branching linker based on 3,5-dihydroxybenzoic acid,
which enabled the facile synthesis of photochromic dye mac-
roinitiators having two ATRP initiating moieties. Subsequent
polymerization from this macroinitiator produced polymer-dye
conjugates, where the photochromic dye is positioned in the
middle of the polymer. This has provided better encapsulation
of the dye for a given molecular weight of the polymer, resulting
in faster switching. Logically, three or more polymer chains
from the dye may give better performance, but these increases
may not outweigh the additional synthetic complexity needed
to construct such systems. It is important to note that a inherently
slow switching dye will always be a slow switching dye; this
general methodology provides the best possible switching
environment and works best for those dyes that display a large
matrix effect.

Thus, we have extended the parameters available to us in
providing indirect control of photochromic performance. Control
of a photochromic dye in a rigid matrix via the use of a polymer
conjugate can be done through the choice of polymer (lowTg

gives faster switching),11,13the length of the polymer (the longer
the polymer the better the protection from the rigid host
matrix),13 and now the geometry of the polymer (mid placement
is more efficient than end placement of the dye).

Experimental Section

Materials. 1,1-Bis(4-methoxyphenyl)prop-2-yn-1-ol41 and
methyl 1,4-dihydroxynaphthalene-2-carboxylate42 were synthe-
sized using the literature procedures.n-Butyl acrylate (99+%
purity) was purchased from Aldrich and passed through a
column of activated basic alumina immediately prior to use to
remove inhibitor. All other reagents were obtained from Aldrich
at the highest purity available and used without further purifica-
tion.

Figure 8. Absorbance vs time for the coloration and decoloration of
end-functionalized naphthopyran-poly(n-butyl acrylate) conjugates
11a-d and control9b in a rigid polymeric host matrix PEGDMA:
EBPDMA (1:4). Dye concentration) 1.20× 10-6 mol/g. Absorbance
monitored atλmax of the colored form of the naphthopyran (510 nm).
Irradiation at 350-400 nm from 60 to 1000 s (ca. 16.7 min) and
decoloration in the dark monitored from 1000 s onward.

Figure 9. Absorbance vs time for the coloration and decoloration of
mid-functionalized naphthopyran-poly(n-butyl acrylate) conjugates
12a-c and control10b in a rigid polymeric host matrix PEGDMA:
EBPDMA (1:4). Dye concentration) 1.20× 10-6 mol/g. Absorbance
monitored atλmax of colored form of the naphthopyran (510 nm).
Irradiation at 350-400 nm from 60 to 1000 s (ca. 16.7 min) and
decoloration in the dark monitored from 1000 s onward.
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Measurements.Molecular weights and polydispersities of
polymers were obtained by gel permeation chromatography
(GPC) analyses performed in tetrahydrofuran (THF, 1.0 mL/
min) at 25°C using a Waters GPC instrument, with a Waters
2414 refractive index detector, a series of four Polymer
Laboratories PLgel columns (3× 5 µm Mixed-C and 1× 3
µm Mixed-E), and Millennium Software. The GPC was
calibrated with narrow polydispersity polystyrene standards
(Polymer Laboratories EasiCal, MW from 264 to 256 000).1H
and13C NMR spectra were obtained with a Bruker AV400 or
a Bruker AC200 spectrometer. Chemical shifts are reported in
ppm from external tetramethylsilane. Monomer conversions
were obtained from1H NMR spectra. The resonances integrated
to obtain conversions forn-butyl acrylate polymerizations were
from the vinyl peaks at 5.86, 6.16, and 6.36 ppm (monomer
only) and the OCH2 peak at 4.14 ppm (monomer and polymer).
Positive and negative ion electrospray mass spectra (ESI-MS)
were acquired with a VG Platform mass spectrometer using a
cone voltage of 50 V with the source maintained at 80°C.
Methanol was used as solvent system with a flow rate of 0.04
mL/min. EI (electron impact) mass spectra were carried out on
a ThermoQuest MAT95XL high-resolution mass spectrometer
using 70 eV. Photochromic analyses were performed on lenses
composed of polymer-photochromic conjugates11a-d and
12a-c and control species9b and 10b (1.2 × 10-6 mol/g)
dissolved in a standard industrial lens formulation of 1:4 weight
ratio of poly(ethylene glycol) 400 dimethacrylate (PEGDMA)
and 2,2′-bis((4-methacryloxyethoxy)phenyl)propane (EBPDMA)
with 0.4% azobis(isobutyronitrile) (AIBN) cured at 80°C for
16 h. The photochromic response of the lenses were analyzed
on a light table (see Supporting Information for schematic
representation) comprised of a Cary 50 spectrophotometer and
a 300 W Oriel xenon lamp as an incident light source. A series
of two filters (Edmund Optics WG320 and Edmund Optics
band-pass filter U-340) were used to restrict the output of the
lamp to a narrow band (350-400 nm). The samples were
monitored at their maximum absorbance of the colored form
(510 nm) for a period of 1000 s. Then the decoloration was
monitored for a further 4800 s (maximum).

3-(2-Bromoisobutyryloxy)benzoic Acid (4a).m-Hydroxy-
benzoic acid,1, (2.0 g, 14.48 mmol) and K2CO3 (6.00 g, 43.44
mmol) were dissolved in a mixture of water (18 mL) andi-PrOH
(6 mL). The solution was cooled in an EtOH/dry ice bath at
-20 °C, and to the cold solution was added 2-bromoisobutyryl
bromide,3a, (3.50 g, 1.88 mL, 15.20 mmol) dropwise over 10
min with vigorous stirring. The mixture was stirred with cooling
at -20 °C for an additional 30 min, allowed to warm to 0°C,
and then quenched by the addition of 6 M aqueous HCl (15
mL) [Caution: foaming]. After 20 min of stirring at room temp-
erature, the precipitated solid was collected by filtration, washed
with water, and dried in a vacuum oven at 40°C. The product
was obtained as a white powder of excellent purity with no
further purification required (4.09 g, 98%).1H NMR (400 MHz,
d6-acetone,δ): 7.98 (d,J ) 7.68 Hz, 1H), 7.81 (s, 1H), 7.61
(t, J ) 7.68 Hz, 1H), 7.45 (dd,J ) 7.68, 1.46 Hz, 1H), 2.10 (s,
6H). 13C NMR (100 MHz, d6-acetone,δ): 171.54, 167.68,
152.81, 134.11, 131.68, 129.16, 127.65, 124.21, 57.93, 31.67.

3-(Isobutyryloxy)benzoic Acid (4b). m-Hydroxybenzoic
acid,1, (2.0 g, 14.48 mmol) and K2CO3 (6.00 g, 43.44 mmol)
were dissolved in a mixture of water (18 mL) andi-PrOH (6
mL). The solution was cooled in an ice bath, and to the cold
mixture was added isobutyryl chloride,3b, (1.70 g, 1.67 mL,
15.93 mmol) dropwise over 10 min with vigorous stirring. The
mixture was stirred with cooling for an additional 1 h, after

which it was quenched by the addition of 6 M aqueous HCl
(20 mL) [Caution: foaming]. The precipitated solid was
collected by filtration, washed with water, and dried in a vacuum
oven at 40°C. The product was obtained as a white powder of
excellent purity with no further purification required (2.19 g,
72%). 1H NMR (400 MHz, CDCl3, δ): 12.34 (br s, 1H, OH),
7.99 (d,J ) 7.68 Hz, 1H), 7.82 (s, 1H), 7.49 (t,J ) 7.68 Hz,
1H), 7.35 (d,J ) 7.68 Hz, 1H), 2.84 (septet,J ) 6.95 Hz, 1H),
1.34 (d,J ) 6.95 Hz, 6H).13C NMR (100 MHz, CDCl3, δ):
175.36, 171.44, 150.84, 130.72, 129.47, 127.44, 127.19, 123.31,
34.10, 18.81.

3-(2-Bromoisobutyryloxy)benzoyl Chloride (5a).3-(2-bro-
moisobutyryloxy)benzoic acid,4a, (1.50 g, 5.22 mmol) was
added to CH2Cl2 (20 mL) together with thionyl chloride (1.86
g, 1.14 mL, 15.67 mmol) and 1 drop of DMF. The mixture
was refluxed for 3 h under nitrogen after which the solvent and
excess reagent were removed by evaporation in vacuo. Residual
thionyl chloride was removed by redissolving the crude product
in 1,2-dichloroethane and evaporation of the solvent in vacuo.
The product was obtained as a low melting point crystalline
solid (yield: quantitative by NMR).1H NMR (400 MHz, CDCl3,
δ): 8.03(d,J ) 8.05 Hz, 1H), 7.87 (s, 1H), 7.57 (t,J ) 8.05
Hz, 1H), 7.48 (d,J ) 8.05 Hz, 1H), 2.08 (s, 6H).13C NMR
(100 MHz, CDCl3, δ): 169.80, 167.36, 150.90, 134.65, 130.04,
128.98, 128.19, 123.84, 54.80, 30.43.

3-(Isobutyryloxy)benzoyl Chloride (5b). This compound
was synthesized in an identical manner to that of5a from
3-(isobutyryloxy)benzoic acid,4b. The product was obtained
as a colorless oil (yield: quantitative by NMR).1H NMR (200
MHz, CDCl3, δ): 7.98 (d,J ) 8.04 Hz, 1H), 7.81 (s, 1H), 7.52
(t, J ) 8.04 Hz, 1H), 7.40 (d,J ) 8.04 Hz, 1H), 2.83 (septet,
J ) 6.58 Hz, 1H), 1.32 (d,J ) 6.58 Hz, 6H).13C NMR (50
MHz, CDCl3, δ): 175.03, 167.43, 151.03, 134.41, 129.81,
128.69, 128.45, 124.26, 34.02, 18.71.

3,5-Bis(2-bromoisobutyryloxy)benzoic Acid (6a).3,5-Di-
hydroxybenzoic acid,2, (2.0 g, 12.98 mmol) and K2CO3 (8.97
g, 64.90 mmol) were dissolved in a mixture of water (32 mL)
andi-PrOH (13 mL). The solution was cooled in an EtOH/dry
ice bath to -20 °C, and to the cold solution was added
2-bromoisobutyryl bromide,3a, (3.04 g, 2.99 mL, 28.55 mmol)
dropwise 10 min with vigorous stirring over. The mixture was
stirred with cooling at-20 °C for an additional 30 min, allowed
to warm to 0°C, and then quenched by the addition of 6 M
aqueous HCl (17 mL) [Caution: foaming]. After 20 min of
stirring at room temperature, the mixture was extracted with
Et2O. The ethereal extracts were combined, washed with three
portions of water, then with brine, and dried with MgSO4. The
solvent was evaporated, and the residue was recrystallized from
ether/hexane to give a white crystalline solid (4.41 g, 75%).1H
NMR (400 MHz, CDCl3, δ): 10.85 (br s, 1H), 7.80 (d,J )
2.20 Hz, 2H), 7.29 (t,J ) 2.20 Hz, 1H), 2.08 (s, 12H).13C
NMR (100 MHz, CDCl3, δ): 170.16, 169.58, 151.11, 131.55,
120.77, 120.22, 54.67, 30.47.

3,5-Bis(isobutyryloxy)benzoic Acid (6b).3,5-Dihydroxy-
benzoic acid,2, (2.0 g, 12.98 mmol) and K2CO3 (8.97 g, 64.90
mmol) were dissolved in a mixture of water (32 mL) andi-PrOH
(13 mL). The solution was cooled in an ice bath, and to the
cold solution was added isobutyryl chloride,3b, (3.04 g, 2.99
mL, 28.55 mmol) dropwise over 10 min with vigorous stirring.
The mixture was stirred with cooling for an additional 30 min,
after which it was quenched by the addition of 6 M aqueous
HCl (35 mL) [Caution: foaming]. Stirring was continued for
another 30 min, and the precipitated solid collected by filtration,
washed with water, and dried in a vacuum oven at 40°C. The
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product was obtained as a white powder of good purity with
no further purification required (3.02 g, 79%).1H NMR (400
MHz, CDCl3, δ): 11.49 (br s, 1H, OH), 7.70 (s, 2H), 7.18 (s,
1H), 2.81 (septet,J ) 6.95 Hz, 2H), 1.32 (d,J ) 6.95 Hz,
12H).13C NMR (100 MHz, CDCl3, δ): 174.93, 170.40, 151.18,
131.21, 121.00, 120.58, 34.07, 18.74.

3,5-Bis(2-bromoisobutyryloxy)benzoyl Chloride (7a).This
compound was synthesized in an identical manner to that of5a
from 3,5-bis(2-bromoisobutyryloxy)benzoic acid,6a. The prod-
uct was obtained as an oil, which slowly solidified on standing
(yield: quantitative by NMR).1H NMR (400 MHz, CDCl3, δ):
7.82 (d,J ) 2.20 Hz, 2H), 7.36 (t,J ) 2.20 Hz, 1H), 2.08 (s,
12H).13C NMR (100 MHz, CDCl3, δ): 169.40, 166.58, 151.27,
135.28, 121.61, 54.51, 30.40.

3,5-Bis(isobutyryloxy)benzoyl Chloride (7b). This com-
pound was synthesized in an identical manner to that of5a from
3,5-bis(isobutyryloxy)benzoic acid,6b. The product was ob-
tained as a low melting point colorless crystalline solid (yield:
quantitative by NMR).1H NMR (200 MHz, CDCl3, δ): 7.70
(d, J ) 2.19 Hz, 2H), 7.25 (t,J ) 2.19 Hz, 1H), 2.81 (septet,
J ) 6.94 Hz, 2H), 1.31 (d,J ) 6.94 Hz, 12H).13C NMR (50
MHz, CDCl3, δ): 174.65, 166.78, 151.34, 134.83, 122.48,
121.49, 34.03, 18.67.

Methyl 6-Hydroxy-2,2-bis(4-methoxyphenyl)-2H-naphtho-
[1,2-b]pyran-5-carboxylate (8). Naphthopyran833 was syn-
thesized using an alternative literature procedure43. A mixture
of methyl 1,4-dihydroxynaphthalene-2-carboxylate (1.0 g, 4.58
mmol), 1,1-bis(4-methoxyphenyl)prop-2-yn-1-ol (1.84 g, 6.87
mmol), p-toluenesulfonic acid monohydrate (0.13 g, 0.687
mmol), and silica gel (2.5 g) were ground together using a
mortar and pestle for 10 min. The mixture was allowed to stand
for 1 h after which the product was isolated and purified by
column chromatography on silica gel using toluene as the eluent.
The solvent was evaporated in vacuo and the resulting red oil
treated with a small amount of diethyl ether. The product
crystallized very quickly from solution giving a bright yellow
solid (0.97 g, 45%).1H NMR (400 MHz,d6-acetone,δ): 12.18
(s, 1H), 8.39 (d,J ) 8.42 Hz, 1H), 8.31 (d,J ) 8.42 Hz, 1H),
7.75 (m,J ) 8.42 and 1.46 Hz, 1H), 7.59 (m,J ) 8.42 and
1.46 Hz, 1H), 7.48 (d,J ) 10.25 Hz, 1H), 7.45 (d,J ) 8.78
Hz, 4H), 6.85 (d,J ) 8.78 Hz, 4H), 6.32 (d,J ) 9.88 Hz, 1H),
4.05 (s, 3H), 3.73 (s, 6H). MS (ES)m/z: 467.5 ([M - H]-).

Naphthopyran Macroinitiator (9a). Methyl 6-hydroxy-2,2-
bis(4-methoxyphenyl)-2H-naphtho[1,2-b]pyran-5-carboxylate,8,
(1.0 g, 2.13 mmol) was dissolved in dry CH2Cl2 (15 mL), and
to the solution was added triethylamine (1.10 mL) under argon.
3-(2-Bromoisobutyryloxy)benzoyl chloride,5a, (1.30 g, 4.27
mmol) was then added as a solid in one portion, and the mixture
stirred at 40°C for 40 min (reaction progress monitored by
TLC). The solvent was evaporated in vacuo, and the residue
was redissolved in Et2O (30 mL) and washed successively with
1M HCl, water, aqueous NaHCO3, water, and brine. The organic
layer was dried with MgSO4 and the solvent evaporated in
vacuo. The crude product was purified by column chromatog-
raphy (silica gel, Et2O/hexane) 2:1) giving a purple-red solid
(1.46 g, 93%).1H NMR (400 MHz,d6-acetone,δ): 8.46 (d,J
) 8.42 Hz, 1H), 8.19 (d,J ) 8.05 Hz, 1H), 8.04 (t,J ) 1.83
Hz, 1H), 7.89 (d,J ) 8.05 Hz, 1H), 7.74 (t,J ) 8.05 Hz, 1H),
7.68 (t,J ) 8.05 Hz, 1H), 7.57 (m overlap, 2H), 7.47 (d,J )
8.78 Hz, 4H), 7.03 (d,J ) 9.88 Hz, 1H), 6.89 (d,J ) 8.78 Hz,
4H), 6.43 (d,J ) 9.88 Hz, 1H), 3.75 (s, 3H), 3.74 (s, 6H), 2.12
(s, 6H).13C NMR (100 MHz,d6-acetone,δ): 171.59, 167.08,
165.69, 161.09, 153.07, 148.08, 141.31, 138.60, 132.52, 132.23,
131.35, 129.94, 129.85, 129.71, 129.12, 128.78, 128.12, 124.76,

124.42, 124.05, 122.53, 121.74, 115.44, 115.34, 84.54, 57.91,
56.49, 53.81, 31.67. MS (EI)m/z: 736.1303 (C40H33BrO9

requires 736.1308).

Naphthopyran Control Compound (9b). This compound
was synthesized in an identical manner to that of9a using
methyl 6-hydroxy-2,2-bis(4-methoxyphenyl)-2H-naphtho[1,2-
b]pyran-5-carboxylate,8, and 3-(isobutyryloxy)benzoyl chloride,
5b. The product was obtained as a purple-red solid (0.218 g,
78%). 1H NMR (400 MHz,d6-acetone,δ): 8.45 (d,J ) 8.42
Hz, 1H), 8.14 (d,J ) 8.05 Hz, 1H), 7.98 (t,J ) 1.83 Hz, 1H),
7.88 (d,J ) 8.05 Hz, 1H), 7.68 (m overlap, 2H), 7.59 (t,J )
8.05 Hz, 1H), 7.53 (dd,J ) 8.05 and 1.46 Hz, 1H), 7.47 (d,J
) 8.78 Hz, 4H), 7.03 (d,J ) 9.88 Hz, 1H), 6.90 (d,J ) 8.78
Hz, 4H), 6.43 (d,J ) 9.88 Hz, 1H), 3.75 (s, 6H), 3.74 (s, 3H),
2.89 (septet,J ) 6.95 Hz, 1H), 1.31 (d,J ) 6.95 Hz, 6H).13C
NMR (100 MHz, d6-acetone,δ): 176.68, 167.11, 165.84,
161.12, 153.34, 148.05, 141.35, 138.63, 132.31, 131.95, 131.36,
129.94, 129.86, 129.82, 129.38, 129.17, 129.13, 128.13, 125.25,
124.45, 124.06, 122.55, 121.79, 115.45, 115.35, 84.55, 56.49,
53.80, 35.67, 20.08. MS (EI)m/z: 658.2207 (C41H34O9 requires
658.2203).

Naphthopyran Macroinitiator (10a). This compound was
synthesized in an identical manner to that of9a using methyl
6-hydroxy-2,2-bis(4-methoxyphenyl)-2H-naphtho[1,2-b]pyran-
5-carboxylate,8, and 3,5-bis(2-bromoisobutyryloxy)benzoyl
chloride,7a. The product was obtained as a purple-red solid
(1.14 g, 59%).1H NMR (400 MHz,d6-acetone,δ): 8.46 (d,J
) 8.05 Hz, 1H), 8.01 (d,J ) 2.20 Hz, 2H), 7.91 (d,J ) 8.42
Hz, 1H), 7.69 (t,J ) 8.05 Hz, 1H), 7.61 (t,J ) 8.05 Hz, 1H),
7.53 (t,J ) 2.20 Hz, 1H), 7.47 (d,J ) 8.78 Hz, 4H), 7.04 (d,
J ) 9.88 Hz, 1H), 6.89 (d,J ) 8.78 Hz, 4H), 6.43 (d,J ) 9.88
Hz, 1H), 3.77 (s, 3H), 3.75 (s, 6H), 2.12 (s, 12H).13C NMR
(100 MHz, d6-acetone,δ): 171.29, 166.99, 164.96, 161.08,
153.51, 148.20, 141.20, 138.57, 133.31, 131.36, 130.02, 129.90,
129.84, 128.98, 128.13, 124.44, 124.06, 122.72, 122.51, 122.40,
121.58, 115.44, 115.33, 84.55, 57.73, 56.48, 53.91, 31.61. MS
(EI) m/z: 900.1 (C44H38O11Br2 requires 900.1).

Naphthopyran Control Compound (10b).This compound
was synthesized in an identical manner to that of9a using
methyl 6-hydroxy-2,2-bis(4-methoxyphenyl)-2H-naphtho[1,2-
b]pyran-5-carboxylate,8, and 3,5-bis(isobutyryloxy)benzoyl
chloride,7b. The product was obtained as a purple-red solid
(0.248 g, 78%).1H NMR (400 MHz,d6-acetone)δ 8.45 (d,J
) 8.42 Hz,1H), 7.89 (m overlap, 3H), 7.69 (t,J ) 7.32 Hz,
1H), 7.60 (m,J ) 7.32 Hz, 1H), 7.47 (d,J ) 9.15 Hz, 4H),
7.40 (t,J ) 2.20 Hz, 1H), 7.03 (d,J ) 10.25 Hz, 1H), 6.89 (d,
J ) 8.78 Hz, 4H), 6.43 (d,J ) 10.25 Hz, 1H), 3.76 (s, 3H),
3.75 (s, 6H), 2.89 (septet, 2H), 1.31 (d,J ) 6.95 Hz, 12H).13C
NMR (100 MHz, d6-acetone,δ): 176.40, 167.02, 165.25,
161.10, 153.75, 148.13, 141.28, 138.60, 132.79, 131.36, 129.99,
129.85 (shoulder, overlap), 129.85, 129.05, 128.13, 124.45,
124.05, 123.37, 122.60, 122.52, 121.65, 115.45, 115.34, 84.54,
56.49, 53.86, 35.65, 20.01. MS (EI)m/z: 744.2551 (C44H40O11

requires 744.2571).

ATRP of n-Butyl Acrylate Using Naphthopyran Macro-
initiator 9a (11a-d). Five ampoules each containingn-butyl
acrylate (2.0 g, 15.60 mmol), monofunctionalized naphthopyran
macroinitiator,9a, (0.1150 g, 0.156 mmol), 4,4′-dinonyl-2,2′-
bipyridine (0.1275 g, 0.312 mmol), CuBr (0.0224 g, 0.156
mmol), and benzene (3 mL) were prepared and degassed with
four freeze/pump/thaw cycles. The ampoules were sealed and
heated at 90°C in a thermostatted oil bath for various durations.
Monomer conversions were determined by1H NMR analysis
of the reaction solution. Excess monomer was then removed
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by coevaporation with chloroform using a gentle stream of
nitrogen. The resulting crude residues were analyzed by GPC
to determine molecular weights and polydispersities. The
polymer purification procedure was as follows: (i) polymers
were precipitated by dissolution of the crude residues in a
minimal volume of CH2Cl2 followed by the addition of excess
methanol and then slow and partial solvent evaporation (to
approximately 3/4 of initial solution volume) using a gentle
stream of nitrogen, (ii) the remaining supernatant was decanted,
and (iii) solutions of the precipitated polymers in diethyl ether
were passed through a short silica column followed by evapora-
tion of the solvent.1H NMR (11b, 200 MHz,d6-acetone,δ):
8.45 (d, 1H), 8.13 (d, 1H), 8.03 (s, 1H), 7.74-7.52 (m overlap,
4H), 7.47 (d, 4H), 7.03 (d, 1H), 6.90 (d, 4H), 6.43 (d, 1H),
4.37 (m, 1H), 4.07 (br m, polymer butyl CH2O), 3.77 (s, 6H),
3.74 (s, 3H), 2.36 (br, polymer backbone), 1.92 (br, polymer
backbone), 1.64 (br pentet, polymer butyl CH2), 1.42 (br sextet,
polymer butyl CH2), 0.96 (br t, polymer butyl CH3).

ATRP of n-Butyl Acrylate Using Naphthopyran Macro-
initiator 10a (12a-c). Three ampoules each containingn-butyl
acrylate (4.0 g, 31.21 mmol), bisfunctionalized naphthopyran
macroinitiator,10a, (0.1404 g, 0.156 mmol), 4,4′-dinonyl-2,2′-
bipyridine (0.1275 g, 0.312 mmol), CuBr (0.0224 g, 0.156
mmol), and benzene (2 mL) were prepared and degassed with
4 freeze/pump/thaw cycles. The ampoules were sealed and
heated at 90°C in a thermostatted oil bath for various durations.
Monomer conversions were determined by1H NMR analysis
of the reaction solution. Excess monomer was then removed
by coevaporation with chloroform using a gentle stream of
nitrogen. The resulting crude residues were analyzed by GPC
to determine molecular weights and polydispersities. The
polymer purification procedure was as follows: (i) polymers
were precipitated by dissolution of the crude residues in a
minimal volume of CH2Cl2 followed by the addition of excess
methanol and then slow and partial solvent evaporation (to
approximately 3/4 of initial solution volume) using a gentle
stream of nitrogen, (ii) the remaining supernatant was decanted,
and (iii) solutions of the precipitated polymers in diethyl ether
were passed through a short silica column followed by evapora-
tion of the solvent.1H NMR (12a, 400 MHz, d6-acetone,δ):
8.46 (d,J ) 8.4 Hz, 1H), 7.96 (s, 2H), 7.91 (d,J ) 8.1 Hz,
1H), 7.71 (t,J ) 8.1 Hz, 1H), 7.63 (t,J ) 8.1 Hz, 1H), 7.48 (d,
J ) 8.8 Hz, 4H), 7.41 (s, 1H), 7.05 (d,J ) 9.9 Hz, 1H), 6.91
(d, J ) 8.8 Hz, 4H), 6.44 (d,J ) 9.9 Hz, 1H), 4.38 (br m, 2H),
4.07 (br m, polymer butyl CH2O), 3.78 (s, 9H), 2.5-2.2 (br,
polymer backbone), 1.94 (br m, polymer backbone), 1.64 (br
m, polymer butyl CH2), 1.42 (br m, polymer butyl CH2), 0.96
(br s, polymer butyl CH3).
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