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Abstract—The method of multiple total internal reflection infrared spectroscopy (MTIRIRS) is used to study
ion—molecular interactions in the system dichloroacetic acid—ethyl acetate in the range of concentrations from
pure acid to pure base at 30°C. Depending on the ratio of componentsin the solution, molecular complexeswith
acid : baseratiosof 1: 1 or 2: 1 areformed in the solutions. In the case of excess acid, base is not protonated
and species with a strong symmetric hydrogen bond are not formed. It is shown that the absorption coefficient
near 2000 cm™ can be used to judge the type of the complex formed and the strength of a hydrogen bond in

molecular complexes.

INTRODUCTION

The formation of ions and complexes with a strong
symmetric hydrogen bond is afundamental property of
protons in solutions [1, 2]. The catalytic properties of
acid solutions are primarily determined by the structure
and concentrations of such species. The formation of
uncharged 1 : 1 complexes with a strong symmetric
hydrogen bond is characteristic of many nonagueous
systems [3-6]. Specifically, such complexes were reg-
istered in the solutions of methanesulfonic acid (MSA)
in dimethyl sulfoxide and dimethylformamide (DMF)
[3]. The interaction of weaker bases with an acid may
restrict itself by the formation of molecular complexes,
as in the MSA—propylene carbonate [7] and MSA—
ethyl acetate (EA) systems|[8]. In the solutions of MSA
in EA, ionic complexes are formed only when the con-
centration of the acid is higher than 70 mol %. It is
interesting to study conditions under which acid—base
interaction in the liquid phase does not lead to the for-
mation of complexes with strong symmetric hydrogen

bonds, because proton position in an acid—base com-
plex strongly affects the catalytic properties of an acid—
solvent system. Molecular complexes possess high ion-
izing ability toward organic compounds in acid solu-
tions. Therefore, it isimportant to have information on
the conditions for the formation of molecular com-
plexes.

Thiswork is devoted to the study of complex forma-
tion in the dichloroacetic acid (DCAA)—EA system.

EXPERIMENTAL

We used DCAA (puriss grade) with a concentration
of water lower than 0.05% and EA (puriss grade) with
a concentration of water lower than 0.005% (Fluka).
Solutions were prepared by the weight method. To cal-
culate the molar concentrations of components, the
densities of solutions were measured (Table 1).

IR spectrawere obtai ned using a UR-20 spectropho-
tometer equipped with a multiple total internal reflec-

Table 1. Stoichiometric composition and densities of solutions of dichloroacetic acid in ethyl acetateat T=30+ 1°C

[DCAA]o, [EA]o, [DCAA], [EAlo,
[DCAA],, % p, glcm® || [DCAA],, % p, g/em?
mol/l mol/l

0 0 10.21 0.900 71.24 7.21 4.26 1.305
11.60 0.85 9.47 0.944 74.10 7.64 3.90 1.329
27.18 2.15 843 1.020 79.67 8.48 3.17 1372
41.92 3.59 7.27 1.104 85.37 9.40 2.36 1.420
50.20 451 6.55 1.158 91.10 10.44 1.49 1477
58.98 5.56 5.66 1.215 96.33 11.43 0.64 1.530
63.10 6.09 5.21 1.244 100.00 12.15 0.00 1.567
66.79 6.58 4.79 1.27
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Fig. 1. Multiple total internal reflection infrared spectra of the solutions of DCAA in EA: (1) 100% EA; (2) 50 mol % DCAA;

(3) 100% DCAA; (4) empty cell.

tion attachment [9]. A Ge prism with an incident angle
of radiation of 30° was used. A sample solution was
placed in Teflon cavities adjoining the prism faces.
Depending on the filling of cavities, the number of
reflections was 4 or 8, corresponding to the effective
width of the absorbing layer at 2000 cmr! equal to 1.93
and 3.89 um.

The IR spectra of the DCAA-EA system in the
range of acid concentrations 0-100% (Table 1) were
registered in the range of frequencies 900-3800 cm! at
30°C. Absorbances were measured with reference to
base bands or with reference to the absorbance of an
empty cell. The accuracy in determining the absor-
bances was £7%.

In the IR spectra of DCAA and EA (Fig. 1), there
are several intense bands, v, cm!:

DCAA [10] EA [11]
1195  3(COH), v{(C-C-O) 1050 v(C-O)
1275  &(COH) 1240  v(C-O)
1415  &(C-H) 1373 &(C-H)
1730 v(C=0) 1740  v(C=0)

2600, 3100 V(O-H)

DISCUSSION

Asinthe MSA—EA system [8], upon the addition of
even a small portion (~1-2 mol/l) of DCAA to 100%
EA, IR spectra contain all bands of DCAA molecules,
including the bands of v(OH) vibrations at 2600 and
3100 cm!, which are not available in the IR spectra of
quasi-ionic pairs (e.g., MeO,SO--H*---O(H)CNMe,)
formed in the solutions of MSA in DMF [3]. Also, our
spectra do not contain continuous absorption, which is
characteristic of species with strong symmetric hydro-
gen bonds. The absorption coefficient at 2000 cm! is
lower than 2.5 | mol-! cm™! over the whole range of
compositions in the DCAA-EA system, athough
guasi-ionic pairs are characterized by values ranging
from 50 to 60 | mol-' cm!. These facts suggest that
quasi-ionic pairs or ionic species with strong symmet-
ric hydrogen bonds are not formed in the solutions of
DCAA in EA.

On the other hand, the bands of v(C=0) vibrations of
EA and DCAA at 1730-1740 cm™' change substan-
tially. The absorption coefficients of acid bands at 1195
and 1415 cm™! and EA bands at 1373 cmr! in the case
of the equimolar ratio of acid and base differ noticeably
from the coefficients of pure components (Table 2).

Table 2. Absorption coefficients of EA-DCAA complexes at different frequenciesat T=30 + 1°C

g, I mol=tem™
v, cm™ Iy, pm

B B -HA B - 2HA B -HA + HA HA
1240 311 480 325 330 390 66
1300 2.97 22 185 330 245 60
1373 2.80 110 220 - 45
1415 2.73 10 48 106 126 80
1685 2.29 10 315 - 54
1730 2.23 275 350 520 755 405
1740 2.22 350 365 620 710 345

Note: B isethyl acetate, B - HA isthe complex K1, B - 2HA isthe complex K2, and HA isdichloroacetic acid. Absorbances at 1415, 1685,

1730, and 1740 cm* were measured with reference to base lines; the other absorbances were measured with reference to an empty

cel.
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Fig. 2. Dependences of the absorbances of EA at (1) 1740
and (3) 1240 cm™, and (2) the band of the complex at
1685 cm™ on the DCAA concentration.
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Fig. 3. Dependences of the absorbances at (1) 1165,
(2) 1373, and (3) 1415 cm™' on the DCAA concentration.

Furthermore, bands at 1165, 1300 (a shoulder in the
contour of the band at 1275), and 1685 cm~! appear
(Figs. 2-4). These facts point to the strong interaction
between DCAA and EA molecules. The band at
1685 cm! reaches its maximal intensity at the equimo-
lar concentrations of components (Fig. 2). The absor-
bances of bands at 1195, 1415, 2600, and 3100 cm™! are
proportional to the concentration of DCAA up to a
component ratio of 1 : 1 (Figs. 3, 4). This pointsto the
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amost complete binding of DCAA into 1 : 1 acid—base
complexes (K1) in solutions with excess EA.

The absorption coefficients of bands at 1300, 1415,
1730, and 1740 cm! change in the range of acid : base
ratiosfrom1: 1 (5.6 mol/l DCAA) to2: 1 (7.64 mol/l
DCAA; 3.90 mol/l EA) (Table 2). This means that, in
addition to K1, complexes are formed with two acid
mol ecules and one base molecule.

If only K1 complexes with the composition 1 : 1
wereformed in the solutions under study, then achange
in the absorbances would be determined by the absor-
bance of DCAA moleculesand K1 complexesin excess
acid:

Dv = S\IJDCAAI\;[DCAA] +£\|21|V[K1]' (1)
Then,
[K1] = [EA],, [DCAA] = [DCAA],—[EA],,

where [DCAA],, and [EA], are the stoichiometric con-
centrations of DCAA and EA and |, is the effective
width of the absorbing layer at the frequency v.

Using Eqg. (1), we arrive at
D,/[EA]q
= €pcanlV(IDCAA] o —[EA]()/[EA]o + il

If the 2 : 1 acid—base complexes (K2) are formed in
the system, then the absorbance D, at [DCAA]/[EA], =
2 : 1isthe sum of absorbances of “free” DCAA mole-
cules and K2 complexes:

Dy = epcaal [DCAA] +&,l,[K2]. 3)
Then,
[K2] =[EA], and [DCAA] = [DCAA],—-2[EA],.
It follows from Eq. (3) that
D,/[EA],
= gpcanl ([DCAA] - 2[EA])/[EA], + Egol,.

For absorbances at 1300, 1415, 1730, and 1740 cm!
in the coordinates of Eq. (4), we obtained linear depen-
dences. There are no such dependences for the frequen-
cies 1300 and 1730 cmr! in the coordinates of Eq. (2).
This points to the formation of complexes containing
two acid molecules and one base molecule in concen-
trated solutions of the acid (when the ratio is higher
than 2: 1).

Absorbances in the range of concentrations corre-
sponding to therange of ratiosfrom1: 1to2: 1 arethe
sums of absorbances of complexes K1 and K2:

Dv = S\Iillv[Kl] +£\}}<2IV[K2]1
[EA], = [K1] +[K2]; [DCAA],=[K1] +2[K2],
D./([DCAA],—[EA]o) = exily + &y (5)

2

“)
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* (2[EA] - [DCAA]o)/([DCAA] o~ [EA] o).

In the range from a pure base to the ratio 1 : 1, the
absorbance is the sum of absorbances of EA and K1:

Dv = e\liiAlv[EA] +8\|21|\)[K1]’

[K1] = [DCAA],; [EA] = [EA]l,—[DCAA],
D./[DCAA], ©)

= geal ([EA]o—[DCAA])/[DCAA], + £yl

Table 2 shows the values of absorption coefficients
obtained from Eqgs. (4)—6) for various ranges of con-
centrations in the system. The coefficients of the same
species obtained for different ranges of concentrations
coincide within the accuracy of measurements. The
data of Table 2 are also suggestive of the formation of
K2 complexes. If there were no such complexes, the
absorption coefficient at the ratio 2 : 1 would be equal
to the sum of the coefficients of K1 and DCAA. For the
frequencies 1300 and 1730 cm!, the sum €y + €pcana
noticeably differs from g, (Table 2).

Ethyl acetate molecules have two base centers capa-
ble of forming hydrogen bonds with acid molecules:
the carbonyl group C=0 and an ether bridge C-O-C. In
the MSA-butyl acetate system [12], acid molecules
bond to these base centers with equal probabilities
when the 1 : 1 complexes are formed. In the system
under study, the absorption coefficient of the C-O-C
band at 1240 cm™! noticeably decreases when K1 com-
plexes are formed (Fig. 2, Table 2). This points to the
addition of the acid molecule to the ether bridge.
Changes in the absorption coefficients of the C=0 and
C—0O-C bands upon the formation of the K2 complex
suggeststhat the K1 complex isamixture of configura-
tions I and II. In the 2 : 1 complex, acid molecules
probably bind to both oxygen atoms (structure ITI):

H
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Fig. 4. Dependences of the absorbances at (1) 1300 and (2)
3100 cm™ on the DCAA concentration.

In contrast to the M SA—buty| acetate system, where
the base is protonated and the (A---H---A)~ anionswith a
strong symmetric hydrogen bond are formed in asmall
excess of acid, the acid-base equilibrium in the
DCAA—EA system restricts itself to the formation of
molecular complexes. This is not surprising because
dichloroaacetic acid is noticeably weaker than meth-
anesulfonic acid.

Upon the formation of molecular complexesK 1, the
absorption coefficient of the band v(OH) at 3100 cm'!
increases (Fig. 4). This is probably due to the strong
self-association of DCAA [10].

The coefficient of continuous absorption at
2000 cm! in the system under study (2.51 mol-! cm™!)
is much lower than for the molecular complexes in
some other acid-base systems (~25 | mol-' cm™)
[8, 12]. This is probably due to the difference in the
strengths of the hydrogen bond in these complexes.
Therefore, the value of the coefficient of continuous
absorption at 2000 cm~! can be used to judge both the
formation of various complexes with a strong symmet-
ric hydrogen bond [13] and the strength of molecular
compl exes.
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