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Abstract

Laboratory measurements of gas-phase ion-molecule reactions of several negative ion species with formic and acetic ac
have been carried out. A flow reactor operating at a temperature of 29K and total gas pressures of either 3 or 9 hPa was
used. The negative reagent ion species investigated included OK, O;, CO,, CO;, CO; H,O, HCO; H,0, NO;,
NO3;H,O, NO,, and NG H,O. The reactions were found to proceed either via proton transfer or clustering. Our
measurements of ion-molecule reactions of negative ions with gaseous formic and acetic acids provide a firm base fc
guantitative detection of these acidic trace gases in the atmosphere by negative ion ion-molecule reaction mass spectromet
(Int J Mass Spectrom 181 (1998) 31-41) © 1998 Elsevier Science B.V.
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1. Introduction natural and manmade, as well as direct and indirect
ones. Direct sources include emissions from the bio-
Organic acids are important atmospheric trace sphere, biomass burning, and motor vehicle exhaust
gases as they contribute significantly to the acidity of [1-3]. Secondary sources include photochemical ox-
atmospheric condensed water and acid precipitation. idation of atmospheric hydrocarbons [3—6]. Formic
Thereby organic acids also have an influence on and acetic acids are both formed via reactions of
chemical processes in cloud droplets as, e.g. liquid biogenic and anthropogenic alkenes with ozone [7, 8],
phase oxidation of SQby H,O, which depends  while acetic acid can also be formed by reactions of

critically on the pH value of cloud droplets. peroxy acetyl radicals (C}(0)0,) with HO, and
Sources of atmospheric organic acids include both organic peroxy radicals, particularly GB, [5,
9-11].
Gaseous formic and acetic acids (HCOOH,
* Corresponding author. CH;COOH) have previously been measured in the
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struments also have found signatures of formic and mixed N, and O, (close to atmospheric composition),
acetic acid. Chapman et al. [13] used the product ions gas flow of 10 standard liters per minute at standard
HCOO and CHCOQO  resulting from the reactions  temperature and pressure (slm). At a flow reactor
of unspecified negative ions with gaseous formic and pressure of 3 hPa the bulk flow velocity was about 50
acetic acid to determine these acidic trace gases.m/s. The reactant ionsfOand Q; were produced by
Therefore, his approach involved only an empirical a capillary tube ion source (CIS) within 1-2 slm, O
calibration whereas systematic laboratory measure- source gas flow. A detailed description of the ion
ments of the requisite ion-molecule reactions were source and of the reactant ion evolution has been
lacking. Our group at MPIK, Heidelberg in their given previously [19]. For the generation of the
aircraft-based IMRMS experiments also found signa- reactant ions C® and CQ or NO; and NG, small
tures of negative product ions resulting from ion- amounts of CQ or NO, were introduced into the
molecule reactions of formic and acetic acid. These source gas flow. In addition to the more abundant
signature included HCCQ CH,COO ", NO; HCOOH, ions, the ion source also produced less abundant ions,
and CQ CH;COOH. particularly OH" and HCQ . Hydrated reactant ions
From previous atmospheric measurements it was X (H,O),, were produced by introducing water
found that formic and acetic acid are usually the most vapour into the flow reactor, from a water reservoir
abundant organic acids in the atmosphere [14] and located 15 cm upstream of the ion source.
that their atmospheric volume mixing ratios typically Known fluxes of formic and acetic acids were
range between a few hundred parts per trillion (pptv) generated by a permeation source (Kin-Tek Labora-
to 10 parts per billion (ppbv) in some instances [15, tories). Acid vapour diffusing from the permeation
16]. They are often present in atmospheric condensedsource was diluted with a nitrogen gas flow of 1.1 slm,
water due to their substantial solubility in water. They which was passed through the permeation source at
contribute significantly to the acidity of cloud water atmospheric pressure. The acids were added to the
and precipitation in both remote and urban areas [17, flow reactor 46.5 cm downstream of the ion source
18]. Indeed wet and dry deposition are major sinks of through a teflon tube inlet with a critical orifice. The
these acidic trace gases. flow through the critical orifice fabricated from stain-
The present article reports on laboratory measure- less steel was 0.77 slm. The remainder of the 1.1 slm
ments of gas-phase reactions of negative ions with permeation source flow was discarded. Acid concen-
formic and acetic acids. These measurements providetrations in the flow reactor were calculated from the
a firm base for the detection of these acidic trace gasesgas flows, the flow reactor pressure, and the known
by our IMRMS method. emission rates of the permeation tubes.
The distance between the acid inlet and the ion
source was long enough for the reactant ion evolution
2. Experimental being completed before the ions entered the reaction
zone. This was experimentally verified by observing
The present laboratory experiments were per- the ion composition for different distances between
formed using a flow tube ion reactor with a quadru- the ion source and the mass spectrometer. The reac-
pole mass spectrometer for ion analysis and detection.tion zone between the acid inlet and the mass spec-
The flow reactor consisted of a stainless steel flow trometer had a total length of 97.5 cm.
tube (4 cm i.d.) with an ion source and inlet ports for For most measurements the concentrations of the
the addition of reactant gases and water vapour. A acids were changed by varying the temperature of the
similar experimental setup has been used for previous permeation source in steps of 5 or 10 K and by
investigations of ion-molecule reactions at our labo- allowing the source to stabilise thermally for about 30
ratory and is described in detail elsewhere [19, 20]. min. In some experiments acid concentrations were
The experiments were performed in a laminar, varied by varying the nitrogen flow through the
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permeation source (dilution flow) and keeping the [21, 22]. This can cause problems in the determination
temperature constant. Both methods gave essentiallyof reaction rate coefficients and reaction channels for
identical results. monomers if dimer concentrations are significant.
The mass discrimination of the quadrupole instru- Equilibrium constants of dimer formation and disso-
ment was determined from integral spectra and by ciation for formic and acetic acids are given in the
fitting the product ion yields to equal the amount of literature. Using the values of Taylor and Bruton [21]
reacted reactant ions for those reactions, which pro- and Buttner and Maurer [22] we calculate that under
duced only one distinct product ion species. The the present experimental conditions less than 5% of
residence timéy of the ions between the acid inlet formic acid and less than 30% of acetic acid were in
and the quadrupole mass spectrometer was measuredhe dimer form in the permeation source flow (at
by pulsing the ion swarm with a repeller grid. For the atmospheric pressure). When the acid entered the low

3 and 9 hPa measurements residence times of £0.5
0.5 and 32+ 1 ms, respectively, were measured. A
ratio of 0.58 for the bulk gas velocity and the ion
velocity was measured, in good agreement with ex-
pectations from laminar diffusion theory. Mixing
times of the acids with the buffer gas of 3250.5 ms
at 3hPaand 1.6 1.0 ms at 9 hPa were estimated by
making measurements with different acid inlet posi-
tions.

In the presence of water vapour in the flow reactor
a rapid ion hydration equilibrium was established.
The ion hydration equilibrium was also maintained

pressure flow reactor, it was diluted and rapidly
attained a new equilibrium with respect to dimerisa-
tion [23, 24]. Under the conditions in the flow reactor
less than 0.001% and 0.05% of formic and acetic acid
molecules, respectively, were in the dimer forms if the
equilibrium constants are assumed to be pressure
independent.

3. Results

3.1. Formic acid reactions

when reactant acid was added, even in those cases

where the reactivities of the different hydrates with
the acid were different. The existence of this perma-
nent hydration equilibrium was experimentally veri-

Fig. 1 shows the CO and NG; reactant ions and
their product ions as function of the HCOOH concen-
tration in the flow reactor. A flow reactor pressure of

fied by the observation that, even though the absolute 3 hPa nitrogen and a constant reaction timeof=
abundance of the reactant ions decreased, the relativel0.5 mswere used in both experiments. The reagent

abundance of the different hydrates did not vary
significantly with acid concentration. Since in most

ion CO; [Fig. 1(a)] reacted with HCOOH in a proton
exchange reaction producing the HCOG@n. Sec-

cases several ion hydrates existed simultaneously, anondary reactions of HCOOwith HCOOH produced

effective reaction rate coefficientk.s, being a
weighted sum of the individual reaction rate coeffi-
cientsk; of the individual hydrates, was measured

Kett = > XiKi; > X =1 1)

The weighting factorsx;) are equal to the relative
abundance of each hydrate ¥,0),. If the rate
coefficient of the bare reactant idg is known the
rate coefficients of the hydrated ionis>¥ 0) can be
calculated from Eq. (1).

Carboxylic acids are known for their ability to
dimerize efficiently both in the gas and liquid phases

the higher order cluster ions HCOQHCOOH), ,
[Fig. 1(a)]. In contrast to CQ, the reaction of N@
[Fig. 1(b)] with HCOOH proceeded solely by a three
body addition reaction leading to the NEICOOH
cluster ion. This is evident since the proton affinity of
NOj is much lower than that of HCOO(Table 1).
Therefore no proton transfer from HCOOH to NO
can occur. The same argument is true forN@here
the only product observed was the cluster ion
NO, HCOOH. Secondary reactions of NGICOOH
producing the higher order cluster ion NO
(HCOOH), were also observed. Reactions of @nd
OH™ with HCOOH produced HCOO ions.
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Fig. 1. Reactant and product ions vs the concentration of formic
acid for the reactions of formic acid with (a) GGand (b) NG, .

In the presence of water vapour, reactions were
observed for the hydrated ions similar to those of the
bare ions. The HCOO product ions exhibited a
strong tendency for hydration. Equilibrium constants
of hydratation of HCOO(H,0), were estimated to be
3.5% 10°, 8 X 10% and 6x 10°atm *forn = 0, 1,
and 2, respectively, at 293 3 K.

Table 1
Proton affinities (PA) of selected anions [25]

Anion PA (X7) (kJ mol™?)
OH™ 1635
0, 1476
CH,COO™ 1459
HCOO™ 1445
NO, 1421
NO; 1358
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The reactions of HCOOH with D and CQ
proceeded by a three-body association and a two-body
exchange reaction, respectively, yielding the common
cluster ion product QHCOOH, which further reacted
with HCOOH producing the second,QHCOOH),
cluster ion. It is possible that COand G, reactant
ions and/or their @ cluster ion products may also
react by proton transfer reactions producing the same
product ion (HCOO) as CQ and Q;. The proton
affinity of O; is higher than that of HCOO or
CH;COO™ (Table 1), which makes the proton trans-
fer reaction at least thermodynamically feasible.
However, the product ions of this possible second
reaction channel of Cp and G could not be
discerned from the product ions of the much more
abundant CQ or O5 reactant ions in the same
experiments.

3.2. Acetic acid reactions

The behaviour of the CD ion and its reaction
products with varying acetic acid concentration in the
flow reactor is shown in Fig. 2(a). The reagent ion
CO; decreases with increasing @EOOH concen-
tration and the products are GEBOO and
CO; CH;COOH cluster ions. Further reactions of
CH,COO  and CQCHZ;COOH with CH,COOH
produce higher cluster ions of the form
CH;COO (CH;COOH), and CQ (CH;COOH),.
Cluster ions withn up to 2 were observed. Similar to
HCOO the hydration tendency of Cl@OO is
high. lonic clusters of the mixed type
CO; CH;COOH - H,0 and CHCOO CH;COOH -
H,0, were also observed, with GHOO CH;COOH
showing a much stronger tendency for hydration than
CO; CH;COOH.

In contrast to CQ the NG; ion does not react with
CH5;COOH in a proton exchange reaction. It only
forms the association product NOH;COOH [Fig.
2(b)]. This is expected since the proton affinity of
CH;COO™ is much larger than that of NO The
same argument is true for NOThe NGQ; CH;COOH
cluster ions were also found to produce further clus-
ters with CHCOOH. However, the second cluster
NO3 (CH;COOH), was much less abundant than the



J. Viidanoja et al./International Journal of Mass Spectrometry 181 (1998) 31-41 35

not producing cluster products showed the expected

e CO;S : : - &
o CH:COO' exponential decrease of the reactant ions with increas-
(a) v ggs%%oé%*dﬁoo"' ing HCOOH concentration, indicating nominal oper-
100 . c:|—|§;’_c:o<3>-((_:|-|acooH)2 ) ation of the permeation sources. In these cases the
o COy(CH,COOH), 3 reaction rate coefficients were determined from the

v v v v linear decrease of the logarithm of the count rate with
increasing formic acid concentration. The reaction
rate coefficients for the formic acid reactions are
given in Table 2.

In the case of acetic acid all reactions studied
produced cluster products to some extent. In this case
3 the nominal operation of the permeation sources was
— ’ * ! — checked by using different methods of concentration
variation as described in Sec. 2. (temperature varia-

Relative lon Fraction (%)
)

e tion and variation of dilution flow). Since these
::; experiments gave identical results, problems with the
B permeation sources at higher temperatures do not
u‘l_’ seem to occur and therefore cannot be the reason for
c e NO; 3 the observed anomalous behaviour.
[e] . k . .
° o NO,CH,COOH 1 Possible reasons for the nonexponential decrease
o v NO;(CH;COOH), ] . .
= ‘ ] of reactant ions in the cases where cluster products
EJ 1 ~ were observed may include: (1) electric field induced

N T M collisional dissociation (ECD) of cluster ions behind

0 1 2 3 4 5 the inlet orifice to the mass spectrometer, (2) reactions
[CH,COOH] (10"mo|ecules/cm3) of formic or acetic acid dimers, and (3) thermal
3

decomposition of cluster ions in the flow reactor.
Fig. 2. Reactant and product ions vs the concentration of aceticacid ~ When ions enter the quadrupole mass spectrometer

for the reactions of acetic acid with (a) GGnd (b) NG . through the inlet orifice, they are accelerated towards
the quadrupole lens by an attractive potential differ-
second CHCOOH cluster of CQ or CH,COO . ence between the sampling electrode and the quadru-

Similar reactions as in the case of the bare ions were POl€ lens. In this expanding gas jet energetic colli-
observed if water was added. Reactions of,Cahd sions between neutral gas molecules and accelerated

05 (H,0); »3, Were also observed, producing the ions may happen, leading to fragmentation of cluster
0, CH,COOH cluster ion. ions. In order to investigate the possibility whether

ECD of product cluster ions may be a reason for the

observed nonexponential kinetic behaviour the poten-
4. Discussion tial difference between the sampling electrode and the

quadrupole lens was varied from the normally used

The decay curves of proton transfer reactions, as, value of 18—0 V. ECD is expected to decrease with

e.g. CG + HCOOH [Fig. 1(a)], all showed the decreasing potential difference between the sampling
expected exponential behaviour. By contrast some of electrode and the quadrupole lens. These experiments
the reactions producing cluster ions, like showed that ECD can affect cluster ions, but that the
NO3HCOOH, CQ,CH;COOH or NG, CH;COOH, effect of ECD is much too small for the present
exhibited deviations from the expected exponential experimental conditions to explain the observed non-
behaviour. In the case of formic acid several reactions exponential behaviour.
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Table 2
lon-molecule reactions of formic acid with negative ions<{B8 hPa, T= 293 = 3 K)
Reaction Kineal Keor®
OH™ + HCOCH — HCOO™ + H,0 10 (£30%) 23
O, + HCOOH+ M — O,HCOOH + M 10 (=25%) 19
O; + HCOOH — HCOO™ + O, + OH 11 (+25%) 17
CO, + HCOOH — O,HCOOH + CO, 9.3 (=30%) 15
CO; + HCOOH — HCOO™ + CO, + OH 7.4 (+25%) 16
CO;(H,0) + HCOOH — HCOO™ + CO, + OH + H,0O 7.1 (25%)} 16
HCO; (H,0) + — HCO;HCOOH + H,0 6.6 (+x30%) 16
HCOOH
NO; + HCOOH+ M — NOzHCOOH + M 4.5 (=25%Y 16
NO; (H,0) + HCOOH — NO;HCOOH + H,O 17 (=25%) 16
NO, + HCOOH+ M — NO,HCOOH + M 4.0 (=25%) 17

aMleasured reaction rate coefficient; all rate coefficients are reported in units 6f @®° molecule * s~

bCalculated collision rate coefficient (1&° cm® molecule ® s™1); collision rate coefficients are calculated according to the theory of Su and
Chesnavich [26].

°Effective binary reaction rate coefficient at 3 hPa synthetic air.

dEffective rate coefficient for hydrate composition £@,0),: 50% n = 1, 50%n = 2.

Effective rate coefficient for hydrate composition HC®I,0),: 26% n = 1, 74%n = 2.

'Effective rate coefficient for hydrate composition §®,0),: 83%n = 1, 17%n = 2.

The equilibrium concentrations of formic and ace- product of acetic acid concentration and reaction time
tic acid dimers have already been estimated in Sec. 2. (tg X [CH;COOH]). Reaction times were 10.5 ms for
Equilibrium dimer concentrations in the flow reactor the 3 hPa and 32 ms for the 9 hPa experiments. Since
are very small and should not affect the reactions acetic acid concentrations are lower, the reaction time
studied here. However, it may be possible that off- is longer, and the pressure is higher; a faster reaction
equilibrium conditions with significant concentrations would be expected for the 9 hPa measurements if
of dimers persist over an appreciable part of the length
of the flow reactor. If acid concentrations are in- 1
creased the concentration of dimers should also in-

. e 3 mbar, CO;
crease. The decrease of reactant ions was found to be o 3mbar, CO,(H;0), .,
slower at higher acid concentrations. Thus, if dimer v 9 mbar, CO; "

v 9mbar, CO;(H0)y 4,

reactions were responsible for the observed nonexpo-
nential behaviour, the observations indicate that the
reactivity of dimers should be less than the reactivity
of monomers.

If so, a decrease in the acid concentration should

Fractional Count Rate
o

therefore result in a faster, more monomerlike, reac- e 0
tion. The influence of dimers can also be decreased by 0.01
using higher pressures and longer reaction times. At o ' o 4 é ' Ell ' 1'0 1‘2 ' 1'4 ' 1l6 1|8

higher pressure a new equilibrium between monomers
and dimers should be attained faster because of the
higher amount of collisions. At longer reaction times  gig. 3. Decrease of COand CQ (H,0),.1» vs the product of

the relative contribution of equilibration time should reaction time and acetic acid concentration. Reaction times are 10.5
be less and 32 ms for 3 and 9 hPa flow reactor pressurg (NO,),
A respectively. The CE(H,0), hydrate distribution was 35%, 60%,
Fig 3 shows the measured abundances of @&d and 5% forn = 0, 1, and 2 for the 3 hPa experiment, and 15%,

CO3(H0)g 1 o both at 3 and 9 hPa plotted versus the 70%, and 15% for the 9 hPa experiment.

tz x [CH,COOH] (10°s molecules/cm®)
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Table 3

lon-molecule reactions of acetic acid with negative ions=(|8 hPa, T= 293 = 3 K)

Reaction Yield (%) Kimead Keor®

CO; + CH;COOH — CH;COO™ + CO, + OH 33 7.5 40%) 18
M CO; CH,COOH 67

CO;(H,0) + CH;COOH — CH,COO™ + CO, + OH + H,0 33 17 ¢-30%Y 17
— CO 3 CH;COOH + H,0 67

NO; + CH;COOH + M — NO3;CH;COOH + M 100 8.0 (-40%Y 18

NO; (H,0) + CH;COOH — NO5; CH;COOH + H,0 100 17 (40%) 17

NO; + CH;COOH + M — NO, CH;COOH + M 100 7.9 50%Y 20

NO; (H,0) + CH;COOH — NO; CH;COOH + H,0 100 18 (-50%} 18

a\leasured reaction rate coefficient; all rate coefficients are reported in units 6f @®° molecule s™.

bCalculated collision rate coefficient (18 cm® molecule” s™); collision rate coefficients are calculated according to the theory of Su and
Chesnavich [26].

°Effective yield at 3 hPa synthetic air.

dEffective rate coefficient for hydrate composition £@1,0),: 92%n = 1, 8%n = 2.

®Effective binary reaction rate coefficient at 3 hPa synthetic air.

'Effective rate coefficient for hydrate composition §®,0),: 85%n = 1, 15%n = 2.

9Effective rate coefficient for hydrate composition N®,0),: 90% n = 1, 10%n = 2.

dimer reactions played a significant role. This was tions (3) and (6) for bare CDhave a similar pressure
clearly not observed. For bare gQOons the two dependence. For hydrated €Chowever, the cluster
experiments at 3 and 9 hPa gave essentially identical forming reaction (5) is a pressure independent ex-
results. In the case of hydrated ¢@ much stronger  change reaction, while the backreaction (6) increases
curvature starting at lowegtx [CH;COOH] can be  with increasing pressure (increasing concentration of
observed at 9 hPa as compared to 3 hPa. Theseinert collision partners). The pressure dependence is
observations are not consistent with the assumption of thys palanced in the case of the opposing reactions (3)
dimer reactions as described above. and (6) of bare CQ, but not in the case of the
They are, however, consistent with the assumption opposing reactions (5) and (6) of hydrated £O

of a backreacti.qn being caused by the uItimatg ther- At 9 hPa bare CQ and hydrated CQ show the
mal decomposition of the COCH;COOH clusterion a6 gecay curves. Since the reaction of hydrated

[reaction (B)}: CO;3 with acetic acid is a fast reaction occurring at the

CO; + CH,COOH— CH,COO™ + CO, + OH collision rate this indicates that the reaction of bare
(2 CO;3 with acetic acid also is close to the collision rate
M and must therefore be at or close to its high pressure
— CO3; CH;COOH (3) limit. Therefore also backreaction (6) must be close to

the high pressure limit.
The relative contributions of the proton abstraction
+ CO, + OH (4) channels [reactions (2) and (4)] and the clustering
channels [reactions (3) and (5)] for the bare and the

CO; H,0 + CH,COOH— CH,COO™ + H,0

— CO;CH,COOH + H,0 ®) hydrated case were determined by fitting the reaction
CH H M B H H kinetics of reactions (2)—(6) to the measured product
C0O; CH,COOH — CO; + CH,COO 6) ion distributions. The results are summarised in Table

The identical behaviour of bare GCat 3 and 9 hPa 3. For hydrated CQ the branching ratié,/ks did not
and the different behaviour of hydrated C@an be change between the 3 and 9 hPa experiments. For bare
understood if the cluster forming and breaking reac- COj, the relative contribution of the addition channel
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(3) seems to increase at higher pressures, which may

be understood in terms of an increasing number of
stabilising collisions at higher pressures [reaction (3)].
The lines in Fig. 3 are calculations using the
reaction rate coefficients given in Table 3. The rela-
tive abundance of the hydrates ¢®,0), were
35%, 60%, and 5% fon = 0, 1, and 2, respectively,
for the 3 hPa experiment, and 15%, 70%, and 15% for
the 9 hPa experiment. For the backreaction (6) de-
composition frequencieks = 50 and 110 s* were
used for the 3 and 9 hPa experiments, respectively.
It is possible that a second decomposition channel
of CO; CH;COOH, associated with an intraclusteral
proton transfer leading to G200, may play a role

CO; CH;COOH + M — CH,COO™ + CO,

+OH+ M @

The yields in Table 3 are given assumikg= 0.
However, good agreement between the measured dat
and calculated values could also be obtained if it was
assumed that all proton abstraction products were
produced by reaction (7) only, i.&, = k, = 0. A
possible contribution of reaction (7) to the formation
of CH;COO is therefore difficult to quantify.

The dissociation of the COCH;COOH cluster ion
was investigated with a triple quadrupole mass spec-
trometer [27]. Mass selected GGH;COOH ions
(mass: 120 amu) were directed to collide with an
argon atom gas target at a collision energy of 35 eV.
The only dissociation product observed was ;CO
(mass: 60 amu) [Fig. 4(a)]. As one may expect, the
collision induced dissociation of G200 CH;COOH
(mass: 119 amu) produced GEOO™ (mass: 59 amu)
as the only dissociation product [Fig. 4(b)]. Thus at
collision energies exceeding thermal energies
CO; CH;COOH only dissociates to CO and

a
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Fig. 4. Collision induced dissociation spectra of (a)

CO; CH,COOH and (b) CHCOO CH;COOH with a triple qua-
drupole mass spectrometer (Ar gas target, collision energy 35 eV).

CH5COOH. This result, however, cannot exclude the
possibility that at lower (thermal) collision energies
CH;COO™ dissociation products may be formed [re-
action (7)] in addition to CQ.

The other cluster forming reactions with formic
and acetic acids were also analysed in terms of
backreactions. The results are compiled in Tables 2
and 3. From the ratios of the reaction rate coefficients
for the forward and the backreactions equilibrium
constants were obtained. The equilibrium constants
are summarised in Table 4. Table 4 also gives the free
energy changes for E 293 K, AGY,,, calculated
from the equilibrium constants using the relation
AG3g3 = —RT In (Keg.

5. Application for atmospheric measurements by
IMRMS

The ion-molecule reactions of formic and acetic
acids with negative ions described previously offer

Table 4
Equilibrium constants for selected cluster forming reactions=(293 + 3 K)
Reaction Keq (atm?) AG3,; (kcal mol™)
NO3 + HCOOH+ M < NO3HCOOH + M 3.2 X 10° (+50%) —11.4 (+0.2)
CO; + CH,COOH+ M <« CO;CH,;COOH + M 2.6 X 10° (£50%) -11.3(0.2)
NO; + CH;COOH + M <> NOz CH,COOH + M 5.7 X 10° (+50%) —-11.8(£0.2)

ed

NO; + CH,COOH+ M < NO,CH,COOH + M

1.2 X 10° (+50%) ~12.2 (+0.2)
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the possibility for sensitive in situ and real-time
measurements of atmospheric concentrations of for-
mic and acetic acids. Useful reactions for atmospheric
measurements of HCOOH and QEOOH are reac-
tions with bare and hydrated Gr NO3 ions. These
ions have previously been used for the measurement
of acidic gases like HNQ HCN, HF, and HSO, and
other gases [28-32].

If backreactions can be neglected the concentration
of an acid (HA) can be obtained from the reaction
kinetics using the measured ratio of product and
reactant ionsR, the reaction rate coefficierk,,,, for
the reaction of the acid HA with the reactant ions, and
the reaction timety [27, 33]:

[HA] =

R (8)

AtR

For R = 1074 t, 50 ms, and a flow reactor
pressure of 40 hPa, a theoretical detection limit of a
few ppt with a time resolution of a few seconds can be
obtained for ambient HCOOH and GEIOOH.

For many of the ion molecule reactions investi-
gated in this work, relatively strong backreactions
were observed in cases where cluster ions were
formed. If the backreaction is fast enough compared
to the total reaction time, a steady state for the
reactant ions (X) and the product cluster ions
(X7HA) establishes. In this case the acid concentra-
tion [HA] can be inferred from the steady state by
[34]:

[HA] = ko2 X _HAI 9)
“ X7

The reaction of C@ or CG; (H,0), with acetic
acid is a particularly interesting example, since it
offers the possibility of inferring acetic acid concen-
trations via the proton abstraction reaction (4) using
Eq. (8) and via the cluster forming reaction (5) using
Eqg. (9). At a flow reactor pressure of 9 hPa a
decomposition rate constant for the COH;COOH
clusterkg = 110 s * was inferred from the measure-
ments, leading to a COCH;COOH lifetime of 9 ms.
Compared to the total residence time of 32 ms, this is

short enough so that a steady state for the formation of
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Fig. 5. Linear dependence of (a) [OH;COOH]/[CCO;] and (b)

In(1 + [CH;COO ]/[CO5]) on the concentration of acetic acid
(measured at a flow reactor pressure of 9 hPa and a reaction time of
32 ms). The correlation coefficients are> 0.99 forboth curves.

CO; CH;COOH via reaction (5) and the destruction
of CO;CH;COOH via the thermal decomposition
reaction (6) can be established.

Fig. 5 shows the measured quantities
[CO5; CH;COOHY)/[CG;] and In(1 + [CHLCOO )/
[CO3]) plotted versus the acetic acid concentration.
For small acetic acid concentrations both curves show
a linear dependence on [GEBOOH]. Since the
CO3 H,O + CH;COOH reaction has the two reaction
paths (4) and (5), the equilibrium constant cannot be
directly inferred from the slope of the
[CO5; CH;COOHY)/[CO;] curve. However, the very
good linear behaviour of both curves shows that both
methods can be used for measurements of acetic acid.

First ground-level test measurements of atmo-
spheric HCOOH and CKHCOOH concentrations were
performed at the Max-Planck-Institut in Heidelberg in
December 1997. A typical mass spectrum from atmo-
spheric measurements is shown in Fig. 6. The mea-
surements were performed at a flow reactor pressure
of 40 hPa and an ion residence time of 50 ms. The
dominant ions are the reactant ions J8,0),, pro-
duced by the ion source (masses 60, 78, 96 amu).
Mass peaks consistent with the characteristic product
ions HCOO (formic acid) and CHCOO™ (acetic
acid) are well visible. The spectrum also shows an ion
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40 . o work. For a forward reaction rate coefficiekg.z ks
HCOO | | CHCPO | 024 = 11.4 X 10 *° cm® molecule * s~* (k5 being at
~ 30 ;Z 05 04 | the high pressure IimiF,_i.e. collision _ra_te, cf. Table 3)
oz‘; 0'0 oo oo /\ the clusti:r decpmposﬂpn rate coefficient becoiqges
= 20 4 45 46 58 59 60 72 73 74 =9.1s " leadingtoa Ilfetlme of more than 0.; s for
S 60 78 the CG; CH;COOH cluster ion. During the aircraft
E measurements the ion residence time was about 10
3 10 4 % ms. The effect of cluster decomposition was therefore
: very small for these measurements and the; CO
0 PR M CH;COOH reaction system was far from equilibrium
20 40 60 80 100 120 conditigns. Under these conditipns acetic acid con-
Mass (amu) centrations can therefore be inferred from either

CH;,COO or from CQ;CH;COOH product ions
Fig. 6. lon mass spectrum from atmospheric measurements. The ysing the kinetics-based Eg. (8) and the appropriate

mass spectrum was recorded on 9 December 1997, at the Max- o5 otion rate coefficients from Table 3 in both cases.
Planck-Institut in Heidelberg. The insets show magnifications of the

product ions from reactions of GQH,0), with formic and acetic
acids and the possible product of the reaction with propionic acid

(mass 73 amu). 6. Summary and conclusions

with a mass of 73 amu, which may be tentatively lon-molecule reactions of gaseous formic and ace-
identified as CHCH,COO , the possible product ion tic acids with several negative ion species have been
of the reaction of propionic acid (CJ€H,COOH) investigated using a flow reactor. The latter was
with CO;. operated at a temperature of 2833 K and total gas

Field calibrations were performed by the addition pressures of 3 and 9 hPa. Reactant and product ions
of known amounts of formic and acetic acids from were measured by a quadrupole mass spectrometer.
permeation sources producing volume mixing ratios The reactions proceeded either via proton transfer,
of up to 15 and 5 ppbv, respectively. Linear behaviour ligand switching (for hydrated reactant ions), or clus-
of the masses 45, 59, and 120 amu could be observedtering. Measured rate coefficients for ligand switching
up to the maximum concentrations used during the of acetic acid all were close to the expected collision
calibration measurements. Atmospheric volume mix- rate coefficients (1.7-1.8 10° cm® molecule * s™%).
ing ratios around 3 ppbv for formic acid and around 1 Our present experiments provide a firm base for the
ppbv for acetic acid were obtained from these mea- quantitative detection of atmospheric gaseous formic
surements. and acetic acids by IMRMS. A first IMRMS-test

As abovementioned ions with masses 45, 59, and measurement in ground-level air was carried out and
120 amu have previously been observed in ion mass potential product ions (HCCQ CH,COO,
spectra obtained from aircraft-borne measurements C,H;COO") of formic, acetic, and eventually also
made by MPIK-Heidelberg in the upper troposphere propionic acids were indeed observed. Atmospheric
and lower stratosphere. These measurements werevolume mixing ratios determined from these first
performed using an atmospheric pressure flow reactor IMRMS-test measurements are 3 and 1 ppbv for
and a CQ ion source [27]. From thA G245 value for formic and acetic acids, respectively. We plan future
the CQ; + CHZ;COOH reaction obtained in the atmospheric IMRMS measurements which will also
present work at 293 K, it can be estimated that at 255 include unambiguous product ion identification by
K the equilibrium constant must be greater thanX.7  collision-induced dissociation investigations of mass
10° atm ! [35]. This is almost 20 times higher than selective product ions using a triple quadrupole mass
the room temperature value obtained in the present spectrometer and an ion trap mass spectrometer.
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