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The effect of overtone-induced chemistry on the atmospheric fate of trifluoroacetic acid has been investigated.
We report the absolute absorption intensities for theVOH ) 3, 4, and 5 overtone transitions as well as an ab
initio calculation of the energetics of the dissociation pathways. Calculations at the MP2 level give the lowest
dissociation barrier as 50.3 kcal mol-1 for the elimination of HF. Integrated cross sections forVOH ) 3, 4, and
5 are 2.70× 10-20, 1.68 × 10-21, and 1.5× 10-22 cm2 molecule-1 cm-1, respectively. Dissociation may
proceed after absorption intoV ) 5 or 6, giving an upper limit to the photodissociation rate constants of 3.7
× 10-9 s-1 or 2.5× 10-10 s-1, respectively. These correspond to a tropospheric lifetime of between 8 and
127 years. The overtone-driven photodissociation is more important than the ultraviolet photodissociation in
the troposphere but is insignificant in comparison to wet deposition and the reaction with OH radicals.

Introduction

The production and environmental fate of trifluoroacetic acid
is not fully understood. Levels of trifluoroacetic acid predicted
for the year 2010 on the basis of currently known sources have
been reached already, suggesting that there are unknown sources
of trifluoroacetic acid.1,2 Known sources include the degradation
products of hydrochlorofluorocarbons (HCFCs), hydrofluoro-
carbons (HFCs), and anesthetics.2,3 The high-temperature use
of fluorinated polymers has been suggested to be a significant
additional source of trifluoroacetic acid.4

Models based on the projected use of HCFCs, HFCs, and
anesthetics have been used to predict the amount of trifluoro-
acetic acid present in rainwater. Estimates of 89 ng L-1 (global
average)5 have been made for the year 2010, and 86 and 114
ng L-1 have been predicted for the year 2020.3,6 However,
trifluoroacetic acid has already reached the projected levels.

Levels of trifluoroacetate or trifluoroacetic acid in precipita-
tion are reported to range from below the detection limit to 180
ng L-1 in various Canadian locations,7 33-220 ng L-1 in
various sites in Switzerland,8 25-280 ng L-1 in Bayreuth,
Germany,9 and 7-136 ng L-1 (median concentrations) in
California and Nevada.10 In surface waters, such as lakes and
rivers, concentrations of trifluoroacetic acid are in the range of
<0.5-360 ng L-1 in Canadian lakes,7 60-280 ng L-1 in the
Roter Main River in Germany,9 and 45-433 ng L-1 in river
and lake systems in California and Nevada.10 These levels
suggest that there is a major source of trifluoroacetic acid that
is unknown and not accounted for in the models.

The cross section for ultraviolet photodissociation of trifluo-
roacetic acid has been measured and has been used to estimate
a tropospheric lifetime of 1× 105 years.11 Two measurements
have been made of the reaction rate with hydroxyl radicals,
giving tropospheric lifetimes of 68 days12 and 100 days.13 The
main sink for trifluoroacetic acid is wet deposition, contributing
at least 75% of the total deposition.6 This is estimated to occur
with a rate similar that of to HNO3, which has a washout time

of approximately 9 days.5,6 The overtone transitions of trifluo-
roacetic acid and their possible contribution to its photochemistry
have not been studied.

Excitation of vibrational overtones can be important in
atmospheric chemistry. In direct overtone photodissociation
(DOP), overtone excitation is followed by energy transfer to a
weaker bond, which may cause the molecule to dissociate. For
example, pernitric acid is predicted to dissociate to HO2 + NO2

following excitation of the first overtone of the O-H stretch
(VOH ) 2)14 and has been observed experimentally to do so.15

Because overtone transitions are less energetic and absorption
cross sections are smaller than in the UV, most atmospheric
photochemistry is driven by UV light. However, in cases where
there is little UV light, for example, at high solar zenith angles
or at the earth’s surface, these weak overtone absorptions may
become important. The DOP of pernitric acid has been
calculated to be more important than UV photodissociation as
a source of hydroxyl radicals at high solar zenith angles in the
lower stratosphere.16

The purpose of this work is to investigate whether DOP might
be important in the photochemistry of trifluoroacetic acid.
Several dissociation pathways were calculated by ab initio
methods to determine the lowest-energy channel, and the
absorption spectra of theVOH ) 3, 4, and 5 overtones were
measured to determine their positions and intensities. From these
data, the photodissociation rate constant for DOP was estimated.

Computational Details

All calculations described here were performed with the
Gaussian 98 suite of programs.17 In most cases, second-order
Møller-Plesset theory (MP2)18 was used in conjunction with
the 6-31G(d), 6-311G(d,p), and 6-311G(2d,p) basis sets provided
by Gaussian 98.

The geometry of the structures was first optimized at the
Hartree-Fock level of theory with the 6-31G(d) basis set, and
the result were used as an initial structure for the MP2
calculations. In some cases, density functional theory (DFT)* Corresponding author. E-mail: jdonalds@chem.utoronto.ca.
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with a B3LYP functional19 and the 6-311G(2d,p) basis set was
used for comparison to the MP2 results. The transition states
were found using the synchronous transit-guided quasi-Newton
(STQN) method included in the Gaussian 98 program.20 The
result of this calculation was used for an optimization to a
transition state. Harmonic frequencies and zero-point energies
were calculated for all structures; the zero-point energies were
used without correction. Stable molecules corresponding to a
minimum on the potential energy surface were characterized
by exclusively positive and real harmonic frequencies, whereas
transition states all had a single imaginary frequency.

The transition states found were subjected to an intrinsic
reaction coordinate calculation,21,22where the potential surface
is followed in both directions away from the transition state
and the geometry and energy are calculated at each point to
verify that the transition state connects the reactant to the
product.

Experimental Details

Apparatus. The apparatus used for overtone measurements
is a 96.5-cm long Pyrex cell with quartz windows. The
temperature of the cell is regulated by a water jacket connected
to a circulating constant-temperature bath. A 468-W heating
tape warms the region near the windows. The pressure in the
cell is monitored with a capacitance manometer (Baratron
0-1000 Torr).

A 75-W Xe arc lamp is used as a light source. The light is
collimated and passed through a UV blocking filter, which
blocks wavelengths of less than 340 nm, and is directed through
the cell. After passing through the cell, the light is focused by
a lens (f/3) onto the entrance slit of a Czerny-Turner-type
monochromator (CVI Laser) with a grating optimized for 750
nm. The entrance and exit slits are 0.15 mm wide, giving an
effective resolution of 1 nm. Transmitted light is detected by a
Si photodiode array (CVI Laser; detection range of 400-1100
nm) mounted at the exit slit of the monochromator. Its output
is sent to a computer for analysis.

The trifluoroacetic acid used was 99+% pure, redistilled
(Aldrich). Each sample was degassed by several freeze-pump-
thaw cycles prior to use.

Data Analysis. Spectra were obtained in sets of five by
averaging five background scans, filling the cell and averaging
five scans, and using these two averages to calculate the
absorbance,A ) -ln(I/Io), at each wavelength. This process
was repeated several times, and the resulting absorbances were
averaged. Peak areas were calculated numerically using the
trapezoid rule, giving the integrated absorbance,Aint. The
integrated cross sections were determined from Beer’s law,Aint

) σintNl, using the integrated absorbance at several different
pressures.

Plots of the integrated absorbance versus total pressure are
nonlinear and temperature-dependent because of the formation
of dimers. To extract the monomer pressure, the equilibrium
M + M h D, where M designates monomers and D, dimers,
was considered. The equilibrium constant for dimerization,K,
is given by

Combining eq 1 withpt ) pd + pm results in an expression for
the monomer pressure as a function of the equilibrium constant
and the total pressure:

To fit this expression to the available data of integrated
absorbance as a function of total pressure, we assume that the
integrated absorbance is proportional to the monomer pressure
only. The monomer and dimer have infrared absorption maxima
that do not overlap,23 consistent with the dimer’s calculated
double hydrogen-bonded structure.24,25We anticipate that dimer
overtone features will also be significantly red-shifted. In
addition, the dependence of the dimer partial pressure on the
total pressure is different from that given above forpm. For the
monomer,

wherec is the proportionality constant. Substituting eq 3 into
eq 2 gives an expression relating the integrated absorbance to
the total pressure, the dimerization equilibrium constant, and
the proportionality constant.

This expression was fit to the data, giving the dimerization
equilibrium constant,K, and the proportionality constant,c. The
equilibrium constant was used in eq 2 to determine the monomer
pressure from the measured total pressure. Monomer number
densities were derived from the monomer pressure by assuming
ideal gas behavior. The integrated absorbance was plotted
against the monomer number density times the path length; the
integrated cross section is given by the slope of the line.

Results and Discussion

Calculations. Four dissociation channels of trifluoroacetic
acid were considered.

Cleavage of the O-H bond has been calculated to require
>100 kcal mol-1 26 and was not considered in this work.
Geometries, energies, and zero-point energy corrections were
calculated for all species; the overall energetics are shown in
Figure 1 and tabulated in Table 1. Optimized geometries and
energies are given as Supporting Information.

The dissociation channel with the lowest energy barrier is
the elimination of HF, which has a transition state 50.3 kcal
mol-1 above the energy of trifluoroacetic acid. The second
fragment forms a stable fluorinated epoxide, CF2CO2. The
geometry of the HF-elimination transition state is given in Table
2 and is drawn in Figure 2a; the geometry of the epoxide
intermediate is given in Table 3 and is illustrated in Figure 2b.
This intermediate may dissociate either to CO+ COF2 or to
CF2 + CO2, with transition states 6.5 and 18.4 kcal mol-1,
respectively, above the energy of the epoxide.

K )
pd

pm
2

(1)

pm )
-1 + x1 + 4Kpt

2K
(2)

cAint ) pm (3)

Aint )
1 + x1 + 4Kpt

2Kc
(4)

CF3COOHf CF2CO2 + HF (5)

CF2CO2 f CO + COF2 + HF (5a)

CF2CO2 f CO2 + CF2 + HF (5b)

CF3COOHf CO2 + CF3H (6)

CF3COOHf FCOOH+ CF2 (7)

CF3COOHf HOCOCF3 (8)
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The other three channels considered here have higher-energy
transition states: 72.5 kcal mol-1 for the decarboxylation (eq
6); 79.1 kcal mol-1 for the CF2 elimination (eq 7); and 99.9
kcal mol-1 for the isomerization (eq 8). The latter two results
compare well to a previous calculation at the MP4 level with a
6-31G(d) basis set;26 however, the decarboxylation transition
state reported here is almost 15 kcal mol-1 lower than the earlier
result. The geometry we calculate has a C-C bond 0.2 Å shorter
and an O-H bond 0.1 Å longer than the MP4/6-31G(d) result.26

Density functional theory results are given in Table 4 together
with the MP2, MP4, and experimental results. The DFT and
MP2 results are similar for the product energies of the
decarboxylation channel (eq 6), but both are more negative than
the experimental result by about 5 kcal mol-1. For the product
energies of the dissociation of the epoxide intermediate to CO2

+ CF2 (eq 5b), the DFT and MP2 results agree but are about 4
kcal mol-1 lower than the experimental value. The DFT result
(10.2 kcal mol-1) is higher than both the MP2 (4.1 kcal mol-1)
and experimental (2.2 kcal mol-1) results for the product
energies of the dissociation of the epoxide to CO+ COF2 (eq
5a). The energy of the HF-elimination transition state calculated
by the DFT method is lower than the MP2 result (45.9 vs 50.3
kcal mol-1). Because neither method is variational,27 it is not
possible to give an upper limit to the true transition-state energy.

Many experimental studies have been made of the dissociation
of trifluoroacetic acid. In particular, the dissociation has been
effected by UV light,12,28-30 multiple IR photons,31 heat,32-35

intermolecular energy transfer from SF6,36 and gamma radia-
tion.37,38Products that have been identified include CO2, C2F2,
CO, CF3H, H2, CF2, COF2, CF3COF, C2F4, SiF4, CF3CO2CF2H,
and HF. In addition, some products have been inferred but not
observed directly: CF3, COOH, and F2CCO2.

The products observed in the various dissociation experiments
are consistent with the calculated dissociation pathways of
trifluoroacetic acid. No obvious differences were noted between
the UV-induced dissociation products and ground-state dis-
sociation products. The fluorinated epoxide proposed as an
intermediate39 has been calculated to be stable and a product
of the lowest-energy dissociation channel.

The biradical F2CCO2 has been proposed as an intermediate
following HF elimination from trifluoroacetic acid31,36 and
trifluoroacetic acid anhydride.39 However, a direct decomposi-
tion to CF2, HF, and CO2 has also been proposed, the authors
stating there is “no evidence to suggest the existence of the
diradical CF2CO2”.34 Kubát and Pola suggest that the biradical
is transformed to a second intermediate with a bridging oxygen
between the two carbon atoms, giving a closed-valence molecule
that dissociates into CO+ COF2.39 Attempts to trap the biradical
by hydrogen abstraction from ethane were unsuccessful.39

The energy of the biradical was not calculated here; it is
expected to be higher in energy than the epoxide because it is
an open-shell system. Kuba´t and Pola used a semiempirical
method, MNDO, to calculate the energy and geometry of the
fluorinated epoxide and the biradical.39 The singlet biradical
was calculated to be about 25 kcal mol-1 higher in energy than
the epoxide, and the difference between the singlet and triplet
biradicals is about 0.5 kcal mol-1. The reaction energetics
calculated using MNDO agree poorly with the MP2 results: the
difference in energy between the epoxide and the products COF2

+ CO is 19 kcal mol-1 with the MNDO method and 39.6 kcal
mol-1 for the MP2 calculation; for the products CF2 + CO2

the difference is 15 kcal mol-1 for the MNDO result and 4.8
kcal mol-1 for the MP2 result. Though agreement with ab initio
results is quantitatively poor, the MNDO results agree quali-
tatively with the MP2 results with respect to the relative energies
and indicate that the biradical is at a higher energy than the
epoxide, as expected.

Activation energies have been extracted from a thermolysis
experiment: 38.6 kcal mol-1 with respect to the loss of
trifluoroacetic acid, 47.4 kcal mol-1 with respect to the
appearance of CO2, and 43.7 kcal mol-1 with respect to the
appearance of CO.32 The activation energy for the decarboxy-
lation in water under 275 bars of pressure at temperatures over
100 °C is 46 kcal mol-1,35 in agreement with the gas-phase
result. The activation energies with respect to the appearance
of CO2 and CO are somewhat lower than the MP2 result for
the HF-elimination channel (50.3 kcal mol-1) and close to the
DFT result (45.9 kcal mol-1). The reasonable agreement of the
experimental and calculated energy barriers supports the pro-
posed mechanism of HF elimination followed by decomposition
of CF2CO2.

Overtone Experiments.Figure 3 shows several spectra of
the VOH ) 3 band of trifluoroacetic acid at several pressures.
The area under each curve was measured, giving the integrated
absorbance,Aint. In Figure 4, this is plotted against the total
pressure for the two temperatures considered. The plot is
nonlinear; fitting the data to eq 4 gives the dimerization
equilibrium constant,K, of 25 ( 11 atm-1 at 333 K and 81(
40 atm-1 at 313 K (95% confidence level). This fit is shown
by the dashed line in Figure 4. From these data, the thermo-
dynamic parameters∆H and∆S may be obtained because

This gives∆H ) -51 kJ mol-1 and ∆S ) -125 J mol-1

K-1. These results are lower in absolute value than the literature
values that fall in the range of-58.8 to-60.6 kJ mol-1 and
-152 to-160.5 J mol-1K-1 for ∆H and∆S, respectively.40-43

The thermodynamic parameters in this work were calculated
with only two data points, so the results are not as precise as
those from previous studies.

Because the thermodynamic parameters obtained from the
fit agree poorly with the literature values, the average value of
K from the four previous determinations was used to calculate
the monomer pressure from eq 2 (16.6( 6 atm-1 at 333 K,
65.2( 21 atm-1 at 313 K; the limits given are twice the standard
error of the mean).40-43 These data are used with eq 4 to give
the solid lines in Figure 4, which model the data well. The
integrated absorbance is plotted versus monomer number density
times path length in Figure 5. The data fall on a straight line,
with a small positive intercept of theAint axis. The slope gives
the integrated cross sectionσint ) (2.70( 0.09)× 10-20 cm2

molecule-1 cm-1.

Figure 1. Calculated dissociation pathways at the MP2/6-311G(2d,p)
level.

ln K ) -∆H
RT

+ ∆S
R

(9)
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Close examination of Figure 3 shows a small shoulder from
978 to 982 nm. The peak height of this shoulder as a function
of total pressure is nonlinear but can also be fitted to eq 4,
indicating that this feature is due to the monomer. As discussed
above, dimer features display a different pressure dependence.
We assign this feature to a combination band 2VOH + 2VCO

Examination of the harmonic frequencies calculated from ab
initio methods (Table 5) shows thatVOH ) 3 falls at 886 nm
and that the combination ofVOH ) 2 andVCO ) 2 lies just 5
nm to the red at 891 nm (2× (3764+ 1845) cm-1), consistent
with the experimental result. The CdO and O-H stretches do
not differ in their degree of anharmonicity (2%),44 so the relative
positions predicted by the harmonic approximation should be
correct.

Another possibility is an overtone plus bend, (n - 1)VOH +
mδ. The highest-energy bend is the O-H in-plane at 1149 cm-1

(assigned by reference to the infrared spectrum).23 In this case,
a peak is predicted at 10 975 cm-1 (2 × 3764 + 3 × 1149
cm-1). This is in the correct relative position but lies 25 nm
from theVOH ) 3 peak. All other bends are low frequency (<806
cm-1) and can be eliminated from consideration.

Therefore, the most plausible assignment for the shoulder is
the 2VOH + 2VCO combination band. Because the CdO and O-H
are just one bond away from each other, it is not surprising
that their stretches might be coupled to each other.

The VOH ) 4 overtone is seen in the region 735-765 nm
and is illustrated in Figure 6a. The only peak in this spectral
region is located at 749.0 nm; it is assigned to theVOH ) 4
overtone. The intensity is much lower than theVOH ) 3 overtone;
as a result, spectra were acquired only at 333 K because at lower
temperatures the monomer number density is lower, thus
decreasing the peak intensity and making the spectrum acquisi-
tion more difficult.

The plot of integrated absorbance against total pressure is
again nonlinear. The monomer pressure was calculated as before,
and the integrated absorbance was plotted against monomer
number density times path length. The result is shown in Figure
6b: the points fall on a straight line, with a small positive
intercept of the ordinate. The slope of the regression line gives
an integrated cross section of (1.68( 0.19) × 10-21 cm2

molecule-1 cm-1. This overtone is 16 times weaker than the
VOH ) 3 overtone.

Using the peak wavelengths of the two overtone bands and
the fundamental,23 the Morse parameters for the O-H stretch
of trifluoroacetic acid were calculated from

to obtainωe ) 3749 ( 10 cm-1 and ωexe ) 82 ( 2 cm-1.
These Morse parameters are compared to those of other O-H
stretch overtones in Table 6.

TABLE 1: MP2 Energies with Zero-Point Corrections (kcal mol-1)

transition state products

6-31G(d) 6-311G(d,p) 6-311G(2d,p) 6-31G(d) 6-311G(d,p) 6-311G(2d,p)

CF3COOH
f CF2CO2 + HF 54.3 51.4 50.3 46.5 40.2 43.7
f CO2 + CF3H 78.8 72.3 72.5 -19.9 -21.3 -19.6
f FCOOH+ CF2 81.1 81.2 79.1 57.0 54.1 54.9
f HOCOCF3 100.5 100.6 99.9 47.1 46.2 47.1

CF2CO2 + HF
f CO + COF2 + HF 55.2 48.3 50.2 11.1 0.4 4.1
f CO2 + CF2 + HF 67.5 60.3 62.1 45.1 35.2 38.9

TABLE 2: Geometry and Energy of the HF-Elimination
Transition Statea

6-31G(d) 6-312G(d,p) 6-311G(2d,p)

C-O 1.247 1.229 1.235
C-O′ 1.245 1.240 1.239
C-C′ 1.522 1.548 1.530
O′-H 1.571 1.468 1.497
C′-F 2.087 2.082 2.110
C′-F′ 1.282 1.269 1.269
C′-F′′ 1.283 1.269 1.269
H-F 0.995 0.988 0.989
O-C-O′ 139.5 139.2 138.9
O-C-C′ 100.0 102.9 101.3
C-O′-H 96.6 97.3 96.5
C-C′-F 92.5 91.4 91.1
C-C′-F′ 121.8 121.6 121.8
C-C′-F′′ 121.8 121.7 121.8
O-C-O′-H 180.0 -180.0 -180.0
O-C-C′-F -180.0 180.0 180.0
O-C-C′-F′ -77.6 -77.5 -78.2
O-C-C′-F′′ 77.6 77.4 78.2
E -525.39412 -525.69595 525.82027
ZPE 0.03508 0.03531 0.03529
Ecorr -525.35905 -525.66067 -525.78498

a Bond lengths in Å, bond angles in degrees, energies in hartrees.

Figure 2. Geometries of intermediates calculated at the MP2/6-311G-
(2d,p) level. (a) HF-elimination transition state. (b) CF2CO2.

TABLE 3: Geometry and Energy of CF2CO2
a

6-31G(d) 6-312G(d,p) 6-311G(2d,p)

C-O 1.390 1.381 1.391
C-O′ 1.195 1.184 1.183
C′-O 1.448 1.439 1.448
C-C′ 1.444 1.445 1.445
C′-F 1.332 1.322 1.322
C′-F′ 1.331 1.322 1.322
O-C-O′ 138.5 138.4 138.4
O-C-C′ 61.4 61.2 61.4
O-C′-C 57.5 57.2 57.5
C-C′-F 115.1 123.9 123.7
C-C′-F′ 115.1 123.9 123.7
O′-C-C′-O 179.9 180.0 179.9
O-C-C′-F -100.3 -99.9 -100.2
O-C-C′-F′ 100.3 99.9 100.2
E -425.22169 -425.44437 -425.53988
ZPE 0.02325 0.02330 0.02291
Ecorr -425.19844 -425.42106 -425.51696

a Bond lengths in Å, bond angles in degrees, energies in hartrees.

∆G0-V ) Vωe - V(V + 1)ωexe (10)
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Using these Morse parameters, a prediction for the position
of the VOH ) 5 overtone of 614 nm is obtained. Because the
overtone was expected to be weak, 640 spectra, acquired in
groups of 5, were averaged. This resulted in a small peak on a
sloping baseline. The baseline was corrected by drawing a line
through the apparent baseline and setting it to zero, and the
resulting spectrum is shown in Figure 7.

With just a single data point, the integrated cross section was
obtained directly from Beer’s law. Two integration areas (5-
and 3-nm wide) were used to obtain two estimates for the cross
section because of uncertainty in determining the peak width
because of the low signal-to-noise ratio. This gives integrated
cross sections,σint, of 1.79× 10-22 cm2 molecule-1 cm-1 and
1.13× 10-22 cm2 molecule-1 cm-1, respectively. The integrated
absorption cross section is therefore estimated to be∼1.5 ×
10-22 cm2 molecule-1 cm-1. Because of the low signal-to-noise
ratio, the direct use of Beer’s law, and the baseline correction,

this measurement of the cross section is much less precise than
that of theVOH ) 3 and 4 bands.

The integrated cross sections of theVOH ) 3 overtones of
methanol and acetic acid were also measured for comparison
to previous results. Because acetic acid also forms dimers, the
dimerization equilibrium constant is needed.∆H ) -61.0 kJ
mol-1 and∆S) -145.5 J mol-1 K-1 were used to calculateK
at 333 K (K ) 93.0 atm-1).45

The integrated cross sections are given in Table 7 in addition
to some previous results. The result for acetic acid and methanol
agree with the earlier determinations. The integrated cross
section of trifluoroacetic acid decreases by a factor of 16 from
V ) 3 to 4 and by approximately a factor of 10 fromV ) 4 to
5. The cross section forV ) 3 of trifluoroacetic acid is lower
than that of acetic acid by a factor of 1.2; fluorination decreases
the cross section of ethanol by the same factor. These results
indicate that the intensity of the overtones of the O-H stretch
changes according to the chemical environment.

Photodissociation Rate Constant.Using the result of the
ab initio calculation of the energy barrier to dissociation and
the overtone intensities, the atmospheric photodissociation rate
was estimated. The photodissociation rate constant,J, is given
by

whereI(λ) is the actinic flux,σ(λ) is the absorption cross section,

TABLE 4: Energies with Zero-Point Corrections (kcal mol-1); 6-311G(2d,p) Basis Set

transition state products

MP2 B3LYP MP4a MP2 B3LYP MP4a exptb

CF3COOH
f CF2CO2 + HF 50.3 45.9 43.7 45.3
f CO2 + CF3H 72.5 87.3 -19.6 -18.9 -16.6 -14.2
f FCOOH+ CF2 79.1 81.6 54.9 52.4
f HOCOCF3 99.9 104.2 47.1 44.0

CF2CO2 + HF
f CO + COF2 + HF 50.2 4.1 10.2 2.2
f CO2 + CF2 + HF 62.1 38.9 39.2 43.9

a 6-31G(d) basis set, ref 26.b References 49 and 50.

Figure 3. Absorption spectrum of theVOH ) 3 overtone of trifluoro-
acetic acid at 333 K measured at various total pressures.

Figure 4. Integrated absorbance vs total pressure for theVOH ) 3
overtone of trifluoroacetic acid at 333 K (b) and 313 K (2). Dashed
lines are fits to eq 2. Solid lines are plots of eq 2 using the literature
values ofK.

Figure 5. Integrated absorbance vs (monomer number density× path
length) for theVOH ) 3 overtone of trifluoroacetic acid at 333 K (b)
and 313 K (2). The slope of the regression line gives the integrated
cross section,σint.

TABLE 5: MP2/6-311G(2d,p) Harmonic Frequencies (cm-1)
for CF3COOH

37.4 242.5 248.3 396.5 431.2
512.1 595.1 618.8 672.7 796.8
805.6 1148.7 1218.9 1241.3 1290.6

1458.5 1845.5 3764.0

J ) ∫λ
I(λ) σ(λ) φ(λ) dλ (11)
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and φ(λ) is the quantum yield. Each of these quantities is
wavelength-dependent, and the integration is made over the
wavelengths of interest.

According to the MP2 ab initio calculations, the lowest energy
barrier is for HF elimination at 50.3 kcal mol-1, corresponding
to a wavelength<569 nm. This is accessible following

excitation to theVOH ) 6 overtone, which is predicted to lie at
525 nm. The cross section for this overtone has not been
determined. However, given that we estimateσint for the VOH

) 5 overtone to be 1.5× 10-22 cm2 molecule-1 cm-1 and
assuming a decrease of a factor of 10 per additional quantum
of stretch, an integrated cross section of 1.5× 10-23 cm2

molecule-1 cm-1 is a reasonable guess for the intensity of the
VOH ) 6 overtone.

Actinic fluxes for solar zenith angle of 30° were taken from
ref 46. The HF quantum yield is assumed to be unity because
the overtone transition lies above the dissociation threshold.
Using these parameters gives a value ofJ ) 2.5× 10-10 s-1 at
0 km and J ) 2.7 × 10-10 s-1 at altitudes >15 km,
corresponding to a lifetime of 127 or 117 years, respectively.
These values ofJ represent an upper limit to the photodisso-
ciation rate constant because the quantum yield is unknown.

The DFT energy of the HF-elimination transition state is 4.4
kcal mol-1 lower than the MP2 result. This energy corresponds
to a wavelength>623 nm, suggesting that theVOH ) 5 overtone
could effect the dissociation. The actinic fluxes in this wave-
length range are slightly higher than at 525 nm,46 giving a
photodissociation rate constant of more than an order of
magnitude larger:J ) 3.7 × 10-9 s-1 at 0 km andJ ) 3.8 ×
10-9 s-1 at the other altitudes. This gives a tropospheric lifetime
of 8 years.

TheJ value was also calculated for the ultraviolet photodis-
sociation of trifluoroacetic acid. The wavelength-dependent
actinic fluxes for altitudes of 0-50 km were used (solar zenith
angle 30°, assuming U. S. Standard Atmosphere (1976), surface
albedo 0.3),47 along with the absorption cross section in the
range 200-280 nm.48 The resultingJ values are given in Table
8, along with the results of the DOP estimates.

Because the cross section is the main uncertainty in this
calculation,J was calculated with a cross section for absorption
to VOH ) 6 that differs from the estimate by a factor of 2. An
integrated cross section of 3× 10-23 cm2 molecule-1 cm-1 gives
J ) 4.9× 10-10 s-1 at 0 km, whereas an integrated cross section
of 7.5 × 10-24 cm2 molecule-1 cm-1 gives J ) 1.2 × 10-10

s-1 at 0 km. These results give lifetimes of 65 and 264 years,
respectively.

Figure 6. VOH ) 4 overtone of trifluoroacetic acid at 333 K. (a)
Absorption spectrum measured at various total pressures. (b) Integrated
absorbance vs (monomer number density× path length).

TABLE 6: Morse Potential Parameters (cm-1)a

ωe ωexe reference

methanol 3856(12) 86(3) 51
3853(13) 85(3) 52

ethanol 3845(17) 87(4) 51
3836(15) 85(5) 52

trifluoroethanol 3826(13) 84(3) 52
acetic acid 3747(19) 83(7) 52
trifluoroacetic acid 3749(10)b 82(2)b this work

a Numbers in parentheses are error limits in units of the last digit.
b Error limits are two standard deviations of the slope of the regression
line.

Figure 7. Absorption spectrum of theVOH ) 5 overtone of trifluoro-
acetic acid at 333 K and∼140 Torr total pressure after baseline
correction. The dotted lines show the two integration areas.

TABLE 7: Integrated Cross Section (cm2 molecule-1 cm-1)a

V ) 3
(× 10-20)

V ) 4
(× 10-21)

V ) 5
(× 10-22) reference

methanol 2.46(18)b this work
2.10(21) 2.25(25) 3.50(35) 51
2.40(15) 1.69(14) 52

ethanol 2.37(24) 2.37(24) 51
2.24(13) 1.52(19) 52

trifluoroethanol 1.83(11) 1.26(10) 52
acetic acid 3.21(89)b this work

3.10(45) 52
trifluoroacetic acid 2.70(9)b 1.68(19)b ∼1.5 this work

a Numbers in parentheses are error limits in units of the last digit.
b Error limits are two standard deviations of the slope of the regression
line.

TABLE 8: Photodissociation Rate Constant,J (s-1)

altitude (km) DOPV)6 DOPV)5 UV

0 2.5× 10-10 3.7× 10-9 0
15 2.7× 10-10 3.8× 10-9

20 6.7× 10-9

25 2.7× 10-10 3.8× 10-9

30 5.0× 10-7

40 2.7× 10-10 3.8× 10-9 3.7× 10-6

50 9.7× 10-6
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At the earth’s surface, the dissociation by DOP is dominant
over UV photodissociation. The photodissociation rate coef-
ficient for DOP remains constant at altitudes greater than 15
km because there is little attenuation of visible light. The UV
photodissociation becomes increasingly important at higher
altitudes because more UV light is available. At 50 km, for
example, this results in a photodissociation lifetime of 29 h.

Whereas DOP is more important than UV photodissociation
at the surface, it is not competitive with wet deposition (lifetime
∼9 days)5,6 or reaction with OH radicals (lifetime∼68-100
days).12,13

Conclusions

The dissociation pathways for trifluoroacetic acid were
calculated with ab initio methods at the MP2 level of theory,
giving the lowest dissociation barrier of 50.3 kcal mol-1 for
the elimination of HF. The DFT result is lower at 45.9 kcal
mol-1. The VOH ) 3, 4, and 5 overtones were measured. The
photodissociation rate constant for direct overtone photodisso-
ciation was estimated, givingJ ) 3.7× 10-9 s-1 for the lower
DFT dissociation barrier andJ ) 2.5× 10-10 s-1 for the higher
MP2 barrier, corresponding to a tropospheric lifetime of
approximately 8 or 127 years, respectively. This process is much
more important than the tropospheric UV photodissociation but
is insignificant in comparison to wet deposition and the reaction
with OH radicals.
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