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ABSTRACT: Ion mobility-mass spectrometry (IM-MS) is a powerful
technique for structural characterization, e.g., sizing and conformation,
particularly when combined with quantitative modeling and comparison to
theoretical values. Traveling wave IM-MS (TW-IM-MS) has recently become
commercially available to nonspecialist groups and has been exploited in the
structural study of large biomolecules, however reliable calibrants for large
anions have not been available. Polyoxometalate (POM) speciesnanoscale
inorganic anionsshare many of the facets of large biomolecules, however, the
full potential of IM-MS in their study has yet to be realized due to a lack of
suitable calibration data or validated theoretical models. Herein we address
these limitations by reporting DT-IM (drift tube) data for a set of POM
clusters {M12} Keggin 1, {M18} Dawson 2, and two {M7} Anderson derivatives
3 and 4 which demonstrate their use as a TW-IM-MS calibrant set to facilitate
characterization of very large (ca. 1−4 nm) anionic species. The data was also used to assess the validity of standard techniques to
model the collision cross sections of large inorganic anions using the nanoscale family of compounds based upon the {Se2W29}
unit including the trimer, {Se8W86O299} A, tetramer, {Se8W116O408} B, and hexamer {Se12W174O612} C, including their relative
sizing in solution. Furthermore, using this data set, we demonstrated how IM-MS can be used to conveniently characterize and
identify the synthesis of two new, i.e., previously unreported POM species, {P8W116}, unknown D, and {Te8W116}, unknown E,
which are not amenable to analysis by other means with the approximate formulation of [H34W118X8M2O416]

44−, where X = P
and M = Co for D and X = Te and M = Mn for E. This work establishes a new type of inorganic calibrant for IM-MS allowing
sizing, structural analysis, and discovery of molecular nanostructures directly from solution.

1. INTRODUCTION

Ion mobility spectrometry (IMS), combined with mass
spectrometry (as IM-MS), is an analytical technique which is
able to provide considerable information beyond that available
from standalone MS experiments.1−3 A typical IMS experiment
measures the time taken for ions to travel through a “drift
tube”; in contrast with MS, this is partially filled with a gas (the
“drift gas”) and the time taken for ions to pass through, the
“drift time” (tD), is a function of both m/z (mass to charge
ratio) and interaction with that drift gas. In this way, IMS can
resolve isobaric (same m/z) species that would be indistin-
guishable in MS and provide structural information beyond
simple mass/charge ratios (m/z), on converting drift time to a
collision cross-section (CCS) parameter giving information
about size and conformation. Until recently, the use of IM-MS
has been a specialist activity, generally limited to groups in
which bespoke instruments are constructed; this changed when
traveling wave (TW) IM-MS instruments became commercially
available, putting the technique in the hands of non-
specialists.4−9

Our interest in IM-MS lies in its use for the analysis of large
polyoxometalate (POM) anions.10,11 POMs are a class of
anionic metal oxide nanosized molecules, see Figure 1, with
myriad potential applications in fields as diverse as electronic
devices,12 medicine,13 and energy production and storage.14

IM-MS is promising for the analysis of POMs, both as it
provides an extra dimension for their resolution (drift time)
and promises a means for determination of the size and identity
of new species (by assessing CCS). Structural information may
be inferred by comparing with a model, and conformational and
information about the supramolecular interactions may also be
obtained.
Resolution of isobaric signals, without quantitative assess-

ment of cross-section, is in itself useful. This is because we may
confirm that signals are derived from single large species, rather
than multiple species of similar m/z (e.g oligomeric species or
experimental artifacts aggregation of anions in spray),10,18 and
we hypothesize it should be possible to observe new species in
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otherwise intractable reaction mixtures, as well as probe
conformational changes,19 and explore the mechanism of self-
assembly.20,21 This potential is of great interest as very few
methods exist to confirm the structure of new POM species,
other than X-ray diffraction of crystal samples; this dramatically
limits the field to slow discovery of species which can be
isolated as diffraction-quality single crystals.
Most notable applications of TW-IM-MS reported thus far

have been in biology, although it is increasingly applied to
supramolecular chemistry4−9 and noble metal clusters.22 In
most cases, where structural characterization is the aim (rather
than simply resolving/distinguishing species identical in m/z), a
collision cross-section is obtained for ions of interest. This CCS
can be informative in itself as a measure of size or be compared
to those observed for other species. Most powerfully, however,
CCS measurements can be compared to theoretically derived
values for different putative structures (themselves derived from
either theory, such as molecular dynamics calculations, or
experiment, such as X-ray diffraction or NMR), allowing the
end-user to infer the structure/conformation of the ion in
question.
The primary limitation of TW-IM-MS, notwithstanding

some concerns about the heating of ions causing distortions
in their conformation,23 is the need for a sample-specific CCS
calibration to obtain CCS values from experimental observa-
tions, due to the nonlinear nature of the drift time response.
Calibration requires reference data: published, reliable data
obtained from a (generally bespoke) linear drift tube (DT) IM-
MS instrument, which is able to directly measure an ion’s CCS
without external calibration.24 Such data is available for many
applications and has been collated in various publications25 and
Web sites; principal among these is the Clemmer group’s
online CCS database.26 Significantly, the vast majority pertains
to positive ions, whereas our interest is in anions; very little
data is available to use in calibrating for negative ions,
particularly those that are of intermediate size (between that
of small molecules and very large proteins).27 Other
calibrations have been reported, sometimes using data from
unpublished sources (which may nonetheless be reliable) or
employing data derived from theoretical calculations.28,29 In
previously published work we have calibrated TW-IM-MS using
a collection of data from these sources.10,18 The calibrants used
in these cases were all biomolecules and as such imposed some
difficulties: samples required careful storage and preparation
(e.g., annealing of DNA), multiple conformations may be
observed for several of the species under investigation (thus

requiring deconvolution, or rejection of the data when reliable
deconvolution was not possible), and furthermore this set
covers only a relatively narrow size range.
Herein we report the establishment and application of a new

calibration set consisting of POM-based anions for TW-IM-MS
measurements, using DTCCSHe (CCS obtained with He as a
drift gas) values determined by DT-IM-MS. We report the use
of this calibration set to determine the TWCCSN2→He of several
large POM species and compare these values to those derived
from theoretical calculations. Furthermore, we demonstrate the
inference of structure of new POM species for which
diffraction-quality single crystals could not be obtained, by
quantitative CCS comparison with a range of potential
structures.

2. RESULTS AND DISCUSSION
2.1. Calibration Set and DT-IM-MS Measurements.

Potential POM calibrants were chosen to cover a range of sizes
and charge densities and, additionally, were all required to be
readily synthesized and stable over prolonged periods of time
(in contrast with biomolecule calibrants). Figure 2 depicts the

structures of the four POM calibrants chosen, incorporating
species from three of the archetypal POM families including: 1,
{PW12O40} Keggin ion;30 2, {P2W18O62} Dawson ion,31 and 3/
4, two {MnMo6} Anderson derivatives capped with tris-based
ligands (3 = MnMo6O24(C4H8N)2 tris32 and 4 =
MnMo6O24(C20H38NO)2).

33 Observed peaks corresponding
to intact ions were chosen, based on their being reliably
observed in both TW-IM-MS and DT-IM-MS instruments,
across a range of conditions.
DT-IM-MS of this calibrant set yields robust DTCCSHe values

for 29 different negative ions: five from 1 (a “Keggin”
structure), eight from 2 (a Wells−Dawson structure), nine
from 3 (a “Tris”Mn-Anderson structure), and seven from 4 (an
“aliphatic” Mn-Anderson). Ionization parameters were set to
maintain as soft an ionization as possible, while each analyte’s
drift time was measured in response to a range (3−9 Td) of
reduced electric field strengths. Of these, some were
disregarded, as not being observed in other instruments (vide
inf ra), those used in calibration are tabulated in the Supporting
Information.

2.2. Calibration of TW-IM-MS with the New Calibra-
tion Set. As outlined above, it is not practical to directly
determine CCS values using TW-IM-MS instruments; instead
they must be obtained through calibration with known species.
A further complication to this is that the bespoke DT IM-MS
instruments tend to be operated with helium as the buffer gas,

Figure 1. Structural representations of the archetypal polyoxometalate
molecules that span a 1−6 nm diameter range. From left to right:
{Mo12} Keggin, {Mo132} Keplerate, {Mo154} Wheel, and {Mo368}
“lemon”.15−17 Actual crystal structures, to scale, are shown; the
polyhedral are {MoOx} units (x = 4−7).

Figure 2. Structural representations of the four POM calibrants in this
study. The above include three of the major POM archetypes, namely,
the Anderson, left, where R = tris(alkoxo) ligand, (3) or “aliphatic”
ligand-bound (4) {MnMo6O24}), Keggin (1, {PW12O40}) and Dawson
(2, {P2W18O62}) clusters. [Metal oxide units represented as polyhedra,
organic ligands as “ball and stick”; atom colors: O = red; W and Mo =
blue; C = black.].

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b00070
J. Am. Chem. Soc. 2016, 138, 3824−3830

3825

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b00070/suppl_file/ja6b00070_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b00070/suppl_file/ja6b00070_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b00070


whereas the TW-IM-MS instruments by default use nitrogen
and are then converted to apparent helium CCS values. To
denote the method and the buffer gas used, we have adopted a
notation system IMSCCSgas where both the method (TW or DT
and the buffer gas used are indicated); in the special case that
TW-IM-MS data (using N2 as a drift gas) is used to estimate
CCSHe values, we use the notation TWCCSN2→He.
Using drift time values from TW-IM-MS measurements of

the calibration set, along with the corresponding DTCCSHe
values derived from DT-IM-MS experiments, we were able to
construct calibration curves. In cases where ions were not
robustly and reproducibly observable in both classes of
instruments, they were disregarded and not used further as
calibrants. An example calibration curve can be seen in (see
Figure 3), following as per the Ashcroft/Williams method;34 R2

values of around were 0.982 typical over a number of
repetitions.

To validate the use of this calibrant set, we then used such a
calibration curve obtained to estimate TWCCSN2→He values for
two of the only negatively charged structures which have been
extensively studied in DT-IM-MS: cytochrome c14 and
decathymidine.35 The experimental values obtained were
largely in agreement with the reported values, displaying high
linearity over multiple charge states. The gradient for this linear
relationship was found to be ca. 1.15 (see Figure 4), however:
this may well result from conformational differences in the
biomolecules (e.g., combinations of multiple conformations
have been observed for cytochrome c) between DT-IM-MS and
TW-IM-MS instruments, and frequent difficulty in assigning a
clear peak maximum where many conformations are present.
This small discrepancy highlights the importance of conforma-
tional regularity/reproducibility in TW-IM-MS calibrant
species, when faced with unavoidable variance in the “hardness”
of the ionization conditions, ion−gas interaction potentials, and
of ion optic arrangements/effective ion temperature in different
instruments.23

2.3. CCS Determination for Large Inorganic Anions.
Having validated the use of our new calibrant set using species
of known DTCCSHe, we then used it to estimate TWCCSN2→He

values for a related series of large polyoxotungstate clusters. To

achieve this, we chose a set of very large polyoxotungstate
clusters that are built from the building block {Se2W29} found
in the cluster anion [H10Se2W29O103]

14−, see Figure 5.36,37

We chose this building block as it is the smallest lacunary
polyoxotungstate unit isolated so far which contains a
pentagonal unit (such pentagonal units are common in
nanoscale polyoxomolybdates,15 but rarely observed in large
polyoxotungstates), is very stable in solution allowing analysis
by electrospray mass spectrometry, and has a very well-defined
crystal structure. Furthermore, this unit can be connected to a
range of gigantic molecular nanostructures that are solution
stable. For this work we chose to explore the trimer,
{Se8W86O299} A, tetramer, {Se8W116O408} B, and hexamer
{Se12W174O612} C of the {Se2W29} building block. The
structures of A−C are very large, ranging from ca. 22 to 45
kDa.36,37 Finally, it is important to note that all these clusters
are stable under the electrospray mass spectrometry conditions
and hence are perfect candidates to be investigated by IM-MS,
see Figure 6.
An example of the resulting spectra can be seen in Figure 7: a

series of intense peaks covering a range of charge states (−12 to
−7) corresponds to the core {Se2W29}4 structure, B; as with
other large POM species, this resembles the spectrum of a large
protein. It is worth noting that in previous conventional ESI-
MS analyses,36,37 a series of low-intensity peaks which did not
form part of the main series could only be tentatively assigned
to the dimeric association of these clusters during electrospray
ionization (clustering is common in large POM polyan-

Figure 3. (a) Arrival time distribution (ATD), showing clear peaks in
normalized plots of raw drift time (tD) yielded by the POM calibration
set (green = 1, red = 2, orange = 3, and blue = 4; intensities
normalized; x-axis values are tD). (b) From these data, modified drift
time values (tD′) are calculated and fit to DTCCSHe data using a y = AxB

curve, using the approach and notation set out in ref 34.

Figure 4. Correlation between previously published literature
DTCCSHe values and experimentally determined TWCCSN2→He values

for (a) decathymidine, gradient of the trend line = 1.19, and (b)
cytochrome c, gradient of the trend line = 1.11.

Figure 5. Representation of the structure of the {Se2W29} building
block. Purple polyhedra, {WO6}; yellow polyhedra, pentagonal unit
{(WO7)W4} with the lacunary position shown with semitransparent
polyhedron; and blue spheres: Se.
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ions).10,18 By contrast, IM-MS can resolve these species at
shorter drift times across several charge states (−17 to −14)
and confirm this assignment.

TWCCSN2→He values could then be estimated for all the large
species observed (see Supporting Information). Since these
vary slightly over multiple charge states, averages are taken to
allow comparison between clusters (while counterions are alkali
metals/protons, their size is treated as negligible). Determi-
nation of average TWCCSN2→He values was possible for the full
series A−C; all spectra are available in the Supporting
Information, while the average values are presented in Table
1. Inspection of these values permits a broad assessment of
large species, not necessarily just resulting from the analysis of
pure crystalline products, as in this case, but potentially also
species present in a reaction solution.29 This is important since
it was possible, using the crystal data as guide, to show that the
TWCCSN2→He values correlate well with the crystallographic

dimensions. This indicates that it is possible to crudely “size”
the clusters from solution using IM-MS.

2.4. Usefulness of Modeling for Structural Elucida-
tion. As outlined earlier, orthodox use of IM-MS often employs
a comparison of simulated CCS values (CalcCCSHe) for putative
structures (most commonly derived from the MobCal
software) with experimental data, to assign observations to a
putative structure. This approach would be extremely attractive
as a means to infer the structure of unknown/newly discovered
POM species, but this first requires the validation of suitable
modeling/simulation routines. We have previously published
some preliminary results suggesting that this may be
possible,10,16 but surprisingly, the CalcCCSHe values produced
using standard (MobCal) models and standard parameters
(produced for the study of carbon-based species) correlated
well with experimental TWCCSN2→He data obtained for a large
Mo-based POM wheel.
To investigate these possibilities further, CalcCCSHe values

were simulated for structures A−C, inputting structural data
derived from their published X-ray diffraction structures into
Mobcal and simulating CCS values using each of the models
available within Mobcal (“projection method”, “exact hard
spheres”, and “trajectory approximation”); the results are set
out alongside the corresponding experimentally derived values
in Table 1. It is clear that in all cases no model (using standard
parameters) yields a reasonable correlation with experimental
measurements. Contrary to our initial observations, it appears
that this approach is unlikely to allow useful structural
inferences for this class of compounds, without some
considerable improvement or refinement. Such refinement
may take the form of more appropriate parameter sets for
currently routine models (e.g., Lennard-Jones parameters for O
atoms bound directly to metal ions, rather than carbon;
parameters for long-range interaction of atoms not currently
described in Mobcal) or the use of more advanced models, in
particular the treatment and calculation of atom centered point
charges and more thorough consideration of counter-
cations.38,39

2.5. IM-MS As a Tool for Structural Assignment of
New POM Species. Most reaction systems producing POMs
can yield a number of different products, depending on precise
control of reaction conditions. For example, reaction of WO4

2−

and SeO3
2− salts in acidic aqueous solution is known to

produce {Se2W29} “building blocks”; these form a range of large
structures, depending on reaction conditions structures A−C
can then be isolated from reaction mixtures (other observed
products are smaller). Much exploration of POM synthesis and
function involves systematic synthesis of series of analogous
structures from such systems, incorporating small changes to

Figure 6. Structures of large POM structures A−C, with average
diameters of 2.2, 2.5, and 3.4 nm, respectively (estimated from single
crystal data with cations omitted by encapsulating each structure with
an ellipsoid). [Metal oxide units represented as polyhedral; light-
purple polyhedra, {WO6}; yellow polyhedra, pentagonal unit {(WO7)-
W4}; cyan spheres, W; blue spheres, Se; light-purple spheres, O; red
spheres, disordered O and Cl; pink and dark-green spheres,
heterometal ions.].

Figure 7. IM-MS spectrum of structure B, where the major series of
peaks corresponds to the core {Se2W29}4 cluster, and the minor/less-
intense series (at shorter tD drift times, peaks highlighted in green) is
assigned to the aggregation of two such clusters. The TWCCSN2→He

value quoted is an average across many charge states of the dominant
cluster (see Supporting Information for individual values).

Table 1. Comparison of Simulated and Experimental CCSHe
Dataa

compd Rcrys (Å)
TWCCSN2→He (Å

2) PA (Å2) EHS (Å2) TM (Å2)

A 10.8 893 645 760 744
B 12.5 1180 774 926 910
C 17.1 1784 1049 1295 1286

aRcyst is the crystallographically determined radius in Å (estimated
from single crystal data with cations omitted by encapsulating each
structure with an ellipsoid); TWCCSN2→He values are averages across
the measured charge states; PA, EHS, and TA denote CalcCCSHe values
simulated using Mobcal, employing the “projection approximation”,
“exact hard spheres” and “trajectory method” methods, respectively.
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internally located heteroatoms (e.g., Se in {Se2W29} units) to
alter clusters’ properties.40,41 We propose that, since changes in
the heteroatoms do not affect the rigid POM framework
structure, comparison of TWCCSN2→He values for known

structures with different heteroatoms may be substituted in
the orthodox IM-MS workflow, replacing comparison with
simulated values and allowing the rapid structural assignment of
newly discovered POM species.
To assess the usefulness of this approach, we chose to

investigate the substitution of the Se heteroatom with P and Te
in the WO4

2−/SeO3
2− reaction system which produces

structures A−C. Substitution of SeO3
2− salts with the

corresponding HPO3
3− or TeO3

2− salts, in conditions which
with Se would yield structure B, yielded unknown compounds
D and E, respectively. Despite some effort, it was not possible
to produce diffraction-quality crystals of D or E, underlining the
acute need for alternative tools to characterize POM structures.
TW-IM-MS spectra of unknown structures D and E were

readily obtained (see Supporting Information); in the case of
D, a single charge series was observed, in the case of E, a
second series (denoted E2) was observed at shorter drift times,
similar to that assigned to aggregates of structure B (see Figure
3). TWCCSN2→He values were then estimated from this

experimental data, using the calibration approach described

earlier, and are set out in Table 2. Comparison to the
TWCCSN2→He values obtained for these new, unknown

structures with those already established for structures A−C
reveal a very good fit with structure B (Figure 8) and allow us

to assign an analogous {X2W29}4 structure to D and E (with X
= P or Te, respectively). As such we can tentatively suggest not
only that the compounds could be formulated approximately as
[H34W118X8M2O416]

44− X = P and M = Co for D and X = Te
and M = Mn for E, respectively, but also that the four {X2W29}4
building blocks in each case are arranged in a structure
analogous to B. Since so many arrangements of 119 tungsten
oxide units are possible, such confident structural assignments
would not be possible with conventional MS. Such rapid
structural analysis from solution is of enormous value to POM
exploration and discovery efforts and shows that the {Se2W29}
unit can be expanded to include both {P2W29} and {Te2W29}
building blocks.

3. CONCLUSIONS

IM-MS can be a valuable technique to assess the structure of
POM species in solution and is highly complementary to
existing approaches. To facilitate its use in the quantitative
assessment of the size of POM clusters in solution, we have
presented new DT-IM-MS data for calibration, applied that
data to calibrate a TW-IM-MS instrument, and done further
investigation of large inorganic species known from X-ray data.
In addition, we have shown that the calibration set is suitable to
quantitatively assess the size of large POM speciesknown and
unknownallowing useful structural inferences. This approach
is particularly significant, as it may be accomplished quickly and
from solution, circumventing the need to produce diffraction-
quality crystals in order to discover new POM structures, which
is a major limitation to the development of the field. This
means that we not only have filled a gap due to the lack of
anion-calibrants in IM-MS but also have shown that it is
possible to explore the structure/confirmation/supramolecular
aggregation as well as size the clusters from solution. Finally, by
use of a comparative approach we have been able to use IM-MS
to discover two hitherto unknown POM clusters without the
need of producing single crystals.
In future work we aim to expand the set of calibrants across a

whole range of molecular nanostructures to investigate if IM-
MS may become a general tool for the sizing of molecular
species in solution as well as more firmly establishing the
potential for identifying new architectures and exploring
structures. Finally, we hope that this work will stimulate further
activity to develop more appropriate models or parameter sets,
to allow researchers in other fields access to the structural
inferences possible in biomolecular IM-MS.

4. EXPERIMENTAL PROCEDURES
The details are explained in the Supporting Information in more detail,
but briefly, the Keggin (1) and Dawson (2) clusters were synthesized
according to well-established literature procedures, while the “tris”
Anderson (3), “aliphatic” Anderson (4) and the series of
polyoxotungstate structures A−C were provided by our colleagues
Drs. Mali Rosnes, Carine Yvon and Jing Gao, respectively. Negative
mode high-resolution and ion-mobility mass spectrometry measure-
ments were performed on a bespoke DT-IM-MS instrument42 and a
Synapt G2 HDMS instrument from Waters, and all analysis was
performed using the supplied software suite MassLynx v4.1. All
calibrant samples were prepared to a concentration of 10−5 M in
analytical grade acetonitrile, while the polyoxotungstate samples were
dissolved in the minimum required water and diluted with acetonitrile
to a final concentration of 10−5 M. All analyte solutions were passed
through to 0.22 μm filter before injection via a syringe pump at 5 μL·
min−1. DT-IM-MS mobilities were determined from a drift time vs P/
V slope at reduced field strength range 3−9 Td.43 DTCCSHe were then

Table 2. Average TWCCSN2→He Values Determined for
Structures A−C and Unknown Structures D and E

structure TWCCSN2→He (Å
2) std dev

A 893 87
B 1180 110
C 1784 191
D 1111 80
E 1140 72
E2 2444 199

Figure 8. Comparison of average TWCCSN2→He values (see Table 2,

error bars represent standard deviations) of structures A−C and
unknown structures D and E. The close correlation of the values of D
and E with those for B is highlighted.
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calculated from the measured K using the fundamental ion mobility
equation.44 Capillary source voltages were adjusted for optimum
ionization of each sample in HRES-MS mode and maintained during
subsequent IM-MS measurements. In contrast, IM-MS drift tube
settings amenable to all samples were determined and kept constant,
regardless of optimization, throughout to allow comparison between
drift times.
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