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Introduction

The assignment of the full molecular structure of detected

Mass spectrometry-based identification of ortho-,
meta- and para-isomers using infrared ion
spectroscopy

Rianne E. van Outersterp, (22 Jonathan Martens, {22 Giel Berden, (22
Valerie Koppen,® Filip Cuyckens 2 ** and Jos Oomens (2 *3¢

[iD

Distinguishing positional isomers, such as compounds having different substitution patterns on an aro-
matic ring, presents a significant challenge for mass spectrometric analyses and is a frequently encoun-
tered difficulty in, for example, drug metabolism research. In contrast to mass spectrometry, IR spec-
troscopy is a well-known and powerful tool in the distinction of ortho-, meta- and para-isomers, but is
not applicable to low-abundance compounds in complex mixtures such as often targeted in bioanalytical
studies. Here, we demonstrate the use of infrared ion spectroscopy (IRIS) as a novel method that facilitates
the differentiation between positional isomers of disubstituted phenyl-containing compounds and that
can be applied in mass spectrometry-based complex mixture analysis. By analyzing different substitution
patterns over several sets of isomeric compounds, we show that IRIS is able to consistently probe the
diagnostic CH out-of-plane vibrations that are sensitive to positional isomerism. We show that these
modes are largely independent of the chemical functionality contained in the ring substituents and of the
type of ionization. We also show that IRIS spectra often identify the positional isomer directly, even in the
absence of reference spectra obtained from physical standards or from computational prediction. We
foresee that this method will be generally applicable to the identification of disubstituted phenyl-contain-
ing compounds.

retention times and MS/MS spectra are merely used as empiri-
cal parameters,”” which are difficult to predict in silico and
thus require libraries derived from physical standards.

compounds is a common bottleneck in the application of
mass spectrometry (MS) in various fields."™ Often, isobaric
candidate structures exist for a detected m/z and the structural
information from LC-MS analysis (such as retention times and
MS/MS fragmentation patterns) is insufficient for a full struc-
tural identification. Compounds containing a substituted aro-
matic ring, ubiquitous in therapeutic drugs and their drug
metabolites, form a particular challenge to MS, as the pos-
itional isomers (ortho, meta, para) that result from a different
substitution pattern often have very similar retention times
and MS/MS fragmentation spectra. Moreover, chromatographic
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Synthesis of reference standards is a very time-consuming step
in analytical workflows, and may not be possible at all for
some compounds.®® Ion mobility spectrometry (IMS) may
differentiate ortho, meta- and para-isomers, but computational
methods to predict collisional cross sections (CCSs) are often
not reliable enough to predict the small differences in CCS
between isomers; unless all positional isomers are present in
the same sample, the use of reference standards is often
required.”"® As a result, analysis of positional isomers by MS
most often gives only partially resolved structures (i.e.
Markush structures)'’ and complete molecular identification
must fall back on alternative techniques, such as nuclear mag-
netic resonance (NMR) spectroscopy, that lack the sensitivity
and selectivity of MS and are thus challenging to apply to low-
abundance components in complex mixtures.

In the field of drug discovery and development, studies on
degradation and detoxification of drug compounds in the
body are crucial and rely strongly on MS for the detection and
identification of drug metabolites in in vitro or in vivo
matrices.">"® While the type of metabolic reaction that occurs

This journal is © The Royal Society of Chemistry 2020
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can often be derived from the mass difference between the
drug and its metabolites as detected by LC-MS, the exact
site of the metabolic transformation is often difficult to deter-
mine. In particular, establishing the site of oxidation on aro-
matic moieties in the molecule, the most common phase I
metabolic transformation, is a commonly encountered
challenge.

In contrast to mass spectrometry, infrared (IR) spectroscopy
is well known as a sensitive structural diagnostic, able to
differentiate between the positional isomers of substituted
phenyl groups.'*™® The 2-(ortho), 3-(meta) and 4-(para)substi-
tuted isomers each possess a characteristic pattern of IR
absorption bands, particularly in the spectral range between
650 and 900 cm ™. Vibrational bands in this range are attribu-
ted to the out-of-plane CH bending modes of the substituted
phenyl ring. However, IR spectroscopy is generally not appli-
cable in the identification of low-abundance species in
complex mixtures, such as in incubates or body fluids in drug
metabolism studies, due to the lack of (mass-)selectivity:
spectra are obtained for the complex mixture as a whole rather
than for a single molecular component of the mixture.
Circumventing this limitation, infrared ion spectroscopy (IRIS)
records IR spectra of mass-isolated ions trapped in an ion
storage mass spectrometer by using infrared multiple-
photon dissociation (IRMPD).'”>* This yields IR information
of individual MS-features while maintaining the full sensitivity
and selectivity of analytical LC-MS workflows.”>® Previous
studies have shown that IR spectra of ions commonly detected
in typical electrospray ionization MS experiments (i.e.
protonated, deprotonated, metal adducts etc.) can differentiate
closely related isomeric structures.”*>® This enables the
identification of small molecules in complex mixtures, such

plasma, cerebral spinal fluid and
23-27

as urine, liver
microsomes.

Even in the absence of reference standards, IR spectra
can relate to molecular structure by comparison with
quantum-chemically computed spectra for candidate struc-
tures. In silico prediction of gas-phase IR spectra using
density functional theory (DFT) is generally reliable for most
small molecules.”® In recent analytical applications of IRIS,
identifications have mainly relied on matching of IRIS
spectra of unknowns with those of reference standards;**?>®
using instead DFT predicted spectra - as is common in fun-
damental ion-chemistry applications of ion spectroscopy -
could mitigate the need for physical standards (and their
synthesis), exploiting IRIS to its full potential.>® In this study
we address the identification of ortho-, meta- and para-
isomers using IRIS and DFT predicted spectra. This provides
a new MS-based method to identify low-abundance pos-
itional isomers in complex mixtures. Furthermore, we
explore the diagnostic CH out-of-plane IR fingerprint of pos-
itional isomers in the 650-900 cm ™" spectral range and show
that the consistency of this fingerprint across molecular
systems makes the method generally applicable to ortho-,
meta- and para-isomers and allows to reveal the substitution
pattern even without DFT-based analyses.

This journal is © The Royal Society of Chemistry 2020
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Experimental
Chemicals and materials

Reference standards of phenylethylpiperidine compounds
were synthesized in-house at Janssen R&D (Beerse, Belgium).
2-Fluorobenzyl alcohol, 3-fluorobenzyl alcohol and 4-fluoro-
benzyl alcohol standards were obtained from Sigma-Aldrich
(St Louis, USA). LC-MS grade methanol (MeOH) and water
(H,O) were obtained from Merck (Darmstadt, Germany).
Cesium chloride salt was obtained from Sigma-Aldrich
(St Louis, USA).

Infrared ion spectroscopy

A modified quadrupole ion trap mass spectrometer (Bruker,
Amazon Speed ETD) coupled to the FELIX IR-FEL was used for
all IRMPD experiments. Details of the modifications of this
instrument and the synchronization with the infrared laser
have been previously reported.>® Solutions of the reference
standards of ~1077 M (in 50:50 MeOH : H,O for the phenyl-
ethylpiperidine compounds and in 50:50 MeOH:H,O +
~1077 M CsCl for the fluorobenzyl alcohols) were directly
infused into an electrospray ionization source (+ESI) at
120-180 pl h™" flow rates. Ions of interest were mass-isolated
and irradiated with the FELIX IR beam. In order to generate IR
spectra of MS/MS fragment ions, mass-isolated precursor ions
were first fragmented using collision induced dissociation
(CID) and fragment ions of interest were mass-isolated and
irradiated.

The FELIX IR laser was set to produce IR radiation in the
form of ~10 ps macropulses of 50 to 150 mJ at a 10 Hz rep-
etition rate (bandwidth ~0.4% of the centre frequency). When
irradiated ions absorb IR photons (i.e. if the laser frequency
matches a vibrational transition), their internal energy
increases leading, eventually, to fragmentation. This is
observed by recording an MS spectrum after IR irradiation. We
recorded IR-induced MS/MS spectra while tuning the fre-
quency of the IR laser through the 650-1750 cm™* range in
steps of 3 cm™". At each IR laser frequency, 6 MS/MS spectra
were recorded and averaged. An IR spectrum was generated by
plotting the fractional dissociation (Yield = Y I(fragment ions)/
YI(precursor + fragment ions)) as a function of IR frequency.
IR frequencies were calibrated using a grating spectrometer
and the IR yield was linearly corrected for frequency-depen-
dent fluctuations in laser pulse energy. Each experimental
spectrum shown in this manuscript is normalized to the most
intense peak.

Fourier transform infrared spectroscopy

Gas-phase FTIR spectra were obtained using a Bruker VERTEX
80v FTIR spectrometer and a home-built 15 cm long gas cell
with ZnSe windows. The cell was evacuated using a rotary vane
vacuum pump and liquid samples were evaporated into the
cell by heating the cell to 70 °C. A background subtraction and
baseline correction was applied to all spectra.

Analyst, 2020, 145, 6162-6170 | 6163
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Computational procedure

In order to obtain theoretical IR spectra we performed
quantum-chemical calculations using the Gaussian16 software
package.®® For the mj/z 202 phenylethylpiperidine fragment
ions, geometry optimizations and harmonic IR frequency cal-
culations were performed using density functional theory
(DFT) at the B3LYP/6-31++G(d,p) level. Input structures for
these calculations were generated with a molecular mechanics/
molecular dynamics (MM/MD) computational approach using
AMBER 12.°° Geometries of initial guess structures were opti-
mized at the B3LYP/6-31++G(d,p) level and, after an initial
minimization within AMBER, a simulated annealing procedure
up to 1000 K was used to explore the potential energy land-
scape of the ions. Throughout the procedure, molecular struc-
tures were saved periodically as snapshots yielding 500 struc-
tures. These structures were clustered based on similarity
(yielding ~10 structures) and used as input structures for the
DFT calculations. The results were sorted on the basis of their
free energies relative to the ground state conformer and
among the lowest-energy structures (relative free energy <2 kJ
mol™") the conformer with the theoretical IR spectrum that
showed the best match with the experimental IR spectrum was
selected. The selected conformers of the ortho-, meta- and
para-isomers have a free energy of 1.5 k] mol™", 0.5 k] mol™
and 0.1 k] mol™' relative to the ground-state conformer,
respectively. This is well within the error range expected for
energy calculations at this level of theory. Input structures for
the cesium adducts of the fluorobenzyl alcohols and neutral
fluorobenzyl alcohols were generated using chemical intuition.
DFT calculations were performed at the B3LYP/def2-TZVPP
and B3LYP/6-31++G(d,p) level of theory for the Cs' adducts
and neutrals, respectively. All vibrational spectra were scaled
using a linear scaling factor of 0.975 and the vibrational stick
spectra were convoluted with a Gaussian function of 20 cm™
full width at half maximum to facilitate comparison with the
experimental spectra. In general, the resulting spectra were

Fig. 1
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normalized to the most intense peak. However, in the case of
the ortho and meta phenylethyl-piperidine fragment ions, the
intensity of the highest peak was clearly incorrectly predicted
and therefore these spectra were normalized on the second
most intense peak to better facilitate the comparison with the
experimental spectra.

Results and discussion

Our study focuses on a group of 10 compounds sharing a
common phenylethylpiperidine substructure (see Fig. 1a),
which is analogous to compounds selected previously in an
investigation by IMS.° The compounds differ in the nature of
the group R and the site of hydroxylation of the phenyl-ring.
The different R-groups are not further specified here as they
are not relevant; their purpose is only to show that the di-
substituted phenyl ring can be analyzed independently. Five
compounds were ortho hydroxy-substituted (with groups Ry,
R,, R3, R, and R;), two were meta hydroxy-substituted (with
groups R; and R,) and three were para hydroxy-substituted
(with groups Ry, R, and R;). Distinguishing the positional
isomers with the same R-group on the basis of MS has been
shown previously to be very challenging, even when multiple
stages of fragmentation were applied.’

IR spectra were recorded for the [M + H]'-ions of all com-
pounds using IRMPD. Fig. 1b compares the IR spectra of the
three isomers (ortho, meta and para-hydroxy substituted) of the
R;-substituted compound. The three spectra are indeed dis-
tinct, especially in the low-frequency range, but the differences
are small. Furthermore, the spectra are crowded and partially
unresolved due to the relatively large size of the ions (m/z 460),
possessing many partially overlapping IR bands especially in
the 1000-1500 cm™ ' range. This makes isomer assighment
difficult especially on the basis of computed reference spectra.

b _ IR - R -ortho-isomer - m/z 460

— IR- R -meta-isomer - m/z 460
— IR- R -para-isomer - m/z 460

1000 1200 1400 1600

Wavenumber, cm™

(a) General structure of the selected hydroxy-substituted phenylethylpiperidine derivatives. The compounds share a common structure but

differ in the nature of the group R and the hydroxylation-site (ortho, meta or para on the phenyl-ring). (b) Comparison of the IR spectrum of the pro-

tonated ortho-, meta- and para-isomers with the R;-group (total m/z 460).
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Fig. 2 (a) CID MS/MS spectrum showing the fragmentation of the R;-ortho-isomer (m/z 460). (b) Scheme showing that the observed m/z 202 frag-

ment corresponds to the phenylethylpiperidine ion resulting from the loss of the R-group. (c) Comparison of the IR spectra of the m/z 202 fragment
of the ortho-, meta- and para-isomers with the R;-group. The dashed line represents the IR spectrum recorded for the m/z 202 fragment ions of a
1:1:1 mixture of ortho-, meta- and para-isomers in the 650-850 cm™* range. (d) Comparison of the IR spectra of the precursor (m/z 460) and frag-

ment ion (m/z 202) of the Ri-ortho-isomer.

The extensive MS" capabilities of ion trap mass spec-
trometers can be used to simplify IR spectra by recording IRIS
spectra not for the precursor analyte, but instead for one of its
CID MS/MS fragment ions.>>>” We expect that their IR spectra
are not only less crowded, but may also contain sharper IR
peaks due to reduced conformational heterogeneity. A similar
approach to reduce conformational freedom and thereby
improve differentiation of drug metabolites was applied using
IMS.° Phase I drug metabolites were shown to be particularly
well suited for this strategy as most of the molecular structure
is known (i.e. the precursor drug) and only a small part of the
structure  requires  elucidation: the site of the
biotransformation.

Fig. 2a shows the CID MS/MS spectrum of the ortho
hydroxy-substituted R;-compound, which is very similar to
those of the corresponding meta and para hydroxy-substituted
compounds shown in Fig. S1 in the ESIL{ For all three analytes
a fragment ion at m/z 202 is observed, corresponding to the
phenylethylpiperidine ion resulting from loss of the R;-group
(see Fig. 2b). This fragment retains the hydroxyl-group but
lacks the relatively bulky R;-group that is identical for each of

This journal is © The Royal Society of Chemistry 2020

the isomers. IR spectra for the three m/z 202 fragment ions are
shown in Fig. 2c. Fig. 2d compares the IR spectrum of the m/z
202 fragment of the ortho hydroxy-substituted metabolite with
the IR spectrum of its precursor. Although the two spectra
have similar overall IR features, the spectrum of the MS/MS
fragment indeed shows sharper and better resolved peaks.

IR spectra for the three m/z 202 fragment ions are clearly
distinct, particularly in the 600-900 cm™" range of the spec-
trum. This spectral region is well-known to be diagnostic for
the distinction between ortho-, meta- and para-isomers in con-
ventional (FT)IR spectroscopy. The isolated nature of the IR
bands attributed to each of the positional isomers suggests
that the three ions may be distinguished from the IR profile
over only this approximately 300 cm™" range of the spectrum,
which paves the way towards the development of rapid screen-
ing methodologies for pharmaceutical laboratories. Moreover,
using these peaks it may be possible to identify the com-
ponents of a mixture of two or three isomers, for instance in
cases where drug metabolism yields more than one of the pos-
itional isomers. To verify this idea, an IRMPD spectrum was
recorded for the mj/z 202 fragment of a three-component

Analyst, 2020, 145, 6162-6170 | 6165
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mixture. The dashed black trace in Fig. 2c shows that the
characteristic peaks of the thee isomers can indeed be indivi-
dually recognized.

In order to explore the general applicability of this method,
compounds with different R-groups were investigated as well.
Four compounds, R, with m/z 460 (ortho, meta, para) and R;
with m/z 347 (ortho), were found to yield the m/z 202 fragment
and their hydroxylation-site could be correctly determined
from their fragment ion IR spectra, which were identical to the
ones shown in Fig. 2c (see Fig. S2 and S37); slight differences
in relative intensity in Fig. S371 are likely caused by small vari-
ations in the laser power versus wavelength during the three
spectral runs, but no deviations in the band centers are
observed, indicating that the structure of the m/z 202 ion is the
same, independent of the nature of the R-group in the precur-
sor. Due to its smaller size, the IR spectrum of the R;-precur-
sor ion is much better resolved than the IR spectra of the
other precursor ions, probably allowing one to distinguish the
positional isomers without CID fragmentation. CID of the
remaining three compounds (ortho R, at m/z 315 and ortho/
para Rs at m/z 303) did not yield the m/z 202 fragment ion.
However, as a result of the low mass of these ions, the precur-
sor ion IR spectra show well-resolved diagnostic features and
the two Rsisomers could be clearly distinguished (see
Fig. S47).

An additional advantage of investigating the smaller frag-
ment ions instead of their precursor ions - especially when the
fragmentation pathway is straightforward - relates to the com-
putational prediction of their IR spectra: fragment ion struc-
tures are not only smaller but also often found to be more
rigid than their precursors, often leading to a better agreement
between experiment and theory. The IR spectra of the ortho,
meta and para hydroxy-substituted m/z 202 fragment ions were
computed using DFT at the B3LYP/6-31++G(d,p) level. Fig. 3a
compares the experimental spectra of the m/z 202 fragment
ions of the R;-precursors with theoretical IR spectra of the
three ions. Although computed band intensities are not
entirely in agreement with experimental data, the main spec-
tral features differentiating the three experimental spectra are
well reproduced. This suggests that in the absence of reference
standards, this method may be used to identify ortho, meta or
para hydroxy-substituted positional isomers. As an example,
Fig. S5-S71 compare the experimental IR spectra of each of the
m/z 202 fragment ions to calculated spectra for all of the three
isomers. Clearly, this leads to the assignment of the correct
substitution pattern in all cases.

The quantum-chemical calculations also allow us to assign
molecular normal mode vibrations to the experimentally
observed IR bands. We focus on the diagnostic CH out-of-
plane modes in the 600-900 cm™" region. The most prominent
bands are labelled in Fig. 3a and the corresponding normal
modes are visualized in Fig. 4. Their frequencies are listed in
Table 1 and compared to tabulated IR group frequencies of
out-of-plane CH vibrations of aromatic groups. It is seen that a
single vibrational mode involving all CH-oscillators of the
phenyl-group is predicted and observed for the ortho- and

6166 | Analyst, 2020, 145, 6162-6170
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para-isomers, whereas three bands (involving one or three CH-
oscillators) are predicted for the meta-isomer. Two bands,
labeled as m, and my, are clearly observed. The m.-band is not
observed, suggesting that its intensity is insufficient to induce
dissociation of this (relatively stable) fragment ion. Spectra for
the ortho- and para-isomers show some intensity at the posi-
tion of the low-frequency band of the meta-isomer (m,) as well,
but this is due to an overlapping out-of-plane CH bending
vibration of the other ring in the molecule. Both the number
of these IR bands as well as their frequency positions agree
well with known group-frequencies of out-of-plane CH
vibrations'® (see Table 1). Note that such an interpretation of
the CH vibrations is not possible for the precursor ions them-
selves due to overlapping bands from the R-group in the
800 cm™" region.

To further explore the general applicability of structural
diagnostics based on the out-of-plane CH-bending vibrations,
we selected a set of simple and readily available positional
isomers: 2-, 3- and 4-fluorobenzyl alcohol. The relatively high
vapor pressure of these compounds allowed gas-phase FTIR
spectra to be recorded for the neutral species for comparison.
The methoxy- and fluoro-substituents were chosen to assess
the effect of the functional groups on the vibrational signa-
tures. For the IRIS measurements in the mass spectrometer,
these analytes are not easily protonated or deprotonated by
ESI,} but their alkali metal-ion adducts can easily be pro-
duced. IRMPD spectra were therefore recorded for the [M +
Cs]" ions of the ortho-, meta- and para-isomers. Cesium has a
relatively low binding-energy®’** as compared to smaller
alkali metal ions and [M + Cs]" adducts should therefore easily
undergo IR-induced dissociation. Moreover, the mass of Cs"
(m/z 133) is well above the low-mass cut-off of the ion trap
mass spectrometer, which allows for its detection as a frag-
mentation product upon IR-induced dissociation.

Fig. 3b shows the experimental spectra of the three ions
compared with calculated spectra obtained using DFT. Again,
the three ions can be spectroscopically differentiated,
especially based on their distinctive pattern of vibrational
bands in the 600-900 cm ™ region, indicated with colors. Their
normal mode displacements are visualized in Fig. 4, showing
that they are analogous to the modes of the phenylethyl-
piperidine fragment ions. Comparing Fig. 3a and b, it is clear
that although two rather different classes of molecules are
being investigated, the pattern of out-of-plane CH bending
modes is very similar for corresponding positional isomers
(see also Table 1). This suggests that the band patterns do not
strongly depend on the functionality of the substituents,
which suggests that this approach is widely applicable. A
recent study by Polfer and coworkers used IRIS in the
3000-4000 cm ™" range to identify positional isomers of amino-
benzoic acid, where the NH- and OH-stretch frequencies are
sensitive to the substitution pattern as a consequence of meso-
meric effects.®® In the two sets of systems studied here, differ-
ences in inductive effects between positional isomers is
minimal and all isomers have nearly identical OH stretch fre-
quencies, as illustrated by the theoretical spectra in Fig. S8.1

This journal is © The Royal Society of Chemistry 2020
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a  IRIS-m/z202 phenylethyl-piperidine fragment ions
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Wavenumber, cm’

b IRIS - m/z 259 cesium adducts of fluorobenzyl alcohols
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Fig. 3 Comparison of experimental (black) and predicted (gray) IR spectra of (a) the m/z 202 fragments of the ortho- (left), meta- (middle) and
para-Ryi-isomers (right), (b) the Cs* adducts of 2-fluorobenzyl alcohol (left), 3-fluorobenzyl alcohol (middle) and 4-fluorobenzyl alcohol (right)
obtained using IRMPD and (c) of the three neutral gaseous fluorobenzyl alcohols obtained using FTIR spectroscopy. The most prominent CH-out-
of-plane vibrations in the predicted spectra are indicated in green, red and blue for the ortho-, meta-, and para-isomers, respectively. In panels (b)

and (c) the C-OH stretching vibrations are also indicated (yellow).

Therefore, probing the CH out-of-plane bending modes has
the advantage of broader applicability as it is not dependent
on the presence of NH- or OH-moieties, or of inductive effects
of the substituents in general.

In addition, the CH out-of-plane vibrations are especially
well modelled by the calculations, suggesting that it is possible
to identify the substitution pattern without computational
reference spectra, but based on group frequency arguments.
We note that other (non CH-bending) vibrations can also
appear in the 600-900 cm™" region and possibly interfere with
a direct interpretation of the CH-bending vibrations (see for
example the comparison above of precursor/fragment IR

This journal is © The Royal Society of Chemistry 2020

spectra in Fig. 2d). Analysis of the IRIS spectra of CID fragment
ions can reduce such interferences.

The results shown in Fig. 3b suggest that the interaction of
the analyte with Cs" hardly affect the frequency of the out-of-
plane CH-bending vibrations. Moreover, the agreement of the
determined band-positions with tabulated group-frequencies
of out-of-plane CH vibrations (see Table 1) suggests that the
multiple-photon nature of the IRMPD process does not cause
strong frequency-shifts of the out-of-plane CH vibrations. In
order to directly probe the influence of Cs'-coordination and
the multiple-photon nature of IRMPD, we compare these
spectra with gas-phase FTIR spectra of the three neutral fluoro-

Analyst, 2020, 145, 6162-6170 | 6167
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Fig. 4 DFT optimized molecular structures visualizing the CH out-of-plane normal modes of the m/z 202 phenylethylpiperidine fragment ions (top
row), m/z 259 cesium adducts of the fluorobenzyl alcohols (middle row) and neutral fluorobenzyl alcohols (bottom row).

Table 1 Comparison of tabulated IR group frequency ranges for out-of-plane CH-bending vibrations of disubstituted aromatic compounds® with

experimental and theoretical frequencies determined in this study

Frequency (cm™")

Meta
Ortho Para

a b c
Group frequencie516 740-780 680-740 750-820 860-910 800-870
Experimental frequencies
Phenylethylpiperidine fragments (IRIS) 749 694 775 — 828
Fluorbenzyl alcohols (IRIS) 764 704 801 888 845
Fluorobenzyl alcohols (FTIR) 754 688 784 867/891 831
Calculated frequencies
Phenylethylpiperidine fragments (IRIS) 754 687 777 853 823
Fluorobenzyl alcohols (IRIS) 761 704 807 882 857
Fluorobenzyl alcohols (FTIR) 753 668 773 865/886 835

benzyl alcohol isomers (Fig. 3c) and their DFT calculated
spectra. Fig. S91 provides a direct comparison of the FTIR and
IRIS spectra for each of the isomers. The IRIS and FTIR spectra
are very similar and mainly differ in the relative intensities of
several bands. The most significant effect of the interaction
with the Cs'-ion is a small red-shift of the strong band around
1000 cm™", shaded yellow in Fig. 3b and c. This band is attrib-
uted to the C-OH stretching vibration, which shifts to lower fre-
quencies due to the interaction of the O-atom with the Cs' ion.
Experimental and theoretical frequencies of the out-of-plane
CH bending modes of the neutral fluorobenzyl alcohols are
also listed in Table 1 and the normal modes are visualized in
Fig. 4. Generally, these bands shift by 10-15 cm™" to higher
frequencies in the IR spectra recorded with IRMPD. Moreover,
in neutral 3-fluorobenzyl alcohol the mc.normal mode is
coupled to a nearly degenerate out-of-plane CH bending
mode, leading to two, partially overlapping bands (see Fig. 3
and 4). The frequency of this doublet is comparable to the m.-
bands in the other compounds. This confirms that the pat-
terns of out-of-plane CH bending modes observed for di-

6168 | Analyst, 2020, 145, 6162-6170

substituted phenyl-isomers are fairly unaffected by the type of
analyte probed (neutral, protonated, deprotonated, metal
adducts) and the experimental approach. Although experi-
ments on deprotonated positional isomers were not specifi-
cally reported here, quantum-chemical calculations for proto-
nated and deprotonated ortho-, meta- and para-aminobenzoic
acid indeed suggest a consistent behavior of these modes (see
Fig. S107). An early IRIS study on the isomers of the fluoro-
benzoate anion also suggest these modes to be characteristic
for each isomer.*

Conclusions

We have shown that IRIS spectroscopy is potentially a highly
valuable method for the differentiation and identification of
positional isomers of disubstituted phenyl-containing com-
pounds in MS-based analysis. The CH out-of-plane normal
modes of ortho-, meta- and para-substituted phenyl groups
leave distinct signatures in the frequency range of 650 to

This journal is © The Royal Society of Chemistry 2020
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900 cm™'. The spectral resolution obtained in the IRMPD
spectra was sufficient to resolve these features and to unam-
biguously assign several sets of positional isomers. Moreover,
the diagnostic IR bands appear to be fairly unaffected by the
type of substituent and the nature of ionization (protonated,
deprotonated, metal adducts). This pattern corresponds well
with tabulated IR group frequencies for conventional (FT)IR
spectra of neutral molecules with positional isomerism and is
well predicted by quantum-chemical calculations. This consist-
ency suggests that IRIS-based identification may be generally
applicable in the MS-analysis of ortho, meta and para-isomers,
e.g. in the analysis of phase I drug metabolites, but also in a
wider range of small-molecule MS applications. The predict-
ability of the patterns of CH out-of-plane bending modes
across molecular systems observed here even suggests that it
may be possible to directly assign substitution patterns, even
in absence of experimental or computed reference IR spectra.
This would provide a clear advantage of IR spectroscopy over
other MS-hyphenated methods, such as IMS or chromato-
graphy, in the identification of positional isomers. Retention
times and collisional cross sections usually do not allow one
to identify the specific isomer in the absence of accurate refer-
ence data obtained from physical standards unless all pos-
itional isomers are present in the sample allowing relative
ranking; the spectral fingerprint in the 600-900 cm™" range is
in that sense particularly diagnostic and easy to interpret.

To resolve issues of spectral congestion for larger molecular
systems, we show that IRIS can also be performed on CID frag-
ments of the precursor ion containing the substituted phenyl
ring. Moreover, for species with low ionization efficiency that
are hard to detect as protonated/deprotonated ions in ESI-MS,
IRIS spectra of Cs'-adducts can be recorded. For the systems
studied here, their CH out-of-plane vibrational frequencies are
similar to those of their gas-phase neutral counterparts. In
addition, the relatively low threshold to dissociation of Cs'-
adducts, as well as the relatively narrow frequency range in
which the diagnostic bands occur, may be exploited in the
development of IRIS-based identification strategies using IR
laser sources with lower output power, which may eventually
extend the applicability of this method to laboratories beyond
FEL facilities.
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