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positional isomers by ion mobility
mass spectrometry: application to organic
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Organic semiconductors are increasingly being used in organic-based

opto-electronic devices. Since regioselective synthetic approaches

are not always controlled, promising compounds are sometimes

prepared following non-regioselective routes. Ion mobility mass

spectrometry is here introduced as a direct method to distinguish

isomers inmixtures, instead of undertaking time-consuming analytical

chromatography procedures.
Positional isomerism is nowadays an important molecular tool
to tune the electronic properties of organic materials of interest
in the eld of organic electronics.1,2 In this context, dihy-
droindenouorene regioisomers have recently emerged as an
interesting family of organic semiconductors, which can be used
as efficient uorescent emitters in Organic Light-Emitting Diodes
(OLEDs),3 host materials for phosphorescent OLEDs,4 electron
acceptors for non-fullerene organic solar cells5 and electron
transporters in Organic Field-Effect Transistors (OFETs).6 From
a structural point of view, within the dihydroindenouorene
family, different positional isomers can be generated with
different phenylene linkages (para/meta) or ring bridging geom-
etries (anti vs. syn). 6,12-dihydroindeno[1,2-b]uorene has been
the rst and most studied isomer7,8 while the other isomers
remain scarcely used. Antiaromatic indenouorene regioisomers
have also been widely developed in recent years.9 Many synthetic
strategies have been explored in the past few years for the
efficient preparation of dihydroindenouorene isomers,
using regioselective routes10 or not.3,11 The non-regioselective
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approaches reported in the literature present advantages
leading to the simultaneous formation of two different
regioisomers, which is an appealing feature provided that their
detection and separation is possible. In 2009, an efficient and
versatile synthesis of dihydroindeno[1,2-b]uorene (anti) and
dihydroindeno[2,1-a]uorene (syn) positional isomers was re-
ported (Scheme S1, ESI1†).11 In order to avoid a time-consuming
chromatographic separation to isolate the pure regioisomers,
rational ways of favouring the formation of one given isomer have
been investigated, with special attention given to the solvent and
temperature conditions.10 Strategies to quickly and efficiently
reveal the presence of positional dihydroindenouorene isomers
within a crude mixture would represent a useful asset on the way
to their development. The present work demonstrates that this
can be fullled by Ion Mobility Mass Spectrometry (IMMS).

Single-stage mass spectrometry cannot detect the presence of
positional isomers due to their identical elemental composition.
On the other hand, ionmobility separation represents an elegant
method to discriminate and identify the corresponding regioi-
someric ions. IMMS is increasingly being used within the mass
spectrometry community for probing the 3D structures of
gaseous ions. This methodology allows for the temporal sepa-
ration of ions based on their mobility in a cell lled with a buffer
gas (He or N2) under the inuence of an electric eld. The dri
time (tD) of the ions across the mobility cell is directly propor-
tional to their collisional cross section (CCS) which reects the
three-dimensional shape of the ions in the gas phase.12 Over the
past few years, this analytical dimension was proven effective, in
combination with computational chemistry, for the structural
characterization of a large range of compounds such as (bio)
macromolecules,13–15 host–guest systems16 and molecular
switches.17,18 IMMS was also used for the temporal separation of
isomeric species, such as glycans,19–21 peptides,22,23 oligosaccha-
rides,24 and saponins,25 derived from natural matrices. The
originality of the present work is to demonstrate the applicability
of the IMMS approach to the realm of organic semiconductors
not only to separate isomers but also to identify their structures
by exploiting a deep synergy with computational modelling.
Anal. Methods, 2018, 10, 2303–2306 | 2303
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Dihydroindenouorene isomer mixtures were diluted in
acetonitrile and subsequently ionized and transferred to the gas
phase of a mass spectrometer using an Electrospray Ionization
(ESI) ion source. All results presented hereaer are related to
radical cations that are readily produced upon ESI by the
removal of one electron. The ion mobility data are represented
in terms of CCS distributions determined on the basis of arrival
Fig. 1 (A, B and C) Experimental and theoretical CCS values for 1a/1b, 2a
the terphenylene core. The lengths of the substituents were theoretically
are also displayed. The presented CCSs are mean values with standard d
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time distributions (ATD) using a suitable calibration procedure
recently developed in Mons.26 Note that each experiment
described in the present paper was performed three times using
different ion mobility settings (see the ESI†) to ensure the
robustness of the method. The presented CCSs are mean values
with standard deviations in brackets.
/2b and 3a/3b radical cations. The green dots represent the location of
extracted from the optimized geometries of each substituent, and they
eviations in brackets.
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The synthesis of compounds combining the bridged p-ter-
phenylene core and two uorene moieties through spiro-
linkages yields a mixture of syn and anti (1a and 1b in Fig. 1A,
respectively) isomers.11 When the isomer mixture is subjected to
ion mobility experiments, a bimodal distribution (i.e., two ion
families) is observed for the mass-to-charge ratio corresponding
to the cation radical isomers and might correspond to the two
separated isomers, to conformers or even to contaminants. In
order to assess whether the two distributions correspond to the
two ionized isomers and to unambiguously assign the peaks
observed in the mobilograms, the geometries of the corre-
sponding radical cations have been optimized at the quantum-
chemical level and their CCS calculated using the widely used
trajectory method model, as implemented in Collidoscope27

(Fig. 1A). The excellent agreement between the experimental
and theoretical CCS values (<3% difference) conrms that the
syn (1a) isomer is associated with the lower CCS distribution
while the anti (1b) isomer generates the higher CCS distribu-
tion. The peak separation efficiency in ion mobility spectrom-
etry can be quantied by associating the peak full width at half
maximum values (uA and uB) and the peak separation (tB � tA)
into a resolution parameter, Rs, dened by the following
equation:28

Rs ¼ 1:18
tB � tA

uA þ uB

We have used here a variant of this denition by injecting the
average CCS values and the width at half maximum DCCS:28
Fig. 2 Experimental and theoretical CCS values for isomers 4a/4b. The pr
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Rs ¼ 1:18
CCSB � CCSA

DCCSA þ DCCSB

For the 1a/1b isomer pair, we measured the Rs, which
amounted to 1.4 and reected the small signal overlap observed
in the mobilograms (see Fig. 1A). In peak separation theory, for
two peaks with Gaussian distributions and the same heights/
widths, a resolution of 1.5 corresponds to an overlap of less
than 0.15%.29

When comparing the optimized structures of 1a/1b radical
cations, the CCS difference can be clearly associated with the
relative orientation of the substituents. We thus anticipate that
the Rs value will be affected by the size of the substituents.
Accordingly, we have next applied our IMS/quantum chemistry
association to the 2a/2b30 and 3a/3b19 isomer pairs exhibiting
bulkier substituents on the uorene units (tertio-butyl and
3,4,5-trimethoxyphenyl groups, respectively, Fig. 1B and C). The
results indicate that the syn isomer radical cations are always
characterized by the smaller CCS, i.e., the more compact
structures. Moreover, the CCSexp increases with the substituent
size, with values of 157/176 Å2, 206/234 Å2, and 288/320 Å2 for
the 1a/1b, 2a/2b and 3a/3b isomer pairs, respectively. The deep
correlation between the CCSexp and CCSth values is remarkable,
leading to the straightforward identication of the isomers. As
expected, the bulkier the substituent, the better is the separa-
tion efficiency, with Rs measured to be 2.3 and 2.4 for the 2a/2b
and 3a/3b isomer pairs, respectively, a value which is usually
associated with a baseline separation.28 The applicability of
esented CCSs aremean values with the standard deviations in brackets.
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IMMS is not limited to uorene substituents and to p-terphe-
nylene backbones, as shown below by the investigation of more
elaborate structures. These molecules (4a and 4b in Fig. 2)
consist of an m-terphenylene core substituted by spiro-linked
phenylacridine units.4 Here, the separation efficiency is less
pronounced, yielding an asymmetric CCS distribution and
a lower Rs factor value of 0.68 (Fig. 2). Upon Gaussian decon-
volution and comparison between CCSexp and CCSth values, it
appears that these two distributions do correspond to each
regioisomer radical cation. Based on the results obtained with
sterically encumbered substituents on the p-terphenylene cores,
the separation efficiency is expected to be enhanced with
bulkier substituents under our experimental conditions.

In summary, we have illustrated that IMMS can be advan-
tageously used to readily detect isomers of organic semi-
conductors produced simultaneously in chemical reactions.
This is another successful application of the IMMS technique
which is here supplemented by an intimate coupling to
computational chemistry allowing for the structural assignment
of the IMMS signals. This original joint theoretical and experi-
mental approach is versatile and should nd application in
many other research areas. The exact quantication of both
isomers in the starting mixture could be estimated based on our
IMMS measurements, provided that the ionization cross
sections for both isomers – i.e., the mathematical relation
between the ion abundance in the IMMS spectrum and the
concentration in the solution phase – can be determined by
a calibration procedure; this issue is beyond the scope of the
present paper. Although most current commercial IMMS setups
can only be exploited to detect isomers with sufficient structural
differences due to the inherent instrumental resolution, we are
convinced that the recent development of high resolution ion
mobility instruments will reinforce the use of ion mobility
technology as a routine analytical tool within the organic
synthesis community to detect isomeric products and to opti-
mize (non)-regioselective synthetic routes.
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