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Electronic structure calculations indicate that the organic acids catalyze the
tautomerization of Criegee intermediates via a 1,4 f-hydrogen atom transfer to yield a
vinyl hydroperoxide to such an extent that it becomes a barrierless process; the acid-
catalyzed tautomerization, which can also result in formation of hydroxyl radicals, may

be a significant pathway for Criegee intermediates.
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The tautomerization of Criegee intermediates via a 1,4 p-
hydrogen atom transfer to yield a vinyl hydroperoxide has been
examined in the absence and presence of carboxylic acids.
Electronic structure calculations indicate that the organic acids
catalyze the tautomerization reaction to such an extent that it
becomes a barrierless process. In contrast, water produces only
a nominal catalytic effect. Since organic acids are present in
parts-per-billion concentrations in the troposphere, the present
results suggest that the acid-catalyzed tautomerization, which
can also result in formation of hydroxyl radicals, may be a
significant pathway for Criegee intermediates.

The direct generation, detection, and reaction of the
Criegee intermediate in the gas-phase by Taatjes and coworkers'
has sparked a renewed interest in Criegee chemistry. The Criegee
intermediates are carbonyl oxides that are principally produced in
olefin ozonolysis.” In the troposphere, they play a significant role in
chemistry involving secondary organic aerosols, acids, peroxides,
sulfates, and nitrates. At the same time, Criegee chemistry is a key
part of ozonolysis-based syntheses that offer safe and scalable routes
for preparing pharmaceutical intermediates and other value-added
chemicals.*>® The Criegee intermediates are also implicated in the
reaction cycles of flavin-dependent Baeyer—Villiger
monooxygenases’ that provide a green route for synthesizing
enantiopure drug compounds.

Recently, Welz et al. reported a study of the kinetics for
the reactions of Criegee intermediates (CH,OO, anti-CH;CHOO,
and syn-CH;CHOO) with simple carboxylic acids (HCOOH and
CH;COOH).” The measured rate coefficients were on the order of
10" cm® molecule” s, orders-of-magnitude larger than those
previously estimated based on ozonolysis experiments'® and
atmospheric modeling studies.'’ This indicates that the reactions of
the Criegee intermediate with organic acids is a substantially more
important decay process than has been previously thought.
Moreover, it suggests that this pathway could compete with
unimolecular decay and reaction with water as key Criegee loss
processes, especially in forested'? and urban environments,"> where
the acid levels are in the parts-per-billion range. In this letter we use
electronic structure calculations to examine one possible pathway for
the reaction of carboxylic acids with Criegee intermediates:
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tautomerization via a 1,4 f-hydrogen atom transfer to form a vinyl
hydroperoxide.

The uncatalyzed tautomerization of syn-CH;CHOO oxide is
predicted to have an activation barrier of ~14.9 — 21.2 kcal/mol
depending on the level of theory.'* However, the present calculations
find that this barrier is significantly lowered or even completely
removed in the presence of organic acids. In the troposphere,
monocarboxylic acids and low molecular weight dicarboxylic acids,
such as oxalic acid, are present in appreciable amounts (parts per
billion, ppb)'>'® and their tendency to enhance gas-phase hydrogen-
transfer reactions is increasingly being recognized; ~ recent
satellite measurements reveal that the formic acid (HCOOH) levels
in urban air are much higher than previously estimated.?” It has even
been suggested that sulfuric acid (H,SO,), an inorganic acid and a
key precursor in aerosol formation, can catalyze such hydrogen
transfers.”***?® In addition, the role of aromatic acids to catalyze
particulate formation has been verified through laboratory
experiments.”® Organic acids are also produced during the various
unimolecular and bimolecular Criegee processes and thus can play a
role in ozonolysis-based syntheses.’
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Scheme 1. General mechanistic pathways for the unassisted (black),
water-assisted (red), and acid-assisted (blue) tautomerization of a
Criegee intermediate through 1,4 f-hydrogen transfer.
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Hydroxyl radical (*OH) plays a central role in the oxidation
chemistry of the '[roposphere.29 Its sulfuric acid-forming reaction
with sulfur dioxide' deeply impacts aerosol formation and the earth’s
climate.*® While ozone photolysis is the primary source of hydroxyl
radical, a growing body of experimental’’ and theoretical
evidence’”™ indicates that Criegee chemistry also serves as an
important source of tropospheric *OH. Specifically, the
tautomerization of the Criegee intermediate to form the
hydroperoxide olefins constitutes the main mechanism for *OH
generation via ozonolysis.>******' As shown in Scheme 1, this
reaction involves a 1,4 p-hydrogen atom transfer (H-transfer)
between the f-carbon of the Criegee intermediate and its terminal
oxygen, and the subsequent homolytic O-O bond cleavage to form
*OH. The possibility of secondary *OH-forming Criegee channels
has also been discussed in the literature.****** The impacts outlined
above for facile tautomerization of Criegee intermediates, including
the potential formation of *OH, provides a strong impetus to study
the role of acid catalysis in Criegee chemistry.

In this letter, the results of electronic structure calculations
on the unassisted and organic acid-assisted intramolecular 1,4
hydrogen-transfer in Criegee intermediates with p-hydrogens are
presented. Free energy calculations predict that an acid-assisted
reaction to form a vinyl hydroperoxide is a barrierless process
irrespective of the Criegee intermediate considered. By comparison,
water has only a weak catalytic effect on the free-energy barrier, in
part due to entropic factors, suggesting that the 1,4 hydrogen-transfer
may be relatively insensitive to humidity.

While there are ample examples of a single molecule or a
molecular cluster reducing the activation energy of an
atmospherically or industrially important reaction, to our knowledge
the catalytic effect of acids on the tautomerization of a Criegee
intermediate has not been previously examined. To explore the
reaction, we examined the uncatalyzed and catalyzed hydrogen-
transfer in C,- and Cj-based Criegee intermediates as well as in
those produced during the ozonolysis of isoprene and a-pinene
(Scheme S1, ESI). Note that such a reaction mechanism cannot
occur with the simplest Criegee intermediate, CH,OO, because it
lacks f-hydrogens. Isoprene, the most common biogenic
hydrocarbon in the troposphere, is emitted by terrestrial Vegetation.46
It dominates the global total emission of biogenic volatile organic
compounds with its annual emission strength varying between 200
and 600 teragrams of carbon. Among the monoterpenes that account
for 10-50% of the total emitted mass of non-methane biogenic
volatile organic compounds, a-pinene has the highest emission rate
into the atmosphere and is believed to be the largest contributor to
the formation of secondary organic aerosols.*”*54%-°

Electronic structure calculations (the details of which are
provided in the ESI) are performed at the CCSD(T)/aug-cc-
pVTZ//M06-2X/aug-cc-pVTZ level of theory (298.15 K, 1 atm) that
has been previously found to describe hydrogen-transfer
processes,'*? including Criegee chemistry,”’ well. The accuracy of
the M06-2X/aug-cc-pVTZ theoretical method chosen for geometry
optimization is confirmed by comparing the thermochemistry of the
uncatalyzed reaction calculated using various DFT and wavefunction
based methods including CCSD, CCSD(T), and LPNO-CEPA/I
(Tables S1-S3, ESI).

The intramolecular 1,4 hydrogen-transfer in a Criegee
intermediate with f-hydrogens is a modified version of keto-enol
tautomerism in which a f-hydrogen shifts to the terminal Criegee
oxygen leading to the formation of vinyl hydroperoxide, indicated as
the enol form in Scheme 1. In the absence of any catalyst, the
reaction follows a concerted mechanism through a 5S-membered
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Fig. 1 CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ-calculated free-

energy profiles of HCOOH-catalyzed (green lines) and water-catalyzed (red
lines) tautomerization of syn-CH;CHOO (298.15 K, 1 atm, kcal/mol). The
free-energy barrier of an uncatalyzed reaction is also shown (horizontal black
line). All Energies are reported with respect to the separated reactants. See
Fig. S2 (ESI) for enthalpy profiles.

cyclic transition state. At the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-
cc-pVTZ level, the tautomerization of syn-CH3;CHOO has a
calculated free-energy barrier of AG* = 16.7 kcal/mol (Fig. S1, ESI),
in agreement with previous theoretical estimates of 14.9 — 21.2
kecal/mol.'* Moreover, the rearrangement is 17.8 kcal/mol exoergic,
which is also consistent with prior projections of A4E = -20.0
kcal/mol. Interestingly, the tautomerization is more favorable than
conventional keto-enol processes, where AE'~55 kcal/mol. 2"
Moreover, the enol-like form (vinyl hydroperoxide) is significantly
lower in energy than the keto-like form (Criegee intermediate),
whereas, the conventional enols tend to be 10-15 kcal/mol less stable
than the keto forms. This distinct feature of Criegee chemistry can be
attributed to the zwitterionic nature of the Criegee intermediate’s
electronic structure that increases the nucleophilicity of the
hydrogen-accepting terminal oxygen, thereby activating the cleavage
of the C-H bond and favoring the formation of the enol-like form.

Because water is the dominant trace component in the
troposphere, its potential catalytic influence on the bimolecular
Criegee chemistry has been repeatedly examined.'****! Indeed,
Anglada er al. have previously studied the water-catalyzed
tautomerization of C,- and Cs-based Criegee intermediates as well as
of those resulting from the isoprene ozonolysis.** According to their
calculations, although water lowers the enthalpic barrier, the
incorporation of entropic contributions raises the free-energy barrier
to a nearly equivalent extent, drastically reducing the effect of this
reaction. They estimated that only 5.2-13.5% of the total bimolecular
Criegee intermediate + H,O chemistry occurs via the
tautomerization channel.
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We have recalculated the reaction path for the water-
catalyzed tautomerization to make comparisons with the acid-
catalyzed reaction using the same theoretical description. The
calculations are consistent with those of Anglada ef al. in that a
water molecule produces a significant change in the calculated
potential energy surface (Fig. S2), but the effect nearly disappears
upon inclusion of entropic effects, as shown in Fig. 1.* Indeed, the
calculated free-energy barrier of the water-catalyzed reaction is only
2.0 kcal/mol lower than for the uncatalyzed reaction.

On the other hand, in the presence of organic acids the
tautomerization is not only enhanced, it becomes a barrierless
process. The HCOOH-catalyzed reaction proceeds through a
strongly bound prereaction complex, Int; (4G = -9.6 kcal/mol),
which involves two hydrogen bonds between HCOOH and the
Criegee intermediate. Note that, as shown in Fig. 1, the O-H bond of
HCOOH in Int; is noticeably elongated due to the high
nucleophilicity of the terminal Criegee oxygen. Then, Int; converts
into Int,, a hydrogen-bonded complex between HCOOH and vinyl
hydroperoxide, via a transition state that represents a submerged
barrier (relative to the separated reactants). The Int, postreaction
complex is 21.7 kcal/mol lower in free energy than the reactants and,
due to two intermolecular hydrogen bonds, 3.7 kcal/mol more stable
than the separated products.

Clearly, HCOOH causes a dramatic lowering of the barrier
relative to the unassisted and water-assisted tautomerizations. The
calculated transition state for the HCOOH-catalyzed reaction lies 0.4
kcal/mol in free energy below the separated reactants indicating a
facile tautomerization of the Criegee intermediate. The catalytic
superiority of a single HCOOH molecule is mainly attributed to the
pair of carbonyl and hydroxyl functionalities that facilitate an
efficient hydrogen transfer through a double hydrogen-shift reaction.
As a result, the distance across which the f-hydrogen migrates is
considerably reduced and the reaction occurs via a 9-membered
cyclic transition state that is less sterically strained than the transition
states for the uncatalyzed and water-catalyzed reactions.

The cleavage of the O-OH bond in the vinyl
hydroperoxide leads to the formation of *OH and vinyloxy radical.
Contrary to earlier reports,“’45 recent multi-reference ab initio
calculations indicate that this bond breaking process involves a free-
energy barrier of 18.8 kcal/mol and an endergonicity of 11.6
keal/mol.> Since the vinyl hydroperoxide is formed with an excess
free energy of 18.0 kcal/mol, the overall *OH forming reaction
involving the acid-catalyzed Criegee tautomerization might be
expected to be a nearly barrierless reaction. However, the presence
of the organic acid stabilizes the vinyl hydroperoxide through two
hydrogen bonds and might delay or inhibit the *OH formation by
accepting excess energy. Additional study will be required to
elucidate the role of the acid-catalyzed tautomerization on *OH
formation, including in understanding the time or pressure-
dependences seen in ozonolysis experiments.>*>

The calculated free-energy profiles indicate that the
HCOOH-catalyzed tautomerization may be an important decay
channel for Criegee intermediates in the troposphere. Given the
substantially submerged barrier, it could be a competitive pathway
with the better-studied, and also barrierless, addition reaction of
HCOOH with Criegee intermediates to form hydroperoxy alkyl
esters.>®’ However, the recent experiments of Welz et al. on
Criegee intermediate reactions with formic acid do not show obvious
indications of the tautomerization reaction, as the measured rate
constants are not strongly dependent on the presence of a f-hydrogen
in the Criegee intermediate, i.e., the rate constants are the same
within error bars for anti-CH;CHOO + HCOOH and syn-CH3;CHOO
+ HCOOH.®? However, the ionization energy of the tautomerization
product of the latter reaction, vinyl hydroperoxide, has been
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calculated to be 9.18 eV, sufficiently low that it would presumably
be detected in the experiments of Welz et al. (before it decays to
form *OH). Thus, additional experimental and theoretical work will
likely be required to definitively determine the role of the
tautomerization reaction in Criegee intermediate reactions with
carboxylic acids. The selective isotope labeling on the methyl group
of the syn-CH;CHOO (CD;CHOO) could be an interesting
experiment to test the proposed mechanism. Such an isotopic
substitution should exclusively lead to the formation of
CD,CHOOH, rather than CD,CHOOD, and thus, the *OH, but not
the *OD should appear as the final product in the experiment.

Because dicarboxylic acids have an appreciable presence
in the troposphere,'®'” we next investigated their catalytic effect on
Criegee intermediate tautomerization. We first examined the
simplest  dicarboxylic acid, oxalic acid. The -catalyzed
tautomerization follows the same route as that involving HCOOH
shown in Fig. 1 with only small differences in the relative free
energies (Table S3, ESI). The reaction catalyzed by malonic acid,
the next larger dicarboxylic acid, has a higher barrier than for oxalic
acid by 1.6 kcal/mol. This effect is attributable to the presence of a
relatively weaker intramolecular hydrogen bond in the latter case;'®
Ry ;7=1.98 A for oxalic acid compared to Ry ;= 1.74 A for malonic
acid (Fig. S3, ESI).

No Catalysis

Formic Acid Catalysis

Clac
Claci
Clacp
CIisoprene1
Clisoprenez
Clpinene

AG#*[kcal/mol]

Fig. 2 Calculated free-energy barriers for the uncatalyzed and catalyzed
Criegee intermediate tautomerization studied in the present work (298.15 K,
1 atm, kcal/mol). Here Cl,c, Cli and Clsey, refer to syn-CH;CHOO, syn-
CH;CH,CHOO and (CH;),COO, respectively.

It is also interesting to examine the role of the Criegee
intermediate structure by comparing the tautomerization of the syn-
CH;CH,CHOO and (CH3),COO isomers. As indicated in Fig. 2, the
calculated free-energy barriers of the unassisted tautomerizations of
syn-CH3;CH,CHOO and (CH3),COO (see also Fig. S4 and Fig. S,
ESI) are similar to that of the syn-CH3;CHOO reaction. This is
consistent with a recent study by Liu et al, in which the ZPE-
CCSDT/6-311+G(2d,p) calculated barrier heights for the
uncatalyzed tautomerization of the C, and C; Criegee intermediates
were found to be similar.® The current calculations, presented in
Fig. 2, find free-energy barriers of -1.2 and -3.4 kcal/mol for the
HCOOH-catalyzed tautomerization of syn-CH;CH,CHOO and
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(CH;),COO, respectively (see Fig. S5 and Fig. S7, ESI). This
indicates there is a small, but non-negligible, dependence of the acid-
catalyzed barrier on the Criegee intermediate structure.
Interestingly, the free-energy barriers of the water-catalyzed
tautomerizations (which are just 1.4-2.0 kcal/mol lower than the
uncatalyzed reaction) differ by only 0.5 kcal/mol and those for the
uncatalyzed reactions are only 0.1 kcal/mol apart.

The tautomerizations of two of the possible biogenic
Criegee intermediate conformers produced during the isoprene
ozonolysis (Cligoprenct and Cligoprene2) s quite similar to that of syn-
CH;CHOO. In particular, as indicated in Fig. 2, the two isoprene
derived Criegee intermediates have similar uncatalyzed free-energy
barriers, 17.2 and 16.9 kcal/mol for Cligprenei and Cligoprenco,
respectively, compared to 16.7 kcal/mol for syn-CH;CHOO. The
participation of a water molecule also has a small effect on this
barrier, reducing it by 1.6, 1.2, and 2.0 kcal/mol for Clisprenci,
Clisoprenc2, and syn-CH3CHOO, respectively. In a recent study,40b
Anglada et al. have also stressed the importance of entropy effects in
the water-catalyzed tautomerization of Cligprenei and Cligoprenca, i.€.,
according to their calculations, the catalytic effect of a water
molecule on the tautomerization reaction is significantly reduced by
entropic contributions. However, the results in Fig. 2 clearly show
that formic acid has a dramatic catalytic effect, reducing the free-
energy barrier to 0.2 and -0.8 kcal/mol for CIisopm}el and Cligoprenc2
(see also Fig. S8-S11, ESI), quite similar to the AG* = -0.4 kcal/mol
barrier for syn-CH;CHOO.

Finally, we consider the tautomerization of one of the
Criegee intermediates formed during a-pinene ozonolysis (Clyinene)-
(Fig. S12-S13, ESI). As indicated in Fig. 2, the calculated free-
energy barriers for the uncatalyzed, water-catalyzed, and HCOOH-
catalyzed tautomerization of the a-pinene Criegee intermediate,
Clpinene, are within 1.0 kcal/mol of the barriers estimated for the syn-
CH;CHOO. Combined with the results for the isoprene-derived
intermediates, this indicates that the Criegee intermediate structure
does not have a major impact on the tautomerization reaction
energetics.

Conclusions

In summary, electronic structure calculations indicate that the
formic acid-catalyzed tautomerization occurs with a submerged
free-energy barrier for all the Criegee intermediates we have
examined, including those derived from biogenic sources. This
behaviour is in stark contrast to the case of water, which
exhibits only a minor catalytic effect on the reaction. The high
catalytic activity of monocarboxylic acids is due to the presence
of two oxygen functionalities that facilitate the hydrogen atom
transfer by converting it to a double hydrogen-shift reaction.
Like monocarboxylic acids, the dicarboxylic acids catalyze the
reaction to the extent that it becomes barrierless, but the
catalytic effect is somewhat smaller due to the presence of an
intramolecular hydrogen bond that inhibits the hydrogen shift.
These calculations suggest the possibility of a facile
bimolecular channel in the presence of carboxylic acids for the
decay of Criegee intermediates to vinyl hydroperoxides and,
potentially, hydroxyl radical, which may have significant
implications for ozonolysis including in the context of
tropospheric chemistry.

Notes and references

“Department of Chemistry, University of Kansas, Lawrence 66045.
"Center for Environmentally Beneficial Catalysis, 1501 Wakarusa Drive,
Lawrence, KS 66047.

41 J. Name.. 2012. 00. 1-3

Physical Chemistry Chemical Physics

‘Department of Chemical and Petroleum Engineering, University of
Kansas, Lawrence, KS 66045.

Electronic Supplementary Information (ESI) available: Computational
details, structures of Criegee intermediates considered, calculated free-
energy reaction profiles, and Tables containing detailed energetic
information. See DOI: 10.1039/c000000x/

This work is funded by NIFA/USDA grant no. 2011-10006-30362.
We thank Dr. Michael Lundin and Dr. Andrew Danby for many
useful discussions.

1  O. Welgz, J. D. Savee, D. L. Osborn, S. S. Vasu, C. J.
Percival, D. E. Shallcross, and C. A. Taatjes, Science,
2012, 335, 204-207.

2 C. A. Taatjes, O. Welz, A. J. Eskola, J. D. Savee, A. D.
Scheer, D. E. Shallcross, B. Rotavera, E. P. F. Lee, J.
M. Dyke, D. K. W. Mok, D. L. Osborn and C. J.
Percival, Science, 2013, 340, 177-180.

3 R. Criegee, Angew. Chem. Int. Ed. Engl., 1975, 14, 745-
751.

4 J. A. Ragan, D. J. am Ende, S. J. Brenek, S. A.
Eisenbreis, R. A. Singer, D. L. Tickner, J. J. Teixeira,
B. C. Vanderplas and N. Weston, Org. Process. Res.
Dev., 2003, 7, 155-160.

5 R. H. Callighan and M. H. Wilt, J. Org. Chem., 1961,
26, 4912-4914.

6 S. G. Van Ornum, R. M. Champeau and R. Pariza,
Chem. Rev., 2006, 106, 2990-3001.

7  H. Leisch, K. Morley and P. Lau, Chem. Rev., 2011,
111, 4165-4222.

8 A. Baeyer and V. Villiger, Ber. Dtsch. Chem. Ges.,
1899, 32, 3625-3633.

9 0. Welz, A. J. Eskola, L. Sheps, B. Rotavera, J. D.
Savee, A. M. Scheer, D. L. Osborn, D. Lowe, A. M.
Booth, P. Xiao, M. A. H. Khan, C. J. Percival, D. E.
Shallcross and C. A. Taatjes, Angew. Chem. Int. Ed.
Engl., 2014, 53, 1-5.

10 D. Johnson, A. G. Lewin, G. Marston, J. Phys. Chem.
A,2001, 105, 2933 -2935.

11 L.Vereecken, H. Harder and A. Novelli, Phys. Chem.
Chem. Phys., 2012, 14, 1468214695.

12 E. Sanhueza, L. Figueroa and M. Santana, Atmos.
Environ., 1996, 30, 1861-1873.

13 T. J. Bannan, A. Bacak, J. Muller, A. M. Booth, B.
Jones, M. Le Breton, K. E. Leather, M. Ghalaieny, P.
Xiao, D. E. Shallcross and C. J. Percival, Atmos.
Environ., 2014, 83, 301-310.

14 L. Vereecken and J. S. Francisco, Chem. Soc. Rev.,
2012, 41, 6259-6293.

15 A. Chebbi and P. Carlier, Atmos. Environ., 1996, 30,
4233-4249.

16 K. Granby, C. S. Christensen and C. Lohse, Atmos.
Environ., 1997, 31, 1403-1415.

17 K. Kawamura and K. J. Usukura, Oceanogr., 1993, 49,
271-283.

18 H. A. Khwaja, Atmos. Environ., 1995, 29, 127-139.

This iournal is © The Roval Societv of Chemistrv 2012



20

21

22

23

24

25

26

27

28

29
30

31

32

33

34

35

36

37

38

39

40

Physical Chemistry Chemical Physics

M. Kumar, D. H. Busch, B. Subramaniam and W. H.
Thompson, J. Phys. Chem. A, 2014, 118, 5020-5028.

M. Kumar, D. H. Busch, B. Subramaniam and W. H.
Thompson, J. Phys. Chem. A (submitted).

G. da Silva, Angew. Chem. Int. Ed. Engl., 2010, 49,
7523-7525.

R. J. Buszek, A. Sinha and J. S. Francisco, J. 4Am.
Chem. Soc., 2011, 133,2013-2015.

M. K. Hazra and A. Sinha, J. Am. Chem. Soc., 2011,
133, 17444-17453.

A. Jalan, I. M. Alecu, R. Meana-Paneda, J. Aguilera-
Iparraguirre, K. R. Yang, S. S. Merchant, D. G. Truhlar
and W. H. Green, J. Am. Chem. Soc., 2013, 135, 11100-
11114.

S. Maeda, S. Komagawa, M. Uchiyama and K.
Morokuma, Angew. Chem. Int. Ed. Engl, 2011, 50,
644-649.

M. Torrent-Sucarrat, J. S. Francisco and J. M. Anglada,
J. Am. Chem. Soc., 2012, 134, 20632-20644.

R. Zhang, 1. Suh, J. Zhao, D. Zhang, E. C. Fortner, X.
Tie, L. T. Molina and M. J. Molina, Science, 2014, 304,
1487-1490.

T. Stavrakou, J-F. Miiller, J. Peeters, A. Razavi, L.
Clarisse, C. Clerbaux, P-F. Coheur, D. Hurtmans, M.
De Maziére, C. Vigouroux, N. M. Deutscher, D. W. T.
Griffith, N. Jones and C. Paton-Walsh, Nature Geosci.,
2012, 5, 26-30.

P. O. Wennberg, Nature, 2006, 442, 145-146.

R. L. Mauldin III, T. Berndt, M. Sipild, P. Paasonen, T.
Petdja, S. Kim, T. Kurtén, F. Stratmann, V. —M.
Kerminen and M. Kulmala, Nature, 2012, 488, 193-
196.

R. Atkinson, S. M. Aschmann, J. Arey and B. Shorees,
J. Geophys. Res., 1992, 97, 6065-6073.

J. H. Kroll, S. Shahai, J. G. Anderson, K. L. Demerjian
and N. M. Donahue, J. Phys. Chem. A, 2001, 105, 4446-
4457.

J. H. Kroll, V. J. Cee, N. M. Donahue, K. L. Demerjian
and J. G. Anderson, J. Am. Chem. Soc., 2002, 124,
8518-8519.

S. E. Paulson, M. Y. Chung and A. S. Hasson, J. Phys.
Chem. A, 1999, 103, 8125-8138.

P. Neeb and G. K. Moortgat, J. Phys. Chem. A, 1999,
103, 9003-9015.

J. D. Fenske, K. T. Kuwata, K. N. Houk and S. E.
Paulson, J. Phys. Chem. A, 2000, 104, 7246-7254.

J. D. Fenske, A. S. Hasson, S. E. Paulson, K. T.
Kuwata, A. Ho and K. N. Houk, J. Phys. Chem. A,
2000, 104, 7821-7833.

D. Zhang and R. Zhang, J. Am. Chem. Soc., 2002, 124,
2692-2703.

R. Gutbrod, E. Kraka, R. N. Schindler and D. Cremer,
J. Am. Chem. Soc., 1997, 119, 7330-7342.

(a) J. M. Anglada, P. Aplincourt, J. M. Bofill and D.
Cremer, ChemPhysChem, 2002, 2, 215-221; (b) P.
Aplincourt and J. M. Anglada, J. Phys. Chem. A, 2003,

This iournal is © The Roval Societv of Chemistrv 2012

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

107, 5798-5811; (c) J. M. Anglada, J. Gonzalez, M.
Torrent-Sucarrat, Phys. Chem. Chem. Phys., 2011, 13,
13034-13045.

K. T. Kuwata, M. R. Hermes, M. J. Carlson, C. K.
Zogg, J. Phys. Chem. A, 2010, 114, 9192-9204.

T. L. Nguyen, J. Peeters and L. Vereecken, Phys. Chem.
Chem. Phys., 2009, 11, 5643-5656.

T. L. Nguyen, R. Winterhalter, G. Moortgat, B.
Kanawati, J. Peeters and L. Vereecken, Phys. Chem.
Chem. Phys., 2009, 11, 4173-4183.

R. Crehuet, J. M. Anglada and J. M. Bofill, Chem. Eur.
J., 2001, 7,2227-2235.

A. S. Hasson, M. Y. Chung, K. T. Kuwata, A. D.
Converse, D. Krohn and S. E. Paulson, J. Phys. Chem.
A, 2003, 107, 6176-6182.

C. Warnecke, R. Holzinger, A. Hansel, A. Jordan, W.
Lindinger, U. Poschl, J. Williams, P. Hoor, H. Fischer,
P. J. Crutzen, H. A. Scheeren and J. Lelieveld, J. Atmos.
Chem., 2001, 38, 167.

M. Hallquist, J. C. Wenger, U. Baltensperger, Y.
Rudich, D. Simpson, M. Claeys, J. Dommen, N. M.
Donahue, C. George, A. H. Goldstein, J. F. Hamilton,
H. Herrmann, T. Hoffmann, Y. linuma, M. Jang, M. E.
Jenkin, J. L. Jimenez, A. Kiendler-Scharr, W.
Maenhaut, G. McFiggans, T. F. Mentel, A. Monod, A.
S. H. Prevot, J. H. Seinfeld, J. D. Surratt, R. Szmigielski
and J. Wildt, Atmos. Chem. Phys., 2009, 9, 5155-5236.
H. O. T. Pye and J. H. Secinfeld, Atmos. Chem. Phys.,
2010, 10, 4079-4141.

A. Guenther, C. N. Hewitt, D. Erickson, R. Fall, C.
Geron, T. Graedel, P. Harley, L. Klinger, M. Lerdau,
W. A. McKay, T. Pierce, B. Scholes, R. Steinbrecher,
R. Tallamraju, J. Taylor and P. Zimmermann, J.
Geophys. Res. Atmos., 1995, 100, 8873-8892.

J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry
and Physics: From Air Pollution to Climate Change;
Wiley & Sons: New York, U.S.A. 1998.

M. Kumar, D. H. Busch, B. Subramaniam and W. H.
Thompson, J. Phys. Chem. A, 2014, 118, 1887-1894.

S. Yamabe, N. Tsuchida and K. Miyajima, J. Phys.
Chem. A4, 2004, 108, 2750-2757.

T. Kurtén and N. M. Donahue, J. Phys. Chem. A, 2012,
116, 6823-6830.

N. M. Donahue, G. T. Drozd, S. A. Epstein, A. A.
Presto and J. H. Kroll, Phys. Chem. Chem. Phys., 2011,
13, 10848-10857.

M. S. Alam, A. R. Rickard, M. Camredon, K. P.
Wyche, T. Carr, K. E. Hornsby, P. S. Monks, W. J.
Bloss, J. Phys. Chem. A,2013, 1117, 12468-12483.

B. Long, J.-R. Chenga, X. Tanb and W. Zhang, J. Mol.
Struct. (Theochem.), 2009, 916, 159-167.

P. Aplincourt and M. F. Ruiz-Lépez, J. Phys. Chem. A,
2000, 104, 380-388.

F. Liu, J. M. Beames, A. M. Green and M. I. Lester, J.
Phys. Chem. A4, 2014, 118, 2298-2306.

J. Name.. 2012. 00.1-3 1 5

Page 6 of 6



