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Abstract

Chemical-ionization mass spectrometry (CIMS) using flow-reactor mass spectrometers has flourished as a sensitive, on-|
method of analyzing trace volatile organic compounds (VOCS) in air. In this work, thed@idn is explored as the ionizing
reagent in a flowing-afterglow selected ion flow tube (FA-SIFT) instrument for its utility in detecting VOCs and HCN released
by cutand wounded plant material. Reaction rate coefficients and products for reactions betweenddtand 17 plant VOCs
and some structural isomers are reported. These results are also compared to reactions hé&ivaed Hhese same VOCs.
Fragmentation products from collision-induced dissociation (CID) ofthe-[L]~ anion of each species are also givento aid in
ion identification. H/D exchange was successfully used to distinguish ionized aldehyde/ketone products that are structural i
mers for two differentisomeric aldehyde/ketone pairs. Simultaneous emissions of acetone, butanone, and HCN were obser
from several plants and the emissions of acetone and butanone were confirmed from one plant using H/D exchange. The uti
of this technique as a screening tool for cyanogenesis in plants is discussed. (Int J Mass Spectrom 223-224 (2003) 427/
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction chemical-ionization reagents have been used in a num-
ber of different CIMS instruments. These ions pro-
Chemical-ionization mass spectrometry (CIMS), vide a convenient ion-chemistry-toolbox with which
discussed in detail by Harrisofi], is an effective to selectively and efficiently ionize a wide variety of
tool for analysis of complex mixtures of organic com- molecules. Some of the more commonly used anionic
pounds. This technique allows selective ionization of reagents are described by Budzikiewi@. Recol-
analyte molecules and produces a minimal number lections on the development of chemical-ionization
of product ions compared to higher energy ionization including mention of several cationic reagents are
methods such as electron ionization. lonic products given by Munsor3].
of chemical-ionization can be rapidly mass selected Flow-reactor mass spectrometers (such as the flow-
and detected with excellent sensitivity. A variety of ing afterglow, selected ion flow tube, and flow-drift
tube) have long been used to study ion/molecule re-
* Corresponding author. E-mail: thomas.custer@colorado.edu  actions that are the foundation of chemical-ionization
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processes. A thorough description of developments in
such flow-reactor techniques can be found in Graul
and Squires[4]. More recently, these instruments
have been adopted for on-line chemical-ionization
of trace volatile organic compounds (VOCs) in air
and can be found in a variety of incarnations. A few
examples of these specialized air-monitoring instru-
ments are given by Lindinger et gb], Smith and
Spanel6], and de Gouw et a[7]. These studies and
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Much work has been done recently to detect and
quantify VOCs emitted by wounded and drying plant
material to begin to assess the atmospheric impact of
their release on the H(budget in the troposphef8].
Most plants release VOCs following wounding via one
or more pathways. The pathway by which wounded
plants release C-6 volatiles, such eis-3-hexenal,
has been reviewed in-depth by Hatan§k@]. These
compounds are ultimately derived from the enzy-

many others have repeatedly demonstrated excellentmatic breakdown of fatty acids following chloroplast

sensitivity and time resolution for monitoring VOCs
in air for a wide variety of applications. They are

disruption. Another family of wound compounds,
including carbonyls and HCN, arises from the break-

particularly useful because under well-defined condi- down of cyanogenic glycosides by enzymes when a
tions and when individual rate coefficients are known, cellis ruptured11]. Both processes are represented in
VOC concentrations can be calculated from measured Fig. 1. Studies of such processes provide a convenient
peak height, flow-rate, and pressure data using sim- testing ground to measure VOCs and HCN with dif-
ple equations derived from fundamental ion/molecule ferent reagent ions and ion identification techniques

reaction kinetics. With this simple model, there is
no need for prior calibration unless unusually high
measurement accuracy is desired.

in flow-reactor mass spectrometers.
The OH™ anion can be thought of as the negative ion
complement to BO™. It participates in proton-transfer

The arsenal of ion chemistry methods for flow-reac- reactions like HO™, but abstracts a proton rather than
tor mass spectrometers is steadily growing to match donating one.
that of the rest of the chemical-ionization world
as their use becomes more prevalent. Flexibility in
the choice of ion-chemistry has proven benefits by
helping to increase selectivity for a number of ana-
lytes, providing a variety of reaction products to aid

H3O% + VOC — HVOCT + H,0,

PAvoc > PAn,0 (1)

: : . ) _ / Cell Wall \
in spectral interpretation, and greatly increasing the / Chipmpiast \
versatility of an instrument. However, even with the ﬁ C-6

: ; C-18 fatty acids > Wound
current palette of ions, most flow-reactor instruments VOCs
still cannot distinguish between structural isomers Vacuole
such as acetone and propanal or butanone and bu- Acelona
tanal. Tools capable of making such fine distinctions +
are therefore being incorporated into newly designed HEN
flow-reactor instruments to improve their specificity.

Examples can already be found in the literature where
gas-chromatography is used for separation prior to
CIMS analysis[8] or where a triple—quadrupole
mass filter is used for collision-induced dissoci-
ation (CID) and fragment ion analysis following
chemical-ionization[9]. Other methods of differ-
entiation, such as H/D exchange and analytical
ion/molecule reactions with isolated ions, have yet to
be applied in air-monitoring flow-reactor instruments.

Fig. 1. Wounded or drying plant leaf material can emit numerous
VOCs and HCN. C-6 wound VOCs, including hexenals, hexenols,
and hexenyl acetates, are produced via several steps following en-
zymatic breakdown of membrane lipids. HCN and carbonyl com-
pounds are produced as by-products of the two-step decomposi-
tion of cyanogenic glycosides following wounding. Linamarin (glu
represents glucose), when present in a cyanogenic plant, will give
rise to acetone and HCN, while lotaustralin, the ethyl analogue of
this compound, will give rise to butanone and HCN.
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OH™ + VOC — (VOC — H)™ + H20, ported to expand upon previous studies by Smith and
) Spanel[6] and Spanel et al20]. In addition to re-
action rate coefficients, fragment ions resulting from

The gas-phase acidity\Hacig) of a VOC can be used  CID of [M — 1]~ anions of several VOCs and H/D ex-
to determine whether or not it will react with OH change results for thé] — 1]~ anions of the isomeric
much as the proton affinity (PA) of a VOC can be used acetone/propanal and butanone/butanal pairs are also
to decide whether it will react with §0*. A recent  given. These processes were studied as a method of
tabulation of proton affinities is given in Hunter and differentiating structural isomers for on-line monitor-
Lias[12], gas-phase acidities in Lid&3], and a short  ing. These ion/molecule reaction data are then applied
overview of the applicability of such thermochemical to simultaneous monitoring of acetone, butanone, and
data to chemical ionization is given in Bartmgs4]. HCN released by cyanogenic plants.
Like H3O*, OH™ is simple to generate, reacts at colli-
sional rates with a broad range of organic species, and
yields simple ionic products. As with cations, fragment 2. Experimental
anions generated by CID can often be used to struc-
turally differentiate ions and provide a degree of selec-  All experiments were performed using the tandem
tivity in product analysis. A broad overview of tandem FA-SIFT (flowing afterglow-selected ion flow tube)
mass spectrometry developments and techniques isinstrument at the University of Colorado at Boulder
given in Jenning§l5] and is also mentioned in Chap- that has been discussed previougl{]. As pictured
ter 3 of Russe]16]. H/D exchange with isolated anions  in Fig. 2, this instrument consists of an ion source
can provide additional structural information about flow-tube, a selection region, a reaction flow-tube, and
the ions produced. Background on H/D exchange pro- a detection region. lons are generated from compounds
cesses and their applicability can be found in Nibber- in the ion source flow-tube through a combination
ing [17], Hunt and Seth[18] and, in a more recent  Oof electron ionization and subsequent ion/molecule
application using positive ions, Campbell et [419]. reactions. Precursor gases(Q.3 Torr He and trace

In this work, data supporting the use of Oldnion amounts of other gases) from the ion source are
for negative-ion chemical-ionization of VOCs is re- pumped away using a high throughput roots blower

A Hacidvoc < AHacid 1,0
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Fig. 2. The tandem flowing-afterglow selected ion flow tube (FA-SIFT) apparatus at the University of Colorado in Boulder.
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and mechanical pump and the ions are sampledinduce CID. This process will be referred to as
into the selection region which contains a differ- SIFT—CID hereafter in order to set this process
entially pumped quadrupole mass filter 0% to apart from more commonly observed CID experi-
10->Torr). lons of interest are mass selected and ments performed using triple—quadrupoles, ion-traps,
then injected into the reaction flow-tube (pressure or other devices. The SIFT-CID process has been
~0.5 Torr) with the aid of a venturi inlet. Once in the used and characterized previously in experiments by
reaction flow-tube, mass-selected ions can react with Kato et al.[22]. The center-of-mass collision energy,
pure VOC standards or compounds in sampled air and therefore the extent of fragmentation, can be
as they flow towards the detection region. Following tuned reproducibly during SIFT-CID by changing
reaction, gases are pumped away using a second higithe SIFT injection voltage. The SIFT injection volt-
throughput roots blower and mechanical pump and age is defined as the potential difference between the
the final distribution of reagent and product ions is ion-source flow-tube and the SIFT injection-plate.
sampled into the differentially pumped detection re- The CID products resulting from this treatment, like
gion (<10~8 Torr). lons are then mass selected using other CID experiments, can be very sensitive to the
Q3 of a triple—quadrupole mass filter and detected structure of the # — 1]~ anion and can often provide

with an electron multiplier. clues to ion identity.
Collision-induced dissociation can also be studied
2.1. Generation of OH, [M — 1]~, and HRO* using the triple quadrupole by generating the-f 1]~

anion in the reaction flow-tube, mass selecting the ion
To generate OH anion, electron ionization of  with Q1, performing CID in Q2 by addition of a col-
trace amounts of pD is used to produce the®O lision gas, and then measuring a mass spectrum using
radical-anion. This anion then abstracts hydrogen Q3. These experiments were not attempted due to the
from CH,, also added to the ion source, to form the low [M — 1]~ product ion-densities achievable while
OH~ anion. This anion can be mass selected and monitoring trace gases with this instrument. Trace
injected into the reaction flow-tube or be used to gas monitoring generates product ions in the reaction
generate other anions of interest while still in the ion flow-tube having number densities generally much
source flow-tube. less than 10% of the reagent ion density for each
The [M — 1]~ anions of each VOC were gener- VOC present. As the maximum OHanion signal
ated by adding small flows of the appropriate volatile achievable was 30,000 counts's product ion signals
standard to the ion source downstream of Odthion rarely exceeded 1000 counts's This represents in-
generation. The OH anion abstracts a proton from sufficient ion-density to perform a triple—quadrupole
compounds that are more acidic than water to form the CID experiment without significant loss of signal due
[M —1]~ anion with varying yields. These ions can be to ion scattering in the second quadrupole.
mass selected and injected into the reaction flow-tube Higher [M — 1]~ anion number densities can
for further study. be produced if the instrument is operated as a
The H;O™ cation was used only for comparison pur-  flowing-afterglow where OH anions are generated
poses in this study and was generated by electron ion-directly in the reaction flow-tube using electron ion-
ization of trace HO added to the ion-source flow-tube. ization followed by addition of VOCs or sample air.
Although higher M — 1]~ product signals can be
2.2. Collision-induced dissociation by SIFT obtained for potential triple quadrupole CID studies,
injection this mode of operation also increases background and
adds NO and CH reagents to the reaction region.
Multiple collisions with He buffer gas upon injec- Normal operation of the instrument using the SIFT
tion of [M — 1]~ anions into the reaction flow-tube quadrupole was preferred and resulted in essentially
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zero background at aftvz of interest with no impu- 2.5. Monitoring of plant VOCs

rity gases present and provided sufficient sensitivity

for our purposes. However, with this mode of oper-  Aninlet far upstream in the reaction region was used
ation, SIFT-CID was the only practical method for to sample air for monitoring plant VOCs. A reaction

generating observable fragment ions. distance of 93 cm was determined empirically by vary-
ing a calibrated flow of isoprene through the sampling

2.3. lon/molecule reaction rate coefficients and inlet while monitoring OH anion signal. As the rate

reaction products coefficient between OHand isoprene has previously

been measurgl@5], the reaction distance was used as

lon/molecule reaction rate coefficients and prod- a variable to fit the known rate coefficient to reagent
ucts for reaction between OHanion and numerous ion loss and flow rate data. The air-sampling inlet was
VOCs were determined. Rate coefficients were mea- not heated and consisted of2cm of 0.63cm o.d.
sured by adding a constant, calibrated flow of pure re- teflon tubing, a needle valve, a flow meter, anélcm
actants through stationary inlets positioned at regular of 0.63 cm o0.d. stainless steel tubing. The Tylan mass
distances along the reaction flow-tube. The slope of a flow meter was calibrated with dry room air. No cor-
semi-logarithmic plot of reagent anion intensity as a rection for the humidity of the sample air was applied;
function of reaction distance was used to determine the this correction has been demonstrated elsewfi&ke
rate coefficient. A more thorough description of such for mass flow controllers, and would increase mea-
measurements can be found in Van Doren ef2d]. surement accuracy as plant samples generally released
Products from reaction of OHand each pure standard  high concentrations of water. Periodic measurements
were determined by recording a mass spectrum over of the total flow-tube pressure and temperature near
them/zrange of~0-200 while a stable flow of a partic-  the reaction region were taken to improve concentra-
ular compound was being introduced into the reaction tion estimates where applicable and to demonstrate
flow-tube. Because of the limitet¥/z range recorded,  stability of reaction conditions over the course of an
data exists only for those ions up to and including the experiment. Sample flow rates were controlled with
[M — 1]~ anion for most compounds. In most cases, the needle valve and generally remained at approxi-
minor amounts of VOC/anion clusters withvéz ratio mately 0.7 STP crhs~1. Once set, the flow rate of air
corresponding ta/[M — 1]~ andM>[M — 1]~ anions through this inlet varied by less than 2% over a given
were observed and, at least in one case, secondary reday. Typical flow-tube pressures ranged from 0.475 to
action products were also observed at a mass-to-charged.500 Torr. The laboratory temperature near the reac-
ratio well above that of thelf — 1]~ anion. These sec-  tion flow-tube remained at300 K for all experiments.
ondary and association products are not reported here.

2.6. Plant sample preparation
2.4. H/D exchange
All plants were grown in the Chemistry Depart-

After an [M — 1]~ anion has been introduced into ment greenhouses at the University of Colorado in
the reaction flow-tube it can be allowed to interact with normal potting soil. Plants were periodically fertilized
deuterated reagents (GOD in these experiments) and pesticides were intermittently applied. Several va-
added through any of seven inlets along its length. Dur- rieties of white clover Trifolium repen3 were grown.
ing the course of interaction, H/D exchange between In addition, cassavaManihot esculentp eucalyptus
the reagent and the anion will occur with accessible (Eucalyptus polyanthempsand cottonwoodRopulus
protons and generate a distribution of H/D exchange deltoide$ were also grown. Seeds for Dutch white
product ions. This process has been studied in-depthclover were obtained from Arkansas Valley Seed Co.
by DePuy et al[24]. (Lot #021-5413). Other varieties of clover were more
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specialized and had been screened or developed previcaster, 97%; butanal, Lancaster, 99%; butanone,

ously based on their varying abilities to produce HCN.

Fisher, 99.70%; isoprene, Aldrich, 99%; 2-methyl-

These varieties and screening studies are mentioned3-buten-2-ol, Aldrich, 98%; 3-methyl-2-butene-1-ol,

in more detail by Pederson and Brifik7] and Saucy
et al.[28]. Seeds for cyanogenic varieties HCNpi and
BLHplus as well as acyanogenic BLHminus were gen-
erously provided by Gary Pederson of Mississippi
State University. Seeds for Aran clover were obtained
from the U.S. National Plant Germplasm System, Pull-
man, WA. Seeds for Ladino clover were obtained from
Germinal Holdings Ltd., Banbridge, N. Ireland.

Plant samples were prepared by cutting approxi-
mately 3-5 g of fresh plant material, including leaves

Aldrich, 99%; ()-3-hexenyl acetate, Bedoukian,
not listed; E)-2-hexenyl acetate, Aldrich, 98%;
(2)-3-hexen-1-ol, Aldrich, 98%,; H)-2-hexen-1-ol,

Aldrich, 96%; E)-3-hexen-1-ol, Lancaster, 97%;
n-hexanal, Aldrich, 98%:; 4)-3-hexenal, Bedoukian,
50% in triacetin; E)-2-hexenal, Aldrich, 98%; hexyl
acetate, Aldrich, 99%; hexyl alcohol, Aldrich, 98%;
CD30D, Cambridge Isotope Laboratories, 99.8%.

and stems, from trays in the greenhouse. Plants were3, Results and discussion
sampled at various seasons of the year but were gen-

erally cut in the morning without regard to prior fer-
tilization, watering, or application of pesticides. Plant
clippings were weighed and then wounded by freez-
ing in liquid nitrogen. This treatment has been shown
to provide homogeneous wounding by rupturing cell
walls through the freezing and expansion of water in-
side each plant cell. Upon thawing, any VOCs stored
in the plant cells are liberated, as are VOCs imme-
diately generated by the action of wounding if enzy-
matic production has not been disrupted by the liquid
nitrogen treatment. Polyethylene bags-etL vol-

3.1. lon/molecule reaction studies

The ion-chemistry presented here provides useful
information for quantifying and identifying many
biogenic wound VOCs and for distinguishing some
of their structural isomers. A few of the compounds
tested are not wound compounds specifically but are
included to add to the ion-chemistry database for
future reference.

3.1.1. Rate coefficients

ume and 0.6 mm thickness were used as sampling A summary of measured reaction rate coefficients,
chambers where frozen, wounded plant material could rate coefficients calculated using the parameterized

thaw. Sample bags were filled with room air using a
hand-pump prior to thawing and were generally pre-

trajectory collision theory of Su and Chesnav|2d],
and rate coefficients found in Ikezoe et E0] for

pared about an hour before sampling. Larger plant the reaction between OHand each VOC is given
samples in a glass flask were used when generatingin Table 1 For comparison, complementary data for

[M — 1]~ anions directly in the ion-source flow-tube

H3O™ are given inTable 2 Original citations for

for subsequent H/D exchange analysis. Empty sampleliterature values are: HCN (with 40T [31], with
bags and flasks were tested to account for any back-OH™ [32]), acetone (with both D+ and OH [33]),

ground arising from the polyethylene and glass sur-
faces or the room air used.

2.7. Compound sources and purities

The following is a list of compounds, vendors,
and the quoted purity for all volatile standards
tested. Compounds were used without further pu-
rification. Acetone, Fisher, 99.60%; propanal, Lan-

isoprene (with OHF [25]), hexenals (with both kD™

and OH [20]), and hexyl alcohol (with BO™* [34]).
Dipole moments and polarizabilities used in calcu-
lating rate coefficients are listed ifable 3 Where
dipole moments were unavailable in Lifg5], they
were estimated based on homologous series of com-
pounds with known values. Where polarizabilities
were unavailable, they were estimated based on the
methods of Miller and Savchif36].
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Table 1
Reaction rate coefficients for OHreacting with VOCs and HCN
Compound OH 2 (x109cm? Collision rat® Lit.2¢ (x10~2cm?
molecule1s™1) (x102cm®* molecule1s71) molecule1s™1)
Hydrogen cyanide N 4.3 35 0.7
Propanal 3.2- 0.5 3.9 N
Acetone 3.5+ 0.8 4.1 3.7+ 0.9
Butanal 3.2+ 0.7 4.0 N
2-Butanone 3.5: 0.5 4.0 N
Isoprene 1.8+ 04 2.1 1.3
2-Methyl-3-buten-2-ol 2.5t 04 3.2 N
3-Methyl-2-buten-1-ol 2.8t 0.5 3.2 N
trans-2-Hexenal ~3d 4.1 ~4
cis-3-Hexenal ~5d 4.1 ~4
cis-3-Hexen-1-ol ~2d 31 N
trans-2-Hexen-1-ol ~3d 3.1 N
trans-3-Hexen-1-ol 2.4+ 0.3 3.1 N
n-Hexanal 3.3+ 0.6 4.1 N
Hexyl alcohol 2.8+ 0.5 3.0 N
Hexyl acetate 29 04 3.4 N
trans2-Hexenyl acetate 2804 34 N
cis-3-Hexenyl acetate 3.8 04 3.4 N

a“N” indicates that the VOC was not studied or that no literature value could be found.

b Rate coefficients were calculated by the parameterized trajectory collision theory of Su and Chef@®@dviasing polarizability and
dipole-moment values froriiable 3

CLiterature values were mainly taken from lkezoe et[&0]. Original citations are also given in the main teSte¢tion 3.1.1

dWhere uncertainties are omitted, changes in compound flow rates caused a systematic variation in the rate coefficient measureme

All measured rate coefficients are averages of Complementary data for reaction withz8*" are
at least three independent rate determinations. Thegiven in Table 5 for comparison. Minor products
lack of reported uncertainties for theis-3- and have peak intensities less than half those of major
trans-2-hexenal, as well asrans2-hexen-1-ol and  peaks. The numbers in these tables should be used as
cis-3-hexen-1-ol rate coefficients, reflects systematic a general guideline for ion masses that are produced
instabilities in neutral flow rates encountered during by reaction between OHand a given VOC rather
measurement. These instabilities were also reported bythan as a definitive list of peak-heights and iore
Spanel et al[20] following attempts to measure reac- ratios which will appear during trace gas monitoring.
tion rate coefficients witltis-3- andtrans-2-hexenal. Under the experimental conditions, association reac-
All measured rates are close to the calculated, col- tions generated ions withvz up to Mo[M — 1]~ for
lisional values, demonstrating that the negative Cl some compounds. Secondary reactions between prod-
reactions are as efficient as proton-transfer reactionsuct anions and excess neutral carbonyl compounds,
using HO™. Due to the uniform efficiency of these identical to those reported by Sheldon et @7],
reactions, either measured or calculated values maywere observed in a test of benzaldehyde although the

be used for quantification of VOCs. results are not reported here. It also seems reasonable
that gas-phase base-catalyzed Claisen—Schmidt reac-
3.1.2. Reaction products tions might occur as reported by Haas and G{88%

Reaction products for the reaction of each com- although these products were not studied specifically
pound with OH" are listed inTable 4based on their  and should be indistinguishable from the association
relative peak heights taken from a mass spectrum. product. Association and secondary processes should
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Table 2
Reaction rate coefficients forg®* reacting with VOCs and HCN
Compound HOt 2 (x10~2 cm?® Collision rat® (x10~° cm? Lit.2¢ (x102cm?
molecule1s™1) molecule1s1) moleculels™1)
Hydrogen cyanide N 4.2 3.5 0.7
Propanal N 3.8 N
Acetone N 3.9 3.9+ 0.9
Butanal 3.6+ 0.6 3.8 N
2-Butanone 3.3t 0.6 3.9 N
Isoprene N 2.0 N
2-Methyl-3-buten-2-ol 22+ 04 3.1 N
3-Methyl-2-buten-1-ol 2% 05 3.1 N
trans-2-Hexenal ~4d 3.9 ~4
cis-3-Hexenal ~3d 3.9 ~4
cis-3-Hexen-1-ol 2.8+ 05 2.9 N
trans-2-Hexen-1-ol ~3d 2.9 N
trans-3-Hexen-1-ol 25+ 04 29 N
n-Hexanal 3.4+ 0.7 3.9 N
Hexyl alcohol 2.6+ 0.5 2.9 29
Hexyl acetate 3.2 0.6 3.3 N
trans2-Hexenyl acetate 3. 05 3.2 N
cis-3-Hexenyl acetate 3.2 05 3.2 N

2“N” indicates that the VOC was not studied or that no literature value could be found.

bRate coefficients were calculated by the parameterized trajectory collision theory of Su and Chef@®dviasing polarizability and
dipole-moment values froriable 3

¢ Literature values were mainly taken from Ikezoe eff@0]. Original citations from this work are given in the main teSegtion 3.1.1

dWhere uncertainties are omitted, changes in VOC flow rates caused a systematic variation in the rate coefficient measurement.

not be observable under rigorous trace-gas monitor- form [M —29]~ anions, and gHg (or H,CO) to form

ing conditions in which the neutral concentrations [M — 31]~ anions which are all observed irable 4

are substantially lower. High water concentrations Characteristic product ions such a®z 59, presum-
encountered during most air-monitoring experiments ably the anion of acetic acid, are observed when
will also change relative peak heights from those re- testing compounds containing an acetate group. Char-
ported in the table. Mass discrimination effects are acteristic fragment ions such ag/’z 41, an anion
constant for all reaction product measurements and produced by many different compounds and often
should not affect the gross features of these results. corresponding to the HO~ anion, are also observed.

Proton abstraction reactions involving OHpro- Even in this relatively small subset of biogenic
duce a range and diversity of ions similar to that pro- VOCs, there are numerous compounds producing
duced by proton transfer reactions involving®. major ions whosemn'z ratios overlap following reac-

An in-depth analysis of ionic products resulting from tion with OH™. For example, acetone and propanal,
each reaction is beyond the scope of this work. The butanone and butandtans2- andcis-3-hexenal, and
interested reader is referred to the first chapter of trans2- andcis-3-hexenyl acetate fall into this cate-
Russel[16] and references therein for discussion of gory. Although minor ions may provide a method of
decomposition of f — 1]~ anions as many of the mi-  positive identification, for examplérans-2-hexenal
nor peaks can be attributed to the breakdown of theseand cis-3-hexenal might be distinguished by the ap-
anions. This includes examples showing losses of H pearance of an ion atvz 69, minor ions may not be
to form [M — 3]~ anions, CH to form [M —17]~ an- observable or may overlap with other ions in the pres-
ions, HO to form [M —19]~ anions, GH4 (or CO) to ence of complex mixture of VOCs. If a minor ion is
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Table 3 Table 4
Polarizability and dipole moment values for VOCs and HCN Products of the reaction between Oldnion and volatile standards
Compound Polarizabilifi Dipole and HCN
(x10-24cm?) moment¢ (D) Compound Major Minor
- products vV2) product&® (m/z)

Hydrogen cyanide 2.53 2.99 Hvdrogen cvanide 26 N
Propanal 6.5 2.72 Py 9 | Y 57 N
Acetone 6.37 2.88 Aro'ct’a”a o N
Butanal 8.2 2.72 Bcf O”f o N
2-Butanone 8.13 2.78 ) “Bz‘?:none o \
Isoprene 9.99 0.25 Isoprene 67 41 39
2-Methyl-3-buten-2-ol 104 1.9 ’
M ethiI-Z-but ol lo4 o 2-Methyl-3-buten-2-0l 85 69, 57

' | 3-Methyl-2-buten-1-ol 85, 67 83, 45, 35
trans-2-Hexenal 11.6 2.7 trans-2-Hexenal 97 45

is-3-H I 11. 2.7 )

ﬁ:ﬁ;@iﬂiol 12 g 17 cis-3-Hexenal 97 69, 45
trans-2-Hexen-1-ol 12'2 1'7 cis-3-Hexen-1-ol 99 81, 69, 35
trans 3-Hexen-1-ol 122 17 trans-2-Hexen-1-ol 99 97, 81, 35

) ) trans-3-Hexen-1-ol 99, 35 97, 81, 71,
n-Hexanal 11.9 2.7 69. 57 45
Hexyl alcohol 125 1.6 H | 99 N‘ ’
Hexyl acetate 16.2 1.9 :exe)l(a}aﬂgohol 101 N
trans2-Hexenyl acetate 16 1.9 Hexil acetate 143 59 N
cis-3-Hexenyl acetate 16 19 trans2-Hexenyl acetate 59 141, 41

aWhere multiple values were found in Lid85], the average cis-3-Hexenyl acetate 59 141, 77, 41

value was taken.

bWhere no polarizability values were available, they were
estimated using the method of Miller and Savcf8].

¢Where no dipole-moment values were available, they were
estimated based on homologous series of compounds.

aMinor products are less than half the intensity of major
products.
b“N" indicates that no minor products were observed.

Table 5
Products from the reaction betweers®f cation and volatile

used to quantify a VOC, the overall sensitivity of the Standards and HCN

technique is limited by its measurement since it must Compound Major Minor
. . e . products V2 product&® (m/z)
either be used directly for quantification or for deter- _
.. . . Hydrogen cyanide N N
mining the fraction of a more abundant ion due to an propanal N N
individual compound. Other methods are needed to Acetone N N
provide structural information when minor peaks are Butanal 73 55, 43
ilabl h . for id ificati 2-Butanone 73 43
not available or otherwise suspect for identification 5.5 one N N
purposes. 2-Methyl-3-buten-2-ol 81, 69 87
3-Methyl-2-buten-1-ol 81, 69 85
trans-2-Hexenal 99 81, 57, 47
3.13. CID prc,)dUCtS ) cis-3-Hexenal 99, 81 71, 69, 47, 43
Fragmentation products of\f — 1]~ anions are  (js3-Hexen-1-ol 83 101, 99, 67
listed in Table 6based on their relative peak heights trans2-Hexen-1-ol 83, 81 101, 99, 95
in a mass spectrum. Minor products have peak heights ”"ﬂ‘ﬁ‘H‘ixe“‘l‘o' fgl 6 13%1' 99, 69
. n-Hexanal ,
less Fhan half that of- major peaks. then, only f':\ low Hexyl alcohol 85 87. 86
density of M — 1] ions could be introduced into  Hexyl acetate 61 145, 85
the reaction flow-tube following ion-generation and trans2-Hexenyl acetate 83 143, 61, 33
cis-3-Hexenyl acetate 143, 83 61

mass selection. When the pareM | 1]~ ion was

not abundant, fragment ions were often only slightly @Minor products are less than half the intensity of major
products.

above the baCkground of around 04 counts iny b“N” indicates that the compound was not tested or that no

those peaks are reported which had a peak height atminor products were observed.
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Table 6
Fragment ions observed following SIFT-CID of th& |- 1]~ ion of each VOC
Compound M- 1] Vinj® (V) Major fragment Minor fragmen® (m/2)

injected (W2) (m/2)
Hydrogen cyanide N N N N
Propanal 57 40 57 55, 41, 27, 17
Acetone 57 40 57, 41 39, 17
Butanal 71 40 71 69, 55, 43, 41, 27, 25, 17
2-Butanone 71 40 71 69, 55, 43, 41, 27, 17
Isoprene 67 30 67 N
2-Methyl-3-buten-2-ol 85 30 57 85, 69, 41, 27, 17
3-Methyl-2-buten-1-ol 85 30 67 85, 57, 55, 27, 17
trans-2-Hexenal 97 40 97 95, 82, 69, 67, 55, 53, 43, 41
cis-3-Hexenal 97 40 97 95, 82, 69, 67, 55, 43, 41, 27, 17
cis-3-Hexen-1-ol 99 40 69 99, 97, 17
trans-2-Hexen-1-ol 99 40 97 99, 71, 69, 17
trans-3-Hexen-1-ol 99 40 69 99, 97, 43, 17
n-Hexanal 99 40 99 97, 71, 57, 55, 43, 41, 27, 17
Hexyl alcohol 101 40 99 101
Hexyl acetate 143 40 41 143
trans2-Hexenyl acetate 141 40 41 141, 72, 69
cis-3-Hexenyl acetate 141 40 41 141, 111, 59

aThe injection voltage is defined as the potential difference between the source flow-tube and the SIFT injection plate. The injection
voltage correlates with the center-of-mass collision energy as observed during previous [2Ridies

b Minor products are less than half the intensity of major products.

¢ Although HCN was not studied, the CNanion is very stable and will not dissociate under our SIFT-injection conditions.

least double that of the background noise (S/N of  Fragment ion products show some similarities to
2:1). Under more favorable fragmentation conditions, the simple OH reaction products, although the two
additional fragment ions might be observed. Unlike are rarely identical. For a more in-depth discussion of
measurement of reaction products, no excess neutralmechanisms of CID, the reader is again referred to the
carbonyl was available in the reaction flow-tube to first chapter of Russ€l6] and the references therein.
undergo clustering or secondary reactions with the Variable amounts of the — 1]~ anion remain intact
[M — 1]~ anion being tested. The only other interfer- following SIFT—CID for most compounds. A large in-
ences arise from insufficient mass selection for larger crease in the occurrence of the [- 3]~ (loss of )
anions with the SIFT quadrupole or persistent con- ion is also observed compared to simple Okéac-
tamination of the ion source inlets with isomeric com- tion products. Characteristic ion pairs separatedizy
pounds during a previous experiment. For the majority of 2 (for examplemz 69 and 67, om/z 55 and 53,

of the [M — 1]~ anions tested, clean mass selection or m/z 43 and 41) are also frequently observed. The
was easily achievable as the ion of interest was sepa-hydroxide anionm/z 17 (OH™), is also often gener-
rated from all other ions by at least 2 mass units and ated in small amounts. This anion possibly arises from
the selection region quadrupole was operated with a the carbonyl oxygen as no residual Olffom the ion
resolution of at least 1 mass unit. During these exper- source reaches the main reaction flow-tube following
iments, care was taken to avoid using compounds thatmass selection of ad{ — 1]~ anion. However, no sys-
would produce M —1]~ anions with identicat/zdur- tematic testing of oxygenated versus non-oxygenated
ing back-to-back experiments, through the same inlet, compounds was performed to explore this issue.

or even on the same day to minimize interference by = Compounds such as acetone and propanal, whose
structural isomers. simple reaction products are almost identical, can be
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(a) SIFT-CID of Acetone and Propanal
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(b) SIFT-CID of Acetone
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Fig. 3. (a) Fragment ions following SIFT-CID a@fVz 57 generated using acetone and propanal. Anions derived from these compounds
can be distinguished based on the peak heightvaf41. (b) SIFT-CID ofnmvz 57 generated using an acetone standard. Variation of the
SIFT injection voltage, defined as the potential difference between the ion-source flow tube and the SIFT injection plate, can be used
systematically change the relative peak height of the fragmentzatl.

distinguished based on their characteristic fragment age of these molecules at the acyl hydrogen followed

ions (Fig. 39. Even compounds that generate identi-
cal fragment ions, such ag/z 69 which arises from
cis-3- andtrans-2-hexenal, can be distinguished based
on peak heights under reproducible SIFT-CID con-
ditions as was shown in previous wdi®9]. Relative
peak heights can be controlled reproducibly by varia-
tion of the injection voltage, which correlates with the
center-of-mass collision energki¢. 3. In the case

of acetone and propanal, the anionnalz 41 arises
through the loss of methane via the methyl radical
which is facile for the enolate anion of acetone but not
so for that of propanaKjg. 49. In the case ofrans-2-
and cis-3-hexenal, the minor peak a¥z 69 is more
abundant fortrans-2-hexenal and allows these com-

by rearrangement to a more stable aniig( 4b).
This hydrogen is generally not accessible to abstrac-
tion using OH™ anion as can be seen in acetaldehyde
which has a gas-phase acidity €890 kcal/mol[40]
(Fig. 4b), identical to that of water. The gas-phase
acidity of this site ontrans2-hexenal is made ac-
cessible to proton abstraction by OHhrough the
proximity of the C—C double bond to the carbonyl
carbon. Incis-3-hexenal, the double bond is further
away and does not favorably affect the gas-phase
acidity of its acyl hydrogen. The gas-phase acidity
of the analogous hydrogen in acrolein has not been
measured to show the effect of a double bond on the
gas-phase acidity of the acyl hydrogen. The gas-phase

pounds to be distinguished. The greater abundanceacidity of the hydrogen on the carbon atento the

of m/z 69 in trans-2-hexenal arises from loss of CO,
presumably following deprotonation of some percent-

carbonyl carbonKig. 40, however, has been mea-
sured as 375 kcal/m¢#1] and has been shown to be
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(a) propanal

o
| —» CHO 4+ H,
H3CHC=C/H

m/z 57 m/z 55
acetone
(I) CH
—» HCCO’
HaC=C/-CHy o
m/z 57 m/z 41
(b) acetaldehyde acrolein
(0] H (0]
He C)J\H H/\/N\H ~— <390 kcal/mol?
H \
390 kcal/mol 375 kcal/mol
cis-3-hexenal
(0]
\/MH 7L> \/_\_/H + CO
B H
H
m/z 97 m/z 69

trans-2-hexenal

]

J .
W‘ _>/\HH6Q_’H Co

i \_/
m/z 97
/\/\—H m/z 69

H H

Fig. 4. (a) Acetone and propanal enolate ions lose methane and hydrogen, respectively. This loss accounts for the greater abundance of
the m/z 41 fragment ion of the# — 1]~ anion of acetone. (b) The hydrogen atonto the carbonyl carbon is abstracted frais-3- and
trans-2-hexenal following reaction with OH However, thetrans2-hexenal M — 1]~ acyl anion also forms and may undergo loss of CO.

the main site of deprotonatiof?2]. It is likely that stracted by OH. Increased abundance of this specific
deprotonation oftrans-2-hexenal is also favored at ion will give rise to CID resulting in loss of CO and
this site or sitesx to the double bond on the opposite a higher fragment peak at¥'z 69. Additional support
side from the carbonyl carbon. However, the acidity for this mechanism is that loss of CO has been ob-
of the acyl hydrogen will be decreased sufficiently served from a dimer of the acroleiM[— 1]~ anion
below 390 kcal/mol that some percentage will be ab- [42].
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SIFT-CID fragment ions are indispensable for dis- H/D exchange products are observed atrttieof the
tinguishing many of the isomeric compounds listed [M — 1]~ anion as well as thevz of the [M — 1]~
here. This analysis is somewhat simpler than relying anion plus that of CBOD. Ratios of peak heights for
on observation of minor reaction products since the clustered ions such as 94/93 (for the acetone/propanal
parent [ — 1]~ anion is isolated from the complex pair) and 108/107 (for the butanone/butanal pair) can
sample matrix prior to SIFT—CID. The resulting frag- be used as sensitive indicators of whether an aldehyde,
ment ions cannot be confused with other, simultaneous a ketone, or a mixture of the two is present while gen-
ion/molecule reaction products. Isolation of a single erating an 4 — 1]~ anion during air monitoring. This
ion does not provide for the fact that different neutral ratio is given for pure acetone, propanal, butanone, and
precursors might generate identical anions, for exam- butanal inFig. 6 using a single flow rate of C4DD.
ple 2-methyl-3-butene-2-ol and acetone have different
molecular weights but both produce an iomat 57. 3.2. Application to cyanogenic plants
However, isolation of an anion does open the door to
other methods of distinguishing isomeric ions such as  As mentioned inSection 1 a variety of green
the use of ion/molecule reactions capable of probing plants produce cyanogenic glycosides that give rise to

ion structure. volatile carbonyls and HCN upon leaf wounding. In
this work we extend earlier studies applying negative
3.1.4. H/D exchange ion CIMS using OH to the analysis of headspace

The isomeric M — 1]~ ions generated using pure gases from wounded cyanogenic and acyanogenic
acetone and propanal as well as butanone and bu-plants [39] to the simultaneous detection of HCN,
tanal standards were reacted with 4TID to probe the  acetone, and butanone. These compounds should be
number of hydrogen atoms that would be exchanged released following breakdown of linamarin (acetone
with deuterium. As expected, based on proximity to and HCN) and lotaustralin (butanone and HCN), re-
the carbonyl carbon and acidities of hydrogen atoms, spectively Fig. 1), and are seldom measured simulta-
propanal and butanal exchanged a single proton andneously or with a single instrument. Plant headspace
only in small yield. The ketone anions exchanged up measurements were alternated with measurements of
to the total number of hydrogen atoms as observed room-air bubbled through water in order to match hu-
previously by DePuy et a[24]. midity conditions and test the lab air for background

In order to observe full exchange, excess;OD impurities. These alternating samples, measured dur-
must be added to the reaction region. Due to high ing a single experiment, are shownFiyg. 7. During
concentrations of these species in the reaction region, a typical experiment, the OHreagent ion generally
both deuterium exchange reactions with the deuterateddecreased over time as the ion-source drifted, but
reagents (3) and association reactions (4) are observechever decreased by more than 6% due to reaction
simultaneously. with VOCs. Large variations in water concentration

occurred following sampling of cassava and cotton-

CHsCO)CHz ™ + CDsOD wood due to limitations in the sample size. Aside

— CH3C(O)CHD™ + CDsOH ) from these plants, water concentrations remained ap-
proximately constant throughout a given experiment,

CH3C(O)CHD™ + CD30OD even between plant samples and blank, humidified air
EECH3C(O)CHD‘(CD30D) ) samples. Results were highly reproducible and did

not seem to be affected by watering, fertilizing, or

Mass spectra forlf — 1]~ anions of acetone and application of pesticides to the plants, although this
propanal following H/D exchange and association re- was not investigated systematically. The thawing time
actions with CRROD appear inFig. 5a and blonic and the time between cutting and freezing of plant
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(a) Acetone H/D exchange

intensity

| N S S B B N B B B B B B N B L B I N B B B

50 55 60 65 70 75 80 85 90 95 100

m/z

(b) Propanal H/D exchange

intensity

L S o e e e e S B S S S S S B S S S S S B N S e e B

50 55 60 65 70 75 80 85 90 95 100

m/z

Fig. 5. (a) Acetone  — 1]~ anion participates in H/D exchange and association witk@D. Up to five exchanges are observed. (b)
Propanal M — 1]~ anion participates in H/D exchange and association reactions wigOODOnly a single exchange is observed.

Ratio of Peak Heights Following H/D Exchange
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Fig. 6. Ratios of CHC(O)CHD (CDsOD) to CHC(O)CH, (CD3OD) peak heights and G€H,C(O)CH,~(CDsOD) to
CH3CH,C(O)CD (CD30D) peak heights observed using acetone, propanal, butanone, and butanal standards to generate Mie-itjitial [
anion @wz 57 for acetone andan/z 71 for butanone). These ratios are also given using an HCNpi clover sample to generate the initial
[M — 1]~ anion. These results, including estimated uncertainties, suggest that acetone and butanone are the main species emitted.
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Gas-Phase Concentration
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Fig. 7. Mixing ratios of acetone, butanone, and HCN observed in sample headspace for nine different plants. Acyanogenic species includ
P, cottonwood Ropulus deltoides 2.17 g; E, eucalyptusEucalyptus polyanthemps0.57 g; M, BLHminus clover, 0.19g; D, Dutch white
clover, 0.15¢; L, Ladino clover, 0.17 g. Cyanogenic species included: C, cagdawéh¢t esculentp 0.01g; B, BLHplus clover, 0.20g;

A, Aran clover, 0.19g; H, HCNpi clover, 0.25¢g. A blank of humidified room air is sampled between plant experiments.

material also did not seem to affect the magnitude or observed but was negligible in comparison to the other
character of the plant emissions. No emissions from adduct ions. The ratio of cluster ions OfH20),, for
empty polyethylene bags or the glass sampling cham-n = 0, 1, 2, 3 with respect to their sum was generally
ber were detected in separate experiments, althoughnear 98.5:1.4:0.1:0,0 Additionally, each of the clus-
room air often contained a small amount of water and ter ions,n > 0, is assumed to react with a particular
sometimes generated trace amounts of @t m/z 32. VOC at the same rate as the bare Obhion so that
lon signals can be converted to mixing ratios in only one reaction rate coefficient needs to be used
the sample bag using the simple model given by the for quantification of a given VOC. Rate coefficients

expression: for the reaction between OHH20), anions and sev-
1 [OH] eral species have been measured experimerjtgly
[VOC] = — <Et> In ([OH]I) (5) These studies show a decrease in the reaction rate co-
0

efficient with increasing n that depends on the nature
The variable [VOC] is the concentration of neutral of the reacting species. Rate coefficients begin to drop
VOC molecules in the reaction region (molecule rapidly for reaction between OHH20), and CQ
cm3), k the reaction rate coefficient (Gmole- [44] and HBr[45] beginning at: = 4 and 8, respec-
cule 1 s1), tthe reaction time (s), [OH], the reagent  tively. The reaction rate with acetorjé6] decreases
ion concentration following reaction with the VOC in  rapidly atn = 2. Since the most abundant reactant
question (molecule cn?), and [OH ]o is the reagent  ions in our system are = 0 and 1, only a small error
ion concentration before reaction. Reaction time can iS expected from using the rate constant fio= 0
be calculated based on flow, pressure, temperature,and applying this to all species. Further, it is unlikely
and reaction distance measurements and these sam#hat reaction products different from those observed
measured variables can be used to calculate the mix-when exclusivelyn = 0 is present will be pro-
ing ratio of the VOC in the sampled air. duced under these conditions. The varying amounts
The total reagent ion signal was assumed to consist of water released by each plant sample should not
of the sum of the OH(H20)o,1,2 cluster ions atn/z drastically affect quantification results for our pur-
17, 35, and 53 due to the humidity of the sampled air. poses here, although it may be a significant effect
A small amount ofVz 71 (OH(H20)3) could also be if high accuracy is desired. Mass discrimination and
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differential diffusion were also not taken into account tion. A slight background atvz 71 is observed while
for these measurements. Corrections for humidity, sampling humidified room air and is attributed to the
mass discrimination, and differential diffusion have adduct OH (H2O)3; anion. The average background
been discussed by Spanel and Srfdffi. In our study, contributes~0.13 ppmv to the butanone signalratz
however, most ions are relatively smath/¢ < 100) 71 and this value is uniformly subtracted from all
so that corrections would not be large. subsequent quantification of butanone.

Total product ion signal generally consists of the In order to ascertain that acetone and butanone are
sum of the baself —1]~ ion and the first water cluster.  the precursor VOCs leading to signalsnalz 57 and
The natural isotopic abundance of each ion or any 71, H/D exchange data from standards were com-
possible minor fragments were not included although pared with [/ — 1]~ anions generated by sampling
they are needed for more exact quantification in the headspace from the HCNpi variety of clover into the
absence of empirical calibration. The sum of the total ion-source flow-tubeFig. 6 summarizes the results
parent ion signal and the total product ion signal for of this experiment and gives the ratio of peak heights
a given compound was used as the total parent signalof CD3OD-clustered product ions 94/93 and 108/107
prior to reaction, given as [OHg in Eq. (5) observed following interaction afVz 57 with CD;0D

Fig. 7is a plot of acetone, butanone, and HCN re- andm/z 71 with CD;0D. Clustered product ions were
leased by nine different plants. All plants were tested compared since they had greater peak heights. Within
during a single experimental effort in order to main- experimental uncertainty, the ratios observed using a
tain consistent reaction conditions and to simplify plantas the source of ions are closest to those observed
intercomparison of results. Variation in sample sizes when using pure acetone and butanone standards.
is largely due to difficulties in weighing exact masses This suggests that the identities of the compounds
into sample bags before leaf material began to thaw released by HCNpi clover are acetone and butanone
and adhere to surfaces, although sample weights forrather than propanal or butanal. Following this mea-
cottonwood, eucalyptus, and cassava were chosensurement, pure aldehydes were also added to the plant
for the convenient headspace concentration of VOCs gases and the observed ratios changed accordingly.
produced. Different letters iRig. 7 identify the plant The production of 4 — 1]~ anions in the presence of
being studied and show the general time during which water in the ion source raises the possibility of simul-
each sample was present on the sampling inlet. taneously SIFT injecting both the butanomé | 1]~

Only known cyanogenic plants, including cassava, anion atm/z 71 and OH (H2O)3 anion, also aim/z
BLHplus, Aran and HCNpi clover, produced simul- 71. However, no evidence exists that ion coincidence
taneous signals for HCN, acetone, and butanone.interfered with H/D exchange measurements. Based
Acyanogenic plants showed only background signals on these tests, if any aldehyde was present, it was
for these volatile compounds. The dataFiy. 7 ex- below our detection limits. During separate experi-
hibit a slight inlet memory effect typified by a gradual ments, sufficient densities of fragment ions could not
rise in total HCN background signal over time after be produced by SIFT-CID using a plant sample to
sampling gases from several cyanogenic plants. Theseuse the data as a second, independent means of identi-
effects can also be seen in the sloping rise of the fication. Due to the well-documented occurrence and
HCN signal near sample maxima as well as gradual breakdown of cyanohydrin precursors, it is assumed
fall-off of the HCN mixing ratio after a sample is re- that corresponding ions observed for other plants also
moved. This effect is less pronounced for acetone and belong to acetone and butanone exclusively.
butanone than for HCN and should not affect our re-  The additional mass selection of a product that is al-
sults. The gradual contamination of the inlet by HCN ready a minor component of the mass spectrum poses
might be eliminated by heating the inlet or by use of a the largest obstacle in either SIFT-CID or H/D ex-
shorter calibrated glass capillary for sample introduc- change experiments for confirming ion identities since
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only very small ion concentrations are available for for cassava in comparison to all other plants tested,
subsequent analysis. These experiments may be fa-especially in light of its use as a food staple in many
cilitated if performed in an instrument optimized for countries.
air-monitoring which is capable of producing higher If it is assumed that there are only two precursor
product ion concentrations. Higher ion densities will compounds, linamarin and lotaustralin, giving rise to
allow effective use of M8 analyzers for identification =~ acetone, butanone, and HCN, then the sum of the ace-
or performance of subsequent ion/molecule reactions tone and butanone concentrations, prior to partitioning
to probe ion structure. out of the plant, should be equal to the concentration
In the leaves sampled here, high release of HCN of HCN. This balance has been verified in cyanogenic
was accompanied by high release of acetone and/orplants previously using membrane introduction mass
butanone in all cases. Those plants that did not pro- spectrometry for acetone and butanone and a colori-
duce observable amounts of HCN generated only metric assay for HCN50]; unlike the work shown
small amounts of acetone and no detectable butanonehere, it was not possible to simultaneously analyze the
Release of HCN was fully expected for BLHplus ketone and HCN products of cyanogenic glycosides.
clover, HCNpi clover, Aran clovef27,28], cassava  Fig. 8 shows a plot of the HCN mixing ratio with re-
[48], and eucalyptu$49] based on previous studies. spect to the sum of the acetone and butanone mixing
However, the particular eucalyptus plants tested were ratios. The sum of these carbonyl compounds appar-
shown separately to be acyanogenic clones that did notently falls significantly short of the concentration of
produce HCN. Results given iRig. 7 show that the HCN in the gas phase.
Dutch white clover was also acyanogenic. In separate  Henry’s law, given in the following equation:
experiments, seeds from a different bag of Dutch white
clover showed significant cyanogenic character. Al-
though it was impossible to predict whether seeds from applies to dilute aqueous solutions although it can
an untested seed source would produce a cyanogeniclso be applied as a simple correction to account for
plant, the relative amounts of HCN emission for a differential partitioning of each species out of plant
plant from a given seed source could be easily re- material. The variablky is the dimensionless Henry’'s
produced. It is interesting to note the extremely high law constantCy is the gas-phase concentration mea-
emissions of HCN per gram of plant material observed sured, andCyq is the aqueous phase concentration

Caq = kH X Cg (6)

Gas-Phase Concentration
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Fig. 8. Mixing ratio of HCN compared to the sum of acetone and butanone observed in sample headspace for nine different plants. Plal
tested are described in more detailFiy. 7, and include acyanogenic species (P, E, M, D, and L) and cyanogenic species (C, B, A, and H).
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Fig. 9. Predicted concentration of the sum of linamarin and lotaustralin precursors from nine different plants using Henry's law and
measured gas-phase concentrations. Plants tested are described in more Beaif,iand include acyanogenic species (P, E, M, D, and
L) and cyanogenic species (C, B, A, and H).

or, in this case, the concentration of the precursor obtained. For example, the cyanogenic varieties of
from which acetone, butanone and HCN are derived. clover examined here have the following ratios: Aran,
Dimensionless Henry's law constants were obtained 0.62; HCNpi, 1.26; and BLHplus, 2.75. These values
by multiplying average values obtained from Sander can be compared to published linamarin/lotaustralin
[51] by RT. The resulting values fdty are approx- ratios for seven clover varieties, which ranged from
imately 238 for HCN, 608 for acetone, and 356 for 0.4 to 0.8[52]. The higher ratios seen here could re-
butanone. The value dEaq was then calculated for  flect a higher recovery of linamarin products, since the
each data point using thie; values. The results of direct NI-CIMS analysis avoids the drying, extraction
this calculation are shown iRig. 9. and HPLC procedure typically used in cyanogenic
Even with such a simple model, a substantially glycoside analysig53]. Further testing, in which
improved balance between acetone, butanone, andcyanogenic precursors are extracted and quantified in
HCN is obtained. The sum of acetone and butanone conjunction with the gas-phase measurement given
concentrations is seemingly higher than that of HCN here, is needed to verify that such an estimate is valid.
for HCNpi and BLHplus clovers due to uncertainty If these estimates are reliable, the CIMS technique has
in quantification, rather than from a second path- advantages over current techniq{4] for large scale
way for production of these compounds. This claim screening of plants for cyanogenesis and possibly for
seems justified in light of the fact that the sum of identification of specific cyanogenic precursors.
acetone and butanone is lower than the concentration This type of measurement may provide information
of HCN for Aran clover in which similar mechanisms on carbonyls released by other cyanogenic precur-
should operate. These results suggest that breakdowrsors that have been reported in the literature. The
of cyanogenic glycosides is the major pathway for Henry's law constant for benzaldehydeg(~ 950)
production of these compounds. suggests that both breakdown products of prunasin
Assuming any secondary release of carbonyls to (i.e., benzaldehyde and HCN) might be detectable in
be negligible in comparison to cyanogenesis and as-the same way as linamarin and lotaustralin. On the
suming complete or at least equivalent decomposition other hand, cyanogenic glycosides that might release
of any cyanogenic precursors present in the plant hydroxy-benzaldehyde compounds (dhurrin, taxi-
material, an estimate of the relative amounts of the phyllin, zierin, etc.kq ~ 107), ketene (acacipetalin,
lotaustralin and linamarin precursors can be easily kg unknown), and cyclopentenone compounds
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(deidaclin, tetraphyllin B, gynocardirky unknown)
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for plant maintenance, and Gary Pederson for provid-

may not be detectable in the gas-phase except throughing clover seed.

their HCN release.

4. Conclusions

The OH™ anion is a useful chemical ionization
reagent for on-line VOC monitoring with flow-reactor
mass spectrometers. The OHanion reacts with a
wide variety of VOCs at collisional rates and affords
simple reaction products, the possibility of fragment
ion analysis, as well as the possibility of H/D exchange
analysis for distinguishing isomeric anions. Many of
the products of reaction between biogenic VOCs and
OH™ as well as M — 1]~ ion fragments can be un-
derstood in light of previous work including various

neutral loss products. Fragment ion and H/D exchange
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