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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.5286/edata/9 Hydrofluorocarbons (HFCs) are used as substitutes for ozone-depleting substances regulated under the Montreal
58 Protocol. While having zero ozone depletion potential, HFCs strongly absorb infrared (IR) radiation, making
Keywords: them potent greenhouse gases. Vibrational modes associated with C-F stretching absorb strongly within the
Infrared absorption cross sections atmospheric window (750-1250 cm™!), contributing substantially to radiative forcing. The low-frequency

Climate metrics
Global warming
Halogenated organics

region (< 500 cm™'), which accounts for approximately 16% of the Earth’s thermal emission, has however
remained largely unexplored mainly due to instrumental challenges. Here, we present the first experimental
measurements of IR absorption cross-sections in the 150-500 cm~! range for HFC-236fa, HFC-245fa, and HFC-

Quantum chemical calculations 43-10mee — three industrially relevant compounds with high global warming potentials (GWPs). The spectra

were recorded at the Rutherford Appleton Laboratory using a high-resolution Fourier-transform infrared (FTIR)
spectrometer in the temperature range between 225 and 298 K at resolution of 0.25 cm’'. In addition, IR
cross section spectra were simulated through quantum chemical (QC) calculations including a non-empirical
treatment of anharmonic effects.

From the experimental results, we derived effective radiative efficiencies (EREs) in the low-frequency region
of 0.001, 0.005, and 0.003 W m~2 ppb~! for HFC-236fa, HFC-245fa, and HFC-43-10mee, respectively, and
revised global warming potentials over 20-, 100-, and 500-year time horizons. Comparison with values reported
in the WMO Ozone Assessment Report 2022 reveals minor differences for HFC-245fa and HFC-43-10mee,
whereas their value for HFC-236fa shows a significant overestimation, corresponding to a discrepancy of
approximately 360 units in the 100-year GWP. Theoretical predictions reproduced experimental band strengths
with an overall average deviation of 4%, confirming the reliability of the computational approach even in the
low-frequency region. This indicates that the QC technique is likely to provide reliable estimates for RE and
GWP for similar compounds where measurements are not available.

These findings highlight that small variations in the treatment of low-frequency absorptions can propagate
into substantial contributions in climate metrics, particularly for long-lived compounds. Overall, this study
provides a consistent experimental-theoretical framework for quantifying the radiative forcing of HFCs and
similar compounds and reduces current uncertainties in the estimation of their climate-relevant parameters.
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D. Alvarado-Jiménez et al.
1. Introduction

Hydrofluorocarbons (HFCs) are synthetic compounds introduced as
substitutes for ozone-depleting substances regulated under the Mon-
treal Protocol [1] . They are mainly used in fire suppression, foam pro-
duction, refrigeration and air conditioning, and while they do not de-
plete stratospheric ozone, their strong infrared (IR) absorptions makes
them potent greenhouse gases, with steadily increasing atmospheric
concentrations in recent decades [2]. Indeed, the presence of C-F
bonds leads to intense IR absorptions within the atmospheric window
(750-1250 cm~1), where relatively few other natural gases absorb
efficiently. This spectral placement enhances their greenhouse capacity,
and despite their low atmospheric mixing ratios, HFCs are making
a growing contribution to global radiative forcing, being currently
around 2% [3]. Two key climate metrics are used to quantify this effect:
the effective radiative efficiency (ERE), defined as the radiative forcing
per unit change in mole fraction, and the global warming potential
(GWP), which compares the integrated forcing of a unit mass emission
of a gas relative to an equal mass emission of CO, over a selected time
horizon. In addition to atmospheric lifetime, IR absorption cross-section
data is required to determine EREs and GWPs. Recent attention has
focused on the low-frequency IR region (< 500 cm™1), which accounts
for nearly 16% of the terrestrial emission spectrum [4-6]. However,
the great majority of Fourier-transform infrared (FTIR) measurements
extend only down to ~500 cm~!, leaving the lower spectral range
largely unexplored due to instrumental challenges, particularly for the
spectral region below 400 cm~! [7,8].

To fill this gap, in the absence of experimental data, quantum
chemical (QC) calculations can be exploited to provide both IR ab-
sorption cross sections [9] and atmospheric lifetimes [10,11] required
to determine climate metrics. To this end, density functional theory
(DFT) within the double-harmonic approximation has been employed
to estimate the contribution of low-frequency bands, which is generally
predicted to be less than 5% of the total absorption cross section [6,
12,13]. However, harmonic calculations are known to overestimate
vibrational frequencies and band intensities while neglecting overtones
and combination bands, resulting in deviations that may range from
~20% to nearly 50%, depending on the molecule [14-18].

In this context, HFC-236fa (CF;CH,CFj3, 1,1,1,3,3,3-hexafluoroprop-
ane), HFC-245fa (CF;CH,CHF,, 1,1,1,3,3-pentafluoropropane), and
HFC-43-10mee (CF;CF,CHFCHFCF;, 1,1,1,2,2,3,4,5,5,5-decafluorope-
ntane) are of particular interest due to their widespread industrial
use. HFC-236fa is primarily employed in fire suppression and refrig-
eration, HFC-245fa as a blowing agent for foams, and HFC-43-10mee
mainly as an industrial solvent. Despite their relatively low atmo-
spheric concentrations, their high 100-year GWPs (9120, 1610, and
966 for HFC-236fa, HFC-245fa, and HFC-40-10mee, respectively) make
them potentially significant contributors to global warming in the
future [19]. As such, their emissions can be included in the Na-
tionally Determined Contributions submitted by Parties to the 2015
Paris Agreement to the United Nations (UN) Framework Convention
on Climate Change, and they are specifically included in the control
measures of the 2016 Kigali Amendment to the UN Montreal Protocol
on Substances that Deplete the Ozone Layer. Observations from the
Advanced Global Atmospheric Gases Experiment (AGAGE) indicate that
their atmospheric abundances have steadily increased over the past two
decades [2]: HFC-236fa, the second longest-lived and highest-GWP HFC
after HFC-23, increased from below 0.1 ppt in the mid-2000s to about
0.3 ppt in 2024; HFC-245fa rose from 0.7 ppt in 2007 to 3.8 ppt in
2024; and HFC-43-10mee, grew from 0.2 ppt in 2010 to approximately
0.3 ppt in 2024.

Existing literature on the ERE of these molecules is summarized in
Hodnebrog et al. [20] and further reported in the Assessment of Ozone
Depletion: 2022 released by the World Meteorological Organization
(WMO) [19]. These ERE values are based on the mean of a collection
of IR absorption cross sections spanning the 600-1500 cm~! range for
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Fig. 1. Molecular structures of (a) HFC-236fa, (b) HFC-245fa, and (c) HFC-
43-10mee erythro- and threo-conformers considered in this work.

HFC-236fa, 455-1500 cm™! for HFC-245fa, and 500-3000 cm™! for
HFC-43-10mee. However, despite their growing climatic relevance, no
experimental absorption cross sections have been reported for these
molecules in the low-frequency region, which is important for fully
assessing their potential climate impact.

In this study, we present the first experimental measurements of
the IR absorption cross sections in the 150-500 cm~! range for HFC-
236fa, HFC-245fa, and HFC-43-10mee, whose molecular structures are
shown in Fig. 1. HFC-43-10mee presents both erythro- and threo-
structural isomers, which come with a variety of conformers with the
most stable ones reported in Fig. 1. The spectra are obtained at the
Rutherford Appleton Laboratory (RAL) using a Bruker IFS 125 high-
resolution FTIR spectrometer set to a 0.25 cm™! resolution. Spectra are
measured at four different temperatures within the atmospheric range
between 225 K and 298 K. The obtained IR absorption cross sections are
employed to derive updated EREs and 20-, 100-, and 500-year GWPs for
the three molecules, highlighting the relative contribution of the low-
frequency region to their overall value. Experimental measurements
are complemented by in silico predictions of climate metrics performed
by adopting a recently proposed computational workflow, which inte-
grates DFT calculations with non-empirical anharmonic corrections and
conformational searches [9]. This approach has been shown to yield
deviations within ~5% from experiment for halogenated species, and its
application to HCFC-132b demonstrated quantitative agreement with
experimental measurements even in the low-frequency region [8]. A
prime purpose for presenting the QC calculations is to assess the extent
to which they would be applicable to other similar species where exper-
imental measurements are not available. Overall, the results presented
here provide a more consistent framework for quantifying the climate
impact of these HFCs and narrowing existing gaps in their assessment.

2. Experimental details

Spectra were recorded using the RAL High-resolution Spectroscopy
Facility’s Bruker IFS 125 HR interferometer (referred to as the IFS),
capable of an unapodised lineshape full-width-half-maximum (FWHM)
of 0.001 cm~!. The IFS was configured with a 6-micron thick Mylar
beamsplitter, a DTGS (deuterated L-alanine doped triglycine sulphate)
pyroelectric detector with a specific detectivity of D* 4 x 108 cm Hz~!/2
W-1 equipped with a caesium iodide window, and a conventional
‘Globar’ thermal IR source. The sample cell was fitted with 1-mm thick,
47 mm diameter, high-density polyethylene windows manufactured in-
house. The far-IR spectral window afforded by the combined optical
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chain, defined as the region in which relative response was > 0.95,
was 130-670 cm~!. The IFS was operated under a 0.04 hPa vacuum
to suppress interfering absorption by atmospheric water vapour in the
instrument body.

The sample cell was inserted inside the dedicated sample compart-
ment of the IFS, with feed-throughs for gas filling and liquid cooling.
The cell was made of stainless steel and had an optical path length
of 261.2 + 0.7 mm. A welded helical tube allowed the cell body
to be cooled by circulation of ethanol supplied from a Julabo F95-
SL refrigerated circulator. The cell temperature was measured at four
points along the cell body using platinum resistance thermometers with
a combined accuracy of + 2 K. The cell could be cooled down to
225 K. Cell pressure was measured using a set of three calibrated
MKS Baratron pressure transducers (1, 10 and 1000 Torr range) with a
relative measurement accuracy of typically 0.6 per mil.

The HFC samples were manufactured by Synquest Laboratories Inc.
with a stated purity of 97% and were used without further purification.
Sample mixtures were composed of HFC with partial pressures in the
range 2-200 Torr mixed with zero air (BOC 270028-L) to total pressures
of 100, 500 and 1000 mbar.

Transmission spectra were recorded to a maximum optical path
difference of 3.6 cm, which with Norton-Beer (Medium) apodization
resulted in an instrumental lineshape with a FWHM of 0.23 cm™!.
The Norton-Beer apodization function was chosen as it gives the best
adherence to the Beer-Lambert law at the moderate resolution used
here [21]. Measurements were recorded in sets at a given tempera-
ture and total pressure. Each transmission spectrum resulted from the
average of 100 interferometer mirror scans to improve signal-to-noise
ratio (SNR). This settings were adopted with the purpose of obtaining
a resolution to SNR trade-off favouring the SNR.

To determine transmittance spectra, the experimental transmission
spectra must be normalized to the overall response of the spectrometer
in the absence of the sample. To do so, the measurement protocol
was established as the following: (i) the sample cell was filled with
zero air at the target mixture pressure and a measurement is taken,
(ii) the sample cell is subsequently filled with a succession of dilute
HFC/air mixtures and their spectra measured, (iii) lastly, another zero
air measurement, identical to the first step is conducted. The whole
series at a given temperature and pressure typically takes 4-5 h.

The first zero air spectrum was taken as the background trans-
mission spectrum to which all succeeding spectra of the set were
normalized to produce transmittance spectra of the HFC samples. The
transmittance root-mean-square noise achieved at peak transmission
was typically 0.002, representing a signal to noise ratio of 500. The sec-
ond zero air background spectrum, is used to evaluate the background
variation occurring over the duration of the measurement. Variations
of up to 0.2 transmittance units have been observed; in some rare occa-
sions, measurement series were repeated in cases of large background
variations greater than 0.2. These resulted in a systematic baseline shift
that was corrected before proceeding with spectral analysis.

All the instrumental transmission data recorded are available as
ASCII files from the data repository (https://doi.org/10.5286/edata/
958), including metadata text files listing the experimental conditions.

The photo-absorption cross-section spectrum was obtained follow-
ing a well-established procedure [22-25]. Briefly, for a given temper-
ature, the wavenumber-dependent molecular absorption cross-section
spectrum (cm? molecule™1), o(¥), was obtained at each pressure from
the measured absorbance according to Eq. (1):
() = In(10) A(V) 1

Npcl
where A(V) is the absorbance at wavenumber v, / (cm) is the optical
path length, ¢ (mol cm~3) is the sample concentration, and N A 1S
Avogadro’s number. Before proceeding to the evaluation of the ab-
sorption cross section spectra, residual absorptions from water vapour
ro-vibrational transitions, not completely eliminated by normalization
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to the background spectra, were removed and possible drifts in the
base-line were further adjusted so that regions of no absorption resulted
in total transmission of the radiation.

At each wavenumber, the final spectrum was obtained by averaging
the cross sections at a given temperature across all investigated sample
pressures which were scaled according to the stated sample purity.
Linearity of the Beer-Lambert’s Law was checked by plotting the peak
absorbance of the strongest bands in the spectral region considered
against the sample pressure. In all cases, a linear dependence was
observed over the whole pressure range. Absorption cross sections were
measured in the ranges 155-585 cm~! for HFC-236fa, 135-600 cm™!
for HFC-245fa, and 150-600 cm~! for HFC-43-10mee.

Following the method proposed by Nemtchinov and Varanasi [26],
the experimental uncertainty in the retrieved IR absorption cross sec-
tion, o, was evaluated by accounting for several sources of experimental
error. These include uncertainties in temperature (7), pressure (P),
and optical path length (/), as well as the signal-to-noise ratio of the
recorded spectral transmittance and the purity of the absorbing sample.
The combined relative uncertainty in ¢ can be expressed as:

5o(®) _ 1\ (5t 2+<5P)2+ 5¢ 2+<51)2 2 @
o) In7(¥) (V) P £ I

where 7() is the spectral transmittance at the wavenumber v, P is the
total pressure of the gas mixture, & is the volumetric (or molar) mixing
ratio of the absorbing species, and / is the optical path length through
the absorption cell; §7(v), 6P, 6& and &/ represent the respective

uncertainties; o(v) denotes the absorption cross-section at wavenumber
v, and §o(V) its corresponding uncertainty.

3. Computational details

The longwave radiative properties of the target molecules were
investigated using a QC framework based on DFT which was described
previously [8,9] and is only summarized here. EREs of HFC-236fa and
HFC-245fa were calculated following the methodology developed by
Alvarado and Tasinato [9], employing the double-hybrid functional
DSD-PBEP86 [27] combined with the jun-cc-pVTZ [28] basis set for
both molecules. For the HFC-43-10mee molecule, a hybrid force-field
approach [29-31] was adopted to limit the computational cost. Specif-
ically, equilibrium geometry, harmonic vibrational wavenumbers and
IR intensities were evaluated at the DSD-PBEP86/jun-cc-pVIZ level
of theory, while anharmonic contributions were computed using the
meta-hybrid PW6B95 [32] density functional in combination with the
jul-cc-pVTZ [28] basis set, which has been shown to provide a good
trade-off between accuracy and computational cost in the prediction of
climate metrics [9].

To avoid low overlap between the normal modes computed at
the DSD-PBEP86 and PW6B95 levels of theory, cubic- and quartic-
semidiagonal derivatives of the potential energy, as well as second- and
third-order derivatives of the dipole moment surface, were evaluated
at the PW6B95/jul-cc-pVTZ level by displacing atoms along the DSD-
PBEP86 normal modes. While full anharmonic computations at the
DSD-PBEP86/jun-cc-pVTZ and PW6B95/jul-cc-pVTZ levels of theory
have been shown to be accurate for this type of application [8,9,33],
this is the first time that a hybrid force-field approach has been used for
climate-metric determination. Both functionals were always augmented
for dispersion correlation effects by using Grimme’s DFT-D3 scheme in
conjunction with Becke-Johnson damping [34,35].

For molecules with multiple torsional degrees of freedom, such
as HFC-43-10mee, an extensive conformational search was required.
The conformational landscape was first explored using the CREST
program [36] at the GFN2-xTB [37] level. Candidate conformers were
then re-optimized and subjected to harmonic vibrational frequency
calculations at the DSD-PBEP86/jun-cc-pVTZ level. After refinement,
only conformers within 2 kcal mol~! from the lowest-energy structure
were retained for the subsequent anharmonic spectral simulation. For
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Table 1

Equilibrium rotational constants of HFC-236fa, HFC-245fa and HFC-43-10mee
(MHz) computed at the DSD-PBEP86/jun-cc-pVTZ level of theory for the
studied HFCs.

Molecule HFC-236fa HFC-245fa HFC-43-10mee

Erythro Threo-1 Threo-2
A, 2908.277 3691.439 1205.633 1129.447 1109.131
B, 1062.210 1247.752 337.687 397.193 377.797
C 1047.661 1141.717 330.263 352.319 361.560

HFC-43-10mee, three conformers — one with the erythro configuration
and two with the threo configuration (see Fig. 1) — met the selection
criterion and were used to simulate the overall spectral bandshape.
By contrast, for HFC-245fa, although two conformations (having point
group symmetry C; and C,) exist, only the C; conformer was considered
in the QC simulations, since the C, conformation exhibits a negligible
Boltzmann population in the range of temperatures considered in this
work.

4. Results and discussion

Among the three HFCs considered in the present work, HFC-236fa
is a nearly prolate asymmetric rotor, with an asymmetry parameter
k = —0.98, belonging to the C,, symmetry point group. The most
stable conformer of HFC-245fa is an asymmetric rotor (x = —0.91),
with no elements of symmetry. Finally, the conformers of HFC-43-
10mee all belong to the C; symmetry point group; both threo structures
behave as nearly prolate asymmetric rotors (x = —0.98), whereas the
erythro conformer is more asymmetric, with x = -0.88. The equi-
librium rotational constants of the three molecules, computed at the
DSD-PBEP86/jun-cc-pVTZ level of theory, are reported in Table 1.

4.1. Experimental determination of infrared absorption cross sections

Molecules with relatively large molecular weights exhibit small
rotational constants and, consequently, large moments of inertia, which
in turn lead to a high density of rotational-vibrational transitions.
In addition, they present a number of low-energy vibrational levels
significantly populated at room temperature. As a result, their IR ab-
sorption spectra are characterized by broad, overlapping bands arising
from the superposition of numerous individual transitions, including
fundamental, combination, and hot bands.

The spectral congestion makes it challenging to obtain precise line
shapes or to perform a line-by-line analysis of transition strengths [38—
41]. For the molecules studied here, particularly in the case of HFC-43-
10-mee, which presents multiple conformers, the density of transitions
is sufficiently high that it is not possible to isolate individual lines
or to distinguish P-, Q-, and R- branches within certain absorption
bands. In such cases, rather than attempting to extract individual
line parameters [38-41], the practical approach is to integrate the IR
absorption cross-section spectrum to derive integrated band strengths
and report the integrated intensity, S, over a defined wavenumber
interval: [23-25,31,42,43].

S = /V2 o(¥)dv &)
v

where o(V) is the absorption cross-section spectrum, as defined in Eq.
(1), and the integrated band strength, which in principle depends
on both temperature and column density, is obtained between the
integration limits ¥, and 7,, corresponding to points of negligible
absorption.

As illustrated in Fig. 2(a), the experimental low-frequency spec-
trum of HFC-236fa can be divided into three integration ranges: 285—
350 ecm~!, 365-420 cm~!, and 465-585 cm~!. According to the anhar-
monic QC calculations performed in this work, the first interval hosts
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the absorptions of the v (330 cm~1) and v,, (299 cm~!) fundamentals,
corresponding to CCF bending and CCF bending mixed with CH, wag-
ging, respectively. The spectral region between 365 and 420 cm~! is
dominated by the v, (395 cm~!) fundamental, corresponding to a CH,
rocking vibration. The upper range, extending from 465 to 585 cm™!,
displays several distinct features associated with the v, (521 cm™1),
vig (534 cm™1), and v, (539 cm™!) modes. The v; and v, vibrations
correspond to CF, scissoring and rocking vibrations, respectively. The
vy Mmode is primarily characterized by the CF, scissoring motion of both
CF; groups.

In Fig. 2(b), the experimental IR absorption cross-section spec-
trum of HFC-245fa also reveals three frequency domains, spanning
the 135-185 cm™!, 285-405 cm~!, and 430-600 cm~! ranges. The
lowest one features the v,5 (154 cm™!) fundamental, assigned to CCF
bendings. The subsequent interval encompasses the v,, (369 cm™1),
Va3 (337 cm™1), and v,, (303 cm™!) bands, associated with CH, rock-
ing, CCF bending, and CF, twisting motions, respectively. Finally, the
highest portion of the spectrum is characterized by absorptions of the
vig (575 em™1), v;¢ (557 cm™1), vy, (536 cm™1), and v,; (480 cm™1)
fundamentals. The v;; mode corresponds to a CH, rocking vibration,
vi9 to a CF, scissoring vibration, while the last two fundamentals are
associated with rocking motions of the CH, group accompanied by CF,
deformations.

Finally, due to the significant spectral overlap, the low-frequency
spectrum of HFC-43-10-mee, reported in Fig. 2(c), can be divided
into two integration ranges: 150-330 cm~! and 340-500 cm~!. The
first interval comprises the v3;-v,, fundamentals, while the second
(285-405 cm™1) includes the v,g, v39, v3;, and vs, bands. Although
the absorption around 500 cm~! is not negligible, this integration
limit was maintained to ensure consistency with previous studies on
the definition of ERE for this molecule, which report data up to this
wavenumber region [12,20].

Table 2 summarizes the experimentally determined integrated IR
absorption cross sections obtained for HFC-236fa, HFC-245fa, and HFC-
43-10-mee at temperatures of 225, 250, 275, and 295 K within the
respective integration intervals over the low-frequency region. As can
be seen from Table 2, although the shape of an absorption band can
vary with temperature — reflecting changes in the population of rota-
tional levels in the ground vibrational state — the obtained integrated
intensities are not significantly affected by temperature variations, in
agreement with previous observations for hydrocarbons [12,44,45].

In addition to temperature dependence, the effect of total pressure
was also investigated by pressuring the gas samples with zero air to
total pressures of 100, 500 and 1000 mbar As detailed in Table 3,
that collects the integrated band strengths determined at the different
total pressure, the pressure dependence has been found to be neg-
ligible, consistent with earlier reports [14,46]. Indeed, the effect of
pressurization with an optically inert buffer gas (air, in this case) is
mainly to cause broadening of the underlying ro-vibrational transitions,
eventually leading to their overlap. However, for relatively heavy
molecules such as those considered here, this effect is marginal because
the lines are already closely spaced and tend to overlap, resulting in a
pressure-independent integrated intensity [47,48].

Before closing this section, it might be interesting to compare the
present measurements with previous studies that partially overlap the
spectral range here considered. To the best of our knowledge there are
no integrated IR cross-sections reported in the literature that overlap to
the present measurements for HFC-236fa and HFC-43-10mee so among
the three molecules, only for HFC-245fa a comparison is possible
over the 455-515 cm~! range, for which a value of 19.6 x10~'? cm
molecule™! has been reported.[49] When integrated over the same
spectral range the presently determined IR absorption spectrum yields
an integrated cross section of 24.4 x107° cm molecule™!, with the two
values overlapping within their uncertainties.



D. Alvarado-Jiménez et al. Journal of Quantitative Spectroscopy and Radiative Transfer 357 (2026) 109908

Table 2
Experimental integrated band strengths (10! ¢cm molecule™!) of HFC-236fa, HFC-245fa, and HFC-43-10mee at T = 225, 250, 275, and 298 K, and comparison
with QC counterparts.®.

Molecule Integration limits (cm™1) 225 K 250 K 275 K 298 K QC Dev. Exp. - QC"
HFC-236fa 285-350 1.0 (1) 1.2 (1) 1.0 (0.1) 1.1 (D) 1.5 0.4 (36%)
365-420 254 2.6 (2) 2.4 (0.2) 2.6 (2) 3.1 0.5 (19%)
465-585 18 3) 18 (2) 18 (2) 19 (2) 17.5 -1.5 (-7.8%)
Total 155-585 22 (3) 22 (3) 23 (2) 24 (2) 22.3 -1.7 (-7.1)
HFC-245fa 135-185 5109 5.0 (1) 5.7 (7) 6.3 (5) 5.4 —0.9 (-14%)
285-405 4.8 (5) 5.1 (4) 5.4 (4) 5.7 (4) 6.4 0.7 (12.2%)
430-600 48 (5) 51 (4) 53 (4) 54 (4) 50.0 -4 (-7.4%)
Total 135-600 57 (7) 62 (6) 64 (6) 66 (5) 63.2 —2.8 (—-4.2%)
HFC-43-10-mee 150-330 - 18 (4) 19 (2) 21 (1) 21.1 0.1 (0.48%)
340-500 - 14 (49 14 (1) 15 (1) 14.7 -0.3 (-0.13%)
Total 150-500 - 31 (8 333 36 (3) 36.1 0.1 (0.28%)

2 Figures within parentheses are experimental errors in the units of the last significant digit.
b Absolute and percentage relative (within parentheses) deviations between experimental and QC integrated band strengths.
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Fig. 2. Experimental IR photo-absorption cross-section spectrum of (a) HFC-236fa, (b) HFC-245fa, and (c¢) HFC-43-10-mee between 150 and 600 cm™' (T =
298 + 0.1 K, resolution = 0.25 cm™!, optical path length = 261.2 + 0.7 mm), superimposed with traces simulated by QC calculations covering the 0-600 cm~!
range.

Table 3
Experimental integrated band strengths (107'° cm molecule™!) of HFC-236fa, HFC-245fa, and HFC-43-10mee at different total
pressures.
Molecule Integration limits (cm™') 100 mbar 500 mbar 1000 mbar
HFC-236fa 285-350 0.9 0.9 1.0
365-420 2.3 2.4 2.4
465-585 17.4 17.5 17.4
HFC-245fa 130-185 5.2 5.3 5.0
285-405 4.7 4.8 4.7
430-600 47.4 47.8 46.0
HFC-43-10mee 150-330 16.4 15.9 17.2
340-500 12.6 12.2 13.2
4.2. QC prediction of infrared absorption cross sections stick spectrum with a Lorentzian function having a half width at
half maximum of 5 cm~!. The comparison between QC simulations
The experimentally measured IR absorption cross-section spectra and experimental spectra taken from the HITRAN database [50-52],
are superimposed in Fig. 2 with the corresponding band shapes calcu- covering the 700-1500 cm™! region, is shown in Fig. 3. The overall
lated through QC calculations, obtained by convoluting the computed agreement between QC and experimental band shapes is very good,
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Fig. 3. Experimental IR photo-absorption cross-section spectrum of (a) HFC-236fa, (b) HFC-245fa, and (c¢) HFC-43-10-mee between 750 and 1500 cm™! taken

from the HITRAN database superimposed to QC spectra simulated in this work.

with only a few frequency shifts. The small discrepancies in some peak
absorbances are mainly due to the adoption of an effective broad-
ening function instead of the full consideration of the underlying
ro-vibrational envelope.

Table 2 also lists theoretical band strengths obtained by integrating
simulated IR absorption cross-section spectra over the same spectral
ranges as adopted in the experimental analysis. The comparison indi-
cates that in silico predictions closely match experimental values: the
largest deviation in relative terms is observed for HFC-236fa in the
285-350 cm~! spectral interval, where the experimental value is over-
estimated by 36%. This apparently large deviation is, however, inflated
by the small integrated band intensity in this region (1.1 x 1071 cm
molecule™!); indeed, in absolute terms, the discrepancy between QC
predictions and experiment is only 0.4 x 10~1° cm molecule™!. Overall,
the mean deviations over the entire low-frequency integration range
amount to about —7% for HFC-236fa, —4% for HFC-245fa, and —0.3%
for HFC-43-10-mee, respectively. Hence, QC estimates are in excellent
agreement with the experimental data, falling within the expected
uncertainty previously reported [9]. This agreement supports previous
findings that the use of double-hybrid functionals and the inclusion of
anharmonic effects significantly improves the accuracy of calculated
transition frequencies and intensities, both for single vibrational excita-
tions and for two-quanta transitions [53,54]. By considering the spec-
tral range targeted experimentally, the overall anharmonic contribution
stemming from overtone and combination transitions, mechanical and
electrical anharmonic shifts on fundamental bands, and anharmonic
couplings is between 3% and 6% depending on the molecule.

While previous theoretical studies on HFC-43-10mee pointed out
that “the theoretical and experimental data do not agree so well, with the
theoretical total integrated band strength being about 10% higher than its
experimental counterparts” [12], the integrated band strength for the
0-550 cm~! frequency region was predicted to be 0.68 x 1071 ¢cm
molecule™!, about 85% greater than the experimental (and QC, as well)
value here determined. The superior accuracy of the present QC com-
putations for the low-frequency region can be mainly attributed to the

use of the double-hybrid DSD-PBEP86 functional, significantly more ac-
curate than the B3LYP global hybrid [9,29,55] and to the non-empirical
inclusion of anharmonic effects. Indeed, while the double-harmonic
approximation can be partially improved by using ad hoc scaling fac-
tors, these are typically effective for the specific class of molecules and
spectral ranges underlying their parametrization and their portability to
other compounds or even different spectral regions is not guaranteed.

Preliminary results here obtained for HFC-236fa and HFC-245fa
show that when the same procedure as proposed in Ref. [56], and
based on scaled harmonic computations using the B3LYP/6-31G**
method [57,58], is applied to the frequency region below about
400 cm™! it produces positive frequency shifts, up to 11 ecm~! (with
a turnover behaviour around 500 cm~!) while actual anharmonic-
ity usually produces a negative shift. Furthermore, if the scaling is
applied to the C—Cl stretching vibrations of HCFC-132b, the B3LYP
harmonic frequencies move from 785 and 748 cm~! to 779 and
743 cm™!, respectively, resulting in a worse agreement with experimen-
tal wavenumbers measured at 786 and 768 cm~! [8]. For comparison,
anharmonic computations at the DSD-PBEP86 level predict them at 785
and 768 cm™!.

4.3. Climate metrics

The ERE and GWP, key metrics to assess the climate impact of
weak absorbers such as HFC-236fa, HFC-245fa, and HFC-43-10mee,
have been derived from IR absorption cross-section data. Within this
framework, the low-frequency IR region (< 500 cm~!) plays a non-
negligible role [4-6], yet it is often neglected in such evaluations. As
an example, Fig. 4 illustrates this contribution for HFC-245fa by show-
ing the experimentally measured IR absorption cross-section spectrum
superimposed on the global-mean radiative forcing due to a weak ab-
sorber acting at all wavenumbers calculated by Shine and Myhre [59].
In this figure, the low-frequency IR absorption cross section (red trace)
has been experimentally measured in this work, while the portion from
600 to 1500 cm™! has been taken from the HITRAN database [50-52].
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Table 4

ERE (W m~2 ppb~!) of HFC-236fa, HFC-245fa, and HFC-43-10-mee.
Molecule RE low freq. (Exp.)? RE low freq. (QC)" Low freq. contrib. (Exp.)? Low freq. contrib.¢ ERE (Exp.)!
HFC-236fa 0.0009 0.0008 0.3% 4.8% 0.252
HFC-245fa 0.0050 0.0048 1.9% 2.8% 0.249
HFC-43-10-mee 0.0031 0.0030 0.8% 0.5% 0.361

2 From experimental IR absorption cross-sections.

b From QC IR absorption cross sections computed in the present work.

¢ From Ref. [6].
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Fig. 4. Experimental IR absorption cross-section spectrum of HFC-245fa su-
perimposed with the global-mean radiative forcing due to a weak absorber
acting at all wavenumbers.

Radiative Efficiencies (REs) have been calculated using the method
proposed by Pinnock et al. [60] according to the following equation:

N .
. Vi2
RE=)F. / o(Mdv )
i=1 Vil

where F! represents the global-mean radiative forcing per unit cross
section due to a weak absorber within spectral interval i, from ¥, | to ¥, ,
and o; is the IR cross section spectrum integrated over the same range.
In our calculations, we adopted the radiative forcing values reported
by Shine and Myhre [59], which include the impact of stratospheric
temperature adjustment on the forcing, sampled in 10 cm~! wide bins.
The Pinnock method assumes a uniformly mixed gas distribution with
respect to altitude and latitude; however, when this assumption does
not hold, a correction for the atmospheric lifetime (z) should be ap-
plied [20]. In this study, RE values have been adjusted taking the most
recent lifetimes of HFC-236fa (213 years), HFC-245fa (7.74 years), and
HFC-43-10-mee (17 years) from the latest WMO Ozone Assessment
Report [19], within the S-shaped curve [61], under the assumption
that OH oxidation represents the dominant atmospheric sink. Finally, to
produce the ERE favoured by the Intergovernmental Panel on Climate
Change [3] (as it is regarded as a better predictor of surface tempera-
ture response) a further change to the RE should be applied to account
for tropospheric adjustments; as noted in Ref. [3] (Section 7.3.2.4)
such adjustments are not yet available for the species considered here.
Following Forster, et al. [3], these are therefore assumed to be 0 + 13%.

In addition to using the data measured experimentally in this work,
EREs were also derived from quantum-chemically simulated IR ab-
sorption cross-sections following the recently validated workflow of
Alvarado-Jiménez and Tasinato [9]. Table 4 reports the EREs due to
the low-frequency region, along with the total ERE, which includes
the contribution from the low-frequency region to the mid-IR range.
According to Hodnebrog et al. [61], the calculation of ERE involves

From RE values taken from the WMO [19], for the spectra above 500 cm™! increased with low frequency contribution determined experimentally in the present work.

several sources of uncertainty: 5% from the radiation scheme, 5%
due to cloud effects, 3% from the distribution of water vapour, 3%
associated with surface and atmospheric temperatures, 5% from the
tropopause height, 1% from temporal and spatial averaging, and an
additional contribution from the absorption cross sections. As noted
above, there is then an additional uncertainty due to the tropospheric
adjustments estimated to be 13% [3].

Table 4 also includes QC EREs: as can be observed, theoretical
calculations are in excellent agreement with experimental data, show-
ing differences of only -3% for both HFC-245fa and HFC-236fa, and
-5% for HFC-43-10-mee, well within the experimental uncertainty.
Important attention should be paid to the good agreement between
theory and experiment for HFC-43-10-mee, which provides good evi-
dence of the effectiveness of using the hybrid DSD:PW6 force field in
the prediction of climate metrics. This approach retains the accuracy
of DSD-PBEP86/jun-cc-pVTZ for harmonic properties but employs the
computationally less demanding PW6B95 hybrid functional for the
evaluation of higher-order derivatives.

The low-frequency EREs obtained here (both experimental and
theoretical) can be compared with those previously estimated based
on harmonic calculation carried out at the wB97X-D/def2-TZVPPD
level of theory [6], as also shown in Table 4. While a low-frequency
contribution of about 0.5% can be confirmed in the case of HFC-43-
10-mee, differences are noted for HFC-236fa and HFC-245fa. In the
case of HFC-236fa, the spectral region below 500 cm~! was previously
estimated to contribute approximately 5% to the total ERE, while in
the present work, it leads to a contribution of just 0.3%. Similarly, a
2.8% ERE due to the low-frequency contribution was reported for HFC-
245fa, but our experimental (and QC as well) measurements indicated
1.9%. To ensure that these discrepancies are not due to the < 100 cm™!
spectral range, and considering the overall good agreement with our
experimental data, we have also estimated the theoretical RE over
the entire 0-500 cm~! range. No significant changes in either RE or
ERE was found on including this range. Hence, discrepancies between
our experimental measurements and QC simulations on one side, and
theoretical estimates reported by Van Hoomissen et al. [6] on the other,
could be explained by their use of IR spectra computed under the
double-harmonic approximation. Even when frequency scaling is used,
this approach, while widely adopted due to its reduced computational
cost, neglects purely anharmonic transitions such as overtone and
combination bands, as well as the redistribution of intensity caused
by vibrational couplings. As a result, it tends to overestimate the
strength of the fundamental absorption bands and, consequently, the
ERE. The EREs obtained from our experiments highlight the importance
of including anharmonic contributions in the simulations, since purely
harmonic treatments may give a misleading impression of accuracy
while masking significant physical effects.

Finally, updated values of GWP of the studied molecules have
been determined by using the experimental data obtained here for
the low-frequency region to complement those previously reported for
the spectral region above 500 cm~! [19]. GWPs over the 20-, 100-,
and 500-year time horizons are collected in Table 5, where they are
compared with those in the WMO 2022 Ozone Assessment Report [19],
in which the low-frequency region contribution was derived from the
previously described harmonic DFT estimates [6]. The WMO 2022
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Table 5
Global Warming Potential of HFC-236fa, HFC-245fa, and HFC-43-10-mee over the 20-, 100-, and 500-year time horizons.
Molecule This work WMO 202272
20-yr 100-yr 500-yr 20-yr 100-yr 500-yr
HFC-236fa 7330 8340 5740 7650 8700 5990
HFC-245fa 3080 908 259 3110 910 260
HFC-43-10-mee 3890 1530 437 3880 1520 440

2 From Ref. [19] by excluding the climate-carbon feedback term.

GWPs include the impact of the complicated and uncertain climate-
carbon feedback term. For a cleaner comparison, we present the WMO
2022 results derived without this feedback (i.e. calculated directly from
the WMO 2022 values for adjusted ERE and atmospheric lifetime) and
use their stated values for the CO, absolute global warming potential.

Results for GWPs mirror those obtained for EREs: while no sub-
stantial differences can be noted for HFC-43-10-mee, the GWPs of
HFC-245fa presented in the WMO report appear slightly overestimated,
as was the low-frequency contribution to the RE. As expected, the
WMO value of the 100-year GWP of HFC-236fa is overestimated by
about 4.4%, again reflecting the overestimation of the low-frequency
contribution in the RE. In this case, it differs by about 360 units,
which is substantial considering its long atmospheric lifetime. These
findings are particularly relevant because the GWP depends on both
the atmospheric lifetime and the ERE of a compound. Although the
contribution of the low-frequency region to the ERE accounts for only a
few percent, deviations in this spectral range can significantly influence
the GWP when the molecule is highly persistent in the atmosphere.
This is especially true for HFC-236fa, which has one of the longest
atmospheric lifetimes among HFCs (213 years) and the second-highest
GWP.

Overall, the obtained results underline the critical role of experi-
mental measurements in strengthening the reliability of GWP estimates
for HFCs and related compounds, and demonstrate that QC calculations
non-empirically including all relevant physical ingredients can yield
predictions consistent with the most refined experimental approaches.

5. Conclusions

This work presented the first experimental measurements of low-
frequency IR absorption cross sections for HFC-236fa, HFC-245fa, and
HFC-43-10mee, from which updated values of EREs and GWPs were
derived—thus providing important datasets previously absent from
climate assessments. The comparison with advanced QC simulations
showed excellent agreement, confirming that the inclusion of anhar-
monic effects substantially improves the accuracy of predicted spectra
relative to the widely used double-harmonic approximation. Our results
indicate that, while the low-frequency region contributes only a few
percent to the total ERE, its accurate treatment is essential, particularly
for long-lived species such as HFC-236fa. In this case, the nearly 400-
unit discrepancy in the 100-year GWP relative to previous estimates
underscores how even modest longwave spectral contributions can
propagate into significant differences in climate metrics. These findings
highlight the importance of combining experimental data with refined
computational protocols to ensure robust climate impact assessments of
synthetic greenhouse gases. Given that experimental results of the low-
frequency contribution are not available for many of the species listed
in WMO and IPCC assessments, the very good agreement between the
measurements and the QC calculations presented here give confidence
that such QC calculations can be reliably applied to similar species. We
will present an extended list of such EREs in a separate publication.
By narrowing existing uncertainties, this work provides a more reliable
basis for future updates to international climate assessments, including
those by the WMO and IPCC, and reinforces the value of integrated
experimental-computational approaches in atmospheric science.
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