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Abstract

Formic acid (FA) is introduced as a potent dopant for atmospheric pressure chemical
ionization (APCI) for ion mobility spectrometry (IMS) and mass spectrometry (MS). The
mechanism of chemical ionization with FA dopant was studied in the negative polarity using
a corona discharge (CD) - IMS - MS technique (CD-IM-MS) in air. Standard reactant ions of
the negative polarity present in air are Oy -(CO2)n:(H20)m (Mm=0,1 and n=1,2) clusters.
Introduction of FA dopant resulted in production of HCOO"-FA reactant ions. The effect of FA
dopant on APCI of different classes of compounds was investigated, including plant
hormones, pesticides, acidic drugs, and explosives. FA dopant APCI resulted in the
deprotonation and/or adduct ion formation, [M-H] and [M+HCOQOYJ, respectively. Supporting
density functional theory (DFT) calculations showed that ionization mechanism depended on
the gas phase acidity of the compounds. FA dopant APCI led to the improvement of
detection sensitivity, suppression of fragmentation, and changes in the ion mobilities of the

analyte ions, for analytes with suitable molecular structure and gas acidity.
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1. Introduction

lon mobility spectrometry (IMS) is a gas phase separation technique with a growing number
of applications in many fields of science and technology. In IMS, ions travel through an inert
drift gas environment under the action of an electric field and their separation is achieved
due to differences in mass and structure of the ions and due to differences in collisional
interactions of the ions with the drift gas molecules.! Modern commercial (low pressure) IMS
instruments, combined with high resolution mass spectrometry (HRMS) have been coupled
with gas chromatography and liquid chromatography (LC) to provide an additional separation
dimension for analytes based on their collisional cross section (CCS).2 On the other hand,
low cost stand-alone (high pressure) IMS instruments are increasingly popular due to their
simple usage, high sensitivity, fast and real-time analysis. These instruments have wide-
ranging applications in the detection of volatile organic compounds (VOC),® explosives,*°
chemical agents,® abused drugs,”® food ingredients,® and breath analysis.®!! The ionization
sources of these instruments are mainly based on the atmospheric pressure chemical
ionization (APCI) method, with primary ion sources such as corona discharge (CD) or ®Ni
radioactive sources.!

APCI-CD ionization sources operate in positive and negative polarities for the detection of
cations and anions, respectively. The ionization mechanism in APCI is based on the
ionization of the analyte via reaction with the reactant ions (RI) produced by the CD.!
Different types of RIs can be generated in the positive and negative polarities, hence, a
variety of ionization mechanisms can act on the analytes in the gas phase. The nature of the
RIs generated in CD depends on the composition of the gas and on the design of the ion
source. In the positive mode (with air as the drift gas) HsO"-(H20),, NHs"-(H20)m and
NO*:(H20)«(all or some of them, m,n,k=0,1,2,3...) have been reported as the RIs and the
ionization of the analytes (M) proceeds via protonation, cation attachment, charge transfer
and hydride abstraction to produce product ions [M+H]*, [M+RI]*, [M]*, and [M-H],

respectively.?1* Most frequent RIs in the negative mode (also in air) are Oz(H20)x:(CO.)y,
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COs+(H20)m, and NOy:(H20)» which ionize the analyte by deprotonation, charge transfer,
and anion attachment and produce product ions [M-HJ, [M] ", and [M+RI], respectively.t>’
For efficient ionization of analytes in APCI, the selection of ion source polarity (positive or
negative) and RIs strongly depends on the structure, and chemical and physical properties
of the analyte, such as basicity, acidity, ionization energy and electron affinity.’® Many
analytes can be ionized via more than one ionization pathway, or the ionization may produce
fragments, resulting in complex IM spectra with several (often overlapping) peaks.'*
Additionally, some analytes are not ionized by standard RIs, or the ionization efficiency is
weak, resulting in weak response in both positive and negative modes.

To overcome these issues, a range of modifier or dopant gases are introduced into the CD
ion source, to convert the standard RIs to dopant RIs and thus change the ionization
mechanism. Such dopants are used to improve the sensitivity and selectivity of the ionization
process, modify the nature of the analyte ions (the ion mobilities of the analyte ions) to
reduce the IMS peak overlapping, and even to achieve conformer and chiral separation.-28
In the positive polarity, the most common dopant gases are NHs;, NO, and NO;, which
produce NH4*-(H20)m and NO*-(H20)n RIs.252°30 As NH; has higher gas phase basicity than
H-0, ionization of analytes by NH4*-(H20)n is more selective than that by H3O*-(H20)mso
that only compounds with higher basicity than NH3; are protonated.? However, compounds
with basicity lower than NHs can also be ionized via ammonium attachment, [M+NH4]*,
leading to IM-peak shift compared to ionization by Hs;O* RIs.?® Nitrogen oxides (NO and
NO.) dopants are used for the formation of NO*-(H2O)k in the positive polarity and ionization
of aromatic compounds, such as benzene, toluene, and xylene via charge transfer and NO*
attachment.®°

In the negative polarity, the Oz-based RIs (Oz.(H20)n, O2.(CO2)m(H20)n)are strong bases in
the gas phase,®*hence, they ionize analytes with a wide range of acidities via
deprotonation. However, O, attachment is likewise a possible ionization pathway for
analytes with low acidity in the gas phase.®3* To improve the selectivity, halogen-containing
compounds such as halomethanes (mainly CHCI;, CCls, CHBr3) are used as dopants,

3
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resulting in the production of CI- and Br RIs with lower gas phase basicity than O2.%¢ In
addition, CI and Br- can improve the resolution and, in case of ionization of analytes via
anion attachment, produce [M+CI]- and [M+Br] leading to IMS peak shift.3’

In this work, we introduce formic acid (FA) as a potent dopant for APCI ionization in the
negative polarity, which can be applied to IMS and MS techniques. To assess the efficiency
of this dopant, ionization of several analytes including plant hormones, drugs, explosives,
and pesticides was investigated with and without FA dopant. To understand the IMS spectra,
MS data were used to study the ionization mechanism of these compounds in the presence
of FA dopant and the experimental observations were supported by density functional theory
calculations of the RIs, analytes, and product ions, including the deprotonated species and

the adducts with FA.

2. Experimental

2.1 Instrumentation

The CD-IMS-MS system used in this work was equipped with a point-to-plane CD-APCI
ionization source operating in both positive and negative modes. The CD-IMS-MS is an in-
situ manufactured instrument, constructed at the Department of Experimental Physics of
Comenius University in Slovakia. A detailed description of the instrument can be found
elsewhere.®®The IMS drift tube operates at subambient pressure (600 mbar) and
temperature of 80 + 2 °C (temperature of the drift gas at exit), with a Faraday cup as the IMS
detector at the end of the drift tube. In order to investigate the effect of the gas temperature,
the measurements were also carried out at the elevated drift temperature of 120 °C for some
of the compounds. The flow rate of the drift gas (purified ambient air) was 600 mL/min. A
voltage of 8 kV was applied to the whole IMS cell (12.5 cm), to provide a drift field of 640
V/icm. The CD was supplied by a potential difference of 3 kV between the needle and the
planar electrode. The IMS tube was connected to a differential pumping system through a

100 ym pinhole. The vacuum system consists of three chambers: the pressure of the first
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chamber was reduced to 0.1 mbar using two rotary pumps, the pressures of the second and
third chambers were 10° and 5 x 10=° mbar, respectively, provided by turbomolecular
pumps. The length of the linear time-of-flight MS was 54.7 cm with internal pressure of 10~

Smbar. A multichannel plate (MCP) was used as a detector for MS in the ion counting mode.

2.2 Materials and method

Indole-3-acetic acid (IAA, analytical standard, 98%), indole-3-propionic acid (IPA, 99%),
indole-3-butyric acid (IBA, 99%), salicylic acid (SA, 99%),6-Benzylaminopurine (BAP,99%),
kinetin (99%), Adenine (99%), 4-Chloro-2-methylphenoxyacetic acid, (MCPA, 95%),
methanol (99.9%) were commercially obtained from Sigma-Aldrich, and formic acid (99.9%)
was likewise purchased from Honeywell. TNT and RDX were procured from Slovak
Department of Defense, with purity up to 99%. Naproxen (2-(6-methoxynaphthalen-2-yl)
propanoic acid) and aspirin (2-acetyloxybenzoic acid) were purchased from Pars Darou
Company, Iran.

Stock solutions of the analytes were prepared in methanol. For each measurement, 1 pl of
the sample was injected into the injection port (200°C) and the vaporized sample was
subsequently transported to the ionization region using a carrier gas (dried air) with a flow
rate of 50 ml/min. The calibration curves were obtained for all compounds with and without
FA dopant to obtain the practical limit of quantitation (LOQ). Limits of detection (LODs) were
considered as LOQ/3. Head space of formic acid (FA) as a dopant was injected into the
ionization region by dried air with flow rate of 5 ml min*. The schematic representation of the
experimental set-up for the measurements with FA dopant is shown in Figure S1.

Purified dry ambient air was generated by MaSaTech s.r.o,(Slovakia) air generator equipped
with filters for humidity (molecular sieves grade 5 and potassium permanganate) and

organic compounds (carbon active) achieving a humidity of ~20 ppm.
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2.3 Computational details

Structures of all neutral molecules, deprotonated ions and adduct anions were fully
optimized by density functional theory (DFT) with wB97xD functional and the basis set 6-
311++G(d,p). Frequency calculations were performed at the same level of theory to obtain
enthalpies and Gibbs free energies of deprotonation and adduct formation reactions in the

gas phase. Gaussian 16 software was used for the calculations.*®

3. Results and discussion

3.1 Reactant ions

Figure 1a compares the ion mobility spectra of the reactant ions generated in CD in the
negative mode, with and without formic acid (FA) as a dopant gas, at 80 °C. The mass
spectrum in the Figure 1b shows that the standard reactant ions in the negative mode are
mainly Oy clusters with H>O and CO,, O2-(CO,)-(H20)01 (M/z 76, 94). A weak peak with
m/z of 60 (N2O2/CO3) is also observed. Figure 1c shows that when the FA (headspace
vapor) is used as dopant, it is deprotonated to produce [FA-H]-FA (or HCOO™-FA) cluster
ions and it suppresses the standard reactant ions. Because of the high basicity of Oy,
deprotonation of FA is an exothermic reaction with calculated reaction enthalpy (AH) of -36
kJ molt. One of the practical advantages of the FA dopant, compared to CHCIl; dopant, is
lower sensitivity to the adjustment of the dopant flow rate. In the case of CHCls, at low
dopant flow rates, both standard RIs and CI are available. At increased CHCI; flow rates,
the standard reactant ions are suppressed, but the dimer ions (CHCIs)-CI (or Cly) appear in
the spectrum,*>4! that may interfere with the analyte peaks. The ion mobility peak of HCOO-
-FA with the FA dopant appears at drift times close to the standard reactant ion peaks which
reduces the interference. It should be mentioned that FA headspace flow rates below 5 mL
min* were tried to avoid its dimerization (HCOO™-FA), however, with lower flow rates, there
are still some peaks for the O, and its clusters (Figure S2). Another advantage of the FA

dopant is the basicity of formate anion, with a value between that of O,” and CI" anions. The
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proton affinities of O,, HCOO", CI, and Br are 1474.2, 1438.2, 1394.9,%? and 1353.7 kJ mol
143 respectively, indicating that formate anion fills the large basicity gap between the two

important reactant ions O, and CI. This provides more selectivity for the measurement of

analytes within this basicity range.
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Figure 1. (a) lon mobility spectra of the reactant ions in the negative mode with FA dopant
and standard reactant ions. The mass spectra of (b) standard reactant ions and (c) reactant

ions with FA dopant.

The main RI of FA is HCOO™-FA with dissociation enthalpy of 115.2 kJ mol. However, since
the dissociation of this cluster (reaction 1) is a prerequisite for both ionization pathways,
deprotonation (reaction 2) and HCOO" attachment (reaction 3), considering only the HCOO-
reactions is adequate as means of comparing the thermodynamics of these parallel and

competitive reactions.

HCOO"-FA — HCOO" + FA 1)
HCOO" + M —[M-H] + FA )
HCOO" + M —[M+HCOO] ©)

Furthermore, a more realistic mechanism is the attachment of HCOO™-FA to M to form an
intermediate adduct ion. Then, the short-live intermediate adduct [HCOO™-FA-M]* undergoes
collisional dissociation:?®

HCOO"-FA + M — [HCOO"-FA-M]* — [M-H]" + 2FA (4a)
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— [M+HCOQ] + FA (4b)
Hence, for the calculations of the thermodynamic data for the reactions, non-solvate form of

the reactant ion, i.e. HCOO-, was considered.

3.2 Plant hormones

Cytokines and auxins are two important classes of plant hormones, with completely different
chemical structures.** However, both compounds exhibit strong acidity in the gas phase and
thus are suitable to be studied in the negative polarity.3454¢ Figures 2a and 2b show the ion
mobility spectra of BAP and IAA as examples of cytokines and auxins, respectively. The ion
mobility spectrum of BAP shows a peak at 6.7 ms for standard ionization (without dopant),
whereas in the presence of FA dopant, a peak at 7.2 ms appears. The signal intensity of
BAP peak increased for ionization with FA dopant. The corresponding mass spectra (Figure
2b and 2c) show that standard ionization resulted in deprotonation and formation of [M-H]J
ion, while ionization with FA dopant resulted in the formation of ions by formate attachment
[M+HCOQY]. The calculation data in the Table 1 show that although both standard and FA
reactant ions can deprotonate BAP, deprotonation of BAP by O>" is thermodynamically more
favoured than that by HCOO-, by about 40 kJ mol?. Calculations show that the imidazole
proton is the most acidic proton of BAP in the gas phase (Figure S3). Furthermore, HCOO-
attachment to BAP (AG=-143.3 kJ mol?, Table 2) is more favoured than the parallel reaction
of proton abstraction by HCOO". Hence, ionization in the presence of FA dopant leads to
formation of the adduct anion [BAP+HCOO]. The optimized structures of the [BAP+HCOOQO]
adduct ions are shown Figure S4. BAP has two anion receptor groups, the imidazole and
amine hydrogens, which simultaneously interact with the oxygen atoms of HCOO". This
strong interaction leads to higher signal intensity of BAP with FA dopant and consequently,

an increase in sensitivity materializes as a LOD decrease from 10 ng to 0.8 ng.

The ion mobility spectrum IAA (Figure 2d) in standard ionization exhibits three peaks

between drift times 5.5 to 6.5 ms. The corresponding mass spectrum shows that ionization
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by standard ions results in fragmentation, deprotonation, and O, attachment (Figure 2e).
The COOH group is the most acid site of IAA and is deprotonated by O with the calculated
AH and AG of -43.0 and -54.0 kJ.mol?, respectively. The O, attachment is also a
thermodynamically favourable reaction with AG of -130.5 kJ mol™. In the mass spectrum we
see a peak for the adduction [IAA+O2] and a more intense peak for deprotonated ion [IAA-
H]. In the [IAA+O;], due to the exothermicity of the reaction, the proton is transferred to Oy
and the product anion is in fact [IAA-H]-(HO2), hence, after dissociation, an intense peak is
detected for [IAA-H].?! In the case of FA dopant ionization, the deprotonation energy of IAA
by the HCOO- ion is small (AG=-11.6 kJ mol?), while the interaction energy of adduct
formation is relatively high (AG= -91.4 kJ mol?). Hence, the ion mobility spectrum of IAA
shows only one peak for the [IAA+HCOQ] adduct ion (Figure 2f). Other auxins, IPA and IBA,
are weaker acids than IAA. Both standard and FA dopant ionization result in the appearance
of only one ion mobility peak, [M+O] and [M+HCOQ], respectively (Figure S5). However,

the FA dopant ionization provides enhanced sensitivity.
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Figure 2. The ion mobility spectra of (a) BAP and (d) IAA with and without FA dopant. The
mass spectra of (b) and (c) BAP and (e) and (f) IAA without and with FA dopant,
respectively.
Table 1. The calculated AH and AG values for deprotonation of the studied compounds by
0O, and HCOO" reactant ions at 298 K. The energies are in kJ mol™.
Deprotonation by Oz AH AG Deprotonation by HCO>- AH AG
BAP + Oz” — [BAP-H] + HO: -93.4 | -100.4 | BAP + HCOO" — [BAP-H] + HCOzH -57.4 | -58
IAA + O2” — [IAA-H] + HO2 -43.0 | -54.0 | IAA+HCOO" — [IAA-H] + HCOzH 70 | -11.6
Asp + Oz — [Asp-H] + HO: -785 | -83.5 | Asp+ HCOO" — [Asp-H] + HCOzH 425 | -41.1
SA + Oz — [SA-H] + HO: -97.2 | -103.4 | SA+HCOO — [SA-H] + HCOzH -61.2 | -61.0
Nap + Oz — [Nap-H] + HO2 -58.8 | -65.4 | Nap + HCOO — [Nap-H] + HCOzH -22.8 | -23.0
MCPA + Oz — [MCPA-H] + HO; | -76.3 | -84.3 | MCPA + HCOO — [MCPA-H] + HCO:H | -40.3 | -41.9
Kin + Oz — [Kin-H] + HO2 -88.9 | -95.1 | Kin+HCOO — [Kin-H] + HCOzH 52,9 | -52.7
Adn + Oz” — [Adn-H] + HO: -53.0 | -56.9 | Adn+HCOO" — [Adn-H] + HCOzH -17.0 | -14.5
RDX + Oz — [RDX-H] + HO: -28.6 | -35.8 | RDX+ HCOO — [RDX-H] + HCOH 7.4 6.6
TNT + Oz — [TNT-H] + HO: -123.4 | -131.5 | TNT + HCOO" — [TNT-H] + HCOzH -87.4 | -89.1
Table 2. The calculated AH and AG values for the formation of adduct anions of the studied
compounds with formate HCOO" anion, [M+HCOQYT, in the gas phase and at 298 K. For the
adduct ions that undergo internal proton transfer to form [M-H](HCO:H), the formation
energies have been corrected for the proton transfer energies (numbers in parenthesis).

Formate attachment AH (kJ mol?) AG (kJ mol?t)
BAP + HCO2> — [BAP+HCOO] -184.4 -143.3

IAA + HCO2 — [IAA+HCOO] -130.5 (-123.5) | -91.4 (-79.8)
Asp + HCO2" — [Asp+HCOO] -146.9 (-104.4) | -107.8 (-66.7)
SA + HCOz — [SA+HCOOJ -165.4 (-104.2) | -128.1 (-67.1)
Nap + HCO> — [Nap+HCOO] -126.8 (-104.0) | -82.4 (-59.4)
MCPA + HCO2> — [MCPA+HCOO] | -163.3 (-123.0) | -117.2 (-75.3)
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Kin + HCOz — [Kin+HCOOJ -202.0 -155.0

Adn + HCOz — [Adn+HCOO] 1326 -83.9
RDX + HCOz — [RDX+HCOOJ -198.9 -154.6
TNT + HCOz — [TNT+HCOOT -108.6 (-21.2) | -83.1 (6.0)

3.3. Acidic drugs and pesticides

The negative polarity of IMS is widely used for the detection of acidic drugs and pesticides or
substances containing electronegative groups.*’*° Salicylic acid (SA), aspirin, and naproxen
were investigated in the negative polarity as typical examples of acidic drugs, and 2-methyl-
4-chlorophenoxyacetic acid (MCPA) as a typical pesticide. Figure 3a shows the ion mobility
spectra of SA in the negative polarity, as measured using standard and FA dopant
ionization. An ion mobility peak is observed at 5.1 ms under both ionization conditions,
however, ionization with FA dopant resulted in a lower intensity. Figure 3b and 3c shows that
SA is ionized via deprotonation and formation of [SA-H] in the standard and FA dopant
ionization. According to Table 1, SA (along with TNT) is one of the strongest acids studied in
this work, hence, its deprotonation by both O, and HCOO" is thermodynamically possible.
However, deprotonation by O, is more favourable than that by HCOO- by about 40 kJ mol?,
hence, FA dopant decreases the sensitivity of IMS for SA measurement.

Aspirin (acetylsalicylic acid) is a derivative of SA with lower acidity than SA, however, its
ionization is somewhat different from SA. Figure S6 shows the ion mobility and mass spectra
of aspirin in the negative polarity with standard ionization and with the addition of FA dopant.
In the standard ionization, the ion mobility spectrum of aspirin exhibits an intense peak at
4.3 ms, which was identified by the mass spectrometer as a fragment of aspirin with m/z of
92, produced due to (COOH+COCOHs) loss (Figure S6b). This fragment has been
previously observed for aspirin.®® The small peak at drift time of 4.9 ms is due to COCOHjs
loss and formation of [SA-H] with m/z of 137. In the case of ionization with FA dopant, the

peak at 4.3 ms is suppressed, and only an intense peak at 4.9 ms is observed. The mass

11



263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

spectrum in Figure S6c¢c shows that the peak with m/z of 137 is either [SA-H] , or an adduct
produced by the attachment of HCOO" to the fragment with m/z of 92. The LOD for aspirin
was equal for standard and FA dopant ionization, achieving a value of 0.5 ng. However, with
the FA dopant, both fragment suppression and drift time shift were observed, which can be
important in the case of mixture sample measurements, where peak overlap could be an
issue.

Figure 3d presents the ion mobility spectra of naproxen (2-(6-Methoxynaphthalen-2-yl)
propanoic acid) obtained using the standard and FA dopant ionization methods. For
standard ionization, two peaks at 7.18 and 7.42 ms were observed. The mass spectrum in
Figure 3e shows that these peaks represent deprotonated naproxen ion and its O, adduct
ion, respectively. According to Table 1, naproxen has a moderate gas phase acidity (similar
to auxins), hence, it has a similar ionization mechanism. However, due to the stronger acidity
of naproxen (by about 15 kJ mol* compared to IAA), more deprotonation was observed in
comparison to IAA. In the case of FA dopant ionization, an ion mobility peak at 7.65 was
observed for naproxen, identified as [Nap+HCOO] adduct ion (Figure 3f). A weak signal for
[Nap-H] was also detected in the mass spectrum (Figure 3f), which was not observable in
IMS spectrum (Figure 3d), most likely due to its low intensity or merging into the
[Nap+HCOO] peak. FA dopant ionization of naproxen resulted in a sensitivity improvement
compared to standard ionization, with LODs decreasing in half, from 10 ng to 5 ng.

The ion mobility spectra of MCPA recorded using the standard and FA ionization methods
are compared in Figure 3g. Standard ionization resulted in the appearance of a strong IMS
peak at 6.32 ms and two weaker peaks at 5.62 and 6.58 ms. The most intense peak was
identified by mass spectrometry as [MCPA-H]. MCPA is a stronger acid than naproxen by
about 20 kJ mol? (Table 1), hence, a more intense peak was observed for its deprotonated
ions. The weak peak at the lower drift times is an adduct ion of the fragment (MCPA-
CH,CO,) with O, and the other peak at 6.58 ms is the adduct ion of MCPA with O, (Figure
3h). FA dopant ionization resulted in the appearance of a new peak at 6.83 ms, identified as
[MCPA+HCOOQO]Jadduct ion (Figure 3i), while the deprotonated and fragmented ions

12
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generated by the standard ionization method were not detected. The optimized structures for

the most stable isomers of the [M+HCOO] adduct ion of aspirin, SA, Naproxen and MCPA

are shown in Figure S7. The calculations showed a strong interaction between MCPA and

HCOO", with AH of adduct formation of -163.3 kJ mol?. Hence, the formation of the

[MCPA+HCOOQO] adduct ion is thermodynamically more favoured than the formation of

[Nap+HCOO] adduct ion, by about 40 kJmol?. The formation of this stable adduct ion of

MCPA led to a considerable sensitivity enhancement so that the FA dopant has improved

the LOD of MCPA from 12 ng to 2 ng.
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Figure 3. Comparison of ion mobility spectra of (a) salicylic acid (SA), (d) naproxen, and (g)
MCPA, alongside with mass spectra - (b,c) SA, (e,f) naproxen and (h,i) MCPA, with (pink)

and without (blue) FA dopant.

3.4 Explosives

Detection of explosives is one of the traditional applications of IMS in the negative polarity.>"
53 Figure 4a shows the ion mobility spectra of RDX in the negative polarity, ionized using
both standard and FA dopant ionization. In the case of standard ionization, an ion mobility
peak was observed at 6.24 ms accompanied by fragment peaks at lower drift times. The
corresponding mass spectrum in Figure 4b shows that the peak at 6.24ms is the adduct
anion [RDX+NO-] and the fragment peaks are mainly due to NO- cleavage from RDX, which
agrees with previous studies.***%¢ A weak peak was also observed for the deprotonated
RDX, [RDX-H]. The FA dopant ionization suppresses all the fragment peaks and only an
intense peak at 6.28 ms is observed in the spectrum (Figure 4a). The mass spectrum in
Figure 4c shows that this single peak is the adduct anion [RDX+HCOO]J. This adduct ion
has been previously observed for RDX in an electrospray ionization source.>” The calculated
AH and AG values for deprotonation reactions in Table 1 shows that deprotonation of RDX
by the standard Rl (O2-(CO2)1(H20)0,1) is thermodynamically possible (-28.6 and -35.8 kJ
mol?, respectively), while deprotonation by HCOO-" is not favourable (7.4 and 6.6 kJ mol?,
respectively). Furthermore, the G4MP2-calculated electron affinities (EA) of O, and HCO-
(0.42 and 3.52 eV, respectively) indicate higher ability of O, to ionize the analyte via
electron transfer reaction, as compared to formate anion HCOO". Fragmentation of ions
occurs upon charge transfer and proton (hydride) abstraction reactions,'*® hence, the
fragmentation of RDX under standard ionization takes place because O, preferentially
ionizes RDX via charge transfer and deprotonation reactions. The thermodynamic properties
of HCOO™ make it a reactant ion for soft ionization of RDX via adduct ion formation reaction.

The optimized structure of the adduct anion [RDX+HCOQ] in Figure 5 shows that the RDX

14



327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

structure is converted from its planar to a bowl-shape geometry, for a more suitable
interaction with HCOO" via its three H atoms. This geometry leads to strong interaction
between HCOO- and RDX, with calculated AH and AG of -198.9 and -154.6 kJmol?,
respectively (Table 2). The ionization of RDX using the FA dopant resulted in sensitivity
improvement by more than one order of magnitude and the limit of detection (LOD)
decreased from 5 ng to 0.2 ng. The effect of FA dopant ionization on RDX is similar to its
effect of IAA (Figure 2a) in both cases the FA dopant suppresses fragmentation, leading to a
simple ion mobility spectrum with only one intense peak. However, in the case of IAA, the
sensitivity improvement is not as much as it was for RDX. The LOD of IAA for standard
ionization was 12 ng and in the case of FA it had improved to 7 ng. This is most likely due to
the weaker interaction of IAA and HCOO- (AH=-130.5 kJ mol?l), compared to RDX and

HCOO" (AH=-198.9 kJ mol?).
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Figure 4. Comparison of the ion mobility spectra of (a) RDX and (d) TNT, alongside mass

spectra of (b, c) RDX and (e,f) TNT without (blue) and with (pink) FA dopant.
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Figure 5. Optimized structures of adduct anions of [RDX+HCO;]" and [TNT+HCO;].
Because of the high acidity of TNT, [TNT+HCO.] converts to [TNT-H](FA) via intermolecular

proton transfer.

lon mobility spectra for standard ionization and FA dopant ionization of TNT (Figure d)
exhibit only one peak at 5.9 ms. The corresponding mass spectra in Figures 4e and 4f reveal
that this peak corresponds to deprotonated TNT ion, [TNT-H]. The calculated values of AH
and AG in Table 1 show that deprotonation of TNT with both O, (AG=-131.5 kJ mol?) and
HCOO (AG=-89.1 kJ mol?) is thermodynamically possible, however, deprotonation by O, is
more favoured, which provides a reason why the ionization using FA dopant is less efficient.
Because of high gas phase acidity of TNT (AHacic=1350.8 kJ mol?, comparable with gas
phase acidity of HBr), it does not form an adduct anion with HCOO . The optimized structure
of [TNT+HCOOTJ in Figure 5 shows that the proton of CHs group of TNT is transferred to
HCOO" to form [TNT-HJ-(FA) complex. TNT and SA are typical examples, for which the
ionization using FA dopant has a destructive effect on their signal intensity, or sensitivity.
The results for TNT show that, for compounds with very strong gas phase acidity without
anion receptor groups, measurements with standard reactant ions such as O, lead to more

promising results.

3.5 Effect of temperature
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All the measurements presented so far were performed at a drift temperature of 80 °C.
However, to investigate effect of temperature on the ionization mechanism with FA dopant,
the measurements were repeated at 120°C for selected compounds with a range of acidities
(TNT > BAP >kinetin >adenine). The ionization mechanism for TNT at 80 and 120 °C was
the same and only deprotonated ions [TNT-H]" were observed at both temperatures. This is
because of the high acidity of TNT (the strongest acid in Table 1) and corresponding lowest
tendency for adduct formation with HCOO". Figure 6 presents the mass spectra of BAP,
kinetin and adenine ionized in the presence of the FA dopant at the two temperatures of 80
and 120 °C. For BAP, kinetin, and adenine, only the adduct ions [M+HCOO]" were observed
at 80 °C. However, at the elevated temperature of 120 °C, the ionization pathways for these
compounds changed. At 120 °C, the deprotonated ions of BAP and kinetin appeared. The
formation of deprotonated ions is due to dissociation of the [M+HCOO] adducts to [M-HJ
and FA, taking place at the higher temperature. The stronger relative intensity of [BAP-H]
peak compared to [Kin-H] peak is because of the higher acidity of BAP in comparison to
kinetin (Table 1) and the stronger kinetin/HCOO" interaction in the adduct anion (Table 2). In
the case of adenine (weak acid), only the adduct ion [Adn+HCOQ] was observed at both
temperatures. Although we expect a decrease in the intensity of the [Adn+HCOO] peak at
120 °C due to its dissociation to adenine and HCOO-, the intensity is approximately constant
at both temperatures. This is because of the shorter drift time of this adduct ion at the higher
temperature (Figure S8), which decreases the ion loss in the drift tube and compensates for

the adduct dissociation.
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Figure 6. Mass spectra of (a) BAP, (b) kinetin, and (c) adenine recorded with FA dopant at

the temperatures of 80 (blue) and 120 (red) °C.

4. Conclusion

Formic acid (FA) was introduced as a dopant for ionization in the negative polarity of CD-
IMS. A systematic investigation was performed to assess the effect of this dopant on the
detection of different classes of compounds with COOH, OH, CH, and NH functional groups
as deprotonation sites. It was found that FA can ionize the compounds via two competitive
reactions, deprotonation and adduct formation with HCOO". The interpretation of the
experimental results was supported by DFT calculations. It was found that the ionization
mechanism and consequently the measurement sensitivity depends on the gas phase
acidities of the analytes and their interaction energy with the HCOO" ion. For strong gas
phase acids, such as TNT and SA, the sole ionization mechanism was deprotonation and FA
dopant decreased the sensitivity as HCOO' is a weaker base than the O, reactant ion. In
contrast, in the case of weak acids (IAA, RDX,..), ionization with the FA dopant led to both
sensitivity enhancement and simplification of the ion mobility spectrum, due to ionization via
HCOO" attachment. For the compounds with moderate gas phase acidities, the effect of FA
dopant depended on the reaction enthalpy of adduct formation with HCOO". As the cytokine
plant hormones exhibited high affinity toward HCOO- (strong interaction), measurements in
the presence of FA improved their LODs. For auxin plant hormones and naproxen, with
weaker interaction to HCOO" relative to cytokines, a considerable improvement in sensitivity
was not observed. For all the studied compounds (except TNT and SA) an IMS peak shift to
higher drift times were observed, which can be considered as one of the advantages of FA
dopant ionization. Furthermore, adjustment of the FA flow rate in order to establish a stable
reactant ion current was simple, which is very useful in experimental works. Finally, the

effect of drift temperature on the ionization mechanism was considered and it was found that
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at higher temperatures, the [M+HCOOQ] adduct dissociation occurs and the nature of the

product ions depend on the acidity of the compound.

Supporting Information

Schematic representation of the experimental setup (Figure S1);The mass spectrum of
formic acid FA in the negative mode (Figure S2);The optimized structures of different
isomers of [BAP-H] (Figure S3);The optimized structures of different isomers of
[BAP+HCOO] (Figure S4);Comparison of the ion mobility and mass spectra IPA and IBA
with and without FA dopant (Figure S5);Comparison of the ion mobility and mass spectra of
aspirin with and without FA dopant (Figure S6);The optimized structures of the most stable
isomers of adduct anions (Figure S7);Comparison of the ion mobility spectra of Adenine with

FA dopant at two drift temperatures of 80 and 120°C (Figure S8).
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