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Separating O-desmethylvenlafaxine and tramadol
enantiomers using two-dimensional chiral LC ×
DMS mass spectrometry

A. Dawson McLachlan, †a Rashne Vakharia,†a,b Emir Nazdrajić, a

Diana M. Cárdenas-Soracá, b Leslie M. Bragg, b Mark R. Servos b and
W. Scott Hopkins *a,c

Tandem mass spectrometry relies on unique parent-to-product transitions for selective analysis. For sets

of isomers or isobars that have identical behaviors in multiple separation dimensions (e.g., LC retention,

m/z), quantitation is challenging owing to feature convolution. For example, recent environmental analysis

of the enantiomers of O-desmethylvenlafaxine (ODV), an anti-depressant manufactured in a racemic

mixture, identified tramadol (TRA, a racemic painkiller) as a co-eluting interference. Here, we demonstrate

that differential ion mobility spectrometry (DMS) coupled with chiral LC-MS2 can be used to separate and

quantify the enantiomers of ODV and TRA. This method was applied to six wastewater influent samples

from an Ontario municipal wastewater plant, where the sum of the enantiomeric concentrations was stat-

istically identical to the racemic concentrations observed on reverse-phase LC-MS2 (t-test, α = 0.05,

p-value = 0.26 for ODV and p-value = 0.47 for TRA). We also identify low-intensity product ions specific

to ODV that enable isolation and quantitation via chiral LC-MS2 alone, albeit at a relatively high limit of

quantitation (LOQ) in comparison to the most intense MRM transition (m/z 264 → 58). Using our chiral

(LC × DMS)-MS2 method, the instrumental LOQ of each enantiomer of TRA was determined to be 0.67 ng

mL−1 and 5.0 ng mL−1 for the enantiomers of ODV.

1. Introduction

The presence of pharmaceutically active compounds in the
environment has become a subject of concern.1,2 The high
usage of prescription pharmaceuticals, combined with poor
biological metabolism for many of these compounds and their
relatively low removal efficiency during wastewater treatment
has led to relatively high environmental concentrations in
some urban areas.2 Constant exposure of aquatic life to pol-
luted waters can lead to the bioaccumulation of some of these
compounds, which can then persist and represent a risk.3,4

Despite many of these pharmaceuticals being sold as racemic
mixtures, very few environmental studies have included ana-
lysis for the specific enantiomers.5 Whether bioaccumulation
and the biological effects in aquatic life associated with
pharmaceuticals found in the environment are enantiomeri-

cally specific is an interesting open question, and environ-
mental studies must first be established before addressing
this.6

ODV is a prescription anti-depressant, that is also one of
the human metabolites of venlafaxine, another chiral anti-
depressant.7 Both venlafaxine and ODV have been associated
with developmental toxicity (among other biological effects)
in fish.8–10 ODV, which has one chiral centre, is synthesized
racemically as (S)-ODV and (R)-ODV. Likewise, cis-TRA (here-
after TRA) is a chiral synthetic opioid that can be prescribed
as a painkiller.11,12 TRA has two chiral centres and the (R,R)
and (S,S) enantiomers are produced racemically during syn-
thesis. Conventional analysis of trace enantiomeric environ-
mental contaminants employs chiral liquid chromatography
tandem mass spectrometry LC-MS2 and sometimes involves
preconcentration via solid phase extraction.13–15

Preconcentration is required if more sensitive limits of detec-
tion (LOD) or limits of quantitation (LOQ) are desired. The
chiral stationary phase (e.g., vancomycin in the Agilent
InfinityLab Poroshell 120 Chiral-V column) promotes
enantioselective interactions with one enantiomer present in
the racemic mixture.14 The presence of interfering species in
LC-MS2, i.e., compounds that have similar behaviours in†Contributed equally to this work.
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each separation dimension, can result in erroneous quanti-
tation. For example, when compounds that co-elute in the
chromatographic dimension exhibit identical precursor
mass-to-charge (m/z) and product ion m/z, inaccurate quanti-
tation of the targeted analyte can occur. ODV and TRA are
isomers with chemical formula C16H25NO2 and are an
example of such an interfering analyte pair.

In their recent investigation of pharmaceutical bioaccumu-
lation in rainbow darters (Etheostoma caeruleum; a species of
small freshwater fish), Kowalczyk reported a chiral LC method
for targeted analysis of several chiral pharmaceuticals, includ-
ing ODV.16 During the analysis of (S)-ODV, Kowalczyk observed
a co-eluting interference that they later identified as (R,R)-TRA
via reference standard.16 Differentiation between the signals of
(S)-ODV and (R,R)-TRA would enable exploration of the
environmental concentrations and bioaccumulation of specific
ODV and TRA enantiomers in aquatic life. For separating
chiral species, liquid chromatography using a chiral column is
the most common method.6,17,18 There are three methods by
which isomers are commonly differentiated: (1) unique mul-
tiple reaction monitoring (MRM) transitions for species that
exhibit distinct product ions, (2) ion mobility spectrometry
(IMS) for species exhibiting collision cross sections that differ
by more than ∼2%, and (3) liquid chromatography for species
with significantly different retention times such that they do
not co-elute.19

The use of ion mobility spectrometry to separate or filter
isomers has been explored extensively.20,21 Differential
mobility spectrometry (DMS) is an IMS technique capable of
separating sets of structural isomers,19,22 including prototro-
pic isomers (i.e., protomers),20,23 pharmaceutical com-
pounds, cannabinoids,21,23,24 and peptides.25 The DMS cell
consists of two parallel electrode plates, between which ions
pass while an asymmetric and oscillating electric field (wave-
form) is applied. This waveform, known as the separation
voltage (SV), accelerates and decelerates ions leading to a
cycle of ion heating/cooling with each duty cycle. Because
the mobility of an ion under high-field conditions is not lin-
early proportional to the low-field mobility, the SV drives
migration of the ion off the transmission axis.22 To correct
the ion’s trajectory, a static potential known as the compen-
sation voltage (CV) is applied. The CV required for trans-
mission of an ion through the DMS cell when a particular
SV is applied is dependent on that ion’s differential mobi-
lity. Since isomers have slightly different sizes and can inter-
act differently with the gaseous environment, they exhibit
different differential mobilities and, given sufficient
difference, may be spatially separated.22 In some cases,
differential mobility can be enhanced by introducing a low
vapor pressure of solvent to the carrier gas, thereby modify-
ing the collision environment and introducing chemical
specificity via dynamic ion-solvent clustering.21,26,27

Typical modifier solvents include acetonitrile (ACN), ethyl
acetate (EtAc), isopropanol (IPA), and acetone (ACE). By
changing the solvent modifier, one changes the
chemical interactions experienced by the analyte ions

during transmission and effectively tunes the ion-
solvent clustering behaviour and distribution within the
DMS cell.

Ion behaviour within the DMS cell is typically classified as
one of three common types. Strong dynamic clustering in
DMS, or Type A dispersion behaviour, is characterized by the
need for a decreasing CV for optimal ion transmission as SV
increases.22 This implies that ion-solvent clusters form
under low-field (i.e., cold) conditions and evaporate during
the high-field portion of the waveform.22 For some analyte
ions in some modified environments, there is a SV at which
the CV stops its decreasing trend and begins increasing with
increasing SV. This behaviour, known as Type B dispersion,
is indicative of weak dynamic clustering; dynamic clustering/
de-clustering can occur at low SV, but at high SV, ions experi-
ence such high heating under high-field conditions that they
no longer cluster under low-field conditions.22 Type C
dispersion, characterized by increasing CV with increasing
SV, is indicative of hard-sphere collision conditions wherein
ion-solvent cluster formation is thermodynamically
unfavorable.22

DMS separation of enantiomeric species has been reported,
but requires derivatization of the analyte, which can be chal-
lenging for trace analysis.28 Jin and co-workers demonstrated
derivatization and separation of allopregnanolone, prenano-
lone, and their 3β epimers, via a hybrid LC and DMS method,
which was also successful for reducing chemical noise and iso-
baric interferences.28,29 More recently, Jacquet et al., Ekmekciu
et al. and Ryan et al. reported the application of DMS and LC
in hybrid two-dimensional LC × DMS-MS2 workflows,30–32 and
modifications to this approach have been integrated in tar-
geted methodologies.33 The separation of ODV and TRA via
IMS was attempted by Werres et al. who reported that proto-
nated ODV and TRA are only partially resolved using travelling
wave IMS (TWIMS), DMS, and a differential mass analyzer.19

In their work, they found that DMS offered the best separation,
though still insufficient for baseline resolution of the
isomers.19

In this work, we demonstrate two-dimensional chiral LC ×
DMS-MS2 to differentiate the enantiomers of protonated ODV
and TRA. Further, we report ion-solvent binding energies,
which we computed to garner further insights regarding the
isomer separation achieved using DMS. Additionally, collision
cross-section (CCS) measurements of ODV and TRA were
obtained using TWIMS. We also identify collision induced dis-
sociation (CID) conditions that yield unique MRM transitions
for ODV, which can be used to distinguish ODV from
TRA, albeit at the cost of sensitivity. To test the two-dimen-
sional chiral LC × DMS-MS2 method, we analyse influent of
municipal wastewater collected at a treatment facility in
Ontario, Canada, and assess analytical separation and quanti-
tation of both ODV and TRA. This proof-of-concept work
can be extended to the quantitation of other chiral analytes in
complex mixtures, such as biological tissues and fluids,
enabling evaluation of, for example, enantiomeric
bioaccumulation.

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
7:

44
:2

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6an00119j


2. Experimental
2.1 Chemicals

Analytical reference standards of ODV and TRA, along with the
isotopically labelled TRA13C-D3 and ODV-D6 used as internal
standards were purchased from MilliporeSigma Canada Ltd
(Oakville, ON, Canada). All HPLC-grade solvents, including iso-
propanol (IPA), acetonitrile (ACN), ethyl acetate (EtAc), acetone
(ACE), methanol (MeOH), and ethanol (EtOH) were purchased
from MilliporeSigma Canada Ltd. Formic acid and acetic acid
were also purchased from MilliporeSigma. Ammonium acetate
was purchased from VWR (Mississauga, ON, Canada). Waters
Major Mix for TWIMS CCS calibration was purchased from
Waters Corporation (Milford, MA, USA).

For sample preparation, LC-MS-grade MeOH, ACN, and
formic acid (FA) were obtained from Fisher Scientific
International Inc. (Missisauga, ON, Canada). LC-grade
ammonium formate was purchased from Millipore Sigma
Canada Ltd, along with the Milli-Q Advantage A10 water purifi-
cation system which was used to produce Milli-Q water.

2.2 LC- and DMS-MS experiments

All column information and reverse-phase liquid chromato-
graphy methods are provided in Table S1, and MS source con-
ditions are provided in Table S2. All analysis was performed on
an Agilent 1100 high-performance liquid chromatography
(HPLC) system connected to a triple-quadrupole mass spectro-
meter (QTRAP 5500, SCIEX, Concord, ON, Canada) via an elec-
trospray ionization source and analyzed in positive ion mode.
For experiments using the linear ion trap (LIT), the enhanced
product ion (EPI) scan mode was used. If DMS was being used,
the SelexIon DMS device (SCIEX, Concord, ON, Canada) was
installed between the TurboV source and QTRAP 5500s MS
orifice. An overview schematic of the experimental set-up is
presented in Fig. S1. For DMS experiments employing solvent
modifier, the N2 carrier gas was entrained with 1.5 mol% of
HPLC-grade solvent modifier (IPA, MeOH, ACN, EtAc, and
ACE). N2 gas opposing the transmission of ions, known as the
resolving gas (DR), was used for some separation experiments
involving solvent modifiers. DR flow opposes carrier gas flow
(and thus ion transmission) resulting in analyte ions being
exposed to more DMS duty cycles, leading to narrower peaks
(in CV-space) and increased resolution, albeit at the loss of ion
signal intensity.

For all DMS experiments, dispersion plots were generated
by increasing the separation voltage (SV) and monitoring the
compensation voltage (CV) required for transmission into the
MS. When employing the optimal SV for separation, CV was
scanned across the appropriate range for transmission of ODV
and TRA at multiple chromatographic retention times encom-
passing the analyte LC elution profile.

2.3 TWIMS-MS experiments

A Waters Synapt G2-Si HDMS mass spectrometer (Waters
Corporation, Milford, MA, USA) equipped with a T-Wave cell
was used to measure the CCSs of ODV and TRA. The instru-

ment was set to positive ionization mode with an m/z acqui-
sition of 50–1200 and mass calibrated using sodium formate.
The CCS calibration curves were generated by plotting the
arrival time distribution of calibrant m/z observed in the
Waters Major Mix (see Fig. S2) with T-Wave wave height set-
tings of 36 V, 38 V, and 40 V while maintaining a wave velocity
of 700 m s−1. The T-Wave conditions were then used to deter-
mine the arrival time distributions of ODV and TRA via infu-
sion of 200 ng mL−1 standards, followed by a mixture to deter-
mine whether features could be resolved at these conditions.
The source parameters were as follows: capillary voltage = 2.5
kV; sampling cone = 40 V; source offset = 80 V; source tempera-
ture = 140 °C; cone gas flow = 50 L h−1; desolvation gas flow =
600 L h−1; desolvation temperature = 400 °C; and nebulizer gas
pressure = 6.5 bar.

2.4 Sample preparation via solid phase extraction (SPE)

Solid-phase extraction (SPE) was performed on 24 h compo-
sites of influent collected from an Ontario municipal waste-
water treatment plant (WWTP). Water samples were extracted
using a previously optimized method developed by Cárdenas-
Soracá et al. using Bond Elut NEXUS WCX (6 mL, 150 mg,
70 μm) cartridges obtained from Agilent Technologies
(Mississauga, ON, Canada).34 Briefly 50 mL raw influent waste-
water samples were acidified, spiked with 100 µL of a 500 ng
mL−1 internal standard mixture (including ODV-D6 and
TRA13C-D3) and loaded onto WCX cartridges preconditioned
with methanol and 1% formic acid. Afterwards cartridges were
rinsed with 5 mL of 5% MeOH in Milli-Q water and dried
under vacuum for approximately 15 minutes. Cartridges were
eluted with 4 mL and then 3 mL of 5 M FA in 1 : 1
MeOH : ACN, followed by 2 mL of MeOH. Finally, the eluent
was evaporated to dryness under nitrogen and reconstituted in
0.5 mL of 2.5 mM ammonium formate in 9 : 1 H2O : MeOH +
0.1% FA. Samples were stored at −20 °C prior to analysis using
LC-MS and LC × DMS-MS2.

2.5 Computational analysis

Electronic structure calculations were performed to explore
gas-phase ion-solvent clusters containing ODV and TRA with
IPA. Structural inputs were first generated in GaussView 6.0.16
before conformer filtering. Conformer candidate structures for
the bare and clustered ions were generated by CREST version
2.12 with xTB version 6.4.0.35 The geometries of unique bare
ion and ion-solvent clusters were then refined at the DFT
ωB97X-D3BJ/def2-TZVPP level of theory,36–44 which more accu-
rately maps the potential energy surface of the cluster. For the
DFT-optimized structures, electronic energies were improved
via DLPNO-CCSD(T)/def2-TZVPP calculations. CCS values of
the ions and ion-solvent clusters were generated using
MobCal-MPI 2.0.45–47 All calculations were performed using
the ORCA 6.0.0 suite of programs.48–51 Thermochemical cor-
rections acquired following normal mode analysis enabled
Boltzmann-weighting of conformers and clusters present in
the gas-phase ensembles; these relative populations were then
employed to describe the effective CCS of the ensemble.45 The
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Boltzmann-weighting process was performed by the Pythonic
Orca Data Processing and Analysis Libraries (PodPals) GUI.52

3. Results and discussion
3.1. MS-only analysis

ODV and TRA are structural isomers, with similar fragmentation
products. In positive ionization mode MS, the protonated parent
molecules exhibit m/z 264 and two major MRM transitions
associated with loss of H2O (m/z 264 → 246) and formation of
(CH3)2N

+(CH2) (m/z 264 → 58). Via direct infusion, the MS2 spec-
trum of each analyte was collected (see Fig. S3). Using the
enhanced product ion (EPI) scan mode, we identified three
product ions of ODV (m/z 133, 107, and 81) that were not
detected for TRA (see Fig. S4). These product ions offer the
possibility of additional, selective MRM transitions for ODV,
albeit with relatively poor limits of detection and quantitation
(LOD and LOQ, respectively) owing to their low signal intensities.
We confirmed these as useful MRM transitions using a reverse-
phase LC method capable of chromatographically resolving ODV
and TRA (see Table S1; LC Method A, Table S3 and Fig. S5) and
were able to improve the LOD somewhat by employing EPI scan
mode but could not find a similar solution for quantifying TRA.
Consequently, the approach of using unique CID fragments
alone is inadequate for confident trace environmental analysis
of these compounds, and exploration of alternative separation
and filtering methods offered by IMS is desirable.

3.2. Chiral LC-MS2 analysis

Reverse-phase LC-MS2 can be used to analyze the racemic con-
centrations of ODV and TRA, but this approach does not provide

information about enantiomer abundances. To address enantio-
mer concentrations, we introduced chiral LC to our workflow
and, although we could separate the enantiomers of ODV and
TRA, we found that the (R,R)-TRA and (S)-ODV species co-elute
(see Fig. 1). Using the unique fragments of ODV (i.e., m/z 133,
107, and 81), we can selectively measure (S)-ODV and (R)-ODV,
but can only determine (R,R)-TRA concentration via subsequent
peak subtraction (which introduces additional uncertainty to the
result). To overcome this limitation, we decided to introduce
IMS, testing both DMS and TWIMS as methods that could
potentially address this co-elution.

Using TWIMS, we measured CCS values of ΩN2(ODV) =
166.0 ± 0.5 Å2 and ΩN2(TRA) = 160.9 ± 0.3 Å2, both of which are
in excellent agreement with values measured by Vincent et al.
and values computed using MobCal-MPI 2.0 (see Table S4).53

The ΔCCS ≈ 3.1% is expected to be near-threshold for the
resolution of two isomeric compounds via TWIMS as
implemented on the Waters Synapt G2-Si.54 This was con-
firmed upon infusion of a mixture of ODV and TRA, where the
ODV shoulder was observed to exhibit a longer drift time of
the TRA peak (see Fig. S6). Because ODV and TRA could not be
baseline resolved via TWIMS, we decided that implementing a
chiral LC × TWIMS analysis would not be useful and instead
chose to explore DMS as an option for our second separation
dimension.

3.3. DMS-MS analysis

A DMS cell temperature of DT = 150 °C and 1.5 mol% of IPA
modifier enabled baseline resolution at SV = 3500 V. Note that
lower DT settings can be used to further improve resolution, or
to maintain similar baseline resolution at a lower SV, as has
been observed in other works.24 The conditions used here

Fig. 1 Chromatogram of ODV and TRA present in a wastewater influent extract sample when analyzed by chiral LC-MS2 and employing the m/z
264 → 58 MRM transition.
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were tuned from Werres and coworkers, where the partial sep-
aration of ODV and TRA was achieved using DMS operating at
DT = 225 °C and SV = 3500 V in an IPA-modified environ-
ment.19 Care should be taken when employing DT < 150 °C for
two-dimensional LC × DMS workflows, though, because the
relatively high ESI source temperature required for the LC
source can impact the DMS cell temperature, potentially intro-
ducing additional heating and a temperature gradient within
the DMS cell and affect dispersion behaviours. Moreover, for
low vapor pressure solvents, low DMS cell temperatures could
lead to condensation on the DMS electrodes, which can poten-
tially impact instrument electrical stability and operation.

To evaluate separation of ODV and TRA, the m/z 264 → 58
MRM transition was employed. When introducing 1.5 mol%
IPA as a modifier, DR gas was not required to yield baseline
resolution of the isomers. Similar optimization of other
solvent modifiers (i.e., acetonitrile, ethyl acetate, and metha-
nol) also yielded baseline separation of ODV and TRA, but
these other solvents required an increased DR gas flow. In the
case of acetone, introducing 25 psi of DR gas was still not
sufficient for baseline separation at DT 150 °C. Table 1 pro-
vides an overview of the solvent modifiers tested, reporting the
resolution of the ODV and TRA ionogram features under opti-
mized DR gas conditions, and the approximate loss of sensi-
tivity by employing DR gas. These sensitivity losses, which
stem from ion diffusion during the longer residence times
when employing DR gas, negatively impact the LOD/LOQ.
Because baseline separation was achieved using IPA modifier
without the need for increased DR, we chose to employ IPA-
modified conditions for further method development. Fig. 2A
shows the dispersion curves measured for a mixture of ODV
and TRA when employing the IPA-modified environment at DT
= 150 °C. At SV 3000 V, the features begin to appear as separate
features. At SV ≥ 3500 V, the two isomers are spatially resolved
via DMS. Fig. 2B shows the ionogram recorded at SV = 3750 V
(Resolution = 2.8, refer to eqn (S2)), which corresponds to the
green highlighted area in panel A. The more substantial deflec-
tion of ODV in CV-space indicates that it clusters more strongly

with IPA than does TRA. To test this hypothesis computation-
ally, we conducted in silico experiments to assess the binding
energies (BE) of IPA with the analyte molecules. For single
solvent clusters, ion-solvent BEs are approximately equal.
However, clusters containing two IPA molecules, the BE(ODV)
> BE(TRA) (see Table S5). This result suggests that ODV forms
larger clusters with IPA and that these clusters persist longer
into the high-field portion of the SV waveform than do those
containing TRA, driving a larger differential mobility for ODV
(as is observed experimentally).

3.4. Two-dimensional chiral LC × DMS-MS2

When combining the orthogonal chiral LC and DMS separ-
ation dimensions, each enantiomer was monitored throughout
the chiral LC run using identical parent-to-product MRM tran-
sitions (m/z 264 → 58), while specifying the unique CVs for
TRA and ODV. As observed in previous work, the integration of
LC and DMS-MS2 systems can cause small shifts in CV values
due to the introduction of mobile phase solvent vapour into
the carrier gas. Thus, daily checks of peak centroid values are
required for consistency.32 To investigate these potential shifts
in DMS behaviour compared to direct infusion experiments, a

Table 1 Overview of the optimal conditions for resolution of ODV and
TRA for a variety of solvent-modified environments. Solvent modifiers
were introduced at 1.5 mol% and DT = 150 °C. Three DR gas settings
were tested (0, 10 and 25 psi) for each modified environment. The %
signal loss compares the difference between ion signals with and
without DR gas relative to the intensity without DR gas, where N/A
denotes that no DR gas was required for baseline resolution

Solvent
modifier
used

DR gas
pressure
setting/psi SV/V Resolution

% TRA
signal
loss

% ODV
signal
loss

Methanol 25 4100 1.9 ∼90% ∼85%
Acetonitrile 10 3000 1.8 ∼70% ∼40%
Acetone 25 3500 <1.5a ∼90% ∼90%
Ethyl acetate 10 3500 1.6 ∼65% ∼20%
Isopropanol 0 3750 2.8 N/A N/A

a Ionogram peaks were not baseline separated at these conditions.

Fig. 2 (A) DMS dispersion curves for protonated ODV and TRA in
1.5 mol% IPA in a N2 carrier at DT = 150 °C. The SV for optimal separ-
ation is highlighted in green, and the corresponding ionogram is plotted
in panel B. Error bars correspond to a HWHM of the ionogram feature.
(B) The ionogram measured for a mixture of ODV and TRA at SV = 3750
V.
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mixture of ODV and TRA was t-infused with the chiral LC
mobile phase into the DMS. The observed CV centroids for
each isomer were then employed in our MRM table. Additional
technical details are provided in the SI. This methodology was
used to generate the two-dimensional heatmap of the separ-
ation space shown in Fig. 3, which employed a wastewater
influent sample wastewater extracted via SPE. The corres-
ponding liquid chromatogram observed in each DMS CV
channel is shown to the right in Fig. 3, demonstrating the
complete separation of each set of enantiomers in the chiral
LC × DMS space. Example MRM tables used for LC-MS2 ana-
lysis (Table S6) and LC × DMS-MS2 (Table S7) are provided in
the SI.

To determine the method LOQ, we assessed signal-to-
noise (S/N) ratios for ODV and TRA using the Analyst soft-
ware. A window of width 1-minute prior to elution of the first
enantiomer was employed to assess noise during acquisition
of calibration curve data using internal standards
(TRA13C-D3 and ODV-D6). Peak integration was performed
using the Quantitation Method and the Quantitation Wizard
modules in the Analyst software. Using LOQ = 10 × S/N, we
determined values of 5.0 ng mL−1 for the enantiomers of
ODV and estimated 0.67 ng mL−1 for the enantiomers of
TRA. The difference between the instrumental LOQs and the
approach of determining S/N ratios is provided in the SI,
along with the S/N ratios observed for low concentration cali-
bration points used for instrumental LOQ assignments
(Table S8). To test method quantitation, we compared the
results of our method against the results of reverse-phase

LC-MS2 measurements. Because reverse-phase LC cannot
resolve enantiomers, peak areas for ODV and TRA represent
the sum of their enantiomeric pairs. Thus, for comparison,
it was necessary to sum the (S)-ODV and (R)-ODV features
and the (S,S)-TRA and (R,R)-TRA features measured using
the chiral LC × DMS-MS2 method. Fig. 4A shows a compari-
son of (S)-ODV and (R)-ODV concentrations as measured
using the chiral LC × DMS-MS2 method with the ODV con-
centration measured using reverse-phase LC-MS2 for influent
samples taken on six different days (within an 8-day period)
at a municipal wastewater treatment plant in Ontario.
Fig. 4B shows a similar plot for (S,S)-TRA and (R,R)-TRA con-
centrations measured using the chiral LC × DMS-MS2

method and total TRA concentration measured using
reverse-phase LC-MS2. For each analyte, a nine-point cali-
bration curve was prepared ranging from 1–300 ng mL−1,
where the ratio of the analyte peak area and the corres-
ponding internal standard peak area was plotted against the
analyte concentration.

In both cases, the total analyte concentration determined
using the chiral LC × DMS-MS2 method is in excellent agree-
ment with that determined via reverse-phase LC-MS2. For the
6-day period, we determined a total ODV concentration of 1170
± 50 ng L−1 via LC × DMS-MS2 and 1210 ± 70 ng L−1 via
LC-MS2, which are statistically identical (t-test; α = 0.05,
p-value = 0.26). Similarly, for TRA, we determined statistically
identical total concentrations of 72 ± 6 ng L−1 via LC ×
DMS-MS2 and 75 ± 6 ng L−1 via LC-MS2 (t-test; α = 0.05, p-value
= 0.47).

Fig. 3 (Left) Two-dimensional chiral LC × DMS-MS2 heatmap of ODV and TRA detected in influent from an Ontario wastewater treatment plant.
Both isomers were monitored via the m/z 264 → 58 transition. (Right) The chiral LC chromatograms recorded for TRA and ODV in their respective
DMS CV channels.
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4. Conclusion

By incorporating DMS into a chiral LC-MS2 workflow, we could
resolve (S) and (R) enantiomers of ODV and separate them
from the (S,S) and (R,R) enantiomers of TRA in wastewater
samples. Several different solvent modifiers enabled baseline
separation of ODV and TRA in CV-space, but employing
1.5 mol% IPA at DT = 150 °C facilitates separation (Resolution
= 2.8) without the need of resolving gas, preserving ion signal
and yielding relatively low LOQs. DMS dispersion curves indi-
cate that ODV clusters more strongly with IPA than TRA binds
with IPA, a result that is supported by quantum chemical cal-
culations. Although we did not observe significant ion frag-
mentation at high SV, one could potentially refine our method
by reducing SV and varying gas temperature or modifier con-
centration to tune dynamic clustering.

The two-dimensional chiral LC × DMS-MS2 method yielded
LOQs of 5.0 ng mL−1 for (S)-ODV/(R)-ODV and an estimated
LOQ of 0.67 ng mL−1 for (S,S)-TRA/(R,R)-TRA. These LOQs are
substantially lower than the concentrations of ODV and TRA
that we quantified in extracts from municipal wastewater influ-
ent samples. Comparing six measurements taken over an
eight-day period at the same wastewater treatment facility, it is
shown that the sum of the enantiomeric concentrations deter-
mined using the chiral LC × DMS-MS2 method ([ODV] = 1170 ±

50 ng L−1, [TRA] = 72 ± 6 ng L−1) were statistically identical to
the total concentrations determined via LC-MS2 ([ODV] = 1210
± 70 ng L−1, [TRA] = 75 ± 6 ng L−1). This result inspires confi-
dence that the chiral LC × DMS-MS2 workflow can separate
and accurately quantify individual enantiomers. This tech-
nique could be useful for studying the various enantiomers of
isomer sets such as morphine (5 chiral centers), hydromor-
phone (4 chiral centers), and norcodeine (5 chiral centers),
which have chemical formula C17H18NO3, or the codeine/
hydrocodone isomer pair (5 and 4 chiral centers, respectively),
which has chemical formula C18H21NO3. Accurate quantifi-
cation of enantiomers of chemical systems such as these could
enable studies of, for example, enantiomeric bioaccumulation
and toxicology of environmental pharmaceuticals in wildlife
and humans.
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