
Journal of Photochemistry, 30 (1985) 215 - 227 215 

STUDY OF THE PHOTOCHEMICAL BEHAVIOUR OF SUNSCREENS - 
BENZYLIDENE CAMPHOR AND DERIVATIVES 
II: PHOTOSENSITIZED ISOMERIZATION BY AROMATIC KETONES 
AND DEACTIVATION OF THE &METHOXYPSORALEN TRIPLET 
STATE 

I. BECK, A. DEFLANDRE and G. LANG 

Laboratoire de Recherche de L’Oreal - Recherche Fondamentale, I, avenue de Saint 
Germain, 93600 Aulnay-sous-Bois (France) 

R. ARNAUD and J. LEMAIRE 

Laboratoire de Photochimie Molkculaire et Macromolkculaire. Unite Associle CNRS 433, 
Universite’ de Clermont II. Unit& d’Enseignement et de Recherche de Recherche Scienti- 
fique et Technique, Ensem bie Universitaire des Ctzeaux, BP. 45, 63170 A ubit?re (France) 

(Received January 24,1985; in revised form April 29,1985) 

Summary 

The benzophenone- and acetophenone-photosensitized E-Z isomeriza- 
tion of benzylidene camphor (BC) and p-trimethylammoniobenzylidene 
camphor methylsulphate was studied quantitatively. Initial sensitized quan- 
tum yields and concentrations of both isomers in the photostationary state 
were measured in Ccl4 for the systems (BC + benzophenone) end (BC + 
acetophenone). Simultaneously, the rate constants of the quenching process 
of the phosphorescent triplet state of the two sensitizers were determined in 
CC14. A diffusion-controlled energy transfer between acetophenone and BC 
accounts for the results, the energy transfer between benzophenone and BC 
being somewhat slower. In the sensitized isomerization of the trimethyl- 
ammonio derivative in CHC13, phosphorescence quenching experiments and 
the determination of the photostationary states show that the quaternized 
derivative is as efficient as BC in quenching the triplet state of ketones. A 
well-known skin photosensitizer &methoxypsoralen (&MOP) is observed to 
be an efficient sensitizer for the isomerization of the quaternized derivative 
of BC. The latter compound quenches the photocycloaddition of &MOP on 
N-methylmaleimide. It is concluded that BC and the trimethylammonio 
derivative show deactivating properties in addition to the usual filter effect. 

1. Introduction 

Benzylidene camphor (BC) and its derivatives have been used for many 
years in sunscreen preparations [ 11. These compounds are UV filters and 
their photostability is extremely good [ 21. They are tolerated very well by 
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the skin as they do not provoke any allergy or cutaneous photosensitization. 
The literature includes many articles concerned with the E-Z photo- 
isomerization of cxJ3 unsaturated ketones 13 - 71 but there are few studies 
concerning benzylidene camphor. Several publications [8 - lo] in the general 
field of the isomerization of benzylidene cyclanones only can be mentioned. 
The only quantitative data reported are the ratios of the concentrations of 
the E and Z isomers at the photostationary equilibrium under polychromatic 
excitation: [Z],/[E], = 0.18. As this ratio is wavelength dependent, it must 
not be considered as an intrinsic value. 

In our previous work on BC and its derivatives, quantum yields of 
direct photoisomerization and efficient E-Z isomerization have been 
reported, especially for dimethylaminobenzylidene camphor (quantum 
yields close to 0.30) [ll]. In this paper, photosensitized isomerizations of 
these compounds are reported with the emphasis on obtaining quantitative 
data. Aromatic ketones were initially used since they are conventional sensi- 
tizers well adapted to a quantitative approach. In Section 3 the ability of BC 
to deactivate 8methoxypsoralen ($-MOP), a well-known skin photosensitizer 
[ 12 - 141, is evaluated. 

In the field of sunscreens, the work of Morrison et al. [15] on the 
photosensitized E-Z isomerization of urocanic acid should be pointed out. 
However, in their work, only photostationary states were examined and the 
ratio of the direct isomerization quantum yields under various mono- 
chromatic excitations determined. More recently, Morlikre et al. 1161 pub- 
lished a study of the direct isomerization of the p-methoxycinnamates 
during continuous excitation. These authors also describe the deactivation of 
8-MOP and of the 5-methoxypsoralen by the p-methoxycinnamates. 

2. Materials and methods 

The synthesis of the four compounds under investigation (I - IV) has 
been previously described [ 123. In this paper, the results are limited to 
compounds I and III. 
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I is 1,7,7-trimethyl-3-benzylidene-bicycZo[2.2.l]hept-2-one (BC); II is 1,7,7- 
trimethyl-(4,4-dimethylamino-3-benzylidene)-6icycZo[ 2.2.l]hept-2-one (p-di- 
methylaminobenzylidene camphor); III is 4-(2-oxo-3-bomylidene)methyl- 
trimethylammonium methylsulphate (p-trimethylammoniobenzylidene cam- 
phor methylsulphate) ; IV is 3-( acrylamidomethyl-4-benzylidene)camphor 
and its polymer. 

The light source used was a 2500 W xenon lamp fitted with a water 
filter and a Schoeffel G.M. 250 monochromator. A low-pressure mercury 
vapour lamp (Philips TUV 15 W) was used to produce 253.7 nm irradiation. 
The reaction kinetics were monitored by means of Gary 118C and 219 spec- 
trophotometers. The fluorescence emission spectra and the phosphorescence 
extinction were recorded using a Perkin-Elmer MPF 444 spectrofluorom- 
eter. The actinometric method used was based on the photo-oxidoreduction 
of potassium ferrioxalate [ 171. 

All experiments described in the following sections were carried out in 
deoxygenated solutions. The solutions were thoroughly degassed by means 
of successive freeze-pump-thaw cycles. The vacuum was obtained using an 
Edwards pump unit (model BRV 10). 

The acetophenone (Fluka), benzophenone (Koch-Light) and &MOP 
(Fluka) were of purissimum grade. The first two sensitizers were used in 
CC14, CHCls or a binary mixture of water and acetonitrile. The CHC13 used 
in the phosphorescence extinction studies was purified by eliminating any 
traces of ethyl alcohol. 

3. Experimental results 

3.1. Photosensitized isomerization of benzylidene camphor and its deriva- 
tives by aroma tic ketones 

Although acetophenone and benzophenone are widely used as sensi- 
tizers in solution and solid state photochemistry, many data about the 
properties of their triplet state are unknown. In 1979 the lifetime at infinite 
dilution and the self-quenching rate constant for benzophenone and aceto- 
phenone triplet states were determined in Ccl4 (see Table 1). 

TABLE 1 

Main characteristics of the lowest triplet of acetophenone and benzophenone 

Sensitizer Solvent ET (kJ mol-’ ) 7~ (6) #rsc k, (mol-’ 1 6-l) 

Benzophenone CC14 
Acetophenone Ccl4 

282 + 4a (2 + 0.2) x 10-4s lb (7.5 f 0.7) x 103a 
301 + 4a (5 *l)xlo-sa lb (1.1 + 0.2) x 1osa 

ET, energy of the lowest triplet state. 
TT, lifetime of the lowest triplet state at infinite dilution, 
$,,,, quantum yield of the intersystem crossing Sr + Tr . 

s9, self-quenching rate constant of the triplet state. 
aFrom Jeandrau et al. [ 181. 
bFrom Murov [ 19 1. 
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This affords a means of defining 
isomerization of BC and its derivatives 
CC14. 

quantitatively the features of the 
photosensitized by such donors in 

3.1 .l. Photosensitized isomerization of benzylidene camphor (I) 
The initial quantum yields @so of the E-Z isomerization of I photo- 

sensitized with benzophenone or acetophenone have been measured and are 
reported in Tables 2 and 3. Since the self-quenching rate constants of both 
sensitizers were known, high concentrations of the donor could be used and 
no correction for direct excitation of the acceptor was needed. The rate of 
disappearance of the initial isomer was determined from the variations in 
the absorbance at 315 nm (with both sensitizers). The ratio of E and Z 
isomer concentrations at the photostationary state [ Z],/[E], was found to 
be 1.02 + 0.04 and 1.0 f 0.02 with benzophenone and acetophenone respec- 
tively. 

It is well known 
and acetophenone are 

TABLE 2 

that phosphorescence is observed when benzophenone 
excited in non-hydrogenated solvents and especially in 

E-Z isomerization of benzylidene camphor photosensitized at 365 nm with benzo- 
phenone (1.5 X lo-* mol 1-l ) in CC14 

Compound Concentration (mol 1-l) IO (einstein cmM3 s-l) 

IE 2.0 x 10-s 
IE 1.3 x 10-5 

IE 1.16 X lo+ 

IE 2.66 x lo-* 

LE 6.06 x 10-S 

IZ 1.01 x 10-S 
12 1.64 x lo-’ 

IZ 4.09 x 10-s 

8.93 x lo-‘O 

3.66 x lo-” 
8.62 x lo-” 
8.56 x lo--” 
7.94 x lo-‘0 
7.94 x 10-10 
7.94 x 10-10 
7.94 x lo-‘0 

0.31 + 0.03 
0.25 + 0.03 
0.29 + 0.03 
0.36 f 0.04 
0.40 * 0.04 
0.22 + 0.02 
0.26 _+ 0.03 
0.42 2 0.04 

TABLE 3 

E-Z isomerization of benzylidene camphor photosensitized at 334 nm with aceto- 
phenone (1.5 X lo-* mol 1-l) in CC14 

Compound Concentration of1 
(mol 1-l) 

IO (einstein cm-3 s-l) &i” 

IE 

1, 

1, 
1, 
I, 
IZ 
12 
IZ 

2.5 x 10-s 
3.0 x 10-S 
1.3 x 10-S 
6.66 x 10-5 
1.3 x 10-s 
1.0 x 10-6 
8.59 x 1O-6 
4.55 x 10-5 

5.97 x lo-‘0 
5.93 x 10-10 
9.9 x 10-10 
9.9 x lo-‘0 
6.0 x lo-lo 
5.9 x lo-‘0 
6.33 x lo-” 
6.33 x lo-lo 

0.24 f 0.02 
0.25 f 0.02 
0.19 + 0.02 
0.38 + 0.04 
0.18 + 0.02 
0.15 + 0.02 
0.14 f 0.02 
0.35 f 0.04 
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Fig. 1. Quenching of the benzophenone and acetophenone phosphorescence in CC14 solu- 
tion at various concentrations of I in the E (a) or 2 form (0): curve a, benzophenone 
(2.5 x 10e3 mol 1-l); curve b, acetopbenone (6 x 10-3mol 1-l). I,‘, intensity of the phos- 
phorescence in the absence of I (arbitrary unit); I,, intensity of the phosphorescence in 
the presence of I. 

CCL [18,20,21]. Phosphorescence spectra show two maxima at 421 and 
541 nm. At low concentrations, BC and its derivatives are efficient 
quenchers of this phosphorescence (it was checked that no significant amounts 
of incident light were absorbed neither at 350 nm (benzophenone) nor at 
330 nm (acetophenone)). Variations of the ratio of the phosphorescence 
intensity ID or Ip o in the presence or absence of I respectively as a function 
of the initial concentration of I (E or 2) have been represented as Stern- 
Volmer plots (Fig. 1). 

ho - = 1 + k&I] 
4 

The rate constant 12, of the quenching process of the triplet state of the 
donor can be derived from the slope of the Stern-Volmer plots, using the 
known values of the triplet state lifetimes r in the solutions used. 

kqEr = kqZr = (1.40 f 0.14) X lo5 mol-’ 1 (benzophenone) 

kgEr = kqZT = (4.4 f 0.4) X lo4 mol-’ 1 (acetophenone) 

Therefore the rate constants of the quenching process in Ccl4 have been 
found to be 

kqE = kQZ = (6.8 f 1.4) X lo8 mol-l 1 s-l 

kE,kZ, 9 q (8.9 + 2.7) X lo9 mol-’ 1 s-l 

3.1.2. Photosensitized isomerization 

camphor (111) 

(benzophenone) 

(acetophenone) 

of trimethylammoniobenzylidene 

Similar measurements have been carried out in CHCl% (in CC14, the 
solubility of III is lower than lop5 mol 1-l) or in water containing 5% - 10% 
CH&N. Monochromatic light at 335 nm was used for excitation, and 
analysis of the isomerization was carried out at 357 nm. It was found that 
direct measurement of the initial photosensitized isomerization quantum 
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yields was difficult even under these experimental conditions. Only photo- 
stationary states were determined using benzophenone (2.5 X 10e3 - lo-* 
mol 1-l) or acetophenone (2.5 X lop3 - 4 X fOW2 mol 1-l). As the concentra- 
tions of compounds IIIz or IIIz were varied from 1.34 X 1O-4 mol 1-l (in 
95%water_5%CH,CN) to 3.75 X 1O-4 mol 1-l (in 50%water_50%CH&N), the 
ratio [Z].J[E], was found to be 0.99 + 0.03 (from 19 measurements). 

Extinction of phosphorescence of donors in CHCls by various concen- 
trations of III in the E or Z forms yields (Fig. 2) 

(k,Er)cnci, = (k,Z7)cnc~, = (2.4 * 0.2) X lo3 mol-’ 1 (benzophenone) 

@,E&3”3 = (ksZhm, = (4.1 + 0.4) X lo3 mol-’ 1 (acetophenone) 

The observed values were therefore 10 - 50 times lower than the corre- 
sponding values of kqr in Ccl4 determined using compound I. Therefore, 
experiments on the extinction of phosphorescence of both donors in CHCls 
by I in the E form have been carried out. From Stern-Volmer plots, the fol- 
lowing were derived : 

(k,E%w~, = (4.0 * 0.4) X lo3 mol-’ 1 (benzophenone) 

(k,Er)cHa, = (4.5 f 0.4) X lo3 mol-I 1 (acetophenone) 

It can be concluded that the quatemized derivative of BC (III) is an 
efficient quencher of the triplet state of aromatic ketones (as efficient as 
BC (I)), This result is not unexpected. It is well known that conversion of 
dimethylamino into trimethylammonio substituents annihilates the induc- 
tive effect of the amino group - as checked, for example, from the UV 
spectra and from the direct isomerization quantum yield Ill]. 

3.2. Interaction of the triplet state of 8-methoxypsoralen with trimethyl- 
ammoniobenzylidene camphor (III) 

No interaction was observed between &MOP and IIIE or IIIz (each in 
the ground state). For example, the addition of 8 X 10e4 mol 1-l of com- 
pound IIIE did not modify the absorption spectrum of a 4.4 X lo-’ mol 1-r 
solution of 8-MOP in 96%water-$%methanol. 

4 

4’ 

3 

5’ w 0 0 0 

bCH, 

8-MOP 

Photosensitization of the E-Z isomerization of IIIE was observed in 
degassed solution using &MOP (2 X 10m4 mol 1-l) excited with 298 nm 
monochromatic light. Low initial quantum yields @so were measured and 
found to obey a Stern-Volmer law (see Fig. 3). Direct excitation of IHE was 
avoided by the use of 8-MOP at high absorbance; the Stern-Volmer plot was 
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600 - 

Fig. 2. Quenching of the benzophenone and acetophenone phosphorescence in CHC13 
solution at various concentrations of III in the E (0) or Z form (0): curve a, benzo- 
phenone (2.5 X 10-a mol 1-i); curve b, acetophenone (10m2 mol 1-l). Ino, intensity of the 
phosphorescence in the absence of III (arbitrary unit); I,, intensity of the phosphores- 
cence in the presence of III. 

Fig. 3. Variations in the reciprocal quantum yield of isomerization of compound III in 
the E form photosensitized by El-MOP (2 x 10v4 mol 1-l) in degassed aqueous solution 
containing 12% methanol as a function of the reciprocal concentration of III. 

only obtained in a limited range of the acceptor concentration ‘((1.5 - 3) X 

lo-’ mol 1-l). Th e slope of the plot yielded /Z~T = 3700 mol 1-l. Using the 
previously reported data on the &MOP triplet state [ 221, in our experimen- 
tal conditions the triplet lifetime is r = (9.9 + 1.0) X lo-’ s. The rate 
constant k, can be calculated as (3.7 + 0.9) X lo9 1 mol-’ s-l. 

In water, the quantum yield of the intersystem crossing process Si --f T1 
has been found to be 0.06 in &MOP [22]. The maximum value for &O, ob- 
tained by extrapolation from Fig. 3 (i.e. l/32 = 0.03), is accounted for by a 
quasi-complete energy transfer followed by deactivation of the II& triplet 
state into both isomers, E and 2, with equal probabilities. 

The sensitization of the isomerization of 111x should also result in the 
quenching of the photocycloaddition reactions of &MOP. In a previous 
work, we showed that furocoumarins give rise to photocycloaddition reac- 
tions with N-methylmaleimide; we have proposed this model for DNA in the 
study of furocoumarin photoreactivity with DNA bases [ 23,241. To check 
the ability of IHE to quench the triplet state of 8-MOP, the influence of IIIE 
on the reactions of &MOP with N-methylmaleimide was examined. The 
disappearance of 8-MOP excited at 350 nm in dilute aqueous solution 
(1.3 X 10M4 mol 1-l) is very slow (C#J = 4 X 10A4). In the presence of N- 
methylmaleimide, even in aerated solutions, 8-MOP undergoes photocyclo- 
addition on the 3,4 and 4’,5’ bonds. The 4’,5’ adduct is highly fluorescent 
and can therefore be detected at very low concentrations. For example, such 
a formation is observed in an aerated solution of 8-MOP (5 X lo-’ mol 1-l) 
and of N-methylmaleimide (5 X 1W4 mol 1-l) in water-methanol (24%). A 
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monochromatic irradiation at 350 nm was used and the fluorescent com- 
pound was analysed at 460 nm (under the same excitation at 350 nm). An 
inhibition of the formation of this fluorescent adduct was observed in the 
presence of IIIz. The ratio of the photocycloaddition rates V and V. in the 
presence and in the absence of IIIz respectively was again found to obey a 
Stern-Volmer law. 

v, 
v 

= 1 + h,?-‘[IIIz] 

with k,-,r’ = 1250 mol-’ 1. 
Using the lifetime 7’ of the &MOP triplet state in the presence of 5 X 

10e4 mol 1-i of N-methylmaleimide which has been previously determined 
1251, 

7’ = (2.0 f 0.2) x lo-‘s 

12, = (6.3 f 1) X lo9 s 

The quenching process is almost diffusion controlled. 

4. Discussion and conclusions 

The initial quantum yields of direct photoisomerization of BC and its 
derivatives do not depend on the concentration, the presence of dissolved 
oxygen or on the solvent used [2]. The isomerization quantum yield of BC 
was wavelength dependent; no wavelength dependence was observed in the 
other derivatives (see Table 4). When BC was grafted onto a polymer and ir- 
radiated in the solid state, the quantum yield of isomerization remained un- 
changed as shown in Table 4. 

TABLE 4 

Initial quantum yields of direct isomerization (mean value of at least three determina- 
tions) (from ref. 11) 

Compound @E .+z in Sl(n,rr*) 4~ -,E in Si(n,n*) ~~~~ in S2(7r,7r*) q5~ +E in S,(a,77*) 

I 0.31 f 0.03 at 0.29 + 0.03 at 
370 nm 370 nm 

II 

III 

0.30 f 0.03 at 0.32 * 0.03 be- 
350 nm tween 350 and 

415 nm 

0.11 f 0.01 at 0.10 + 0.01 at 
370 nm 357 nm 

IV - - 

0.13 f 0.01 be- 
tween 254 and 
290 nm 

0.30 * 0.03 at 
350 nm 

0.10 + 0.01 be- 
tween 254 and 
290 nm 

0.14 f 0.01 at 
293 nm 

0.15 * 0.02 be- 
tween 254 and 
300 nm 

0.32 + 0.03 be- 
tween 350 and 
415 nm 

0.10 k 0.01 be- 
tween 254 and 
290 nm 
- 
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The quantum yields of the irreversible disappearance of BC and its 
derivatives have been found to be close to 10W4. No photochemical process 
can therefore account for the differences between unity and the sums 
(@ E+Z+@Z-rEh 

Interactions between excited aromatic ketones and BC or its trimethyl- 
ammonio derivatives can be accounted for by the conventional “vertical” 
energy transfer mechanism?. 

This mechanism is schematically represented in the diagram below. 

Sensitizer ( S1 ) 

kc 
\ 

ii 

Sensiti~e;~~<~_ kqZ_ 

E (T,) / Z (TI) 

E (So) z (So) 
\ t 

Acceptor 

The following expression for the initial quantum yield of sensitized 
isomerization is easily derived (assuming quasi-stationarity) 

1 k 1 
= 

9s 
0 
E-tZ k,Er]E(so)l 

This relationship has been checked by plotting the variations in the 
reciprocal quantum yields of both isomers of compound I as a function of 
the reciprocal concentration of the corresponding acceptor (see Fig. 4). kqET 
and kqZr are defined as the quotient of the ordinate intercept and the slope 
of the Stern-Volmer plot. From the ordinate intercept, the ratios 
(kzz + kxE)/kxz (or (kzz + kzz)/kZE) can be obtained since @isc is known. 

At photostationary equilibria, the ratio [Z],/[E]o. was calculated as 

[Z]= = _ kqE kzz(kzz + kzz) 

[EL kqZ kzE(kxz + kEx) 
The data obtained from initial quantum yield measurements from photo- 
stationery states and from phosphorescence quenching experiments appear 
in Table 5. 

tAs a referee suggested, an addition-elimination mechanism, such as that proposed 
by N. J. Turro [ 261, might also account for the sensitized isomerization. 
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a- 
7- 

6- 

5- 
4- 

3- 

2- 
l- 

113 
I I I l 

0 104 5x104 105 

Fig. 4. Variations in the reciprocal quantum yields #JS of isomerization of compound I 
photosensitized by benzophenone (lop2 mol l-‘, curve a) by acetophenone (1.5 X lo-* 
mol l-‘, curve b) in degassed Ccl4 solution as a function of the reciprocal concentration 
of compound I in the E (0) or Z form (0). 

A satisfactory fit between the values of kqr and (kqE/kqZ) X kEz(kZE + 

kzz)lkz, 6kEz + km) was obtained in the two independent series of experi- 
ments. The following conclusions can be drawn. 

(i) The quantitative population of the triplet level of BC in its E and Z 
forms, through an energy transfer, stimulates an E 7ft Z isomerization with a 
probability of 50%. 

(ii) The sum of the two limiting quantum yields of isomerization is 
unity. No deactivation of the triplet states through non-radiative processes 
occurs other than isomerization. Each triplet state deactivates into the E 
or Z forms with equal probability (50%). 

(iii) The energy transfer probability, expressed by k,r, is equal for both 
isomers using benzophenone or acetophenone as donors (in Ccl4 as well as in 
CHCls). A “non-vertical” energy transfer would account for the results 
equally well as a “vertical” energy transfer. 

(iv) BC and its quatemized derivative have very similar acceptor proper- 
ties in the same solvent. 

(v) Quenching of the acetophenone triplet state by compound I occurs 
through a process which is diffusion controlled. Energy transfer from benzo- 
phenone appears to be slower. 

When the lowest triplet state of BC is quantitatively populated through 
energy transfer, the isomerization quantum yield is maximum (i.e. 0.50) for 
both isomers. Lower quantum yields are observed in direct excitation. Hence 
the isomerizable triplet state is not quantitatively populated under direct 
excitation and there are radiationless transitions S1(n,n* or ~T,R*) += So. 
Although isomerization occurs from the singlet state, the corresponding 
process is less probable than that from the triplet state. The irreversible dis- 
appearance, which is very slight (lo-’ < Gtip < 9 X lo-‘) during direct excita- 
tion in water, is not detected in sensitization experiments, even during long 
irradiation (1 - 3 h). The absence of irreversible photochemical processes 
from triplet or singlet states explains the remarkable stability of BC and its 
derivatives and their excellent tolerance by the skin. 

&MOP appeared to be an efficient sensitizer for the isomerization of 
the, quatemized derivative of BC (III). The energy transfer process revealed 
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through isomerization is fast though not diffusion controlled (k, = 1.1 X lo9 
1 malli s-l). The same process observed through the quenching of photo- 
cycloaddition of &MOP with N-methylmaleimide is diffusion controlled 
(k,= 6 X lo9 1 mol-’ s-i). This discrepancy may arise from an uncertainty in 
the lifetime of the triplet state of ES-MOP in the absence or in the presence of 
N-methylmaleimide. 

The BC derivatives (III) therefore present deactivating qualities in addi- 
tion to the usual filter effect. Furthermore, it should be recalled that the 
excess of energy transferred to the quaternized derivative of BC is dissipated 
through the isomerization process alone. 
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