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1 | INTRODUCTION

lon mobility mass spectrometry (IM-MS) is an analytical technique that
separates ions by their mass-to-charge-ratio and their mobility through
a buffer gas.! Recent applications to small molecules,?® structural iso-

47 and proteins® illustrate the

mers, metabolites,” metal clusters,
importance of IM-MS in modern analytical chemistry. lon mobilities,
measured by drift-tube, traveling-wave, or other instruments, depend
on how the traveling ion's size and shape affect its interactions with
the buffer gas. These interactions are typically distilled into a single
parameter, the rotationally averaged collisional cross-sectional area
(ccs).? Compact structures with small CCS tend to travel faster than
extended structures with large CCS.

Several recent studies assign the IM-MS spectra of small molecule
isomers,* protomers,® and clusters,®” by comparing measured CCS to
CCS predicted for candidate ion structures. Algorithms to predict
CCS range from simple projection approximations (PA),*° to hard-
sphere scattering,!* to detailed simulations of ion-molecule scattering
trajectories.’?> A typical workflow for these studies is (1) propose
several candidate structures for each ion of interest, (2) use a standard
electronic structure package (eg, density functional theory calculations
in double-zeta basis sets) to predict each candidate's total energy and
optimized geometry, (3) export each optimized geometry into a pack-
age (MobCal,*? Sigma®® etc.) to predict the CCS, and (4) assign the
experimental structure based on which stable candidate's predicted
CCS best matches experiment. Predicted structures,** relative

energies, > and CCS'¢ 18 are often sufficiently accurate for practically

A method is proposed to predict ions' collision cross-sectional area from properties
that are already evaluated in standard quantum chemistry software. Computed
molecular isodensity surface areas recover the predictions of existing projection
approximations. Computed solvent cavity areas give comparable accuracy. This pro-

vides a simplified workflow for assigning ion-mobility mass spectra.

collision cross-sectional area, density functional theory, ion-mobility, isodensity surface area,

useful assignments of IM-MS experiments. However, one practical
challenge is the technical expertise required to use standard CCS-
predicting software.>* In addition, methods like PA require a number
of parameters for the estimation of CCS which are not readily avaiable
for some atom types (eg, Cl) in the original Heg MobCal code.?
Methods to simplify this workflow could have significant value.

We suggest that calculations of ion “surface area”, which are
already predicted by standard electronic structure packages (step (2)),
can provide CCS predictions as accurate as the PA. Shvartsburg and
Jarrold have demonstrated an exact linear relationship between
surface area and hard-spheres collision integral for locally convex bod-
ies with well-defined surfaces.*' Grandori and coworkers explored
empirical relations between computed solvent-accessible surface areas
and experimental data of protein ion analytes from electrospray-
jonization mass spectrometry measurements.” The fact that ions lack
well-defined surfaces is already accounted for in such surface-area-
based models of continuum solvation. Here, we explore correlations
between experimental CCS and two computed defintions ion “surface
area”. The first, which does not require special parameters for each
atom, is the well-established definition of molecular surface area as
the area of the isodensity surface of all points T with electron density
p(T") = 0.001 electrons per cubic Bohr.2° Analyses of, for example, the
molecular electrostatic potential on this density isosurface are widely
used throughout computational chemistry. The molecule isodensity

surface is readily evaluated using the Multiwfn?122

package to post-
process a standard electronic structure calculation. We also consider

the “solvent cavity surface” area (CSA) automatically generated by

432 | Copyright © 2018 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/jms

J Mass Spectrom. 2018;53:432-434.


http://orcid.org/0000-0001-7819-3648
mailto:arshad.mehmood@tcu.edu
https://doi.org/10.1002/jms.4078
http://wileyonlinelibrary.com/journal/jms
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjms.4078&domain=pdf&date_stamp=2018-03-22

MEHMOOD AND JANESKO

WILEY-HASs L

300
r ¢ Protomers

OStructurally diverse molecules
A Cationic Au clusters

250 [ © Anionic Au clusters s
+ Amino acids I—D‘
L e Metabolites el
200 O,

150 | 54
100} gﬁ’

CCS Predicted from Density isosurface (A2)

50 &
L 8
L &
[ A
0 [ U S SR TR IR TR TR TR TR AN TR T U T N T ST ST R NN TR SN T T N S S T
0 50 100 150 200 250 300

Experimental CCS (A2)

FIGURE 1 Correlation between experimental CCS and CCS predicted
from the 0.001 e/Bohr® isodensity surface (ADIS, Equations 1-2).
Combined results from six different experimental studies of
protomers, structurally diverse small molecules, anionic and cationic
gold clusters, amino acids, and metabolites

the Conductor-like Polarizable Continuum Model (CPCM)?® as imple-
mented in the Gaussian 09%* suite of programs, using input
“SCRF(CPCM,Solvent = Heptane)” and reading output “Cavity surface
area”. (This approach removes the need for Multiwfn post-processing
and implicitly incorporates the fact that neither ions nor solvent have
well-defined surfaces.) As both approaches give comparable numerical
performance, CPCM results are reported as Supporting Information.

Figure 1 summarizes our results, showing the correlation between
experimentally measured and isodensity-predicted CCS of a large and
chemically diverse set of ions. We use linear fits to predict CCS mea-
sured in He or N, buffer gases from the area of 0.001 e/Bohr®
isodensity surface (ADIS):

CCShe = 0.276xADIS + 10.352 A (1)

CCSn2 = 0.267xADIS + 81.676 A 2)

(Buffer gas strongly affects absolute CCS2®) ADIS are computed
using the Multiwfn package, at gas-phase-optimized geometries, using
density functional theory with the B3LYP exchange-correlation func-
tional and the 6-31G(d,p) basis set. We fit Equation 1 to 2 sets of
experimental data. Set 1 is experimental CCSy. of Au,,”, n < 14 and
Au,’, n < 14 gold clusters®” with ADIS computed at geometries taken
from those references. This data set includes variety of systems with
rod (n = 2), flat/planar (n = 3-7), and 3-dimensional geometries. (Other
geometries computed from conformational searches discussed in
Supporting Information.) Set 2 is experimental TW-IM CCS of
ondansetron metabolites® calibrated to drift-tube CCSp. of
polyalanine ions.?é Equation 2 is fit to a third set of experimental data,
the CCSy; of protonation site isomers of melphalan derivatives, ben-
zocaines, and aniline®; 20 protonated small molecules?; and 20 proton-

ated amino acids.?®

SPECTROMETRY

The results in Figure 1 validate our approach. Statistical analysis of
the entire data set gives correlation coefficient R? between theory and
experiment of 0.989, root-mean-square-deviation RMSD 4.7 A2 mean
and mean absolute errors 3.42 and 3.55 A2, mean absolute percent
error MA%E 3.6%, maximum absolute deviation MaxAE 11.7 A2
(trichlormethiazide” CCSya), and maximum average percent deviation
MaxA%E 21.8% (Au;* CCSye). Predicted CCSy, alone give MA%E
2.7%, MaxA%E 6.7% (Alprenolol).” These compare favourably to
previous PA studies: MA%E 10.3%, MaxA%E 15.5% for 20 calibrant
small-molecule ions treated with standard PA parameters?’; MA%E
2.5%, MaxA%E 27.6% (Au*) for Au,*, n < 14% MA%E 3.9%, MaxA%E
12.8% (Au”) for Au,”, n < 14.7

As a “sanity test”, we refit Equation 1 to the MobCal predicted
CCSye of 20 protonated small molecules and 20 amino acids, using

exactly the same geometries as our ADIS calculations. We find:
CCSHe, MobCal = 0.276xADIS + 19.682 A% (3)

The RMSD between Equation 3 and the MobCal values is only
1.8 A% well below the 8.2 A2 RMSD between the MobCal values and
experiment. This confirms that our surface-based model provides

information comparable to the PA.

2 | CONCLUSIONS

We introduce direct methods for computing ion mobility CCS directly
from quantities available in standard electronic structure packages.
Our tests of small ions, whose experimental CCS were below
~250 A2 found that both methods provide accuracy approaching
standard PAs, with a simplified workflow.
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SUPPORTING INFORMATION

Additional Supporting Information may be found online in the

supporting information tab for this article.

Details of computational methodology, the results of CCS obtained

from solvent cavity surface area (CSA), tabulated CSA and isodensity

surface areas of all studied systems. Table S7 explores the basis set

and level of theory dependence for the computed geometry (C—O

bond length) and CCS of a simple model system, the [M + H]* ion of

phenol.
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