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Abstract

The photosensitized isomerization of provitamin D; was studied in THF solutions of styrene-2-vinylnaphthalene copolymers, poly(2-
vinylnaphthalene), poly(2-isopropenylnaphthalene) and poly(acenaphthalene). The effect of efficiency of excimer formation and energy
migration on the quantum efficiency of previtamin foermation was demonstrated. © 1997 Elsevier Science S.A.
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1. Introduction

In the previous papers in this series it was shown that
several different antenna polyelectrolytes commonly referred
to as ‘‘photozymes’” behave as efficient microheterogeneous
photocatalysts [1-12]. Aromatic chromophores such as
naphthalene, anthracene, phenanthrene, or carbazole incor-
porated in the copolymer chain act as molecular antennas in
these polymers by absorbing light in the near-UV visible
spectral region and transferring the excitation energy to the
molecule of substrate (probe), thus inducing its photochem-
ical reaction.

In a search for efficient polymeric photosensitizers one has
to optimize the photophysical properties of the polymeric
catalyst for each substrate used. Among the problems which
should be addressed are the determination of the type of
interactions between photosensitizer and probe, the impor-
tance of energy migration between the aromatic chromo-
phores and the influence of excimer formation on
photosensitization. It has bezn generally assumed that due to
the high probability of excimer formation in polymeric pho-
tosensitizers containing aromatic chromophores their photo-
sensitizing efficiency would be relativeiy low, but as shown
in these studies, this is not necessarily true in all cases.
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This paper reports the model studies carried out in well
defined homogeneous solutions, in which polymers with
naphthalene pendant groups are used as the photocatalysts.
The photophysical properties of this class of polymers have
been extensively investigated [ 13-35] and they are quite well
established. The systems used include copolymers of styrene
with 2-vinylnaphthalene (PSN), as well as the homopoly-
mers  poly(2-vinylnaphthalene) (PVN), poly(2-iso-
propenylnaphthalene) (PIPN), and poly(acenaphthalene)
(PAcN). The polymers differ in both the extent of the energy
migration and the efficiency of the excimer formation
[17,32,35].

The photocatalytic properties of the polymers were tested
in the sensitized photoisomerization of provitamin D (7-
dehydrocholesterol, DHC). The photochemistry of isomers
belonging to the vitamin D family has been studied exten-
sively for many years [ 36-45]. Irradiation of DHC in organic
solvents results in its photoisomerization to previtamin D;.
Unfortunately, the previtamin is not photochemically stable.
Once formed, it undergoes a back reaction leading to the
regeneration of DHC, and photoisomerization resulting in
formation of the side products tachysterol and lumisterol
(Scheme 1). All these photoprocesses are reversible and all,
except the reaction previtamin <> tachysterol, occur via sin-
glet states of the respective molecules. The photoisomeriza-
tion of previtamin to tachysterol can occur via both the singlet
and triplet states. The reaction with participation of the triplet
state can be of considerable importance only when induced
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by a properly chosen photosensitizer since intersystem
crossing in alkenes is very inefficient.

In a previous paper [ 10] we have shown that DHC pho-
toisomerization to previtamin occurs in high yields in aque-
ous solutions of photozymes with naphthalene chromophores
such as poly(sodium styrenesulfonate-co-2-vinylnaphthal-
ene) (PSSS-VN) without the formation of undesirable side
products.

Table !
Pasar:vtets  characterizing the polymers containing naphthalene
chromophores

Polymer Naphthalene content M,*  M,* [9]® M./M,
wt % mol %
PSN1 14 0.94 35200 54200 0325 1.54
PSN2 6.2 43 42500 65100 0317 1.53
PSN3 13.0 9.2 36800 56900 0.310 155
PSN4 240 17.0 41300 65800 0.280 1.59
PSNS 36.0 28.0 36213 56900 - 1.57
PSN6 58.0 48.0 34800 53100 - 1.53
PVN 100.0 100.0 42700 66500 0.245 156
Fi’N 100.0 100.0 4560 4925 - 1.08

PACN 100.0 100.0 32200 - - -

* Determined by GPC.
® Determined in toluene solution at 25 °C.

2, Experimental
2.1. Materials

The synthesis of the PSN, PVN and PIPN polymers has
been described elsewhere [32,35]. PAcN (Aldrich) was
purified by precipitation from benzene with methanol. The
ccraposition of the polymers and their molecular weights are
given in Table 1. 7-Dechydrocholesterol ( Aldrich, 98%) and
lumisterol (kindly provided by Dr. K. Pfoertner, Hoffman-
La Roche, Basel) were recrystallized three times from ethyl
acetate in an argon atmosphere. Vitamin D, (Aldrich,
99 + %) was used as received. Naphthalene (Aldrich, 99%)
was purified by triple crystallization from methanol.

Polymer solutions were prepared in tetrahydrofuran.

Ethyl acetate (Aldrich, 99.5 + %), tetrahydrofuran (Cal-
edon, distilled in glass), methanol, cyclohexane and chloro-
form (all Caledon, spectro grade) were used as received.

2.2. Procedures

2.2.1. Irradiation of samples

The samples were irradiated using two different irradiation
systems. For the quantum eificiency determinations the high
efficiency high uniformity illumination system (Sciencetech
Inc.) equipped with 1000 W mercury/xenon lamp, IR filter,
dichroic mirror (260320 nm) and a 313 nm interference
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filter was used. The incident light intensity was determined
by using a ferrioxalate actinometer, I,=1.4X10"? Es~!,
For qualitative studies, irradiations were performed by using
a Rayonet photochemical reactor (Southern New England
Ultraviolet Company), equipped with 16 RPR 3000 A lamps.

The solutions for irradiation were prepared as follows. The
polymer solution in THF was placed in a quartz cell and the
oxygen was removed by bubbling with argon for 20 min. The
required amount of DHC was dissolved in oxygen-free THF,
injected to the polymer solution and the mixture was bubbled
with argen for 15 min prior to the irradiation. During this
procedure the samples were protected against light and heat.
The samples were stirred with a magnetic stirring bar and
cooled by blowing air during irradiation.

2.2.2. Quantum efficiency determination

The quantum efficiencies of previtamin formation were
determined in polymeric solutions containing the same total
concentration of naphthalene chromophores, cy=6.4 X 1073
M, and the same initial concentration of DHC, cQyc=
6.2 % 10™* M. Under these experimental conditions 96% of
the light at A=313 nm was absorbed by the naphthalene
chromophores. In each experiment 10 ml of the solution was
placed in the quartz cells. The quantum efficiencies were
determined at a DHC conversion of about 1%.

2.2.3. Spectral measurements

The UV absorption spectra of the samples were measured
using a Hewlett-Packard 8451 diode-array spectrophotome-
ter, and the steady-state fluorescence spectra were recorded
at room temperature on an SLM 48008 spectrofluorimeter.

2.2.4. Product analysis

Analysis of the products formed was carried out using a
Waters HPLC system with a Whatman Partisil 5 silica gel
analytical column (4.6 mm ID, 25 cm) equipped with a
Hitachi Model 100-40 spectrophotometer UV detector. A
Hewlett-Packard 8451A diode array UV spectrophotometer
equipped with an HPLC flow-through quartz cell (1-cm path
length, 8 pul volume) connected to the effluent stream of the
HPLC was used to take on-line spectra of each component.
By use of a simple BASIC program, the spectrophotometer
was set to take 60 spectra in 60 s as the eluting component
passed through the cell. The monitoring of the spectra of the
products through its elution was important to ensure precise
separation, and to determine the purity of the compound pres-
ent in the eluting volume. This was especially important for
determination of the content of previtamin because of its poor
separation from lumisterol. A mixture of chloroform, cyclo-
hexane, and tetrahydrofuran in the volume ratio 50:50:1 was
used as the mobile phase. The products were detected by
monitoring their absorption at 254 nm.

The samples for analysis were prepared as follows. The
irradiated mixture was slowly added under a stream of argon
to deaerated methanol and vigorously stirred with a magnetic
stirring bar. This resulted in precipitation of the polymer. The

solvent was then partly removed under reduced pressure at
room temperature and the polymer removed by centrifugation

in an argon atmosphere. The clear solution which remained
was analyzed by HPLC,

3. Results and discussion
3.1. Photophysical characteristics of the polymer

The steady state fluorescence spectra of PSNI and PVN is
shown in Fig. 1A. For the PSN copolymers, the ratio c”mon-
omer to excimer fluorescence intensity (Iy/Ig) decreases
with the concentration of the naphthalene units in the poly-
mer, reaching the lowest value for the PVN homopolymer
(see Fig. 1B). Calculation of the distribution function of the
2-vinylnaphthalene units into sequences of various length
[46] shows that, although for the copolymers with low con-
tent of 2VN (up to 20 mol %) most of the 2VN occurs as
isolated units (see Table 2), each of them also contains some
longer sequences. The existence of the longer sequences
should facilitate both excimer formation and energy
migration.

Two other homopolymers used in this study, PIPN and
PACN, behave quite differently. PIPN shows very little mon-
omer emission (Iy/Ig=0.09). The high efficiency of exci-
mer formation in the PIPN polymer has been explained by
its isotactic conformation which favors a concentration of
excimer-forming sites in this sterically crowded polymer
[31]. On the other hand, the probability of excimer formation
in solutions of PAcN is strongly limited by the rigid back
bone and lack of flexibility of the naphthalene groups in this
polymer (Iyy/Ig=0.71).

3.2. Photosenstitized isomerization of provitamin DHC

It was observed that all of the polymers used in this study
photosensitize the isomerization of DHC at 313 nm with
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Fig. 1. (A) Steady-state fluorescence spectra of PSN1 and PVN in THF
solution (room temperature, A, =254 nm). (B) Dependence of the ratio
Iu/ I on the content of 2-vinyInaphthalene in polymer.
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Table 2
Distribution of 2VN units in sequences of various length in PSN copolymers
Polymer 2VN content (mol %) Distribution of VN units (%)
n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
PSN1 094 98.19 1.79 0.02 0.0003
PSN2 4.30 91.06 8.32 0.57 0.03 0.002
PSN3 9.20 8246 15.16 2.09 0.26 0.006
PSN4 17.0 66.44 2457 6.81 2.66 0.39 0.09 0.02 0.04
PSNS 280 51.85 29.03 12.19 455 1.59 053 0.17 0.06 0.02 0.005
PSN6 48.0 2745 26.14 18.67 11.85 7.05 4.02 224 1.21 0.65 0.35
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Fig. 2. HPLC traces for the reaction mixture obtained after irradiation of
DHC+PVN in THF solution for 8 min with light at A=300 nm,
c°mc=5x 1074 M, cm=0.5 8 {

nearly the same efficiency. Fig.2 shows HPLC traces
obtained for the reaction mixture from irradiation of
DHC +PVN in THF solution in the Rayonet photoreactor
with light at A =300 nm for 8 min. It was found that 25.5%
of the initial DHC was transformed to products under these
conditions. The previtamin was the major product formed
(about 96%). The reaction mixture also contained a small
amount (about 3%) of tachysterol and vitamin D (about
0.5%). Longer irradiation leads to higher conversion of DHC;
e.g., after 60 min of irradiation, 75% of the DHC is converted
to products: 92% previtamin, ca. 1% vitamin, and 7%
tachysterol.

3.3. Quantum efficiencies of previtamin formation

Fig. 3 shows the dependence of the relative quantum effi-
ciencies of previtamin formation determined in polymer solu-
tions containing the same total concentration of naphthalene
chromophores and the same initial concentration of DHC on
the content of 2VN in the polymer. The values obtained for
FIPN and for PAcN are also presented.

When PSN copolymers were used the quantum efficiencies
of previtamin formation decrease with increasing amounts of
naphthalene chromophores in the polymer up to about 20 mol
%, then increase, reaching the highest value for PVN. This
can be explained considering that the photosensitization of
DHC can occur due to the energy transfer from the naphtha-
lene ‘monomeric’ unit. The copolymers with the low content
of 2VN have the highest concentration of isolated naphtha-

cyy (mol %)

Fig. 3. Dependence of the relative efficiency of previtamin formation for the
polymeric sensitizers as a function of the content of 2-vinylnaphthalene in
the polymer: (O) PVN, (O) PAcN, (A) PIPN.

Table 3

Quantum efficiencies of previtamin D, formation

Polymer Naphthalene content (mol %) yXx10? Yeet
PSNI 094 240 0.82
PSN2 430 220 0.75
PSN3 9.20 1.83 0.62
PSN4 170 1.70 0.57
PSNS 28.0 245 0.83
PSN6 480 248 0.84
PVN 100.0 295 1.00
PAcN 100.0 1.98 0.67
PIPN 100.0 1.65 0.56

lene chromophores (see Table 3). An increase in the amount
of 2VN present in the copolymer is accompanied by a
decrease in a concentration of isolated units and by a higher
probability of excimer formation.

It should be pointed out, however, that the dependence of
Y~ ON polymer composition is not very pronounced. The
comparison of data obtained for the copolymers SN1 and
SN20 shows that while the ratio of 7,4/ I decreases about 15
times, the quantum efficiency is lowered by only about 50%.
This can be explained assuming that the excitation energy is
transferred from excited naphthalene chromophore to the
DHC before the excimer is formed or that the energy migra-
tion enhances the efficiency of the energy transfer. The first
possibility does not seem to be likely in this system, forkinetic
reasons. The rate constant of quenching of naphthalene by
DHC in THF solution was found tobe (3.0+0.5) X 10°M ™!
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Fig. 4. Stern-Volmer plot for the quenching of polymer fluorescence by
DHC: (O) PVN, () PAcN, (A) PIPN.

s~ ' [10]. The increase in values of v, for the copolymers
with longer sequences of naphthalene chromophores and the
fact that it reaches its highest value for PVN, seems to indicate
that energy migration along the chain minimizes the negative
influence of excimer formation on photosensitizing ability of
the polymers. This suggestion is supported by the results
obtained when PIPN was used as a photosensitizer. This
polymer with a very low amount of monomer emission can
still photosensitize DHC isomerization, although somewhat
less efficiently than PVN. Interestingly, although the PACN
displays the lowest efficiency of excimer formation among
the naphthalene family homopolymers, it also shows consid-
erably lower efficiency of photosensitization. This may be
due to the lower efficiency of the energy transfer from PACN
to DHC because of the rigidity of the pendant groups of this
polymer which makes the interaction with DHC difficult. The
efficiency of energy transfer can also be decreased because
the first excited singlet state of PAcN is lower in energy than
that for PVN (S7A°N=323 nm and S}¥" =311 nm).

DHC quenches the fluorescence of all the polymers used
(Fig. 4). For PVN and PIPN the quenching can be described
by the Stern-Volmer kinetic equation in the concentration
range studied (cy=1.5X107*M, 0<cpuc<2.5X 107*M.
The dependence of Io/I vs. DHC concentration determined
for PAcN deviates considerably from a linearity at DHC
concentrations higher than 4 X 10~ M. The experimentally
determined values of the rate of quenching (Kq=k,7, where
k, is the rate constant of fluorescence quenching and 7 is the
lifetime of the excited singlet state quenched) for PVN and
PIPN as well as the value for PACN calculated based on the
slope of the initial part of the curve, are listed in Table 4.

The mechanism of the quenching of aromatic hydrocar-
bons by dienes has been thoroughly studied [47-49]. The
results indicate that the process involves specific interactions
between these two species, most likely exciplex formation
[47]. It seems that the results obtained in this work indicate

Table 4
Rate constants for polymer fluorescence quenching by DHC in THF solution

Polymer KoX10°M™!
PVN 9.5
PIPN 54
PACN 25

that such a mechanism might explain the interaction between
the polymeric naphthalene chromophores and DHC. Energy
migration along the polymer chain increases the probability
of excitation of the naphthalene chromophore located at the
exciplex site, thus contributing to a higher quantum yield of
photoisomerization of DHC.

4. Conclusions

Polymers containing pendant naphthalene chromphores
sensitize photoisomerization of DHC in THF solution with
preferential formation of previtamin Ds. The probability of
excimer formation increases steadily with an increase in the
content of the 2VN chromophores in SPV copolymer. The
dependence of the quantum efficiency of formation of prev-
itamin on the polymer composition is quite different; it first
decreases with the concentration of 2VN (up to 20 mol %)
and then increases, reaching the highest value for PVN. This,
and the fact that PIPN (the polymer with exceptionally high
efficiency of excimer formation) sensitizes previtamin for-
mation tends to indicate that efficient energy migration in the
polymers diminishes the negative effect of the energy dissi-
pation via excimer formation. Energy migration along the
polymer chain increases the probability that a naphthalene
chromophore located at the naphthalene-DHC exciplex site
can be excited and thus induce the photoisomerization of
DHC.
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