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Linear perfluorinated aldehydes (PFALsFzn1CHO) are important intermediate species in the atmospheric
oxidation pathway of many polyfluorinated compounds. PFALs can be further oxidized in the gas phase to
give perfluorinated carboxylic acids (PFCAsFz+1C(O)OH,n = 6, 12) which have been detected in animal
tissues and at low parts per billion levels in human blood sera. In this paper, we report ab initio quantum
chemistry calculations of the decarbonylation kinetics gf.1CO radicals. Our results show thatFg,+1CO
radicals have a strong tendency to decompose to gife,G and CO under atmospheric conditions: the
Arrhenius activation energies for decarbonylation oCB, GFsCO, and GFCO obtained using PMP4/
6-311++G(2d,p) are 8.8, 6.6, and 5.8 kcal/mol, respectively, each of which is about 5 kcal/mol lower than
the barrier for the corresponding nonfluorinated radicals. The lowering of the barrier for decarbonylation of
CiF2r+1CO relative to that of €H»,+1CO is well explained by electron withdrawal by F atoms that serve to
weaken the critical €CO bond. These results have important implications for the atmospheric fate of PFALs
and the atmospheric pathways to PFCAs. The main effect of decarbonylatigh2f{CO is to decrease the
molar yield of GF2+1C(O)OH; if 100% of the GF2,+1CO decompose, the yield of,En+1C(O)OH must be

zero. There is considerable scope for additional experimental and theoretical studies.

1. Introduction identified other potential acid precursors including fluorotelomer
] ] ) _olefing? (FTOs, GF2,+1CH=CH,) andN-alkyl perfluoroalkyl-

In the past decadg, a variety of highly persistent polyfluori- ¢, ifonamidoethanols (PFSEs$/Fan+ 1SON(CH3)CH,.CH;0H) 23
nated anionic species have been detected in humans anqnterestingly, photoreactor studiéhave indicated that PFSEs
animals~**in both urban and remote locations. In almost all may contribute to the observed environmental burden of both
of these studies, perfluorooctanesulfonate (PFQE:80;7) perfluoroalkyl sulfonates and carboxylate compounds.
was the most abundant anion found, but related species such as gjgerable uncertainty surrounds the atmospheric precursor

perfluorooctanoate (PFO, 7E;sCOQO"), perfluorononanoate h P h : : s
¢ ypothesis. First, the physicochemical properties and partitioning
(PFN, GF17CO0 ), and perfluorohexanesulfonatestesSO; ) behavior of some of the proposed precursors and many of their

and neutral species such as perfluorooctane sulfonamifieAC degradation products are often poorly determitfeéé Second,
SO:NHz) were also detected. the interpretation of photoreactor studies in the larger atmo-
The observation of long-chain perfluoroalkyl anions in Arctic - gpheric context is a nontrivial task. Use of global and regional
biota far from industrial sources and large population centers gcale three-dimensional tropospheric fate models is extremely
puzzled early investigator8:®these species were manufactured yseful in this regard, but to date these have only been applied
and used primarily in temperate zones and must have beeny FTOH chemistry®3Finally, the initial view that long-chain
transported to the Arctic. Such transport was said to be unlikely perfluoroalkyl anions are static in the environment is flawed:
given the high aqueous solubility of anions and the low volatility ocean transport has been shown to be important for persistent
of the corresponding salts. Hence, it was hypothesized that onegrganic pollutants with low Henry's law constants. For example,
or more volatile fluorinated precursor molecules were respon- the Henry's law constant at 25C for the p-isomer of
sible for the perfluoroalkyl anions observed in Arctic bitd? hexachlorocyclohexan@{HCH) is almost 8 times lower than
These precursors were presumed to be slowly oxidized by that of thea-isomer3! Accordingly, B-HCH is more efficiently
atmospheric radical species to give fluorinated acids which scavenged by precipitation, is enriched in seawater relative to
would be deposited in the Arctic by precipitation. a-HCH, and is preferentially deposited closer to its source
Fluorotelomer alcohols (FTOHS, En+1CH,CH,OH) were regions in Asia? Ocean currents then transpgrHCH north
the first molecular class to be proposed as precursors forinto the Bering Sea via the Bering Strait. PFO and other
perfluorinated carboxylic acids (PFCAsK3,+1C(O)OH), and perfluorocarboxylate anions are highly water soluble and have
FTOHSs were subsequently detected in low concentration in the no appreciable vapor pressure, so their Henry’s law constants
northern hemispheric troposphéfe? In addition, laboratory  are substantially lower than that B§HCH. Thus, it is likely
photoreactor studies identified a plausible pathway from FTOHSs that oceanic transport of primary acid emissions plays a
to the corresponding PFCAs, although the atmospheric yield significant role in transport of long-chain perfluorocarboxylates
of such acids is a focus of ongoing stuth?! Later studies to the Arctic.
Nevertheless, the atmospheric oxidation of precursors clearly
* Corresponding author. E-mail: Robert.L.Waterland@usa.dupont.com. accounts for some fraction of the observed burden of PFCAs
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in remote regions. As established by experimental studies, the F 0 R 0 R 0
estimated atmospheric lifetimes of FTOHs {120 days)"-33 / / /
FTOs (8 days§>3**and a major degradation product of PFSEs W o

(20-50 days}® permit their transport to remote regions. Of F & FsC K CoFy ;

particular interest to the present study, FTOHs and FTOs
produce linear perfluorinated aldehydes (PFALgE £ 1CHO)

as primary oxidation products in photoreactor experimé&his.
PFALs, which are important intermediate species in the |y aqdition, we examined the analogous reactions for non-
atmospheric oxidation pathway of many polyfluorinated com-  fjyorinated species. Ground state geometries of these radicals,
pounds, are stable species with estimated atmospheric lifetimespe corresponding products of reactions 1 and 2, and all
of about 20 day3®%’ PFALs are the critical link to perfluori-  transition states were obtained using second-order Mgller
nated acids in the oxidation mechanisms proposed by Ellis et pjesset perturbation thedfys (MP2) in conjunction with the
al'® for FTOHs and by Wallingtotf for FTOs. Thus, the  §.31G(d) basis séf. Throughout this work, we used the frozen-
physical and chemical properties of PFALs clearly control the core approximation in all post-SCF electron correlation methods.
yield of PFCAs produced from precusors. To date, the few gstationary points on the potential surface were characterized as
experimental and theoretical studies of the chemical propertieSminima or transition states by determination of harmonic
of PFALs which do exist are sometimes contradict8r This vibrational frequencies using analytic second derivatives at the
paper is the first in a series which will examine important aspects same level of theory. All transition states were characterized
of the atmospheric fate of PFALs using ab initio quantum by a single imaginary frequency. The zero-point energy and

radl rad2 rad3

chemistry methods.
1.1. Computational Models.We have examined the high-

thermodynamic functions were determined using the calculated
frequencies scaled by 0.94%4and all normal modes were

pressure limit gas-phase decarbonylation of a homologous seriegreated as vibrations. We have shovad2 andrad3 in their

of perfluoroacyl radicals via reaction 1

CnF2n+lCO - CnF2n+1 +CO (1)

and the corresponding reaction for nonfluorinated species:

CH,, ,CO—CH,,,; + CO (2)
These reactions compete with the combination reaction with
molecular oxygen to form perfluoroacyl peroxy and acyl peroxy
radicals via reactions 3 and 4:

CnI:ZnJrlCO + 02 - CnF2n+1C(O)OZ (3)

CnH2n+1CO + O2 — CnH2n+1C(O)OZ (4)
Solignac et af? recently measured a CO yield of 81 2%
in the Cl atom initiated oxidation of 4£,CHO at 298 K and
1000 mbar pressure of air. SincgFCO is the only primary
product of the reaction of £;CHO with ClI, the decarbonylation
of C3FCO radicals in air via reaction 1 must compete very
effectively with addition of molecular oxygen via reaction 3.
Very recently, Hurley et &l* have reported that 2%, 52%, 81%,
and 89% of GF2,+1CO radicals decompose tqfn+ radicals
and CO forn = 1, 2, 3, and 4, respectively. These results are
in sharp contrast to the available experimental data for linear
CnH2n+1CO radicals which nearly exclusively add, Qia
reaction 4 rather than decompose via reactiof? th the

energetically preferre@; conformations where the=€0 bond
eclipses a €F bond rather than a-©C bond. Inradl the G=0

bond also eclipses a-€F bond and the radical h& symmetry.
The transition states show this same patternsF§&-COJ and
[C3F7:+-COJ haveC; symmetry, [Ck::-COJ hasCs symmetry,
and in all cases the €0 bond eclipses a €F bond. The
corresponding nonfluorinated radicals are allGafsymmetry
with the G=0 bond eclipsing a €C bond.

There are no experimental geometries for the perfluorinated
radicals studied in this work, but previous work on closed-shell
fluorinated species show that polarization functions on heavy
atom centers are essentfalwhile the addition of diffuse
functions has little effect on the accuracy of computed geom-
etries® The level of theory we have employed has been shown
to give accurate structures for closed-shell fluorinated systéms.

Single-point energy calculations were performed on the MP2
optimized geometries using fourth-order Mghd?lesset per-
turbation theory with single, double, triple, and quadruple
substitutions (MP4SDTJ? We estimated the effect of diffuse
functions on reaction barriers and thermodynamics by using the
6-311G(2d) and 6-3HtG(2d) basis sets for fluorinated species
and the 6-311G(2d,p) and 6-3t*G(2d,p) basis sets for
nonfluorinated species.For open-shell species, we performed
unrestricted calculations and also examined the effects of spin
projection on estimated barriers.

3. Results and Discussion

3.1. Geometries and Harmonic Vibrational Frequencies.

oxidation mechanisms proposed to date, reactions 1 and 3 arecomputed UMP2/6-31G(d) structures of theeg.CO radicals

the beginning of pathways that lead, in part, to perfluorinated

acids, and the competition between these reactions can signifi-

cantly influence PFCA yields. Examining the properties of

perfluoroacyl radicals and their better studied nonfluorinated
radical analogues with ab initio methods provides insight into
the source of the differences observed in their chemical fate.

2. Methodology

The ab initio calculations were performed using the Gaussian
03 suite of progranf and the GaussView prograth.We

and the corresponding transition states are provided as Sup-
porting Information. The most important structural parameters,
the G=0 and the C-CO bond lengths in the radicals and the
transition states, are summarized in Table 1.

The C=0 bond lengths of the radicals and the transition states
are independent of the length of the perfluoroalkyl chain. The
C—CO bond in the radicals lengthens slightly as the number of
CF; units increase. There is a more marked decrease in the
C—CO bond length for the transition states. These changes are
indicative of a weakening of the-@CO bond as the perfluoro-

considered reaction 1 for the three smallest perfluoroacyl radicalsalkyl chain lengthens. There is a corresponding modest increase

CRCO, GFsCO, and GF,CO shown here asadl, rad2, and
rad3.

in the magnitude of the imaginary frequency of the breaking
C—C bond. The transition state [gFCOJ for decarbonylation
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TABLE 1: UMP2/6-31G(d) Bond Lengths (A) for
C,F2n+1CO Radicals and Transition States

Cc=0 cC-Co
radical TS radical TS
CRCO (radl) 1.186 1.161 1.552 2.071
C,FsCO (rad2) 1.187 1.161 1.555 2.054
C3F,CO (rad3) 1.187 1.161 1.559 2.053

of rad1 has an unscaled imaginary frequency of 448.6i Em
while the transition states foad2 andrad3 decarbonylation
have unscaled imaginary frequencies of 463.0i and 462.1cm
respectively.
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a limited effect. Correspondingly, the change in the activation
energy is larger in going from GEO to GFsCO than from
C,FsCO to GF,CO, and in each case the effect reduces the
barrier for decarbonylation. Franci$€aeportedAE* for de-
carbonylation ofradl as 13.5 kcal/mol using PMP2(full)/6-
31G(d), which is very close to our PMP2(fc)/6-31G(d) value
of 13.2 kcal/mol. There are no publishetlE¥ values for
decarbonylation of larger perfluoroacyl radicals. Significant spin
contamination is observed for some of the open-shell species
in reaction 1. In particular, the transition state wave functions
have up to 9% spin contamination before annihilation of
unwanted spin states. This level of spin contamination can lead

There are no experimental geometries or frequencies to whicht0 substantial errors in energetfésso it is essential to adopt
we can compare our results, but there are several previousSpin-projection methods. For all the species we studied, spin

theoretical studies foradl and [CR--COJ. Francisco and
Abersold* computed the geometry ahdl using UMP2/6-
31G(d) and UMP2/6-311G(d). Their UMP2/6-31G(d) geometry
agrees with the values in Table 1 to within 0.002 A. With
UMP2/6-311G(d), the €0 bond length is 1.176 A and the

projection is very effective in eliminating the higher spin
components; i.e., the expectation valueSbfis very close to
3/4 after the spin-projection procedure.

The results we obtained for the decarbonylation of acyl
radicals (reaction 2) are given in Table 3. The activation energies

C—CO bond length is 1.556 A; these bond lengths are, for reaction 2 at the PMP4/6-331G(2d,p)//UMP2/6-31G(d)
respectively, 0.01 A shorter and 0.004 A longer than our results. jevel of theory for CHCO, GHsCO, and GH,CO are 15.7,
Francisc6® computed the geometry of [GF-COJ* using 14.1, and 14.5 kcal/mol, respectively. Each is75kcal/mol
UMP2/6-31G(d) iﬂd also reported unscaled harmonic frequen-pigher than that for the corresponding perfluoroacy! radical
cies of [Ck---COJ" at the UHF/6-31G(d) level of theory. The  reaction, indicating that En+1CO radicals decarbonylate much
XMPZ/GslG(d) geometry agrees with Table 1 to within 0.002 more readily than the correspondingHG,+1CO radicals.
M,aﬁ(r:]d ;Pglsgggr?tlgtré ;;ﬁteehg?r;rggg?réreuqel;i?ggéfﬁgg)&im Adding thermal and zero-point energy corrections does not

reg ' P . quenc ._change this picture. Activation energiggfor reactions 1 and
using UMP2/6-31G(d) and obtained a transition state harmonlc2 at temperaturd were calculated frons = AH(T) + RT

a 1

frequency of 446i cm!, which is indistinguishable from our o .

valcllje I\/?éreau et ab calculated geomgtries forad1 and where the enthalpy of activatiodH¥(T), included the zero-

[CF3--.-CO]* using M.P2(full)/6-31G(d) and their €0 and point-energy level and thermal corrections at temperatuide

C—CO bond lengths agree with ours to,within 0.002 A, showing Arthenius activation energiefs, at 298.15 K O.bta"?eo' using

that the frozen-core approximation we have used produces nOPMP4/6-31£—+G(2d;p)//UMP2/6-316(d) are givenin Tabl_e 4.
E4(298.15 K) andAE* show the same trend€,(298.15 K) is

significant change in the computed geometries. Viskolcz and )
Bérce$” also report an MP2(full)/6-31G(d) geometry fiard1 lower for the longer perfluoroacyl and acyl radicdg(298.15
K) for rad2 is 2.1 kcal/mol lower than that afad1, and the

which agrees with that from Meau et al. to within 0.001 A. o ) )
The tiny differences in the reported MP2/6-31G(d) geometries barrier is f_urthel_r slightly reduced foad3. The computed barrier
are probably due to slightly varying convergence criteria for fOr rad3 is quite modest (5.8 kcal/molE4(298.15 K) for

the optimizations and the effects of frozen-core approximations. decarbonylation of ¢HsCO is likewise 2.0 kcal/mol lower than

3.2. Energetics and Kinetics.The computed activation
energies AE) and energies of reactiom\E,) for reaction 1
for the cases = 1, 2, 3 are given in Table 2. The individual

that of CHCO but is slightly higher for gH;CO. Again, the
major change in Arrhenius activation energies occurs in going
from the smallest homologuesafil and CHCO) to the next

energies of the reactants, transition states, and products ard@rger homologuesgd2 and GHsCO).

provided as Supporting Information.

AE* for decarbonylation ofad1 ranges from a maximum of
15.3 kcal/mol for UMP2/6-31G(d)//UMP2/6-31G(d) to a mini-
mum of 9.8 kcal/mol for PMP4/6-311G(2d)//UMP2/6-31G(d).
As one would expect, changing from a douljldPMP2/6-
31G(d)) to a triple basis (PMP2/6-311G(2d)) reduces the
activation energy, in this case from 13.2 kcal/mol to 11.5 kcal/
mol. Interestingly, the addition of diffuse functions to the basis

Our results indicate that longer perfluoroacyl and acyl radicals
have an increased propensity to decarbonylate. This effect has
been seen experimentally for @EIO and GHsCO. Our results
should be compared to experimental Arrhenius activation
energies obtained by extrapolation to the high-pressure limit.
The extrapolated experiment&k(298.15 K) for CHCO®® is
2.8 kcal/mol higher than that of 85CO 5° which agrees quite
well with our difference of 2.0 kcal/mol. However, our absolute

has almost no effect on the computed activation energy. Spin E{(298.15 K) values obtained with PMP4/6-31G(2d)//UMP2/
contamination is apparent for the open-shell species in the 6-31G(d) are substantially lower than those obtained by

decarbonylation ofadl. For example, the UMP2/6-31G(d)
wave functions ofadl, CFs, and [CR::-COJ haveS? expecta-
tion values of 0.771, 0.754, and 0.812, respectively.

The activation energy for decarbonylation of larger per-
fluoroacyl radicals is smaller than that feadl. Our best
estimates are based on PMP4/6-3T(2d). At this level of
theory, the decarbonylation activation energiesréatl, rad2,

extrapolating the experimental results to the high-pressure limit.
It is unclear why our computed results are lower than the
extrapolatedE,(298.15 K) obtained in some experimental
studies, but as noted by Watkins and Thom§8amd Tomas

et al.81the experiments generally involve complex free-radical
systems with many competing reactions and, since most of the
data are obtained far from the high-pressure limit, the extrapola-

andrad3 are 10.1, 7.9, and 7.1 kcal/mol, respectively. If we tion to infinite pressure is somewhat uncertain. We also note
focus on the breaking-€C bond, the largest change in chemical that O’Neal and Bens&A gave an extrapolated experimental
environment occurs in going from @EO to GFsCO. Further E4(298.15 K) for CHCO decarbonylation of 15.0 kcal/mol and
lengthening of the perfluorinated tail might be expected to have Barnes et af reported the barrier for GEO decarbonylation
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TABLE 2: Computed Activation Energies (AE*) and Reaction Energies AE;) in kcal/mol for C,F2,+1CO — C,Fa+1 + CO for

n=1-3
CRCO—CR + CO GFsCO— CyFs + CO GFCO— CsF + CO
AE*a AE?R AE¥a AER AE¥a AER
UMP2/6-31G(d) 15.3 7.0 13.3 5.8 12.7 5.3
PMP2/6-31G(d) 13.2 8.3 11.2 7.0 10.5 6.4
PMP2/6-311G(2d) 11.5 6.8 9.7 5.8 8.8 5.0
PMP2/6-311#G(2d) 11.8 7.4 9.8 5.9 8.9 5.1
UMP4/6-311G(2d) 11.4 4.3 9.5 3.2 8.6 2.5
UMP4/6-311G(2d) 11.6 4.9 9.5 3.3 8.7 2.6
PMP4/6-311G(2d) 9.8 51 7.8 3.8 7.0 3.1
PMP4/6-313#G(2d) 10.1 5.8 7.9 4.0 7.1 3.3

a AE* is the electronic energy difference betweenH& 1++-COJ* and GFn+1CO excluding zero-point energy differences or thermal effects.
AE; is the electronic energy difference betweerr£&:1 + CO and GF2+1CO and also excludes zero-point energy differences or thermal effects.

TABLE 3: Computed Activation Energies (AE¥) and Reaction Energies AE;) in kcal/mol for C ;H,+1CO — CrHz,41 + CO for

n=1-3
CH:;CO_> CH3 + CO 02H5CO_’ CzH5 + CO C:<;H7CO_> C3H7 + CO
AE*¥a AER AE*a AE? AE¥a AE?
UMP2/6-31G(d,p) 21.3 12.8 19.9 12.8 20.1 135
PMP2/6-31G(d,p) 18.8 13.0 17.4 12.8 17.7 13.6
PMP2/6-311G(2d,p) 17.2 11.7 15.8 11.7 16.3 12.5
PMP2/6-313%+G(2d,p) 18.2 12.7 16.6 12.5 17.0 13.3
UMP4/6-311G(2d,p) 16.6 8.8 151 8.7 15.5 9.4
UMP4/6-311+G(2d,p) 17.6 9.9 15.9 9.5 16.3 10.2
PMP4/6-311G(2d,p) 14.7 8.9 13.3 8.7 13.7 9.4
PMP4/6-313%+G(2d,p) 15.7 10.0 14.1 9.6 14.5 10.3

2 AE* is the electronic energy difference betweerHg+1++-COJ and

GH2,+1CO excluding zero-point energy differences or thermal effects.

AE; is the electronic energy difference betweeié& 1 + CO and GH2,+1CO and also excludes zero-point energy differences or thermal effects.

TABLE 4: Computed Activation Energies in kcal/mol at
298.15 K Obtained Using PMP4/6-313+G(2d,p) on
UMP2/6-31G(d) Geometries andE,(T) = AH¥(T) + RT

EA(298.15 K)

CRCO—CRKR+ CO 8.7
CstCO" C2F5 + CO 6.6
C3F7CO—> C3F7 + CO 5.8
CHsCO— CHz; + CO 13.7
CszCO_> C2H5 + CO 11.7
C3H,CO— C3H7; + CO 12.2

of 9.8 £ 2.4 kcal/mol, which are quite close to our calculated
values of 13.7 and 8.7 kcal/mol, respectively.

Turning now to the relative barriers forEn+1CO and
CnH2n+1CO radicals, we see th&t(298.15 K) is at least 5 kcal/
mol lower for the perfluoroacyl radicals. If we ignore the
generally modest differences in the frequency factor, reducing
E4(298.15 K) by 5 kcal/mol will increase the Arrhenius rate
constant by a factor of about 5000. Our results are entirely
consistent with the large CO yields measured by Solignac et
al.*% and Hurley et af! for the Cl atom initiated oxidation of
CnF2n+1CHO.

What is the physical origin of the lowering of the barrier of
CnF2n+1CO relative to GH2,+1CO? As is often the case in
guantum chemistry, cause and effect are difficult to deconvolve,

There is a disparity between our results and the barriers but an important clue is that the-CO bond in GFzn+1:CO

obtained by Mesau et af* using the G2(MP2) method. Meau

et al® reportedEy(298.15 K) for decarbonylation of the acetyl
radical as 17.3 kcal/mol, which agrees extraordinarily well with
the extrapolated,(298.15 K) value of 17.2 kcal/mol obtained
by Watkins and Word? Since our value of 13.7 kcal/mol is
3.6 kcal/mol lower than that of Meau et al®* we first repeated

radicals is about 0.04 A longer than the corresponding bond in
CnH2n+1CO radicals. A further clue comes from Mullik&and
NBOS®6 population analysis of the UMP2/6-31G(d,p) wave
functions for the radicals. The Mulliken and NBO population
analyses give entirely consistent results, and for completeness,
we have provided the NBO results as Table S7 in the Supporting

their calculations and confirmed their results and also performed Information. Previous work has shown that useful insight can

additional calculations for decarbonylation of 2O with two

be obtained by calculating changes in Mulliken partial charges

other correlated methods, namely QCISD(T)/6-311G(d)//UMP2/ after atomic substitutiof. The C-CO bond lengths and the

6-31G(d) and CCSD(T)/6-31+G(2d,p)//lUMP2/6-31G(d).
The E4(298.15K) values obtained were 14.3 kcal/mol (QCISD(T)/
6-311G(d)) and 14.7 kcal/mol (CCSD(T)/6-3t+G(2d,p)),
which are significantly closer to our PMP4/6-3t1G(2d,p)//
UMP2/6-31G(d) than to those of Meau et af* The remaining

difference between our results and those obtained using

QCISD(T) and CCSD(T) are probably due to spin con-
tamination. E4(298.15K) was 15.5 kcal/mol using UMP4/6-
311++G(2d,p)//UMP2/6-31G(d) (no spin projection), which
agrees well with the CCSD(T)/6-3HG(2d,p)//UMP2/6-

31G(d) value of 14.7 kcal/mol. Spin projection is not available
in the G2(MP2), QCISD(T), and CCSD(T) methods, so we

results of the Mulliken population analysis for the critical, C
C,, and O atoms (see figure below) of.F3,+:CO and
CnH2n+1CO radicals are given in Table 5.

\ 7/

\\C2 C4

\\\\\\/

Inspecting Table 5, we see that fluorination and increasing
molecular size have a quite modest effect on the partial
electronic charges on thg @nd O atoms. In contrast, the highly

believe the results reported in Table 4 are the best computationakelectronegative F atoms in En+1CO withdraw substantial

barriers obtained to date.

electronic charge from theCatom. The inductive effect is
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TABLE 5: C —CO Bond Lengths (A), Partial Charge$ q(C1), g(C>), and g(O) on Critical Carbon and Oxygen Atoms, Total
Overlap Populations p(C3,C;)? between G and C, Atoms, and Charge Productsq(C,) q(C,) of CnX2+1CO Radicals for X = H,
F and n = 1-3 Obtained by Mulliken Population Analysis of the UMP2/6-31G(d,p) Wave Functions

c-co 9(Cy) a() a(0) P(CLC) (G 9(C)
CFCO (rad1) 1.552 0.188 0.844 —0.225 0.479 0.159
CHsCO 1.514 0.249 —0.422 —0.283 0.403 —0.105
CoFsCO (rad2) 1.555 0.219 0.517 -0.217 0.284 0.113
C2HsCO 1.519 0.250 —0.310 —0.286 0.383 —0.078
CsF/CO (rad3) 1.559 0.231 0.555 —0.216 0.327 0.128
C3H/,CO 1.519 1.251 -0.311 —0.285 0.387 -0.078

a|n atomic units (charge on a free electron-i4.00).

strongest for CECO, where three F atoms are bonded o C reaction of GF17CO. This is an important omission since
and together withdraw about 1.3 electrons relative taQOIL decarbonylation of gF17CO to give GF;7 radicals and CO

In CoFsCO and GFCO, only two F atoms are bonded to the disrupts this scheme: there is no pathway to the nine-carbon
C, atom and together they withdraw about 0.8 electron relative species PFNA from the eight-carborRg; radical.

to CHsCO and GF/CO. In Table 5 we have separated the net  Support for the Ellis et &8 pathway to PFNA (reactions-57)
charge contributions to the-6CO bond into covalent (overlap  comes primarily from a series of experiments in which shorter

population, p(Cy,C;)) and electrostatic contributionsy(C1) chain perfluorinated aldehydes were reacted with Cl atoms in
0(Cz)). There are no obvious trends(C,,C;) but we see that 700 Torr of air at 298 K. For the reaction o$&CHO with Cl
the electrostatic charge prodwC,) q(Cy) is negative (attrac-  in the absence of NO, Andersen ef&found a molar yield of

tive) for GHx+1CO radicals and positive (repulsive) for  249% for GFsC(O)OH, inferred a branching ratio of 76% for
CnF2n+1CO radicals. We conclude that the main effect of electron C,FsC(0)0, and found no evidence 06EC(O)OOH produc-
withdrawal in GF2,+1CO is to increase the electrostatic repul- tion. With NO present, gsC(O)OH was not evident in the
sion between €and G and to weaken the critical-©CO bond. product spectrdt Subsequent experimefitén the same cham-
3.3. Atmospheric Consequences.he chamber experiment  ber found progressively smaller molar PFCA yields of 38%,
of Ellis et al8 produced a homologous series of PFCAs that 10%, and 8% for reaction of Cl atoms with §EHO, GF,CHO,
were formed in small yields during the simulated atmospheric and GFsCHO, respectively. As noted by the authors, the 14%
oxidation of 8:2 fluorotelomer alcohol (8:2 FTOHgRi7CH-  yield difference of GFsC(O)OH and GF,C(O)OH is difficult
CH,OH). Chemical degradation of 8:2 FTOH in the chamber to explain.
was initiated by Cl atoms rather than OH radicals, and the Ellis |4 each of these papers, it was assumed that reaction with
et all8 experiment was performed without NO to emphasize 0, was the sole fate of (E»n+,CO radicals. Our calculations
the role of peroxy radical reactions that are believed responsiblegng the experiments of Solignac et@nd Hurley et af! show
for PFCA production. The initial steps in the FTOH reaction that this assumption was incorrect. The authors of Ellis & al.
mechanism are well establish&tand they lead in turn to the 504 Andersen et 48 have subsequently recognized their error,
8:2 telomer aldehyde ¢€,,CH,CHO) and the 8:2 perfluorinated  anq in their most recent pagétthey reported the CO vyields
aldehyde (@F1CHO). After 94% conversion of 8:2 FTOH, Ellis  qyring the CI atom initiated oxidation of En+1:CHO in the
et al'® measured a yield of §£17C(O)OH (PFNA) of 1.6%. A presence of NO and varying partial pressures af & noted
homologous series of shorter PFCAs were also identified with above, 2%, 52%, 81%, and 89% of.f5,,CO radicals
diminishing yields of 1.5% (&1sC(O)OH, PFOA), 0.32% decompose to 21 radicals and CO fon = 1, 2, 3, and 4,
(CeF13C(O)OH, PFHPA), 0.24% (11C(O)OH, PFHXA), and  respectively. To retain the reaction scheme (reactiori)Shey
0.1% (QF9(?(O)OHv PFPA)- ] had previously proposed, Hurley et4lincreased the PFCA
To explain these findings, Ellis et #l.and Andersen et & yields found in their earlier work to account for the fraction of
proposed a chemical mechanism which begins with the forma- ¢ F, . ,cO that decompose. For example, the yield gf{C-
tion of a perfluoroacyl radical, §£,7,CO. For PFENA production, (O)OH from the reaction of §sCHO with Cl atoms in the
they adapted a well-known mechanism from the hydrocarbon presence of HOwas previously reporté8as 8+ 2%. Since
chemistry literaturé® This scheme has the following steps: the yield of GFsC(0)O; radicals is 11%, the adjusted yield of
C4F9sC(O)OH is 0.08/0.11= 73%. Thus, incorporating per-
CgF17CHO + Cl = G4F,,CO + HCI ®) fluoroacyl radical decomposition increases the branching ratio
of reaction 7a by an order of magnitude. In addition, the adjusted
CgF1,CO+ O, + M — CF,C(0)0, + M (6) yields of GF2n+1C(O)OH from the reaction of {2,+1CHO with
Cl atoms show a strongly increasing trend: the yields are-39
CgF1,C(0)0, + HO, —~ C4F,C(O)OH+ O;  (7a) 4%, 50+ 8%, 53+ 11%, and 73+ 18% forn = 1, 2, 3, and
4, respectively.
C4F,,C(O)0, + HO, — C4F,,C(O)OOH+ O, (7b) The existing literature on reactions of 0)0; and RyC(0)-
O radicals with HQ is meager. The 2006 IUPAC compilatiGn
C4F1,C(0)G, + HO, — C4F,,C(0)O+ O,+ OH (7c) (available online at http://www.iupac-kinetic.ch.cam.ac.uk/)
contains only one such reaction, that of £LHO)OO with HG.
In reaction 6, M represents a nitrogen or oxygen molecule; In this case, the yield of C}(O)OH is <20%, which is not
reaction 3 is the infinite-pressure limit form of reaction 6. The unreasonably different from the adjusted yield of-B1% for
CgF17C(0)O, radicals produced by reaction 6 react with HO CFRC(O)OO with HGQ reported by Hurley et &t However,
radicals to produce PFNA (reaction 7a), the corresponding there is no support in the literature for yields in excess of 70%
peracid (reaction 7b), andgkE;7C(O)O radicals (reaction 7c).  in the reactions of acyl or fluoroacyl peroxy radicals with HO
Note that this scheme incorporates the addition of molecular In addition, the available literature indicates that the corre-
oxygen to GF17CO but neglects the competing decarbonylation sponding reaction of R, radicals with HQ to give RROH does
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not occur. For example, GEHFO, reacts with HQ to give CH,FQ; is also zerd? The recommended branching ratio at
the peroxide CECHFOOH and @ in unit yield.” 298 K for production of CECHFOH in the self-reaction of
We have seen that incorporating radical decomposition CRCHFQ, is 0.07, while the study of Nielsen et Al.is
directly into the Ellis et al® pathway to PFNA leads to yields  consistent with exclusive production of CKHERO from the
that are hard to reconcile with the literature. This suggests thatself-reaction of CHECF0O,. In the chamber experiments,
one or more additional pathways to PFNA are missing from radicat-radical reactions such as reaction 11 are artificially
the Ellis et al*® scheme. An example of such a pathway can be emphasized when compared to the real atmosphere. Once again,
found in the work of Tuazon and Atkinsdi,which showed CH30, will be the importante-dihydrogenated peroxy radical
the oxidation of CECICH3; with Cl atoms in the presence of in the atmosphere.
air produced an aldehyde which is very similar to the ones we  Again, we have seen that incorporating radical decomposition
have been studying. Subsequent oxidation of this aldehydedirectly into the Ellis et a8 pathway to lower acids leads to
produced a perhalogenated acid {CIE(O)OH) in sizable yield  vyields that are hard to reconcile with the literature. Since
and, most significantly, a fraction of the acid production results radicat-radical reactions involving CiD, likely play an

from the radicat-radical reaction important role in both the mechanisms developed by Ellis et
al. 8 we strongly suggest that additional chamber experiments
CF,CIC(O)G; + CR,CICH,0, — be performed in which methane is added in varying amounts

CFE,CIC(O)OH+ CF,CICHO+ O, (8) to the chamber. If Ellis et &F are right, the production of lower
PFCAs should rise monotonically with increasing methane
Note that this reaction also regenerates the aldehyde whichmixing ratio. We also echo the concern raised by Tomas®t al.
further complicates the analysis. Radicals of these types wereabout a possible systematic effect caused by using Cl rather
present in the Ellis et @8 experiment, and there seems, in than OH radicals as the primary oxidant in the chamber
retrospect, little reason to exclude this mechanism. In the experiments. Generally, using Cl atoms as a faster reacting
atmosphere the important peroxy radical would be;GH surrogate for atmospheric OH radicals gives little cause for
As we noted above, the Ellis et ¥l.chamber experiment  concern, but in this case, given the modest barriers shown in
produced a homologous series of lower PFCAs (PFOA, PFHpA, Table 4, the GF2+:CO radicals formed from the OH-
PFHXa, and PFPA) in small yields. These lower acids, which CnF2,+1CHO reaction may be strongly predisposed to prompt
must be produced by a different mechanism from PFNA, are dissociation, since the reaction enthalpy of @HCF2n+1CHO
nevertheless also strongly influenced by decomposition of is about 16 kcal/mol higher than that of & C,F2,+1:CHO.
perfluoroacyl radicals. The §;7C(O)O radicals produced by  This effect could further depress the yield affgn+1C(O)OH.

reaction 7c would be expected to decarboxylate prorpipaiyd Future PFAL oxidation experiments should be performed with
add molecular oxygen to give perfluoroperoxy radicajs:@0,: OH rather than ClI radicals wherever possible.
In summary, experimental and theoretical work show that
CgF1,C(0)0O— CgFy, + CO, 9) CiF2n11CO radicals have a strong tendency to decompose to
give GFzni1 and CO under atmospheric conditions: the
CgF17+ O, + M — CgF;0, + M (10) lowering of the barrier for decarbonylation of,E,+1CO

relative to that of GH2.+1CO is well explained by electron
In the chamber, the dominant fate offg7O; is reaction with  ithdrawal by F atoms that serve to weaken the criticald®
HO. and other RQ@radicals to produce a so-called “unzipping”  pond. Notwithstanding the arguments given by Hurley et'al.,
cascade that produces eightzOFmolecules from eachg€:70; the main effect of decarbonylation ofE;,+1CO is to decrease
radical. (gF170 radicals can also be produced by direct the molar yield of GFan:2C(O)OH; if 100% of the GFan11CO
photodissociation of §:7CHO or by the addition of to the decompose, the yield of £,n+1C(O)OH must be zero. If the
CgF17 radicals produced from reaction 6. These steps are well pathway to lower PFCAs proposed by Ellis ef&ls correct,
supported in the hydrocarbon and hydrofluorocarbon literature, there should be a concomitant increase in the yields of
but as we have seen, the branching ratio for reaction 7c is ¢, F,.,C(O)OH forx < n. Clearly, there is considerable scope
dependent on the degree to whickFGCO decomposes. for additional experimental and theoretical studies.

From this point, Ellis et al® proposed a novel competing

pathway to the lower PFCAs that begins with the reaction of Acknowledgment. We thank Dr. Timothy Wallington (Ford
CgF170; and ano-dihydrogenated peroxy radical R, to give Research), Dr. Gregory Yarwood (ENVIRON International
an unstableo-fluoro alcohol. This pathway contains the fol- - corporation), Dr. Abdelwahid Mellouki (Laboratoire de Com-
lowing steps: bustion et Systmes Ractifs, Centre Nationale de la Recherche

. Scientifique, Orlans), and Professor Howard Sidebottom
CaF170, + RH,0, — CgF, OH + RHO+ O, (11) (University College Dublin) for many helpful discussions.

C4F,,OH — C;F,;CFO+ HF (12) ) ) )
Supporting Information Available: Computed UMP2/6-

Reaction 12 occurs rapidly on any surface, and the{CFO 31G(d) structures and total energie_s are p(c_)vided for th_e
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