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Abstract. A benchmark comparison between two ion mobility and collision cross-
section (CCS) calculators, MOBCAL and IMoS, is presented here as a standard to
test the efficiency and performance of both programs. Utilizing 47 organic ions,
results are in excellent agreement between IMoS and MOBCAL in He and N2, when
both programs use identical input parameters. Due to a more efficiently written
algorithm and to its parallelization, IMoS is able to calculate the same CCS (within
1%) with a speed around two orders of magnitude faster than its MOBCAL counter-
part when seven cores are used. Due to the high computational cost of MOBCAL in
N2, reaching tens of thousands of seconds even for small ions, the comparison
between IMoS and MOBCAL is stopped at 70 atoms. Large biomolecules (>10000

atoms) remain computationally expensive when IMoS is used in N2 (even when employing 16 cores). Approx-
imations such as diffuse trajectory methods (DHSS, TDHSS) with and without partial charges and projected area
approximation corrections can be used to reduce the total computational time by several folds without hurting the
accuracy of the solution. These latter methods can in principle be used with coarse-grainedmodel structures and
should yield acceptable CCS results.
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Introduction

Ionmobility spectrometry has become increasingly prevalent in
analytical chemistry as well as aerosol science [1–9]. Aside

from complementing mass spectrometry as an orthogonal tech-
nique [10–21], it is extensively used as a standalone instrument
due to its portability and versatility [22–30]. Despite new ad-
vances in instrumentation, including improved resolution and
transmission [26, 31–34], there has not been a parallel develop-
ment in numerical calculation schemes for collision cross-
sections and mobilities (i.e., the measured/inferred parameters
in ion mobility spectrometry. Reasons behind such hindrance
are 3-fold. The first problem is the difficulty that arises when
trying to perform accurate calculations and the long associated
times those numerical calculations take. The second problem has

to do with the lack of well-established parameters, which are
necessary for gas-phase calculations and which can only be
obtained through careful experimental studies. The last problem
is that there is a lack of reliable methods to perform gas-phase
molecular dynamics; many of the existing forcefields are opti-
mized to be used in solvents and therefore have limited use and
accuracy in the gas phase. While we strive to improve every
aspect of such numerical calculations, the purpose of this manu-
script is to attempt to address the first of such problems, efficiency
and performance, and additionally to characterize a range of
possible methods to be used in the calculation of collision
cross-sections. In this endeavor, we compare the CCS calcula-
tions using our in-house model, IMoS [35–39], with that of the
most prominent existing method, MOBCAL [40, 41], while also
incorporating new alternatives to reduce the computational costs.
Although the IMoS andMOBCAL approach arise from a kinetic
theory of gases, the methods follow rather different procedures.
While MOBCAL enables calculation of the simplified first col-
lision integral introduced by Mason and McDaniel [42], IMoS
invokes a more general approach where gas molecule positions
and velocities are directly calculated from a skewed Boltzmann
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distribution [43–50]. Here we will show that both methods give
very similar results, while the optimization, and importantly
parallelization of IMoS makes it perform a few orders of magni-
tude faster. We also note there are other existing methods such as
the projected superposition area (PSA) [51] algorithm; these are
not included here due to the lack of available information in the
literature on implementation to make a reasonable comparison.

The remainder of this manuscript is divided into two sections.
The first introduces the similarities and differences between the
two methods and also describes the interaction potentials used to
compare both methods in two different gases, He and N2. The
second describes and compares the performance of both programs
using the basic known algorithms: projected area approximation
(PA), exact/elastic hard sphere scattering (EHSS), and trajectory
method (TM). For larger molecules, whereMOBCAL is extreme-
ly computationally expensive (due to its lack of parallelization),
different trajectory methods in IMoS are compared and studied to
find the most efficient and accurate algorithm.

Methods
Ion mobility spectrometry, as an analytical technique, is able to
separate charged molecules (ions) or nanoclusters based on
their drift velocity, vdrift, as they are driven by an electrical
field, E, through a carrier gas. Neglecting all perturbations and
inertia and assuming that all directions are equally probable, the
average electrical mobility at low speeds (relative to the mean
thermal speed) can be inferred from the simple relation:

K E
!¼ v!drift ð1Þ

In general, however, the drift velocity is not known or easily
calculated and the electrical mobility must be inferred by other
means. To better define mobility, a useful expression is that of
Mason-Schamp, given for ions and molecules in the free mo-
lecular regime [42]:

K ¼ πmred

8kT
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.
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4ρgasΩ
; ð2Þ

where k is Boltzmann’s constant, T is the background gas
temperature, mred is the reduced mass of the particles, z is the
charge on the particle, ρgas is gas mass density, and Ω is the
collision cross-section (CCS). The CCS is, succinctly, a term
that quantifies the average effective area that interchanges
momentum per unit time (force) with the buffer gas, when
there is a velocity difference between an object and the gas it
is immersed in. Its inference is by no means simple, and most
calculation approaches, hence, utilize simplifications. Al-
though there has been a fairly large amount of analytical
attempts to calculate CCSs [43, 46–50, 52], the inherent diffi-
culty associated mostly with parasitic effects, has led to the use
of numerical methods to approximate these calculations. Noted
in the introduction, two momentum transfer-based algorithms
are compared here, the trajectory methods of IMoS and
MOBCAL. Both methods employ relationships from the ki-
netic theory of gases, are loosely based on Onsager’s [53, 54]
reciprocal relations, and ultimately require the linearization of
the gas molecule velocity distribution function proposed by
Chapman and Enskog [55], which can only be employed for
small perturbations and velocities. A brief description of both
methods and the different potentials used is given below, with
more detailed descriptions are provided in prior studies [38, 39,
47, 49, 55].

MOBCAL

MOBCAL’s calculation method simplifies the collision cross-
section by defining the momentum-transfer or diffusion cross-
section integral, which is then averaged over all possible ori-
entation and velocities [40, 42]:
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Here θ, ϕ, γ are the orientation angles, g is the relative
velocity, b is the impact parameter, and χ is the deflection
angle. If the deflection angle was known, CCSs could be easily
calculated. In general, however, the deflection angle depends
on the orientation angles, the velocity of gas molecules, the
impact parameter, and the potential/collision interactions in the
following manner [56, 57]:
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where r is the position of the gas molecule, rm is the
distance of closest approach, and Φ(r) is the potential
interaction. Note that r = r(x, y, z) will depend on the
starting initial position and velocity of the gas molecule
(ϕ, θ, γ, g, b) as is reflected on the left-hand side of the
equation. A depiction this mathematical relation is provid-
ed in Figure 1a. The deflection angle is not easily inferable
and will, under most circumstances, require its numerical
calculation. There also remain several simplifications in
Equation 3. First, the velocity of the gas molecule is
assumed much higher than that of the ion itself. A second
assumption is that there is conservation of energy during
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the collision as regarded by the fact that the only change in
momentum transfer is given by the deflection angle χ.
These are both reasonable assumptions under small values
of E/N where N is the gas number density.

The numerical procedure in MOBCAL consists of
randomly choosing a plane from which gas molecules
at different impact parameters and velocities are emitted
perpendicular to the plane. If there are potential interac-
tions, the gas molecule paths may not be linear and
trajectories are then followed using a time-step algorithm
(4th order Runge–Kutta) until the gas molecule leaves
the domain and the deflection angle χ recorded. The
trajectories formed will therefore depend on the multiple
potential interactions assumed to exist between the gas
molecule and the atoms and location of the molecule
charges. The Lennard-Jones parameters used must be
optimized using experimental CCS [40, 41, 58–70].

IMoS

IMoS’s algorithm principle is based on the general free
molecular momentum transfer approach before Chapman
and Enskog’s simplification. The algorithm mimics a real
gas environment based on a Maxwell-Boltzmann distri-
bution that enters an enclosed control volume that travels
with the ion’s velocity V. In order for this to happen, the
control volume is chosen such that outside of it, the gas–
ion potential interactions are considered to be negligible.
The idea behind the algorithm, which is more commonly
employed in continuum region drag calculations (i.e., in
studying drag on macroscopic components), is to infer
the position and velocity, both in angle and magnitude of
gas molecules entering and exiting the domain so as to
calculate the resulting momentum transfer. The velocity

distribution of gas molecules entering the domain is
given by [38, 39, 47]:

ρ ¼ 1

h3π
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Here, c is the velocity of the gas and h ¼ 2kT
mgas

� �1=2
the most

probable speed. The velocity distribution differs from theMax-
wellian due to the consideration of the ion velocity V. In such a
case, the flow rate entering the control volume of area A is
given by [49]:

Q ¼ −∮
Z Z Z

c⋅n<0
ρ c!⋅ n!� 	

d3cdA: ð5Þ

Here, n is the outward normal to the area element dA and c·n
< 0 is a global condition (not a limit of integration) that denotes
that only gas molecules that are entering the domain are count-
ed. The angle, velocity, and position of every gas molecule
entering the control volume per unit time can, in principle, be
extracted from Equation 5. A sketch of the method can be
observed in Figure 1b. While IMoS could theoretically use
the full expression for the distribution ρ in Equation 4, the
low convergence rate and mathematical complexity precludes
its use as long as the assumption of small E/N is in place.
Instead, a linearization [39, 55] is employed in such cases
where the ion velocity is small compared with the thermal
gas velocity:

ρ ¼ 1

h3π3=2
exp − c!

2
þ V
!2

−2 c!⋅V!
� �

=h2
� �

≈ρ0

þ 2 c!⋅V!
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ρ0 ¼ ρ0 þ ρ1;

ð6Þ

Figure 1. (a) Depiction of the process that MOBCAL undertakes to calculate the deflection angle of a gas molecule from a random
plane orientation. (b) Depiction of IMoS control volume in which gas molecules enter from all directions
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where ρ0 ¼ 1
h3π3=2

exp −c2=h2
� 	

is the general Maxwell

Boltzmann distribution. Since the total momentum caused by
ρ0 is 0 (zero) by definition, Equation 5 can be simplified by
using Equation 6:

Q ¼ −∮
Z

c⋅n<0
ρ1 c!⋅ n!� 	

d3cdA ¼ −∮
Z

c⋅n< 0
2 c!⋅V!
� �

ρ0 c!⋅ n!� 	
d3cdA ð7Þ

In order to get the emission angles and velocities of
the gas molecule, one must first choose the control
volume. For instance, if a cuboid is chosen, the emission
angles and velocities for the walls perpendicular to the
bulk flow must obey the relationship:

K1

π3=2h5

Z π=2
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Z 2π

0

Z ∞

0
2V c2cos2 θð Þe− c2=h2ð Þc2 sin θð Þdθdϕdc ¼ 1 ð7′Þ

which is separable in velocity and geometrical angles
and where K1 is a normalizing constant. Similarly, one
can obtain the relation for other walls and cuboids.

Once the initial position, velocity, and angles of gas
molecules are established, a Verlet algorithm is used to
numerically follow the gas molecule through potential
interactions with different atoms and charges until the
gas molecule exits the domain. When this happens, the
momentum transfer can be calculated from the difference
in velocities and the mass of the gas. Note that IMoS
allows for energy exchange to occur and therefore the
deflection angle alone is not sufficient in general to
calculate the momentum transfer per unit time. By as-
suming that all positions are equally probable, the aver-
aged drag force (i.e., the momentum transfer per unit

time) is related to the mobility and the collision cross-
section through Equation 1:

Z Ωð Þ ¼ v!drift

< FD

!

>
ð8Þ

The averaged drag force and average mobility obtained in
Equation 8 has to be differentiated from the true mobility that
can be obtained by using Happel and Brenner’s method [71, 72].

Gas Molecule Trajectories

One can opt whether or not to include potential interactions
between gas molecules and charges/atoms for both MOBCAL
and IMoS. If only hard sphere potentials are considered, the
trajectories are rectilinear and an instant reemission and change
of velocity occurs upon collision of a gas molecule with one of
the atoms. Collisions can happen a given number of times
(multiple scattering) until the gas molecule leaves the domain.
If the collisions are assumed to be specular and elastic, the
method is referred to as exact/elastic hard sphere scattering or
(EHSS) [41]. While the traditional implement of MOBCAL
can only carryout specular elastic collisions with Bfrozen^ ion
structures, IMoS can also study inelastic and diffuse hard
sphere collisions [4, 38, 39].These diffuse-inelastic type colli-
sions seem to be much more prevalent larger mass gases (N2

and Ar) at room temperature, and can be useful when studying
large biomolecules, or even coarse grained model structures,
for which interaction potentials with charges may be neglected.
The method is then termed Diffuse Hard Sphere Scattering or
DHSS.

If any other potential interactions (aside from hard sphere
potentials) are taken into account, the method is regarded as a
trajectory method (TM). Among the general possible potential
interactions between ion and gas molecule, most notable are the
Lennard-Jones potential interactions as well as the ion induced
dipole potential. Both together can be written as [40, 70]:
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Here σ and ε are the inter-particle zero potential distance and
the depth of the potential well, respectively, xi, yi, zi, and ri are
the relative distances between the atoms (or charges) and the
gas molecule, and α is the gas polarizability. IMoS and
MOBCAL can take both interactions into account when using
monoatomic gases such as He.

For diatomic nitrogen gas, a modification of the
MOBCAL method was implemented to integrate the
orientation of the molecule and ion-quadrupole potential.

The quadrupole moment is obtained by placing one
negative charge of 0.4825e on each nitrogen and one
positive charge of 0.965e in the center of the molecule.
In such a way, the quadrupole potential can be expressed
as:[73, 74]

ΦIQ x; y; zð Þ ¼
X 3

j¼1

X n
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ziz je2
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The index j denotes three different N2 charges (where 2 is
the center charge) and index i indicates the charges on the ion.
The orientation of the N2 molecule was taken into account by
assuming an appropriate weighted impact parameter. While
IMoS has its own way of taking into account the orientation
of the diatomic gas molecule [35], it will not be pursued here
since the purpose of this manuscript is to compare the results
and performances of the two methods. Instead, the ion-
quadrupole potential and the weighted gas molecule orientation
have been added to the IMoS program.

IMoS has the option of choosing which potentials to use for
each gas. One could for instance use hard sphere potentials
together with ion-induced dipole potentials. For example, if the
re-emission is assumed as diffuse and inelastic and the ion
induced dipole potential is the only potential considered, the
method is regarded as TDHSS where the T stands for trajectory
calculation.

Algorithm Testing

Both numerical programs were tested on the same Intel i7
3.6Ghz chip with four physical cores. MOBCAL is not
parallelized and it was run one instance at a time. IMoS can
be parallelized (OMP) and was run once instance at a time with
different number of threads (1, 5, and 7 threads). While a linear
increase in speed is not expected when using hyperthreaded
parallelization, the increase in speed between 5 and 7 threads is
quite notable.We also note here that MOBCAL could be easily
parallelized and a linear increase in speed would also be ex-
pected. When studying large biomolecules (>1000 atoms),
MOBCAL was too inefficient to be used and only the
parallelized version of IMoS was used on a Linux environment
using a 2.8Ghz chip with 16 threads.

Finally, the structures studied herein (listed in the
Supplementary Information) have been taken from literature
and not all of them are optimized for the gas phase. As such, the
CCSs that appear in this manuscript will not necessarily agree
with experimentally measured CCSs; the structures simply
serve to facilitate comparison between the two methods. Sim-
ilar results that would be obtained in comparison were random
structures chosen to validate the methods. Among the struc-
tures studied, supplementary information shows CCSs calcula-
tions for proteins (kindly provided by Iain Campuzano [70]),
tetra-alkylammonium salts, fullerenes, ionic liquids, polyethyl-
ene glycol homo-polymer molecules, and proteins (kindly pro-
vided by Morgan Lawrentz and Iain Campuzano).

Results and Discussion
A cross-check of the results is obtained by comparing both
programs in terms of efficiency and performance considering
possible discrepancies, while trying to maintain equivalent
parameters and potentials for each of the algorithms and for
each gas examined. Simulations were run with the same num-
ber of gas molecules (or trajectories in the case of MOBCAL)
for both programs; 9 ⋅ 105 molecules in He and 4 ⋅ 105

molecules in N2. The uncertainty (~<0.1%) obtained when
using such a large number of gas molecules is small enough
that it can be obviated and was not studied here. The perfor-
mance of each code was then tested by comparing MOBCAL
to IMoS 1, 5, and 7 thread execution. When studying large
molecules (>1000 atoms), different interaction approximations
using different potentials were compared and interpreted in
IMoS.

Figure 2a shows the calculated CCS comparison between
MOBCAL and IMoS in He for three different methods, PA
(projection approximation, which treats the CCS as equivalent
to the orientationally averaged project area as was based on
2000 random orientations), EHSS, and the trajectory method.
All three methods were employed to calculate the CCS of 47
different organic ions, including bioactive molecules, tetra-
alkylammonium salts, fullerenes, ionic liquids, polyethylene
glycol homo-polymer molecules, and proteins. To make PA
and EHSS methods comparable for IMoS and MOBCAL, the
same vdw radii were used for the sum of the atom and gas
molecule (Supplementary Table S1b). For the TM method, the
same Lennard-Jones potential parameters were used (Supple-
mentary Table S1c). The temperature was kept constant at
301 K and the polarizability for the ion-induced dipole poten-
tial was chosen to be 0.2073 A3. For a list of the molecules,
vdw radii, and parameters used in the calculations, as well as
for numerical results, we refer readers to Supplementary
Table S1.

The resulting difference in CCS when using EHSS or PA is
within <1%, and for most structures it is well below 0.1%.
When testing trajectory methods, the calculated difference is
slightly larger, but is still within 1%. This difference increased
with fullerenes to 1.5% on average. The reason for such dif-
ference could not be pinpointed exactly, but it likely arises
because of the inherent differences in the algorithms. IMoS
considers collisions from all directions at every orientation with
correctly distributed numbers of gas molecules entering the
front and the back of the domain (more on the front). The
relative velocities of the gas molecules from the front and the
back are also slightly different (to account for the ion moving),
which makes the trajectories different (See discussion in [39]).
Finally, IMoS uses an adaptive time step (versus MOBCAL’s
constant time step) that minimizes errors by keeping the accel-
eration term from being too large. This becomes especially
important close to large clusters of atoms and charges where
the force term can become very large. In all, IMoS and
MOBCAL treat trajectories differently and should yield slight-
ly different results when using the same Lennard-Jones pairs.
However, a small variation of the Lennard-Jones parameters (a
factor of 1.015) in IMoS will yield values that are within 0.5%
of those provided by MOBCAL for fullerenes.

Figure 2b shows the results when comparing CCS in N2 for
16 different molecules. Only the TM method is shown as the
comparison that the other two methods, PA and EHSS, would
be intrinsically the same as in He. The trajectory method,
conversely, now considers the ion-quadrupole potential pro-
vided in Equation 10, which dramatically increases the total
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computational time and precludes the study of molecules larger
than 100 atoms for MOBCAL. The temperature during the
calculation remained at 301 K while the polarizability used
for N2 is 1.7 A

3. Once again it is shown that the error difference
between MOBCAL and IMoS is minimal; it is below 1% for
most of the cases studied and slightly higher than 2% for only
two of the molecules presented. Supplementary Table S2
shows a list of the numerical results and parameters used for
the calculation in N2. Although not attempted in this manu-
script, a 4-6-12 potential with optimized Lennard-Jones param-
eters could be used alternatively to the ion quadrupole poten-
tial. These Lennard-Jones parameters would have to be opti-
mized so that they also account for the ion-quadrupole poten-
tial. In this instance, the TM in N2 is expected to be as
computationally expensive as it is in He.

With demonstration that IMoS and MOBCAL agree quan-
titatively to a high degree, it is reasonable to test the perfor-
mance of both methods. Since MOBCAL calculates all three
methods simultaneously, PA, EHSS, and TM, an option was to
not modify the algorithm and to compute the total completion
time of the program. This option seemed reasonable since it
benefits from not having to modify the code and because TM
accounts for more than 90% of the total computational time in
all cases studied. To make an acceptable comparison between
IMoS and MOBCAL, IMoS was also run for the same three
methods. Figure 3a shows the total completion time in He for
IMoS andMOBCAL as a function of the number of atoms. The
first thing to note is that the time for both methods increases
approximately linearly with the number of atoms, although
there is a minimum base cost that can be observed as the
number of atoms gets lower. When comparing MOBCAL

and IMoS on a 1:1 core ratio, IMoS is around one order of
magnitude more efficient than MOBCAL. This can be in-
creased to about two orders of magnitude when up to seven
cores are used (on a four physical plus four virtual machine).
The increase in speed per number of cores is not linear but
significantly close. This linear increase can be explained by the
fact that each gas molecule calculation is computed indepen-
dently of each other, given that all calculations are performed in
the free molecular regime, and can be easily parallelized. One
can expect the difference to increase several-fold when 16 or 24
cores are used.

Figure 3b shows the total time as a function of the number of
atoms when either MOBCAL or IMoS (only seven cores are
shown) are used in diatomic nitrogen. As stated above, the
addition of the ion-quadrupole potential significantly increases
the computational time required, which becomes computation-
ally burdensome when using MOBCAL. Despite the drop in
speed, the linear dependence of time with the number of atoms
can still be observed in bothmethods.While IMoS still requires
approximately 100 s for the 70 atom structure, the computa-
tional time for MOBCAL is already in the tens of thousands of
seconds for tens of atoms, precluding a reasonable comparison
of both calculations for structures that are larger than a hundred
atoms.

Although IMoS has the advantage of being parallelizable
and providing trajectory method CCSs for structures of tens of
thousands of atoms in modest time, doing full TM for large
biomolecules (up to tens of thousands of atoms) remains com-
putationally expensive and time-consuming, especially in the
case of N2. As molecules become larger, however, the interac-
tion between gas molecules and each individual atom and/or
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charge becomes less significant, particularly for atoms/charges
that are far away, and can be substituted for a reasonable
assumption. Although the assumption might differ from one
gas to the other, there can be some simplifications that can lead
to general corrections. This process can either be done by
adding different contributions or by substituting these contri-
butions for a more general parameter. Some of such simplifi-
cations are implemented in IMoS and will be tested and
compared.

For example, EHSS is a simplification that is effective for
CCS calculations in He. In He, the attractive component of the
Lennard-Jones potential is small (very small well depth) and
decays at the rate of 1/r6 as one moves far away from the atom
while the repulsive component is still considerably large when
the gas molecule collides with the atom. These two effects can
be easily substituted by a slightly larger atom using hard sphere
potentials. Another possible simplification could be to substi-
tute the Trajectory Method for a simple Projected Area Algo-
rithm since the algorithm seems to work well for small struc-
tures with values that are reasonably close to TM. Shown in
Figure 4a is the ratio between TM and EHSS and TM and PA
for several structures in He in the range of tens of thousands of
atoms. Note that at large sizes, the PA by itself cannot yield
good estimates while EHSS still remains an acceptable solution
even at tens of thousands of atoms. The reason behind the
observed difference lies in the scattering effect that occurs in
larger structures and that is neglected in the projected area
method. In general, using the EHSS method would therefore
be much faster and perhaps just as precise as using the more
sophisticated TM method for larger molecules. The sound
agreement between EHSS and TM in He shown here is well
known, and empirical and semi-empirical laws have been put
in place to relate the two calculations [4, 35, 75].

While EHSS offers a good alternative to TM inHe, it fails to
give a good approximation in heavier gases such as N2 or Ar
even for the smallest of ions (although it seems to asymptoti-
cally converge to the TM CCS for clusters larger than 30,000
atoms) [4]. This is shown in Figure 4b for ions up to 70 atoms
where the TM/EHSS ratio seems to yield high values close to
1.8 for the smallest structures and starts to drop towards a value
between 1.25 and 1.5. The large difference observed for the
smallest ions (up to 30 atoms) can be attributed to the ion-
induced dipole potential. This potential rapidly decays and
should only account to approximately 1% for the 70 atoms
molecule (C70 fullerene) [39], where there remains an observ-
able difference. This observed discrepancy in heavier gases can
arguably be related to the re-emission of the impinging gas
molecules being diffuse instead of specular (when considering
frozen ion structures), as noted by Epstein in 1924 [46], pre-
cluding the possible use of EHSS in heavier gases [4, 38, 39].
The diffuse nature of the remission could either come from the
physical action–reaction transfer caused by a much heavier
atom (N versus He) on a vibrating atom, which could not
directly be explained by the TM method since it does not
consider translation/vibrations of atoms, or it could come from
the effect of multiple Lennard-Jones potential wells (much
stronger than in the case of He) of collision-adjacent atoms,
which reorient the gas molecule in a non-specular direction.
Whether it is an effect of physical momentum transfer or just a
potential interaction or a mixture of both, an approximation
could tentatively be proposed instead of the full trajectory
method for larger ions. The most logical approximation that
one can immediately apply is to consider the re-emission to be
completely diffuse (DHSS) using a slightly modified velocity
distribution. This modified distribution in IMoS is chosen in
this case so as to match the constant value inferred by Millikan
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in his oil drop experiments of 1.36 [52]. This method benefits
from not having to calculate the Lennard-Jones interaction
between the gas molecule and atoms, significantly decreasing
the number of operations at every iteration. Figure 5a shows the
comparison between DHSS, DHSS accounting for the ion

induced dipole potential (TDHSS) and TM for multiply
charged ions. Given the large simplification, the agreement of
the methods when the ion-induced dipole potential is included
is quite remarkable, having errors of only a couple percent for
most of the cases studied for a fairly large range of sizes.
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Additional computational cost derives from calculating the
ion-induced dipole potential between partial charges in every
atom and the corresponding gas molecule. Since the interaction
potentials decay extremely fast as one gets far from the center
of the atom and given that all directions are equally probable
(small dipole effects will cancel out), another approximation
for large molecules is to locate the overall charge value either
only on the center of the molecule (if possible) or on the
appropriate charge carriers, leaving the rest of the atoms neu-
tral. Figure 5b shows the difference in CCS between applying
partial charges (taken from Amber forcefield) or applying the
charges directly in the center for large biomolecules. As ex-
pected, the error associated with not applying partial charges to
the atoms is negligible (<2%) for such large molecules.

Figure 6 shows the time comparison for the TM (not using
ion-quadrupole potential) and TDHSS methods with and with-
out charges using 16 cores. For such large entities, the effect of
the ion quadrupole is minimal but increases the calculation by an
order of magnitude and was excluded from these calculations.
Note that the choice of TDHSS without partial charges reduces
the total time by a factor of 30 without incurring in a large error.
This is very significant for protein kinase (PK protein) where the
time is reduced from several hours to around 15 min.

While this simplification is substantial, ideally one can
simplify the calculations even more if there were a simple
way to infer the contribution of the ion induced dipole potential
and the enhancement due to scattering. If these were known,
one could infer the CCS by just calculating the average
projected area and adding the contributions. For example, the
CCS could be given by [38, 39]:

Ω ¼ L ξPA ð11Þ

where L is a correction factor to take into account the ion
induced dipole potential and ξ is the reemission enhancement.
The reemission enhancement, otherwise known as accommo-
dation coefficient, is known to be constant and close to 1.36 in
the case of nitrogen [52] but needs to be experimentally derived
for He. Shown elsewhere [38, 39] and in good agreement with
calculations reported by Mason and McDaniel, L can be ap-
proximated for a sphere in N2 by the equation:

L≃ 1þ Aφe 1þ 1

ξ
5

22
þ 5

7
φe

� �� �� �
if φe≤1 ð12Þ

where A = (1/5, 3/5) is a numerically derived parameter select-
ed to be 2/5 here , ξ i s chosen to be 1 .36 , and

φe ¼ Upol
dpþdg

2

� �
=kT denotes the polarization potential

Upol ¼ αz2e2
8πϵϵ0r4i

evaluated at the surface ri=(dp+ dg)/2 assuming

that all charges are in the center. In the case of non-spherical
particles, (dp+ dg)/2 can be approximated by the value
(PA/π)1/2 as long as the atom structure does not deviate too
much from a globule. This semi-empirical equation is formed
by a correction due to direct impingement of molecules plus a
correction due to grazingmolecules (those inside the factor 1/ξ)
that do not directly impinge but still transfer momentum.
Figure 7 shows the comparison between the TM method and
the approximation in Equation 11 for N2. This simplification
works remarkably well at room temperature and should hold
for small changes in temperature. When the projected area
correction is employed, the total time taken to perform calcu-
lations of structures over 10,000 atoms is of only a few s.

Finally, needless to say, many of these simplifications will
also work with coarse grained molecules due to the fact that
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most of the simplifications applied inherently adapt to coarse
grained model structures [76]. TDHSS without partial charges
or the simplification used in Equation 12 should yield very
similar results whether applied to an all-atomic structure or to a
simplification of the same structure using only approximations
of major components.

Conclusions
A benchmark comparison between different algorithms has
been performed to compare efficiency and performance of
existing numerical algorithms and their simplifications. The
following conclusions can be extracted from the study:

1) IMoS and MOBCAL are inherently different numerical
programs. Nonetheless, when Chapman-Enskog simplifica-
tions are performed with IMoS, the CCS results between the
two algorithms are comparable.

2) IMoS and MOBCAL yield very similar results (in general
<1% difference) when the same conditions are applied for
the compounds studied herein and for all methods studied:
PA, EHSS, and TM with and without ion-quadrupole po-
tentials for He and N2, respectively. Note that given that
bothmethods have a different approach, this agreement only
strengthens the validity of both programs and the approxi-
mations used.

3) Using the same number of gas molecules, IMoS is about
one order of magnitude more efficient thanMOBCAL in all
the cases studied.

4) IMoS can be parallelized and its increase in speed is close to
linear with the number of processors.

5) When large biomolecules need to be studied, the algorithms
are not nearly efficient enough even when 16 processors are

used. Therefore, simplifications of the algorithms are
proposed.

6) Simplifications of He include the EHSS algorithm, which
seems to be very suitable for large biomolecules due to its
simplicity, its efficiency, and its reckoning of the scattering.
Simplifications done in N2 include the TDHSS model for
structures larger than 200 atoms with and without partial
charges and the correction to the projected area used in
Equation 11.

7) Simplifications used in N2 could be extrapolated to coarse
grained models because of its inherent simplification of
collisions and potentials.

This study is only meant as a comparison between existing
algorithms to calculate CCS and to attest their validity.
MOBCAL could most likely be written as efficiently as IMoS
and the comparison in speed between the two methods only
serves the purpose of showing how efficiency and suitable
approximations can decrease the total computational time sev-
eral orders of magnitude.

Supplemental Information
A list with the numerical results from the computations, the
relative accuracy, speed and parameters used have been added
to the supplementary information. An output of the IMoS
software has also been added. An executable of IMoS is
available from www.imospedia.com.
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