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Summary

tert-Butyl peresters based on aromatic hydrocarbon and
aryl ketone chromophores with lowest lying #—=* transi-
tions have been synthesized and tested as photoinitiators
in radical processes. The systems designed are of varying
efficacy, with the nonketonic systems serving as better
initiators with higher concentrations of aromatic monomers
such as styrene.
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Photolysis of Poly(acrylic acid) Containing an Aryl Ketone
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ABSTRACT: The synthesis of a copolymer of phenyl isopropenyl ketone and acrylic acid gives a water-soluble
photodegradable polyelectrolyte. The ultraviolet spectra are different in dioxane and water solutions. The
quantum yields ¢ of the Norrish type II photoreaction at 313 nm are determined in dioxane and in water
solution at different degrees of ionization and ionic strengths, where the polyelectrolyte is in a more or less
expanded random coil or in a stretched conformation. The value of ¢ is 0.13 in dioxane solution and 0.07
in water solutions, in spite of the different conformations. This behavior is explained by identical local
conformation of the dyad acid—ketone, which differs from the overall conformation of the macromolecule.

The photochemistry of polymeric carboxylic acids has
been studied mainly on poly(methacrylic acid) at a
wavelength of 254 nm!™ in aqueous solution. The first step
of the photochemical reaction is a carboxylic group ab-
straction followed by a scission of the chain.! The quan-
tum yields of chain scission seem dependent both on the
pH and on the tacticity.??

The photochemistry of poly(acrylic acid) (PAA) has not
been investigated at short wavelengths, but poly(alkyl
acrylates)*® and poly(naphthyl acrylates)® underwent si-
multaneous photolysis and cross-linking, probably due to
the recombination of radicals formed by tertiary hydrogen
abstraction.®

The introduction in the polymer chain of a ketone
chromophore can induce photolysis at wavelengths where
the remainder of the polymer does not absorb. The
Norrish type II reaction is responsible for the chain scis-
sion.

Amerik and Guillet have reported the photolysis of a
methyl methacrylate-methyl vinyl ketone copolymer at
313 nm,” and similar studies have been made with sty-
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rene-phenyl vinyl ketone copolymers.? In both cases, a
low ketone content (2.3 mol %) in the copolymer was
sufficient to induce extensive photodegradation. The
photolysis of such copolymers makes possible the inves-
tigation of the mechanism of main-chain scission in poly-
meric ketones,” which has been the subject of a great
number of papers.

Nevertheless, the problem of the dependence of the
quantum yield of the chain scission process on polymer
configuration is not yet clear, Tanaka and Otsu'? found
greater quantum yields for atactic poly(tert-butyl vinyl
ketone) than for the isotactic configuration. However, Kilp
et al. found no difference in the quantum yield of main-
chain scission between isotactic and atactic poly(phenyl
vinyl ketones).!! This was explained on the basis of
identical local conformations of the biradical intermediate.

Determination of Quantum Yields of Main-Chain
Scission

In polyelectrolytes, changes in chain conformation can
be easily obtained without changing the solvent or the
temperature since the conformation of a polyelectrolyte
is dependent both on the pH and on the ionic strength.
A polyelectrolyte such as PAA, which is a weak flexible
polvacid, is in a © condition in dioxane at 30 °C,'? in a
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slightly expanded random coil in NaBr (0.1 M) aqueous
golution,’® and in an expanded state in pure water.

Copolymers of acrylic acid with less than 2% vinyl ke-
tone can be used to study the influence of chain confor-
mation on the quantum yield of the main-chain scission,
because these copolymers have the same solubility in water
as PAA and the hydrodynamic properties should be sim-
ilar. Phenyl isopropenyl ketone (PIPK) was chosen as the
ketone comonomer for two reasons: first, this is an aryl
ketone which is known to give exclusively the Norrish type
IT photoelimination and second, this monomer does not
homopolymerize by a radical mechanism, thus eliminating
the possibility of PIPK dyads. In this case the Norrish
type II photoelimination should occur only between a
PIPK monomeric unit and an acrylic acid unit following
the scheme

CHs CHz

COH CO  COH COoH *COH  CO,H

Ph Pn
L1 II.1
CH3 ~
+
COgH CO CO,H
Ph
II1.1

Irradiation light of A 313 nm was chosen because at this
wavelength the homopoly(acrylic acid) is nonabsorbant
(which might lead to cross-linking), and the ketone chro-
mophore is sufficiently absorbant (33 = 130 L mol™ cm™)
to ohtain efficient photolysis.

The photodegradation was followed by automatic vis-
cometry measurements of copolymer viscosity in solution.
The intrinsic viscosity [#] was calculated from the reduced
viscosity data by using the Solomon—Ciutta relation,'
which allows the determination of intrinsic viscosity by the
“single-point method”.

(1] = [2(n — In n,) ]2/

where 7, is the specific viscosity, 7, the relative viscosity
(e = 117"’ + 1), and ¢ the concentration of the solution in
g mL™

Tests on PAA, made in dioxane and in 0.1 M NaBr
aqueous solution, show that the error between the intrinsic
viscosity obtained by extrapolation at zero concentration
and the data obtained with the Solomon-Ciutta relation
was negligible. _

The viscosity-average molecular weight M, was then
calculated with the Mark-Houwink—Sakurada relationship:

7] = KM,° (1)

Values of K and a are those given by Noda, Tsuge, and
Nagasawa for PAA in solution of 0.1 M sodium bromide.!?

The extent of main-chain scission can be calculated with
the equation

S = (W/Mno)[(Mno/Mnt) - 1] (2)

where S is the number of chain breaks, W is the weight
of the irradiated copolymer (in grams), and M,° and M.}
are the initial and final number-average molecular weights
after irradiation time t. Nemzek and Guillet!® have shown
that eq 2 can be approximated by

S = {W[l(a + 2)]/MIV [(MS/MNH -1 (3)

where T is the gamma function.
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If the initial number-average molecular weight is known,
eq 3 can be approximated by

S=W/M)M /M -1] 4)

The number-average molecular weight can be measured
by GPC using the poly(methyl acrylate-co-isopropenyl
ketone) copolymer obtained after methylation of the
carboxylic functions of the original polymer.

In pure water solution, where the reduced viscosity in-
creases strongly when the concentration approaches zero
due to the polyelectrolyte effect, the Solomon—Ciutta re-
lationship is no longer applicable. In this case, the reduced
viscosity n,.q can be expressed by the Fuoss relationship:¢

Mred = [77]/(]- + Bcl/Z) ()]

where B is a constant that depends on the molecular
weight!”1® and ¢ is the concentration in g mL™.
Equation 5 can be written in the form

] = (ngp/c)(1 + Bcl/?) (6)

where 7, is the specific viscosity.

The initial slope of the specific viscosity did not change
with irradiation, so B is essentially constant, and at con-
stant concentration ¢ we have

[77]0/{77]‘ = nspO/TIspt V)]

where [1]°, n,,%, [n]%, and 7’ are, respectively, the intrinsic
and specific viscosities at the initial state and after an
irradiation time ¢.

Then, from eq 1, 4, and 7, the number of chain breaks
is given by

S = (W/Mno)[(ﬂspo/ﬂspt)l/a - 1] (8)

The value of a reported by Kay and Treloar!® was 1.35
for PAA at a degree of neutralization o = 0.5, but using
the data of intrinsic viscosities given by these authors for
molecular weights between 19000 and 49 000, one finds by
using the least-squares method a = 1.44, the value used
in this work.

For all experiments, the quantum yield ¢ is obtained by

¢ =8/It

where I is the light absorbed (in einsteins s7!) by the
polymer solution and t is irradiation time.

Experimental Section

Copolymer Synthesis. Phenyl isopropenyl ketone was pre-
pared by the procedure of Burckhalter and Fuson.® Co-
polymerization was carried out by mixing 6.55% PIPK with 93.4%
freshly distilled acrylic acid and 0.05% azobisisobutyronitrile (in
molar fraction) in toluene solution (70 wt %) and heating for 8
h at 70 °C, after being degassed under vacuum. - In these con-
ditions, the conversion is about 20%. The copolymer, which
precipitates during the copolymerization, is purified by dissolution
in isopropyl alcohol and precipitation with anhydrous ethyl ether.
This process was repeated three times. The white polymer so
obtained was stored in the dark.

The ketone content was determined to be 1.82 mol % by
comparison of the copolymer absorbance in dioxane solution at
241 nm with that of homopoly(phenyl isopropenyl ketone) in the
same solvent (eg; = 8500 L mol™ cm™).

The poly(PIPK) was obtained by ionic polymerization using
either n-butyllithium?! or diethylzinc?? as initiator.

Gel Permeation Chromatography. The copolymer was first
methylated with diazomethane prepared according to a nonha-
zardous method? in ethyl ether solution. The GPC of poly(methyl
acrylate-co-PIPK) was then carried out in benzene solution with
a Waters Type ALC-GPC-501 with 100-500-A Porogel columns.

Photolysis Studies. The photolysis was carried out at 313
nm under nitrogen in a quartz cell coupled with an automatic



290 Merle, Merle-Aubry, and Guillet

S

log €

| : | :
220 270 320 370
Wavelength, nm

Figure 1. UV spectra of poly(phenyl isopropenyl ketone-co-acrylic
acid) in (—) dioxane and (—-~) water.

Table 1
Molar Absorptivities ¢ and Wavelengths of Poly(PIPK-AA)
in Dioxane and Water Solution

wavelength, e, L mol™!

solvent band nm cm!
dioxane La 241 8500
'Ly 288 500

n-m* 317 130

313 130

water ‘Lo + 'Lg 247 8500
n-m* 315 (shoulder) 360

313 370

viscometer.? Viscosity measurements were made after preset
intervals of irradiation. The incident light intensity at 313 nm
was monitored by potassium ferrioxalate actinometry® and was
1.66 X 1078 einstein s7!. The light absorbed was calculated from
the optical density of the solution in the cell at 313 nm.

Results and Discussion

Ultraviolet Absorption Spectra. The UV spectrum
of the copolymer was determined in water solution at
different degrees of ionization and in dioxane solution.
There is no significant difference in water solution, but in
dioxane strong differences appear. In dioxane, the 'L, and
the 'Ly bands (according to Platt’s nomenclature?®) are
well defined, but in water these same bands are broadened
and unresolved, and the n—* band at 315 nm appears only
as a shoulder. The maximum of the !, band is shifted
to the red (from 241 to 247 nm), presenting a slight ba-
thochromic effect {Figure 1), which has an effect on the
absorption of the incident light at 313 nm. In dioxane
solution, the molar absorptivity (¢ = 130 L mol™ cm™) is
mainly due to the n—=* transition. In water, the molar
absorptivity is stronger (¢ = 370 L mol™! em™) and an
important fraction is due also to the Ly band.

Table I shows the wavelengths of maxima and the molar
absorptivity of the copolymer in the two solutions. The
spectra are shown in Figure 1.

The wavelength effects for different solvents, as de-
scribed above, are similar to those observed with alkyl
ketones such as acetone and are related to the hydrogen-
bonding ability of the solvents.?’

Gel Permeation Chromatography. In order to use eq
4, the number-average molecular weight M, of the co-
polymer must be known.

The GPC of poly(phenyl isopropenyl ketone-co-acrylic
acid) (poly(PIPK-AA)) not possible in dioxane solution
at room temperature, probably because of the formation
of aggregates, since the solution was below the 6 tem-
perature.

Methylation of the carboxylic functions of the copolymer
makes possible the GPC of the new copolymer obtained
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Figure 2. Scission of poly(phenyl isopropeny! ketone-co-acrylic
acid) vs. intensity in (~--) dioxane at 30 °C, (—) 0.1 N NaBr at
25 °C, and (--+) water. « = degree of neutralization of acrylic acid.
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Figure 3. UV spectra of poly(phenyl isopropenyl ketone-co-acrylic
acid) (—) before and (-~-) after irradiation at 313 nm: (a) in

dioxane solution, ¢t = 280 min; (b) in 0.1 N NaBr, ¢t = 530 min,
a = 0.5.

(PIPK-methyl acrylate) in benzene solution.

The number-average molecular weight M, and the po-
lydispersity index (PI) are calculated by using values of
K and a for poly(methyl acrylate) in benzene,?® applying
the universal calibration method.?®

The results of these calculations for the methylated
copolymer are M,, = 47000 and PI = 2.6. This gives for
the original copolymer (PIPK~-AA) M, = 39000 and the
same polydispersity index.

Photodegradation Results. Irradiation at 313 nm was
carried out for periods of up to 9 h, first in dioxane at 30
°C, where PAA is at a © condition,'? then in 0.1 N NaBr
aqueous solution at successive degrees of ionization (a =
0.103, 0.2, 0.4, 0.6, and 1) after neutralization by NaOH,
where the copolymer is an increasingly expanded random
coil, and lastly in pure water at o« = 0.5, where the co-
polymer is in an expanded conformation.

Figure 2 shows the kinetics of photolysis for all the
experiments. The number of main-chain scissions is ex-
pressed as a function of the light absorbed. The shape of
the curves may be due to the variation of the polydispersity
index, which tends toward 2 when the photodegradation
advances, as shown by Nemzek and Guillet,'® or to the
photoreaction of Norrish type II on the reaction product
I1I which gives a scission which does not modify the mo-
lecular weight, according to the following scheme.

CHsy
CH3 |
CH3 R . NS CHsz
v - + i
COpH CO CO,H «COH CopH ?0
Ph Ph Pr
111
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Table 11
Expansion Coefficients ¢,° and Main-Chain Scission
Quantum Yields ¢ of Poly(PIPK-AA) at Various
Degrees of Ionization o

temp,

solvent °C a K x10* a £p? o
dioxane 30 O 8.5 0.5¢ 1 0.13
0.1N 25 0.103 2.07 0.679% 1.41 0.078
NaBr
25 0.2 1.61 0.743% 2.02 0.073
25 0.4 1.93 0.771%  2.84 0.070
25 0.6 2.35 0.768% 3.07 0.067
25 1 3.12 0.755% 2.92 0.062

water 25 0.5 0.0203  1.44°¢ 0.071
@ Reference 12. Y Reference 13. € Reference 19.

Another cause of the curvature is the formation of ab-
sorbant unreactive compounds which occur in the exper-
iment in dioxane solution, as shown in Figure 3, where the
UV spectrum of the irradiated solution is compared with
that of the initial spectrum. In this case the fine vibra-
tional structure, which could be the 'Ly band of phenol,
appears at 270 nm, suggesting an important Norrish type
I reaction, with the phenyl radical reacting with the hy-
droxyl group of the carboxylic function (Figure 3a).

This phenol band does not appear in the spectrum of
the polymer irradiated in 0.1 N NaBr aqueous solution,
where a decrease of the optical density is observed after
590 min of irradiation (Figure 3b).

The quantum yields determined from the initial slope
of the curves of Figure 2 are shown in Table II. The values
of K and a used are also given. When the conformation
of the PAA is a more or less expanded random coil, the
cube of the viscometric expansion coefficient £,° related
to its unperturbed dimensions at the considered degree of
ionization is given by

&3 = [n]/[nle 9)
[n]e = KeM®® (10)

where []¢ is the theoretical intrinsic viscosity at the un-
perturbed dimensions, calculated from eq 10, and K is the
Mark-Houwink constant at © conditions, taken from data
of Noda et al.13

The quantum yields are lower than those of poly(phenyl
vinyl ketone)!! and poly(phenyl isopropenyl ketone-co-
styrene). The main result is the independence of the
quantum yield ¢, with regard to the conformation of the
copolymer in water solution. In all of these experiments,
the value of ¢, was approximately 0.07.

In dioxane solution, the value of ¢ is approximately twice
that in water, i.e., 0.13. In this case, the absorption at 313
nm is mainly due to the n—=* transition, leading to the
n—r* triplet state which generates the biradical (II). In
water solution we suggest that the absorption at 313 nm
is not only due to the n—=* transition but also to the Ly
transition, leading to the =—r* state, which is known to
show substantially reduced reactivity in intramolecular
v-hydrogen abstraction.®® This could more than com-
pensate for the enhancement of the quantum yield by
hydrogen-bonding solvents, which are known to retard
reverse hydrogen transfer in the solvated biradical (II),3!
especially since the phenyl ketone group is hydrophobic
and is not solvated by water.

The independence of the quantum yield with the con-
formation of the polymer in aqueous solution is analogous
to the results of Kilp et al. in studies of isotactic and atactic
poly(phenyl vinyl ketone).!! In this study it was shown
that the quantum yield of chain scission was the same for
the two polymers. It was proposed that the biradical has
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identical local conformation, for both isotactic and atactic
dyads, as is probably the case in poly(PIPK-AA). The
hydrophobic interactions between the phenyl ketone group
and the neighboring acrylic moiety where the v-hydrogen
abstraction occurs are probably greater than the hydro-
philic interactions. The electrostatic repulsion of charges,
which controls the expansion coefficient and the confor-
mation of the macromolecule, apparently does not affect
the relative reactivity.

In other words, ¢, is dependent on the local conforma-
tion of the ketone—acrylic acid dyad, which controls the
stability of the biradical (II), but is not dependent on the
overall conformation, which is modified by the degree of
ionization of the polyacid and the ionic strength of the
aqueous solution. However, the change of solvent to di-
oxane, which modifies the polymer-solvent interactions
and the local conformations, does cause a substantial in-
crease in the quantum yield.

Conclusions

The quantum yield of main-chain scission of poly-
(PIPK-AA) by the Norrish type II photoreaction is in-
dependent of the overall conformation of the polymer in
aqueous solution. This behavior is probably due to the
independence of the local conformation of the dyad
PIPK-AA to the overall conformation of the copolymer,
resulting in identical local conformations in aqueous so-
lution for the biradical intermediate (III).

The lack of any effect on the quantum yields with the
chain expansion points out that there is no change in local
conformation, even with quite large changes in coil di-
mensions.

The hydrophobic character of the phenyl ketone group,
which has more affinity for the neighboring acrylic unit,
ionized or not, than for water, explains this behavior in
aqueous solutions.

Possibly a better way to obtain variations of the local
conformation which might induce changes in the quantum
yields would be to use mixed solvents of different polar-
ities. ¢, for the photodegradation in dioxane in this study
did show a significant increase over that in water.
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Laser Photolysis Studies of Photoinduced Aggregation in
Polymers Containing Spiropyran Units

Yehoshua Kalisky and David J. Williams*
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ABSTRACT: The photoinduced processes which lead to isomerization and complexation in polymers and
copolymers containing pendant indolinobenzospiropyran groups are investigated by nanosecond transient
absorption spectroscopy techniques. The monomer 1-(3-(methacryloxy)ethyl)-3,3-dimethyl-6'-nitrospiro-
[indoline-2,2'-[2H-1]benzopyran] (SP) was copolymerized with methyl methacrylate (MMA) to form copolymers
(MMA,,-co-SP,,) and homopolymerized PSP. In solution, the copolymer undergoes a photoinduced ring-opening
reaction to form B, the fully isomerized transform via a short-lived nonplanar ring-opened intermediate (X)
on the subnanosecond time scale. A second transient (AB) is formed by a bimolecular reaction between the
lowest triplet state of SP (}A*) with a ground-state ring (A) on the same chain. Efficient AB formation is
observed even in the copolymer which is most dilute in SP (MMAgy¢-co-SPy;). A further red shift occurring
at later times is taken to be evidence for higher aggregate formation (AB), or (A,,B),. The sterically hindered
environment of the homopolymer leads to deactivation of X to the ground state rather than isomerization
or complexation is observed. Polar environments produce a similar effect. A detailed mechanism for the

observed behavior is proposed.

Introduction

In recent years there has been considerable interest in
photoresponsive polymers with spirobenzopyran side
groups.'® Conformational changes induced in the polymer
by photoisomerization of the side groups have been com-
pared to those processes occurring in membranes where
photoinduced conformational changes elicit changes in the
state of assembly of membranes which control nerve re-
sponses and enzymatic activity. There has also been
considerable recent activity to understand the process of
photoinduced color formation in spirobenzopyran systems
such as IA which exhibit spontaneous aggregation of the

IA, R, = (CH,),0CO(CH,)C=CH,, R, = H
IIA, R, = CH,; R, = CH,0CO(CH,)C=CH,

photoinduced species and lead to “quasi-crystal” forma-
tion.t When quasi-crystals are formed in an external
electric field, they exhibit a polar structure and second-
order nonlinear optical effects.” Considerable insight into
the structure of these aggregates has been gained through
spectroscopic and nonlinear optical studies.

Irie and co-workers? have recently reported solvent-de-
pendent photoinduced viscosity changes in copolymers

* Present address: Research Laboratories, Eastman Kodak Co.,
Rochester, NY 14650.

derived from methyl methacrylate and IIA and attributed
the effect of solvation of the ring-opened merocyanine form
(B) by the methacrylate units of the same polymer chain.

Time-resolved absorption spectra following pulsed laser
excitation were obtained to help elucidate the nature of
the process.

We have recently reported a picosecond and nanosecond
time-resolved absorption’ study on IA in polar and non-
polar solvents. In that study the following mechanism was
proposed to account for the primary photoprocesses
leading to photocoloration in the picosecond to microse-
cond time frame:

where A is the parent molecule, X is the nonplanar cis-
cisoid ring-opened form, B is the planar trans isomer, and
AB is a dimer. At long times AB forms higher aggregates
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