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Abstract 

The photophysical and photochemical deactivation behaviour of the homologous series of streptopolymethines 1,3-bis(dimethylamino)- 
tri-, -penta-, -hepta- and -nonamethine has been investigated and is discussed on the basis of an energy scheme. The deactivation of the Sl- 
states occurs by fluorescence and thermally activated photochemistry (E-Z isomerization). With the exception of the trimethine the fluores- 
cence dominates at low temperature. The ab initio calculated potential curves of the S~ states indicate an increase in the rotation barrier with 
increasing length of the molecule. In the case of the nonamethine a multiple E-Z isomerization is discussed. 
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1. Introduction 

Polymethine dyes are functional colorants par excellence; 
they are used as silver halide sensitizers [ 1 ] in photography, 
as laser dyes [2] and as potential components of data storage 
media [3] and of non-linear optical materials [4]. Within a 
single vinylogous series such as the "pure"  open-chained 
polymethines (streptopolymethines la--4a, Scheme 1) the 
absorption wavelength changes over a wide range [ 5 ]. 

The wavelength of fluorescence of polymethine dyes also 
varies strongly in vinylogous series. In contrast with the 
wavelength dependence, the fluorescence intensity may be 
strong, very weak or absent [6], but without an understand- 
able correlation to the molecular structure. The quantum 
yields of fluorescence and the fluorescence lifetimes differ 
extremely between comparable dyes of vinylogous series 
(polymethine dyes with different heterocyclic end groups 
and/or different substitution pattern) and, within a vinylo- 
gous series, between members of different chain length [ 7]. 
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Scheme 1. 
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Additionally, most of the few investigated quantum yields 
depend on temperature, viscosity and polarity of the solvent. 
These are the reasons why a comparison is so difficult. 

The fluorescence kinetic properties are strongly influenced 
by radiationless deactivation processes, especially internal 
conversion and photoisomerization. Intersystem crossing is 
generally a less efficient deactivation path of polymethine 
dyes [ 8] provided that heavy atoms are absent and the triplet 
state is of minor importance for the photochemistry (see Fig. 
1 below). The Z isomers are unstable at room temperature; 
their lifetimes are limited to nanoseconds or microseconds. 
In no case could a detailed structure be proved experimentally 
[9-11 ]. The results of experimental and theoretical investi- 
gations of the photoisomerization are often contradictory; no 
general theory of the mechanism of photoisomerization exists 
for the interpretation of the dependence of the fluorescence 
and/or photoisomerization rate on the molecular structure. 
Adiabatic and diabatic models and the participation of TICT 
states have been discussed [7,12]. 

In this paper the photophysical and photochemical deac- 
tivation behaviour of the streptopolymethines la--4a ( la ,  
n = l ,  1,3-bis(dimethylamino)trimethine; 2a, n=2 ,  1,5- 
bis(dimethylamino)pentamethine; 3a, n = 3, 1,7-bis(di- 
methylamino) heptamethine; 4a, n = 4, 1,9-bis(dimethyl- 
amino) nonamethine) is discussed on the basis of a proposed 
energy scheme. These compounds possess substituents of 
small size and of negligible electronic effects. The absorption 
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and emission spectra are characterized by only one band and, 
in contrast with the end groups of other polymethines, the 
methyl groups do not contribute qualitatively to the UV- 
visible spectra in the long wavelength region. 

It is generally accepted that the different deactivation 
behaviour of streptopolymethines corresponds with their 
rotation barriers in ground and excited states. To estimate 
these rotation barriers, the structures of compounds la--4a 
were optimized by an ab initio calculation at the HF/3-21G* 
level for the first time. 

2. Experimental details 

2.1. Synthesis 

Dyes la -3a  were prepared by known methods [ 13 ]. The 
perchlorates were used for the investigations. In ethanolic 
solutions (c = 10- 3_ 10- 6 mol 1 - l ) the salts are completely 
dissociated [ 14]. 

Dye 4a was synthesized by a Vilsmeier reaction [ 13 ] start- 
ing with 0.1 mol octatrienal, prepared from 0.15 mol crotonic 
aldehyde and purified by vacuum distillation and multiple 
recrystallization of the sodium bisulphite adduct, and 0.15 
mol of the Vilsmeier reagent (dimethylformamide-POCl3). 
The obtained dimethylamino-nonatetraenal was isolated and 
dissolved in ethanol. An aqueous solution of dimethylamine 
(25%) was added to adjust the pH to 7.5. Subsequently the 
solution was acidified immediately with perchloric acid (1%) 
to pH 6. Compound 4a was purified by column chromatog- 
raphy (silica gel, 1:1 methanol--ethanol) and recrystallization 
from dichloromethane; m.p. 106 °C (dec.). Yield of spectro- 
scopically pure material, 1%. aH NMR (d6-DMSO) 6:3.11 
(s, 12H, CH3), 5.85 (dd, J 11.7 Hz, 2H, 2,8-H), 6.18 (dd, J 
11.7 Hz, 2H, 4,6-H), 7.15 ( t , J  11.7 Hz, 1H, 5-H), 7.21 (dd, 
J 11.7 Hz, 2H, 3,7-H), 7.58 (dd, J 11.7 Hz, 2H, 1,9-H). ~3C 
NMR (d6-DMSO) 6:39.6 (CH3), 106.5 (C-2,8), 120.5 (C- 
4,6), 155.5 (C-5), 156.5 (C-3,7), 159.6 (C-1,9). UV-visi- 
ble (ethanol) Aab~max'. 614 nm (lg ~ 5.36). 

2.2. Instrumentation and spectroscopy 

The UV-visible spectra were recorded on a U-3410 (Hita- 
chi) spectrophotometer. For recording the fluorescence spec- 
tra, an MPF-2A (Hitachi-Perkin-Elmer) fluorescence 
spectrophotometer was used. The temperature was varied in 
the range 77-350 K using a cryostat. The NMR spectra were 
recorded on a Bruker AM 400 spectrometer. The degree of 
substitution of the carbon atoms was determined by DEPT 
135 ° experiments. 

The absolute fluorescence quantum yields ~of were deter- 
mined at 298 K by the relative method [ 15] using various 
standards (2a, anthracene, ~pf=0.27; 3a, IC 580, ~pf=0.94; 
4a, cresyl violet, ~pf= 0.54). Taking into account the change 
in refractive index and concentration, the temperature- 

dependent quantum yields were referred to these values thf 
(298 K) [16]. 

The determination of the fluorescence decay times ~-f is 
described in Ref. [ 17]. For all linear plots (Arrhenius), least- 
squares adjustments were carried out. 

2.3. Quantum chemical calculations 

The rotation barriers were estimated by the rigid rotor 
approximation. In each case the double bond beside the sym- 
metry centre was chosen. Points of the rotation curve were 
calculated from 0 ° to 90 ° in steps of 15 °. The curves of excited 
streptopolymethines were ascertained by a CIS calculation at 
the 3-21G* level [ 18] and CI symmetry of the cations was 
used. 

The optimization of Z isomers (2b, 2c, 3b--3d; see Table 
2 below) was carried out at the HF/3-21G* level; the energy 
values were determined by MP2/6-31G* single-point 
calculations. 

All structures were pre-optimized by semiempirical meth- 
ods (PM3). All ab initio calculations were done with the 
GAUSSIAN 92 programme package [ 19]. 

3. Results 

The streptopolymethines la--4a show only one very strong 
absorption band in the UV-visible range (Fig. 1). The band 
maxima are described by a typical Koenig equation (Table 
1, footnote a). The fluorescence band position (2a--4a) fol- 
lows a Koenig equation too (Table 1, footnote b). The fluo- 
rescence of la  could not be detected, so the quantum yield 
must be lower than 10 -4. There is only a small influence of 
the solvent on the absorption and fluorescence maxima 
caused by dispersion interactions [5b]. 

The fluorescence quantum yields display a remarkable 
dependence on the temperature (Fig. 2) and it was shown 
that the respective values reach unity at low temperature (in 
all cases ~pf (77 K) = 1, apart from the non-fluorescent la) .  

E (l/mol cm) 

200 000 

100 000 

4a 

200 400 600 

Fig. 1. UV-visible spectra of la--4a in ethanol. 
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fable 1 
t)ata of photophysical and photochemical deactivation ( solvent ethanol) 

55 

la  2a 3a 4a 

~=b,'~ (nm)  ~ 310.5 411 512 614 
~,~' (nm)  b 365 440 543 656 

.X P ( c m -  ~) 4809 1604 I 115 1043 

.zt (298 K) < 10 - 4 0.0028 5:0.0004 0.020 5:0.005 0.13 5:0.02 

.~f (77 K) <<0.01 = 1 = 1 = 1 
-r (298 K) (ps)  ~ 10 36 320 
;:f (298 K) (s -1)  ~ 2.8X 108 5.6Y 108 4.1X 108 

!~A* (kJ mol -~) ¢ 10.55:1 15+2  ~ 75:2 
.~1¢ = (S--I )  C 7 X  1012 1 1 X  1012 5 X  10 I° 

~-Z isomerization d One isomer One isomer One isomer ~ Isomers between 77 and 298 K 
X~b~ = 340 nm A~b,~ = 444 nm A~b~ = 542 nm not observed 

h=~ = (210 + n X 100.5 ) nm; 1,11-bis (dimethylamino) undecamethine, 716 nm. 
)~=x = (222 + n X 108 ) n m ;  without l a  c. 
Fluorescence intensity too low. 
160K. 
2,3-Mono-cis (3b)  [7],  3,4-mono-cis (3c) [8].  

According to the equation 

in(~0f - 1 -  1) =In( k ~ ] -  E A *  ( l )  
\ kr ) RT 

the Arrhenius plots of In(~0f - I -  I) vs. T - '  show straight 
lines (Fig. 2). The resulting values Of EA* and kd + are listed 
in Table I. 

At room temperature the decay times of the fluorescence 
are in the picosecond range. The lifetimes increase with 
decreasing temperature. The rate constant of fluorescence, kf, 
was calculated from 

'~t - =  ~tgf"/'f-- 1 (2) 

On irradiation of frozen ( 160 K) ethanolic solutions of la, 
2a and 3a, a photoreaction was observed characterized by the 
formation of a bathochromically absorbing isomer (shoulder 
in the UV-visible spectra, Table 1). Subsequent warming 
restores the spectra of the non-photolysed compounds. The 
behaviour of the irradiation spectra indicates the formation 
of the corresponding Z isomers. Below 156 K (solid ethanolic 
matrix) no E-Z isomerization was observed. In the case of 
4a no isomerization could be detected within the investigated 
temperature range. 

4. Discussion 
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Fig. 2. (a) Temperature-dependent fluorescence quantum yield and (b)  
Arrhenius plot of 3a in ethanol. 

The results of the photophysical investigations show that 
at room temperature the deactivation of the singlet excited 
state of la--4a occurs by fluorescence and radiationless tran- 
sitions, including photochemistry (E-Z isomerization) and 
internal conversion (IC). The dependence of the fluorescence 
quantum yield on the temperature is a result of the competi- 
tion between the fluorescence and the thermally activated IC 
process/isomerization. Apart from the fluorescence, no other 
temperature-independent deactivation process exists. No 
indication of the participation of triplet states was observed. 

The mechanism of deactivation can be explained by the 
model of a thermally activated non-adiabatic photoreaction 
[20]. The potential energy diagram for the lowest electronic 
states of the investigated streptopolymethines shows the 
dependence of their energy on the angle of rotation on one 
C--C bond (Fig. 3). After absorption of a photon the singlet 
excited polymethine reaches, by twisting, the biradicaloid 
minimum (orthogonal geometry) on the hypersurface of $1. 
Aside from la, the transition from the excited $1 Franck- 
Condon state to the 90°-twisted state (ka * ) requires an acti- 
vation energy (EA*). At low temperature the fluorescence 
dominates; at room temperature the thermally activated 
change in the molecular structure is the main pathway of 
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Fig. 3. Schematic energy curves and deactivation process. 
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Fig. 4. Twisting energy of excited la--4a: - - ,  la; - -  -, 2a; . . . . .  ,3a; 
. . . . .  ,4a, 

deactivation. Since singlet-singlet transitions are allowed, the 
perpendicularly twisted $1 state can return efficiently to the 
hypersurface of  the So state, forming E and Z isomers. At 
room temperature the Z isomers are unstable and isomerize 
to the corresponding E isomers because of the low activation 
barriers EA. At low temperature the Z isomers are stable and 
experimentally detectable (Table 1) provided that the cooled 
solution is liquid. In a frozen solid matrix, isomerization does 
not occur. 

To understand the differences between the deactivation 
parameters of  the streptopolymethines la--4a, the specific 
curves of  the So and $1 states are calculated using an ab initio 
method. The potential curves of  excited la--4a (energy 
curves of  S~), shown in Fig. 4, indicate an increase in the 
rotation barrier with increasing length of  the molecules. AE 

and AE* describe the energy of  the twisted state in relation 
to the planar So and SI (ct = 0 °) states respectively. In the 
case of  excited l a  the ab initio calculations demonstrate no 
activation barrier, in contrast with the longer vinylogous cat- 
ions. This result corresponds well with experimental obser- 
vation. Obviously l a  relaxes very fast to the twisted state. 
There is no deactivation by fluorescence within the temper- 
ature range from 77 to 298 K. Just like in the case of la,  the 
calculated energy curves of 2a and 3a agree well with the 
experimental data. However, the activation energy EA* of  4a 
is lower than the experimentally determined value. For the 
ab initio calculation of EA* (Fig. 4) the torsion of  only one 
C--C bond was considered. Especially in the case of  the long- 
est vinylogous cation 4a the activation energy of  rotation of 
the different bonds will be very similar and a multiple E -Z  
isomerization [21] is probable. In this case at single excita- 
tion the simultaneous change in more than one twisting angle 
results in an energetically lower saddle point on the energy 
surface compared with the transition state of  the energy curve 
shown in Fig. 4. The ab initio activation barriers of  the ground 
states (EA) show no significant dependence on the chain 
length (Fig. 5). 

On low temperature photochemistry of  the E isomers the 
formation of Z isomers was observed with the exception of 
4a. A discussion of the structure of  these Z isomers is impos- 
sible on the basis of  the experimental data. The reported 
analytical results [ 5a,9,10] are inconsistent. The calculation 
of the relative ab initio ground state energy of  the possible Z 
isomers shows that different mono-Z isomers of  very similar 
energy exist in the cases of  the longer cations 3a (presented 
in Table 2) and 4a.  The description of a thermodynamically 
favoured Z isomer is only possible for 2b: 2,3-cis. 

On irradiation of  4a down to 160 K, Z isomers were not 
observed. For the explanation of this finding, two points are 
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"able 2 
Relative ab initio energies of 2a-2c and 3a-3d 

Formula Er~j (kcal mol l) 
(MP2/6-31G*) / 
(HF-6-31G*) 

!a r I 0 

\ 
]~b \ G N - -  3.96 

2c \ ~ . _ N / /  6.9 

\ 

:~a ~QN / / / / N / o 
I I 

\ 
N ~  

.___./ :?~b \ ~  / 3.2 

\ \ 

~ N ~  
67  

important: (i) the activation energy EA of 4a is too small for 
the generation of a detectable steady state concentration at 
T>~ 160 K; (ii) below 160 K the formation of Z isomers is 
hindered by the frozen solvent matrix. The reason for the 
small activation energy EA of 4a (ground state saddle point 
of low energy) is the multiple isomerization under the exis- 
tence of some twistable bonds as discussed for the excited 
state behaviour and described generally by Sundahl et al. 
[21]. 
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