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The infrared and ultraviolet-visible absorption cross sections, effective quantum yield of photolysis, and
OH, Cl, and NO3 reaction rate coefficients of CHF2CHO are reported. Relative rate measurements at 298(
2 K and 1013( 10 hPa gavekOH ) (1.8( 0.4)× 10-12 cm3 molecule-1 s-1 (propane as reference compound),
kCl ) (1.24( 0.13)× 10-11 cm3 molecule-1 s-1 (ethane as reference compound), andkNO3 ) (5.9 ( 1.7) ×
10-17 cm3 molecule-1 s-1 (trans-dichloroethene as reference compound). The photolysis of CHF2CHO has
been investigated under pseudonatural tropospheric conditions in the European simulation chamber, Valencia,
Spain (EUPHORE), and an effective quantum yield of photolysis equal to 0.30( 0.05 over the wavelength
range 290-500 nm has been extracted. The tropospheric lifetime of CHF2CHO is estimated to be around 1
day and is determined by photolysis. The observed photolysis rates of CH3CHO, CHF2CHO, and CF3CHO
are discussed on the basis of results from quantum chemical calculations.

1. Introduction

Recently, the atmospheric chemistry of CHF2CH2OH has
been investigated.1,2 It was found that 2,2-difluoroacetaldehyde,
CHF2CHO, is a primary degradation product in the gas-phase
oxidation of the alcohol. CHF2CHO is also a possible degrada-
tion product from the atmospheric oxidation of larger com-
pounds containing a CHF2CH2 moiety. The interest in these
compounds lies in the fact that partially fluorinated alcohols
have been suggested as new hydrochlorofluorocarbon (HCFC)
and hydrofluorocarbon (HFC) replacement compounds in certain
industrial applications. To provide a balanced assessment of the
environmental burden of these new HCFC/HFC replacement
compounds, it is necessary to have information about the
atmospheric fate of their oxidation products.

The major tropospheric sinks for CHF2CHO in the gas phase
will be reaction with OH radicals and photolysis. Reaction with
Cl atoms can be of importance in marine boundary layers, while
NO3 radicals are important for the nighttime tropospheric
chemistry. To quantify the atmospheric lifetime of CHF2CHO,
information about OH, Cl, and NO3 reaction rate coefficients
and photodissociation quantum yields are needed. This informa-
tion for 2,2-difluoroacetaldehyde is deficient or nonexisting.

The atmospheric chemistry of 2,2-difluoroacetaldehyde has
previously been investigated by Scollard et al,3 who reported
the following OH and Cl reaction rate coefficients of CHF2-
CHO: kOH(298(2K) ) (1.7 ( 0.2) × 10-12 cm3 molecule-1

s-1 (laser photolysis-resonance fluorescence measurement) and
(1.4( 0.3)× 10-12 cm3 molecule-1 s-1 (relative rate measure-
ment);kCl(298(2K) ) (5.6 ( 1) × 10-12 cm3 molecule-1 s-1

(relative rate measurement).
As part of our ongoing studies of the environmental impact

of potential industrial HCFC and HFC replacement com-

pounds2,4,5 we have measured the IR and UV-vis absorption
cross sections, the OH, Cl, and NO3 reaction rate coefficients,
and the tropospheric photolysis rate of 2,2-difluoroacetaldehyde.
Quantum chemical calculations on the photolytic dissociation
pathways of CHF2CHO are also reported and compared to
similar calculations on the photodissociation pathways of CH3-
CHO, CH2FCHO, and CF3CHO.

2. Experimental and Computational Methods

2.1. Synthesis.2,2-Difluoroacetaldehyde is not a com-
mercially available compound. To our knowledge, two different
ways of preparing CHF2CHO have been reported in the
literature: reduction of CHF2C(O)OH6 and preparation from a
hemiacetal/hydrate mixture.3,7

1-Ethoxy-2,2-difluoroethanol was prepared by a slight modi-
fication of a literature procedure.8 A solution of ethyl difluo-
roacetate (2.01 g; 16.2 mmol) in 10 mL of dry ether was cooled
to -85 °C. Under vigorous stirring a solution of LiAlH4 in ether
(1.0 M; 6.0 mL; 6.0 mmol) was slowly added. The reaction
was stirred for 4 h while heating to-75 °C. Ethanol (95%; 1.0
mL) was added and the mixture was allowed to heat up to room
temperature and poured onto a mixture of crushed ice and
concentrated H2SO4 (1.5 mL). Extraction with ether, drying
(MgSO4), and concentration by careful evaporation of the
solvent left an oil, which by fractional distillation gave 1.45 g
(71%) of 1-ethoxy-2,2-difluoroethanol: bp 59-61 °C (60
mmHg) [lit.8 bp 45-47 °C (27 mmHg)]. All the spectroscopic
data (FTIR and1H, 13C, and19F NMR) were in accord with the
literature.8 1-Ethoxy-2,2-difluoroethanol was stored in the dark
at 277 K, and was stable over several weeks.

CHF2CHO was synthesized by adding 1-ethoxy-2,2-difluo-
roethanol to concentrated sulfuric acid (95%). After ca. 15 min
of mixing, CHF2CHO was distilled off under vacuum and
trapped in a container at liquid nitrogen temperature. The purity
was estimated to be better than 95% (no traces of 1-ethoxy-
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2,2-difluoroethanol or ethanol could be observed in the infrared
spectra). 2,2-Difluoroacetaldehyde rapidly undergoes polymer-
ization and was therefore stored in the dark at 195 K.

2.2. Measurements of Absorption Cross Sections.From
Beer-Lambert’s law, the absorption cross section of a com-
pound J at a specific wavenumberν̃ is given byσ(ν̃) ) Ae/nJl,
where Ae ) -ln τ(ν̃) is the napierian absorbance,τ is the
transmittance,nJ is the number density of J, andl is the path
length over which the absorption takes place. The integrated
absorption intensity,Sint, is given by

Fourier transform infrared (FTIR) spectra of pure vapor of
CHF2CHO were recorded at 298( 2 K in the region 4000-
400 cm-1, using a Bruker IFS 113v spectrometer employing a
nominal resolution of 1.0 cm-1 and Blackman-Harris 3-Term
apodization of the interferograms. A Ge/KBr beam splitter was
used to cover the spectral region, and a DTGS detector was
chosen because of its linear response. Eight single channel
spectra each recorded with 32 scans were averaged to yield one
background or sample spectrum. Background spectra of an
empty 2.34( 0.02 cm gas cell with KBr windows were
recorded before and after each sample spectrum. In the case
where the two background spectra were not similar, the
background spectrum that gave the transmittance spectrum with
best baseline in the nonabsorbing regions was used in the
succeeding analysis. The partial pressures of the gases were in
the range 2-10 hPa, and were measured by using an absolute
pressure transducer (MKS Baratron Type 122A) with a stated
accuracy of(0.15%. Three independent experiments were
performed.

Absorption cross sections in the UV-vis region were obtained
at 298 ( 2 K with an Agilent 8453E photodiode array
spectrophotometer. The spectra were recorded in the wavelength
range from 190 to 1100 nm with sampling intervals of 1 nm,
which gives a spectral resolution of 2 nm. The integration time
was set to 0.5 s. The pressures of the pure vapors were in the
range between 5 and 17 hPa, and were measured by using the
Baratron pressure transducer mentioned above. A gas cell of
8.0 ( 0.1 cm length with quartz windows was used. The
absorption cross sections were determined from three indepen-
dent measurements.

2.3. Relative Rate Measurements.The OH, Cl, and NO3
reaction rate coefficients of CHF2CHO were determined by the
relative rate method, in which the rate coefficient for the
compound of interest is measured relative to a reference
compound with a known rate coefficient. If the reactants react
solely with the same radical and none of the reactants is
reformed in any side reactions, the relative rate coefficient,krel,
is given according to the following expression:

where S is the substrate and R is the reference compound. [S]0,
[R]0, [S]t, and [R]t are concentrations of S and R at the start
and at the timet, respectively, andkS andkR are rate coefficients.
The experiments were performed in purified air (CO+ NOx <
100 ppb and CnHm < 1 ppm; delivered by AGA) at 298( 2 K
and 1013( 10 hPa in a 250 L reaction chamber of electropol-
ished stainless steel equipped with a multiple reflection White
type mirror system adjusted to give a total optical path of 120
m. The optical system is connected to a Bruker IFS 66v FTIR

spectrometer with MCT detector, allowing in situ monitoring.
In all experiments, FTIR spectra were recorded in the wave-
number range 4500-400 cm-1. Each spectrum was recorded
by co-adding 100 scans and employing a nominal resolution of
0.5 cm-1 and Happ-Genzel apodization (collection time ca. 2
min). Initial mixing ratios of the reactants in the reaction
chamber were 1-4 ppm. The following reference compounds
were used: propane (99.95%; AGA) in the OH experiments,
ethane (99.0%; AGA) in the Cl experiments, and (E)-C2H2Cl2
(98%; Aldrich) in the NO3 experiments.

OH radicals were generated by photolysis of O3 in the
presence of H2 (99%; AGA). Ozone was produced by discharge
of oxygen (99.95%; AGA), where approximately 2% of the
oxygen gas was converted to ozone. Typical mixing ratios of
ozone and hydrogen were 3× 102 and 5 × 103 ppm,
respectively. Photolysis of ozone was carried out in intervals
of 1-2 min, using two Philips TL 20W/12 fluorescence lamps
(λmax ∼310 nm). This OH production method produces OH
radicals not only in the ground state but also in excited
vibrational states.9-11 The collision quenching rate coefficients
of OH by N2 and O2 is of the order of 10-15 and 10-13 cm3

molecule-1 s-1, respectively.12 However, the mixing ratios of
O2 and N2 are 5 orders of magnitude larger than that of the
CHF2CHO, and one may therefore safely assume that this
compound reacts exclusively with OH in the vibrational ground
state.

Chlorine atoms were generated by photolysis of 20-25 ppm
chlorine gas (99.8%; AGA) employing two Philips TLD 18W/
08 fluorescence lamps (λmax ∼375 nm). In this wavelength
region the Cl atoms produced were in the ground state. The
photolysis was carried out at intervals of 15-60 s.

NO3 radicals were generated by thermal decomposition of
N2O5 (∼50 ppm). N2O5 was synthesized by mixing gas streams
of O3 and NO2 (99.0%; AGA), trapping the products at 195 K.
N2O5 was purified by vacuum distillation prior to its use.

All reactants were stable in the dark in the reaction chamber.
However, CHF2CHO was not photolytically stable during
irradiation by the Philips TL 20W/12 fluorescence lamps (λmax

∼310 nm). The photolysis rate coefficient of CHF2CHO under
these conditions was therefore determined from three separate
experiments.

2.4. EUPHORE Experiments.The photolysis of CHF2CHO
was studied under pseudonatural conditions in the EUPHORE
simulation chamber in Valencia, Spain (longitude) -0.5°,
latitude) 39.5°). The date of the experiment was October 21,
2004 (initial dew point:-36.2 °C). Technical information
concerning the installation has been previously reported in the
literature.13-17 For brevity, only brief details will therefore be
given here. The experiments were performed in chamber B in
purified air (see Becker13 for a description of the drying and
purification system). This chamber was equipped with a Nicolet
Magna 550 FTIR spectrometer coupled with a White multire-
flection mirror system for in situ analysis adjusted to give an
optical path length of 553.5 m. FTIR spectra were recorded
every 5 min by co-adding 270 interferograms with a resolution
of 1.0 cm-1. Additional analyses were carried out with a gas
chromatograph (Fisons Instruments GC 8000 Series) equipped
with a photoionization detector.

Loss of the aldehyde in the chamber is due to photolysis,
reaction with OH radicals, and leakage. The leakage rate was
measured by adding ca. 29 ppb of SF6 to the reaction chamber.
The loss due to OH reactions was quantified by adding 47 ppb
of di-n-butyl ether (DNBE, (C4H9)2O) (99.3%; Aldrich) to the
reaction chamber since the disappearance of DNBE is solely

Sint ) ∫band
σ(ν̃) dν̃ (1)

ln{[S]0
[S]t} ) krel ln{[R]0

[R]t
}, krel )

kS

kR
(2)
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due to its reaction with OH radicals and leakage. The observed
losses of SF6, DNBE, and CHF2CHO were subsequently
corrected for variations in pressure and temperature with use
of the ideal gas law. The loss processes in the chamber and
their rate coefficients are summarized in Table 1.

The effective quantum yield of photolysis is given as the ratio

whereJobs is the observed photolysis rate coefficient andJmax

is the maximum photolysis rate coefficient given by

Hereσ(λ) is the absorption cross section (base e) of the aldehyde
(in units of cm2 molecule-1), φ(λ) is the quantum yield (φ(λ)
) 1), andF(λ) is the solar actinic flux (photons cm-2 s-1)
measured with a spectral radiantmeter. The specifications of
the radiantmeter are given by Wenger et al.17 The integration
was carried out over the wavelength range 290-500 nm.

2.5. Electronic Structure Calculations.MP2,18 B3LYP,19,20

and CCSD(T)21 calculations were carried out with the Gaussian
98 program.22 Unrestricted wave functions were used to describe
open shell systems and bond breaking processes; singlet ground-
state structures were calculated by using a restricted wave
function. The core electrons were kept frozen in the MP2 and
CCSD(T) calculations. Dunning’s correlation-consistent aug-
cc-pVXZ (X ) D, T, Q) basis sets23,24 were employed in all
calculations. The Franck-Condon region of the potential energy
surfaces was explored by calculating vertical excitation energies,
using time-dependent density functional theory (TDDFT)25,26

and the B3LYP functional.
Complete active space calculations (CAS)27,28 were carried

out with use of the Dalton program.29 As a starting point for
the CAS calculations, the ground-state potential energy surface
of CH3CHO was probed at the HF/aug-cc-pVDZ level of theory.
The strategy was to construct an active space capable of
describing the bond dissociations and theπ* r n transition of
the carbonyl group. The smallest active space must therefore
consist of the bonding and antibonding carbon-carbon and
carbon-carbonyl hydrogenσ orbitals, the bonding and anti-
bondingπ orbitals, and the highest occupied lone-pair orbital
(n) on oxygen, i.e., 8 electrons in 7 orbitals, denoted by CAS-
(8,7). The orbitals were moved into the active space by
stretching the relevant bonds, using the MP2 natural orbitals
start orbitals for the CAS calculations.30 Effects due to the size
of the active space were tested by increasing the active space
to 12 electrons in 12 orbitals.

3. Results and Discussion

3.1. IR and UV-Vis Absorption Cross Sections.The
infrared absorption cross sections (base e) were obtained from

the absorbance spectra assuming that the gas was ideal and
applying a baseline correction. The baseline correction was
performed by subtracting a polynomial function, obtained by
fitting the regions of the spectrum where no absorptions were
expected. The integrations over the absorption bands were
carried out by using a method that defines the baseline from an
average of two points on one side of the band and the average
of two points on the other side of the band.

The integrated absorption intensities of the absorption bands,
or regions of overlapping bands, were determined by plotting
the integrated absorbance against the product of the number
density and the path length. As none of the regression lines
had ay-intercept significantly different from zero, a least-squares
method that forced the regression line to go through zero was
used to determine the absorption intensities.

Figure 1 shows the absorption cross sections of CHF2CHO
in the 3200-600 cm-1 region (also given as Supporting
Information in JCAMP-DX format). The integrated absorption
intensities given in Table 2 have uncertainties less than 5%,
and include, in addition to random errors, also errors in pressure
measurements (0.15%), path length (0.90%), and temperature
(0.67%). To assess the quality of the cross section data, our
experimental setup has been tested against the well-studied
HCFC-22 (CHClF2).31 The integrated absorption intensities
obtained were within 5% of the average values reported in the
intercomparison by Ballard et al.31 We therefore believe that
our measurements of CHF2CHO are not affected by any large,
unknown systematic errors other than those already quantified.

Figure 2 shows the UV-vis absorption cross sections of
CHF2CHO. The absorption band corresponds to the weakπ*
r n transition of the carbonyl group. At the wavelength of
maximum absorption (309 nm), the uncertainty in the absorption
cross section is 0.3% (2σ). When errors in pressure measure-
ments, path length, and temperature are taken into consideration,
it is estimated that the absolute error limits are at most(5%.
The UV-vis absorption cross sections of CHF2CHO are given
as Supporting Information in JCAMP-DX format.

The UV-vis absorption cross sections of CHF2CHO are only
slightly lower than those of CH3CHO.32 However, the UV

TABLE 1: Reaction Scheme Used for Determining the
Observed Photolysis Rate,Jobs, of CHF2CHO

reaction rate coefficient

CHF2CHO + hν f products Jobs

CHF2CHO + OH f products kald
a

CHF2CHO f loss by leakage kleak(t)b

(C4H9)2O + OH f products kDNBE
c

(C4H9)2O f loss by leakage kleak(t)b

SF6 f loss by leakage kleak(t)b

a kald ) 1.8× 10-12 cm3 molecule-1 s-1 (this work). b See eq 5 and
text for details.c kDNBE ) 2.89× 10-11 cm3 molecule-1 s-1.46

Φeff ) Jobs/Jmax (3)

Jmax ) ∫σ(λ)φ(λ)F(λ) dλ (4)

Figure 1. Infrared absorption cross sections (base e) of pure vapor of
CHF2CHO at 298( 2 K.

TABLE 2: Absolute Absorption Intensities, SInt , of Pure
CHF2CHO Vapor at 298 ( 2 K

wavenumber range/cm-1 Sint/10-17 cm molecule-1

1550-760 5.86( 0.07
1920-1630 1.270( 0.018
3115-2550 1.14( 0.04
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spectrum of CHF2CHO is red-shifted by ca. 19 nm. Interestingly,
the UV spectrum of CHF2CHO is also red-shifted by ca. 9 nm
compared to that of CF3CHO.33-37

3.2. OH, Cl, and NO3 Reaction Rate Coefficients.Losses
of reactant and reference compounds were monitored by online
FTIR detection. A spectral subtraction procedure was used to
determine the relative concentrations of the substrate and the
reference compound at different time intervals. Based on the
residuals from the spectral subtraction analysis, the uncertainty
in the relative concentrations of the reactants was estimated to
be 1%. The relative rate coefficients were determined according
to eq 2 by using a weighted least-squares method that includes
uncertainties in the concentrations of both reactants obtained
by the spectral subtraction procedure.38 The reported uncertain-
ties in this work represent 2σ from the statistical analyses of
the kinetic data and include uncertainties in the reaction rate
coefficients of the reference compounds.

As mentioned previously, CHF2CHO was not photostable
during irradiation by the Philips TL 20W/12 fluorescence lamps
havingλmax ∼310 nm. A difference spectrum after 45 min of
photolysis (only CHF2CHO in the reaction chamber) is shown
in Figure S1 (Supporting Information). There is clearly a
formation of CO and CF2O as photolysis products. No other
products could be detected, which implies that the reaction route
yielding CH2F2 is of minor importance (see later). The photolysis
rate coefficient of CHF2CHO was determined from three
independent experiments, and a plot of ln{[CHF2CHO]0/[CHF2-
CHO]t} vs photolysis time is shown in Figure S2 (Supporting
Information). They-intercept of the plot was not significantly
different from zero. A least-squares method that forced the
regression line to go through zero was therefore used, and a
photolysis rate coefficient ofkphotol ) (2.011 ( 0.057) × 10-5

s-1 was extracted. However, OH radicals will eventually be
produced as a result of photolysis (CHF2CHO + hν f CHF2

+ HCO or CHF2CO + H) and therefore in principle contribute
to the observed loss of 2,2-difluoroacetaldehyde. We have
modeled the photolytic and OH-initiated oxidation of 2,2-
difluoroacetaldehyde in the reaction chamber using a general
FACSIMILE39 model, which includes 220 equations describing
Ox, HOx, NOx, FOx, ClOx, BrOx, and organic “background”
reactions in the chamber (eight of them are photolysis reactions).
The model showed that the degradation of 2,2-difluoroacetal-
dehyde by OH radicals is negligible in the present photolysis
experiments.

The OH reaction rate coefficient of CHF2CHO was deter-
mined relative to that of C3H8. The spectral subtraction analysis

was carried out over the wavenumber region 3000-2700 cm-1,
i.e., part of the C-H stretching region, to determine the relative
concentrations of both 2,2-difluoroacetaldehyde and propane.
FTIR reference spectra of C3H8, CHF2CHO, CH3COCH3, O3,
HCHO, and H2O and a sloping baseline were included in the
spectral subtraction analyses. An example of the residuals after
the spectral subtraction is shown in Figure 3.

Figure 4 shows a plot of the decay of 2,2-difluoroacetaldehyde
vs the decay of propane due to reaction with OH radicals in
three independent experiments. The loss of 2,2-difluoroacetal-
dehyde has been corrected for loss due to photolysis. A least-
squares analysis of the data gave a relative OH reaction rate
coefficient of 1.626 ( 0.042 (2σ). The latest JPL data evalua-
tion40 and the IUPAC Subcommittee on Gas Kinetic Data
Evaluation for Atmospheric Chemistry41 has recommended a
rate coefficient ofk(OH+C3H8) ) 1.1× 10-12 cm3 molecule-1

Figure 2. Ultraviolet-visible absorption cross sections (base e) of
pure CHF2CHO vapor at 298( 2 K. Figure 3. FTIR spectra of the reaction mixture CHF2CHO/C3H8/H2/

O3: (A) before reaction with OH; (B) after reaction with OH; (C)
residual after spectral subtraction analysis of spectrum A, see text for
a list of reference spectra included in the subtraction; (D) residual after
spectral subtraction analysis of spectrum B; (E) reference spectrum of
CHF2CHO; and (F) reference spectrum of C3H8. The spectra C-F have
been shifted for clarity.

Figure 4. Decay of CHF2CHO versus C3H8 in the presence of OH
radicals at 298( 2 K as measured from three independent experiments
(17 data points). The uncertainty in each data point is based on an
estimated uncertainty of 0.01 in the relative concentrations. The decay
of CH2FCHO in the reaction chamber has been corrected for loss due
to photolysis, see text for details. Least-squares analysis gave a relative
rate coefficient of 1.626 ( 0.042 (y-intercept: 0.007( 0.008). The
uncertainty of the linear regression coefficients represents 2σ.

Atmospheric Chemistry of CHF2CHO J. Phys. Chem. A, Vol. 109, No. 16, 20053655



s-1 at 298 K with an uncertainty factor of 1.2. On an absolute
scale the OH reaction rate coefficient of 2,2-difluoroacetalde-
hyde is then (1.8( 0.4) × 10-12 cm3 molecule-1 s-1

(uncertainty in the absolute rate coefficient of propane included).
Scollard et al.3 reported two values for the OH reaction rate

coefficient of CHF2CHO: one measured by laser photolysis-
resonance fluorescence (LP-RF), (1.7( 0.2) × 10-12 cm3

molecule-1 s-1, and one measured by the relative rate method,
(1.4 ( 0.3)× 10-12 cm3 molecule-1 s-1, using toluene (C6H5-
CH3) as the reference compound. There is very good agreement
between the rate coefficient from the present work and the one
determined by the LP-RF technique by Scollard and co-workers.
However, our rate coefficient is almost 30% larger, but not
significantly different, than the rate coefficient measured by the
relative rate technique in the paper by Scollard et al.3 Scollard
and co-workers used 5.96× 10-12 cm3 molecule-1 s-1 (from
the evaluations by Atkinson42,43) as the rate coefficient for the
reaction between OH and toluene. More recent measurements44-47

are all in agreement with the evaluations by Atkinson,42,43

suggesting that it is a reasonable value to use. Still there is about
20-25% uncertainty associated with the rate coefficients of the
reference compounds, making up for most of the discrepancy
between the relative rate measurements presented in this work
and in the paper by Scollard et al.3 We also note that there is
ca. 20% uncertainty in the relative rate coefficient measured
by Scollard and co-workers, which refers to precision only.

Ethane, C2H6, was used as the reference compound to
determine the Cl reaction rate coefficient of 2,2-difluoroacetal-
dehyde. The relative concentrations of the two compounds were
extracted by analyzing the spectral region 2950-2600 cm-1.
FTIR reference spectra of CHF2CHO, C2H6, CH3CHO, HCHO,
and HCl and a sloping baseline were included in the spectral
subtraction. An example of the residuals after the subtraction
is shown in Figure S3 (Supporting Information).

A least-squares analysis of the ln{[CHF2CHO]0/[CHF2CHO]t}
vs ln{[C2H6]0/[C2H6]t} data, shown in Figure 5, gave a relative
rate coefficient of 0.218( 0.006 (2σ). The recommended Cl
reaction rate coefficient of ethane is 5.7× 10-11 cm3 molecule-1

s-1 with an uncertainty factor of 1.1.40 This gives an absolute
rate coefficient of (1.24( 0.13)× 10-11 cm3 molecule-1 s-1

for the reaction between CHF2CHO and Cl atoms. This value

is a factor of 2 larger than that reported by Scollard et al.,3 (5.6
( 1.0)× 10-12 cm3 molecule-1 s-1, who also used the relative
rate method for determining the rate coefficient, but with acetone
as reference compound andk(Cl+CH3C(O)CH3) ) 2.37 ×
10-12 cm3 molecule-1 s-1.48 The latest JPL evaluation has
recommended 2.7× 10-12 cm3 molecule-1 s-1 as the Cl rate
coefficient of acetone with an uncertainty factor of 1.3. Using
this value places the Cl rate coefficient of 2,2-difluoroacetal-
dehyde of Scollard and co-workers at (6.4( 2.2)× 10-12 cm3

molecule-1 s-1, still significantly different from our measure-
ment. Obviously the two results cannot both be correct. We
cannot comment on the kinetic result by Scollard and co-workers
as their data for this reaction are not presented. We note that
their relative rate coefficient has an uncertainty of 18%, which
refers to precision only. We also note, although this does not
prove anything, that our values forkOH andkCl of CHF2CHO
will fit the correlation line of the linear free energy plot for
halogenated aldehydes (Figure 5 in ref 3).

The NO3 reaction rate coefficient of 2,2-difluoroacetaldehyde
was measured relative to that oftrans-dichloroethene ((E)-C2H2-
Cl2). Atkinson et al.49 and Noremsaune et al.50 have measured
the NO3 rate coefficient of (E)-C2H2Cl2, both reportingk ) (1.0
( 0.2)× 10-16 cm3 molecule-1 s-1. The spectral region 3200-
2700 cm-1 was analyzed to extract the relative concentrations
of the substrate and the reference compound. Reference spectra
of 2,2-difluoroacetaldehyde,trans-dichloroethene, N2O5, HNO3,
and NO2 together with a sloping baseline were included in the
spectral subtraction analyses, see Figure S4 (Supporting Infor-
mation) for FTIR spectra of the reaction mixture and the residual
after spectral subtraction from one of the experiments.

A plot of ln{[CHF2CHO]0/[CHF2CHO]t} vs ln {[(E)-C2H2-
Cl2]0/{[(E)-C2H2Cl2]t} from three independent experiments is
given in Figure 6. The data points from each of the experiments
are shown with different symbols; a singlex,y-error bar
indicating a representative uncertainty in the data points is also
given. The rate of this reaction is on the limit of what we can
determine in our chamber and the data points deviate consider-
ably from the ideal straight line. This deviation, however, reflects
the uncertainty of our spectral subtraction procedure rather than
interfering secondary reactions (corroborated by our FAC-

Figure 5. Decay of CHF2CHO versus C2H6 in the presence of Cl atoms
at 298( 2 K as measured from two independent experiments (16 data
points). The uncertainty in each data point is based on an estimated
uncertainty of 0.01 in the relative concentrations. Least-squares analysis
gave a relative rate coefficient of 0.218( 0.006 (y-intercept: 0.002(
0.0012). The uncertainty of the linear regression coefficients represents
2σ.

Figure 6. Decay of CHF2CHO versus (E)-C2H2Cl2 in the presence of
NO3 radicals at 298( 2 K as measured from three independent
experiments (51 data points). The uncertainty in each data point is based
on an estimated uncertainty of 0.01 in the relative concentrations (only
one error bar is shown). Least-squares analysis gave a relative rate
coefficient of 0.592( 0.028 (y-intercept:-0.0037( 0.0014). The
uncertainty of the linear regression coefficients represents 2σ. See text
for a discussion of the curvature of the plot.
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SIMILE model of the reaction system). The spectral subtraction
is also complicated due to the many overlapping absorption
bands in the spectral region analyzed.

A least-squares analysis of the data points shown in Figure
6 gave a relative rate coefficient of 0.592( 0.028 (2σ).
Considering the estimated uncertainties in this experiment,
represented by the error bars in Figure 6, we prefer to quote a
relative error of 20% in the relative rate coefficient instead of
the 5% (2σ) from the statistical analysis, that iskrel ) 0.59(
0.12. We therefore report (5.9( 1.7)× 10-17 cm3 molecule-1

s-1 as the rate coefficient for the reaction between CHF2CHO
and NO3 (uncertainty in the rate coefficient of the reference
compound has been included).

Despite its rather large uncertainty, this is a very interesting
result. D’Anna et al.51 have performed a kinetic study of OH
and NO3 radical reactions with 14 aliphatic aldehydes and
correlated the NO3 and OH rate coefficients according to a linear
free energy relationship. They reported that the rate coefficients
of the 14 aliphatic aldehydes all fell on a correlation line for
addition reactions given by logk(NO3) ) (3.43( 0.24)× log
k(OH) + (22.7 ( 2.5) and not on the correlation line for
H-abstraction reactions given by logk(NO3) ) (0.87 ( 0.09)
× log k(OH) + (-6.0 ( 1.0). This was attributed to inductive
effects of the alkyl chain on the stability of the transition state
and to formation of prereaction adducts.51,52 For 2,2-difluoro-
acetaldehyde the predicted NO3 rate coefficient using the
correlation line for addition reactions is 2× 10-18 cm3

molecule-1 s-1, more than 10 times lower than what was
measured, while using the correlation line for H-abstraction
reactions gives 6× 10-17 cm3 molecule-1 s-1, which is in
agreement with the observation. One should be careful drawing
general conclusions based on one measurement, but it seems
obvious that the conclusions about the reactivity of aliphatic
aldehydes toward NO3 radicals cannot be transferred directly
to the reactivity of fluorinated aldehydes. In the following we
will try to point in a direction where an explanation may be
sought.

To gain more insight into the chemical reactivity of 2,2-
difluoroacetaldehyde, we have performed quantum chemical
calculations on the OH reaction of CHF2CHO at the CCSD-
(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ level of theory. Opti-
mally, it would have been best to perform these calculations
on the CHF2CHO + NO3 reaction system. However, it is very
difficult to perform quantum chemical calculations on this
reaction system on a reasonable reliable level for two reasons:
First, the electronic ground state of the nitrate radical is
degenerate, which is difficult in itself to handle because of the
“symmetry dilemma”.53 A multi-configurational wave function
should therefore be used to describe the nitrate radical reliably.54

Second, the size of the system makes the calculations very
resource demanding. Consequently, we have restricted our
calculations to the CHF2CHO + OH reaction system.

We have chosen CCSD(T)/aug-cc-pVDZ//MP2/aug-cc-pVDZ
as our computational method because it offers direct comparison
with the results of D’Anna et al.52 on the OH reaction of
acetaldehyde. We have investigated the barriers toward three
different routes for the OH reaction of CHF2CHO: (i) abstrac-
tion of the aldehydic hydrogen, (ii) abstraction of theR-hydro-
gen, and (iii) addition of OH to the carbonyl carbon. For brevity,
we do not include structures of the optimized stationary points
here, but refer to Figure S5a-h (Supporting Information) where
they are displayed.

Figure 7 shows the calculated energy level diagram for the
three different reaction routes. As can be seen, the abstraction

of the aldehydic hydrogen proceeds with a small barrier of 0.8
kJ mol-1 while the barrier toward abstraction of theR-hydrogen
is almost 14 kJ mol-1. The addition reaction is not an important
route as the barrier height is more than 20 kJ mol-1. Similar to
the CH3CHO + OH reaction system,52,55,56 OH also forms
prereaction adducts with CHF2CHO, but they are∼8 kJ mol-1

less stable than what was found for the CH3CHO+ OH reaction
system at the same computational level.52 In contrast to what
was found for the CH3CHO + OH reaction system, it has not
been possible to locate any postreaction adducts involving water
and the CHF2CO radical. Weaker adducts can be explained by
the fact that the fluorine atoms on the methyl group of CHF2-
CHO will withdraw electron density from the oxygen atom
making the hydrogen bond between OH and the aldehyde
weaker. This picture is consistent with the results presented by
Mora-Diez et al.57 on the OH reactions with FCHO and ClCHO.

Smith and Ravishankara58 have contended that adduct forma-
tion increases the rate coefficient for the OH reaction relative
to that for the Cl atom and points to the OH and Cl reactions
of HNO3 and CH3ONO2 as examples. The OH reaction of nitric
acid is strongly influenced by the presence of a prereaction
adduct, while the OH reaction of CH3ONO2 is not, even though
the two reaction systems are very similar. For CH3ONO2 the
Cl reaction rate coefficient is an order of magnitude larger than
the OH rate coefficient at room temperature. For 2,2-difluoro-
acetaldehyde, the ratiokCl/kOH is ∼7, while it is ∼5 for
acetaldehyde.41 One might therefore expect the OH reaction of
2,2-difluoroacetaldehyde to be less affected by the presence of
the prereaction adduct than in the case of acetaldehyde. It is
reasonable to expect that this is also the case for the NO3

reaction and thereby explains why the pair of OH/NO3 rate
coefficients of 2,2-difluoroacetaldehyde fall on the correlation
line for abstraction reactions and not on the line for addition
reactions. We stress, however, that we have not provided any
strict evidence for this.

3.3. Photolysis.The photolysis of CHF2CHO was studied
under pseudonatural tropospheric conditions in the EUPHORE
reaction chamber in Valencia, Spain. The initial mixing ratio
of CHF2CHO in the chamber was∼70 ppb.

The decay of SF6 with time in the reaction chamber is
indicated in Figure 8. Normally such logarithmic plots are linear
as the leakage of SF6 from the chamber is a first-order process
with a constant loss rate. The obvious curvature suggests that
the leakage rate coefficient changed with the time of day. The

Figure 7. Energy level diagram for the reaction between CHF2CHO
and OH calculated at the CCSD(T)/aug-cc-pVDZ//MP2(FC)/aug-cc-
pVDZ level of theory. Three different reaction routes have been
investigated: (i) abstraction of the carbonyl hydrogen, (ii) abstraction
of the R-hydrogen, and (iii) addition of OH to the carbonyl carbon.
Structures of the stationary points are given in Figure S5. Zero-point
vibrational energies are included in the energy differences.
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loss of SF6 in the chamber can be reasonably well approximated
by the expression:

in which [SF6]0 and [SF6]t are the initial SF6 concentration and
that after a timet, respectively, anda andb are constants. The
leak rate coefficient is then given bykleak(t) ) ab exp(-bt).
The reason for this curvature is not known: it was apparently
not caused by inadequate mixing (the fans were operating
properly), but more likely caused by improper regulation of the
pressure in the beginning of the experiment (too high pressure
inside the chamber compared to the pressure outside). In any
case, as long as the leakage rate we extract is close to the “true”
leakage rate, our experimental data will not be seriously affected.
Fitting eq 5 to the data points in Figure 8 gives the following
values for the regression coefficients (the reported uncertainty
is 2σ from the statistical analysis):a ) 0.1570 ( 0.0062; b )
(1.811 ( 0.190) × 10-4 s-1.

In Figure 9 the time variation ofJmax during the day of the
experiment is plotted. As can be seen,Jmax is fairly constant
between 11:00 and 14:30 GMT, but changes significantly with
time outside this interval. We have used two different ap-
proaches to extract the effective quantum yield of photolysis,
eq 3. In the first approachΦeff have been fitted directly, using
FACSIMILE,39 to the experimental concentrations of CHF2-
CHO and DNBE according to the differential equations describ-
ing the reaction scheme given in Table 2. This allows us to use
the whole time period of the experiment. The FACSIMILE code
is given in Table S1. Figure 9 shows the results from this
approach and an effective quantum yield of photolysis of 0.31
( 0.03 was extracted. The reported uncertainty reflects 2σ from
the statistical analysis and includes the uncertainty in the OH
rate coefficient of CHF2CHO and the uncertainty in the leakage
rate. Since the OH reaction rate of CHF2CHO is relatively slow
compared to the photolysis rate, the effective quantum yield of
photolysis is not very sensitive to the OH concentration used
in the model. Using a constant OH concentration of 1× 106

radicals cm-3 does not change the derivedΦeff significantly
(but the agreement with the di-n-butyl ether concentration profile
is of course sensitive to the OH concentration).

In the second approach we assumedJobs to be constant in
which case the differential equations for the reaction scheme
in Table 1 have an analytical solution:

Here [...]0 and [...]t are the concentrations of CHF2CHO and
(C4H9)2O at the start and after a timet, respectively,kald )
k(OH+CHF2CHO) ) 1.8 × 10-12 cm3 molecule-1 s-1 (this
work), andkDNBE ) k(OH+(C4H9)2O) ) 2.89 × 10-11 cm3

molecule-1 s-1.46 Figure 10 shows the total loss of CHF2CHO
in the chamber and the loss of CHF2CHO after corrections for
variations in pressure and temperature and for reaction with OH
radicals and leakage according to eq 6. From least-squares
analysis of the data points from 11:00 to 14:30 GMT an
observed photolysis rate of (2.91( 0.09) × 10-5 s-1 (2σ;
precision only) was extracted. The time averaged maximum
photolysis rate,Jmax (see eq 4), during the experiment was
calculated to be 9.8× 10-5 s-1, which givesΦeff ) 0.30 (
0.03 (uncertainty in OH rate coefficient and leakage rate
coefficient included also). Thus, the two very different ap-
proaches to derive the effective quantum yield to photolysis
result in essentially the same value. It is not obvious that the
leakage rate of CHF2CHO is exactly the same as that of SF6. It
is therefore likely that the uncertainty in the experiment is larger
than that given above. We therefore prefer to reportΦeff ) 0.30
( 0.05 for the tropospheric photolysis of 2,2-difluoroacetalde-
hyde.

An effective quantum yield of 0.30( 0.05 is remarkably
different from what has been observed for CH3CHO and CF3-
CHO under similar conditions in the EUPHORE simulation
chamber. For CH3CHO a quantum yield of 0.06( 0.1 has been
reported,59 while an upper limit of 0.01 has been reported for
CF3CHO.36 This instantly brings forward the question: why
are the quantum yields to photolysis of these related molecules
so different?

Figure 8. Leakage as measured from the disappearance of SF6 during
the photolysis experiment with CHF2CHO in the EUPHORE simulation
chamber. The data points have been corrected for variations in pressure
and temperature during the experiment. The observed leakage has been
fitted according to eq 5, wherea ) 0.1570 ( 0.0062 andb ) (1.811 (
0.190) × 10-4 s-1 (the reported uncertainties represent 2σ from the
statistical analysis).

ln{[SF6]0/[SF6]t} ) ∫0

t
kleak(t) dt ) a(1 - exp(-bt)) (5)

Figure 9. Observed total loss of (9) CHF2CHO and (O) (C4H9)2O in
the EUPHORE simulation chamber corrected for variations in pressure
and temperature. The concentrations are given in units of molecule
cm-3.

ln{ [CHF2CHO]0
[CHF2CHOI]t} -

kald

kDNBE
ln{[(C4H9)2O]0

[(C4H9)2O]t} -

(1 -
kald

kDNBE
)a[1 - exp(-bt)] ) Jobst (6)
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To unravel the mechanisms behind these observations, we
have performed a series of quantum chemical calculations on
the photodissociation pathways of CH3CHO, CH2FCHO, CHF2-
CHO, and CF3CHO. The photolytical processes under study can
be described as

where R symbolizes a CH3, CH2F, CHF2, or CF3 group. The
molecular channel is thought to take place on the singlet ground-
state potential energy surface (S0), while the radical channels
occur on the lowest triplet surface (T1). Although the radical
channels in principle also can take place on the S1 surface as
observed for acetone,60 it is unlikely that this will occur forλ
>310 nm (the actinic flux is very low below 310 nm in the
troposphere). Consequently, we have ignored this possibility
here.

We have tested the MP2 and B3LYP models to find the best
computational approach, using acetaldehyde for benchmarking
(a multi-configurational approach would be too time-consum-
ing). Additional CASSCF calculations have been performed on
acetaldehyde. Figures S6a-e (Supporting Information) display
the stationary points involved in the photolysis of acetaldehyde,
for the CAS(8,7), CAS(12,12), MP2, and B3LYP models in
the aug-cc-pVDZ basis. We here discuss the results for the aug-
cc-pVDZ basis, the only basis used for all models. All
geometrical data are given in Tables S2-6 (Supporting Infor-
mation).

For the S0 surface, the agreement between the different
models is good, both for the minimum, Figure S6a (Supporting
Information), and for the TS1 transition state of the molecular
channel, Figure S6c (Supporting Information). The CAS(8,7)
minimum structure agrees well with the MP2 and B3LYP
structures, bearing in mind that no methyl C-H orbitals were
active. The CAS(12,12) model overestimates bond lengths by
0.5 to 2 pm, the active space being too small for dynamical
correlation.

On the T1 surface, the MP2 and B3LYP differences are larger.
The MP2 C-C bond of the TS3 transition state (Figure S6e,
Supporting Information), in particular, is 3 to 4 pm longer than
the B3LYP and CAS bonds. As usual, the MP2 model suffers
more from spin contamination than does the B3LYP model. At
the minimum,〈S2〉 is 2.017 at the MP2 level of theory but only
2.006 at the B3LYP level. The largest contamination occurs
for TS3, where〈S2〉 is 2.091 at the MP2 level and 2.014 at the
B3LYP level.

The computed dissociation barriers are given in Table 3, along
with relevant literature values. Only calculated barrier heights
have been included from the literature since an experimentally
determined barrier does not necessarily reflect the energy of
the transition statesit may also reflect the energy of the
intersection between the surfaces involved. Setokuchi et al.61

have described the bond breaking process with a multi-
configurational wave function (CAS(10,10)/cc-pVDZ) and
dynamical correlation by multireference Møller-Plesset (MRMP)
theory, providing the highest computational level among the
cited studies. Whereas the B3LYP calculations are in good
agreement with their study, the MP2 model gives a too low
TS3 transition state. For∆E(TS1-S0), the B3LYP model predicts
lower barriers than reported by Kurosaki and Yokoyama,62 while
the MP2 model is in better agreement. The poor CAS barrier
heights arise from the absence of dynamical correlation.

In short, the MP2 and B3LYP models describe the S0 bond-
breaking process well compared with the CAS and literature
values, although the B3LYP model predicts a too low barrier
for the dissociation into CH4 and CO. However, the B3LYP
model is better at describing the T1 bond breaking than is the
MP2 model. We conclude that the B3LYP model is the best
one for describing these bond-breaking processes, with no
obvious errors.

The stationary points of CH2FCHO, CHF2CHO, and CF3-
CHO are displayed in Figures S7a-f, S8a-e, and S9a-e
(Supporting Information), respectively. Energy level diagrams
for the dissociation routes involved in the photolysis of CH3-
CHO, CH2FCHO, CHF2CHO, and CF3CHO calculated at the
B3LYP/aug-cc-pVQZ level of theory are shown in Figure 11a-

Figure 10. (O) Total loss of CHF2CHO in the EUPHORE simulation
chamber, Valencia, Spain. The data points are not corrected for
variations in pressure and temperature. (9) Observed loss of CHF2-
CHO after correcting for variations in pressure and temperature and
for loss due to OH reactions and leakage according to eq 6. Least-
squares fit gaveJobs ) (2.91( 0.09)× 10-5 s-1 (2σ; precision only);
y-intercept: 0.003( 0.006. The time averagedJmax, eq 4, during this
time period was 9.8× 10-5 s-1.

RCHO+ hν f RH + CO (molecular channel) (7)

f R + HCO (radical channel) (8)

f RCO+ H (radical channel) (9)

TABLE 3: Comparison of Relative Energies for the
Different Barriers toward Photodissociation of CH3CHO
Calculated at Several Levels of Theory (zero-point
vibrational energies are included)a

∆E/kJ mol-1

TS1-S0 TS2-T1 TS3-T1

this work
MP2(FC)/aug-cc-pVDZ 347.6 53.2 68.7
MP2(FC)/aug-cc-pVTZ 346.9 51.4 69.5
B3LYP/aug-cc-pVDZ 338.4 57.7 84.4
B3LYP/aug-cc-pVTZ 336.6 52.8 84.3
B3LYP/aug-cc-pVQZ 337.1 53.7 84.3
CAS(8,7)/aug-cc-pVDZ 376.2 49.8 60.7
CAS(12,12)/aug-cc-pVDZ 313.7 19.2 40.0

literature data
Yadav and Goddard71,b 353.1 51.5 64.9
Kurosaki and Yokoyama62,c 352.3, 341.4, 348.1
Setokuchi et al.61,d 51.8 83.9
King et al.72,e 44.6
Kurosaki and Yokoyama73,f 59.8, 61.9

a The geometries of the different stationary points are displayed in
Figure S6a-e and Tables S2-6 b HF/3-21G+ thermal+ HF/6-31G*
+ CISD/3-21G+ SCC/3-21G.c RMP2(full)/cc-pVDZ//RMP2(full)/
cc-pVDZ; RMP4(SDTQ,full)/cc-pVTZ//RMP2(full)/cc-pVDZ; RQ-
CISD(T,full)/cc-pVTZ//RMP2(full)/cc-pVDZ.d MRMP/TZV(2df,2p)//
CAS(10,10)/cc-pVDZ.e Valence focal-point analysis.f B3LYP/cc-
pVDZ; MP2(full)/cc-pVDZ.
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d, with the acetaldehyde diagram included for completeness.
The Franck-Condon (FC) regions have been explored by using
TD-B3LYP/aug-cc-pVQZ. As seen from Figure 11a-d, the
calculations correctly reproduce the observed red shifts of the
UV spectra of CHF2CHO and CF3CHO compared to those of
CH3CHO.

Starting with the dissociation channel in eq 7, we note that
the TS1 barrier decreases in the series CH3CHO, CH2FCHO,
CHF2CHO, and CF3CHO, the calculated CF3CHO barrier being
36 kJ mol-1 lower than the CH3CHO barrier. For the radical
channel in eq 8, the barrier height (TS2) relative to the S0

minimum decreases upon fluorination except for CHF2CHO,
which has the lowest barrier. Relative to the T1 minimum, the
TS2 barrier height is 53 kJ mol-1 for CH3CHO, 54 kJ mol-1

for CH2FCHO, and 56 kJ mol-1 for CF3CHO, but only 44 kJ
mol-1 for CHF2CHO. The channel in eq 9 is the least favorable
path, with the largest barrier heights (TS3). We therefore do
not discuss this path any further.

A first interpretation of these results would be to suggest that
CF3CHO is easiest to photolyze, having the lowest dissociation
barrier (TS1) and being electronically allowed. However, this
and previous experimental studies on acetaldehyde59 and 2,2,2-
difluoroacetaldehyde36 have showed that the photolysis of CF3-
CHO is much slower than the photolysis of CH3CHO and
CHF2CHO in the EUPHORE chamber under similar sunlight
conditions. We must therefore look for a different interpretation.

Since these photodissociations are predissociations, crossings
between the electronic surfaces must also be considered. If the
photolytical reaction in eq 7 is to occur under tropospheric
conditions, a conical intersection (CI)63 between the S1 and S0

surfaces must be accessible. Similarly, an intersystem crossing
(ISC) between the S1 and T1 surfaces must be accessible for

the routes in eqs 8 and 9. Since no calculations of such
intersections have been reported in the literature, we attempted
to characterize the CI/ISC for acetaldehyde (CAS calculations
using Gaussian 0364). The calculations are complicated since
the intersections do not lie on the minimum energy path. Only
one S1/S0 CI of too high energy was located. Moreover, we
were unable to find any S1/T1 ISC, only regions where the
surfaces are close. Still, experimental studies suggest that the
dissociation of acetaldehyde into CH3 and HCO is the dominant
reaction route at wavelengths relevant to the troposphere (see
e.g. refs 65-67). Since the energy of TS1 is lower than the
energy of TS2 relative to the S0 minimum for acetaldehyde,
the conical intersection S1/S0 should have a higher energy than
the intersystem crossing S1/T1.

Concerning CF3CHO, it seems that no intersection is available
at wavelengths longer than 290 nm (fluorescence has been
observed down to 270 nm in laser-induced fluorescence
experiments68). The photodissociation of CF3CHO may instead
occur on the S1 surface.

For CHF2CHO, at least one energetically available intersec-
tion exists. In the photolysis study carried out in the Oslo
reaction chamber, CF2O was the major fluorinated product (no
other could be detected, see Figure S1, Supporting Information),
suggesting that dissociation of CHF2CHO into CHF2 and HCO
is the dominant reaction route. To strengthen this case, we note
from Figure 11a-d that the energy gap between TS1 (being a
singlet state) and TS2 (being a triplet state) is largest for CF3-
CHO and smallest for CH2FCHO and CHF2CHO. Since the
transition state structures of CHF2CHO and CF3CHO are similar,
this suggests that the singlet and triplet surfaces are less repulsive
for CHF2CHO than for CF3CHO, which again increases the
probability of finding an intersystem crossing.

Figure 11. Energy level diagrams for the different dissociation routes involved in the photolysis of (a) CH3CHO, (b) CH2FCHO, (c) CHF2CHO,
and (d) CF3CHO calculated at the B3LYP/aug-cc-pVQZ level of theory (zero-point vibrational energies included). The Franck-Condon (FC)
energies have been calculated by using TD-B3LYP/aug-cc-pVQZ. The geometries of the stationary points involved are given in Figures S6a-e
(CH3CHO), S7a-f (CH2FCHO), S8a-e (CHF2CHO), and S9a-e (CF3CHO) in the Supporting Information.
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To conclude, our quantum chemical calculations have shown
that the observed photolysis rates of CH3CHO, CHF2CHO, and
CF3CHO cannot solely be explained by differences in the barrier
heights TS1 and TS2 toward dissociation. Rather, the experi-
mental observations should be explained in terms of low-lying
intersections between the electronic states involved in the
photodissociation processes. Future computational studies on
these photolytic systems should focus on such intersections.

4. Atmospheric Implications

The atmospheric lifetime of 2,2-difluoroacetaldehyde due to
removal by reaction with OH radicals and photolysis may be
estimated from the data obtained in this work. The atmospheric
lifetime is given byτ-1 ) τOH

-1 + τphotol
-1. Using the OH

reaction rate coefficient determined in this work (1.8× 10-12

cm3 molecule-1 s-1) and a global average OH concentration of
9.4 × 105 radicals cm-3,69 we find thatτOH ∼ 7 days. The
photolytic lifetime can be estimated by using the time-averaged
value ofJobs) 2.82× 10-5 s-1. Correcting for the transmission
of the FEP foil of the EUPHORE chamber (75%) gives a
photolytic lifetime of 8 h under conditions with〈J(NO2)〉 )
8.6 × 10-3 s-1. Fluorinated aldehydes are fairly water soluble
and undergo hydrolysis and oxidation forming the corresponding
carboxylic acids. Based on the work of de Bruyn et al.,70 it is
estimated thatτuptakeof CHF2CHO is of the order of 5-30 days.
Hence, the atmospheric lifetime of 2,2-difluoroacetaldehyde is
determined by photolysis, which is somewhat surprising. Given
the experimental uncertainties a conservative estimate of the
atmospheric lifetime of 2,2-difluoroacetaldehyde is therefore
around 1 day.

The available data suggest that CF2O will be the major
product in the gas-phase oxidation of CHF2CHO although
CH2F2 could be formed in one of the photolytic reaction routes.
CH2F2 will, however, be oxidized to CF2O in the atmosphere.
CF2O is rapidly (∼3 days) incorporated into raindrops/aerosols
and hydrolyzed to HF and CO2.70 The environmental burden
of CHF2CHO is therefore negligible.
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