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HETEROMOLECULAR STRUCTURE FORMATION IN BINARY

SOLUTIONS OF DIMETHYLFORMAMIDE-WATER AND
TETRAHYDRAFURAN-WATER: FTIR AND REFRACTOMETRY.

Abstract. Along with other works where the authors use a more complex
and time-consuming approach to analyze 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 analyzed 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 was shown that the formation of heteromolecular
structures occurs in a narrow concentration range of 0.3+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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®OPMUPOBAHUE TI'ETEPOMOJIEKYJ/ISPHOM CTPYKTYPHI B

BUHAPHBIX PACTBOPAX JNUMETU/I®OPMAMU/A-BOJA n
TETPATNJIPA®YPAH-BO/JIA: UK-®YPBE-CIIEKTPOCKOIIUS.

AnHotanus. Hapsgy ¢ gpyrumu  pabotamMy, B KOTOPBIX  aBTODBI
HCTIONB3YIOT Oojiee C/IOKHBIM W TPYJ0EMKHI TIOAXOZ, K aHaiv3y obOpa3oBaHUs
reTepoMOJIeKY/IIPHbIX CTPYKTYP B BOJHBIX pacTBopax JAuMeTwi(opMmamuia Hu
TeTparuZipoypaHa, HaMM TMpejjaraeTcsd HOBas MeTOAWKa, OCHOBaHHasi Ha
COBMECTHOM HCIMOJIb30BaHUU pedpakTomeTpun U MK-crieKTpockomnuu. AHasu3
oOpa3oBaHUsT MEXMOJIEKY/ISIPHBIX KOMILIEKCOB TIPOBOAMTCS TIyTEM HW3MepeHUs
M30BITOYHOTO TIOKa3aTessi TIPe/IOM/IeHHsI U OTHOIeHUs Tosioc mornoiienns OH
CBSI3aHHBIX MOJIEKY/JT K TI0JIOCaM TIOTJIOI[eHUs CBOOOJHBIX B Harla30He
KoHI[eHTpaluii 0+1 MOJBHBIX Z0/ieli KOMITIOHeHTOB. [Toka3aHo, uTo ob6pa3oBaHUe
reTepOMOJIeKY/IIPHBIX CTPYKTYD MPOMCXOJUT B Y3KOM JAuaria3oHe KOHLIeHTpaLui

0.3+0.4 w™mosbHBIX JoJsied AuMeTWwIopMamMu[a W TeTparujpodypaHa, uUTO
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COOTBETCTBYeT MaKCUMaJbHOMY UMC/Iy peajn3yeMbiX BOAOPOJHBIX CBsi3eid B
cucTemMax JuMeTuhopMamMu-Bojia U TeTparuApodypaH-Boja.
KnwueBble cioBa: VHdpakpacHasi CreKTPOCKOMUs, W30BITOUHBIN TOKa3aTesb

TIPeJIOMJIEHUS], TeTePOMOJIEKYISIPHbIE CTPYKTYPBI.
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DIMETILFORMAMID-SUV VA TETRAGIDROFURAN-SUV BINAR
ERITMALARIDA GETEROMOLEKULYAR TUZILMALAR
SHAKLLANISHINI INFRAQIZIL SPEKTROSKOPIYA VA
REFRAKTOMETRIYA METODLARI ORQALI

Annotatsiya. Mualliflar dimetilformamid va tetragidrofuranning suvli
eritmalarida geteromolekulyar tuzilmalaring shakllanishini tahlil gilish uchun
murakkabroq va ko‘p vaqt talab qgiladigan yondashuvdan foydalanadigan boshqga
ishlar bilan bir qatorda, refraktometriya va IQ spektroskopiyadan birgalikda
foydalanishga asoslangan yangi texnikani taklif qilindi. Molekulalararo
komplekslarning hosil bo‘lishi ortiqgcha nur sindirish ko‘rsatkichini va
komponentlarning 0+1 mol ulushi konsentratsiya oralig‘ida molekulalarning OH
yutilish zonalarining erkinliklari nisbatini o‘lchash metodi orqgali tahlil gilinadi.
Geteromolekulyar  tuzilmalarning  hosil ~ bo‘lishi ~ dimetilformamid va

tetragidrofuranning 0.3+0.4 mol ulushli konsentratsiyasi oralig‘ida sodir bo‘lishi
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ko‘rsatildi, bu dimetilformamid-suv va tetragidrofuran-suv tizimlarida hosil
bo‘lgan vodorod alogalarining maksimal soniga to‘g‘ri keladi.
Kalit so‘zlar: Infraqizil spektroskopiya, ortiqcha nur sindirish ko‘rsatkichi,

geteromolekulyar tuzilmalar.



Introduction

There are various experimental methods for investigating the properties of
water and aqueous-organic solutions: dielectric and infrared spectroscopy, Raman
spectroscopy, and terahertz spectroscopy, X-ray diffraction, neutron diffraction,
proton magnetic resonance spectroscopy 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 solvents.

Understanding the processes of hydrogen bond formation plays a significant
role in determining the structure and physicochemical properties of many
structures and materials, and is intensively studied in physics, chemistry, biology,
and interdisciplinary research. Systems with hydrogen bonds find use in various
applied studies, for example, in crystal design [1], in the creation of systems with
self-assembly [2,3] and molecular recognition [4,5], in hydrothermal synthesis
[6,7] and others.

The refractometric parameters and their excess values make it possible to
understand structural changes in binary and ternary solutions and provide valuable
information about intermolecular interactions. 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
tetrahydrofuran (THF).

Experimental section

Materials

Standard grade tetragidrofuran (C4HsO) (minimum assay 99.9 wt.%) and
N,N-dimethylformamide (CsH;NO) (purity ~99.9 wt.%) obtained from Reagent
Plus, as well as distilled water with pH=7.02 were used in the experiments. 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.

Measurement

Refractive indices were measured using a high-sensitivity PAL-RI digital
refractometer (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 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 LiTaO3 detector. The spectra of pure water, DMF, THF,
and their mixtures were recorded in the wavelength range of 4000-400 cm™.

Results and discussion

Refractometric properties

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

n* =n,. - (x;n, +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 nm is the refractive index of
the solution.

The stability of the temperature in the measurement compartment was
controlled by a built-in thermostat on a Peltier element. The duration of measuring
the refractive index of each sample of the solution was no more than 5 seconds. 0.3
ml solution of each sample by three times was measured to make sure
measurement accuracy, and to avoid equipment error.

In the THF-water and DMF-water systems, the refractive index values
change monotonically with increasing molarity of aprotic liquids. The refractive
indices of the THF-water and DMF-water systems show a positive value along the
x-axis (Figure 1).

The maximum of excess refractive indices corresponds at 0.3+0.4 mole
fraction of DMF and THF in the water. This is a good agreement with other

literature data [8,9]. This result indicates that solvent-solvent interaction of DMEF-



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 solution, and strengthens bonds between molecules DMF and water.
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Figure 1. Excess refractive index for binary Figure 2. — Ratio of absorbance values taken
solutions of DMF-water (a) and THF-water at wavenumbers 3246 and 3360 cm™ as a
(b). function of DMF (a) and THF (b)

concentrations in solution.

Infrared spectra

Vibrational spectroscopy affords is a big and rare information about the
bonding inter and inner molecular interactions in liquids. Investigate of vibrational
frequency, changes in intensity and bandwidth give great understandings on which
type intermolecular interactions are occurred in the liquid state. The infrared
spectra of binary solutions of DMF-water and THF-water with concentration range
0-1 mole fraction was recorded. Fig. 3 shows IR spectra of DMF-water (Fig. 2a)
and THF-water (Fig. 3b) at 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 its integral intensity,
also 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.3b,



these shifts in the OH stretching region indicate strong hydrogen bonding

interactions between DMF and THF, respectively, with water molecules (Fig. 3a).
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Fig. 3 — Absorption bands 3000-3700cm™ of OH-groups in infrared spectra of DMF-
water (a), and THF-water (b) solutions.

At Xpwmr < 0.4, hydrogen bonds between DMF and water molecules occur
rapidly as a result of the disruption of the tetrahedral structure of water or the
breaking of hydrogen bonds between water molecules. Results exothermic
enthalpies of DMF-water solution showed at x ~ 0.33 mole fraction of DMF the
repulsive interaction between the hydrophobic groups (CH3) and water caused to
clusters larger and long lived. This repulsive interaction leads to energy being
released and that the hydrogen bonds between DMF and water are stronger than
hydrogen bonds between water molecules.

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 occurs with the participation of weak
hydrogen bonds H.O---H-C. It was shown that in a narrow concentration range of
0.25-0.4 mole fraction of THF the excess molar volume has a maximum
characterizing the formation of a dense structural packing of mixtures
accompanied by strong interactions between molecules of both components [8,

10]. Excess molar volumes for the tetrahydrofuran + water system were calculated



from experimentally measured densities and correlated using the Redlich-Kister
equation [11].

DMF-water owns wide maximum peak position which includes 0.2-0.5 mole
concentration of DMF in water, signified 0.3 mole DMF has strongest H-bonding,
other concentration like 0.2 and 0.4 are 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 is informs 0.3 THF owns distinguishable strong H-bonds than that
other concentration. This result shows that hydrogen bond strengthening and
significant structural rearrangement occur in the concentration 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. Comparative analysis of hydrogen bonding shows that water molecules
are more strongly bonded to DMF than to THF. This IR analysis 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,
complementing each other, are advantageous in obtaining quick and accurate
information on H-bonds in the structure.

In the previous work [12], 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 are shown. This ratio of absorption
intensities by concentration of components allows to get information of stronger
and quantity of H-bonds in solutions. In this work, we calculated the ratio of
absorption intensities at 3246 cm™ and 3352 cm™ which corresponds strong and
weak hydrogen bonding, respectively (Fig. 2).

In the case of THF-water, we observed clear boundary of changes at 0.3
mole of THF. Unlike the medium concentration effect of DMF on water
molecules, THF enters into water molecules network which formed due to
hydrogen bonds, and linearly effects into the structure of water by increasing its
concentration. It can be seen, that critic point of the concentration of THF is 0.3,

which maximum H bonds occur between molecules THF and water. By increasing



concentration of THF, hydrogen bonds weaken and decrease due to destroying
water-water H-bonds, increases THF-THF structures in the solutions.

Conclusion

By analyzing the refractometry data in detail, it was found that structural
changes occur for DMF-water at ~0.3 mole fraction of DMF and THF-water at
~0.4 mole fraction of DMF. The studied two-component 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 realized,
leading to compaction of solutions. 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 in planning chromatographic
experiments using two-component aqueous organic solvents as a mobile phase and
in analyzing the results obtained.

Thus, a novel approach based on the combined use of refractometry and IR
spectroscopy is proposed to study structural changes in DMF-water and THF-water
solutions in the concentration range from 0.0 to 1.0 mole fraction of components at
room temperature and atmospheric pressure. It is shown that refractometry and IR
spectroscopy are not only simple and accessible in the study of aqueous solutions
of aprotic solvents, but also extremely sensitive for detecting the formation of
heteromolecular structures due to hydrogen bonds.
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