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Abstract: Hydrofluoroolefins (HFOs) and hydrochlorofluo-
roolefins (HCFOs) are the leading synthetic replacements for
compounds successively banned by the Montreal Protocol and
amendments. HFOs and HCFOs readily decompose in the at-
mosphere to form fluorinated carbonyls, including CFsCHO in
yields up to 100%, which are then photolyzed. A longstand-
ing issue, critical for the transition to safe industrial gases,
is whether atmospheric decomposition of CF3CHO yields any
quantity of CHF3 (HFC-23), which is one of the most environ-
mentally hazardous greenhouse gases. This comprehensive ex-
perimental investigation employs purpose-built photoionization
mass spectrometry, Fourier-transform infrared and microwave
spectroscopy techniques and confirms production of CHF3
following excitation at a tropospherically-relevant wavelength
(A = 308 nm) and under atmospheric pressure conditions.
Pressure-dependent CHF3 quantum (®) and molar (Y) yields
are reported from ® =Y = 0.1640.03 under collision-free con-
ditions to ® = (2.34+0.3) x 10, Y = (1.17 £ 0.27) x 1073
at 1 bar N,.

Hydrofluoroolefins (HFOs) are emerging as the next gen-
eration of synthetic refrigerants, foam-blowing agents, fire
retardants, propellants, etc., following the global phase-
out of chlorofluorocarbons (CFCs) and hydrochlorofluoro-
carbons (HCFCs) due to their ozone depletion potential
(ODP), and the phase-down of hydrofluorocarbons (HFCs)
due to their potent global warming potential (GWP). HFOs
are HFC derivatives that incorporate a carbon-carbon dou-
ble bond and rapid tropospheric oxidation prevents them be-
coming long-lived greenhouse gases (GHGs). The reported
ODPs and GWPs of HFOs are typically near zero.' The en-
vironmental risk of CFCs was recognized too late, after the
damage to the ozone layer had occurred. HFC phase-down
began in 2016, yet they will still contribute significantly to
global surface heating throughout this century.? It is criti-
cal that the long-term consequences of large-scale emission
of HFOs are determined now.

(E)-1,3,3,3-tetrafluoropropene (HFO—1234ze(E)) is one of
the most important HFOs. Its structure and abridged at-
mospheric chemistry is shown in the scheme in Fig. 1. It is
reported to yield trifluoroacetaldehyde (CF3CHO) in 100%
molar yield following oxidation by OH radicals, which is the
dominant atmospheric removal pathway. 2 Indeed, CF3CHO

is a decomposition product of other hydrofluoroolefins* and
hydrochlorofluoroolefins,® and is formed in high yield from
the decomposition of some hydrofluorocarbons.® This alde-
hyde, like most carbonyls, is photolyzed predominantly by
a Norrish reaction producing radical products CF3; and
HCO ((R1) in Fig. 1) that are expected to ultimately
form CO, and HF in the atmosphere.® The CF;CHO pho-
tolysis quantum yield at 308 nm and 700 torr, ®iota1(308
nm) = 0.17 £ 0.03, is well-characterized” and presently at-
tributed fully to this Norrish type reaction. Unlike C-F
bonds, H-F bonds participate in environmental chemistry
and are expected to be buffered by the planet and the fluo-
rine eventually returned to its natural state as fluoride min-
erals, presenting a low environmental risk.

Several studies dating back to the 1950s have identified
a possible second photolysis pathway for CF3sCHO produc-
ing CHF3 (fluoroform, HFC-23) following photolysis with
atmospherically relevant wavelengths ((R2) in Fig. 1).%7'°
CHF3 is one of the most potent HFC GHGs with a 100-
year global warming potential of GWP1990 = 14 600.' The
magnitude of this GWP means that minor branching into
this pathway could produce a non-negligible indirect GWP
for the parent HFO. Recent studies at 0.13 to 1 bar to-
tal pressure of O, and N, at various mixing ratios have
failed to detect CHF3. 1112 A recent study at shorter wave-
length (254 nm) concludes that this photodissociation path-
way may be important in the stratosphere.'® However, this
is a difficult reaction to characterize under tropospherically-
relevant wavelengths due to the low yields of this pathway
and the overlapping infrared spectral features of the parent
(CF3CHO), the major reaction product (CFs as CF3NO,
vide infra) and the minor reaction product (CHF3). An even
more recent study demonstrates that atmospheric ozonolysis
of (E)-1,3,3,3-tetrafluoropropene may produce CHF3 with
an overall yield of 9.2 x 107414

HCO + CF; ——. CO, + HF (R1)
F. )
H\ /C ° 100% / W (low environmental risk)
— — —
/c_c\ —>% Fc—C 5

¢ M OH,NO,0,

CO + CHF; (potent greenhouse gas) (R2)
(E)-1,3,3,3-tetrafluoropropene trifluoroacetaldehyde fluoroform  GWP4go = 14 600
((HFO-1234ze(E)) (HFC-23)

Figure 1. Abridged scheme for the atmospheric deomposition of
(E)-1,3,3,3-tetrafluoropropene highlighting the importance of tri-
fluoroacetaldehyde photolysis in determining the indirect GWP.



We have used three different experimental techniques to
determine the absolute yield of CHF3 from the A = 308 nm
photolysis of CF3CHO in three distinctly different environ-
ments: collision-free (zero pressure) and low temperature (5
K); low pressure of helium (0.005 bar) and room tempera-
ture (295 K), and atmospheric pressure (0.1 - 1.0 bar) and
room temperature (295 K). The first two experiments de-
tect CO from reaction R2 using ionization techniques. The
third experiment measures the production of CHF3 from R2,
using microwave spectroscopy.

The first set of experiments were performed in a molecu-
lar beam, presenting a collision-free (zero-pressure) environ-
ment at low internal temperature (~ 5 K). This method min-
imizes the internal energy of the reactant, clarifying whether
(R2) is a thermodynamically allowed unimolecular pathway.
We confirmed R2 is active following excitation at 308 nm
by recording 2-dimensional resonance enhanced multiphoton
ionization (2D REMPI) spectra of the CO product. The 2D
REMPI spectrum (Fig. S5) is presented and described in
the Supporting Information (Section S2.1) where it is strik-
ingly similar to that published previously for CH;CHO.'®
The dissociation of CH3CHO via its equivalent (R2) has
been reported to occur via up to three different dynamical
channels. Although the interpretation of each channel is still
not agreed upon in the literature, > 17 the key factor for this
work is that all hypothesized channels yield CH4 and CO as
photoproducts following dynamics on Sg after initial photo-
excitation to S;. The two different CO dynamical signatures
from CF3CHO dissociation in Fig. S5 are consistent with the
multiple dynamical processes in CH3CHO.

The POPTARTS (Proportionation of Photoproducts by
Tetralaser-measurement and Analysis of REMPI and Trans-
lational Spectra) method was purpose-built for this study.
It quantifies the relative branching into photolysis channels
producing HCO and CO by exploiting the photolytic con-
version of HCO into CO. The technique has been described
in detail previously, where it was benchmarked to the well-
established photolysis of formaldehyde.'® The specifics of
the present experiment can be found in the Supporting In-
formation (Section S1.2). In brief, four lasers intersect a
molecular beam of &~ 1% CF3CHO in He. Laser 1 photolyzes
CF3CHO at 308 nm. Lasers 2 and 3 ionize HCO from R1 and
CO from R2 respectively, after which they are accelerated
through a time-of-flight mass spectrometer then detected on
a multichannel plate and phosphor screen (Fig. S1A). The
4*" laser converts HCO to CO by photolysis. By convert-
ing the products of one reaction into the products of an-
other, POPTARTS measures true zero pressure molar yields
in cases where there are only two chemical pathways. Under
collision-free conditions, the molar yield equals the photol-
ysis quantum yield, provided radiative quantum yields (e.g.
fluorescence) are small, as is the case for CF3CHO at 308
nm excitation. *°

The key data from the POPTARTS experiments are
shown in Fig. 2. Panel A shows the CO rotational popu-
lation distribution following 308 nm photolysis of CF3sCHO
with the HCO photolysis laser off (red triangles). When the
HCO photolysis laser is turned on the CO signal increases
by 113% (blue circles). Fig. 2B shows the difference between
the two datasets in Panel A, which is equivalent to the CO
rotational population distribution from only the photolysis
of the HCO photoproduct. This compares well to a liter-
ature population distribution for the photolysis of HCO at
the same wavelength (black line).?° Representative uncer-

tainties (1o) are shown as error bars on the Jco=21 data-
point. Lastly, Fig. 2C presents representative HCO signal
recorded as the HCO photolysis laser is turned on and off
every 200 seconds. Average HCO depletion from photolysis
is 20%.
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Figure 2. POPTARTS data following A = 308 nm photolysis of
CF3CHO. (A) Photoproduct CO product rotational state distri-
bution with HCO photolysis laser off (red) and on (blue), (B) dif-
ference between CO product state distributions with HCO photol-
ysis laser on and off compared to a literature distribution for fol-
lowing HCO photolysis, 2° (C) time series of photoproduct HCO
signal as the HCO photolysis laser is toggled on and off.

The HCO and CO quantum yields are calculated from
the HCO-depletion and CO-increase in Fig. 2 as shown in
Equation 1:

F(Hcodcplction) X (PHCO = F(Coproduction) X (pCO (1)

where F' represents the fractional increase or decrease in
CO/HCO signal upon photolyzing the HCO population, and
the & are the CF3CHO quantum yields for HCO and CO.
The fractional increase in CO and decrease in HCO signal
is scaled by the fraction of each pathway that yields v(CO)
= 0. From analysis of these data, we conclude that the
quantum yield for the production of CHF3 following 308 nm
photolysis of CF3CHO, under collision-free conditions, i.e.
at zero pressure, is ®cur; = 0.16 £ 0.03. The analysis is
described in detail in the Supporting Information (Section
S2.2).

The second set of experiments bring the temperature to
295 K, but retain low pressure of Helium in a flow cell.
This ensures that the effects of collisions are minimised,
but that the internal energy of the reactant is relevant to
atmospheric conditions. The multiplexed photoionization



mass spectrometry (MPIMS) experiment 2! at the Advanced
Light Source (ALS) synchrotron measures the time depen-
dence of the mixing ratio of chemical species sampled from a
flow tube reactor relative to excitation with a 308 nm laser
pulse. A constant flow of 1% (p/P) CF3CHO in 4 torr of he-
lium was irradiated with the laser. A pinhole admits a small
sample into a vacuum chamber where reactant and product
molecules are irradiated with vacuum ultraviolet radiation
from the synchrotron. Resulting ions are accelerated in a
time-of-flight mass spectrometer. A three-dimensional cube
of data, spanning ionization energy, mass and kinetic time
is obtained and analyzed.

Fig. 3 plots the time evolution of CO produced follow-
ing photolysis of CF3CHO. The CO concentration increases
from ¢ = 0. The data cannot be reproduced using a sin-
gle, bimolecular kinetic model due to the instrument-limited,
fast rise at early time. The dark blue trace represents the
prediction of a two-component kinetic model, describing bi-
molecular reactions of HCO that produce CO using pub-
lished reaction rate coefficients (Table S1) and a fitted wall
loss to give the cyan trace, and an instrument-limited ini-
tial photolysis rate (red trace). This model provides an ex-
cellent fit to the experimental data and is described fully
in Supporting Information (Section S2.3). The presence of
photolytic CO provides a verification that CHF3 is a pri-
mary photoproduct of low pressure CF3CHO photolysis at
room temperature. The fit produced a relative yield of
0.105+0.025 CO from photolysis compared to the total CO
yield. Assuming the total photolysis quantum yield remains
about 1, and that the secondary CO arises from primary
HCO, then ®cur; ~ 0.10 £ 0.03 under these conditions.

Another important outcome from these experiments is the
absence of any signal on the mass channel corresponding
to CFy. This is important because a CF3CHO photoly-
sis channel producing CO, HF and CF; has been located
computationally and shown to be accessible with these pho-
ton energies. ' The absence of CF; signal in these sensitive
experiments eliminates the possibility that this theoretical
reaction occurs.
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Figure 3. Time evolution of CO signal (blue circles) following

A = 308 nm photolysis of 1% CF3CHO in helium (4 torr to-
tal pressure) overlayed with the model output for total CO (blue
line), photoproduct CO (red line) and CO from secondary reac-
tions following photolysis (cyan line)

The final experiment in this investigation was to de-
termine pressure-dependent quantum yields of CHF3 from
CF3CHO photolysis in a room temperature bulb with Ng
buffer gas at pressures from 0.1 to 1.0 bar. Approximately
1 mbar of CF3CHO was combined with a ~10-fold excess of

NO and diluted to various total pressures of No. NO is a
radical scavenger that is used in many contemporary stud-
ies and reliably arrests any secondary chemistry that may
generate CHF3 e.g. CF3 + CFsCHO — CHF3; + CF3CO.
The gas mixture was irradiated with a 308 nm pulsed laser
(1 - 2 mJ/pulse) for 20 - 60 minutes. Fourier-Transform In-
frared (FTIR) spectra were recorded every 30 s, starting 5
minutes before photolysis, throughout the photolysis period
and then another 5 minutes after photolysis.

The FTIR spectra quantify the disappearance of CF3sCHO
parent and the appearance of CF3 photoproduct (R1),
which manifests as CF3NO in the presence of the NO radical
scavenger. As found in previous experiments, the sensitivity
is insufficient to detect low yields of CHF3 (R2) due to spec-
tral overlap of other species with the CF3 chromophore, for
example the intact parent (CF3CHO) and major photolysis
product (CF3NO).

The yield of CHF3 in these experiments was instead mea-
sured using Chirped-Pulse, Fourier-Transform MicroWave
(CPFTMW) spectrometry. This is a new experiment and
is described in detail in Supplementary Information (Sec-
tion S2.4). In brief, the photolysed gas mix from the photol-
ysis cell was expanded into to a stainless steel bulb of known
volume ratio, which was subsequently filled with helium to
6 bar total pressure. The gas in the bulb was regulated to
3 bar and expanded into a vacuum chamber as a free jet
expansion using a pulsed nozzle operating at ~ 7 Hz. The
free jet expansion was crossed with microwave radiation of
frequencies spanning 16-26 GHz.

The intensity of the MW absorption at 20.698 GHz, corre-
sponding to the YRy (0) transition of CHF3 was recorded and
averaged for ~5000-20000 pulses. The mixing ratio of CHF3
in the photolysed sample was determined by reference to a
calibration curve made from a series of standard mixtures of
CHFj; in He under the same conditions (see Supplementary
Information).

The molar yield, Y, of CHF; was determined from the
number of moles of CHF3 produced (MW detected) to
CF3CHO lost (FTIR detected). Quantum yields, ®, were
determined by actinometry via a factory-calibrated laser en-
ergy meter and the published CF3CHO absorption cross sec-
tion at 308 nm.' We note that CFsNO does have a non-
zero absorption cross-section at A=308 nm, but its photoly-
sis yields CF3 and NO and, with NO always in large excess,
does not affect the observed products of CF3sCHO photol-
ysis. Supplementary Information also includes a discussion
of evaluation of wall effects, multiphoton processes and NO
radical scavenging.

Table 1 reports the molar yields and photochemical quan-
tum yields for CHF3 production following 308 nm excita-
tion. The reported ®ot(1 bar) = 0.19 £ 0.05 is consistent
with 0.17 & 0.03 reported by Chiappero et al. from the dis-
appearance of the CF;CHO parent compound.”

Fig. 4 is a Stern-Volmer plot that graphs <I>611{F3 against
the total pressure of the photolyzed CF3sCHO mixture. The
zero pressure quantum yield determined using POPTARTS
is also included. The linear relationship between @6;11:3 and
pressure indicates there is a single photolysis mechanism pro-
ducing CHF3 and that it is efficiently quenched through
collisions with N2. Indeed, the data in Table 1 reveals that
total photolysis (Ptota1) is also quenched with (R2) being
quenched ~140x more than (R1).

Table 1 shows the quantum yield for the production of
CHF3 following 308 nm photolysis of CF3CHO, in 1 bar of



Table 1.

Molar yields, Y, and quantum yields, ®, for CHF3 production following A = 308 nm photolysis of CF;CHO with N, buffer gas at

several pressures, P. Also reported are the ratios of Y to ® (discussed in the text) and the total photolysis quantum yield determined from the

HFC-23 molar and quantum yields. Uncertainties reported to lo.

P / bar T /K YcHF, dcur, Ycur, /Pcnr, Diotal
0 5 0.16 = 0.03 0.16 = 0.03 1.0+0.2 1.00 £ 0.2
0.005* 295 0.10 = 0.03 0.10 £ 0.03 1.0+0.3 ~1.00 £0.3
0.1024£0.001 295 (5.4+£09) x 1073 (3.6+£0.9)x 103  1.5+05  0.67=0.20
0.306 &+ 0.002 295 (2.2+04) x 1073 (7.8 £1.9) x 1074 3.0+£0.9 0.34 +0.10
0.412 4+ 0.006 295 (2.7 + 0.6) x 1073 (5.5 + 1.9) x 1074 5.0+ 2.0 0.20 +0.08
1.016+£0.006 295 (12+03)x107° (23+04)x10~%  54+15  0.19+0.05

* He buffer gas

N,, is ®cur, = (2.3 4+ 0.4) x 107* | with a corresponding
molar yield of (1.2 £ 0.3) x 1073. Oxygen (O,) comprises
21% of the atmosphere, however, we expect O, to quench
this reaction with a similar quenching efficiency as N, as has
been shown for 254 nm photolysis of CF3CHO previously. *?
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Figure 4. Pressure dependence of the reciprocal photolysis quan-

tum yield of the CHF3-producing photolysis channel of CF3CHO
(Stern-Volmer) plot.

Table 1 also reports the ratio of molar yield to quantum
yield (Y/®) at each pressure. We refer to this ratio as the
turnover number - the average number of times CF3CHO ab-
sorbs a photon before fragmenting. At 1 bar, each CF;CHO
molecule has to absorb an average of 5.4 photons before pho-
todissociating. Y/® > 1 reflects that quenching returns a
fraction of the excited molecules to their ground state with-
out reacting, where they become available to absorb another
photon and repeat the cycle. As the pressure is lowered,
the turnover number becomes smaller because quenching is
reduced, reaching the limiting case at zero pressure where
Y =29.

In the simplified environment of a laboratory cell and
1 bar of Ny buffer gas, where we assume no other signifi-
cant loss mechanisms for CF3CHO, the photolysis turnover
number is simply 1/®iota1. However, in the environment
of the authentic atmosphere, other processes can remove
CF3CHO, thereby reducing the molar yield, for the same
quantum yield. Recent atmospheric box model simulations
incorporating observations from the 2012 London ClearFlo
campaign and two of the most important competing removal
pathways, OH reaction and deposition, predicted a photol-
ysis turnover number ranging from 2.8 to 4.4.%? This value
is similar to, but ~20-50% less than, that determined un-
der our laboratory conditions where these competing pro-
cesses are excluded. Note that the turnover number in the

atmosphere will depend on local environmental conditions,
including humidity, OH, NO and O3 mixing ratios and pres-
sure. The turnover number is expected to be larger (higher
molar yield for fixed quantum yield) in pristine/rural en-
vironments where the mixing fractions of OH and O3 are
lower, or higher altitude where quenching is reduced. But
the turnover number should be smaller (smaller molar yield)
at high humidity because of increased deposition.

Notwithstanding the differences that will be present in
an authentic atmosphere, discussed above, we can use
our laboratory atmospheric-pressure molar yield, Ycur, =
(1.2 £ 0.3) x 1073, to estimate a crude upper limit 100-
year GWP for CF3CHO, and hence indirect GWP1g¢ for
(E)-1,3,3,3-tetrafluoropropene due to CF3CHO photolysis,
of GWP109 < 10. This would bring it into line with “natural
refrigerants” such as propane, which has recently been shown
to exhibit an indirect GWP100 of 10 due to its secondary at-
mospheric chemistry. ?* To determine the true environmental
impact, rigorous atmospheric modelling is needed and this
study provides the quantum yield data that are required to
do so.

In summary, this paper demonstrates that CHF3 is pro-
duced following the photolysis of CF3CHO under atmo-
spherically relevant pressures and wavelengths, and reports
quantum yields for this reaction following 308 nm photolysis
at a range of pressures from collision-free to 1 bar. These
data will enable the inclusion of this CHF3 formation path-
way in atmospheric models, which are necessary to quanti-
tatively assess the long-term impact of large scale emission
of (E)-1,3,3,3-tetrafluoropropene.
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