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ABSTRACT
Rationale: In this work, the CCS-mass trends equation has been revisited to consider apparent changes in the ion density.
Methods: The ion mobility-derived collision cross section (IM-derived CCS) of negatively, single-charged Fe(II) and Fe (III) 
metal centers coordinated with three or four halide or linear alkyl carboxylate ligands generated by electrospray operating in the 
negative ionization mode were obtained using a T-wave mobility cell.
Results: The CCS-mass trends were fitted using the equation CCS = A × massPow (where A is an apparent density parameter and 
Pow is a shape parameter). Iron-halide complexes led to Pow parameters well below the typical limit of 0.5, which could only be 
explained by refining the fitting equation using a linear combination of these A and Pow parameters. Their physical meaning is 
described in terms of mass distribution within the volume of the iron-ligand complex ions.
Conclusions: The analysis of the CCS-mass trend of iron-halide and iron-carboxylate complexes allows us to predict the IM-
derived CCS and the CCS-mass trends of combinations of iron-halide/carboxylate complexes. The results show no differences 
in trend between planar trigonal and tetrahedral geometries as described by the valence shell electron pair repulsion (VSEPR) 
theory.

1   |   Introduction

Ion mobility spectrometry (IMS) is a gas-phase separation tech-
nique taking advantage of collisions between an inert gas and 
ions accelerated in an electrical field. The separation is driven 
by the charge states, (reduced) masses, and the ion shapes. After 
calibration, a property called the Collision Cross Section (CCS) is 
obtained [1, 2]. From the ion shape (tridimensional volume), the 
collision surface obtained can be seen in a first approximation 
as the projection of a rotationally averaged ion shape (volume). 

Most of the published CCS values are IM-derived, obtained from 
experimental mobility (K) and reduced mobility values (K0). 
Depending on the ion mobility device, the ions acquire either 
a constant velocity (Drift Tubes, DT), a mean constant veloc-
ity (Travelling Wave Ion Mobility Spectrometry TWIMS), or are 
trapped and stopped (Trapped Ion Mobility or TIMS). The mea-
surable quantities are either the arrival time distribution in drift 
tube ion mobility spectrometers (DTIMS) [2–4] and traveling 
wave ion mobility spectrometers (TWIMS) [2, 5, 6] or the elution 
voltage in trapped ion mobility spectrometers (TIMS) [7–12]. 
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Under the low-field limit [3, 4], these measurable quantities can 
be converted into CCS values that are related to the mobility K 
or K0 according to the Mason–Schamp equation [4]. The mobil-
ity values also depend on the buffer gas properties (i.e., pressure, 
temperature, and polarizability). CCS values can be directly de-
duced from the IMS data by applying the Mason–Shamp equa-
tion  [13] for drift tube instruments (DTIMS), or derived from 
a calibration procedure for TWIMS and TIMS devices. CCS 
determinations without IMS calibration were also proposed for 
TWIMS [14, 15] and TIMS instruments [11]. The ion mobility 
devices are often hyphenated to mass spectrometry (IM-MS) 
taking advantage of both m/z (MS) and shape separation (IMS) 
[6] that can be used as ion descriptors. Increasing the mass at 
constant charge leads to an empirical correlation between the 
CCS value and the mass of analytes called the CCS-mass trend 
or CCS-mass correlation. The fitting of this correlation depends 
on the rotationally averaged global shape of the ions in the gas 
phase [16]. For a constant shape, typical CCS-mass correlations 
depend on the average atomic composition in a specified pro-
jected volume (i.e., the CCS). Characteristic trends are specific 
for families of compounds (peptides, lipids, polymers) [9, 17–21]. 
These CCS-mass trends can be fitted using a power law fit func-
tion (Equation 1).

In this equation, the A and Pow fit parameters are assumed to be 
related, respectively, to the ion apparent density (i.e., the mass 
that fits inside the IM-derived CCS instead of a real volume) and 
the ion global shape (or ion geometry or topology) [21–23]. Haler 
and co-workers have associated the Pow parameter with specific 
shape evolutions considering the projection area of purely geo-
metric and convex models. A Pow parameter of 2/3 (0.667) is ex-
pected for isotropically growing systems or any system subjected 
to free rotation and having no preferential orientation in the IMS 
cell. Anisotropic growing affects the Pow parameter [23, 24]. 
Such a 0.667 Pow value is typical for biomolecules [25] and syn-
thetic polymers [21, 22]. Systems growing with a Pow parameter 
comprised between ≈0.9 and ≈1 correspond to cylindrical shape 
growing with a constant diameter, while cylinder growing with 
a constant length but an increasing diameter gives a Pow value 
approaching but still greater than 0.5 [23]. Lastly, a Pow param-
eter of 0.89 ± 0.04 was observed for the CCS-mass trend of ar-
tificial molecular switches having an elongated structure [24].

In this work, we report on growing systems with CCS-mass 
trends significantly deviating from those described earlier. This 
suggests that other properties contribute to the Pow parameter 
in addition to the shape of the ions, among which, their polariz-
ability, temperature, and charge distributions [26–28]. We focus 
in this paper on how the collision surface increases upon mass 
addition taking into account the inhomogeneity of mass distri-
bution within the apparent density and the charge distribution. 
Variations of the apparent density (considered as the ion mass 
divided by the ion projected volume) and partial charge distri-
butions (or dipole moments) due to the growing system are two 
properties investigated as factors influencing the CCS-mass 
trends. Apparent density variations occur when the shape of the 
ions or the chemical composition (or atomic percent, at.%) of ho-
mologous series is not constant throughout the CCS-mass trend. 
The variation of the system shape affects the CCS value and thus 

the apparent volume, resulting in a modification of the apparent 
density. Since the apparent density could also be dependent on 
the mass and volume of the atoms (Van der Waals volumes) con-
stituting the system, a modification of the atomic percent will 
directly influence the apparent density value.

It has already been reported that the IM-derived CCS values de-
pend on the ion-induced dipole interactions between the analyte 
ion and the buffer gas molecules [29]. These interactions depend 
on the partial charges distribution of the analyte and the polariz-
ability of the buffer gas [30–32]. This can be driven by the geom-
etry of the ions. It is therefore interesting to check whether the 
valence shell electron pair repulsion (VSEPR) theory (Gillespie–
Nyholm models) is still valid in the absence of solvent.

The CCS-mass trends of complex ions consisting of iron (II) or 
iron (III) halides (i.e., chloride, bromide, and iodide), which are 
the most structurally compact anions, and carboxylates, which 
are the structurally most extended anions (i.e., ethanoate, pro-
pionate, butanoate, hexanoate, octanoate, and dodecanoate) 
were considered as models subjected to free rotation with no 
preferential orientation in the IMS cell but with inhomoge-
neous mass distribution and different geometries in terms of 
VSEPR theory. Additionally, the halide and carboxylate iron 
complexes investigated would empirically occupy the largest 
CCS-mass space possible. Generalization of the CCS-mass 
trend equation (Equation 1) is proposed as a result for metal 
center ions (e.g., metal containing catalysts and advanced in-
organic materials).

2   |   Materials and Methods

2.1   |   Materials and Sample Preparation

Iron (III) chloride, carboxylic acids, and polyalanine polymers 
were purchased from Sigma–Aldrich. UPLC MS grade methanol 
and acetonitrile were purchased from Biosolve. Ultrapure water 
was freshly prepared from a MilliQ Millipore system. Iron (III) 
chloride was dissolved in pure methanol to obtain a 0.1 M stock 
solution. 0.1 M stock solutions of each carboxylic acid were pre-
pared. Acetic acid, propionic acid, butanoic acid, and hexanoic 
acid were dissolved in water, while octanoic acid and dodeca-
noic acid were dissolved in acetonitrile. 0.1 M stock solutions of 
chloride, bromide, and iodide were obtained by dissolving am-
monium chloride, ammonium bromide, and sodium iodide in 
water. The final solution contained 1 mM of iron (III) chloride, 
50 μM of chloride, 50 μM of bromide, 10 μM of iodide, and 100 μM 
of each carboxylic acid in acetonitrile/water (50/50 v/v). This 
mixture was prepared just before electrospray infusion in the 
ion mobility mass spectrometer using a 250 μL Hamilton syringe 
and a syringe pump operating at 4 μL per minute. FeIIIL4

− and 
FeIIL3

− complexes generated during the electrospray ionization 
were monitored by ion mobility mass spectrometry operating in 
the negative ionization mode.

2.2   |   Ion Mobility Mass Spectrometry Experiments

Ion mobility data were acquired using a Synapt G2 HDMS in-
strument (Waters Corp.) with an electrospray ionization source 

(1)CCS = A ×MassPow
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(ESI). The source voltage was set to −2.2 kV (negative mode). The 
sampling cone and extraction cone voltages were set to −30 and 
−3 V, respectively. The source temperature and desolvation tem-
perature were 150°C and 200°C, respectively. The IMS cell was a 
traveling wave ion mobility cell (TWIMS cell). The TWIMS buf-
fer gas (or drift gas) was N2 at 2.58 mbar (90 mL.min−1). The he-
lium cell was filled with helium (5.4 × 10−1 mbar) and the TRAP 
and TRANSFER cells placed, respectively, before and after the 
TWIMS cell were filled with argon (2.5 × 10−1 mbar). The pres-
sures were measured using independent capacitance gauges 
(Oerlikon Q5 Leybold Vacuum, CERAVAC CTR 90) linked to 
a vacuum controller (Vacom, MVC-UVH multichannel vacuum 
controller). Velocity and height of the traveling waves were fixed 
at 2100 m.s−1 and 40 V, respectively. Data were processed using 
MassLynx (v4.1) and peak deconvolutions were achieved using 
Peakfit (v4.11). Peakfit settings were baseline = linear D2, peak 
type = spectroscopy and Gauss Amp, peak diffusion references. 
The TWIMS instrument was calibrated with negatively charged 
polyalanines [33].

2.3   |   Computational Chemistry

The structures of iron-halide complexes (FeX3
− and FeX4

−, 
where X represents chloride, bromide, iodide or a combination 
of them) were optimized by Hartree–Fock method at the MP2 
level of theory with LANL2DZ as basis set. The structures of 
iron-carboxylate complexes (FeC3

− and FeC4
−, where C rep-

resents ethanoate, propanoate, butanoate, hexanoate, octonoate, 
and dodecanoate) were optimized by DFT using Cam-B3LYP 
as functional. Carbon, hydrogen, and oxygen atoms were de-
scribed with the 6-31 g(d) basis set while LANL2DZ was used 
for iron. The theoretical volume values of the systems were de-
termined with a homemade Python software allowing structure 
volume and surface calculations considering Van der Waals 
(VdW) atomic radii with a scaling factor. This software used 
Monte Carlo methods for both volume and surface calculations. 
A scale factor of 1.9 was chosen to ensure that the calculated 
system surface was equal to 4 times the experimental CCS val-
ues (S = 4 × CCS) as suggested in the literature [23, 24, 34–36]. 
Triplicate of 10.000.000 hits with a spatial resolution of 0.01 Å3 
were simulated for each structure to extract the volume infor-
mation. This volume is called the VdW volume. The mass den-
sity of the system was calculated from the mass/volume ratio.

3   |   Results and Discussion

Iron complexes were formed by ionic bonds between a positively 
charged metal center (Fe2+ or Fe3+) and negatively charged ha-
lide (compact) or carboxylate (extended) ligands. Because of the 
use of mass spectrometry, no neutral complex could be inves-
tigated. Instead iron (III) with four ligands (FeL4

−) and iron 
(II) with three ligands (FeL3

−) species were detected using an 
electrospray source operating in the negative ionization mode. 
A mixture of Fe (III) and ligands produced a large range of dif-
ferent ions depending on the random combination of ligands 
with Fe (II) and Fe (III), occupying a large range of the CCS-
mass space, and having various physicochemical properties 
that were determined by computational chemistry. Note that 
a positive ionization mode is also possible, producing different 

iron-ligand stoichiometries and geometries with z = +1, but 
with fewer combinations than those obtained from the negative 
ionization mode. Excepted if isobar ions were coexisting in the 
mass spectra, each extracted mass of the complexes of interest 
in the arrival time distribution typically produced single and 
narrow peaks. We provided some of such arrival time distribu-
tion in supporting information (See Figure S3, Figure S4, and 
Figure S5).

The effects of apparent density, geometry, and charge distribu-
tion variations on the CCS-mass trends were investigated sepa-
rately for each Fe (III) or Fe (II) species identified from its exact 
mass and isotope pattern. Iron (III) complexes with four ligands 
(denoted FeL4

−) and iron (II) complexes with three ligands (de-
noted FeL3

−) are the main focus of this work. Density functional 
density (DFT) computations showed that these ions displayed, 
respectively, a tetrahedral and a trigonal planar geometry in 
the gas phase. The notations FeX4

−, FeC4
−, and (FeCnX4–n)− 

(1 ≤ n ≤ 3) were used to differentiate tetrahedral complexes re-
sulting from the association of Fe3+ cations with halide (X) and 
carboxylate (C) ligands. The same notation was used for trigonal 
planar complexes derived from the Fe2+ cation (i.e., FeX3, FeC3

−, 
and (FeCnX3–n)− with 1 ≤ n ≤ 2). The arrival time distributions 
(ATD) of the tetrahedral complexes were first investigated in 
terms of CCS-mass trends. Because of the inhomogeneous incre-
ment of mass due to the halide or organic ligands (non-constant 
of the atomic percent values), the apparent densities were as-
sumed to be non-constant between the congeners, contrary to 
what is observed with polymers, for instance. In terms of mass-
to-volume ratios, the halides are denser than the carboxylates. 
For the geometry influence of CCS-mass trends, the ATD of 
FeIIIL4

− (tetrahedral geometry) and FeIIL3
− complexes (trigo-

nal planar geometry) were compared. Additionally, the partial 
charge distribution effect computed by DFT of heteroleptic com-
plexes on the CCS values and CCS-mass trends in nitrogen po-
larizable gas was examined.

1.	 Apparent Density Variation With the System Growing 
Effect on CCS-Mass Trends

The CCS-mass trends of FeX4
− and FeC4

− complexes are plotted 
in Figure 1A with blue and red lines, respectively. This Figure 
shows that the CCS-mass correlations of these singly charged 
complexes are considerably impacted by the mass of the ligands 
and the volume occupied. The FeC4

− complexes always led to 
higher CCS values than the FeX4

− species of similar mass.

The observation of a higher apparent density is the result of a 
higher mass contained in the same projected volume measured 
as IM-derived CCS. The higher the apparent densities, the closer 
the trend moves to the x-axis. The apparent densities determined 
experimentally for each complex were related to the density of 
the ligands (2.978 and 39.918 for FeC4

− and FeX4
−), respectively 

(see Figure 1A). As expected, the apparent density was higher 
for halide than for carboxylate ligands. The Pow parameters 
of these two CCS-mass trends are also substantially different 
although they share the same tetrahedral geometry. The Pow 
parameter of FeC4

− (0.71) is close to the expected value of 2/3, 
while this fit parameter is equal to 0.19 for FeX4

−. Note that the 
CCS-mass trend for a carboxylate ligand coordinated to a Fe 
(III)Cl3 core (i.e., FeCl3C−) was previously determined to fit with 
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a Pow factor of 0.91 [23] meaning that, as expected, it can be seen 
as a cylinder growing in length at constant diameter. Here, the 
rotationally averaged IM-derived CCS of the tetrahedral Fe (III) 
complexes with carboxylates ligands are seen as near spherical. 
The Pow parameter value of tetrahedral FeX4

− is quite differ-
ent from the expected and intuitive value of 2/3. It is important 
to note that the CCS-mass trends of the calibrating substances 
involved in IMS calibration (negatively charged polyalanine 
ions) drastically differs from the FeX4

− ions (see Figure  S1 of 
the Supporting Information), which could lead to inaccurate 
CCS determination as suggested by Haler and co-workers [22]. 
Theoretical Pow parameter values of 0.18, 0.17, and 0.16 were 
computed for PACCS-mass, EHSSCCS-mass and CCS-mass trends 
(see Figures S1 and S2 of the Supporting Information) in good 
agreement with the 0.19 experimental value. A systematic bias 
due to the calibration procedure that would affect the experi-
mental IM-derived CCS should also influence the apparent 
density fit parameter A, but the trends —at least the apparent 
shape Pow fit parameter— were not affected by the calibration 
procedure.

Figure 1B shows the evolution of the FeC4
− and FeX4

− CCS val-
ues as a function of their theoretical volumes (calculated from 
the theoretical structures considering Van der Waals atomic 
radii). The CCS-volume trends of FeX4

− and FeC4
− complexes 

are defined by the same power fit equation (i.e., the same pro-
portional and power factors) having a power factor close to 2/3 
(here 0.64). The rotationally averaged volumes of FeX4

− and 
FeC4

− ions are both converging towards a near-spherical shape. 

The CCS-volume correlation of tetrahedral complexes can be ex-
pressed with Equation 2. In this equation, the Volume factor re-
lies on a volume computed with Van der Waals radii and should 
therefore not be confused with the apparent volume and the IM-
derived CCS measured by the IMS device.

Equation 2 can be transformed into Equations 3 and 4 since the 
system volume can be considered as the ratio between its mass 
and its density (called the system density in this work to avoid 
confusion with the apparent density). The system density cor-
responds to the mass divided by the real VdW system volume, 
while the apparent density corresponds to the mass divided by 
equivalent IM-derived CCS projected volume measured by the 
IMS. One can consider that the system density and the apparent 
density are proportional to a particular shape or geometry (see 
Equation 3). As highlighted in Equation 4, the A parameter of 
CCS-mass trend is thus dependent on the system density value, 
or the apparent density, as already reported in the literature 
[21, 23–25].

(2)CCS = Cst × Volume2∕3

(3)CCS = Cst ×

(

mass

density

)2∕3

(4)CCS =
Cst

systemdensity2∕3
×mass2∕3 = A ×mass2∕3

FIGURE 1    |    (A) CCS of FeX4
− and FeC4

− ions as a function of mass. (B) CCS of FeX4
− and FeC4

− ions as a function of the volume considering Van 
der Waals (VdW) atomic radii. (C) and (D) Theoretical apparent density trends as a function of the FeC4

−and FeX4
− ion masses, computed from the 

structures optimized by DFT and our Python script (see Material and Methods for details) considering VdW atomic radii. FeX4
− (C) and FeC4

− (D) are 
represented with blue and red circles, respectively. The fit equations in (A) is expressed as CCS = A × mass pow, where CCS is the collision cross sec-
tion, A is the apparent density factor, mass is the mass of ion in mass unit, and Pow is the fit power factor. In (B) the fit equation is CCS = A × volume 
Pow were volume is the computed volume for the VdW radii. In (C) and (D) fit equation of Density = A × mass pow where density stands for the computed 
density as mass unit to computed volume ratio.
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If Equation  4 is valid, all the CCS-mass trends of tetrahedral 
FeX4

− and FeC4
− complexes should have an experimental 

CCS = mass Pow fit parameter equal to 2/3, since this param-
eter should not be influenced by the apparent density value. 
Yet, Equation  4 failed to describe the CCS-mass trends of the 
complex ions under investigation. The initial assumption of this 
equation is that the ions are growing with constant system den-
sity as intuitively suggested by the other fit CCS = A × volume 
Pow (with Pow = 2/3) in Figure 1B. In Figure 1C and Figure 1D, 
we show that the theoretical density (calculated as the mass di-
vided by the VdW volume computed from optimized structures) 
of FeX4

− and FeC4
− species varies with their mass. This density 

evolution within the trends is due to changes in the atomic com-
position. For example, the replacement of a chloride by a bro-
mide or an iodide (FeX4

− trend), as well as the replacement of an 
ethanoate by a hexanoate (FeC4

− trend), decreases the relative 
iron mass proportion and increases the ligand mass proportion 
in the complexes.

To explain why the Pow parameter of the CCS-mass trend of 
FeC4

− ions (0.71) is closer to the expected 2/3 value for spheri-
cal system growing with constant density value than the trend 
for FeX4

− species (0.19), we had to revise our hypotheses. The 
ion density of the investigated complexes was expressed as a 
power function of the mass and two parameters, viz., α, and β 
(Equation 5). These parameters were fitted from the trends ob-
tained by computational chemistry (cf. Figure 1C and Figure 1D) 
and are not experimentally derived values.

Interestingly, the system density values of the FeC4
− ions 

were less affected by the mass variation than those of the 
FeX4

− ions (see Figure  1C and Figure  1D). This is because 
the CnH2n + 1CO2

− carboxylate anions need to occupy a larger 
volume to weight as much as the Cl−, Br−, and I− halides. In 
Equation 6, the CCS is now expressed as a function of the mass 
considering the α and β fit parameters and the term Cst is a 
constant.

The development of Equation 6 leads to Equation 7. In this new 
CCS-mass relation, the A parameter of the CCS-mass trend is still 
correlated to the density of the complex ion since it depends on 
the α parameters of the density-mass correlation (A = Cst/α2/3). 
The Pow parameter of CCS-mass trends can now be expressed 
as a function of the β parameter of the density-mass correlation 
as expressed in Equation 8.

The Pow parameters calculated for FeX4
− and FeC4

− ions from 
the β values provided in Figure 1C (−0.12) and Figure 1D (0.66) 
with Equation 8 are, respectively, 0.22 and 0.74. These theoreti-
cal values are in good agreement with the experimental Pow pa-
rameters (0.19 and 0.71, see Figure 1A). The physical meaning of 
Equation 8 is that the A parameter of CCS-mass trend is related 
to the apparent density of the system, while the Pow parameter 
depends, inter alia, on the apparent density variation due to the 
complex size growing and mass distribution. Equation 7 tends to 
Equation 4 if the apparent density remains constant upon mass 
variation, i.e., if β = 0 and the density becomes equal to the α 
parameter. The CCS-mass trends of homopolymers are perfect 
examples of density-constant evolution, since the addition of 
monomers does not affect the element percentages in the poly-
meric systems.

The effect of the density variation on CCS-mass trends is also 
supported by the ATD of heteroleptic (FeXnC4–n)− (1 ≤ n ≤ 3) 
complexes having densities intermediate between those of ho-
moleptic FeX4

− and FeC4
− species, as shown in Figure 2A. The 

CCS-mass trends are plotted as a function of the halide ligands 
(blue lines) and carboxylate ligands (red lines) in Figure 2B. In 
both cases, the CCS-mass trends alignments for growing sys-
tems suggest that the ligand contributions to the CCS values are 
independent from each other. The CCS values of these tetrahe-
dral complexes can therefore be determined by considering sep-
arately the contributions of the halide and carboxylate ligands 
as illustrated in Equation  9, where massFe, massX, and massC 
are, respectively, the mass of iron, halides, and carboxylates in 
a complex ion.

The CCS expression in Equation 9 can be developed into a linear 
combination of the mass contributions for the metal center and 
the different ligands. Considering the generalized CCS-mass re-
lation (Equation 7) for each ligand type (i.e., halide or carbox-
ylate) reported in Equation 10, A0, A1, and A2 are three fitting 
parameters that depend on the iron, halide, and carboxylate 
densities, respectively, while βX and βC are the mass-dependence 
of apparent density parameters for the halide and carboxylate 
ligands, respectively. All these parameters can be empirically 
defined.

Equation 10 is the expression of a surface with halide and carbox-
ylate masses as variables. The CCS-mass surface for FeXnC4–n 
complexes is depicted as a 3D plot in Figure  2C. Gratifyingly, 
it correctly describes the mobilities of all the tetrahedral com-
plexes investigated in this work. This suggests that the CCS val-
ues of FeXnC4–n heteroleptic complexes can be predicted from 
the CCS-mass surface equation using the parameters obtained 
from the CCS-mass trends of their homoleptic FeX4

− and FeC4
− 

cousins. This linear combination can also be applied to the pre-
diction of complexes involving other ligands than halides and 

(5)Density = � ×mass�

(6)CCS = Cst ×
(

mass

�×mass�

)2∕3

(7)CCS =
Cst

�2∕3
×mass2∕3×(1−�) = A ×mass2∕3×(1−�)

(8)Pow =
2

3
× (1 − �)

(9)CCS = f
(

massFe
)

+ f
(

massX
)

+ f
(

massC
)

(10)CCS = A0 + A1 ×massX
2∕3×(1−�X) + A2 ×massC

2∕3×(1−�C)
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carboxylates, as soon as the CCS-mass trends of the desired li-
gands are defined.

2.	 VSEPR Geometry Effect on the CCS-Mass Trends

The influence of geometry on the CCS-mass correlation was in-
vestigated for iron complexes with three (FeIIL3

−) or four ligands 
(FeIIIL4

−). Only homoleptic compounds with halide (FeX4
− and 

FeX3
−) and carboxylate ligands (FeC4

− and FeC3
−) were consid-

ered to avoid CCS-mass trend differences due to the apparent 
density heterogeneity of the ligands. Different CCS-mass trends 
were observed for tetrahedral and trigonal planar geometries 
(Figure  3A). Interestingly, the Pow parameter does not seem 
to depend on or is only sparsely influenced by the geometry of 
the ions in the gas phase. Pow parameters ranged from 0.70 to 
0.71 for iron-carboxylate trigonal and tetrahedral complexes 

and from 0.18 to 0.19 for their iron-halide counterparts. This is 
again supported by the similarity of the C parameter of density-
mass correlation (Figure 3C and Figure 3D). C parameters were 
equal to −0.12 for the iron-carboxylate complexes and ranged 
from 0.65 to 0.66 for the iron-halides derivatives. However, the 
A parameters (pre-power factor of the density-mass correlation 
in Figure  3C,D) are different (the A parameters of FeX3

− and 
FeX4

− are 0.017 and 0.015, respectively, those of FeC3
− and 

FeC4
− are 0.754 and 0.810, respectively). This highlights that 

the system density of complexes is influenced by the geometry, 
i.e., complexes with tetrahedral and trigonal planar geometries 
have different densities for a given mass. Since the A parameter 
of CCS-mass trends relies on the system density, as shown in 
Equation 4 (for systems that are growing with constant density) 
and Equation 7 (for systems that are growing with no-constant 
density), the CCS-mass trends allow the distinction between gas 

FIGURE 2    |    (A) Experimentally IM-derived CCS values as a function of the mass of tetrahedral FeX4
−, FeC4

−, and (FeXnC4–n)− complexes. (B) 
CCS-mass trends fitted from (A) for (FeXnC4–n)− complexes highlighting only the halide ligands (blue lines) or the carboxylates ligands (red lines). 
(C) 3D plot of the IM-derived CCS values (Z-axis) as a function of the carboxylate mass (X-axis) and halide mass (Y-axis). The grid surface represents 
the prediction obtained by fitting with our power-surface equation (Equation 10).
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phase trigonal planar and tetrahedral geometries as supported 
by Figure 3A. Since the Pow parameter should be affected by the 
system shape as reported in the literature [23, 25, 26], one can 
consider that the trigonal planar and tetrahedral coordination 
modes are perceived with a similar rotationally averaged appar-
ent near-spherical shape (Pow parameter almost equal to 2/3) by 
the IMS, but with different apparent densities.

It is noteworthy that we performed a similar study using Ni as 
the metal center because VSEPR predicted a square planar ge-
ometry when Ni is coordinating four ligands. The experimental 
IM-derived CCS-mass trends were very similar to those ob-
tained with iron (data not shown), suggesting either that NiL4

− 
complexes do not adopt a square planar geometry, or that the 
ion mobility resolution (CCS/ΔCCS ≈50) was not sufficient to 
allow the discrimination between tetrahedral and square pla-
nar geometries. As expected, the CCS-mass trends of negative, 
single-charged Fe(I) ions coordinated by two ligands suggested 
a linear (cylindrical) geometry (i.e., Pow was close to 0.9) when 
the ligands were carboxylates (data not shown).

3.	 Effect of Partial Charge Distribution on the CCS-Mass 
Trends of Heteroleptic Iron Complexes With Halide and 
Carboxylate Ligands

Heteroleptic complexes of iron with different halide and car-
boxylates ligands generate different partial charge state distri-
butions that could induce different dragging effects with the 
buffer gas during ion mobility experiments, as was already 
demonstrated in a previous study focusing on ruthenium–arene 
complexes [29]. As shown in Figure  2C, we did not observe 

significant deviations of the experimental IM-derived CCS of 
(FeXnC4–n)− complexes (1 ≤ n ≤ 3) from the CCS-mass trends 
that would be explained by the effect of partial charge distri-
bution. Hence, either the partial charge state distribution does 
not induce preferred rotational averaging of the IM-derived CCS 
for the iron complexes, or the polarizability volume of nitrogen 
was still too weak to observe such an effect at a significant level 
under the limit of ion mobility resolution and CCS accuracy of 
the spectrometer used in this work.

4   |   Conclusions

The effect of inhomogeneous apparent density on CCS-mass 
trend parameters has been evidenced for iron-halide and iron-
carboxylate complexes. This effect can be modeled using a lin-
ear combination of a second term in the power equation defining 
trends that somewhat represent the effect of mass distribution 
within the ions yielding a rotationally averaged IM-derived CCS. 
This explains how the ion mobility apparent shape described as 
the Pow parameter in our CCS-mass trends could be as low as 
0.18, while Pow parameters below 0.5 were not observed for or-
ganic compounds, such as synthetic polymers or biopolymers. A 
unique CCS does not allow shape determination without struc-
ture modeling. In the case of trends for families of compounds, 
the Pow value is related to the isotropic or anisotropic growth 
of the system. We show here that this can however be biased by 
apparent density inhomogenities (i.e., mass distribution).

The tool that we propose in this work could be applied to other 
metal complexes, such as homogeneous catalysts and advanced 

FIGURE 3    |    (A) CCS of FeC3
−, FeC4

−, FeX3
−, and FeX4

− complexes as a function of mass. (B) CCS of FeC3
−, FeC4

−, FeX3
−, and FeX4

− complexes 
as a function of the theoretical volume calculated for structures obtained by computational chemistry considering Van der Waals (VdW) atomic radii. 
(C) Theoretical density (calculated from the theoretical structures obtained by computational chemistry considering VdW atomic radii) as a function 
of the masses of FeC3

− and FeC4
− complexes. (D) Theoretical density (calculated from the theoretical structures obtained by computational chemistry 

considering VdW atomic radii) as a function of the masses of FeX3
− and FeX4

− complexes.
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inorganic materials. We also anticipate that a linear combina-
tion should remain valid if a third or fourth class of ligand (e.g., 
nitrite, nitrate, cyanate, thiocyanate, phosphate, carbonate, and 
phosphine) is added. Whether this would also apply to heavy 
metal centers or group of atoms bound to polypeptides, saccha-
rides, or nucleobases for predicting the IM-derived CCS of (bio) 
molecules or compounds of anthropogenic origin remains to be 
explored.

Only a small difference in shape was observed between solution 
geometries, the shape being considered close to spherical shape 
in both rotationally averaged IM-derived CCS of tetrahedral and 
trigonal planar complexes. The use of nickel as a metal center, 
which should adopt a square planar geometry according to the 
VSEPR theory, is indistinguishable from the iron tetrahedral 
geometry when comparing the CCS-mass trends of different 
combinations of Ni with halides or carboxylates. In contrast, the 
linear complexes Fe(I)C2

− were unambiguously discriminated 
as the CCS-mass trends of iron and carboxylate ligands evolved 
as cylindric shape of constant diameter but growing length.

Last but not least, our data suggest that the partial charge distri-
bution does not significantly affect the CCS-mass trends, at least 
for the heteroleptic iron complexes with halide and carboxylate 
ligands studied in this work. The use of an ion mobility mass 
spectrometer with increased ion mobility resolution and CCS 
accuracy would be necessary to detect small variations of geom-
etry and induced charge distribution.
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