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A B S T R A C T

Structures and IR absorption spectra of the conformational isomers of perfluorinated aldehyde hydrates,

n-CxF2x+1CH(OH)2, (x = 1–4) have been calculated using density functional theory (DFT) and compared to

experimental FT-IR measurements. Two absorption peaks around 3600–3700 cm�1 were observed and

are assigned to O–H stretching modes of OH groups with, and without, intramolecular hydrogen bonding.

For n-C3F7CH(OH)2, two absorption bands around 900–1000 cm�1 were observed in the experimental

spectra, whereas only a single in-phase stretching mode of the (CF3)–(C2F4CH(OH)2) and (C3F7)–

(CH(OH)2) bonds was calculated for each conformer. The experimental spectra were well described by

composite spectra of the thermal equilibrium mixture of different conformational isomers of n-

CxF2x+1CH(OH)2 calculated by DFT.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Long-chain perfluoroalkyl carboxylic acids (PFCAs,
CxF2x+1COOH, where x = 6–12) have been observed in fish [1,2]
and mammals [3] in a range of locations around the world. PFCAs
are not generally used directly in consumer or industrial materials,
other than in aqueous film forming foams or as polymerization aids
in fluoropolymer manufacture [4]. Thermolysis of fluoropolymers
produces PFCAs, however the magnitude of this source appears
insufficient to account for the observed global environmental
burden of these compounds [5]. Three long range PFCA transport
mechanisms have been discussed in the literature. Long range
transport of PFCAs via ocean currents is possible [6]. An
atmospheric transport route where polyfluorinated precursors
are transported over long distances and degraded to PFCAs, is
supported by atmospheric monitoring [7], atmospheric chemistry
[8], and global atmospheric modeling studies [9]. Volatilization of
PFCAs from sea salt aerosol followed by atmospheric transport has
been proposed [10]. The relative importance of the oceanic and
atmospheric routes is unclear but is likely to depend on the
location, PFCA, and time period under consideration.
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Perfluorinated aldehydes, CxF2x+1CHO, are formed during the
atmospheric oxidation of HFCs (hydrofluorocarbons), HCFCs
(hydrochlorofluorocarbons), and fluorinated alcohols [11,12].
Perfluorinated aldehydes add water to give hydrates which can
react with OH radicals to give perfluorocarboxylic acids [13]. The
atmospheric oxidation of fluorinated organic compounds into
CxF2x+1CHO followed by hydration and reaction with OH radicals
offers a potentially efficient pathway to the formation of
perfluorocarboxylic acids which merits further investigation
[13]. As part of an effort to improve our understanding of the
atmospheric chemistry of perfluorinated aldehyde hydrates (n-
CxF2x+1CH(OH)2), we have used quantum chemical calculations to
investigate the structure of n-CxF2x+1CH(OH)2 and support the
assignment of IR spectra. Results are reported herein.

2. Results and discussion

2.1. Structures and equilibrium abundance ratios of CxF2x+1CH(OH)2

(x = 1–4) isomers

There are six conceivable conformational isomers of
CF3CH(OH)2 based on the orientation of the two OH groups. We
classify these isomers by the two dihedral angles of H–C–O–H as
follows: AA (1808, 1808), G+A (608, 1808), G�A (�608, 1808), G+G+

(608, 608), G+G� (608, �608), G�G+ (�608, 608). The structures of
these isomers are shown in Fig. 1. The counter parts of optical
isomers, e.g. G�G� for G+G+, AG� for G+A and AG+ for G�A, are
omitted. The normal mode analysis revealed that the G+G� and
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Fig. 1. Conceivable structures of CF3CH(OH)2 isomers.
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G�G+ isomers were found not to be stationary points due to their
imaginary mode, thus these structures are not considered further.
The relative heats of formation at 0 K (DE0), Gibbs energies at 298 K
(DG298) and the abundance ratios for the four other isomers
Fig. 2. Geometries of the most stable isomers of CxF2x+1CH(OH)2 (x = 1 (a), 2 (b), and 3 (

B3LYP/6-311+G(d,p) level of theory. In all figures, distances are in units of Å and angle

Table 1
Relative heats of formation at 0 K (DE0), Gibbs energies at 298 K (DG298) and abundan

Isomer DE0 (kJ mol�1) DG298

G3//B3LYP G3(MP2)//B3LYP G3//B

G�A C1 0.00 0.00 0.00

G+A C1 4.66 4.48 4.71

AA Cs 5.36 5.24 6.74

G+G+ C1 9.54 9.40 8.71
predicted by G3//B3LYP and G3(MP2)//B3LYP calculations are
listed in Table 1. In the calculation of DG298 and the abundance
ratios, we take the number of optical isomers into account. As
shown in Fig. 2a, the most stable structure of CF3CH(OH)2 is G�A,
which has one intramolecular hydrogen bond between F and H
atoms with a distance of 2.38 Å. The abundance ratio of the G+A
isomer to the G�A isomer was estimated to be 0.15 at G3//B3LYP
level of theory, indicating that the G+A isomer must be taken into
account at ambient temperature.

Although an experimental IR absorption spectrum is not
available, we calculated structures and absorption spectra of
the C2F5CH(OH)2 isomers. The additional dihedral angle in
C2F5CH(OH)2 leads to 12 conceivable isomers denoted as A-AA,
A-G+A, A-G�A, A-G+G+, A-G+G�, A-G�G+, G-AA, G-G+A, G-G�A, G-
G+G+, G-G+G� and G-G�G+, where the first A/G denotes the dihedral
angle of the carbon skeleton and optical isomers are omitted.
Similar to CF3CH(OH)2, the two Cs symmetric isomers A-G+G� and
A-G�G+ had an imaginary vibrational mode indicating that these
structures are transition structures. Moreover, the two optimized
structure with C1 symmetry, G-G+G� and G-G�G+, could not be
c)) optimized at B3LYP/6-31G(d) level of theory, and C4F9CH(OH)2 (d) optimized at

s are in units of degrees.

ce ratios of CF3CH(OH)2 isomers.

(kJ mol�1) Abundance ratio @ 298 K

3LYP G3(MP2)//B3LYP G3//B3LYP G3(MP2)//B3LYP

0.00 1.00 1.00

4.54 0.15 0.16

6.62 0.07 0.07

8.57 0.03 0.03



Table 2
Relative heats of formation at 0 K (DE0), Gibbs energies at 298 K (DG298) and

abundance ratios of n-C2F5CH(OH)2 isomers calculated at G3(MP2)//B3LYP level of

theory.

Isomer DE0

(kJ mol�1)

DG298

(kJ mol�1)

Abundance

ratio @ 298 K

G-G-A C1 0.00 0.00 1.00

A-G�A C1 1.52 2.37 0.38

G-G+A C1 2.75 2.53 0.36

G-AA C1 3.05 2.94 0.31

G-G+G+ C1 6.89 6.17 0.08

A-G+A C1 7.13 7.79 0.04

A-G+G+ C1 9.11 8.16 0.04

A-AA Cs 10.81 12.12 0.01
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found in the present DFT calculations. Table 2 shows the energies
and the abundance ratios at 298 K for the other eight isomers
predicted by G3(MP2)//B3LYP calculations. As shown in Fig. 2b, the
structure of the most stable isomer was found to be G-G�A, which
has a hydrogen bond (2.40 Å) connecting a fluorine atom of the CF2

group to a hydrogen in one of the OH groups. As indicated in
Table 2, based upon their relative energies, it is expected that, in
Table 3
Relative heats of formation at 0 K (DE0, units of kJ mol�1), Gibbs energies at 298 K (DG298

isomers calculated at G3(MP2)//B3LYP level of theory.

OH orientation Carbon skeleton dihedral angles

AA AG+

G+G+ 14.19, 13.51 (<0.01) 11.01, 9.84 (0.02)

AG� See AA-G+Aa 10.74, 9.62 (0.02)

AG+ See AA-G�Aa 0.00, 0.00 (1.00)

AA 16.04, 22.08 (<0.01) 6.33, 6.06 (0.09)

G�A 5.04, 5.87 (0.09) 3.74, 3.40 (0.25)

G+A 10.42, 10.57 (0.01) 6.87, 6.06 (0.09)

G�G� See AA-G+G+
a –b

G+G� –b 22.51, 20.84 (<0.01)

G�G+ –b –b

a Optical isomers.
b Optimized structures were not found in the present study.

Fig. 3. Notations used to describe the carbon s
addition to the most stable G-G�A isomer, the A-G�A, G-G+A, and
G-AA conformations will contribute significantly to the thermal
distribution at ambient temperature.

The two dihedral angles in the carbon skeleton of C3F7CH(OH)2

lead to 42 conceivable structures (excluding optical isomers). Fig. 3
shows the notations used to describe the dihedral angles of the
carbon skeleton used in the following discussion. As with
CF3CH(OH)2 and C2F5CH(OH)2, the G�G+ OH structures were
found to be transition structures. In the case of the G+G� OH
structures, only the AG+-G+G� isomer was found to be stable but
this conformer is not important under ambient conditions because
of its high energy (22.51 kJ mol�1 above the most stable [AG+-AG+]
conformation). Table 3 summarizes the calculated energies and
equilibrium constants at 298 K for all conceivable structures
predicted by G3(MP2)//B3LYP calculations. As shown in Fig. 2c, the
most stable isomer was found to be the AG+-AG+ structure, which
has one hydrogen bond connecting a fluorine atom of the Ca atom
with a hydrogen atom in one of the OH groups with a distance of
2.31 Å. The calculated equilibrium constants at 298 K (see Table 3)
show that the G+G�-G�A and AG+-G�A isomers make an important
contribution under ambient conditions.
, italics, units of kJ mol�1), and abundance ratios (in parentheses) of n-C3F7CH(OH)2

G+A G+G+ G+G�

12.85, 14.21 (<0.01) 13.79, 12.91 (0.01) 21.85, 20.85 (<0.01)

14.04, 14.88 (<0.01) Unstable 9.43, 7.81 (0.04)

10.82, 12.15 (0.01) 6.230, 5.95 (0.09) 6.45, 5.56 (0.11)

17.89, 17.87 (<0.01) 15.47, 15.69 (<0.01) 8.56, 7.73 (0.04)

9.41, 10.24 (0.02) 6.88, 7.97 (0.04) 2.66, 2.36 (0.39)

12.23, 14.26 (<0.01) 7.84, 8.50 (0.03) 13.27, 12.58 (0.01)

13.49, 12.87 (0.01) –b 13.06, 11.53 (0.01)

–b –b –b

–b –b –b

keleton structure of C3F7CH(OH)2 isomers.
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The three dihedral angles in the carbon skeleton of n-
C4F9CH(OH)2 lead to 123 conceivable structures excluding optical
isomers. In the present study, only the most stable isomer by
analogy to the smaller hydrates (AAG+-AG+) was calculated. As
shown in Fig. 2d, the AAG+-AG+ isomer has one hydrogen bond
connecting a fluorine atom of the Ca atom to a hydrogen atom in
one of the OH groups with a distance of 2.39 Å at B3LYP/6-311+G(d,
p) level of theory.

2.2. Assignment of IR spectra of n-CxF2x+1CH(OH)2 (x = 1–4)

Figs. 4a, 6a, and 7a show the IR spectra of CxF2x+1CH(OH)2 (x = 1,
3, 4) measured in 700 Torr of air diluent at 296 K using a spectral
resolution of 0.25 cm�1 in the smog chamber facility at Ford Motor
Company [13]. To simulate the IR spectra of n-CxF2x+1CH(OH)2

(x = 1–4), we performed a normal mode analysis at B3LYP/6-
311+G(d,p) level of theory with the wavenumber-linear scaling
(WLS) method [14] for the optimized structures described above.
For comparison between experimental and calculated results, we
assumed the Lorenz type line shape with a full width at half
maximum of 20 cm�1. Fig. 4 shows IR spectra of CF3CH(OH)2. The
calculated composite spectrum of the equilibrium mixture of
conformers at ambient temperature shown in Fig. 4b is in good
agreement with the experimental spectrum of CF3CH(OH)2 shown
in Fig. 4a. In the experimental spectrum there were two OH
stretching modes around 3600 cm�1. In the calculated spectra of
the G�A and G+A isomers, these two modes were separated by 43
and 26 cm�1 after WLS correction and are assigned to the OH
groups with (low frequency mode) and without (high frequency
Fig. 4. IR absorption spectra of CF3CH(OH)2 isomers: (a) experimental results; (b)

thermal average of calculated isomers; (c) G�A; (d) G+A; (e) AA; (f) G+G+. The bars in

panels (c)–(f) are the integrated absorption cross-sections predicted by the

quantum chemical calculations, the lines are absorption spectra calculated

assuming each peak is described by a Lorenz function with a full width at half

maximum of 20 cm�1.
mode) hydrogen bonding. In the case of the AA and G+G+ isomers,
the symmetric and antisymmetric stretching modes of the two OH
groups have a similar frequency resulting in the single feature at
approximately 3600 cm�1 in Fig. 4e and f.

Fig. 5b–e shows the calculated absorption spectra of the G-G�A,
A-G�A, G-G+A and G-AA isomers of n-C2F5CH(OH)2. As with
CF3CH(OH)2, two OH stretching modes of the G-G�A, A-G�A and G-
G+A isomers were assigned to OH groups with (low frequency), and
without (high frequency), hydrogen bonding. As indicated in
Fig. 5e, the symmetric and antisymmetric modes associated with
the OH groups in the G-AA isomer have a similar frequency.

Fig. 6 shows experimental (a) and calculated (b–f) absorption
spectra of n-C3F7CH(OH)2. The composite thermal average
spectrum shown in Fig. 6b of the four lowest energy isomers
(AG+-AG+(6c), G+G�-G�A(6d) AG+-G�A(6e) and G+G�-AG+(6f)) is in
excellent agreement with the experimentally measured spectrum
(a). Each of the four isomers shown in Fig. 6 has two O–H stretching
modes associated with OH groups with and without hydrogen
bonding. In the experimental spectrum (a) there are two
absorption bands in the range 900–1000 cm�1. In contrast, the
calculated spectra for each isomer (c–f) only have a single band in
the 900–1000 cm�1 region, assigned to the in-phase stretching
mode of (CF3)–(C2F4CH(OH)2) and (C3F7)–(CH(OH)2) bonds. The
frequency of this stretching mode depends on the carbon skeleton
structure of the isomer and is 896.6, 892.5, 949.6 and 945.0 cm�1

(after WLS correction) for the AG+-AG+, AG+-G�A, G+G�-G�A and
G+G�-AG+ isomers, respectively. The composite thermal average
spectrum of the four isomers (b) has two absorption bands in the
900–1000 cm�1 region in good agreement with the experimental
result (a).

Fig. 7 shows experimental (a) and calculated (b) absorption
spectra of n-C4F9CH(OH)2. Again, two O–H stretching modes
are evident and are associated with OH groups with, and
without, hydrogen bonding. Similar to the discussion above for
Fig. 5. IR absorption spectra of C2F5CH(OH)2 isomers: (a) thermal average of

calculated isomers; (b) G-G�A; (c) A-G�A; (d) G-G+A; (e) G-AA. The bars are

integrated absorption cross-section predicted by quantum chemical calculations,

the lines are absorption spectra calculated assuming that each peak is described by

a Lorenz function with a full width at half maximum of 20 cm�1.



Fig. 6. IR absorption spectra of C3F7CH(OH)2 isomers: (a) experimental results; (b)

thermal average of calculated isomers; (c) AG+-AG+; (d) G+G�-G�A; (e) AG+-G�A; (f)

G+G�-AG+. The bars in panels (c)–(f) are integrated absorption cross-sections

predicted by quantum chemical calculations, the lines are absorption spectra

calculated assuming that each peak is described by a Lorenz function with a full

width at half maximum of 20 cm�1.
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n-C3F7CH(OH)2, there are two absorption bands in the 800–
900 cm�1 region in the experimental spectrum, whereas only a
single band in the calculated spectrum, suggesting contributions
from isomers with different carbon skeleton structures.
Fig. 7. IR absorption spectra of C4F9CH(OH)2 obtained from experiments (a) and

calculated for the isomer with AAG+-AG+ geometry (b). The bars in panel (b) are

integrated absorption cross-sections predicted by quantum chemical calculations,

the line is the absorption spectrum calculated assuming that each peak is described

by a Lorenz function with a full width at half maximum of 20 cm�1.
3. Conclusions

Quantum chemical calculations have been performed to
determine the molecular structure and IR spectra of n-
CxF2x+1CH(OH)2 (x = 1–4). We show that intramolecular hydrogen
bonding is present in the lowest energy conformers of n-
CxF2x+1CH(OH)2 (x = 1–4). Weak intramolecular hydrogen bonding
has also been reported for the structurally similar fluorotelomer
alcohols n-CxF2x+1CH2CH2OH [15]. Experimental spectra of the
hydrates n-CxF2x+1CH(OH)2 (x = 1, 3, 4) are well described by
composite spectra constructed from the calculated spectra for
different conformational isomers weighted according to their
predicted abundance at 298 K. Under ambient conditions the
hydrates n-CxF2x+1CH(OH)2 (x = 1–4) exist as mixtures of their
conformational isomers. Distinct features attributable to the
different isomers are visible in the experimental spectra measured
at 296 K. The hydrates n-CxF2x+1CH(OH)2 are removed from the
atmosphere by reaction with OH radicals and by wet and/or dry
deposition [13]. Reaction with OH radicals occurs via hydrogen atom
abstraction and involves breaking the C–H bond. The chemical
environment of the C–H bond in the different conformers is very
similar and we would expect that the atmospheric chemistry of the
conformers is, for all practical purposes, indistinguishable.

4. Computational methods

Quantum chemical calculations were carried out using the
Gaussian 03 series of programs [16]. The geometry optimization
and frequency calculations of perfluorinated aldehyde hydrates
were performed by density functional theory with the B3LYP
functional using the standard Gaussian 6-31G(d) and 6-311+G(d,p)
basis sets. The B3LYP uses Beck’s gradient corrected exchange
functional [17], Lee-Yang-Parr’s gradient corrected correlation
functional, and Beck’s three parameter hybrid HF/DFT method [18]
using Lee-Yang-Parr’s correlational functional. The structures of all
conceivable isomers of n-CxF2x+1CH(OH)2 (x = 1–3) were opti-
mized. In the case of n-C4F9CH(OH)2, only the most stable isomer
(chosen by analogy to the most stable isomer for x = 1–3) was
optimized. For CF3CH(OH)2 isomers, Gaussian-3 (G3)//B3LYP, and
its variation G3(MP2)//B3LYP, calculations [19] were performed to
obtain energies and equilibrium constants, whereas only
G3(MP2)//B3LYP calculations were carried out for C2F5CH(OH)2

and C3F7CH(OH)2 isomers. In the G3//B3LYP and G3(MP2)//B3LYP
methods, the initial geometries and zero-point energies are
obtained from B3LYP density functional theory [B3LYP/6-
31G(d)]. The IR absorption spectra of calculated hydrates were
predicted by the B3LYP/6-311+G(d,p) level of theory using the
wavenumber-linear scaling (WLS) method [14].
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