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ABSTRACT

Hydrogen-bonded species in aqueous solutions of acetic acid have been
quantitatively studied in the concentration range of 0 to 85 % w/w. Their presence
has been indirectly determined from equilibrium constants by a non-linear least squares
treatment of proton chemical shifts. The resu]ts suggest that monomers and dimers
predominantly exist within the range of 1.6 x 107 10 8.0 x 107 % w/wand 6.0t0 20.0 %
w/w respectively, whereas cyclic dimers and Iinear dimers coexist within the range of 10.0
to 25.0 % w/w, and oligomeric species are formed above 50.0 % w/w.

INTRODUCTION

The quantitative species distribution of hydrogen-bonded species of acetic acid
in aqueous solution is still not well known, the reason being that their concentrations
cannot directly be measured by experiment. However, when a simulation technique was
introduced over a decade ago, it provided a means for tackling the above mentioned
problems. For example, Goldman'? has succeeded in applying this technique in the
study of complex mixtures of hydrogen-bonded species of acetic acid in carbon
tetrachloride. He determined corresponding equilibrium constants by simulation based
on the so-called “‘least squares treatment’’ of the non-linear relation of proton chemical
shifts of that solution to the species concentrations. Although information about
hydrogen-bonded species of aqueous acetic acid cannot be regarded as abundant, it
is sufficient to be useful for the simulation method. Such information is available
in the literature, for example, the postulation of monomeric and linear dimeric species
by Beckmann,4 and several subsequent papers.>® Karle and Brockway!0 used
the electron diffraction method to study the structure of acetic acid in the gas phase
and concluded that it exists mainly as cyclic dimers and hence they assumed a mixture
of monomers, cyclic dimers and oligomer in the liquid state of acetic acid.

In this paper, we have adopted the Goldman simulation approach to the study of
quantitative distribution of hydrogen-bonded species present in an aqueous acetic acid
solution at various concentrations. Not only is a wider range of concentrations covered,
but also more varieties of species are taken into account in addition to those proposed
by previous workers.!»5-%10 The inclusion of ionic species has required some modifications
of the Goldman treatment represented by equation 4.



142 J. Sci. Soc. Thailand, 14 (1988)

EXPERIMENTS

All chemicals used in this work were of analytical grade. Deionized water was
used throughout. The nmr and conductivity measurement were performed at 32 °C,
1 atm and the uncertainties of the results were estimated to be less than * 0.02 %
for the nmr work and * 0.05 % for the conductivity measurement.

The fractions of proton of hydrogen ions at various concentrations were derived-
and computed from the conductivity data. The proton chemical shifts of the aqueous
acetic acid solutions were measured in D,0 using DSS(2,2- Dimethyl -2- silapantane -5-
sulfonate) as external reference. i

COMPUTATIONAL METHOD

The equilibrium constants K_, K; and K are related to the mole fraction of
various species as follows :

K, = X. /X .. (1)
K, = X,/ X3 .. )
and K = Xl+1 / )(l Xl ..... (3)

where X, X, X, and X are the mol fractions of cyclic dimer, monomer, linear dimer
and oligomer units, respectively. These equilibria were simulated by fitting the experimental
and calculated hydroxyl proton chemical shifts at various concentrations. The calculated
chemical shift was determined from eq. (4) :

where f(E), f(I), f(C), f(H+), and f(H,O) are the fractions of acid protons of the
end proton, internal hydrogen bonding proton, hydrogen-bonded proton in cyclic dimer,
hydrogen ion and water proton, respectively, while 8(x) represents an individual
proton of the type x as mentioned above.

The last two terms of eq.(4) are determinable variables since they can be obtained
from the measurements. Other terms are unknown. However, by following
Ruangpornvisuti’s work,!! we derived the fractions of protons namely f(E), f(I) and
f(C) from the mass balance relationship for total acetic acid in the solution, and with
the aid of egs. (1), (2) and (3), the unknown parameters in terms of the equilibrium
constants K, K; and K, were obtained. Finally six parameters ie., K, K; and K,
and proton chemical shifts 6(E), &I) and &6(C) were refined by scanning for their
magnitude within a certain range of the values taken from ref. (1).

According to the non-linear relation between the observed chemical shifts and
their concentrations, the non-linear least squares fit method was used in terms of standard
deviation minimizing :
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RESULTS AND DISCUSSION

The equilibrium constants obtained from the simulation, K, K; and K, are
equal to 54.4, 141.7 and 262.5 respectively. These values are significantly acceptable
within the concentration range of 0 to 85 % w/w shown by a very small discrepancy
between the calculated and observed chemical shifts. Fig. 1 shows that at high
concentrations (above 85 % w/w), the calculated chemical shifts increasingly deviate,
as a function of concentration, from the observed chemical shifts. This may be attributed
to the fact that in the model used in this work every acetic acid species is considered
to be solvated with water molecules. Although this consideration is reasonable for a
fairly dilute solution, at a higher concentration some of the acetic acid species may be
left unsolvated, implying a need for a different model. The alternative argumént is
that in this work we assumed the independence of K, K; and K. on the apparent
concentration of (monomeric) acetic acid. This assumption may be valid for each narrow
range of concentration but becomes uncertain if applied to the extreme situation i.e.
from a very dilute to a very high concentration. If this is the case, anomalous results
at high concentrations can be expected. This argument is supported by the work of
Jose B. Ng and H.F. Shurvell!2 who have appliéd factor analysis and band contour
resolution techniques to the Raman spectra of acetic acid in aqueous solution and
found a drastic increase in acid concentration above 14 M. It is, therefore, interesting
to look more closely into the tendency of changes in the values of the equilibrium
constant, especially of K_, as a function of concentration at above 85 % w/w.

Although some more work is required in order to refine the results, it suffices,
in the present work, to illustrate the application of the simulation technique in a study
of a complex system like acetic acid in water. Here we show that once the equilibrium
constants are found, the mole percent of existing species are readily obtainable: From
Fig. 2 it is read that monomers and dimers predominantly co-exist within the concentration
range 1.6x10~3 to 8.0x10~3 and 6.0 to 20.0 % w/w, respectively, whereas cyclic dimers
and linear oligomeric species are formed above 50.0 % w/w. It is interesting to note
that Semmler et al.,13 in the most recent paper, have shown similar findings to our
species distribution although using a different approach.

ACKNOWLEDGEMENT
The authors wish to acknowledge with many thanks the support received from
Computer Service Center, Chulalongkorn University for the computational work.



144 J. Sci. Soc. Thailand, 14 (1988)

REFERENCES

1.

Goldman, M.A. and Emerson, M.T. (1973). Hydrogen-Bonded Species of Acetic Acid in Inert Solvents. J. Phys.
Chem. T7, 2295.

2. Goldman, M.A. (1953). Quart. Rev. 7, 255.

3. Goldman, M.A.,, Ph.D. Dissertation, Florida state University, USA, 1969.

4. Breckman, E. (1890). Z. Phys. Chem. 6, 444,

5. Taylor M.D. (1951).;The Vapor Dissociation of Some Carboxylic Acids. 1.Acetic Acid, /. Am. Chem.
Soc. 72, 315.

6. Harris, JT.and Hobs, M.D. (1955). A Study of the Association of Some Organic Acids by Infrared Absorption.
J. Am. Chem. Soc. 76, 1419,

7. Barrows, G.M. and Yerger, E.A. (1954). The Dimerization of Acetic Acid in Carbon Tetrachloride and
Chloroform. J. Am. Chem. Soc. 76, 5248.

8. Wenograd, J. and Spurr, R.A. (1957). Characteristic Integrated Intensities of Bands in Infrared Spectra of
Carboxylic Acids. J. Am. Chem. Soc. 79, 5844.

9. Freeman, E. (1953). On the Use of Ultrasonic Absorption for the Determination of Very Rapid Reaction Rates
at Equilibrium : Application to the Liquid Phase Association of Carboxylic Acids. J. Chem. Phys. 21,
1758.

10. Karle, J. and Brockway, L.O. (1944). An Electron Diffraction Investigation of the Monomer and Dimers of
Formic, Acetic and Trifluoroacetic Acids and Dimers of Deuterium Acetate. J. Am. Chem. Soc. 66, 574.

11. Ruangpornvisuti, VW., M.Sc. Thesis, Chulalongkorn University, Thailand, 1983.

12. Ng, J.B. and Shurvell, H.F. (1987). Application of Factor Analysis and Band Contour Resolution Techniques
to the Raman Spectra of Acetic Acid in Aqueous Solution. J. Phys. Chem. 91, 496.

13. Sammler, J. and Irish, D.E. (1988). submitted for publication in Journal of Solution Chemistry.

Y3 ¥

UNNaALd

av d 3 - . dat o
MaeReruiiumsfnsmdsune v ligas 9 Aiwusslalatian (hydrogen bonded

. 4 a aAa ¥ | o o ame LA “
species) Yunﬂlun’ﬂa:‘ﬂﬂnﬂa”u'\ Iu'ﬂ'l\'lﬂ'l’\ul'ﬂu'ﬂ“ 0-85 % w/w n']'fuﬂﬁ‘ﬂﬂlﬁﬂ'ﬂ‘luaﬂl’a:ﬁquﬂJna"'}ﬂ"n.l

™ ° ' a ¢ 4 Y > am - ol m ' .
IﬂUYl'Nﬂﬂlﬁnnn'ﬁﬂﬁu'lmﬂ']ﬂdﬂﬁ”‘lﬂl] ‘]N'lem"\ﬂﬂ']7u']'15n77ﬂ10ﬂmﬂﬂ'\ﬂﬂ7ﬂl7Un'J'] non-linear least

o« oo a . . - ° '
square A 1uM I saemalifadw (proton chemical shifts) wanldvinlkaunIoaguldnluTuuefus:

lawe$ szuvingeglugrsmnuduiu 1.6x1073-8.0x1073 % w/w uaz 6.0-20.0 % w/w MURIAY

-l - a ¢ o ' ) -
Iusnziloednlawe fusziilolawe sazagdoiulutenmmdudu 10.0-25.0 % w/w gaunanudutunile

s0% M azwuin dawngidiulodlnwe falids



145

AooNMv SUONIBIIUSOUOD SNOLIBA 1B SIJIYS [BJIWRAYD —6—6—06- PIAIISQO puUR l<|Q|<| paie[noen I .M_n—

didVv DILIDYV 4O LHDIIM A8 INHOY¥Hd

001 06 08 oL 09 0s ov 0t 114 01

o

I i 4 I
-——dm____:__l_____::m:_______m._-d:—::________m_:_ﬂ___:::____::_q--_m________-m—__

NERESVEENESENNENE NN

J. Sci. Soc. Thailand, 14 (1988)

NEEESNEREENENENESENENNNE P ERUNSNE N

T

(Ndd)
(HO) ¢

ol

Tl



J. Sci. Soc. Thailand, 14 (1988)

146

“SUONIBIIUIDUOD SNOLIRA JB "~ " I1dWeINad) ueyl Is1eald saads jo
..... 12WIp Ieauy] *** U IWOoUOW T Iawip IAD Jo uadiad SO 7 "8y

uIns ay) pue Iawena ¢

dIOV JIL3OV 40 LHOIAM A9 INFO¥dd

001 06 08 oL 09 0s o 0t (114 01 0
n I 3 n : | I 4 i L
LLARARARA RS RRAR RN AR R AR RS ARARAREGREAARRRRNRRERAARRIRRRSRAGERERRERARRARERENEE ]
_ T _ T _ _ T T T
. -
T 7]
Rt e
Bt e 7
- ~ +4
——.n \\.“ \\ =
........ —— - a
.-.',... .|||\||\l|\\\ P \\\ -
T T ~ - 3
— T e e -
e — Tl A \\\\\\\\ N
- ey 1
~< s - +
~ .
S~ J/ +
R v/ /3
TeALL \\ ]
v T~ -
‘\ fffffff ,\\\ a

llll!llllllllllllll

SHIDAdS 40 INIDY¥dd FTON



