
Volume 185, number 3,4 CHEMICAL PHYSICS LETTERS I8 October 1991 

Solvatochromic shifts of pyrene excimer fluorescence 
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Solvatochromc shifts of pyrene excimer fluorescence were obtained in both polar and non-polar solvents. The observed shifts 
were explained in terms of solute-solvent dispersion interactions, a solute transition dipole moment term and the sohent Stark 
eficct (for polar solvents). These results show that pyrene excimer is non-polar and its polarizability differs between the first 
singlet excited state and the dissociative ground state. 

1. Introduction 

The solvatochromic shifts associated with elec- 
tronic transitions in solution result from different 
solvation energies of the initial and final electronic 
states [ 1,2]. The study of solvatochromic shifts gives 
relevant information concerning the kind of solute- 
medium interactions and allows the understanding 
of electronic distribution changes between the states 
involved in the electronic transition. 

The solvatochromic shifts of the pyrene excimer 
band were obtained in both polar and non-polar sol- 
vents These shifts, although small, can be accurately 
determined by superposition of the excimer fluores- 
cence spectra in different solvents with the one ob- 
tained in a reference solvent. Our shifts are larger 
than the ones obtained by Beens et al. [ 31 and of the 
same order of magnitude of the ones calculated by 
Ghosh et al. [4]. The pyrene excimer solvato- 
chromic shifts were explained in terms of dispersion 
interactions, a solute transition dipole moment term 
and the solvent Sfuvk effect (for polar solvents). This 
means that the pyrene excimer polarizability differs 
between the two electronic states involved in the 
pyrene excimer emission, but not the permanent di- 
pole moment. The assumption made by Gosh et al. 
[ 41 of a permanent dipole moment for the excimer 

I To whom correspondence should be addressed 

is questionable, since the excimer is an excited dimer 
composed of two identical moieties. 

2. Theory of solvatochromic shifts 

The solvatochromic shift between two solvents 1 
and 2, (M) ,_*, according to Onsager’s theory of di- 
electrics [ 51, is related to the solvent macroscopic 
properties, namely the static dielectric constant (6) 
and the refractive index (n) [ 1,2]. The global sol- 
ute-solvent interaction energy for non-specific in- 
teractions can be decomposed into several terms 
(dipole-dipole, dipole-polarizability, . ..). with con- 
tributions dependent on the dielectric properties of 
solvent and solute molecules. The spectral shift con- 
tribution owing to the dipole-dipole term for an 
emission process is given by 

(1) 

where a is Onsager’s cavity radius #I, h and ~(e are 
the solute permanent dipole moments in ground and 
excited states, respectively, and 

f(f)= ?g, f(n2)=20 

2n*+ 1 

li’ Onsager’s cavity radius is considered equal for both ground 
and excited electronic states. 
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are Onsager’s polarity functions. This is the most sig- 
nificant term when the solute and solvent molecules 
are polar [ 21. Nevertheless, other terms contribute 
to the spectral shift when one solute or solvent mol- 
ecule is, or both are, non-polar. If both solute and 
solvent molecules are non-polar, the contribution to 
the spectral shift is due to dispersion interactions 
[2,6], resulting from fluctuations in the instanta- 
neous dipole moments of solute and solvent 
molecules. 

(A&g),-*=- c(a&;ag) df(n2),-2 ) 

where CY~, ag are the polarizabilities of the solute in 
the excited and ground states, respectively, and C is 
the London constant [ 6 1. If the solute is polar and 
the solvent is non-polar, the random motion of the 
solute dipole induces in the polarizable solvent a di- 
pole moment [ 21, resulting in a spectral shift given 
by 

WC,),-2 = - “:-““z&4~(n2),_*. za3 

In the opposite case of a polar solvent and a non-po- 
lar solute, the interaction has been named the solvenf 
Stark qffocct [ 7,8], and results from the random mo- 
tion of the solvent dipoles around the polarizable 
solute molecule. Nicol et al. [ 81, using the second- 
order perturbation theory of solvent shifts [9], 
obtained 

WC,),-, = - 
lOSkT(cu,-Lu,) 

R3 

x In’ !! d 
0 ( 

(t-n2)(2t+n2) 
a 1 e(n2+2)2 ’ I-2 

(5) 

where k is the Boltzmann constant, T the absolute 
temperature and R the radius of the solvent shell 
(spherical region centrosymmetric with the solute 
molecule and with dielectric properties equal to those 
of the bulk solution [ 71). The above expressions do 
not consider the motion of the electric charges dur- 
ing the electronic transition, which adds a contri- 
bution [ 2 ] to the spectral shift, 

(A&,.,_,=- sAf(n2),-,, 
_a (6) 

where M is the solute transition dipole moment 
vector. 

3. Experimental 

The fluorescence spectra of pyrene solutions were 
recorded on a Spex Fluorolog 112 spectrofluorom- 
eter, at room temperature. The excitation wave- 
length was 334 nm (1.8 nm bandwidth), the emis- 
sion being recorded between 360 and 600 nm (0.9 
nm bandwidth). The fluorescence spectra of pyrene 
solutions ( [ Py] z lo-* M) were decomposed in the 
pyrene monomer and the excimer emissions, and 
corrected for the wavelength dependence of the flu- 
orescence detecting system. To obtain the excimer 
band from the pyrene spectrum, the monomer emis- 
sion (known from the fluorescence spectrum of a di- 
lute solution of pyrene ( [ Py ] N 2 x 1 0e6 M ) in the 
same solvent) was subtracted after normalizing both 
spectra in the first peak of the monomer emission. 
Pyrene (Kock-Light 99% pure) was zone refined 
(100 steps). The solvents n-hexane, cyclohexane, 
benzene, acetone, ethanol, methanol, acetonitrile and 
dimethyl sulfoxide (DMSO) from Merck, I ,Cdiox- 
ane from Panreac and N,Ndimethylformamide from 
Janssen Chimica, of spectroscopic-grade purity, were 
used as received. Methylcyclohexane from BDH 
Chemicals ( > 95% pure) was purified by simple dis- 
tillation at normal pressure. The purity of solvents 
was checked by LJV-VIS absorption and fluores- 
cence. The pyrene solutions were degassed by nitro- 
gen bubbling. 

4. Results and discussion 

The solvatochromic shifts of pyrene excimer flu- 
orescence band are relatively small (a variation be- 
tween 430 cm-’ (ethanol) and 1150 cm-’ (DMSO) 
was observed) and difficult to evaluate. Fortunately, 
the shape of the pyrene excimer band is invariant 
with solvent. allowing the determination of the shift 
by superposition of spectra in different solvents with 
the one obtained in a reference solvent (n-hexane). 
Figs. la and 2a show that the maximum of excimer 
spectra depends on the solvent. Using appropriate 
shifting factors, one can superpose the set of fluo- 
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Fig. I. (a) Fluorescence spectra of pyrene excimer in several sol- 
vents: (A) n-hexane: (B) methylcyclohexane; (C) 1,bdioxane: 
(D) benzene: (E) N,N-dimethylformamide; (F) dimethyl sulf- 
oxide. (b) Superposed excimer fluorescence spectra of (a). 

17 21 25 17 21 25 

N103 cm-~ ij/d cm-1 

Fig. 2. (a) Fluorescence spectra of pyrene excimer in several sol- 
vents: (A) n-hexane; (C) ethanol; (H) acetone; (I) acetonitrile; 
(J) cyclohexane; (K) methanol. (b) Superposed excimer fluo- 
rescence spectra of (a). 

rescence spectra (figs. I b and 2b), which enables the 
determination of relative solvatochromic shifts. 

Fig. 3 shows the correlation obtained for solva- 
tochromic shifts in non-polar solvents with 

A straight line (~~0.94) is observed if 1,Cdioxane 
is not considered for the linear regression. This sol- 
vent behaves as pseudo-polar [lo] in spite of its low 
dielectric constant (~~2.2). This anomaly was at- 
tributed to the polar boat conformer [lo], but an- 

i 
E 

5 
$ 600 

i 
: 

a’ 

0 0.05 0.10 

[A ( *i] so,“_nhex 

Fig. 3. Solvatochromic shifts versus Af(n*) for non-polar sol- 
vents: ( I ) n-hexane; (2) methylcyclohexane; (3 ) cyclohexane; 
(4) 1 ,Cdioxane; (5) benzene. 

other possibility [2] is related to the high quadru- 
pole moment of the non-polar chair conformer, which 
increases the solute interaction with the solvent 
quadrupole. From this correlation, the spectral shifts 
can be attributed to the variation of the excimer di- 
pole moment (eq. (4)) or polarizability (eq. (3)) 
between the excited singlet and ground states, or even 
to the solute transition dipole moment term (eq. 

(6)). 
In order to clarify what kind of interaction is op- 

erative, the variation of experimental shifts versus 

d[f(~)-S(n2)lsolv~nhex was plotted in fig. 4 for polar 
solvents (see eq. ( 1) ). No correlation can be estab- 
lished, indicating that the solute dipole-solvent di- 
pole interaction term has no significant contribution 
to the observed shifts. 

This refutes the attribution of a permanent dipole 
moment to the excimer, as was done by Ghosh and 
Basu [ 41 from the observed “linear” variation of 
spectral shifts with (t-l)/(t+2)-(n2-l)/ 
( n2+2) (Debye’s polarity functions). As the exci- 
mer is composed of two identical moieties, this does 
not seem a reasonable explanation. A more satisfac- 
tory interpretation of the pyrene excimer spectral 
shifts in polar solvents involves the solvent Stark ef- 
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Fig. 4. Solvatochromic shifts versus AIf(S(n’)] for polar 
solvents: (I ) acetone; (2) ethanol; (3) methanol; (4) N,N-di- 
methylformamide; (5) acetomtrile; (6) DMSO. 

feet, dispersion interactions and/or the solute tran- 
sition dipole moment term. 

If the spectral shifts are due to a sum of contri- 
butions of dispersion interactions (eq. (3) ), the sol- 
ute transition dipole moment term (eq. (6)) and 
solvent Stark effect (eq. (5 ) ), the following relation 
must be observed: 

=ad (+n2)(2ctn1) 

( c(n2t2)2 
)+&t(W), 

(7) 

where the a and b parameters take into account the 
relative importance of the solvent Stark effect, and 
the sum of dispersion interactions and the solute 
transition dipole moment term, respectively. From 
the experimental shifts ((AI?),,,) in polar solvents, 
a and b values were calculated by a linear least- 
squares procedure. Using these parameters, we eval- 
uated the second member of eq. (7) ( (Al?),,,). The 
calculated shifts plotted in fig. 5 versus the (AE),,, 
values follow a straight line (r=0.97) with zero in- 
tercept and unitary slope (within the experimental 
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Fig. 5. Correlation between the experimental solvatochromic shifts 
(AI& and the calculated shifts (AI&, from eq. (7): (1) ace- 
tone; (2) ethanol; (3) methanol; (4) N,N-dimethylformamide; 
(5) acetonitrile; (6) DMSO. 

error), if acetonitrile is not considered #*. 
A straight line (Y= 0.89 ) was also obtained if only 

the contribution due to the solvent Stark effect was 
considered (b=O in eq. (7) ). However, the inter- 
cept is negative, indicating that the contributions due 
to dispersion interactions and/or the solute transi- 
tion dipole moment term are not negligible. 

5. Conclusion 

The solvatochromic shifts of pyrene excimer in 
non-polar solvents can be described by dispersion 
interactions and/or the solute transition dipole mo- 
ment contribution, and in polar solvents the solvent 
Stark effect must also be considered. The possibility 
of a solute dipole-solvent dipole interaction contri- 
bution was ruled out from our experimental results. 
Therefore, the excimer spectral shifts are due to 
changes in polarizability of the excimer between the 
excited state and the dissociative ground state and 
eventually to the solute transition dipole moment 

“2 Acetonitrile behaves as a less polar solvent than inferred from 
its dielectric constant (6=36); this is due to self-association 
which lowers the microscopic polarity owing to the palring of 
dipoles to form non-polar dimers. 
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term. The discrepancies of our results with others 
[ 3,4] are probably caused by different accuracies in 

the determination of the excimer emission maximum. 

References 

[I] N. Mataga and P. Kubota, Molecular interactions and 
electronic spectra (Dekker, New York, 1970). 

[ 21 P. Suppan, J. Photochem. Photobiol. A 50 (I 990) 293. 
[ 31 H. Beens, H. Knibbe and A. Weller, J. Chem. Phys. 47 

(1967) 1183. Acknowledgement 

This work was supported by JNICT (Junta Na- 
cional de Investigacao Cientitica e Tecnologica) 
Project PMCT/C/CEh’/333/90 and INK (Insti- 
tuto National de Investigacao Cientifica). The au- 
thors acknowledge M.J.V. Mariano for her contri- 
bution to the experimental measurements. 

[4] A.S. Ghosh and S. Basu, J. Photochem. 3 (1974) 247. 
[ 51 L. Onsager, 1. Am. Chem. Sot. 58 (1936) 1486. 
[6] R.G.E. Morales, J. Phys. Chem. 86 (1982) 2550. 
[ 71 M.E. Baur and M. Nicol, I. Chem. Phys. 44 (1966) 3337. 
[ 81 M. Nicol, J. Swain, Y. Shum. R. Merin and R.H.H. Chen, 

J. Chem. Phys. 48 (I 968) 3557. 
[9] E.G. McRae, J. Phys. Chem. 61 (1957) 562. 

[ IO] M.B. Ledger and P. Suppan, Spectrochim. Acta A 23 ( 1967) 
3007. 

323 


