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Abstract 

The photophysical properties of 4-alkyl- and 4-alkoxy-4'-cyanobiphenyls with different chain lengths were compared in the 
dilute solution phase and bulk phases (crystalline, liquid-crystalline and isotropic) with respect to Stokes shifts and decay 
times. In solution, highly polar states are formed with decay times around 1 ns and subnanosecond rise times indicative of 
a molecular rearrangement occurring prior to emission. In the bulk phase, the major proportion of the emission derives from 
an excimer-type state with a red-shifted spectrum and very long decay time (10-25 ns depending on temperature and chain 
length). Possible excimer conformations are discussed. An excimer with a twisted geometry (twisted intramolecular charge 
transfer (TICT) excimer) is excluded by comparison with a bridged biphenyl system (fluorene derivative). The same compound 
also demonstrates that excited state intramolecular relaxation towards a 90* twist angle is unlikely. In polar solvents, relaxation 
occurs towards an increased planarity in accordance with the Rapp model. This conclusion is discussed in relation to results 
from quantum chemical calculations. 
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1. Introduct ion  

Alkyl- and alkoxycyanobiphenyls (nCBs and nCOBs) 
with long chain lengths (n >/5) form liquid-crystalline 
phases, the photophysical propert ies of which have been 
reported [1-4]. It has been shown that long-lived ex- 
cimers (¢=5-22  ns [1-3] depending on system and 
temperature)  are formed, both in the mesophases and 
in the isotropic melt. In dilute solution, however, both 
groups of compounds exhibit only short fluorescence 
decay times (around 1 ns) [5], and possess (especially 
the alkoxy derivatives) very large Stokes shifts indicative 
of large excited state dipole moments  [6]. The question 
arises as to whether,  for monomeric  species in solution 
or for luminescent excimers in the bulk phase, twisted 
conformations are populated in the excited state; for 
the nCOBs, good donor  (alkoxyphenyl) and good ac- 
ceptor (benzonitrile) groups are linked by a flexible 
single bond and could, in principle, allow population 
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of  a twisted intramolecular charge transfer (TICT) state 
(for reviews, see Ref. [7]). T ICT state formation may 
also be possible in the excimer (excited dimer) if one 
of the moieties is in the TICT state and is stabilized 
by the other  moiety (self-solvated TICT state), as 
recently proposed to explain the long-lived, red- shifted 
fluorescence of aggregates of dimethylaminobenzonitrile 
derivatives [8]. 

We therefore undertook a comparative spectral and 
decay time study of various nCBs and nCOBs, including 
a bridged derivative unable to form twisted confor- 
mations. Even if T ICT state formation does not occur 
in the flexible donor-acceptor  biphenyls, angular excited 
state relaxation (well known for biphenyls [9]) would 
still be expected, namely from the ground state con- 
formation (twisted by about 30 ° ) to the excited state 
equilibrium with a much smaller twist angle. A careful 
spectral and decay time analysis should enable us to 
determine the different relaxation possibilities for the 
biphenyls and the corresponding fluorene derivatives. 

Finally, time-resolved spectra and global analysis are 
used to assess the possibility of the simultaneous ex- 
istence of  more than one excimer. 

1010-6030/95/$09.50 © 1995 Elsevier Science S.A. All rights reserved 
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2. Experimental details 

The biphenyls studied, together with their abbrevia- 
tions, are given in Fig. 1. 

The alkyl- and alkoxycyanobiphenyls were obtained 
from BDH (Knn and Mnn series) and used as received. 
4COB was shown to be free from impurities by high 
performance liquid chromatography (HPLC). 

2.1. Solution phase 

f~ = Eai .  , exp(-tlril ) J 

f2 = ~a i .  2 exp(-t/lrjl) 
J 

f3 = E o:j,3 exp(-t/lrjl) 
J 

f~= E o ~  exp(-t /Ird) 
J 

(1) 

The solvents used were of spectroscopic grade (Uva- 
sol) and were obtained from Merck. All solution samples 
(concentration, approximately 10 -5 M) were studied 
in 1 cm quartz cells and degassed by repeated 
freeze-pump-thaw cycles. 

The absorption spectra were recorded on an SLM 
Aminco DW 2000 UV spectrophotometer. Corrected 
fluorescence spectra were taken on a SPEX Fluorolog 
with excitation near the maximum of the long- wave- 
length absorption band. The fluorescence spectra were 
taken under thermostatically controlled conditions (us- 
ing the Mettler FP82 hot stage). 

Time-resolved measurements were obtained using 
single-photon- counting equipment with a synchronously 
pumped, cavity-dumped dye laser as excitation source 
[10]. 

A global iterative reweighted reconvolution program 
on the non-linear, least-squares algorithm of Marquardt 
[11] was used to estimate the unknown parameters aj 
and rj (in Eq. (1)). The entire decay profiles, including 
the rising edge, were analysed. Fluorescence decay 
curves at different wavelengths and time increments 
were analysed simultaneously according to Eq. (1), and 
the sample and reference decay time parameters (fluor- 
escence response function of the detection system, about 
80 ps full width at half maximum (FWHM)) were 
linked. The advantages of the global analysis method 
are the improved model testing capability and the 
accuracy, of the recovered parameters in comparison 
with single curve analysis [12]. 

N C ~ C n ]  12n* I nCB 11=1,9-12 

N C ~ O C  nH2n ~l nCOB n=l,a,t2 

N C ~ C 9 1 1 1 9  ,~CF 

Fig. 1. Compounds investigated. 

2.2. Bulk phase 

The decay times and time-resolved spectra of neat 
phases were measured at the Berlin synchrotron ra- 
diation facility (BESSY) in the single-bunch mode (4.8 
MHz, FWHM--500 ps) using single- photon-counting 
equipment [13]. The samples were measured through 
quartz plates with a layer thickness of about 20 mm 
in a thermostatically controlled, diagonally oriented cell 
holder. Time-resolved spectra were taken by setting an 
appropriate time window on the time-to-amplitude con- 
verter and recording the spectrum on a multichannel 
analyser in the multichannel scaling mode. 

Steady state, corrected fluorescence spectra were 
taken on a Perkin-Elmer 650-60 fluorometer. 

Quantum chemical calculations were carried out on 
a Convex C230 using the CNDO/S method [14]; 50 
singly excited configurations were used for configuration 
interaction (CI) [15]. In additional calculations, 45 
doubly excited states were found not to mix significantly 
with the singly excited states, with the lowest doubly 
excited state about 3 eV above the first singly excited 
state. 

3. Results and discussion 

Fig. 2 shows a comparison of the absorption and 
fluorescence spectra of 9COB in dilute solution and 
in crystalline, smectic and isotropic bulk phases. In 
solution, the spectra shift strongly to the red with 
increasing solvent polarity, but, in bulk phases, the 
spectral position corresponds in all cases to that of the 
strongly polar solvent. A small red shift is observed 
from the crystalline to the smectic phase, and a blue 
shift on further heating to the isotropic melt. The nCBs 
behave similarly. The intensity changes monitored at 
the blue or red edge of the spectra can be used to 
analyse the phase transitions, as shown previously [2--4]. 
Table 1 contains typical decay times measured in this 
work for bulk and solution phases and a comparison 
with literature data. In solution, all values are close 
to 1 ns. In bulk phases, long decay times of 10-25 ns 
prevail. 
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Fig. 2. Comparison of the absorption and fluorescence spectra of 
9COB in dilute solution and the emission spectra in neat phases. 

presses the typical behaviour of biphenyl derivatives, 
i.e. the blurring of the spectra at very low temperatures, 
and the occurrence of fluorescence rise times, both 
linked to the twisting relaxation of the phenyl rings 
towards planarity. 

Section 3.2 deals with the excited state dipole moments 
and compares the results with quantum chemical cal- 
culations. 

In section 3.3, the bulk phase properties of 9CB and 
9CF are more closely examined, and time-resolved 
spectra and global analysis of fluorescence decays are 
used to extract the decay- associated spectra of 9CF. 
The two red-shifted components possess a rise time 
equal to the decay time of the short-wavelength com- 
ponent, establishing a mother-daughter relationship. 

3.1. Twisting relaxation of biphenyls 

Table 1 
Main fluorescence decay times of different alkyl- and alkoxyeyano- 
biphenyls in neat phases (S, smectic A; N, nematic; I, isotropic, 
temperature dependent) and dilute solution at room temperature 
(if not stated otherwise, solutions are air saturated) 

Compound Environment ~- (main component) 
(T (°C)) (ns) 

1CB Ethanol 1.15 
7CB" N(35) 19.4 

1(45) 14.1 
8CB" N(36) 19.2 

I(46) 15.1 
9CB N(48) 12.0 

1(54) 10.0 
Hexane 1.23 
Ethanol 1.14 

10CB N(46) 17.6 
1(54) 13.7 

l lCB N(54) 11.6 
1(6o) 8.0 

12CB N(50) 19.2 
I(63) 8.2 

1COB Ethanol 1.50 
4COB b Hexane 1.07 

Methanol 1.56 
5COB N(79) 8.5 

I(S3) 7.5 
Hexane 0.92 
Ethanol 1.46 

"Taken from Ref. [2], degassed solutions. 
~I'aken from Ref. [5]. 

To assess whether the large solvent-induced red shifts 
in solution and the strongly red-shifted excimer spectra 
are due to intramolecular twisting (TICT state for- 
mation), the remainder of this paper concentrates on 
a pair of bridged/unbridged biphenyls, namely on the 
spectral and fluorescence decay differences between 
9CB and its planar fluorene derivative 9CF. 

In section 3.1, the solution phase properties are 
discussed, and it is shown that molecular rigidity sup- 

Fig. 3 shows the absorption and emission spectra of 
9CB and 9CF in an alkane solvent at room temperature. 
The absorption spectrum of 9CB is completely struc- 
tureless and blue-shifted with respect to that of 9CF. 
The fluorescence spectrum shows considerable struc- 
ture, although less than 9CF, sharing a more planar 
average conformation of 9CF in the ground state. For 
9CF, the usual mirror image between the fluorescence 
and absorption spectra is observed, whereas for 9CB 
the different spectral shapes point to a major geometrical 
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Fig. 3. Absorption and emission spectra of 9CB (a) and 9CF (b) in 
dilute n-hexane solutions. 
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rearrangement in the excited state. The more structured 
fluorescence of 9CB in comparison with the absorption 
band indicates a stiffening of the molecule in the excited 
state. The 0-0 emission of 9CF is situated at 315 nm, 
while that of 9CB is located at 305 nm, indicating a 
residual non-planarity in the relaxed excited state of 
9CB. 

Recently, a potential model has been put forward 
by Rapp and coworkers [9], accounting for the observed 
loss of vibrational structure of 9CB, and predicting an 
increase in the structure of the fluorescence band on 
cooling, and a loss of structure again below a certain 
temperature. This model is reproduced in Fig. 4. Due 
to the ground state steric hindrance to planarity, bi- 
phenyls are excited into twisted Franck-Condon (FC) 
conformations (q~4:0 °) of the $1 state. However, this 
state possesses a minimum for the planar conformation 
(q)=0°). For viscosities which are not too high, the 
intramolecular twisting relaxation towards planarity is 
rapid such that thermal equilibrium is obtained in the 
Sa state. For lower temperatures, the intramolecular 
rotational distribution function of the equilibrated $1 
state will narrow around ~ = 0  °, and therefore the 
spectra become more structured (energy spread AEr, 
see Fig. 4). If the temperature is lowered further, such 
that the relaxation from the FC conformation towards 
planarity is hindered or stopped, conformations with 
intermediate twist angles will also be able to emit, and 
the spectra will lose structure again (limiting energy 
spread Aer). 

This behaviour is also exhibited by the cyanobiphenyls 
studied here. Fig. 5 shows the spectra of 9CB at three 
different temperatures. A considerable gain in structure 
is observed on cooling to 183 K, but the structure is 
lost again by further cooling to 77 K. The spectra for 
4COB are nearly identical. This figure also shows that 
the corresponding rigid compound 9CF does not exhibit 
this behaviour. Increasing structure is observed down 
to 77 K. 

In their original paper, Rapp and coworkers [9] 
quantified the spectral structure by a structure factor 
SR, which becomes small when the structure of the 
spectrum is high and tends towards unity for a complete 
loss of structure, i.e. when vibronic bands are not 
separated by an intensity minimum. Here, we use a 
structure factor S which is defined as 

S = 1 - SR = 1 (2) 

In this way, S is largest when there is most structure. 
Ipl and Iv= are the intensities of the first and second 

vibrational peaks and Iv is the intensity of the valley 
in between. Fig. 6 displays the dependence of S on 
temperature for 9CF, 9CB and 4COB, which exhibits 
a behaviour very similar to 9CB. To obtain comparable 
data, corresponding peaks were chosen for P1 and P2. 
Thus, for 9CF, P2 was assigned to the third peak, distant 
from P] by about 1400 cm-1 and corresponding to P2 
of 9CB (compare Fig. 5, peak separation about 1300 
cm-1). The minimum Iv close to P1 was chosen for 
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Fig. 4. Twis t -angle-dependent  potential energy scheme for biphenyl 
and related compounds  (according to Ref. [9]). For explanation of  
A~, see text. 
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Fig. 6. Structure factors (S) as a function of temperature  derived 

from the emission spectra of (a) 4COB/hexane;  (b) 9CB/hexane; (c) 

9CF/hexane. 

9CF. As can be seen, the increased structure on cooling 
is reflected in higher S values for the three compounds, 
going from room temperature to 183 K. At 77 K, S 
becomes smaller again for 9CB and 4COB but even 
larger for 9CF. 

The relaxation towards planarity for the cyanobi- 
phenyls should also be visible in time-resolved exper- 
iments at room temperature and below, for sufficient 
time resolution of the detection equipment. The time 
resolution and precision can be increased by analysing 
several decay curves, taken under slightly different 
conditions, as channel time widths or emission wave- 
lengths simultaneously by the global analysis method 
[12]. This approach has been used previously for 4COB 
[5], where rise time components were detected. In Table 
2 the results obtained for 9CB and 9CF are compared. 

Table 2 
Rise and decay times of 9CB and 9CF in dilute solutions of different 

solvents at room tempera ture  

Solvent 9CB 9CF 

T r i s e  " / ' d e c a y  T r , r . e  " / ' d e c a y  

Isooctane 0.075 1.46 -- 1.98 

Diethylether  0.055 1.13 -- 1.59 
Ethylacetate  0.109 1.10 -- 1.50 
1-Butanol 0.261 1.08 0.241 1.30 

In fast relaxing solvents (isooctane, diethylether and 
ethylacetate), 9CF shows purely monoexponential be- 
haviour, whereas rise times between 55 and 110 ps are 
detected for 9CB which can therefore be ascribed to 
intramolecular rotational relaxation towards planarity. 
In the slowly relaxing solvent butanol, both compounds 
possess rise times of about 250 ps. In this case, therefore, 
the rise time is due to solvent relaxation. A similar 
solvent influence has been noted previously for TICT 
state formation kinetics [16]. In fast relaxing solvents, 
TICT state formation is controlled by the solvent vis- 
cosity alone, because for every intermediate twist angle 
the solvent is in equilibrium. However, in alcohol's, 
where the solvent relaxation times are considerably 
slower for a given viscosity, the relaxation towards the 
equilibrium condition is better described using two 
dimensions, twisting and solvent relaxation. Two-di- 
mensional kinetic models of this kind have been de- 
veloped recently [17]. 

3.2. Excited state dipole moment and electronic 
s t ruc ture  

With an increase in solvent polarity, the spectra of 
both 9CB and 9CF shift to the red and lose structure 
(Fig. 7). The spectra are analysed in Table 3. The red 
shift is due to the increased excited state dipole moment 
(/~=) with respect to that of the ground state (/%) and 
can be evaluated using the Lippert equation [18] 

~,b~-- ~f= 2(/~--/*~)2 Af 
47reohca 3 

e - 1  n2-1  
Af-- 2e + 1 2n 2 + 1 (3) 

where e is the dielectric constant, n is the refractive 
index of the solvent and a is the radius of the Onsager 
cavity. A plot of kabs- ~f VS. Af is shown in Fig. 8. As 
can be seen, the solvatochromic slope is very similar 
for the two compounds, and we therefore conclude 
that the dipole moment differences/~e-/zg are similar. 

Table 4 lists the solvatochromic slopes determined 
for different compounds. To convert these slopes into 
/x=-/zg values, the Onsager radius a must be known. 
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Fig. 7. Normalized fluorescence spectra of  9CB (a) and 9CF (b) in 
solvents of  different polarity at room temperature:  - - ,  n-hexane;  
- . . ,  diethylether;  - - ,  ethylacetate; --- ,  acetonitrile. 

For these highly elongated molecules, we chose to adopt 
a suggestion of Lippert [19] to take a as 40% of the 
long axis of the molecule; we base the determination 
of a on the elongated conformation of the molecules 
including the van der Waals' radii. 

Table 4 contains two evaluations, one based on the 
shape of the whole molecule in the elongated confor- 
mation, including the long alkyl chain, and the other 
based on the size of the aromatic nuclei. Only the 

latter evaluation yields dipole moment values quali- 
tatively consistent with the quantum chemical calcu- 
lations in Table 5 (see below): /~($1) increases from 
nCB to nCOB by 2-3 D. Comparison of Tables 4 and 
5 and the short lifetimes measured in solution indicate 
that the emissive state of both nCBs and nCOBs must 
be the ~La-type state ($3 for nCBs, $2 for nCOBs in 
the gas phase, according to the calculations) which is 
lowered in energy by solvent polarity. The assumption 
of a = 40% of the long axis of the aromatic core yields 
values for /~. exp (10-21 D) relative to /~1. ca~c (10-12 
D) which are too large. Further reduction of a to 30% 
would reduce this discrepancy (/~1. exp = 13-15 D). 

The solvatochromic results indicate the following: (1) 
the ordinary Onsager-Lippert equation (Eq. (3)) has 
to be treated with caution for elongated molecules 
especially regarding the choice of a; (2) the alkyl chain, 
which does not belong to the aromatic system, should 
not be included in the determination of a; this is further 
substantiated by the similarity between the fluorescence 
spectra of nCBs and nCOBs of different chain length 
(n = 1-12) [6,20]. 

The nCOBs possess considerably larger excited state 
dipole moments than the nCBs, but 9CB and 9CF do 
not differ significantly; we therefore conclude that the 
emitting conformations are probably similar and that 
TICT state formation in 9CB is not supported by our 
results. 

Further insight can be gained by quantum chemical 
calculations [21], the results of which are collected in 
Tables 5 and 6. The following observations can be 
made. 
(1) As the strength of the donor group is gradually 

increased from nCB to dimethylaminocyanobi- 
phenyl (DMA-CB), the nature of the $1 state of 
the planar conformation changes from forbidden 
(f<0.01, aLo-type, transition moment M perpen- 
dicular to the long molecular axis z) to allowed 
(f> 0, 1L:type, M parallel to z). The methoxycy- 
anobiphenyl (1COB) and aminocyanobiphenyl (A- 
CB) compounds are borderline eases in which these 
two types of state are nearly degenerate. Due to 

Table 3 
Absorpt ion and emission maxima (rim) of  dilute solutions of  9CB and 9CF and emission halfwidths (cm - I )  

Solvent 9CB 9CF 

A~.x.A A=~,t F W H M  A=.~.A Amax, f F W H M  

Isooctane 274.2 309 3670 287.6 315 2770 
Dibutylether  275.7 315 3670 288.1 317 3080 
Diethylether  278.2 329 3700 288.0 318 3220 
Ethylacetate  279.2 332 3700 288.2 323 3350 
1-Butanol 281.4 336 3700 289.8 336 3520 
Acetonitr i le 279.8 336 3680 288.4 336 3580 
Methanol  280.0 338 3740 288.8 338 3640 
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Table 4 
Slopes (m) of the linear regression of  Lippert plots (Eq. (3), Stokes 
shift (cm - t )  vs. solvent polarity A.D for 9CB, 4COB and 9CF and 
dipole moments  of their lowest singlet states for different assumed 
Onsager radii (a). Upper ,  part: a = 0 . 6  nm is about 40% of the 
aromatic system including terminal van der Waals radii. Lower part: 
different a values representing 40% of the long axis of the molecules 
including the aliphatic chain 

9CB 4COB 9CF 

m (cm - t )  7073 12648 7684 

a (nm) 0.6 0.6 0.6 
A~ (D) 12.4 16.4 13.0 
/zt" (D) 17.1 21.4 17.7 

a (nm) 0.9 0.75 0.9 
A/., (D) 22.9 22.0 23.9 
/xt" 27.6 27.0 28.6 

/xo" (O) 4.7 5.0 4.7 

"g,t = h / ~ -  ~1; /zo obtained from Table 5. 

their different dipole moments, their relative order 
depends on the solvent polarity (the calculations 
refer to the gas phase). 

(2) The difference between $1 for the planar and 
perpendicular conformations is approximately 0.1 

eV in all cases. To this value, the ground state 
destabilization energy of 0.1 eV [24] must be added, 
such that the absolute energetic destabilization of 
S~ by twisting from 0 ° to 90 ° will be of the order 
of 0.2 eV only. 

(3) Complication arises in the case of DMA-CB where, 
for the planar conformation, $1 is of 1La nature, 
but of q_~ nature for 90 ° twisting. This angle- 
dependent state crossing has also been observed 
for terphenyls [9]. 

(4) The energy gap between the lowest energy con- 
formation of the delocalized excited (DE) $1 state 
($1, planar) and the lowest energy TICT state 
conformation (90 ° twist, $3 to $4 in the gas phase, 
see Table 5) diminishes with increasing donor 
strength (Table 6), and inclusion of solvent sta- 
bilization can bring this TICT state energetically 
below the DE state including the ground state 
destabilization (Table 6). 

(5) Table 5 also contains the calculated results for 
the compound cyano-9-anthryl-dimethylaniline 
(CNADMA), labelled here as DMA-CAP (Fig. 9) 
to underline its identity as the dibenzo derivative 
of DMA-CB. This compound shows very strong 
TICT state formation in solution. The TICT state 
formation of CNADMA, ADMA and several model 
compounds has been studied extensively [25-31]. 

The results in Table 5 indicate that the energy gap 
between the S~ and TICT states for the 90 ° conformation 
is similar for DMA-CB and DMA-CAP (about 0.7 eV 
in the gas phase), and therefore both compounds should 
possess a similar TICT state formation tendency if the 
DE-TICT energy gap is the only important factor. Yet 
the experiments indicate a very different behaviour: 
TICT state formation for DMA-CAP, none for DMA- 
CB. In addition, for an anilino-pyridinium derivative 
of similar structure, a strong solvent polarity and viscosity 
dependence was observed and assigned to TICT state 
formation in accordance with quantum chemical cal- 
culations [32]. Possible explanations for this discrepancy 
may be that there is an energy barrier between the 
DE and TICT states for DMA-CB, which is strongly 
reduced in the case of DMA-CAP, or that the equi- 
librium twist angle of the DE state is an important 
factor. It is close to 0 ° for DMA-CB, but probably 
around 60 ° for DMA-CAP. For the related ADMA, 
it has recently been measured by jet spectroscopy to 
be 60 ° for $1 (DE) and 90 ° for So in the gas phase 
[33]. The reason for the larger equilibrium twist angle 
of the anthracene derivatives is the strong steric hindr- 
ance to planarity. This steric destabilization potential 
present in planar conformations will help to overcome 
energy barriers which may be present along the TICT 
state formation pathway, and sterically hindered bi- 
phenyl derivatives are thus likely candidates for TICT 
state behaviour. 
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Table 5 
Results  of  quan tum chemical calculations (C'NDO/S) on planar  and twisted cyanobiphenyl (CB) model  compounds  in the  gas phase as a 
function of increasing donor s t rength (10 ,  methoxy; A, amino; DMA,  dimethylamino) 

Compound  Conformat ion State E (eV) f /z (D) 
angle (°) 

CB Planar  So 4.7 
S~ (q_~) 4.49 0 8.3 
$2 4.59 0 4.3 
$3 (tLa) 4.60 0.47 9.9 

90 St 4.63 0.0002 4.9 
Ss (TIC'I') 5.72 0 25.6 

ICOB Planar So 5.0 
St (q.~) 4.44 0.0069 8.3 
S2 (~L,) 4.47 0.42 12.2 
$3 4.48 0.081 6.8 

90 S1 4.55 0.015 7.5 
$4 (TIC-q') 5.42 0 27.7 

A-CB Planar  So 5.4 
S~ (q_~) 4.38 0.0090 6.8 
S2 (q-~) 4.40 0.5 15.8 
S3 4.46 0.0013 9.7 

90 SI 4.46 0.021 8.9 
$4 (TIC'T) 5.28 0 29.8 

DMA-CB Planar So 6.1 
S~ (~L~) 4.34 0.24 12.5 
$2 4.35 0.31 14.0 
$3 (tLo) 4.35 0.0011 12.2 

90 $1 4.42 0.023 10.4 
$3 (TIC-q') 5.13 0 32.2 

D M A - C A P  90 St (IL,) 3.15 0.25 5.3 
S3 (TICT)  3.93 0 28.1 

All angles are idealized (trigonal or tetrahedral) .  Bond length (/~): C--C(aromat ic)=l .4 ;  N - C - r i n g = l . 1 5 8 ,  1.42; r ing - r ing= l .54 ;  
r ing -O- -Me= 1.37, 1.46; r i n g - N - M e  = 1.37, 1.46; all bonds  to p r o t o n s =  1.08. E, state energy with respect to So for a given conformation;  f,  
oscillator strength;  /~, dipole moment .  

Compound  ~ (TIC-'T) (eV) NC 

Gas phase  In hexane In acetonitrile 

CB + 1.33 + 1.12 +0.77 
1COB + 1.08 + 0.85 + 0.47 
A-CB + 1.00 + 0.72 + 0.27 
DMA-CB + 0.89 + 0.59 + 0.12 b 

"Solvent stabilization according to 

ta~(TICT) = aE~ .. . . .  (So, 90*) + {E(Tmq ' )  

+ av ,o ,v (T lCT)}-  {E(Sl) + tm,o,,(S0} 

The  ground state destabilization of the  90* twisted conformat ion 
(AEa~,t,b) was taken as 0.1 eV [22]. The  solvent stabilization energy 
AE~°lv(Sn) o f  state n was calculated using [23] 

t~2(S~) e -  1 
AF'°~'(S") = 4 ~ - -~ )a  3 f(e) '  f ( ' )  = 2 e + l  

An  intermediate  value of  0.7 nm was assumed for a. 
bFor a =0.6,  a value of --0.3 eV is found in acetonitrile. 

Table 6 
Calculated energy gap &E(TICT) (eV) between St (planar confor- 
mat ion)  and the T ICT  state as a funct ion of solvent polarity" 

.CH3 
N'CH 3 

DMA-CAP 
Fig. 9. Structure of  C N A D M A  (DMA-CAP) .  

3.3. Time-resolved excimer fluorescence in neat phases 

For the formation of excimers in bulk phases, two 
monomer units must come close to one another to 
form a sandwich pair. It has been suggested from X- 
ray data that these pairs are preformed in the ground 
state, and that their overlap is such that the length of  
the dimer becomes about 1.6 times the monomer length 
[34]. Time-resolved measurements can help to clarify 
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the question of preformation, because if rearrangement 
is not necessary for excimer formation from the pre- 
formed dimer, no excimer rise times should be observed. 

In addition to short, more fully overlapping and more 
extended, only partially overlapping sandwich-type 
structures Scheme 1 near here please (Scheme 1, (a) 
and (b)), another excimer structure can be proposed 
involving a self-solvated TICT state (Scheme 1, (c)), 
i.e. a TICT molecule interacting with a ground dipole 
of the same species [8]. The planar model compound 
9CF can help to clarify this. Fig. 10 displays the time- 
resolved spectra for 9CF and 9CB in the crystalline 
phase. For these conditions, the weight of excimer 
fluorescence is comparatively low for 9CB, whereas it 
increases to about 100% on transition to the mesophase 
[2]. In planar, bridged 9CF, the weight of the excimer 
component in the crystalline phase is considerably larger. 
This can also be seen by the large weight of the long 
decay times in the longer wavelength region. 

By analysing the decay curves taken at many emission 
wavelengths (spaced at 10 nm intervals) globally, sat- 

Ca) 

.)(. 

.)(. 

~ C - - - N  

(b) 

.w. 

N-- C ' ~ ~ ~ ~ " ~ . ~ . .  .' 

" ' - . ~ C = N  

e 
(c) 

Scheme 1. Different possible nC(O)B cxcimer structures: (a) and 
(b) shortened and elongated sandwich-type excimers; (c) seif-soivated 
TICT excimer. 

t 2  

Ii1 t>  
30"C. cryst.) 

~00 400 500 

Wavelength (rim) 

(a) 

600 

~ °  

...-J 
, , ,~ ,  . . X ~  "~'A 

4/~ / \ 9~ i,o'c.=y~t., 

I 

j ,~. ?.)i...~..~ (b) 
300 400 500 600 

Wavelength (nm) 

Fig. 10. Normalized time-resolved emission spectra at different time 
windows for 9CB (a) and 9CF (b) in the crystalline phase (at about 
30 °C). The insets show the decay curves at 350 nm and 450 nm; 
excitation at 250 nm. 

isfactory fits can be obtained with a three-exponential 
model. We therefore conclude that three emissive spe- 
cies contribute to the observed fluorescence spectrum. 

At short wavelengths, spectrally close to the emission 
of the 9CF monomer in dilute solution, a decay com- 
ponent of approximately 200 ps is observed. At long 
wavelengths (A>380 nm), this component is seen as 
a rise time, together with decay components of 1.8 ns 
(maximal weight at 380 nm) and 25 ns (maximal weight 
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C 1 ~ ' ~  2 C3 

Scheme 2. Simultaneous formation of exeimers from a common 
precursor. 

Table 7 
Fluorescence decay times (ns) of  different alkyl- and alkoxycyano- 
biphenyls and the model compound 9CF in neat  phases ( temperature 
dependent)  at 350 nm (excitation at about 260 nm). Relative emission 
yields Y,c, c for the short-lived component  ~'t are also given 

may be within energetic reach in polar solvents. Com- 
parable luminescence behaviour for unbridged and 
bridged compounds was also found for neat phases. In 
the crystalline phase, bridged 9CF forms excimers more 
efficiently than 9CB. In liquid crystalline phases and/ 
or in the isotropic melt, all nC(O)B compounds form 
long-lived, excimer-like aggregates within about 100 ps. 
Taken together, these data support a model of planar 
preformed pairs of chromophores in the cyanobiphenyl 
liquid crystals. 

Compound Phase (7") ~'t" Yr~l" ~'2 ~'3 
(oc) (%) 

9CB C (33) 1.24 
SA (44) 0.14 6 14.4 
N (49) 0.12 7 11.9 
I (69) 0.04 4 8.0 

9COB C (45) 1.0 13.0 
S^) (70) 0.06 3 11.6 
N (79) 0.06 3 8.5 
I (86) 0.06 5 5.7 

9CF C (36) 0.23 32 1.66 b 
I (76) 0.24 6 14.5 

"The ~-~ values (less than 0.1 ns) are uncertain, because they are 
beyond the resolution of  our equipment.  However, the relative 
emission yield (Yr~) of this component ,  is relatively stable. 

bAbout 20 ns can be resolved starting from about 390 nm (Yr~, 
of  this component  at 450 nm is about 80%). 

oti ~'i 
cnrcl ~ ~ i l .  i 

i 

at around 420 nm) (compare the insets in the time- 
resolved spectra, Fig. 10(b)). This behaviour could be 
consistent with one precursor (monomer) feeding two 
products (excimers) with different decay times (Scheme 
2). 

Above the melting point, only one product component 
is observed probably due to a fast equilibrium in either 
the ground or excited state. This is shown in Table 7 
which also contains the corresponding data for 9CB. 

4. Conclusions 

By analysis of the temperature dependence of the 
fluorescence band shapes of 9CB and 4COB and com- 
parison of the fluorescence rise times, we have shown 
that the phenyl rings of cyanobiphenyl compounds relax 
towards planarity in the excited state. This was confirmed 
by investigating a bridged model compound (9CF) with 
an enforced planar conformation. The similar solva- 
tochromic behaviour of 9CB and 9CF does not support 
the formation of a TICT state in dilute solution, although 
quantum chemical calculations indicate that this state 
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