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Zuschriften

Molek�lcluster, die durch Wasserstoffbr�cken zu-
sammengehalten werden, k�nnen hochdynamische Systeme sein, wie
hier f�r einen Fluormethan-Trifluormethan-Komplex gezeigt ist: Die
beiden Untereinheiten sind nicht starr fixiert, sondern in der Rotation
um ihre Symmetrieachsen nahezu nicht eingeschr�nkt. Einzelheiten
hierzu finden Sie in der Zuschrift von W. Caminati et al. auf den
folgenden Seiten.
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Molecular Complexes

Weak CH···F Bridges and Internal Dynamics in
the CH3F·CHF3 Molecular Complex**

Walther Caminati,* Juan C. L�pez, Jos� L. Alonso, and
Jens-Uwe Grabow

Herein, we report the effects of weak CH···F hydrogen bonds
and dipole–dipole interaction energies on the conformation
of the molecular complex fluoromethane–trifluoromethane
and the internal dynamics of the two symmetric top subunits,
which rotate almost freely with respect to each other.

The non-covalent interactions CH···F and CH···O, which
play important roles in biological, atmospheric, and supra-
molecular chemistry, have been classified as weak hydrogen
bonds (WHBs).[1] Studies on WHBs have been mainly
performed by X-ray diffraction[2] and, to a lesser extent, by
IR spectroscopy on solutions of rare gases.[3] The experimen-
tal data on WHB obtained from investigations in the solid or
solution states are contaminated by other intermolecular
interactions that take place in condensed phases and do not
give information on the internal dynamics of the subunits held
together by these interactions.

The few rotationally resolved investigations of molecular
adducts in which the monomers are held together by CH···F
and CH···O WHBs have shown the specificity and direction-
ality of these interactions.[4–9] For example, the dimer of
difluoromethane is stabilized only by CH···F bridges[4] and
several theoretical investigations have been reported on this
type of interaction.[10–12]

The heterodimer fluoromethane–trifluoromethane
(CH3F·CHF3) is also expected to contain only CH···F link-
ages, and an investigation of this dimer is of particular interest
to assess the relative weights of the WHBs and dipole–dipole

interaction energies. In Figure 1 two plausible conformations
of CH3F·CHF3 (A and B) are shown in which three WHBs
stabilize the two subunits. In A the three hydrogen s orbitals
in CH3F can probably better overlap with the three fluo-

rine p orbitals of the opposing molecule, but B has a more
favorable electrostatic potential energy from the dipole–
dipole interaction, with the two dipole moments almost
antiparallel to each other. To elucidate the balance between
these two stabilization mechanisms, we studied the rotational
spectrum of CH3F·CHF3 isolated in the interaction-free
matrix of a supersonic jet by employing Fourier-transform
microwave spectroscopy (see Experimental Section for
details). We could assign only the spectrum of species B: 32,
12, and 11 rotational transitions (see Supporting Information)
have been measured for the normal, CH3F·13CHF3, and
13CH3F·CHF3 isotopomers, respectively. At an overall point
group symmetry of Cs, the molecular complex has two
inequivalent internal rotors of C3v symmetry. By taking the
feasible large amplitude motions into account within the
permutation-inversion (PI) group theory formalism,[13] the
appropriate molecular symmetry (MS) group will be G18 and
the torsional wavefunctions can accordingly be symmetry-
classified as A1, E1, E2, E3, and E4.

[14] All measured transitions
were split into a non- and a doubly degenerate (designated A1

and E1, respectively) component line as a result of the internal
rotation of the CHF3 group around its symmetry axis. The
three other components, E2, E3, and E4, which arise from the
internal rotation of the CH3F group and the interaction
between both groups, were not observed. For a very low
tunneling barrier, the corresponding splittings are predicted
to be very large and thus difficult to locate. The combined
analysis of the rotational transition frequencies for the A1 and
E1 states of the internal rotations of the CHF3 group[15]

yielded the spectroscopic constants shown in Table 1. The
internal rotation parameters[16] included therein are: 1) Ia, the
moment of inertia of the CHF3 top, 2) a (a, i), the angle
between the internal rotation axis of the CHF3 top and the
principal axis of inertia a of the complex, and 3) V3, the
barrier to internal rotation of the CHF3 top. For the two less
abundant isotopomers the results were similar; the larger
standard errors are a result of the smaller experimental data
set. The effective moment of inertia determined from the A1–
E1 splitting pattern for an internal rotor (see Table 2) in

Figure 1. Plausible conformations (A and B) of CH3F·CHF3 highlighting
the structural parameters (r, a, and b).
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CH3F·CHF3 is only slightly smaller than the value of
89.23(2) u �2 for isolated CHF3.

[17] This result indicates that
the motion responsible for the A1–E1 spectral separations is
essentially the rotation of the CHF3 group around an axis
close to its C3 symmetry axis.

The A1–E2 torsional splitting was deduced also for the
internal rotation of the lighter CH3F group. This splitting is
related to the unexpectedly low value of the planar moment
of inertia, Pbb, of the complex. The planar moments of inertia,
defined as Paa = 1/2(�Iaa+Ibb+Icc), and cyclic permutations
give the extensions of the molecular system in the directions
of the considered principal axis. For the CH3F·CHF3 complex
the value of Pbb should correspond to the sum of the values of
Pbb for the two isolated symmetric tops (1.55 and
44.62 u�2),[17,18] that is, 46.17 u �2. This is the case, for
example, for oxirane·CHF3,

[6] for which Pbb (63.86 u�2) is
almost exactly the sum of the Paa value of oxirane and the Pbb

value of CHF3 (19.43 and 44.62 u �2, respectively). In
CH3F·CHF3, Pbb is 44.69 u�2, which is lower by 1.48 u �2

than the sum value (46.17 u�2). Such an unusually low value
of Pbb is indicative of an exceptionally low V3 barrier to the
internal rotation of the methyl group. In fact, rotational

constants are effective quantities that include the “pseudo”
contributions due to the internal rotation of the methyl group,
according to Equation (1),[19] in which Ar, Br, and Cr are the
“rigid” rotational constants in the limit of the very high
barrier; WðnÞ

00 are Hersbach�s barrier-dependent perturbation
sums relative to the A sublevels of the ground state;[20] F is the
reduced constant of the motion; 1g = lg Ia/Ig.

A00 ¼Ar þWð2Þ
00 F 12

a

B00 ¼Br

C00 ¼Cr þWð2Þ
00 F12

c

ð1Þ

The experimentally determined value of Pbb is obtained at
V3 = 30 cm�1. As the curve V3 versus Pbb is very steep at that
point, we can set an estimated error of 10 cm�1. The
parameters relevant to the internal rotations of CH3F and
CHF3 are compared in Table 2. Although the two V3 barriers
are relatively similar, the reduced barriers s, which contain
both potential- and kinetic-energy factors, are very different
from each other. Correspondingly, the A1–E1 and A1–E2

splittings, that is, the DAE energy spacings between the A1

and E1 or E2 sublevels, respectively, of the vibrational ground
state, differ by six orders of magnitude.

For several molecular complexes, it has been possible to
estimate the force constant (ks) of the stretching motions
between the two moieties that lead to dissociation, by using
approximated Equation (2),[21] in which m, RCM, B, C, and DJ

are the reduced mass, the distance between the monomer
centers of mass, the rotational constants, and the first-order
centrifugal distortion constant, respectively, of the adduct,
and h is Planck�s constant. However, in the case of
CH3F·CHF3, the effective parameter DJ contains contribu-
tions from one of the large amplitude motions, that is, the
internal rotation of the CH3F group. These contributions can
be calculated with Equation (3).[22]

ks ¼ 16 p4 ðm RCMÞ2 ½4 B4 þ 4 C4�ðB�CÞ2ðBþCÞ2�=ðh DJÞ ð2Þ

DJ ¼ �1=2 ð14
bþ 14

cÞWð4Þ
00 F ð3Þ

The estimated correction (0.029 kHz) to the effective
value in Table 1 is very small. Thus, by using the value of
2.711 kHz in Equation (2), a value ks = 5.2 Nm�1, which
corresponds to a harmonic stretching frequency of 62 cm�1,
was obtained. The dissociation energy (ED) has been eval-
uated to be 5.3 kJmol�1 by assuming a Lennard–Jones
potential function and using the approximated equation[23]

ED = 1/72ks R2
CM. Such a dissociation energy corresponds to a

binding energy of 1.8 kJmol�1 for each C�H···F linkage. This
value is very similar to that found for the dimer of difluoro-
methane, which also displays three C�F···H�C interactions.[4]

If we assume the geometries of isolated CHF3
[17] and

CH3F
[18] to remain unaltered in the adduct, we have sufficient

experimental data to obtain a plausible r0 structure, that is, to
determine the three parameters r, a, and b shown in Figure 1.
First, we calculated the rigid values of the rotational constants
by applying the CH3 corrections indicated in Equation (1) to
the effectively determined rotational constants. Then we

Table 1: Spectroscopic constants for adduct CH3F·CHF3.
[a]

Parameter CH3F·CHF3 CH3F·13CHF3
13CH3F·CHF3

A [MHz] 6451.696(2) 6456(5) 6440(2)
B [MHz] 1459.976(6) 1456.23(2) 1430.48(1)
C [MHz] 1413.440(6) 1410.10(2) 1386.47(1)
DJ [kHz] 2.740(3) 2.720(7) 2.668(3)
DJK [kHz] 53.44(2) 52.2(5) 51.2(2)
DK [kHz] 16.3(3) 16.3[b] 16.3[b]

dJ [kHz] 0.222(2) 0.219(5) 0.204(2)
dK [kHz] 1.4(9) 1.4[b] 1.4[b]

Ia [u�2] 86.0(3) 89(3) 86(2)
a(a, i) [8][c] 51.4(1) 53(2) 50.6(8)
V3 [kJmol�1] 0.840(5) 0.80(3) 0.88(2)
N[d] 64 24 22
s [kHz][e] 3.2 4.1 1.5
Pbb [u�2] 44.865(1)[f ] 44.82(4) 44.85(2)

[a] A1 and E1 states of the internal rotation; Ir representation of Watson’s
S-reduced Hamiltonian.[15] . Standard errors in parentheses are given in
units of the last digit.[b] Parameters were fixed to those of the normal
species. [c] a(a, i) is the angle between the inertial axes a and the
internal rotation axis I ; a(b, i) is the complement of a(a, i) at 908, while
a(c, i) is 908 from the symmetry axis. [d] Number of transition
frequencies in the fit. [e] Root-mean-square deviation of the fit.
[f ] Smaller than the sum (46.17 u �2) of the Pbb values of isolated CHF3

and CH3F (44.62 and 1.55 u �2, respectively).

Table 2: Comparison of the internal rotation parameters for the CF3 and
CH3 internal rotors of CH3F·CHF3.

Internal rotor CF3 CH3

Ia [u�2] 85.0 3.20
V3 [kJ mol�1] 0.840 0.36
s 67.92 2.5
DAE [MHz][a] 2.6 � 10�1 1.2 � 105

Nlevels
[b] 12 2

[a] Energy spacing between the A1 and E1 or E2 sublevels, that is,
W(E1)�W(A1) and W(E2)�W(A1), respectively, of the vibrational ground
state. [b] Number of bound levels below the corresponding V3 barrier.
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fitted the nine available rotational constants to obtain the
three parameters. In the fit, we allowed these parameters to
change, with respect to the ab initio values, at “confidence
intervals” of 0.01 � for the bond distance and at 28 for the two
angles, respectively, according to the diagnostic least-squares
procedure described by Curl.[24] The three parameters, r, a,
and b, are reported in Table 3, together with the derived
distance of the other hydrogen bonds. The substitution
coordinates[25] of the carbon atoms of the CH3F and CHF3

subunits (see Table 3 footnotes) allow the C–C distances,
which are also listed in Table 3, to be determined.

Ab initio computations at the MP2/6-311 + + G(2df,2p)
level[26] at different points of the CH3F·CHF3 potential-energy
surface have been performed to investigate the conforma-
tional behavior of the dimer. Conformer B is predicted to be
the global minimum. Some of the calculated structural
parameters for this conformer are compared to the exper-
imental values in Table 3. The counterpoise (CP)-corrected
dissociation energy for this conformer is calculated to be
10.0 kJ mol�1, which is higher than that determined from the
centrifugal distortion. Conformer A is predicted to be also a
stable minimum, some 714 cm�1 (619 cm�1 after CP correc-
tions) higher in energy than species B.

Other plausible conformers shown in Figure 2 were also
considered. However, at this level of theory these conformers
are predicted to be transition configurations with one
negative frequency. Figure 3 shows the calculated potential-
energy curves that describe the internal rotation of CHF3 and
CH3F around their local C3 axes. As indicated, the measured
V3 values thus give the experimental energies of configura-
tions C and D with respect to B. They are in good agreement
with the ab initio values, although the results of ab initio
calculations lead us to anticipate that the shape of the
potential-energy surface is more complicated.

In summary, we have shown how rotational spectroscopy
can supply detailed information on the chemical features of
weak hydrogen bonds and provide insight on the internal
dynamics of the unit constituents of molecular complexes
with unrivaled precision. In the case of CH3F·CHF3 studied
here, the CH3F moiety “sees” CHF3 in a well-defined
position, while the CHF3 unit “sees” CH3F as a “cone”.

Experimental Section
Commercial samples of CH3F (Aldrich) and CHF3 (Linde gas) were
used without further purification. The spectra of the isotopic 13C-
containing species were measured in natural abundance.

The rotational spectrum in the 6–18.5 GHz frequency region was
measured using a coaxially oriented beam-resonator arrangement-
(COBRA)-type[27] pulsed supersonic jet Fourier-transform micro-
wave (FT-MW) spectrometer,[28] as described elsewhere[29] and
recently updated with the FTMW+ + set of programs.[30]

A gaseous mixture of CH3F (1%) and CHF3 (1 %) in He at a total
pressure of 2.0 bar was expanded through the solenoid valve (General
Valve, Series 9, nozzle diameter 0.5 mm) into the Fabry–P�rot cavity.
The spectral line positions were determined after Fourier trans-
formation of the 8000-data-point time-domain signal, recorded at
intervals of 100 ns. Each rotational transition is split by the Doppler
effect as a result of the coaxial arrangement of the supersonic jet and
resonator axes in the COBRA-FTMW spectrometer. The rest
frequency is calculated as the arithmetic mean of the frequencies of
the Doppler components. The estimated accuracy of frequency
measurements is greater than 3 kHz. Lines separated by more than
7 kHz are resolvable.
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Table 3: Relevant structural parameters of CH3F·CHF3 (see Figure 1).

r0 parameters r0
[a] rs

[b] ab initio[c]

r(FCH3F···HCHF3
) [�][a] 2.427(10) – 2.405

a [8][a] 124.1(3) – 122.3
b [8][a] 115.5(3) – 109.9
r(FCHF3

···HCH3F) [�][d] 3.052(15) – 2.842
r(CCH3F···CCHF3

) [�][d] 3.645 3.60(2)[e] 3.522

[a] r(FCH3F···HCHF3
), which coincides with r of Figure 1, a, and b are the

fitted parameters. The remaining parameters have been derived from the
obtained partial r0 geometry. [b] From the substitution coordinates of
CH3F and CHF3 carbon atoms. [c] Computed values at MP2/6-311 ++
G(2df,2p) level. [d] Derived parameter. [e] C···C distance between the
carbon atoms of CH3F and CHF3. From rs coordinates of CCHF3

[ ja j=
0.84(6); j c j= 0.43(4) �] and of CCH3F [ ja j= 2.619(7); j c j=0.57(3) �].
jb j is fixed to 0 because imaginary.

Figure 2. Relative energies of configurations A and C–E with respect to the observed conformer B. Configurations C–E are transition states (saddle
points), not stable minima. In particular, the energies of C and D correspond to the two V3 barriers.
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Figure 3. Local potential-energy curves for the two large amplitude tunneling motions in CH3F·CHF3.
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