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Abstract—The IR spectra of solutions of mixtures of volatile anesthetics (enflurane, isoflurane) and dimethyl
ether were studied by cryospectroscopy in the temperature range 120–160 K. The formation of complexes has
been observed: dimers at lower concentrations and trimers at higher concentrations. The results of quantum-
chemical calculations are in qualitative agreement with the results of measurements.
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INTRODUCTION

Many volatile hydrocarbons and ethers exhibit
strong analgesic and anesthetic effects. Some of them
are used in modern invasive surgery. In particular,
these are the isomers of enflurane (CHFCl–CF2–O–
CHF2) and isoflurane (CF3–CHCl–O–CHF2). A
characteristic feature of these halogen-containing
ethers is the presence of two CH groups, which can act
as weak CH donors under certain conditions during
interactions with target molecules possessing acceptor
properties [1–5]. One of the simplest acceptors that
simulates the reversible nature of the anesthetic effect
is dimethyl ether (DME). Its characteristic feature is
the presence of an oxygen atom with a lone electron
pair. In the present work, main attention is paid to the
study of noncovalent interactions between these iso-
mers and DME. Weak complexes were detected by
cryospectroscopy. The measurements were performed
in cryosolutions in liquefied krypton (Kr) at tempera-
tures T ~ 120–160 K in the range ~800–4000 cm–1

using a Nicolet-6700 Fourier transform infrared spec-
trometer with a resolution of 0.5 cm–1. The informa-
tion was mainly obtained from the CH stretching
vibration bands of the isomers (~3100–2800 cm–1)
and the region of the CD stretching vibrations of
DME (~2200–1800 cm–1), where the formation of
complexes led to noticeable changes in the spectro-
scopic parameters of the donor and acceptor bands.

In addition to spectroscopic measurements, quan-
tum-chemical calculations were performed to search
for stable conformers and complexes. The results were
obtained in the MP2 second order perturbation theory

using the Pople basis sets including polarization and
diffuse functions. The final level of calculations
(MP2/6-311++G(df,pd)) was determined by the
availability of computer resources.

EXPERIMENTAL
The isomers are characterized by a variety of possi-

ble conformer structures. Conformational analysis for
both enflurane and isoflurane was performed previ-
ously [4, 5]. It follows from it that at the temperatures
of this experiment, the IR spectrum of the anesthetics
under study is mainly determined by the most stable
conformers: enflurane and isoflurane, presented in
Figs. 1a and 1b. These conformers contain two oppo-
sitely oriented CH groups, which are potentially weak
proton donors during the formation of a hydrogen
bond (HB).

The IR spectra were recorded on a Nicolet-6700
Fourier transform infrared spectrometer with a resolu-
tion of 0.5 cm–1. To study the cryosolutions, a home-
made optical cryostat was used, which was cooled by
dosing liquid nitrogen. The temperature was measured
both according to the vapor pressure above liquid
krypton and using a thermocouple built in the body of
the cell. The optical length of the low-temperature liq-
uid cell was 1 cm. The effect of the overlap of the CH
stretching vibration bands of the anesthetic and target
was eliminated by using the fully deuterated form of
DME (CD3)2O). The concentrations of anesthetics
and DME in liquefied Kr were varied widely (~10–5–
10–3 mole fractions). The signs of complex formation
(dimers, trimers) were detected during the tempera-
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Fig. 1. Structures of isomers: (a) enflurane and (b) isoflurane.

(a) (b)
ture measurements (T ~ 120–160 K) in mixtures with
a varied DME content.

The equilibrium geometry, interaction energies,
harmonic frequencies, and thermodynamic parame-
ters were calculated using the GAUSSIAN 16 Rev.
A.03 package [6]. The results were obtained using
available computer resources in the second-order
approximation of the Møller-Plesset (MP2) perturba-
tion theory [7] with the Pople basis set including
polarization and diffuse functions: 6-311++G(df,pd).
The results were corrected for the basis set superposi-
tion error (BSSE) using the generally accepted
method implemented in the package [8, 9]. The found
structures of the complexes had all positive (real) wave
numbers.

RESULTS AND DISCUSSION
The results for isoflurane with DME were obtained

previously [10]. With a tenfold excess of DME, the
spectrum showed new intense bands, which were
attributed to the trimer complexes with two CH donor
groups of isoflurane, interacting with a pair of DME
acceptors. The experimental observations are con-
firmed by calculations.

In the case of enflurane, the changes in the spec-
trum in a mixture with DME are presented in Fig. 2.
The bands of the complexes were isolated using the
standard method, by subtracting the bands of mono-
mers (enflurane and DME) from the spectrum of the
mixture with optimum selection of their intensities.
During the formation of dimers, the most appreciable
changes are expected for the stretching vibration band
of CH whose hydrogen atom is directly involved in
hydrogen bonding with the DME oxygen acceptor. It
is natural to believe that for the other CH band with an
inactive H atom, the spectroscopic changes will be
minimum. When two types of dimers are formed with
participation of the H atom or the F2CH or ClFCH
groups having comparable concentrations, up to four
new bands can appear. Finally, under conditions of a
large excess of trimers, only a couple of new intense
bands may be detected in the region of the CH stretch-
ing vibration bands of enflurane.
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
From Figs. 2a and 2b, showing the result for equal
concentrations of enflurane and DME, it follows that
the low-frequency band belonging to the vibrations of
the CH group of FClCH significantly increased in
intensity and slightly shifted in frequency relative to
the band of the monomer. Two relatively weak high-
frequency bands can be attributed to the vibrations of
the CH group of FFCH of the two above-mentioned
types of dimers, namely, with FClCH···O and
FFCH···O hydrogen bonds, respectively. The absence
of the fourth band may be associated with the low
intensity of the band of the CH group of FClCH,
which is not involved in hydrogen bonding. As the
temperature increases, the band intensity of the com-
plex decreases, while that of the monomer increases.

When the concentration of DME is significantly
higher than that of enflurane (Figs. 2c and 2d), only
two intense bands are recorded, which can be
attributed to two vibrations of the CH groups of
FClCH and FFCH, whose H atoms are involved in
the formation of trimers. As the temperature
increases, the qualitative picture approaches the case
with a low DME concentration. Note that the
observed temperature changes in the spectrum of the
mixtures were reversible. The CD stretching vibration
bands of dimethyl ether experienced a slight high-fre-
quency shift, which is typical for complexes with HBs
[10, 11]. This effect was practically independent of the
type of the complex formed and was not considered in
detail.

Figure 3 presents the result of fitting of the bands of
the complexes for different DME concentrations at
120 K, which allows us to estimate both the relative
intensity of the high- and low-frequency components
and the frequency of the maximum of these bands.
The results are shown in Fig. 3.

Figure 4 shows the optimized structures of two
dimers, D1 and D2, and the trimer, corresponding to
the real minima on the potential energy surface (PES).
The enflurane dimers with DME are denoted as D1 for
the complex with FClCH···DME hydrogen bonds and
as D2 for the complex with F2CH···DME hydrogen
bonds, respectively. The table presents some parame-
l. 98  No. 5  2024
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Fig. 2. IR spectra of the mixtures of enflurane and DME in liquefied krypton; (a, b) enflurane ~5 × 10–5 mole fractions, DME
~5 × 10–5 mole fractions; (c, d) enflurane ~5 × 10–5 mole fractions, DME ~5 × 10–4 mole fractions. Dashed line: mixture, dot-
ted lines: monomers (enflurane, DME (short dotted line)), solid thick line: complex.

0

0.2

0.4

A
bs

or
ba

nc
e

0.6

0.8

1.0

3060

(c)

120 K

3040 3020 3000 2980 2960
�, cm�1

0

0.05

0.10

0.15

0

0.2

0.4

0.6

0.8

1.0

0

0.05

0.10

0.15

A
bs

or
ba

nc
e

3060

(a)

120 K

3040 3020 3000 2980 2960

3060

(d)

152 K

3040 3020 3000 2980 2960
�, cm�1

3060

(b)

146 K

3040 3020 3000 2980 2960
ters of the complexes. The calculation (MP2/6-311++
G(df,pd)) showed that the first dimer is slightly more
stable than the second (–4.95 and ‒4.55 kcal/mol
with CP2 correction, respectively). The trimer is
almost twice more stable (‒9.41 kcal/mol). The max-
imum (almost sixfold) increase in intensity is pre-
dicted for the ν2 band for the formation of the D1
dimer and trimer. At the same time, the intensity of
the ν1 band practically does not change. Both results
are in agreement with the experimental observations.

The changes in the position of the bands are repro-
duced much worse. For the ν1 band, there is at least
qualitative agreement between the calculations and
measurements, while the ν2 band should be blue-
shifted according to calculations, whereas in the
experiment the shift is minimum and almost absent.
This discrepancy is not surprising and can be
explained by neglect of anharmonic effects in the har-
monic approximation, as well as the influence of the
solvent (liquid krypton), which reduces the blue shift
[12]. When the DME concentration substantially
increases, only two intense bands are observed in the
spectrum, which are mainly determined by trimers.
The content of dimers is small and practically does not
affect the form of the observed spectrum.

From the analysis of intensities it can be assumed
that at a ratio of ~1 : 1, dimers of two types are formed,
D1 being the dominant dimer, for which the intensity
RUSSIAN JOURNAL O
of the low-frequency CH band, as would be expected,
substantially increases. Among the two high-fre-
quency components, one belongs to D1, and the other,
to D2. They have comparable intensities both in exper-
iment and in calculations. The absence of the low-fre-
quency component for D2 may be explained by its low
calculated intensity. At significantly higher concentra-
tions of the DME target (1 : 10), the band intensities of
the complex significantly increase, especially for the
low-frequency CH band, and slightly shift toward high
frequencies. Importantly, the spectrum is simplified,
namely, only one band is recorded in the high-fre-
quency region, but not two, as in the case of compara-
ble concentrations of the anesthetic and target.
According to calculations, this result corresponds to
the spectrum of the trimer. With increasing tempera-
ture, as the trimers are destroyed, the spectrum
becomes similar to the case of the 1 : 1 ratio.

The above interpretation of the experimental data
can be supported by thermodynamic evaluation of the
relative concentrations of the dimers and trimer. The
calculated standard Gibbs free energies for dimers D1,
D2 and trimers taken from the output files of the
GAUSSIAN program were used to estimate the equi-
librium constant [13, 14]:

(1)
 −Δ

=   
 

0

exp ,i
i

G
K

RT
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Fig. 3. Result of fitting of the bands of the complex. The wave numbers of maxima are indicated; the areas of the bands are indi-
cated in parentheses; (a) equal concentrations of enflurane and DME, (b) the DME concentration is 10 times higher.
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where i denotes D1, D2, and trimer; and R =
1.987 cal/(K mol) is the universal gas constant. Using
the GAUSSIAN program gives the results for the reac-
tion in the gas phase under standard conditions (the
standard pressure p0 =1 bar); then the equilibrium
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Fig. 4. Predicted structures of the dimers (D1, D2) and trimer.
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constant  of the monomers (a is enflurane, and b
is DME) and complexes dissolved in an inert solvent
(krypton), is recorded as [15]

(2)

where  = 22.4 × 103 cm3 is the molar volume of the
ideal gas under standard conditions; T0 = 273.15 K;
and (T) is the molar volume of liquid krypton at a
temperature T [16]. The equilibrium constant  can
be expressed in terms of the mole fractions Ci of the
components involved in the formation of the dimers
(D1, D2) and trimer (T):

(3)

(4)

(5)

By solving the system of Eqs. (3)–(5) using the
estimated equilibrium constant, one can obtain the
concentration of the dimers, trimer, and monomers in
mole fractions. Figure 5 shows the temperature depen-
dences of the concentrations of the enflurane dimers,
trimer, and monomer in the mixture at different tem-
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Fig. 5. Temperature dependences of the concentrations of the dimers (D1, D2), trimer (mole fractions), and free enflurane;
(a) equal enflurane and DME concentrations in the initial mixture, (b) the DME concentration is ten times higher.
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peratures. It can be seen that at low and identical con-
centrations of the donor and acceptor, the trimer con-
tent is low even at a minimum temperature of 120 K.
The maximum concentration is obtained for the most
stable dimer D1. The concentration of D2 is evidently
greatly underestimated. An increase in the tempera-
ture leads to an increase in the concentration of free
enflurane (and ether) and a decrease in the concentra-
tions of all complexes. The calculation agrees with the
results of measurements, at least qualitatively, except
for the underestimated D2 content. When the DME
content is significantly higher (right side of Fig. 5), the
concentration of trimers is much higher than that of
dimers and unbound enflurane at 120 K. However, as
in the experiment, an increase in temperature leads to
RUSSIAN JOURNAL O

Table 1. Calculated energies and spectroscopic parameters 
G(df,pd))

 is the energy (absolute value) of complex formation with a B
number, and intensity of the CH stretching band of F2CH of enflu
group.

Compound ,
kcal/mol

r1(CH),
Å

ν1,
cm–1

Monomer — 1.0904 3172.7
D1 dimer 4.95 1.0904 3172.5
D2 dimer 4.55 1.0907 3177.1
Trimer 9.41 1.0906 3177.3

Δ SR
e– E

Δ SR
eE
a decrease in the content of trimers in favor of dimers
and monomers.

The disadvantage of the above estimations is the
use of the electronic energy of the components (Gibbs
free energy), obtained from the results of the gas-
phase calculation. Inclusion of the solvent effect, for
example, within the framework of the reactive field
model, can level out the difference in the values for the
dimers D1 and D2, thereby reducing the gap in the
content of these complexes.   

CONCLUSIONS

The IR cryospectra of enflurane and its isomer iso-
flurane in mixtures with dimethyl ether (DME)
F PHYSICAL CHEMISTRY A  Vol. 98  No. 5  2024

of enflurane and its complexes with DME (MP2/6-311++

SSE correction; r1(CH), ν1, and A1 are the CH bond length, wave
rane, respectively; r2(CH), ν2, and A2 are the same for the FClCH

A1,km/mol r2(CH),
Å

ν2,
cm–1

A2,
km/mol

13.6 1.0905 3161.7 5.4
14.8 1.0905 3167.4 30.5
14.5 1.0904 3162.7 5.4
13.8 1.0905 3167.1 30.3
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showed the signals of the formation of dimers; with a
large excess of DME and at the minimum temperature
(120 K) of their solution in krypton, trimers were
found. The results of calculations performed at the
MP2/6-311++G(df,pd) level agree with the experi-
mental data, at least qualitatively. The formation of
trimers involving an isomer (isoflurane, enflurane)
and two DME molecules was predicted. In this case,
both CH bonds of the anesthetic act as HB donors.
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