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Abstract

The rate constant and product ion distribution of the reactions;@FHNO* and Q** with methyl vinyl ketone (MVK), methacrolein
(MaCR), pivaldehyde, 2-methyl-butanal, glyoxad, m- andp-tolualdehyde have been investigated at 150 Pa and 297 K using a selected ion
flow tube (SIFT). All reactions, except the N@lyoxal reaction, proceed at a rate close to the collisional rate, calculated with the Su and
Chesnavich model, using the polarizability and electric dipole moment of the compounds derived from quantum chemical calculations.

All' H 30" reactions proceed by proton transfer, non-dissociative for all compounds, except for 2-methyl-butanal, where two minor channels
resulting from fragmentation after protonation are observed.

Association is the only pathway in the N®MVK and NO*/glyoxal reaction. Hydride ion transfer is the major process occurring in all the
other NO reactions. Elimination of CHO for pivaldehyde and association for MaCR are also non-negligible channels in their reaction with
NO*.

All O,** reactions result in the parent cation by charge transfer and in at least one fragment ion.

Hydration of the product ions has been investigated by adding water vapor in the reaction zone. A method is proposed to derive the three
body association rate constants of the product ions with water and to estimate the rate constants of the reactions of the hydrated precurs
ions HLO*-H,0 and NO-H,O with the reactants.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction They are emitted from combustion processes of fossil fu-
els, industrial processes, waste disposal and biomass burning
Aldehydes and other carbonyl compounds are widespread[5-7]. In addition, they arise as secondary pollutants from the
chemicals, which play an important role in the chemistry of photo-oxidation of volatile organic hydrocarbons, emitted in
the polluted troposphere. They can contribute to the formation the atmosphere by industrial and biologic proce$8e40].
of tropospheric ozone through their photo-chemistry in the They can also be produced directly by various vegetation
gas phas¢l] and take part in the generation of secondary forms[11,12]
aerosols through heterogeneous procg@3e®n local scale, Aldehydes have been detected in the environment by a
aldehydes are toxic pollutants for human hed{d]. variety of techniques, based upon Fourier transform infrared
Carbonyl compounds and aldehydes are introduced inspectroscopy, differential absorption in the near UV and
the atmosphere by several antropogenic and natural sources5C-MSJ[8].
Avery successful technique, which has recently been used
* Corresponding author. Tel.: +32 2373 0391; fax: +32 2374 8423. for their measurement, is proton transfer reaction-mass spec-
E-mail addressNiels.Schoon@bira-iasb.oma.be (N. Schoon). trometry (PTR-MS]13], which is based upon the mass spec-
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trometric detection of the product ions generated from the and Q** reactions associate with water and if the hydrates
reaction of the trace gas to be detected wifOH ions. A of the precursor ions also react with the trace gases under
similar technique, which may be somewhat less sensitive, butconsideration. The formation of hydrates of the ionic products
which may allow a better identification of the chemicals to has thus also been studied here by introducing water vapor
be measured, is the selected ion flow tube-mass spectromeinto the flow tube. Three-body association rate constants for
try (SIFT-MS) method, developed and applied by Smith and the protonated products (see Sect®®.1) and reaction rate
co-workers for the measurement of a number of organic com- constants for BO*-H,O and NO-H,O with the reactants
pounds[14-18] In the latter method, not only the products (see SectioB.1) have been derived, using a method described
of the reaction of the 5D* ion with the compound to be de-  in Appendix A

tected are measured, but also the products of the reactions of

NO* and @** ions.

The application of PTR-MS and SIFT-MS techniques, 2. Experimental
however, requires the knowledge of the kinetic and mechanis-
tic data (reaction rate constants and product ion distribution)  Measurements are performed with a selected ion flow tube
of the ion/molecule reactions involved. similar to the original design by Smith and Ada[B2]. Since

Such data have been measured for several chemicals ira detailed description of the equipment has been given in a
the laboraton|19] and have recently been extended system- previous publicatiof33], only a brief review of the instru-
atically by Sparél and co-workers to set-up a database of ki- ment is given here.
netic and mechanistic data for the detection of several organic  The precursor ions $0*, NO* and G** are generated
compounds, including some aldehydes and ket{2@s22] in a microwave discharge in a mixture of air and water va-
Although the existing database is quite extensive, some datgpor at a total pressure of 20 Pa. By a set of electrostatic
are still missing, especially for some important atmospheric lenses ions are extracted from the discharge into a differ-
volatile compounds. entially pumped quadrupole mass spectrometer, which se-

In this work, we have performed a study to extend the lects the appropriate ion. The mass selected ions are then
database to glyoxal, methacrolein (MaCR), methyl vinyl ke- injected into a 51 cm long flow tube with inner diameter of
tone (MVK), o-, m andp-tolualdehyde. 4cm, where they are convectively transported by a helium

The dicarbonyl compound glyoxal is formed in the at- buffer gas flow. The reactant gas is introduced through a ring-
mosphere as a result of the photo-oxidation (reaction with shaped inlet, located 23.7 cm downstream from the injection
OH) of toluend23], which is an aromatic compound emitted point of the ions. At the downstream end of the flow tube
in the atmosphere by automobile exhaust. Glyoxal is also aions are sampled through a 0.4 mm hole and introduced into
product of the photo-oxidation of other aromatic compounds the quadrupole analyzer, where they are filtered according to
[24—26]and of some biogenic species such as isopf2rg their mass to charge ratio. lons are detected by an electron
anda-pineng[28]. Glyoxal is also believed to contribute sig- multiplier and the resulting signal is treated by pulse counting
nificantly to the yield of secondary aeros{#§. techniques.

Methyl vinyl ketone and methacrolein are two major prod- All measurements were performed at 150 Pa and 297 K.
ucts, formed by the oxidation of isoprene (one of the major  lon/molecule reaction rate constaktaere derived from
biogenic volatile organic compounds) by hydroxyl radicals the logarithmic decay Itl,) = —kt[X] of the source ion cur-
and ozone, and minor products of the reaction of isoprenerentl versus the concentration of the reactant neudlr
with NO3 radicals[9]. the flow tube and from the residence titnaf the ions in the

The aromatic aldehydes-, m- and p-tolualdehyde are  flow tube, which can be measured separately.
emitted into the atmosphere as pollutants from motor vehi-  The reactant neutral is diluted in helium in a volume cal-
cles[29,30]and are also produced in the atmosphere from the ibrated glass container. The concentration of this reactant
oxidation of xyleneg24,26,31] Xylenes are released to the in the flow tube was varied by regulation of the flow rate
atmosphere from industrial sources, such as chemical plantsfrom this glass container into the flow tube by means of
and from automobile exhaust. a heated (315K) needle valve. The reactant gas flow was

In addition to these six compounds, reviewed above, we inferred from the pressure decay versus time in the glass
have added to our study the ion/molecule reactionsz@*H container. The concentratioX] of the reactant was derived
NO* and Q** with pivaldehyde and 2-methyl-butanal, two from the simultaneous measurement of the main carrier gas
other atmospherically important aldehydes. flow and of the pressure in the flow tube. In this way, the

Apart from giving the information required for in situ de- absolute reaction rate constaktef HzO" could be deter-
tection of these compounds through SIFT-MS, our present mined. For eaclk measurement, at least four different mix-
data also give information for PTR-MS applications. ing ratios of the volumetric mixtures were used. The rate

When SIFT-MS is used to identify and to quantify trace constants for the reactions with NGnd G** were then
gasesinvarious applications (such as environmental or breathdetermined in a relative way, as described in a previous pa-
analysis) the samples are generally “humid”. Therefore, itis per [33] and as used in previous studies Bparél et al.
essential to know if the ionic products of the®, NO* [20].
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To determine the product ion distribution of the ion/mole- 3. Results and discussion
cule reactions studied, a removable reactant gas inlet is used,
which is located at 8 mm from the ion inlet plate to reduce 3.1. Reaction rate constants

diffusion enhancement effects to a minimygd]. MVK,
MaCR, pivaldehyde, 2-methyl-butanal and glyoxal were in
troduced using volumetrically prepared mixtures in helium

- An overview of the experimental derived rate constants
, kexpof the reactions of BO*, NO" and Q** with the various

whereas the tolualdehydes were injected in gaseous formcompounds is given ifiable 1

by blowing helium over the liquid. Product ion distribu-
tions were obtained using the multi ion mode, where the io

Absolute reaction rate constants of®f have been mea-
n sured by monitoring the signal of the precursor ion as a func-

mass spectrometer is tuned sequentially at a number of fixedtion of the concentration of the reactant gas in the flow tube.
masses and the corresponding count rate at those masses Ehe reaction rate constants of N@nd Q** were measured

measured.

relatively with respect to the one ofs3@* by injecting the

Regular measurements with calibration gases were per-three precursor ions simultaneously and by recording their

formed to eliminate mass discrimination effef38].

Except for glyoxal, all chemicals were commercially
available. MVK and MaCR were obtained from Aldrich
(purity 99 and 95%, respectively). Pivaldehyd®;, p-
tolualdehyde, 2-methyl-butanal (Acros) aodolualdehyde
(Fluka) had purities 98, 98, 99, 95 and >98%, respectively.

Glyoxal GH20, in monomeric form has been prepared
from the hydrated trimer §HgOg-2H2O using the method
described by Horowitz et a[35]. Its purity (>98%) rela-
tively to formaldehyde has been checked by absorption me

signal as a function of the concentration of the reactant gas.
Exceptionally, the NOand Q** reactions with glyoxal were
measured in an absolute way.

The accuracy of the experimental rate constdajg is
estimated to be 20% with a precision better than 5% for
the absolute measurements (except for glyoxal) and bet-
ter than 2% for the relative measurements. The precision
of the absolute measurements with glyoxal is better than
13%.

a- The corresponding collisional reaction rate constégts

surements in the UV. The pure monomer under the form of obtained with the parameterized equation of Su and Ches-
yellow crystals was stored at 195 K. For the preparation of navich[39,40] are also listed iffable 1 The evaluation ofc
the gaseous glyoxal/helium mixtures, the trap was heated uprequires knowledge of the dipole momeun and of the po-

to temperatures ranging from 240 to 250K, depending o

n larizability « of the reactants. Since literature data are sparse,

the partial glyoxal pressure required in the glyoxal/helium these variables have been derived with the Gaussian software

mixture.

Table 1

suite[41] at the B3LYP level of theory, using the extended

Experimental rate constarkts,, obtained for the reactions of3@*, HzO*-H,0, NO*, NO*-H,0 and Q** with methyl vinyl ketone and some aldehydes at

150 Pa and 297K

Compound uo (Debye)  a (A% kexplke]
H30* H30"-H,0 NO* NO*-H,0 o
Methyl vinyl ketone 3.40 8.23 35 [4.7] 3.7 [3.7] 2.4 [4.0] 3.5 [3.4] 3.0 [3.9]
3.16
o-Tolualdehyde 3.11 15.0 3.8 [4.4] 4.1 [3.3] 3.3 [3.6] 3.8 [3.0] 3.2 [3.5]
m-Tolualdehyde 3.63 15.1 4.1 [4.9] 4.7 [3.8] 3.6 [4.1] 4.6 [3.4] 3.6 [4.0]
p-Tolualdehyde 411 15.3 4.4 [5.5] 4.9 [4.2] 3.9 [4.6] 4.4 [3.8] 3.8 [4.4]
Pivaldehyde 2.87 9.98 35 [4.0] 3.8 [3.1] 3.0 [3.4] 3.3 [2.9] 3.0 [3.3]
2.68
2-Methyl-butanal 3.11 10.1 3.7 [4.3] 3.9 [3.3] 3.2 [3.6] 3.3 [3.1] 3.1 [3.5]
Methacrolein 3.07 8.32 [4.3] [3.4] [3.6] [3.1] [3.6]
268 8.? 35 3.8] 38 13] 26 137 34 28] 31 132
trans-Glyoxal 0 475 1o 113l 4 [1.1] 0.0g L1 [1.0] 15 L1
cis-Glyoxal 3.55 4.76 7 [4.9] T O[89 O 4] [3.6] > [4.1]
4.8

In square brackets, collisional reaction rate constigtsccording to the Su and Chesnavich apprd@&40] Polarizabilitiesx and dipole momentsp of

the compounds obtained from quantum chemical calculations (see text for details) and from liteggyaredkc are expressed in @cmis L.

a Referencd36].
b Referencd37].
¢ Referencd38].

d See text at the end of Sectir2.1



Table 2

Product ion distribution of the 0%, NO* and G** reactions with MVK and some aldehydes at 150 Pa He pressure and 297 K

Compound m PA IE H3O* NO* 0"

lon mz % ko lon m'z % lon mz %

Methyl vinyl ketone, CHH=CHCOCH; 70 834.7 9.65° C4H,0* 71 99 2.3 (NOC4HO)* 100 99 GHgO** 70 49
Others 1 Others 1 £H30" 55 48
CoH30" 43 2

Others 1

o-Tolualdehyde, @HgO 120 GHoO" 121 97 6.4 GHgO** 120 5 GHgO** 120 88
Others 3 @gH;O* 119 94 GH;0* 119 10

Others 1 Others 2

m-Tolualdehyde, gHgO 120 840.8 CgHgO" 121 98 6.4 (NGCgHgO)* 150 5 GHgO** 120 88
Others 2 @GHgO** 120 6 GH;O" 119 11

CgH,0" 119 89 Others 1

p-Tolualdehyde, gHgO 120 851.8 9.33 CgHgO* 121 97 4.5 (NQGCgHgO)* 150 3 GHgO** 120 88
9.34 Others 3 GHgO** 120 4 GH;0" 119 11

CgH;0O" 119 93 Others 1

Pivaldehyde, C(Ck)3CHO 86 9.5% CsHq110" 87 99 7.5 (NGCsH100)* 116 2 GH100*" 86 43
Others 1 GHoO" 85 61 CHo* 57 56

CyaHo* 57 37 Others 1

2-Methyl-butanal, CHCH,CH(CH3)CHO 86 9.59 CsH1,0" 87 93 19 GHoO" 85 97 GH100°* 86 11
CsHg* 69 4 b C4Hgo* or CG3Hs0* 57 2 GHgO** 58 70

CoHs50" 45 2 oy Others 1 GHg* or C3gH50* 57 15

Others 1 Others 4

3-Methyl-butand, CH3CH(CH3)CH,CHO 86 9.72 CsH1,0* 87 70 12 GHoO* 85 100 GH100°** 86 10
CsHg* 69 30 GH,0" 71 10

C3HgO"* 58 45

CoH40t 44 35

Methacrolein, CHH=C(CHz)CHO 70 808.7 9.928 C4H70* 71 99 4.3 (NOC4Hg0)* 100 38 GHgO** 70 73
Others 1 GHs0* 69 61 GHs50" 69 11

Others 1 GHg*" 42 14

Others 2

Glyoxal, CHOCHO 58 102 CoH30,* 59 98 4 (NO-C2H209)* 88 100 GH,0,** 58 49
Others 2 CHO** 30 48
CHO* 29 3

Three-body rate constarits for the association of the protonated compounds with water i# € s—1. Only product ions with a branching ratie2% are listed. Product ions with smaller branching ratio
are grouped together in “otherstt mass of the compounds (u); PA: proton affinity (kJ m9] IE: ionization energy (eV); %: branching ratio of the product ion, including all isotopes of the prodacglue

refers to the first isotope op the product ion.
a Referencd21].
b Referencd43].
¢ Referencd44].
d Referencd45].
¢ Referencd46].
f Referencd47].
9 Referencg48].

h Kk, has only be determined for product ions with branching ra80% for reasons explained Appendix A

i See text at the end of SectiB2.1
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aug-cc-pvdz basis set. Dipole momess and polarizability Sparél et al. [20,21] observed elimination of a water

« are also listed iTable 1 molecule after protonation for saturated aldehydes containing
This table shows that theg®*, NO™ and Q*" reactions  atleast four carbon atoms (except for 2-methyl-propanal). By

are fast, except the NQylyoxal reaction. Thekexp Values  analogy with electron ionization fragmentation [2B,50]

equal the Corresponding collisional reaction rate Conmnt they Suggested that a possib|e mechanism for 4@ &lim-

withinthe accuracy, with exception ofthe MVK reactions and ination involves the formation of a six-membered ring in-

the NO'/MaCR reaction. A slight increase of the dipole mo-  termediate containing at least four carbon atoms. Our study

mentyp is observed in the seri@s, m- andp-tolualdehyde,  seems to support this hypothesis: pivaldehyde cannot form a

which is reflected in a small increase of the corresponding six-membered cyclic intermediate and the water elimination

Kexp- channel should not take place, which is indeed observed. On
kc values for thecis- and trans-geometrical isomer  the other hand, the formation of such an intermediate is possi-

of the dialdehyde glyoxal are quite different. The ex- ple for 2-methyl-butanal and water elimination (see reaction

perimental value is closest to the calculatkg value (2.2) is observed.

of the trans-geometry, which is the most stable isomer |ntheir study of the reaction of40* with an extended se-

[42]. ries of ketones Smith and co-worké2®,22]concluded that
The values of the experimental reaction rate constants ofthese reactions are characterized by non-dissociative proton

H30"-H20 and NO-H,0 with the various reactants are also  transfer as single reaction pathway, which is confirmed by

given in Table 1 They are derived in a relative way with  the H;0*/MVK reaction in this study:

respect to the reaction rate constant @0 and NJ', re-

spectively, as explained iAppendix A Comparison with 4 _ 4

the corresponding collisional reaction rate const&gtsn- H3O" + CHz = CHC(O)CH — CaH7O™ +H20. &)

dicates that these reactions proceed at the collision rate

and that the method outlined ihppendix A has the ten- Several SIFT studiefs1-53] have revealed that associ-

dency to overestimatéiexy (H30*-H20) and kexp (NO*- ation qf water molecules to hydrocarbon ions is. ggnerally

H,0). exceptional and that hydrocarbons do not react significantly
with hydrated hydronium ions by switching reactions. These

3.2. Product ion distributions properties can be used as a valuable diagnostic tool in de-

termining the nature of the reaction products. For example,
Table 2gives an overview of the product ions observed the product ion at/z=45 in reaction(2.3) hydrates when
in the reactions of BO*, NO" and Q** with the various  water is added to the main carrier gas, so it is most likely
compounds. These reactions are discussed in the followingidentified as the oxygen bearing ionlds0*, rather than the
separate subparagraphs. hydrocarbon ion gHg*. We have used this tool in all further
+ . cases where identification of the product ions was doubtful.
3.2.1. H30+ react_|ons . For all H3O* reaction products listed ifiable 2 except
Al HS,'O reactions studied here proceed by proton trans- for protonated glyoxal, association with water takes place.
fer. This is expected for MVK, MaCRu- andp-tolualdehyde oo order hydrates are formed, except for protonated

frpm theLargivaIue ofth;ir'prot]?r;]aﬁir;:ty (séable 3-_”:”' m- andp-tolualdehyde for which only the monohydrate was
dicates that the proton affinity of the other productsable 2 observed. The three-body association rate constants, as de-

is also larger than the one obB (691 kJ mot? [43]). In all rived by the method described Appendix A are also in-
cases, except for 2-methyl-butanal, this proton transfer pro- cluded inTable 2

cess is non-dissociative, resulting in the protonated molecule The reaction of protonated glyoxal with water is pecu-

as single reaction product: liar: when water is added to the main carrier gas, the signal
Hz3O" +M — MH™T 4+ H,0. (1) of protonated glyoxal decreases significantly, but an equiv-
alent increase of the signals of the hydrates of protonated
For 2-methyl-butanal, in addition to the protonated molecule, glyoxal is not recorded. On the other hand, a distinct increase
two other products are formed either by the loss of 28H  ofthe signal atn/z= 31 (most likely protonated formaldehyde
molecule or by elimination of gHg after protonation: H,COH' and not its much higher energy isomer §b%) and
+ + of its hydrate atm/z=49 (H,COH"-H,0), which are only
H30™ + CHyCH,CH(CHE)CHO — CsHu0™ 4+ H20 minor products with branching ratie1% in the absence of
(2.1) water, is observed. When the concentration of glyoxal in the
reaction zone is increased for a fixed water vapor concentra-
tion, an unexpected increase of the signah&t=37 is also
(2.2) observed, which can possibly be explained by the following
reaction:

H30™ + CH3CH>CH(CHs)CHO — CsHg™ + 2H,0O

H3O" 4+ CH3CH,CH(CHg)CHO
— CyHsO™ + C3Hg + H0. (2.3) CoH302" - Ho0 + HoO — H3O1 - H0 + CoHp0,.  (4)
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It is clear that further experiments are needed to unravel theexcluded. Charge transfer has indeed been observed for the
complex HO*/glyoxal chemistry in the presence of water reaction of NO with ethylene glycol dimethyl ethdb5],

vapor. 1-heptene, 1-octene, 1-nonene, 1-ded&B¢and acetophe-
none[22], all molecules with IE slightly larger than NO.
3.2.2. NO reactions For the NO/pivaldehyde reaction three products have

For most products iffable 2the ionization energy IE is  been identified:
known and is larger than the one of NO (IE(NO)=9.26 eV NO* 4 C(CHCHO M (NO .. CeHA OV 1
[44]), so charge transfer with ground state Ni® excluded + C(CHg)s — (NO- CsH100) (8.1)

(except forp-tolualdehyde, see later on). NOT + C(CHz)3CHO — CsHgO1 +HNO (8.2)

MVK reacts with NO through association at an effective N N
bimolecular reaction rate, which is under our SIFT condi- NO™ + C(CHg)sCHO — C4Ho™ +(CHO + NO). (8.3)
tions about 40% lower Fhan the corresponding collision rate 1o major channef8.2) corresponds to hydride ion trans-
constankc (seeTable J: fer and pathway(8.3) leads to the hydrocarbon ionyBg*

n . He " by elimination of CHO. In the latter reaction, several neutral
NO™ + CH; = CHC(O)CHs — (NO - C4HgO)" ®) products may be possible. However, since thermodynamic
Based upon their study of an extensive series of ketones,data are missing to trace the energetics of the reactions, these
Smith and co-workerf20,22] concluded that for most of the ~ Neutral products cannot be specified exactly. Therefore, we
ketones they have studied, association is the only or dominanthave put in(8.3), between brackets, the neutral products of
pathway in their reaction with NQ in accordance with the the reaction as consisting of the molecule emanating from
observed reactio(b) for MVK. the source ion and of the fragment coming from the neutral

Association is also the only process observed in the réaction partner. From now on, we will use the same nota-
NO*/glyoxal reaction, however at a very small effective bi- tion (brackets for uncertain neutral reaction products) in the

molecular reaction rate (s@able 1): discussion below.
The major channel in the N@2-methyl-butanal reac-
NOt +CHQCHQE> (NO - CoH20,) . (6) tion is again hydride ion transfg9.1), with one minor
channel:
Further studies as a function of the pressure would be useful
to probe the variation of the rate constant. NO™ + CH3CH2CH(CHg)CHO — CsHgO™ +HNO
The major process for the reaction of NQvith the (9.1)

monoaldehydes listed ifable 2is hydride ion transfer. Hy-
dride ion transfer has been identified Bgarél et al.[20,21]
as the only process occurring in the reaction of *N@ith NO™ 4+ CH3CH,CH(CH3)CHO
saturated aldehydes and as the dominant pathway for the re- _, ¢,Hq* + (CHO + NO)or (9.2.1)
action of NO with unsaturated aldehydes.
In addition to hydride ion transfer (reacti¢h 3)), two less
important processes are observed in the'K@ualdehyde NO™ 4+ CH3CH,CH(CH3)CHO

(0-, m andp-) reaction: — C3Hs0" + (CoHs + NO). (9.2.2)
NO* + CgHgO "% (NO - CgHgO)* (7.1) The minor product anvz=57 could be GHg* (protonated
. o 1-butene, 2-butene or isobutene, reac(@g.1) or C3HsO*
NO™ +CgHgO — CgHgO*™ +NO (7.2)  (reaction(9.2.2). Diskin et al.[53] observed that proto-
NO™ + CgHgO — CgH7O" + HNO. (7.3) nated 1-pentene, protonatgdns-2-pentene and higher or-

der protonated alkenes (double bound in the 1 or 2 posi-
The branching ratio for the-tolualdehyde/NO association tion) do not associate significantly with water. Since this
reaction(7.1)is smaller than 1.5%. The charge transfer chan- series does not include protonated butene, association of
nel (7.2)is somewhat surprising for the N@p-tolualdehyde the latter with water cannot be ruled out a priori. Fur-
reaction, since the ionization energymfolualdehyde (see  thermore, when water is introduced into the flow tube,
Table 2 is larger than the one of NO. These charge transfer the signal atm/z=57 (G4Hg" or C3Hs0") decreases sig-
products cannot originate from excited ROprecursor ions, nificantly, but this decrease is not mirrored in an equiv-
because these ions have been quenched during the experalent increase of the signals of the hydratesmé=75
ments by adding a small amount of b the He main carrier ~ (C4Hg*-H2O or GHs0'-H0), m'z=93 (GHg™-(H20),
gas. However, if one takes into account the uncertainty onor C3Hs0*-(H20),) and m/z=111 (GHg*-(H20)3 or
the ionization energy, the thermal spread of the ion/molecule C3Hs0*-(H20)3). It is clear that the nature of the minor
interaction energies under SIFT conditions and the possibleproduct aiwz=57 remains uncertain and that the chemistry,
entropy changel(AStypical <6.3 kJ mot for bimolecular when water is added to the main carrier gas, needs further
reactiong54]), charge transfer with ground state N® not investigation.
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Finally, the two products of the N@MVaCR reaction can
be explained by associatig0.1) and hydride ion transfer
(10.2)

NO™ 4 CHp = C(CH)CHO & (NO - C4HO)"  (10.1)
NO™ 4+ CHy, = C(CH3)CHO — C4Hs50" +HNO. (10.2)
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0,** + CH3CH2CH(CHg)CHO

The same reaction pathways have been observed in the reac-

tion of NO* with the related compound acrolg20].
For all the ion products of the NtOeactions listed, includ-
ing the (M—H)* ions resulting from hydride ion transfer,

— C3HeO*" + (CoHa + Oy) (14.2)
0,* " + CH3CHoCH(CH3)CHO

— C4Hg™ +(CHO + Oy)or (14.3.1)
0O,** + CH3CH,CH(CH3)CHO

— C3Hs50" + (CoHs + Oy). (14.3.2)

no or only minor hy_drates_ have been observed, when waterBy analogy with well understood El fragmentation spec-
is added to the main carrier gas (except the charge transfetra, products am/z=58 (reaction(14.2) are characteris-

product atw'z= 120 for the NO/o-tolualdehyde reaction, see
also Sectior8.2.3.

3.2.3. Q** reactions

tic for a-methyl substituted aldehydes, resulting from H-
rearrangement through a six-membered intermediate ring fol-
lowed by B-cleavage[49]. Moreover, elimination of ethy-
lene (reactior{14.2) has been observed in many SIF3°0

All O,** reactions can be characterized as charge transfer[20,21] and El spectra of aldehyd§49]. The nature of the
resulting in the parent cation and in at least one fragment (in product ion in reactiongl4.3.1)and(14.3.2)is uncertain for
some cases hydrlde or methide ion transfer or other transferthe same reasons as mentioned in the discussion of thé2NO

reactions cannot be excluded).

The Q**/MVK reaction results in the parent cation and
two fragments, due to the elimination of the methyl and vinyl
radical:

0,*T +CHy = CHC(O)CHy — C4HgO* ™ + 05 (11.1)
0*T+CHy = CHC(O)CH; — C3H30" + (CH3 + O2)
(11.2)

0O,*" + CHp = CHC(O)CHy — CoH30™ + (CoHz + O»).
(11.3)

In the reactions of @ with o-, m- andp-tolualdehyde,

methyl-butanal reaction. A secondary butyl cation is most
likely formed in reactior(14.3.1) Note that the product ion
distribution for 3-methyl-butanal, measured $paré! et al.
[21], is also listed inrable 2 This distribution is quite differ-
ent from the one of its structural isomer (productsvt= 44
(CoH40*") andmVz=71 (G4H70") for 3-methyl-butanal, at
m/z=57 (G4Hg™ or C3H50") for 2-methyl-butanal).
Non-dissociative charge transfer and elimination of an
H atom and a CO molecule have been observed in the
0,**/MaCR reaction:

we observe non-dissociative charge transfer as major process,

next to elimination of an H atom:
0,*" + CgHgO — CgHgO* " + Oy
02*" +CgHgO — CgH7O0™ +(H + Oy).

(12.1)
(12.2)

The branching ratio of these processes is the same for th
three isomers.

The O**/pivaldehyde reaction gives rise to the parent
cation and to a hydrocarbon product iom@z=57 (C4Hg"),
most likely a tertiary butyl cation:

O2*" 4+ C(CHg)3CHO — CsH100** + O, (13.1)
0, + C(CHg)3CHO — C4Hg™ 4+ (CHO + 0O5). (13.2)

The O**/2-methyl-butanal reaction proceeds through
three channels:

0** + CH3CH2CH(CHg)CHO — CsH1g0*t + O,
(14.1)

€

0,*T 4+ CHy = C(CH3)CHO — C4HeO*t +0,  (15.1)
0O,*" + CH, = C(CHs)CHO

— C4Hs50" +(H + Op) (15.2)
0,*T 4+ CHy = C(CHs3)CHO

— C3Hg*™ +(CO + 0y). (15.3)

The same reaction pathways have been identified in the
O,**/acrolein reactiori20].

The parent cation and the GB** fragment ion, due to
the ejection of a CO molecule, are the major product ions
for the reaction of @* with glyoxal. A minor product ion
CHO" results from the cleavage of the-C bond:

02**t + CHOCHO — CoH0,* " + 02 (16.1)
0,** + CHOCHO — CH0°** 4 (CO + Oy) (16.2)
0,*" + CHOCHO — CHO" + (CHO + 0O,). (16.3)

When water is introduced in the main carrier gas, ma-
jor hydrates of only a few @™ reaction product ions are
observed: i.e., the product atz=58 for 2-methyl-butanal
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and the charge transfer products of MVK, of tolualdehyde in In a few cases, for example, for glyoxal, the chemistry
its o-configuration (only monohydrate) and of MaCR. The involved when water vapor is introduced in the reaction zone,
signal of the charge transfer products of pivaldehyde and 2-remains unclear and needs further investigation.
methyl-butanal and of all products of the ©/glyoxal reac-

tion decrease significantly when water vapor is present, but

the signal of the corresponding hydrates does not rise equiv-Acknowledgements
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4. Conclusion

All H30", H3O0*-H,0, NO", NO"-H,0O and Q°*" reac-
tions studied are fast and proceed close to the collision rate
except the NO/glyoxal reaction. General trends in the chem-
istry of the reactions of D*, NO" and Q** with ketones
and aldehydes under SIFT conditions, observedépyriel
and co-worker$20—-22]have been confirmed in this study.

We conclude that none of the three precursor ions is suit-
able to distinguish the three isomeric forms of tolualdehyde,
since in all cases the branching ratios of the product ions
are similar. For the gO*/tolualdehyde reactions, the major

Appendix A

Given the reaction of the precursor iors® with the
reactant gas M:

product is GHyO", for the NO'/tolualdehyde reactions hy-  Hz0t +M — MH™ 4+ H,0 (A.1.1)
dride ion transfer is dominant givingg@70* product ions N

and for the @**/tolualdehyde reactions the major pathway H3O" +M — other products (A.1.2)

) T e

is charge transfer resulting ingBsO®" ions. When water vapor is added to the He carrier gas the product

NO" is suitable to discriminate the two structural iSo- ns MH* may partially associate with water to form the
mers MVK/MaCR, based upon the produchalz= 69, cor- monohydrate MH.H,0:

responding with a hydride ion transfer mechanism resulting
in C4H50" product ions, which is only observed for MaCR.  MH* ++ H,0 2% MH™* - H,0. (A.2)
On the other hand, product ionsratz="55 (GGH30"), cor- _ . _ _

responding with the elimination of a methyl radical, and at The precursor ions 0" also partially cluster with water:
m/z=69 (G;Hs0"), due to the elimination of an H atom, are

+ He +
useful for this purpose, when® is the primary ion. H3O™ + H20 — H30™ - H20. (A.3)
In a similar way, the intensity of the productsmafz=44,  gyccessive three-body association reactions result in higher

57, 58 :?md 71 with @7 as precursor ion. can be used to  grder hydrates gD*-(H20), and MH*-(H20)n, as depicted
distinguish the three structural isomers pivaldehyde, 2- andj, scheme 1
3-methyl-butanal. o _ _ _ The hydrated hydronium ionsg@*-(H,0); 2 3 may be-

To examine the application of the ion chemistry studied haye as additional precursor ions, reacting with the reactant
here, under conditions where water plays an important role, a5 M by ligand switching. For example:

we have investigated further hydration of the reaction prod-
ucts as well as the reaction of the neutrals witfOf-H,0 H3O' - H0+M — MH™T + 2H,0 (A.4.1)
and NO -H,0. A method to estimate the reaction rate con- 4 +

i H30" - HoO+ M — MH™ - H20O + H20. A.4.2
stants of HO*-H,O and NO -H,O with neutral reactants and 3 20+ M~ 20+ 2 ( )
of the three-body association of product ions with water is  In the limiting case of very low water vapor concentra-
proposed. tions, the extended set of ionssitheme Tan be restricted to

: k, . ; ;
Hy;0 ——5—> H;0 H,0 — = = > H;0 (H,0),= = 5> H;0 (H,0);

H,0 2 el % e AT |
e I e * I
fokgM 277 T LT T T
Sk [ M o Sk, L~ il I s M
,// /_,//7 ,//[ s |
- A7 oM M M oM I
—_ ré s e
M - | i |
] e Vi WV
. 2 + + 'S
MH ——> MH H,O0 ———> MH .(H,0),———=> MH .(H,0
H,0 2 H,0 (H,0), H,0 (H,0)4

Scheme 1.
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H30*-(H20)0.1and MH"-(H20)o 1. By solving the setofcou-  eral small water vapor concentrations and for a fixed small
pled differential equations (describing the kinetics of these concentration of the reactant gas M. A polynomial fit of the
ions), one can show that in the limiting case of very low con- 2 x In(y1/y) versus In;/x) data points gives ug/ks accord-
centration of the reactant gas M, the ratio of the rate constanting to Eq.(A.6).
ks of the reaction of HO™-H,O with M and the known rate A similar argumentation holds for NOand its hydrate
constank; of the reaction of HO* with M, is given by: NO*.H,0: the ratio of the rate constant of the reaction of
[Hs0* H,0] NO*.H,0 with the reactant M and the one of NG given

ko 2In (W) by an equation similar to EGA.5).
k1 = [Ha0 g -1 It should be noted that in Eq$A.5) and (A.6) effects

In ( [H307] ) of mass discrimination cancel out, but in the derivation of

where subscript ‘0’ refers to count rates in the absence of these equations ion diffusion and subsequent loss on the flow
P tube wall was not taken into account. In order to estimate

the reactant gas M. It is assumed that the water vapor and

: . the effect of differential diffusion (low molecular mass ions
the reactant gas are introduced at the same distance from th%iffuse faster than high molecular mass ions)kafk, and

e oot ool 58NS obtainec i Eqs(.9) () respeciveh e
b ! 935 ate equations of reactior{g..1.1)—(A.4.2)with additional

flow by the same ring-shaped inlet, located at 27 cm from ion diffusion loss terms were solved numerically, using a fi-

the (1uadrup0|e inlet rilate. Exper_|menta_||y the ion signal of nite difference method. Recently reported theoretical reduced
H3O" (=x) and of HO"-H20 (=y) is monitored for several . . e
. . ion mobility data[57] were used to calculate the diffusion
small concentrations of the reactant gas M and for a fixed . . . -
. : ; coefficients in our experimental SIFT conditions. The model
small concentration of water vapor. Linear regression of the : e
. : calculations have shown that, due to diffusion enhancement
data points X In(yoly) versus Inkg/x) allows us to derive . .
; [34], the values foks/k; obtained with Eq(A.5) are under-
ka/k; according to Eq(A.5). : .
. estimated by some 3%, whereas the valueg&dftis obtained
The ratio of the three-body rate constaktsndks for the - :
association of MFi and HO* with water is given by: with Eqg. (A.6) may be overestimated by 10% for neutral re-
9 y: actants with a molecular mass of about 50 u, and even by 15%
21n ((MH 11 for reactants of molecular mass 140 u.
ko [MHT] fatks

ks [H30"] k
> n(ligh)

(A.5)

1, (A.6)
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