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RATIONALE:  
 
Polyoxometalates (POM) are remarkable oxo-clusters forming compact highly charged anions. 
We measured their collision cross sections (CCS) in N2 with drift tube ion mobility 
spectrometry (DTIMS). These values were then used to calibrate a traveling wave ion mobility 
spectrometry (TWIMS) device and the accuracy of the calibration was tested.  
 
METHODS:  
 
Six POM standards were analyzed by DTIM-MS (Tofwerk, Thun, Switzerland) at different 
voltages to determine absolute DTCCS(N2). Five POM compounds (Lindqvist TBA2Mo6O19; 
decatungstate TBA4W10O32; Keggin TBA3PMo12O40; TBA3PW12O40 and Dawson TBA6P2W18O62) 
were used for the calibration of TWIM-MS instrument (Synapt G2 HDMS, Waters, Manchester) 
and a sixth Dawson POM, TBA9P2Nb3W15O62, was used to compare the accuracy of the 
calibrations with POM or with polyalanine and dextran reference ions. 
 
RESULTS:  
 
We determined forty-five DTCCS(N2) values at 30°C or 60°C. Fourteen DTCCS(N2) values at 30°C 
were used to perform calibration of the TWIMS. Better correlations were observed than when 
DTCCS values in helium from the literature were used. 
The accuracy tests on six ions of Dawson POM TBA9P2Nb3W15O62 led to relative errors below 
3% while relative errors of 4.1% to 10.1% were observed when calibration was performed with 
polyalanine and dextran reference ions. 
 
CONCLUSIONS:  

Our novel calibration strategy for determination of CCS values of multiply negatively charged 

ions on TWIM-MS devices based on DTCCS(N2) of standard POM structures covered a wider 

range of CCS and improved the accuracy to 2% relative error on average compared to 7.5% 

using polyalanine and dextran calibration.  

  



INTRODUCTION 

Polyoxometalates are an interesting class of oxo-clusters with an incomparable diversity of 

structures, properties, and potentials applications.1,2 POMs are constituted of multiple 

polyhedra {MOx} sharing O atoms, (where M is a group 5 or 6 transition metal such as MoVI or 

WVI) and form compact and highly negative charged structures.3 

Since the earlier reports of POM analysis by mass spectrometry (MS) with electrospray 

ionization (ESI) in 1995,4 ESI-MS has proven to be a powerful tool for the analysis of POM 

compounds,5,6 and particularly for characterizing large POM-based assemblies. 7–9 

The coupling of ion mobility spectrometry (IMS) to mass spectrometry has more recently 

provided a new separation dimension for the analysis of complex mixtures or multimeric 

species.10,11 Ion mobility-mass spectrometry (IM-MS) is growing into a new analytical 

technique that applies to many areas of chemical and biological research.12 In classic drift-

tube IMS (DTIMS), ions are accelerated by a uniform electric field, and the reduced mobility 

(K0), which is intrinsic to the ion and the buffer gas density, is generally reported (equation 

1).13–15 

 

 

where K is the ion mobility (in m² s-1 V-1), L is the drift tube length (in m), tD is the drift time (in 

s), E is the applied electric field (in V m-1), T is the temperature (in K) and P is the pressure (in 

Torr). 

With conventional IMS, where the electric field is a uniform field, it is possible to calculate the 

collision cross section (CCS) of the ion based on its ion mobility, using the Mason-Schamp 

equation (equation 2):14 

where N is the number density of the buffer gas, ze is the ion charge, kB is the Boltzmann 

constant, T is the temperature (in K), µ is the reduced mass of the analyte and the drift gas 

and Ω is the cross collision section. 

The CCS accounts for the repeated binary collisions that take place between the ion and the 

neutral buffer gas molecules in the mobility cell, orientally averaging all possible ion-neutral 

collisions over scattering angles and collision energies; it depends largely on the conformation 

of the ion, its charge and, as it is a two-body process, the buffer gas chosen. 

Other IM techniques, such as traveling wave ion mobility spectrometry (TWIMS), where the 

electric field is not uniform, can also be coupled to the MS. In these techniques, a CCS 

estimation requires calibration with compounds with known CCS values. These reference 

values are generally obtained from measurements with drift tube ion mobility spectrometers 

using helium (DTCCS(He)) or nitrogen (DTCCS(N2)) as drift gas. Many such DTCCS values are 
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available in positive and negative ion mode and are listed in locally curated databases, such 

as the Clemmer, 15–22 Bush 23–26 or the McLean 27 CCS databases. 

In the negative ionization mode, still few reference values exist until now : compounds of 

known DTCCS(He) or DTCCS(N2) values include poly-DL-alanine,28 polymalic acid, 28 

polystyrene,29 dextran30 or phosphoric acid cluster ions.31 In the case of polystyrene and 

phosphoric acid cluster ions, only TWCCS or calculated CCS are available. The standards 

proposed in negative mode with known DTCCS(N2) are all singly charged species with large CCS 

values, unlike POM which are compact and multiply-charged. The few reported multiply 

charged DTCCS(He) values17,20  are all based on oligonucleotides and deprotonated proteins. 

For TWIMS calibration, Smith et al.32 have described a method using a reduced collision cross 

section (Ω’) (equation 3), which is the part of the ion mobility that depends on the molecules 

(including the charge z and reduced mass µ) and not the experimental parameters 

(temperature T and number density N).  The method uses a correlation between this reduced 

collision cross section Ω’ and the drift time using a power function (equation 4).  

Ω′ =
√µ

𝑧
Ω (3) 

Ω′ = 𝐴𝑡𝐷
  𝐵 (4) 

In equation 4, A may be viewed as a correction factor for temperature and pressure and B as 

a compensation for the non-linear effect of the TWIMS device. 

In our case, we have linearized this equation by using natural logarithms, in order to have a 

linear regression. The correlation obtained from standards of known DTCCS and their drift time 

measured using the TWIMS cell may then be used to estimate the collision cross section, 

termed TWCCS, for others compounds. As the TWIMS device is always operated with N2 buffer 

gas, these TWCCS values will be noted TWCCS(N2N2) or TWCCS(N2He) depending on whether 
DTCCS(N2) or DTCCS(He) were used to obtain the correlation. 

Some recent ion mobility studies have been carried out on POMs. Indeed, Thiel et al. observed 

in 2011 the self-assembly of a hybrid POM by TWIM-MS.33 Izzet et al. in 2015 showed the 

formation of POM self-assembling in the presence of palladium with a TWIM-MS device, and 

did TWCCS(N2He) estimations, using cytochrome c and olygothymidine dT10 as calibrant 

ions.34  

A few POM DTCCS in helium have been reported by Surman et al. in 2016.35 They have 

measured DTCCS(He) for four POM structures : two Mn-Anderson clusters 

(C16H36N)3[MnMo6O24(C4H8N)2] and (C16H36N)3[MnMo6O24(C20H38NO)2], a Keggin POM 

(C16H36N)3[PW12O40]) and a Dawson POM (C16H36N)6[P2W18O62]). We wanted to complete these 

existing reference values in helium by DTCCS measurements in nitrogen for this class of oxo-

clusters compounds. 



In this paper, we present the measurement of a set of forty-five DTCCS(N2) values obtained 
from a series of standards isopolyoxometalates ( Lindqvist structure TBA2Mo6O19, and 
decatungstate TBA4W10O32), and heteropolyoxometalates ( Keggin structures TBA3PMo12O40 
and TBA3PW12O40 ),  and Dawson structures (TBA6P2W18O62 and TBA9P2Nb3W15O62) at two 
different temperature (30°C and 60°C). Seven of these DTCCS(N2) values at 30°C were 
compared to the DTCCS(He) measured by Surnam et al.35 

We then used fourteen of our DTCCS(N2) values at 30°C to calibrate the TWIMS cell and 

compared the correlation with the correlations obtained from reference compounds 

polyalanine, dextran and dT10 and their DTCCS(He) or DTCCS(N2) values. Finally, we studied how 

the differences in calibration affected the accuracy of TWCCS estimations on Dawson structure 

POM compound TBA9P2Nb3W15O62. 

METHODS 

Materials 

The six polyoxometalates as tetrabutylammonium (TBA) salts (TBA2Mo6O19;36 TBA4W10O32;36 

TBA3PMo12O40;36 TBA3PW12O40;37 TBA6P2W18O62;38 TBA9P2Nb3W15O62
39) were synthesized at 

the IPCM (Paris, France) using reported synthetic procedures. HPLC grade acetonitrile were 

purchased from Fisher Chemical (Illkirch, France). Deionized water (18 MΩ) was obtained from 

a milli-Q apparatus (Millipore, Bedford, MA, USA). 

Poly-DL-alanine, dextran, dT10 oligonucleotide were all provided by Sigma-Aldrich (St Louis, 

USA). The six tetrabutylammonium polyoxometalates were dissolved separately in pure 

acetonitrile to a concentration of 10-5 M. A solution with the six mixed POMs was also 

prepared in pure acetonitrile at the same concentration of 10-5 M. 

Drift tube ion mobility 

All drift tube ion mobility-mass spectrometry (DTIM-MS) measurements were carried out on 

a Tofwerk IMS-TOF (Thun, Switzerland), equipped with an ESI source, a 10 cm desolvatation 

tube and a 20.555 cm drift tube, as described in detail elsewhere.40 The temperature of 

desolvatation tube and drift tube was regulated at 30.0°C and 30.7°C respectively. Nitrogen 

was used as the buffer gas with a pressure of 1000 mbar. Ion mobility was carried out at five 

different field strengths between 300 and 450 V cm−1 (reduced electric field E/N ca. 1-2 Td). 

Samples were introduced directly into the ESI source at 1 μl min−1. The instrument was 

operated from m/z 50 to 1700 in negative ion mode with a measurement time of 2 to 5 min 

at each field strength. The mass spectrometer was calibrated internally. 

Raw IMS-TOF data was post-processed using Tofware 2.5.6 software (Tofwerk, Switzerland). 

The ion mobility values K are determined from a plot of the measured drift time vs the inverse 

drift voltage at five different voltages (potentials from 8 to 12 kV). Reduced mobilities K0 and 

collision cross sections, noted DTCCS(N2), can then be directly calculated from the slopes of the  

drift time vs the inverse drift voltage and using the Mason-Schamp equation.14  

Traveling wave ion mobility 



Traveling wave ion mobility TWIM-MS experiments were carried out by using a Synapt G2 

HDMS (Waters Corp, Manchester, UK) instrument equipped with an ESI source. The solution 

was infused at a flow rate of 3 μL min-1 using a syringe-pump. ESI mass spectra were acquired 

over the m/z 50-5000 range in the negative-ion mode with a capillary high voltage of 2.0 kV 

and sampling cone of 10 V. The source temperature was set at 90 °C. Nitrogen gas at a 

temperature of 250 °C and a flow rate of 500 L h-1 was used to assist desolvation in the ESI 

source. All desolvation, transmission ion mobility parameters were tuned to limit gas-phase 

ion fragmentation. The traveling wave ion mobility spectrometry cell that was operated with 

N2 as the buffer gas. Gas flow rates were set at 20 mL min-1 in the source stacked ring ion 

guide, 180 mL min-1 in the helium cell and 70 mL min-1 in the ion mobility cell. Trap and transfer 

collision energies were set to 4 and 0 V, respectively. IMS parameters were as follows: source 

wave and trap velocities at 300 m s-1 with a wave height at 0.2 V and 5.0 V respectively, and 

IMS wave and transfer wave velocities at 350 m s-1 with a wave height at 15.0 V and 5.0 V 

respectively. 

Data treatment was carried out with MassLynx software V.4.1 and DriftScope software V.2.2 

(Waters, Manchester). All TWIMS spectra were fitted to Gaussian curves with OriginPro 8.5 

(OriginLab) to obtain experimental drift times with maximum accuracy. 

RESULTS AND DISCUSSION 

POM mass spectra 

POM standards have been chosen to cover a range of different masses, structures and charges 

states. They have the particularity to be very stable in solution. 

Figure 1 shows the four types of structures chosen for POM standards, all isolated as 

tetrabutylammonium (TBA) salts. Among these, we used a Lindqvist structure, TBA2Mo6O19, a 

decatungstate TBA4W10O32 structure, two Keggin structures TBA3PMo12O40 and TBA3PW12O40 

and two Dawson structures TBA6P2W18O62 and TBA9P2Nb3W15O62.  

(A) 

 

(B) 

 

(C) 

 

(D) 

 
Figure 1: Representations of the four POM structures calibrants in this study. Metal oxide units represented as polyhedra with 
metal atoms inside and oxygen atoms outside. (A) Lindqvist structure (B) Decatungstate Structure (C) Keggin structure (D) 
Dawson structure. 

The mass spectra of the six POM compounds under electrospray ionization displayed signals 

from the POM anions associated with TBA+ counter-ions and also “naked” POM anions, 

without any TBA counterions. 

Figure 2 shows the ESI-MS mass spectrum of TBA3PW12O40. Two main isotopic distribution can 

be observed at m/z 959 and m/z 1560, corresponding to [PW12O40]3- and [PW12O40+TBA]2- 



respectively, and overlapping to the theoretical isotopic distribution (dark grey). Additional  

mass spectra of POMs are given in supplementary information. 

 

Figure 2: ESI-MS of TBA3PW12O40  (10µM) in acetonitrile. The main ion distributions correspond to the “naked” 
POM [PW12O40]3- (m/z 959) and the POM with counter ion [PW12O40+TBA]2- (m/z 1560). Inset: Comparison of 
experimental (lower trace) and calculated (upper trace) isotopic distributions for m/z 959 and 1560. 

Several clusters with H+ counter-ions were also observed on the mass spectra of three POM 

(TBA4W10O32 and the two Dawson structures TBA6P2W18O62 and TBA9P2Nb3W15O62) (table 1 

and SI) resulting in the formation of clusters [POM + xTBA + yH][n-(x+y)]-, where n is the POM 

naked charge, x the number of TBA+ counter ions and y the number of H+ (proton). The 

presence of H+ in an aprotic and polar solvent as acetonitrile was surprising and may arise 

from the loss of neutral fragments from TBA+, but such fragmentation could not be observed 

in MS/MS spectrum. Residual water in the solvent or the atmospheric source could also be 

responsible.  

DTIMS CCS determination in nitrogen  

The drift times of each POM ion were measured at five different voltages. For example, Figure 

3(A) shows the drift times of the [PW12O40 + TBA]2- (m/z 1559) ion at 8 kV, 9 kV, 10 kV, 11 kV 

and 12 kV voltages. 

(a) 

 

(b) 

 

Figure 3 : (a) DTIMS spectra of [PW12O40 + TBA]2- ion (m/z 1559) at different voltages. Red: 12 kV, orange: 11 kV, green: 10 kV, 
blue: 9 kV and purple: 8 kV. (b) Drift time vs 1/V plots of [PW12O40 + TBA]2- ion (m/z 1559). Color dots represent the different 
voltages (red: 12 kV, orange: 11 kV, green: 10 kV, blue: 9 kV and purple: 8 kV) 

From the slope of tD vs 1/V for a given ion, we determined the ion mobility value K, from which 

we deduced the reduced ion mobility K0 and its DTCCS(N2) using the Mason-Schamp equation. 

Figure 3(B) shows the plot tD vs 1/V resulting from the drift time of the same ion [PW12O40 + 



TBA]2- (m/z 1559) as Figure 3(A). We have determined for this ion a mobility value K of 

1.303.10-4 m2.V-1.s-1 at 30.7°C. 

DTCCS(N2) values for the species [POM + xTBA + yH][n-(x+y)]-, where n is the POM naked charge, 

x the number of TBA counter ions and y the  number of H+ proton, in N2 buffer gas are listed 

in table 1. 

Expectedly, ion series showed a linear increase of around 45 Å² when adding a TBA counter-

ion within the POM cluster. This increase was observed at charge state 4-, where we can see 

an increase of 46 Å² between [P2W18O62+2H]4- (466 Å²) and[P2W18O62+TBA+H]4- (512 Å²), and 

43 Å² between [P2W18O62+TBA+H]4- (512 Å²) and [P2W18O62+2TBA]4- (555 Å²), and at charge 

state 3-, where we can observe an increase of 40 Å² between [P2W18O62+TBA+2H]3- (441 Å²) 

and [P2W18O62+2TBA+H]3- (483 Å²) and 42 Å² between [P2W18O62+2TBA+H]3- (483 Å²) and 

[P2W18O62+3TBA]3- (523 Å²). 

The value of approximately 40 to 45 Å² for the TBA is very different from the value for TBA+ 

alone which is 166 Å² (DTCCS(N2)).41 This was expected as, geometrically, the CCS of adducts 

are lower than the sum of its parts, and here, the charge state of the cluster may play a 

significant role as well.  

Surprisingly, the CCS of several ions with different charge states showed very low CCS 

difference despite the addition of a TBA counter ion, for example [PW12O40]3- (340 Å²) and 

[PW12O40 + TBA]2- (350 Å²), and [PMo12O40]3- (349 Å²) and [PMo12O40+TBA]2- (351 Å²). Also, the 

CCS decreased between [W10O32 + TBA]3- (395 Å²) and [W10O32 + TBA + H]2- (329 Å²) despite 

having the same number of TBA counter ions in the cluster. Structural differences and the 

location of the TBA could also account for deviations in the trends depending on cluster size. 

In addition, we observed a lower CCS at 60°C compared to 30°C for all ions (3% on average), 

which can be explained by a greater average speed of the gas molecules in the drift cell14. 

 

DTIMS CCS comparison 

The DTCCS(N2) at 30°C of the POM ions in this study were linearly correlated to the DTCCS(He) 
from the study from Surman et al. ,35 with a determination coefficient R² of 0.87 (Figure S19).  
A notable exception was [P2W18O62+H]5- (m/z 873) which lied well outside this correlation 

(DTCCS(N2) : 568 Å² and DTCCS(He) : 209 Å²). This calls again into question the presence of H+ 
proton in an aprotic and polar solvent as acetonitrile. These protonated ions are expected to 
be formed either from residual water in the instrument or from fragmentation of the TBA 
adducts. Their formation process may be instrument dependent and affect the measured CCS 
if fragmentation or addition processes occur in the ion mobility device.  
 
TWIMS CCS calibration 

For the TWIMS calibrations, we used DTCCS values either in He ( polyalanine28 and dextran30 

or oligothymidine dT10
17 or POM anions35 ) or  in N2 (polyalanine28 and dextran30 or POM 

anions). The calibration curves obtained (Figure 4a) with the DTCCS(He)  of polyalanine and 

dextran or  dT10 both showed determination coefficients R2, higher than 0.998, and similar 



slopes (0.68 and 0.67) but a notable shift in the intercept (that corresponds to the multiplying 

factor in the power function) between singly- and multiply-charged ions, as has been observed 

before by Gelb et al.42 The calibration line obtained from the DTCCS(He) values of nine 

standards POM measured by Surman et al.35 covered a wider range of reduced CCS (Ω′) and 

drift times. However, the correlation, under our analysis conditions, led to a smaller 

determination coefficient R² of 0.974, and showed a significant difference in both slope (0.84) 

and intercept (4.63) with the other two previous curves using DTCCS(He). This may be due to 

the existence of more significant differences in the collision phenomena between helium and 

nitrogen for POM compared to polypeptides and oligonucleotides.42 Indeed, TWIMS 

measurements are carried out in N2, which is much more polarizable than helium and the very 

polar metal-oxygen bonds in the POM are expected to interact differently with the two 

collision gas.43,44 

We have thus plotted the calibration curves from the DTCCS(N2) values of the POM from Table 
1 (Figure 4). Among the DTCCS(N2), values at m/z 921 [P2W18O62+TBA]5- and m/z 1176 
[W10O32+2H]2 were excluded, because the ions did not appear in the TWIMS analysis. We also 
did not use values at m/z 784 [W10O32+H]3-, m/z 872 [P2W18O62+H]5- and m/z 1151 
[P2W18O62+TBA+H]4-, which degraded the quality of the correlation. Note that the value at m/z 
872 was excluded when comparing DTCCS(He) and DTCCS(N2). These ions are all protonated and 
their CCS may be instrument dependent.  Finally, ions from the TBA9P2Nb3W15O62 POM were 
not used because we used them to validate TWIMS CCS from the POM calibration in the last 
part of this study. 

The two curves lines obtained from the fourteen POM DTCCS(N2) values, and from polyalanine 

and dextran DTCCS(N2) values present similar trendlines, with a linear determination 

coefficient of 0.997 for the polyalanine and dextran calibration and 0.995 for the POM 

calibration (Figure 4b). The calibration curves of POM and polyalanine and dextran are also 

much more similar in nitrogen than in helium, with respective slopes of 0.49 and 0.53. As in 

helium, we observed a slight shift of the intercept between singly charged and multiply-

charged reference ions (5.84 and 5.70, respectively, in nitrogen). It should be noted that the 

POM calibration from the 14 values of DTCCS(N2) covered a wider range of reduced CCS (Ω′) 

and drift times than polyalanine and dextran, in particular toward low drift times and Ω′ 

values. A correlation was also tested using the DTCCS(N2) values measured et 59.9°C (Figure 

S20) : the determination coefficient was as high (0.998), the slope was similar and only the 

value of the intercept changed (5.80).  



(a) 

 

(b) 

 

Figure 4 : Comparison of traveling wave drift time and reduced cross section Ω′ from (a) DTCCS(He) POM ions35 
(green), polyalanine/dextran28,30 (blue circle) and oligothymidine dT10

17 (red circle) from the literature (B) 
DTCCS(N2) of POM ions (green) from our measurements and reference DTCCS(N2)  of polyalanine and dextran28,30 
(blue). 

TWIMS CCS measurement and accuracy 

In order to verify the calibration of the TWIMS cell, we used six POM ions from the Dawson 
structures TBA9P2Nb3W15O62 with measured DTCCS(N2), and we calculated their TWCCS(N2N2) 
with POM calibration and polyalanine and dextran calibration, in order to compare to 
DTCCS(N2) (Table 2). All the chosen ions fit perfectly into the POM calibration range, while four 
of the ions were out of the calibration range with polyalanine and dextran (Table 2 and Figure 
S20). In spite of this, and using the equation of the calibration lines, the TWCCS(N2N2) of the 
P2Nb3W15O62 derived ions were determined and compared to the absolute values of DTCCS (N2) 
(Table 2). 

  



 

The relative error obtained with the polyalanine and dextran calibration was between -4.1% 

to -10.1% (average-7.5%) for the TBA9P2Nb3W15O62 ions with the highest relative errors for 

TBA9P2Nb3W15O62 ions with a charge state of 4-; notably all CCS were underestimated, 

suggesting a systematic bias when calibrating with a different compound class as already 

reported previously45. The relative error obtained with the POM calibration is between -3.0% 

and 0.6% (average 2 %). Small relative errors obtained with the POM calibration are not 

surprising, and can be explained on the one hand by the fact that the DTCCS(N2) of the 

P2Nb3W15O62 derived ions and the standards POM were determined on the same device. 

Furthermore, POM calibration is performed with multiply-charged ions unlike calibration with 

singly-charged ions of polyalanine and dextran. 

Conclusion 

We herein present a novel calibration strategy for determination of CCS values for multiply 

negatively charged ions on TWIM-MS devices (TWCCS(N2N2)). The approach is based on the 

measurement of references CCS values using DTIMS in nitrogen (DTCCS(N2)) for multiple POM 

structures. The calibration with POMs covers a wider range of CCS and drift times compared 

to commonly used polyalanine and dextran. Additionally, accuracy is greatly improved as 

demonstrated for six ions derived from Dawson-structured P2Nb3W15O62: whereas the 

average error in CCS determination using polyalanine and dextran calibration is 7.5%, it is only 

2% using the POM calibration. The results demonstrate that accurate determination of CCS 

using TWIM-MS is possible for metal complexes using a compound-matched calibration 

routine. We believe that our approach can be applied to CCS determination of anionic metal-

based coordination compounds by TWIM-MS in general and could therefore greatly aid in 

structural analysis of this compound class. 
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Comparison of drift time and reduced cross section Ω′ of P2Nb3W15O62 derived anions with 

that POM (A) and polyalanine and dextran (B) references ions in nitrogen. 

 



Table 1 : List of ion mobility K (in cm².V-1.s-1) and CCS values (in Å²) obtained from the six standard POMs in nitrogen, at two different temperatures (30.7°C and 59.9°C) ; values in italics were not 
used in the calibration ; * P2Nb3W15O62 ions in bold italics were not used in the calibration but were used  to estimate the relative error in CCS estimation resulting from the calibration. DTCCS(He) 
from Surman et al are shown for comparison. 

     30.7°C 59.9°C 26.85°C 

Compound Structure Ion observed m/z z 
K0 

(cm².V-

1.s-1) 

DTCCS(N2) 
(A²) 

K0 
(cm².V-

1.s-1) 

DTCCS(N2) 
(A²) 

DTCCS(He) 
(A²)35 

TBA2Mo6O19 Lindqvist 
[Mo6O19]2- 439.79 2 1.85 223 1.80 220 - 

[Mo6O19+TBA]- 1122.04 1 0.77 263 0.76 254 - 

TBA4W10O32 Decatungstate 

[W10O32+H]3- 784.47 3 1.81 339 1.80 339 - 

[W10O32+TBA]3- 864.29 3 1.55 395 1.54 380 - 

[W10O32+2H]2- 1176.21 2 1.52 267 1.50 258 - 

[W10O32+TBA+H]2- 1296.94 2 1.23 329 1.21 321 - 

[W10O32+2TBA]2- 1417.66 2 1.06 384 1.03 377 - 

TBA3PMo12O40 Keggin 
[PMo12O40]3- 607.38 3 1.77 349 1.75 336 - 

[PMo12O40+TBA]2- 1032.30 2 1.16 351 1.13 342 - 

TBA3PW12O40 Keggin 
[PW12O40]3- 959.02 3 1.79 340 1.75 334 150 

[PW12O40+TBA]2- 1559.76 2 1.15 350 1.13 342 207 

TBA6P2W18O62 Dawson 

[P2W18O62+H]5- 872.81 5 1.79 568 1.80 541 209 

[P2W18O62+TBA]5- 921.11 5 1.69 606 1.68 578 - 

[P2W18O62+2H]4- 1091.27 4 1.75 466 1.74 446 - 

[P2W18O62+TBA+H]4- 1151.63 4 1.59 512 1.59 491 - 

[P2W18O62+2TBA]4- 1212.00 4 1.46 555 1.46 531 314 

[P2W18O62+TBA+2H]3- 1535.85 3 1.38 441 1.35 429 245 

[P2W18O62+2TBA+H]3- 1616.33 3 1.26 483 1.23 472 310 

[P2W18O62+3TBA]3- 1696.82 3 1.16 523 1.14 508 357 

TBA9P2Nb3W15O62* Dawson 

[P2Nb3W15O62+5H]4- 1023.83 4 1.72 473 - - - 
[P2Nb3W15O62+TBA+4H]4- 1084.19 4 1.57 518 - - - 
[P2Nb3W15O62+2TBA+3H]4- 1144.55 4 1.46 557 - - - 
[P2Nb3W15O62+3TBA+2H]4- 1204.92 4 1.37 595 - - - 
[P2Nb3W15O62+TBA+5H]3- 1445.92 3 1.38 443 - - - 
[P2Nb3W15O62+2TBA+4H]3- 1526.41 3 1.25 486 - - - 
[P2Nb3W15O62+3TBA+3H]3- 1606.89 3 1.15 526 - - - 



Table 2 : DTCCS(N2) values of TBA9P2Nb3W15O62 ions, and TWCCS(N2N2) obtained from POM calibration and 
polyalanine and dextran monocharged calibration. Relative error between DTCCS(N2) values and the two TWIMS 
calibration is also calculated. Bold values correspond to TBA9P2Nb3W15O62 ions that are out of calibration range 
with polyalanine and dextran.  

Ion observed m/z z 
DTCCS(N2) 

(Å²) 

TWCCS(N2N2) 
with POM 
calibration 

(Å²) 

Relative 
error (%) 

TWCCS(N2N2) 
with 

polyalanine 
and dextran 
calibration 

(Å²) 

Relative 
error (%) 

[P2Nb3W15O62+TBA+4H]4- 1084.19 -4 518 508 -1.9 467 -9.8 
[P2Nb3W15O62+2TBA+3H]4- 1144.55 -4 557 542 -2.7 501 -10.1 
[P2Nb3W15O62+3TBA+2H]4- 1204.92 -4 595 577 -3.0 537 -9.7 
[P2Nb3W15O62+TBA+5H]3- 1445.92 -3 443 455 2.7 425 -4.1 
[P2Nb3W15O62+2TBA+4H]3- 1526.41 -3 486 494 1.6 466 -4.1 
[P2Nb3W15O62+3TBA+3H]3- 1606.89 -3 526 529 0.6 502 -4.6 

 


