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;~bstract 

Time-resolved and steady-state electron paramagnetic resonance spectra and luminescence spectra have been observed for 
~:he lowest excited states of trans-cinnamic acid in rigid solutions at 77 K. The zero-field splitting parameters in the lowest 
t xcited triplet (T1) state are D=0.1061 cm -1 and E=-0.0497 cm -1. The T1 state is estimated to be 20 100 cm -~ and the 
.... ~ lifetime is 45 ms in ethanol at 77 K. The T~ lifetime decreases as the solvent polarity becomes less polar. The sublevel 
l:~referentially populated by intersystem crossing is Ty (y close to in-plane short axis and to the C=O direction). These results 
~re explained in terms of vibronic and spin--orbit mixings between the 3n-n'* and 37rrr* states in the T1 state. 

,!ieywords: Electron paramagnetic resonance; Triplet state; trans-cinnamic acid 

:i. I n t r o d u c t i o n  

Poly(vinyl cinnamate) is well known as one of the 
most common photosensitive resins. The photo-cross- 
inking mechanism of poly(vinyl cinnamate) is similar 
o the photo-dimerization mechanism of cinnamic acid 
1]. Nakamura and Kikuchi studied the photosensiti- 

::ation mechanism of poly(vinyl cinnamate) by measuring 
h e  phosphorescence spectra of cinnamic acid and 
:,ensitizers [2]. They reported that phosphorescences 
, ff sensitizers are exceedingly quenched when cinnamic 
tcid is introduced into their solutions, and it is because 

, ff the excitation energy transfer from the triplet state 
ff the sensitizer to the triplet state of cinnamic acid. 
Fsuda et al. measured the phosphorescence and phos- 
phorescence-excitation spectra of cinnamic acid in die- 
:hyl e ther+isopentane+ethanol  (EPA) at 77 K [3]. 
Fhey reported that the excitation spectrum is in good 
tgreement with the absorption spectrum. 

Cinnamic acid contains an ethylenic C = C  double 
:~ond. The nature of the lowest excited triplet (T~) 
~tates of organic molecules containing an ethylenic 
Jouble bond, such as stilbene, is poorly known, although 
:he cis-trans isomerization reaction of the molecules 
aas been extensively investigated [4,5]. This is because 
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of their very weakly phosphorescent character and short 
T1 lifetimes. 

The measurements of electron paramagnetic reso- 
nance (EPR) spectra by photoexcitation are well suited 
for a study of the T1 state. However, no EPR of the 
T1 state of cinnamic acid has previously been observed 
because of its short lifetime. The time-resolved EPR 
technique first proposed by Kim and Weissman [6] is 
a powerful tool for the study of short-lived T1 molecules. 

In the present work, we have observed the time- 
resolved and steady-state EPR spectra of the T1 state 
of trans-cinnamic acid in rigid solutions at 77 K. The 
zero-field splitting (ZFS) parameters, triplet lifetime 
and relative populating rates of individual T~ sublevels 
are discussed. We have also observed the luminescence 
spectra of trans-cinnamic acid to discuss the nature of 
the lowest excited singlet (S~) and Ta states. 

2. E x p e r i m e n t a l  deta i l s  

Trans-cinnamic acid (Tokyo Kasei G.R. grade) was 
purified by recrystallization from ethanol-water mix- 
tures. Ethanol (Katayama Kagaku Luminasol) was pur- 
ified by distillation by the method reported previously 
[7]. Methylcyclohexane (MCH) (Dotite Spectrosol), 
n-pentane (Wako Pure Chemicals Special grade) and 
2-methyltetrahydrofuran (2-MTHF) (Tokyo Kasei G.R. 
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grade) were used without further purification. All sol- 
vents were carefully checked for the absence of an 
extraneous EPR signal before use. The sample solutions 
of trans-cinnamic acid for the EPR measurements were 
prepared at the concentration of 1.5 x 10 - 3  o r  3 x 10  - 3  

mol  dm -3. 

A pure PVA film was obtained by the same method 
as described previously [8]. After heat treatment for 
about 1 h at 80 °C and swelling in distilled water at 
40 °C, the swollen film was soaked in the methanol 
solution of a sample until an appropriate amount had 
penetrated into the film by diffusion. Then the film 
was stretched at 70 °C using a Shibayama SS-60 film 
stretcher. The films thus obtained have about 250% of 
stretch in the stretched direction s. 

The transient EPR signals were measured using a 
JEOL-FE1XG spectrometer without field modulation. 
A Lumonics HE-420 excimer laser (XeC1, 308 nm) was 
used as an exciting light source with a repetition rate 
of 25 Hz. The transient EPR signals were recorded 
with an Iwatsu DM-901 digital memory. With the aid 
of an NEC PC-8801 microcomputer system, the transient 
signals were integrated numerically between 0.30 and 
0.94 ~s after the laser excitation to obtain the time- 
resolved EPR spectrum. For the magnetophotoselection 
experiments, a Glan-Thompson polarizer was placed 
between the laser and the sample cavity to polarize 
the laser light. 

The apparatus for the conventional steady-state EPR 
measurements were described previously [9]. The ex- 
citations were carried out using a Canrad-Hanovia 1 
kW Xe-Hg arc lamp equipped with a Toshiba UV- 

D33S glass filter and a Copal DC-494 electromechanical 
shutter. 

For the phosphorescence measurements, samples 
were excited using an Ushio 500 W Hg lamp equipped 
with Toshiba UV-D33S and UV-29 glass filters. For 
the fluorescence measurements, they were excited at 
297 nm using the Hg lamp through a Jobin Yvon H- 
20UV monochromator. The emissions from a sample 
were detected by a Hamamatsu Photonics R453 pho- 
tomultiplier tube. The sample solutions ranging in con- 
centration from 1x10 -5 to 3 X 1 0  -3 mol dm -3 were 
prepared. All measurements were carried out at 77 K. 

3. Results and discussion 

3.1. Emission spectra 

The phosphorescence and total emission spectra of 
trans-cinnamic acid were measured in ethanol at 77 K, 
as shown in Fig. 1. The observed phosphorescence 
spectrum is similar to that observed in EPA at 77 K 
[2,3]. There exists a monomer--dimer equilibrium for 
carboxylic acids owing to hydrogen bonds in inert sol- 
vents such as n-heptane [10--12]. Conversely, when ether 
or alcohol is present in solution, hydrogen bonds between 
neighbouring carboxylic acids are broken [10-12]. In 
the present work, the phosphorescence spectrum ob- 
served in ethanol does not depend on the concentration 
of the sample solution in the range from 1 X 10 -5 to 
3 x 10 -3 mol dm -3. Consequently, it is considered that 
trans-cinnamic acid exists as a monomer in ethanol at 
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Fig. 1. (a) Phosphorescence and (b) total emission spectra of  trans-cinnamic acid in ethanol at 77 IC 
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the concentration of 3 × 10- 3 mol dm- 3. The T1 state 
of trans-cinnamic acid in ethanol at 77 K is estimated 
to be 20 100 cm -1 from the first vibronic band. Although 
the phosphorescence spectrum has been observed by 
Tsuda et al. [3], the phosphorescence lifetime has not 
yet been reported. We determined the T1 lifetime to 
be 46 ms from the decay of phosphorescence in ethanol 
at 77 K. 

3.2. Electron paramagnetic resonance spectra 

The steady-state and time-resolved EPR spectra of 
the T1 state of trans-cinnamic acid were measured at 
77 K, as shown in Fig. 2. Cis-trans geometrical iso- 
merization of organic molecules containing an ethylenic 
double bond, such as stilbene, has been investigated 
by many workers [13]. The fluorescence quantum yield 
of trans-stilbene is 1.0 and the quantum yield of 
trans ~ cis photoisomerization is zero in rigid solutions 
at 77 K [14,15]. The intensity of EPR and phospho- 
rescence of trans-cinnamic acid in ethanol at 77 K does 
not change through the continuous ultraviolet irradiation 
within our observation time of 1 h. Therefore, the 
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(d) 

(e) 

I r 

X Z y y Z X 

observed EPR and phosphorescence spectra can be 
assigned to the trans isomer. 

The AMs= + 1 transition signals of trans-cinnamic 
acid are too weak to be observed through the steady- 
state EPR measurements, as shown in Fig. 2(a). There- 
fore, the assignment of the observed EPR signals was 
carried out for the time-resolved spectrum with the aid 
of the stretched-polymer film method [8], as shown in 
Figs. 3(b), 3(c) and 3(d). Assuming the molecular 
planarity in the T1 state, the principal axes (x, y, z) of 
the ZFS tensor were taken to be as shown in Fig. 1 
[16,17]. According to the general relations concerning 
the orientation of guest molecules [18], the assignment 
of the resonance field is straightforward. The intensity 
of the X signals is strong when the external magnetic 
field B is parallel to the stretched direction of a film 
s, as can been seen in Fig. 3(d). However, the intensity 
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Fig. 2. (a) Steady-state; and (b) time-resolved E P R  spectra for the 
T1 state of  trans-cinnamic acid in ethanol at 77 K; (e) computer-  
s imulated spec t rum obtained b y  u s i n g  D = 0.1061 c m -  i, E = - 0.0497 
cm -1 and Px'.P/.Pz=0:I.0:0; (d) 0.15:0.85:0; (e) 0.25:0.75:0. 
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Fig. 3. Time-resolved EPR spectra for the T~ state of trans-cinnamie 
acid (a) in ethanol;  (b) in PVA (Bl~n); (c) in PVA (Bllc); (d) in PVA 
(B[~); (e) in ethanol with BILE; and  (f') in ethanol with B I E  at 
77 K. 
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of the Z signals is relatively enhanced when B is parallel 
to the normal of the film plane n, as shown in Fig. 
3(b). 

We have applied the magnetophotoselection method 
to confirm the assignment of the AMs = _+ 1 transition 
signals mentioned above. The time-resolved EPR spec- 
tra in ethanol obtained with BI~ and B_I_E are shown 
in Figs. 3(e) and 3(0. Here, E denotes the electric 
vector of the laser light. It has been found that trans- 
cinnamic acid has two types of absorption bands, a K- 
band (36600 cm -~) and E-bands (45 000 and 46300 
cm-1) in the 25 000-50 000 cm-1 region [19]. Tanaka 
found, by measuring the polarized ultraviolet absorption 
spectrum, that the K-band of trans-cinnamic acid is the 
intramolecular charge transfer absorption band from 
the highest occupied orbital of the styryl group to the 
vacant orbital of the carboxyl group [20]. Namely, the 
in-plane x-polarized absorption takes place dominantly 
with excitation at 308 nm (K-band) for trans-cinnamic 
acid. Consequently, the intensity of the X signals is 
strong with BI~E, while the intensity of the Y and Z 
signals is strong with B_I_E, as can be seen in Figs. 
3(e) and 3(0. As a result, all the observed signals can 
reasonably be assigned as shown in Fig. 3. 

The T1 lifetime obtained from the decay of the steady- 
state EPR Bm~, signal, 45 ms, is in good agreement 
with that obtained from the decay of phosphorescence, 
within the limitations of experimental error. 

3.3. ZFS parameters, triplet lifetime and relative 
populating rates 

We can see from Table 1 that the D value is 0.1061 
cm-~ and T1 lifetime is 45 ms. These values suggest 
that the T~ state possesses mainly a 3w,n-* character. 
As is known comprehensively, T~ sublevels are the 
lowest in energy for 3wrr* states [21]. Consequently, it 

should be noted that the order of the T1 sublevels was 
determined to be Tx, Ty and Tz from the top. 

The D values of benzene and formaldehyde were 
estimated to be 0.1581 cm -1 [22] and 0.42 cm -1 [23], 
respectively. The D value of ethylene has been cal- 
culated: ]D1=0.1847 cm -1 [24]. If the two unpaired 
electrons localize on the benzene fragment, the ethylenic 
one or the carbonyl one, the IOl value of trans-cinnamic 
acid should be larger than 0.1061 cm-1. The delocalized 
character of the unpaired electrons in the T1 state has 
also been observed for trans-stilbene [25]. 

The polarities of the time-resolved EPR signals of 
trans-cinnamic acid at the stationary fields are A, AEA/ 
EAE from the low-field to the high-field, as shown in 
Fig. 2(b). Here, E and A denote emission and absorption 
respectively of the microwaves. The spectrum of the 
randomly oriented triplet state with spin polarization 
was simulated in the same manner as presented by 
Kottis and Lefebvre with some modifications [26]. In 
the present simulation a Gaussian line width of 3 mT 
was used. With the aid of the computer simulation, 
the relative populating rate was estimated to the 
Px:Py:Pz = 0.0:1.0:0.0, as shown in Fig. 2(c). The sublevel 
preferentially populated by intersystem crossing (ISC) 
was found to be Ty, the middle sublevel. 

The triplet sublevel populating rates are not highly 
anisotropic for 3~"rr* states of aromatic hydrocarbons, 
such as naphthalene [21,27], while they are fairly an- 
isotropic for aromatic carbonyls [28]. The sublevel pref- 
erentially populated by ISC is known to be Tz for 
aromatic carbonyls of benzaldehyde type (z is along 
the C = O  direction) [28]. In this paper, the principal 
axis y is close to the C = O  direction as shown in Fig. 
1. Therefore, the sublevel preferentially populated is 
expected to be Ty for trans-cinnamic acid as observed. 

The T~ lifetime of trans-cinnamic acid with the 0-0 
energy of the T~ ~ G (ground state) transition of 20 

T a b l e  1 

Solvent  ef fects  o n  the  l i fe t ime,  % zero- f ie ld  sp l i t t ing  p a r a m e t e r s  a n d  re la t ive  p o p u l a t i n g  

(1 .5)<10 -3  mol  d m  -3)  o b s e r v e d  a t  77 K 

ra tes ,  Pi, in t he  T1 s ta te  o f  trans-cinnamic ac id  

Solvent  ~ a D b E c Px Py Pz 

(ms)  ( c m - ' )  ( c m - l )  

E t h a n o l  d 45 

2 - M T H F  45 

2 - M T H F  + M C H  + n - p e n t a n e  (50.0:37.5:12.5)  ~ 45 

2 - M T H F  + M C H  + n - p e n t a n e  (12.0:66.0:22.0)  c 45 

2 - M T H F  + M C H  + n - p e n t a n e  (0 .60:74.55:24.85)  * 39 

2 - M T H F  + M C H  + n - p e n t a n e  (0 .25:74.81:24.94)  ~ 34 

2 - M T H F + M C H + n - p e n t a n e  (0 .10:74.92:24.98)  c 28 

M C H + n - p e n t a n e  (75 .0 :25 .0 )c  27 

0.1061 - 0 . 0 4 9 7  0 1 0 

0 .1039 - 0 .0484  0 1 0 

O. 1039 - 0 .0490  0 1 0 

0 .1039 - 0 .0490  0 1 0 

0 .1046 - 0 .0490  0 1 0 

0 .1053 - 0 .0493 0 1 0 

0 .1057 - 0 .0497  0 1 0 

0.1065 - 0 .0499  0 1 0 

O b t a i n e d  f r o m  the decay o f  the  Bm~. s ignal ;  
b D = ( - 3 /2)Z;  

¢ E = ( 1 / 2 ) ( Y - X ) ;  

d T h e  c o n c e n t r a t i o n  o f  t r a n s - c i n n a m i c  acid  is 3 . 0 ×  10 -3  mol  d m - 3 ;  
c By weight .  
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100 cm-a is 45 ms in ethanol at 77 K. The T~ lifetimes 
of typical aromatic molecules with similar Ta energies 
to trans-cinnamic acid are about 2.5 s, as shown in 
Table 2. Namely, T1 lifetime of trans-cinnamic acid is 
much shorter than those of aromatic molecules with 
similar T1 energies to trans-cinnamic acid. The re- 
markable shortening of the Ta lifetime of trans-cinnamic 
acid should not be attributed to the lowering of the 
T~ excitation energy. 

3.4. Nature of the 7"1 state 

We tried to discuss the observed shortening of the 
Ta lifetime of trans-cinnamic acid in terms of vibronic 
and spin--orbit mixings between the 3nTr* and 3wrr* 
states. The host dependence of the Ta lifetime, ZFS 
parameters and relative populating rates was examined 
by changing the solvent polarity in 2-MTHF-MCH-n- 
pentane mixtures. The results are shown in Table 1. 
The T1 lifetime decreases and the ~)l value slightly 
increases as the solvent becomes less polar, while the 
sublevel preferentially populated by ISC is Ty in all 
solvents studied. 

The value of Z = ( -2 /3)D is known to be negative 
for 3wn-* states, but positive for 3n'tr* states [21]. Ac- 
cording to the works of Hayashi and Nagakura [32,33] 
and Harrigan and Hirota [28], the Z value (z is along 
the C = O  direction in their works) increases when the 
3wrr* state mixes with the 3n~r* state because of the 
spin--orbit mixing matrix element, (3nTr*ln$o137rqr*), in 
aromatic carbonyls of benzaldehyde type. Therefore, 
the D value of the 37r'rr* state is expected to increase 
when the 3zr~'* state mixes with the 3nTr* state in the 
aromatic carbonyls. The observed solvent effects on the 
Ta lifetime and the D value can be explained in terms 
of the mixing between the 3nTr* and 37vrr* states, that 
is, the purity of the T1 state should be recovered in 

'Fable 2 
The 0-0 energies of the T1 ~ G transitions, E-r, and Tt lifetimes, r, 
of aromatic molecules in rigid solutions at 77 K 

Molecule Solvent El- ~" 
( c m - ' )  (s) 

Trans-cinnamic acid" Ethanol 20100 0.045 
Dibenz[a,h]acridine b EA " 19100 2.31 
Chrysene b EA ~ 20000 2.54 
Picene b EA c 20100 2.7 
p-terphenyl c.a EPA f 20400 g 2.6 

" Obtained in the present work; 
b Ref. [29]; 

Ref. [30]; 
a Ref. [31]; 

Diethyl e ther+ethanol  (2:1 by volume); 
f Diethyl e ther+  isopentane+ethanol;  
g Obtained in ethyl iodide + diethyl ether + ethanol + toluene 

(2:2:1:1 by volume). 

a polar solvent because the 3nqr* excitation energy 
increases in a polar solvent. 

Trans-cinnamic acid is non-fluorescent or very weakly 
fluorescent in all solvents studied, while the observed 
time-resolved EPR signals are fairly strong. Sakurovs 
and Ghiggino [34] and Krishnamurthy and Dogra [35] 
reported that trans-cinnamic acid is non-fluorescent, 
even at high concentration, in organic solvents. As the 
T~ state possesses mainly a 3~7r* character, one possible 
explanation of the weakly fluorescent property arises 
from a consideration of the nature of the S~ state. The 
ISC between ~nTr* and 37rw* states should be much 
faster than that between ~rr* and 37r~r* states, as 
suggested by EI-Sayed [36]. The very weakly fluorescent 
character of trans-cinnamic acid may be caused by the 
fast ISC to the triplet state. In the present work, however, 
we cannot examine this point more precisely because 
we have no information about the exact location of 
the ~nTr* state. 

Trans-cinnamic acid is weakly phosphorescent and 
its steady-state EPR signals are very weak. However, 
the time-resolved EPR signals are fairly strong. These 
facts show that the decay from the T 1 state is dominantly 
radiationless, although we do not have quantitative data 
of the phosphorescence yield. It should be noted that 
this situation is analogous to the cases of 3wrr* aromatic 
carbonyls of benzaldehyde type [28]. 

4. Conclusions 

Our time-resolved EPR experiments indicate that 
the triplet sublevel populating rates of trans-cinnamic 
acid are fairly anisotropic. The observed ZFS parameter 
D shows the delocalized character of the unpaired 
electrons in the T1 state. The Tl lifetime of trans- 
cinnamic acid is much shorter than that of an aromatic 
molecule with a similar Tl energy to trans-cinnamic 
acid. These results indicate that the T1 state possesses 
mainly a 3rrzr* character and there are vibronic and 
spin--orbit mixings between the 3n,n'* and 3wrr* states 
in the T1 state. 
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