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Along with other works that employ a more complex and time-consuming approach to ana-
lyse the formation of heteromolecular structures in aqueous solutions of dimethylformamide
and tetrahydrofuran, we propose a new technique based on the combined use of refractometry
and IR spectroscopy. The formation of intermolecular complexes is analysed by measuring the
excess refractive index and the ratio of OH absorption bands of bound molecules to those of
free ones in the concentration range of 0+1 mole fraction of components. It has been shown
that the formation of heteromolecular structures occurs within a narrow concentration range
of 0.3 to 0.4 mole fractions of dimethylformamide and tetrahydrofuran, which corresponds
to the maximum number of realized hydrogen bonds in the dimethylformamide-water and
tetrahydrofuran-water systems.
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1. INTRODUCTION

There are various experimental methods
for investigating the properties of water and
aqueous-organic solutions: dielectric [1], [2]
and infrared spectroscopy [3]-[11], Raman
spectroscopy [12]-[15], and terahertz
spectroscopy [16]-[20], X-ray diffraction
[21]-[23], neutron diffraction [24]-[28],
proton magnetic resonance spectroscopy
[29]-[31] and others. All these methods are
highly sensitive to various structural and
relaxation changes in molecules of liquids,
allowing to establish specific mechanisms
of their mutual dissolution in a wide range
of component concentrations and solution
temperatures and to register the formation
of mono- and heteromolecular associates in
solutions, as well as clathrate formations in
aqueous mixtures almost any organic sol-
vents.

Establishing a connection between the
kinematic, dynamic, and spectral charac-
teristics of molecules allows for a deeper
understanding of the mechanism of inter-
molecular interactions in each particular
case.

Understanding the processes of hydro-
gen bond formation plays a significant role
in determining the structure and physico-
chemical properties of many structures
and materials, and is intensively studied in
physics, chemistry, biology, and interdis-
ciplinary research. Systems with hydrogen
bonds find use in various applied studies,
for example, in crystal design [30], [31],
[32], in the creation of systems with self-
assembly [33], [34] and molecular recogni-
tion [35], [36], in hydrothermal synthesis
[37], [38] and others.

For example, in [39], it was assumed
from the similarity of the shapes of the OH
group valence vibration lines in CCl4 solu-
tions that such mixtures form complexes in
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an aprotic medium, but no direct evidence
of the stoichiometry of the complexes was
presented. Non-valent interactions in solu-
tion can also be studied by NMR [40]-
[43] and vacuum ultraviolet spectroscopy
[44]-[46]. In particular, the signals of pro-
tons involved in the formation of hydrogen
bonds are usually shifted to a rather weak
field. The difficulty of studying such sys-
tems like NMR spectroscopy lies in the
rapid molecular and proton exchange, as
a result of which chemical shifts are aver-
aged over a set of all complexes and mono-
mers coexisting in solution, as well as over
an ensemble of possible hydrogen bonding
geometries.

It should be noted that the choice of
double aqueous-organic mixtures of water
+ dimethylformamide and water + tetrahy-
drofuran as the subject of research is due
to their wide practical use in chemical syn-
thesis [48]-[50], optical spectroscopy [51]-
[54], EPR spectroscopy [55], [56], and
high-performance liquid chromatography
as mobile phases [57]-[60].

The refractometric parameters and their
excess values make it possible to under-
stand structural changes in binary and ter-
nary solutions and provide valuable infor-
mation about intermolecular interactions
[61]-[63]. Thus, a review of the literature
shows that there are no reports studying
the combination of infrared spectroscopy
and refractometry for aqueous solutions of
dimethylformamide (DMF) and tetrahydro-
furan (THF).

So far, in most studies, the informa-
tion extracted from IR spectra has been
obtained from the position of absorption
bands, thus determining the main vibra-
tional modes characteristic of individual
molecules of mixtures. It was difficult to



interpret the absorption bands due to the
overlap of nearby bands and the insufficient
resolution of individual bands, associated
with the need to increase the resolution in
the IR spectra, which led to the impossibil-
ity of obtaining information on the forma-
tion of clusters, analysis of hydrogen bonds.
Therefore, such information was obtained
using other methods: dielectric permittivity
[63]-[65], total isotropic Rayleigh scatter-
ing of coherent light [66]-[68], viscosity
[69], [70], and excess molar mixing volume
[71]-[74]. With the intensive development
of modern interferometer devices, the time
scale of spectrum recording has reduced
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dramatically from several minutes to sec-
onds and the sensitivity of the method has
increased significantly, allowing for obtain-
ing information on intensities, half-widths,
isotopic shifts, and other finer spectral
parameters.

This work focuses on the investiga-
tion of structure formation through hydro-
gen bonding. For this purpose, the study of
refractive indices, excess refractive indices,
and IR spectra of aqueous solutions of DMF
and THF was carried out at room tempera-
ture and atmosphere pressure over a wide
range of concentrations.

2.1 Materials

Standard grade tetrahydrofuran
(C,HO) (minimum assay 99.9 wt.%) and
N,N-dimethylformamide (C,H,NO) (purity
~99.9 wt.%) obtained from Reagent Plus, as
well as distilled water with pH=7.02 were
used in the experiments. For preparation of
aqueous solutions of THF and DMF, high-

2.2 Measurement

Refractive indices were measured using
a high-sensitivity PAL-RI digital refrac-
tometer (ATAGO, Japan). The instrument
measures refractive indices in the range of
1.3306—1.5284; the measurement error n is
<0.0001.

Fourier transform infrared spectra were

3 RESULTS AND DISCUSSION

precision analytical scales EP 214C (Ohaus
Explorer Pro, Switzerland) with an accu-
racy of <0.0002 g was used. Each aqueous-
organic solution of a given composition
was prepared separately and was not used
in the preparation of solutions with different
concentration of compositions.

recorded on a Perkin Elmer Spectrum Two
spectrophotometer with a signal-to-noise
ratio of 9300:1 and a resolution of 0.5 cm™!
on a LiTaO, detector. The spectra of pure
water, DMF, THF, and their mixtures were
recorded in the wavelength range of 4000-
400 cm’'.

3.1 Refractometric Properties

Precision measurements of the refrac-
tive indices (nf) of a number of pure single-

16

component liquids (water, DMF and THF),
as well as aqueous solutions of DMF and



THF in a wide range of component concen-
trations were carried out at the wavelength
of the D,-line of the sodium atom (A=589
nm) using a high-sensitivity refractometer.
In order to avoid the possible influence of
even minor temperature fluctuations both
on the density of water and on the density of
organic solvent, and therefore on the density
of the aqueous organic solutions studied by
us, all the experiments below were carried
out in a closed thermostatically-controlled
laminar flow box at a fixed temperature
t=25+0.2 °C and atmospheric pressure.

The stability of the temperature in the
measurement compartment was controlled
by a built-in thermostat on a Peltier ele-
ment. The duration of measuring the refrac-
tive index of each sample of the solution
was no more than 5 seconds. 0.3 ml solu-

Table 1. Experimental Mole Fraction, Refractive Index,
Excess Refractive Index and Excess Refractive Index for DMF-Water and THF-Water

tion of each sample by three times was mea-
sured to ensure measurement accuracy and
to avoid equipment error.

The excess refractive indices in terms
of the refractive index of pure liquids and
their binary solutions of molar composition
x were calculated using the equation:

E

n" =n,, —(xn+x,n,),

where x ,x,, n, and n,, are the mole fractions
and refractive indices of the first and second
solvents in their solutions, respectively, and
n . is the refractive index of the solution.

An important optical parameter that can
exhibit ionic or molecular behaviour in a
mixture is the refractive index, which is
primarily determined by the structure of the
molecule, wavelength, and temperature.

x, DMF n nt x, THF n nt

1.000 1.4272 0.0000 1.0000 1.4098 0.0000
0.897 1.4251 0.0077 0.9003 1.4088 0.0067
0.797 1.4239 0.0160 0.8025 1.4075 0.0130
0.702 1.4224 0.0235 0.6970 1.4051 0.0188
0.601 1.4200 0.0307 0.5977 1.4024 0.0237
0.498 1.4167 0.0371 0.4961 1.3990 0.0282
0.398 1.4113 0.0411 0.3972 1.3949 0.0320
0.302 1.4045 0.0435 0.2974 1.3860 0.0296
0.201 1.3904 0.0389 0.2002 1.3707 0.0228
0.099 1.3677 0.0259 0.1043 1.3574 0.0169
0.000 1.3324 0.0000 0.0000 1.3324 0.0000

The refractive index of the mixture
depends on chemical rearrangements dur-
ing mixing of solutions associated with
electron polarizability, and the peak of the
excess refractive index occurs when the
physical properties of solvent-solvent pro-
cesses change [64]. This can be shown from
the calculated values of the excess refrac-
tive indices, where the n® of the aprotic-
protic solvent mixtures are higher than that
of the protic-protic ones. In the THF-water
and DMF-water systems, the refractive
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index values change monotonically with
increasing molarity of aprotic liquids [64].
The refractive indices and calculated excess
refractive indices of the THF-water and
DMF-water mixtures are shown in Table 1.
The refractive indices of the THF-water
and DMF-water systems show a positive
value along the x-axis (Fig. 1). We obtained
deviations from the theoretical line, which
indicates specific molecular interactions
between various components.
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Fig. 1. Excess refractive index for binary solutions
of DMF-water (a) and THF-water (b).

Figure 1 shows the excess refractive
indices of DMF (a) and THF (b) in water,
respectively, with different concentrations.
The maximum of excess refractive indices
corresponds to 0.3+0.4 mole fraction of
DMF and THF in the water. This is a good
agreement with other literature data [63],
[66], [68]. These maximum points repre-
sent the maximum number of interactions
(intermolecular bonds) between DMF and
water, as well as THF and water. These
intermolecular bonds can be of different
types, such as Van der Waals bonds, but

3.2 Infrared Spectra

Vibrational  spectroscopy  provides
detailed and rare information about the
intermolecular and intramolecular bonding
interactions in liquids. Investigating vibra-
tional frequency, changes in intensity and
bandwidth offers valuable insight into the
specific type of intermolecular interactions
taking place in the liquid state. The infrared
spectra of binary solutions of DMF-water
and THF-water with a concentration range
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they are more likely to be hydrogen bonds
[13]. In comparing intermolecular interac-
tions of water solutions, it is shown that the
maximum value of the excess refractive
indices of DMF-water is higher than that
of THF-water. This result indicates that the
solvent-solvent interaction of DMF-water
is stronger in the same molar ratio of DMF
and THF with water. Unlike the THF, the
existence of nitrogen in the DMF makes
both donor and acceptor bonds in the solu-
tion and strengthens bonds between DMF
molecules and water [14], [15].

of 0—1 mole fraction were recorded. Figure 2
shows IR spectra of DMF-water (Fig. 2a)
and THF-water (Fig. 2b) in the 3700-3000
cm’! region.

The peak of maximum intensity in the
spectra of DMF-water and THF-water is
located at around 3400 cm’. Extremely
wide spectra of OH stretching of both DMF-
water and THF-water solutions undergo
changes in integral intensity, as well as in



the contour shape and the ratio of intensities
taken at low frequency to high-frequency
field. The absorption band 3352 cm' of
DMF-water shifts to 3500 cm™, absorption
band of THF-water at 3352 cm shifts to
3450 cm! as shown in Fig. 2b. These shifts
in the OH stretching region indicate strong
hydrogen bonding interactions between
DMF and THEF, respectively, with water
molecules (Fig. 2a). At X\ < 0.4, hydro-
gen bonds between DMF and water mol-
ecules occur rapidly as a result of the dis-
ruption of the tetrahedral structure of water
or the breaking of hydrogen bonds between

water molecules. A similar phenomenon
was observed in the DMF-water system by
Raman spectroscopy [74]. Results of the
exothermic enthalpies of DMF-water solu-
tion show at x = 0.33 mole fraction of DMF,
the repulsive interaction between the hydro-
phobic groups (CH,) and water drives the
formation of larger, longer-lived molecular
clusters. This repulsive interaction leads to
energy being released, and the hydrogen
bonds between DMF and water are stronger
than hydrogen bonds between water mol-
ecules [74].

Intensity, a.u.

3700 3600 3300 3400 3300 3200 3100 3000

-1
Wavenumber, cm

Water

Intensity, a.u.

3700 3600 3500 3400

3300 3200 3100 3000

-1
Wavenumber, cm

Fig. 2. Absorption bands 3000-3700cm™' of OH-groups in the infrared spectra
of DMF-water (a), and THF-water (b) solutions.



According to the measured IR spectra, it
was shown that the mixture of water+THF
forms complexes of 1:2 composition in
the concentration range 0.1<x<0.4. It was
shown that the hydration of THF occurred
with the participation of weak hydrogen
bonds H,O---H-C. It was also demonstrated
that, in a narrow concentration range of
0.25-0.4 mole fraction of THF, the excess
molar volume has a maximum character-
ising the formation of a dense structural
packing of mixtures accompanied by strong
interactions between molecules of both
components [67], [69]. Excess molar vol-
umes for the tetrahydrofuran + water sys-
tem were calculated from experimentally
measured densities and correlated using
the Redlich-Kister equation [70]. The nega-
tive excess molar volume maxima also
provide information about the presence of
the following factors, such as strong spe-
cific interactions between hetero molecules
via hydrogen bonds. The highest negative
value of the molar volume is observed at a
mole fraction of THF ~0.37 [67]. This indi-

cates that the size of self-associated clusters
formed by water molecules decreases with
an increase in the molar fraction of THF in
the concentration range and 0<X  <0.4
[69]. The NMR data showed that the rota-
tional motion of water molecules was most
restricted at a concentration of x = 0.3 mole
fraction of tetrahydrofuran, suggesting that
the hydrogen bonds between water mol-
ecules were most immobile at this concen-
tration.

The previous work [75] showed the
ratio of absorption intensities at 3240 and
3360 cm! oscillation frequencies of OH-
groups bound by strong and weak H-bonds
for IR spectra of water-ethanol solutions.
This ratio of absorption intensities by con-
centration of components allows obtain-
ing information of stronger and quantity
of H-bonds in solutions. In this work, we
calculated the ratio of absorption intensi-
ties at 3246 cm™ and 3352 cm™! which cor-
responded to strong and weak hydrogen
bonding, respectively (Fig. 3).

1.141
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I3246 / 13352

1.06 1
1.04 1
1.02 -

1.00

0.0 0.2

0.4 0.6 0.8 1.0

Mole fraction of DMF or THF in water

Fig. 3. Ratio of absorbance values taken at wavenumbers 3246 and 3360 cm™
as a function of DMF (a) and THF (b) concentrations in solution.



DMF-water owns a wide maximum peak
position, which includes 0.2—0.5 mole con-
centration of DMF in water, signified 0.3
mole DMF has strongest H-bonding, other
concentrations like 0.2 and 0.4 closely make
H-bonds in the solution. THF-water showed
very sharp maximum of the peak at 0.3 mole
fraction of THF in water, which formed 0.3
THF distinguishable strong H-bonds than
other concentration. This result shows that
hydrogen bond strengthening and significant
structural rearrangement occur in the con-
centration range of 0.3<x<0.4 mole fraction
of DMF and THF. Both graphs show that
the ratio passes through a maximum in the
dissolved component concentration region
of 0.3+0.4 mole fraction. We interpret these
results in terms of hydrogen bond saturation
and maximum realization of the number of
hydrogen bonds in mixtures within a nar-
row concentration range of DMF and THF.
A comparative analysis of hydrogen bonding
shows that water molecules are more strongly
bonded to DMF than to THF. This IR analy-
sis is in good agreement with the properties
of H-bonds predicted by the refractive index
excess. According to the purpose of the work,
these two methods of analysis, complement-
ing each other, are advantageous in obtaining
quick and accurate information on H-bonds
in the structure.

Another calculation for evaluating the
characteristics of hydrogen bonds in mix-
tures was presented in the previous work
[75]. Plotting deconvoluted the main sym-
metric and asymmetric OH stretching bands
of Raman spectra, using Gaussian fitting
characterised hydrogen bonds in DMF-
water solutions [76]. As it is known, the
spectral characteristics of hydrogen bond-
ing represent three main spectral compo-
nents with maxima of vibrations of strongly
H-bonded OH-groups (3200 cm™), weakly
H-bonded OH-groups (3400 cm™) and
vibrations of free OH-groups (3650 cm™)
[65]1-[67], [73], [74].

To indicate changes in the infrared spec-
tra, we calculated the ratio of optical den-
sity values which is the value of the speed
of light passing through a sample. The cor-
responding Gaussian fitting results of pure
water are shown in Fig. 2.

Detailed information of the Gaussian
fitting to indicate symmetric and asym-
metric H-bonding using IR spectrum of the
pure water is given in Table 2. In the same
way, we fitted all IR spectra DMF-water
and THF-water solutions. Results of the
detected peak position of symmetric and
asymmetric H-bonds of pure water, as well
as other mixtures are shown in Table 2.

Table 2. Peak Position of the Symmetric and Asymmetric H-Bonding of
OH Group in DMF-Water and THF-Water Mixtures Detected by Gaussian Fitting of IR Spectra

. Asymmetric OH bonds Symmetric OH bond
Mole fraction of DMF (wgak hydrogen bonds) (str}(,mg hydrogen bonds)
0 3183 3360
0.1 3201 3385
0.2 3241 3411
0.3 3250 3412
0.4 3257 3422
0.5 3258 3428
0.6 3279 3454
0.7 3277 3459
0.8 3282 3469
0.9 3292 3483
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. Asymmetric OH bonds Symmetric OH bond
Mole fraction of THF (wgak hydrogen bonds) (str}(]mg hydrogen bonds)
0 3183 3360
0.1 3227 3397
0.2 3229 3405
0.3 3225 3405
0.4 3246 3409
0.5 3258 3419
0.6 3241 3430
0.7 3268 3431
0.8 3272 3459
0.9 3270 3463

Mole fraction of THF in water
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Fig. 4. Infrared intensity peaks of water with different mole fractions of DMF (a) and THF (b).

Figure 4 illustrates the infrared peak
intensities of water at different X and

X

THF

Complexes are formed rapidly between

in OH stretching vibration mode.

water molecules and DMF and water mo-
lecules and THF molecules through the
hydrogen bonds (Figs. 4a and 4b). At low
concentration of DMF, the red shift of the
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OH stretching vibration mode may be due
to the fact that DMF barely weakens the
tetrahedral structure of water [76]. However,
very interestingly, at medium concentrations
of DMF (0.3-0.5) a linear horizontal posi-
tion is maintained, which we may consider as
DMF replacing water molecules and DMF-
water molecules creating a maximal number
of hydrogen bonds and balancing with heter-
ostructures of DMF-water and structures of
water-water. Nevertheless, the OH stretching
vibration mode quickly moves up at X >
0.5, which may be due to the fact that as the
concentration of DMF increases in DMF-
water mixtures, the tetrahedral structure of
water is destroyed, resulting in the breaking
of hydrogen bonds between water and water.

4. CONCLUSIONS

In the case of THF-water, we observed
a clear boundary of changes at 0.3 mole
of THF. Unlike the medium concentration
effect of DMF on water molecules, THF
enters into the water molecule network,
which is formed due to hydrogen bonds,
and linearly affects the structure of water
by increasing its concentration. It can be
seen that the critical point of the concen-
tration of THF 1is 0.3, where the maximum
H-bonds occur between molecules of
THF and water. By increasing concentra-
tion of THF, hydrogen bonds weaken and
decrease due to destroying water-water
H-bonds, increasing THF-THF structures
in the solutions.

By analysing the refractometry data in
detail, it was found that structural changes
occurred for DMF-water at ~0.3 mole frac-
tion of DMF and THF-water at ~0.4 mole
fraction of DMF. The studied two-com-
ponent mixtures of THF-water and DMF-
water belong to the category of solutions,
in which not only intramolecular but also
intermolecular complexes with H-bonding
are formed, leading to compaction of solu-
tions. The latter is confirmed by positive
values of the excess refractive indices of all
three binary mixtures in the entire range of
component concentrations (0<X<1).

The established patterns of structural
self-organization of binary solutions can be
useful both for planning chromatographic
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