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UV Photodissociation Spectroscopy of Oxidized Undecylenic Acid Films
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Oxidation of thin multilayered films of undecylenic (10-undecenoic) acid by gaseous ozone was investigated
using a combination of spectroscopic and mass spectrometric techniques. The UV absorption spectrum of the
oxidized undecylenic acid film is significantly red-shifted compared to that of the initial film. Photolysis of

the oxidized film in the tropospheric actinic regioh¥ 295 nm) readily produces formaldehyde and formic

acid as gas-phase products. Photodissociation action spectra of the oxidized film suggest that organic peroxides
are responsible for the observed photochemical activity. The presence of peroxides is confirmed by mass-
spectrometric analysis of the oxidized sample and an iodometric test. Significant polymerization resulting
from secondary reactions of Criegee radicals during ozonolysis of the film is observed. The data strongly
imply the importance of photochemistry in aging of atmospheric organic aerosol particles.

Introduction Ozone is a key oxidant for atmospheric organic molecules
containing unsaturated carbecarbon bondd%-46 The accepted
mechanism of ozonolysis of olefitis*8involves a rate-limiting
formation of a primary ozonide (POZ) followed by unimolecular
decomposition of the POZ into a stable carbonyl and an unstable
carbonyl oxide (Criegee intermediate). In nonparticipating
solvents, the carbonyl oxide normally reacts with the geminate
carbonyl to form a secondary ozonide (SOZ). In the gas phase,
collisional stabilization of carbonyl oxides is less efficient, and
Yheir fates are dominated by various decomposition and isomer-
ization processe¥.3 In the presence of liquid or gaseous water,
acids, or alcohols, the stabilized carbonyl oxide reacts with them
to form hydroxylhydroperoxides and related compouttd&®
From the aerosol particle photochemistry point of view, the

Aerosol particles have a tremendous impact on the chemistry
and energy balance of the atmosphkten recent years,
chemical processes occurring at aerosol partiaie interfaces
have received strong interest from the atmospheric chemistry
community3-1! Indeed, the chemical properties of-aparticle
interfaces affect the ability of particles to act as efficient cloud
condensation nuclei (CCN$.The high surface-to-volume ratio
of nonaqueous aerosol particles both increases the adsorptivit
of the surface and significantly amplifies interface-specific
chemical processes. Even in aqueous particles with highly
dynamic air-water interfaces, certain anions (e.g.,” Gind
NOs™) have been shown to favor the interfacial layer, potentially

enhancing the efficiency of chemical reactions involving such reactions involved in ozonolysis of olefins are very interesting

i 7,13 .
ons.- . . because they generate many products (aldehydes, peroxides, etc.)
This work focuses on mechanisms of chemical and photo- it significant photodissociation cross sections in the tropo-

chemical processes occurring at the—goarticle interface in spheric actinic windowA > 295 nm).

organic _aerosols. dNrL]Jmerousb field (I)?ser\_/anor;s of aerqos_ol To help better understand the importance of photochemical
composition proved that a substantial iraction of tropospheric ., esses occurring at partielair interfaces in organic aerosols,

aerosols can ‘?‘? classified as orgaific: E\_/en aerqsol particles e stidied the photochemistry of thin multilayered films of pure
that have traditionally been regarded as inorganic (seazzalt, dUStundecernic acid (10-undecenoic acid) oxidized by gaseous
soot) have been shown to carry an organic overgiot: ozone. Althoughw-oxocarboxylic (alkene-terminated) acids,
Organic aerosols are continuously modified 'On_gge atmosphere g ch as undecylenic acid, are rarely found in ambient aerosol
by chemical reactions with ©0,, NOs, and OH%**resulting  particless® larger unsaturated fatty acids and their oxidation
in a rather complex organic surface composition. Such oxidation products are quite common in organic particulate ma#et:62
of the organic surface is expected to shift its absorption cross oxjdation of unsaturated fatty acids by ozone has been studied
section to the red as the aerosol ages. The key question iShy many researchef@42446368 Related reactions of ozone with
whether this red shift is significant enough to measurably grgered Langmuir films of phospholipids on wafeis8%r with
accelerate aerosol aging via photolysis processes within the nsaturated SAM (self-assembled monolay€rd)’® 73 have
particles or even turn organic aerosol_partlcles into sources (_)f also been examined. As a result, both the gas-phase and surface
small organic molecules and free radicals. Surface photolysis products of ozonolysis of unsaturated fatty acids are relatively
is already known to play a significant role in atmospheric \ye|| understood. This provides a convenient foundation for

photochemistry, e.g., photolysis of HNGnto HONO on jnterpretation of our new results on the photolysis of the oxidized
surface®*34or photochemical production of aldehyées’ and acids.

HONO?®8in snowpack. There are strong reasons to believe that
aged organic aerosols should also be highly photochemically gxperimental Section

active.
The approach relies on infrared cavity ring-down spectroscopy

*To whom correspondence should be addressed. E-mai: (IR CRDS) for real-time, sensitive detection of gas-phase
nizkorod@uci.edu. molecules in the immediate vicinity of a sample exposed to gas-
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Figure 1. Experimental setup. Quartz flow tube coated with a sample
of interest is exposed to gas reactants and/or tunable UV radiation.
Gas-phase products are detected using IR CRDS along the flow tube
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phase chemicals and/or tunable UV radiation (Figure 1). To 5

prepare the sample, a film of undecylenic acid is spread on the S %] ()

inner walls of a 14-mm inner diameter quartz tube. Undecylenic Zv 4 °
acid is selected as a model system because of its availability, 5

low vapor pressure, and ease of detection of its ozonolysis o 2 ®

products by IR CRDS. The tube is precoated with an organic £ °

self-assembled monolayer by treating it with alkylchlorosilanes § o® '
to improve the uniformity of the undecylenic acid filfh74 76 = 0 2 4 6

After application of undecylenic acid, the inside of the tube is Actual [CH,Jx10"* (cm)

thoroughly wiped until it appears fully transparent (the number Figure 2. Characterization of the CRDS setup. (a) Cavity ring-down
of molecular layers in the film was not quantified but the film time measured with 1.4 10" molecule/cr of CH, in the cell. (b)
was optically thin in the examined UV spectral range). The Absorbance calculated from the ring-down time. (c) Measured and
loaded tube is placed in a vacuum-tight CRDS cavity. The actual (liensn?/ (_)f Clzr]! Thhe obserlved nonlinearity is due to the low
sample is first oxidized by passing a flow from a commercial spectral resolution of the pump faser.

ozonizer containing 26-10' molecule cm® of ozone in
oxygen through the tube. The ozone density is measured with
two homemade absorption cells operating on the 253.65 nm
mercury line (naperian absorption cross section $&(253.65

nm is 1.136x 10717 cn?).”” After the oxidation is complete,
the flow of ozone is replaced by a flow of UHP-grade Helium,
and the oxidized film is photolyzed. All gas flows into the cavity

As the laser line width (0.1 cm) is larger than the pressure
and Doppler broadened line widths of individua}GO and
HCOOH lines ¢ 0.01 cntl), the method does not actually
provide absolute absorbance va= al.”® Furthermore, the
cavity ring-down traces are not singly exponential under such
conditions, and the presence of mirror-purging flows makes the

described here are conducted at2D Torr (1 Torr= 133.32
Pa).

A pair of CRDS cavity mirrors with a stated reflectivity of
99.98% at 3.3um is spaced by about 60 cm and protected by
a constant purging flow of dry nitrogen. The cavity is pumped
by in IR optical parametric oscillator laser ch_aractenzed by 0.1 instruments® For CH:0 lines near 3.3m with integrated line
cm™! spectral resolution, 8 ns pulse duration, 15 mJ/pulse

" . .~ strengths of about 5« 10720 cm? molecule’ cm™1, this
energy, and 20 Hz repetition rate. CRDS experiments de.scr'bedtranslates into the minimal detectable concentration of 8'°
here use a small spectral window around @n3 that contains molecule cnd
easily distinguishable lines of formic acid and formaldehyde A UV lam /.monochromator ilumination svstem is used for
(expected gas-phase products of ozonolysis of undecylenic acid). hotolvsi p/mo| ts The illuminat Y th | X
The CRDS is detected with an InSb detector5( MHz PNotolysIS expenments. -1he fiuminator Covers the usual A€
bandwidth), averaged for 20 laser pulses, and digitized with an lamp range (208800 nm) with a variable 3:20 nm resolution.

oscilloscope. A Labview-based program is used to process andz—fi?:Lrjrglzo)uct)f?;\;heur:r?g?:gl]lrql'm:tar\/lllrl;?ilgt?éis aovi?ri! 2??\'2”
store the resulting traces. An optoacoustic spectrum ¢&i,H q ’ P

CH,0, or HCOOH) is recorded in parallel with the CRDS order of 10 mW at 300 nm. The power is considerably lower at

spectrum for wavelength calibration and line identification lower |rrad|qt|on_wavelengths. Dependmg on the experw_nent,
pUrPOSes photobleaching is accounted for in one of two ways: (i) a

Intrinsic ring-down time is aroundo = 4—7 us, which is different section of the tube is irradiated every two experiments;
close to the theoretical limit of 1@s for this cavity configu- (ii) photolysis product yields of a specific molecule are

ration. The effective absorption coefficient,is calculated using emor:)ltsorfed ;hgggh?hmmtg?o: dxtr));r::jmehn(;[to?tsg erefz:'erggﬁtsut\ée
a well-known relationshif$ xposure wavelengtn. photolysis exper ,

monochromator is replaced by a suitable long-pass or band-
11 1 pass optical filter. All photolysis experiments are done under
afem ) = E( ) UHP He flow conditions.
The experiments are performed in several modes. In the
wherec is the speed of light; is the ring-down time for a cavity =~ CRDS scanning mode, the UV frequency is fixed while the IR
containing an absorber, angis the intrinsic ring-down time. laser is scanned to probe chemical identities of the gas-phase

for the polyexponential decay. Figure 2 shows a representative
calibration plot for CH. The minimal (root-mean-square
equivalent) absorption coefficient sensitivity achieved with 1 s
integration time (20 laser shots) i3108 cm™2. This is similar

to the detection sensitivity achieved by other pulsed CRDS

T T
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Figure 3. UV absorption spectra of undecylenic acid and its oxidation
products. The ozonolysis reaction was carried out: (a) in the liquid
phase; (b) on the surface of a thin multilayered film.

photolysis products. In the action spectrum mode, the UV
radiation source is tuned while IR frequency is fixed to examine
the UV wavelength dependence for a particular photolysis
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Figure 4. CRDS spectrum of the gas-phase oxidation products of
undecylenic acid. The fine structure is due to formaldehyde, and the
overall shape of the spectrum is due to the reflectivity profile of the

cavity mirrors. Present experiments use the narrow window between
2920 and 2927 cmt showed in the enlarged region.

parison with its reference spectrum. Formic acid is also detected
but in smaller amounts; the measured [HCOOH}QD]
branching ratio is 0.2% 0.15. These observations are in good
agreement with those of refs 39 and 42, who detected little
HCOOH in the ozonolysis of long-chain terminal alkenes.

A search for spectral signatures of the simplest Criegee
intermediate, HC-OC-, and the simplest dioxirane ,BO,, was

product. The apparatus can also be used in a “reaction mode”,also attempted. Band-contour simulations predict that CH-
wherein the photolysis radiation source is replaced by chemical stretching bands of ¥-O0- and HCO, should be easily
exposure. In kinetics mode, the CRDS signal is tracked as adistinguishable from those of 80 at the 0.1 cm! spectral

function of time with all other conditions fixed.
Because the IR CRDS method does not provide information
on the composition of the organic film, it is examined off-line

resolution. Furthermore, fairly accurate CH-stretching frequen-
cies are available for both species from theoretical calcula-
tions’%~82 Despite an extensive search, no CH-stretching bands

(before and after each experiment) using electrospray ionizationcorresponding to bC-OO- and HCO, were found. This

mass spectrometry in either positive or negative ion mode.
Additionally, the reacted film is characterized by UV/Vis
spectroscopy.

Results

Effect of Ozonolysis on UV/Vis Absorption Spectrum of
Undecylenic Acid. The primary goal of this work is to
understand the effect of simulated atmospheric oxidation of
undecylenic acid on its photochemistry. The initial organic film

suggests that $€-O0- rapidly isomerizes into HCOOH, reacts
to form secondary ozonides and hydroxyhydroperoxides, or
decomposes before it can escape from the film. This conclusion
is supported by the analysis of the reaction products remaining
in the condensed phase (see below). EvenJE-E@0O- does
escape to the gas phase, it may be too short lived to be detected
by IR CRDS under present conditioris?*

Gas-Phase Products of Photolysis of Oxidized Undecylenic
Acid. Unlike unoxidized undecylenic acid, which shows no

has no photochemical activity in the tropospheric actinic window Measurable photodissociation activity, the oxidized film releases
(A > 295 nm) because unsaturated fatty acids do not strongly formic acid as the primary and-80 as the secondary volatile
absorb above 250 nm. Figure 3 compares the UV absorptionProduct upon UV photolysis. Both products can be sensitively
spectrum of an undecylenic acid film before and after ozone and unambiguously detected by IR CRDS via their highly
treatment. The ozonolysis clearly produces a strong red-shift Structured IR absorptions. Figure 5 shows small sections of the
in the absorption spectrum presumably caused by the presencé&RDS spectra in the vicinity of 2920 cth Explicit comparison

of aldehyde and peroxy groups in the oxidized sample. Ozo- of the CRDS spectra with reference spectra clearly shows that

nolysis of undecylenic acid in a nonparticipating solvent §CH
Cly) has a similar effect on its absorption spectrum (Figure 3).
Note that the characteristic 290 nm band of thé HO group
is not visible suggesting that the absorption of the oxidized
undecylenic acid is dominated by peroxy groups (see below).
Gas-Phase Products of Ozonolysis of Undecylenic Acid.
In agreement with previous studies of ozonolysis of liquid
terminal alkeneg?*14271the IR CRDS spectra taken during
ozonolysis of pure undecylenic acid films detect formaldehyde
as the major volatile product. Figure 4 shows a typical CRDS
spectrum obtained during ozonolysis of the film in the 2800
3100 cnt! window. The lines appear on a slowly changing
background determined by the CRDS mirror reflectivity (the
largest reflectivity and the longest ring-down time are achieved
at 3000 cml). The majority of the lines can be assigned to
rovibrational transitions of formaldehyde by an explicit com-

formic acid is the dominant product of photolysis of the oxidized
film. More rigorous determination of the branching ratio using
absolute absorption cross sections from the Northwest Infrared
library®3 leads to the following result ford > 290 nm
photolysis: [HCOOH]/[HCO] = 2.5+ 1.0. Although this ratio
depends on the extent of oxidation of the film and the extent of
photolysis, HCOOH remains the dominant observed product
under all conditions.

Note that the present CRDS instrument is blind to molecules
with no CH-stretching vibrations and the possible gas-phase
photolysis products are not necessarily limited tgCB and
HCOOH. We have attempted to detect other expected gas-phase
products of ozonolysis (e.g., B, CO, and CQ with an
electron-impact mass spectrometer but ran into difficulties with
the high background signal for these molecules. However, the
mass-spectroscopic analysis of the film does contain very clear
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Figure 7. Negative ion electrospray mass-spectra of: (a) undecylenic
acid film subjected to ozonolysis and then to photolyis (295 nm)
in dry air; (b) oxidized undecylenic acid; (c) pure undecylenic acid.

2912 2915 2918 2921 2924 2927 2930 by electrospray ionization mass spectrometry in both positive
Wavenumber (cm™) and negative ion modes. In both cases, methanol is used as the
Figure 5. CRDS spectra taken during ozonolysis and subsequent SCIVent. The negative ion mode is particularly useful because
photolysis of undecylenic acid: (a) reference spectrum of formaldehyde Nearly every product of ozonolysis of undecylenic acid contains
convoluted to the CRDS laser line width; (b) CRDS spectrum taken at least one—COOH group. Therefore, the major peaks
during the ozonolysis; (c) CRDS spectrum taken during UV photolysis correspond te-COO™ anions appearing in the (M 1) channels
of oxidize_d undecylenic acid; (_d) reference optoacoustic spectrum of \yith minimal fragmentation and polymerization. Figure 7 shows
formic acid taken in parallel with CRDS. a sample negative ion mass spectrum of pure undecylenic acid
(MW = 184 amu). The spectrum is clearly dominated by a
single peak at 183 amu. The second largest peak, which appears
only if an overconcentrated solution of undecylenic acid is
injected, corresponds to a complex between undecylenic acid
monomer and its anion (MW 367 amu). Larger complexes
do not appear in the mass spectrum under present experimental
conditions. The positive ion mode spectra are somewhat more
complicated but still assignable. The primary peaks correspond
, , , , > to complexes of a parent molecule with"Nian (M + 23) and,
260 280 300 320 340 in the case of carboxylic acids, complexes of a Na salt of a
Wavelength (nm) parent acid with another Naion (M + 45).
Figure 6. Comparison of action photodissociation (filled circles) and The oxidized films were dissolved in the same volume of
absorption (solid line) spectra of oxidized undecylenic acid. The action yethanol as the volume used for the undecylenic acid reference
spectrum was arbitrarily scaled to fit the absorption data. spectrum (Figure 7). The resulting spectrum contains many
signatures of loss of CO (28 amu),® (18 amu), HCOOH peaks corresponding to previously identified products. For
(46 amu), and formaldehyde (30 amu) induced by UV photoly- example, sebacic acid, HOOGGCH,)s—COOH, and sebalde-
sis. hydic acid, HOOC-(CH,)s—COH, are reproducibly observed
Additional information about the photochemistry of freshly in comparable amounts in the mass spectrum. Both acids are
oxidized undecylenic acid can be obtained from an action expected products of decomposition of the primary ozonide of
photodissociation spectrum measured by monitoring the ap- undecylenic acid (Figure 8). However, nonanoic acid is not an
pearance of a specific photolysis product as a function of the observed product as found in a previous study of ozonolysis of
UV wavelength. Figure 6 shows an action spectrum for the undecylenic acid? No significant signal corresponding to the
HCOOH formation channel obtained in pure nitrogen flow. The SOZ of undecylenic acid was observed; it is likely to be
data in Figure 6 are obtained by fixing the IR CRDS laser on destroyed by the high temperature of the ion source. Table 1
a chosen absorption line of HCOOH and scanning the mono- summarizes the observed peak positions and proposed assign-
chromator in the UV illuminator in the range of 26350 nm. ments for the mass spectra of products of ozonolysis of
The CRDS signal is converted into absorption coefficient and undecylenic acid films. Ozoné- multilayered film of unde-
normalized with respect to the UV radiation power transmitted cylenic acid and ozone+ undecylenic acid dissolved in a
through the sample cell. The photolysis-induced signal is easily nonparticipating solvent resulted in a similar set of observed
detectable even at 350 nm, i.e., quite far into the tropospheric products.
actinic window. The shape of the photodissociation spectrum In addition to the known low molecular weight products of
is almost identical to the UV direct absorption spectrum of the ozonolysis of undecylenic acid, many previously unidentified
oxidized undecylenic acid (Figure 3) suggesting that HCOOH oligomeric products are also observed. For example, the mass
must be a product of photolysis of one of the primary absorbers spectrum shown in Figure 7 has several well-defined “clusters”
in the film. of peaks between 300 and 1000 amu. This mass spectrum
Condensed-Phase Products of Ozonolysis/Photolysis of corresponds to a strongly oxidized sample with almost no
Undecylenic Acid. The oxidized undecylenic acid is analyzed remaining undecylenic acid, but we observe similar clusters of

Relative Cross-Section
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TABLE 1: List of Assigned Peaks in the Negative-lon are likely to be present in the oxidized film. The chemical

Electrospray Mass Spectrum of Oxidized Undecylenic Acidl
M-1 M-1 M—-1 M-1

identity of some of these oligomers will be discussed below.
The presence of oligomers in an analyte can sometimes be

M-1 +0C +20, +30, +40 confused with an excessive complex formation in the electro-
undecylenic acid (1) 183.2 2152 2472 279.2 3114 spray ion source. The latter possibility can be ruled out based
(I +V=X) 3853 417.3 4493 4813 on: (i) the lack of oligomers (other than the dimer) in the

: : : ' reference spectrum of undecylenic acid obtained under the same
(I+2v) 587.4 6194 6514 6834 f t fund | d obt d under th
(I1+3v) 789.5 8215 8535 8855 diti o ducibl £ oli ks in th
(0 + 4V) 091.6 conditions; (ii) reproducible presence of oligomer peaks in the
sebaldehydic acid (1) 185.1 217.1 mass spectrum irrespective of the concentration of the oxidized
(I +Vv =Xl 387.3 4193 sample in the solvent; (iii) appearance of the same oligomers
E:: Igw ?gi-g g%é-‘s‘r in both negative ion (M- 1) and positive ion (M4 23, M +
(1 + ) 9936 : 45) mass spectra. . N .
sebacic acid (VII1) 201.2 2332 2652 297.2 The products of the UV photolysis of the oxidized film were
(Vi + Vv =Xy 403.3 4353 467.3 4993 5313 also examined. The photolysis was carried out with a 290 nm
(Vi +2v) 605.5 6375 6695 7015 7335  |gng-pass filter in dry air at atmospheric pressure. Figure 7
Vi +3v) 809.6 8416 873.6 9056 937.6

displays a sample mass spectrum. The UV exposure clearly has

a Approximately 50% of the primary-isotope peaks with intensities several reproducible effects on the spectrum. The peaks corre-
above 10% of the maximum are assignable. All peaks are detected Inspondmg to molecules Contammg a|dehyde and peroxy groups

the M — 1 channel Correspondlng to deprotonatlomﬂOOH groups.
Roman numerals for organic molecules are defined in Figure 8.

are reduced in intensity. For example, the intensity of the
sebaldehydic acid peak is considerably reduced relative to that
of sebacic acid. The oligomeric clusters of peaks survive the

peaks in mass spectra with a lower degree of oxidation. The yy exposure, but they are clearly shifted to somewhat lower
most prominent peaks within each cluster are separated by themasses. The observed UV-induced fragmentation corresponds
mass of an oxygen atom (16 amu). The clusters themselves argg the loss of CO {28 amu), HO (—18 amu), HCOOH {46
separated from each other by the mass of the larger carbonylamu), and formaldehyde-30 amu). Only a small fraction of
oxide formed in the decomposition of the primary ozonide of peaks can be assigned to specific molecules.

undecylenic acid (202 amu). This pattern of peaks can be |odometric Test for the Presence of PeroxidesAn iodo-
interpreted as a result of various polymerization reactions taking metric test was carried out in an attempt to quantify the number
place during the ozonolysis. The upper limit for the mass of peroxy bonds formed in the oxidized undecylenic acid per
spectrum is 1000 amu, and the largest observed cluster of peaksiumber of reacted ozone molecules. Undecylenic acid was
corresponds to a “pentamer”. However, on the basis of the peakdissolved in a nonparticipating solvent (hexadecane) to make a
intensity distribution in the mass spectrum, even larger oligomers 2.0 mM solution, and a 10% molar equivalent of ozone was
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bubbled through the solution at room temperature. The resulting The mass spectrum in Figure 7 contains sizable peaks

solution was thoroughly degassed with dry nitrogen to remove corresponding to “dimeric” structures (X, XI, XII) resulting from

any dissolved oxygen. A fraction of the solution was added to condensation of carbonyl oxide (V) with undecylenic, sebal-

a degassed mixture of chloroform, acetic acid, and water dehydic, and sebacic acids, respectively (Figure 8). In addition,

containing an excess amount (relative to that of undecylenic there are peaks with larger masses corresponding to further addi-

acid) of KI. The aqueous fraction was separated and analyzedtions of carbonyl oxide (V) to (X, XI, XllI) and to larger

with UV/Vis spectrometry. As every peroxy bond produces one oligomers. The largest detected oligomers correspond to “penta-

I3~ by oxidation of 2I to I, followed by complexation ofl mers”. Even larger oligomers probably exist in the oxidized mix-

with |~ in the presence of acids, measured absorbancg of | ture, but they fall outside the mass range of the mass spectrom-

(using e47onm= 817 L mol~* cm1)84is directly related to the eter. Surprisingly, there is no evidence of the smaller carbonyl

concentration of peroxy bonds. A calibration experiment using oxide (l11) addition to undecylenic acid and/or other molecules.

H.O, reproduced the D, concentration with better than 10%  Therefore, we presume that the dominant reaction pathways for

accuracy, with one molar equivalent of peroxy bonds producing (Ill) are decomposition and isomerization to formic acid.

one molar equivalent of;T. It was suggestédthat carbonyl oxides can also add to double
Quantification of peroxy groups in the oxidized undecylenic bonds in unsaturated fatty acids to form peroxidic five-member

acid was complicated by poor solubility of the oxidation rings:

products in the chloroform/acetic acid/water mixture. Depending

on the reaction conditions, the results ranged from 0.2 to more o o

than 1.0 peroxide groups in the oxidation products per molecule o i o

of ozone bubbled through the solution. This is qualitatively J + R /QiR.

consistent with the mass-spectrometric results, which show that . _— R

the majority of the oxidation products have hydroperoxy R

functionalities. ) )
The mass-spectrometer would not be able to differentiate

Discussion between the products of addition of a carbonyl oxide to the
carboxylic or alkene groups of undecylenic acid because such
products would have identical molecular weights. However, if
the chemistry was dominated by the double bond addition, the
extensive polymerization would not take place as the reaction
would terminate at the “dimer” level. On the contrary, addition
to the carboxylic end of undecylenic acid can be propagated
further as it leaves a double bond in the product ready for the
next cycle of ozonolysist polymerization. The observed
distribution of oligomers in the mass spectrum shown in Figure
7 suggests that reaction of carbonyl oxides with the carboxylic
groups is the dominant polymerization route.

The small HCOOH/HCHO ratio and absence of condensation
reaction products for carbonyl oxide (lll) imply that its
decomposition into HCO and OH radicals may be quite efficient
(HCO then quickly reacts with oxygen to produce $#dd CO).

A fraction of carbonyl oxide (V) can also decompose to produce
OH and peroxy radical (1X). Such decomposition reactions are
known to play an important role in gas-phase alkene ozo-
nolysis/9-51.90.91results of this work suggest that such decom-
position may also take place in the liquid phase. Once OH is
generated, it can either add to the double bond in undecylenic
acid or abstract a hydrogen atom from one of the neighboring
CH, groups. Figure 9 shows an example of a reaction sequence
initiated by OH addition to undecylenic acid. This sequence
ultimately generates peroxy groups via R® HO, reactions,

but it is also capable of installing multiple oxygen atoms in the
molecules via R® + R'O; reactions, followed by facile
isomerization of the resulting alkyloxy radicals, followed by
addition of Q. Note that an abstraction of a hydrogen atom by

Mechanism of Ozonolysis of Undecylenic AcidThe major
gas- and liquid-phase products of ozonolysis of undecylenic acid
are generally consistent with the Criegee mechanism of ozo-
nolysis of alkene4’ Figure 8 shows the most important initial
reactions taking place in this system. The initial ozone attack
on the double bond of undecylenic acid (1) results in a highly
unstable POZ (not shown). POZ rapidly decomposes into two
sets of products: sebaldehydic acid (II) and a small carbonyl
oxide (I11); formaldehyde (IV) and a large carbonyl oxide (V).
Formic (VI) and sebacic (VIII) acids are produced by isomer-
ization of the corresponding carbonyl oxides. SOZ (VII) is
produced by recombination of fragments of POZ decomposition;
production of SOZ is known to be efficient in liquids. Apart
from SOZ, all of the stable products shown in Figure 8 are
directly observed by mass spectrometry and/or CRDS in this
work.

The excess of gas-phase formaldehyde over formic acid is
consistent with previous work on ozonolysis of multilayered
films and SAM of terminal alkene¥:414271t is likely that the
initial splitting of POZ occurs with nearly equal probability for
the formaldehyde and sebaldehydic acid channels. Indeed, (11)
and (VIII) are generated in comparable amounts in the oxidized
film. However, not all of the carbonyl oxide (I1l) will isomerize
into formic acid; the ratio measured here, HCOOKI® =
0.254+ 0.15, is considerably below unity.

Polymers were recently observed in chamber studies of the
oxidation of organic aerosol particlés.8® The chemistry
responsible for polymerization was attributed to acid-catalyzed
aldol and gem-diol condensation. In the present case, '[heOH would initiate a similar chain of events
p(_)lymeri_zation mechanism is enti_rely different. Indeed, many The insertion of multiple oxygen atoms' into the various
0I|gpmer|c compounds observ_ed in the mass spectrum can bereaction products is clearly evident from the mass spectrum
assigned as products of reactions of carbonyl oxides with the

carboxvlic arouns in undecvienic acid and in the ozonolvsis (Figure 7). Indeed, there are several families of peaks in the
produc)t/s group y YSI5 mass spectrum separated from each other by either 16 or 32

atomic mass units. Table 1 represents an attempt to tie the major

. OH peaks to common precursor molecules through a sequence of
0—0 0 o o +n0O; additions. Such a representation accounts for nearly half

J. + )]\ — of the products formed during ozonolysis. The peaks that could

HO' R . o " not be assigned to specific structures also appear in families

R
separated by 16 and/or 32 atomic mass units. One could generate
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Figure 9. Proposed mechanism for the formation of additional peroxy

bonds in the oxidized sample. OH and H&me from decomposition
of carbonyl oxide (ll1).

a similar table assuming single O (16 amu) additions (Figure
9). However, the aldehyde-terminated and carboxylic acid-
terminated products differ by one O atom leading to overlapping
series. Mass-spectrometry would not be able to distinguish the
series resulting from single-O and double-O additions in this
particular case.

As the oligomer size grows from monomer to pentamer, the
propensity for @ insertions increases. In fact, the intensity of
M + O, peaks relative to that of M peaks grows approximately
proportionally to the size of M (M stands for any molecule).
For example, the [Mt Oy]/[M] ratio is 0.3, 1.2, 2.4, 3.4, and
4.0 for M = sebaldehydic acid- 0, 1, 2, 3, and 4 units of
carbonyl oxide (V), respectively. This observation is fully
consistent with the increase in available reactive sites for the
OH attacks.

Mechanism of PhotolysisHCOOH and HCHO can be easily
observed in the photolysis of oxidized undecylenic acid (Figure
5). This is a curious observation as neither sebacic acid (VIII)
nor sebaldehydic acid (ll) can directly photolyze into HCOOH
and HCHO under the mild UV excitation conditions of the
present work. Norrish type Il splitting of sebaldehydic acid
would produce the enol corresponding to acetaldehyde,<€H
CH—-OH, anda-cleavage of sebaldehydic acid would yield

Gomez et al.
OH
I OH 5,3 jump N
_..n\\\\H >
) o H (CH,)3-COOH
2,5 _]my H (CH,)g-COOH
lo—o 5§
Hllm/< )\“\\\H Hlm,/< 4 wH
(CH,)s-COOH (CH,)3-COOH

OH

LA

H (CH,)-COOH

1,3 jump

4,1 jump\\
””"")f)(
(CH,)s-COOH H

Figure 10. One of the possible mechanisms of photolytic production
of HCHO and HCOOH from the oxidized undecylenic acid. Preferential
formation of HCOOH can be explained by steric hindrance in the
H-transfer step.

must be initiated by splitting one of theO—O— bonds. One
possibility would be photolysis of hydroxylhydroperoxides such
as (X, XI, XII) releasing OH, with secondary reactions of OH
with oligomeric ozonolysis reaction products producing HCOOH
and HCHO.

Another possible precursor of both HCHO and HCOOH is
terminal SOZ such as (VII). Previous research on ozonides
suggest that UV photolysis must break the weake®—0—
bond, with subsequent isomerization processes resulting in
release of an aldehyde or carboxylic acid in the gas pH£363
Such a mechanism can explain the preferred formation of formic
acid relative to formaldehyde in the photolysis: the pathway
leading to HCOOH is less sterically hindered (Figure 10). The
high stability of SOZs is not unprecedented; SOZ obtained by
ozonolysis of 2,3-dimethyl-butene remains stable for days in
solutiong* and for hours in the gas ph&3at room temperature.
We do not observe large peaks corresponding to (VII) and larger
secondary ozonides in the mass spectrum. However, it is
possible that SOZ of undecylenic acid is not as stable as heavily
substituted SOZ of 2,3-dimethyl-butene, and it decomposes into
an aldehydeacid pair under high-temperature conditions of the
electrospray ion source.

Photolysis Products Remaining in the Film.The mass
spectrum of oxidized undecylenic acid film changes considerably
after photolysis (Figure 7). The most prominent change is the
increase in relative intensity of the sebacic acid peak, because
this is more or less the only product molecule that is resilient
to photolysis under these conditions ¢ 290 nm). On the
contrary, all the peaks assigned to photochemically unstable
aldehydes (e.g., Il) and peroxides (X, XlI, XII, etc.) are reduced
in intensity.

The second most apparent change is the appearance of many
new mass peaks in the mass spectrum (Figure 7). The mass
spectrum still maintains the general periodic appearance of
clusters of peaks, although the clusters are shifted toward smaller
masses compared to the mass spectrum obtained before pho-

HCO or CO. These processes do occur but neither of them cantolysis. In addition to peaks corresponding to loss of HCOOH

account for formic acid being the primary photolysis product.
Because of the complexity of the oxidized film, it is not trivial

and HCHO, there are peaks corresponding to loss of CO
resulting from photolysis of aldehydes, and loss gDHlesulting

to assign a specific precursor responsible for the photoinducedfrom photolysis of hydroxylhydroperoxides.

release of these two molecules. However, close similarity
between the action spectrum and absorption spectrum of
oxidized undecylenic acid (Figure 6), the characteristic shape
of the action spectrum, and the large amount of peroxy bonds
measured by the iodometric test suggest that photochemistry

OH
o o Q 9
A = AL
H,0
R fe) R" R O R"
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There is evidence for multiple losses 05®ifrom the same 1. Oxidation of unsaturated organic molecules in aerosol
precursor molecules corresponding to the photolysis of productsparticles is expected to make them absorb radiation in the
containing multiple hydroperoxy moieties. tropospheric actinic windowi(> 295 nm). This prediction is

Atmospheric Implications. Results of this work strongly  explicitly verified in this work for the case of ozonolysis of
suggest that UV photolysis in aerosol particle phase play a terminal alkenes.
significant role in atmospheric processing of primary (POA) 2. Photochemistry occurring in the oxidized aerosol particles
and secondary (SOA) organic aerosol particles. Indeed, a largels expected to contribute significantly to the atmospheric
fraction of POA in urban areas comes from cooking emis- processing of organic aerosols. Furthermore, such photochemical
sions%2:%which contain unsaturated fatty acids, cholesterol, and processes may generate products that evaporate from the particle
other unsaturated organics. Reactions of these molecules withinto the gas-phase. For the present case of ozonolysis or terminal
ozone and OH will make them photochemically active and open alkenes, the observed gas-phase photolysis products are form-
new pathways for aerosol particle photochemistry. Aerosol aldehyde and formic acid.
particle processing by solar radiation is also likely to be 3. Prolonged solar photolysis is likely to significantly affect
important for SOA generated by oxidation of terpenes. For the chemical composition of organic aerosol particles. For
example, a strong effect of UV radiation on the yield of SOA example, we observe a clear effect of UV post-treatment on
in terpene ozonolysis was reported in refs 97 and 98. The SOAthe degree of polymerization and product distribution in the
yield is presumably reduced by the UV radiation because of oxidized undecylenic acid.
the photolytic splitting of primary oxidation products into In addition to the general conclusions, this work provides
smaller, more volatile species. On the basis of the results of new information on the mechanistic details of ozonolysis of
this work, photolysis of organic peroxides is the most likely undecylenic acid. The most interesting observations include a
reason for the observed effects of UV radiation on the SOA large degree of oligomerization in the ozonolysis products
yields. caused by sequential additions of carboxyl oxides-@OOH

A rough estimate of the relative importance of photolysis in groups, and a very large concentration of peroxy moieties in
aging of organic aerosol particles can be made assuming typicalthe oxidized products also mediated by carbonyl oxide reactions.
urban concentrations, [OH} 10° cm™3, [O3] = 102cm3, and Even for such a simple molecule, only a fraction of the final
using measured surface reaction probabilities for @ (0.1 ozonolysis products could be assigned to specific chemical
on solid organic surface®)and Q (y > 10 °on frozen surfaces  structures.

of fatty acids)!® By use of oleic acid as a representative . )
component of an organic aerosol particle, one can estimate the  Acknowledgment. This study was supported by the National
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(calculated for zero solar zenith angle, “best estimate” surface
albedo! and absorption cross sections for acetaldehyde and
hydrogen peroxide)° Furthermore, the relative rate of pho-
tolysis will increase in the upper troposphere. For example, the
lifetime of acetone, the most representative gas-phase ketone
is dominated by photolysis not by reaction with OH, in the upper
tropospheré.Therefore, photolysis and OH oxidation may have
gomparable_cor}tributioqs to the rates pf chemical transforma- g oferences and Notes

tions occurring in organic aerosol particles. ‘ _ _ _
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material is available free of charge via the Internet at http://
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