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The solid states of bromofluoromethane (BFM) and fluoro-
iodomethane (FIM) are characterized by X-ray diffraction
analysis and by Raman spectroscopy. The single crystals
were obtained by crystallization in situ at low temperature.
BFM and FIM crystallize in the space group I2/a and Abm?2,
respectively. The Raman spectra of both compounds were re-

corded in different aggregation states and at different tem-
peratures. Quantum chemical calculations and the X-ray
diffraction data are considered to describe the noncovalent
interactions of both compounds in the solid state. These in-
teractions are discussed in the context of the c-hole concept.

Introduction

The reactivity of dihalogenomethanes (CH,XF; X = Cl,
Br, I) has been widely investigated because of their ozone-
depleting properties (X = C)IYI and their use as fluorometh-
ylating agents (X = Br, 1).>7] In the field of crystal engi-
neering, noncovalent interactions of such molecules are of
interest.[%7 Therefore, intermolecular interactions of several
dihalogenomethanes have been studied.® 13! Intermolecular
interactions are important for the arrangement of structural
units, and they play a significant role in determining the
physical properties of the compounds.['¥ Hence, investiga-
tion of the solid-state structure can improve the potentials
derived from physical measurements. Crystallographic data
of CH,XF (X = Cl, Br, I) compounds are only known for
CH,CIEIS! This prompted us to investigate the crystal
structures of CH,BrF (BFM) and CH,FI (FIM) and to
undertake a detailed vibrational analyses with the aim of
studying the noncovalent interactions.

Results and Discussion

Crystal Structures

Single crystals of BFM were grown in situ in a glass cap-
illary, which was mounted on a diffractometer and cooled
by a nitrogen stream at a controlled temperature. The focus
of the gas stream was modified by moving the capillary in
the vertical direction. The crystallization was monitored
visually and by X-ray diffraction. Bromofluoromethane
(BFM) froze at ca. 140 K (m.p. 152 K). The capillary was
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then repeatedly heated and cooled at a constant rate be-
tween 155 and 130 K to obtain a single crystal that was
suitable for X-ray diffraction measurements. The X-ray dif-
fraction of BFM was measured at 115 K. In the case of
fluoroiodomethane (FIM), the capillary was heated and
cooled between 200 and 180 K to obtain a single crystal
(m.p. 192 K). The X-ray diffraction analysis of FIM was
performed at 173 K.

BFM crystallizes in the monoclinic space group 12/a with
two symmetrically independent molecules in the asymmet-
ric unit. A view of the molecular structure is shown in Fig-
ure 1, and Table 1 contains selected geometric parameters.
Carbon atoms C1 and C2 show a slightly distorted tetra-
hedral coordination due to the different size of the sur-
rounding atoms. The C-Br bond lengths of 1.938(4) and
1.924(4) A, respectively, are in the region of C-Br bond
lengths observed for methyl bromide [1.86(4) A]'%) and di-
bromomethane (1.91 A).l'’7 The C-F bond lengths of
1.377(4) and 1.356(4) A, respectively, are in the region typi-
cal of C-F single bonds.[!8-1°]

F2
C1

Br2 Br1

Figure 1. Asymmetric unit of BFM (50% probability displacement
ellipsoids).

Figure 2 shows a view of the unit cell of BFM along the
a- and b-axis. The intermolecular Br---Br contacts of

3.671(1) and 3.675(3) A are slightly below the sum of the
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Table 1. Selected bond lengths [A] and bond angles [°] of BFM.
Symmetry codes: i: —x, 0.5 + y, 0.5-z; ii: —x, 0.5 + 3, 0.5 — z.

Bond lengths [A] Calcd.[4]
CI-F1 1377(4) C2-F2 1.356(5) 1.361
Cl1-Brl 1.938(4) C2-Br2 1.9244) 1933
Bond angles [°]

F1-C1-Brl 108.1(3) F2-C2-Br2 109.9(3) 110.5
C1-Brl---Br2i 167.4(1) C2-Br2---Br2ii  160.1(1)
C1-Br2--Br2i  122.5(1) C2-Br2-Brlii 90.9(2)

[a] Calculated at the CCSD(T)/TZVPD level of theory with the
program package Gaussian 09.137]

van der Waals radii (3.70 A).2% One bromine atom (Brl)
forms one Brl:-Br2i contact, whereas the second bromine
atom (Br2) forms contacts with two further bromine atoms
(Br2i and Br2ii) (Figure 2). Two of the overall four C-
BreBr angles are closer to a right angle [90.9(1)° and
122.5(1)°], whereas the other two C-Br--Br angles with
160.1(1)° and 167.4(1)° are rather close to 180°. Such con-
tacts are also observed in the crystal structures of methyl
bromidel!®! and dibromomethane,l'”! and they are indicative
of a noncovalent bonding type (see below).[?!-22]

FIM crystallizes in the orthorhombic space group Abm?2
with four units per unit cell. A view of the molecular struc-
ture is shown in Figure 3, and Table 2 contains selected geo-
metric parameters. The fluorine atom is disordered over two
positions with an occupancy of 50%. The C-I bond length
of 2.132(12) A is in the region of C-I bond lengths observed
for methyl iodide [2.13(6) Al'Y and diiodomethane
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(2.12 A).7 The C-F bond length of 1.380(18) A is in the
region typical of C-F single bonds.!'$:1]

Figure 3. Asymmetric unit of FIM (50% probability displacement
ellipsoids). Symmetry code: i: x, 0.5 — y, z.

Table 2. Selected bond lengths [A] and bond angles [°] of FIM.

Bond lengths [A] Calcd.[4l
Cl-F1 1.380(17) 1.367
Cl-11 2.132(12) 2.133
Bond angles [°]

F1-C1-11 109.7(11) 110.7
C1-I1--11ii 180.0(3)

Cl-11-11i 92.0(3)

[a] Calculated at the CCSD(T)/TZVPD level of theory with the
program package Gaussian 09.137]

Figure 4 shows a view of the unit cell of FIM along the
b-axis. The intermolecular I-I contacts of 3.938(1) A are
slightly below the sum of the vander Waals radii
(3.96 A).12 Each iodine atom is in contact with two further
iodine atoms. The C-I---I angles are 92.0(3)° and 180.0(3)°.

Figure 2. View of the unit cell along the a-axis (left) and b-axis (right); Br---Br contacts are indicated as dashed lines between the molecules
represented as atomic thermal ellipsoids (50% probability displacement ellipsoids), superimposed onto the molecular isosurface with
mapped electrostatic potential as a color scale ranging from -0.01 a.u. (red) and 0.01 a.u. (blue); isoval. = 0.0004; symmetry codes: i:
—x, =0.5+ », 0.5 — z; ii: —x, 0.5 + y, 0.5 — z. Asymmetric unit of BFM (50% probability displacement ellipsoids).
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3.938(

Figure 4. View of the unit cell along the b-axis; I--I contacts are indicated by dashed lines between the molecules represented as atomic
thermal ellipsoids (50% probability displacement ellipsoids), superimposed onto the molecular isosurface with mapped electrostatic
potential as a color scale ranging from —0.01 a.u. (red) and 0.01 a.u. (blue); isoval. = 0.0004; symmetry codes: i: —x, 0.5 — y, 0.5 + z;

ii: —x, 0.5 -, 0.5 + z.

Such I:-I interactions are also observed in the solid-state
structures of methyl iodide!'®! and diiodomethane.['”]

Theoretical and experimental studies have shown that
dispersion and polarization participate in the molecular in-
teractions of dihalogenomethanes.®) However, the halogen
interactions are believed to be mainly controlled by electro-
statics!??! and are Coulombic in nature.”* The superim-
posed electrostatic potential surfaces of BFM (Figure 2)
and FIM (Figure 4) show anisotropic distributions of the
electron densities around the halogen atoms. The negative
potential rings of one halogen atom and positive electro-
static end caps of a neighboring halogen atom are directed
towards each other. This characteristic is referred to as the
c-hole.?-?21 Given that heavier atoms are more polarizable,
the anisotropic distribution of the electron density around
a halogen atom increases in the order Cl < Br < I (Fig-
ure 5).18

Figure 5. Molecular 0.0004 bohr3 3D isosurfaces with mapped
electrostatic potential as a color scale ranging from —0.01 a.u. (red)
to 0.01 a.u. (blue). The electrostatic potential isosurfaces have been
calculated for the molecules CH,CIF (left), CH,BrF (middle), and
CHLIF (right).
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The interactions of the halogen atoms are also charac-
terized by the angle §; = C-- X+ X;,;. Two different types
of interactions have been described previously.[° If the angle
0; is equal to 0,4, the interactions are believed to be a result
of close packing. At an angle of 0, = 180° and 0,.; = 90°
the interactions are considered to result from polarization
of the adjacent atoms. The angles 0, and 0,4, in the crystal
structures of BFM and FIM are close to 180° and 90°,
respectively. This supports the assumption that 6-holes play
an important role in determining the characteristics of these
molecules. It should be noted that the structures of several
halogenomethanes CH;X (X = Cl, Br, I) involve hydrogen
bonds that are in competition with halogen---halogen inter-
actions.[®! In the case of CH,FX (X = Cl, Br, I) compounds,
F-H contacts shorter than the sum of the van der Waals
radii are found (Table 3), which also indicate a competition
between F--*H and X--X interactions. However, X---X dis-
tances below the sum of the van der Waals radii are only
observed for BFM and FIM (Table 3).

Table 3. Intermolecular distances of FIM, BFM, and CFM (chlo-
rofluoromethane) less than the sum of the van der Waals radii.

FIM BFM CFMI'3)
XX [A]  3.938(1) 3.671(1), 3.675(3) 3.525(9)
F-H[A]  2446(18)  2.576(37) 2.511(13)

Raman Spectroscopy

The solid state of BFM and FIM was also studied by
vibrational spectroscopy. The Raman spectra shown in Fig-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ure 6 were recorded at 77 and 10 K, and they are compared
with those of the liquid state. The vibrational data together
with quantum chemically calculated frequencies are listed
in Tables 4 and 5. For the assignment of the vibration, an
ideal C; symmetry was considered for both molecules. Con-
sequently, nine fundamental vibrations (6 A" + 3 A'") are
expected. The assignment of the vibrations is based on the
Cartesian displacement coordinates of the theoretical calcu-
lated frequencies. The solid-state Raman spectra show a
band splitting that is caused by the crystal fields of the com-
pounds. The Raman lines at 3072cm ! (BFM) and
3060 cm ! (FIM) are assigned to the antisymmetric C—H
stretching vibration, and the Raman lines at 2996 cm™!
(BFM) and 2980 cm™!' (FIM) are assigned to the symmetric
C-H stretching vibration. In the case of BFM, the band
shape changes significantly between 77 and 10 K. This may
indicate a phase transition in this temperature region. The
description of the physical meaning of the CH, bending
modes below 1400 cm™! is rather tentative, and it should be
noted that these vibrations contain the H-C-F and H-C-
X bending modes. The C-F stretching vibrations appear in
their typical region around 1340 cm .5l The C-X (X = Br,
I) stretching vibrations occur at 638 and 564 cm™!, respec-
tively. In the case of BFM, the C-Br stretching mode and
the overtone of the Br—C-F bending mode leads to a Fermi

resonance doublet, which is well resolved in the solid
state.[26-28]

=
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Figure 6. Raman spectra of liquid (Ia, Ila) and solid BFM (top)

and FIM (bottom). The Raman spectra of the solid compounds
were recorded at 77 K (Ib, IIb) and 10 K (I¢,IIc), respectively.
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Table 4. Vibrational modes and assignments of BFM.

Liquid Solid (77 K) Solid (I0K)  Caled.”l  Assignm.
3087 (7)
3060 (9) 3072 (25) 3077 (36) 3067 V7(A"") vos(CH,)
3068 (6)
3008 (27)
2990 (100) 2996 (100) 2999 (100) 2989 vl (A’) vs(CH,)
2991 (5)
2896 (2)
2894 (17) 2886 (7) 2886 (6) 21,(A’) §CH,)
2880 (2)
1460 (5)
1456 8) 1452 (1) 1454 (16) 1459 V5 (A') (CHs,)
1447 (12) 1446 (19)
1311 (7)
1310 20) 1302 (12) 1302 (16) 1313 V3 (A) (CHa)
1297 (3)
1229 (3)
1224 @) 1222 (13) 1222 (22) 1222 vs (A”") 7(CH,)
1048 (1) 1048 (3) 1048 (6) 1064 v (A)V(CF)
1037 2)
1031 (4)
1026 (5) 1026 (11)
36(1) 936 (5) 937 8) 923 Vo (A”") p(CH,)
638 638 (46) 640 (80) 635 vs (A’) v(CBr)®!
624 (22) 629 (50) 2y bl
613 (3)
3178 315@48) 317 (85) 307 ve (A") 8(CBrF)
121 (5) 133 (15)
76 8) 84 (12)
62 (18) 70 27)
59 (9) 63 (23)
50 (8) $2(11)
36 (12) 39 (13)

[a] Calculated at the CCSD(T)/TZVPD level of theory with the
program package Gaussian 09.137) Frequencies are scaled with an
empirical factor of 0.9655. Raman activity is stated on a scale of 1
to 100. Calculated Raman intensities in A*u~!. [b] Fermi doublet
of these two vibrations.

Table 5. Vibrational modes and assignment of FIM.

Liquid  Solid (77 K) Solid (10 K)  Caled™  Assignm.
3048 (4) 3060 (14) 3065 (15) 3061 V(A" v,(CH)
2978 (36) 2980 (33) 2985 (28) 2985 (28) 2981 V1 (A') v(CHa)
2978 (9)
2872 (64) 2862 (4) 2862 (3) 21(A)
2855 (1)
1444(1)
1445 (4) 1440 (10) 1439 (8) 1443 V> (A') &(CH,)
1435 (9) 1434 (8)
1268 (23) 1263 (18) 1266 (5) 1271 V3 (A') (CHy)
1217 (6) 1216 (6) 1209 v (A") «(CH,)
1028 (2) 1028 (1) 1043 vy (A") WCF)
1011 (3) 1009 (2)
857 (3) 857 (2) 848 Vo (A"") p(CH,)
564 (100) 564 (100) 564 (100) 568 vs (A) W(CI)
539(6) 540 (5) 543 (3) 2
271 (52) 273 (48) 262 Vs (A') (CIF)
112 (6) 130 (8)
67 (26) 74 (12)
61 (10)
53 (26) 57 (6)
43 (28) 46 (4)
43 (5)

[a] Calculated at the CCSD(T)/TZVPD level of theory with the
program package Gaussian 09.37) Frequencies are scaled with an
empirical factor of 0.9655. Raman activity is stated on a scale of 1
to 100. Calculated Raman intensities in g“u I
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Conclusions

The solid states of BFM and FIM were characterized by
X-ray diffraction analysis and by Raman spectroscopy. The
crystal structures of BFM and FIM revealed halogen dis-
tances that are shorter than the sum of the van der Waals
radii. The calculation of electrostatic potentials of CFM,
BFM, and FIM show an increasing anisotropic distribution
of the electron density with increasing size of the halogen
atom. Only in the case of FIM is a perpendicular arrange-
ment of the halogen atoms observed, whereas BFM and
FIM reveal c-holes. This is in accordance with the halogen
interactions in the crystal packing, which increases in the
series Cl < Br < I. The Raman spectra of solid BFM indi-
cate a phase transition between 77 and 10 K.

Experimental Section

Apparatus and Materials: Synthesis and sample handling were per-
formed by employing standard Schlenk techniques and a stainless-
steel vacuum line. The Raman spectra of liquid and solid BFM and
FIM were recorded using the regular entrance slit of a Jobin Yvon
ISA T64000 spectrometer and an argon ion laser (Stabilite 2017,
Spectra Physics, 4 = 514.5 nm) as irradiation source. The Raman
spectra at 77 K were recorded using a low-temperature cell. For the
merasurements at 10 K, our Raman matrix isololation spec-
troscopy apparatus was used.*’! The low-temperature X-ray dif-
fraction of BFM and IFM was performed with an Oxford XCali-

Table 6. X-ray data and parameters for BFM and FIM.

bur3 diffractometer equipped with a Spellman generator (voltage
50 kV, current 40 mA) and a KappaCCD detector, operating with
Mo-K,, radiation (1 = 0.7107 A). Data collections at 173 K were
performed using the CrysAlis CCD software,*” the data reductions
were carried out using the CrysAlis RED software.’!l The solution
and refinement of the structure was performed with the programs
SHELXSB? and SHELXL-973% implemented in the WinGX soft-
ware package® and finally checked with the PLATON soft-
ware.l?3 Selected data and parameters of the X-ray analysis are
given in Table 6. CCDC-1004462 (BFM) and 1004463 (FIM) con-
tain the supplementary crystallographic data. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.

Synthesis of Bromofluoromethane and Fluoroiodomethane: The syn-
thesis of the compounds was performed as reported previously.[¢]
An excess of silver nitrate (55 mmol, 9.4 g) was added to an aque-
ous solution of sodium fluoroacetate (50 mmol, 5 g). The almost
insoluble silver monofluoroacetate was filtered and then dried in
vacuo over phosphoric oxide (7.9 g, 42.5 mmol, yield 85%). The
silver salt (4 g, 21 mmol) was heated in a sealed tube with bromine
(4.0 g, 25 mmol) from 50 to 120 °C during 6 h. The crude product
was purified by microdistillation to give BFM (1.4 g, 13 mmol). For
the synthesis of FIM, silver monofluoroacetate (4 g, 21 mmol) and
iodine (2.7 g, 21 mmol) were premixed and slowly heated to 160 °C.
The crude product was continuously removed by condensation into
a trap cooled with dry ice. The crude product was purified by
microdistillation to give FIM (1.3 g, 8 mmol).

Theoretical Calculations: Quantum chemical calculations were per-
formed with the Gaussian 09 program packagel*”! using the CCSD-

BFM FIM
Empirical formula CH,BrF CH,FI
M, [gmol ] 112.94 159.93
Cryst. size [mm] 0.25x0.12x0.1 0.2X0.08 X 0.05
Crystal system monoclinic orthorhombic
Space group 2/a Abm?2
a[A] 16.720(3) 8.8664(10)
b [A] 4.2321(6) 7.0889(7)
c[A] 18.677(4) 5.4675(5)
a[°] 90 90
! 113.56(2) 90
y[° 90 90
VA3 1211.4(4) 343.65(6)
Z 16 4
Pealed. [gCM] 2.477 3.091
u [mm'] 13.292 9.072
J(Mo-K,) [A] 0.71073 0.71073
F(000) 832 280
T [K] 115(2) 173(2)
hkl range —20—14; -5—4; -17-23 -10—~11; -9—9; -7—-7
Refl. measured 2856 1586
Refl. unique 1192 428
Riy 0.0325 0.0801
Parameters 55 23
R(F)IwR(F*)®! (all reflexions) 0.0396/0.0518 0.0415/0.1040
Weighting scheme!® 0.0134/0.0 0.0678/0.0
S (GooF) 0.921 1.088
Residual density [e A3 0.523/-0.365 0.941/-0.760

Device type Oxford XCalibur
Solution/refinement

CCDC 1004462

SHELXS-97/SHELXL-97

Oxford XCalibur
SHELXS-97/SHELXL-97
1004463

[a] Ry = Z||Fo| = [Fl/Z|F|. [b] wRy = {Z[W(Fo® — FZW(FL)’1} % w = [62(Fo?) + (xP)* + yPT ' P = (Fo” + 2F2)/3. [c] GoF = {Z[w(Fy* -
F2)?)/(n - p)}'? (n = number of reflections; p = total number of parameters).
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T coupled cluster method and the Def2-TZVPD basis. The method
was used for the theoretical calculations referring to reported
data.[®®] The triple excitations were calculated noniteratively. Fre-
quencies of the fundamentals were calculated at the fully optimized
structure. The frequencies were scaled by an empirical factor of
0.9655. For the calculation of the electrostatic potentials, geometry
parameters from the crystallographic data were used. The
0.0004 bohr 3 3D isosurface was mapped with the electrostatic po-
tential as a color scale ranging from -0.01 to 0.01 a.u. (-6.3 to
6.3 kcal/mol).
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