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Introduction

lon chemistry of phthalates in selected ion flow
tube mass spectrometry: isomeric effects and
secondary reactions with water vapoury

*3® Bartosz Michalczuk, (2 ¢ Stefan Matejcik €€ and

a

Michaleacko,
Patrik Spanél

Phthalates are widely industrially used and their toxicity is of serious environmental and public health
concern. Chemical ionization (Cl) analytical techniques offer the potential to detect and monitor traces
of phthalate vapours in air or sample headspace in real time. Promising techniques include selected ion
flow tube mass spectrometry (SIFT-MS), proton transfer reaction mass spectrometry (PTR-MS) and ion
mobility spectrometry (IMS). To facilitate such analyses, reactions of HzO*, O, and NO* reagent ions
with phthalate molecules need to be understood. Thus, the ion chemistry of dimethyl phthalate isomers
(dimethyl phthalate, DMP — ortho; dimethyl isophthalate, DMIP — meta; dimethyl terephthalate, DMTP —
para), diethyl phthalate (DEP), dipropyl phthalate (DPP) and dibutyl phthalate (DBP) was studied by SIFT-MS.
Reactions of Hs;O*, O,* and NO™ with these phthalate molecules M were found to produce the
characteristic primary ion products MH*, M* and MNO?, respectively. In addition, a dissociation process
forming the (M—OR)* fragment was observed. For phthalates with longer alkyl chains, mainly DPP and DBP,
a secondary dissociation channel triggered by the MclLafferty rearrangement was also observed. However,
this is dominant only for the more energetic O,* reactions with phthalates, additionally resulting in a recog-
nisable formation of the protonated phthalate anhydride. For the NO™ reagent ions, the MclLafferty rearran-
gement makes only a minor contribution and for HzO™, it was not observed. Experiments on the effect of
water vapour on this ion chemistry have shown that protonated DMIP and DMTP efficiently associate with
H,O forming the DMIP-H*H,0, DMIP-H*(H,0), and DMTP-H*H,O cluster ions, whilst the protonated ortho
DMP isomer as well as other ortho phthalates DEP, DPP and DBP does not associate with H,O. The results
indicate that the degree of hydration can be used to identify specific phthalate isomers in CI.

However, these regulations only cover toys and are not con-
cerned with other daily products. Phthalates can thus be present

Phthalates (esters of phthalic acid) are used in the production
of plastics as plasticizers and their environmental and health
impacts are now well understood. Phthalates are characterized
as endocrine disruptors that represent a major hazard for
pregnant women and children under 3 years."” Several of the
most dangerous phthalates (diethylhexyl phthalate, dibutyl
phthalate, benzylbutyl phthalate, diisononyl phthalate, diiso-
decyl phthalate, and di-n-octyl phthalate) are regulated by EU
regulations® or tracked by the European Chemical Agency.*
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in plastic containers,” cosmetics® and toothbrushes.” Phthalates
were additionally detected in indoor air and dust® or in
seawater.” Further risk of exposure to phthalates may also arise
from the import of products from countries without regulations
in place.

Several analytical techniques are used for the detection
of phthalates, mainly based on gas chromatography - mass
spectrometry using electron ionization, EI, at 70 eV.'®'" The
notable feature observed in phthalate mass spectra is a com-
mon fragment ion of the protonated phthalate anhydride with
the mass to charge ratio m/z 149. This mass peak is character-
istic for most phthalates with longer alkyl substituents. Whilst
the appearance of the m/z 149 peak is a good indicator for the
presence of phthalate, the selectivity between the different
phthalate compounds by EI is limited. Chemical ionization
(CI) combined with liquid chromatography has been shown to
provide better selectivity between different phthalates."?
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The aim of the present study is to investigate the possibilities
of analyzing phthalate vapours via proton transfer reaction mass
spectrometry (PTR-MS) and selected ion flow tube mass spectro-
metry (SIFT-MS). These techniques are mainly used in the real
time detection of VOCs present at trace levels'® and were success-
fully applied in several analytical applications including breath
research, food flavour analysis, environmental monitoring and
homeland security.'*™® It is, therefore, important to understand
the ion chemistry of phthalates related to SIFT-MS and PTR-MS
not only to facilitate their analyses, but also to gain insight into
the reaction mechanism by observing trends in changes of
reactivity with the phthalate molecule size and structure.
Recently, atmospheric pressure chemical ionization (APCI) and
ion mobility spectrometry (IMS) were combined to study dimethyl
phthalate isomers showing interesting selective behaviour in the
formation of protonated phthalate water clusters where the ortho
orientation of phthalate esters does not form water clusters whilst
the other two conformers do."”

In the present study, we have investigated the H;0", NO*
and O," ion reactions with dimethyl phthalate (DMP), dimethyl
iso-phthalate (DMIP), dimethyl terephthalate (DMTP), diethyl
phthalate (DEP), dipropyl phthalate (DPP) and dibutyl phthalate
(DBP) via SIFT-MS. Secondary reactions of the protonated products
with neutral water molecules were also studied in order to gain an
understanding of formation of their water clusters.

Experiment
SIFT experiments

The SIFT experiments®®> were carried out using a Profile 3
instrument (Instrument Science, Crewe, UK). The H;0", NO"
and O, reagent ions were generated in a microwave discharge.
One reagent ion type was mass selected using a quadrupole mass
filter at a time and injected into the 5 cm long flow tube where a
constant laminar flow of helium carrier gas was established at a
total pressure of 1.5 mbar and a temperature of 300 K. Synthetic
air containing the controlled amounts of neutral reagent vapours
(phthalates and water vapour) was introduced into the flow tube
by an inlet port located 1 cm downstream from the ion injector
at a flow rate of 20 mL min~"'. Depending on the type of the
reagent ions, the ionization of phthalate molecules (M) may
occur at thermal energy via several channels: proton transfer
typical for reaction with H;O" reagent ions

H;0"+M — MH' + H,0, 1)
charge transfer, characteristic for O," reagent ions
0, +M - M + 0,, (2)

and association forming an ion adduct, typical for primary
reactions with NO' reagent ions or secondary reactions of ions
with water

NO" + M + He - MNO" + He. (3)

The product ions were sampled at the end of the flow tube,
mass analysed using the downstream quadrupole mass filter
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and detected using an electron multiplier. Data were collected
from full scan mass spectra (MS) and the multi-ion monitoring
(MIM) mode was used to monitor the product ion distribution
during the controlled humidity change.

Gases and chemicals

The investigated phthalates DMP (dimethyl phthalate, CAS:
131-11-3), DMIP (dimethyl isophthalate, CAS: 1459-93-4), DMTP
(dimethyl terephthalate, CAS: 120-61-6), DEP (diethyl phthalate,
CAS: 84-66-2), DPP (dipropyl phthalate, CAS: 131-16-8) and DBP
(dibutyl phthalate, CAS: 84-74-2) were purchased from Sigma-
Aldrich as reagents with stated 99% purity.

To characterize the product ion composition via mass
spectrometry, a few mg of phthalate sample was placed at the
bottom of a 15 mL glass vial closed by aluminium foil and
heated up to T = 370 K. The volume of the vial containing
phthalate vapours was then sampled directly via SIFT-MS.
The humidification of the sample was difficult in this setup.
Thus, we carried out the measurements only with synthetic and
laboratory air.

To confirm the identity of the product ions, phthalate
vapours were also deposited on the inner surface of a 2 m long,
0.25 mm ID polyether ether ketone (PEEK) capillary heated up
to T = 360 K. This capillary was then flushed by a flow rate of
20 mL min~" of pure synthetic air. This approach allowed the
suppression of highly volatile impurities and the spectra
so obtained were much cleaner, containing only the clean
phthalate product ion peaks. Peaks that disappeared (i.e. m/z 57,
75 and 93 in DDP using H;0", see the ESIT) were considered to
originate from volatile impurities.

To study the influence of humidity on phthalate ion chem-
istry, we used the diffusion tube method.** A few mg of phthalate
sample was placed in a 2 mL vial closed by polytetrafluoro-
ethylene (PTFE) septum caps penetrated with a diffusion tube
(1/16” OD x 0.25 mm ID x 5 cm length PEEK capillary). The
2 mL vial was then placed in a 15 mL glass vial closed by a
PTFE septum. The headspace of the 15 mL vial was sampled
directly via SIFT-MS. Individual samples were heated up to
T = 370 K to enhance their evaporation. Synthetic air was used
to refill the air in the vial sampled via SIFT-MS. The humidity of
synthetic air was controlled using an in-line water reservoir
using the diffusion tube method. The water temperature within
the reservoir was varied between T = 77 K and T = 350 K.
The resulting water vapor concentration ranged from 10" to
10" molecules per cm®. These water vapor concentrations
were estimated according to the hydronium water cluster
distribution via SIFT-MS as described elsewhere.***> The rela-
tive value of the water vapor concentration is calculated using
the following dimensionless logarithmic factor

 ([H30"] + [H;0" - Hy0] + [H;0" - (H0),] + - --
H= ln( [H;0"] )

4)

Eqn (4) allows us to better compare the obtained experimental
results.

This journal is © the Owner Societies 2020
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Results and discussion
Molecular properties

The properties of three DMP isomer molecules and of the DEP
molecule are given in Table 1. The quantification of DMP
isomers using chemical ionization in the H;O" reactions is
feasible as their proton affinity (PA) is >1.5 eV that of water
molecules (PA(H,0) = 7.2 eV*°). Note that proton transfer is
possible also from the hydrated hydronium ion as PA((H,0),) =
8.56 eV."” In addition, charge transfer from O, is also possible
due to the ionisation potential being lower than that of O,. As
the PA of all three DMP isomers exceeds the PA of H,O, the rate
constant for proton transfer (k) is equal to the collisional rate
constant (k.).>” The k. can be calculated for the H;O" reactions
using the parametrised trajectory formulation described by Su and
Chesnavich'® (see Table 1) using the polarizabilities and dipole
moments of the molecules. These parameters were obtained by
quantum chemical calculations (owb97xd/6-311+G(2d,p)) related to
previous IMS studies of these DMP isomers."”

Ion molecule reaction products

Using the SIFT method, we have studied the ion chemistry of
individual DMP isomers, DEP, DMP and DBP using H;0', NO*
and O," reagent ions. The observed ion products are summar-
ized in Table 2. All H;O" reactions led to the formation of
protonated phthalates (1) and a loss of one alkyloxy substituent
(OR, where R stands for alkyl radicals). This dissociation
channel, forming (M-OR)" ions, was observed for all phthalate
reactions. Protonated phthalate anhydride (m/z 149, PhA-H")
was a minor product only for DPP and DBP.

For the NO' reactions, association (reaction (3)) was
observed for all phthalates except DBP, where the adduct mass
exceeded the upper limit of the downstream quadrupole mass
filter (m/z 300). DBP-NO" is likely to be a dominant product (as
for the smaller phthalates) and thus the product ratio cannot be
determined and only the upper limits are given in Table 2. The
protonated molecule MH" was observed for all phthalates and,

Table1 Summary of the ionization energies (IEs) and the proton affinities
(PAs) of reactants together with estimated rate coefficients for reactions
of HzO*

o kc (H3O+)

Molecule m (u) IE (eV) PA (eV) (107> em®) p (D) (10 % em®s™)
DMP 194 9.64° 9.7° 23.99°¢ 0.26° 2.82

DMIP 194 9.84° 8.74,° 8.77° 24.84° 1.9 3.63

DMTP 194 9.78% 8.74,° 8.74° 28.71° 0° 3.02

DEP 222 nd nd ~23¢ nd nd

DPrP 250 nd nd nd nd nd

DBP 278 nd nd nd nd nd

Presented also are the monoisotopic molecular weight, m, in atomic
units u, polarizability «, in units of 10~>* cm® and permanent dipole
moment 4, in Debye, D. The values of o and u are taken from a report by
Michalczuk et al.,'” based on private communications and post analysis of
their data at the ©b97xd/6-311+G(2d,p) level of theory. The collision rate
coefficient k. was calculated according to the parameterised trajectory
formulation put forth by Su and Chesnavich.'® For additional references:
@ Ref. 19. ” Ref. 20.° Ref. 17. ¢ ChemSpider predicted properties,'
nd - no data.
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as will be discussed later, we consider this to be a product of the
M-NO" secondary reaction with water vapour. Other fragments
including protonated phthalate anhydride and (M—(R-2H))"
were detected with low intensity.

Finally, O," reactions proceeded via charge transfer (reaction (2)).
The molecular ion is dominant only for the ortho and para DMP
isomers. The (M-OR)" ion fragment was formed for all DMP
isomers. The production of (M—(R-2H))" becomes dominant for
phthalates with longer alkyl chains, and it is accompanied by the
formation of protonated phthalic acid (m/z 167, (PhA-H + H,0)")
and protonated phthalate anhydride (m/z 149, PhA-H").

The observed ion chemistry may be compared with previous
studies of chemical ionization reactions of phthalates, using
CI reagents such as methane and isobutane,”® methane and
ammonia'®> and methane.”® Chemical ionisation reactions
involving isobutane and ammonia were found to produce mostly
the protonated phthalate ions. For methane, the CI reaction
leads to protonated phthalate anhydrides (m/z 149) since the PA
of methane (5.6 eV) is much lower than the PAs of phthalates.
Note that in electron ionization,*’ this ion (m/z 149) is also often
dominant. The formation of protonated phthalate anhydride
was well explained by theoretical calculations of Jeilani et al
studying protonated® and ionised®" phthalates. Protonated
phthalate anhydride is generated from protonated phthalates
via two pathways, initiated by the dissociation of alkyl or alcohol:

MH' - [M-OR]" + HOR (5)
MH' - [M-(R-2H)]" + (R-H) (6)

First, the loss of an alcohol molecule (5), common for all
phthalates, leads to the formation of protonated phthalate
anhydride directly. The second reaction (6) proceeds via a
McLafferty rearrangement,®” which requires a C, or longer alkyl
ligand to be present in the phthalate ester group. From there,
formation of the (M—(R-2H))" fragment leads to protonated
phthalic acid (m/z 167, (PhA-H + H,0)") and then to m/z 149 by
H,0 loss. The change of the free energy for the case of DBP
favours reaction (6) by 12.2 k] mol '*' as calculated at the
B3LYP/6-311G(d,p) level of theory.

Both pathways were identified in the CI spectra of most
phthalates before; (M-OR)" ions are often more intense than
(M—(R-2H))" ions and the intensity of the (M-OR)" fragment
decreases with increasing alkyl chain length.'* In contrast to these
previous studies, in our present results, only traces of the specific
products related to the McLafferty rearrangement were observed
for DMIP and DBP. For phthalates with longer alkyl chains, even
though the calculations indicated the McLafferty rearrangement
to be energetically more favourable, the loss of alcohol is a much
faster process when H;0" or methane ions are used.

Similar pathways were described for phthalate ions produced
by EI3O,31

M' — [M-OR]" + OR (7)
M' - [M—(R-2H)]" + (R-2H) (8)

and these agree with the observed charge transfer reactions (2)
of O," reagent ions. The McLafferty rearrangement occurs for

Phys. Chem. Chem. Phys., 2020, 22,16345-16352 | 16347
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lon products of phthalates interacting with HzO0", NO™ and O,* reagent ions obtained via SIFT-MS. R stands for an alkyl substituent variating for

different phthalates and PhA stands for the phthalate anhydride. Experiments were carried out in synthetic air. The ions in italic are products of secondary

ion interaction with water vapour®

H,0" NO* 0,"
Compound (vapour pressure) mlz br Ton mlz br Ion mlz br Ion
o 163  75%  (DMP-OR)" 163 86% (DMP-OR)* 163  83%  (DMP-OR)"
a OCH; 195  25%  DMP-H' 195 2% DMP-H" 194  17%  DMP’
DMP (4.1%) OCH, 224 11% DMP-NO"
o
Oy, -OCHs 163 8%  (DMIP-OR)" 163  63% (DMIP-OR)" 163  39%  (DMIP-OR)"
181 1%  (DMIP-H-CH,)" 195 9% DMIP-H" 194  61%  DMIP"
DMIP (12.87) OCHs 195  82%  DMIP-H' 224 28% DMIP-NO*
) 213 9%  DMIP-H-H,0
Oy, -OCHs 163  11%  (DMTP-OR)" 163 79% (DMTP-OR)* 163 26%  (DMTP-OR)"
195 82%  DMTP-H' 195 9% DMTP-H" 194  74%  DMTP'
DMTP (14.1%) 213 7% DMTP-H"-H,0 224 11% DMTP-NO*
07 ~OCH;
N 177  36%  (DEP-OR)" 177 31% (DEP-OR)" 149  11%  PhAH'
S 223  64%  DEP-H' 223 3% DEP-H' 167 5%  (PhA-H + H,0)"
DEP (2.8") 0\/Q§ 252 66% DEP-NO' 177  53%  (DEP-OR)"
) 195 6%  (DEP-(R-2H))"
222 24%  DEP'
o 149 1%  PhAH' 149 1% PhA-H" 149  24%  PhAH'
s 163 1%  (DPP-OR)" 191 21% (DPP-OR)" 167 6%  (PhAH + H,0)"
DPP (0.18°) o~ 191  15%  DPP-H' 209 2% (DPP-(R-2H))" 191  15%  (DPP-OR)"
i s 251 83% 251 3% DPP-H' 209  47%  (DPP-(R-2H))"
280  73% DPP-NO" 250 8%  DPP'
o 149 6%  PhA'H' 178 <12%  PhA-NO' 149  24%  PhAH'
) e 167 2%  (PhA-H + H,0)" 205 <52%  (DBP-OR)" 167 7%  (PhA-H + H,0)"
DBP (0.027%) PO 205 9%  (DBP-OR)" 223 <4% (DBP-(R-2H))" 205 13%  (DBP — OR)"
i 279  83%  DBPH' 279  <32%  DBPH' 223 34%  (DBP-(R-2H))"
308 ¥ DBP-NO' 278  22%  DBP'

“ br - branching ratio, vapour pressure is stated in units of 10~® mbar at 25 °C according to (a) Daubert and Thomas,*® (b) Hinckley et a

34
L

(c) EPA*® and (d) Donovan.?® * m/z 308 is out of the m/z range of SIFT-MS.

DEP, and becomes dominant for DPP and DBP. For DBP, the
activation energy calculated by B3LYP/6-311G(d,p)*" for (8) is
only 23 k] mol ™, and it is 97.3 k] mol " to produce PhA-H". The
loss of alkoxyl requires 42.3 kJ mol ™~ for (7), and 130 k] mol " is
required to produce PhA-H'. Our present studies follow this
precedence, and fragments related to (8) can be observed for
DEP and become dominant for DPP and DBP.

In the NO" CI reactions, the observed (M-OR)" fragments
cannot result from the dissociative charge transfer, as IE(NO) =
9.26 €V is below the IE of DMP isomers and must proceed by
the formation of a neutral RONO product from the reaction
intermediate MNO'. A similar process was observed previously
for the M-C,H;" adducts.”® In our present studies, the only
observed fragment adduct ion was PhA-NO" resulting from the
NO" reaction with DBP. An interesting observation is the
presence of a small amount of (M~(R-2H))" fragments, as these
are typical for McLafferty rearrangement. For M-C,Hs" adducts,
this rearrangement occurred in a reaction sequence after the
initial dissociation of an alkyl substituent, while in the present
study, it is a separate NO' reaction channel. The presence of
protonated phthalate was also observed for M-C,H;" adducts and
it was explained by the dissociation of neutral C,H, obtained
from the adduct. This process is not possible for NO' ions.
However, the protonated phthalate can be formed via secondary
reactions with water vapour, which will be explained later.

16348 | Phys. Chem. Chem. Phys., 2020, 22,16345-16352

Secondary reactions with water vapour

In the second part of the work, we have studied the influence of
humidity on the ion chemistry of individual phthalates by
changing the water vapour concentration within the flow tube.
The presence of water vapour affects the ion chemistry in several
ways. First, the reagent ions form water clusters and this changes
their facility to ionise other organic molecules. In SIFT-MS, H;0"
reagent ions are the most affected, where reactions

H;0'(H,0),_, + H,0 + He < H;0"(H,0), + He  (9)

can form clusters with n up to 4. This effect is illustrated in
Fig. 1, showing the relative distribution of hydronium water
clusters as a function of water vapour concentration. Second,
water clusters formed from protonated organic molecules may
lead to complicated ion chemistry, compromising SIFT-MS
selectivity and detection limits. Finally, at higher concentra-
tions, water vapour may increase the rate of adduct formation.

The influence of water vapour on ion chemistry has been
investigated in the present experiments for all reagent ions. For
the NO" reagent ions, we observed an increase in the relative
intensity for the MH" ions (by 5-10%) with water vapour
concentration. This MH" intensity is too great to be produced
by proton transfer from the (~1%) amount of H;O' ions
present in the flow tube together with the NO" ions. Based on

This journal is © the Owner Societies 2020
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Fig. 1 Relative distribution of hydronium reagent ions based on different
water concentrations in the flow tube.

its increase with water vapour concentration, we suggest that it
can be produced via a secondary reaction with the phthalate—
NO" adduct.

M-NO' + H,0 —» MH' + HONO (10)

Reaction (10) can only take place if the proton affinity of phthalate
(M) sufficiently exceeds the NO" affinity, as the notional reaction

NO' + H,0 — H' + HONO (11)

m/z 163 (DMP-OR)"

1.04 o m/z 181 (DMP-(R-H))"

= m/z195 DMP.H'

08 e m/z213 DMP.H'H,0
> | 4 m/z231 DMP.H'(H,0),
®
[ =
Q8 0.6 7
£
2 -

.

® 0.4 a an® e
© - -
&« . wonr -’

0.2mi™]

0.0

0.0 0.5 1.0 1.5 2.0
(© m/z 163 (DMTP-OR)"
1.0 o m/z 181 (DMTP-(R-H))"
= m/z195 DMTP.H'

s/ e m/z213 DMTP.H'H,0
2 % 4 m/z231 DMTP.H'(H,0),
9 0.6 . °
£ . ®

. .

g " Ll
T 04 R
D oo "
m ..;.f. - .

0.2 Xd LI " .

0.0 A a @ @ P

0.0 0.5 1.0 15 2.0

View Article Online

Paper

is 711 kJ mol~" endothermic.”® The proton affinity is known
only for the DMP isomers (see Table 1) while the NO" affinity
can only be estimated. The typical NO* affinities®” of organic
molecules range from 100 to 200 k] mol . A linear correlation
between PA and NO" affinity can be used, but it depends on
whether the NO" association gives a ¢ or & complex.”” For DMP,
such a correlation estimates a NO" affinity of 169 k] mol " for
the o complex (222.6 k] mol * for ). Both these estimates are well
below the PA(DMP) = 935.9 k] mol ' and render reaction (10)
exothermic by 56.3 (or 2.7) k] mol . For the meta and para isomers,
reaction (10) would be endothermic by 4.7 (or 39.4) kJ mol "
Despite this, the high number density of water molecules in
the carrier gas (10'>~10" cm ™) can shift the reaction equilibrium
in favour of MH" production.

Finally, the secondary reactions of the O," products can be
discussed. A notable effect was observed only for DEP, DPP
and DBP. Increasing the water vapour concentration led to a
decrease in the fragmentation rate of the protonated phthalate
anhydride (m/z 149) by 5-10%, compensated by an increase of
protonated phthalate acid (m/z 167) intensity.

For the H3;0' reagent ions, the change in the relative
distribution of the phthalate product ions for different water
vapour concentrations is shown in Fig. 2. The formation of
protonated phthalate water clusters depends strongly on the
location of esters in the phthalate structure. In the ortho
position, protonated phthalate hydrates are not produced at
all. However, for DMIP (phthalate ester in the meta position),
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Fig. 2 Relative ion ratio between the observed products of phthalate molecules (a) DMP, (b) DMIP, (c) DMTP, and (d) DEP based on the relative water

concentration in the flow tube H.

This journal is © the Owner Societies 2020

Phys. Chem. Chem. Phys., 2020, 22,16345-16352 | 16349


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp00538j

Open Access Article. Published on 10 July 2020. Downloaded on 2/7/2026 9:31:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Table 3 Calculated changes of Gibbs free energies for individual proton
transfer reactions and adduct formation reactions of DMP isomers (M) with
different reagent ions. Data taken from ref. 17

Reagent ion Products DMP (eV) DMIP (e¢V) DMTP (eV)
H;0" MH" + H,0 —2.445 —1.678 —1.572
H;0(H,0) MH;0" + H,0 —1.283  —0.908 —0.793
MH' + (H,0), -1.156  —0.389 —0.282
H;0'(H,0), MH,0H;0" + H,0  —0.627 —0.756 —0.338
MH,0" + (H,0), —0.560  —0.184 —0.070
MH' + (H,0); —0.513 0.255 0.361
H;0'(H,0); M(H,0),H;0" + H,0 —0.156  —0.579 —0.204
MH,OH;0" + (H,0), —0.076  —0.205 0.213
MH;0" + (H,0); —0.089 0.286 0.401
MH' + (H,0), —0.124 0.642 0.728

the formation of protonated phthalate water clusters can proceed
to a degree of up to two water molecules per ion. Finally, for
DMTP (phthalate esters in the para position), only one water
molecule is observed to be attached to the protonated DMTP. The
observed trend agrees with the APCI-IMS study of DMP isomers
that was theoretically explained.'” For DMP-H", the proton is
located between the two carboxyl oxygens of phthalate esters,
independent of the amount of H,O molecules.

The formation of the protonated DMP hydrates is energeti-
cally possible (see Table 3). However, due to the minimal energy
difference between the individual hydration states and high
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number density of water molecules, equilibrium will be estab-
lished through ligand switching reactions

MH'(H,0),_; + H,0 < MH" + n(H,0)

(12)

where n > 0, in favour of the protonated phthalate. For DMIP
and DMTP isomers, the formation of H,O adducts is favoured,
due to the deeper energetic minimum for DMIP-H;0", DMIP-
H;0'H,0 and DMTP-H;0" formation. This is in excellent
agreement with our observation. Data in Table 1 indicate that
the protonated phthalate clusters may achieve even higher
levels of hydration, however the direct formation of individual
ions via primary switching reactions

H;0(H,0),,_; + M < MH'(H,0),,_, + n(H,0)

(13)

where n, m > 0 becomes inefficient for higher hydronium water
clusters. Additional hydration is possible due to the secondary
association reactions of phthalate ions with water molecules

MH'(H,0),_, + H,0 + He <& MH'(H,0), + He (14)

where n > 0.

Using the numerical simulation software KIMI developed by
the first author of this paper,®® it is possible to model the
contribution of the individual reactions taking place in SIFT.
Taking into account the relative ion distribution of protonated
phthalate ions (Fig. 3), it is possible to interpret the observed
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Fig. 3 Relative ion ratio between the protonated phthalate molecules (a) DMP, (b) DMIP, (c) DMTP, and (d) DEP, and their water clusters based on the
relative water concentrations in the flow tube H. The relative distributions of DMIP and DMTP are supplemented by the simulation of ion kinetics using
KIMI (ref. 38). The dash line represents a solution containing only proton transfer and adduct formation from hydronium clusters (reaction (13)). The solid
line represents the previous solution obtained by the association of protonated phthalates with water (reaction (14)).
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profile considering only proton transfer from hydronium
reagent ions (H;0") and secondary interaction of protonated
phthalates with water according to (14). Thus, in CI, where
multiple hydronium water clusters as reagent ions are present,
higher protonated phthalate water clusters will be formed
mainly by the hydration of smaller water clusters rather than
by direct switching reactions of H;0'(H,0),. This agrees with
previous SIFT results for a series of aldehydes.** Finally,
formation of the (M-OR)’ fragment is affected by different
concentrations of water vapour in SIFT as well. Fig. 2 shows a
similar trend for DMP and DEP, where dissociation at higher
water concentrations decreases as hydronium ions are replaced
by less reactive hydronium water clusters. For DPP, DBP and
DMTP, the dissociation was not affected by the presence of
water vapour. The opposite trend can be observed for DMIP,
where fragmentation rates increase with water vapour concen-
tration. As the reactivity for higher hydronium water clusters
decreases with the level of hydration, increased fragmentation
can be explained by an additional secondary reaction. This
reaction is probably initiated by the formation of a protonated
phthalate-water complex, observed only for DMIP and DMTP,
in a specific electronic state providing specific repulsive potential
leading to

[MH'(H,0),,_,]* - (M-OR)" + HOR:(H,0),,  (15)

where n > 1. As we cannot determine details of this process,
further study is required to fully understand this reaction.

Conclusions

New data were obtained on the kinetics of reactions involving
H;0", NO" and O," ions with phthalate isomers DMP, DMIP
and DMTP, DEP, DPP and DBP, including information on the
primary and some secondary ion products using SIFT at different
concentrations of water vapour. Different ion-molecule reaction
channels were observed for the individual reagent ions, including
a characteristic dissociation channel forming (M-OR)" ions. This
dissociation channel has been observed in previous CI and EI
studies for several phthalates and its dominance can be explained
for the DMP isomers and DEP by the short length of the alkyl
substituents. For DPP and DBP containing longer alkyl chains,
products characteristic of the McLafferty rearrangement were
dominant only for the O," reagent ions.

A strong effect of the DMP isomeric structure on the
formation of the protonated phthalate water clusters was
revealed. For the ortho DMP molecules, hydration of protonated
molecules is not effective due to the small energy difference
between the individual hydration levels. The high number
density of water molecules moves the reaction equilibrium in
favour of the dominant formation of protonated DMP.

For the DMIP and DMTP isomers, the energy levels for water
cluster formation are more different, facilitating the formation
of DMIP-H;0", DMIP-H;0'H,0 and DMTP-H;0" water clusters.
Using numerical simulation, we show that under the given SIFT
conditions, phthalate water clusters are preferably formed by

This journal is © the Owner Societies 2020
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sequential hydration of protonated phthalates (14) rather than
by direct ligand switching from hydronium water clusters (13).
An increasing fragmentation rate at increasing water vapour
concentrations observed for DMIP indicates the presence of an
additional dissociation channel, producing (M-OR)" fragments
from the generated protonated phthalate clusters. For DMP and
DEP (phthalate esters in the ortho position), the protonated
phthalate water clusters are not observed and the dissociation
rate decreases with increasing water vapour concentration.

This detailed SIFT study of ion chemistry thus demonstrated
that it is possible to analyse phthalates using different SIFT-MS
ionization mechanisms. In addition, the humidity of the sam-
ple does not affect the ion chemistry for the studied ortho
phthalates. As the proton is located between the two carboxyl
oxygens of phthalate esters, the same effect is expected for the
other phthalates as well. The effect of humidity on DMIP and
DMTP can be additionally used to differentiate individual
phthalate isomers via SIFT-MS.
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