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IR spectra of hydrogen fluoride solutions in n-propanol
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The densities of solutions of HF in n-PrOH were measured at different mole ratios of the
components (from 1 : 12 to 3 : 1), and their IR spectra were recorded. The spectra of all the
solutions exhibit absorption bands at 3500, 2600, and 1800 cm~! and continuous absorption
(CA) in the frequency range from 3500 to 1300 cm~!. The intensities of these bands and CA
increase in proportion to the concentration of HF in solution. The difference between the
experimental solution density and the calculated additive sum of the densities of the solution
components behaves analogously. The formation of heterocomplexes with a stoichiometric
ratio greater than 3 : 1 in the HF solutions in propanol was revealed. These heterocomplexes
have large identical structural fragments with the strong quasi-symmetric H-bond. The results
of calculations of the stretching vibration frequencies and relative stability of different cy-
clic pentamers suggest that such a fragment is the most stable cyclic heteropentamer,
(HF),(nPrOH);, in which the HF molecules occupy the neighboring positions.
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It has long been spectroscopically established that a
characteristic feature of solutions of HF in organic sol-
vents is the formation of new, virtually identical absorp-
tion centers, viz., heterocomplexes with the natural fre-
quencies of 3500, 2600, and 1800 cm~!.1=3 These fre-
quencies were found to vary only slightly upon variation
of the HF concentration in the solution. Therefore, a
conclusion was drawn? that the new absorption centers
represent the [FHF]~ ions that are formed as a result of
protonation of the solvent (Solv) molecules by hydrogen
fluoride following the equation4

Solv + 2 HF = [SolvH]* + [FHF]~ (1

During several decades the concept of proton transfer
in solution remained unchanged,5—7 while studies on the
IR spectra of more simple complexes, such as Ar...HF,
0,...HF, CO,...HF, etc.3~18 have become the focus of
research. For the most part, the shape of the vy vibra-
tional band, the rotational structure, and the dependence
of the bandshape on temperature and on the state of ag-
gregation of the compound under study were analyzed.
Interest in the structure of heterocomplexes of HF with
complex solvent molecules was rekindled only recently.
In particular, the IR spectrum of the HF—PrOH (1 : 2)
mixture was studied!® and the results obtained were found
to be close to those reported earlier.3 However, the lack of

information on the concentration dependences of the
spectra did not allow one to use these data to draw defi-
nite conclusions about the molecular structure of the
heterocomplexes formed in solutions.

The aim of this work was to study the IR spectra of the
liquid mixtures of HF and PrOH over a wide concentra-
tion range to elucidate (i) do the heterocomplexes formed
in solutions contain two HF molecules per solvent mol-
ecule and (ii) whether or not the structure and natural
frequencies of these complexes depend on the initial so-
lution stoichiometry.

Experimental

Hydrogen fluoride (99.95% purity according to GOST
12022-88) used in this work was additionally purified by redistil-
lation and n-propanol of "chemically pure" grade was used as-
received.

The solutions under study were prepared by mixing liquid
HF and n-propanol in transparent 4MB fluoroplastic vessels. n-
Propanol was introduced into frozen HF in small portions via a
syringe at a temperature maintained at —100 °C to prevent HF
from spontaneous boiling up. After the addition of each portion
of n-propanol the mixture was defrosted, homogenized, and
immediately cooled until solidification. The compositions of the
solutions were controlled by weighing. This procedure was used
for the preparation of solutions with the HF : PrOH mole ratios
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of 3:1,25:1,2:1,1.5:1,and 1: 1. The solutions with lower
concentrations of HF (HF : PrOH=1:12,1:6,1:3,1:2.5,
1:2,and 1: 1.5) were prepared by dissolving the 1 : 1 solution.
The preparation of solutions with higher concentrations of hy-
drogen fluoride was impossible due to its high pressure over the
solutions, which increased to 300—350 Torr at the HF : PrOH
ratios from 5:1to7: 1.

The solution densities (p) were determined by weighing at
~20 °C in a fluoroplastic picnometer of volume 25 cm3; the error
of measurements was £0.001 g cm™3.

The IR absorption spectra of liquid mixtures of HF and
PrOH were recorded on a Jasco IR-810 spectrometer attached
to a personal computer in the frequency range from 4000 to
1300 cm~! with an increment of 1 cm~!. The solutions under
study were placed in assembled CaF, cells 3.0 and 5.0 um thick.
A CaF, plate whose thickness was equal to the sum of the thick-
nesses of the cell windows was in the reference channel.

To reduce random errors, the IR spectra were smoothed. To
make their comparison more convenient, all spectra were recal-
culated (in optical density units) to a layer thickness corre-
sponding to the concentration of 4 umol of n-propanol per square
centimeter. It this amount of alcohol that contains within a
layer 1 cm? in surface area and 3 um thick at 20 °C. This proce-
dure for the presentation of the spectra assured that the intensity
of each band of the heterocomplex was proportional to its mole
fraction in solution.

Results and Discussion

The results of our experiments (Fig. 1) indicate that
the spectra of the solutions under study exhibit (i) the
absorption bands characteristic of liquid propanol, (ii)
the bands with maxima near 3500, 2600, and 1800 cm™!,
and (iii) continuous absorption (CA) in the frequency
range from 3500 to 1300 cm~!. The new bands are ob-
served in the IR spectrum of the liquid mixture already
when its components are taken in a mole ratio of 1 : 12
(see Fig. 1, b). For two of them (the bands at 2600 and
1800 cm™!), the positions of maxima are shifted toward
lower frequencies by 50 cm~! as the concentration of HF
increases from its minimum to maximum value. It is note-
worthy that both the peak intensities of the new bands and
the intensity of the background CA measured at 2200 cm™!
monotonically increase throughout the entire concentra-
tion range under study (Fig. 2). No decrease in the slope
of the curves is observed even at the 75% mole fraction of
HF, which is clearly seen for the absorption bands at 1800
and 3500 cm~! (see Fig. 2, curves I and 2, respectively).

The possibility for the [FHF]~ ions to be formed in
the solutions of HF and PrOH can be analyzed using the
reported data.20 The authors2? have established that only
the antisymmetrical vibration of the [FHF]~ ion repre-
senting a symmetric hydrogen bridge can occur at a fre-
quency higher than 1500 cm~!. Hence, if the interaction
between HF and n-propanol is described by Eq. (1), two
stretching bands corresponding to voy and vgy should be
observed in the frequency range from 4000 to 1500 cm—1.
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Fig. 1. Absorption spectra of HF—PrOH solutions. The mole
ratio of the components: 0 : 1 (a), 1: 12 (b), 1:3 (c), 1 : 1 (d),
2:1(e), and 3 : 1 (f). The spectra were recalculated to the
sample thicknesses corresponding to the concentration of 4 umol
of n-propanol per square centimeter.

The appearance of a larger number of bands in this region
of the spectra of the solutions indicates that dissolution of
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Fig. 2. Dependence of the reduced optical density (D) of the
solution layer (4 umol PrOH per square centimeter) on the
mole fraction of HF added. Absorption band frequency/cm™!:
1800 (1), 3500 (2), 2600 (3), and 2200 cm™! (4).
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HF in n-propanol produces molecular structures com-
prised of more than three atoms.

Analysis of the results obtained makes possible draw-
ing some conclusions about the structure of the hetero-
complexes formed in the liquid mixtures in question:

i) general invariable pattern of all the spectra under
study suggests the retention of the basic structural frag-
ment of the new absorption centers in the whole concen-
tration range studied;

ii) an increase in the molar concentration of the
heterocomplexes in solution up to the HF : PrOH ratio of
3 : 1 indicates that the mole ratio of the components in
heterocomplexes is at least 3 : 1; and

iii) the appearance of CA (a characteristic spectral fea-
ture of strong quasi-symmetric hydrogen bond??) in the
spectrum of the heterocomplex points to the presence of
such a bond in the structure of the new absorption centers.

The solution density monotonically increases as the
concentration of HF increases.

m* 0:1 1:3 1:2 1:1.5 1:1
[HF] (vol.%) 0 8.5 122 157 218
Pexp/8 cm™3 0.807 0.826 0.837 0.847 0.863
m 1.5:1 2:1 25:1 3:1
[HF] (vol.%) 29.5 358 41.1 455
Pexp/8 cm™3 0.888 0.905 0.924 0.943

* m is the mole ratio of the components.

If the measured solution density differs from that cal-
culated for a mixture of the same components using the
additivity scheme, one can obtain information on the
ratio of the HF and PrOH molecules in the heterocomplex.
If the HF concentration in the liquid mixture is expressed
in per cent by volume, the plot of the calculated density
represents a straight line (Fig. 3, curve 2). The plot con-
structed in the same coordinates for the experimental
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Fig. 3. Density (p) of the HF—PrOH liquid mixture plotted as
function of the concentration of HF in solution: experiment (/)
and calculations using the additivity scheme (2).

solution density is also nearly linear (see Fig. 3, curve I).
The difference between the measured and calculated so-
lution density monotonically increases in the concentra-
tion range studied. Hence it follows that the mole ratio of
the components of the heterocomplex is greater than 3 : 1.

The ratio of components of the heterocomplex can be
more correctly estimated by comparing the results ob-
tained in this work with those reported?! for solutions of
methanesulfonic acid in 2-pyrrolidone. The authors?! de-
termined the densities (p) and optical densities (D) of
solutions of methanesulfonic acid in 2-pyrrolidone and
revealed the formation of 1 : 1 complexes based on
the results of spectral studies. Using these results,2!
we calculated the ratio (peyy, — Peaic)/(Nmsa + Npyrrol)
and plotted its values as function of In(Nysa/Npyrrol)
(Fig. 4, curve I). As can be seen, this curve has a maxi-
mum at In(Nysa/Npyro) = 0, Which corresponds to
Nyisa/Npyrrol = 1 and again confirms the 1 : 1 stoichiom-
etry of the complex in the solution.2! The curve for the
HF solution in n-propanol plotted in the same coordi-
nates (see Fig. 4, curve 2) monotonically increases and has
a nondecreasing derivative. Analysis of the shape of this
curve suggests that it has a maximum at In(Nyg/Np,on) =
1.5—2, which indicates the following relationship
between the mole ratio of the solution components:
Nur/Npon = 5—7. Therefore, the character of the con-
centration dependence of the solution density confirms
the conclusion based on the results of spectroscopic stud-
ies, that is, the mole ratio of the components of the
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Fig. 4. The difference between the mixture density calculated
using the additivity scheme and the experimental density, plot-
ted as function of the component ratio (N) for methanesulfonic
acid—2-pyrrolidone system (data were taken from Ref. 21) (1)
and HF—PrOH system (2).
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heterocomplex formed in solution of HF in PrOH is much
larger than it was assumed earlier.3

Information on the stretching vibrations of the OH
and FH groups and on the stoichiometries of the hetero-
complexes (HF),,(PrOH),, obtained in this work is insuf-
ficient for rigorous determination of the structure of these
compounds by solving the inverse spectral problem. Struc-
ture determination is also precluded by the lack of data on
the number and positions of individual components of the
experimentally observed broad absorption bands, exact
number of the HF and PrOH molecules in the complex,
and on the mutual influence of H-bonds formed by the
lone electron pairs of the same atom in branched molecu-
lar structures.

Nevertheless, the results obtained allowed us to per-
form approximate calculations (evaluation) and thus to
make the first step toward the interpretation of the phe-
nomenon under study. We started from the assumption
that similarity of spectral features of the most abundant
heterocomplexes (in solutions of any stoichiometry) points
to a specific stability of the structural fragment that is
common to these complexes. Judging from the results of
the studies of the structure of the (HF),, associates formed
in molecular beams and in the gas phase, most of them
(>90%) represent five-membered rings to which the "tail"
molecules are attached.?2:23 This suggests that the struc-
ture-forming fragment in the liquid mixture of HF and
PrOH is also a cyclic pentamer.

To test this hypothesis, we calculated the frequencies
and estimated the enthalpies of formation (AH) of all
possible cyclic pentamers consisting of the HF and
n-propanol molecules. Only isolated structures were con-
sidered, while the influence of the "tail" or surrounding
solution molecules on the spectra was ignored. Calcula-
tions were carried out in the harmonic approximation
using the known software.24 We were interested only in
the stretching vibration frequencies of the FH and OH
groups involved in the cycle. These frequencies are inde-
pendent of the bond lengths, therefore all the systems
studied were assumed to have the same geometric param-
eters (roprny = 0.96 A, Ry on..p) = 1.80 A). The force
constants and parameters characterizing the mutual in-
fluence of conjugated hydrogen bonds were calculated
using the published experimental data25—28 following a
procedure that was described??-3% and repeatedly used ear-
lier.22:23 The enthalpy of formation of each complex was
estimated according to the Badger—Bauer rule3! by cal-
culating the sum of the differences of the force constants
of the covalent FH(OH) bonds for a free HF(PrOH) mol-
ecule and for that considered as a constituent of the
complex.

The relative enthalpies of formation of different
heterocomplexes and their structural isomers are listed
below.
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Pentamer AH (%) Pentamer AH . (%)
(PrOH); 45 (HF)3(PrOH), 85
HF(PrOH), 66 (HF)3(PrOH),* 84
(HF),(PrOH);* 80 (HF),PrOH 72
(HF),(PrOH); 100 (HF)s 64

* Structural isomers in which the HF molecules do not oc-
cupy neighboring positions.

As can be seen, replacement of a molecule in the
n-propanol pentamer by the HF molecule leads to an
~1.5-fold increase in the enthalpy of formation of the
complex. Heteropentamers formed by replacing two al-
cohol molecules by the HF molecules were found to be
even more energetically favorable. The enthalpies of for-
mation of two possible structural isomers differ apprecia-
bly (by 20%). More stable is the (HF),(PrOH); complex
in which the HF molecules occupy neighboring positions.
It is noteworthy that further increase in the number of HF
groups in the pentamer leads to a considerable decrease in
the enthalpy of formation, the magnitude of the decrease
being independent of the mutual arrangement of the mol-
ecules. On going from the (HF)s; pentamer to complex
(HF),PrOH the energy of intermolecular interaction in-
creases by more than 10%. By and large, the results pre-
sented in this work allow one to conclude that all kinds of
the (HF),,(PrOH), heteropentamers are more stable than
the (HF)s and (PrOH); associates and unambiguously
point to the most stable complex, (HF),(PrOH);, in which
the HF molecules occupy neighboring positions. Marked
difference between the enthalpy of formation of this
heteropentamer and those of other systems studied sug-
gests that it is these structures that are formed in the
HF—PrOH mixtures even at low concentrations of each
component.

The vy and vy ring vibration frequencies calculated
for each of the pentamers are shown in Fig. 5. For conve-
nience, we also present here the positions of maxima of
the absorption bands observed in the spectra of the
HF—PrOH mixtures (see Fig. 1).

The calculated stretching vibration frequencies of dif-
ferent pentamers differ appreciably from one another in
both frequency range and mutual arrangement (see Fig. 5).
At the same time, the spectra exhibit a common fea-
ture: the lowest-frequency vibration in all the hetero-
complexes is due to the change in the H—F bond length
in the O...HF bridge. It should be noted that the dif-
ference between the highest and lowest stretching vi-
bration frequencies of the cycle for the heteropenta-
mers with consecutive arrangement of the HF molecules
((HF),(PrOH);, (HF);(PrOH),, and (HF),PrOH) is
nearly twice as large as that for other complexes. Only
one, the most stable complex, (HF),(PrOH);, is charac-
terized by a decrease in the lowest vibrational frequency,
vy, down to 1800 cm~!. Such a strong decrease in vy is
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Fig. 5. Stretching vibration frequencies (voy and vgy) calcu-
lated for cyclic pentamers (HF),,(PrOH), and observed in the
IR spectra of liquid mixtures of HF and PrOH. Asterisked are
the structural isomers in which the HF molecules do not occupy
neighboring positions. Vertical linear segments denote the fre-
quencies of the vy vibrations, while vertical linear segments
terminated by a circle denote the frequencies of the vgy vibra-
tions. Shaded columns correspond to positions of the absorption
bands observed in the IR spectra of liquid mixtures of HF
and PrOH.

due to the reduction of the force constant of this HF bond
down to the value that virtually coincides with the force
constant of the neighboring O...H bond. In other words, a
quasi-symmetric hydrogen bridge O...H...F characterized
by CA is formed only in the most energetically favorable
pentamer. No less important is the fact that all the stretch-
ing vibration frequencies of the cycle in this complex are
in good agreement with the positions of maxima of the
bands observed in the IR spectra of mixtures of HF and
PrOH (see Fig. 5).

Comparison of the experimental and calculated data
suggests a specific intermolecular interaction in the liquid
mixture of n-propanol and HF. Probably, only more stable
structural isomers of the cyclic complex (HF),(PrOH);
are present in the mixture under study starting from the
lowest concentrations of HF. The AH values of these
isomers are much larger than the enthalpies of formation
of heteropentamers of different stoichiometry and struc-
ture. Such a concept provides an explanation for reten-
tion of virtually the same pattern of the IR spectra of
HF—PrOH mixtures in the whole concentration range
and for the main spectral features of the new absorption
centers formed in solutions, namely, the positions of
maxima of the absorption bands including the low-fre-
quency band at 1800 cm~! and CA.

Meanwhile, this assumption is valid only for those
solutions studied that are characterized by the HF : PrOH
mole ratio of at most 2 : 3. At higher concentrations
of HF, branched molecular structures are necessarily
formed. In this case, the effect of at least the molecules in

the first solvation shell of the five-membered cycle on its
vibrational properties should be taken into account. In-
formation available at the moment is insufficient for quan-
titative estimation of this effect and determination of the
structure of large branched complexes as well as for un-
derstanding the reasons for nearly identical patterns of
the spectra of both dilute and concentrated solutions.
Considerable progress in solving these problems can be
achieved after experimental determination of the stoichi-
ometries of branched heterocomplexes and all stretching
vibration frequencies and after development of a proce-
dure for the inclusion of mutual influence of hydrogen
bonds formed by the lone electron pairs of the same atom.
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the Russian Foundation for Basic Research (Project Nos.
99-03-32004 and 01-03-32468).

References

1.A. M. Buswell, R. L. Maycock, and W. H. Rodebush,

J. Chem. Phys., 1939, 7, 856.

.J. P. Pemsler, J. Chem. Phys., 1954, 22, 1834.

.R. M. Adams and J. J. Katz, J. Mol. Spectrosc., 1957, 1, 306.

4. L. Audrieth and J. Kleinberg, Non-Aqueous Solvents, Aca-
demic Press, New York—London, 1953.

5. N. S. Nikolaev, V. F. Sukhoverkhov, Yu. D. Shishkov, and
1. F. Alenchikova, Khimiya galoidnykh soedinenii ftora | Chem-
istry of Halide Fluoro Compounds], Nauka, Moscow, 1968,
348 pp. (in Russian).

6. Non-Aqueous Solvent Systems, Ed. T. C. Waddington, Aca-
demic Press, London—New York, 1965.

7. L. Pauling and P. Pauling, Chemistry, W. H. Freeman and
Co, San Francisco, 1975.

8. P. D. Soper, A. C. Legon, W. G. Rread, and W. H. Flygare,
J. Chem. Phys., 1982, 76, 292.

9.A. C. Legon, P. D. Soper, and W. H. Flugare, J. Chem.
Phys., 1981, 74, 4944,

10. M. A. Bernikov, M. O. Bulanin, and K. G. Tokhadze, Opt.
i Spektrosk., 1985, 59, 241 [Opt. Spectrosc., 1985, 59 (Engl.
Transl.)].

11. L. Andrews and R. Loscola, J. Am. Chem. Soc., 1987,
109, 6243.

12. C. Devis and L. Andrews, J. Chem. Phys., 1987, 86, 3765.

13. L. Andrews, R. Withnall, and R. Hunt, J. Phys. Chem.,
1988, 92, 78.

14. M. O. Bulanin, V. P. Bulychev, and K. G. Tokhadze, J. Mol.
Struct., 1989, 200, 33.

15. K. G. Tokhadze and Z. Milke, J. Chem. Phys., 1993,
99, 5071.

16. Th. Zeegers-Huysken, J. Mol. Struct., 1994, 322, 247.

17. K. G. Tokhadze, S. S. Utkina, N. N. Filippov, and Z. Mil ke,
Opt. i Spektrosk., 1995, 79, 582 [Opt. Spectrosc., 1995, 79
(Engl. Transl.)].

18. V. P. Bulychev, Z. Mil ke, K. G. Tokhadze, and S. S. Utkina,
Opt. i Spektrosk., 1999, 86, 403 [Opt. Spectrosc., 1999, 86
(Engl. Transl.)].

w N



IR spectra of HF solutions in PrOH

Russ.Chem.Bull., Int.Ed., Vol. 51, No. 1, January, 2002 95

19.

20.

21.

22.

23.

24.

V. F. Sukhoverkhov, E. G. Tarakanova, S. V. Tikhomirov,
and G. V. Yukhnevich, Zh. Neorg. Khim., 1997, 42, 1930
[Russ. J. Inorg. Chem., 1997, 42 (Engl. Transl.)].

G. V. Yukhnevich, E. G. Tarakanova, V. D. Maiorov, and
N. B. Librovich, Usp. Khim., 1995, 64, 963 [Russ. Chem.
Rev., 1995, 64 (Engl. Transl.)].

I. S. Kislina, V. D. Maiorov, and S. G. Sysoeva, Izv. Akad.
Nauk, Ser. Khim., 2001, 965 [Russ. Chem. Bull., Int. Ed.,
2001, 50, 1008].

F. Huisken, E. G. Tarakanova, A. A. Vigasin, and G. V.
Yukhnevich, Chem. Phys. Lett., 1995, 245, 319.

G. V. Yukhnevich, E. G. Tarakanova, and A. V. Nemukhin,
Izv. Akad. Nauk, Ser. Khim., 1997, 435 |Russ. Chem. Bull.,
1997, 46, 414 (Engl. Transl.)].

LEV — Opisanie programmy i instruktsiya pol zovatelyu
[LEV — Software Reference and User’s Guide], Ed. L. A.
Gribov, Inlan, Moscow, 1995, 200 pp. (in Russian).

25. A. S. Pine, W. J. Lafferty, and B. J. Howard, J. Chem. Phys.,
1984, 81, 2939.

26. F. Huisken, A. Kulcke, C. Laush, and J. M. Lisy, J. Chem.
Phys., 1991, 95, 3924.

27. A. C. Legon, D. J. Millen, and O. Schrems, J. Chem. Soc.,
Faraday Trans. 2, 1979, 75, 592.

28. M. Kaloudis, Ph. D. (Chem.) Thesis, University of Gottin-
gen, 1996.

29. G. V. Yukhnevich, Zh. Strukt. Khim., 1995, 36, 255 [Russ.
J. Struct. Chem., 1995, 36 (Engl. Transl.)].

30. G. V. Yukhnevich, Spectrosc. Lett., 1997, 30, 901.

31. G. C. Pimentel and A. L. McClellan, The Hydrogen Bond,
Linus Pauling, San Francisco—London, 1960.

Received July 5, 2001;
in revised form July 30, 2001




