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MANIFESTATION OF DIPOLE-DIPOLE IN-
TERACTION IN THE INFRARED SPEC-
TRUM OF SOLUTIONS OF TRIALKYLAM-
MONIUM SALTS

(Presented by Academician A. N. Terenin, March 29, 1965)

An important contribution to the interaction of polar molecules is made by the
interaction of dipoles, which is detected in measurements of various physicochem-
ical properties, such as, for example, mutual solubility, dielectric polarization,
lowering of the melting point of a solution, heat of mixing, etc. The manifes-
tations of dipole-dipole interaction in vibrational spectra, however, have still
been poorly studied, although the spectroscopic method could provide new pos-
sibilities in the study both of the thermodynamic properties of associations of
dipolar molecules and of their structure. In work (1) an attempt was made to
interpret the continuous frequency shift in the combination-scattering spectrum
upon decreasing the concentration of dipolar molecules in inert solvents in terms
of dipole-dipole interaction, and the energy of this interaction was determined
for ketones (?). A considerable increase in the integral intensity of the ¥CN
band in the infrared spectrum with increasing concentration of nitriles in inert
solvents was likewise interpreted as a manifestation of dipole-dipole interaction
(3). Unfortunately, the form of the concentration dependence of the frequency
and intensity of bands in the spectra of solutions is determined by a whole series
of factors (%), so that it is extremely difficult to single out from the continuous
frequency shift or from the change in band intensity the part determined by
dipole-dipole association. Recently (°) it was shown that in the vibrational
spectra of liquids with large dipole moments of the molecules (nitriles) there are
broad absorption bands in the region 50-150 cm~!. These bands were attributed
to vibrations of dipolar molecules relative to one another.

In the present work an attempt was made to detect, in infrared spectra, mani-
festations of dipole-dipole interaction between molecules of trialkylammonium
salts RsNHA (R = CgH;,, C;(Hy;; A = Cl7,Br ), dissolved in inactive solvents.
In such solvents, even at very low salt concentrations, dissociation into ions is
practically absent (°,7). Cryoscopic (°) and dielectric (7) measurements, as well
as extraction data (8,%), convincingly show that in solutions of ammonium salts
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Fig. 1 and Fig. 2: absorption spectra

Figure 1: Fig. 1 and Fig. 2: absorption spectra

there is strong association of their molecules, apparently due to dipole-dipole
interactions. A detailed investigation of the infrared spectra of solutions of tri-
and dialkylammonium salts (1°,!!) shows that in the molecules of these salts
there is a strong hydrogen bond between the NH group of the cation and the
anion, so that the stretching-vibration band vNH of trialkylammonium chloride
and bromide lies at 2400 and 2550 cm~!. Since it could be assumed that, upon
formation of a dipolar complex, the strength of the hydrogen bond would change,
we investigated the absorption of solutions in this region of the spectrum. The
work was carried out on

spectrometer IKS-12 with a LiF prism, equipped with an optico-acoustic receiver
OAP-1, with modulation of the light beam and AC amplification.

Figure 1 shows the absorption spectra of solutions of trioctylammonium chloride
in CCl, as the concentration is varied from 0.1 to 0.001 mol/l. It is seen that a
decrease in the salt concentration is accompanied by a decrease in the intensity
of the 2400 cm ™' band, which apparently has structure, and by the appearance
and growth of the intensity of the 2050 cm~! band. The same picture is also
observed in the spectra of solutions of tridecylammonium bromide in CCl,, in
which the frequencies of the vNH stretching-vibration bands have values of 2500
and

Fig. 1. Spectra of solutions of (CgH;,)3NHCI in CCl, at concentrations (in
mol/1): 1 —0.001; 2 —0.004; 3 —0.016; 4 —0.048; 5 —0.096

Fig. 2. Spectra of a 0.0048 mol/1 solution of (CgH;;)sNHCI in CCl, at tem-
peratures: +6° (1), +22° (2), and —10° (3)

2300 cm~!. Changing the temperature of the solution (these measurements were
carried out in the cell described in (12)) from —10 to +60° leads to a weakening of
the high-frequency band and strengthening of the low-frequency band, although
the shape of the high-frequency band at —10° differs noticeably from the shape
of this band at room temperature and at higher solution concentration (Fig. 2).
All temperature changes are reversible in character.

The facts presented indicate the existence in the solution of an equilibrium be-
tween different molecular forms such that, on going from one form to another,
the frequency of the vNH---A band changes discretely. Taking into account the
results of physicochemical studies of such solutions, it is natural to assume that
the cause of the observed changes in the spectrum upon changes in concentra-
tion and temperature is association of trialkylammonium salt molecules. Thus,
the low-frequency ¥NH band belongs to monomeric salt molecules, while the
high-frequency band belongs to dimeric and, possibly, polymeric forms of more
complex composition; the change in the intensity of these bands with concen-
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Fig. 3 and Fig. 4 spectra

Figure 2: Fig. 3 and Fig. 4 spectra

tration and temperature is due to a shift of the monomer—polymer equilibrium.
The complex structure of the high-frequency band, the noticeable shift of its
maximum upon changing concentration—probably caused by redistribution of in-
tensity among the individual components of this band—and the peculiar change
in the shape of the band upon changing temperature confirm the assumption of
the existence of associates more complex than dimers. We emphasize that in the
spectrum of solid trioctylammonium chloride (a layer of about 10 u, deposited
from the melt onto a CaF, plate) there is one band with a maximum in the
region of 2450 cm™!, strongly broadened toward high frequencies.

The temperature dependence of the band intensities was used to estimate the
energy of the complex formed. In processing the data, assumptions were made
that a single monomer dimer equilibrium exists in the system and that the
absorption coefficients of the monomer and dimer bands are independent of
temperature. In coordinates In(Dy/D3)), 1/T (D,, 4 are the optical densities at
the maxima of the monomer and dimer bands), the points lay well on a straight
line, from the slope of which the dissociation energy of trioctylammonium chlo-
ride was determined, equal to 6 kcal/mol.

Since the most probable mechanism of association of salt molecules is dipole-
dipole interaction, it was expedient to study the influence of the dipole moment
of partner molecules on the magnitude of the shift of the YNH band upon for-
mation of associates. For this purpose we attempted to obtain spectra of mixed
complexes of trialkylammonium halides with other polar molecules. Spectra
were obtained for 0.0048 mol/1 solutions in CCl, of trioctylammonium chloride
and tridecylammonium bromide with addition, respectively, of tetradecylammo-
nium chloride and bromide, which have a dipole moment of 12-15 D (Fig. 3). It
is seen from the spectra that already at a concentration ratio of the molecules of
the tertiary and quaternary salts of 1 : 1, a band appears in the high-frequency
region which rapidly increases in intensity with increasing concentration of the
quaternary salt at the expense of the low-frequency

Fig. 3. Spectra of a 0.0048 mol/1 solution of (CgH;,);NHCI in CCl,, containing
(CoH47)4NCI at concentrations (in mol/l): 1 —0; 2 —0.005; 3 —0.01; 4 —0.024;
5 —0.05

Fig. 4. Spectra of a 0.0075 mol/1 solution of (C;,Hy;)3NHCI in CCl, (1) and
in CCly containing 0.75 mol/l acetone (2) and 0.75 mol/1 acetonitrile (3)

bands, and at a concentration ratio of 1 : 10 the low-frequency bands (monomer
and dimer of the trialkylammonium salts) have negligibly small intensity. The
new band is shifted to the high-frequency region relative to the dimer band
by ~ 200 cm~! and has a distinctly expressed structure. This band may rea-
sonably be assigned to associates of trialkylammonium halide molecules with
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molecules of the corresponding tetraalkylammonium halides. Addition to a
solution of tridecylammonium chloride of substances whose molecules have a
dipole moment smaller than the dipole moment of the salt molecule—acetoni-
trile (v = 3.8 D) and acetone (¢ = 2.8 D)—leads to a change in the shape of the
vNH... A band, and at high concentrations of the dipolar molecules added to
the solution (1 : 100), the band becomes rather simple and its maximum is lo-
cated between the maxima of the monomer and dimer of the salt, at 2250 cm ™!
upon addition of acetonitrile and 2150 cm ™! upon addition of acetone (Fig. 4).
If, as may be supposed, these bands belong to salt molecules forming with the
molecules of the added substance a dipole-dipole complex, then an interesting
regularity is found: the larger the dipole moment of the molecule interacting
with the trialkylammonium chloride molecule, the greater the shift to high fre-
quencies experienced by the vNH band of the salt monomer upon formation of
the complex. This shift increases in the series: acetone, acetonitrile, tridecy-
lammonium chloride (dimer), tetradecylammonium chloride. Such a regularity
serves as confirmation of the proposed explanation of the observed picture.

The unusual spectroscopic manifestation of association of trialkylammonium
salts in solutions, consisting in an increase in the frequency of the vNH ... HAL
vibration upon formation of an associate, finds a simple interpretation on the
basis of ideas about the electrostatic interaction of dipoles. Namely, upon for-
mation of a dipole-dipole complex, polarization of the anion occurs in the field
of the cation of the neighboring molecule, and the hydrogen bond NH ... HAL is
weakened.

On the basis of the spectroscopic material described, it is hardly possible to
construct a model of the dimer; however, measurements of the dielectric pro-

permittivity (7) show that in similar systems (solutions of tetraalkylammonium
salts in benzene) the average dipole moment of the salt molecule increases as
the concentration decreases. This means that the dipole moment of the dimer
is smaller than that of the monomer and, consequently, it may be thought that
the dimer has the form of a quadrupole with antiparallel dipoles. In work (7) it
was established that the degree of association of quaternary ammonium salts in
benzene is close to 0.5 at a salt concentration of 0.0002 mole/liter. Our measure-
ment of the integrated intensity of the total ¥NH band of trioctylammonium
chloride in CCl, shows that this quantity changes hardly at all with concentra-
tion, so that the integrated absorption coefficients of the ¥NH... Cl bands of
the monomer and dimer of the salt differ only slightly. Since the widths of the
monomer and dimer bands are close, the ratio of the optical densities at the
maxima of the monomer and dimer bands can be used as a measure of the ratio
of their concentrations. From Fig. 2 it can be seen that a degree of association
of 0.5 is attained at ~ 0.005 mole/liter. This result is not in contradiction with
the data of (7), since the dipole moment of trialkylammonium salt molecules is
smaller than that of tetraalkylammonium salts.

Our comparison of the spectra of solutions of tridecylammonium chloride in
CCl, and in benzene shows that the positions of the monomer and dimer bands
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in these solvents are the same, but that a degree of dissociation of 0.5 is reached
in benzene at 0.02-0.04 mole/liter, i.e., at somewhat higher concentrations than
in CCl,. Similar results were obtained in work (6), whose authors, by the
cryoscopic method, found that a degree of dissociation of 0.5 for trihexylam-
monium nitrate in benzene solution is reached at a concentration of ~ 0.05
mole/liter.
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