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Abstract 

'File photophysical properties of 4-(4'-N,N'-dimelhylaminophenyl)- 1,7.diphenyl-3,5-dimethyl-bis.pyrazolo. [ 3,4.b;4',3'.e] pyridine 
(DMA-DMPP), highly emissive in non-polar solvents and composed from a dimethylanilino electron donor and a bulky electron accepter, 
have been investigated. The position of the fluorescence maximum as well as the fluorescence quantum yield and the radiative decay rate are 
strongly solvent polarity dependent; the magnitude of this effect becomes dramatically larger as the solvent polarity exceeds that of 
l-chlorobutane. In protic solvents dual fluorescence is observed. In accordance with theoretical calculations the results are explained in terms 
of a polarity induced change in the energetic ordering of two emissive states of largely different charge transfer character. 
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1. Introduction 

Photoinduced intramolecular electron transfer plays a key 
role in the photophysics of electrondonor (D)-electron- 
accepter (A) p /w conjugated systems connected fonnaily 
by a single bond. The molecular structure of their charge 
transfer excited states is the object of numerous discussions 
for more than 20 years. One of the be~t known and also widely 
accepted proposal for such a system is the so-called TICT 
(twisted intramolecular charge transfer) state model [ 1-3], 
which proposes the primarily excited molecule to undergo 
relaxation to an intramolecular charge transfer state, charac- 
terized by a minimal overlap between the donor and accepter 
orbitals (zero overlap rule [4]) and almost full electron 
transfer. The zero overlap of the orbitais is achieved by a 
twist about the single bond connecting the donor and the 
accepter moieties. 

The perpendicular geometry was questioned recently as an 
inherent precondition to obtain intramolecular charge transfer 
in such D-A systems [ 5,6]. For bulky wdonor and accepter 
systems as, e .g 9- (4-dimethylaminophenyl)-anthracene or 
9,9'-bianthryl, the D-A conformation in the fluorescing 
charge transfer excited state was postulated to become more 
coplanar than in the ground state [5,6]. 
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In the present article we report the photophysical properties 
of the recently synthesized compound 4-(4'-N,N-dimethyl- 
aminophenyl ) - 1,7- diphenyl - 3,5 - dimethyi - bis - pyrazolo- 
[3,4-b;4',3'.e]pyridine (DMA-DMPP, see formulae), a 
N,N-dimethylaniline derivatiw; with a strong and bulky 
electron accepter unit in para position. This compound with 
large w-electron donor and accepter subsystems, non- 
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coplanar because of sterical hindrance, is a suitable object to 
check the validity of the TICT model for large D-A 
molecules. 

2. Experimental 

DMA-DMPP was synthesized and purified according to 
the procedure given elsewhere [ 7]. The solvents used were 
generally of spectroscopic grade (Uvasol Merck, Darmstadt, 
Germany). Absorption spectra were measured with a Shi- 
madzu or Hitachi U3300 spectrophotometer. Fluorescence 
measurements were either performed using a unit and pro- 
cedure described previously [ 8-10] or a luminescence spec- 
trometer LS 50B (Perkin Elmer). Time correlated single 
photon counting was used to obtain the fluorescence decay 
profiles. The experimental setup and the deconvolution pro- 
cedure was described elsewhere [10]. Plots of weighted 
residuals and of the autoeorrelation function, values of 
reduced X 2 and mean errors were used to judge the quality of 
the fit [ I ! i. 

The ground state configuration of DMA-DMPP was 
obtained from AM I calculations in the MOPAC 6.0 release 
[12]. For this geometry excited state energies, transition 
moments, and the change in the charge distribution were 
obtained from INDO/s calculations, including configuration 
interaction constructed from the 40 lowest singly excited 
conformation [ 13 ]. 

3, Results and discussion 

The absorption and fluorescence spectra of DMA-DMPP 
in various solvents are depicted in Fig. !, 

The absorption spectrum is polarity dependent: the absorp- 
tion coefficient of the lowest band increases and that of the 

second band decreases with increasing solvent polarity. Spec- 
tral shifts of the maxima are small but the low energy edge 
of the lowest band shifts strongly bathochromically. Most of 
these changes occur in solvents of middle polarity, as the 
variation between solutions in hexane and l-chlorobutane is 
much larger than that between the latter solvent and aceto- 
nitrile. Spectra obtained either in acctonitrile or in ethanol 
are not discernible. Polarity effects depend thus mainly on 
the polarity function Af= ( D -  I ) / (2D+ 1 ) -  (n a -  1)/ 
(2n 2 + ! ), independent of hydrogen bonding properties. Such 
a polarity dependent absorption spectrum was not observed 
for related compounds in which the 4'-dimethylaminophenyl 
donor is replaced by phenyl or 4'-nitrophenyl groups. Their 
absorption spectra resemble closely that of DMA-DMPP in 
hexane but exhibit insignificant solvent polarity dependence. 
This increase in the absorption coefficient is most probably 
due to an admixture of a higher, very polar singlet state whose 
energy is lowered or gains intensity in polar solvents. 

The fluorescence of DMA-DMPP is very sensitive to the 
solvent, as the spectral position and the quantum yield is 
strongly solvent dependent. Of is large (0.78 in hexane) in 
nonpolar solvents, but decreases in polar ones (e.g. 0.26 in 
acetonitrile) and becomes small in hydroxylic solvents (e.g. 
0.017 in methanol). For more details see Table 1. In non- 
hydroxylic solvents, where the quantum yield is high 
( > 0.2), only a single fluorescence band is observed, which 
shifts strongly bathochromically, as the solvent polarity 
increases. This indicates a large increase in the permanent 
dipole moment upon excitation. In alcohols, however, dual 
fluorescence appears. This might be due to the low intensity 
of the long wavelength emission, which is strongly quenched 
in hydroxylic solvents, and itg good separation from the pri- 
marily excited band. 

The appearance of dual fluorescence is also documented 
lbr hexane binary mixtures with ethanol (see Fig. 2): as the 
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Fq{. I. Ab~c1~on and corrected fluorescence ,spectra of DMA-DMPP in different solvents: hexane ( I ), l-chlorobutane (2), dichloromethane ( 3 ), tetrahydro- 
furan (4), l-butanol (5), acetonitrile (6), l-propanol (7), ethanol (8), 
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Table ! 
Ruorescence maximum, Pr, fluorescence quantum yield, Qf, fluorescence 
lifetime, rr, and natural fluorescence lifetime. ~.fo, of DMA-DMPP in various 
solvents at room temperature 

~, Q~ r, r ° 
( cm- ' )  (ns-:)  (ns -~ ) 

I Hexane 23300 0.78 6.74 8.62 
2 Benzene 22900 0.59 3.37 5.67 
3 DSbutylether 22900 0.27 4,20 15.7 
4 l-Chlorobutane 22400 0.54 3.58 6.67 
5 Tetrahyd~furan 20900 0.63 7.70 12.3 
6 Diehloromethane 21100 0.60 6.30 10,5 
7 Pentanol-i 18900 0.25 7.18 29,3 
8 Butanol-I 18700 0.1i 6.24 37.6 
9 Cyelohexanone 19900 0.47 I I. ! 8 23,6 

10 Propanol- I 18100 0.095 4.42 46,4 
I I Ethanol 18000 0,066 3.60 54,7 
12 Aeetonitdlo i8100 0,26 12.97 49,6 
13 Methanol 17400 0.017 1.39 806 
14 Dtmethyl sulfoxtde 17600 0.23 I 1.73 50,2 
15 Propylene carbonate 17900 0.23 12.14 51,9 
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Fig. 2. Corrected fluorescence spectra of DMA-DMPP in hexane binary 
mixtures with ethanol. The composition is given in ely % ethanol. 

ethanol concentration is raised, long wavelength fluorescence 
grows in expense of the short wavelength emission. The spec- 
tra shown in Fig. 2 are normalized to equal hight but it should 
be noted that the total quantum yield decreases concomitantly 
(see Table 1). Dual luminescence might mainly be influ- 
enced by bulk properties, as the photophysicai properties vary 
uniformly with the composition of the binary mixture. In 
water as solvent, Qr becomes smaller than 0.001. In this case, 
long wavelength fluorescence is almost totally quenched and 
only residual short wavelength, primary emission is observed. 

A plot of the DMA-DMPP fluorescence maximum versus 
the solvent polarity function Afshows a dramatic change in 
the slope in an intermediate polarity region near to A f=  0.2 
(see Fig. 3). This should indicate that the character of the 
emitting state changes from nonpolar to highly dipolar. A 
value of 97 × 10 -30 Cm (29 D) was obtained for its dipole 
moment from the slope of a plot of ~f versus (D - 1 ) / (D + 2) 
for solvents with larger polarity than l-chlorobutane, using 
equation [ 14,15] 

r ,o - 1 0 - 1  

" h c x  a3 D+2 ( l )  

and assuming a = 760 pm, and X = 0.50. ~f denotes the flue 
rescence maximum, a the cavity radius,/z, and/Zm the dipole 
moments for the ground and the fluorescing state, respec- 
tively. /.¢,=20.6x 10 -3°  Cm (6.18 D) was derived from 
INDO/s calculations. 

The fluorescence maximum in aqueous solutions fits excel- 
lently to an extrapolation of the polarity dependence of ~f at 
very low polarities (Af<0.2) to the polarity of water. This 
supports the conclusion that in this environment only weak 
residual fluorescence from the non-polar, primarily excited 
state is observed, as the polar state is effectively quenched. 

Also the fluorescence lifetimes obtained from a fit of the 
fluorescence decay profiles to a single exponential function 
in the nanosecond time regime are given in Table 1. No 
general trend can be deduced for the polarity dependence of 
¢r. Nevertheless, the natural lifetime ¢t9 can tbrmally be cal- 
culated, and its dependence on Af is shown in Fig. 3. 'rt ~L 
values are nearly constant at low polarities but increase 
steeply a~ A f>  0.2, concomitantly with the decrease of/~f. 
This increase should mosv likely result from concurrent emis- 
sions originating from the primarily excited non-polar and 
the final polar excited state. This final state has, thus, a much 
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Fig. 3. Plot of the solvent shift of DMA-DMPP fluo'resccnce maxima, ~,f 
(B), and of the natural fluorescence lifetime, ¢[J (A), ve.rsus th~ solvent 
polarity function Af~ ( D -  I ) /(2D + ! ) - (n: - I )/(2n ~ + I ), Th~ .Ut.o 
bering of the solvent is given in I able I 
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Table 2 
Results of INDO/s-CI calculations on DMA-DMPP; AE denotes the tran- 
sition energy,f the oscillator strength, and ~ is the permanent dipole moment 

,. of the respective excited state 

State AE f 
(cm -~) 

Ground - - 20,6 
I 31920 0,037 ! 5,6 
2 32780 0,276 2.9 
3 34853 0,042 27.6 
4 35826 0.049 75,3 

Fig. 4, Ball model of DMA-DMPP in the ground state, according to the AM I 
calculations, For the excited state~ S,, S., and $4. the charge dcnsi|y obtained 
from IN~/ s+CI  i~ plotted, Black balls indicate an Increa~ of negative 
eh~go in the exctt~d stale, while white ones show an Incrca,~ of ir~sitive 
charge, 

lower transition dipole for the res~ctive radiative transition 
to the ground state. 

The radiative lifetimes of fluorescence can be estimated 
from the absorption speclrum by the Strickler-Berg-equation 
II61: 

I"~ ~ ~ NL .In 10.n2(~ ~* e(P)dln ~ (2) 

where n denotes the refractive index of the solvent. Assuming 
a Gaussian profile of the first absorption band this results in 
~° ~ 44 ns for hexana solutions and 30 ns for acetonitrile. At 
least the value obtained in hydrocarboas is remarkably longer 
than that calculated from the photophysical data. The high 
fluorescence quantum yield and large transitic~) dipole of the 
emitting state eharacteri~ it as a ~r,~r* state. The difference 
in the absorption and emission transition dipoles could indi- 
cate a gcome~cal ~ g e m e n t  in the excited state, e.g. the 
molecule could become more planar upon excitation. 

When the polarity of the solvent increases, another highly 
dipolar excited state becomes the lowest state, which is 
also strongly emissiv© in non-hydroxylic solvents, although 

( 10- 30 Cm) 

its transition dipole moment for fluorescence is much 
smaller. 

The ground state geometry of DMA-DMPP was calculated 
by the semiempirical AM! method and is shown in Fig. 4. 
The molecule is non-planar due to steric hindrance and the 
torsional angle between donor and accepter planes is 77 °. 
Also both phenyl groups are not coplanar with the bis-pyra- 
zolopyridine subsystem and are twisted by 44 °. 

The sequence of the excited states obtained from INDO/s 
calculations are summarized in Table 2. Orbital plots are 
shown in Fig. 4. The three lowest excited states have only a 
small permanent dipole moment, and the transition to the 
second stale should be the most intense. The fourth excited 
state, S.~, has a much larger permanent dipole moment ori- 
entated along the bond connecting the donor and the accepter 
subunits. Its dipole moment is in excellent agreeh:o.nt with 
the experimental result from solvatochromic experiment. 
This slate may become the lowest excited state in polar sol- 
vents. The energy barrier separating the two emitting states 
in alcohols, a necessary prerequisite to observe dual fluores- 
cence, may be caused by avoided crossing along the reaction 
coordinate, which corresponds to structural and solvent 
reorganization. 

in aprotic polar solvents the experimental radiative lifetime 
of CT fluorescence (Table I ) is smaller than that in protic 
polar ones. Specific solvation effects might occur in hydrox- 
ylic solvents, but their influence upon CT-fluorescence is 
most likely small (see above and Fig. 2). This view might 
also be supported by the observation that its efficiency in pure 
alcoholic solvents is primarily determined by the length of 
the alkyl chain: ~.,0 becomes longer with decreasing chain 
length of the alcohol and, in parallel, the charge-transfer flu- 
orescence is strongly diminished. In aqueous solution only a 
high energy emission is observed. This enhanced non-radia- 
tive relaxation might indicate a change of the molecular 
geometry in the emitting CT state, and most probably donor 
and accepter moieties become more perpendicularly orien- 
tated in highly polar, hydroxylie solvent. The emission prob- 
ability is thus reduced due to the minimal orbital overlap. 
This is in some contrast to other intramolecular charge trans- 
fer systems with bulky electron accepters [ 5,6], as a more 
coplanar conformation was proposed for the highly dipolar 
excited state. 
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4. Conclusions 

DMA-DMPP represents a molecular system composed of 
two large electron donor and acceptor subunits. This com- 
pound shows high fluorescence quantum yield in low polarity 
solvents (D < 10), ascribed to emission from the non-dipolar, 
vertically excited ,n',,n'*-state. As the solvent polarity 
increases, the energy of a highly dipolar charge transfer state 
is lowered and becomes, thus, emissive; Qf decreases and "rf ° 
increases concomitantly. In protic, polar solvents dual fluo- 
rescence appears due to quenching of the long-wavelength 
band. A dipole moment of 97 × 10 -3° Cm (29 D) can be 
obtained for the final charge transfer state, and this is in good 
agreement to the results of theoretical calculations: the fourth 
excited state ($4) lies ~ 50 kJ tool- i (0.5 eV) above the Si, 
and its calculated dipole moment is 75.3 x 10~ 3o Cm (22.6 
D), iu good agreement with the experimemal value. The $4 
becomes therefore the most probable lowest excited singlet 
state in polar solvents. It might be excite¢~ in a vertical absorp° 
tion transition but relaxes most likely to an orthogonal donor° 
acceptor geometry, when the solvent polarity is high. 
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