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ABSTRACT 

A tautomeric equilibrium with proton transfer has been found for complexes of hydroxyanthra- 
quinone dyes-aliphatic amines in low polarity solvents by UV and IR spectroscopy. The shift of 
this equilibrium in an external electric field has been observed by the method of electrochromism 
in the visible region. In a polystyrene matrix below the fl-transition temperature the proton trans- 
fer is partially frozen. 

INTRODUCTION 

The influence of an electric field on chemical equilibrium has been studied 
by Eigen and co-workers [ 1 ] using the relaxation technique. At about the same 
time an extensive theoretical analysis of the field effect on equilibrium and 
processes of chemical relaxation was undertaken by Schwarz [2 ]. Many fast 
chemical reactions accompanied by a change of dipole moment can be studied 
by UV spectroscopy in an electric field of low frequency. The results of the 
successful application of such an approach are illustrated in refs. 3-5. The 
present article is devoted to the study of equilibrium systems, with proton 
transferunder the influence of an electric field, by means of electronic spectra. 

For the observation of the action of an electric field on chemical equilibrium, 
it is expedient to use electrochromism [6]. Electrochromism is a spectral 
method allowing the observation of changes in electronic spectra caused by the 
application of an audio-frequency electric field close to breakdown. Its sensi- 
tivity in electronic spectra with field modulation reaches 10-5-10 -8 units of 
absorbance. The spectrum of electrochromism is an increment of absorbance 
as a function of wavelength in the region of an absorption band. 

The external electric field has a specific direction, which is important for 
molecules with a high dipole moment. Thus, for the study of chemical equilib- 
rium in an external electric field proton transfer complexes were chosen. In 
these complexes, proton transfer is accompanied by an increase of the dipole 
moment up to ~ 10 D [7]. Proton transfer in the complexes is a unimolecular 
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reaction and therefore diffusion processes do not disturb the mechanism under 
investigation. In proton transfer systems the shift of the equilibrium induced 
by the electric field is observed because the equilibrium constant for complexes 
oriented by the electric field in the direction of the field is somewhat higher 
than in the opposite direction. Thus, under the action of the field the proton 
transfer equilibrium shifts towards the reaction products possessing a higher 
dipole moment. 

The complexes of hydroxyanthraquinone dyes (alizarin X = Y = Z = H, pur- 
purin X = O H ,  Y = Z = H ,  alizarin bordeaux X = H ,  Y - - Z = O H )  as proton do- 
nors with aliphatic amines (triethylamine, trioctylamine, 
dimethylbenzylamine, dicyclohexylamine) as proton acceptors were chosen for 
study. The binary donor-acceptor systems, as well as their solutions in toluene, 
CC14, and dioxane, have been studied. According to refs. 8 and 9 the interaction 
of I with proton acceptors is accomplished through the fl-hydroxy group. The 
existence of the unimolecular equilibrium I I~I I I  is confirmed by comparison 
of electronic and vibrational spectra. 
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EXPERIMENTAL 

The experimental procedure was the same as in refs. 10 and 11. Vibrational 
spectra were obtained with a UR-20 spectrophotometer and electronic spectra 
with the spectral unit KSVU-3. Dyes were recrystallized from hot toluene so- 
lution. Electronic spectra of samples in the electric field were measured in a 
0.25 mm thickness cell with windows covered by a conductive layer on the 
setup described in ref. 6. The spectra of electrochromism were obtained at 

- / " ~  o o • O= (e,F) =55 and 90 , where 0 is the angle between the directions of the 
electric field of the probe optical beam (~ is the unit vector) and of the external 
electric field F. The value of the angle, 0=55 °, was chosen with a view to 
excluding the orientation effects of the components of the equilibrium I I~I I I  
[ 6 ]. On the basis of Liptay's conception [ 12 ], an equation was derived describ- 
ing the shift of the chemical equilibrium in the electric field [13]. The incre- 
ment of absorbance, AA oh, is quadratic in field strength, does not depend on 
the direction of light polarization and is connected with the dimensionless 
equilibrium constant K by: 
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Here F is the strength of the external field, gl, ~2 the dipole moments of ionic 
and molecular forms of complexes, k is the Boltzmann constant, T is absolute 
temperature, and B'  is a constant (see ref. 12). 

RESULTS AND DISCUSSION 

In Fig. 1, the electronic spectra of alizarin solution in toluene in the presence 
of excess dicyclohexylamine at different temperatures (290-340 K) are pre- 
sented. The 430 nm band belongs to molecular form II of the complex, the 540 
nm band to ionic form III. With increase of temperature the equilibrium II ~ III 
shifts to the left, all temperature changes being completely reversible. At the 
concentrations used only the complexes of stoichiometric composition 1:1 ex- 
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Fig. 1. Electronic spectra of solution of alizarin 3.43 X 10-3 M and dicyclohexylamine 3.43 × 10-1 
M in toluene at different temperatures, d= 1.065 mm. 
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Fig. 2. Electronic spectrum A and the differences of absorption, caused by temperature AA T 
(d = 1.065 mm ) and by the action of an electric field ~ 4  F , F F AAch, AAph (d=0.25 mm) for solution 
of alizarin and triethylamine in toluene; T=  298 K, O= 55 °. 

ist. The position of tautomeric equilibrium depends on the proton donating 
power of the dyes, the basicity of the amines and the temperature. Thermo- 
dynamic parameters of the proton transfer process for hydroxyanthraqui- 
none-amine complexes lie within the intervals: A H ° = -  (10-40) kJ M -1, 
AS ° = - (50-100) J deg -1 M -I. 

The dipole moments of the complexes in the ground state were measured by 
the method of electrochromism, the directions of electronic transition moment 
being taken into account. The values obtained for the molecular form of dye- 
amine complexes are 2.3-2.8 D; for the ionic form 5.7-5.8 D [14, 15]. 
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The spectra of the system with proton transfer equilibrium in the external 
electric field are shown in Fig. 2. The spectrum AA F is presented as the sum of 
the two terms F AAFh, where F AA ch + AA ch is the chemical contribution arising 
from the field-induced shift of proton transfer equilibrium and AAp F is the 
physical effect, caused by the orientation polarization of ionic form of the com- 
plex [6]. The spectra, AAc T (the difference of absorbance caused by temper- 
ature) and AAc F were compared by plotting hA T versus AA F in different 
points of the 400-550 nm region. A satisfactory correlation dependence exists 
between these quantities (the correlation coefficient is 0.988), hence the pro- 
files of AA cFh (~t) and AA T (~) practically coincide. This confirms the idea that  
both spectra are caused by the same phenomenon,  i.e. by the shift of tautomeric 
equilibrium as a result of factors such as electric field and temperature. How- 
ever, this type of intensity change of spectral bands is only a particular case of 
spectral manifestation of the field-shift of chemical equilibrium. It is typical 
for cases when 7< 55 ° (7 = ( ~ , ~ )  is the angle between the dipole moment  of 
the complex in the ground state,/~, and the transition moment  with unit vector 
rh for both forms II, III). Different values of angles 7 can give rise to a great 
variety of deformations of electronic spectra observed in an electric field [15]. 

According to eqn. (1), a linear dependence should exist between the relative 
change of absorbance and the factor K/(I+K). It has been found that  the 
experimental dependencies hA Fh/A versus K/(1 +K) for the ionic band of 
complexes of alizarin, purpurin and alizarin bordeaux are described by straight 
lines in the interval 0.25 < K <  0.47. The equilibrium constant for each system 
was varied as a result of temperature change from 290 to 340 K. It can be seen 
as confirmation of the correctness of the model used and also proves that  the 
observed effects are caused by the field-induced shift of tautomeric equilib- 
rium. On the basis of eqn. (1), the parameter cos (/~1,/~2), i.e., the angle be- 
tween the dipole moments  of the molecular and ionic forms, was estimated. 
For tautomeric complexes of alizarin and alizarin bordeaux with aliphatic 
amines, this angle was found to be about 130 °, and for purpurin-amine com- 
plexes about 100 °. 

An at tempt  was made to use electrochromism for the study of the reorgani- 
zation of a solvation shell of the tautomeric complex. It has been shown [ 16- 
19 ] that  the necessary condition of unimolecular proton transfer is the appro- 
priate scale of molecular mobility of surroundings of the complex. In particu- 
lar, in polymeric media the shift of the equilibrium I I ~ I I I  on cooling of the 
sample slows down near the temperature of fl-transition corresponding to the 
freezing of the orientation mobility of polymeric chains. Hence, in high viscos- 
ity media the frequency of reversible proton transfer is controlled by the time 
of structural relaxation of a solvation shell. 

The hydroxyanthraquinone dye-amine complexes in polystyrene show the 
phenomenon of partial freezing of proton transfer equilibrium near and below 
the temperature of p-transition, as noted previously [19]. The spectra of elec- 
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Fig. 3. Temperature dependence of log AA/A for the complexes with dicyclohexylamine of alizarin 
(1) and alizarin bordeaux (2); of purpurine with dimethylbenzylamine ( 3 ) ( 0 = 55 ° ) and for the 
azo dye {0=90 ° ) in polystyrene (4). 

trochromism of these samples give qualitatively new information which sup- 
ports this concept. In Fig 3, the dependencies of log(AAfh/A) on 1/T are 
presented for tautomeric complexes at O= 55 ° (curves 1-3) and, for compari- 
son, the dependence of the value log (AApJA) at O= 90 ° is also given (curve 
4 ), characteristic for the orientation polarizability of an azo dye as a probe [6 ]. 
In both cases the inflexion interval is in the vicinity of the fl-transition tem- 
perature of the polymeric matrix. 

CONCLUSIONS 

The results obtained in this study demonstrate the efficiency of the method 
of electrochromism for investigations involving molecules with high dipole mo- 
ments, and also for researching the influence of the medium on the kinetics of 
intracomplex proton transfer. 
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