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Abstract—Absorption spectra of NR4Br–H2O and CoBr2–NR4Br–H2O (R = Et, Bu) aqueous solutions were 
measured within the range of 1000–25000 cm–1, and the influence of tetraalkylammonium cations on the 
equilibrium between cobalt octahedral and tetrahedral complexes was revealed. The specificity of hydration 
interactions in solutions under study in various concentration ranges and resulting from them difference in 
spectral characteristics were analyzed. Variously directed changes in positions of bands in the region of 
stretching vibrations, a composite frequency of 5200 cm–1, and the first water overtone occurring due to the 
concentration variation were found.  

The cobalt(2+) ion in various conditions can form 
both octahedral and tetrahedral complexes with halide 
ligands that is accompanied by a color change of the 
solution [1]. This essential change in optical properties 
defines the interest of researchers of this phenomenon 
to electronic spectra in visible region, where the 
absorption bands readily assignable from the viewpoint 
of the crystal field theory are located. Intermolecular 
interactions in solution play an important role in the 
formation of various complex species, however visible 
spectra are low informative for their analysis, as the 
solvents are optically transparent in this spectral 
region. Therefore, to study solvation processes 
including aquation, vibration spectroscopy is applied 
[2–4] and positions of vibration bands of solvent 
molecules are analyzed. In particular, the position of 
the stretching vibration band of water and its intensity 
make it possible to estimate the strength of hydrogen 
bonds in a solution: A linear dependence between bond 
energy and the shift of this band is often observed [5]. 
One of difficulties connected with such researche is a 
high value of absorption coefficient of aqueous 
solutions at 3600 cm–1 that makes necessary the ap-
plication of labor-consuming procedures. Results of 
such experiments essentially depend on an applied 
method, and their interpreting is a subject of per-
manent discussions. In this connection the short-range 
IR region, where bands of combination vibrations of 

water molecules are present, is often used for 
measuring spectra of aqueous solutions. 

The aim of the present work was to study binary 
NR4Br–H2O solutions and triad CoBr2–NR4Br–H2O  
(R = Et, Bu) solutions not only in visible region of               
the electron spectrum, but also in the region of 1000–
7800 cm–1 by the IR spectroscopy method. We 
intended to find how hydration processes were 
reflected in various absorption bands and how they 
varied with the solution restructuring. Tetraethyl- and 
tetrabutylammonium bromides were chosen as variable 
salt components. Ions NR4

+, being hydrophobically 
hydrated species, interact with water molecules of the 
nearest environment to the minimal degree, but 
significantly affect the strength of hydrogen bonds in a 
solution as a whole [6–8]. As for bands of the proper 
vibrations of these complex species, they do not 
overlap with water vibration bands. 

The complexity of the subjects under study does 
not allow us to rely on rigorous quantitative inter-
pretation of IR spectra of aqueous solutions. Several 
complexes of various compositions are present in these 
systems simultaneously, and the absorption bands have 
a complex structure. The quantitative approach to the 
study of spectra of such systems requires equilibrium 
constants in the solution under study to be determined, 
which presents a complicated and occasionally 

DOI: 10.1134/S1070363211070048 



STRUCTURE OF NR4BR–H2O AND CoBr2–NR4BR–H2O SOLUTIONS  

RUSSIAN  JOURNAL  OF  GENERAL  CHEMISTRY   Vol.  81   No.  7   2011 

1425 

λ, nm 

А 

1 
2 

3 

4 

5 

Fig. 1. Absorption spectra of 0.1 M CoBr2–x M NR4Br–
H2O solutions. R = Bu: (1) x = 1.0, layer 1 cm; (2) x = 2.0, 
1 cm; (3) x = 2.7, 0.2 mm; R = Et: (4) x = 2.35, 1 cm;                   
(5) x = 2.7, 3.1 mm. 

concentration. This essential difference was not 
noticed earlier. It is seen from Fig. 1 that at the same 
concentrations (0.1 M of CoBr2 and 2.7 M of NR4Br) 
the solution with NBu4Br has the maximal optical 
density A of 1.2 in a layer of l 0.2 mm, and the solution 
with NЕt4Br, 0.95 in a layer of 3.1 mm. According to 
Bouguer’s law, the ratio A/l is equal to the product of 
an extinction coefficient by a concentration; for the 
CoBr2–NBu4Br–H2O solution it is equal to 6, and for 
the CoBr2–NEt4Br–H2O solution, to 0.3, the difference 
exceeding one order of magnitude. The absorption 
spectra of both solutions are similar in shape, and it is 
most likely that the extinction coefficients of the 
complexes differ only slightly. Hence, the detected dif-
ference should be assigned to different concentrations 
of forming tetrahedral complexes. It can be explained 
by the above-mentioned shift of equilibrium to the side 
of the formations of tetrahedral complex species, 
which is caused by a decrease in the volume con-
centration of water: NBu4

+ ions occupy essentially 
greater volume of space than NEt4

+ ions. A solvent 
immobilization also occurs owing to strengthening 
hydrogen bonds in solution and a possibility of 
“dissolution” of water molecules in hydrocarbon 
radicals at the formation of cation–cation associates by 
tetrabutylammonium ions [14]. 

IR spectra in the region of fundamental tones of 
water vibrations. Spectra of broken multiple total 
internal reflection of water and tetrabutylammonium 
bromide solutions in the region of bending vibrations 
of water are presented in Fig. 2a. At low NBu4Br 
concentrations the bending vibration band does not 
differ from that of pure water. Starting from NBu4Br 

ambiguously solved problem. For the interpretation of 
results of this study it was sufficient to accept the 
standard explanation of the shape of the stretching 
vibration band: the short-wave part corresponded to 
weakly-bound water molecules and the long-wave 
part, to stronger-bound molecules.  

Electron absorption spectra. Spectra of CoBr2–
NR4Br–H2O aqueous solutions in visible region are 
presented in Fig. 1. The absorption in the range of 
400–500 nm corresponds to octahedral complexes           
[Co(H2O)6–nBrn]2–n (n = 0–2). The intensity of this 
band remains constant up to NBu4Br concentrations of 
~2.3 M, then it decreases owing to the decreasing 
fraction of octahedral complexes. The absorption at 
700 nm corresponding to cobalt tetrahedral bromide 
complexes [Сo(Н2О)xBr4–x]x–2 (x = 0, 1, 2) becomes 
noticeable in the spectrum starting from the 
concentration of ~1.5 M. Such character of concentra-
tion variations is typical for cobalt(II) halide com-
plexes: octahedral and tetrahedral species are present 
simultaneously in solution, and as the concentration 
changes, intensity is redistributed between the 
corresponding absorption bands [9–12].  

It follows from the spectra shown in Fig. 1 that the 
range of concentrations of tetraalkylammonium bro-
mides can be separated in two regions: up to 1.5 M 
only octahedral complexes are present in solution, and 
at greater concentrations tetrahedral species start to be 
formed. This phenomenon is usually explained by 
binding water in hydrate spheres of the second 
electrolyte ions (in this case, of tetraalkylammonium 
bromide). However a special character of the hydration 
of tetraalkylammonium ions, a weak interaction of 
bromide ions with water, and their disability to form 
hydrated shells do not allow us to use here this 
conception. Most likely, the reason of variation of 
geometry of cobalt complexes is the displacement of 
water molecules from a volume under consideration by 
tetraalkylammonium ions accompanied by an essential 
decrease in the volume concentration of water and also 
a decrease in the activity of water resulting from the 
formation of “local icebergs” [13]. Both these factors 
should result in the shift of equilibrium (1) to the right. 

[СoBrx(Н2О)6–x]2–x + Br– ↔ CoBrx+1(H2O)3–x + 3H2O,   (1) 
x = 1, 2. 

Variation of absorption intensity of tetrahedral 
complexes deserves special attention: in a solution 
containing NЕt4Br the intensity has appeared con-
siderably lower than for NBu4Br at the same 
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Fig. 2. Spectra of broken multiple total internal reflection of NBu4Br–H2O solutions in the region of (a) bending and (b) stretching 
vibrations of water: (1) 0 M, (2) 2.0 M, (3) 2.35 M, and (4) 2.7 M NBu4Br.  

concentration of about 1.5 M, the symmetrical band at 
1640 cm–1 becomes distorted and turns to a band with 
two latent maxima at 1620 and 1660 cm–1. Apparently, 
at high NBu4Br concentrations water molecules are 
divided into two unequal groups: a major part is 
characterized by a band at 1620 cm–1, and a smaller, by 
a band at 1660 cm–1. It is commonly supposed [5] that 
upon the formation of hydrogen bonds the band of 
bending vibrations is weakly displaced to the short-
wave side opposite to the shift of stretching vibrations. 
It suggests that the bands at 1660 and 1620 cm–1 are 
responsible for the strengthening and weakening of 
water bonding with an environment, respectively. The 
first effect in the systems under study is caused by 
hydrophobic interactions involving tetraalkylammo-
nium cations and the formation of “local icebergs” [13], 
whereas the second, by the action of bromide anions 
on water. The long-wave shift is most pronounced for 
the binary solution water: tetrabutylammonium 
bromide at high salt concentrations (Fig. 2a) in spite of 
the fact that hydrophobic effects should become 
stronger as the concentration of tetraalkylammonium 
ions increases. However for the tetrabutylammonium 
cation the formation of cation–cation associates is 
characteristic [15], which is accompanied by a 
decrease in hydrophobic effects as compared with an 
ensemble of nonassociated particles. On passing to the 
triad CoBr2–NBu4Br–H2O solution similar dependence 
of spectral characteristics on the NBu4Br concentration 
with certain weakening of the long-wave shift is 
observed, which seems to be caused by binding 
bromide ions in complex species. The absence of cation–
cation association in the case of tetraethylammonium 

ions is responsible for the practical constancy of the 
spectral contour shape for NEt4Br–H2O and CoBr2–
NEt4Br–H2O solutions. 

Alongside with the above difference in spectral 
properties of solutions under study some common 
trends are observed also at low and high NR4Br 
concentrations in IR spectra. It is seen from Fig. 2 that 
water absorption bands in all solutions become 
contracted as the NBu4Br concentration increases. To 
explain this observation, we can refer to the 
consideration based on the fluctuational mechanism of 
hydrogen bonds formation [16]. According to it, the 
increase in average energy of hydrogen bonds in a 
solution results in a broadening of bands in IR and 
Raman spectra of molecules bound by hydrogen 
bonds. Then the increase in the concentration of 
bromide ions, which form weaker bonds with water 
than the water–water bonds, should reduce a range of 
values of hydrogen bond energy and result in a band 
contraction. The formation of clathrate-like structures 
of “local icebergs” also acts in the same direction, 
though hydrogen bonds in them are stronger, but 
fluctuations are much weaker. 

The spectra of multiple broken total internal 
reflection of NBu4Br–H2O binary solutions in the 
region of the water stretching vibration in the range of 
concentrations from 0 up to 2.7 M are given in Fig. 2b. 
Bands with frequencies less than 3000 cm–1 refer to  
C–H vibrations and do not hinder our consideration. It 
is commonly supposed that a proton pulls electron 
density on itself at the hydrogen bond formation, the 
frequency of a corresponding bond decreases, and a 
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Fig. 3. Absorption spectra of NBu4Br–H2O solutions in the near IR region. [(1) 0 M, (2) 2.0 M, (3) 2.35 M, (4) 2.7 M and of 
NEt4Br–H2O (5) 2.7 M]. (a) region of combination vibrations, (b) region of the first overtone of stretching vibrations. 

“red” shift takes place [5]. Such explanation is valid 
for rather simple systems, for example, for dilute 
solutions with individual hydrogen bonds.  

Another effect is observed in the systems under 
consideration with a complicated net of hydrogen 
bonds and the presence of hydrophobic hydration. For 
all studied binary and triad systems the intensity of a 
long-wave shoulder at 3250 cm–1 decreases and the 
band of O–H vibrations is narrowed as the tetra-
alkylammonium bromide concentration increases. The 
same effect was earlier observed for the absorption 
band of water stretching vibrations in solutions of 
sodium halides [17]. Liu et al. assined the decrease in 
the long-wave absorption to the action of the electric 
field of sodium cations and halide ions on the dipole 
moment of water molecules. However, it remains 
unclear why this effect is limited to a long-wave part 
of the absorption band while the short-wave part 
remains unchanged. The absorption at 3250 cm–1, 
which characterizes strong hydrogen bonds, is known 
to be characteristic for ice [3] and also for polymeric 
associates of alcohols [5]. We can assume by analogy 
with ice that strongly bound water molecules located in 
pure water aggregates (“icebergs”) absorb at 3250 cm–1 
and that rather weakly bound molecules absorb at  
3400 cm–1. Hydrophobic effects in solutions of tetra-
alkylammonium salts promote the formation of 
“icebergs,” regions with strong cooperative hydrogen 
water–water bonds and a band at 3250 cm–1 probably 
correspond to them. As the concentration of the salt in 
a solution increases, large “icebergs” break up, and the 
intensity of the band decreases (Fig. 2b). 

Finally, it is necessary to pay attention to a weak 
peak at 3670 cm–1 apparent only in spectra of solutions 
with high (more than 1.5 M) tetrabutylammonium 
bromide concentrations. This band was earlier 
assigned to vibrations of relatively free OH groups of 
water in asymmetric complexes [3]. In fact, as it was 
shown in [14] on the basis of NMR data, cation–cation 
associates formed at such salt concentrations can 
“dissolve” water in themselves, which will exist in the 
form of individual molecules in channels between 
hydrocarbon moieties. Such cation-cation associates 
are not formed in tetraethylammonium bromide 
solutions that is the reason which causes the absence of 
this peak in the spectrum of the corresponding system. 

Spectra in the near IR region. The absorption 
spectra of solutions of tetraalkylammonium bromides 
in the concentration range from 0 up to 2.7 M in the 
region of 5200 cm–1 (region of combination vibrations) 
are shown in Fig. 3a. Here, and also in the spectra of 
other investigated solutions, a red shift up to 50–                 
70 cm–1 takes place as the concentration increases. 
Earlier it was noted that the frequency δ varies only 
slightly as the NR4Br concentration increases, and the 
frequency ν increases approximately by 200 cm–1. 
Thus, there is no direct correspondence here between 
the shifts of bands of fundamental tones and a 
composite frequency. As is known, the absorption 
bands with composite frequencies appear in a spectrum 
if these vibrations are anharmonic. In this case the 
band position in a spectrum depends on particular 
mechanisms of disturbance of harmonic properties. In 
other words, in the studied solutions the anharmonicity 
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Absorption spectra of solutions in the region of the 
first overtone of water stretching vibrations are shown 
in Fig. 3b. The absorption in the vicinity of 7200 cm–1, 
noticeable at greater concentrations of tetrabutylam-
monium bromide corresponds to a composite fre-
quency of C–H vibrations, 2ν + δ [21]. In solutions 
containing tetraethylammonium bromide, where the 
amount of such bonds is smaller, this absorption is 
undistinguished. Unlike other spectral regions, the 
maximum of the absorption of the first overtone band 
is not displaced as the tetraalkylammonium bromide 
concentration varies. The appearance of this com-
bination band is also caused by anharmonicity of 
vibrations of water molecules, which participate in the 
formation of hydrogen bonds. As is the case with the 
composite frequency band, here we can assume that 
the vibrations have such anharmonic properties which 
keep constant the band position in the spectrum. We 
can refer to a series of works (for example, [22]), in 
which the variation of anharmonic properties of the 
first overtone band of the OH stretching vibration with 
the hydrogen bond formation was studied, and an 
appreciable red shift was detected. The systems 
(alcohols–ССl4) studied there are rather simple in 
comparison with the solutions under consideration in 
this work, where NR4

+ ions play an essential role.  

The long-wave wing of the overtone band at high 
NR4

+ concentrations is slightly distorted and the 
intensity in the region of 6550–6600 cm–1 decreases. 
The distortion of the contour can be connected also 
with anharmonic properties of water, but most likely it 
is caused by redistribution of the intensity similar to 
that observed for stretching vibrations. As well as in 
that case, the observed decrease in absorption intensity 
in the long-wave wing can be explained by a decrease 
in the fraction of strongly-bound water molecules. For 
both bands (composite frequency and overtone), as the 
concentration of tetraalkylammonium bromide in-
creases, the same decrease in the half-width as for the 
fundamental tones, is observed. Obviously, the 
explanation given above for the fundamental tone band 
is applicable here. 

The spectra in the short-range IR region for binary 
and triad solutions almost do not differ from each 
other, and addition of cobalt changes spectral charac-
teristics insignificantly. Therefore we can draw a 
conclusion that the principal reason influencing a 
solution structure is the variation of the concentration 
of tetraalkylammonium ions.  

of vibrations of molecules participating in hydrogen 
bonding is the cause of the red shift of a composite 
frequency band. It is of interest to compare this 
observation with the case of pure water spectra where 
bands at 3600, 5200, and 6900 cm–1 behave equally on 
heating: all of them move in the short-wave region 
[18]. We can suggest that in the case under 
consideration the effect is observed because of special 
features of NR4

+ ions influencing the aqueous solution 
structure and properties of the net of hydrogen bonds. 

 At high concentrations of tetraalkylammonium 
bromide, starting from 1–1.5 M, two weak bands at 
5270 and 5305 cm–1 appear on the short-wave edge. 
Earlier the presence of bands in this region was 
observed, for example, a band in the neighborhood of 
5300 cm–1 was observed in a triethylamine aqueous 
solution near to the basic band at 5170 cm–1 [19]. In 
very dilute solutions of water in acetone and in other 
solvents the band assigned to monomeric water 
molecules was observed at 5250 cm–1 [20]. 

A series of works describes a doublet in the short-
wave wing of the absorption band related to water 
stretching vibrations in dilute solutions in ССl4. The 
absorption spectrum of water in a mixture of pyridine 
with ССl4 containing a doublet in the band of 
stretching vibrations at 3700 cm–1 is given in [3]. It 
was concluded on the basis of several observations [2] 
that such splitting refers to symmetrical and asym-
metrical water vibrations and depends on the degree of 
binding water molecules with a solvent, the splitting 
decreasing from 100 to 20–30 cm–1 as this bond 
becomes stronger. 

When measuring the spectra of tetraethylammo-
nium bromide solutions we failed to detect peaks in the 
range of 5200–5300 cm–1 (Fig. 3a), which suggests 
that special features of the interaction of tetrabutyl-
ammonium ions with water promoted their appearance. 
The reasons for the appearance of bands at 5270 and 
5305 cm–1 can be different: (a) they correspond to the 
symmetrical and asymmetrical stretching vibrations of 
water molecules in cavities of cation-cation associates 
NBu4

+; (b) two cavities of various configurations are 
formed inside of such associate or there is one large 
cavity where a water molecule can be in various 
positions; (c) possibly bands of composite tetrabutyl-
ammonium ions vibrations manifest themselves in this 
manner, for example, a band of ν + 2δC–H vibrations; 
(d) as the band of bending vibrations is split, this fact 
can be responsible for the doublet of the composite 
frequency. 
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EXPERIMENTAL 

To prepare solutions, we used analytical-grade 
tetraalkylammonium bromides and pure-grade cobalt 
bromide twice recrystallized from water. The con-
centration of bromide ions was determined by 
mercurimetric titration with a Hg(NO3)2 solution and 
diphenylcarbazone as an indicator. The concentration 
of cobalt ions in triad solutions was determined by 
chelatometry at рН 5 (acetate buffer) with xylenol 
orange as an indicator. Concentration of tetraalkyl-
ammonium bromide in triad solutions was calculated 
from the difference. 

Spectra were recorded on Shimadzu UV1800 and 
Perkin Elmer BXII spectrophotometers in cells with 
layer thickness from 200 μm up to 2 cm. To measure 
spectra in the region of 3600 cm–1, we used an attach-
ment for recording in the mode of broken multiple 
total internal reflection with a ZnSe cell with five 
reflections under an angle of 45°.  
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