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Hydro-chloro-fluoro-carbons (HCFCs) are potent green-
house gases which strongly absorb the infrared (IR) radi-
ation within the 8 — 12 ym atmospheric windows. De-
spite international policies schedule their phasing out by
2020 for developed countries and 2030 globally, HCFC-132b
(CH2CICCIF3) has been recently detected with significant
atmospheric concentration. In this scenario, detailed cli-
mate metrics are of paramount importance for understand-
ing the capacity of anthropogenic pollutants to contribute
to global warming. In this work, the radiative efficiency
(RE) of HCFC-132b is experimentally measured for the
first time and used to determine its global warming po-
tential (GWP) over 20-, 100- and 500-year time horizon.
Vibrational- and rotational-spectroscopic properties of this
molecule are first characterized by exploiting a synergism
between Fourier-transform IR (FTIR) spectroscopy exper-
iments and quantum chemical calculations. Equilibrium
geometry, rotational parameters and vibrational properties
predicted theoretically beyond the double-harmonic approx-
imation, are employed to assist the vibrational assignment
of the experimental trace. Finally, FTIR spectra measured
over a range of pressures are used to determine HCFC-132b
absorption cross section spectrum from 150 to 3000 cm ™!,
from which istantaneous and effective REs are derived and,
in turn, used for GWP evaluation.

Introduction

A variety of chemical pollutants is released into the atmo-
sphere in large amount as a result of human activities. Once
emitted, these substances are dynamically transported over
the different layers of the atmosphere where they undergo
oxidative chemical transformation, over a range of spatial
and time scales depending on the degradation mechanism
responsible for their removal which, in turn, dictates their
atmospheric residence time. Either the pristine compound
and the degradation products then exert a negative effect
on the environment. Among anthropogenic emissions into
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the atmosphere, increasing levels of carbon dioxide are the
foremost cause of global warming because of its indisputable
role in unbalancing the Earth’s radiative budget. In this re-
spect, the concept of radiative forcing (RF) has been widely
used as a key metric to measure the externally induced net
energy imbalance at the top of the atmosphere capable of
causing climate parameter changes and ultimately of lead-
ing a new equilibrium state!"!. Based on this definition, in
conjunction with atmospheric lifetimes, a molecule’s radia-
tive efficiency (RE) is established, representing the RF per
unit change in a gas atmospheric concentration, thus pro-
viding a measure of its greenhouse strength. In addition,
the global warming potential (GWP) index, i.e. ratio of the
time-integrated radiative forcing from the instantaneous re-
lease of 1 kg of a trace substance relative to that of 1 kg of
a reference gas, provides a standardized metric (on a COs2-
equivalent scale), for comparing the greenhouse capacity of
non-CO4 gases.

While COsz is the main driver of climate change, the RF
due to halogenated compounds is estimated to be about
20 — 25% that of carbon dioxide!®. These compounds bear
many diverse applications, being used as refrigerants, fire
extinguishers, blowing agents, anesthetics, and reactants
for the production of fine chemicals. In particular, chlo-
rofluorocarbons (CFCs) have found widespread application
thanks to their thermal and chemical stability that, on the
other hand, make these molecules to be characterized by
very long atmospheric lifetimes of hundreds or even thou-
sands of years. As a consequence, CFCs are capable of dif-
fusing from the emission point in the troposphere to the
stratosphere where, UV irradiation from the sun, causes
homolytic dissociation of the C—Cl bond with the release
of chlorine atoms that triggers the catalytic destruction of
stratospheric ozone, a process that has led to the appear-
ance of the ozone hole. As a consequence, the production
and use of CFCs have been banned by the Montreal Pro-
tocol on ozone-depleting substances (ODS) and its subse-
quent amendments that also scheduled the phasing out for
hydro-chloro-fluorocarbons (HCFCs) emissions by 2020 for
developed countries and 2030 globally. These indeed have
been considered as ad interim replacements of CFCs, in
view of their shorter lifetimes due to the presence of at
least one C—H bond that is prone to attack by the OH
radical in the troposphere. Despite the existing interna-
tional regulations, emissions of some ODS have been sur-
prisingly observed to be diminishing very slowly or even
increasing. In particular, a few years ago long-term emis-
sions in the atmosphere of three ODS, CH2CICCIF, (HCFC-
132b), CH2CICF3 (HCFC-133a) and CH,CIF (HCFC-31),
were reported 31 Among these, HCFC-132b has been de-
tected with an increasing mixing ratio over the period from
2016 to 2019, with a maximum concentration of 0.17 ppt re-
trieved toward the end of 2019 in the northern hemisphere.
This HCFC has not reported end-uses, even though it is



likely formed during the synthesis of CF3CF2H (HFC-134a)
and possibly other hydro-fluoro-carbons used in refrigerat-
ing systems. For this reason, it is barely regulated by the
Montreal protocol that focuses on ODS with end-use appli-
cations while posing less control on feed-stocks and pro-
cess emissions. Even though HCFC-132b could be used
as refrigerant, a few studies have dealt with this molecule,
mainly because of the lack of end-uses. Some investiga-
tions on properties like toxicity 4, compressibility B con-
ductance!® and thermodynamic functions [7l have been car-
ried out over the years, while photochemical processes (8l
and the kinetics of the reaction toward the OH radical (%],
which are of interest from the point of view of atmospheric
chemistry, have been addressed to some extent. Very re-
cently, the mechanistic and kinetic details of the reaction
between HCFC-132b against the OH radical and the Cl
atom have been analyzed by using ab initio triple-slash dual-
level direct dynamics, showing that the room-temperature
H-abstraction by the atom Cl is about 3.6 times faster than
the OH-initiated reaction ™.

The vibrational and rotational spectra of HCFC-132b
have, to the best of our knowledge, never been characterized.
An accurate knowledge of the vibrational-rotational spec-
troscopic properties of molecules with atmospheric relevance
is, on the one side, a fundamental prerequisite to exploit
spectroscopic remote sensing retrievals, and, on the other,
the knowledge of the absorption cross-section infrared (IR)
spectrum is necessary to measure the radiative efficiency
which, in turn, coupled with the molecule atmospheric life-
time allow its GWP to be derived ', While the RE
and GWP of HCFC-132b have recently been reported in
the last World Meteorological Organization (WMO) ozone
assessment report to be 0.214 Wm ™ 2ppbv~' and 332['%
for a time horizon of 100 years, it has to be noted that
these values do not rely on IR absorption cross section spec-
tra measured experimentally, but rather simulated theoret-
ically within the double-harmonic approximation. The lat-
ter, however, is well-known to be impacted by several draw-
backs, the most important one being a general overestima-
tion of transition frequencies, and the missing contributions
stemming from overtones and combination bands. Based
on the available literature on the subject (16-19] frequency
overestimation ranges from a few cm™! to hundreds em™*
while the error in the computed intensities is, on average,
twice that stemming from full anharmonic computations.
While the application of empirical scaling factors can al-
leviate the problem of frequency overestimation, it cannot
recover for the missing transitions nor introduce anharmonic
effects into the computed transition strengths. Under this
point of view, it has been reported that for hydrofluorocar-
bons the error in the predicted band strengths range from
5 to 20 % depending on the molecule 201,

With these premises, the present work deals with a com-
bined theoretical and experimental determination of the ro-
tational and vibrational spectroscopic properties of HCFC-
132b with the final aim of deriving, for the first time, its
RE and GWP. Specifically, the molecular structure and the
spectroscopic parameters relevant to rotational spectroscopy
are first derived by using composite schemes which are also
adopted to derived IR transition frequencies and intensi-
ties beyond the double harmonic approximation. These are
then used to interpret the pattern of fundamental transi-
tion frequencies of this molecule experimentally measured
by medium resolution Fourier Transform Infra-Red (FTIR)

spectroscopy. It can be anticipated, at this stage, that the
unexpected discrepancies initially observed between the ex-
perimentally measured and quantum chemically simulated
band-shapes have led to consideration of both conformers
of this molecule, namely the C's and C; configurations re-
ported in Figure 1; actually, the latter one exists in two ener-
getically and spectroscopically equivalent rotamers that can
be obtained upon rotation about the C—C bond. Account-
ing for the relative population of the conformers, as obtained
from quantum chemical calculations, to Boltzmann average
the corresponding synthetic spectra has led to a one-to-one
correspondence with the experimental observations. After
interpretation of the fundamental modes of vibration, the
experimental absorption cross section spectrum is measured
for the first time over the spectral range 150 - 3500 cm™*
and used to derive the effective radiative efficiency account-
ing for both stratospheric temperature and lifetime correc-
tions. Finally, the GWP of HCFC-132b is derived over 20-,
100- and 500-years time horizons.

4

Figure 1. Structure of HCFC-132b (a) Cs and (b) Ci conformers
with atom labelling. The orientation of the principal axes of inertia
is also shown.

Results and Discussion

As pointed out in the Introduction, initially only the Cg
conformer of the molecule has been considered for the in-
terpretation of the IR spectrum in the fundamental band
regions. However, comparison between experimental and
simulated traces has soon evidenced a significantly larger
number of strong absorptions in the former. Despite these,
in a first instance, could be attributed to hot bands arising
from the lowest energy levels, whose population can reach
60% of the ground vibrational state, the corresponding tran-
sition frequencies are not compatible with those predicted
theoretically. Hence, the second conformer, belonging to
the C1 symmetry point group, has been considered which,
according to DSDPBEPS86/jun-cc-pV(T+d)Z calculations,
is only 0.4 kcal mol™! higher in energy than the Cs struc-
ture, and therefore it can produce easily detectable spectral
features. In the next subsection, the equilibrium geome-
try and the rotational spectra of the main isotopologues
of both conformers are characterized theoretically. While
this data is not used to in the evaluation of climate met-
rics, we deemed its inclusion relevant to provide an overall
characterization of the rotational-vibrational spectroscopic
properties of the molecule that, to the best of our knowl-
edge, is lacking. Subsequently, the attention is devoted to
the investigation of the fundamental vibrational properties



and the determination of RE and GWP, which are under-
taken through an interplay between theory and experiment.
Finally, the absorption cross section spectrum is measured,
and used to derive experimental REs and GWPs of HCFC-
132D for the first time.

Equilibrium geometry and rotational
spectroscopic parameters

The equilibrium geometries of HCFC-132b conformers ob-
tained within the ChS are reported in Table 1 with atom
labelling being detailed in Figure 1. As it can be seen, a
part from the Cl4C3C2Cl11 dihedral angle, the most im-
portant structural variations between the Cgs and the Ci
conformers are noted for the Cl4C3C2 and F6C2C3 valence
angles, that change by about 4° in opposite directions, and
the C2CIl1 and C2F6 distances that, respectively, shortens
and elongates by about 0.01 A. In passing, it is also worth
noticing the reliability of the structural parameters obtained
at the DSDPBEP86-D3/jun-cc-pV(T+d)Z level of theory,
which predicts valence and dihedral angles in very good
agreement with ChS ones (the maximum difference being
0.3° for the C11C2C3C4 dihedral of the C: conformer), and
the maximum deviation in bond lengths is related to the
overestimation of the C—Cl bond length, as expected from
previous investigations and that, anyway, can be easily cor-
rected by resorting to the Nano-LEGO tool?%?2

Moving from ChS equilibrium geometries, the correspond-
ing equilibrium rotational constants, BY, (a = a,b, ¢ being
the principal axis of inertia) can be straightforwardly de-
rived, from which ground state rotational constants, B§,
that can be used to drive laboratory investigations, have
been obtained by correcting them through vibrational cor-

rections perturbatively computed at the DSDPBEP86-D3/jun-

cc-pV(T+d)Z level of theory. These are reported in Ta-
ble 2 together with quartic- and sextic-centrifugal distor-
tion constants, within the A— reduced Watson’s Hamilto-
nian in the III" representation obtained again from DS-
DPBEP86 computations. The accuracy of the predicted
rotational parameters is expected to be around 0.1% for ro-
tational constants!*??% and within 10% for the centrifugal
distortion parameters[17’18’24l. Table 2 also reports dipole
moment components along the molecular principal inertial
axis for both the C's and C conformers, which rule the in-
tensities of their pure rotational transitions. By using the
VMS-ROT software?°! and the rotational spectroscopic pa-
rameters collected in Table 2, the room temperature pure
rotational spectra of both HCFC-132b conformers have been
simulated as reported in Figure 2. As it can be seen, the
rotational spectra of the C'y rotamer are predicted weaker
than the C's rotamer by about a factor of 2, which should be
further scaled in view of the relative population of the two
species. Furthermore, as the molecule contains two chlo-
rine atoms with nuclear spin quantum number I = 3/2,
rotational transitions are expected to be split into hyperfine
components. For the purpose, nuclear quadrupolar coupling
constants for both Cl atoms are also listed in Table 2 thus
providing a complete characterization of the rotational spec-
tra of 3Cl isotopologues of HCFC-132b rotamers which can
be used to support their experimental characterization.
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Figure 2. Simulated rotational spectra of HCFC-132b between 0
and 1000 GHZ for (a) the C's and (b) the C1 rotamers.

Vibrational spectrum of HCFC-132b
conformers

This subsection is devoted to the elucidation of the HCFC-
132b normal modes of vibration and their experimental char-
acterization driven by theoretical simulations. A complete
analysis of the absorption features involving combination-,
overtone- and hot-transitions, as well as the understand-
ing of the corresponding vibrational dynamics associated to
anharmonic couplings is out the present scope and it will
be deferred to a subsequent work extending the analysis
beyond 3500 cm™' and considering potential absorptions
from the minor isotopologues containing 3"Cl. The HCFC-
132b molecule possesses eighteen normal modes of vibration
which can be classified according to the symmetry proper-
ties of the equilibrium configuration of the two conformers
that, from the spectroscopic point of view, behave as two
distinct species. The most stable rotamer, belonging to the
Cs symmetry point group, is an asymmetric nearly prolate
rotor with an asymmetry parameter kK = —0.96. The a and b
principal axis of inertia define the symmetry plane, with the
c axis perpendicular to it. The eighteen normal modes of vi-
bration, therefore, can be classified as 114’ @ 7A", with A’
vibrations giving rise to hybrid a/b bands, and vibrations of
A" symmetry producing c-type absorptions. The rotamer of
C; symmetry, whose principal axis of inertia are depicted in
Figure 1, has an asymmetry parameter xk = —0.70. Clearly,
all vibrational normal modes belong to the A irreducible
representation and therefore they can produce hybrid a/b/c
bands with the magnitude of the various components de-
pending on the orientation of the transition dipole moment.
Transition frequencies and IR intensities computed accord-
ing to the ChS within the double-harmonic approximation
are listed in Table 3 for both conformers. Harmonic intensi-
ties within the ChS, IE"® of each normal mode ¢ have been
obtaining according to the following equation [*%):

IiC’hS _ IiC’CSD(T)/VTZ JFAIZ_MP2/(T4;)) +A[ZMP2/CV 1)

where the first term on the r.h.s. is the harmonic inten-
sity at the CCSD(T)/cc-pVTZ level, while the second and
the third terms account for the enlargement of the basis
set and the contribution from the correlation of core elec-
trons, respectively. The former is obtained as the differ-
ence between MP2 values computed with the cc-pVQZ and



Table 1. Equilibrium geometry of HCFC-132b conformers.[@]

parameter Conf. 1 ChS"” Conf. 1 DSD!Y) Conf. 2 ChSY Conf. 2 DSD/
r(C2—Cl1) 1.7705 1.7786 1.7586 1.7655
r(C2—C3) 1.5116 1.5156 1.5136 1.5176
r(C3—Cl4) 1.7678 1.7720 1.7618 1.7655
r(C2—F5) 1.3354 1.3397 1.3363 1.3406
r(C2—F6) 1.3354 1.3397 1.3450 1.3500
r(C3—HT7) 1.0838 1.0865 1.0839 1.0866
r(C3—HS) 1.0838 1.0865 1.0857 1.0886
a(C3C2C11) 108.84 108.77 113.06 113.07
a(C2C3C14) 110.97 110.97 112.22 112.26
a(C3C2F5) 111.47 111.58 111.10 111.20
a(C3C2F6) 111.47 111.58 107.51 107.57
a(C2C3HT) 108.88 108.92 108.89 108.92
a(C2C3HR) 108.88 108.92 107.45 107.46
0(Cl4C3C2C11) 180.00 180.00 62.46 62.80
§(F5C2C3Cl1) -119.83 -119.79 -122.96 -122.99
d(F6C2C3ClI1) 119.83 119.79 119.93 119.87
0(H7C3C2Cl4) -119.78 -119.79 -120.91 -120.97
5(H7C3C2Cl4) 119.78 119.79 119.46 119.46
(4] Bond lengths in A, bond angles in deg.
] Values at ChS level.
(] Values at DSDPBEP86-D3/jun-cc-pV(T+d)Z level

cc-pVTZ basis sets, while the latter is the difference be-
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The spectral region between 150 and 400 cm ™! features 2'22_ o o —

the presence of three main absorptions located respectively
at 168 cm™!, 281 cm™! and 315 cm™!, clearly observable
in Figure 3. According to the quantum chemical calcula-
tions, the C's conformer is expected to have three funda-
mental vibrations coherent with these observations: v11 at
171 cm_l, 110 at 282 em ™! and 117 at 327 cm ™. The first
one is predicted with an intensity of 0.63 km mol~! which
however overlaps with the the v17 fundamental of the Ci
conformer having a strength of 0.75 km mol ™' and resonat-
ing at 170 cm~!. Therefore, both the normal modes ap-
pear as the carriers of the observed band. The absorption
feature, measured at 281 cm ™!, can be safely assigned to
the 19 band of the most stable rotamer which occurs with
an intensity of 1.02 km mol™* according to the ChS:DSD
hybrid computations. The last observed band might, at
first glance, be linked to the v17 fundamental of the Cg
conformer, whose intensity at ChS:DSD level is 0.90 km
mol~t. However, the simulations carried out for the C7 ro-
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Figure 3. (a) HCFC-132b experimental FTIR spectrum between
155 and 400 cm~! (T = 295.2 + 1.1 K, resolution = 2.0 cm ™1, op-
tical path length = 200 mm). (b) HCFC-132b simulated spectrum:
overall spectrum due to both conformes (top panel) and separate
contributions from conformer 1 (middle) and conformer 2 (bottom).



Table 2. Rotational spectroscopic parameters of HCFC-132b ro-
tamers of the A— reduced Watson's Hamiltonian in the II1I"

representation.[?]

Conf. 1 Conf. 2
A, 4647.374 3248.880
B. 1336.504 1665.238
C. 1278.266 1391.259
Ap 4620.932 3232.212
By 1328.680 1655.404
Co 1270.771 1382.895
Ay 0.0966 0.2600
Ask 1.7697 -0.7706
Ag 0.9061 1.1952
8 0.0021 0.0541
Sk -0.0367 0.6410
o, 4.70 x107% -8.09 x107°
D, 3.85 x107°  1.07 x1073
Dy -2.61 x107®  -1.31 x10~*
dx 4.89 x107® -1.91 x107°
b7 2.07 x1077  -3.62 x107°
DIK -1.74 x107*  -7.25 x107°
b -1.51 x1072  3.75 x1073
Xaa (CI1) -50.00 27.60
xo» (CI1) 15.91 -62.08
Xee (CI1) 34.10 34.49
Xab (CI1) -38.41 27.34
Xae (CI1) 0.00 -0.57
xbe (CI1) 0.00 1.70
Xaa (Cl4) -58.30 -31.02
Xob (Cl4) 21.58 13.34
Xee (Cl4) 36.71 17.685
Xab (C14) -34.93 -38.78
Xae (Cl4) 0.00 -34.29
Xbe (Cl4) 0.00 -21.03
fha -0.23 0.51
I -1.88 -0.67
e 0.00 -1.41

la] Equilibrium and ground state rotational constants in
MHz; quartic centrifugal distortion constants in kHz;
sextic centrifugal distortion constants in Hz; nuclear
quadrupolar coupling constants in MHz; ground state
dipole moment components in D.
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Figure 4. (a) HCFC-132b experimental FTIR spectrum between 400
and 3500 cm—! (T =295.2 + 1.1 K, resolution = 0.5 cm~L, op-
tical path length = 134 mm). (b) HCFC-132b simulated spectrum:
overall spectrum due to both conformes (top panel) and separate
contributions from conformer 1 (middle) and conformer 2 (bottom).



tamer indicate that this band is rather due to the 16 of
the latter species, which gives rise to a much stronger ab-
sorption predicted at 312 cm™! with an intensity of 2.15
km mol™! (recall that, anyway, it has to be scaled for the
relative population of this species). Finally, inspection of
the spectrum reveals the presence of a shoulder discernible
at 327 cm™ ! that can be assigned to normal mode vi17 of
the main rotamer. Moving to the region above 400 cm ™!,
the weak signal with absorption maximum at 423.8 cm™*
can be assigned to the v14 band of the Cy conformer (1.4
km mol™'); the shoulder at about 435 cm™" well correlates
with the vy transition of the main rotamer which is pre-
dicted at 435 cm™! with an intensity of 0.32 km mol ™.
Still with reference to this rotamer, the vg band can be
observed at 555.0 cm ™!, whereas the absorptions at 576.0
em ™! and 667.4 cm ™, which initially could not be assigned
by considering only this species, do originate from the 12
and v1;1 fundamental transitions, respectively, of the C; ro-
tamer, which are calculated to occur at 576 cm ™! (I = 17.9
km mol™!) and 668 cm ™! (I = 32.9 km mol™!). Moving on
within the atmospheric spectral window, the v19, v9 and vg
fundamental transitions of the C7 rotamer have been iden-
tified, driven by quantum chemical calculations, with the
medium-strong features located at 820.2 cm™!, 894.7 cm™*
and 1030.7 cm™!, respectively. This spectral region also
bears the absorptions arising from the v7 (768.2 cmfl), Ve
(786.2 cm™'), 15 (903.9 cm™') and vs (972.8 cm™!) fun-
damentals of the Cs conformer as well as a number of com-
bination and hot bands whose detailed assignment will be
postponed to a subsequent work. The spectral interval be-
tween 1060 and 1160 cm™! is dominated by a very strong
absorption due to a bundle of bands among which the v14, at
1100.4 cm™*, and the v7, at 1114.3 cm ™", fundamentals of
Cs and (' rotamers, respectively, can be picked out. These
observations are in good agreement with ChS:DSD compu-
tations that place these transitions at 1096 cm™' and 1110
cm™! with intensities of about 80.5 and 161.3 km mol ™!,
respectively. The last portion of the atmospheric window is
also characterized by a number of strong absorptions among
which the most important one is probably the v band of the
C conformer at 1189.1 cm~!. Furthermore, the v4 and v13
fundamental transitions belonging to the main conformer
assigned at 1234.2 and 1258 cm™!, respectively, coalesce
with the v5 fundamental (1244.0 cm™') of the second ro-
tamer producing a broad feature spanning over the 1210
em™! to 1280 cm™! range. This is immediately followed
by the v3 fundamental of the main conformer, observed at
1302.4 cm ™' and predicted at 1299 cm ™!, whose R-branch
overlaps with the v4 band of the C7 rotamer, which has
been measured at 1305 cm ™! again in good agreement with
ChS:DSD theoretical predictions (1304 cm ™). To conclude
with the identification of the fundamental vibrations, the
v2 normal mode of the C's conformer gives rise to an a/b-
hybrid band, with prevalence of a-type character, located at
1434.5 cm™?, in excellent agreement with theoretical predic-
tions (1434 cm ™) and which obscures the nearby v3 band of
the C1 rotamer expected at about 1435 cm ™! with an inten-
sity around 6 km mol~! which lowers to 4 km mol~! taking
into account the relative abundance of the minor species.
Finally, the region between 2940 and 3040 cm ™! hosts the
highest-frequency fundamental vibrations: the ;1 normal
mode of the main rotamer produces a well defined band at
2990.1 cm ™!, whose P—branch overlaps with the v vibra-
tion of the C1 confomer, with maximum measured at 2985.0

c¢cm ™. The v; normal mode of the same rotamer produces a
weak band, in accordance with ChS:DSD computations, at
3030.6 cm ™' whereas no absorptions coming from the v12
vibration of the C's species have been observed, probably
due to the low intensity of this transition.

Table 3. Harmonic frequencies (cm™!) and IR intensities (km
mol~1) of the vibrational normal modes of HCFC-132b conform-
ers.

Conf. 1 (Cs) Conf. 2 (C)

OSSO s
w1 3121 7.17 3183 0.39
w2 1472 10.58 3109 7.21
w3 1333 22.47 1474 9.59
on 1253  84.00 1335 6.95
ws 992 201.08 1269 85.92
we 803 11.68 1216 74.52
w7 782 101.74 1136 176.01
ws 561 12.78 1052  151.81
Wy 439 0.19 908 28.92
w10 284 1.10 839 36.21
w11 172 0.63 677 35.13
wiz 3192 0.77 582 18.03
wiz 1287 72.59 444 0.02
wia 1120 92.99 427 1.70
w15 919 9.33 329 0.15
w16 418 0.06 314 2.08
w17 329 0.88 172 0.86
w18 105 2.29 100 1.83

Table 4. Fundamental vibrational frequencies (cm~—!) and anhar-
monic intensities (km mol™!) of the normal modes of HCFC-132b
conformers.

Conf. 1 (Cg) Conf. 2 (Cq)
Chs

JEwxp.la] ,ChS®  [ChS Eap.la] 7ChS
anh anh

vy 2990.1 2988 6.84 3030.6 3042 0.51
vo 1434.5 1434 10.26 2085.0 2994 7.39
vs 1302.4 1299 14.81 n.a.[b] 1435 6.61
vy 1234.2 1227 70.83 1305(1) 1304 6.94
vs 972.8 974 129.59 1244.0 1242 78.27
ve 786.2(5) 790 4.84 1189.1 1186 58.05
vr 768.4 769 107.48 1114.3 1110 161.31
v 555.0 555 12.28  1030.7(5) 1032 144.30
v 434.9 435 0.32 894.7 893 26.14
V10 281(1) 282 1.02 820.2 822 30.56
V11 168(1) 171 0.63 667.4 668 32.99
Vi n.a. 3052 0.44 576.0 576 17.95
V13 1258(1) 1257 53.80 n.a. 440 0.10
via 1100.4 1096 80.47 423.8 424 1.44
V15 903.9 903 9.30 n.a. 325 0.14
V16 n.a. 417 0.03 315(1) 312 2.15
Vit 327(1) 327 0.90 168(1) 170 0.75
v1g le] 105 2.26 le] 97 1.86

[a] Figures within parentheses are experimental uncertainties in the units of
the last significant digit. The uncertainty amounts to 0.2 cm™! if not

reported. [Pl Overlapped with vy of conformer 1. [€]

experimental spectral .

Out of the acquired

Radiative efficiency and global warming
potential

In order to determine the RE of HCFC-132b, its photo-
absorption cross section spectrum has been first derived by
means of least squares analysis of multiple absorption spec-
tra according to the following procedure?®271 For each
spectrum measured at varying pressure, the point-by-point
absorbance cross section per molecule (cm? molecule™") of
the radiating species, o(7), has been calculated from the
measured infrared absorbance according to



- In10A(P)
o(o) = " 2)
where A(D) is the absorbance at wavenumber 7, [ (cm) is
the optical path-length, c is the sample concentration (mol
em™®), and N4 is Avogadro’s number. After checking the
linearity of the Beer-Lambert’s law at each wavenumber in
the whole concentration range adopted during the experi-
ments (Beer’s law plots are provided in Figures S.1 and S.2
of the supporting information), the final photo-absorption
cross section spectrum at each wavenumber has resulted
from the average of the absorbance cross section obtained
at the each different HCFC-132b pressures employed.
REs have calculated based on the Pinnock’s narrow band
model (NBM) ¥ using Equation 3:

RE=Y" /“ o(0)dD|FL (3)

where o(0) is absorbance cross section as defined in Eq.
2, integrated over the spectral range between ;1 and ;2
and F! is the radiative forcing per unit cross section of
the global-annual mean atmosphere (GAM). In particular,
the RF of the GAM worked out by Shine and Myre!??,
which includes molecule dependent adjustments for strato-
spheric temperature, has been used. Besides considering
experimental cross section spectra, the HCFC-132b RE has
been also derived based on the computed quantm chemi-
cal counterpart that, however, neglects the underlying ro-
vibrational structure. Following the procedure recently vali-
dated [301, computed stick spectra have been convoluted with
a Lorentzian function with a half-width at half-maximum
(HWHM) of 30 cm™' in order to effectively consider the
spectral bandshape. The convoluted spectrum has been
subsequently used for the calculation of the anharmonic in-
tegrated absorption cross section over the series of integra-
tion intervals required by the NBM, Eq. 3. In all cases, the
RE evaluation has been conducted in the range from 155
em™' to 3000 cm ™.

The model developed by Pinnock assumes a well-mixed
distribution of gases across altitude and latitude. However,
it has been demonstrated that when such conditions are not
met, a correction term for the gas lifetime (7) must be in-
troduced. In our study, we have adjusted the RE values by
considering a 7 of 3.5 years ' within the S-shaped curve 3!
to account for the non-uniform vertical profile and horizon-
tal distribution, assuming that OH degradation is the domi-
nant removal process for this compound. The calculation of
REs was performed using a home-made software. Further
details about the methodology, are reported in Ref. 2.

The absorption cross-section provides a measure of the

2% over the 400 - 3500 cm™! and about 13% for the 150
- 400 cm™! region. The RE and ERE retrieved from the
measured photo-absorption spectrum are reported in Table
5. Let us recall that EREs are better predictors of sur-
face temperature response than instantaneous REs (291 The
same table also collects the theoretical REs obtained from
the Boltzmann average of the absorption cross section spec-
tra quantum chemically computed for the C's and C; ro-
tamers. Table 5 also reports the values listed in the last
WMO ozone depletion assessment report (151 As evident,
the experimentally derived RE and ERE are significantly
lower (by 14%) than those collected in the WMO report,
whereas an excellent agreement between experimental and
quantum chemical values is noted. An ERE of HCFC-132b
obtained from anharmonic quantum chemical calculations,
that well matches with the present experimental determi-
nation, has already been reported previously [30]7 however
in in this work, we have improved these theoretical ERE
values by including the second conformer. The 13% overes-
timation in the RE taken from the WMO 2022 ozone deple-
tion assessment is not surprising, being based on theoretical
spectra computed within the double-harmonic approxima-
tion 2 which totally neglects contributions from overtone-
and combination- transitions, intensity redistribution due to
anharmonic coupling and it generally overestimates funda-
mental absorption cross sections. Thus, while computation-
ally simpler and less demanding, resorting to the double-
harmonic treatment of vibrations can lead to significant dif-
ferences compared to experimental results, with apparently
accurate outcomes stemming from error compensation.

T
®
2
8
1

3.5
3.0
2.5
2.0
1.5
1.0
054
0.0
1.0

T T
s o0
o oo
888
2 -1.
cm” molecule

-19

- _
2000 2500 300Q) 14

0.5

o oo
8 8 3
Absortion cross-section [10

Radiative forcing [10° W m? cm (107 cm? molecule™) ]

0.0 T T T
200 250 300 350

Wavenumber [cm']

Figure 5. IR absorption cross section spectrum of HCFC-132b (red
line) superimposed to the RF per unit cross section of the GAM
(black solid line): (top) whole spectral range and (bottom) magni-
fied view in the region between 155 and 375 cm~1.

overall strength of IR absorption and its variation with wavenum-

ber. While the atmospheric lifetimes of HCFCs are generally
shorter than those of the analog CFCs, similar to the lat-
ter ones, most of the long-wave absorption of HCFC-132b
occurs in the atmospheric window region between 800 and
1200 cm', as shown in Figure 5a, which reports the photo-
absorption cross section spectrum experimentally retrieved
in this work over the 155 - 3000 cm! range superimposed
to the RF of the GAM. In passing, it should be noted that
the total integrated IR absorption cross section over this
spectral range amounts to 10.1 x 107!7 em? molecule™,
of which 6.0 x 107'7 cm? molecule™ fall within the at-
mospheric window. The uncertainty of the measured ab-
sorption cross section spectrum has been estimated to be

Table 5. Experimental and theoretical radiative efficiency (W m~—2
ppbv~1) of HCFC-132b.

Exp. Theo. WMO!!
RE  0.187 0.194 0.214
ERE 0.168 0.174 0.192

Furthermore, in this work, we also measured absorption
contributions between 150 and 500 cm ™! which are magni-
fied in Figure 5 b, a range that is usually not considered in
experimental determinations 1331 of REs. The HCFC-132b
RE due to the low-frequency absorptions has been quanti-



fied to be 0.3% of the overall forcing.

The global warming potential (GWP) of HCFC-132b has
been derived from the experimental ERE here determined
and the atmospheric lifetime of 3.5 yr suggested in the WMO
2022 report[l5] according to:

AGW Prcrc—1326(TH)

GW Pacro—1320(TH) = AGW Pco, (1)
2

(4)

where 7y denotes the time horizon over which the global
warming potential is evaluated and AGW P; is the absolute
global warming potential of the species 7. The approach
used to generate radiative metrics provided here is based
on the 2019 CO2 abundance and is fully described in Hod-
nebrog et al.®. The COy AGWPs for the 20-, 100-, and
500-year time horizons are 2.434 x 104, 8.947 x 10~ %, and
3.138 x 107" Wm2yrkg ™", respectively, which are consis-
tent with the values stated in IPCC AR6!*5]. The GWP val-
ues for HCFC-132b have been estimated as 1006, 275, and
78 for the 20, 100, and 500-year time horizons, respectively.
The values reported by the WMO in 2022 are 1190, 332,
and 951°! which are higher than the present results by about
15%, as a consequence of the aforementioned overestimation
on the RE. As shown in figure 6, even if the AGWP remains
constant across different time horizons, the most significant
differences in GWP are observed in the first 20 years. This
is due to the short lifetime of the molecule, governed by nat-
ural atmospheric removal processes that prevent indefinite
increases in its atmospheric concentration, even with stable
emission rates!®4. Consequently, its strong warming influ-
ence diminishes rapidly over a few decades. It is important
to note that treating long- and short-lived climate pollu-
tants in the same manner fails to capture their contrasting
dynamics accurately #4351, This highlights the importance
of refining RE values and enhancing the accuracy of spec-
troscopic properties of molecules to ensure reliable climate
metrics.

AGWP HCFC-132b: - = This work, - = WMO02022
3.0+ GWP HCFC-132b: —— This work, WMO02022 o 2000
CO,:- = AGWP, —— GWP -
@ I 1500
3 2.01
€
= 1000 &
e [0
o
= 1.0
o L
g 500
O]
<€
0.0+ 0

T T T T
0 100 200 300 400 500

Time horizon [yr]

Figure 6. Absolute Global Warming Potencial (AGWP) and Global
Warming Potencial(GWP) of HCFC-132b determined in this work
(red line) and in the WMO 2022 report on ozone depletion(black
line). AGWP and GWP of CO> are also reported (blue line).

Conclusion

Among anthropogenic atmospheric gases, HCFCs, originally
introduced as ad interim replacements of CFCs, can seri-
ously contribute to global warming mainly because of their

strong IR absorptions in the 8 - 12 ym atmospheric windows.
Despite the existing regulations, HCFC-132b has been un-
expectedly detected in the atmosphere with increasing con-
centrations. As this molecule has no known end-uses, it is
not surprising that its spectroscopic properties, which are of
relevance for both atmospheric monitoring and for the deter-
mination of climate metrics, escaped any dedicated investi-
gation. In the present work, the rotational- and vibrational
spectroscopic properties of HCFC-132b have been charac-
terized for the first time by adopting an integrated experi-
mental and theoretical approach with the final aim of deter-
mining its radiative efficiency and global warming potential.
The interplay between theory and experiment pointed out
that the observed spectroscopic behaviour is actually due to
the the mixture of two different rotamers, having C's and
C1 respectively, which stem from the rotational about the
C—C bond and are only 0.4 kcal mol~! apart. More in de-
tail, the equilibrium molecular structure of the two rotamers
has been computed by the ChS CCSD(T)-based compos-
ite scheme, which is expected to deliver and accuracy of
0.2 mAand 0.2° for bond lengths and angles, respectively.
From the equilibrium structures, ground state rotational
constants have been derived and supplemented through cen-
trifugal distortion parameters, nuclear quadrupole coupling
constant and dipole moment components, thus allowing the
simulation of the pure rotational spectra. Then, IR transi-
tion frequencies and intensities beyond the double-harmonic
approximation have been predicted by using an hybrid force
field, in which ChS harmonic properties have been mixed
with anharmonic contributions evaluated using the DSDP-
BEPS86 density functional. These quantum chemical pre-
dictions have been used to drive the interpretation, in the
fundamental band regions, of the FTIR spectrum recorded
experimentally over the 150 - 3000 cm™' range. The ob-
served signals have been found to be completely coherent
with the Boltzmann average of the IR spectra simulated for
the two conformers. Finally, the absorption cross section
spectrum of HCFC-132b has been experimentally derived
over the spectral range between 155 and 3000 cm ™', which
has been employed to obtain the first experimental measure-
ment of the effective radiative efficiency of this molecule,
which has resulted to be 0.168 W m~2 ppbv~' by consid-
ering both stratospheric and lifetime adjustments. There-
fore, the HCFC-132b RE listed in the WMO 2022 report
on ozone depletion is overestimated by 13%, mainly be-
cause it is based on a theoretical estimate of the absorption
cross-section spectrum obtained within the double-harmonic
approximation. Indeed, the RE here experimentally de-
rived is in excellent agreement with the present quantum
mechanically computed value (0.174 W m™2 ppbv™'), ob-
tained by adopting a quantum chemical workflow featuring
non-empirical calculation of anharmonicity in both transi-
tion frequencies and intensities, inclusion of low-frequency
contributions and consideration of conformational distribu-
tion (3% (a comparison between experimental and quantum
chemical IR absorption cross section spectra is given in Fig-
ure S.3 of the SI). From the retrieved RE, the GWP of
HCFC-132b has been estimated over the 20-, 100- and 500-
year time horizons (1006, 275, and 78, respectively), show-
ing that WMO reported values are overestimated by about
15% as a consequence of the overestimation in the REs.
All in all, besides providing the first rotational/vibrational
spectroscopic characterization of this molecule and the first
experimental assessment of its RE and GWP, our analy-



sis demonstrates that, in addition to atmospheric lifetimes,
variations in REs can significantly affect GWP calculations.
It is crucial that these values are continuously updated and
strive for the highest accuracy. These metrics can influ-
ence both private and public decision-making processes, as
they quantify the carbon budget and guide mitigation poli-
cies. They also serve as the framework for predicting future
global surface temperature changes under specific emissions
scenarios, thereby informing adaptation guidelines to cli-
mate change.

Methods

Computational

The molecular structure and vibrational-rotational spectro-
scopic properties of HCFC-132b were predicted by quantum
chemical computations carried out at different levels of the-
ory in order to properly treat both electronic and nuclear
problems. The equilibrium structure was computed by ex-
ploiting the cheap composite scheme (ChS) [36] that is based
on the coupled cluster theory with singles, doubles and a
perturbative estimate of triples, CCSD(T) 7 and in top
of it applies extrapolation to the complete basis set (CBS)
limit and core-correlation effects. The ChS was also used
for computing harmonic frequencies of vibration, quartic
centrifugal distortion constants and the nuclear quadrupo-
lar coupling constants due to the presence of the Cl nu-
cleus®®l. More in detail, within the ChS the estimate of the
target property pChS (p standing for structural parameters,
quartic centrifugal distortion constants, nuclear quadrupo-
lar coupling constants or harmonic vibrational frequencies)
is obtained by adding to the value computed at CCSD(T)
level in conjunction with the cc-pVTZ basis set corrections
that accounts for the CBS extrapolation and core-valence
correlation evaluated using the second-order Mgller-Plesset
(MP2) 19 perturbation theory. The CBS limit is estimated
on the basis of the n~3 equation applied with cc-VTZ and
cc-pVQZ basis sets, while the core-valence contribution is
evaluated as the difference between the values computed
at the MP2 level in conjunction with the cc-pCVTZ basis
set by correlating all electrons and within the frozen core
approaximation, respectively. Vibrational anharmonic con-
tributions to the computed harmonic properties were eval-
uated resorting to density functional theory (DFT). Ac-
cording to the recent literature, double-hybrid functionals
like B2PLYP % and (rev-)DSDPBEPS6*! joined with a
triple-¢ basis set can be recommended for the purpose in
view of their good performance in the prediction of struc-
tural and ro-vibrational spectroscopic properties [17,19,42,43]
In the present work, the DSDPBEP86 functional in con-
junction with the jun-cc-pVTZ basis set 44 was employed
as it has been demonstrated to perform very accurately
when applied to the evaluation of the RE of halogenated
hydrocarbonslm’l?’]. The basis set was supplemented by
an additional set of d functions on the Cl atom in order
to improve the accuracy of the results['®%°. At all the
levels of theory considered, geometry optimizations were
first carried out, followed by evaluation of analytical Hes-
sians. Cubic and semidiagonal quartic force constants and
second- and third-order derivatives of the dipole moment
were obtained through numerical differentiation of analyti-
cal Hessian matrices, and first-order derivatives of the dipole

moment surface, respectively. The relevant spectroscopic
parameters were derived in the framework of vibrational
perturbation theory to second-order (VPT2) [46-48] 1y using
the computed equilibrium geometries, harmonic properties
and anharmonic force constants. Coupled cluster compu-
tations were performed by using the CFOUR software [,
while MP2 and DFT calculations were carried out employ-
ing the Gaussianl6 suite of programs 1501 which was also
adopted for applying VPT2 through its built-in generalized
VPT2 engine[51’52]. On the basis of the available litera-
ture, the applied computational methodology is expected
to provide equilibrium geometries accurate within 2 mA for
bond lengths and 0.1—0.2° for bond angles, and fundamen-
tal transition frequencies and intensities predicted with an
average error around 5 cm ™' and a few km mol ™!, respec-
tively. [24:53-561,

Experimental

The gas-phase IR spectra of HCFC-132b were recorded in
the range of 150 — 3500 cm ™! by employing a Bruker Vertex
70 FTIR instrument. More in detail, spectra in the 150 -
400 cm ™! region were acquired at a resolution of 2 cm™?
using a 20.0 (£0.5) cm path length cell having polyethy-
lene windows. For the 400 - 3500 range, the gas was intro-
duced in a double walled, stainless steel cell, fitted with KBr
windows and with an optical path-length of 134.0 (£0.5)
mm and the spectra were acquired at resolutions of 0.5
and 1.0 cm~!. For the vibrational analysis, the spectra
were recorded at room-temperature, 128 scans were aver-
aged, and the pressure of the gas was varied in the range of
2.4 — 29.3 hPa. Determination of the absorption cross sec-
tion spectra was performed according to a well consolidated
experimental procedure [14.56,57]  For the measurements per-
formed in the 400 - 3500 cm ™!, spectra with a 0.5 cm ™! res-
olution were obtained at constant temperature (295.24+1.1
K) at nine different gas pressures in the range of 1.5 — 16.3
hPa and 128 interferograms were acquired for each spec-
trum in order to increase the signal-to-noise ratio. In the
150 - 400 cm ™! spectral region, absorption spectra were ac-
quired at eleven different pressures, in the interval between
67.2 — 114.1 hPa, in the same experimental conditions de-
scribed above. Pressure measurements were performed em-
ploying a capacitance vacuum gauge with a full-scale range
of 125 mbar and quoted manufacturer’s full scale accuracy
of 0.15%. The gas cell was evacuated down to about 1072
Pa before and after each sample and the background spec-
tra were acquired. Adsorption of the gas sample on the cell
walls was checked both by directly measuring the pressure,
and by monitoring the absorption spectrum: it was found
negligible over a period of 1 h, which is far longer than the
typical time required to obtain a spectrum. The HCFC-
132b commercial sample was supplied by Ambinter with a
stated purity of 95%, and it was used without any further
purification.

Acknowledgements

The STARK group is acknowledged for high-performance
computing facilities. Scuola Normale Superiore is acknowl-
edge for financial support through the project “Computa-
tional Modeling for Environmental Chemistry and Sustain-
ability: from atmospheric monitoring to photo-catalysis”.



This publication was produced while attending the PhD
programme in PhD in Sustainable Development And Cli-
mate Change at the University School for Advanced Studies
IUSS Pavia , Cycle XXXVIII, with the support of a schol-
arship co-financed by the Ministerial Decree no. 352 of 9"
April 2022, based on the NRRP - funded by the European
Union — Next Generation EU - Mission 4 "Education and
Research", Component 2 "From Research to Business", In-
vestment 3.3. The financial support by University Ca’ Fos-
cari Venezia (ADiR funds) is gratefully acknowledged.

Conflict of Interest

No conflict of interest to declare.

Keywords: Climate metrics ¢ Computational chemistry e In-
frared spectroscopy e Greenhouse gases e Halocarbons

References

[1] P. Forster, T. Storelvmo, K. Armour, W. Collins,

J.-L. Dufresne, D. Frame, D. Lunt, T. Mauritsen,

M. Palmer, M. Watanabe, M. Wild, H. Zhang, IPCC

6" Assess. Rep. 2021, pages 923-1054.

V. Ramaswamy, W. Collins, J. Haywood, J. Lean,

N. Mahowald, G. Myhre, V. Naik, K. P. Shine, B. So-

den, G. Stenchikov, T. Storelvmo, Meteorol. Monogr.

2019, 59, 14.1.

M. K. Vollmer, J. Miihle, S. Henne, D. Young,

M. Rigby, B. Mitrevski, S. Park, C. R. Lunder,

T. S. Rhee, C. M. Harth, M. Hill, R. L. Langenfelds,

M. Guillevic, P. M. Schlauri, O. Hermansen, J. Arduini,

R. H. Wang, P. K. Salameh, M. Maione, P. B. Krum-

mel, S. Reimann, S. O’Doherty, P. G. Simmonds, P. J.

Fraser, R. G. Prinn, R. F. Weiss, L. Paul Steele, Proc.

Natl. Acad. Sci. USA 2021, 118, €2010914118.

M. Anders, Environ. Health Perspect. 1991, 96, 185 —

191.

M. L. J. Deviney, W. A. Felsing, J. Am. Chem. Soc.

1957, 79, 4915.

P. H. Smith, W. P. Kilroy, S. D. James, J. Chem. Eng.

Data 1984, 29, 284.

J. B. Cross, J. Lielmezs, J. Chem. Eng. Data 1967, 12,

75.

G. P. Rodrigues, E. Ventura, S. Andrade Do Monte,

M. Barbatti, J. Comput. Chem. 2016, 37, 675 — 683.

R. T. Watson, A. R. Ravishankara, G. Machado,

S. Wagner, D. D. Davis, Int. J. Chem. Kin. 1979, 11,

187.

K. M. Jeong, K. J. Hsu, J. B. Jeffries, F. Kaufman, J.

Phys. Chem. 1984, 88, 1222.

N. Rais, Z. Salta, N. Tasinato, ACS FEarth Space Chem.

2023, 7, 892 — 900.

N. Tasinato, A. Pietropolli Charmet, G. Ceselin,

7. Salta, P. Stoppa, J. Phys. Chem. A 2022, 126, 5328

— 5342.

A. Pietropolli Charmet, G. Ceselin, P. Stoppa, N. Tasi-

nato, Molecules 2022, 27, 748.

[14] P. Stoppa, A. P. Charmet, N. Tasinato, S. Giorgianni,
A. Gambi, J. Phys. Chem. A 2009, 113, 1497 — 1504.

[15] W. M. O. (WMO)., Scientific Assessment of Ozone De-

2]

3]

[4]
[5]
[6]
7]
18]

[9]

[10]
[11]

[12]

[13]

10

[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]

[27]

[28]
[29]
[30]

[31]

pletion: 2022, GAW Report No. 278, WMO, Geneva,
Switzerland 2022.

I. Carnimeo, C. Puzzarini, N. Tasinato, P. Stoppa,
A. Pietropolli Charmet, M. Biczysko, C. Cappelli,
V. Barone, J. Chem. Phys. 2013, 139, 074310.

N. Tasinato, Int. J. Quant. Chem. 2014, 11/, 1472.
R. Boussessi, N. Tasinato, A. Pietropolli Charmet,
P. Stoppa, V. Barone, Mol. Phys. 2020, 118, e1734678.
V. Barone, G. Ceselin, M. Fusé, N. Tasinato, Front.
Chem. 2020, 8, 584203.

J. B. Burkholder, P. Marshall, P. P. Bera, J. S. Fran-
cisco, T. J. Lee, J. Phys. Chem. A 2020, 124, 4793.
G. Ceselin, V. Barone, N. Tasinato, J. Chem. Theory
Comput. 2021, 17, 7290.

V. Barone, G. Ceselin, F. Lazzari, N. Tasinato, J. Phys.
Chem. A 2023, 127, 5183 — 5192.

C. Baiano, J. Lupi, N. Tasinato,
V. Barone, Molecules 2020, 25, 2873.
A. Pietropolli Charmet, P. Stoppa, N. Tasinato,
S. Giorgianni, J. Mol. Spectrosc. 2017, 335, 117.

D. Licari, N. Tasinato, L. Spada, C. Puzzarini,
V. Barone, J. Chem. Theory Comput. 2017, 13, 4382
— 4396.

A. P. Charmet, P. Stoppa, N. Tasinato, A. Baldan,
S. Giorgianni, A. Gambi, J. Chem. Phys. 2010, 133,
044310.

P. M. Chu, F. R. Guenther, G. C. Rhoderick, W. J.
Lafferty, J. Res. Natl. Inst. Stand. Technol. 1999, 10/,
59.

S. Pinnock, M. D. Hurley, K. P. Shine, T. J. Walling-
ton, T. J. Smyth, J. Geophys. Res. 1995, 100, 23227.
K. P. Shine, G. Myhre, J. Adv. Model. Earth Syst.
2020, 12, e2019MS001951.

D. Alvarado-Jiménez, N. Tasinato, Atmos. Environ.
2024, 338, 120839.

(). Hodnebrog, B. Aamaas, J. S. Fuglestvedt,
G. Marston, G. Myhre, C. J. Nielsen, M. Sandstad,
K. P. Shine, T. J. Wallington, Rev. Geophys. 2020, 58,
€2019RG000691.

D. K. Papanastasiou, A. Beltrone, P. Marshall, J. B.
Burkholder, Atmos. Chem. Phys. 2018, 18, 6317.

D. van Hoomissen, V. C. Papadimitriou, J. B.
Burkholder, Mol. Phys. 2023, page €2273412.

J. Lynch, M. Cain, R. Pierrehumbert, M. Allen, Envi-
ron. Res. Lett. 2020, 15, 044023, publisher: IOP Pub-
lishing.

W. J. Collins, D. J. Frame, J. S. Fuglestvedt, K. P.
Shine, Environ. Res. Lett. 2020, 15, 024018, publisher:
IOP Publishing.

C. Puzzarini, V. Barone, Phys. Chem. Chem. Phys.
2011, 13, 7189.

K. Raghavachari, G. W. Trucks, J. A. Pople, M. Head-
Gordon, Chem. Phys. Lett. 1989, 157, 479.

A. Pietropolli Charmet, P. Stoppa, S. Giorgianni,
J. Bloino, N. Tasinato, I. Carnimeo, M. Biczysko,
C. Puzzarini, J. Phys. Chem. A 2017, 121, 3305.

C. Mgller, M. S. Plesset, Phys. Rev. 1934, 46, 618.

S. Grimme, J. Chem. Phys. 2006, 124, 034108.

G. Santra, N. Sylvetsky, J. M. L. Martin, J. Phys.
Chem. A 2019, 123, 5129.

R. Boussessi, G. Ceselin, N. Tasinato, V. Barone, J.
Mol. Struct. 2020, 1208, 127886.

N. Tasinato, C. Puzzarini, V. Barone, Angew. Chem.
Int. Ed 2017, 56, 13838.

C. Puzzarini,



[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]
[52]

[53]

[54]

[55]

E. Papajak, J. Zheng, X. Xu, H. R. Leverentz,
D. G. Truhlar, J. Chem. Theory Comput. 2011, 7,
3027a€3034.

Z. Salta, J. Lupi, N. Tasinato, V. Barone, O. N. Ven-
tura, Chem. Phys. Lett. 2020, 739, 136963.

D. Papousek, M. R. Aliev, Molecular wvibra-
tional/rotational  spectra,  Elsevier, = Amsterdam
1982.

I. M. Mills, Vibration-Rotation Structure in
Asymmetric- and Symmetric-Top Molecules, in
K. N. Rao, C. W. Mathews (Editors), Molecular Spec-
troscopy: Modern Research, pages 115-140, Academic
Press, New York 1972.

M. R. Aliev, J. K. G. Watson, Higher-Order Effects in
the Vibration-Rotation Spectra of Semirigid Molecules,
in K. N. Rao (Editor), Molecular Spectroscopy: Modern
Research, volume 3, pages 2—67, Academic Press, New
York 1985.

J. F. Stanton, J. Gauss, M. E. Harding, P. G. Szalay,
CFOUR. A quantum chemical program package 2016,
with contributions from A. A. Auer, R. J. Bartlett, U.
Benedikt, C. Berger, D. E. Bernholdt, Y. J. Bomble, O.
Christiansen, F. Engel, M. Heckert, O. Heun, C. Huber,
T.-C. Jagau, D. Jonsson, J. Jusélius, K. Klein, W. J.
Lauderdale, F. Lipparini, D. Matthews, T. Metzroth,
L. A. Miick, D. P. O’Neill, D. R. Price, E. Prochnow, C.
Puzzarini, K. Ruud, F. Schiffmann, W. Schwalbach, S.
Stopkowicz, A. Tajti, J. Vazquez, F. Wang, J. D. Watts
and the integral packages MOLECULE (J. Almlsf and
P. R. Taylor), PROPS (P. R. Taylor), ABACUS (T.
Helgaker, H. J. Aa. Jensen, P. Jorgensen, and J. Olsen),
and ECP routines by A. V. Mitin and C. van Wiillen.
For the current version, see http://www.cfour.de.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scal-
mani, V. Barone, G. A. Petersson, H. Nakatsuji, X. Li,
M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko,
R. Gomperts, B. Mennucci, H. P. Hratchian, J. V. Or-
tiz, A. F. Izmaylov, J. L. Sonnenberg, D. Williams-
Young, F. Ding, F. Lipparini, F. Egidi, J. Go-
ings, B. Peng, A. Petrone, T. Henderson, D. Ranas-
inghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng,
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Ki-
tao, H. Nakai, T. Vreven, K. Throssell, J. A. Mont-
gomery, Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark,
J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T. A. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. P. Rendell, J. C. Burant, S. S.
Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman, , D. J. F.
and, Gaussian 16 Revision C.01, gaussian Inc. Walling-
ford CT 2016.

V. Barone, J. Chem. Phys. 2005, 122, 014108.

J. Bloino, M. Biczysko, V. Barone, J. Chem. Theory
Comput. 2012, 8, 1015.

C. Puzzarini, J. Bloino, N. Tasinato, V. Barone, Chem.
Rev. 2019, 119, 8131.

A. Melli, M. Melosso, N. Tasinato, G. Bosi, L. Spada,
J. Bloino, M. Mendolicchio, L. Dore, V. Barone,
C. Puzzarini, Astrophys. J. 2018, 855, 123.

L. Spada, N. Tasinato, F. Vazart, V. Barone, W. Cam-
inati, C. Puzzarini, Chem. Eur. J. 2017, 23, 4876.

11

[56] A. Pietropolli Charmet,

P. Stoppa, N. Tasinato,
S. Giorgianni, V. Barone, M. Biczysko, J. Bloino,
C. Cappelli, I. Carnimeo, C. Puzzarini, J. Chem. Phys.
2013, 159, 164302.

[67] N. Tasinato, A. Pietropolli Charmet, P. Stoppa,

S. Giorgianni, A. Gambi, Chem. Phys. 2012, 397, 55.



Entry for the Table of Contents

HCFC'132b Detected in the

atmosphere

09 7 GHG
JQ)‘}"

+

1.Computational

*

quantum @ :
chemistry : ]

2. Experimental -

measurements

900 1400

HCFCs are strong greenhouse gases absorbing infrared radiation. Despite
plans to phase them out by 2030, HCFC-132b was recently detected in the
atmosphere. Its vibrational- and rotational-spectroscopic properties, radiative
efficiency, and global warming potential are measured by coupling Fourier-
transform infrared spectroscopy and quantum chemical calculations.
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