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Fast screening of polycyclic aromatic hydrocarbons
using trapped ion mobility spectrometry — mass
spectrometry

A. Castellanos,® P. Benigni,? D. R. Hernandez? J. D. DeBord,? M. E. Ridgeway,”
M. A. Park® and F. Fernandez-Lima*®

In the present paper, we showed the advantages of trapped ion mobility spectrometry coupled to mass
spectrometry (TIMS-MS) combined with theoretical calculations for fast identification (millisecond
timescale) of polycyclic aromatic hydrocarbons (PAH) compounds from complex mixtures. Accurate PAH
collision cross sections (CCS, in nitrogen as a bath gas) are reported for the most commonly
encountered PAH compounds and the ability to separate PAH geometric isomers is shown for three
isobaric pairs with mobility resolution exceeding 150 (3-5 times higher than conventional IMS devices).
Theoretical candidate structures (optimized at the DFT/B3LYP level) are proposed for the most
commonly encountered PAH compounds showing good agreement with the experimental CCS values
(<5%). The potential of TIMS-MS for the separation and identification of PAH compounds from complex
mixtures without the need of lengthy pre-separation steps is illustrated for the case of a complex soil

www.rsc.org/methods mixture.

Introduction

Over the last decade, there has been an increase in the demand
for faster and more comprehensive analytical tools for the
characterization and separation of PAHs from complex
mixtures (see more details in ref. 1 and 2). The main challenges
encountered during PAH characterization are attributable to
the large number of compounds present in complex mixtures
and their structural diversity. PAH incorporation into the envi-
ronment occurs from multiple sources (e.g., oil spills, incom-
plete combustion processes, etc.) and one way to determine the
origin of PAHs is by analysing their molecular fingerprint. For
example, PAHs can be incorporated into the human body via
absorption in the gastrointestinal tract after ingestion of
contaminated food or water and via skin contact.*”

Despite recent efforts to improve the sensitivity and analyt-
ical specificity of PAHs quantification (e.g., SPE,* SPME,” LLE
coupled to HPLC and GC-MS,* and GCxGC-FID®), the develop-
ment of more accurate analytical separations (e.g., post-ioniza-
tion, gas-phase separation) for molecular structure assignment
with minimal to no sample preparation remains necessary.
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t Electronic supplementary information (ESI) available: Description of the soil
standard (Table S1), experimental and theoretical CCS (Table 52) and the
optimized geometry files for all reported PAH structures can be found in the
supplementary information. See DOI: 10.1039/c4ay01655f
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Previous work has shown the advantage of ion mobility spec-
trometry coupled to mass spectrometry for the separation and
identification of PAHs from crude oils with varying
complexity.” With the advent of trapped ion mobility spec-
trometry, higher analytical separation power and improved
molecular characterization has become possible."

In the present paper, we explore for the first time the capa-
bilities of trapped ion mobility spectrometry coupled to mass
spectrometry (TIMS-MS) combined with theoretical calculations
for a faster and better characterization of PAH from complex
mixtures. Accurate ion-neutral collision cross sections are
measured for commonly encountered PAH standards and
compared with candidate structures. The capability to separate
(in the ms scale) and identify PAHs (by CCS and m/z) from a
complex soil mixture is demonstrated.

Experimental
Sample preparation

Individual standards of 2,3-benzanthracene, 1,2-benzanthra-
cene, triphenylene, rubrene, pentacene, 1,2:5,6-dibenzan-
thracene, and 1,2,3,4-dibenzanthracene were purchased from
Fisher Scientific (Waltham, MA). Pyrene, benzo(a)pyrene, ben-
zo(e)pyrene, and perylene were obtained from Sigma Aldrich (St.
Louis, MO). Chrysene was obtained from Ultra Scientific (North
Kingstown, RI). All chemicals were used as received without
further purification. Individual standards were diluted to a final
concentration of 0.7 ng ml™" in toluene (Fisher Scientific,
Waltham, MA). The PAHs in soil certified research material
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which contains 16 PAHs at concentrations of 100 ppb to 1 ppm
was obtained from Research Technologies Corporation
(SQC017, Laramie, WY). The PAH containing soil was processed
using ultrasonic extraction according to EPA method 3550C. A
Tuning Mix mass spectrometry standard (Tunemix, G2421A,
Agilent Technologies, Santa Clara, CA) was used as a mass and
mobility calibration standard. Details on the Tuning Mix
structures (e.g., miz = 322 K, = 1.376 ecm® V! 57! mjz = 622
K,=1.013em>V 's Y and m/z = 922 K, = 0.835 cm®* V' ' s7 1)
and TIMS mobility calibration procedures can be found
elsewhere."*"*

Sample characterization

Individual standards were analyzed using high resolution mass
spectrometry to confirm the purity of the samples. High reso-
lution mass spectrometry analysis was performed in a Solarix 7T
FTICR-MS from Bruker Daltonics Inc. (Billerica, MA). An
atmospheric pressure photo ionization source (APPI, based on
the Apollo II design, Bruker Daltonics Inc., MA) using a Kr lamp
with main emission bands at 10.0 and 10.6 eV was used for all
analyses. All standards were observed with sub ppm mass
accuracy.

Fast separation by TIMS-MS

Details regarding the TIMS operation and specifics compared to
traditional IMS can be found elsewhere.'*** Briefly, in TIMS
mobility separation is based on holding the ions stationary
using an electric field against a moving gas. The separation in a
TIMS device can be described by the center of the mass frame
using the same principles as in a conventional IMS drift tube.*
Since mobility separation is related to the number of ion-
neutral collisions (or drift time in traditional drift tube cells),
the mobility separation in a TIMS device depends on the bath
gas drift velocity, ion confinement and ion elution parameters.
The mobility, K, of an ion in a TIMS cell is described by:
Ve A
K= E N (Vclmicn - Vbusc) {1)
where vy, E, Vejution aNd Viase are the velocity of the gas, applied
electric field, elution and base voltages, respectively. The
constant A can be determined using calibration standards of
known mobilities. In TIMS operation, multiple geometric
isomers/conformers are trapped simultaneously at different E
values resulting from a voltage gradient applied across the IMS
tunnel. After thermalization, geometrical isomers/conformers
are eluted by decreasing the electric field in stepwise decre-
ments (referred to as the “ramp”). Each isomer/conformer
eluting from the TIMS cell can be described by a characteristic
voltage (i.e., Velution — Viase)- Eluted ions are then mass analyzed
and detected by a maXis impact Q-ToF mass spectrometer
(Bruker Daltonics Inc, Billerica, MA).
In a TIMS device, the total analysis time can be described as:

Total IMS time = Ttrap + (Vclmian'”/ramp) x 1r'ramp + ToF
= Tn + (Vclut/Vramp) x Tramp {2)
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where, Ty, is the thermalization/trapping time, ToF is the time
after the mobility separation, and Viamp and Tiamp are the
voltage range and time required to vary the electric field,
respectively. The elution voltage can be experimentally deter-
mined by varying the ramp time for a constant ramp voltage.
This procedure also determines the time ions spend outside the
separation region T, (e.g., ion trapping and time-of-flight).

The TIMS funnel is controlled using in-house software,
written in National Instruments Lab VIEW, and synchronized
with the maXis Impact Q-ToF acquisition program.** Separation
was performed using nitrogen as a bath gas at ca. 300 K and
typical P, and P, values are 2.6 and 1.0 mbar, respectively. The
same RF (2040 kHz and 200-350 Vpp) was applied to all elec-
trodes including the entrance funnel, the mobility separating
section, and the exit funnel.

Mobility values (K) were correlated with CCS (2) using the
equation:

97(181:)”2 ze [1 1]‘-”1760 T 1

—_—  |—f =] = ——— = (3
16 (kyT)"? [mi i m,| K P 27315 N* ()
where ze is the charge of the ion, &y is the Boltzmann constant,
N* is the number density at standard temperature and pressure
and m; and my, refer to the masses of the ion and bath gas,
respectively.'

Theoretical calculations

Candidate structures were optimized at the DFT/B3LYP level
with 6-31+g(d), 6-31++g(d,p), cc-pVDZ, and cc-pVTZ basis sets
using Gaussian 09 software.*® Theoretical ion-neutral collision
cross sections were calculated using MOBCAL version for
helium'"® and nitrogen' as a bath gas at ca. 300 K. Partial
atomic charges were calculated using the Merz-Singh-Kollman
scheme constrained to the molecular dipole moment.* All
optimized geometries and MOBCAL input files can be found in
the ESIf.

Results and discussion

Molecular ions [M]" for all the PAH standards were produce by
APPI and introduced into the TIMS-MS instrument. The mass
spectrometry signals of single PAHs were isolated (Am/z < 1 Da,
monoisotopic peak) and the corresponding TIMS spectra were
collected (Fig. 1). As previously described in ref. 11, 13, 16 and
17, TIMS spectra were collected as a function of the ramp time
for each isolated m/z signal of the PAH [M]" standards in order
to calculate the elution voltage (see eqn (2)). Thereafter,
mobility and ion-neutral (nitrogen) collision cross sections were
calculated using Tuning Mix as external calibration (see ESI
Table S2t). A good agreement is observed between the TIMS
PAHs mobility and ion-nitrogen collision cross sections with
previously reported values using drift-tube based IMS
instruments.****

Candidate structures were proposed for all the PAH
compounds (shown as inset of Fig. 1). Optimized geometries
and partial atomic charges were calculated at the DFT/B3LYP
level using multiple basis sets (see ESIT). With the increase of

his journal is © The Roya y of Chemistry 2014
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Fig.1 Typical TIMS spectra (T,amp = 500 ms) of (a) pyrene (R = 90), (b)
chrysene (R = 103), (c) triphenylene (R = 107), (d) 1,2-benzanthracene
(R = 98), (e) 2,3-benzanthracene (R = 96), (f) perylene (R = 113), (g)
benzola)pyrene (R = 133), (n) benzole)pyrene (R = 102), (i) pentacene
(R =96), () 1,2,3,4-dibenzanthracene (R = 155), (k) 1.2:5,6-dibenzan-
thracene (R = 98) and () rubrene (R = 125). In the inset, the DFT/
B3LYP/6-31++g(d,p) isosurface and a space-filled model representa-
tion of the molecular ions is shown.

the basis sets, variations of less than 1% were observed in the
CCS(N,) for all the structures considered. A good agreement is
observed between the theoretical and experimental ion-neutral
collision cross sections (<5%).

A characteristic feature of TIMS is the ability to tune the
mobility separation from low to high resolution by increasing
the ramp time and narrowing the scan voltage across the
ramp as a function of the analytical challenge. Typical
mobility resolution of R = 90-150 was obtained for a ramp
time of 500 ms with a voltage ramp of AV =10V for individual
compounds.

It should be noted that TIMS analysis of PAH compounds
comprises an additional challenge compared to previously
studied biomolecules where higher TIMS mobility resolutions
were obtained.”>** That is, smaller m/z and CCS require the use
of a lower electric field given the same bath velocity (resolution
is directly related to the electric field strength).>** To better
illustrate the TIMS capability to separate molecular PAH isobars
[M]", four isobaric pairs (CisHiz, m/z = 228.093 Da): chrysene

his journal is © The Royal Society of Chemistry 2014
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vs. triphenylene, triphenylene vs. 1,2-benzathracene, and tri-
phenylene vs. 2,3-benzathracene were studied as a function of
the ramp time (Fig. 2). As the ramp time increases higher
mobility separations are observed for all considered PAH
isobaric pairs. Traditional PAH analysis of isobaric compounds
involves the use of relatively slow separation methodologies
(e.g., gas chromatography, GC or liquid chromatography, HPLC)
prior mass spectrometry analysis. Separation conditions are
highly compound-specific, co-eluting PAH interferences must
be specifically addressed and require operation times upwards
of 40 minutes.®

The use of TIMS-MS for the separation of PAH-containing
complex mixtures is illustrated for the case of a soil standard
(SC017) featuring over 16 different PAHs, including sets of
structural isomers (Fig. 3). Inspection of the 2D TIMS-MS
contour plot shows a single trend line of singly charged
species. Mobility projection plots are shown for three m/z's
and illustrate the capability to separate molecular isobars in
the TIMS domain (Fig. 4). Although multiple peaks are
observed at the level of nominal mass, the mass resolution of
the mass analyzer (R = 30-40k) permitted the isolation of the
PAH mass signal and the construction of the corresponding
TIMS projection plot (Am/z < 0.2 Da, monoisotopic peak).
Inspection of the mobility profiles shows that under theses
low resolution TIMS conditions (70 ms ramp time of and 20 V
ramp) some isobaric pairs are resolved (Fig. 4b and c) while
other pairs are not resolved (Fig. 4a). Comparison with the
theoretical and single standard values shows that peaks that
are not resolved have similar mobility values in a nitrogen
bath gas (e.g., anthracene and phenantrene CCS(N,) = 128
A?). Moreover, the PAH isobars that are resolved (Fig. 4b and
¢) showed the correct relative abundance as the certified
concentrations specified for the sample (see ESIt). The
analysis time to generate a TIMS-MS data set is typically on

500ms a a ¢ ad
R=145 R=103 R=95 M R=108 | R=127 R=90

140 150 140 150 140 150
Collision Cross Section (A2?)

Fig.2 TIMS spectra as a function of the ramp time (100-800 ms) for a
two component isobaric mixture of triphenylene (a), chrysene (b), 1,2-
benzanthracene (c), and 2,3-benzanthracene (d). In the inset, TIMS
peak resolution is shown for single components.
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Fig.3 2D TIMS-MS contour plot of a fast scan (low resolution R ~30—
60) of a PAH mixture in soil (SC017) featuring over 16 different PAHSs,
including multiple sets of structural isomers.

a) m/z 178.079 d)

AN L 4L L

Tils 120 122 124 176 177 178 179 180
e)

L g,

140 142 144 146 226 227 228 229 230
c) f)
1m/z 252.094

i |

140 141 142 143 144 145 280 251 252 253 254
Cccs (Ay) m/z

Fig. 4 TIMS and MS projection plots for the insets shown in Fig. 3 of
the structural isobars (a) phenanthracene and anthracene (not
resolved), (b) chrysene (56%) and 1,2-benzanthracene (44%), and (c)
benzola)pyrene (45%), benzo(b)fluoranthene(14%) and benzolk)fluo-
ranthene (41%). (d-f) Excerpts of the mass spectrum corresponding to
the compounds in (a—c).

the order of a few minutes, and low signal intensities from
low abundance components can be compensated by
summing multiple datasets. Additionally TIMS can improve
signal-to-noise ratio in cases where the peak width is less
than the ion accumulation time similar to conventional
chromatography.
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Conclusions

The present study showed that comprehensive and fast char-
acterization of PAH from complex mixture is feasible using
TIMS-MS in the millisecond scale without the need of lengthy
pre-fractionation separations. TIMS-MS has the added benefit
that when combined with theoretical calculations permits the
characterization of the conformational space of PAH and their
separation from other chemical classes in a single analysis (or
scan). Accurate ion-neutral collision cross sections were
obtained for commonly encountered PAHs in the m/z = 124-523
with CCS(N,) = 114-232 A? range. A good agreement was
obtained between the theoretical and experimental ion-neutral
collision cross sections (<5%). The unique capability of TIMS to
tune mobility resolution from low (R = 30-60) to high (R = 90-
150) as a function of the analytical challenge was shown for the
case of PAHs compounds from a soil extract.
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