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Figure 2. Expanded graph of activity of water at low THF con- 
centrations 

occurred in the melting point of the hydrate ( 4 ,  70), the 
viscosity ( 9 ) ,  and the freezing rate (8) of the solutions. 
However, the accuracy of the data is not sufficient to 
make any definitive statement about this phenomena. 

Nomenclature 

a1 = activityof THF 
a2 = activity of water 
t = temperature, "C 
XI  = liquid concentration, mole fraction THF 
y1 = vapor concentration, mole fraction THF 
cy12 = relative volatility THF/HpO 
all = relative volatility H20/THF 
yl  = activity coefficient THF (mole fraction THF)- 
7 2  = activity coefficient water (mole fraction water) - 
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Molecular Associations in Nonaqueous Solvents 
1. Thermodynamics of Dye-Dye Interactions in CCI, and C6H6 

Richard C. Graham, Gary H. Henderson, and Edward M. Eyringl 
Department of Chemistry, University of Utah, Salt Lake City, Utah 841 12 

Earl M. Woolley 
Department of Chemistry, Brigham Young University, Provo, Utah 84607 

The thermodynamic parameters of the dimerization of 4. 
4' ,4' ' ,4' '4etraoctadecylsulfonamido copper( 1 1 )  
phthalocyanine in benzene and carbon tetrachloride were 
determined by an adiabatic calorimetric technique. The 
values for the dimerization in benzene were AH," = - 10 
f 1 kcal/mol, AG1" = -5.6 f 0.1 kcal/mol, and AS," 
= - 1  5 f 4 calydeg. On the basis of the reported values 
for the dimerization in benzene, the values for the 
dimerization in carbon tetrachloride were estimated to be 
AHl"  = -13  kcal/mol, AGIO = -8.7 kcal/mol, and 
AS1" = -15  cal/deg. These results are compared with 
previously reported values for the dimerization of 
aqueous metal phthalocyanine ions and other 
dimerizations in solvents of low dielectric strength. 

Metal phthalocyanine dyes, of which 4, 4', 4", 4"'-  
tetraoctadecylsulfonamido copper (I I )  phthalocyanine, 
CuPc (Figure I), is an example, provide analogs to the 
biologically important porphyrin skeleton of chlorophyll 

' To whom correspondence should be addressed. 

and the heme moiety of hemoglobin. Additionally, the 
solid-state interactions of these dyes can be simulated in 
solution by matching solvent properties and structure sol- 
ubility characteristics (6). Several spectroscopic studies 
of water-soluble metal complexes of tetrasulfonated 
phthalocyanine ions ( 7 ,  4 )  and descriptions of the dimeri- 
zation process (7, 9) of these charged species have ap- 
peared in the literature. However, until recently, little 
work had been done on phthalocyanine metal(l i )  dyes in 
solvents of low dielectric strength ( 6 ) ,  where the impetus 
toward dimerization is the dye-dye interaction. Therefore, 
it is our purpose to investigate systematically the param- 
eters of dimerization in solvents of low dielectric con- 
stant, specifically benzene and carbon tetrachloride. 

Experimental 

Calorimetric titration measurements of enthalpies of 
dilution of CuPc in benzene and carbon tetrachloride 
were made with the Tronac 450 adiabatic calorimeter 
coupled with the Tronac 1040 temperature controller. The 
titration apparatus was modified to include a Metrohm 
Herisau Dosimat automatic piston buret, coupled to a 
precision synchronous motor for delivery of solutions to 
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the reaction vessel after equilibration to the bath temper- 
ature (2). All results of our calorimetric measurements 
refer to 25.0" f 0.1"C and are reported in terms of the 
calorie that is defined equal to 4.184 J. All solution com- 
positions are described in terms of molar concentrations. 
All solvents used in the calorimetric measurements were 
previously doubly distilled and stored over Lindemann 
molecular sieves. The water content of each solvent was 
determined by Karl Fischer titration to be less than 0.07 
mg HzO/ml solvent. The CuPc used was thrice recrystal- 
lized from a chloroform-methanol mixed solvent system 
( 6 ) .  

Results 

Calorimetric measurements for addition of 0.01 006M 
CuPc in benzene solvent to pure benzene are summa- 
rized in Table I .  The rather small net heat involved with 
the dilution process is the result of the very large value of 
the dimerization constant, K 1  = 1.6 X 1 O4 for Reaction 1 
in benzene solvent (6). 

K 1  

2CuPc - (CuPc)z (1 1 
We have calculated a value of AHl"  for Reaction 1 in 
benzene solvent from the data in Table I by the following 
procedure. 

(i) Calculate the number of moles of dimer ( C U P C ) ~  in 
each solution in Table I by use of Equations 2 and 3. 

R 

\ 
R 

R' 
Figure 1. Monomer of 4, 4', 4", 4"'-tetraoctadecylsulfonamido 
copper(1 I )  phthalocyanine molecule where R is 
SOz"(CHz) 17CH3 

Table I. Typical Calorimetric Enthalpies of Dilution for 
Titration of 0.01006& CuPc in Benzene Solvent into 
50.00 ml Benzene at 25.0 f 0.1OC 

AHoba = 
Heat of dilution 

Titrant Heat of dilution, mcal Total moles CuPc 
tion added, 
no. ml R u n 1  R u n 2  R u n 1  R u n 2  

0.222 5.4 5.2 2.42 2.34 
0.444 8.5 8.3 1.90 1.86 

0.888 11.2 11.4 1.25 1.28 
1.110 12.3 12.6 1.10 1.13 
1.332 13.1 13.8 0.98 1.03 
1.554 13.9 14.7 0.89 0.94 
1.776 14.7 15.5 0.82 0.87 

0.666 10.2 9.9 1.53 1.48 

KD = [(CUPC)~]/[CUPC]* = 1.6 x 104 (2) 

[CuPc] -t 2[(CuPc)n] = (ml titrant) (0.01006)/ 
(50.00 + ml titrant) (3) 

(ii) Compare pairs of resulting solutions ( k  and I )  in 
Table I I  with Equations 4 and 5. 

[ ( A H o b d k  - (AHobs) l ] / (bk  - 61) = AHi"  (4) 

(5) 

In Equation 4, AH,"  represents the molar enthalpy for 
Reaction 1. 

(iii) Use the average value of A H ,  values calculated in 
(ii) to calculate a "better" value of K1 valid at 25°C by 
using the van't Hoff equation. 

(iv) Repeat (i)-(iii) as necessary. The procedure in 
step (ii) is used because it eliminates the necessity of in- 
clusion in the calculations of the possibility that higher 
polymers, (CuPc), with n L 3, may be contained in the 
relatively concentrated titrant solutions, since this inclu- 
sion would interfere with the monomer-dimer model used 
here (6, 70, 7 7 ) .  We have assumed that all measured 
heats of dilution are the results of reaction only, and that 
any "nonideal" solute-solute or solute-solvent heats of 
interaction are negligible when compared to the reaction 
heats (70, 7 7 ) .  We also assume that all activity coeffi- 
cients are unity in these solutions (70, 7 7 ) .  

Results of following steps (i)-(iii) with K1 = 1.6 X l o4  
are given in Table I I  for several pairs of solutions listed in 
Table I. From further application of steps (i)-(iv) we esti- 
mate that the "best" values of the thermodynamic quan- 
tities for the dimerization Reaction 1 of CuPc in benzene 
at 25°C are: 

6 = [mol (CuPc)~]/ [ total  mol CuPc] 

K~ = 1.3  x 104 ( f 0 . 2  x 104) 
AG1" = - 5.6 ( f O . l )  kcal/mol 

AHl '  = - 10.0 ( f l . O )  kcal/mol 

AS,"  = - 15.0 ( f4.0) cal/deg 

The uncertainties shown are reasonable estimates of ex- 
perimental error. 

Because of the even greater stability of ( C U P C ) ~  in car- 
bon tetrachloride ( K 1  = 3 X lo6  at 22°C) (6), measured 
enthalpies of dilution of 0.01M solutions of CuPc in CC14 
are so small that they are highly uncertain. However, 
from the results obtained in benzene, one can approxi- 
mate a ASl"  = -15 cal/deg for Reaction 1 in CC14 sol- 
vent at 25°C. I f  this estimate is correct, we can give the 
following values of thermodynamic quantities for Reac- 
tion 1 in CCld at 25°C: 

K i  = 2.4 X l o6  ( f0 .5  X l o 6 )  

AGIO = -8.7 ( f O . l )  kcal/mol 

A H l "  - -13 kcal/mol 

AS,"  - -15 cal/deg 

Discussion 

The dimerization model as proposed in Reaction 1 is 
substantiated by several important facts. The first of 
these are the spectroscopic results of Monahan et al. (6) 
which support only the dimerization model. References 
cited in Ref. 7 7  also indicate that at low concentrations 
(such as those with which we are here concerned), the 
only important aggregate is the dimer for such molecules 
as carboxylic acids in nonaqueous solvents. 
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table 11. Representative Calculations of AHl' for 
Dimerization of CuPc in Benzene at 25OC from 
Data in Table I by Use of K1 = 1.6 X 10' 

Solutions -AH1', kcal, -AH1', kcal, 
compared, k, I Run 1 Run 2 

1, 2 
2, 3 
3, 4 
4, 5 
5, 6 
6, 7 
7, 8 
1, 4 
4, a 
1, a 

9.0 
12.1 
14.0 
10.4 
10.8 
10.2 
9.6 
10.8 
10.3 
10.7 

8.3 
12.4 
10.0 
10.4 
9.0 
10.2 
9.6 
9.8 
9.8 
9.8 

The results of our calorimetric measurements also indi- 
cate that only dimers are present for the following rea- 
sons. As noted in Table 1 1 ,  A H ~ O  is not a function of the 
concentration of the CuPc in the reaction vessel. If high- 
er polymers were present, a systematic increase or de- 
crease in AHl'  would appear as the concentration of 
CuPc in the reaction vessel increases. However, as pre- 
viously.stated, AHl' is not a function of the formal con- 
centration of CuPc except for random scatter. Further- 
more, dimers are considered to be primary aggregates 
since including trimers or higher aggregates does not im- 
prove the fit of the data. 

Comparison of these thermodynamic results with simi- 
lar studies yields some interesting observations. Hammes 
and Park (3) and Kyogoku et al. (5) reported an entropy 
of dimerization of 1 -cyclohexyluracil in chloroform as 
-14.5 and -11.0 cal/deg, respectively. Kyogoku et al. 
( 5 )  also studied the dimerization of ethyladenine in chlo- 
roform and reported an entropy of dimerization equal to 
-1 1.4 cal/deg. Additionally, Woolley et al. (70) reported 
a AS298' value of -25.6 cal/deg for the trimerization of 
phenol in benzene and carbon tetrachloride. Thus, the 
ASTO = -15 cal/deg reported here is in good agreement 
with other dimerizations in solvents of low dielectric con- 

stant and appears to show the proper statistical entropic 
contribution when compared to trimerization in solvents 
of low dielectric strength. 

More interestingly, our calorimetric thermodynamic 
data rather closely resemble those for the dimerization of 
aqueous cobalt( I l)-4, 4', 4", 4"'-tetrasulfophthalocya- 
nine ion obtained from the temperature dependence of the 
spectrophotometrically determined equilibrium constant, 
reported by Schelly et al. (8). They found a A H ~ O  for dim- 
erization equal to -14 kcal/mol. AS331O = -18 cal/deg, 
and &331° = -8 kcal/mol. These results seem to indi- 
cate an insignificant role of solvent participation in 
phthalocyanine dimerization. 

Calorimetric studies of this type, in addition to stopped 
flow kinetic studies of the dimerization, should eventually 
permit an interpretation of both the r-r interaction and 
central atom participation in dimerization and higher 
aggregation in porphyrin-type systems. 
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