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Solvent effect on catalytic properties of the
HCI—DMF—1,1,2,2-tetrachloroethane system
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lonization of 2- and 3-nitroanilines was studied in HCI—DMF—1,1,2,2-tetrachloro-
cthane (TCE) solutions at 25 °C. The ionization capability of the medium and basicity
constants pK; of indicators change depending on the ratio of the components. The numerical
values of pK; arc found to depend on the analytical composition of the DMF—TCE solvent.
The solvent effect on pK; is associated with a change in the solvation of the nonionized form

of the indicators.
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Prediction of the solvent effect on the catalytic ac-
tivity of acids in solutions is an important practical
problem. For its solution, dependences of indicator ra-
tios (/) of stable organic bases of different strengths with
the known ionization mechanism on the composition of
the acid-base system!:2 can be used (/ = Cg/Cgya, Cp
and Cgya are the concentrations of the nonionized and
ionized forms, respectively). The values of / are deter-
mined by the ionizing ability of the system and basicity
of the indicator, which depend on the solvent. The
acidity function most often serves as a quantitative
measure of the ionizing ability.3 The basicity of an
organic compound depends on the solvation.4

The purpose of this work is to study the effect of the
solvent composition on the catalytic properties of the
HCI—DMF—TCE system. The mechanism of ioniza-
tion of the indicators,5 the composition and structure®
of the complexes of HCI with DMF, and their compara-
tive ionizing ability? are known for this system.

Experimental

Indicators, HCl, DMF, TCE, and DMF saturated with
hydrogen chioride were purified as described previously.5—7
The concentration of the initial solution of HCl in DMF
(42.745 % HCI) was determined alkalimetrically. The weight
mecthod was used for the preparation of solutions. Densities (p)
of solutions were measured pycnometrically for the calculation
of concentrations. 3-Nitroaniline (1) and 2-nitroaniline (2)
were used as indicators.

The values of [ of compounds | and 2 were determined
spectrophotometrically in the visible spectral region:

I = {ey — egyal/(eg — 1),

where £y, tgya, and op are the molar extinction cocfficients of
the nonionized, completely and partially ionized forms of the
indicator at the maximum of the absorption band of its
nonionized form.

The [/ values for the HCI—-DMF—TCE system at various
concentrations of HCl at 25 °C were obtained for indicator 1
at the molar ratios DMF : TCE = 2 : 1 and | : 2 (Fig. 1)
and for indicator 2 at the molar ratios HCl : DMF ~1 : 1 and
1 : 0.67 (Figs. 2 and 3).
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Fig. 1. Dependences of the values of log/ of 3-nitroaniline on
1og C%¢y in HCI—DMF—TCE solutions with various contents
of TCE (mol. %): 0 (/), Ref. 5; 33.3 (2); 50 (3),Ref. 7; 66.7
(4 at 25 °C.
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Fig. 2. Dependence of the values of log/ of 2-nitroaniline on
the analytical concentration of HCI in DMF (/) by the
literature data (Rel. 5), in the equimolar DMF—TCE mixture
(2) (Ref. 7), and in the HCI—-DMF-—-TCE system at
HCl : DMF =1 : 1 (3) at 25 °C.
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Fig. 3. Dependences of the values of log/ of 2-nitroaniline on
the total concentration of complexes of HCI with DMF (Cy):
1, CK =CK—I + CK-B; 2, CK.‘—_ CKA|; 3, CK = CK~I + CK-Z'
CK-l - CK-2 at 25 °C.

Results and Discussion

The catalytic effect of solutions of acids is deter-
mined in many cases by the equilibrium ionization of
the reagent, a weak organic base, that forms the reactive
form. It can be assumed that the catalytic activities of
acid-base systems of various compositions are equal in
the acid-catalyzed reaction, if the degrees of jonization
of the same indicator are equal in these systems.

In the HCI—DMF—TCE system, hydrogen chloride
is completely bound in complexes® with DMF:
DMF - HCI (K-1), DMF + 2HC1 (K-2), and 2DMF - HCI
(K-3), whose ionizing ability increases in the series”:
K-3, K-1, K-2. The ionization of indicators 1 and 2
corresponds to Scheme | with the equilibrium addition
of an acid molecule3:

Scheme |

Ki
B + HCI == B-HCI

G Coua

The position of the equilibrium in Scheme | and, hence,
the values I = Cy/Cpya are determined by the values of
the ionizing ability of the medium (/#,) and the thermo-
dynamic ionization constant K;:

log/ = Hy — pk.. (1

The obtained data on the ionization of indicator 1 in
the HCI—DMF—TCE systems of various compositions
demonstrate the solvent effect on its base properties. For
compound 1, the equilibrium (Scheme 1) is shifted to a
noticeable extent to the right in strongly dilute solutions
of HCI, for which Hy = —logCyc (see Fig. 1). At
Cycy = const, variation in the content of TCE to
66.7 mol. % results in a substantial change in log/ of
compound 1. In the HCI—DMF—TCE system, the de-
gree of jonization of 1 increases as the concentration of
TCE increases. The concentration ionization constants for
indicator 1 are unchanged for the range from 0 to
66.7 mol. % TCE in the binary solvent DMF—TCE

pl(i = —logl - |OgCHCl'

The pK; values obtained are presented in Table 1. Each
of the K; constants is standardized to a infinitely dilute
solution of HCI in a solvent with the fixed ratio of DMF
to TCE. In the solutions studied, HCI is completely
bound in complexes K-3.

According to Eq. (1), an increase in the log/ value
can be the result of the change in both the properties of
the medium (H,) and indicator (K;). However, the
ionizing ability of complexes K-3 decreases in the
HCI—DMF—TCE system compared to the HCI-DMF
system.” Therefore, the effect of TCE on the log/ value
of indicator 1 is related to the change in its basicity. It is

Table 1. Values of pK; of 3-nitroaniline and
the position of a maximum of the absorption
band of its nonionized form in the visible
spectral region in HCI—DMF-TCE solu-
tions of various compositions at 25 °C

Solvent pKk; A/nm
DMF—~TCE
(mol. % TCE)

0 0.91 393
333 1.41 390
50.0 1.60 385
66.7 1.90 381

100.0 —* 361

* pK; was not determined due to the chemical
instability of 3-nitroaniline.



1378 Russ.Chem. Bull., Vol. 45, No. 6, June, 1996

Kislina ef al.

established*8.% for aqucous-organic solutions of acids
that a decrease or increase in the log/ value of indicators
of the nitroaniline seriecs upon variation of the solvent
composition at Cya = const is mainly caused by the
change in the activity coefTicient of the nonionized form
of the indicator. The data in Table | testify to the
different solvation of compound I in DMF—TCE solu-
tions. An increase in the concentration of TCE is
accompanied by the hypsochromic shift of the absorp-
tion band of the unionized form of compound 1.

Thus, an increase in the catalytic activity of solutions
of acids can be achieved by the targeted selection of the
composition of the solvent of the acid-base system
rather than by the change in the catalyst concentration.

The ionization curves of less basic catalyst 2 in
solutions of HCI in DMF (curve 1),5 in the equimolar
DMF—TCE mixture (curve 2,7 and in the HCI—DMF—
TCE system at molar ratios DMF : HCl = 1 : | (curve
3) at 25 °C are presented in Fig. 2. As seen from Fig. 2,
the higher the concentration of TCE, the lower are the
concentrations of HCI needed to achieve equal degrees
of ionization of compound 2. Equation (1) is valid for
any value of log/ on curves /—23 in Fig. 2. For each
point, the numerical pK; values are determined by the
ratio of the concentrations of DMF and TCE in the
HCI—DMF—-TCE system, and Hy is determined by the
equilibrium composition of the complexes of HCI with
DMF and their ionizing ability in the given solvent.”
The variation of the ratio DMF : TCE at Cy¢ = const
results in a simultaneous change in both pK; and H,.
It is noteworthy that an increase in Cygp in the
HCl —~DMF—TCE system is accompanied by a substan-
tial change in the equilibrium concentrations of DMF
and TCE. The question arises, which composition of the
solvent, stoichiometric or equilibrium, does determine
the pKk; value of the indicators? The ionization of com-
pound 1 ceases in the solutions of HCI in which sto-
ichiometric and equilibrium concentrations of DMF
and TCE almost coincide (see Fig. 1). For compound 2,
curves [ and 2 (see Fig. 2) were obtained in solutions of
HCI with a constant stoichiometric composition, but
with a variable equilibrium composition of the solvent;
by contrast, curve 3 was obtained with a variable sto-
ichiometric composition of the solvent Coppp = Cye,
HCI and DMF are completely bound in complexes. [t
can be concluded that the reason for the virtual con-
stancy of log/ of indicator 2 at Oy from ~2 to
10.5 mol L=! is a decrease in pK; of this base. In fact,
the degree of ionization of the indicator is unchanged as
both the concentration and the ionizing ability? of com-
plexes K-1 increase, which, according to Eq. (1), is
impossible at constant pK;. Therefore, the value of pK;
of a weak organic base is determined by the stoichiomet-
ric composition rather than by the equilibrium composi-
tion of the solvent of the acid-base system. Therefore,
when the scale of the ionizing ability of the medium (of
the Hy type) of solutions of acids in binary or multicom-
ponent solvents is measured by the indicator method, a

necessary condition is the constant ratio of analytical
concentrations of the components of the solvent at all
Cia- In this case, the dependence of the value of log/ of
any indicator on Cyy, is caused only by the increase in
the ionizing ability of the medium, and pK; = const.
The previously drawn conclusions about the com-
parative ionizing ability of the complexes of HCI with
DMF (K-1, K-2, and K-3) in the HCI-DMF—-TCE
system illustrates clearly and confirms Fig. 3:
for curve /
CK =CK»! + CK-Jv CK-J < 0.2 mol L—!

CODMF = COHC; + 0.2 mol L_|;

for curve 2
Ck =Cx.y + Cgat Crs, Cxg = Cg3 s 0.05Ck
Comr = Cycr:
for curve 3
Ck =Cx + Cyan Cer = Cka
Comr = Ck;

here Cy is the total concentration of the complexes of
HCI with DMF in TCE.

Dependence 2 presented in Fig. 3 was obtained in
the solutions with equimolar ratios of stoichiometric
concentrations of HC! and DMF. Complexes K-2 are
formed according to Scheme 2.

Scheme 2

3 K-1 === K-2 +K-3

The estimation of Cg.; according to Scheme 2 is
presented in the previously published work.® In the
solutions in which dependence [ was obtained (see
Fig. 3), the equilibrium (Scheme 2) is almost com-
pletely shifted to the left due to some excess DMF
compared to HCL.

For the same Cy, the change in the log/ value of
compound 2 (see Fig. 3) is associated only with the
different ionizing abilities of the complexes of HCI,
which increase in the following order: K-3, K-1, and
K-2. In these solutions HCI and DMF are completely
bound in complexes. The equilibrium composition of
the solvent is constant (100 % TCE), and the stoichio-
metric composition changes as Cg increases. At Cx =
const it is almost the same for three curves, and the log/
value of indicator 2 is determined by the ratio of the
concentrations of the complexes of HCI with DMF with
different ionizing abilities.

Thus, the solvent effect on the catalytic properties of
the HCI—DMF—TCE system is caused by the change
in both the ionizing ability of the medium (Hy) and
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ionization constants (K;) of the indicators used. The
numerical values of K| are dectermined by the stoi-
chiometric composition of the solvent DMF—TCE.
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