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ABSTRACT 

The hydrogen bonding dimerization of acetic acid in anhydrous CCIs and 
benzene solutions at 25” has been investigated by a diIution calorimetric technique_ 
The caIorimetric data are anaIyzed in terms of relative apparent molar enthalpies, 4pL. 
The values of GpL are shown to be consistent with the monomer-dimer model. The 
resuhs Iead to the following values of the equiIibrium constant (molar concentrations) 

and standard enthalpy for formation of dimers from monomers: in CCI,, K, = 900 

(+_ 100) and AH,” = -8.1 (20.2) kcaI/mole of dimer; in benzene, K2 = 270 (+50) 

and AH,” = - 7.4 (kO.2) kcal/moIe of dimer. 

INTRODUCTION 

Many studies have shown that compounds containing -OH groups are inter- 
moIecuIarly hydrogen bonded when in “inert” solvents. Often the associated species 
are stable enough to identify the extent of aggregation and to determine their tbermo- 
dynamic properties_ The wide variety of experimental techniques utilized in studies 
of the hydrogen bond are discussed by PimenteI and McCIeIIan’. 

Recently, a calorimetric titration technique has been developed which enables 

us to determine from one experiment the thermodynamic quantities d G”, d H”, and 
AS” for the self-association of hydrogen bonded soI~tes*~~. It has been shown that 
independent determination of the extent of association (dimers, trimers, etc.) is 

heipful but not necessa-ry in determination of numerical values of these thermodynamic 
quantitie?. 

We have chosen to study the hydrogen bonding association of acetic acid in 
carbon tetrachloride and in benzene by this calorimetric technique because of the 

general agreement that the predominant equilibrium reaction for these systems is the 
dimerization of acetic acid’*4*5 represented by 

2A,A, (1) 

6 = M/M2 

In Eqn. (21, [A21 and [A] represent molarities of acetic acid dime; and monomer, 

respedively. 
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Rea_eznt grade oJacia1 acetic acid and spectrophotometric grade carbon tetra- 

chforidc and benzene were used. ConsiderabIe care was taken to prepare and keep a11 

solutions and sol\-ents free from water. All measurements were made at 25.0 ~02°C 

Heats of dilution of acetic acid in anhydrous CCI, and in anhydrous benzene 

were measured with the Tronac 350 Titration Calorimeter (50 ml vessel) coupled to 

the Tronac PTC-1000.4 Temperature Controller and a Sargent-WeIch SRG recorder_ 
AI1 results of our measurements are reported in terms of the caIorie defined equal to 
-%.1&I J_ AI1 soiute concentrations arc described in terms of moIarities_ 

Our heat of dilution results are reported and used in the form of GL values. 

The reIative apparent moIar enthaIpy, eL, is equal to the negative of the enthalpy of 

diiution of one molt of acetic acid from a soIution of specified molarity to in&rite 

&Iution. We assume the differences beta-een aetuai @,_ vaIues and Qr. = 0 for ideaI 

solutions arc caused by dissociation of acetic acid dimers to monomers’. 

TABLE I 

0.001 i: 1970 
O.oOI60 2203 
0.00218 2452 
0.00273 2575 
OS0341 2695 

0.00453 2840 
O_oOSi% 2932 
O.CH35X 3007 

0.007s9 3072 
0.- 3127 
0.01010 3169 
0.3t120 32GS 

O.OI230 3239 

0.01339 3270 

0.014% 3298 

0.01556 3320 
0.01664 3343 

0.01772 3365 

O.OlFi79 3382 

0.01986 3401 

O-5711 3900 

1.120, 3950 

Our Qr. data for acetic acid in CCIa and benzene are listed in Tables I and II. 
These vahres are based on several separate caIorimetric dilution runs in which titrant 

solutions were prepared independentIy. The titrant solutions had acetic acid molarities 
of &I= I-120, and M= 0.571, in CCI, solvent, and Al = 1.229, and M= 0.5942 in 
bxzcnc soIuent_ 

Our interpretation of the GL LYYSUS M data foI1ou-s that given earlier’_ We 
consider the dilution of a solution containing acetic acid from an initial molarity M to 



IXTERMOLECULAR HYDROGEN BOhIING 351 

TABLE Ii 

RELATlvE APPARENT MOLAR EXAHALPIES OF XCEI-IC ACID M AWWDROUS BENZEST 

M (motes acid/lifer - QL (cai/mole 

ojsofurion) of acid) 
M (moles acid/lifer 

of SoiKn-on) 
- C&_ (calf mole 

of acia 

0.00119 1162 
0.00166 1281 
0.00237 1558 
0.002S4 1640 
0.00354 1781 
0.00472 1990 
0.00588 2116 
0.00705 2222 
o.OOs20 2312 
0.00936 2383 
0.01051 2435 
0.01165 2485 

0.01279 2539 

0.01393 2575 
0.01506 2609 
0.01618 2644 
O.OJ731 2661 
0.01842 2698 
0.01954 2722 
0.02065 2744 
0.5941 3400 
1.229, 3500 

infinite dilution. For this process we write 

M GL = dH; [A,] (3) 

in which AH,” represents the moIar enthaIpy of the reaction shown in Eqn. (1). 
Rearrangement of Eqn. (2) Ieads to 

[A21 = Kt [Al2 (4 

Combination of Eqns_ (3) and (4) and subsequent rearrangement gives us 

[A] = (M @JAH; K2)+ (5) 

Substitution of Eqns. (4) and (5) into the equation for material balance 

M = [A]i2[A2] (6) 

folIowed by rearrangement yields 

~==(dH=/2)-(-~~14K2)~ (-@dM)+ (7) 

A graph of our experimental - Qt IXT.W.Y (- @rjM)* vaIues is shown in Fig. 1. 
The slopes and intercepts of these lines lead to Kz = 883 (+200) in CCI, and AH; = 
- 8.06 (+0.2) kcal/mole of acetic acid dimer in CCI, and Kz = 290 (+ 60) in 
benzene and d Hz = - 7.2, (+ 0.2) k&/mole cf acetic acid dimer in benzene. 

Since at any finite concentration there will be both monomeric and dimeric 
acetic acid present, while at iulinite dilution all dimers are dissociated to monomers, 
we can express the enthaIpy of dilution to infinite dilution in teims of 

Qr. = (z/2) AH; (81 

where Q represents the fraction of monomers that is associated. Thus we have 
[A] = M(1 -a) and [A2] = rM/2, which we substitute into Eqn. (4) to obtain 

Kz = r/2zU(l -rj2 (9) 
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Ftg. I. RuuIts of enthalpy of diiurion mescurcments displayed as suggested by EQ~. (7): 0, acetic 
acid in CC1 i ; Z, acetic 35~ in benzene. 

We have tested Eqns. (8) and (9) with our GL resu!ts using a computer to find 
the value of Kt that leads to the most consistent value of AH: over the entire range 
of concentrations Thm calculations lead to KZ = 565 and JHG = -8.07 (AO.025) 
kcaI,‘mole in Ccl, and K2 = 255 and -1 Hz = -7.46 (+0_072) kcal/mole in benzene. 

We have also devised an approach based on di_fferences in QL values at finite 
,M vahxs. We take qpLI and @= to indicate relative apparent molar enthalpies at 
two molarities of acetic acid. _%I, and rVn. From Eqn. (8) -we obtain 

AH; = 2(@,2 - @&(“(r2 - Xl) (10) 

where z2 and zI refer to the fraction of monomers associated in the two solutions_ 
We have tested Eqns. (9j and (1Gj with our GL resuIts usins a compufer to find 

the value of KZ that leads tc the most consistent vaiue of AI-I; over the entire range of 
concentrations. These calculations lead to K,-950 and AA?;- -8.2 kcaljmole in 
CCI, and K,--240 and LIJHG- - 7.5 kcal/moIe in benzene. 

Since the thermodynamic values obtained by these two computer approaches are 
in a_greement with the rest&s of the saphical method [Eqn. (7) and Fig. I]: we con- 
clude that the &best” thermodynamic vaIues are K2 = 900 (2 100) and 4H,” = - 8.1 
(iO.2) kcaI:moie in Ccl, and KZ = 270 (& 50) and 4H; = - 7.4 (kO.2) k&/mole 
in benzne. 

From these -best. KZ values we obtain ._lq = -4.0, -(-&0_07) kcal/mole and 
.3c, = - 3.32 (-f-O.ll) kcaI,lmoIe for the dimerization reaction in Eqn. (I), in CCIl 
rmd in benzene, respectively. Combination of these -1Gf values (based on molar 
concentrations of monomer and dimer) and the “best” AH; values leads to ASi = 
- 13.: (2 I) kcal/mole;‘K and Jr; = - I3., (i_ I) kcal/mole,YK for the dimerization 
reaction in Eqn. (I), in CCI, and in benzene, respecrively. These values are summarized 
in Table 15. 
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TABLE III 

THERhlODY?JAMICS OF ACETIC ACID DIMERIZATION IK ANHYDROUS BENZENE A?Gi CCL” 

Benrpne CCI, 

Gb 270 (f 50) 900 (&loo) 
de, (kcal/mole)b -3.32 (fO.11) -4.03 (zkO.0,) 
dH;; (kcal/moIe) -7-4 (1-O-2) -8.1 (f0.2) 
A$ (kcal/moIe~‘Kjj - 13.7 (5 1) - 13_? (‘- 1) 

.\VC use k to indicate total uncertainty in values (see Ref. 2). bValues based on molar concentrations 
of monomer and dimer (see Ref. 2)_ 

DISCUSSION 

Acetic acid in benzene has been investigated by a variety of techniques that 
lead to reasonably consistent values of K21*6*7*8. Much of the compiled data is 
derived from acetic acid-water-benzene distribution measurements in which the 
benzene phase contains significant amounts of water. Such data are not necessariry 
comparable in a direct manner with our GJ= measurements in anhydrous benzene 
because of the probable presence of hydrated acetic acid species in the benzene 
phase _ 2*6n7 Christian and coworkers6 have attempted to correct earlier acetic acid- 
water-benzene distribution data for hydration effects. They conclude that K2 values 
valid for anhydrous benzene are two or three times as large as the apparent K, values 
obtained from distribution experiments in the temperature range of 15-35’C. 

Apparent Kt values at 25°C from distribution data on acetic acid-water- 
benzene are generally in the range of 130-170’*4*7. Using the factor of twc or three 
from Christian and coworkers6, K2 in anhydrous benzene should be between 260 and 
510. Our K, = 270 (+_50) from GL data in anhydrous benzene is in good agreement 
with this estimate. 

Pimentel and McClellan’ also give K2 values from 0” to 70°C derived from 
dipoie moment data of acetic acid in anhydrous benzene by Smyth and Rogers’. 
We have calculated dHz = - 5, kca.I/moIe at 25 “C using these KZ values, density 
(p) data for anhydrous benzeneg, and Eqn. (1 1)2_ 

AH,” = RT2 (dlnK,/dT) + RT2 (dlop/dT) (11) 

Interpolation of the KZ values gives K2 = 170 at 25°C. We note that these values are 
somewhat lower than the va1ues in Table ITT. 

We now turn to a discussion of the thermodynamic values for acetic acid in 
Ccl, obtained by our aL method as compared to previous work. Values of Kz 
obtained by various methods appear to be more uncertain in anhydrous Ccl4 than 
in anhydrous benzene. The three IR spectroscopic studies cited by Pimentel and 
McClellan’ give K2 values ranging from 1000 to 4000 at 25 “C, somewhat higher than 
our K2 = 900 (& 100). Distribution measurements on acetic acid-water-CCL+ give’ 
K2 = 483 at 25°C. As with K2 in benzene, this Kz = 483 cannot necessarily be com- 
pared in direct manner with our K2 in anhydrous CCls. Pimentel and McClellan’ 
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aIs0 cite A& = - 10.76 kcal,‘mole of dimer in anhydrous Ccl, from IR spectroscopic 
data, somewhat more negative than our “best” value of -7-4 (&O-2) k&/mole. 

We conclude that the calorimetric dilution teclmique and method of calculation 
described here and elsewhere’ provide a good approach for the fnvestigation of 
intermolecular hydrogen bonding of carboxyIic acids. The experimental procedure is 
prformed readily with the calorimetric equipment described in this paper- Treatment 
of the caiorimetric enthalpy of dilution data is straightforward. Thermodynamic 
lialues derived from these methods are in reasonabIe agreement with corresponding 
l;aiues obtained by other methods. 
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