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The 2v; Raman overtone of sulfur hexafluoride: Absolute spectra, pressure

effects, and polarizability properties

M. Chrysos,?® F. Rachet, and D. Kremer
LUNAM Université, Université d’Angers, CNRS UMR 6200, Laboratoire MOLTECH-Anjou,
2 Bd Lavoisier, 49045 Angers, France

(Received 9 February 2014; accepted 6 March 2014; published online 24 March 2014)

Of the six normal vibrations of SFg, v3 has a key role in the mechanisms of radiative forcing. This
vibration, though inactive in Raman, shows up through the transition 2v; allowing for a comple-
mentary view on the asymmetric stretch of the molecule. Here, we look back into this topic, which
has already caught some interest in the past but with some points been left out. We make a system-
atic incoherent-light-scattering analysis of the overtone with the use of different gas pressures and
polarization orientations for the incident beam. Absolute-scale isotropic and anisotropic spectra are
reported along with natural and pressure-induced widths and shifts, and other spectral features such
as the peaks corresponding to the (experimentally indistinguishable) interfering channels E, and F»,
hitherto seen solely as two-photon IR-absorption features. We make the first-ever prediction of the
SFg polarizability second derivative with respect to the v3-mode coordinate and we develop a heuris-
tic argument to explain why the superposition of the three degenerate stretching motions that are
related to the v3 mode cannot but generate a polarized Raman band. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869097]

. INTRODUCTION

With a Global Warming Potential (GWP) of about
22000," sulfur hexafluoride is the most powerful of the
Kyoto-protocol greenhouse gases.” The recent findings by
NASA scientists that the absorbed infrared radiation by
molecules having several F atoms bond to the same central X
atom scales quadratically with the number of fluorine atoms?
are an indirect confirmation of that property. This conclu-
sion underlines the importance of reliable calculations of X-F
bond-dipole derivatives for such molecules, since those quan-
tities are now known to increase linearly with the number
of fluorines.? It also stresses the significance of accurate val-
ues for the polarizability derivatives, which participate in the
polarization mechanisms of SF¢ albeit do not enter directly
GWP calculations.

Aside from Maroulis’s seminal paper,* little is known
on the polarizability derivatives of SFs. Recently, a predic-
tion of 8?&/dg? was made by our group for the “scissoring”
mode of that molecule on the basis of high-sensitivity Raman
experiments on the 2vs overtone.’ Yet the poor accuracy of
the existing data for cubic force constants involving bending
modes®” of SF4 prevented us from giving an unambiguous
value for that derivative (even though a formula involving ks
as a free parameter was also given therein,’ which will allow
for a more reliable estimate of the derivative whenever a more
reliable input for k55 comes out).

Among the six normal modes of sulfur hexafluoride, v3
is the only stretching vibration to generate a transition di-
rectly involved in the radiative forcing.® At least two studies,
employing high-resolution spectroscopy, have been devoted
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to the infrared spectrum of that IR-active fundamental.”!”
In a different context entirely, collision-induced Raman or
hyper-Rayleigh processes involving sulfur hexafluoride have
aroused keen interest in scientists in the last two decades,!'~16
reviving interest both in collision-induced processes'’?" and
in vibrational molecular spectroscopy.”'~>> More recently,
SFs became the molecule of choice for testing a new spectro-
scopic probe, which uses impulsive stimulated Raman scat-
tering and coherent electrons from high harmonic generation
to monitor molecular dynamics.>* Since few weeks, SFs is
again in the forefront after the use of new cryogenic multipass
cells, in high-resolution absorption experiments, which al-
lowed for resolving its ever-challenging vg forbidden band.?
Here, prompted by our recent studies on the 2vs spectra,> 2
we employ incoherent Raman spectroscopy to detect the first
overtone of the v; vibration and to circumvent the handicap
of the Raman inactivity of the v fundamental transition. Our
work is a threefold advancement on an issue of vibrational Ra-
man spectroscopy on which much has been accomplished?’-?®
but on which the last is yet to be heard. First, it shows how
to make a systematic, successful Raman analysis of the two
overtone spectra (isotropic and anisotropic) with the use of
two complementary yet independent light-scattering exper-
iments that employ different polarizations for the incident
beam, and with a series of experimental runs for various gas
pressures. Accurate absolute-calibrated profiles along with
their natural and pressure-induced band widths and shifts are
reported for the two spectral components and a number of
interesting features are revealed. Among other observations,
the signature of the two channels E, and F», is clearly distin-
guished on the anisotropic spectrum, a feature thus far only
observed through two-photon IR-absorption spectroscopy®’
and computationally accessed by using a symmetrized

© 2014 AIP Publishing LLC
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local-mode basis.>® From our observations and reliable data
for the cubic force constant®” k;s3, a prediction for the sec-
ond polarizability derivative 9’a/ 8q32 is made, which is ex-
pected to be an accurate value for that property. Note that
values for the force constants of SF¢ related to stretching of
the S—F bond, such as k33, are believed reliable, a fact also
attested to by the good agreement between calculated (k33
= —55.4 cm~!, Ref. 6; —56.75 cm~!, Ref. 7) and measured
values (—55.4 cm™!, Ref. 6; —56.25 cm™!, Ref. 7). Such con-
stants are also known to take large values as compared to con-
stants for stretch-bend or pure bend motions, and therefore
are expected to significantly add to (or subtract from) the har-
monic polarizability matrix-elements.

Finally, a heuristic argument is briefly outlined at the end
of the article to explain the polarization properties of the scat-
tered light for the 2v3 band.

Il. THE EXPERIMENT IN BRIEF

The description of our experimental setup has been given
in recent>2® and other publications®' 3 and will be skipped.
We only recall (i) that the scattering intensities were recorded
at an angle of 90° from the incident beam, (ii) that the po-
larization of this beam was chosen to be perpendicular (L)
or parallel (||) to the scattering plane, at will, and (iii) that,
for either polarizations, the scattering signal (counts/s) was
recorded at a fixed temperature, 7= 294.5 &+ 1 K, and over a
wide range of Raman wave numbers v and gas densities p.

We remind the reader that the only way to reliably access
physically meaningful light-scattering spectra, especially for
weak bands, is to respect a stiff protocol, such as the one es-
tablished by our group more than a decade ago, in which in-
dependent polarizations for the incident beam are used along
with a series of independent runs for different gas-density
values.?"3*37 In the present study, we ran, for each polariza-
tion of the incident beam, 10 independent experiments for the
following 10 values of gas density: 2, 3,5,7,9, 11, 13, 15, 17,
and 19 amagat (i.e., for gas pressures amounting to 2.13, 3.15,
5.12, 6.98, 8.74, 10.40, 11.95, 13.41, 14.77, and 16.03 bars).
Calibration of the Raman signals on an absolute scale was
made by means of the Sy(1) rotational line of molecular hy-
drogen, ensuring, for each value of p, conversion to absolute
spectral quantities S;(p, v) (withi = L or ||) and [;(v) = Si(p,
v)/p (measured in units of cm® amagat and cm?, respectively).
The use of S;(p, v) helps the reader distinguish the whole se-
ries of spectra for the various values of p on the same graph.
The intensity /;(v) only weakly depends on p, a dependence
revealing the pressure effects of the spectrum. Note that the
way in which the spectral widths and shifts in the observed
bands depend on the gas density is expected to be linear, and
its extrapolation to the p = 0 limit allows for revealing the nat-
ural characteristics of the band. Let us finally point out that in
the only previous works on this overtone,?”-? a fixed polar-
ization (L) had been used for the incident beam, which had
unavoidably restricted the recorded spectra to their polarized
I, components. It is nevertheless remarkable that (as far as
integrated intensities are concerned) the agreement between
the previous results and the ones reported here is from good
to excellent (see Table II).

J. Chem. Phys. 140, 124308 (2014)

After combination of the two intensities /;(v) and 1, (v)
with appropriate linear expressions to take into account the
aperture of the output beam, isotropic, I;5,, and anisotropic,
Lni, spectra are deduced, which tell us about the transition
matrix-elements of the SF¢ polarizability invariants & and
A«, respectively, and reveal spectral features directly related
to the symmetry classes of the overtone.

lll. NOTIONS OF GROUPS AND SYMMETRY CLASSES

To go deeper into this statement, the 2v; overtone ex-
pands as a sum of symmetry classes Aj, @ E; @ F,, each of
which is associated with certain polarizability components, as
follows: >

Ag: Oy + oty + 0z,
Eg: oy + 0y — 20,7, Ooy — Oy,
Fyg: Oy, Oy, Olzy .

The isotropic spectrum /;;,(v) is generated by the mean po-
larizability & and corresponds to the component Aj,. The
anisotropic spectrum /I,,;(v) is generated by the anisotropy
Aa and corresponds to components E, and Fa,. As a re-
sult, there are two sublevels in the anisotropic overtone, which
are indistinguishable experimentally, even though the symme-
try restrictions to which the transition matrix-elements obey
allow for substantial simplifications. The A;, component is
associated with value / = O for the vibrational angular mo-
mentum and with the combination (vs 4, V35, v3..) = (2,0, 0)
for the vibrational quantum numbers of the final state be-
cause v3 is a triply degenerate mode. As for the E, and F,
components, both are associated with the value / = 2 but
go with the combinations (2, 0, 0) and (1, 1, 0), respec-
tively. The position of component A;, was clearly localized
on our isotropic spectrum. Thanks to our highly sensitive ex-
periment, also the peaks of the two sub-bands corresponding
to E, and F,, components were discerned on the top of the
anisotropic spectrum, even though the main bodies of the two
sub-bands were mixed up with each other as expected. Partic-
ularly gratifying was the fact that, despite the low resolution
of our equipment, the positions of those three peaks agree well
with results from eigenvalue calculations® as well as with
observations from highly resolved two-photon IR-absorption
experiments, carried out decades ago?®3® or repeated sev-
eral years later in the framework of sub-Doppler IR-IR
double-resonance studies using a sideband spectrometer.>
The origin of the discrepancies between our Raman results
and those of the IR-IR experiments may be related to the
specificity of each physical process. If the anisotropic in-
tensity of the overtone were to lie entirely with one of the
E, or F,, channels, either of the two expressions would
be true: (Aa)%; = 3 (002000] aryx — ctyy [000000)* for E, or
(Aa)z-i = 9(002000] cr, |000000)? for F»,, when summed
over degeneracy. Yet, the way in which the total intensity
of the anisotropic spectrum is shared between these chan-
nels cannot be deduced experimentally. Below, only upper
bounds are given for the quantities (002000]cz,,|000000) and
(002000]axx — ¢r,,|000000), assuming that either the E, or
F, species could give the dominant contribution to (Aw)? ;-
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FIG. 1. Integrated signal crlf = f Si(p, v)dv (in cm? amagat) as a function of
density p (in amagat) for the two incident-beam polarizations i = L (e) and i

=1 (o).

IV. RESULTS

For each of the ten values of p, frequency integration
of I(v) (i = L, ||) was carried out and the results were
found to be insensitive to the values of p. This finding is evi-
dence of spectra strictly pertaining to isolated SF¢ molecules,
with no contamination by any binary, ternary, or higher-order
collision-induced contributions or by parasitic effects due to
foreign compounds. Figure 1 shows this property by illus-
trating the quantities o] = f S1(p, v)dv (filled symbols) and
oﬁ = [ S)(p, v)dv (empty symbols) as a function of density.
As anticipated above, the symbols associated with each spec-
tral component are tightly packed along a straight line pass-
ing from zero. The property of such a well-defined straight
line for each spectrum reveals that integrated intensities do
not depend on p, and so neither do zeroth-order spectral mo-
ments. The absence of signal at the origin shows that there
was no noise background.

(10* cm®amagat)

iso

S

\Y (Cm’1)

FIG. 2. Absolute-calibrated isotropic signal Sis,(p, v) (in cm? amagat) in the
region around 1888 cm™! as a function of Raman frequency v (in cm™1), for
ten values of p ranging from 2 to 19 amagat (in the upward direction).
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FIG. 3. Absolute-calibrated isotropic intensity I, (in cm?) in the region
around 1888 cm~! as a function of Raman frequency v (in cm™1), for ten
values of p ranging from 2 to 19 amagat. Same associations as the ones used
in Fig. 2 are made between the values of density and the colors depicting the
spectra. In the insets, the full width of the spectrum and the position of its
maximum are shown as a function of p.

A. The isotropic spectrum

In Figures 2 and 3, calibrated isotropic spectra are shown,
for the different values of gas density, as a function of v.
Figure 2 illustrates on a semi-logarithmic scale the function
Siso(p, V). The spectral intensity /;;,(v) is shown in Figure 3
on a linear scale. As a general remark, pressure effects are
very pronounced in the isotropic spectrum, as attested to by
the significant changes in the band shape of Figure 3 as the
gas density is increased. The most pronounced peak seen on
this figure corresponds to the position of branch Q of the 2v3
transition. The other pronounced peak located just before this
transition is the branch Q of the hot band vg + 2v3; — vg. A
simple calculation using the data reported in Table I of our
previous article (Ref. 5) shows that, at room temperature, the
population ratio between the levels (000000) and (000001) in
SFg is %9) = 1.82, which exactly corresponds to the ratio of
the two peak values upon extrapolation of the spectra to the
p — 0 limit.

At the far left side of the spectrum, a small structure
(highlighted in the logarithmic plot of Figure 2) is discerned
whose aspect is similar to the two pronounced bumps except
for a scaling factor. This structure is identified as the 2v; and
Ve 4+ 2v3 — Vg transitions of the isotopomer **SFg. The peak
intensity of this structure as compared to that of the main one
well confirms this conclusion: their ratio amounts to ~20, a

0 95.02

value corresponding to the concentration ratio®* “51 of sulfur

TABLE I. Full-width at ﬁ—maximum, I' (cm ~!), and position of the max-

imum, o (cm™"), for the isotropic and the anisotropic spectrum, as a function
of p (in amagat).

Isotropic Anisotropic
[ (cm™) 3.40(14) + 0.639(12)p 51.10(12) + 0.211(11)p
o (em™) 1888.42(6) — 0.127(6)p 1892.39(28) — 0.271(23)p
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isotopes 32S and 3*S. Furthermore, in accordance with qual-
itative expectations, the position of the overtone 2v; for the
isotopomer 3*SFg shows a redshift of —34.63(8) cm™!, with
respect to the overtone position of 328Fg, that is about twice as
great as the redshift value (—17.4163 cm™") observed for the
corresponding v3 fundamentals in high-resolution jet-cooled
IR-absorption experiments.*’ This isotopomeric band is also
to be incorporated in the calculation of the overtone given that
the polarizability matrix-elements for the two isotopomers are
nearly equal and the concentration of the isotopomer 3*S in
the cell is the same as in atmospheric SF.

In order to assess pressure effects on the isotropic spec-
trum, the band width and the position of the band maximum
were carefully calculated for the various values of p. Signifi-
cant pressure-broadening and redshift effects were found that
obeyed a linear law in p. This is illustrated in the insets of
Figure 3 and numerically given in Table I.

The main peak at the zero-density limit is located at the
frequency v = 1888.42(6) cm~!. This value, which refers to
the position of the Aj, component, compares well with the
previously reported 1889.05 cm~! and 1889.6 cm~! values,
obtained from two-photon IR-absorption experiments>38
and eigenvalue calculations,?” respectively.

As a last remark about this spectrum, note that its shape
closely resembles that of the recently studied 2vs overtone,’
in which the hot-band transition vg + 2vs — v had again a
significant role both in shape and in integrated intensity. At
room temperature, the state (000001) of SFg is the second
most populated level after the ground level.

A very important point to be stressed for the remainder of
this article is that hot bands of the type x + 2v; — x is an inte-
gral part of the overtone. By no means should these bands be
excluded from the calculation of the overtone’s spectral mo-
ment. This point, which has been adequately discussed in an
article on the 2v3 overtone of CO, (Ref. 41, p. 194305-4), can
be easily understood on the basis of the “principle of the com-
municating vessels,” to depict metaphorically the transfer and
the conservation of intensity between the principal transition
2v3 and the hot bands x + 2v; — x: If these bands were to
be excluded from the overtone intensity, the remaining inten-
sity would be temperature-dependent—and so too would be
the resulting polarizability matrix-elements and derivatives,
which is nonsensical.*?

B. The anisotropic spectrum

We now turn our attention to the anisotropic spectrum of
the overtone. At first sight this spectrum seems less sensitive
to density variations than it was the isotropic spectrum. Here,
the shape is strictly Gaussian whatever the density, yet ob-
servable broadening affects appear along with some shift of
the peak values, both obeying linear density laws.

Figures 4 and 5 show, for the different values of gas den-
sity, the calibrated anisotropic spectra of the overtone as a
function of v. Figure 4 illustrates the function S,,;(p, V), on a
linear scale. The spectral intensity 1,,;(v) is shown in Figure 5.
Apart from the clearly Gaussian shape of the spectrum, there
is another interesting feature in this profile: Two spikes appear
on the top of this spectrum, which are the distinctive marks

J. Chem. Phys. 140, 124308 (2014)
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FIG. 4. Same as in Fig. 2 but for the anisotropic signal. The scale used here
is linear.

of sublevels E, and F,,. Their positions, 1892.4(3) cm~! and
1895.1 cm™!, are close to the values of the literature, 1891.60
and 1896.53 cm™!, respectively, obtained from two-photon
IR absorption experiments.?’ They are also close to the cal-
culated eigenvalues 1889.6 and 1895.6 cm™!, respectively.*”
The discrepancies observed may have a physical origin re-
lated to the specificity of the process. Pressure effects are
again shown as insets.

Figure 6 illustrates, for an arbitrary value of gas density,
the quality of the Gaussian profile for the anisotropic spec-
trum. Thanks to such best fits, the pressure effects were again
determined and found to satisfy a linear density law both for
the band width and for the shift of the band maximum. The
width of the anisotropic spectrum turns out to be about 15
times the width of its isotropic counterpart.

Table I gathers the pressure band broadening and shift
density-laws for the isotropic and the anisotropic spectrum
of the overtone. For both spectra, a redshift of the band
maximum is observed, which for the anisotropic spectrum is
twice as great as it is for the isotropic spectrum. Both spec-
tra are broadened by pressure but the effect in the isotropic
component is three times more substantial than it is for the

02 — 1 T T T T T T T

p (amagat)

0.0 Be — — LSS
1800 1830 1860 1890 1920 1950 1980

v (em™)

FIG. 5. Same as in Fig. 3 but for the anisotropic intensity.
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FIG. 6. Anisotropic intensity obtained experimentally (symbols) and its best
fit with a Gaussian profile for an arbitrary value of gas density.

anisotropic component. All laws were found to be linear in
density with a very low dispersion of the data points around
the best fit curves. The insets of Figures 3 and 5 illustrate this
property. Symbol I' denotes full-width at 1/4/e-maximum; o
denotes the position of the maximum.

C. Depolarization ratio and spectral moment

Figure 7 shows the depolarization ratio n(v) of the over-
tone as a function of Raman frequency v, for three represen-
tative values of gas density. The overtone is highly polarized
close to the band center and this trend is enhanced as density
is decreased. Away from the center, the band becomes quickly
depolarized. The presence of the isotopomer **SFg is clearly
seen at the left side of the figure. The striking similarity be-
tween the two > 3*SF; isotopic structures (except for a scale
factor) is better shown here than in Figure 3.

An integrated depolarization ratio was also calculated
for each density, and its average value turned out to be 7;,
= 0.43(2). This result is in marginal agreement with the num-

=2

O 1 1 1

1 T T T 6

7

=2

0 1 1 1

)
=2

0 n n n n n n n n

1830 1860 1890 1920 1950

v (cm™)

FIG. 7. Depolarization ratio (v) as a function of v (in cm~') for the repre-
sentative gas density values 3, 11, and 17 amagat.

J. Chem. Phys. 140, 124308 (2014)

TABLE II. Isotropic and anisotropic zeroth-order (M) spectral moments in
units of cm®. Comparison with results from previous works is made.

My (cm®) This work Previous works
Isotropic 8.12(50) x 10~>* 8.25 x 10742
6.10 x 107340
Anisotropic 5.04(32) x 1073 5.93 x 107332
4.58 x 10730

4Shelton and Ulivi, Ref. 28.
YHolzer and Ouillon, Ref. 27.

ber 0 = ]iim = 0.46 deduced from the value n; =~ 0.30 re-
ported by Holzer and Ouillon.?” The 2v3 overtone, though still
qualified as a “polarized band,” is definitely far less polarized
than the 2vs overtone.®

Isotropic and anisotropic zeroth-order spectral moments,
M,, were also calculated, and their values (in cm®) are gath-
ered in Table II along with the M, values from previous stud-
ies. Note that in none of the past studies was the incident-
beam polarization oriented in other than the L direction. The
experimental uncertainty (values in parentheses) is the sum of
the statistical errors due to the linear regression and of the 6%
systematic errors in the calibration procedure.

D. The matrix-elements (Aa)s; and (&)y;

In view of the results gathered in Table II and of the
discussion in Sec. III, absolute values of transition matrix-
elements (002000) <— (000000) for the mean polarizability &
and anisotropy A« along with values for the upper bounds of
the matrix-elements of the two experimentally indistinguish-
able anisotropy components (o, — a,y) and a,, can be de-
rived. These are gathered in Table III.

E. The second derivatives

Starting from the zeroth-order moment, M), it is now pos-
sible to deduce the harmonic second derivative 9°&/ 8q32 , by
means of two expressions given in Ref. 5 [Egs. (9) and (12)
therein] whenever adapted to the case i = 3.

Because of the Raman inactivity of transition v, one has
d&/dgsz = 0. As for the first derivatives in the summation of
the second expression, d&/dq is the only nonzero term. This
is because the transitions v4 and v are Raman-inactive, while
v, and vs are totally depolarized, which means that v; is the
only Raman-active transition to be totally polarized. As a con-
sequence of this, the harmonic derivative reads

0’a 8
== M,
9g;3 3y5(T)

w1 o
402 — w? dq

— 2k133 ey

Full account of the hot bands corresponding to the lad-
der nvs — (n — 2)v; with n = 2, 3, 4, ... was taken through
the hot-band factor y;(T) (with i = 3, T = 294 K). Its value
for the 2v; band amounts to only 1.02. On the other hand, let
us emphasize again that hot bands corresponding to excited
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TABLE III. Absolute values of matrix-elements for mean polarizability & and polarizability anisotropy A« along with values for the upper bounds of matrix-

elements (oty, —

ayy) and a,y. Values from previous studies are also given. All values are in cm”.

3

[(002000| Acr|000000)| 1(002000] 0ty — cry,y|000000) | [{002000]ct, |000000) | 1{002000] & |000000)|
Eg, Fog Eq Fag Alg
7.03(22) x 10777 5.74 x 10727 234 x 10777 2.82(9) x 10727
7.62 x 107272 6.23 x 107272 2.54 x 107272 2.84 x 107272
6.70 x 10~27b 2.45 x 107%7°

“Shelton and Ulivi, Ref. 28.
bHolzer and Ouillon, Ref. 27.

modes other than the mode v3, such as vg + 2v3 — vg, etc.,
should instead enter the calculation of the overtone intensity
in order to preserve the temperature independence of the re-
sulting matrix-elements and thus of the derived polarizability
derivatives.

Table IV gathers the values of the effective anharmonic
derivative (3°@/3g3)au along with the derived values of the
harmonic property 3%a/ 3q32 at the equilibrium position in
units of 1072 ag (ag is the Bohr radius). The different values of
3@ /0q; corresponding to the same (3°@/9q3)ann value arise
from the different entry data for k133 and d&@/dq;. For deriva-
tive conversions, see the note of Ref. 44. The fact that the
sign difference in the input anharmonic derivative results in
values of 8°&/dq3 that differ both in the sign and in the order
of magnitude leaves room for cheap ab initio calculations to
decide between the two signs and to numerically assess the
actual value of the harmonic property.

a2 a2
As regards the derivatives £5¢ and 8¢ and
g aq3 , 093,4993, (3.4

q3, » denote any two of the three dimensionless normal coordi-
nates for the triply degenerate v3 mode), the data are not suf-
ficient to deduce their values from our observations because
the two sub-bands E, and F,, cannot be discerned experi-
mentally from the anisotropic spectrum. Yet, given that these
components are associated with the stretching quantum num-
bers (v3 4, V3.5, V3..) = (2,0, 0) and (1, 1, 0), respectively, the
2 92
%Q?“a and 3;,4%33.;;
0% (o —atyy) 0%ay,y
3q3 , 993,409,
it is the E, or the F,, component that is treated, respectively.
Unfortunately, Raman spectroscopy offers no possibility to

separate these two derivatives in the sum.

9% (0tyx —ayy) Bzaxy
343, and 093,493,

the matrix-elements for the two sub-bands, as well as anhar-

quantities

will be reduced to two separated

terms involving and , depending on whether

Note that to calculate

, one needs

TABLE IV. Values of (32&/3q32)a,,;, and 8251/3q3z, at the equilibrium posi-
tion, in units of 10’2a3. The different values of 3/ 3q32 corresponding to
the same (9%&/ Z)q%)a,,h value arise from the different entry data for ky33 and
0a/oq.

2%a -2 3 3a 10-2 3
3.11 5.95%b 5.84%¢ 5.900-d 5.80¢4
—3.11 —0.27%b —0.38%¢ —0.32%4  _p.42¢d

2ky33 = —56.25 cm™! (expt.), Ref. 7.
Yda/dq = O.975a3 (expt.), Ref. 43.
cda/dq, = 0.937ag (ab initio), Ref. 4.
dk133 = —55.4 cm™! (calculations), Ref. 6.

monic corrections that involve cubic force constants?® k»3s
and k335 and first harmonic derivatives with respect to ¢, and
gs. No data for any direct or cross second derivative of (o,
— a,y) Or ay, are available in the existing literature. The
known values for the constant k33 are expected to be accu-
rate to within <10% (for they involve only stretching modes).
The ones for k335 are less reliable. Table V gathers values for
the cubic force constants (in cm™') entering the calculation
of the second polarizability derivatives of v3. These values
have been taken from previous experimental and theoretical
studies. One explanation for the large discrepancy between
the two k335 values —4.58 and —2.05 cm ™' reported in Ref. 7
is that the latter has been predicted from the harmonic force-
field.” Note that the data for the cubic force constants reported
in the literature sometimes refer to Ci33, Ca33, and Cs3s, or to
b133, 9233, and @335, but their conversion to ky33, kp33, and k335

is possible through the expressions k33 = %, ko33 = "2%,

kyss = &2, and ¢133 = 2C133, o33 = \/§C233, $335 = C35.
The expressions relating nomenclature C to nomenclature ¢
in SF¢ have been given in Ref. 45 (Table 2, therein). Con-
fusions between the meaning of k and ¢ are often witnessed
in relationships involved in anharmonicity corrections. In this
context, see a comment published recently.*®

V. A HEURISTIC ARGUMENT

Let us now present a heuristic argument to justify why
the 2v3 band is polarized. This argument, initially reported
in Ref. 32 to show that the 2v3; overtone of CO, is a de-
polarized band, runs as follows. In the asymmetric stretch-
ing of CO,, the two oxygen atoms spend most of their time

TABLE V. Cubic force constants (in cm™!) entering the calculation of the
second polarizability derivatives. In the last row, the values and their uncer-
tainties (shown in parentheses) enable a quick inventory of the different re-
sults obtained with various theoretical assumptions in Ref. 6.

Pure stretch
Stretch-bend

k133 ko33 k33s
—56.25° —87.7% —4.58%
—56.75> —86.1° —2.05°
—55.4¢ —89.1¢ —5.0°
—55.4(1)4 —85(2)4 —6.4(2)4

2Reference 7 (expt).
bReference 7 (calculations).
“Reference 6 (expt).
dReference 6 (calculations).
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FIG. 8. Sketching SFs in the v3 vibration. The three cartoons (upper row)
depict the three stretching motions along the three S—F-S axes (dashed-line
arrows) for the triply degenerate stretching v3 vibration of the molecule. Su-
perposition of the three independent motions, each with arbitrary phase, leads
to ellipsoidal motions for the vibrating atoms. The two-dimensional ellipses
of motion that result from the combination of just two of the v3 components
are shown in the single cartoon (lower row).

close to the turning points, i.e., in positions of two unequal
C-O lengths. As there are two equivalent such configura-
tions, depending on whether it is the one or the other oxygen
which is closer to carbon, the molecule scatters the radiation
like an effective binary system. But (collision-induced) light-
scattering by binary systems is known to be a process pri-
marily depolarized,'”#’ which is exactly what was observed

with the 2v3 band of CO, (A};% ~ 420, see Ref. 33). Does
this argument also apply to th6021)3 band of SF¢? Because of
its triple degeneracy, the v; vibration in SFg is not in all as-
pects the same as the v3 vibration of CO,, even though in both
vibrations there are three aligned atoms to stretch asymmetri-
cally. As a result, the atoms in SFg undergo a superposition of
three stretching motions (one per F-S—F axis), each with a dif-
ferent phase, and the resulting picture resembles an effective

spherical particle. This property shows that the 2v; of SFg is
a polarized band (% >~ 6, see Table II), in agreement with
the general statemenot that spherical systems generate polar-
ized light-scattering spectra. This is illustrated in Figure 8. In
the first row of this figure, three cartoons are sketched to de-
pict the three orthogonal stretch motions in the vs-vibrating
molecule. The fourth cartoon shown alone depicts the com-
bined motion between two of the former asynchronous
motions. The resulting motion brings about vibrational mo-
mentum [ and Coriolis couplings—a situation having little in

common with the non-degenerate v3 vibration of C0,.8

VI. SYNOPSIS

We reported a rather exhaustive analysis of the SFg
2v3 overtone at room temperature. This overtone arises
from electrical anharmonicity and is allowed in Raman even
though its fundamental transition is not. It was detected with
light-scattering equipment of unprecedented sensitivity and
with use of a meticulous protocol, involving two different po-

J. Chem. Phys. 140, 124308 (2014)

larizations for the incident beam and a series of ten different
gas pressures. This enabled access to a multitude of hitherto
unknown properties and features, such as frequency-resolved
absolute isotropic and anisotropic spectra at the low density
limit, pressure broadening and shift effects, and subtle
structures such as the positions of the E, and F,, sub-bands
relevant to the anisotropic spectrum, which (along with the
all-symmetrical Aj,) were so far only accessible through
multiphoton infrared absorption. Our study also permitted a
prediction of the second derivative of the molecule’s mean
polarizability as an attempt to fill a gaping hole in the litera-
ture. Comparative analysis with the few data found in the two
previous Raman studies on this overtone was made, and the
agreement observed is a further validation of our approach
and a guarantee for its success. A number of other findings
were also discussed in relation with the role of the hot bands
around the main transition, the presence of isotopomers,
the degree of accuracy of the anharmonicity cubic force
constants, and the role of this overtone in general as a means
to better understand the inner workings of the v; asymmetric
stretching of SFg. This vibration is the main cause of radiative
forcing by this molecule, whose global warming potential is
the largest of all Kyoto-protocol greenhouse gases.

!One kilogram of SFg is equivalent to 22.8 metric tons of CO5 on a 100-year
time horizon.
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