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Observation of two weak absorption lines from the E (K=1) level and one intense feature from A
(K=0) for degenerate modes v, and v, of CH;F provides direct spectral evidence that CH;F isolated
in p-H, rotates about only its symmetry axis, and not about the other two axes. An interaction
between A and E vibrational levels caused by the partially hindered spinning rotation is proposed.
Conversion of nuclear spin between A and E components of CH;F is rapid when p-H, contains
some o-H,, but becomes slow when the proportion of 0-H, is much decreased. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2975340]

I. INTRODUCTION

In conventional matrix-isolation spectroscopy, one em-
ploys noble gases such as neon or argon as matrix hosts.
Most polyatomic species cannot rotate in these matrices be-
cause the solid host is rigid. Only a limited number of small
molecules, in particular hydrides, can rotate in noble-gas
matrices.! Para-hydrogen (p-H,) has emerged as a matrix
host** because of unique properties associated with the ex-
tensive delocalization of the H, moieties in this quantum
solid, arising ultimately from the fact that the amplitude of
the zero-point lattice vibrations is an appreciable fraction of
the lattice constant.* Because of the “softness” associated
with the quantum solid p-H, matrix, the infrared (IR) ab-
sorption lines of guest molecules can be extremely narrow,
with full widths at half maximum less than 0.01 cm™.>®

In addition, guest molecules are expected to rotate in
solid p-H, more readily than in other matrices.”® For larger
species, molecular rotation is less likely to occur even in
solid p-H,, but internal rotation (torsion) of methyl groups
could well persist, as was demonstrated for methanol (which
undergoes internal rotation about the C—O bond) by our
observation’ of splittings of the E/A torsional doublets in
internal-rotation-coupled vibrational modes that are qualita-
tively consistent with those of gaseous CH;OH. That low-
temperature high-resolution spectmmg further revealed a
slow conversion of nuclear spin symmetry from species E to
A in the host matrix, offering potential insight into nuclear
spin conversion in astrophysical sources.

The observed torsional doublets of CH;OH might result
in principle from rotational motion of the methyl group
against a stationary (in the p-H, matrix) hydroxyl group,
from rotational motion of the hydroxyl group against a sta-
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tionary (in the p-H, matrix) methyl group, or from simulta-
neous rotational motion of both groups against each other (as
occurs in the gas phase). To investigate whether the methyl
group indeed rotates in p-H,, we have recorded IR absorp-
tion spectra of CH;3F in p-H,. As explained in more detail
below, we observed spectral patterns in the degenerate v,
—vs modes indicative of rotation of CHsF about only its
symmetry axis.

Il. EXPERIMENTS

In our experiments, a nickel-plated copper block (thick-
ness of 4 mm) served as both a cold substrate for the matrix
sample and a mirror to reflect the incident IR beam to the
detector.” With a closed-cycle refrigerator system (Janis
RDK-415) capable of cooling the sample target to 3.3 K, we
can employ conventional continuous deposition with a flow
rate ~0.03 mol h™!. Typically, a gaseous mixture of
CH;F/p-H, (20-100 ppm, 0.12 mol) or CH;F/ Ar (100 ppm)
was deposited over a period of 1—2 h. IR absorption spectra
were recorded with a Fourier-transform IR spectrometer
(Bomem, DAS) equipped with a KBr beamsplitter and a Hg—
Cd-Te detector (cooled to 77 K) to cover the spectral range
500-5000 cm™!. 200 scans at a resolution of
0.05-0.20 cm™! were generally recorded at each stage of the
experiment. CH;F (98%, PCR Inc.) was purified with a
freeze-pump-thaw procedure at 77 K and used with a trap at
253 K to remove trace impurities. H, (99.9999%, Scott Spe-
cialty Gases) was used after passage through a trap at 77 K
before conversion to p-H,. The p-H, converter comprised a
copper cell filled with Fe(OH); catalyst and cooled with a
closed-cycle refrigerator. The efficiency of conversion is
controlled by the temperature of the catalyst; at 15 K, the
concentration of 0-H, is ~100 ppm.

© 2008 American Institute of Physics
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lll. RESULTS AND DISCUSSION

For interpretation of the observed spectra, we briefly re-
call some necessary theory. CH;3F is a symmetric-top rotor
with C;, symmetry. Its vibrational modes are of either A,
symmetry (v to v3) or E symmetry (v, to vg). According to
selection rules, IR absorption bands associated with modes
v;—v3 of CH3F are parallel, whereas those associated with
the doubly degenerate modes v,— v are perpendicular. For a
symmetric rotor molecule surrounded by atoms or H, in a
matrix host, it is convenient to distinguish two types of ro-
tation, i.e., a spinning rotation of the molecule about its sym-
metry axis and a tumbling rotation of the molecule about an
axis perpendicular to the symmetry axis. The crystal field is
expected to inhibit tumbling rotation far more than spinning
rotation in CH3F. If tumbling is completely quenched, then
the two degrees of freedom associated with it turn into libra-
tional modes, which behave like (and can therefore be
grouped with) the 3N—6=9 small-amplitude vibrational de-
grees of freedom in the molecule. If the spinning rotation is
nearly unhindered, then the degree of freedom associated
with it is expected to quantize like a particle on a ring, giving
rise to energy levels of the form AK?, where A is the rota-
tional constant of CH3F about its symmetry axis. From the
point of view of quantum numbers, the J and M rotational
quantum numbers appropriate for an isolated gas-phase mol-
ecule in free space are converted, when the symmetric rotor
is in the situation described above, into two (near-harmonic-
oscillator) librational quantum numbers, while the signifi-
cance of the K rotational quantum number is largely un-
changed. For pictorial visualization, we can consider the
CH;F symmetry axis to be locked in the vertical direction,
and the spinning rotational energy levels at AK” to corre-
spond to the free-molecule J=K rotational energy levels
(which lie at energies of AK?+BK, where B<A is the tum-
bling rotational constant of CH;F, and which, in the classical
limit, derive all their angular momentum from the spinning
motion), so that for CH5F in p-H, only one level (J=K) is
present in each K stack of a traditional energy level diagram,
as shown by the solid lines in Fig. 1.

Vibration-rotation group theory sufficient for the discus-
sion at hand can be described as follows. Consider first the
vibrational and rotational coordinate transformations appro-
priate for the C;, point group.11 Then discard the three o,
operations since they take a vibrationally distorted and in-
stantaneously chiral molecule from its right-handed to its
left-handed form, and are thus not involved in nuclear statis-
tical weight determinations. Discarding these operations also
allows us to avoid a discussion here of the precise symmetry
of the solid p-H, cage containing the CH;F molecule, i.e.,
allows us to avoid considering the question of whether or not
a change in chirality of the vibrationally distorted molecule
can be an isoenergetic feasible operation in that cage. Dis-
carding the three o,s is obviously equivalent to keeping only
the pure permutations for CHiF, i.e., to keeping only the
identity E, and the permutations (123) and (132), where 1, 2,
and 3 are the numerical labels of the three methyl hydrogens.
The (123) operation is clearly isoenergetic, since it corre-
sponds physically to a 27/3 change in the spinning angle,
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(B) perpendicular band (v ,~ v )

(A) parallel band (v 4~ v )

FIG. 1. Energy levels and transitions of CH;F in p-H,. If only spinning
rotation occurs, all J> K levels in each K stack (shown as dashed lines) are
shifted to much higher (librational) energies, leaving only the /=K level in
each stack (solid line) at approximately its gas-phase energy. Only these J
=K levels of the ground vibrational state are then populated at low tempera-
tures, so that a single line is expected for the v;—wv; fundamental bands,
whereas three lines are expected for v,—vg, as indicated by the arrows in
this figure. (Note that the A,,A,—E Coriolis splittings in the upper vibra-
tional state in (b), which correspond to parallel or antiparallel orientations of
the spinning rotational angular momentum with respect to the vibrational
angular momentum in the E vibrational state, are shown for a positive value
of the Coriolis coupling constant {.)

together with changes in the vibrational displacements such
that the final molecular orientation and shape in the cage is
just as it was, except for a relabeling of identical hydrogen
nuclei.!! The (123) operation is also feasible under our as-
sumption of a nearly unhindered spinning rotation. Without
going into detail, the rotational subgroup Cs containing the
three operations E, C;=(123), and C_2=(123)2 is all that is
required to determine nuclear spin statistics, and this group
preserves the nuclear spin statistics of the free molecule,
since spinning levels with K=0 modulo 3 belong to the non-
degenerate symmetry species A (with total hydrogen nuclear
spin /=3/2), while spinning levels with K+ 0 modulo 3 be-
long to the doubly degenerate symmetry species E (with total
hydrogen nuclear spin I=1/2).

At very low temperatures, we should thus have only K
=0 molecules with /=3/2 nuclear spin functions and K=1
molecules with /=1/2 nuclear spin functions. Furthermore,
we expect the angular momentum of the spinning K= *1
molecules to be aligned parallel or antiparallel to the vibra-
tional angular momentum €= * 1 of the degenerate vibra-
tional fundamentals to give rise to first-order Coriolis split-
ting analogous to those caused by the term —2AK{{ in the
gas phase, and illustrated schematically in Fig. 1(b). Thus, if
CH;F undergoes only spinning rotation in solid p-H, at low
temperatures, we expect to observe in the IR spectrum of its
three parallel bands v — v5 a single line containing the super-
imposed (i.e., unresolved) K=0+0 A line and K=1+1 E
line. On the other hand, for the three perpendicular bands
v4— Vg, ONe expects to observe three lines, consisting of an
intense central line, denoted XR(0,0) in gas-phase
AKAJ(J,K) notation, and two weak features, “P(1,1) and
RR(1,1), one on either side of the ®R(0,0) line, as indicated
by the arrows in Fig. 1.

Previous investigations of the rotation of CH;F in matri-
ces have focused on only the band shape of the most intense
single line near 1040 cm™' associated with the CF stretching
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FIG. 2. Survey IR absorption spectra of matrix-isolated CH5F. (a) CH3F/Ar
(1/10 000); (b) CH;F/p-H, (1/15000). For each acquisition of spectral
data, 200 scans at a resolution 0.1 cm™! were accumulated during ~0.5 h.
The sample was at 3.3 K. Integrated band intensities / are shown above each
band.

(v3) mode. Because many factors affect the band shape, in-
formation from these experiments on whether CH;F
rotates'>"* or not'*'® in solid Ar is inconclusive.

Overview spectra of CH3F/Ar (~100 ppm, 0.05 mol)
and CH;F/p-H, (~70 ppm, 0.04 mol) at 3.3 K after depo-
sition are shown in Fig. 2. The implications of these spectra
are most easily understood if each wavenumber region is
considered separately.

The C—F stretching (v;) mode near 1040 cm™' shows
multiple lines in p-H,, which were assigned previously by
Yoshioka and Anderson'® to CH;F complexed with various
numbers of o-H, due to their large polarity. Typically in
their experiments o-H, was initially present as an impurity
to an extent of ~100 ppm or more, but after several hours
the concentration of o-H, decreases, and eventually only the
isolated CH5F dominates, giving rise to a single peak, in
agreement with expectations for a parallel band, as illustrated
in Fig. 1(a). The integrated intensities / obtained from our
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spectra are given above each band in Fig. 2. It can be seen
that these intensity values are nearly equal for the v; mode in
our Ar and p-H, spectra.

The degenerate C—F rocking (v¢) mode near 1180 c¢cm™
is barely visible in solid Ar, but shows a clear triplet pattern
in p-H,, which is consistent with expectations for a perpen-
dicular band when only rotation about the symmetry axis
occurs, as illustrated in Fig. 1(b). Ignoring centrifugal distor-
tion effects, the three lines in this triplet should occur at the
following approximate frequencies:

1

RR(1,1)= vy +4A" —4A'' - A",
RR(0,0)= vy +A" 24",

PP(1,1) = vy -A". (1)

These three equations and the measured line positions in
Table I can be used to obtain

vy—A'=1177.85 cm™}(=1177.47 cm™),
A —A"=-0.75 em™'(# +0.024 cm™),

A'(1=¢")= +2725 ecm (= +3.662 cm™), (2)

for vg. The values in parentheses are calculated from the
gas-phase spectroscopic constants'"'® of CH5F.

It is well known that the rotational constants of mol-
ecules in helium droplets and p-H, are decreased somewhat
from their gas-phase values because of the drag of the sol-
vent molecules. One possibility for explaining the large
negative value for A’—A" in p-H,, compared to the much
smaller positive value in the gas phase, is thus to suppose
that the vibrating molecule in the vg=1 state experiences
more drag in p-H, than does the ground state molecule. This
postulated decrease in A" can then also be used to explain the
smaller value of A’(1-¢’) in p-H, compared to the gas
phase. Assuming that the vibrational parameter ¢’ is largely
unchanged in the matrix (like the vibrational frequency), we

TABLE 1. Comparison of line positions [uncertainties (type B, k=1) are 1 in the last digit given for the
gas-phase and solid p-H, measurements, and 3 in the last digit given for the solid Ar measurements (Ref. 22)]
of CH3F isolated in solid Ar, solid p-H,, and in the gaseous phase.

Gas® Solid Ar® Solid p-H,
Mode Description Sym. AKAJ(J,K) (cm™) (cm™) (cm™)
2 CH sym. stretch A, 20(0,0) 2966.25 2968.6 2962.7
v, CH sym. deformation A 20(0,0) 1459.39 1462.6 1470.1?
v CF stretch A, 20(0,0) 1048.61 1040.1 1040.2
v CH asym. stretch E RR(0,0) 3010.76 3017.9 3009.8
Pp(1,1) 2999.78 3001.9
RR(1,1) 3020.03 3013.4
Vs CH asym. deformation E RR(0,0) 1476.39 1466.7 1470.1
Pp(1,1) 1461.78 1459.3
RR(1,1) 1489.19 1471.1?
e CH; rock E RR(0,0) 1185.64 1182.1 1183.3
Pp(1,1) 1176.64 1177.1
RR(1,1) 1192.96 1188.0

“p, and v, from Refs. 20 and 21, v,, v3, and vs from Ref. 18, and v from Refs. 17 and 18.

"Reference 14 and this work.
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FIG. 3. (Color) Partial IR absorption spectra of (a) v, (b) vs, and (c) v,
modes of a CH3F/p-H, (1/15 000) matrix sample after deposition at 3.3 K
(black), raising the temperature to 4.2 K (red), decreasing the temperature to
3.3 K (green), and again raising the temperature to 5.0 K (blue). All spectra
were normalized to the ®R(0,0) line.

calculate that A’ decreases from 5.21 cm™! in the gas phase

to 3.87 cm™' in the matrix, which then leads to a smaller
decrease of A” from 5.18 to 4.62 cm™' in the matrix.

For the triplet explanation given above to be correct, the
two weak outer features must be “hot-band” transitions from
the K=1 level. To test this, we performed temperature cy-
cling experiments by raising the temperature of the matrix to
4.2 K, followed by cooling to 3.3 K, then warming to 5.0 K.
Spectra of vg recorded at each stage and normalized to the
intense central ®R(0,0) feature are shown in Fig. 3(a). The
intensity of the central feature will also vary with tempera-
ture because of lower state population changes, but we nev-
ertheless chose to normalize our various scans to this peak in
order to remove the effects of sample evaporation during the
temperature cycling procedure. The variation of intensity of
the weak features at 1177.1 and 1188.0 cm™! relative to the
intense feature at 1183.3 ¢cm™' depends on temperature, and
cycles reproducibly. Assuming a Boltzmann distribution for
K=0 and 1 levels of the vibrational ground state, we deduce
from the observed relative intensity an energy gap
~5.5+1.5 cm™, in reasonable agreement with the gap of
~4.6 cm™ (6.0 cm™! in the gas phase) expected from our
model of spinning rotational energy levels given by AK? for
CH;F in p-H,.

From our integrated intensities, it appears that the inten-
sity of v is significantly greater in p-H, than in Ar. Further-
more, it is known that the v¢ perpendicular band gains inten-
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sity in the gas phase from the much stronger v; parallel band
via a Coriolis mixing induced by the tumbling rotation." If,
as the present experiments strongly suggest, tumbling rota-
tions are quenched in p-H,, then such a Coriolis interaction
becomes impossible. In its place, however, a rather different
mechanism arises for mixing A; and E vibrational states in
p-H,, involving the (slightly hindered) spinning rotation. We
can use the C; group theory described earlier to note that a
vibration-rotation interaction term of the form cos(x+ ¢,) is
totally symmetric,l1 where y is the angle associated with the
spinning rotation and ¢, is the angle associated with a de-
generate E vibration expressed in polar coordinates. This
term is absent for a gas-phase molecule because the potential
energy in free space cannot depend on the rotational angles.
This term will have almost no effect in a solid Ar matrix if
one assumes that the spinning rotation is quenched, i.e., if
one assumes that y is frozen at some fixed value. On the
other hand, in solid p-H,, we have concluded on the basis of
the vy triplet pattern analysis above that a somewhat hin-
dered spinning rotation occurs. This causes the potential en-
ergy to be y-dependent, and the cos(y+¢,) term chosen
above has exactly the correct form to permit the *"E rovibra-
tional level with K=0 in a “E vibrational state [Fig. 1(b)] to
mix with (and borrow intensity from) the “"E rovibrational
level with K=1 in a A vibrational state [Fig. 1(a)], or to
permit the “’A component of the K=1 level of a “E vibra-
tional state [Fig. 1(b)] to mix with the A level with K=0 in
a "A vibrational state [Fig. 1(a)], where the left superscripts v
and vr are introduced to distinguish between vibrational and
rovibrational (i.e., vibration-spinning-rotation) symmetry
species, respectively.

The v,(A,)/vs(E) band pair near 1470 cm™' is rather
complicated. If the integrated intensities are used as a guide,
it appears that v, <ws in solid Ar, while »,>vs in p-H,.
These two close lying fundamentals are also known to un-
dergo a strong Coriolis interaction in the gas phase induced
by the tumbling rotation.'® For our p-H, spectra, we believe
it is interactions caused by the cos(x+¢,) term discussed
above (perhaps acting in concert with some of its higher-
order analogs) that prevents this v,(A,)/vs(E) region from
being a clear superposition of a pure-parallel-band single-
line spectrum and a pure-perpendicular-band triplet pattern.
This same term can again provide a mechanism for explain-
ing the somewhat larger integrated intensities of the vs per-
pendicular band in p-H, versus Ar, via intensity borrowing
from the strong v, parallel band.

The v,(A,)/v4(E) region near 3000 cm™' does in fact
look like the superposition of a single line parallel band pat-
tern and a triplet perpendicular band pattern, except that we
must choose between a sharp line and a broad line for the
high-wavenumber triplet component. Choosing the sharp line
is appealing because its shape resembles the other two lines;
choosing the broad line is appealing because the two outer
triplet components are then approximately symmetrically
displaced from the central component. The temperature cy-
cling studies in Fig. 3(c) indicate that we must choose the
sharp component. Making this choice, we can again use Eq.
(1) to derive a set of values for the various spectroscopic
constants, but the value for A” derived from the v,(A,)/ v,(E)
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FIG. 4. Decay of the integrated intensity of band P(1,1) as a function of time. The spectra of CH;F in the v; region at some periods are also illustrated.

pattern is not in good agreement with the value derived from
the v4(A,) pattern. Since the v;(A;)/v4(E) region in the gas
phase is known to be highly perturbed by many other
states’®! and since we do not have enough information to
take any of these interactions into account here, we have not
pursued a quantitative treatment of this region.

It is interesting to note that only w; (the C-F stretch)
shows significant additional structure when o-H, is present
(see Fig. 2). As pointed out by the referee, this suggests that
the “bonded” o-H, molecules lie in sites off the end of the F
atom. Such positions, which also seem reasonable electro-
statically, would maximize the influence of bonded o-H,
molecules on the C-F stretching frequency and minimize
their influence on the methyl hydrogen stretching and bend-
ing frequencies. Influence on the C—F bend would presum-
ably be intermediate between these two extremes, with the
resulting absence of observed extra structure on vg suggest-
ing that the C-F bending frequency is also not significantly
perturbed by the axially bonded o-H, molecules.

The fact that the relative intensities of bands associated
with levels K=0 and K=1 vary with temperature indicates
that the time for nuclear-spin conversion (NSC) is smaller
than the time required for temperature changes and data ac-
quisition. This interconversion between populations of K=1
(E symmetry) and K=0 (A symmetry) in the vibrational
ground state of CH3F can occur only via conversion of the
total nuclear spin of CH; between /=3/2 and 1/2. We ob-
served, however, that after ~5 h temperature cycling experi-
ments yield no observable variation in intensity for the two
weak features relative to the intense one, indicative that NSC
becomes slow when the concentration of o-H, impurity mol-
ecules in contact with the CH3F is diminished. It seems rea-

sonable to assume that nearby o-H, molecules enhance NSC
because of various magnetic interactions of the nonzero
nuclear spin of o-H, with the nuclear spins of the methyl
hydrogens. Plotting the intensity ratio of lines “P(1,1) and
RR(0,0) of CH5F at 3.3 K as a function of time, we found a
biexponential decay, as shown in Fig. 4. The rate coefficient
for the spin conversion from E to A components of CH;F
decreased from ~(0.13=0.03) h™' at the initial stage to
~(0.022+0.005) h™! after 5 h. The v; region, where the
multiple-line structure is indicative of the proportion of o-H,
present in the matrix, is shown also as insets to demonstrate
the diminishing proportion of o-H, attached to CH;F with
increasing duration after formation of the solid sample. This
correlation provides direct evidence that the presence of
0-H, enhances the rate of NSC. For comparison, the rate
coefficient for NSC from E to A components of CH;OH at
3.5 K was determined to be ~(0.018=0.003) h~'.°

In conclusion, the observation here of a nearly sym-
metrical triplet line pattern for vg, the most isolated of the
three degenerate vibrations in CH3F, with the two weak outer
features in the pattern showing the predicted temperature-
dependent intensities, provides the first direct spectral evi-
dence that a molecule such as CH5F isolated in p-H, under-
goes rotation about its symmetry axis, but not about the other
two axes. A new type of interaction between the spinning-
rotation and the angular momentum of a degenerate vibration
in CH3F, which arises because the spinning rotation of the
molecule is partially hindered in the matrix, is proposed to
allow mixing between A and E vibrational states, and thus to
rationalize the complicated absorption patterns observed
when an A and E vibrational level are nearly degenerate in
CH5F. The presence of 0-H, in the matrix enhances nuclear
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spin conversion. After the concentration of 0o-H, has decayed
with time, the measured rate coefficient for the conversion of
nuclear spin from E to A components of CH3F at 3.3 K is
determined to be similar to that observed for CH;0H in

p-Hs.
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