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ABSTRACT: We demonstrate a technique for determining molecular collision
cross sections via measuring the variation of Fourier transform ion cyclotron
resonance (FTICR) line width with background damping gas pressure, under
conditions where the length of the FTICR transient is pressure limited. Key
features of our method include monoisotopic isolation of ions, the pulsed
introduction of damping gas to a constant pressure using a pulsed leak valve,
short excitation events to minimize collisions during the excitation, and proper
choice of damping gas (Xe is superior to He). The measurements are
reproducible within a few percent, which is sufficient for distinguishing between many structural possibilities and is comparable to
the uncertainty in cross sections calculated from computed molecular structures. These techniques complement drift ion mobility
measurements obtained on dedicated instruments. They do not require a specialized instrument, but should be easily performed
on any FTICR mass spectrometer equipped with a pulsed leak valve.

Ions have a number of fundamental properties that can be
exploited for analytical characterization, including mass-to-

charge ratio and fragmentation behavior, which are probed
using mass spectrometry. Increasingly, the mobility of ions in a
buffer gas and the corresponding collision cross section have
been used as another means of separating ions and probing
molecular structure.1,2 These measurements are particularly
valuable where clustering to produce multiple species with the
same mass-to-charge ratio is possible, or where various isomers
or stable conformers are likely to be present. In the field of
supramolecular chemistry, where the conformation of a
complex is often a key issue, collision cross section measure-
ments can provide important structural information that is
difficult to obtain by other methods.3,4

While techniques such as drift ion mobility measurements,5

high-field asymmetric waveform ion mobility spectroscopy
(FAIMS),6 or traveling wave ion mobility (TWIM)7 have
produced a wealth of useful information, these all have the
disadvantage that they must be performed on specialized
instruments designed for mobility measurements. In addition,
because these techniques involve injection of the ions at
moderate energies into a high pressure region where the
mobility is subsequently measured, it is possible for the ions to
experience heating and structural change during injection;
indeed, mobility changes that occur as the injection energy is
varied can be useful in assigning peaks in an arrival time
distribution to different structural features.2,8,9 Similarly,
structural changes may occur during the subsequent multiple
collisions between ions and neutrals in the high-pressure region
of the instrument. Herein we present a complementary
approach to the measurement of collision cross section that

does not require a dedicated mobility instrument and is in
principle a single-collision technique.
Soon after the introduction of ion cyclotron resonance (ICR)

methods for the study of ion−molecule interactions, it was
recognized that absorption of power from the irradiating RF
field by the ions was in part dependent on the ion-neutral
collision rate, which in turn sensitively depends on the ion-
neutral collision cross section.10 Consequently, a number of
experiments were performed using ion cyclotron resonance line
width measurements to measure the mobilities of small ions in
various gases.11−17 These experiments, like the drift ion
mobility experiments performed currently, involved drift of
ions through a gas cell at pressures typically up to a few
millibars, while exciting with an RF field of a few V cm−1. These
multiple-collision ICR mobility experiments fell out of practice
as trapped ion techniques and Fourier transform methods were
developed, probably because optimum mass resolving power,
one of the hallmark benefits of Fourier transform ion cyclotron
resonance (FTICR), is obtained at low pressures where
collisional contributions to line broadening are minimized.
Consideration of ion motion in the FTICR trap suggests it

should be possible to obtain collision cross section information
by analyzing the decay of the signal with time. Early in the
development of FTICR it was recognized that ion−molecule
collision frequencies are related to signal transient decay rates
and could be measured by analysis of those rates,18 but these
techniques were never widely practiced.
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Models of ion motion in FTICR19−21 are usually based on
earlier models of motion in drift ICR instruments.10,22−25

These models typically deal with ion-neutral collisions via a
frictional damping term in the equation of motion for the ions.
The models note that because ion cyclotron radius (and
proximity to the detect plates) is proportional to ion velocity, it
follows that signal is proportional to ion velocity. Thus,
descriptions of how velocity changes with time will also
describe the time evolution of signal. Ions initially excited to
high velocity, producing large signal response because they are
close to the detect plates, slow down due to collisions and relax
back toward the magnetic field axis, leading to decay of the
signal as the orbit radius decreases and the distance to the
detect plates increases. If the collision frequency is independent
of velocity (as it is for a Langevin ion-induced dipole
interaction potential), these models give an exponentially
damped time domain FTICR signal that has a Lorentzian
profile in the frequency domain magnitude spectrum, assuming
that signal collisionally damps to background during the time it
is being observed.
The assumption of Langevin interactions is problematic,

because, at the velocities normally employed in modern FTICR
excitation and detection, the Langevin collision cross section,
which is inversely proportional to velocity, usually is smaller
than the hard sphere collision cross section. Frictional damping
models that use a hard sphere interaction potential, giving a
collision frequency that is directly proportional to ion velocity,
have been developed.20 Such models do not yield an analytical
expression for the frequency domain signal magnitude, but can
be solved numerically and do give a qualitatively accurate
description of FTICR line shape.
A frictional damping model for ion motion is clearly

applicable to drift ICR experiments, where ion velocities are
relatively low and the ions undergo multiple collisions as they
traverse the cell. Similarly, this is a reasonable description for
FTICR experiments such as sustained off-resonance irradiation
(SORI) in which the ions are driven through multiple collisions
with background gas. It is less clear that a frictional damping
model is appropriate for FTICR detection, where ions initially
excited to a high velocity relative to the neutral background gas
are detected while orbiting coherently and undergoing
collisions with neutrals. Collisions not only slow the ions
down, but also scatter the ions out of the coherent packet, so
that scattered ions no longer contribute to the signal.
We therefore suggest an alternative, kinetic approach for

modeling FTICR signal in cases that are collision-limited. We
begin by assuming the signal is proportional to the number of
coherently orbiting ions. We further assume that ion speed is
constant until the ions undergo a collision, at which point the
ion is scattered out of the coherent packet and no longer
contributes to the signal. Thus, an initial population of NI(0)
coherently orbiting ions, all having the same relative ion-neutral
speed, v (assumed to be primarily in the plane perpendicular to
the magnetic field, as will be true for ions excited under typical
FTICR detection conditions), undergoes collisions with
neutrals that depopulate the coherent packet and thereby
deplete the time domain signal. The number of ions
collisionally scattered in a given time, dNI, will be directly
proportional to the number of ions NI and to the reduced
collision frequency, which is the collision frequency an ion
would have if it lost all its nonrandom velocity in the laboratory
frame of reference on each collision.10 This in turn depends on
the mass of the ion, m, the mass of the neutral, M, the collision

cross section, σ, the neutral density, nn, and the relative ion-
neutral speed. The negative sign indicates depletion of the
coherent packet.
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Because the ion speed in the coherent packet is assumed to
be constant, this equation is easily integrated to obtain an
expression for the evolution of the number of coherent ions
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The Fourier transform of eq 2 gives the frequency domain
magnitude mode signal, Mag(ω), which has Lorentzian shape:
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Here, Mag0 is the magnitude mode amplitude and ω0 is the ion
cyclotron frequency. The Lorentzian line shape is widely
observed in FTICR work, although there is some evidence for
deviations,20 especially under nonideal conditions. This is
similar to the result derived from the collisional damping model
for ions undergoing collisions that are dominated by ion-
induced dipole (Langevin) interactions with neutrals, but
allows for Lorentzian lines without requiring the problematic
Langevin collision model for high-velocity ions. Thus, the line
width depends on ion velocity, neutral number density, and
collision cross section (which we wish to determine).
In an FTICR experiment, the masses of the ion and neutral

are known, and the ion velocity is easily calculated:21

β
=v

V t

d2 m
q

pp exc

(4)

Here, β is the cell geometry factor (0.897 for the Bruker Infinity
cell26,27 used here), Vpp is the peak-to-peak RF excitation
amplitude, texc is the duration of the RF excitation, and d is the
trapping cell diameter.
Neutral number densities can be determined from pressure

measurements, but accurate absolute pressure measurements
under FTICR conditions are difficult. Therefore, we examine
how the line shape changes as pressure is varied, reducing the
problem to the more tractable measurement of relative
pressures and corresponding changes in line widths. This
approach has the added advantage that because the only
experimental variable that is changing is the background
pressure, other factors that contribute to line broadening26

(such as resistive coupling between the ions and the detection
circuitry, imperfections in the excitation field, axial ejection due
to coupling between the excitation and the axial motion,
scattering due to inhomogeneities in the magnetic or electric
trapping fields, space charge effects, etc.), which are presumably
the same in each measurement, do not contribute to the change
in line width as pressure changes.
In the remainder of this paper we present experimental

evidence to support the idea that structurally informative
collision cross sections can be measured via analysis of the
FTICR signal response as background pressure is varied,
resulting in a technique we hope will become complementary
to ion mobility methods. In this paper we refer to the method
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as “CRAFTI,” an acronym for cross sectional areas by Fourier
transform ion cyclotron resonance.

■ EXPERIMENTAL SECTION

Materials. 12-Crown-4 (12C4), 18-crown-6 (18C6),
cucurbit[5]uril (CB[5]), cucurbit[6]uril (CB[6]), and α-
cyclodextrin (αCD) were purchased from Sigma-Aldrich (St.
Louis, MO) and used as supplied. Decamethylcucurbit[5]uril
(mc5) was synthesized by Dr. Krzystof Krakowiak using
published procedures.27 Electrospray solutions were 10 μM in
ligand and 100 μM in ionic guest. Crown ether complexes were
sprayed from 50/50 methanol/water, CB[5] and mc5
complexes were sprayed from 50/50 isopropanol/water, and
CB[6] complexes were sprayed from 48/48/4 methanol/
water/formic acid. Damping gases were purchased from Airgas
(Radnor, PA) at the following purities: He, 99.995%; Xe,
99.995%.
Instrumentation and Pulse Sequence. All experiments

were performed using a Bruker APEX 47e Fourier transform
ion cyclotron resonance mass spectrometer with an Infinity
trapping cell28,29 and a microelectrospray source modified from
an Analytica (Branford, MA) design, with a heated metal
capillary drying tube based on the design of Eyler.30 Pressures
were adjusted and controlled using a pulsed leak valve based on
the design of Freiser.31 Pressures were measured using a cold
cathode tube (Balzers; Fürstentum, Lichtenstein) mounted
outside the high field region of the instrument, about 1 m from
the trapping cell. All pressures were adjusted for the relative
sensitivity of the cold cathode using the method of Bartmess
and Georgiadis,32 wherein the gauge is assumed to be calibrated
for N2, and readings are adjusted according to the relative ease
of ionizing the gas.
The instrument was controlled using a MIDAS Predator data

system (National High Magnetic Field Laboratory; Tallahassee,
FL).33,34 The excitation clock rate was 5 MHz. All experiments
were automated using TCL scripts to vary the duration of the
pulsed leak events (and, hence, to vary the pressure during the
excitation).
A typical pulse sequence for these experiments is shown and

described in more detail in the Supporting Information, Figure
S-1. To avoid complications arising from overlap of peaks from
naturally occurring isotopes, we employed monoisotopic
isolation of the ion of interest using SWIFT techniques.35,36

Other key features include thermalization of the ions at
constant pressure, and short (typically 300 μs or less), single-
frequency RF excitation of the ions to minimize collisions
during the excite event. Kinetic energies were adjusted by
varying the amplitude of the RF. The excite was performed
while the pulsed leak was active so that excitation and detection
(typically 65−130 ms) are carried out at much higher pressures
(up to 10−5 mbar) than in typical FTICR experiments. Pressure
was controlled by the length of time the pulsed leak valve was
pressurized (see Supporting Information).
Data Analysis. Transient signals were analyzed using the

Igor Pro software package (version 6, Wavemetrics; Lake
Oswego, OR). Magnitude FFTs were performed on the data
beginning 2 μs following the end of the excitation event
through the return of the transient signal to baseline noise, with
zero filling to an appropriate power of 2. The square of the
resulting signal yields the power spectrum. The power
spectrum peaks were fit to Lorentzians, and the fwhm line
widths were extracted from the fits.

■ RESULTS AND DISCUSSION
Variation of FTICR Line Width with Collision Gas

Pressure. Figure 1 shows how the FTICR signal and resulting

line width change as the pressure of Xe collision gas is varied.
As expected, the rate of transient signal decay increases as Xe
pressure increases, resulting in decreasing amplitude and
increasing line width with increasing pressure. The variation
of collision frequency reflected in the line width shows excellent
linearity with collision gas number density (Figure 1c).
Deviations from linearity generally occur at very low pressures,
where line broadening is likely not pressure limited, at the
upper limits of examined pressures, where signal strengths
become weak enough that they are difficult to observe (and
where a significant number of collisions may occur during the
excitation), and in cases where the mass of the collision gas is
less than about 10% the mass of the ion of interest.

Figure 1. Variation of FTICR line width for 18-crown-6·Cs+ complex
(inset) as background Xe pressure is varied. (a) Time domain signals
over a range of Xe pressures. The excitation pulse, 165 μs long, is short
compared with the signal transients. (b) Power mode frequency
domain spectra corresponding to the time domain transients of part a.
(c) Full width at half-maximum (fwhm) line widths as a function of Xe
number density, showing excellent linearity. Error bars in the y-
direction are standard errors from the fitting procedure, and errors in
the x-direction are estimated uncertainties in the pressure measure-
ments.
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An example of this last case is the doubly charged complex of
two potassium ions with decamethylcucurbit[5]uril colliding
with He (see Figure S-2). At 1048.3 Da, this ion is much more
massive than the 4.0 Da He collision gas, and it is likely that
single collisions are not sufficient to remove these heavy ions
from the coherent packet. In cases such as this, a frictional
damping model assuming hard sphere collisions20 may be a
better description of the motion of the excited ions, and a
determination of cross section using the method described
below is not appropriate.
Figure 1a suggests some damping of the transient may occur

during the excite event, especially at the highest pressures
employed. It might be possible to avoid this by pulsing in the
collision gas only after the excite event is complete, but the
good linearity of the line width-versus-pressure data (Figure 1c,
for example) suggests that collisions during the excite did not
have large adverse effects on the results.
Extraction of Cross Sections from Line Width Data. In

drift ICR experiments, which were clearly carried out under
pressure-limited line broadening conditions, common prac-
tice16 was to set the fwhm line width of the power absorption
spectrum equal to the collision frequency for momentum
transfer, ξ, which is given as follows:

ξ σ=
+

=M
m M

n v fwhmn (5)

Simple rearrangement and substitution of eq 4 gives an
expression for the collision cross section:

σ
β

= +
n

m M
M

m
q

d
V t

fwhm ( ) 2

n pp exc (6)

In this expression, fwhm/nn is the slope of the line in a plot of
power spectrum fwhm line width versus neutral number density
nn (such as Figure 1c). Equations 5 and 6 are also applicable to
the FTICR experiments reported here, and all the terms are
known or easily measured. Thus, calculation of the cross
section from the line width data is straightforward.
Kinetic Energy Dependence. Collision cross sections are

known to depend on the kinetic energy involved in the
collision. At thermal energies, where ion-induced dipole
interactions are dominant, cross sections decrease with
increasing energy.37 Behavior at higher energies is more
complex. If dissociation channels are accessed, large changes
in cross section may result.38 As energy increases, the total
collision cross section for simple scattering should approach a
hard sphere limit, which may gradually decrease at higher
energies due to the fact that molecules are not actually hard
spheres and higher energy collisions may penetrate deeper into
the repulsive part of the ion-neutral potential.
Our experiments probe the total cross section for removal of

ions from the coherent packet generated in the FTICR excite−
detect sequence. Thus, they are perhaps best described as
“dephasing cross sections”. This should include contributions
from momentum transfer and from reactive collisions including
those leading to dissociation. At energies of 10s−100s of
electron volts in the center-of-mass reference frame, which are
typical of ions excited for FTICR detection in a 4.7 T field, we
expect in general to be in the hard-sphere collision regime, in
which there is little to no dependence of momentum transfer
cross section on center-of-mass kinetic energy. We have
therefore examined the kinetic energy dependence of the

measured CRAFTI cross sections with Xe collision gas for a
number of systems, and the results are shown in Figure 2.

Examination of Figure 2 reveals that, for the lower mass
complexes (crown ethers bound to alkali cations, up to at least
m = 397.1 Da), cross sections are independent of collision
energy, suggesting these systems are in the hard-sphere regime
and that the assumption that a single collision is sufficient to
remove the ion from the coherent packet is valid. For the
heavier ions examined (masses around 1000 Da), CRAFTI
cross sections rise with increasing kinetic energy until about
200 eV in the center-of-mass frame of reference, and remain
constant through 500 eV. Apparently, mass is an important
contributor to this behavior (rather than m/z), as the shapes of
the curves for [mc5 + K]+, [mc5 + 2K]2+, and [MeOH@mc5 +
2K]2+, with similar masses of 1009, 1048, and 1080 Da,
respectively, are similar despite large differences in m/z. From
an analytical standpoint, the data suggest that heavier ions must
be accelerated to higher kinetic energies to reach the hard
sphere limit.
Several factors may account for the observed increase in cross

section with kinetic energy. First, the absolute change in
momentum during a collision increases as the total momentum
of the collision system increases, so larger momentum changes
are expected as kinetic energy increases, increasing the
likelihood that collision will result in scattering out of the
coherent packet. In addition, the likelihood of collisions
transferring sufficient energy to dissociate the ions during the
observation period increases with increasing kinetic energy.
Clearly, if collision of the ion with background gas results in
sufficiently fast dissociation, the ion will be removed from the
coherent packet and not contribute to subsequent signal.

Figure 2. Effect of kinetic energy in the center-of-mass reference frame
on measured collision cross sections (Xe collision gas). Error bars
represent ±1 standard deviation from the fitting procedure. Measure-
ment at higher kinetic energies for [mc5 + K]+ was not possible
because ions of this m/z are ejected from the trapping cell under the
required conditions.
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Absolute Values of CRAFTI Cross Sections. Momentum
transfer cross sections have been examined for a wide range of
molecular systems using drift mobility measurements in
helium.8 In addition, cross sections for reactive collisions have
been measured using guided ion beam techniques by a number
of groups.39−42 Comparison of the CRAFTI results to results
obtained using these other well-accepted methods should yield
some idea of the reasonability of the CRAFTI results. Cross
sections obtained using drift mobility measurements, guided
ion beam experiments, and CRAFTI are compared in Table 1.

The absolute magnitudes of the CRAFTI cross sections are
in reasonable agreement with cross sections determined using
more established methods. Except for the largest ions (which
involve Lys bound to CB[6] or α-CD), the CRAFTI cross
sections are generally within a factor of 2 of the results of the
drift mobility measurements. In fact, the agreement is perhaps
better than should be expected, on the basis of the substantial
differences between these experiments. The drift mobility
measurements were carried out at close to thermal collision
energies, using He as the collision gas, and are designed to
probe momentum transfer collision cross sections. Collision
energies under drift mobility conditions are generally much too
low to cause dissociation. The CRAFTI experiments shown
here involve 150 eV collisions with Xe, and reflect all processes
that remove ions from the coherent packet in the FTICR cell,
including both momentum transfer and dissociation. At these
high collision energies, the latter contribution is likely to be
substantial, and may account for the CRAFTI cross sections of
the Lys complexes being so much larger than what is observed
using drift mobility.
The guided ion beam experiments involve collisions with Xe

at superthermal energies (up to about 15 eV in the center-of-
mass frame of reference), so in some ways these experiments
are more similar to CRAFTI, which also involves collisions with
Xe at higher-than-thermal energies. However, reference to
Table 1 indicates that the beam experiments yield absolute
cross section values much smaller than those from either drift
mobility or CRAFTI. This is not surprising because the beam
experiments probe only dissociative collisions and so beam-
derived cross sections are expected to be smaller than are
observed from techniques that include contributions from
nonreactive scattering. The primary objective of the beam
experiments is measurement of accurate thermodynamic
dissociation thresholds, with absolute cross section measure-
ments being of secondary interest. Finally, the beam measure-
ments are made at much lower collision energies than are
required in the CRAFTI experiments (lower kinetic energies do
not excite the ions sufficiently to produce good FTICR signal),

so again close agreement between the two methods is not
expected.

Correlation of CRAFTI Cross Sections with Computed
Momentum Transfer Cross Sections. Sophisticated meth-
ods have been developed to compute collision cross sections
for proposed molecular geometries, enabling comparison with
experimentally measured cross sections from drift mobility. For
example, the MOBCAL43−47 program is widely used for this
purpose. The agreement between computed and experimentally
observed cross sections (from drift ion mobility) is generally
excellent in the mass range investigated here. Comparison
between computed cross sections and CRAFTI measurements
therefore offers another means of testing the CRAFTI results,
without being limited to the systems that have been
experimentally investigated with drift mobility. While for the
reasons noted above we do not expect absolute agreement
between computed and CRAFTI cross sections, if the CRAFTI
results are structurally informative we do expect a correlation
between the two sets of data.
Figure 3 shows the correlation between CRAFTI cross

sections measured in xenon and momentum transfer cross

sections computed for model structures in helium using the
trajectory method (TM) in MOBCAL (computational details
are given in the Supporting Information). Qualitatively, the
CRAFTI cross sections follow the same trends as the computed
cross sections; with few exceptions, ions that are computed to
have larger TM cross sections are measured to have larger
CRAFTI cross sections, and species that are computed to be
similar in cross sections have similar measured CRAFTI cross
sections.

Table 1. Comparison of Cross Sections by Guided Ion
Beam, Drift Mobility, and CRAFTI Techniques

reported cross section, Å2

species guided ion beama drift mobilityb CRAFTIc

18C6·Li+ 95.0d 65 ± 2
18C6·K+ 52.e 105.0d 78 ± 2
18C6·Cs+ 16.e 104.7d 109 ± 7
[CB[6] + Lys + 2H]2+ 189.f 370 ± 11
[α-CD + Lys + H]+ 220.f 510 ± 20

aCollisions with Xe at approximately 15 eV in the center-of-mass
frame. bLow energy collisions with He. cAt 150 eV in the center-of-
mass frame of reference, colliding with Xe. dRef 48. eRef 49. fRef 3.

Figure 3. Correlation between CRAFTI cross sections in xenon
(average value in the hard-sphere collision kinetic energy regime) and
momentum transfer cross sections computed for collisions with helium
via the trajectory method. The line is a linear least-squares fit to the
data; error bars represent one standard deviation. The point labeled
“[CB[6] + n-butylNH2 + H]+ tail out” (and colored green) was not
included in the fit (see text). Each point is an average over a range of
center-of-mass kinetic energies.
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Both TM and CRAFTI show that the 18-crown-6 complexes
with alkali cations have larger cross sections as the size of the
metal ion increases. This has also been observed in drift
mobility measurements,48 and is understood to be a result of
the fact that as the metal size increases the crown ligand opens
up into less folded conformations. For CRAFTI, which includes
contributions from dissociation, one might expect cross
sections to increase with increasing metal size because the
binding energy for the metal decreases as the metal ion gets
larger49 while the number of internal degrees of freedom in the
system remains constant. Therefore, dissociation rates at a
given energy increase as the size of the metal increases. If a
larger fraction of collisions (perhaps, for example, glancing
collisions at larger impact parameters) results in sufficient
energy deposition for dissociation to occur, CRAFTI cross
sections will increase. However, the general agreement between
TM and CRAFTI for the 18-crown-6 complexes suggests such
energy effects probably do not play a large role for these
molecular systems.
It is interesting to note that the CRAFTI cross section for

(12-crown-4)2Na
+ is consistently larger than that for 18-crown-

6·Cs+ (in good agreement with the calculated TM values), even
though for the former the molecular weight at 375 Da is smaller
than for the latter at 397 Da. Similarly, the CRAFTI cross
section for [α-cyclodextrin + Lys + H]+, 1119 Da, is larger than
that for [CB[6] + Lys + 2H]2+, 1144 Da. This demonstrates
that CRAFTI cross sections do not always simply scale with
molecular weight.
The cucurbituril−alkali cation complexes offer an oppor-

tunity to examine systems that are similar in TM cross section
but differ in mass and charge state. [CB[5] + K]+ and [CB[5] +
2K]2+ are computed to have identical momentum transfer cross
sections in He, and have similar CRAFTI cross sections,
although the doubly charged ion has a cross section about 7 ±
6% larger than the singly charged ion by CRAFTI. Similarly,
[mc5 + K]+ and [mc5 + 2K]2+ have identical TM cross
sections, but the doubly charged ion is found to have a cross
section about 13 ± 6% larger than the singly charged ion by
CRAFTI. The similarity in the CRAFTI cross sections, despite
the large difference in m/z, is encouraging. The fact that the
CRAFTI cross sections are larger for the doubly charged ions
likely arises from bond energy effects as described above; it is
much easier to induce loss of K+ from the doubly charged
complexes50 (and, hence, loss of the ions from the coherent
packet) than from the cucurbiturils bound to only one metal
cation. In addition, the differences reported here between
CRAFTI cross sections for +1 and +2 ions may be exaggerated
because of difficulty in reaching hard-sphere limit kinetic
energies for the singly charged ions (achievable kinetic energies
in a trap of given size depend inversely on the m/z of the ions;
ions with larger m/z are ejected from the trap at high kinetic
energies). Because CRAFTI cross sections rise with increasing
kinetic energy until the hard-sphere limit is reached (Figure 2),
if the singly charged ions are below the hard-sphere limit their
reported cross sections would be correspondingly less.
Another case where the TM calculations suggest similar cross

sections whereas CRAFTI indicates large differences is that
involving [mc5 + 2K]2+ and the related methanol inclusion
complex, [MeOH@mc5 + 2K]2+. On the basis of reactivity and
collision-induced dissociation evidence,51 methanol is believed
to reside inside the mc5 cavity, leading to the expectation that
the physical sizes of the empty complex and the methanol
inclusion complex should be the same. As expected, within

computational error, TM calculations find the two systems have
the same momentum transfer cross section. However, the
CRAFTI measurements place the inclusion complex cross
section a surprising 20 ± 2% larger than the identical mc5
complex lacking methanol in its cavity. Very likely this
difference in cross sections is the result of much lower energies
required to remove methanol from the cavity versus those
needed for dissociation of K+ from the complex. This assumes
that dissociation plays a role comparable to that of momentum
transfer in removing these ions from the coherent packet.
Indeed, the current results suggest that, under conditions where
the FTICR transient length is pressure-limited, collisional
dissociation of the ions is an important contributor to loss from
the coherent packet, at least for ions similar to those examined
here.
One last example illustrates the potential for the CRAFTI

technique to distinguish between conformational possibilities.
The cavity of CB[6] is large enough to allow insertion of an
alkyl chain. We have examined the complex of n-butylammo-
nium (nBA) ion with CB[6], which is primarily held together
via hydrogen bonds between the ammonium group of the guest
and the carbonyl oxygens of the host. The structural question is
whether or not the guest’s alkyl tail is inserted into the host’s
cavity. Insertion would afford energetic stabilization through
increased van der Waals contact between host and guest. On
the other hand, it is entropically unfavorable to constrain the
tail within the host cavity. As is noted in Figure 3, the point for
[CB[6] + n-butylNH2 + H]+ with the alkyl tail inserted
(trajectory method cross section 192 ± 3 Å2) is close to the
trend line. The calculated cross section for the tail-out
conformer, 206 ± 3 Å2, places that conformer much further
from the trend line, suggesting the tail-in conformer is more
consistent with the experimental data.

■ CONCLUSIONS
A model for FTICR/MS signal generation based on the rate of
ion loss from the coherently orbiting packet of ions predicts
Lorentzian line shapes without requiring collisions to be in the
low-energy, Langevin domain. The model also implies that the
rate of ion loss from the packet in the high-pressure limit (from
either nonreactive scattering or collisional dissociation) is
dependent on the ion-neutral collision cross section, suggesting
that such dephasing cross sections should be measurable by
analysis of the decay of the FTICR/MS signal transient. Our
results suggest the role of collisional dissociation in the loss of
ions from the coherent ion packet in FTICR/MS has been
underappreciated.
The resulting CRAFTI technique adds a new capability to

Fourier transform ion cyclotron resonance mass spectrometry.
Thus, in one instrument, it is possible to perform ultra high
mass resolution, ultra high mass accuracy, tandem-in-time
collisional and reactivity studies, and cross section measure-
ments. Our data suggest that the CRAFTI technique can be
used to obtain structurally informative cross section informa-
tion for molecules with molecular weights up to the kilodalton
range. For characterization of small supramolecules, where
conformational relationships are important, we expect this
information to enable different conformations to be distin-
guished, in a manner similar to what is currently successfully
practiced using momentum transfer cross sections from drift
ion mobility measurements to compare with cross sections
computed for candidate structures. For instance, it should be
possible to distinguish between conformations where a guest is
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specifically bound inside a host molecule’s cavity, and where the
guest is nonspecifically attached to the exterior of the host.
Many important challenges remain. At this point it is not

possible to distinguish between dephasing resulting from
scattering and dephasing resulting from dissociation. The
inability to deconvolute binding strength effects from size
effects makes interpretation of CRAFTI results more difficult. It
is further not clear what will happen when a mixture of isobaric
conformers is present; it would be desirable to be able to
measure cross sections for each component of the mixture. In
addition, CRAFTI may be limited to lower-mass systems in
which single collisions are capable of dephasing the ions; thus,
many interesting biomolecular systems may be out of reach of
the technique. Nevertheless, we believe the method shows
promise.
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(28) Sievers, H. L.; Grützmacher, H.-F.; Caravattie, P. Int. J. Mass
Spectrom. Ion Processes 1996, 157/158, 233−247.
(29) Caravatti, P.; Allemann, M. Org. Mass Spectrom. 1991, 26, 514−
518.
(30) Wigger, M.; Nawrocki, J. P.; Watson, C. H.; Eyler, J. R.; Benner,
S. A. Rapid Commun. Mass Spectrom. 1997, 11, 1749−1752.
(31) Jiao, C. Q.; Ranatunga, D. R. A.; Vaughn, W. E.; Freiser, B. S. J.
Am. Soc. Mass Spectrom. 1996, 7, 118−122.
(32) Bartmess, J. E.; Georgiadis, R. M. Vacuum 1983, 33, 149−153.
(33) Senko, M. W.; Canterbury, J. D.; Guan, S.; Marshall, A. G. Rapid
Commun. Mass Spectrom. 1996, 10, 1839−1844.
(34) Blakney, G. T.; Hendrickson, C. L.; Marshall, A. G. In 55th
ASMS Conference on Mass Spectrometry and Allied Topics; Indianapolis,
IN, 2007.
(35) Hofstadler, S. A.; Sannes-Lowery, K. A.; Griffey, R. H. Rapid
Commun. Mass Spectrom. 2001, 15, 945−951.
(36) Chen, L.; Wang, T.-C. L.; Ricca, T. L.; Marshall, A. G. Anal.
Chem. 1987, 59, 449−454.
(37) Su, T.; Bowers, M. T. In Gas Phase Ion Chemistry; Bowers, M.
T., Ed.; Academic: New York, 1979; Vol. 1, pp 83−118.
(38) Armentrout, P. B. Int. J. Mass Spectrom. 2000, 200, 219−241.
(39) Rodgers, M. T.; Armentrout, P. B. Mass Spectrom. Rev. 2000, 19,
215−247.
(40) Ervin, K. M. Int. Rev. Phys. Chem. 2001, 20, 127−164.
(41) Armentrout, P. B. Top. Curr. Chem. 2003, 225, 233−262.
(42) Rodgers, M. T.; Armentrout, P. B. Acc. Chem. Res. 2004, 37,
989−998.
(43) Mesleh, M. F.; Hunter, J. M.; Shvartsburg, A. A.; Schatz, G. C.;
Jarrold, M. F. J. Phys. Chem. 1996, 100, 16082−16086.
(44) Shvartsburg, A. A.; Jarrold, M. F. Chem. Phys. Lett. 1996, 261,
86−91.
(45) Shvartsburg, A. A.; Hudgins, R. R.; Dugourd, P.; Jarrold, M. F. J.
Phys. Chem. A 1997, 101, 1684−1688.
(46) Shvartsburg, A. A.; Pederson, L. A.; Hudgins, R. R.; Schatz, G.
C.; Jarrold, M. F. J. Phys. Chem. A 1998, 102, 7919−7923.
(47) Shvartsburg, A. A.; Mashkevich, S. V.; Baker, E. S.; Smith, R. D.
J. Phys. Chem. A 2007, 111, 2002−2010.
(48) Lee, S.; Wyttenbach, T.; von Helden, G.; Bowers, M. T. J. Am.
Chem. Soc. 1995, 117, 10159−10160.
(49) More, M. B.; Ray, D.; Armentrout, P. B. J. Am. Chem. Soc. 1999,
121, 417−423.
(50) Mortensen, D. N.; Dearden, D. V. Chem. Commun. 2011, 47,
6081−6083.
(51) Kellersberger, K. A.; Anderson, J. D.; Ward, S. M.; Krakowiak, K.
E.; Dearden, D. V. J. Am. Chem. Soc. 2001, 123, 11316−11317.

Analytical Chemistry Article

dx.doi.org/10.1021/ac300379a | Anal. Chem. 2012, 84, 4851−48574857

http://pubs.acs.org
mailto:david_dearden@byu.edu

