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Abstract

A variety of mass spectrometric methods and complementary theoretical calculations are used to assess the poter
contributions of GHgO, isomers to then/z = 87 ion found in a recent atmospheric field study (Int. J. Mass Spectrom.
223/224 (2003) 733). The analysis of high- and low-energy collision experiments suggests that a ca. 1:1:1 mixture of crotor
acid, vinylacetic acid, and methyl acrylate can account for the experimental findings in the field study. For a more concis
assessment, further field studies using complementary approaches for the characterization of atmospheric trace compon
are recommended.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction posphere, acetone represents a major, if not the most
dominant source of HY and OR radicals. The lat-
Oxygenated volatile organic compounds (OVOCSs) ter influences both the formation and loss of ozone as
present in the terrestrial atmosphere are potentially im- well as the formation of gaseous sulfuric acid which
portant as they may influence ozone and aerosols andin turn influences aerosol formation and growth. How-
thereby also climate. One example is acetone which ever, for OVOCs containing three or more carbon
has been detected in the free troposphere and theatoms, the mere measurement of mass-to-charge ratios
lower stratosphere by means of chemical-ionization (nVz) of the protonated molecules by means of CI-MS

mass spectrometry (CI-M3)1-3]. In the upper tro- is insufficient for an unambiguous identification. Ac-
cordingly, it is a crucial demand to develop methods
* Corresponding author. Tel:-49-30-314-26546; which cannot only detect but also structurally identify
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Additional insight into molecular structures can be
achieved by MS/MS studies, particularly collision-
induced dissociation (CID) of mass-selected ions
[4,5]. In order to exploit the usefulness of CID
for atmospheric OVOC measurements, a novel
aircraft-borne CI-MS instrument based on an ion trap
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2. Experimental and theoretical methods

The aircraft-borne mass spectrometer is an ion
trap instrument which relies on the principles of
proton-transfer mass spectrometry (PT-NE10]).
Initially, water vapor is ionized by bombardment with

(IT) mass spectrometer has been designed by theelectrons followed by rapid ion/molecule reactions

Max-Planck-Institut fir Kernphysik. In this device,

leading to an abundant signal for@* (m/z = 19)

an analyte X is detected indirectly as the protonated along with some clustering to @@)H3;O" (m/z =

species [X+ H]* formed in the reaction with kD™
During the first test flight§6], the instrument allowed

the detection of several OVOCs. These included ace-

tone (A) withm/z = 59 for the protonated molecule
and a trace gas X with/z = 87 for the protonated
form. While the identity of compound X is unknown,
CID studies were made for [A- H]* and [X+ H]*

in flight. It is important to note that throughout this
contribution the observed [X H]™ signal is assumed
to be formed by protonation of one or several neutral
compounds X with a mass of 86 amu according to
reaction (1). However, we cannot exclude the occur-
rence of dissociative protonation in CI-MS. Specifi-
cally, Spanel and Smitfv,8] have demonstrated that

37). Then, HO™ serves as a primary ion which is
able to protonate all molecules X whose proton affini-
ties PA(X) exceed P&,0) = 1652 kcal/mol [11].
MS/MS experiments were performed by mass selec-
tion of the ions of interest followed by an excitation
sweep, allowance of sufficient time for energizing
collisions, and ion detection. In the CID experiments,
helium was present as collision gas in the ion trap at
a pressure of ca. 1072 mbar.

In the laboratory studies, initial experiments were
performed with a modified VG ZAB/HF/AMD 604
four-sector mass spectrometer of BEBE configuration
(B stands for magnetic and E for electric sector) de-
scribed previously12]. In brief, ca. 1 mg of the neu-

gas-phase protonation of alkanols, carboxylic acids, tral C4HgO2 isomers was introduced together with ca.
etc. can also lead to direct dehydrations. Conse- 50ul water via a septum inlet system to a chemical
quently, instead of neutral X with 86 amu, protonation ionization (CI) source in which the neutrals were ion-
of a neutral compound Y with a mass of 104 amu (re- ized by electrons having a kinetic energy of 100 eV ata
action 2) may lead to the fragment pYH — H,O] ™, repeller voltage of ca. 0 V. After acceleration to 8 keV
again withm /z = 872 kinetic energy, then/z = 87 ions were mass selected
using B(1) and E(1) and characterized by collisional

H3O" + X — [X + H]t + H,0 Q) activation (CA). To this end, the fast-moving cations
were collided with helium at 80% transmittance and
H3O"™ +Y — [Y + H — H,0]" 4+ 2H,0 (2) the fragments were monitored by scanning B(2). The

spectra were recorded and on-line processed with the
The present paper specifically deals with some AMD/Intectra data system; 8—20 scans were accumu-
attempts towards an identification of the protonated lated. Though metastable ion spectra were recorded
molecule [X+ H]* with m/z = 87. To this end, the  also, their contributions to the CA experiments do not
atmospheric data are complemented by laboratory alter the qualitative isomer distinctions made further
CID experiments and ab initio studies. below and are therefore omitted.
Collision-induced dissociation (CID) at low colli-
sion energies was performed using a VG BIO-Q mass
T, _ spectrometef13], which consists of an electrospray
Likewise, esters can undergo loss of the corresponding alkanols . = . . . .
upon dissociative protonatiofd], which would mean that [Y+ lonization (ES|) source combined with a tandem mass
H — ROHJ" is sampled. spectrometer of QHQ configuration (Q stands for
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guadrupole and H for hexapole). In the present exper- attack by nascent hydroxyl radicals which lead to a

iments, millimolar solutions of gHgO> neutrals in

photochemical lifetime of 15-20 days for acetone in

pure water were introduced through a stainless steel 10 km altitude. We note in passing that the tropopause

capillary to the ESI source via a syringe pump (ca.
5 pl/min). Nitrogen was used as nebulizer and as dry-
ing gas at source temperatures of 80-1000ptimal
yields of the desired £470,™ species were achieved
by adjusting the cone voltage to about 30V. At lower
cone voltages, proton-bound dimers prevail, e.g.,
C4H702+-H20 (m/z = 105) and QH702+~C4H502
(m/z = 173), whereas excessive dissociation occurs
at higher cone voltages. For CID4870,* was mass
selected using Q1, interacted with argon as a collision
gas in the hexapole under single-collision conditions
(typically 4 x 10~*mbar) at variable collision ener-
gies (Elap = 0-50€eV), while scanning Q2 to monitor
the ionic products.

For reasons becoming obvious further below, com-
plementary ab initio calculations were performed with
the B3LYP hybrid functional which relies on Becke’s
three parameter fit and the correlation part due to
Lee et al. and Beckgl4,15] as implemented in the
GAUSSIAN 98 suite of programid 6]. Full geometry
optimizations and frequency calculations were per-
formed using triplet basis sets with diffuse functions
included (6-31%+G**). Thus, the relative energies
of the stationary points listed below correspond to the
B3LYP/6-31H-+G** level of theory with inclusion
of zero-point energy (ZPE) at 0 and 298 K. Note,
however, that we have not explored the entire confor-

behavior strongly suggests A and X as real atmo-
spheric gases, rather than being due to contaminations
or instrumental artifacts.

The CID spectrum of the [X-H]™ ion withm /z =
87 recorded during the flight at an altitude of about
10 km shows fragment ions at/z = 69, 55, 45, and
43 corresponding to mass differences/i = 18,

32, 42, and 44, respectivelyig. 1; [6]). In the fol-
lowing, we refer to these fragments as those of the
“atmospheric ion.”

Some information about the elemental composition
of [X + H]™ can be derived from an analysis of the
isotope envelopes of the ion signal. For thg; = 87
ion, the measured abundance ratid;-isotopolog
atm/z = 88 corresponds to ¢s/Ag7 = 3.8+ 0.2%
indicating the presence of three to four carbon atoms
in the corresponding neutral molecule X. Thus, while
protonated acetone is known to be formed in CI-MS of
atmospheric gases, théC pattern of then/z = 87 ion
disfavors an assignment of the homologous ketone. If,
for example, [X-H] ™ were protonated pentanone, nat-
ural isotope abundances would imply a relative abun-
dance of 5.6% of the neighborifgC peak atn/z =
88[17], compared to only 3+ 0.2% observed for the
atmospheric ion. Further, the isotope patterns do not
provide any indications for the participation of heavier
elements, e.g., sulfur or chlorine, and the fragmenta-

mational space and instead restricted ourselves to thetion scheme gives no hint towards the presence of flu-

presumably most stabll-anti conformations.

3. Aircraft-based atmospheric measurements

In the field studies, both ions [AH]* and [X+H]™

orine (e.g., loss of HRAm = 20). Hence, we confine
ourselves to CHNO compounds. With the assumption
that the ionization conditions in the air-borne mass
spectrometer only afford protonation of long-lived
neutral molecules present in the atmosphere, thereby
leading to closed-shell ions, the ion mass ex-

were found to decrease steeply in concentration abovecludes the presence of an odd number of nitrogen

the tropopausd6]. Accordingly, the corresponding

atoms.

trace gases A and X have tropospheric sources and Assuming the presence of carbon, hydrogen, oxy-

stratospheric sinks. The latter leads to a molecular
lifetime which is shorter than the vertical exchange

timescale due to convection. In the case of acetone,

this sink is mostly due to photolysis along with some

gen, and an even number of nitrogen atoms, conceiv-
able formulae form/z = 87 are GH3N»O,t, e.g.,
protonated nitroacetonitrilel[+ H]*T (Scheme },
C3H7N,O™, e.g., protonatede-aminopropiolactam
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Fig. 1. CID spectrum of then/z = 87 ion formed by proton-transfer from incident;®&" with trace components in the atmosphere
sampled at an altitude of approximately 10km in an air-borne IT-MS. Note that the collision energy in the actual experiment is not
well-defined because it was necessary to operate in the multicollision regime in order to achieve the maximal sensitivity. The signal at
m/z = 37 (designated by an asterisk) is attributed to collision-induced proton transfer fromyth@®©g&" ions to water followed by rapid
clustering of HBO™ to afford the proton-bound dimer @g@)HsO™ (see text).

[2 + H]T, C4H11No™, e.g., protonated butyramidine the m/z = 87 ion were entirely due to E170,™
[3 + H]*, C3H303™, e.g., protonated malonic an- isomers[17].

hydride B + H]™, and GH;O,™ isomers. For the
following reasons, we restrict ourselves to the latter
formula. (i) The composition £H3N2O>* can-
not cope with the*3C/1C ratio of them/z = 87
ion. (i) For the hydrogen-rich ions, £Ei7N,O"
and GH11No™, one would expect losses of ammo-
nia (Am = 17) or other neutral fragments of odd
masses which are not observedFig. 1. While we

do not rigorously exclude §£H303™*, the composi-
tion C4H70,* for the m/z = 87 ion appears much
more plausible, because loss of® seems unlikely
for the former. Therefore, the following analysis is
limited to C4H70,* ions. Notwithstanding, some
of the above mentioned formulae could explain the
deviation of the experimentally fourtfC/12C ratio
(3.8 £ 0.2%) from the value of 4.5% expected, if

4. Laboratory studies

Although the net formula gH7O,™ might not ap-
pear too complex, quite a significant number of iso-
mers is conceivable of which we have not covered
all. Because the investigation evolved in several stages
using different methods, let us follow this develop-
ment in order to substantiate the selection of isomers
made.

4.1. High-energy CA

For a rapid screening of the fragmentation patterns
of C4H70,™ ions as a first stage, these ions were gen-
erated by protonation of the neutrali@sO, precur-
sors5-16 (Scheme Rusing HO as reagent gas in the

H,N o) .
OMN ey ]:T /\)NKH o—/o\—o Cl source of a sector field mass-spectrometer. CA of
NH NH, v the mass-selected;870,% ions at high kinetic ener-
1 2 3 4

gies (8 keV) was then used to probe dissociation be-
Scheme 1. haviors and hence differentiate ion structures. We note
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in passing that the CA patterns of somgHzO,™ ions tions of GH7™ (Am = 44) by elimination of H and

have previously been examined in a different context of C4H50" (Am = 18) by loss of CO to yield the

[18-20] allyl cation GHs* (Am = 46) in both casefL8-20]
The use of a sector instrument in the first stage  The spectra of th&- andZ-isomers of protonated

has several advantages: (i) decreased probability of crotonic acid § + H]™ and 6 + H]* are dominated

termolecular reactions occurring upon or shortly after by losses of water to afford a conjugated acyl cation

ionization due to the relatively low operating pres- (Scheme 3p Additional signals due t&nm = 42 and

sures in conventional Cl sources, (ii) preference of di- 44 are assigned to losses ofH and CQ, respec-

rect bond cleavages over extensive rearrangements irtively, where the assignment of the neutral fragments

high-energy collision experiments, (iii) the ability to

gain additional information rather than just mere mass 1, 1

differences from peak-shape analysis, and (iv) limited Structure-indicative fragmerft{given as mass differencesm) in

memory effects in the inlet system. Particularly, the the high-energy CA mass spectra (8keV, sector-field instrument)

latter aspect is all but trivial for polar compounds of mass-selected 4_I5|702+ ions generated by Cl of the neutral

compoundss—-16 using water as reagent gas
such as most £HgO, isomers, in that the removal of
the samples from the inlet systems may require con-

18 28 30 32 42 44 46

siderable amounts of time. In sector-field MS, several [5+Hl" 100 1 1 2 3 3 15
. . . : [6 + H]t 100 1 1 3 25 35 15
minutes of pumping and subsequent purging with the [7 + H]* 50 3 1 1 30 100 8
next sample is sufficient for this purpose. [8 + H]* 100 50 1 7 45 40 30
The CA patterns of the ££70," ions generated  [9 +HI* 80 100 2 8 55 90 40
o [10 + H]* 30 G4 2 15 100 2
from the precursor§-16 allow for a qualitative clas- [11 + H]* o5 5 : 8 45 100 5
sification (Table 3. To this end, the observed mass (12 4 Hj* 35 75 3 20 100 8
differences are assigned as followsm = 18 is at- [13 + H]*¢ 100 16 1 4 55 95 25
tributed to loss of HO, Am = 28 can be due to the ex- H‘S‘ I E}:e 4;’ 5 40 I 4;3 1188 zf
pulsion of GH4 and/or CO,Am = 30 corresponds to 15 yyj+ 2 5 100 5 2 1
the loss Qf CHO, Am = 32 to elimination Qf CHOH “Normalized to the base peak-{00).
or, less likely, Q, Am = 42 can be explained by the b Dished-top peak due to a large KER.
formation of neutral gHg and/or CHCO, and finally, ¢ Broadened peak due to a notable KER.
Am = 44 is attributed to losses of 8,0 and/or _ d1n addition, 4% of Am = 2_36 (_Iosslof two I-i_O molecules)
C | dditi Am — 46 is listed which b is observed as a structure-indicative signal of this ion.
Oz. In addition, Am = IS listed which can be €In addition, 2% of Am = 26 (loss of GH,) is observed as

regarded as a measure for the consecutive fragmentax structure-indicative signal of this ion.
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is based on the behavior of related crotylamide ions
[21]. While protonated vinylacetic acid7[+ H]*
leads to a similar pattern, thesBg and CQ losses
are much more pronounced for this ion. These prod-
ucts can be attributed to an intramolecular proton
transfer from the carbonyl group to the terminal dou-
ble bond leading to a carbenium ion intermediate

which can then decompose via ion-neutral complexes

(Scheme 3p[22]. For protonated methacrylic acid
[8 + H]*, a pronounced loss of carbon monoxide is
observed which is ascribed to hydrogen migration
followed by a cheletropic reaction to presumably gen-
erate protonated acetorteogheme 3¢ The loss of CO
from [8+ H]™ is associated with a characteristic peak
broadening of theAm = 28 signal due to a substan-
tial kinetic energy release (KER) which is specific for
this particular ion[18—20] In summary, the gHgO>
acids studied here can clearly be distinguished from
each other, except for the differentiation between the
E- and Z-isomers of crotonic acid which is beyond
interest in the present context.

The CA spectra of the corresponding protonated
lactones @+ H]t—[11 + H]* bear fragmentation pat-

terns similar to those of[+ H]T—[8 + H] ", suggest-
ing proton-mediated ring-openings of the cyclic iso-
mers. Protonate@-butyrolactone 10 + H]™*, for ex-
ample, shows losses of;B®, CsHg, and CQ which
can be attributed to the protonated butenoic adds [
H]™—[7 + H] ™, but also leads to the expulsion of CO
characteristic for§ 4 H]™.

Other conceivable gHgO, isomers arise from two
topological approaches. Maintaining thg-€keleton,
viz. dislocation of the oxygen atoms, inter alia leads
to diacetyl12, the butynedioll3, and the diepoxybu-
tanel4. Cleavage of the gskeleton by oxygen inser-
tion can, for example, give rise to vinyl acetdfeand
methyl acrylatel6. All these isomers display charac-
teristic CA patterns. Thus, the CA spectrum of proto-
nated diacetyl, 12 + H]*, is dominated by losses of
acetaldehydeAm = 44) and CO Am = 28) where
the latter can clearly be distinguished from the corre-
sponding fragmentation o8f H]* because the peak
broadening is considerably smaller for the CO loss
from [12 4 H]* in comparison to§ + H] ™. Not sur-
prisingly, fragmentation of the protonated didl3[+
H]™* is governed by loss of water, and the protonated
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bisepoxide 14 + H]* can be identified by a charac-
teristic expulsion of formaldehyde\¢z = 30). Proto-
nated vinyl acetatelp+H] ™ almost exclusively gives
rise to Am = 44 which is attributed to the forma-
tion of acetyl cation concomitant with loss of neutral
C,oH40, presumably acetaldehyde or its enol. Finally,
the fragmentation behavior of§ + H]* is unique in
that an intense loss of neutral methanal{ = 32)
occurs for this particular ionScheme 34

In summary, most of the 67,0, isomers can
qualitatively be distinguished by means of their CA

41

However, the heats of formatiom\H;) of gaseous
C4HsO2 neutrals listed in literature compilations
[23,24] do not cover all isomers considered here and
several values are based on thermochemical extrapo-
lation schemes. More troublesome is that some data
appears to oppose chemical intuition. For example,
the Lias compendiunf23] lists identical heats of for-
mation for E-crotonic acid5 and vinylacetic acid’,
although the former bears a conjugategdystem with
an internal double bond, while the latter lacks conju-
gation and has a terminal vinyl group, both considered

spectra. Of course, many other ion structures are to cause destabilization of relative to5. In order
conceivable and several of these might also be exper-to settle the situation somewhat more definitively,
imentally accessible. Nevertheless, we pragmatically the neutral compounds-19 were, therefore, studied

restrict ourselves to5[+ H]T—[16 + H]™ because
already this set of isomers is sufficient to account for
the CID pattern of the atmospheric ion witlyz = 87

(Fig. 1).
4.2. Plausibility considerations

The atmospheric field studies suggest that the
m/z = 87 ion arises from one or several neutral
C4HsO2 molecules present as trace components in
the earth’s atmosphere up to 10 km altity@e Con-

computationally at the B3LYP/6-341+G** level of
theory which is expected to yield chemically accurate
(2 kcal/mol) relative energies for simple organic
compoundg25-27] particularly for the closed-shell
C4HeO2 molecules of interest hef@8].

Upon comparison of the relative energies compiled
in Table 2 most of the data agrees pretty well with
experiment as expected for the B3LYP approach. It
is also obvious, however, that some of the experi-
mental data is doubtful. For example, B3LYP predicts
5 to be about 10 kcal/mol more stable th@mwhich

sequently, these molecules need to be reasonablyprecisely follows chemical intuition of the differen-

stable with respect to oxidative, hydrolytic, as well

as photolytic degradations and must further bear re-

alistic heats of formation AHs) engendering their

tial stabilization of these acids, whereas the thermo-
chemical compilations suggeatH; (5) ~ AH; (7). In
order to allow for a more direct comparison, we de-

presence in the atmosphere. As a second stage, soméiberately anchor the computed energetics to the ap-

plausibility considerations based on chemical and
thermodynamic criteria are used for a pre-selection of
the most likely candidates. Succinic dialdehytlg

for example, not only is anticipated to be considerably
less stable than diacetyl?), but considered unlikely

to persist in significant concentrations in the oxidizing
atmosphere of earth. Similarly, we neglect the partic-
ipation of other aldehydes as well as formates (e.g.,
18). Likewise, enol ethers such as 3-methoxyacrolein
19 are expected to undergo rapid hydrolysis in the
atmosphere. Compounds such as the butynd@iolr

the bisepoxidel4, on the other hand, have unfavor-
able heats of formation, and it simply does not appear
plausible that they occur in significant concentrations.

parently most accurate literature values, i.e., those of
5, 8, 12, and15 in ref. [24]. As expected, “chemical
accuracy” is achieved with this scheme in that most
experimental and computetiH; values agree nicely.
Notable exceptions are vinylacetic adidand methyl
acrylatel16, which theory predicts to be considerably
less stable than inferred from experiment. Given the
generally good performance of theory in this respect,
re-consideration of the experimental figures appears
indicated.

With respect to the present context, the compu-
tations reveal that highly unsaturated or strained
isomers, e.g.13 and 14, are unlikely to appear in
the earth’s atmosphere based on thermochemical
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Table 2
Relative energiesHe in kcal/mol at 0 and 298K, respectivelypf the neutral GHgO> isomer§ calculated at the B3LYP/6-3%414+G**
level of theory, computationally predicted heats of formatimf—;f!qze;éy in kcal/molf, experimental values given in the literatun& gt

f,298
in kcal/mol)d and the difference between theory and experiment oY/ expt in kcal/mol).

Erelok Erel. 208K AHfthfséy AHSH A AHtheoryexpt

5e 0.0 0.0 -87.3 —-88.1 0.8
69 2.1 1.9 —85.2 -8 1.9
7 10.1 10.0 —77.2 -84 6.9
g 2.1 2.0 —85.2 -87.8 2.6
9 115 10.9 —-75.8

10 14.8 14.4 —725

11 2.2 1.3 —85.1 —-87.0 1.9

12 71 7.6 —80.2 —78.1 —21

13 59.2 60.1 —28.1

14 68.4 67.8 —18.9

15 10.8 11.0 —-76.5 -75.3 -1.2

16k 13.6 13.7 —73.7 —79.6 5.9

17 16.3 16.5 —71.0

18 20.0 20.0 —67.3

19 29.9 30.0 —57.4

2Including ZPE.

bBased on chemical intuition and experierj28], we attempted to select the most stableanti conformers. However, we have not
excessively explored the conformational space and cannot exclude the existence of more stable conformers in a strict sense.

¢ Computational predictions anchored to the values of isorfie8 12, and 15 as the apparently most accurate ones.

d Ref. [24].

€ All-anti-conformer; a second conformer with a 28@tated carboxy group is 0.4 kcal/mol higher in energy.

f Total energy:—306.5856247 Hartree.

9 A second conformer with a 18@&otated carboxy group is 1.1kcal/mol higher in energy.

hValue relative to5, using theAHfg’; difference betweed and 6 given in ref.[23].

I Ref. [23].

I OH-group oriented towards the methylene group; a second conformer witkrd&fed carboxy group is 0.5 kcal/mol higher in energy.

kK All-anti-conformer; a second conformer with T8fbtated carboxymethyl group is 0.7 kcal/mol higher in energy.

considerations. Pragmatically considerin@0 kcal/ (Eot = —3069093178 H), Ere([7 + HT) =
mol above the most stable isonteas a cutoff crite- 9.5kcal/mol, E([8 + H]Y) = 6.4kcal/mol,
rion, we thus remain with isomeis-12 and 15-17. Erel([12 + H]™) = 15.8 kcal/mol, Ere([16 + H] ) =

Next, we exclude the aldehydE because it is not  15.0kcal/mol (OK data). The relative stabilities do
expected to be long-lived in the atmosphere. Like- not differ largely compared to the neutral isomers,
wise, the lactone8-11 as well as the enol estdb suggesting similar proton affinities of these com-
are neglected since rapid hydrolysis is assumed to pounds. An exception is diacety? which is con-
occur in the atmosphere. Finally, consideration of the siderably less stable in the protonated form, i.e.,
difference of E- and Z-crotonic acid is beyond the E\(12) = 7.1kcal/mol vs. Erg([12 + H]T) =
scope of this study. Hence, we remain with the acids 15.8 kcal/mol. Therefore and because loss of CO
5, 7, and8 as well as diacetyl2 and methyl acrylate  is absent for the atmospheric ion, al§2 was not
16; the latter is obviously required to account for the included in the next stage. We note in passing that
Am = 32 signal observed ifig. 1 these results agree reasonably well with the lit-

For these five compounds, we also computed the erature data available: BPB) = 1969 kcal/mol,
relative stabilities of their protonated forms using PA(8) = 1952kcal/mol, PA12) = 1917 kcal/mol,
the B3LYP approachkEe([5 + H]™) = 0.0 kcal/mol and PA16) = 197.4 kcal/mol[11].
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4.3. Low-energy CID

Although the CA experiments allow for a qualita-
tive distinction of the different gH;O,™" isomers, a
guantitative analysis of the CID spectrumRig. 1is

energies, Am = 44 (assigned to loss of Gis fa-
vored, whereag\m = 42 (assigned to loss of4Elg)
gains in abundance with increasing collision energy.
This energy behavior is nicely consistent with the in-
volvement of ion/dipole complexes as suggested in

impossible. Thus, low- and high-energy collision ex- Scheme 3bAt low collision energies, the collisionally

periments may involve different excitation and frag- excited molecules are long-lived, thereby leading to

mentation mechanisms and also collection efficiencies the more stable §,I-|;F+COZ products. At elevated col-

might differ for instrumental reasor29]. lision energies, shorter complex lifetimes favor rapid
An approach towards a more quantitative analysis dissociation and hence generation of HOGEOC3Hs.

therefore requires an examination of the dissociation Finally, it is important to note for the next stage that

behavior ofm/z = 87 ions at low collision energies. the GHs™ fragment Am = 46) only appears at ele-

In order to somewhat mimic the conditions in the field vated collision energies.

study, ESI was used in which the ions of interest are

generated from aqueous solutions at atmospheric pres<4.4. Quantitative assay

sure and then extracted into a multipole detection sys-

tem for CID experiments. Because memory effectsin  The CID spectrum shown irFig. 1 has been

the ESI inlet system require careful cleaning between recorded with an airborne IT-MS operating at a

the samples (at least 1 day), we had to limit ourselves vaguely defined collision-energy in the multicol-

to the few isomers deduced above, namély7, 8,
and16.

Qualitatively, the low-energy CID spectra of the cor-
responding protonated specidslfle J are fully con-
sistent with the high-energy collision experiments in
the sector instrument. Thus, loss of watam{ = 18)
prevails for b + H]*, eliminations of GHg (Am =
42) and CQ (Am = 44) dominate for7+ H]*, pro-
tonated methacrylic acid8[+ H]™ shows a charac-
teristic loss of CO Am = 28)2 and the protonated
ester L6 + H]* leads to the almost exclusive expul-
sion of methanol Am = 32). It is noteworthy that
crotonic and vinylacetic acid do not interconvert into

lisional regime. These conditions are required to
achieve a reasonable sensitivity for the analysis of
OVOCs present as trace components in the atmo-
sphere. Nevertheless, the absence\ef = 46, viz.
CsHs™, in Fig. 1 implies that the effective collision
energy was not excessively high (s€éable 3. In a
pragmatic approach, let us therefore simply use the
CID spectra of § + H]*, [7 + H]™, [8 + H]T, and

[16 + H]* recorded atEjpp = 5eV with the ESI
instrument for comparison. The data can be used to
model the product pattern fig. 1 by an appropriate
superposition of the relevant componenistfle 4.
This analysis suggests that an approximate 3:4:3

each other under ESI conditions as demonstrated by mixture of [5 + H]*, [7 + H]*, and [16 + H]™ can

the fact that the respective CID spectra can clearly be account for the CID pattern of the atmospheric ion; a
distinguished. In fact, isomer differentiation is even contribution of B4 H]™ is not indicated because no
more clean in low-energy CID than in sector MS in this  significant loss of CO is observed in the field study. It
particular case. Of course, the fragment abundancesis important to point out that this approach is based on
in low-energy CID very much depend on the actual two key assumptions, namely: (i) equal sampling of
collision energies. In this respect, the ratio®f = the different isomers from solution in the ESI process
42 and 44 is particularly instructive. At low collision and (ii) similar cross sections in CID at a collision
energy of 5eV.

In order to test these assumptions, a freshly pre-
pared 3:4:3 mixture ob, 7, and 16 in pure water
was ionized by electrospray, the/z = 87 ion mass

3The lower intensity of CO loss in the CA spectra of the
sector-field experiment compared to the low-energy CID spectra
can be traced back to a discrimination of this pathway in the
sector MS due to the significant KER9].
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Table 3
Fragment3® (given as mass differencesm) in the low-energy CID mass spectra (multipole instrument) of mass-selegtégOz+ ions
generated by ESI of the neutrdis 7, 8, and 16 dissolved in pure water at various collision energiBgy(in eV; collision gas: argofi)

Eiab 18 28 32 42 44 46
[5 + H]* 5 100 5 40 30

10 100 2 20 7 2

20 100 15 4 25
[7 + H* 5 15 70 100

10 7 5 100 45

20 8 2 100 35 10
[8 + H]* 5 10 100 7 6

10 25 100 50 10 7

20 40 95 100 12 60
[16 4+ H]* 5 3 100

10 4 100

20 1 5 100 1

2Normalized to the base peak100).
bIntensities derived from peak heights.
¢ Conversion to the center-of-mass frant&sy = 0.315x Ejap.

selected, and subjected to CID By = 5eV. The and?) either due to ion generation in the ESI process
CID spectrum of the real mixturd={g. 2) is indeed and/or different cross sections in CID. Some overes-
similar to the hypothetical one as well as that of the timation of the more volatile ester in its mixture with
atmospheric ionTable 4. Of course, the agreement is  the related acids is in fact expected based on the re-
by no means perfect, and more detailed analysis im- cent discussion of the ESI mechanisms by Cech and
plies an overestimation d (or a discrimination ob Enke [30]. With regard to the noise level dfig. 1,

Table 4

Fragment8® (given as mass differencesm) in the low-energy CID mass spectra (multipole instrument) of mass-seleatdglOz+ ions
generated by ESI of the neutrdls 7, 8, and 16 dissolved in pure water, their arithmetic superposifidhe spectrum of a real mixture of
the three leading components in pure wétérand the data for the atmospheric fion

18 28 32 42 44 46
5 56 3 22 17 2
7 8 37 55
8 4 91 3 2
16 3 97
Superpositiofi 18 2 28 22 29 1
Real mixturé-® 18 2 41 17 22 1
Atmospheric ioh 17 <39 28 23 26 <39

aNormalized toX = 100 for all fragments.

bIn order to improve accuracy, the CID spectrafin = 5eV were accumulated for 10-30 min, integrated peak areas, rather than
heights, were considered, and several independent experiments were averaged. For these reasons, numerical differences may arise in
comparison tolable 3

¢ Optimized molar fractions 0%, 7, 8, and 16: 0.27:0.38:0:0.35.

dThe real mixture was made using a syringe by addition af 8f 5, 4pl of 7, and 3ul of 16 to 10 ml water; a contribution o8 is
not indicated. The data is the average of two independently prepared mixtures.

€ Comparison of the superposition with the experimental data implieslthé overestimated by a factor of about two relative5to
and7 in the ESI experiments.

f Data derived from the raw data used féig. 1

9 Estimated from the noise level.
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Fig. 2. Representative CID spectrumi|{, = 5eV; collision gas: argon) of the:/z = 87 ion formed by ESI of a 3:4:3 mixture of
compounds5, 7, and 16 in pure water.

however, any attempts to refine the analysis by explicit because of sensitivity limits in the atmospheric field
consideration of these effects appear supererogatory. studies. Moreover, we re-iterate the possibility out-
lined in the introduction that in the atmospheric field
studies a “hydrated” compound Y may lead to the
5. Future experiments m/z = 87 signal investigated here.
Further, the signal foanm = 32 observed irFig. 1
At first, it is to be stressed that the above analysis might also be attributed to a loss of molecular oxy-
only allows for negative distinctions. For example, gen, rather than methanol. Returning to the above
the involvement of methacrylic acid can be ruled out as unlikely, but not entirely impossible considered
because no significant loss of CO is observed for the composition GH30s™, one might anticipate the dis-
atmospherian/z = 87 ion. Based on the CA experi-  sociation of a @Hz0"-O, complex being formed in
ments, however, a compound suchlascould easily ion/molecule reactions within the ion trap in that ubig-
be admixed as a forth component at variable expensesuitous GH3O" ions (n/z = 55) may undergo cluster-
of the others,7 in particular. Similar considerations ing in the huge excess of oxygen compared to the trace
apply for the lactone$0 and11 of which considerable ~ components present in the atmosphere. While such a
fractions might be tolerated before conflicting with scenario could also be modeled in the laboratory, an
the absence of CO loss within the signal-to-noise ratio ultimate conclusion is unlikely to be achieved sim-
of Fig. 1 While examination of the energy-dependent ply because the methods available to characterize the
CID patterns might generally help to resolve matters, atmospheric ion are limited. Another ambiguity with
it appears less helpful in this particular case becauserespect to theAm = 32 fragment is associated with
the low abundance of the atmospheric species as wellthem/z = 37 ion observed ifrig. 1which is ascribed
as time constraints in the field studies very much limit to the proton-bound dimer ¢®)(HsO)* formed via
the types of experiments which can be performed. endothermic proton transfer of energizedHzO, ™"
Therefore, some complementary information must with water present in the machine followed by cluster-
be gained. In a laboratory study, an obvious choice ing. Association with further water molecules could
is the application of isotopic labeling techniques be- lead to (H0)2(H30)" with m/z = 55, thereby iso-
cause these would allow for additional insight with ~baric withAm = 32 fromm/z = 87. While a number
minor perturbations of the systems. Quite obviously, of CID experiments performed with other ions in
however, there is no way to apply this approach to the field study[6] give no indication for the forma-
atmospheric trace components. Likewise, other more tion of water clusters larger than $§8)(H30)", this
sophisticated methods to differentiate isomeric ions potential interference also needs to be reconsidered
(e.g., ion/molecule reactions) are unlikely to succeed carefully.
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Accordingly, further strategies must explore com-
plementary means for the characterization of neutral
C4HsO2 compounds present as trace components in

Mass Spectrometry 228 (2003) 35-47

plementary methods to probe trace components in the
terrestrial atmosphere. Mass spectrometric investiga-
tion of negative ions appear particularly promising in

the terrestrial atmosphere. As far as mass spectrome-this respect.

try is concerned, an obvious choice is to switch from

Finally, let us briefly comment on the putative pres-

positive to negative ions because at least the free acidsence of methyl acrylat&6 in the earth’s atmosphere.

5and7 should lead to the corresponding carboxylates
with m/z = 85 (or their clusters), whereas the other
conceivable isomers are expected to form different an-
ions, e.g., acetaten(/z = 59) from 15 and acrylate
(m/z = 71) from16. Likewise, detailed investigations
of Spanel and Smitfv,8] suggest that also other posi-
tive ions, e.g., NO or O,™, may be used for the iden-
tification of trace components in atmospheric gases
using variants of PT-MS. Given the manifold of con-
ceivable GHgO2 isomers, further laboratory studies
should therefore await the results of the corresponding
field studies.

6. Conclusions

The present study demonstrates that collision exper-
iments can be used to differentiate severaHgO,*
isomers in the gas pha§B3-20] Further, it provides
a comparison of low- and high-energy collision exper-
iments where the former allow for quantitative anal-
ysis, the latter for more rapid, qualitative insight. As
far as them/z = 87 ion observed in the atmospheric
studies is concerned, the following conclusions can be
drawn. (i) The experimentally observédC/1C ra-
tio implies the composition gH70,™ with some con-
tribution of carbon-depleted ions, e.g ;303" [6].
With regard to the large excess of oxygen in the terres-
trial atmosphere, particularly the formation of unusual
peroxides giving rise to §H303™ ions is to be consid-
ered, because these could also account forthe=
32 fragment. (ii) The observed CID pattern can be ex-
plained by invoking a mixture of crotonic acids, @),
vinylacetic acid ), and methyl acrylatelg) present
as neutrals in the atmosphere. (iii) Due to sensitivity
limits in the field studies, a more definitive assignment
of the neutral species X giving rise to the/z = 87
ion upon protonation requires the application of com-

While carboxylic acids such a8 may evolve
from oxidative (photo-)degradations of organic com-
pounds, the formation of the unsaturated edtin
atmospheric or biogenic processes appears somewhat
surprising. A mere artifact from the inlet system of
the airborne sampling device can be ruled out because
them/z = 87 ion shows a characteristic tropopause
behavior at an altitude of about 10 kf6]. Instead,
methyl acrylate may arise from the degradation of
endogenous polymers. However, the most commonly
used polyacrylates are derived from methyl methacry-
late rather tharl6, such that alternative sources of
methyl acrylate—or, more generally, other sources of
the observed signal atm = 32—are to be consid-
ered as well.
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