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ABSTRACT
Travelling wave ion mobility usually uses a calibration procedure to determine collision cross
sections. Here, we investigate phosphoric acid cluster anions as possible calibrants to
increase the pool of reference ions for singly and multiply charged anions with nitrogen as
drift gas.
Phosphoric acid solutions (5 to 50 mM) in water and acetonitrile were analyzed using
electrospray ionization in the negative ion mode. Collision cross sections were obtained
using an IMS-TOF drift tube ion mobility mass spectrometer (Tofwerk, Thun, Switzerland)
(DTIMS-MS) on which we varied the electric field. Twenty-six collision cross sections from
DTIMS-MS in nitrogen gas, termed DTCCS(N2), were obtained for singly, doubly and triply
charged phosphoric acid cluster anions which range from 146 to 530 Å2. Reduced mobilites
K0 ranged from 0.767 to 1.435 cm2 V−1 s−1 for singly charged cluster anions, 1.177 to 1.006
cm2 V−1 s−1 and 1.250 to 1.0143 cm2 V−1 s−1 for doubly and triply charged cluster anions,
respectively. The DTCCS(N2) were found fitted to a power function 80n0.51 where n is the
aggregation number.
Ion mobility mass spectrometry measurements were also carried out on a travelling wave
ion mobility mass spectrometry (TWIMS-MS) device (SYNAPT G2 HDMS, Waters Corp.,
Manchester, UK). The DTCCS(N2) were well correlated to the drift times measured on the
TWIM instrument (R2 above 0.9999). The correlation function was found to depend on the
charge state of the ions. Accuracy tests evidenced a systematic error of 9 to 11 Å2 (4-6%) on
singly charged ions of polyalanine, dextran and hexakis(fluoroalkoxy)phosphazine compared to
literature values. Although absolute values were shifted, CCS differences were preserved.
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INTRODUCTION
With the development of commercial instruments, the coupling of ion mobility and mass
spectrometry is spreading as supplemental method to be used for compound identification
or structural characterization to mass spectrometry. 1, 2 Indeed, ion mobility depends largely
on the charge and the collision cross section (CCS or Ω) of the ions that is related to their
conformations in the gas phase.
Conventional uniform electric field drift tube ion mobility spectrometry (DTIMS) enables the
direct determination of ion mobility K and CCS, usually by stepping the electric field. Other
ion mobility techniques, such as travelling wave ion mobility (TWIMS) 3 or trapped ion
mobility (TIMS) 4 require the tuning of a higher number of parameters and use reference
ions and calibration to determine the CCS. 5, 6, 7, 8
For positive ions, many reference calibrants exist, 9 for which CCS were previously
determined experimentally with DTIMS and usually helium as the drift gas (noted DTCCSHe).
The pool of reference ions is smaller for the negative ion mode 10, 11, 12, especially for multiply
charged ions and with nitrogen as drift gas. Furthermore, there still remains, at this day,
many questions and discussions on the different choice of CCS reference (ion and drift gas)
and on the calibration procedure for travelling wave ion mobility. 13, 14, 15
Cluster ions are readily produced using direct infusion of salt solutions with an electrospray
ion source and are routinely used for calibration of mass analyzers. 16, 17, 18, 19, 20 A number of
ionic clusters derived from alkali halides salts, 21, 22, 23 ionic liquids 24, 25, 26, 27 and transition
metal oxides 28, 29, 30, 31, 32, 33 have been studied by drift tube ion mobility mainly and
differential mobility analysis-time-of-flight mass spectrometry. Since a first study in 2014, 34
we have started studying negative phosphoric acid cluster ions in view of investigating their
potential as reference for the calibration of the TWIMS.
Here, we determined the CCS values of twenty−six negatively charged phosphoric acid
cluster ions, singly, doubly and triply charged with a drift−tube ion mobility−time−of−flight
mass spectrometer, at 32.6°C, and using nitrogen as the drift gas. The DTCCS(N2) values were
then used as reference for calibration of a TWIMS device and the resulting calibration was
tested for accuracy.
METHODS
The phosphoric acid used was an 85 % weight solution in water (d=1.680) from Acros
Organics (through Fisher Scientific France, Illkirch, France). LC-MS grade acetonitrile were
purchased from VWR (Fontenay-sous-bois, France). Deionized water (18 MΩ) was obtained
from a Milli-Q apparatus (Millipore, Bedford, MA, USA). 50 mM and 5 mM solutions were
prepared in water/acetonitrile 50/50 and (0.35 % to 0.035 % volume of the phosphoric acid
solution). Solutions of Poly−DL−alanine (mol wt 1000−5000 purchased from Sigma−Aldrich,
St. Louise, USA) at a concentration of 10 µM and dextran enzymatic synthesis (Mr 1500,
Fluka Analytical, Sigma−Aldrich, Denmark) at a concentration of 100 µM were prepared in
water/acetonitrile 50/50 v/v. The solution of tune mix (from Agilent Technologies, Santa
Clara, CA) was obtained by diluting to 1:4 with 95 % acetonitrile in water.
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All drift tube ion mobility - mass spectrometry measurements (DTIMS-MS) were carried out
on a Tofwerk IMS-TOF instrument (Thun, Switzerland). The system comprises an
electrospray ionization (ESI) source, a 10 cm desolvation tube, a 20.56 cm drift tube (both
made from resistive glass) and a Tofwerk time of flight HTOF analyzer (TOF-MS) with a
two−stage interface to the IMS, as described in detail elsewhere. 35 Desolvation and drift
tubes were thermostated at 32.6 °C with nitrogen as the buffer gas. Drift-tube pressure was
set at 1000 mbar (N2). The pressure sensor is a JUMO MIDAS C08 (JUMO GmbH & Co.
KG,Fulda, Germany) whose accuracy is given as 0.5 % and the temperature sensor is a
generic k-type thermocouple with an accuracy of +− 0.75 %. Ion mobility separation was
carried out at field strengths of ca. 300 to 460 V cm−1 (reduced electric field strength
between 1 and 2 Td). Samples were introduced directly into the ESI source using a syringe
pump at 1 μl min−1. The instrument was operated from m/z 50 to 1500 in negative ion mode
with a measurement time of 2 to 5 min at each field strength. The mass spectrometer was
calibrated internally. Ion optics were set as to minimize dissociation between the drift tube
and the TOF analyzer (Table S1). Raw IMS−TOF data was post−processed using IMS Viewer
and Tofware (Tofwerk, Switzerland) with a denoise and sharpness features set to 1. The
instrument uses a Hadamard-type multiplexing method. In addition to increasing sensitivity,
properties of the time domain data can be exploited to increase both signal to noise ratio
and effective resolving power.
For reduced ion mobility and collision cross section measurements, drift-tube ion mobility
drift times were measured at five different field strengths (potential differences from 6.2 to
9.4 kV). With a uniform field, the slope of the drift time vs the reciprocal of the potential
difference is the square of the tube length divided by the ion mobility K (L2/K). The ion
mobility K can then be converted to a reduced ion mobility K0 and, using the Mason Schamp
equation, 36 to a collision cross section in N2, that we will note DTCCS(N2). Standard
uncertainties for the measurement of instrumental parameters were given as follows:
pressure ±5 mbar (0.5 %), temperature ±3 K (0.75 %), drift voltage ±2 V (0.03 %). The
observed relative standard errors for the slopes of the drift time vs the reciprocal of the
potential difference were less than 0.5%. The exact length of the drift tube is 20.555 cm but
due to possible edge effects of the electric field, we cautiously estimated an expanded
uncertainty of ±3 mm for the effective electric field length, by doubling results observed by
Stow et al on effective length. 37 Then, applying a type B evaluation of standard uncertainty
and propagation of error, we found this latter expanded uncertainty had a dominant effect
and resulted in a combined relative expanded uncertainty of 3 % on K0 and CCS values (level
of confidence of approximately 95 %).
Travelling wave ion mobility and mass spectra were recorded using a SYNAPT G2 HDMS
(Waters Corp., Manchester, UK) fitted with an electrospray ionization source. ESI mass
spectra were acquired over the m/z 50−1600 or 50−4000 range, in the negative ion modes.
Values for the capillary emitter were 2.7 kV and sampling cone 60 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 was used to assist desolvation in the ESI source. The solution was infused at a flow rate
4

of 5 µL/min using the spectrometer sample pump. Gas flow rates were set at 20 mL/min in
the source stacked ring ion guide, 180 mL/min in the helium cell and 70 mL/min in the ion
mobility cell. Trap and transfer collision energies were set to 5 V and 0 V respectively.
Travelling wave velocities were set to 350 m/s and the wave height at 15 or 20 V, to
minimize hydrogen bond disruption. Direct current voltages in the trap and IMS cells were
also adjusted to minimize fragmentation (Table S2). Data treatment was carried out with
Mass Lynx (4.1).
Measurements were duplicated on different days to eliminate aberrant values; the results
presented here are from single experiments with type B uncertainties.
All ion mobility spectra (DTIMS and TWIMS) were fitted to Gaussian curves with OriginPro
9.1 to obtain experimental drift times with maximum accuracy.
RESULTS AND DISCUSSION
Drift−tube ion mobility of phosphoric acid cluster ions
With phosphoric acid cluster ions, the process of assignment of ion mobility peaks to the
correct ion was complicated by two facts. First, phosphoric cluster ions, as they are hydrogen
bonded cluster ions, tend to dissociate very easily. When dissociation happens after the ion
mobility device, the extracted ion mobility spectrum (EIM, also called arrival time
distributions or ATD) of a given m/z corresponding to a cluster size with n phosphoric acid
molecules (that we will refer to a P#nz−) also contains peak of larger clusters (n+1 , n+2…).
Indeed, such larger cluster ions are precursor ions that dissociated by losing one or two
neutral H3PO4 molecules after the ion mobility device but before the time of flight analyzer
to give the P#nz−cluster ion. This process is classically observed for many cluster ions 21 and
has been termed neutral evaporation by Juan Fernandez de la Mora et al. 38, 39 Dissociation
involving loss of charge may also occur from large multiply charged cluster ions, and in that
case it may be termed ion evaporation. Second, a given m/z classically corresponds to
multimers of mass m, 2m and 3m with charge states [M − H ]−, [2M − 2H ]2− and [3M – 3H ]3−
respectively and each multimer appears as a different ion mobility peak. These multimers
may of course also be distinguished by their isotopic pattern on the mass spectrum, which
for phosphoric acid cluster ions, mainly arises from the 0.2 % relative abundance of 18O, as P
has one unique isotope 31P. The peaks of the isotopic distribution are thus spaced by m/z 2,
1, 0.67 for the singly, doubly and triply charged, respectively (Figure S1).
Figure 1 shows the EIM spectra of two series of six and eight m/z values corresponding to a
set of phosphoric acid cluster ions from [(H3PO4)3 – H]− to [(H3PO4)33 −3H]3− (P#3− to P#333−),
at a potential difference of 8.6 kV. The resolving power (calculated form the FWHM) of all
ion mobility signals was around 130. By overlaying the different EIM spectra, the signals of
dissociation products of larger clusters could be assigned. Indeed, correct peak assignment
could be unambiguously obtained by comparing the EIM spectra of the m/z values of
clusters ions of adjacent aggregation numbers (i.e. n and n+1). The peak that is uniquely
present in the EIM spectrum from the m/z value of P#nz− and not P#(n+1)z− may be assigned
to the intact P#nz− cluster ion. For example, the EIM spectrum of m/z 488.88 (or m/z value of
P#5− represented in magenta in Figure 1a), included a signal at 39.04 ms from the intact P#5−
5

cluster ion, as well as a significant peak at a higher drift time (42.67 ms). This signal at 42.67
ms was also clearly visible in the EIM spectrum of m/z 586.85 (m/z value of P#6− in green in
Figure 1a). The signal at 42.67 ms corresponding to the P#6− cluster ion is present in the EIM
spectrum of m/z 488.88 because P#6− is a precursor ion of P#5−, and it fragments to P#5−
(i.e. m/z 488.88) after the ion mobility device.

Figure 1. (a) Extracted ion mobility spectra of m/z 293 (thin black), 391 (thick black), 489 (magenta), 586 (green), 587(blue),
and 685 (red) corresponding phosphoric acid cluster ions from [(H3PO4)3 – H]− to [(H3PO4)8 – H]− (P#3− to P#8−) respectively.
(b) EIM spectra of m/z 881 (green) (P#9− and P#182−), 978 (blue) (P#10− and P#202−), 1077 (red) (P#11−, P#222− and P#333−),
1175 (thick black) (P#242− and P#363−), 832 (P#172−), 930(P#192−), 1028 (P#212−), 1109 (P#343−), and 1142 (P#353−) (all in thin
black). EIM spectra are overlapped and were recorded at a nominal potential difference of 8.6 kV in the ion mobility region.
Asterisks (*) refer to peaks that could not be attributed. The omitted y axis is the signal intensity in arbitrary units
normalized to the highest peak on display.

The amount of dissociation deduced from these observations depends on the size of the
cluster ion. The EIM spectrum of m/z 292.92 contained many different peaks beside the
intact P#3− cluster ion at 31.02 ms. These peaks at higher drift times could not be attributed
except for the signal corresponding to P#4− at 34.96 ms which appeared in the EIM of m/z
390.90. Although these unattributed peaks were a problem at low m/z, it was not the case
for the higher m/z as the amount of dissociation was found to decrease with increasing
cluster size. In the EIM spectrum of m/z 684.83 (blue trace in Figure 1a) the amount of P#8−,
as precursor ion of P#7−, was very small and in the EIM spectrum of m/z 782.81, one signal
for P#8− was detected at 49.56 ms and no peaks at higher drift times were observed.
For larger cluster sizes, multiply charged cluster ions appeared on the EIM spectra. The EIM
spectrum of m/z 880.78 (represented in green in figure 1b) very distinctively showed two
peaks corresponding to P#9− (52.16 ms) and P#182− (38.53 ms). A P#172− cluster ion could
also be detected at 37.72 ms. Here again, the peaks could be unambiguously assigned by
comparing the extracted ion mobility spectra of the m/z values of clusters ions of adjacent
aggregation numbers: this overlay highlighted a pattern for the drift times of cluster ions of
consecutive aggregation numbers and similar charge state, increasing confidence in the peak
assignments. Noteworthy, in the EIM spectrum of m/z 831.80, a P#172− cluster was
observed, making 17 the threshold cluster number for which doubly charged cluster ions
6

could be unambiguously detected. The EIM spectrum of m/z 1076.73 showed peaks
corresponding to P#11−, P#222− and P#333−. In fact, 33 was the threshold cluster number for
which triply charged cluster ions could be detected in our experiments. Charge threshold
and multiple peaks due to post-ion mobility dissociation may also be visualized in twodimensional IMS-MS color map (Figure S2).
To determine collision cross sections in nitrogen gas in the drift tube ion mobility
instrument, termed DTCCS(N2), experiments were carried out at five different potential
differences on the ion mobility drift-tube (Figure 2 and Figure S3-S10). After unambiguous
assignment of the peaks corresponding to the intact cluster ions, the drift time of each
cluster ions were measured by fitting a Gaussian function on the assigned ion mobility peaks.
For lower field strengths, however, the intensities of doubly and triply charged cluster ions
were too low for reliable drift time measurements.

Figure 2. (a) Extraction ion mobility spectra of m/z 489 (P#5−) at five different electric field strengths corresponding to 9.4,
8.6, 7.8, 7.0 and 6.2 kV potential difference. (b) Graph of drift times vs 1/V for m/z 489 (P#5−). (c) EIM spectra of m/z 930
(P#192−) at four field strength corresponding to 9.4, 8.6, 7.8 and 7.0 kV. (d) Graph of drift times vs 1/V for m/z 930 (P#192−).
(e) EIM spectra of m/z 1142 (P#353−) at four field strength corresponding to 9.4, 8.6, 7.8 and 7.0 kV. No signal appeared at
7.0 kV. (d) Graph of drift times vs 1/V for m/z 930 (P#353−). The omitted y axis is the signal intensity in arbitrary units
normalized to the peak observed at 9.4 kV potential difference.

The plots of measured drift times vs the reciprocal of the potential difference thus include
five points for singly charged, four points for doubly charged and three points for triply
7

charged cluster ions. Nevertheless, the data always showed the expected linear correlation
with a determination coefficient above 0.9999 (Figures S3−S10). As the slope of the linear
regression of the drift times vs the reciprocal of the potential difference is the square of the
drift tube length divided by the ion mobility (L2/K), the ion mobility K could be derived and
converted to a reduced ion mobility K0 or DTCCS(N2) using the Mason Schamp equation. The
results are presented in table 1.

Table 1. Reduced ion mobilities K0 and collision cross section values in N2 gas measured by drift−tube ion mobility mass
spectrometry (DTCCS(N2)) of twenty−six phosphoric acid cluster anions. The B type relative expanded uncertainties on these
values was estimated at ±3 %.

P# m/z
Ion type

[(H3PO4)n – H]−

[(H3PO4)n – 2 H]2−

[(H3PO4)n – 3 H]3−

3
4
5
6
7
8
9
10
11
17
18
19
20
21
22
23
24
25
33
34
35
36
37
38
39
40

293
391
489
587
685
783
881
979
1077
832
881
930
979
1028
1077
1126
1175
1224
1077
1109
1142
1175
1207
1240
1272
1305

K0
(cm2 V−1
s−1)
1.435
1.266
1.132
1.035
0.957
0.891
0.847
0.807
0.767
1.177
1.150
1.133
1.118
1.097
1.072
1.032
1.031
1.006
1.250
1.229
1.224
1.219
1.199
1.184
1.171
1.143

DT

CCS(N2)
(Å2)
145.9
163.6
181.7
197.7
213.2
228.5
240.0
251.5
264.2
342.7
350.5
355.8
360.3
367.1
375.5
386.4
390.4
399.7
482.3
490.4
492.4
494.4
502.5
508.7
514.1
526.7

The type B relative expanded uncertainty on these values were cautiously estimated to be
±3 % (level of confidence of approximately 95 %). Indeed, studies by Stow et al 37 showed
“effective” length of the drift tube could differ from the geometrical length by 1.6 mm. We
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chose to double this number to 3 mm, as a rough evaluation of any edge effects of the
electric field. The reduced ion mobility K0 range was much larger for singly charged cluster
anions (0.77 to 1.4 cm2 V−1 s−1) while the doubly and triply charged cluster anions cover only
30 % and 16 % of that range respectively. As expected, the DTCCS(N2) values were observed
to increase with the number n of phosphoric acid molecules in the cluster. A graph of the
DTCCS(N ) vs the number of phosphoric acid molecules in the cluster is represented in Figure
2
3. We found that several functions could be fitted to our experimental values: a second
order polynomial or a power function both produced an R2 of 0.998.

Figure 3. Graph of DTCCS(N2) (Å2) of phosphoric acid cluster ions vs the number of phosphoric acid molecules in the cluster.
The error bars are set at 3 % of the value.

Travelling wave ion mobility of phosphoric acid cluster ions
The ion mobility and mass spectra obtained with travelling wave ion mobility were found
comparable to the results obtained with drift−tube ion mobility mass spectrometry but with
a lower resolving power. Figure 4 shows the EIM spectra of m/z values corresponding to
singly charged phosphoric acid cluster ions from P#3− to P#8− and to a set of doubly (P#182−
to P#242−) and triply charged (P#353− and P#363−) cluster ions, at wave velocity of 350 m/s
and wave height 15 V. The resolving power (calculated form the FWHM) of all ion mobility
signals was around 17 for the signals of the singly charged cluster ions, 19 for the doubly
charged cluster ions and 27 for the triply charged cluster ions. With such resolving power,
only the singly charged cluster ions had their signals well separated for adjacent clusters
with one phosphoric acid molecule difference in aggregation number. The signals from the
EIM spectra of adjacent doubly and triply charged cluster ions all partially overlapped. The
presence under each peak in the EIM spectra of unresolved precursor ions of higher cluster
numbers that fragmented after the IMS separation cannot be completely ruled out. In this
case, this could potentially result in shifts of the peak centroids.
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Figure 4. (a) EIM spectra of m/z 293 (thin black), 391 (thick black), 489 (magenta), 586 (green), 587(blue), and 685 (red)
corresponding phosphoric acid cluster ions from [(H3PO4)3 H]− to [(H3PO4)8 – H]− (P#3− to P#8−) respectively. (b) EIM spectra
of m/z 881 (green) (P#9− and P#182−), 978 (purple) (P#10− and P#202−), 1077 (red) (P#11−, P#222− and P#333−), 1175 (thick
black) (P#12−, P#242− and P#363−), 930(P#192−), 1028 (P#212−), 1126 (P#232−), and 1142 (P#353−) (all in thin black). EIM
spectra are overlapped and were recorded at a wave velocity 350 m/s and wave height 20 V for a m/z range of 50 to 4000.

Indeed, as in the DTIMS−MS experiments, cluster dissociation in the transfer area between
the ion mobility drift tube and the time−of−flight analyzer could be deduced from the
comparison the EIM spectra of the m/z values of clusters ions of adjacent aggregation
numbers. Indeed, the EIM spectrum of m/z 488.88 (represented in magenta in Figure 5a),
included a signal at 4.52 ms from the intact P#5− cluster ion, as well as a peak at a higher
drift time (5.41 ms) corresponding to the P#6− cluster ion. A signal at 5.41 ms was also clearly
visible in the EIM spectrum of m/z 586.85 (in green in figure 4a) which came here from the
intact P#6− cluster ion. The amount of dissociation was observed to be larger than in the
DTIMS-MS experiments, as the peak from the precursor ion had a relative intensity between
40 to 50 % compared to the intact cluster ions. This proportion of precursor ion signal was
observed to decrease less with increasing cluster size: the precursor signal from P#12− was
still observed at 30 % relative intensity compared to the intact P#11− cluster ion in the EIM
spectrum of m/z 1077. For multiply charged cluster ions, the amount of dissociation was
impossible to estimate as the signals of adjacent cluster ions overlapped. We nevertheless
supposed the signals to be largely attributable to the intact cluster ions. Regardless of the
amount of dissociation, we hypothesized that the intact clusters should have similar
conformations to those observed in the DTIMS-MS experiments.
We did observe some differences as to the range of phosphoric acid cluster ions detected.
For singly charged ions, we could observe cluster ions up to P#12− with traces of P#13− . Such
large singly charged cluster ions which were not well observed in our DTIMS−MS
10

experiments. Conversely, P#172− was very low intensity and low signal/noise ratio in the EIM
spectrum of m/z 832 in TWIMS−MS. The smallest doubly charged cluster ion distinguishable
was P#182− (Figure 4b). For triply charged ions, P#333− and P#343− were not visible and the
smallest triply charged cluster ion observed was P#353−. The TWIM-MS experiments also
showed larger cluster ions with charges up to 6− (Figure S11-12). Out of the twenty-six
cluster ions measured by DTIMS-MS, twenty-three could be used in the calibration of the
TWIMS-MS. Nevertheless, we hypothesized that the intact cluster ions observed in both
devices should have similar conformations.
For the calibration of the TWIMS, we chose to use a linearized version of the method which
uses a power function (Equation 1) to fit reference DTCCS values with drift times measured
on the TWIM device for the reference compounds, as proposed by Smith et al. 5 In equation
3, Ω′ is defined as the CCS divided by the charge number z and multiplied by the square root
of the reduced mass µ of the ion and the drift gas N2 (equation 2). A and B are found by
fitting the curve of reference DTCCS derived Ω′ values vs TWIMS drift times td. Here, we have
linearized this equation by using natural logarithms, in order to have a linear regression
where ln(A) and B are the intercept and the slope respectively (Equation 3). We did not
apply any correction to the drift times and used the TWIMS drift time values given by a fit to
a Gaussian function on the assigned peaks (with OriginPro 9.1).
Ω′ =

(1)

Ω′ = √ Ω

(2)

Ω =

+

(3)

The resulting correlations are shown on Figure 5, for the three set of values obtained from
the singly, doubly and triply charged phosphoric acid cluster ions. The determination
coefficient R2 observed for the singly charged phosphoric cluster ions was remarkably high
with a value higher than 0.9999. The determination coefficients R2 were not as good for
doubly and triply charged cluster ions with values of 0.998 and 0.939 respectively. A
repeated experiment at 350 m/s wave velocity and 20 V wave height led to similar results
(Figure S13).
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Figure 5. Calibration correlations obtained from singly charged (red), doubly charged (blue) and triply charged (green)
phosphoric cluster anions and TWIM drift time values obtained with 350 m/s IMS wave velocity and 15 V IMS wave height.

Note that these high determination coefficients were obtained with low wave velocities,
which are the parameters for which good calibration correlations have been observed
before by Zhong et al. 40 Recently, Richardson et al, 41 who studied velocity relaxation effects
in TWIMS, noted calibration to have the highest R2 with low wave velocity. Finally,
Mortensen et al 42 who recently proposed a computational method to measure collision
cross sections with TWIMS without experimental calibration noted that low wave velocities
and gentle instrument settings should be used to minimize uncertainties in their method.
Indeed, low wave velocities and gentle instrument setting in the TWIMS−MS were key
parameters for the cluster ions to survive the ion mobility separation and ensure that ion
conformations would be similar to the conformations in the DTIMS−MS experiments. We do
not believe the ion source settings to be as important as the only effect was to change the
range and abundance of the cluster ions detected. When the cluster ions enter the ion
mobility device, intact cluster ions of given aggregation numbers are expected to adopt
always the same isotropic conformations and growth. In fact, monitoring the shape of peaks
and amount of dissociation from the EIM spectra of phosphoric acid clusters might help to
achieve the desirable experimental conditions that minimize cleavage of hydrogen bonds
and should thus preserve labile biomolecule conformations throughout the ion mobility
device and during the transfer to the TOF analyzer.
We observed the multiply charged cluster ions led to different correlation functions
compared to singly charged cluster ions. Indeed, both the intercept lnA and slope B from the
multiply charged cluster ions differed by 13 to 30 % compared to the values obtained from
the singly charged cluster ions. Doubly and triply charged cluster ions both resulted in very
similar correlation functions with intercepts and slopes that differed by less than 0.2 %. Such
difference between the calibration curves obtained for TWIMS from multiply and singly
charged ions has been observed before for positively charged ions by Gelb et al 43 who
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recommend matching the charge states of the calibrant and analyte ions. They also
recommended matching molecular classes.
With these calibrations, we proceeded to test the resulting accuracy on estimated TWCCS(N2)
values using a set of ten ions obtained from negative ions derived from polyalanine, dextran
and the hexakis(fluoroalkoxy)phosphazine (HFAP) at m/z 602 from the Agilent tune mix, for
which DTCCS(N2) are published 37, 44, 45 and are therefore often used as calibrants. These
chosen test ions are all singly charged anions in the CCS range of the singly charged
phosphoric acid cluster anions. To examine multiply charged anions, we also tested a set of
five anions derived from polyoxometalates for which we had measured the DTCCS(N2) on the
Tofwerk instrument in a previous study. 46 The results with 350 m/s IMS wave velocity and
15 V IMS wave height are presented in Table 2 (and Table S3 for with 350 m/s IMS wave
velocity and 20 V IMS wave height). The TWCCS(N2) were estimated using four different
calibration correlations: the correlations obtained from the singly, doubly and triply charged
phosphoric anions as three separate sets and one correlation from all phosphoric cluster
anions assembled regardless of the charge state. The comparison of the values obtained
from all these different calibrations showed that the TWCCS(N2) differed by up to 20 Å2 from
one calibration to the other, with the highest difference observed for the multiply charged
ions, with the largest CCS. In fact, a maximum relative difference of 6 % was observed
between the different calibration sets which was surprisingly low given the 20 % difference
observed for the ln(A) and B values from the correlation functions.
Focusing on the values obtained using the set of singly charged cluster anions, we found the
TWCCS(N ) values of singly charged anions to be systematically higher by 9 to 11 Å2 compared
2
to published DTCCS(N2) values, which amounts to 5 or 6 % relative error, with the notable
exception of [Glc2 –H]− for which the TWCCS(N2) showed only a 4 Å2 (2 %) difference
compared to its DTCCS(N2) value. Such 9 to 11 Å2 discrepancy between DTCCS(N2) and
TWCCS(N ) using a high quality correlation must arise from a systemic error. An offset of 5 Å2
2
on average has been observed before between the DTCCS(N2) and TWCCS(N2) of lipids. 47
Temperature could, in part, explain this bias. Litterature DTCCS(N2) values for polyalanine47
were determined at room temperature and around 25°C for the tune mix 12. For dextran 45,
the authors discuss the fact that ion temperature was uncertain. In fact, higher temperature
decreases the value of the CCS because of the greater average speed of the gas molecules in
the drift cell. 48 Our larger values thus suggested that the ion temperature in our drift tube
experiments was lower than during the experiments associated with the published DTCCS(N2)
values of polyalanine, dextran and the hexakis(fluoroalkoxy)phosphazine (HFAP) at m/z 602
from the Agilent tune mix, Another explanation may reside in the approximate nature of the
Mason Schamp equation which is a zero field limit. Improvement of the equation have been
studied by Hauck and Siems et al. 49, 50 They show how an increase in electric field strength
may lead to larger CCS values.
The errors of the singly charged anions were slightly lower when the TWCCS(N2) were
estimated using the other calibrations with higher or all charge states. The lower errors in
this case, were most probably the result of two or more systematic errors that happened to
compensate. These lower CCS values closer to the reference DTCCS could be the result of a
13

smaller difference in temperature and electric field with the reference measurements.
Indeed, multiply charged ions might be considered “hotter” due to the larger speeds
resulting of their higher influence of the electric field.

Table 2. Accuracy test on ions from dextran, polyalanine , the hexakis(fluoroalkoxy)phosphazine at
m/z 602 (Agilent tune mix) and polyoxometalate derived anions. Calibrations using singly, doubly
triply charged phosphoric cluster anions are compared as well as the calibration obtained from ions of
charge states. DTCCS(N2) values are reported from references 37, 44, 45. Values in bold highlight the CCS
measurement using calibration with reference ions of charges states matching that of the measured
ions. TWIMS was carried out at 350 m/s IMS wave velocity and 15 V IMS wave height.
DTCCS(

Ion

N2)
(Å²)

m/z

TWCCS(N

2)

(Å²) estimated with
different calibrations

ΔCCS/CCS
with different calibrations
(%)

[(Ala)3 −H]−

150.8

230.2

159.5

151.3

152.2

all
charge
154.3

[(Ala)4 −H]−

165.5

301.3

175.3

168.7

168.3

170.7

6

2

2

3

[(Ala)5 −H]−

180.6

372.4

191.4

186.6

184.9

187.5

6

3

2

4

HFAP m/z 602
[(Ala)6 −H]−
[(Ala)7 −H]−
[(Ala)8 −H]−
[(Glc)2 −H]−
[(Glc)3 −H]−
[(Glc)4 −H]−
[PMo12O40 + TBA]2−
[PW12O40 + TBA]2−
[P2W18O62 + TBA + 2H]3−
[P2W18O62 + 2TBA + H]3−
[P2W18O62 + 3TBA]3−

180.1
196.2

602.0
443.5

190.3
207.2

185.7
204.4

183.9
201.2

186.5
204.2

6
6

3
4

2
3

4
4

210.3
223.7
174.6
202.3
234.0
348

514.6
585.6
341.1
503.2
665.2
1033.0

221.4
234.4
178.3
213.3
243.6
353.8

220.5
235.3
172.1
211.3
245.9
342.7

216.0
229.5
171.5
207.6
239.1
340.8

219.1
232.9
173.9
210.6
242.6
345.6

5
5
2
5
4
2

5
5
−1
4
5
−2

3
3
−2
3
2
−2

4
4
−0.4
4
4
−0.7

349
438
481
520

1559.7
1535.8
1617.4
1696.9

356.1
451.7
492.1
530.9

345.4
428.4
472.2
514.6

343.2
430.9
471.9
511.5

348.1
436.9
478.6
518.8

2
3
2
2

−1
−2
−2
−1

−2
−2
−2
−2

−0.3
−0.2
−0.5
0.2

1−

2−

3−

1−

2−

3−

6

0

1

all
charge
2

The accuracy of the measurement of the polyoxometalate derived anions were quite good
with relative errors of 2% or less, which represent differences of −10 Å2 between TWCCS(N2)
and DTCCS(N2) for these ions of higher CCS values. This result was expected considering that
the DTCCS(N2) measurement were carried out on the same instrument at a similar
temperature (the CCS polyoxometalate derived anions were measured at 31°C). Any
systematic error arising from instrumental conditions should therefore be absent. It can be
noted that structurally very different compounds could be used here as reference for CCS
measurements which is not the commonly recommended practice. 15

CONCLUSION
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We herein presented the first determination of twenty−six new DTCCS(N2) for phosphoric
clusters anions. The values come in three sets: singly deprotonated clusters with an
aggregation numbers 3 to 11, doubly charged clusters anions with aggregation numbers 17
to 25 and triply charged phosphoric acid cluster anions with aggregation numbers 33 to 40.
The DTCCS(N2) ranged from three to 146 to 264 Å2, 337 to 402 Å2 and 486 to 530 Å2,
respectively. Reduced mobilities K0 range from 0.77 to 1.4 cm2 V−1 s−1 for singly charged
cluster anions. Doubly and triply charged cluster anions cover only 30 % and 16 % of that
range (1.177 to 1.006 cm2 V−1 s−1 and 1.250 to 1.0143 cm2 V−1 s−1).
Although these measurements will need to be further reproduced on different instruments
to establish these DTCCS(N2) more firmly and complete them, we found these DTCCS(N2)
values to be self-consistent and that the three sets combined could be fitted to a power
function with an exponent of 0.51.
The values of DTCCS(N2) of the singly charged phosphoric acid anions were found remarkably
well correlated (determination coefficient R2 above 0.9999) to the drift times measured on a
TWIMS-MS device thereby confirming that the conformation of the phosphoric acid cluster
ions were comparable in the two very different DTIMS and TWIMS devices and they thus
could be well suited compounds for calibration. Indeed, we expect that a given cluster ion
will dissociate rather than undergo significant conformational change thus guarantying that
a given cluster ion will present a unique and reproducible CCS value.
Comparing the correlations obtained in TWIMS using the multiply and singly charged anions,
we observed that there was a charge state effect on the calibration. Accuracy tests on singly
charged ions evidenced a bias of 9 to 11 Å2 for TWCCS(N2) values compared to reference
DTCCS(N ) values of ions from polyalanine, dextran and the hexakis(fluoroalkoxy)phosphazine
2
at m/z 602. Note that although absolute values were shifted, CCS differences were
preserved.
This bias was most probably instrument-related.
Indeed, the accuracy test on
DT
polyoxometalate derived anions, for which CCS(N2) were measured on the same
instrument showed errors for the TWCCS(N2) values below 2 %, even though the compounds
were structurally very different from the phosphoric acid cluster anions. We could not
identify the
cause
of
the
bias for
polyalanine,
dextran
and
the
hexakis(fluoroalkoxy)phosphazine at m/z 602 within this study. Temperature and field
strengths could play a role; a compound class effect may also intervene although that did
not seem to be the case with polyoxometalates.
Collision cross section values for singly and multiply charged anions can be obtained with a
single experiment using one very simple and easily available compound. One drawback is
that phosphoric acid cluster ions are very fragile and care must be taken to avoid
dissociation between the drift tube and the mass analyzer, as such dissociations can lead to
difficulties in the assignment of the signals in the ion mobility spectra. However, comparison
of the extracted ion mobility spectra of the m/z values of clusters ions of adjacent
aggregation numbers enables unambiguous ion mobility peak attribution and allows a
pattern of drift times depending on the aggregation number and charge state to be
15

gathered. Moreover, the lability of phosphoric acid cluster ions could be turned to an
advantage because it enables to visualize and monitor the cleavage of hydrogen bonds and
thus help achieve the desirable experimental conditions that should preserve labile
biomolecule conformations.
ELECTRONIC SUPPLEMENTARY INFORMATION
Voltage parameters on the Tofwerk IMS−TOF and SYNAPT G2 instruments, isotopic
distribution of phosphoric cluster ions, a two-dimensional IMS-MS color map of the ESI in
the negative ion mode of a phosphoric acid solution, extracted ion mobility spectra and
graphs of the drift time vs the reciprocal of the potential difference in the ion mobility drift
tube, m/z vs drift time maps of the TWIMS MS analyses, graph of the calibration correlation
and accuracy tests with 350 m/s IMS wave velocity and 20 V IMS wave height.
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