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The quantum yields for the elementary steps of photoisomerization of 
ethyl cinnamate in dilute solutions (about lo-’ M) were determined by 
combining direct irradiation and irradiation sensitized with Michler’s ketone 
at 30 “C. The quantum yields cP(cis + tram) and @(tins + cis) for the 
overall photoisomerization are 0.26 and 0.29 respectively in ethanol and the 
sum of these values is much smaller than unity, indicating the existence of 
direct deactivation of the excited singlet state of each isomer without passing 
through a twisted singlet state. The fractions airn~ and Q& of each excited 
singlet state which is directly deactivated into the same isomeric form are 
0.47 for let+ and 0.39 for ICC*, and the fraction 6(3C* --+ C,) of twisted 
triplet state which is deactivated into the cis form is 0.54. 

1. Introduction 

Much work has been reported on photochemical cb-tram isomeriza- 
tions and their mechanisms [ 1 - 31. Twisted singlet and triplet states have 
been proposed as possible intermediates for the photoisomerization of 
stilbene [ 13. For cinnamates, the excited triplet states for both isomers are 
supposed to be deactivated mainly through the same single twisted form 
with an energy minimum (twisted triplet 3P*) [4, 51. However, the possibil- 
ity of direct deactivation without isomerization from the excited singlet 
state of each isomer in addition to the deactivation through the twisted 
singlet lP* shown in Fig. 1 cannot be excluded. 

The sum of the quantum yields for trrr~s t cis photoisomerizations of 
cinnamic acid was found to be about unity in cyclohexane and in water 
(pH 2), but about 0.5 in complexing solvents such as ether and dimethyl 
sulphoxide [6]. Ishigami et cl. [23 have reported the marked multiplicity 
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Fig. 1. Isomerization scheme of ethyl cinnamate. 

dependence in the direct truns + cis photoisomerization of paru-substituted 
methyl cinnamate. 

Our preliminary results [ 71 have shown the occurrence of photodimeri- 
zation of ethyl cinnamate as well as photoisomerization in dilute ethanol 
solution. In the present paper the estimation of the quantum yields for the 
direct and sensitized photoisomerization of ethy1 trans-cinnamate in dilute 
solutions is considered. 

2. Experimental details 

2.1. Materials 
Ethyl trans-cinnamate (reagent grade) was vacuum distilled and the 

fraction boiling in the range 117 - 118 “C at 5 mmHg was collected for use. 
Spectrograde solvents were used without further purification after it had 
been checked that their absorbance was suitable for spectrophotometric use. 
Michler’s ketone (4,4’-bis(dlmethylamino)benzophenone) was recrystallized 
several times from methanol. 

2.2. Apparatus 
Sample solutions (4 ml) in a degassed and sealed rectangular quartz cell 

(path length 1 = 1.0 cm) were set in a thermostatted bath (30 “C). A 450 W 
high pressure mercury lamp (Ushio UM-452) with a stabilized power supply 
was used as a radiation source throughout. The mercury emission was 
isolated with filters of Toshiba UV-27 and UV-D33S for direct irradiation 
and with UV-D36A for irradiation sensitized with Michler’s ketone. Chemical 
actinometry was performed with a potassium ferrioxalate-o-phenanthroline 
system. 

2.3. UV absorption measurements 
The absorption spectra during irradiation were recorded with a Shimazu 

MPS-5000 spectrophotometer. The change in the concentrations [C,] and 
[C,] of the trans and the cb isomers respectively was evaluated from the 
changes in the optical densities at the isosbestic point (250 nm) and at the 
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Fig. 2. UV spectra of Michler’s ketone (- - -) and of ethyl cinnamate sensitized with 
Michler’s ketone ( -) in degassed ethanol at 30 “C. The numerals on the curves indicate 
the irradiation times in minutes. 

maximum wavelength (276 nm) by using equations reported previously [ 71. 
Since the cinnamate absorption peak at 276 nm does not overlap the absorp- 
tion of Michler’s ketone, as shown in Fig. 2, changes in the UV absorption of 
the cinnamates can be used to monitor the sensitized cinnamate reactions. 

3. Results and discussion 

3.1. Dime t pho toisomeriza tion 
The changes in the mole fractions of the trans and cis isomers during 

direct irradiation in ethanol are shown in Fig. 3. The equilibrium fraction 
[C,J,/([C,], + CC,],) of the cis isomer is about 0.69, and oxygen had no 
influence either on the equilibrium isomer composition (also equal to 0.69) 
or on the rate of photoisomerization. 

By assuming stationary states for [ %,*I, [‘Cc*], [ lP*] and f3C*] in 
Fig. 1, we obtain 

dCCt1 d[CcI 
dt 

=-A =-A[Ct] +B[C,] 
dt 

with 

= 46c’fcwim”(~ - P)(l - 7) + %cC(l ,- 83 (3) 

where CPimt = &t/(&t + Jz~,,~) and QimC = kimc/(kimc + kfscc), E’ is the molar 
extinction coefficient at the irradiation wavelength multiplied by 2.3, I0 is 
the incident photon flux and f = (1 - 10-EcC1J)/2.3e[C]d is the correction 
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Fig. 3. Simultaneous process of trans-cis isomerization of ethyl trans-cinnamate (0) and 
ethyl cis-cinnamate (0) in degassed ethanol (3.03 x 1W5 M) at 30 “C. 

Fig. 4. First-order plots for isomerization of ethyl cinnamate in degassed solutions at 
30 “C!: 0, ethanol; 8, tetrahydrofuran; l , dichloroethane. 

factor for the absorbed dose. The subscripts 
forms respectively . 

When photoisomerization is started from 
rct10 - [C,]. At a later stage an equilibrium 
the equilibrium isomer composition [C,J, is 
B by 

rwo A 
-=l+z Wtl, 
Hence integration of eqn. (1) gives 

Wtle ln ICtlo- rct1e 

r GJO ( [%I - CGI, 1 = Bt 

t and c denote truns and cb 

the pure truns isomer, EC,] = 
is reached (d[C,J/dt = 0) and 
related to parameters A and 

(4) 

(5) 

A semilogarithmic plot of ([CJo - [C,],)/([C,] - [C,],) against the irradia- 
tion time t according to eqn. (5) was found to be linear as shown in Fig. 4. 
From the slope of this straight line, the values of B and @(cis --f trans) were 
calculated and are summarized in Table I. The values of A and @(Pans + 
cis) obtained from eqns. (4) and (2) are also given in Table 1. The quantum 
yields are independent of the initial concentration (10k5 - 10W4 M) of ethyl 
cinnamate. The sum of @,I& + trcrns) and @(tram + czk) is much less than 
unity (about 0.55) and is comparable with the reported results for cinnamic 
acid measured in complexing solvents [6 ] and suggests the existence of 
direct deactivation without isomerization from the excited singlet state of 
each isomer. The presence of oxygen did not affect the quantum yieIds for 
cis + trans and trans + cis isomerization, e.g. @(cis + trans) = 0.25 and 
*( truns + cis) = 0.27 in ethanol in the presence of oxygen. 

Since the equilibrium isomer composition depends on et’ and e,’ as is 
assumed from eqns. (2) - (4), as well as on the solvent viscosity [S] or the 
polarity [9], the equihbrium isomer composition is influenced by the nature 
of the solvent (Table 1). 
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3.2. Sensitized photoisomerization 
Ethyl trans-cinnamate, sensitized with 2.69 X lo-’ M of Michler’s 

ketone at 365 nm, showed a rapid trans + cis photoisomerization followed 
by photodimerization in degassed ethanol solution as is shown in Fig. 2. 

By using stationary state approximations for C3P*] and [3MK*], we 
obtain 

ln Wtlo- Wtle 
=Dt 

PA - [Gle 
with 

D= 
~o~~~'h~@etIMKlo 

Wtlo 

(6) 

(7) 

(MK = Michler’s ketone) where #et is the quantum yield of energy transfer 
from 3MK* to cinnamate, KitMK is the rate constant for triplet decay of 
3MK* and ket is the rate constant for energy transfer from 3MK* to ethyl 
cinnamate. The equilibrium isomer composition for the condition of 
d [C,] /dt = 0 is given by 

[Ctle WJ, _ l %tf -_= 

rwo IWO Skett + { 1 - 6 )ketc 
(9) 

A semilogarithmic plot according to eqn. (6) (Fig. 5) gives tist to be 
about 6 X 10e3 by using eqn. (7) and with the assumption that kett = ketC = 
k,, which is justified by the same phosphorescence spectra of bans- and 
cis-cinnamic acid in ether-isopentane-ethyl alcohol glass [4]. The low 
efficiencyKof energy transfer (ket = 2 X 10’ M-l s-l from eqn. (8) together 

. 
with kEit = 2.0 x lo5 s-l in ethanol [lo]) may be attributed to the small 
difference in the triplet energy levels for ethyl cinnamate (ET = 64 kcal 

30 

20 

1 

100 200 300 eo 

irradiatfon tlmelmin 

Fig. 5. First-order plots for the sensitized isomerization of ethyl cinnamate in ethanol 
irradiated at 365 nm: 0, [C] = 3.24 X lo-$ M, [MK] = 2.69 X 10m5 M (in vacuum); 0, 
{C ] = 10.3 X loos M, [MK] = 2.69 X lOA M (in vacuum); 9, [C ] = 3.24 X low5 M, [MK] = 
2.69 X 10m5 M (in air); 0, [C] = 3.24 X 10m5 M, [MK] = 0 (in vacuum). 
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TABLE 2 

Cis-trana equilibrium isomer composition and quantum yields for Isomerization of ethyl 
cinnamate sensitized with Michler’s ketone in degaaaed ethanol at 30 “C 

ICtlo WKlo [C, lel 6 D 9 et 
(x10+ M) (x~O--~ M) ([C,l, + [&I,) (x10-3 s-l) 

3.24 2.69 0.55 0.55 2.2 0.0039 
5.41 2.69 0.53 0.53 2.0 0.0058 

10.3 2.69 0.53 0.53 1.1 0.0062 
3.24 0 0.49 0.024 

TABLE 3 

Quantum yields for various eIementary processes in 
isomerization of ethyl cinnamate in ethanol at 30 “C 

@(C&S + tram) = 0.26 
@( trans + cis) = 0.29 
ff(‘Ct* + C+, direct) = 0.76 
WC,* + C,, direct} = 0.63 
S(W + C,) = 0.54 

mol-’ for transcinnamic acid [ll]) and Michler’s ketone (ET = 62 kcal 
mol-l [ 121). 

From the equilibrium isomer composition of sensitized photoisomeriza- 
tion, 6 = CGlJCGl0 was estimated to be about 0.54, as shown in Table 2. 
The fractions ~1 and p, which are deactivated directly to the ground state of 
the same isomeric form from I&* and lC!,* respectively, can be easily calcu- 
lated to be 0.76 and 0.63 from eqn. (2) and eqn. (3) respectively, by using 
6 = 0.54 together with aiSc = (1 - @& = 0.38 determined from the quan- 
tum yields of sensitized and unsensitized photodimerization for the same 
system [lo], and by assuming +y( ‘P* + C,) = 6. The results are summarized 
in Table 3. In conclusion, the present study on photoisomerization of ethyl 
cinnamate in dilute solutions with direct irradiation and irradiation sensitized 
with Michler’s ketone shows that nearly half of the excited singlet state of 
each isomer in ethanol is directly deactivated to the ground state of the same 
isomer (api,cx = 0.47 for lCt* and ai&? = 0.39 for lC&*), while the remainder 
is converted to both twisted singlet and twisted triplet states. 
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