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Using the thermochromic shift method of absorption and fluorescence spectra, the dipole moments 
in the ground, /LLÜ, and excited. /ie, state are simultaneously determined for PRODAN in ethyl acetate. 
The obtained values for /i„ and /ic are compared with those previously determined by the solvatochrom-
ic method for two different Onsager radii, and a satisfactory agreement has been obtained. 
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1. Introduction 

PRODAN (Fig. 1) belongs to the category of solvent 
- sensitive probes due to the fact that the aromatic naph-
thalene ring is attached to two groups: an electron donor 
and an electron acceptor which contribute to a distinct 
increase in the electric dipole moment A/u = /u,e-iug (/ie 

and is the dipole moment in the excited and ground 
state, respectively) as a result of excitation to the lowest 
excited singlet state. The change of the PRODAN dipole 
moment was studied by several authors 11-4]. Different 
values of fie have been reported. In [4] a profound dis-
cussion concerning the methods used has been given and 
the values of and have been determined by the "sol-
vent perturbation" method applying solvents of different 
permittivities £ and refractive indexes n. 
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Fig. 1. Structural formula of 6-propionvl-2-(dimethylami-
no")naphthalene (PRODAN). 

6-propionyl-2-(dimethylamino)naphthalene. 

In the current study the "thermochromic shift" meth-
od is used. This method exploits the effect of tempera-
ture on the location of the absorption and fluorescence 
bands of a given luminescent compound in a selected po-
lar solvent. At higher temperatures a specific interaction 
between the luminescent molecule and solvent molecules 
as well as interactions among solvent molecules are elim-
inated. This method allows for a very accurate determi-
nation of /ig and /je . 

2. Basic Equations for the Analysis 
of Dipole Moments 

The following equations are based on the quantum me-
chanical perturbation theory [ 5, 6] of the absorption (vA) 
and fluorescence (vF) band shifts (in wavenumbers) in 
solvents of different permittivities £ and refractive index-
es n provided that the dipole moments jia and /ie are par-
allel and a/a - 1/2 ( a denotes the polarizability, where-
as a is the Onsager radius of the solute) [7]: 

vA-vf=W] /(£, n) + const, 

vA+ vF= -m2 [/(£, n) + 2g (n)] + const, 

where 

2 n~+ 1 
n~+2 ^ £ + 2 n + 2 

is the solvent polarity parameter [8] and 

3 g(n) = 
4 n -

2 (>r+ 2) 

0 ) 

(2) 

(3) 

(4) 
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he a* 

he a 

(5) 

(6) 

pc and pe are the dipole moments in the ground and ex-
cited state, respectively, h is Plancks constant, and c is 
the velocity of light in the vacuum. The parameters m] 
and m2 can he determined from the absorption and fluo-
rescence band shifts given by (1) and (2), and the values 
of pg and pe from the following relations obtained from 
(5) and (6) [7, 9]: 

( i 3 n c a 
p„ 

m 2 - /?/] 
9 

/ 2 

Pe = 
in ] + nil lira' 

2 ni\ 

Ml 

in i + m? pe = — • „, (m2>mi). 

(7) 

(8) 

(9) 

3. Experimental 

3.7. Methods 

The absorption and fluorescence spectra between 296 
and 351 K were measured with the apparatus described 
in [10, 11], using a home constructed high pressure cell 
[7, 12]. The cell, made of stainless steel with quartz win-
dows, was heated electrically, controlled by a thermo-ele-
ment placed directly in the cell, using the temperature con-
troller (type UNIPAN 650) with an accuracy of ±0.2 K. 

The measurements between 251 and 296 K were per-
formed using a thermally isolated metal cell with quartz 
optics cooled down by Peltier elements. These elements 
were supplied by a power amplifier controlled by the men-
tioned temperature controller. 

3.2. Determination of Permittivities £ and Refractive 
Indexes n at Different Temperatures 

From the numerous solvents studied in [12, 13], ethyl 
acetate was selected for our study. The values of e and n 

over the temperature range studied were determined from 
the empirical formulas [12] 

£(T) = £0(T0)-a(T-T0)-ß(T-T0)2-y(T-T0)\ (10) 

n (T) = n0(T0)-a (T-T0)-b (T-T0)2, (11) 

where the parameters a, ß, y as well as a and b are giv-
en in Table 1. For n and £ determined by this method the 
parameters f(£, n) and/(£, n) + 2g (n) appearing in (1) 
and (2) were calculated. 

The changes in these parameters with temperature T 
are presented in Figs. 2 and 3. 

3.3. Thermochromic Shifts of Absorption and 
Fluorescence Spectra of PROD AN in Ethyl Acetate 

Figures 4 and 5 show the effect of temperature on 
the PRODAN fluorescence intensity in ethyl acetate 
for temperature ranging from 251 to 351 K. Strong 
quenching of PRODAN fluorescence is observed for 
increasing temperature. This fact did not allow to in-
crease the temperature above 351 K. For this reason, 
in order to broaden the scale o f / ( e , n) (cp. Fig. 6), we 
decided to measure the absorption and fluorescence 
band shift for temperature decreasing from 296 to 
251 K. 

In both cases (Figs. 4 and 5) a blue shift of the fluo-
rescence band is observed with increase in temperature 
which is caused by the decreasing permittivity £. This 
shift is stronger than that of the absorption band. 

Using the dependencies o f / (e , n)and/(£, n) + 2g (n) 
on temperature Tgiven in Figs. 2 and 3 we obtain 

/ (£ ,« ) = -0.00104 7+0.7982, (12) 

/ ( e , n) + 2g (n) = -0.00155 7+1.45082. (13) 

After introducing (12) and (13) in (1) and (2), we 
have 

v A - v F = m , [0.7982-0.00104 71 +const, (14) 

v A +v F = -m2[1.45082-0.00155 T] + const, (15) 

The above semiempirical equations (14) and (15) are val-
id only for luminescent molecules in ethyl acetate over 
the temperature range 251 -351 K. 

Solvent e (7„) n (Tt)) a x 102 ß x 104 y x 106 a x 104 h x 106 T a ^ l e 1 • P f 1 ™ " ' ^ e a " d refractive 
r 0 = 293 K 7o=293 K [deg"1] [deg~2] [deg"3] [deg"1] [deg"2] index n at 70 = 293 K and parameters 

Ethyl 6.09 1.372 2.155 -0.534 0.098 3.390 2.319 ( 1 1 

acetate 

for ethyl acetate occurring in (10) and 



>, 10 

Figs. 2 and 3. Temperature dependence of functions f{e, n) (Fig. 2) and f(e, n) + 2g (n) (Fig. 3) for ethyl acetate. 
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and 5. Influence of temperature on the fluorescence intensity for PRODAN in ethyl acetate from 296 K to 351 K (Fig. 4) and from 251 K to 296 K (Figure 5). 
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4. Ground - and Excited - State Dipole Moments 
of PRODAN 

The slope parameters, m, and m2, occurring in the gen-
eral equations for the difference v A - v F and the sum 
vA+ vF of the wavenumbers, respectively, are functions 
of the orientation polarization of the solvent, / (£ , n), and 
the sum f ( e , n ) + 2g (n), respectively. Figures 6 and 7 
show the thermochromic spectra shifts v A - vF and vA + vF 

versus the solvent polarity functions/(£, n), and/(£, n) 
+ 2g (n), respectively. 

The slopes of the fitted lines presented in Figs. 6 and 7 
were found to be m, = 2400 cm"1 and m2 = 5200 cm-1, re-
spectively. According to (5) and (6). the values of the di-
pole moments and jie depend not only on m] and m2 
but also on the Onsager interaction radius a. For PRO-
DAN, a = 4.2 Ä was assumed based on crystallographic 

0,7982 - 0,00104-T 
0,44 0,46 0.48 0,50 0,52 0,54 

f(8,n) 

Fig. 6. Plots of versus/(e, n) for PRODAN in ethyl 
acetate at different temperatures T. 

1,45082 - 0,00155-T 
0,90 0,92 0,94 0,96 0,98 1,00 1,02 1,04 1,06 

f(e,n)+2g(n) 

Fig. 7. Plots of v A + v F versus/(£, n) + 2g (n) for PRODAN 
in'ethyl acetate at different temperatures T. 

Table 2. Dipole moments (in Debye) determined from ther-
mochromic shifts and solvatochromic shifts for PRODAN. 

Onsager 
radius a 
[A] 

Thermochromic shifts 
in Debye [D] 

Solvatochromic shifts 
in Debye [D] 

Onsager 
radius a 
[A] 

Mg Pc A/i /ig Hc A/i 

4.2 
4.6 

2.45 
2.80 

6.65 
7.60 

4.20 
4.80 

2.14 
2.46 

6.43 4.29 
7.37 4.91 

data [1] and a = 4.6 A based on the calculation of the 
spherical cave volume being a sum of all volumes of at-
oms [14]. In the present work, /ig and /ie are determined 
for both values of a and they are listed in Table 2. It is 
seen that the ratio /ie/,ug = 2.7 determined by the thermo-
chromic method is smaller than that determined from the 
solvatochromic method (/xe//ig= 3.0). The thermo-
chromic method used here gives much less spread ex-
perimental data (cp. Figs. 2 and 3 from [4] and Figs. 6 
and 7 from this work). 

Figures 6 and 7 present also the dependencies of vA- vF 

and vA+vF on temperature T according to (14) and (15). 

5. Conclusions 

The values of dipole moments in the first excited sing-
let state determined based on the method of thermo-
chromic shifts of absorption and fluorescence spectra for 
two somewhat different Onsager radii differ only slight-
ly from those obtained from the solvatochromic method 
(Table 2). However, the dipole moments in the ground 
state /ig differ more significantly. The structure of PRO-
DAN leads to the conclusion that both moments, /ig and 
/ie, are parallel and therefore can be simultaneously de-
termined by the above mentioned methods for the esti-
mated values of Onsager radii. For the known value of 
pg determined experimentally based on the dielectric 
studies it is possible to determine from (9) without 
knowing the Onsager radius. However, best to our knowl-
edge, no such measurements are known for PRODAN. 
The experimental values of /ig obtained by us (Table 2) 
may be only compared with the value of /ig = 3.77 D cal-
culated by the CNDO/2 method [14], which is, howev-
er, distinctly higher than that determined by us. 
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