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Study of the chemical ionization of organophosphate esters in air us-
ing selected ion flow tube — mass spectrometry (SIFT-MS) for direct
analysis
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ABSTRACT: Organophosphate esters (OPEs) are an emerging environmental concern since they spread persistently across all
environmental compartments (air, soil, water, etc.). Measurements of Semivolatile organic compounds (SVOCSs) are important but
not without challenges due to their physicochemical properties. Selected ion flow tube-mass spectrometry (SIFT-MS) can be rele-
vant for their analysis in air because it is a direct analytical method without separation that requires little preparation and no exter-
nal calibration. SIFT-MS is based on the chemical reactivity of analytes with reactant ions. For volatile and semivolatile organic
compound analysis in the gas phase, knowledge of ion-molecule reactions and kinetic parameters is essential for the utilization of
this technology. In the present work, we focused on organophosphate esters, semivolatile compounds that are now ubiquitous in the
environment. The ion-molecule reactions of eight precursor ions that are available in SIFT-MS (H;0", NO*, O,*", OH’, 0%, O,
NO, and NOj3) with six organophosphate esters were investigated. The modeling of ion-molecule reaction pathways by calcula-
tions supported and complemented the experimental work. Organophosphate esters reacted with six of the eight precursor ions with
characteristic reaction mechanisms, such as protonation with hydronium precursor ions and association with NO™ ions, while
nucleophilic substitution occurred with OH", O*, and O,". No reaction was observed with NO,” and NO;™ ions. This work shows
that the direct analysis of semivolatile organic compounds is feasible using SIFT-MS with both positive and negative ionization
modes.

INTRODUCTION

Organophosphate esters (OPEs) are phosphoric acid esters
with alkyl, chlorinated alkyl or aryl groups instead of a hydro-

to OPEs. There are multiple human exposure pathways: inha-
lation,"""® ingestion with food and water,"**" hand-to-mouth
contact” and dermal uptake.’***** The biomonitoring of or-

gen at the phosphate group. They are semivolatile organic
compounds (SVOCs) that are used in a variety of consumer
products. Since brominated flame retardants were phased out,
the production of OPEs has increased.® While OPEs are most
commonly used for fireproofing polyurethane foams,** they
have many other applications in a wide variety of everyday
consumer products, such as plasticizers and solvents in ther-
moplastics, electronic devices, oils, lubricants and polishes,
food packaging and even baby products.>®

Due to their physicochemical properties, organophosphate
esters can diffuse into products and be released into the envi-
ronment by volatilization, abrasion or leaching.”® These com-
pounds can spread in the environment, and since they are
persistent, especially chlorinated OPEs, they accumulate in
many environmental media. Numerous studies have shown
that OPEs are ubiquitous in indoor environments, such as air
(from a few dozen to several hundred ng/m®), aircraft cabins,
dust, and airborne particles,”*®* and outdoor environments,
such as air, soil, water, sediments and biota,*? Consequently,
living organisms, including humans, are continuously exposed

ganophosphate esters and their metabolites in urine, blood, and
breast milk has demonstrated these widespread exposure
pathways, and some studies have established relationships
between OPE concentrations in indoor dust, air and human
biological samples.****%’

In recent years, an increasing number of studies have docu-
mented that organophosphate esters may have adverse effects
on living organisms, including humans.?® Correlations have
been established between the presence of OPEs in indoor
environments and in respiratory allergies; for example, tributyl
phosphate (TBP) is significantly associated with the preva-
lence of allergic rhinitis and asthma.? Some organophosphates
are known or suspected to be carcinogenic, reprotoxic, neuro-
toxic or teratogenic.***" Tricresyl phosphate (TCP), especially
the ortho isomer, is neurotoxic to humans.** ** OPEs can also
interfere with the functions of the endocrine system and in-
duce adverse effects on organisms These endocrine disruptors
can alter growth and development or affect the reproductive
system and may be involved in the development of hormone-
dependent cancers.?%3%
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Because of their global use and their proven or suspected
health effects, organophosphate esters have become com-
pounds of major environmental health concern in recent years.
As a result, many methods have been developed recently to
measure these compounds. For their analysis in air, passive
samplers®®* have been used as well as solid phase extraction
(SPE) cartridges or membranes®®* or solid phase micro-
extraction (SPME)****® procedures coupled with gas chroma-
tography — mass spectrometer (GC-MS), GC — atomic emis-
sion detection (AED), GC — flame ionization detection (FID),
GC — flame photometric detection (FPD) or liquid chromatog-
raphy — mass spectrometry (LC-MS).® The main technical
constraint of these analytical methods is the calibration setup,
which requires the generation of standard atmospheres. Per-
meation tubes or syringe-injection methods are not suitable for
SVOCs like organophosphate esters because of the very low
volatility of these compounds. Furthermore, due to their low
vapor pressure, these compounds can be partially sorbed or
deposited onto the inner surfaces of the gas-generating devices
and pipes, inducing a substantial memory effect.*

Selected ion flow tube-mass spectrometry (SIFT-MS) is a
well-established direct injection mass spectrometry instrument
for the direct and rapid analysis of VOCs in the gas phase up
to the parts-per-trillion by volume (pptV) level.*® This method
is currently widely applied in environmental fields because of
its high-frequency analysis rate (few minutes per measure-
ment) and ease of use.”**” SIFT-MS technology is based on
the soft chemical ionization of analytes by reagent ions (H;O",
NO*, 0,°", OH’, 0%, 0,", NO, and NOy), and the known
kinetic parameters of these ion-molecule reactions are used to
determine the analyte concentrations.”® Thus, the main ad-
vantage of this technique lies in its potential to achieve quanti-
fication without calibration and therefore without the genera-
tion of standard atmospheres.

SIFT-MS technology has proven to be relevant for the analysis
of SVOCs, such as sesquiterpenes, pesticides and organophos-
phate compounds,***" but to date, data on the negative ionization
mode remain sparse. Understanding the relevant ion-molecule
reactions is currently a key objective in SIFT-MS analysis.”
Knowledge of the product ions formed, together with kinetic data,
is essential for the correct quantification of target compounds.

Thus, in the present work, a study of the SIFT-MS reactivity
of organophosphate esters with both positive and negative
reagent ions was carried out to provide the necessary data for
the detection and quantification of these compounds in the gas
phase. In addition to SIFT-MS experiments on pure com-
pounds, a computational approach was used to obtain a better
understanding of the ion-molecule reactions in the flow tube
and for the possible prediction of the reactivity of organo-
phosphate esters. This approach has been shown to be particu-
larly relevant in previous studies.>*°

METHODS

Chemicals. Triethyl phosphate (TEP) (99%) was purchased
from Merck (Darmstadt, Germany). TBP (>99%) and tris(2-
chloroethyl)-phosphate (TCEP) were purchased from Sigma—
Aldrich (St. Louis, MO, USA). Tris-(chloropropyl)-phosphate
(TCPP) (98%) and triphenyl phosphate (TPP) (98%) were
provided by ICL-products (Terneuzen, The Netherlands). The
chlorine-containing compounds (TCEP and TCPP) were both
mixtures containing different natural isotopes of chlorine (**CI
and *'Cl). All target compounds are detailed in Table 1.

Selected lon Flow Tube-Mass Spectrometry (SIFT-MS).
Chemical ionization of the organophosphate esters was studied
with a Voice 200 Ultra SIFT-MS (SYFT Technologies, Christ-
church, New Zealand). This commercial system was equipped
with a dual source producing both positive and negative soft-
ionizing reagent ions within the same scan. To date, eight precur-
sor ions are available: H,0*, NO*, 0,*", OH", 0*, O,”, NO, and
NOs. The negative precursor ions, hydroxide ions (OH") and
superoxide ions (O,*), were produced from wet air, and the O*’,
NO, and NOj ions were produced from dry air in a microwave
plasma. Each reagent ion was first sequentially selected by a
quadrupole mass filter and then injected into the flow tube. The
sample was introduced through a heated inlet line (373 K) into the
flow tube at a flow rate of 20 ml min™. The carrier gas was nitro-
gen (air liquid, Alphagaz 2). The flow tube temperature was
maintained at 393 K at a pressure of 0.48 torr. The product ions
were analyzed by a second quadrupole in a m/z range from 15 to
400.

For a reaction between a precursor ion R and an analyte A
leading to the formation of a product ion P with a reaction rate
constant k, the quantification with SIFT-MS is based on the
following calculation:

[P] x ICF
[A] = ———F— 1)

- tr X k X [R] X ICFR

where ICF; is the instrument correction factor of the product
ion, ICFg is the instrument correction factor of the precursor
ion, and t, is the reaction time in the flow tube. External cali-
bration is not needed if the value of the reaction rate constant
is known. ICF factors enable the consideration of the mass
discrimination and differential diffusion of each m/z. [P], [R]
and t, are measured parameters.

Gaseous Atmosphere Generation. Gaseous atmospheres
of phosphorus flame retardants were generated by spiking 10
pL of pure liquid compounds into a 114 mL microchamber
MCTE250 (Markes international, Llantrisant, UK). To vapor-
ize the injected compounds, the microchamber was heated to
250 °C at a flow rate of 50 mL min™ dry nitrogen. SIFT-MS
sampling was carried out at the outlet of the microchamber at
a flow rate of 20 mL min™.

Table 1. List of Phosphorus Flame Retardants Used in This Work

Formula CAS MW Boiling Vapor pressure (Pa)
point (°C) at25°C
TEP Triethyl phosphate (C,H50);PO 78-40-0 182 233 2.20 10*
TBP  Tributyl phosphate (CH5(CH,);0);PO  126-73-8 266 327 46510
TCEP  Tris(2-chloroethyl)-phosphate (CICH,CH,0);PO  115-96-8 284-288* 352 5.21 107
TCPP  Tris-(monochloropropyl)-phosphate (CIC3Hg0)sPO 13674-84-5 326-330° 365 7.5210°
TPP Triphenyl phosphate (CsH50)3PO 115-86-6 326 441 6.29 10°




TCP Tricresyl phosphate (C;H;0);PO

78-30-8 368 476 8.00 10°®

2 Depending on the proportions of **Cl and *'Cl in the molecule.

Quality checks were made to ensure that the compound was
vaporized without impurities. To do this, the generated atmos-
pheres were sampled at a flow rate of 50 ml.min™ for 15 min
in a stainless tube containing 250 mg of Tenax TA supplied by
PerkinElmer (Waltham, MA, USA). The Tenax tubes were
then thermodesorbed and analyzed by automated thermal
desorption (PerkinElmer TurboMatrix 650 ATD) coupled to
gas chromatography (PerkinElmer Clarus 680). The gas chro-
matograph was equipped with an MS detector (PerkinElmer
Clarus SQ 8T). The analytical conditions have been reported
in a previous study.®

Experimental Study of lon-Molecule Reactions. Each
compound was studied individually. Full-scan mass spectra
were recorded sequentially for each of the eight precursor ions
(H;0%, NO*, 0,*", OH, 0%, 0,", NO, and NO3) in a m/z
range of 15 to 400 with an integration time of 120 s. Before
each measurement, blanks were used to measure the back-
ground signal from the nitrogen dilution gas. Some traces of
water were detected. The contribution of water to the mass
spectra is known and documented for each precursor ion* so
the corresponding signals could be excluded to identify the
signals generated exclusively from the reaction between the
precursor ion and the studied analyte.

Investigation of Organophosphate Esters Released from
Upholstery Foam Samples. Four combustion-modified high-
resilience foams were studied. These foams were intended for
the manufacturing of upholstery furniture. No information on
the composition and fireproofing classification of these mate-
rials was provided. The samples were stored individually in
aluminum foil at room temperature.

Samples of dimension 5 x 5 x 2 cm were placed in 1-L
glass bottles (Duran, Mainz, Germany) filled with zero air
(supplied by an F-DGS (Evry, Rance) Air Zero generator).
Screw caps with three GL14 ports (Duran) were used to con-
nect the bottles directly to the SIFT-MS instrument via one
sample outlet. A Tedlar bag (Zefon International Inc., Ocala,
FL, USA) filled with zero air was connected to the second
bottle inlet to compensate for the pressure loss in the bottle
during SIFT-MS sampling. The third GL14 port was plugged
with a septum. The samples were incubated in closed bottles
for 24 h at 23 + 2°C or at 100 £ 2°C before being connected to
the Tedlar bag and to the instrument for a full-scan SIFT-MS
analysis.

Computational Details. The molecular geometries and re-
action energies were obtained by MP2 optimization using DFT
(M062X) and the triple zeta basis set 6-311++g(d,p). All cal-
culations were carried out using a Gaussian16 program.>
Geometry optimizations were conducted without any sym-
metry restrictions in the gas phase.

As controlled atmospheres of the organophosphate esters
are difficult to generate, ion-molecule reaction Kinetics were
approached in a theoretical manner by calculating the collision
rate constants (k.). The collisional rate constants were calcu-
lated from parametrized trajectory calculations using the
polarizability o and the dipole moment i of the neutral (i.e.,
the studied) molecule derived from DFT calculations and the
reduced mass of the ion-molecule complex according to a
method described by Su and Chesnavich.>” For all exothermic
H;O" proton transfer reactions, the reaction rate constant k was
assumed to be equal to the collision rate constant k.”*

RESULTS AND DISCUSSION

lon-Molecule Reactions. For positive ionization, data on
the ion formation and reaction rate constants are available for
TBP in the LabSyft software database, but no article citation is
provided, and to our knowledge, there are no published data to
date. Our experimental data are in good agreement with those
provided by the software but also provide additional infor-
mation. To date, there are no data in the literature on the gas
phase chemical ionization of the other compounds studied in
our work.

In this study, ion-molecule reactions were studied for 2
alkylphosphate esters, 2 chlorinated alkylphosphate esters and
2 arylphosphate esters (see Table 1).

The distinctiveness of chlorinated alkylphosphate esters lies
in the presence of chlorine atoms at the end of the carbon
chains. Due to the natural presence of different chlorine iso-
topes (*CI/*'Cl = 75/25), these compounds have highly char-
acteristic mass spectra: the same fragmentation leads to the
formation of several product ions whose m/z depends on the
proportions of the *Cl and ¥Cl isotopes. This observation is
known in electron impact mass spectrometry, and it also ap-
plies to chemical ionization analyses such as SIFT-MS. Figure
1 illustrates this property of the chlorinated alkylphosphate
esters.

Alkylphosphate Esters (Chlorinated and Nonchlorinated).
Table 2 summarizes the product ions resulting from the reaction
of nonchlorinated (TEP and TBP) and chlorinated
alkylphosphate esters (TCEP and TCPP) with the SIFT-MS
precursor ions.

H;O" Reactions. A reaction with H;O" leads to the protona-
tion of TEP, TBP and TCEP, forming product ions at m/z =
183,267 and 285(287/289), respectively, according to the
following reaction:

(RO);PO + H;0" — (RO);POH" + H,0 (2)

The protonated compounds are at minima on the potential
energy surfaces, and from a thermodynamic point of view, all
these reactions are highly favorable (from -37 kcal mol™ for
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Figure 1. SIFT-MS full scan (m/z range from 15 to 400) of tris-(monochloropropyl)-phosphate with the O," precursor ion. Flow tube
temperature: 393 K, flow tube pressure: 0.48 torr.

Table 2. The Experimental Product lons and the Corresponding Branching Ratios for the Reactions of Alkylphosphate

Esters with Positive and Negative SIFT-MS Precursor lons in N, Gas

. . Tris(2- Tris-(monochloropropyl)-
Triethylphosphate Tributylphosphate chloroethyl)phosphate phosphate

Precur- MW=162 MW=266 MW=284-288" MW=326-330°
E’nzc;g)uct 1ons gre Product ions (m/z) BR® Product ions (m/z) E’ R product ions (miz) E’ R
(C,Hs0);POH" (CH3(CH,)30)sPOH"

(183) % (267) % (CIC,H,0)sPOH* 100
2M40)3 +

HO'  (CHsO),POH 2 (CHs(CH,);0),p(0H 0 (285/287/289) (géffg%?géz(o'*)z 100
)2" (155) seconda- ), (211) seconda- ( )
cHo @y Y CiHe" (57) i
(C,Hs0):PO.N (CH5(CH,):0);PO.N ) o )

NO 0’212 100 O" (206) 100

(CH4(CH,);0)P(OH) (CIC5Hs0),PO(C,H,
C,Hs0)P(OH : I
§+ 21257)) (OH) ) 3" (155) a4 (C|C2H4?)2P§C2H4 g O) (277/279/281) 20
0)* (249/251/253 :

0,"" (CHsO),P(OH 39 (QHg(lclHZ)?’O)ZP(OH 52 ) ( ) (glclzfye?gzp(omz 53
)2* (155) 59 )2’ (211) . (CICHOLPOH)," (251/253/255) ;
(C,Hs0)PO* (CH3(CH,)3;0)3PO"" (223) (CIC5HGO)P(OH)5"

182) (266) (175/177)
) ) (CIC,H,0),PO0 (CIC3H0),POO

onr (CH0)POO oo (CH3(CH;);0),P00" | (221/223/225) 10 (249/251/253) 12
(153) (209) ) 90 ) 88

CI" (35/37) CI" (35/37)
] ] (CIC,H,0),POO" (CIC3H:0),POO"

o~ (C.H50),POO" 0 (CH3(CH);0),PO0" (221/223/225) 20 (249/251/253) 13

(153) (209) ) 80 ) 87
CI (35/37) CI (35/37)
_ ] (CIC,H,0),POO" (CIC3H:0),POO"

o (CH0)POO o0 (CH3(CH;);0),P00" | (221/223/225) 100 (249/251/253) >

(153) (209) . 90 . 95
CI" (35/37) CI" (35/37)

2 Depending on the proportions of **Cl and *’Cl in the molecule.
® BR: Branching ratio (%).



TCEP to -53 kcal mol™ for TBP). In this study, this first reac-
tion was not experimentally observed for TCPP.

In addition, other product ions at m/z = 155 (TEP), 211
(TBP) and 251 (253/255) (TCPP) were also observed, demon-
strating that another reaction pathway exists (Eq 3). This se-
cond pathway for the reaction of TBP with H;O" is not docu-
mented in the LabSyft software database.

(RO)sPO + H30" — (RO),P(OH)," + ROH (3)

The first reaction (Eq 2) was expected because the protona-
tion reaction leading to MH" ion formation is the most widely
observed mechanism for the reaction of molecules with hy-
dronium ions.”® In addition, the reaction between the analyte
and H;O" can also lead to fragmentation product ions, as de-
scribed in Eq 3. Fragmentation is also a very common mecha-
nism associated with hydronium precursor ions.

Compared with the protonation reaction (Eq 2), the thermo-
dynamics are slightly less favorable for the second reaction
(Eq 3) (AE ~ 4 kcal mol™), but the reaction is still possible.
Experimentally, this results in lower branching ratios for this
reaction pathway (2% and 10% for TEP and TBP, respective-
ly, see Table 2).

In a secondary reaction, the neutral alcohol molecules ROH
from a previous reaction (Eq 3) can react with H;O".
Thus, ethanol from the reaction of TEP with H;O" leads to the
formation of C,H,0" ions (m/z = 47) and butanol from the
reaction of TBP with H;O" leads to the formation of C,Hs"
ions (m/z = 57).**° However, the low concentration of alcohol
produced during these reactions cannot sufficiently explain the
signals at m/z = 47 and 57. The loss of TEP and TBP
((RO);POH" from Eq 2) from the nascent protonated mole-
cules could explain the formation of the ions with m/z = 47
and 57, respectively.

It is important to note that an ion with m/z 57 could also cor-
respond to H30"(H,0),, a hydrated hydronium ion with an °0
isotope.”" In this work, the reactions were studied in dry nitro-
gen matrices to limit all interfering reactions arising from the
presence of water, carbon dioxide and dioxygen in an air ma-
trix. The low signals at m/iz 37 (H;O". H,0) and 55
(H;0"(H,0),) indicate that there was some water present in the
system during the acquisition of the organophosphate scans
but at a much lower levels than those observed with TEP and
TBP.

NO™ Reactions. The reaction of alkylphosphates with NO*
precursor ions leads to the formation of M.NO" ion-molecule
complexes at m/z = 212 for TEP and m/z = 296 for TBP:

(RO)sPO + NO* — (RO);PO. NO* (4)

This reaction mechanism commonly occurs with the NO*
precursor ion* and is exergonic for the nonchlorinated
alkylphosphates and for the chlorinated derivatives (~ -47 kcal
mol™ and ~ -37 kcal mol™ respectively). Nevertheless, for the
chlorinated alkylphosphate esters, no reaction with the NO*
precursor ion was experimentally observed.

Formations of MH" ions at m/z = 183 for TEP and m/z = 267
for TBP were also experimentally observed. A NO" reaction
leading to the formation of MH" ions has not been document-
ed and was surprising, especially in the absence of water in the
flow tube. However, it is important to note that NO*.H,0
monohydrate ions are usually present in the flow tube at con-
centrations that constitute a few percent of the NO* precursor

concentration, and they can also act as reagent ions. Thus, the
following reaction should also be considered:®

(RO);PO + NO*. H,0 — (RO);POH" + HNO, ()

0,"" Reactions. O,"" is a precursor ion that is usually less
frequently used in SIFT-MS than H;O" and NO* due to the
multiple ion products that generally result from O,*" molecular
reactions, leading to complex spectra.

For alkylphosphates, it is difficult to determine general reac-
tion mechanisms since a wide variety of product ions are ex-
perimentally detected (Table 2). Thus, M*" product ions can
be formed from the reaction of these compounds with O,*"
precursor ions via a charge transfer process. This reaction
mechanism is commonly observed with the O,*" precursor ion.
Thus, ions at m/z = 182 and 266 were experimentally observed
for TEP and TBP, respectively. The (C,Hs0);PO"" ion was the
major product ion formed from the reaction of TEP with the
0,*" precursor ion with a branching ratio of 59%, while
(CH3(CH,);0);PO*" was a minor product ion resulting from
the reaction between TBP and the O,"" precursor ion. The
charge transfer process was not experimentally observed for
the chlorinated organophosphate esters (Figure 1).

Various other reaction mechanisms were noted. Fragmenta-
tions leading to the rupture of one or two alkyl chains oc-
curred; thus, (RO),P(OH),” and (RO)P(OH)," product ions
were sometimes detected. The loss of an alkyl chain was sys-
tematically observed for all the studied alkylphosphate esters
(Table 2).

The reactivity of O," with the organophosphate esters is
usually difficult to generalize, and additional atypical frag-
mentations can also occur, such as ruptures within the alkyl
chains ((CIC;H¢0),PO(C,H,0)", for TCPP) or the loss of a
chlorine atom ((CIC,H,0),P(C,H,0)", for TCEP).

Negative lonization. During negative ionization, the same
reaction mechanism is consistently observed: a reaction be-
tween the organophosphate esters and the OH", O and O,”
precursor anions systematically leads to the rupture of an alkyl
chain as the single reaction pathway:

(RO);PO + OH™ — (RO),POO" + ROH (6)
(RO);PO + 0% — (RO),POO" + RO* @)
(RO);PO + 0," — (RO),POO" + RO,’ 8)

The computational approach shows that reactions involving
the hydroxide anion (Eq 6) are largely favored thermodynami-
cally (-62 to -80 kcal mol™, for the nonchlorinated and chlo-
rinated alkylphosphate esters, as well as arylphosphates). We
can also calculate activation barriers for these reactions. For
instance, for TBP, a small barrier of 27.5 kcal mol™ was
found, showing that the reaction is also kinetically favored.

In the same way, but to a lesser extent, the formation of the
(RO),POO" ion with a RO,* radical in the reaction with O,*
(Eq 8) is quite possible from an energetic point of view (from -
30 to -42 kcal mol™).

The reaction of O*” with alkylphosphate esters (from -76 to -
89 kcal mol™) and aromatics (around -100 kcal mol™) is highly
favorable thermodynamically. It should be noted that the for-
mation of the RO® radical as the second product of the reaction
(Eq 7) is found as a minimum on the potential energy surface
only for the aromatic derivatives (triphenyl phosphate TPP and
tricresyl phosphate TCP) and is largely stabilized. For the
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nonchlorinated and chlorinated alkylphosphate esters, the RO*®
radical is only a reaction intermediate stabilized by a hydrogen
atom from the alkyl chain.

Significant signals were also noted at m/z = 35 and 37 for
the chlorinated organophosphate esters, which correspond to
the CI" chloride ions (isotopes Clss and Cls). In this case, an
Sn2 nucleophilic substitution reaction should be considered.
This substitution leads to the formation of chloride ions and
neutral molecules (or radicals) according to the following
reactions:

(CIRO);PO + OH" — (CIRO),PO(OROH) + CI )
(CIRO);PO + O°" — (CIRO),PO(ORO") + CI (10)
(CIRO);PO + 0,* — (CIRO),P(ORO,") + CI’ (11)

This reaction is made possible by the presence of chlorine
atoms, giving the molecule a nucleophilic character. OH’, O*
and O, ions are known to be good nucleophiles in the gas
phase. In this reaction, the product ions are chloride ions, and
the neutral molecules and radicals cannot be detected by SIFT-
MS. This reaction pathway is highly favorable with high ex-
perimental branching ratios (from 80 to 95%).

No reactions were observed between the organophosphate
esters and the NO,” and NO3™ precursor ions.

Arylphosphate Esters. Due to the physicochemical proper-
ties of the arylphosphate esters such as TPP and TCP, the
generation of gaseous atmospheres is complicated; increasing
the temperature to 250°C is not sufficient for vaporizing these
high-purity semivolatile compounds. The reactivity of these
two compounds could not be studied experimentally. Howev-
er, our experimental work on the alkylphosphate esters (chlo-
rinated and nonchlorinated) highlighted typical reaction pat-
terns, with the exception of the reactions with the O,"" precur-
sor ion. The energy calculations showed that these different
reactions are thermodynamically favorable, including the
reactions for the aromatics (TPP and TCP).

Based on these observations, a list of probable product ions
from the reactions of TPP and TCP with the various SIFT-MS
precursor ions was established and is presented in Table 3.
This list is not exhaustive. First, since it was not possible to
generalize the reactions with the O,** precursor ion, it was not
possible to predict specific product ions from this reaction.
Second, some product ions may be missing; additional reac-
tion mechanisms specific to the arylphosphate esters may exist
that could not be highlighted solely with our experimental
study of the alkylphosphate esters. However, this is a prelimi-
nary approach for the simple and rapid detection of TPP and

TCP in air. It is important to note that even though the genera-
tion of these pure compounds presents some challenges, they
can nevertheless be present in environmental phases, including
air,>' and their detection is a major issue that needs to be
addressed in environmental analytical chemistry.

Reaction Kinetics. As specified previously, quantification
by SIFT-MS requires the knowledge of the reaction rate con-
stants k (Eq 1). A preliminary approach assumed that all colli-
sions between the analytes and the precursor ions lead to an
effective reaction, i.e., the constant k is equal to the collisional
rate constant k..

The collisional rate constants k. were calculated according
to parametrized trajectory calculations using the dipole mo-
ment W, and the polarizability a of the neutral molecule and
the reduced mass of the collisional ion-molecule partners.
Table 4 summarizes the values of these constants for the six
studied organophosphate esters.

For accurate quantification of compound concentrations
at the ppb level with SIFT-MS, the reaction rate constants
must be high, i.e., higher than 10™° cm® s™. The collisional
rate constants of all the studied compounds with the six
reactive precursor ions (H;0", NO*, O,", OH, 0 and 0,")
were high. It should be noted that the reaction rate constant
k could be lower than the collision rate constant. Previous-
ly, in many similar studies, reaction rate constants k were
determined for NO™ and O, reactions, and these were
sometimes lower than the collision rate constants k.
Similarly, the reactions of the anions could be slower. This
assumption is correct for the proton transfer reactions with
the hydronium ion. Since the collisional rate constant is
inversely proportional to the reduced mass of the ion-
molecule complex, its value was the highest with the O*
precursor ion and lowest with the O,*" and O,* precursors.
Note that the collisional rate constants of the three TCP
isomers were significantly different due to variations in
their dipole moments and polarizabilities.

The quantification of the organophosphate esters by SIFT-MS
is quite feasible according to the molecule’s reactivities in the
gas phase and their collisional constants. By assuming k = k; for
the exothermic H;O" proton transfer reactions, the limits of
detection were determined and are detailed in Table 5. These
values were quite low (from 7.9 to 39.8 ug m™), showing the
relevance of the SIFT-MS measurements for semivolatile com-
pounds such as organophosphate esters. In comparison with
SPME-GC-MS techniques (Table 5), SIFT-MS technology is
slightly less sensitive for the detection of organophosphate
esters but has significant advantages, such as real-time meas-
urements.

Table 3. Prediction of Product lons from the Reaction of Triphenyl Phosphate (TPP) and Tricresyl Phosphate (TCP) with

SIFT-MS Precursor lons

Triphenyl phosphate

Tricresyl phosphate

Precursor ion (CeHs0)sPO (C7H,0)3PO
Probable product ion (m/z) Probable product ion (m/z)
H,0" (C¢Hs0)sPOH" (327) (C7H;0);POH" (369)
(CeHs0),P(OH)," (251) (C/H,0),P(OH)," (279)
NO* (CsHs0)sPO.NO* (356) (C7H,0);PO.NO" (398)
OH" (CeH50),PO0™ (249) (C;H;0),PO0O" (277)
o (CeH50),PO0™ (249) (C;H;0),PO0O" (277)




O,

(CeH50),PO0O" (249)

(C;H;0),PO0O" (277)

Table 4. Calculated Rate Constants kc for the Reactions of Organophosphate Esters with Precursor lons in SIFT-MS

H,0* NO* 0," OH o~ 0,"
Compound MW a? [T

k> ke’ ke’ k> k> k>
TEP 182 15.49 3.78 4.92 4.02 3.91 5.18 5.32 3.91
TBP 266 26.12 3.80 5.27 4.27 4.15 5.55 5.71 4.15
TCEP 284 20.55 2.49 3.85 3.12 3.03 4.06 4.18 3.03
TCPP 326 25.91 3.46 4.92 3.98 3.86 5.19 5.34 3.86
TPP 326 33.29 3.63 5.31 4.29 4.16 5.59 5.76 4.16
TpCP © 368 39.39 4.04 5.84 4.71 4.58 6.16 6.34 4.58
ToCP ¢ 368 38.75 3.28 5.13 4.14 4.02 5.41 5.57 4.02
TmCP © 368 39.14 3.18 5.05 4.08 3.96 5.32 5.48 3.96

2 o : polarizability (unit: 10%* cm®), 1, : dipole moment (Debye); derived from DFT calculations.

b k.: calculated collisional rate constants (units: 10°° cm®s™%).
¢ Tricresylphosphate with the methyl group in the para position.
4 Tricresylphosphate with the methyl group in the ortho position.

¢ Tricresylphosphate with the methyl group in the meta position.

Table 5. Limits of Detection in SIFT-MS Using the H;O"
Precursor lon Versus SPME-GC-MS Detection Limits
(From a Previous Study™)

Limits of detection (pg m)

Compound
SIFT-MS  SPME-GC-MS

TEP 7.9 25

TBP 20.2 1.2

TCEP 15.8 -

TCPP 38.6 11

TPP 29.0 -

TCP 39.8 -

Application: Investigation of Organophosphate Esters
Emitted from Combustion-Modified High-Resilience
Foams. Organophosphate esters are commonly used as flame
retardants in polyurethane foams for upholstery. Generally,
these additives are added during the polymerization process
and are not chemically bound to the polymer. Consequently,
they can migrate through the polymer material and be emitted
into the air. Selected ion flow tube-mass spectrometry meas-
urements were performed to study organophosphate ester
emissions from combustion-modified high-resilience foams.

After a one-day incubation at 23°C, none of the six target
compounds was detected in the headspace above the foams
with any of the precursor ions. However, two organophosphate
esters were detected in all the foam samples after incubation at
100°C: TBP and TCPP. The detection of each of the product
ions listed above with the six reactive precursor ions (HsO",
NO*, 0,*", OH", 0* and 0,*) confirms the identification of
these two compounds.

The quantification (with H;O" precursor ions) of the emitted
TBP and TCPP showed few differences between the four
studied combustion-modified high-resilience foams: the TBP

concentration emitted at 100°C varied from 32 to 80 mg m™
and the TCPP concentrations ranged from 3.6 to 8.4 mg m*
(Table 6). The concentrations emitted at 100°C were quite
high (at the mg m™ level) but consistent with previous
reports.” The large difference between the emissions at 23°C
and 100°C is consistent with the increase of vapor pressure
with temperature. In fact, the temperature increase favors the
emissions and decreases compound deposition onto the sam-
pler surfaces. Considering these possible adsorption sink ef-
fects, the emissions measured at 23°C are probably underesti-
mated.

From the measurements made at 100°C, it is possible to es-
timate the emissions at 23°C by extrapolation using the
Clausius-Clapeyron law:®*

Ph__AHv 1 1

np =G (12)
where P, and P, are the vapor pressures (Pa) at temperatures
T, and T, (K), respectively, 4Hv is the enthalpy of vaporiza-
tion (J mol™), and R is the ideal gas constant.

In the literature, some data are available for the enthalpies
of vaporization of TBP or TCPP, addressing the phase changes
from polyurethane foams to air or from pure liquid compounds
to air.”*® This approach allows the estimation of emissions at
a desired temperature (here, at 23°C). However, experimental
measurements at a more elevated temperature limit the effect
of the compound sink and strengthens the emission process.
The values for the emission concentrations at 23°C obtained
by this approach are reported in Table 6. As expected, the
calculated concentrations were rather low (from 5 to 12 pg m
%) for TCPP and were less than the instrumental detection limit
(LOD = 38.6 ug m™, Table 5). For TBP, the estimated emis-
sion values at 23°C ranged from 57 to 144 pg m™ and were
higher than the LOD (20 pg m™), but the compound was not
detected in the gas phase. This observation illustrates that
adsorption to the glass bottle was a sink for TBP at 23°C.
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These results are in agreement with measurements previously
carried out for this type of material (polyurethane foams), with

emissions on the order of a few mg m™® for TBP and lower
than 1 mg m™® for TCPP.*

Table 6. Concentrations of Organophosphate Esters Detected in the Headspace after 24 h of Incubation of the Foamsina 1
L Bottle (Measurement by SIFT-MS with H;O" Precursor ion) and Calculated by Extrapolation Using the Clausius-

Clapeyron Law (With AHv

80 kJ mol ™ for TBP and 81 kJ mol™ for TCPP Given by,*"** Respectively)

TBP TCPP
m® m3

Sample - Foam density (kg m) ::egasur:d calculated E:llgasure)d calculated

23°C  100°C @ 23°C 23°C  100°C | 23°C
Foam A 33 <LOD 3800 @ 684 <LOD 840 11.8
FoamB 20 <LOD 5990 @ 107.8 <LOD 360 5.1
FoamC 70 <LOD 3200 @ 57.6 <LOD 810 114
FoamD 40 <LOD 8000 | 1439 <LOD 370 5.2

CONCLUSIONS

This work is a first step toward the analysis of semivolatile
organic compounds by SIFT-MS. Organophosphate esters
reacted with six precursor ions, providing different possibili-
ties for their analysis. The identified reaction schemes are in
good agreement with literature reports for the SIFT-MS pre-
cursor ions and were confirmed by a computational approach.
From these reaction schemes, predict ions and kinetic con-
stants were also determined for TPP and TCT, even if these
compounds were not be generated in air during this work.
Thus, the protonation of organophosphate esters upon reacting
with H;O" is not surprising. Similarly, the Sy2 nucleophilic
substitution reaction of the chlorinated esters with OH", O*
and O,"” which are good nucleophiles in the gas phase, were
also expected.

The collision rate constants were high enough for the quan-
tification of all six target compounds with the six reactive
precursor ions. Thus, it was possible to not only detect but also
quantify the organophosphates in the gas phase, as in the
presented example of the analysis of emissions from combus-
tion-modified high-resilience foams.

The quantification method using the collision rate constant
k. is a preliminary approach. This approximation, often en-
countered in the literature for SIFT-MS measurements with
H3;O" precursor ions when the proton transfer reaction is exo-
thermic, is feasible for measurements of organophosphate
esters. Although this approach is valid for hydronium ions, it
has yet to be verified for the other precursor ions. Studies on
other compounds tend to show that the reaction rate constant k
can be lower than the collision rate constant k., especially for
the NO* and O," ions. The quantification process could be
refined by experimental determination of the reaction rate
constants k. However, this approach requires the generation of
standard atmospheres with controlled concentrations, which is
currently a considerable barrier to the analysis of semivolatile
organic compounds. Although this preliminary approach can
be improved, it allows for the classification of materials ac-
cording to their emissions.

Because of its speed and ease of use, selected ion flow tube
— mass spectrometry is highly relevant for the rapid screening
and classification of compounds emitted from materials and
offers new perspectives for the analysis of semivolatile organ-
ic compounds in air, such as organophosphate esters. The
high-frequency analysis rate of SIFT-MS measurements al-
lows the detection and quantification of these OPEs in air in

real time. This application offers interesting perspectives for
monitoring indoor air quality, especially for short emission
events such as aircraft cabin emissions during flight.
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