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The Raman and infrared spectra of 1,4-bis(triethylammonio)butane dibromide (J4), 1,10-bis(triethylam-
monio)decane dibromide (J10), and tetraethylammonium bromide (TEABr) were measured in the solid and

dissolved states.

The Raman spectra of these salts in the solid and solution states were roughly similar to those
of normal paraffins having the same number of skeletal atoms, but some minor differences were found.

It was

confirmed that molecular conformations of these ions in the solid and solution states are somewhat similar and

take the all-trans form, but in main chain of J4 and J10, the gauche form is also observed.

In addition, the effects

of hydrophobic interaction of these salts in aqueous solution are discussed by comparison of the Raman spectra

of OH stretching vibration region of water.

A number of nonspectroscopic studies of aqueous
solutions of bolaform type electrolytes'~% have been
reported with the object of investigating their effect
on water structure and the ability of the bolaform
cation to act as a model for cation-cation pairing
in R,NX systems. Unlike thermodynamic properties,
spectroscopic investigations of aqueous solutions of these
salts can provide additional information on the con-
formation of the hydrocarbon chains of these cations
in solution.

In a previous paper,® it was confirmed by means
of Raman spectroscopy that the molecular structure
of the tetraalkylammonium ion in aqueous solution
is an extended one, i.e., the —CH,~ groups assume
an all-trans conformation, much the same as the lower
members of the normal paraffin series of molecules.

In this study the Raman and infrared spectra of
several bis(tetraalkylammonio) electrolytes and tetra-
ethylammonium bromide were measured in the solid
and dissolved states. In this paper emphasis is placed
on obtaining information about molecular conforma-
tions of the hydrocarbon chains in aqueous solutions
from a comparison of the analysis of the Raman spectra
in both the solid and solution states. In addition,
the effects of hydrophobic interaction of these salts
in aqueous solution are discussed by comparison of
the Raman spectra of the OH stretching vibration
region of water with that for the pure solvent.

Experimental

Materials. Tetraethylammonium bromide, hereafter
abbreviated as TEABr was of extra-pure reagent grade
supplied by Nakarai Chemical Co., Ltd. The Bis(tetra-
alkylammonio)salts,  1,4-bis(triethylammonio)butane  di-
bromide and 1,10-bis(triethylammonio)decane dibromide, ab-
breviated J4 and J10, respectively, were prepared and purified
as described elsewhere. Water used was deionized by
ion-exchange-regin and distilled by means of usual laboratory
techniques.

Apparatus. The apparatus used for Raman spec-
troscopy measurements consisted of an argon ion laser source
manufactured by Coherent Radiation Co., Ltd. and the
scattered light was analyzed with a JRS-Ul Laser Raman
spectrometer from Japan Electron Optics Laboratory Co.,
Ltd. An A-2 IR spectrometer manufactured by Japan

Spectroscopic Co., Ltd. was used to obtaine IR spectra.

Procedures. Solutions used for Raman measurements
were prepared so as to contain 2 M** of bromide ion and
+NEt, unit, (*NEt,~(CH,), for the case of the bolaform
cation). All measurements were carried out at room tem-
perature.

The experiments were done using 90° scattering. The
horizontal (I;) and vertical (I;) components of the scat-
tered light were measured with a polaroid analyzer.

The Raman spectra of water in the OH stretching region
were obtained in aqueous solutions of TEABr, J4, and J10.
The intensities were corrected for photomultiplier sensitivity.
In the case of J10 it was impossible to correct the spectra
owing to the existence of luminescence and consequently
this salt was excluded from the analysis of salt effect on the
OH vibrational spectra. The observed spectra were divided
into their isotropic (Iiso;) and anisotropic (I,nys) components.

Tisoy = I, — 4‘/?’ I,
Is.nis = 4/3 I.L

In the case of the infrared measurements, the solid sample
was mixed with Nujol and measured at room temperature.

Results and Band Assignments

The Raman and infrared bands observed in the
solid state and aqueous solutions are summarized in
Table 1. The vibrational assignment of these bands
was carried out on the basis of previous assignments
made for normal paraffins,®~ and tetramethylam-

monium halides,1°-12) in the solid state.

At low frequencies (below 300 cm™1), lattice modes,
which are not observed in aqueous solutions, are found
in the solid state for all compounds investigated. Com-
monly, the C-N* symmetric and asymmetric stretching
bands are observed at about 700 cm~! and 800 cm™1,
respectively. These bands are assigned on the basis
of the following criteria: (1) The C-N* symmetric
and asymmetric bands must be observed below 752
cm~! and 955 cm™1, respectively, since the correspond-
ing bands for (CHg),N* are centered at 752 cm~!
and 955 cm™1, respectively and, for all compounds
investigated in this work the mass of the substitutional
groups on the N atom is heavier than that of (CHj)N*.

**  1M=1 mol dm-1.
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(2) The C-N+* symmetric stretching mode gives rise
to the strong, polarized, Raman bands usually ob-
served. (3) The asymmetric stretching mode gives
rise to the depolarized Raman line and strong infrared
band commonly observed. Above 900cm=!, the
Raman and infrared spectra of all compounds in-
vestigated are roughly similar to those of normal
paraffins having the same number of skeletal atoms.

The band assignments were made from consideration
of those criteria and are summarized in the last column
of Table 1. A careful comparison of the Raman
spectra of solid state and aqueous solution shows
that some minor differences exist for the compounds
investigated. Therefore it appears that the molecular
conformations in the solid and solution states are
somewhat similar.

Discussion

Low Frequency Regions (below 500 cm=1). The
Raman spectra for each compound in the frequency
range below 500 cm—! are shown in Fig. 1. In the
solid state, several lattice modes are observed, but
in aqueous solutions, these lattice modes disappear.
Also, some longitudinal accoustic vibrational modes
(LA mode) are observed in both the solid phase and
aqueous solution, X-ray crystallographic studies have
shown!®1%) that the chain conformation of —CH,-
groups in normal paraffins and in tetraalkylammonium
ions are in all-trans form. By analogy with these
results, the chain conformations in the Bis(tetraalkylam-
monio) salts in the solid state can be considered to
be in all-trans form.

The LA mode is regarded as a symmetric accordion-
type longitudinal vibration of a string of beads with
antinodes at the chain ends. Therefore, this band is
ascribed to the molecules taking an all-trans form.
In the previous paper,” studies were reported on
the LA band of tetraalkylammonium ions. From the
existence of the LA band, it was confirmed that the
tetraalkylammonium ions in the solid and aqueous
solution are in an extended form, such as the all-
trans form of the —CH,~ chain.

For TEA ion, the LA bands were observed at 424
cm™! in the solid and 420 cm~! in aqueous solution.?
A strong peak is observed at about 420 cm~! in the
Raman spectra of J4 and J10 in both states. This
band corresponds to the LA band of TEA ion and is
ascribed to the LA band in the Et-N-Et structure
of the bolaform ion. Therefore, the Et-N-Et structure
is mostly in the all-trans form in both states.

In solid J4 and J10, the LA bands of the main chain
were also observed, although they were weak. These
were identified by the criterion that the frequency
of the band decreases as the length of the carbon chain
(involving nitrogen atom) increases. The relationship
between the frequency of the LA band and the recip-
rocal carbon number shown in Fig. 2 along with
the corresponding relationship for tetraalkylammonium
ions.» The existence of this band indicates the mole-
cules take an all-trans form in main chain in the solid
state. This band is observed weakly in aqueous solu-
tion of J4, but not in aqueous solution of J10. There-
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Fig. 1. Raman spectra for TEABr, J4, and J10 in the

frequency range below 500 cm™! in the solid and solu-
tion states.
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cm~!

200r
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IIn
Fig. 2. Relationship between the frequencies of the
LA mode and the reciprocal carbon number (involv-
ing nitrogen atom); (O) bolaform ions, (@) tetra-
alkylammonium ions.

fore, it appears that in aqueous solution the J4 ions
assume an all-trans conformation to some extent but
less in those of the J10 ion. This result may be ration-
alized on the basis that random conformation in the
main chain increases as the distance between the
two charged nitrogen atoms increases and hence the
repulsive force decreases.

Intermediate Frequency Regions (500 cm=1—1400 cm=).
The solution and solid state Raman spectra of TEABr,
J4, and J10 are shown in Figs. 3, 4, and 5, respectively.
Some minor differences are observed between the two
phases. In the case of TEABr, Raman lines observed
in aqueous solution at 467 cm~! and 559 cm~! are
not seen in the solid state. These lines are ascribed
to the rotational conformations around the —-CH,~CH,~
bonds.

In the Raman spectra of J4, the two bands at 466
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Fig. 3. Raman spectra of TEABr in the solid and
solution states in the frequency range from 500 cm—!
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Fig. 4. Raman spectra of J4 in the solid and solution
states in the frequency range from 500 cm—! to 1400
cm™,

cm™ and 552 cm™! in aqueous solution are also ob-
served in the solid state. These lines correspond closely
to the Raman bands of TEABr at 467 cm—! and 559
cm~! in aqueous solution, which have been attributed
to the gauche conformation around the —CH,~CH,-
bonds. Accordingly, the molecular structures taking
a gauche conformation in the Et-N structure of J4
exist both in aqueous solution and in the solid state.
Further, since the two Raman lines at 504 cm—! and
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Fig. 5. Raman spectra of J10 in the solid and solution
states in the frequency range from 500 cm~! to 1400
cm™,

582 cm~! in aqueous solution are not observed in the
solid state, these may indicate that they are the gauche
isomers that relate to the main chain of the J4 ions.

For the J10 salt, the two Raman lines observed
in solution at 456 cm~* and 552 cm™! are also observed
in the solid state. They correspond to those of TEABr
at 467 cm™! and 559 cim! in aqueous solution and
have been ascribed to gauche conformation. There-
fore, the molecular units taking a gauche conformation
in the Et-N chain of J10 exist in both aqueous solution
and solid phases. The two Raman lines at 494 cm™!
and 572 cm™ in aqueous solution are also found in
the solid state. These lines correspond to those of
J4 at 504 cm~! and 582 cm~! in aqueous solution,
which have been ascribed to the gauche isomers in
the main chain. Accordingly, the molecules taking
gauche form in main chain exist in both states.

The bands located at 1269 cm—! for J4 and 1234
cm, 1230 cm—1, 1295 cm™1, and 1303 cm~! for J10
are observed only in the solid state. These bands
can be assigned to the twisting-rocking mode of —CH,—
CH,— groups in the molecular chains. The fact that
these bands are not observed in solution indicates
that the motion of the —CHy;-CHy groups in the
main chains of the ions are less constrained. The
bands located at 838 cm™! for TEABr, 830 cm™! for
J4, and 820 cm~! for J10 are observed in the solid
state, but not in solution. Also, the bands located
at 782 cm-1! for J4 and 788 cm! for J10 are not ob-
served in solution. Although at this stage we can
not assign these bands to the internal motions of these
molecules, one may speculate that these bands are
related to the terminal —CH,~CHj; rocking-twisting
vibrational modes.

C-H Stretching Vibration Regions (2850 con—1—3000
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Fig. 6. Raman spectra for TEABr, J4, and J10 in the

frequency range from 2850 cm=! to 3000 cm™! in the
solid and solution states.

cm™!). The vibrational C-H stretching modes
can be classified into two groups; one from the methyl
end group and the other arising from the methylene
group vibrations. The symmetric and asymmetric
methyl C-H stretching vibrations located at 2884 cm—1!
and 2967 cm~! are independent of the chain length
in normal paraffins.”? On the other hand, the methyl-
ene symmetric and asymmetric vibrations located at
2849 cm~1—2861 cm~! and 2912 cm—1—2929 cm! are
slightly dependent on the chain length.?

The Raman spectra for each compound in this
frequency range are shown in Fig. 6. As can be
seen, there are many bands which can be assigned
to the methylene group vibration in the solid state.
On the other hand in solution, only three bands are
observed in each compound, located at about 2900
cm™1, 2951 cm~1, and 2997 cm~! and these frequencies
are almost independent of the chain length. In the
case of the J10 ion in solution, one additional band
at 2861 cm~! is observed. This band can be assigned
to the methylene symmetric stretching band. As J10
has 16 ~CH,— units in an ion, this weak band is likely
to be observed in the case of J10.11) The reason that
only three bands are observed in the solution state
may be due to the fact that, since in the solution state
the C-C bond of the main chain and branched chains
are rotating or tumbling, then the C-H stretching
vibration mode of the methylene groups will be strong-
ly coupled to each other and leads to a reduction in
the number of observed bands.

Raman Spectra of Water, OH Stretching Region. The
isotropic ([;,,) and anisotropic (f,,,) Raman spectra
of water and aqueous solutions of TEABr and J4
are shown in Fig. 7. The main effect of the salts
on the water spectra is to change the spectral line
shape. The opposing results are clearly evident for
the I, and I, spectra; intensities in the lower
frequency region (3000 cm—1—3350 cm~1) decrease
while intensities in the higher frequency region (3350
cm~1—3550 cm™1) increase, in comparison with the
spectrum of water. The effect of salt addition to
water is similar to the effects produced by increasing
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temperature.13-17)  Therefore these salts, at least su-
perficially seem to have a structure breaking effect
on water at these high concentration and this is contrary
to their structure-enforcing effect at dilute concentra-
tion. The influence of the TEA ion on the OH
stretching region is greater than that of the J4 ion.
The main effects of these salts on the water structure
are of an electrostatic and hydrophobic nature.

Since the molecular conformations of the TEA and
J4 ions are both observed to be of the extended form
in aqueous solutions and the salt concentrations have
been prepared so as to normalize the hydrophobic
effect (approximately same hydrocarbon concentration
for each ion in solution), it would appear that the
difference in line shape for the OH stretching vibration
in aqueous solutions of these salts is caused by the
electrostatic atmosphere of the ion. The presence of
two charged sites in a single ion and the incompatibility
of several “type” of water around the solute to “inter-
face” readily indicate the J4 ions are more complex
in their influence on solvent interactions.
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