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Abstract. Two corrections to the equation used in the cross-sectional areas by
Fourier transform ion cyclotron resonance (BCRAFTI^) technique are identified. In
CRAFTI, ion collision cross-sections are obtained from the pressure-dependent ion
linewidths in Fourier transform mass spectra. The effects of these corrections on the
accuracy of the cross-sections obtained using the CRAFTI technique are evaluated
experimentally using the 20 biogenic amino acids and several crown ether com-
plexes with protonated alkyl monoamines. Good absolute agreement is obtained
between the CRAFTI cross-sections and the corresponding cross-sections obtained
using both static drift ion mobility spectrometry and computational simulations. These
results indicate that the CRAFTI cross-sections obtained using the updated equation

presented here are quantitatively descriptive of the size and shape of the gas-phase ions. Cross-sections that
differ by less than 3% are measured for the isobaric isomers n-butylamine and tert-butylamine complexed with
the crown ethers. This level of precision is similar to what has been achieved previously using traveling wave ion
mobility devices. These results indicate that CRAFTI can be used to probe subtle structural differences between
ions with approximately the same precision as that achieved in traveling wave ion mobility devices.
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Introduction

The mobility of ions through inert buffer gases and the
corresponding ion collision cross-sections are valuable

measures for determining the size and shape of gas-phase ions
[1, 2]. The mobility and cross-section of an ion depend on
multiple factors, including the shape, mass, and charge state of
the ion, the temperature of the buffer gas, and interactions
between the ion and the buffer gas [3]. Ions can be separated
on the basis of mobility using ion mobility spectrometry (IMS)
devices, such as static drift tube [4, 5], traveling-wave [6, 7],
field-asymmetric [8, 9], and aspiration [10, 11] type devices.
These devices have been used to study a wide range of chem-
ical species, including atomic ions [12, 13], small clusters [13,
14], biopolymers [15–17], and biopolymer complexes [18, 19].
The cross-section of an ion can be obtained directly from the

ion drift time in static drift tube devices when all experimental
conditions are known or by calibrating the ion drift times in
either static drift or traveling wave devices using ions with
known collision cross-sections [20–22]. However, in IMS ex-
periments, ions undergo multiple collisions with the buffer gas,
and these collisions can induce ion heating and result in con-
formational changes within the ion [23]. These drawbacks have
prompted the development of newmethods for determining the
collision cross-sections of ions.

Two methods [24, 25] have recently been introduced for
determining the cross-sections of ions from the ion linewidths
in Fourier transform ion cyclotron resonance (FTICR) mass
spectra. These methods are similar, though they differ in data
analysis techniques, and have been used to investigate various
chemical species, including supramolecular complexes [24,
26], the 20 biogenic amino acids [27], several small peptides
[25, 28], and variously charged cytochrome c and ubiquitin
ions [25, 28]. FTICR linewidth measurement techniques have
the advantage that single ion-neutral collisions result in
dephasing of the ion packet. Thus, any distortion in ion shape
or any ion heating that may occur is not reflected in the
resulting collision cross-section value. At high kinetic energies,
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collisions can result in ion dissociation. Ion dissociation chang-
es the cyclotron frequency and removes ions from the coher-
ently orbiting packet necessary for ion detection. Dissociation
therefore dampens the time domain signal and broadens the
frequency domain linewidth [26]. The relative error in FTICR
linewidth measurements also decreases with increasing ion
kinetic energy [26]. Therefore, increased analytical perfor-
mance is generally obtained with increasing ion kinetic energy
[26]. Sufficiently massive neutral collision gases should also be
used so that single ion-neutral collisions result in complete ion
dephasing.

The FTICR linewidth measurement technique used here is
known as cross-sectional areas by Fourier transform ion cyclo-
tron resonance mass spectrometry (CRAFTI). Similar trends
are generally observed in the ion cross-sections measured using
CRAFTI and IMS techniques [24, 27]. However, absolute
agreement between these two techniques has thus far been poor
[24, 27]. This is partially because in FTICR linewidth mea-
surements, the ions undergo single, relatively high-energy col-
lisions that occur in the hard-sphere collision regime, whereas
in IMS, the ions undergo numerous, relatively low-energy
collisions that occur in the Langevin collision regime [27].
Because of the low velocity Langevin collisions that occur in
IMS, long-range ion-neutral interactions play a significant role
in determining the ion collision cross-section, whereas in the
high velocity hard-sphere collisions that occur in CRAFTI,
long-range ion-neutral interactions play only a small role.
Therefore, the cross-sections obtained using CRAFTI should
be smaller than the corresponding IMS values. However, we
have also recently discovered that two major errors were made
while developing the CRAFTI technique. The effects that
correcting these errors have on the accuracy of the collision
cross-sections obtained using CRAFTI are evaluated using
both the 20 biogenic amino acids and several crown ether
complexes containing protonated alkyl monoamines. Good
absolute agreement is obtained between the cross-sections
obtained here using the newly corrected CRAFTI technique
and the cross-sections obtained using both static drift IMS and
computational simulations. These results suggest that the ion
collision cross-sections obtained with the newly corrected
CRAFTI technique are quantitatively descriptive of the size
and shape of the ions.

Experimental
All experiments were performed using a Bruker model APEX
47e Fourier transform ion cyclotron resonance mass spectrom-
eter with an Infinity trapping cell [29, 30], a micro-electrospray
source modified from an Analytica (Branford, MA, USA)
design, and a metal capillary drying tube based on the design
of Eyler et al. [31]. Data were acquired using a MIDAS
Predator data station [32]. Radio frequency (rf) excitation am-
plitudes were measured using an oscilloscope at the output of
the final excitation amplifier. Argon collision gas was intro-
duced into the FTICR cell using a Freiser-type pulsed leak

valve [33], and the pressure inside the cell was controlled by
varying the duration of the leak valve pressurization event.
Absolute pressures in the cell were determined from the Ar+

linewidths in Ar background gas at each pulsed leak valve
pressurization duration, as described in detail elsewhere [34].
Pressure measurements were performed both before and after
each CRAFTI measurement, and the average pressures were
used in determining the CRAFTI cross-section values.

Procedures for obtaining ion collision cross-sections using
the CRAFTI technique are described in detail elsewhere [24].
Briefly, ions are excited with a single-frequency waveform at
their resonant frequency in the presence of neutral argon. The
full width at half maximum (FWHM) linewidths of the ions in
the resulting mass spectra collected at various Ar pressures are
obtained from the mass spectra using the Igor Pro software
package (ver. 6.37; Wavemetrics, Lake Oswego, OR, USA).
Plots of linewidth versus collision gas number density are
generally linear, and the slopes obtained from these plots are
used to determine the CRAFTI cross-section values.

Molecular mechanics simulations were performed using the
Spartan '14 package (Wavefunction, Inc.; Irvine, CA, USA)
with the included Merck Molecular Force Field. Conforma-
tional searches were conducted for each ion of interest using
Spartan’s Conformer Distribution module, typically examining
10,000 starting structures or performing an exhaustive search,
whichever is smaller. A Boltzmann distribution for the
resulting conformers was determined using the relative ener-
gies from the minimized force field calculations. The momen-
tum transfer collision cross-section for each of these con-
formers in helium was determined using the projection approx-
imation and the exact hard sphere scattering methods using the
MOBCAL package [35–39]. IMS cross-sections for the crown
ether complexes and the amino acids are taken from references
[40, 41], respectively. Previously reported CRAFTI cross-
sections for the amino acids are taken from reference [27].

Ammonia, tert-butylamine, n-alkyl monoamines containing
between 1 and 9 carbon atoms, 12-crown-4, 15-crown-5, and
18-crown-6 were purchased from Sigma-Aldrich (St. Louis,
MO, USA); glacial acetic acid from EMD Millipore (Billerica,
MA, USA); HPLC grade methanol from Fisher Scientific
(Hampton, NH, USA); HPLC grade water fromAvantor (Center
Valley, PA, USA); and argon gas (99.995% purity) from Airgas
(Radnor, PA, USA). Electrospray solutions were prepared with
crown ether and amine concentrations of 100 and 200 μM,
respectively, in 49.5/49.5/1 water/methanol/acetic acid.

Theory
The equation used previously to determine CRAFTI collision
cross-sections from FWHM linewidths is given in Equation 1:

σor ¼ FWHM

nneutral

mion þMneutralð Þ
Mneutral

mion

q

d

βVpptexc
ð1Þ

where σor is the cross-section determined using this original
equation, nneutral is the neutral collision gas number density,
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mion andMneutral are the masses of the ion and neutral collision
gas, respectively, q is the ion charge, d is the diameter of the
FTICR trapping cell, β is the geometry factor for the trapping
cell (0.897 for an Infinity cell [30], such as that used here), Vp-p

is the peak-to-peak amplitude of the single-frequency rf exci-
tation pulse, and texc is the duration of the excitation event.
Equation 1 was derived in part using the ion-neutral collision
rate in a drift ICR device [42] (ξdrift,ICR), as described in
Equation 2:

ξdrift;ICR ¼ Mneutral

mion þMneutral
σnneutralv ð2Þ

where σ is the ion cross-section and v is the ion velocity. In a
drift ICR device, the ion undergoes repeated collisions with the
neutral buffer gas (mean free path of perhaps a few cm or less
under typical conditions), resulting in a loss of kinetic energy
proportional to the reduced mass of the ion-neutral pair. Thus,
the ion velocity and ion-neutral collision rate in such a device
depends on the reduced mass of the system. However, in
CRAFTI experiments, the pressure is typically 4 orders of
magnitude lower, such that ions have a mean free path of
hundreds of meters. The ions are dephased by single ion-
neutral collisions, and the probability of a single ion-neutral
collision occurring does not directly depend on mass but rather
on the ion velocity, the collision cross-section, and the neutral
collision gas number density. Thus, the ion-neutral collision
rate in a CRAFTI experiment (ξCRAFTI) should be written as
Equation 3:

ξCRAFTI ¼ σnneutralv ð3Þ

Because the reduced mass term is eliminated from the equation
describing the collision rate in a CRAFTI experiment, the
inverse of this term should also be removed from the CRAFTI
equation (Equation 1). This is consistent with the method for
obtaining collision cross-sections from FTICR linewidth mea-
surements derived by Xu and co-workers, which also does not
depend on the reduced mass of the ion-neutral pair [25, 28].

It was also assumed in deriving Equation 1 that the frequen-
cy domain FWHM linewidth is equal to the ion-neutral colli-
sion rate, which is essentially the same as the decay constant of
the ion transient. This assumption is evaluated here by taking
the Fourier transform of synthetic ion transients with different
decay constants and comparing those decay constants to the
FWHM linewidths in the resulting frequency domain mass
spectra. Synthetic ion transients were generated by modeling
the decaying ion transients as exponentially damped sine
waves, as shown in Equation 4:

It ¼ Ioe
−ctsin ωtð Þ ð4Þ

where t is time, Io and It are the ion signal intensities at times 0
and t, respectively, c is the transient decay constant, and ω is
the ion cyclotron frequency. The synthetic transients were
generated using an ion cyclotron frequency of 198.9 kHz,
which is typical for the m/z range we frequently work in and

corresponds to m/z 360.4 in a 4.7 T magnetic field. Decay
constants of between 25 and 85 Hz were used.

A representative synthetic transient and the frequency do-
main mass spectrum resulting from the Fourier transformation
of this synthetic transient are shown in Figure 1a and b, respec-
tively. The FWHM linewidths obtained from Fourier transfor-
mation of the transients are shown in Figure 1c as a function of
the decay constants. A linear correlation is observed between
the FWHM linewidths and the ion transient decay constants,
with a y-intercept of 0 and a slope of 1/π. These results indicate
that the collision frequency is not equal to the FWHM
linewidth but to the FWHM linewidth multiplied by a factor
of π, indicating that an added factor of π should be included in
the CRAFTI equation. In sum, the two corrections made here
result in the corrected CRAFTI equation:

σcor ¼ FWHM

nneutral

mion

q

πd
βVpptexc

ð5Þ

where σcor is the ion collision cross-section calculated using
this corrected equation. These corrections make our analysis
equivalent to that used by Xu and coworkers [25], except that
they extract decay constants by fitting the time domain tran-
sient, whereas our approach is to use the frequency domain
linewidth.

Results
Corrected Amino Acid Cross-Sections

CRAFTI cross-sections were previously obtained for the 20
biogenic amino acids using Equation 1 and a 1.9 keV labora-
tory frame kinetic energy. The cross-sections for these amino
acids are recalculated here using Equation 5. The argon number
densities used to calculate the original CRAFTI cross-sections

Figure 1. (a) A synthetic FTICR ion transient and (b) the fre-
quency domain ion peak resulting from Fourier transform of the
synthetic transient in (a). The FWHM linewidth is denoted by a
red bar. (c) Frequency domain FWHM linewidth as a function of
the theoretical ion transient decay constant. Dashed lines in (b)
and (c) are Lorentzian and linear fits to the data, respectively
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were also measured using FTICR linewidth measurements.
Therefore, the values obtained previously for the argon number
densities were also corrected on the basis of the errors
discussed above. The corrected CRAFTI cross-sections as well
as the corresponding IMS cross-sections and cross-sections
computed from molecular structures for the amino acids are
plotted in Figure 2 and listed in the Supporting Information
(Table S-1). Similar cross-sections are obtained using each
method and similar trends are observed between all of the
different sets of cross-sectional values.

To determine how the corrections made here affect the
CRAFTI collision cross-sections and their correlation to
IMS cross-sectional values, both the original and newly
corrected amino acid CRAFTI cross-sections are plotted
as a function of the corresponding IMS cross-sections in
Figure 3. The slope obtained between the newly
corrected CRAFTI values and the IMS values (1.4) is
significantly closer to unity than that obtained between
the original CRAFTI values and the IMS values (6.2).
The systematic offset of the CRAFTI cross-sections from
the IMS values, indicated in Figure 3a as the y-intercept,
b, is also ~6 times smaller for the corrected cross-
sections (–108) than for the original cross-sections (–
596). The CRAFTI cross-sections (which were measured

in argon) are also compared with the IMS cross-section
values obtained for the amino acids in helium and nitro-
gen (Figure 3b, green diamonds and grey triangles, re-
spectively). Similar slopes, m, are obtained between the
CRAFTI cross-sections and the IMS values measured in
helium (1.3), argon (1.4), and nitrogen (1.4). However, a
lower systematic offset and a higher R2 value are ob-
tained with helium (–19 and 0.98, respectively) than with
argon (-–108 and 0.93, respectively) or with nitrogen (–
125 and 0.89, respectively).

Figure 2. Comparison of cross-sections for the protonated
biogenic amino acids determined using computational exact
hard sphere scattering (EHS, brown filled diamonds) or projec-
tion approximation (PA, blue filled circles) methods [27], drift ion
mobility spectrometry (IMS, red open diamonds) [41], and
cross-sectional areas by Fourier transform ion cyclotron reso-
nance using Equation 5 (CRAFTI, black open circles). Lines
serve only to help in identifying patterns. Note that all values
are for cross-sections in He collision gas at thermal energies
except those from CRAFTI, which were from 1.9 keV (lab)
collisions in Ar

Figure 3. (a) CRAFTI collision cross-sections for the 20 bio-
genic amino acids calculated previously using Equation 1 (or-
ange squares) and the corrected cross-sections for these same
amino acids calculated using Equation 5 (blue circles) as a
function of the corresponding IMS cross-section values [41].
Data points are mean values of 3 or more measurements, with
error bars representing ± one standard deviation. Both the
CRAFTI and IMS values in (a)were obtained using argon buffer
gas. (b) Corrected CRAFTI cross-sections for the 20 biogenic
amino acidsmeasured in argon as a function of the correspond-
ing IMS cross-sections measured in nitrogen (grey triangles),
argon (blue circles), and helium (green squares). Dashed lines
are linear fits to the data. Regression statistics are reported in
the different panels (m = slope, b = y-intercept, and R2 = the
coefficient of determination)
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Cross-Sections of Crown Ether n-Alkyl Monoamine
Complexes

To further evaluate the accuracy of the collision cross-sections
obtained with the newly corrected CRAFTI Equation (Equa-
tion 5), CRAFTI cross-sections were measured for complexes
of crown ethers with ammonia and various alkyl monoamines.
Crown ether complexes have been extensively studied as mod-
el systems for biological host–guest interactions [43–46] and
more recently as shift reagents, which complex with peptides
and enable the separation of isobaric peptide species using IMS
[47]. The crown ethers used here include 12-crown-4, 15-
crown-5, and 18-crown-6 (Figure 4a–c, respectively). The
amines used include the n-alkyl monoamines containing be-
tween 1 and 9 carbon atoms and tert-butylamine. Tert-
butylamine was selected because it has the same mass but a
different structure and cross-section than n-butylamine. There-
fore, measuring the CRAFTI cross-sections of the crown ether
complexes with these two butylamine isomers will provide a
measure of the ability of the CRAFTI technique to distinguish
between isomeric structures. The crown ether CRAFTI cross-
sections were measured using a constant center-of-mass frame
kinetic energy of 130 eV. This energy was selected because it
results in good signal intensity for the ions and requires only a
short excitation event, which is desirable to minimize the
possible influence of collisions during the excitation. Singly-
charged 1:1 complexes are observed between the crown ethers
and the protonated monoamines. The CRAFTI cross-sections
obtained for these different complexes, as well as the corre-
sponding static drift IMS, projection approximation, and exact
hard sphere scattering cross-sections, are listed in the
Supporting Information (Tables S-2, S-3, and S-4 for the 12-
crown-4, 15-crown-5, and 18-crown-6 complexes,
respectively).

The CRAFTI cross-sections of the different complexes are
shown in Figure 5 as a function of the number of carbon atoms
in the amine. For guest ions with the same number of carbon
atoms, the cross-sections increase with increasing crown size.
Similarly, the cross-sections of the different crown ether com-
plexes increase as the number of methylene groups in the alkyl
chain increases. This is consistent with several other studies
that show a linear increase in cross-section for homologous
compounds as chain length increases [48–51]. For the un-
branched amines, the cross-section increases on average by
~6.4, ~6.0, and ~5.2 Å2 per additional methylene group for
the 12-crown-4, 15-crown-5, and 18-crown-6 complexes,

respectively, though interestingly on average only about a
2.6 Å2 difference is observed between the ammonium and
methylammonium complexes of each crown ether. Different
CRAFTI cross-sections are also obtained for the n- and tert-
butylamine isomer complexes, with the n-butyl isomer com-
plexes resulting on average in 3.6 ± 0.3 Å2 or 2.8 ± 0.2% larger
cross-sections than the tert-butyl isomer complexes.

Discussion
Evaluation of the Corrected CRAFTI Equation

In Figure 3a, the original and corrected CRAFTI cross-sections
of the biogenic amino acids are plotted as a function of the
corresponding IMS cross-sections. A significant improvement
is seen in both the slope and y-intercept obtained between the
corrected CRAFTI cross-sections and the IMS values com-
pared with those obtained for the original CRAFTI cross-
sections and IMS values. The slope obtained for the corrected
amino acid cross-sections (1.4) is substantially closer to unity
than that obtained for the original CRAFTI values (6.2). This
result suggests that the CRAFTI cross-sections obtained with
Equation 5 are significantly more quantitatively descriptive of
the three-dimensional shape and size of the ions than the
CRAFTI cross-sections obtained previously using Equation 1.

The still significantly large y-intercept obtained for the
corrected amino acid cross-sections (–108) likely primarily
results from the difference in energy regimes in which colli-
sions occur during CRAFTI and IMS measurements, with the
hard-sphere collisions that occur in CRAFTI resulting in small-
er cross-sectional values than the Langevin collisions that occur
in IMS devices. Support for this idea is obtained by comparing
the corrected CRAFTI cross-sections of the biogenic amino
acids with the IMS cross-sections of the amino acids measured

Figure 4. Skeleton formulas of (a) 12-crown-4, (b) 15-crown-5,
and (c) 18-crown-6

Figure 5. CRAFTI collisional cross-sections of 12-crown-4
(triangles), 15-crown-5 (squares), and 18-crown-6 (circles) com-
plexed with protonated alkyl monoamines as a function of the
number of carbon atoms in the amine. All of the alkyl amines are
substituted with a single unbranched carbon chain with the
exception of tert-butylamine, which is denoted by Bt^
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in nitrogen, argon, and helium (Figure 3b, grey triangles, blue
circles, and green diamonds, respectively). The polarizability
of helium (1.38 Å3) [52] is significantly smaller than that of
argon (11.07 Å3) [53, 54] or nitrogen (11.78 Å3) [53]. There-
fore, ion-induced dipole interactions play a significantly small-
er role in the collisions that occur with helium than in those that
occur with argon or nitrogen. Similar slopes are obtained
between the CRAFTI cross-sections and the IMS values mea-
sured in helium (1.3), argon (1.4), and nitrogen. However, the
systematic offset is nearly 6-fold smaller with helium (–19)
than with argon (–108) and nearly 7-fold smaller with helium
than with nitrogen (–125). The smaller offset obtained with
helium than with argon or nitrogen suggests that long-range
ion-induced dipole interactions do not play a significant role in
determining CRAFTI collision cross-sections.

Because the van der Waals radius of Ar is about 0.40 Å
larger than that of He [55], we would expect to measure larger
cross-sections using Ar collision gas than would be observed
using He. This is exactly what is seen in IMS experiments at
thermal energies. Cross-sections for the protonated amino
acids, for example, average about a factor of 2 larger when
measured in Ar than when measured in He [41]. Under hard
sphere collision conditions, in which ion-induced dipole inter-
actions should not play a large role, we would expect the
difference to be smaller. One way to gauge the expected
difference is to use the cross-sections computed using the
projection approximation, which assume collisions with He,
along with the difference in van derWaals radii of He and Ar. If
we assume that the rotationally averaged ions are spherical,
they will have circular projection approximation cross-sections
and we can calculate the radius of the ion+He, rHe, from the
MOBCAL results (rHe = (cross-section/π)1/2). We adjust for Ar
collision gas by adding the difference Δ in the van der Waals
radii of He and Ar to this value, such that the cross-sectional
radius in Ar, rAr, is given by rAr = rHe + Δ, and the cross-section
in Ar is just πrAr

2. For an ion that has a projection approxima-
tion cross-section of 100 Å2 in He, this method yields an
estimated cross-section of 114.7 Å2 in Ar.

Assuming hard sphere collisions, we can get a rough idea of
the effect of collision energy on measured cross-sections by
examining experimental data for the Ar + Ar+ collision cross-
section as a function of energy [56]. At a center-of-mass
reference frame collision energy of 5 eV, this cross-section is
94.2 Å2, but the cross-section falls to 66.5 Å2 at 119 eV (similar
to the energy used for the crown ether experiments) and to only
52 Å2 at 500 eV (similar to the energies used in the amino acid
experiments). Thus, we expect collision energy to play a larger
role than the size difference between He and Ar. For the amino
acids, the thermal-energy IMS cross-sections in Ar range from
about 3 times larger (for Gly) down to about 1.6 times larger
(for Trp) than the 1.9 keV (lab frame) cross-sections measured
using CRAFTI in Ar (see Supporting Information, Table S-1).
The fact that the ratios are smaller for the heavier amino acids
likely reflects the decrease in center-of-mass kinetic energies as
the amino acid mass increases. Therefore, it is perhaps not
surprising that high energy collisions with Ar result in cross-

sections that are comparable to or smaller than those computed
for thermal collisions with He.

Trends in the Crown Ether Complex Cross-Sections

The cross-sections of the different crown ether complexes
increase less per carbon atom as the size of the crown ether
increases (Figure 5). Fundamentally, each set of complexes
represents a homologous series, with the sets differing only in
which Bend group^ (crown ether) is attached. For homologous
sets of compounds, slopes of cross-section versus mass plots
have previously been shown to vary based on the identity of the
end group [50, 51]. In this case the end groups are quite similar,
causing us to wonder why the slopes should vary systematical-
ly with crown ether size. This may occur because larger crown
ethers have more surface area and are more polarizable than
smaller crown ethers and, therefore, have greater dispersion
interactions with the alkyl tails of the amines. The more strong-
ly the alkyl tail interacts with the crown ether, the smaller the
resulting increase in cross-section with increasing chain length.
It is also possible that the larger crowns shield or eclipse the
alkyl tails to a greater extent than the smaller crowns.

Interestingly, the difference in cross-section is significantly
lower between the ammonium and methylammonium com-
plexes than it is for most of the other complexes that differ in
size by a single carbon atom. This is especially true for the 18-
crown-6 ammonium and methylammonium complexes, which
differ in size by only 1.6 Å2, whereas for the smaller crowns,
the ammonium and methylammonium complexes differ in
collision cross-section on average by ~3.2 Å2.

The small difference in cross-section between the ammoni-
um and methylammonium complexes is likely obtained be-
cause the ammonium and methylammonium ions are nested to
some extent within the interior of the crown ethers, particularly
in the case of 18-crown-6. The longer alkyl chains of the larger
alkyl amines protrude more from the crown cavities. This
results in the ion cross-sections increasing more rapidly with
alkyl chain length for the larger alkyl amines than for the
ammonium and methylammonium ions. 18-Crown-6 has a
larger interior than the smaller crown ethers and therefore
encapsulates the methylammonium ion to a greater extent than
occurs for the smaller crown ethers. The 146 pm C–N bond
[57] between the amine group and the first methyl group is also
slightly shorter than the 153 pm C–C bond [57] that exists
between adjacent methyl groups in the alkyl chain. This slight-
ly shorter bond length between the amine and the first methyl
group and the encapsulation that occurs for the ammonium and
methylammonium ions likely combine to result in the smaller
difference in cross-section that is observed between the ammo-
nium and methylammonium complexes than is observed be-
tween the other complexes that differ in size by only a single
methylene group. Regardless of the correct interpretation, the
experimental results are reproducible and demonstrate that
small and subtle structural differences between ions can be
observed using the CRAFTI technique.
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A small difference of 3.6 ± 0.3 Å2 or 2.8 ± 0.2% (mean ±
standard deviation) is also observed between the CRAFTI
cross-sections of the n- and tert-butylamine complexes, with
the n-butyl complexes being slightly larger. This difference in
cross-sections is consistent with the 4.1 ± 1.4 Å2 and 5.5 ±
2.4 Å2 differences in cross-section obtained for these com-
plexes using the projection approximation and exact hard
sphere scattering computational methods, respectively. Tradi-
tional static drift IMS can be used to resolve structures that
differ in cross-section by less than 0.1% [58], but traveling
wave IMS devices can only resolve structures that differ in
cross-section by ~2% or more [7]. These results indicate that
CRAFTImay not yet be as precise as static drift measurements,
but it can be used to obtain structural information with approx-
imately the same precision as can be achieved using a traveling
wave IMS device. It should be noted that in IMS, the ions are
separated on the basis of ion mobility, whereas in CRAFTI,
isobaric ions of different mobility and cross-section are excited
in the same ion packet. It is unclear what result will be obtained
from FTICR linewidth measurements when two or more iso-
baric species are present. Likely it will be an abundance
weighted average of the cross-sections of the different isobars,
but it is possible that only the cross-section of the largest isobar
will be observed.

Accuracy of the Crown Ether CRAFTI
Cross-Sections

In order to evaluate how quantitative the CRAFTI cross-
sections obtained for the crown ether complexes are, these
cross-sections are compared with the cross-sections of these
same complexes obtained in nitrogen using static drift IMS
[40] (Figure 6a) as well as with those calculated in helium using
the projection approximation (Figure 6b) and exact hard sphere
scattering (Figure 6c) methods. To the best of our knowledge,
IMS cross-sections for these complexes measured in other
collision gases have not been reported. Excellent linear

agreement (R2 = 0.98) is observed between the CRAFTI
cross-sections and the corresponding IMS values (Figure 6a),
with a slope (1.3 ± 0.1) similar to that obtained for the corrected
amino acid CRAFTI cross-sections relative to the IMS values
(1.4 ± 0.1 and 1.3 ± 0 for argon and helium, respectively). A
smaller y-intercept is obtained between the CRAFTI cross-
sectional values obtained in Ar and the static drift IMS values
obtained in nitrogen for the crown ether complexes (–40,
Figure 6a) than for the amino acids (–125, Figure 3b). This
may be because of the different collision energies employed in
the CRAFTI experiments for the amino acids (constant at
1.9 keV in the laboratory frame, which corresponds to 300–
650 eV in the center-of-mass frame, depending on the mass of
the amino acid ion) and for the crown ethers (constant at
130 eV in the center-of-mass frame) or it may be because the
IMS cross-sections for the amino acids were measured at a
lower temperature (300 K) [41] than were the IMS cross-
sections for the crown ether complexes (403 K) [40]. The
collision cross-sections of ions decrease with increasing tem-
perature [20]. Therefore, the different y-intercepts obtained in
Figure 3b (grey triangles) and Figure 6a probably reflect the
different energy regimes used in the CRAFTI experiments and/
or the different temperatures used in the crown ether and amino
acid IMS experiments.

The CRAFTI cross-sections of the crown ether complexes
are also assessed by comparing them with the projection ap-
proximation (Figure 6b) and exact hard sphere scattering (Fig-
ure 6c) cross-sections obtained for these complexes in helium.
A linear correlation (R2 ≥ 0.97) is observed between the
CRAFTI cross-sections and both sets of calculated values.
The slopes resulting from both of these linear fits are also near
unity (1.2 and 1.1 in Figure 6b and c, respectively), and the y-
intercepts resulting from these fits are nearly negligible (–2 and
7, respectively). These results indicate a near 1:1 correlation
between the CRAFTI cross-sections and both sets of compu-
tationally calculated cross-sections. These results, combined
with those in Figure 6a, strongly suggest that the CRAFTI

Figure 6. CRAFTI cross-sections for the 12-crown-4 (triangles), 15-crown-5 (squares), and 18-crown-6 (circles) complexes as a
function of (a) the corresponding IMS cross-sections measured in nitrogen [40] and the cross-sections calculated using (b) the
projection approximation (PA) and (c) the exact hard sphere scattering (EHSS) methods in helium. Dashed lines are linear fits to the
data. Regression statistics are reported in the figure (m = slope, b = y-intercept, and R2 = the coefficient of determination)

Anupriya et al.: Quantitative Cross-Sections from FTICR Linewidths 257



cross-sections obtained for these crown ether complexes are
quantitatively descriptive of the three-dimensional size and
shape of these ions under the collision conditions employed.

Conclusion
Two corrections to the CRAFTI equation are presented here. A
strong linear correlation is observed between the CRAFTI
cross-sections obtained using this corrected equation and the
cross-sections obtained using both static drift IMS and compu-
tationally based methods, with slopes near unity. These results
strongly suggest that cross-sections obtained using the
corrected CRAFTI equation are quantitatively descriptive of
the three-dimensional shape and size of the ions. Cross-sections
that differ by less than 3% are measured for the n- and tert-
butylamine complexes, demonstrating that CRAFTI can be
used to investigate subtle differences in ion structure. This level
of precision is similar to that in traveling wave IMS devices,
which can resolve structures that differ in collision cross-
section by ~2% or more [7], indicating that ion structures can
be investigated with approximately the same precision using
the CRAFTI technique as is achieved using traveling wave
devices. It should be possible to calibrate the CRAFTI-based
measurements using ions with known collision cross-sections
in order to determine IMS values, such as is commonly done to
obtain IMS cross-sections using traveling wave IMS devices.
Results from this study also suggest that ion-induced dipole
interactions do not play a significant role in determining
CRAFTI cross-sections, whereas ion-induced dipole interac-
tions often play a strong role in determining IMS cross-sec-
tions, depending on the buffer gas. Therefore, ion structural
information may be obtained more readily from CRAFTI
cross-sections than from IMS cross-sections for some buffer
gases. Further experiments are still required to determine what
effects the presence of two or more isobaric species will have
on the results obtained from FTICR linewidth measurements.
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Collision cross-sections for the biogenic amino acids measured
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static drift IMS, and collision cross-sections for the 12-crown-
4, 15-crown-5, and 18-crown-6 complexes calculated using the
projection approximation and the exact hard sphere scattering
methods and measured using the corrected CRAFTI technique
and static drift IMS.
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