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Abstract 

Absorption and emission spectra of twenty mms-4.4'-disubstituted stilbenes have been measured in tout solvents: cyclohexane (CH). 
chlorobenzene ( CB ). 2-butanone ( methylethyl ketone. MEK) and dimethylsulfoxide ( DMSO ) at room temperature. Fluorescence quantum 
yields (d),) and fluorescence lifetimes (~'s) have been measured for these stilbencs. The lifetimes and quantum yields of fluore~ence were 
lbund to be dependent on the donor-acceptor properties of the substituents and ct~'relate with the Hammett (r-constants. in addition, we 
experimentally observed the appearance of a second emitting state which is close energetically to the lowest exited singlet state it* in cases 
of strong donor-acceptor substituents in polar solvents. © 1997 Elsevier Science S.A. 

K~oword.~: Tranx-4,4"-disuh~titutcd stilhenes, Photophysical characterization: Fluore,~cence quantum yields: Fluo:'~,~cence lifetimes, 

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

Photoisomerization has been known for several decades to 
dominate the photophysics of trans-stilbenes. It has been 
studied extensively and reviewed [ I-  i 2 ]. The chemistry of 
stilbene derivatives is straightforward, which allows the syn- 
thesis of many functional derivatives. We have prepared 
twenty trans-4,4'-disubstituted stilbenes in order to tune the 
reactant's properties over a wide range of reactivities. This 
enabled us to carry out a comprehensive study of the effect 
of the substituents on stilbene reactivity. 

The photochemical behavior of stilbenes may be varied by 
the introduction of substituents which affect the charge dis- 
tribution of the molecule. We have chosen the para-(4,4" )- 
substituted stilbenes for our investigation of the electronic 
effects of the substituents on the photoisomerization reaction, 
because substitution in the mere (3,3',5,5')-ring positions 
has little effect on the course of the trans-cis photoisomeri- 
zation process, i.e. the distinct conformers have similar spec- 
tra and fluorescence parameters, Substitution in the ortho 
( 2.2',6,6' )-positions introduces significant steric hindrance, 
causing the phenyl rings to twist out of plane about the double 
bond and changes the absorption and fluorescence spectral 
features. 

Solvent effects are also important in determining the reac- 
tivity oftrans-4,4'-disubstituted stilbenes resulting from their 
dipolar characters. However, these effects are not extensively 
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studied in the present work and are the subject of our further 
research with a larger database. 

It is generally accepted that the light-induced reversible 
isomerization of trans-stilbene [1--4] (Fig. 1) proceeds 
either from the lowest exited singlet state ~t* through the 
twisted singlet intermediate ~p* ( "phantom' state): 

~t*--. ' p * ~  Ip- -*( l - /3 ) IC+f l l t  

or, alternatively, by the inte~ystem crossing pathway (ISC) 
through the biradical twisted triplet st;',te ~p*: 

It*--, ~t*--, ~ p * ~  J p - - * ( l - a )  ~ c + ~ t  

Here, ~t* and ~p* respectively are the trans and twisted con- 
figurations (perpendicular with respect to the C=C double 
bond) of the lowest triplet, ~p is the twisted ground state, 
( l - a )  is the fraction of triplet decay into the cis-form and 
( I - fl) is the fraction of perpendicular singlet configuration 
decaying into the cis4brm. 

Usually, within a reaction series the functional correlation 
between substituent or solvent parameters and various sub- 
stituent or solvent dependent rate processes is in the form of 
a linear Gibbs free-energy relationship [ 13]. To establish a 
reaction series we have introduced small changes on the reac- 
tion rate in two ways. 
1. Modification of the stilbene molecule by introducing dif- 

ferent donor-acceptor substituents. This leads to a Ham- 
mett-like behavior [ 14]. Although linear free-energy 
relationships usually deal with relative reactivities, in the 
form of reaction rate and equilibrium data, this approach 
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Fig. I. Pictorial representation of the lran.s and cix-~,tilhene orbitals and electronic states participating in the tratts-('i.s photoi,,omerization processes. The 
r~raction coordinate i,~ the torsional angle (#) al'n}ut the olefinic double bond. ~t and it* are the ground state and ~he lowest exited singlet state of the trmas- 

.,,tilbene respectively. Jp* is the t~,isted singlet intermediate ( "phantom" state ). at. is the trans-conliguralion of the lowest triplet. ~c and 'c* are the ground 
state and the lowest exited singlet state of the ('is-,,tilbene re.,,pectively. ~c* is the cis-conliguration of the lowest triplet. 5",,. S~ uttd T~ designate the potential 
energy surfaces ,if the ground singlct, lir,,t excited ~inglct and triplet ~,tales rc~,pectively. 

Table I 
Reaction yield, crystallizatmn st~l,,ent and melting p~fint of tran.s-4.4'.disubstitutcd ~,tilbenes 

X Y Yield ( r;,; ) C~'.,,tallization solvent Melting point I °C) Rcl'erellce 

I ( CH, ) :Y Br 76 Toluene 232-234 [ 15 I 
2 (CH~):N CN 70 1,4-Dioxane 250-251 [ Ifil 
3 (CH,) :N NH, 75 - -  176 [ 171 
4 ( CH, ) :N CI 43 Chhm~benzene 219-2211 { 17 I 
5 I CH, ) :N OCH, 68 Acetone/i~opropanol 185-186 I 15 I 
6 ( CH, ~ :N NO, 35 Chlombenzene 255 [ 17 i 
7 ( CH ~ ) :N COOCH ~ 63 Toluene 227-228 [ 17 I 
:g CI NO: 68 Toluene 178-18(I I 18 I 
9 CH,O NO, 72 Acetone 132-134 I 19 I 

I(1 CH ,O CH, 82 Ethanol 167-169 120 I 
I I CH ~O CN 76 Ethanol 149-151 [ 18 I 
12 CH~O CI 62 Ethanol/chloroform 177-178 121 I 
13 CI CN 58 Dichloromethane 175-176 ! 22 ] 
14 CH, NO: 68 Ethanol 150-151 122 I 
15 CH,O COOCH, 78 Ethyl acetate 199-201 - -  
16 Br COOCH, 76 Acetonitnle 171 - i . 3  
17 CHa CN 59 Ethanol 179-181 122 I 
18 C[-i~ CI 78 Ethanol 192-194 1221 
19 CH ~O N H ,  83 - -  167-168 
20 CI NH2 80 - -  199-200 - -  
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can be extended to various photophysical parameters of 
the excited molecules. 

2. Solvent effects. Thermodynamically. so+ration may be 
viewed along the same lines as substituent effects, the 
solvating molecules being equivalent to Ioose;y attached 
substituents [ 14 I. 
The quantitative structure--;eat'tix, ity rdati~aships ba.,,ed 

on a Hammett-like correlation with (r.vaiues of substituents 
can indicate the photoisomerization mechanism for different 
substituted stiibep.es. We assume th:+t molecules lying on the 
same Hammett plot belong to the same reaction series, thus 
having the same trans--cis pl.:)toisomenzation mechani,-,m. 
Our results discussed below :,upport this idea. This means 
that we cab predict the photoisomerization mechanism of 
substituted stilbenes in arbitrary chosen media by considering 
the donor-acceptor properties of their substituents, Oevia- 
ticns from such linear relationships may be explained by 
additional effects which generate an additional series of 
reactions. 

We carried out our studies of the substituent effects on the 
photoisomerization rate in four solvents: cyclohexane ( CH ), 
chlorobenzene (CB),  methylethyl ketone (MEK), dimeth- 
yisuifoxide ~" DMSO~. These solvents, except DMSO, do not 
irc,sract specifically with the solute ~tilbene molecules. For 
polar substituted stilbenes one may expect an increasing sen- 

sitivity of the isomerization rate to solvent effect+ to the extent 
that it becomes more significant than the substituent effect. 

2. Experimental details 

2. I. Methods 

2.1. I .  Steadr-shtte met+surements 
Fluorescence emission spectra were recorded with an S L M  

Amine{r-Bowman spectrotluorimeter alter excitation near 
the absorption maxima (A ...... ), using typically a 4 nm slit 
width for both excitation and emission. Absorption and emis- 
,,,ion parameters of twenty trans-4,4'-disubstituted stilbenes 

Table 1 ) are collected in Table 2. Quantum yields of fluo- 
rescence (q~r) were measured usi.lg trans-4-dimethylamino- 
4'-nitrostiibene in methylcyclohexane as the standard 
(<.b~0=0.30, .'L,,;~=420 ran, A ...... t=479  rim) [2] including 
correction for absorptio0 and intensity of the incidem light, 
and are presented in Table 3. All the sample solutions were 
dega,+sed with argon belbre the measurements. 

2.1.2. Time-resolved measurenwnts  
A picosecond time-resolved single photon counting appa- 

ratus was used to measure the fluorescence lifetime (~.). The 
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Table 3 
Ruorescence quantum yield (d',,) of trans-4.4'-disubstituted stilbenes in 
chlorobcnzene (CB 1.2-butanone (MEK) and dimethylsulloxide (DMSO) 

X Y Qua,  rum yield ~,,,,h. 

CB MEK DMSO 

i ( C H O : N  Br  0.044 0.018 (I.030 

2 (CH~) ,N  CN 0.015 0.024 0.109 

3 ~ C H O : N  NH2 0.584 0.264 0.929 

4 ( CH, )_,N CI 0.1147 0.02 ~, 0.05 I 

5 I C H O , N  OCH; 0.167 0.069 0.249 
6 (CH.OzN NO: 0.101 0.003 < 0.001 
7 I C H , I : N  COOCH ~ 0.032 11.047 0.142 
8 Ci NO, 0.(102 - -  - -  
9 CH ,O NO., 0.084 O. 114 0.003 

10 CH~O CH~ 0.036 0.009 (I.089 

t ! CH,O C,q (I.(1(18 0.(103 0.017 

12 CH~O Ct 0.016 0.004 0.0dl 
13 CI CN (1,01 ~: 0.(X15 I).1147 
14 CH~ NO: - -  - -  0.006 
15 CH,O COOCH,  - -  - -  0.027 
! 6 Br COOCH, 0.028 0.(1(17 (I.!169 

17 CH, CN 0.009 -- -- 

18 CH ~ CI 0.020 - -  - -  

19 CH~O NH, - -  - -  0.082 
20 CI Nit :  - -  - -  0. '79 

set-up consisted ofa Ti-sapphire laser ( Spectra-Physics, Tsu- 
nami laser pumped by a 10 W Beamlok At-ion laser) which 
was operated in its picosecond lasing mtxte ( i ps pulses at 
82 MHz). The fundamental train of pulses was pulsed 
selected ( Spectra-Physics, model 39801 to reduce its repeti- 
tion rate down to typically 0.8.-4.0 MHz and then passed 
through a doubling LBO crystal. The laser was tuned between 
690 and 800 nm using the Spectra-Physics blue optics set, 
and the doubled frequency used for the excitation of the 
stilbenes was between 345 and 400  nm. The detection system 
consisted of a Hamamatsu 3809U 6p. multi-channel plate 
(MCP). The fluorescence light was focused onto the entrance 
slit of the MCP after passing through a ! /8  m double mono- 
chromator (CVI model CM 1121. The electronic processing 
of the signal was done by a combination of modular nim-bin 
units manufactured by Ortec, Tennelec and Phillips Scien- 
tific. The instrument function was typically 25 ps and was 
reduced to below 17 ps when 0.1 mm slits were put in front 
of the sample. The time resolution of the single photon count- 
ing sebup after data processing was below 3 ps in the 25 ns 
full-~ale range of the time-to-amplitude converter ( Tennelec 
824). Typical counting rates were kept below 5 kHz. The 
number of counts w~ts between 4k and ! Ok at the peak channel 
and the~ were collected by the Tennelec PCA3 Card. Further 
signal processing and data analysis was done by personal 
computers. 

The lifetimes of the first excited singlet state (~'f) in four 
solvents of different polarities (CH, CB, MEK, DMSO) are 
presented in Table 4. An example of the time-resolved fluo- 
rescence decay profile is shown in Fig. 2. 

Table 4 
Excited state lifetime of tra.s-4.4'-disubstituted stilbcnes in cyclohexane 
(CH).  chlorobenzene (CB).  2-butanone (MEK) and dimethyl.,,ulfoxide 
(DMSO) 

X Y o x - crv Fluorescence lifetime ~',, (ps) 

CH CB MEK DMSO 

I (CHO2N Br 1.06 168 315 206 225 

2 (CHO2N CN 1.49 75 251 330 900 
3 (CH.O,N NH., 0.17 1170 1075 585 1183 

4 (CH~):N CI 1.06 165 325 243 597 
5 ( CH.,I,N OCH, 0.56 447 609 444 870 
6 ICll,I_,N NO, 1.61 939 1830 126 - -  
"~ ( O t  ~),N CO(X:H ~ 1.28 14.1 298 549 1353 
8 CI NO, 0.55 - -  66 - -  - -  

@ 

9 CH,O NO, 1.05 - -  1253 560 1527 

10 CH~O CH~ 0.10 207 153 78 ! 17 

I I CH,O CN 0.93 20 24 15 45 
i 2 CH,O CI 0.50 69 49 32 64 
13 CI CN 0.43 60 59 38 75 
14 CH, NO, 0.95 . . . .  67 1005 
15 CH,O COOCH~ (I.72 48 - -  21 66 
16 Br CcMOCH~ 0.22 15 - -  61 108 

17 CH~ CN 0.83 I I I 30 - -  - -  
18 CH~ CI 0.40 22 68 -- -- 

19 CH,O NH, 0.39 51 - -  - -  99 
21) CI NH, 0.89 531 -- -- 207 
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Fig. 2. Time-resolved fluorescence decay profile of 4-methoxy-4'-cyano- 
stilbene in methylethyl ketone (concentration 8 p.M). The instrument func- 
tion ( solid line) is 20 ps, and the experimental data (dots) were fitted after 
convolution by r,,= 15 ps with X z =0.8.  
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2.2. Materials 

2.2. !. Reagents and solvents 
The following commercial solvents and reagents were 

used: methylcyclohexane (spectrophotometric grade, 
Merck), toluene, methanol, petroleum ether (40-60°). ace- 
tone, isoptopanol, 1,4-dioxane, ethanol, chloroform, ethyl 
acetate, dichloromethane (chemically pure, Frutarom, 
Israel), xylene ( spectrophotometric grade. Merck ~, 2- buta- 
none (spectrophotomettic grade, Aldrich), chlorobenzene 
(spectrophotometric grade, Merck), triphenylphosphine 
(Merck), LiOCH.a <i M solution in absolute methanol, 
Aldrich ), carbon tetrachloride (analytical, Frutarom, Israel 1, 
benzoyl peroxide ( Aldrich j, N-bromosuccinimide (Merck), 
4-nitrobenzaldehyde, 4-methoxybenzaldehyde (4-anisalde- 
hyde), 4-cidorobenzaldehyde. 4-dimethylaminobenzalde- 
hyde, 4-tolualdehyde, 4-bromobenzyl bromide, 
4-methoxybenzyl chloride, 4-toluonitrile, 4-,aitrotoluene 
(Aldrich). 

2. 2.2. Symhesis of stiibene derivatives 
The following substituted stiibenes were prepared by the 

procedure outlined elsewhere [ 17 I: trans-4-dimethylamino- 
4'-nitrostilbene, tran.s-4-dimethylamino-4'-chlorostilbene, 
trans-4-dimethylamino-4'-amtnostiibene ~H NMR spectra 
were taken at 298 K on a 500 MHz Bruker Fourier transform 
spectrometer, equipped with a DMX Avance system and Bru- 
ker UXNMR program with Me.sSi as the internal standard on 
10% w/v solutions in CDCI.~ or DMSO-d~. Melting points 
were determined on a Kofler melting apparatus and are uncor- 
rected. UV absorption spectra were recorded on a Hewlett- 
Packard UV-visible 200HP spectrophotometer. Preparative 
column chromatography gas perfornled with silica gel 60 
( Merck, 230-400 mesh AS'fM ). 

4-st:bstituted benzyl bromide.~. 4-cyanobenzyl bromide 
and 4-nitrobenzyl bromide were prepared from the corre- 
sponding 4-substituted toluenes by bronfination with N-bro- 
musuccinimide in dry carbon tetrachloride in the presence of 
benzoyl peroxide [ 161. Methyl a-bromo-4-toluate was pre- 
pared by a modified method of Fuson and Cooke [ 231. 

Preparation of triphenylphosphonium salts. The required 
triphenylphosphonium salt was prepared from the corre- 
sponding 4-substituted benzyl bromide and triphenylphos- 
phine in toluene 116]. in short, 10 mmol of benzyl halide 
and i 2 mmol of triphenylphosphine were dissolved in 50 ml 
of toluene, and the reaction mixture was heated at 80-90 °C 
for 6-7 h. The precipitated salt was collected and washed 
twice with acetone and petroleum ether and then dried in a 
vacuum oven at 140 °C overnight. All of the salts were puri- 
fied by recrystallization and yielded satisfactory melting 
points compared with the literature values [ 161.4-(carbum- 
ethoxybenzyi)triphenylphosphonium bromide and 4-(bro- 
mobenzyl) triphenylphosphonium bromide were subjected to 
elemental and ~H NMR analyses which proved theirchemical 
purity and structural identity. 

Preparation of substituted stilbenes. 10 mmol of the cor- 
responding triphenylphosphonium .salt and ! 1 mmol of the 
4-substituted benzaldehyde were dissolved in 9..5 ml of 
absolute methanol. 25 ml of 0.4 M lithium methoxide solution 
in absolute methanol was added, and the reaction mixture was 
stirred intensively at room temperature for i(m15 rain. The 
resulting solution was left to stand overnight at room tem- 
perature to provide the precipitation of the product. The pre- 
cipitated crystals of the trans-isomer were collected and 
recrystallized (Table 1). The mother liquor containing 
mostly the c/s-isomer was concentrated in a vacuum rotary 
evaporator, and the precipitated crystals of the cis-isomer 
were collected and treated with the iodine .solution in xyler~e 
to promote the cis to trans back i~merization and formation 
of the required trans-isomer [ 16]. All these compounds were 
purified r'v column chromatography on silica gel "and recrys- 
tailization. The stluctures were confirmed by ~I-I NMR and 
mass spectroscopy: melting points were in a good agreement 
with the literature values (Table i ). 

All of the new stilbenes, trans-'-bdimethylamino-4'-car- 
l~>methoxystilbene, trans-4-carbomethoxy-4'-bromosfil- 
bene and trans-4-carbomethoxy-4'-methoxystilben¢, were 
subjected to elemental and ~H NMR analyses, and mass 
spectroscopy. 

Trans-4.dimethylamino-4"-carbomethoxystiibene. tH 
NMR (CDCI.~): ~ 3.00 (s, 6H Me_,N); 6 3.91 (s, 3H 
MeOOC): CH=CH AB pattern 66.92 (d, vinyl IH), 87.16 
(d, vinyl IH); 4-Me_,N-Ar AA'XX' pattern 6 6.71 (d, 2H: 
H3. H51, 6 7.43 (d, 2H: H2 H6); 4-MeOOC-Ar AA'XX' 
pattern 6 7.51 (d. 2H: H2' H6' 1, 8 7.98 (d, 2H: HY, H5'),  
Analysis found: C, 77.12; H. 6.89: N, 4.9i. C~H~,~NO,_ cal- 
culated: C. 76.84: H, 6.81; N, 4.98. 

Trans-4-carbomethoxy-4'-bromostilbene. ~H NMR 
(CDCid:  6 3.91 (s. 3H, MeOOC); CH=CH AB pattern 8 
6.60 (d, vinyl IH), 6 7.09 (d, vinyl IH)" 4-Br-Ar AA'BB' 
pattern 6 7.35 (d, 2H: H3, H5 ~, 8 7.'40 (d, 2H: H2, I-t6); 4- 
MeOOC-Ar AA'XX' pattern 8 7.54 (d, 2H: H2', H6't ,  8 
7.97 (d, 2H: H3'. H5'). Analysis found: C, 60.28; H. 4.19; 
Br, 25/44. C,,Hj~BrO_, calculated: C, 60.'~9; H, 4.13; Br, 
25.19. 

Trans-4-carbomethoxy-4'-methoxystilbene. ~H NMR 
(CDC131:8 3.85 (s, 3H, MeO); 8 3,91 (s, 3H, MeOOC); 
CH~CH AB pattern 8 7.00 (d, vinyl IH), ~ 7.18 (d, vinyl 
IH): 4-MeO-Ar AA'XX' pattern 66,87 (2, 2H: H3, H5), 8 
7.46 (d, 2H: H2, H6); 4-MeOOC-Ar AA'XX' pattern di7.54 
( d, 2H: H2', H6' ), 6 8.0 ! (d, 2H: H3', H5' 1. Analysis found: 
C, 75.82; H, 6.36. C~7H~70; calculated: C, 75.49: H, 6.40. 
Mass spectroscopy: 269 M ~ 100%, 238 [M*-OCH.d 10%. 

3. Results and discussion 

in this study we have measured the fluorescence lifetime 
r. and quantum yield @f of various trans-stilbene derivatives. 
Generally speaking, the ef may be expressed as 

"rt.=(kr+k.,+kt .... )-~ (1) 
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where k, and k,, r are the radiative and non-radiative decay rate 
constants respectively and k, .,. is the trans-<'is photoisomer- 
ization rate constant. 

in most cases studied k, .,. >> k~ and k, .,.>>k,~. so to a 
good approximation r, "- ( k, .,: ) ~. and 

~ , = k ~ l ( k ,  +k, , ,  + k , ~  )~-k, /k,_.~ ( 2 )  

So. both "r, and ~t are mainly determined by the tran~-ci.~ 

photoisometizatton rate. 
A commonly accepted model for tra;ts-cis isomerization 

of stilbene assumes a one-dimensional reaction coordinate 0. 
which is the torsion (twist) ;ingle about the olefinic double 
bond !2-5.121 (Fig. I) The transition state allowed for the 
trans-c'is isomerization in the excited singlet state is expected 
to be polarizable and involve zwitterionic structures which 
lower the barrier to the torsional motion, facilitating the isom- 
erization reaction. 

The charge separation associated with this reaction may be 
stabilized intramolecularly by polar 4,4'-substituents on the 
aromatic tings of stilbenes, or externally by polar solvents. 
The former is a Hammett-like mechanism, while the latter 
involves media-stabilizing effects on the transition state. 
Assuming the dielectric response of the solvent i'~ fast com- 
pared with the twisting motion, both effects may be described 
quantitati',ely in terms of free-energy relationships. There- 
fore. sol~,ent polarity affects the excited energy level of the 

twisted Jp..r. intermediate (TSi) by stabilizing its separated 
charges and consequently lowers the intrinsic barrier to 
't* ~ 'p* ;or~ional distorlion. 

For trans-4,4'-disubsti tuted stilbenes without strong 
donor-acceptor substituents one expects k t . c to increase with 
solvent polarity and with the ability of the 4.4'-substituents 
to stabilize the charge separation in the excited state. A good 
measure for the substituent effect is the difference between 
the Hammett o-values of the 4,4'-substituents. In such cases 
the energy of the more polar 'phantom' state, ~p*, is lowered 
in comparison with the energy of the trans-singlet state, ~t*. 
so the activation free energy for the trans-ci.g photoisomeri- 
zation is reduced and k t ~¢ increases. 

In contrast, strong donor-aeceptor substituents are able to 
stabilize the ~t* compared with the tp. state, so the activation 
energy increases and the isomerization rate decreases (Fig. 
3 ). A ~p* state of low polarity is in fact predicted by quantum- 
chemical calculations for strong donor-acceptor stilbenes. 
whereas lbr non-poiar stilbenes a very highly polar tp, state 
is expected 124,251. This switching from high to low polarity 
of the ~p* state is the result of the biradicaloid nature of this 
state, which undergoes 'sudden polarization" [261. 

Figs. 4 and 5 demonstrate the linear dependence of log( 1 / 
rj ) and Iogq~j on ( ~rx - ~rv ). where X and Y denote the two 
para-substituents at the opposite 4 and 4'-phenyi ring posi- 
tions. Inspection of Figs. 4 and 5 shows that apart from stil- 
bene derivatives which include the strong donor 
dimethylamino substituent at one of the paru-positions, all 

it" (Group I) 

it" (Group II] 

zt" (Group III) 

t 
I 'P" 

$ ~ (ix~|~ sutvcnt or 
polar sub.~itucnts) 

I I : 

(~ ~ '  

0 
Fig. 3. Schcmalic repn:.~ntation ~Jf p()tenlial energy curves uf th," excited single[ slate ~t* ( lefl ) and excited singlet tv,'i~tcd state ~p* (right) fi'~r the different 
groups of trun.~-4.4'.di.~tributcd stilbcne.~ in different pol~" .~ulvents. 
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~d) dimcthylsu l f i~xide  

! - (CH3)2N,Bt  6 - {CH3)2N.NO ~ 1 1 - CHaO, C~ ~ 6 - B r ,COOCH 3 

2 - (CH3)2N.CN 7 - ( C H 3 ) 2 N . ~ . H 3  1 2 - CH jO.Cl 17 - C'Hz.CN 

3 - (CH3)2N.NH2 8 - CI.NO2 1 3 - CI.CN 18 - CH3.CI 

4 - (CH-a)2N,Cl 9 - CH30 ,NOz 14 - CHa.NO 2 19 - CH30 .NH 2 

5 - (GH3)2N.OCH3 10 - CH30.CH 3 I 5 o CH30,COOCH 3 20 - CI .NH 2 

Fig. 4. Plot of  the lluorcscence decay rate of the tt* slate ,,-~,. Hammett o'-constant difference [ ~r x - ~r~ ) for trans-4,-!'-disubstituted stilbenes. The tour 
experimental  series  are ! a) in CH. ( b I in CB. (c)  in MEK. and (d)  in DMSO. Concentration of the samples wa.,. 8 p.M. ( er\ - o-y I was calculated .'-¢ the 

difference between the c~r-ctmstants of the IV,'t) 4.4'-positioned substiluents ( X and Y ) taking in account their relative sign. The group ! stilbenes are designatcxl 
by open squares, and Ihe group II stilbenes by d~ts. The 4-nitn)-deri~atives deviating from the linear dependence  are designated by open circles. Lifetime (~',) 
ix given in nanoseconds (ns). 

other substituted stilbenes follow the same trends of 
reactivity. 

Moving from the less polar solvents to the polar solvents, 
the photoisomerization rate increases with the polarity of the 
solvent, and the slope of the linear dependence (p-value) 
between ( o" x - o" v ) and log( !/rr) decreases. This shows that 
solvent polarity le,,els off the intramolecular effect of polar 
substituents. When one of the two substituents is the 

( CH~ )_~N group, the photoisomerization rate decreases con- 
siderably but usually follows the general trends described 
above with a smaller p-value. 

The situation may be summarized with the aid of Fig. 6. 
as  l o l l o w s .  

Group i stilbenes ( trans-4,4'-disubstituted stiibenes with- 
out strong donor-acceptor substituents) have the charges sep- 
arated and localized around the zwitterion in the excited 
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(a)  chhlrohcnzcn¢ 
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"" ~ p=-1.43 

14 5 7 [ 

().n 

• 1;.2 p - - -  (I.86. " 

-I .0 
O.l| 0.(~ I 2 

O x - O y  

(C) d i m e t h y l s u l f o x i d e  

1 - (CH3)zN,Br 6 - (CH3)2N.NO-~ 1 1 - CH30,CN 1 6 - Br,COOCH 3 

2 - (CH3)~N.CN 7 - ( C H 3 ) ~ N . ~ H  3 1 2 - CH:~O.Cl t7  - CH-~.CN 

3 - (CH3)2N.NHz 8 - CI, NO 2 1 3 - CI.CN 18 - CH3,CI 

4 - (CH3);tN.Cl 9 -  CH30.NO z 14 - eliza,NO z 19 - CH30.NI-;;t 

5 - (CHz)2N.OC, H3 10 - CH30.CH3 1 5 - CH30.OOOCH 3 20 - CI,NH 2 

Fig. 5. Plot  o f  the fluorc~,t:cnc¢ q u a n t u m  y ie ld  v~,. H a m m c l t  o'-con.,itant di f l 'crcncc ( or:,, - a'~ ) for  trans-4.4'-di.,,ubMitut..'d ~li lbencs. T h e  three exper imenta l  ~cries 
arc  ( a )  in CB.  ( b ) in M E K  "and ( c ) in D M S O .  Concent ra t ion  o f  the .,,umplcs wu.~ 8 p.M. ( (rx - cry. ) wit.,, calculated it,, the d i f ference b e t w e e n  the tr-con~tants 

o f  the t w o  4 .4 ' -po. , . i t ioncd sub~t i tucm~ ( X and Y ) t ak ing  in account  the i r  re la t ive .,,ign. T h e  group  I ~,tilbcnc.,, arc dc.', ignalcd b~, open ,,quart.,,, and the g roup  I1 

st i lbenes by dots. T h e  4-ni t ro-der ivat ive. , ,  dcv ia l ing  f r o m  Ihc l inear  d e p e n d e n c e  arc  des ignated by open ¢irclc~. Quan tum yields, (.Ii~) arc g iven  in per  cent.  

singlet 't* state. These separated charges are expected to be 
considerably localized in the 't* state and, therefore, undergo 
the fast q* --* tp, reaction with a high rate constant, 1/1"... For 
such stiibenes, both polar substituents and polar solvents are 
expected to stabilize the twisted intermediate ~p* compared 
with the less polar 't* state. So, an increase in the iso- 
merization rate is expected and indeed observed for both 
C~LqeS. 

The Hammett-like correlation is excellent in all investi- 
gated solvents. In this case, with decreasing p-values as the 
polarity of the solvent increases, both quantum yield and 

lifetime measurements have similar substituent dependence. 
indicating a similaa" isomerization mechanism along the 
group. This means that in the case of non-polar or slightly 
polar stilbenes without strong donor-acceptor substituents, 
the primary effect of solvent polarity will be on the transition- 
state energy, and a singlet trans-cis photoisomerization path- 
way similar to that occurring with the parent stilbene 
molecule may be assumed. This may imply that the twisted 
intermediate 'p* needs to assume a specific structure about 
the twisted double bond regardless of the chemical nature of 
the substituents. 
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® 
O,,,-H 0 

1 t "  ((iroup I) : X ~- OCH~, CHa, C1, Br 

Y -- (q-l~, CI, CN. CO@CIIa 

. , ° "  * 
I t "  (Gr,mp It) : X = (('H.~)zN 

Y = (K'H.~, Ntis.  CI, Br 

H3e,,~ / = k  ~,.H , .  
/ N ' ~  )==~':~ N / ' ~ X  ® t ((irtmp III) : X ~- (('[i~t)2N 

H3C ~ = /  ('~) ~ Y Y = ON, c(x)(_q-I.~ 

Fig. 6. Classification of trans-4.4"-disubstituted ~,tilbem.~. according to the substituent effect on the excited singlet it* state. 

Group H stiibenes have the strong donor substituent 
( CI-I~ )_,N in the para-position on the aromatic ring. They are 
characterized by a large red shift in both the absorption and 
the fluorescence spectra of the trans-stilbenes. The (CH~).,N 
group participates in charge delocalization in the 't*-state, 
thus stabilizing it in comparison with the 'p*-state. This 
causes an increase in the ~t* --* 'p* activation energy and a 
drop in the transition rate with a low rate constant, !/z,. 

Polar para-substituents on the second ring cause similar 
electronic-inductive effects as in the case of the first group 
stilbenes, but these effects are of smaller amplitudes (smaller 
p-value means less sensiiivity of the transition state to .';ub- 
stituent effects). This means that the stabilizing effect of the 
(CH.~) ~N group on the ~t* state is more pronounced than the 
polar stabilization of the Jp* state. 

As can he seen in Figs. 4 and 5, a change of solvent affects 
the two stilbene families by an almost identical amount. Com- 
parison between quantum yield and lifetime measurements 
of the second stilbene group indicates that, contrary to group 
!, the quantum yields in group !1 are much more sensitive 
( larger p-value) to substitution than the lifetimes. This means 
that substitution must also affect the non-radiative and the 
radiative channels of group II stilbenes. Therefore, in group 
ii the trans-~'is photoisomerization mechanism is more com- 
plex than that assumed for group I and includes a combination 
of singlet, triplet and intramolecular charge transfer pathways 
and is dependent on the specific nature of the part:- 
substituent. 

For example, 4-dimethylamino-4'-bromostilbene deviates 
from the linear Hammett plot of both the fluorescence lifetime 
and quantum yield in the relative polar MEK and DMSO 
solvents, in this case, the non-radiative decay pathway which 
takes over [6,81 is responsible for this deviation. 

The two following stilbenes with strong donor-acceptor 
pairs of substituents ( D - (CH~) 2N, A - CN, COOCH~), so 
called 'push-pulr stilbenes, trans-4-dimethylamino-4'- 
cyanostilbene (DACS) and a new trans-4-dimethylamino- 
4'-carbomethoxystilbene (DACMS), deviate from the linear 
dependence of log( 1/l"r) and logO, on the Hammett o-con- 

stants only in polar media and may be considered separately 
(conveniently designated as 'group III', although these mol- 
ecules do not necessarily conform to the same trans--cis pho.. 
toisomerization pathway). These derivatives exhibit very 
large red shifts, compared with groups I and II and fall below 
the linear Hammett plot. The formation of a twisted intra- 
molecular charge transfer (TICT) structure in the excited 
singlet state may be responsible for this behavior [27-30]. 

The presence of two time-resolved emission bands ( from 
the 't* and TICT states respectively) was reported for DACS 
where the existence of a TICT state was assumed [30,241. 
We have also observed two emissive bands in DACS and 
DACMS dissolved in MEK and DMSO using high-resolution 
picosecond time-resolved measurements. This supports but 
does not prove the existence of a TICT state in DACS and 
DACMS. A subsequent publication will be devoted to this 
phenomenon. 

The deviation of the 4-nitro-substituted stilbenes from the 
linear Hammett-like behavior is more complex and is attrib- 
uted to a specific interaction of the nitro-group which 
quenches the charge-transfer state emission, in these cases a 
non-emissive TICT state was assumed [ 25,26]. 

4. Conclusion 

in this study we show that the effect of 4,4'-substitutions 
on the isomerization reaction of trans-slilbenes may be cor- 
related by their corresponding Hammett o-values. 

Donor-acceptor pairs of 4,4'-substituents usually increase 
the rate of the ~t* ---, 'p* transition owing to the stabilization 
of the more polar ~p* state. Solvent polarity affects this tran- 
sition in a similar way, so the rate of the trans--cis isomeri- 
zation reaction is increased by both polar solvents and polar 
substituents. A second group of substituents tends to partic- 
ipate in charge delocalization in the ~t* state. This electronic 
resonance interaction in the it* state destabilizes the transition 
to the 'p* state and retards the isomerization reaction. Our 
study also supports the existence of a third group of substit- 
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uents which cause the formation of an additional charge trans- 
fer state appearing below the tt* state. The transition from 
this state to the ~p* state is much slower than the transition 
from the ~t* state. The charge transfer state becomes impor- 
tant in cases of  strong donor-aeceptor interactions and man- 
ifests itself by a large red shift in both the absorption and the 
emission spectra. It also causes large deviations from the 
linear Hammett plots. These two effects may help in identi- 
fying the appearance of a new emitting state which compli- 
cates the photophysical behavior of substituted t rans-  

stilbenes. 
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