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A B S T R A C T

Intermolecular interactions and the role of fluorine substitution have been investigated for a

halogenated-ethane anesthetic. 2-Bromo-2-chloro-1,1,1-trifluoroethane, BrClCHCF3 (Halothane), has

been in situ pressure frozen in a diamond anvil cell and its structure determined by single-crystal X-ray

diffraction at 1.85(5) GPa/296 K. Crystal is triclinic, space group P1̄. In this racemic structure the

enantiomorphic molecules are substitutionally disordered at the same general positions in that way that

bromine and chlorine atoms occupy the same site at the 50:50 ratio. Despite the fact that only the Br and

Cl atoms are disordered, the crystal packing is dominated by halogen� � �halogen and halogen� � �hydrogen

interactions. This X-ray diffraction study provides structural explanation of considerably increased vapor

pressure of Halothane compared to its hydrogenated analogue.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Fluorinated compounds are of particular interest due to their
unusual physical and chemical properties and a wide range of
applications from medicine to modern technology materials [1].
The general anesthetics are mostly halogenated compounds.
Halofluorocarbons are being used as inhalation anesthetics since
mid of the twentieth century, the first anesthetic of this type, 2-
bromo-2-chloro-1,1,1-trifluoroethane (Halothane), being intro-
duced clinically in 1956. It has few undesired side-effects and
the particular advantages of high chemical stability, high vapor
pressure and non-flammability [1]. Medical applications of
Halothane were intensively studied, but no structural studies
were carried out. It is a liquid with low boiling point of 325 K [2]
and only the energy minimization and ab initio calculations were
performed to obtain the structure and properties the isolated
molecule of this compound [3–9]. The theoretical studies on the
intermolecular interactions and H-donor properties of Halothane
and other anesthetics, and their ability to form complexes with
other compounds were not conclusive—initially they suggested no
H-donor properties for Halothane [3], whereas most recent results
showed that weak hydrogen bonds involving the CH group can be
formed [6–9].

The aim of this high-pressure X-ray diffraction study was to
provide structural information on Halothane. We were particular
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interested in the type and role of intermolecular interactions for
molecular association and crystal packing, and in their comparison
with the structures of simple halogenated compounds containing
no fluorine atoms [10]. This information is required for under-
standing increased vapor pressure of fluorinated compounds,
which is advantageous for their applications as anesthetics. The
bromine and chlorine atoms considerably differ in mass (79.90 u
vs. 35.45 u), but their atomic radii (1.14 Å vs. 1.00 Å) and van der
Waals radii (1.95 Å vs. 1.80 Å, respectively) [11] are similar. Thus it
was intended to establish, if the differences between Br and Cl are
sufficiently large for resolving their sites in the crystal structure, or
if the position of Br and Cl atoms are disordered. Halothane
molecules are chiral and the disorder of halogen atoms would
reverse the handiness of the superimposed molecules.

2. Results and discussion

In all structures the presence of highly electronegative fluorine
atoms considerably affects the charge distribution [12]. In
Halothane the net atomic charges of the chlorine and bromine
atoms increase compared to BrClCHCH3, as illustrated in Fig. 1. The
electrostatic potential on the surface of H atoms in BrClCHCH3 is all
positive, whereas on the surface of F atoms in BrClCHCF3 is all
negative.

In the crystal structure of Halothane the chlorine and bromine
atoms are disordered and they occupy the common atomic sites
with half occupancy for Br and Cl. The likely reasons for this kind of
disorder are the small difference in van der Waals radii of Br and Cl
atoms [11,13] and the similar charge distribution on their surface
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Fig. 1. Electrostatic potential indicated in the color scale, ranging from�1.0 (red) to

1.0 a.u. (blue), mapped onto the molecular surface of (a) BrClCHCH3 and (b)

BrClCHCF3. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

Fig. 3. Hirshfeld surfaces of Halothane molecule, decorated with the color scale

depending on the distances of atoms to the surface points normalized relative to the

atomic van der Waals radii. The surface points with intermolecular contacts closer

than the sum of their van der Waals radii are highlighted in red, longer contacts are

blue, and contacts around this sum are white. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of the article.)

A. Olejniczak et al. / Journal of Fluorine Chemistry 130 (2009) 248–253 249
(Fig. 1). Such a disorder is a frequent structural feature in
compounds containing two different halogen atoms [14,15].

In Halothane the molecules lie in general positions and the
molecular packing is governed by the contacts of bromine/chlorine
atoms. The three shortest Br/Cl� � �Br/Cl, and the shortest Br/Cl� � �F
and F� � �F arrange molecules along (1 1 0) planes. Within these
planes the molecules are packed head to head over the inversion
Fig. 2. A sheet arranged of molecules with the shortest Br/Cl� � �Br/Cl, Br/Cl� � �F and F� � �
indicated as dashed lines.
centre as shown in Fig. 2. The molecules of neighboring planes
interact via short Br/Cl� � �H contacts. All the shortest intermole-
cular contacts are commensurate with sums of van der Waals radii
[11]. The directions of intermolecular contacts involving halogen
atoms and the distribution of electrostatic potential on the
molecular surface suggest that the electrostatic contribution to
the shortest Br/Cl� � �Br/Cl and F� � �F interactions is repulsive: the Br/
Cl� � �Br/Cl and F� � �F angles have equal values on both sides of the
contacts and the potentials in contact are equal in sign. According
to this criterion, the electrostatic forces in the next shortest Br/
Cl� � �Br/Cl and Br/Cl� � �H contacts are attractive. The substitution of
H- by F-atoms introduces also a new type of Br/Cl� � �F interactions.
The shortest of these interactions is attractive as it involves the
positive regions of the Br/Cl atom. The intermolecular contacts of
Halothane have been illustrated on its molecular Hirshfeld surface
F contacts in the structure of BrClCHCF3 at 1.85 GPa/296 K. The short contacts are



Table 1
The shortest contacts and relevant angles in the structure of Halothane and the weak CH� � �Br/Cl hydrogen bonds dimensions.

Distance [Å] Angle [8]

Br/Cl� � �Br/Cli 3.565(5) C–Br/Cl� � �Br/Cli; Br/Cl� � �Br/Cli–Ci 103.2(4); 103.2(4)

Br/Cl� � �Br/Clii 3.616(7) C–Br/Cl� � �Br/Clii; Br/Cl� � �Br/Clii–Cii 97(1); 142.1(4)

Br/Cl� � �Br/Clii 3.616(7) C–Br/Cl� � �Br/Clii; Br/Cl� � �Br/Clii–Cii 142.1(4); 97(1)

C(H)� � �Br/Cliii 3.66(2)

Br/Cl� � �Hiii 2.85(3) C–Br/Cl� � �Hiii; Br/Cl� � �Hiii–Ciii 94.3(7); 138(1)

Br/Cl� � �Fiv 3.137(7) C–Br/Cl� � �Fiv; Br/Cl� � �Fiv–Civ 159(2); 156(1)

F� � �Fv 2.69(3) C–F� � �Fv; F� � �Fv–Cv 147(2); 147(2)

Symmetry codes: (i) �x, 3 � y, 1 � z; (ii) 1 � x, 2 � y, 1 � z; (iii) �x, 2 � y, 1 � z; (iv) x + 1, y � 1, z; (v) 1 � x, 3 � y, �z.

Fig. 4. The possible pairings of BrClCHCF3 molecules forming dimers in crystal

structure of Halothane. The molecules are represented by space-filling models:

bromines dark red, chlorines dark green, fluorine light green. (For interpretation of

the references to color in this figure legend, the reader is referred to the web version

of the article.)
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[16,17] in Fig. 3 and the shortest intermolecular distances are listed
in Table 1.

The comparison of intermolecular interactions in the structures
of BrClCHCF3 and Cl2CHCH3 shows that the halogen� � �hydrogen
contacts are only slightly shorter in BrClCHCF3 and also there are
F� � �F contacts shorter than sum of van der Waals radii whereas in
Cl2CHCH3 no H� � �H contacts shorter than the sum of van der Waals
radii are formed. However, the electrostatic potential on the
surface of fluorine atoms in Halothane is negative and the overall
negative-potential surface significantly increased in fluorinated
molecules, and therefore the electrostatic repulsion between these
negative regions can be considered as responsible for lower
melting and boiling temperatures and higher vapor pressure of
halogenated compounds.

Several types of disorder in the Halothane structure are
possible. Fig. 4 shows possible configurations of molecules which
form two neighboring centrosymmetric ‘‘dimers’’, as present in the
crystal structure. The observed intermolecular Br/Cl� � �Br/Cl dis-
tances (Fig. 4, Table 1) are shorter than the sum of two van der
Waals radii of Br atom (3.90 Å [11]), for all the clusters except
RS:RS. The overlapped spheres for the other clusters (Fig. 4),
indicate that the formation of RS dimers and RS:RS clusters are
more favorable. This illustrates that the molecular disorder
translational and orientational faults of mispositioned R and S
enantiomers occurring at very short ranges introduce local strains
in the Halothane structure. However, owing to the increased
background associated with high-pressure X-ray diffraction
experiments with a DAC, this type of disorder could not be
evidenced by diffused scattering from the sample.

The energy Car-Parrinello minimization and molecular-
dynamics simulations [3] led to the staggered conformation of
Halothane molecule in the gas phase. The C–F bond staggered
between the C–Br and C–Cl bonds is insignificantly shorter (by
mere 0.007 Å) than the other C–F bonds. The molecular conforma-
tion determined in this study is very similar to that predicted
theoretically. The calculated C–C and C–Cl bonds are typical for
chloroalkans and other haloalkans, but in the solid state the Br and
Cl-atom are disordered, and the C–Br/Cl bond length is average
between those of C–Br and C–Cl [18]. The calculated valency angles
in Halothane are slightly distorted from ideally tetrahedral values,
similarly as in this crystal-structure result. That theoretical
investigation [3] concluded that access to the H-atom in Halothane
is hindered by adjacent voluminous halogens, and no evidence for
CH� � �halogen bonding was found. More recent theoretical studies
suggested that H-donor properties and formation of weak
hydrogen bonds between Halothane and methanol, dimethyl
ether, and in other complexes are possible [6–9]. In this study we
found that the highly positive H-atom (Fig. 1) binds to the
electronegative regions of the Br/Cl-atom, as inferred from the C-
Br� � �H angle (Table 1). This illustrates the H-donor properties of the
H-atom in Halothane and corroborates the theoretical results of
the recent studies postulating the H-donor properties of Halothane



Table 3
Selected crystal data and details of structure refinement for BrClCHCF3.

Empirical formula BrClCHCF3

Pressure (GPa) 1.85(5)

Temperature (K) 296(2)

Formula weight (g/mol) 197.39

Wavelength (Å) Mo Ka 0.71073

Crystal system Triclinic

Space group P1̄

Unit cell dimensions (Å,8) a = 4.4204(9)

b = 5.9854(12)

c = 9.0833(18)

a = 88.25(3)

b = 80.69(3)

g = 84.13(3)

Volume (Å3) 235.89(8)

Z 2

Calculated density (g/cm3) 2.779

Absorption coefficient (mm�1) 9.204

F(0 0 0) 184

Crystal diameter/height (mm) 0.42/0.09

u-range for data collection (8) 3.42–29.57

Min./max. indices h, k, l �5/6, �8/8, �4/4

Reflect. collected/unique (Rint) 1868/322 (0.0630)

Completeness (to umax) (%) 24.3 (to 29.578)
Refinement method Full-matrix least-squares on F2

Data/restrains/parameters 322/3/53

Goodness-of-fit on F2 1.137

Final R1=wR2 (I > 2s1) 0.0552/0.1265

R1=wR2 (all data) 0.0722/0.1483

Weighting scheme w ¼ 1/(sigma2(F2
o ) +

(0.0692P)2 + 1.79P),

where P = (Max(F2
o ;0) + 2Fc2)/3

Largest diff. peak and hole (e Å�3) 0.440/�0.380

Table 2
Bond lengths [Å] and angles [8] for BrClCHCF3. The dimensions involving not refined

H-atoms in the X-ray data have been given without standard deviations.

X-ray diffraction

(this study)

DFT methods

(staggered conformation)

B3LYP/6-311G(2d,p)a

Br(1)–C(2) 1.858(18); 1.87(3) 1.957

Cl(1)–C(2) 1.858(18); 1.87(3) 1.779

F(3)–C(1) 1.31(2) 1.334

F(2)–C(1) 1.37(4) 1.343

F(1)–C(1) 1.32(2) 1.345

C(2)–C(1) 1.47(3) 1.533

C(1)–C(2)–Br(1) 111(2); 110(1) 110.6

C(1)–C(2)–Cl(1) 111(2); 110(1) 110.6

Br(1)–C(2)–Cl(1) 111.5(7); 111.5(7) 112.2

F(3)–C(1)–F(1) 107.7(9) 108.2

F(3)–C(1)–F(2) 105(1) 108.4

F(1)–C(1)–F(2) 105(3) 107.4

F(3)–C(1)–C(2) 114(3) 113.0

F(1)–C(1)–C(2) 114(1) 109.7

F(2)–C(1)–C(2) 111(1) 109.9

Br(1)–C(2)–C(1)–F(1) 176(1) 176.3

Cl(1)–C(2)–C(1)–F(1) �60(1) �58.7

Br(1)–C(2)–C(1)–F(2) 57(1) 58.4

Cl(1)–C(2)–C(1)–F(2) �179(1) �176.6

Br(1)–C(2)–C(1)–F(3) �61(2) �62.9

Cl(1)–C(2)–C(1)–F(3) 63(3) 62.1

H(1)–C(2)–C(1)–F(1) 56.85 59.8

H(1)–C(2)–C(1)–F(2) �61.86 �58.1

H(1)–C(2)–C(1)–F(3) �179.71 �179.4

a Ref. [5].
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in its molecular complexes [6–9]. The structural dimensions of
Halothane calculated theoretically [3–5,8] are consistent with
these determined experimentally; also the molecular conforma-
tion and torsion angles calculated by Tang et al. [5] agree within
errors with these in the crystal (Table 2).

3. Conclusions

We succeeded to obtain a single crystal of Halothane by
isochoric freezing and to determine its crystal structure. The
molecular arrangement in the Halothane crystal is predominantly
governed by the close packing of molecules, while the electrostatic
interactions of Br and Cl atoms are very weak. The structure
investigated close to its melting curve is disordered, and the
analysis of interactions and van der Waals radii suggests that this
disorder is mainly due to the similar shape of the enantiomeric
molecules in this crystal, where the molecular arrangement is
governed by the close packing rule, and the intermolecular
interactions are not discriminate between Br and Cl atoms. The
electrostatic repulsion between the fluorine atoms is consistent
with the lower melting and boiling points of Halothane and its
higher vapor pressure compared to its hydrogenated analogues.
Generally, weak interactions in molecular crystals are crucial for
crystal packing and molecular aggregation, and are often
responsible for the formation of polymorphs of organic compounds
[19,20].

4. Experimental

4.1. General experimental procedures

Experiment was carried out using a miniature diamond-anvil
cell (DAC) [21]. Pressure in the DAC was calibrated by ruby-
fluorescence method [22,23], using a Betsa PRL spectrometer, with
an accuracy of 0.05 GPa. The single-crystal X-ray diffraction
measurement was carried out with a KUMA KM4-CCD diffract-
ometer. The CrysAlis version 1.171.24 software [24] was used for
the data collections [25] and the preliminary reduction of the data.
The reflections intensities were corrected for the effects of DAC
absorption, sample shadowing by the gasket, the sample absorp-
tion [26,27], and the sample reflections overlapping with diamond
reflections have been eliminated. The Laue symmetry and
intensities statistics suggested that the crystal is triclinic in space
group P1̄. The structure was solved straightforwardly by direct
methods [28] and refined by full-matrix least-squares [29].
Anisotropic temperature factors were generally applied, but where
the anisotropic refinement resulted in non-positive definite
ellipsoids, isotropic thermal parameters were retained (for atoms
C1, C2 and F2). The H-atom was located in a difference Fourier map
and refined with Uiso = 1.2Ueq of the C2. The isotropic refinement of
the structure revealed that the Br and Cl atoms are disordered. To
check the possibility of too high symmetry assignment it was
attempted to refine the structure in the lower-symmetry space
group P1, however it did not help to resolve the Br and Cl sites. It
confirmed that the Br and Cl atoms are disordered in the
centrosymmetric structure. The crystal data and the structure
refinement details are listed in Table 3. Crystallographic data for
the structure reported in this paper has been deposited with the
Cambridge Crystallographic Data Centre as supplementary pub-
lication no. CCDC 685509. Structural drawings have been prepared
with the X-Seed interface of POV-Ray [30,31]. The GAUSSIAN03
program suite and a PC were used for calculating the electrostatic
potential on the molecular surface [32]. The calculations were
carried out at the B3LYP/6-311G**(d,p) level of theory.

4.2. Crystallization of 2-bromo-2-chloro-1,1,1-trifluoroethane

Attempts to obtain single crystal of Halothane at isobaric
conditions by lowering temperature failed, and we continued the
crystallization at elevated pressure where simultaneous control of



Fig. 5. Isochoric-growth stages of the Halothane single-crystal: (a) one small grain left of polycrystalline mass at 443 K; (b and c) the same crystal during slow temperature

lowering between 440 and 433 K over 4 h and (d) the crystal filling whole volume of the DAC at 1.85 GPa/296 K. A few ruby chips for pressure calibration are grouped at the

bottom-left edge of the DAC.
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two thermodynamic parameters facilitates the growth of good
quality crystals. Halothane was loaded into a diamond-anvil cell
(DAC) [21] and pressure was increased slowly to 1.90 GPa, but the
compound did not crystallize. Then the DAC was placed in solid
CO2 and when cooled to 210 K the liquid froze as a polycrystalline
mass, which remained unchanged when warmed up to room
temperature. In order to obtain a single crystal, the DAC was
heated and all crystal grains but one melted, when the sample
temperature increased to 443 K. By slowly lowering temperature
this seed was grown at isochoric conditions into a single-crystal
filling the whole chamber volume at 296 K (Fig. 5). The crystal
first grew as an elongated thin plate, and after reaching the
opposite sides it grew in the perpendicular directions to cover
one diamond surface and finally it grew toward the other culet.
The faces of the crystal were deformed and all the crystallization
took about 9 h. The pressure calibration after one week gave
1.85 GPa. A diffraction measurement was carried out for this
single crystal.
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