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Abstract
RATIONALE

The concentrations of aldehydes and volatile fatty acids have to be controlled because of their
potential harmfulness in indoor air or relationship with the organoleptic properties of agri-
food products. Although several specific analytical methods are currently used, their
simultaneous analysis in a complex matrix remains a challenge. The combination of positive
and negative ionization SIFT-MS allows the accurate, sensitive and high frequency analysis
of complex gas mixtures of these compounds.

METHODS

The ion-molecule reactions of negative precursor ions (OH", O*, 0,*", NO;” and NOg3’) with
five aldehydes and four carboxylic acids was investigated in order to provide product ions and
rate constants for the quantification of these compounds by negative SIFT-MS. The results
were compared to conventional analysis methods and/or to already implemented SIFT-MS
positive ionization methods. The modeling of hydroxide ion (OH")/molecule reaction paths by
ab-initio calculation allowed a better understanding of these gas phase reactions.

RESULTS

Deprotonation systematically occurs by reaction between negative ions and aldehydes or
acids, leading to the formation of [M-H]" primary ions. Ab-initio calculations demonstrated
the a C-H deprotonation of aldehydes and the acidic proton abstraction for fatty acids. For
aldehydes, the presence of water in the flow tube leads to the formation of hydrated ions, [M-
H].H,0. With NO; precursor, a second reaction channel results in ion-molecule association
with the formation of M.NO;" ions.

CONCLUSIONS

Except formaldehyde, all the studied compounds can be quantified by SIFT-MS
negative ionization with significant rate constants. In addition to positive ionization SIFT-MS
with H30%, O," and NO™, negative ionization with O®, 0,*, OH", NO, and NO3™ extend the
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range of analysis of aldehydes and carboxylic acids in air without preparation or separation
step. This methodology was illustrated by the simultaneous quantification in single scan
experiments of 7 aldehydes and 6 carboxylic acids released by building materials.

Keywords

Selected lon Flow Tube — Mass Spectrometry; SIFT-MS; negative ionization; aldehydes;
volatile fatty acids; modeling

Introduction

Indoor air quality is strongly affected by the presence of volatile pollutants such as
formaldehyde, acetaldehyde, propanal, pentanal, hexanal, octanal, and nonanal. Among the
Volatile Organic Compounds (VOC) found in indoor air, these aldehydes are the most
frequent and at high concentrations . The most abundant formaldehyde, together with
acetaldehyde and hexanal are detected in 100 % of French dwellings 2. Due to their possible
impact on human health the monitoring of these compounds in indoor air is of major
interest.>* The main indoor sources of aldehydes are building materials, paints and furniture,
as shown by the numerous papers dealing with emissions of aldehydes in air by materials .
Outdoors, aldehydes are released into the atmosphere by vehicle exhaust and incomplete
combustion of hydrocarbons 2.

Besides aldehydes, carboxylic acids (propanoic acid, hexanoic acid) can be produced
in indoor air by reactions involving ozone and are also highly studied in outdoor air ®°.
These compounds are released into the environment from natural biodegradation and

anthropogenic sources including land spreading of manure slurry involving odour nuisances
11-13

Aldehydes and carboxylic acids, individually or simultaneously, are also widely found
in the volatile fraction of agri-food products. Actually, the volatile compounds emitted by
agri-food products contribute to their organoleptic qualities and constitute a chemical
fingerprint specifically identifying a product, qualifying a process or an evolution of the
product . For example, butyric acid is an important indicator of cheese quality and its
formation during ripening can lead to swelling, undesired slits or even a rancid taste **. For
this kind of application, aldehydes and carboxylic acids are no longer studied as pollutants but
rather as potential markers at very low concentrations requiring sensitive analysis techniques.
In disease diagnosis, these compounds are also monitored at trace levels as potential health
markers: for instance, acetaldehyde is a common breath metabolite.**2°

Therefore, due to health, economic and societal issues, the development of a common
universal and fast method of analysis for the quantification of aldehydes and carboxylic acids
in air in various field is of great interest.

In the literature, many methods describe the measurement of these compounds in air,
as detailed below. Standard methods to measure aldehydes are based on their collection by
active or passive sampling on cartridges, badges or tubes impregnated with DNPH (2,4-
dinitrophenylhydrazine) followed by a solvent extraction prior to High Performance Liquid
Chromatography (HPLC) analysis 2. These methods are specific to the analysis of
aldehydes and ketones. Others active sampling techniques followed by ion chromatography
are particularly suitable for the analysis of carboxylic acids such as formic and acetic acids **.
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More exhaustive methods based on Gas Chromatography — Mass spectrometry (GC-MS)
techniques >>*°, such as Solid Phase Micro extraction (SPME) on-fiber derivatization with O-
(2,3,4,5,6-pentafluorobenzyl) hydroxylamine allow the simultaneous measurement of
aldehydes and others VOCs including carboxylic acids *’. In the food industry, gas
chromatography coupled to olfactometry (GC-0) is a well-known technique for the analysis
of odor active compounds such as aldehydes and volatile fatty acids *®. But these different
methods are time consuming, complex, or highly specific. They include a separation step and
are not always adapted to high frequency analysis and to the general analytical requirements
previously described.

Selected lon Flow Tube-Mass Spectrometry (SIFT-MS) and Proton Transfer
Reaction—Mass Spectrometry (PTR-MS) are well-established direct injection mass
spectrometry methods for direct and rapid analysis of (VOCs) with typical detection limits
ranging from parts-per-billion (ppbv) to parts-per-trillion (pptv) by volume in the gas phase
depending on the instruments.*®>° They are currently widely applied in the biological "%,
medical **°, food ***°? and environmental fields ******! pecause of their high frequency
analysis rate and ease of use. Thus, PTR-MS and SIFT-MS techniques appear to be relevant
methods instead of time-consuming chromatographic and/or derivatization ones for the
analysis of aldehydes and carboxylic acids in air.

SIFT-MS technology uses softer chemical ionization than PTR-MS due to the lower pressure
of the carrier gas in the flow tube (about 0.4 vs 1.5 torrs®® respectively). In the SIFT-MS
technique no electric field is employed (in contrast to PTR-MS) and it is thus possible to carry
out ion-molecule reactions under thermal conditions where the kinetic behavior is well
known.**** The other fundamental difference between these two techniques is that SIFT-MS
instrument can generate eight reagent ions (HsO", O,", NO*, 0%, 0,*, OH’, NO; and NOs)
as standard in the microwave-discharge plasma. PTR-MS is based on reactions with H;O" ion
generated with a hollow-cathode discharge although a new Switchable Reagent lon source
(SRI-PTR-MS) now allows some PTR-MS instruments to use also O," and NO" as reagent
ions **. PTR-MS is known as a high sensitivity and time resolution method. Until recently,
in SIFT-MS instruments, only positive ionization using HzO", O," and NO" precursor ions
was available. However, the recent development of a negative ionization source, using O*’,
OH’, 0,*, NO, and NOj3™ precursor ions, extended the range of analysable compounds and
added a significant advantage in the discrimination of isobaric compounds **. While methods
using positive reagent ions may be used for the measurement of aldehydes and carboxylic
acids >, to the best of our knowledge, only one paper dealt with negative ionization SIFT-
MS ** and negative ion-molecule reactions in the flow tube are poorly investigated. An
alternative method, multi-reagent chemical ionisation mass spectrometry (CIMS) with both
positive and negative reagent ions was recently investigated as a low detection limit and high
time resolution analysis of gas phase hydrogen peroxide and methyl peroxide *’. However this
Atmospheric Pressure Chemical lonization (APCI) technique suffers from low ionization
efficiency and interferences arising from the formation of adducts ***’. Thus, the present work
aims to study the potential contribution of SIFT-MS negative ionization for the simultaneous,
sensitive and high frequency detection and quantification of aldehydes and carboxylic acids in
air. In addition to SIFT-MS experiments, a theoretical/computational approach was used for a
better understanding of OH" ion-molecule reactions in the flow tube and for the possible
prediction of the reactivity of these two families of compounds.



Experimental section
1 — Instrument

A Voice 200 Ultra SIFT-MS instrument (SYFT Technologies, Christchurch, New
Zealand), which can use both positive and negative soft ionizing reagent ions (Hz0", NO,
0,", 0%, OH", 0,*", NO, and NO3) in a single scan was used in this study. Reagent ions (or
precursors) are generated by microwave discharge through dry air and water at low pressure.
Each precursor ion is sequentially selected by a first quadrupole mass filter and injected into
the flow tube. The sample is introduced with the carrier gas (Nitrogen) in the flow tube
through a heated inlet line (100°C) with a flow rate of 20 mL min™. In full scan mode
(qualitative), all the ions generated in the flow tube are counted producing thus a mass
spectrum over a given range of mass to charge ratios (m/z < 450). In single ion monitoring
(SIM) mode (quantitative), only selected product ions and unreacted precursors are monitored
and sampled into a second quadrupole mass filter.

The software (LabSyft 1.6.2, SYFT Technologies, Christchurch, New Zealand)
instantaneously calculates each analyte’s absolute concentration according to the following
calculation, assuming that the reagent ions R* or R™ are in large excess relative to the product
ion P* or P" (Eq. 1):

[Al =y or (4] =y (Eq. 1)
with
[A]: analyte concentration in the flow tube
y: instrument calibration factor
[P*] or [P~]: product ion concentration in the flow tube
[R*] or [R™]: reagent ion concentration in the flow tube
k: reaction rate constant

The knowledge of the reactions between analytes and reagent ions in the flow tube and
of their rate constants k is thus necessary for the quantification. In this work, the contribution
of negative ionization for the analysis of aldehydes and carboxylic acids was investigated.
The already known positive ionization mode (reaction rate constants defined in the software
database) was used to monitor the analyte concentrations generated.

2 — Gaseous atmospheres generation

Acetaldehyde (>99%), butanal (>96%), hexanal (98%), benzaldehyde (>99%), formic
acid (>95%), acetic acid (>99%), butyric acid (>99%) and caproic acid (>99%) were supplied
by Sigma-Aldrich (St. Louis, MO, USA). A formaldehyde solution (37% wt. in water,
containing 10-15% methanol as stabilizer, provided by Sigma-Aldrich) was used to generate
formaldehyde gas.

To investigate the product ions formed by negative ion-molecule reactions, it is
necessary to introduce in the flow tube each individual pure compound. Gaseous atmospheres
of aldehydes (except formaldehyde) and carboxylic acids were generated by spiking aqueous
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solutions, prepared from pure liquid compounds, into 1L Tedlar bag (Zefon International, Inc,
Ocala, Florida, USA) or into 1L glass bottles (Duran group, Germany) filled with clean air
Zero (supplied by a F-DGS (91055 Evry, France) air Zero generator) via a septum. All the
analytes are thus introduced under identical conditions in the same gas matrix at about 20%
RH (relative humidity). Screw cap with three GL14 ports (Duran group, Germany) were used
to connect the bottles directly to the SIFT-MS instrument via the sample inlet. A Tedlar bag
(Zefon International, Inc, Ocala, Florida, USA) at the bottle inlet was used to compensate the
depression in the bottle during SIFT-MS sampling at a flow rate of 20 mL min™. Both
permeation tube and aqueous solution were used to generate several concentrations of
formaldehyde. Formaldehyde gas standard was generated using a permeation tube of
paraformaldehyde (Dynacal®, VICI Metronics, 26295 Twelve Trees Poulsbo, WA 98370,
USA) placed into a PUL 200 permeameter (Calibrage, Saint Chamas, France) flushed with
nitrogen flow. Sampling was done by connecting directly the outlet of the permeameter to the
SIFT-MS instrument sample inlet. Temperature and nitrogen flow were adjusted to obtain
different concentration levels. DNPH cartridges (Sigma-Aldrich, Saint Louis, MO, USA) used
to control the permeameter output concentrations confirmed the consistency of the positive
mode calibration of formaldehyde (Supplementary Information, Figure S1).

3 — ldentification of the product ions in negative ionization

In order to determine the product ions formed in the flow tube, full scan mass spectra
were recorded with each individual compound for each precursor ion (O*, OH", O,*", NO;
and NOg3) in a m/z range from 12 to 250 with an integration time of 120 s. Under these
conditions, different ions can be observed arising from the analyte but also from water, carbon
dioxide and dioxygen introduced at the same time in the flow tube. Accordingly, water,
carbon dioxide and dioxygen ions were first identified by their full scan mass spectra on
blanks at variable humidity levels (zero air with increasing amounts of deionized water
(Millipore Corporation, Fontenay-sous-bois, France), in order to identify all the clusters
formed with each precursor ion. The different ions formed with the negative precursors in
presence of air and water are gathered in Supplementary Information, Table S1. In the same
way, the presence of methanol as stabilizer in the formaldehyde solution was considered in
the identification of the product ions of formaldehyde.

Excluding ions arising from the matrix (Table S1), it is thus possible to identify the
product ions from the target compounds. In the following section, these product ions (Table
S1) were monitored using the single ion monitoring (SIM) mode.

4 — Experimental determination of the rate coefficients

The determination of precursor ion-analyte experimental rate coefficients requires the
introduction of controlled and well-quantified analyte concentrations in the SIFT-MS
instrument. Quantification using positive mode with product ions and rate constants already
implemented in the software database (Supplementary Information, Table S2) was used
simultaneously to control the gaseous atmosphere generation and the analytes concentration.
Moreover for formaldehyde, the SIFT-MS positive mode calibration with the precursor ion
HsO" was successfully compared to the standardized method (DNPH-HPLC) as shown in
Figure S1. Negative primary product ions previously identified in full scan records were
specifically monitored using the SIM mode. Successive positive and negative ionization
spectra were recorded in the same scan with an integration time of 60 s in each case.



Rate coefficients were determined over a wide range of concentrations from a few ppb
to a few ppm for each individual compound and correspond to the average of the values for
each concentration (repeated three times) of the range (Table 3). The uncertainty in the
experimental rate constants is less than 20%.

Rate coefficients were calculated for each concentration according to the following equation
(Eq. 2):*

P~ xICFp
[A]xt,XR~XICFg

k = (Eq. 2)

k: rate coefficient (cm* molecules™ s™)

t,-: reaction time in the flow tube, measured by the instrument (s)

P~ primary product ion signal, measured by the instrument (Hz)

R~ precursor ion signal, measured by the instrument (Hz)

ICFp: Instrument Calibration Fonction of product ion, dependent on the instrument
ICFg: Instrument Calibration Fonction of precursor ion, dependent on the instrument
[A]: analyte concentration in the flow tube (molecules cm™),

The analyte concentration depends on the sample concentration (i.e. analyte concentration in
the Tedlar bag) according to Eq. 3:

[A] = Cppb X

D5 Pfpr
(Ps+®@.)  kpXTprx1015

(Eq. 3)
Cppb - Sample concentration (ppb)

@, : sample flow rate (m*s?)

@, : carrier gas flow rate (m®s™)

Ppr: flow tube pressure (Pa)

Trr: flow tube temperature (K)

kg: Boltzmann constant (m? kg s K™)

5 — Determination of the branching ratio

lon-molecule reactions may have multiple product channels. The ratio of the product
channels is the branching ratio. The primary product branching ratios of the reactions with the
different negative precursor ions were determined by plotting the percentages of the
individual product ion count rate (recorded in SIM mode) on a linear scale as a function of the
total product ions count rate (varied by modifying the analyte concentration). Branching ratio
corresponds to the percentage of the individual product ion count rate when the total product
ions count rate is zero. By extrapolating the linear plot to zero signal, the true primary
branching ratios, excluding any secondary reactions can be obtained. An example of
determination of the branching ratio is presented in Supplementary Information, Figure S2.

6 - Secondary reactions: water and analyte clusters



In the flow tube, secondary reactions may occur between primary product ions and
water to lead to the formation of water-analyte cluster ions. The influence of water on their
formation was analysed for each target compounds (aldehydes and carboxylic acids) by
recording SIM scans at variable humidity levels and constant analyte concentration (by
spiking increasing amounts of water in the Tedlar bag), monitoring the intensity of secondary
ions signal. Water clusters and analyte clusters were thus considered and the dependence of
water cluster intensity as a function of humidity in the specific case of formaldehyde and
butanal is shown in Supplementary Information (Figure S3). The general trend is the increase
of the water-analyte cluster ion with increasing RH.

Computational details

Reaction paths of the reactions experimentally observed with OH" as the reactant ion
were calculated with the Hartree-Fock (HF), MP2 and CCSD(t) single point methods using
the triple zeta basis set 6-311++g(d,p). All calculations were carried out using the Gaussian09
program “°. Geometry optimisations were carried out without any symmetry restrictions in the
gas phase. The nature of the minima and transition states (TS) was verified with analytical
frequency calculations, by the absence or presence of only one negative eigenvalue
respectively. IRC calculations were used to confirm the connection between the TS and the
corresponding minima. The parameters necessary for the calculation of the collisional rate
constants (dipole moment i, and polarizability o of the neutral) were calculated at the MP2/6-
311++g(d,p) level of theory.

Results and discussion
1 — Reactions in the flow tube
1.1 — OH' reactions

Aldehydes

Full scan SIFT-MS analysis showed that aldehydes react with OH™ and this reaction
leads to the formation of different product ions, summarized in Table 1. With all the studied
aldehydes, including benzaldehyde, deprotonation occurs as the single reaction pathway with
OH- (i.e. a branching ratio of 100%), thus forming [M-H]" ions according to Equation 4.

OH" + RCHO — RCO" (100%) + H,0 (Eq. 4)

However, these ions are not the only ones observed in the SIFT-MS analysis of
aldehydes. In the presence of water in the flow tube, [M-H] ions can be hydrated thus
forming secondary ions at m/z M+17 with an intense signal according to Equation 5. This
reaction is dependent on the amount of water in the flow tube, i.e. residual water in the
system, water generated by Equation 4 and mostly water from the sample (Figure S3). Sample
humidity therefore has an influence on the measurement and these hydrated ions must be
included for the accurate quantification of aldehydes by SIFT-MS. Only for acetaldehyde, this
hydrated ion (m/z 61) could not be observed experimentally because of interference with CO,
from the air that reacts with OH" to form ion at m/z 61 (Supplementary Information, Table
S1). Thus, unlike other aldehydes, acetaldehyde hydrate was later neglected for the
determination of reaction coefficients and quantification.



It should be noted that water can also react with OH" reagent ion in the flow tube
according to Equation 6. Thus, it can be considered that the [M-H]" ion comes from reaction
between the aldehyde and OH".H,0 ion. However, this hydrate formation channel is neglected
here since reaction 6 is very slow (k=1.1 x 10 cm?® s™) compared to reaction 5 (Table 3).

OH" + H,0 — OH"H,0 (Eg. 6)

In the flow tube, [M-H] ions can also react with unreacted aldehyde molecules. This
reaction leads to secondary ions at m/z M.[M-H] according to Equation 7, with a negligible
intensity compared to primary ions and water clusters (<10% of the total signal). The M.[M-
H] analyte cluster was not detected for hexanal. However, considering these analyte clusters
could allow a better accuracy in the aldehyde’s quantification.

RCHO + RCO — RCHO.RCO" (Eq. 7)

Carboxylic acids

The very favourable reaction of carboxylic acids with OH" results in two product ions.
As with aldehydes, deprotonation occurs as the single channel in the primary reaction
(Equation 8) and leads to a stable product ion RCOO’, with a branching ratio of 100%. In this
case, hydration of primary product ion does not occur even by increasing water concentration
in the flow tube, while the formation of carboxylic acid clusters is only observed for the
lightest ones (formic and acetic acids), as for aldehydes (Equation 9).

OH" + RCOOH — RCOO" (100%) + H,0 (Eg. 8)
RCOOH + RCOO™ — RCOOH.RCOO" (Eq. 9)

1.2 - 0O* and O,* reactions

Experimentally, deprotonation of aldehydes only occurs by reaction with O®” and O,*
precursors leading to [M-H]" primary ions (with a branching ratio of 100%). As with OH’, it is
also possible to observe the formation of water clusters in the presence of water in the flow
tube, but with a lower intensity. Indeed, in this case, no water is produced from the ion-
aldehyde reaction (Egs 10 and 11). In addition, since the precursor O°®” is generated from dry
air, there is generally no or little residual water in the system and the hydration reaction is
directly related to the sample humidity. The reaction between primary ions and unreacted
aldehydes leading to analyte clusters at m/z M.[M-H], is also observed as with OH".

0* + RCHO (or RCOOH) — RCO" (or RCOO) (100%) + HO® (Eg. 10)
0, + RCHO (or RCOOH) — RCO" (or RCOO") (100%) + HOO* (Eq. 11)

The reaction of carboxylic acids with O* and O,* results in two product ions,
the major one at m/z [M-H] resulting from deprotonation (Eqs 10 and 11). The second
product ion at m/z M.[M-H] results directly from secondary reactions with unreacted
carboxylic acid molecules.



1.3—-NO, and NO3 reactions

With NO;™ precursor, product ion was detected neither from aldehydes nor from
carboxylic acids, indicating that there is no reaction in the flow tube between NO3™ and these
compounds, or that these reactions have a small rate constant (lower than 10 cm® s). The
same holds true for the reaction between NO, and aldehydes. However, reaction between
carboxylic acids and NO;" results in two product ions from two different reaction channels:
either proton abstraction leading to m/z [M-H] ion according to Equation 12, or an ion-
molecule association thus forming M.NO; ions (Equation 13) as the major pathway, still
favoured with longer carboxylic acid chains (Table 2).

NO, + RCOOH — RCOO" + NO; (Eq. 12)
NO, + RCOOH — RCOOH.NO, (Eq. 13)

2 — SIFT-MS negative ionization for quantification of aldehydes and carboxylic acids

SIFT-MS quantification requires the knowledge of the reaction rate constant k (Eq. 1).
From the numerous studies in the positive mode SIFT-MS, it is well known that proton
transfer reactions from H3O" proceed at the gas kinetic (collisional) rate k., when these
reactions are exothermic by more than 40 kJ mol™ ***!_ an assumption which is well justified
by numerous experiments >2. Accordingly, in the literature, the experimentally determined
rate coefficients are often compared to the collisional rate constant (k¢) >*">*¢  calculated
according to parametrised trajectory calculations using the dipole moment p, and
polarizability o of the neutral, and the reduced mass of the collisional ion-molecule partners
>’ The experimental k values were determined from known concentrations of aldehydes and
carboxylic acids while collisional rate constants, k., could be estimated according to the
method described by Su and Chesnavich derived from the polarizability o and the dipole
moment pp of the neutral derived from MP2/6-311++g(d,p) calculations >’. The
corresponding data are summarized in Table 3. The rate constant must be high enough
(greater than 10 in this study) for a sensitive detection of product ions and thus accurate
quantification. These conditions are fulfilled in negative ionization for most aldehydes and
carboxylic acids. In the case of formaldehyde, the quantification with any negative precursor
is less accurate due to the much smaller value of the reaction rate constant (k= 4.3 x 10°** cm®
s with OH", Figure S4). Thus, SIFT-MS negative ionization opens new possibilities for
aldehydes (except formaldehyde) and carboxylic acids measurement in complex gaseous
matrices. OH™ and O,* are the most reactive negative precursors with both series of
compounds with the highest rate constants, in the range 10° - 10 cm®s™. When comparing
the positive and negative modes, the reaction rate constant of acetaldehyde with H:O" (k = 7.4
x 10%° cm® s, Table S2) and with OH™ (k = 1.4 x 10°cm® s, Table 3) are of the same order
of magnitude. The same holds true for the reaction of formic acid (k = 2.3 x 10 cm® s™* with
0,*, Table 3) against k = 2.2 x 10® cm® s* with H;O" (Table S2), with similar limits of
detection (LOD), respectively 15.2 and 22.7 ppb, making the negative mode highly relevant
for low-concentration of this acid in complex mixtures, as shown below. As expected, it can
be noted that, owing to the presence of their labile hydrogen and to a very favorable primary
deprotonation leading to stable carboxylate ions, the reaction is much faster between
carboxylic acids and O°® and mainly with O,* than with aldehydes. SIFT-MS negative
ionization is thus particularly suitable for volatile carboxylic acids analysis.

Starting from these experimentally determined rate constants in the negative mode, the
analyte quantification was possible and the correspondence between the concentration
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measured by negative ionization and the expected concentration derived from the
simultaneous positive mode measurement on selected examples is presented in
Supplementary Information, Figure S4. The correlation between the obtained concentrations
and the expected ones is more accurate with increasing k values, with a noticeably bad result
in the case of the poorly reactive formaldehyde.

Several of the reaction studied in this work have been previously examined by flowing
afterglow and/or SIFT-MS.>*°%%%%% product ions reported in the literature are sometimes
different from those observed experimentally in this study. For instance, Bohme et al.
indicates the formation of a HCO," ion (m/z = 45) from the reaction of formaldehyde with O
precursor,”® which was not observed here. Differences are also noted in k values. Spanel et al.
and Tanner et al. indicate rate constants k of 3.9 x 10° and 3.1 x 10”° cm® s, respectively, for
the reaction between OH precursor and acetaldehyde.’**® However, in all these cases the
experimental conditions are significantly different from ours. First, from one study to another,
the temperature of the flow tube varies between 140 and 300 K against 392 K in the present
work. Second, the most significant difference arises from the carrier gas: previous studies
used helium or hydrogen, whereas in the present work the carrier gas was nitrogen (Ny).
Because of these significantly different experimental conditions, the comparison of absolute
experimental rate constants from the literature with our results is not relevant. Nonetheless,
the determination of the rate constants of negative ion-molecule reactions under our SIFT-MS
conditions was necessary to better understand the relative reactivity of aldehydes and acids
and to develop the most adapted analytical methods.

The calculated energies of the studied reactions, from the following starting aldehydes
(formaldehyde, acetaldehyde, propanal and benzaldehyde) to the final anions are summarized
in Table S3. In all cases, aldehyde deprotonation from M + OH to [M-H]" + H,0 is either
weakly exothermic (formaldehyde) or weakly endothermic (Table S3). Thus, the calculation
of the surface energy potential (SEP) shows that the corresponding product anions RCO™ are
not thermodynamically favoured, although experimentally observed due to the experimental
conditions in the flow tube (400 K) . Indeed, an aldehyde complex [RCOH.OH] is always
found on the potential energy surface (PES), which thermodynamically stabilized the system
(-19 to -27 kcal mol™ from acetaldehyde to benzaldehyde). Relative to the isolated partners
RCOH and OH" taken as starting reagents (0 kcal mol™), we observe an increase of the barrier
between the stabilized complex RCOH.OH'] and the transition state (TS) from acetaldehyde
to benzaldehyde (5 to 8 kcal mol™) suggesting, in this first approach, an easier reaction for
acetaldehyde than for benzaldehyde. It is noteworthy that the investigated formation of [RCO
.H,0] complexes from the [RCOH.OH’ ones corresponds to an endothermic reaction.
However, for formaldehyde, the reversibility of the reaction could not be excluded
considering the low energy involved in the back process (1.71 kcal mol™ from the anion
complex [RCO".H,0] to the corresponding TS, compared to ~3 kcal mol™ for the complexes
with other aldehydes, see Figure 1). This result may tentatively explain the lower
experimental k value for formaldehyde than for the other aldehydes.

Since it has been reported that aldehydes react with OH by proton extraction of
hydrogen from the CH, group alpha to the carbonyl group >3, we also need to consider this
possible reactivity. In this case, the TS corresponding to this reaction could not be found in
the PES using MP2 in contrast with HF level, corresponding to a very flat surface. In fact, the
TS is found (using HF) at ~1 kcal mol™ for the acetaldehyde alpha H reaction with OH". The
same absence of TS also appears with the acid derivatives. In the acid case, two reactions
must be considered: i) the reactions with the acidic proton; ii) the reactions with the hydrogen
in alpha position. As expected, the first reactions lead to thermodynamically more favoured
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products (-60 kcal mol™) than the corresponding anion resulting from the abstraction of the
proton on the carbon atom in alpha position (-18 kcal mol™ for acetic acid).

Except for formaldehyde, the strong exothermicity of the alpha hydrogen abstraction
from aldehydes and of acid deprotonation accounts for the experimental observations and
high k values, which are of the same order of magnitude in both cases. The stabilization of the
[RCO™.H,0] complex is consistent with the experimental observation of both the anion and its
hydrate (Table 1).

It may be noted that calculated k. appears insufficient to account for the experimental
k, which involves both the collision between the reactants and the energy profile of the
reaction. Indeed, for formaldehyde and benzaldehyde, which lack hydrogen on the a carbon,
the experimental rate constants are the farthest from the calculated collisional rate constant k.
The experimental k value is related to a given m/z value for [M-H]’, but does not give any
information on the structure of the ion, i.e. CH3CO" vs CH,"COH in the case of acetaldehyde,
while for formaldehyde and benzaldehyde, only one structure is possible. It may be assumed
that in these two cases, the exothermic alpha H abstraction is not possible, implying that the
collision complex does not lead so easily to the formation of reaction products.

3 — Applications
3.1 — Determination of formic acid in formaldehyde

Aldehydes oxidation leads to the formation of carboxylic acids and accordingly,
formic acid can be found as an impurity at low concentration in formaldehyde solutions. Since
SIFT-MS negative ionization analysis of carboxylic acids was previously shown from the
reaction rate constants to be highly efficient, the presence of formic acid has been investigated
in a solution of formaldehyde by this method. To this end, different volumes of a commercial
solution of formaldehyde (37% wt. in water) was spiked in a 1 L Tedlar bag filled with dry
clean air. Full scan and SIM spectra were recorded and concentrations were measured using
previously determined product ions (Table 1) and reaction rate coefficients (Table 3).
Formaldehyde was quantified with H3O" ion precursor (according to Table S2) whereas
formic acid was quantified with the most reactive O, ion precursor. Figure 2 shows a full
scan mass spectrum of a commercial solution formaldehyde. The major signals correspond to
O ion precursor (m/z 32) and its cluster ion with water (m/z 50, Table S1). As expected,
product ions 29 and 47 corresponding to formaldehyde (Table 1) are detected. However, it is
found that m/z 45 ion corresponding to formic acid is also detected. The signal of this latter is
much more intense (6250 Hz) than those corresponding to formaldehyde (75 and 1875 Hz, for
product ions 29 and 47, respectively), which is nevertheless the major compound after water
in the solution. The high reactivity of formic acid with O, ion precursor (k = 2.3 x 10° cm® s
1) compared to the lower rate constant of formaldehyde (k = 1.4 x 10 cm® s™) accounts for
the relative intensities of these signals.

The concentrations of formaldehyde generated from this same solution were then
measured as well as any traces of formic acid (Table S4). These results clearly show the
presence of formic acid in the formaldehyde solution. The concentration of this impurity
represents about 4% of the formaldehyde concentration. This result warns about the
conservation conditions of formaldehyde aqueous solutions, and more generally, of aldehyde
solutions.

With standard methods of formaldehyde analysis such as DNPH cartridges, it is not
possible to detect formic acid. SIFT-MS technology negative ionization offers a real
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advantage here for the simultaneous detection of formic acid as an impurity of formaldehyde
in a single experiment. Indeed, the difference in reactivity between formaldehyde and formic
acid with the negative precursors, and in particular O, precursor, makes it possible to detect
quite easily the presence of formic acid in such a formaldehyde-rich matrix.

3.2 — Simultaneous analysis of aldehydes and carboxylic acids

Current applications for air quality need the analysis of aldehydes and carboxylic acids
at the same time. A SIFT-MS analysis method has been developed for the investigation of
VOCs emission from building materials using the previously obtained results (sections 1-3)
and its details are summarized in Table 4. Emission rates from building materials were
determined in emission chamber after 3 and 28 days according to the several standards NF
ISO 16000. Air of emission chamber was sampled using Tedlar bag and then analysed by
SIFT-MS. The emission rate of linoleum-type materials thus obtained are given in
Supplementary Information, Table S5 and were confirmed by standard analytical methods

Due to some interferences between the product ions (a given precursor ion leads to the
same primary or secondary product ion with different compounds), simultaneous analysis of
all these compounds was not possible using only positive ionization. Here, the combined use
of positive and negative ionization allowed the simultaneous analysis of a series of aldehydes
(C1-C7) and carboxylic acids (C1-C6) in single scan experiments. For this method, precursor
ions were selected according to their high enough rate constant (k > 10™° cm® s™), moreover
avoiding interferent product ions. The limits of detection (LOD) of the studied aldehydes and
carboxylic acids were determined and are presented in Table 4 in comparison with other
conventional methods for aldehydes and carboxylic acids analysis.

If the sensitivity is better for aldehydes analysis with standard methods (Table 4), the
detection limits obtained with SIFT-MS remains in agreement with conventional applications.
However, except for formic acid, sensitivity remains better for the analysis of carboxylic acids
by SIFT-MS than ion chromatography methods. In addition, SIFT-MS analyses are simpler
and faster to implement. While the measurement of aldehydes and carboxylic acids
conventionally requires at least three different methods (DNPH cartridge sampling followed
by HPLC analysis for some aldehydes, sorbent tube sampling followed by thermal desorption
and GC-MS analysis for other aldehydes and ion chromatography for carboxylic acids, see
Table 4), only one is sufficient by SIFT-MS.

This application demonstrates the relevance of SIFT-MS for the simultaneous analysis
of aldehydes and carboxylic acids. The development of SIFT-MS negative ionization opens
up thus new possibilities in terms of aldehydes and carboxylic acids analysis in air. However,
it is important to note that, despite these new possibilities brought about by the combination
of the two ionization modes (positive and negative), interferences are still possible. Isobaric
compounds can be adequately monitored by the different precursor ions of SIFT-MS as long
as they bear different functional groups (for instance HCOOCH; vs CH3;COOH or
CH3CH,COH vs CH3COCHj3). Completing the database with the largest range of precursor
ions is the best solution to identify the interferences and to increase the resolution of the
method. However, the analysis of mixtures containing regio-isomeric compounds is indeed a
limitation of SIFT-MS as shown by Smith et al. for the analysis of isomers of hexanol. Regio-
isomers may possibly react differently depending on the precursor ion but this is not the
general case.”
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Conclusion

The aim of the present work was to determine the potential contribution of negative
ionization for aldehydes and carboxylic acids quantification in air by SIFT-MS. Reactivity
with the different negative precursor ions was studied experimentally. Theoretical modeling
was used for a better understanding of ion-molecule reaction paths. The experimental reaction
rate constants k were found very different from the calculated collisional rate constants K,
which did not appear to be relevant for estimating experimental reaction rate constants. In any
case, SIFT-MS negative ionization is particularly suitable for the analysis of carboxylic acids
and aldehydes, with the exception of formaldehyde, with high rate constants and sensitivity
comparable to that obtained in positive ionization. However, the greatest strength of negative
ionization is to extend the range of analysis possibilities of complex mixtures by SIFT-MS.
The combined use of positive and negative ionization allows the quantification of aldehydes
and carboxylic acids simultaneously and without interference between these compounds.
SIFT-MS technology simplifies the analysis of these compounds which can be much more
time-consuming with traditional methods. Thus, the analysis of aldehydes and carboxylic
acids in the gas phase can be done fast and simply, without sample preparation, in a single
experiment.
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Table 1. The product ions for the reactions of OH", O°*” and O,*" with aldehydes and
carboxylic acids. In brackets, secondary products. Branching ratio 100 % in every case.

Compounds MW Formula Products m/z
Aldehydes
CHO 29
Formaldehyde 30 CH,0 (CHO.H,0) 47
(CH,0.CHO) (59)
CH5CO 43
Acetaldehyde 44 CH3CHO (CH;CO".H,0) ? (61)®
(CH3CHO. CH3;CO) (87)
C3H;CO’ 71
Butanal 72 C3H,CHO (C3H;,CO".H,0) (89)
(CsH,CHO. C3H,CO) (143)
Hexanal 100 C5H11CHO C5H11CO- 99
CeHsCO 105
Benzaldehyde 106 CsHsCHO (CsHsCO™.H,0) (123)
(C¢HsCHO. CgHsCO) (211)
Carboxylic acids
Formic acid 46 HCOOH (HHCC%%H.H 00 ?51)
Acetic acid 60 CH3COOH E:CH;SC%OOH.H 00’ ?1919)
Butyric acid 88 C3H;COOH CsH,COO 87
Caproic acid 116 CsH1;COOH CsH1,COO 115

& Could not be observed experimentally with OH™ precursor
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Table 2. The product ions and the corresponding branching ratio (BR) for the reactions of
NO," with aldehydes and carboxylic acids.

Compounds MW Formula Products o m/z BR
(%)

Formic acid 46 HCOOH EgggHNOZ gg gg
Acetic acid 60 CH3;COOH gﬂzgggHNoz 15096 32

Butyric acid 88 CsH,COOH gzﬂ;gggHNoz 18374 ég
Caproic acid 116  CsH;;COOH gznﬁgggHNOZ 1613523 946

21



Table 3. Calculated collisional rate constants (k;) and experimental (k) rate constants for the
primary reactions of OH’, O*, O, and NO, with aldehydes and carboxylic acids.

a

o a - - ; .

. 24 Mp® OH O O, NO,

Compounds MW?® Formula (clr(r)13) D) k[k]® k[k]® K[k]® K[kgJ®
Aldehydes

0.04 0.004 0.01

Formaldehyde 30 CH,O 226 298 o rpst o -[32]
Acetaldehyde 44  GH,O 411 337 [i:g] [2:% &;979] - [34]
Propanal 58 CsHeO 582 348 [iﬁ] [?1:5] E’?f’??] - [34]
Butanal 72 CHO 760 354 [iig] [225] [3231 - [34]
Hexanal ~ 100 CeHpO 1116 362 O 007 0l 13g

50]  [5.] [3.8]

0.8 0.03 0.03
Benzaldehyde 106 CiHO 1220 383 o 15 go - [35]

Carboxylic acids

o 08 05 23 02
Formicacid 46  CH,O, 298 167 [2.6] [2.6] [2.1] [1.9]
. . 1.2 0.2 1.3 0.2
Acetic acid 60 C,H/O, 465 1.97 [3.0] [3.0] [2.4] [2.1]
) ) 1.0 0.3 1.7 0.5
Butyricacid 88 CiHiO, 814 217 o' [3.4] [2.6] [2.3]
1.3 0.2 1.2 1.0

Caproicacid 116 CeH;0, 11.63 2.16 [3.5] [3.5] [2.7] [2.3]

& MW : molecular weight, o: polarizability, p,: dipole moment; both values calculated at
MP2/6-311++g(d,p) level

b Units: 10°cm® s
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Table 4. SIFT-MS method vs classical methods for aldehydes and carboxylic acids analysis.
Sampling of emission products from linoleum materials in Tedlar bags (SIFT-MS

measurements).

Standardized method

SIFT-MS method

. . LOD ionization LOD

sampling analysis (ppb) mode (ppb)

Formaldehyde DNPH HPLC 0.61 + 11.3

cartridge
Acetaldehyde DNPH HPLC 0.58 +/- 4.58
cartridge

Propanal / / / + 6.11

Butanal Tenax ATD-GC-MS 0.19 - 1.81

Pentanal Tenax ATD-GC-MS 0.09 + 4.50

Hexanal Tenax ATD-GC-MS 0.09 +/- 3.92

Benzaldehyde Tenax ATD-GC-MS 0.05 +/- 1.91

Formic acid H.O lon 4.78 +/- 15.2
bubbler  chromatography

Acetic acid H.O lon 3.66 +/- 3.38
bubbler  chromatography

Propanoic H.O lon 4.95 + 0.95
acid bubbler  chromatography

Butyric acid H.O lon 125 +/- 1.18
bubbler  chromatography

Pentanoic H.O lon 14.4 + 14.4
acid bubbler  chromatography

Caproic acid / / +/ - 0.76
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