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Ion-molecular interactions in the HCl—isopropanol system

V. V. Burdin, G. 1. Voloshchenko, V. D. Maiorov,* and N. B. Librovich
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Multiple Attenuated Total Reflectance (MATR) IR spectra of solutions of HCl in
isopropanol, containing 0 tc 43 mol. % HCI, were studied in the 900—4000 cm™! range.

symmetrical H-bonds. At high concentrations of HC1 ((Ogcy > 5.7 mol LY, Cprion/Crci
< 2), when the number of alcohol molecules is not enough to form disolvates with all of the
protons present in the solution, (CL..H...Cl)™ ions are formed, in addition to (C3H,0H),H".

The spectra of these ions have been assigned.
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Nonaqueous solutions of strong acids are effective
catalytic systems, whose activities are primarily deter-
mined by the compositions and structures of reactive
species. In HCI—MeOH and HCI—EtOH binary sys-
tems, these are disolvates of protons with strong sym-

i - H..OMe)* .H..QEn*
metrical H-bonds, (MeIQI H I(_)I e)" and (Etﬁ 8 ),

respectively.1=3 However, in the case of the
HC1--MeOH system, the relatively low solubility of
HCI in methanol does not allow one to obtain solutions
containing less than two methanol molecules per pro-
ton. It has been of interest to elucidate what happens to
the HC] molecule in a solution that contains no “free”
alcohol molecules, not incorporated into an ion with a
strong symmetrical H-bond. For this purpose, we have
chosen the HCl—isopropanol system, in which the solu-
bility of HCI at ambient temperature is as high as
43 mol. %.

The purpose of the present work has been to study
the solvation of a proton in the HCl—isopropanol sys-
tem both with a substantial excess of the alcohol
(Cpion/ Crci > 2) and in solutions with higher concen-
trations of HCl (C%ion/Crc < 2) by MATR IR
spectroscopy.

Experimental

The starting solution of HCl in isopropanol was prepared
by saturating isopropanol of "chemically pure" grade with
anhydrous gaseous hydrogen chloride. The concentration of
water in the starting solution was no more than 0.1 mol L,
Previously we found that much greater quantities of water (up
to 0.2 mol L™1) have no effect on the IR spectral patterns,
until absorption bands of complexes formed by alcohol mol-
ecules and protons with water are exhibited in the spectra.

Process solutions were prepared from the starting solution
by diluting it with isopropanol (by mass). The concentration of

HCI in the starting solution was determined by alkalimetric
titration. To calculate molar concentrations of the solutions,
their densities were measured (Table 1). Table 1 also presents
the concentrations of the components in all of the solutions
studied.

Multiple Attenuated Total Reflectance (MATR) IR spectra
were recorded on a UR-20 spectrophotometer using an
MNPVO-2 [MATR] unit produced at the Institute of Chemical
Physics of the RAS and a Ge prism with an angle of incidence
of 30° and a number of reflections of 8. The spectra were
recorded with respect to air at 30 °C. The effective thickness of
the absorbing layer determined from the spectra of water using
its optical constants® was 3.10 pum at a frequency of 2000 cm ™.
The spectra of the solutions of HCIl in isopropanol
(0—8 mol L™ of HCl) were recorded in the 900—4000 cm™!
range. The optical densities of bands were measured relative to
base lines. In measuring the optical density of continuous
absorption, absorption of the empty cell was taken into account.

Table 1. Compositions and densities (p) of solutions of HCl in
Pr'OH

Cye Cxe Cprion P
(mol. %) J/mol L1 /mol L™} /g cm™3
0 0 13.08 0.768
9.80 1.39 12.80 0.820
15.72 2.34 12.56 0.840
18.87 2.89 12.41 0.851
20.31 3.14 12.34 0.856
20.77 3.22 12.30 0.857
22.36 3.52 12.23 0.863
24 41 391 12.11 0.870
25.80 4.16 12.01 0.874
27.40 4.44 11.93 0.879
28.40 4.70 11.84 0.883
33.55 5.79 11.48 0.901
35.19 6.16 11.35 0.907
37.05 6.58 11.18 0.913
39.34 7.29 10.97 0.925
42.83 8.00 10.67 0.933
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Fig. 1. MATR IR spectra of the HCl—isopropanol system: 7, 100 % PriOH; 2, 5.79 mol L™! of HCl (Cy¢y/ Cophog = L : 2);

3, 8.68 mol L™! of HCL; 4, empty cell.

Results and Discussion

The IR spectra of the solutions studied are shown in
Fig. 1. The spectrum of pure isopropanol exhibits a
band at 955 cm™! corresponding to v(C—O) vibrations;
a doublet at 1135 and 1160 cm™! due to skeletal vibra-
tions of the C;H,OH molecule; and bands at 1310
(8(OH)), 1380 and 1465 (8,(CHj3) and 8,,(CHs;), respec-
tively), 2880—2900 (v,(CH;) and v(CH)), 2980
(vas(CH3)), and 3355 (v(OH)) em™L.

When HCI is added, the intensities of all of the
absorption bands of isopropanol considerably decrease,
and new smeared bands against the background of in-
tense continuous absorption appear (see Fig. 1). When
COHC]/COPriOH > 1 : 2 (where COHCI and CopriOH are
stoichiometric concentrations of hydrochloric acid and
isopropanol), the spectra contain a very broad band
between 2100 and 2500 cm™!.

The bands at 955 and 3355 cm™! are the most
convenient for quantitative measurements. The extinc-
tion coefficients at frequencies of 955 and 3355 cm™!
were determined from the spectrum of pure isopropanol.
Using the values of Dgss and Dizss for solutions of
hydrochloric acid, the concentration of "free” isopropanol
was determined. A comparison of the resulting value
with the stoichiometric concentration of the alcohol,

Cpons indicates that each proton binds two isopropanol
molecules (Table 2). ‘
The changes occurring in the spectrum of isopropanol
after the addition of HCI, when (% < 5.7 mol L1
(C%cr/ Cpriog < 1 : 2), are similar to those previously
observed in the spectra of ethanol and methanol after
the addition of HCL Intense continuous absorption
(CA) and the absence of sharp bands corresponding to
the proton disolvate are typical of ions with strong
symmetrical H-bonds. The optical density of CA at a
frequency of 2000 cm™! is proportional to (Oyxq with
e < 0.5C%;ioy, ie., as long as free isopropanol is
present in the solutions (Fig. 2). From the slope of
this linear dependence the extinction coefficient of the
proton disolvate at this frequency was found to be
€000 = 132£10 L mol™! cm™!. This value is somewhat
lower than the corresponding cocfficients of CA
of Hs0,% ions and proton disolvates in MeOH
(2000 = 174£10 L mol™! ecm™! for (MeOH),H" and
~160—170 L mol~! cm™! for HsO," and (EtOH),H*).1
Notice that the spectral data indicate that HCI com-
pletely dissociates at (¢ < 5.7 mol L1 First, in this
concentration region, each HCI molecule added releases
the proton, which binds two molecules of the alcohol
(see Table 2). Second, the optical density of the CA,
which presents the spectrum of the proton disolvate

Table 2. Optical densities at 955 and 3355 cm™!, concentrations of "free” and "bound”
isopropanol, and the numbers of alcohol molecules (#) bound by one proton

Cxe Cprion Doss Cpiion™* Nyss Dizss  Copriop™* 3355
/mol L1 /mol L™1 /mol L1 /mol L™}

1.39 12.80 0.545 9.43 2.4 0.209 10.28 1.8
2.34 12.56 0.418 7.24 2.3 - 0.150 7.41 122
3.14 12.34 0.296 5.13 2.3 0.108 5.33 2.2
3.22 12.30 0.308 5.33 2.2 0.106 5.23 2.2
4.18 12.01 0.189 3.27 2.1 0.067 3.29 2.1
4.44 11.93 0.177 3.07 2.0 0.066 3.24 2.0
4.70 11.84 0.150 2.60 2.0 0.059 2.89 1.9

* The concentration of "free” isopropanol determined from the optical density of the band
at 955 cm~L. ** The same for the band at 3355 cm™L.
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Fig. 2. Dependence of the optical densities at frequencies of
1030 em™! (1), 1520 cm™! (2), 2000 cm™! (3), and 2500 cm™!
(4) on the concentration of HClL.

in this region of concentrations, is proportional
to COHCI'

At (g > 5.7 mol L7, the number of isopropanol
molecules is not enough to form disolvates with each
proton. The spectra of the system exhibit no sharp
individual bands associated with the proton disolvate,
which could have been used to follow the variations of
its concentration occurring as the proportion of HCI in
the solution increases. Therefore, we measured the
concentration dependences of the optical densities of
the CA on (%%, over the whole frequency range stud-
ied. Figure 2 presents some of the resulting plots. The
Dyp30 optical density is proportional to Cug up to

goy = 5.7 mol L1 In this concentration region,
each HCI molecule being added binds two isopropanol
molecules to give proton disolvate. At Clyc >
5.7 mol L7! free alcohol is no longer present in the
solution, and new disolvates cannot appear. Therefore,
at Oy > 5.7 mol L1, the D3 optical density virtu-
ally does not change. The optical density of the broad
band at 1520 cm™!  associated with the
(CaHﬁ?'...H...C}_)|CsH7)+ ion depends on the HCI concentra-

tion in the same way (see Fig. 2).

One may assume that in the region of high HCI
concentrations (C%xcy > 5.7 mol L™, COyey/ Cprioy >
1 : 2), (CIHCI)~ ions are formed. Previously®> these
jons were detected in the DMF—HCI binary system; it
was suggested that they possess a structure with a strong
quasisymmetrical central H-bond. Therefore, at (V¢ >
5.7 mol L1, the spectrum of CA is a superposition of
the spectra of (C3H,OH),H" and (CIHCI)™ ions, ie,
for each frequency v

Dv = (elvlv)cl + (82v1v)C29 (1)

where D, is the optical density at frequency v; C; and C,

0.2 0.4 0.6  2Chc - Chiiom
0
Cprion
Fig. 3. Graphical solution of Eq. (4): v = 1600 cm™ (); v =
2000 cm™! (2).

are the concentrations of the (C;H,OH),H* and
(CIHCI)™ ions, respectively; €;, and ¢,, are their extine-
tion coefficients at this frequency; /, is the effective
thickness of the absorbing layer. Since the absorption
bands of isopropanol are missing from the spectrum at
CO%cr > 5.7 mol L1, we will consider that the equilib-
rium

jo—
—

2 C4H,OH + HCI (CgH,OH),H + CI7)

is completely shifted to the right, ie., at COyq >
5.7 mol L™, all the alcohol is bound in proton disolvates
and, consequently,

CI = 0.5 CopriOH, 2

G, = Oy — € = Py — 0.5Cpion- 3

From Egs. (1)—(3) we obtain
2D,/ Chsion = (e1uh) + (E2y4)(2C%c1 = Cprion)/ Cprion-(4)

Figure 3 presents the data for a number of frequen-
cies, processed in terms of Eq. (4). The existence of
linear dependences confirms that two sorts of ions,
(C;H,OH),H* and (CIHCI)™, are present in the solu-
tion.

For each frequency, the extinction coefficients were
found. For the (C;H;OH),H" ion, they were deter-
mined both from Eq. (4) and the spectra at COy¢ >
5.7 mol L! (see Fig. 2). For example, the g, value,
found from Eq. (4) for 2000 cm™!, which is equal to
130 L mol™! em™!, is identical to ¢, found from Fig. 2
in the region of dilute systems. This also confirms the
mode] suggested for ion-molecular interactions.

It is of interest to find out whether the g, values
obtained by different methods would be identical, if we
chose another scheme of ion-molecular interactions at
high concentrations of HCI. For example, let us assume
that at C%y¢ > 5.7 mol L71, mostly C;Hz0O...H...Cl
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Fig. 4. Extinction spectrum of the proton disolvate
(C3H;0H),H™ (1) and the (CIHCD™ ion (2).

quasiionic pairs (see Ref. 6), rather than (CIHCI)™ ions,
are formed. Let us denote the concentration of the
quasiionic pairs by Cs; then

Oy = G + G, 5)
Cpion = 2C; + G, ®)
Dagop = &1C) + £31C5. @)

From Egs. (5)—(7), it follows that
Dagoo/ Coprion = (81 — £3) + (285 — ) Chicy/ Cpriow)- (8)

Graphical solution of Eq. (8) gives: g =
178+10 L mol™! em ! and g5 = 130£10 L mol™! em™.
One can see that the absorption coefficients of the
proton disolvates, {C;H,OH),H", determined for con-
centrated (g = 178 L mol™! cm™!) and dilute (g; =
130 L mol™! cm™!) systems are substantially dissimilar.
The value of the extinction coefficient of the quasiionic
pair (g3 = 130 L mol™! e¢m™!) is also doubtful, since
the ¢ values lying in the 50—80 L mol™! cm™! range
have been found® for quasiionic pairs in other systems
at 2000 cm™!. Thus, we should conclude that no

C3HgO...H...CI quasiion pairs are formed in the system
under consideration.

Figure 4 presents the spectra of (C;H,0H),H" and
{CIHCI)™ ions obtained by processing the experimental
data in terms of Eq. (4). As in the case of (MeOH),H*,7
the spectrum of the (C,H,O0H),H™ ion consists of low-
intense smeared bands against the background of intense
CA. This spectral pattern corresponds to the model of
continuous absorption suggested by G. V. Yukhnevich.®

The spectrum of the (CIHCD™ ion (see Fig. 4) con-
tains two very broad bands, which probably correspond
to antisymmetrical stretching vibration and doubly degen-
erate deformation vibration of the (CL..H...Cl)™ ion.
This spectrum coincides in appearance with the previ-
ously described3 spectrum of the (CIHCID™ jon. How-
ever, the magnitudes of extinction coefficients obtained
in this study are lower by a factor of 1.5—2 than the
corresponding extinction coefficients published in the
literature.5 The difference between the intensities of the
spectra of (CIHCI])™ ions in the two different systems
may be due to the interaction of these ions with the
liquid medium.

This work was carried out with financial support of
the Russian Foundation for Basic Research (Project
No. 93-03-18356).

References

1. V. D. Maiorov, G. L. Voloshenko, N. B. Librovich, and
M. L Vinnik, Izv. dkad. Nauk, Ser. Khim., 1992, 2261 [Bull.
Russ. Acad. Sci., Div. Chem. Sci., 1992, 41, 1768 (Engl
Transl.)}.

2. A. A. Pankov, V. Yu. Borovkov, and V. B. Kazanskii, Dokl
Akad. Nauk SSSR, 1981, 258, 902 [ Dokl Chem., 1981, 258
{Engl. Transl.}].

3.1. S. Kislina, 8. G. Sysoeva, V. D. Maiorov, and M. I.
Vinnik, Tez. dokl. 2 Vsesoyuz. konf. "Khimiya i primenenie
nevodnykh rastvorov” [2nd All-Union Conference "Chemistry
and Application of Non-Aqueous Seolutions.” Abstracts],
Khar'kov, 1989, 2, 30 {(in Russian).

4.V. M. Zolotarev, V. 1. Morozov, and E. V. Smirnova, in
Opticheskie postoyannye prirodnykh | tekhnicheskikh sred [ Op-
tical Constants of Natural and Technical Medis], Khimiya,
Leningrad, 1984, 216 (in Russian).

5.V. D. Maiorov, S. G. Sysceva, O. N. Temkin, and 1. S.
Kislina, Izv. Akad. Nauk, Ser. Khim., 1993, 1577 [Russ.
Chem. Bull., 1993, 42, 1511 (Engl. Transi)].

6. V. D. Maiorov and I. S. Kislina, Khim. Figika, 1992, 11, 660
[Chem. Phys. (USSR}, 1992, 11 (Engl. Transl.)].

7.V. D. Maiorov, G. 1. Voloshenko, S. G. Sysoeva, and 1. S.
Kislina, fzv. Akod. Nauk SSSR, Ser. Khim., 1991, 217 [Bull.
Acad. Sci. USSR, Div. Chem. Sci., 1991, 40, 199 (Engl.
Transl)].

8. G. V. Yukhnevich, E. G. Tarakanova, V. D. Mayorov, and
N. B. Librovich, J. Mol. Struct,, 1992, 265, 237.

Received December 21, 1994




