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Abstract With the advent of high resolution ion mobility
analyzers and their coupling to ultrahigh resolutionmass spec-
trometers, there is a need to further develop a theoretical
workflow capable of correlating experimental accurate mass
and mobility measurements with tridimensional candidate
structures. In the present work, a general workflow is de-
scribed for unsupervised tridimensional structural assignment
based on accurate mass measurements, mobility measure-
ments, in silico 2D-3D structure generation, and theoretical
mobility calculations. In particular, the potential of this
workflow will be shown for the analysis of polyaromatic hy-
drocarbons from Coal Tar SRM 1597a using selected accu-
mulation - trapped ion mobility spectrometry (SA-TIMS)
coupled to Fourier transform- ion cyclotron resonance mass
spectrometry (FT-ICR MS). The proposed workflow can be
adapted to different IMS scenarios, can utilize different colli-
sional cross-section calculators and has the potential to in-
clude MSn and IMSn measurements for faster and more accu-
rate tridimensional structural assignment.
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Introduction

Over the last 20 years, there has been an increase in the use of
ion mobility spectrometry (IMS) for rapid analysis and sepa-
ration of isomers [1–4], biological conformers [5–7], and spe-
cies of differing chemical classes based on differences in func-
tional groups, polarities, and atomic composition [8, 9]. Most
of these efforts have been driven by the development of higher
resolution and more sensitive variants of IMS (e.g., periodic
focusing DC ion guide [10–12], segmented quadrupole drift
cell [13], multistage IMS [14–16], field asymmetric IMS [17],
traveling wave ion guide [18, 19], and trapped ion mobility
spectrometers, TIMS [20–22]). One advantage of TIMS is the
ability to trap a mobility range of interest, explore molecular
dynamics [23], kinetic intermediates [6, 24], and to follow
structural changes during the IMS time scale under controlled
experimental condition (e.g., reactive/inert, polar/nonpolar
bath gas at different temperatures) [25]. In addition, TIMS
can be run in selective accumulation mode, which facilitates
its coupling to ultrahigh resolutionmass analyzers (SA-TIMS-
FTMS) [26]. That is, SA-TIMS-FTMS can provide accurate
mobility, exact mass measurements, and when complemented
with reference standard measurements and/or theoretical cal-
culations it permits direct structural assignment.

In the present paper, a general workflow is describe for
unsupervised tridimensional structural assignment using accu-
rate mass measurements, mobility measurements, in silico 2D-
3D structural generation, and theoretical mobility calculations.
In particular, the potential of this workflow will be shown for
the analysis of polyaromatic hydrocarbons (PAH) from a Coal
Tar (SRM 1597a) analysis using SA-TIMS-FTMS. The pro-
posed workflow can be adapted to different IMS scenarios,
different ion-neutral collisional cross-section (CCS) calculators
and has the potential to include MSn and IMSn measurements
for faster and more accurate structural assignment.

This article is submitted as part of the special issue on IMS modeling and
simulation.
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Experimental methods

Sample preparation A BComplex mixture of Polyaromatic
hydrocarbons Coal Tar in oil^ SRM1597a was obtained from
the National Institute of Standards and Technology (Balti-
more, MA) and used as received. SRM1597a was dissolved
in 1:1 v:v optima grade methanol:toluene (Fisher Scientific,
Waltham, MA) and diluted 1:100 prior to analysis.

SA-TIMS-FTMS analysis

Details regarding TIMS operation and specifics compared to
traditional IMS can be found elsewhere [2, 6, 20, 22, 21]. Briefly,
TIMSmobility separation is based on holding the ions stationary
using an electric field (E) against a moving gas. In traditional
TIMS operation, multiple geometric isomers/conformers are
trapped simultaneously at different E values resulting from a
voltage gradient applied across the TIMS tunnel (more details
on [23, 21]). The E gradient defines the IMS range that is trapped
and analyzed, thus allowing low resolution (large E gradient) and
high resolution (small E gradient) IMS separations. The possi-
bility to separate and accumulate single isomers/conformers over
time in a TIMS device relies on selecting the E gradient, and by
performing stepwise elutions into the mass analyzers by reduc-
ing the voltage range within a single trapping step. Multi-step
elutions are typically used when TIMS is coupled to fast acqui-
sition rate MS analyzers (e.g., TOF-MS). However, when TIMS
is coupled to slower MS analyzers (e.g., FT-ICR MS), TIMS’s
operation is changed to single step elutions (from a small E
gradient that defines the IMS resolution) and sequential scanning
of the E gradient range. That is, each isomer/conformer eluting
from the IMS cell can be described by a E±ΔE value; the
smaller theΔE value the higher the IMS resolution and accuracy
to determine the reducedmobilityK0±ΔK0 value. Thismode of
operation is called selected accumulation trapped ion mobility
spectrometry (SA-TIMS). SA-TIMS operation was controlled
using in-house software, written in National Instruments Lab
VIEW (2012, v. 12.0f3), and synchronized with the FT-ICR
MS acquisition program. IMS separation was performed using
nitrogen as a bath gas at ca. 300K, and the gas flow velocity was
controlled by the pressure difference between entrance funnel
P1=2.6 mbar, and the exit funnel P2=1.3 mbar. P1 and P2 values
were held constant for all experiments. The same RF (2080 kHz
and 240Vpp) was applied to all electrodes including the entrance
funnel, the mobility separating section, and the exit funnel. The
SA-TIMS cell was operated using a fill/trap/elute/quench se-
quence of 250–600/90/25/10 ms, using an average of 30 IMS
scans per FTMS spectrum and a voltage difference across the
ΔE gradient of 0.5–1.0 V. Under these conditions, the average
IMS resolution was 70–120.

An atmospheric pressure laser ionization source (APLI,
Bruker Daltonics, Inc., MA) was used for all the analyses.

Briefly, the APLI source utilizes a 266 nm laser (CryLas
GmbH, Berlin, Germany; Type:1HP266-50) and allows for
sample introduction via an atmospheric pressure heated va-
porizer. It should be noted that this source targets
polyaromatic hydrocarbon compounds [27–29].

MS acquisition was optimized for highest transmission in
the 100–600 m/z in the 7T Solarix FT-ICR MS spectrometer
(Bruker Daltonics Inc., MA). SA-TIMS-FTMS spectra were
acquired at 2 MWusing half-sin apodization followed by fast-
Fourier transform with magnitude mode resolutions of R~
150 K at 400 m/z. MS spectra were acquired with 100 scans
at 8 MW with experimental resolutions of R~600 k at
400 m/z. External IMS and MS calibrations were per-
formed utilizing Agilent ESI-ToF tuning mix (Tunemix,
G2421A, Agilent Technologies, Santa Clara, CA). The chemical
formula calculations from the exact mass domain were per-
formed using Data Analysis (Version 4.2, Bruker Daltonik) with
a maximum chemical formula of C1-100H1-100N0-2O0-4S0–2, odd
and even electron configurations allowed, and a mass tolerance
of 0.5 ppm. The number of double bond equivalents (DBE) was
calculated using the equation:

DBE ¼ C−
H

2
þ N

2
þ 1 ð1Þ

where C, H, and N are the number of the respective elements.
Processing of IMS-MS data was performed using in-house
scripts written in MATLAB (R2014b, MathWorks Inc., Natick,
MA).

Theoretical methods

Candidate structures were proposed using the workflow
described in the Scheme 1. Briefly, chemical formulas
are generated from the ultrahigh resolution MS data. For
each chemical formula identified in the FTMS spectra,
candidate structures are generated from online databases
(e.g., ChemSpider and PubChem) and/or from in silico
atomistic structure generators (MOLGEN [30] and
STRGEN 2 [31, 32]). The candidate structures undergo
geometry optimization utilizing ab initio density func-
tional theory (DFT) methods, typically using 6-31G basis
set for fast geometry optimization. Theoretical ion-neutral col-
lision cross sections are then calculated using MOBCAL for
nitrogen [33, 34] and IMoS (v 1.06dw) [35–37] softwares
with a bath gas at ca. 300 K. IMoS calculations were per-
formed using the trajectory method with 100, 000 gas mole-
cules, fully diffuse collisions and a 92 %Maxwell distribution
remission velocity. After theoretical CCS are calculated, the
results are compared with the experimental values and struc-
tural assignment is performed. IMSn andMSn data can be also
incorporated (following the same workflow) for higher confi-
dence in the structural assignment.
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Results and discussion

The separation of PAH from a coal tar sample by high resolu-
tion ion mobility and ultrahigh resolution mass spectrometry
permits the observation of unique molecular signatures based
on the chemical formula and the tridimensional structural ar-
rangement (see Fig. 1a). Inspection of the IMS-MS contour
plot shows two distinct trend lines, corresponding to the sep-
aration of the CxHyN1 class from the CxHyN0-2O0-4S0–2 clas-
ses. Taking into consideration that the APLI source preferen-
tially ionizes aromatic rings, we can further identify the base
structure for the CxHyN1 class according to the DBE, which
corresponds to a series of alkylated pyridines and pyrroles.

A unique feature of the SA-TIMS-FTMS analysis is the
potential to combine the accurate m/z, DBE and K0 informa-
tion in order to make a structural assignment. For example,
isolation of peaks corresponding to the CxHy chemical class
(see Fig. 1b) permits the inspection of their structural diversity
and complexity. That is, closer inspection of Fig. 1b shows
that as the mass range increases, higher DBE are observed,
which translates in highly condensed, aromatic molecules.
This observation is in agreement with the ‘planar limit’ in
fossil fuels relating the highest condensed state for a given
carbon number [38, 39].

A common workflow during IMS-MS analysis is the com-
bination of experimental and theoretical tools for structural
assignment. Most of previous studies have focused on the
identification of a limited number of mobility peaks. Howev-
er, in the case of complex samples, the large number of chem-
ical formulas and the structural diversity makes the structural

Scheme 1 Outline for the
theoretical workflow proposed for
unsupervised structural
assignment from IMS and MS
data

Fig. 1 a) Typical IMS-MS contour plot generated by APLI-SA-TIMS-
FTMS for the Coal Tar SRM and b) Mobility as a function of the m/z
(DBE number in colorscale) for the CxHy class
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assignment based on accurate mobility, chemical formula and
DBE a challenging computational problem. To better illustrate
the complexity, the structural diversity of PAHwas studied for
the case of C10H8 and C12H8 using the workflow described in
the Scheme 1. Considering all the structures included in
ChemSpider, the CCS calculations showed that there are mul-
tiple candidate structures at nominal CCS (see Fig. 2). More-
over, further analysis of the relative stability of the proposed
candidate structures shows that if only the lowest energy struc-
tures are considered, structural assignment may be feasible
(see supplemental tables 1–2). For example, the lowest energy
structures for C10H8 are naphthalene, 1-methyenelindene, and
azulene. In this case 1-methyenelindene can be resolved ex-
perimentally from the other two which have the same nominal
CCS. A similar trend is observed with acenapthylene, 2-ethy-
nyl-naphthalene, and 1-ethynyl-naphthalene for the formula
C12H8. If compare with the SRM certificate information,
naphthalene and acenapthylene assignments are confirmed
[40]. However, structural verification can also be made from
the experimental CCS observed. That is, IMS analysis only
provided one IMS band for C10H8 and C12H8 and the

experimental and theoretical CCS agree within 2 % difference
(i.e., naphthalene CCSexp=118 and CCScalc=115 and
acenapthylene CCSexp=125 and CCScalc=125). Previous
studies correlating theoretical calculations to experimental
values have shown that a 3–5 % variation between the exper-
imental and theoretical CCS from known structures can be
expected [22, 26]. It should be noted that in general, this can
be further complemented with IMSn and MSn data for a more
accurate structural assignment.

An important part of the workflow previously described is
the search for candidate structures. Although the initial pool of
structures can be compiled using existing databases, this ap-
proach is limited by the size and diversity of the database. On
the other hand, one can better characterize the structural space
using an in silico molecular structure generator based solely
on the chemical formula. Although this approach looks
straightforward, its implementation can be challenging be-
cause of the exponential increase in structural diversity with
the carbon number (see example for the case of a hydrocarbon
series in Fig. 3a). The structural complexity with the carbon
number can be illustrated by the inspection of the number of

Fig. 2 Number of structures at nominal CCS for a) C10H8 and b) C12H8. Structures within 2 % of the experimental value (*) are shown for C10H8 and
C12H8 in c) and d), respectively
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structures as a function of DBE for the PAH class (see
Fig. 3b). An interesting observation is that as the carbon num-
ber increases, there is a maximum in the number of structures
that can be produced at each DBE. That is, for larger carbon
number the DBE imposes constraints in the number of possi-
ble structures.

In the workflow proposed, the conversion from 2 to 3 di-
mensions includes geometry optimization prior to CCS calcu-
lations. To shorten the computation time, a small basis set

(e.g., DFT/6-31G) is recommended as long as it accurately
reproduces the PAH geometry [41, 42]. Although a single
geometry optimization can be performed in short timescales
using current computing resources (see Fig. 3c), the total time
scales with the number of atoms (due to longer optimization
times). For example, for the chemical formula C12H20, it
would take 31 computational years to calculate all of the po-
tential structures if performed in serial mode. Moreover, these
calculations can be made over a more realistic time if parallel
computing and multimode computer resources are utilized.

Another alternative to reduce the computational time is by
introducing Bchemical constraints^ and filtering schemes to
better reproduce PAH structural diversity. For example, one
such scheme can be performed by introducing ring size con-
straints which will reduce the number of structures that are
generated (see Fig. 4). The number of constraints typically
depends on the type of molecules of interest. That is, for fossil
fuel analysis the most common ring structures are napthenes
and aromatics [43]. This strategy can be further developed by
incorporating structural constraints from IMSn/MSn and struc-
tural features from the chemical class of interest. For example,
if the parent molecular ion can be isolated by IMSn and/or
MSn, the search algorithm will add constraints from the frag-
ment ions, thus reducing the total number of candidate struc-
tures and the overall computational time. It should be noted,
that structures for a given chemical formula only require to be
calculated once; that is, a tridimensional database can be com-
piled and updated over time for the chemical class of interest.
Another alternative to atomistic structural generation is the use
of genetic algorithms, where structures are built according to
set evolutionary rules. This has been shown in the case of
small ionic cluster systems, [44] drug discovery where struc-
tures were generated de-novo as a tool alongside high
throughput screening [45, 46], as well as in the case of
NMR elucidation [47]. Although genetic algorithms have

Fig. 3 a) Number of structures as a function of the carbon number for
CxH2x-4. b) Number of structures as a function of the DBE number, and c)
estimated computational time as a function of the DBE

Fig. 4 Number of potential structures dependence on the Bchemical
constraints^
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not been used in the workflow proposed, their implementation
can be included as part of the in silico structural generation.

Conclusion

A single analysis utilizing SA-TIMS-FTMS can provide a
chemical formula and accurate mobility measurement from a
complex mixture of fossil fuels without the need of sample
pre-fractionation. Molecular structure elucidation from SA-
TIMS-FTMS data typically requires the use of chemical stan-
dards and/or theoretical calculations of candidate structures.
The workflow described here permits the generation of PAH
structures by utilizing chemical databases and/or in silico
structural generators, followed by geometry optimization
and CCS calculations. Examples shown illustrate that this ap-
proach is feasible and that less than a 2 % difference is ob-
served between theoretical and experimental CCS. Moreover,
potential computational challenges and alternatives are
discussed to minimize the computation time and to increase
the confidence in the structural assignment with increasing
carbon number and DBE. For example, it was shown that
the use of chemical constraints, such as limiting functional
groups, or ring size, allows a reduction in the number of po-
tential structures that are theoretically generated and their
computational time. The proposed workflow can be adapted
to different IMS scenarios, utilize different CCS calculators,
and has the potential to include MSn and IMSn measurements
for faster and more accurate tridimensional structural
assignment.
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