
Collision Cross-Section Measurements of Collision-Induced
Dissociation Precursor and Product Ions in an FTICR-MS and an IM-
MS: A Comparative Study
Andrew J. Arslanian, Noah Mismash, and David V. Dearden*

Cite This: J. Am. Soc. Mass Spectrom. 2022, 33, 1626−1635 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Sustained off-resonance irradiation-cross-sectional
areas by Fourier transform ion cyclotron resonance mass
spectrometry (SORI-CRAFTI) is an FTICR-MS strategy to
collisionally activate precursor ions and then measure their ion-
neutral collision cross sections, as well as those of selected
products, at the same time. We benchmarked SORI-CRAFTI using
protonated leucine-enkephalin, to excellent agreement (typically
within 1−2%) with previous studies performed via collision-
induced dissociation-ion mobility (CID-IMS). SORI-CRAFTI was
then applied to alkali metal-cationized leucine-enkephalin and
compared with CID-IMS via precursor/product cross-section
ratios. Qualitative agreement between SORI-CRAFTI and CID-
IMS was excellent (again, usually within 1−2%); however, neither SORI-CRAFTI nor CID-IMS could determine if metalated
leucine-enkephalin was present in its canonical or zwitterionic form. When SORI-CRAFTI was used on [2.2.2]-cryptand+Cs+, SORI
activation resulted in a 5% decrease in collision cross section, consistent with migration of the externally bound Cs+ into the
cryptand’s cavity and similar to the cross section observed when electrospraying from an isopropanol-rich solvent. Thus, SORI-
CRAFTI is useful for studying gas-phase ion chemistry of small- to medium-sized molecules and host−guest systems.

■ INTRODUCTION
The use of cross-sectional areas by Fourier transform ion
cyclotron resonance mass spectrometry (CRAFTI) is a
strategy to measure ion-neutral collision cross sections without
a dedicated ion mobility instrument, requiring only minimal
modification of an existing Fourier transform ion cyclotron
resonance mass spectrometer (FTICR-MS).1 CRAFTI meas-
ures ion-neutral collision cross sections through the pressure-
limited frequency peak broadening that occurs due to ion-
neutral collisions.2,3 After obtaining multiple mass spectra at
various pressures (typically spanning 1 order of magnitude),
the target frequency peak’s variation in full-width at half-
maximum (fwhm) as a function of collision gas pressure is
extracted and used to calculate the ion-neutral collision cross
section, σ:3
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Here, fwhm is the frequency peak’s full-width at half-
maximum, N is the neutral number density, mion is the ion’s
mass, d is the trapping cell diameter (0.06 m for our Bruker
Infinity cell), β is the trapping cell geometry factor (0.897 for
the Bruker Infinity cell),4 Vpp is the peak-to-peak excite
amplitude, and texc is the duration of the excite pulse. Since

mion, q, β, N, d, Vpp, and texc are known, controlled, or otherwise
directly measured experimental variables, the purpose of
CRAFTI experiments is to measure fwhm and thus determine
σ.
Because the FTICR-MS is a capable single-instrument

chemical laboratory, CRAFTI can be coupled to premeasure-
ment ion activation strategies with relative ease. Such coupling
might allow σ measurement after collision-induced dissocia-
tion, collision-induced unfolding, chemical reactions, etc. and
might provide additional structural information available after
ion activation. Such information could include cross-sectional
size of product ions, protein size after collisional unfolding, or
the time-dependent size of ions formed through chemical
reactions. One purpose of this paper is to demonstrate the
feasibility of the SORI-CRAFTI approach and to benchmark it
against more conventional IMS-based ion activation-mobility
measurement techniques. While this paper focuses on SORI-
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CRAFTI, additional “ion activation-CRAFTI” strategies are
also expected to work.
SORI-CRAFTI analyzes precursor and product ions in the

same experiment by measuring their ion-neutral σ. This is
accomplished by first dissociating the precursor ion through
sustained off-resonance irradiation collision-induced dissocia-
tion (SORI-CID) and then simultaneously exciting the
precursor and a selected product ion for σ measurements. By
performing the experiments in this fashion, the relative σ of
precursor and product(s) can be directly compared under
identical pressures, and the products can be compared against
each other. Such experimental design may lead to details about
gas-phase ion structure unavailable by other means.
To benchmark this technique, leucine-enkephalin (LE), as

seen in Scheme 1, was used because it is a common mass
spectrometry standard.5 Proof-of-concept work focused on LE
+H+ since its gas-phase dissociation chemistry has been
extensively characterized by tandem mass spectrometry (as
reviewed in ref 5), the precursor and some products have been
characterized using infrared spectroscopy,6 and the cold
precursor has been characterized using both ultraviolet and
infrared spectroscopy.7 The numerous tandem mass spectrom-
etry studies reveal that LE+H+ dissociates through water loss,
bn, an, and yn product channels and that the products obtained
depend on energy during collision-induced dissociation. Polfer
et al.6 determined that the n-terminus is LE’s most probable
protonation site, that the b4 fragment (Scheme 1) has an
oxazolone structure that can cyclize then undergo ring opening

to rearrange the sequence, and that the a4 structure (Scheme
1) possesses an imine trans double bond between the fourth
amine (numbered from the n-terminus) and the phenylalanine
side chain. In both the b4 and a4 structures, the n-terminus is
protonated and solvated by the carbonyl backbone. Burke et
al.7 reached slightly different conclusions about the low energy
structure adopted by LE+H+, specifically with regard to
intramolecular interactions present around the c-terminus.
The structural differences were attributed to the fact that the
Polfer study was at room temperature while the Burke study
was performed on cold (25−110 K) LE. A delightful takeaway
from the Burke study is that the experimentally determined LE
+H+ structure has a conformational size in agreement with
rotationally averaged momentum transfer cross-section meas-
urements obtained through ion mobility.8,9 The information
from the Polfer6 and Burke7 papers was highly valuable to us in
benchmarking SORI-CRAFTI with LE+H+, and its fragments.
In the face of such detailed information about leucine-

enkephalin, the dearth of studies related to the metal
cationized peptide is surprising. A 2011 review5 relates just
two articles which describe LE+Na+ fragmentation. That entire
discussion comprises one-half of one column of a review that is
22 pages in length. Two additional studies published in the late
1980s discuss LE+M+ fragmentation where M+ is Li+, Na+, or
K+.10,11 These studies, which differ in the precursor structure
(canonical vs zwitterion) reveal that collisionally activated LE
+M+ dissociates to form bn+17+M+ ions (Scheme 1), where 17
corresponds to an additional −OH group on the new c-

Scheme 1
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terminus (if canonical) or the additional proton on the n-
terminus, and a bare oxygen from the original c-terminus
moving to the new c-terminus. Oxygen-18 labeling confirmed
that the original c-terminus’ hydroxy group (or bare oxygen)
migrates to the new c-terminus during CID. To the best of our
knowledge, no other literature discusses LE+M+. Thus, in an
attempt to fill the gap surrounding alkali metal-cationized
leucine-enkephalin, SORI-CRAFTI was applied to measure the
relative σ of precursor and product ions.

■ EXPERIMENTAL SECTION
Leucine-enkephalin (LE) was purchased from Sigma-Aldrich
as an acetate salt hydrate, lithium chloride was purchased from
Fisher Chemical, sodium chloride and cesium chloride were
purchases from Mallinckrodt Pharmaceutical, potassium
acetate was purchased from J.T. Baker Chemical, rubidium
chloride was purchased from Spectrum Chemical, and [2.2.2]-
cryptand (222) was obtained from IBC Advanced Technolo-
gies, Inc. (American Fork, UT). HPLC-grade methanol, water,
and isopropanol (Fisher Chemical) were used to make the
electrospray ionization (ESI) solutions. All chemicals were
used without further purification.
All LE solutions were dissolved in 50:50 methanol/water.

One solution contained LE+Li+, Na+, and K+, while LE+Rb+
and LE+Cs+ each had their own sample solutions. The
solutions themselves were approximately equimolar in LE and
Li+, while Na+ and K+ were present adventitiously, with total
LE concentration being 50 μM. LE+H+ was also present
during experiments due to our protic solvent system; no acid
was added to the ESI solutions. [2.2.2]-Cryptand solutions
were either 50:50 methanol/water or 94:6 isopropanol/water
for the reasons detailed below. Samples featured all five alkali
metal salts, with excess [2.2.2]-cryptand. ESI samples for use
on the FTICR contained 70 μM [2.2.2]-cryptand, 10 μM Li+
(Na+ and K+ again present in the Li+ salt), 10 μM Rb+, and 10
μM Cs+.
All SORI and SORI-CRAFTI experiments were performed

on a Bruker Apex 47e Fourier transform ion cyclotron
resonance mass spectrometer with a Bruker Infinity trapping
cell, and a (heavily modified) Analytica microelectrospray
ionization source (Branford, CT).12 The instrument is
controlled by a Predator data acquisition system.13 A Freiser-
style pulsed leak valve14 was used to introduce collision gas
into the trap for ion cooling at the start of the trapping
sequence, for SORI-CID, and for CRAFTI measurements.
Data were analyzed in Igor Pro 8 (WaveMetrics, Lake Oswego,
OR) using custom macros to extract peak widths and
amplitudes from the mass spectra.
We performed two types of FTICR-MS experiments to

investigate LE+M+. The first was a variable energy sustained
off-resonance irradiation collision induced dissociation (SORI-
CID) experiment to obtain precursor ion survival (product ion
appearance) curves for all five LE+M+ systems. Energy was
varied by using a fixed SORI excite amplitude with variable
single frequency excite duration. All SORI excite frequencies
were 1 kHz off-resonance, though the exact frequency
difference was determined during data processing and used
to compute relative collisional energy deposition.15 Argon
(Airgas, 99.997% purity) was used as the CID gas, and was
pulsed into the trapping cell prior to the SORI event. The
pulsed leak valve was pressurized for 500 ms, followed by a 1 s
delay to allow the cell pressure to equilibrate. Argon pressure
was measured using a cold cathode gauge located about 1 m

outside of the trapping cell. Following the SORI event, a 3 s
wait event was used to pump argon out of the trapping cell and
allow ions to cool and dissociate. While we typically find a 1 s
wait time sufficient to pump out the collision gas, a 3 s wait
provided more consistent SORI results for LE+Rb+/Cs+.
The second type of experiment was SORI-CRAFTI. SORI

was used to dissociate LE+M+. This was accomplished by using
a 1 kHz off-resonance single frequency excite that was long
enough in time, and strong enough in amplitude, to cause the
precursor peak to decrease by approximately 50% compared to
initial peak intensity. Prior to the SORI event, argon collision
gas was leaked into the trapping cell to a gauge pressure of ∼2
× 10−5 mbar. After the SORI sequence, a 1 s wait evacuated
the pulsed leak valve system and returned the instrument to
base pressure (∼9 × 10−9 mbar), and the ions were allowed to
cool. The total wait time between SORI and CRAFTI was
slightly more than 2 s.
The CRAFTI sequence then started by leaking argon gas

into the trapping cell again and using resonant RF excitation
for ion detection. The resonant excite was the sum of two
single frequency waveforms, designed to excite two ions
simultaneously in a strategy known as multi-CRAFTI.16 Ion-
neutral collisions shortened the time domain signal, causing
frequency peak broadening. The fwhm of both ion peaks were
extracted and used in eq 1 to calculate the two ions’ relative σ.
Since σ were obtained using multi-CRAFTI, they were directly
compared with each other and with σ ratios obtained through
computational modeling.
Multi-CRAFTI experiments on 222+M+ were performed as

described above, but without the SORI step. SORI-CRAFTI
experiments on 222+Cs+ were also performed as described for
LE+M+ (Δf = 1 kHz on the high m/z side, ∼50% relative
precursor peak loss), though the multi-CRAFTI portion was
performed by simultaneously exciting 222+Cs+ and 222+K+

instead of a product ion. Additionally, 222+K+ was not SORI
activated. In all cases, σ within each experiment were compared
by ratio: M+/K+.
An Agilent 6560 ion mobility Q-TOF-MS instrument was

used to compare with SORI-CRAFTI. Our 6560 also features
an additional counter electrode (“Fragmentor”) at the end of
the sampling capillary which enables ion acceleration, and high
energy collisions with background gas, to cause in-source ion
activation,17 similar to nozzle-skimmer source dissociation.18

While this upgrade has been used for collision-induced
unfolding (CIU) by other research groups,19 we used it for
collision induced dissociation (CID). This setup was used to
measure momentum transfer collision integrals (Ω) of
precursor and product ions for direct comparison with
SORI-CRAFTI results. All IM-MS (and CID-IM-MS) experi-
ments were performed using the Agilent nanoelectrospray
source. The instrument was controlled using MassHunter
Workstation Data Acquisition (Version B.09.00, Build
9.09044.1 SP1). Nitrogen was used as the drift gas, with the
drift tube kept at a pressure of 3.95 Torr. The stepped field
method was used to obtain collision Ω measurements for all
systems,20 with the drift voltage varied systematically from
1000 to 1600 V in 100 V steps. Other pertinent instrument
parameters are summarized in Table S1. All data were analyzed
using MassHunter IM-MS Browser (Version B.08.00). Lastly,
sample solutions for use on the Agilent 6560 were
approximately 20 μM in LE, with one sample composed of
equimolar LE and Li+, while adventitious Na+ and K+ were also
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present. The other sample contained 10 μM LE, 5 μM Rb+,
and 5 μM Cs+.
Computational modeling was performed using the Spartan

’18 Parallel Suite (Wavefunction, Inc., Irvine, CA). Spartan’s
conformer distribution algorithm, using the MMFF force field
supplied in the computational package (parameters for Rb+
and Cs+ were added to the force field),21 and Monte Carlo
searching were used to identify low energy structures for
canonical and zwitterionic LE+M+ and fragments and 222+M+

systems. Single-point energy calculations were then performed
on the resulting MMFF structures at the B3LYP-D3/6-31+G*
level of theory for LE+M+ and fragments and M06-2X/6-
31+G* for 222+M+22,23 to obtain more accurate energies and
Boltzmann weight scoring. The lowest energy conformer was
then submitted for full geometry optimization and final energy
calculations by the B3LYP-D3/6-311+G**//B3LYP-D3/6-
31+G* method for LE+M+ and by the M06-2X/6-
311+G**//M06-2X/6-31+G* method for 222+M+ to obtain
representative structures and to compare canonical and
zwitterionic forms (for the LE+M+ precursor and product
ions). For atom types not included in the 6-31+G* or 6-
311+G** basis sets, Spartan ’18 defaults to LANL2DZ and
DEF2-TZVPPD, respectively, each with appropriate pseudo-
potential. Cross-section prediction was accomplished via the
projection approximation (PA)24 with a Boltzmann-weighted
average calculated as described below.
Unlike ion mobility, CRAFTI does not spatially separate

ions with the same m/z but different σ. Rather, all like-m/z
ions are in the same coherent ion packet, regardless of their σ
differences. To account for how different possible conformers
contribute to the overall measurement, Boltzmann-weighted
average σ are used for comparison with experiment. Modeled σ
were obtained using IMoS 1.10c.24 This was done by
submitting all structures generated from Spartan’s conforma-
tion search for 500-rotation PA calculations in argon, with the
argon radius being 188 pm, its accepted van der Waals
radius.25 After extracting the σ values, a Boltzmann distribution
was calculated based on the DFT-derived energies described
earlier. Cross section ratios (precursor/product) were then
calculated for all relevant combinations to facilitate comparison
with experimental ratio values. Relative standard deviations,
also determined by Boltzmann weighting, of the absolute and
ratio cross-section values are less than 1%.
Either the very simple projection approximation (PA) or the

somewhat more sophisticated exact hard-sphere scattering
(EHSS)26 method could be used to compute σ values from
calculated molecular structures for comparison with CRAFTI.
The differences between PA and EHSS results for a given
structure are small and comparable to the inherent error in the
experimental measurements.3 Because the PA method is
computationally inexpensive compared to EHSS and models
the single-collision dephasing conditions expected in CRAFTI,
we opted to use the simple PA approach. For comparison with
ion mobility results, trajectory method (TM) Ω values were
also obtained via IMoS 1.10c. The TM calculations used
nitrogen as the collision gas, had nitrogen’s quadrupole
moment active (parameter qpol in the IMoS.cla file), and
used ESP charges calculated from the final ab initio energy
calculation in Spartan ’18. Comparison of different cross-
section modeling approaches for the analysis of CRAFTI and
IM data will be the subject of another study.

■ RESULTS AND DISCUSSION
Benchmarking SORI-CRAFTI with LE+H+. To demon-

strate SORI-CRAFTI as an analytical method, CRAFTI
experiments were performed on the following pairs (after
SORI-CID of LE+H+): precursor/water loss (m/z 556/538),
precursor/b4 (556/425), precursor/a4 (556/397), and b4/a4
(425/397). All σ ratios were calculated with the precursor in
the numerator and the product in the denominator so that
ratios are likely to be 1 or larger. CRAFTI (purple bars) and
PA (black bars) σ ratios are displayed in Figure 1. The

precursor and water loss product have a ratio of 1.00 ± 0.03,
suggesting that they are approximately the same size. The
computational ratio for the water loss product is 1.03, which is
a Boltzmann-weighted average of multiple possible dehydra-
tion products27 whose atomic coordinates for the unrefined
structures can be found in the Supporting Information (Tables
S2−S4). In short, three different possible ions were
considered: (1) dehydration at the c-terminus, which results
in an oxazolone structure, and (2, 3) cyclic peptides that result
from dehydration between the n-terminus and the second or
third carbonyl oxygen (numbered from the n-terminus). In all
three cases, the positive charge is still associated with the n-
terminus.
The precursor/b4 ratio is 1.20 ± 0.02, and the precursor/a4

ratio is 1.23 ± 0.02. While these two ions have statistically
different measured σ ratios, as determined by a t test (α =
0.05), computational modeling suggested that the two product
structures are similarly sized. A multi-CRAFTI experiment was
performed to directly compare the σ ratio of the b4/a4 pair.
The ratio was 1.01 ± 0.02, which is consistent with the
computationally determined value of 1.030 ± 0.002. Computa-
tional modeling of these two fragments was based on structures
from ref 6, which proposed that the b4 fragment’s primary
structure is an oxazolone structure and the a4 structure involves
an imine trans double bond toward the phenylalanine residue.

Figure 1. Experimental and computational cross-section ratios (y-
axis) for LE+H+/product. Products used in analysis are listed on the
x-axis. Experimental values are ratios based on averages of nine
measurements, and error bars are the mean standard deviations.
Projection approximation values are ratios of Boltzmann weighted
averages, while trajectory method values are from the single lowest
energy conformer. Ion mobility values are ratios based on averages of
four measurements, and error bars are the propagated mean standard
deviations.
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The oxazolone structure causes the b4 fragment to have a
condensed shape compared to the more linear a4 fragment.
These structural differences could account for why the two
products are similarly sized even though they differ in mass by
28 u. Reference 6 also proposed, as a secondary structure, an
acylium b4 fragment. The PA b4(acylium)/a4 ratio was 1.025 ±
0.001, nearly identical to the b4(oxazolone)/a4 PA ratio. Thus,
even if the acylium b4 structure dominated over the oxazolone
structure, the cross sections are so similar that current methods
cannot distinguish them.
Overall, the σ ratio agreement between CRAFTI and the PA

model is qualitatively good, which is encouraging. However, it
appears that there is systematic quantitative disagreement
between the two, with PA ratios always larger than CRAFTI
ratios. Based on the time scale of the experiment, it is possible
that either precursor or product ions were still hot and
rearranging when the measurement took place. More recent
SORI-CRAFTI work featured a varied time-resolved delay
between SORI and CRAFTI which revealed that LE+H+ cools
from a large σ to an asymptotic minimum σ within 1.5 s after
the SORI excitation is turned off.28 Since our total ion cooling
time was 2 s, it is possible that some portion of the precursor
ion population was still hot during the CRAFTI measurement.
It is also possible that computationally determined low energy
structures do not represent post-SORI activation structures,
which could lead to the disagreement.
Figure 1 also shows CID-IM-MS results (red bars) and TM

predicted Ω ratios (blue bars). It is unsurprising that
precursor/product ratios qualitatively agree since the size
relationship between precursor and product ions should be
instrument agnostic. Additionally, any effects present in only
CRAFTI or IM measurements should be minimized by
conversion to ratio, facilitating the comparison. However,
quantitative agreement is generally not as good. It is possible
that this stems from the fact that ion-neutral collisions in
CRAFTI and IMS are fundamentally different. As discussed
earlier, CRAFTI involves hard-sphere collisions at tens to
hundreds of electronvolts in the center-of-mass frame
(dependent on ion m/z). This minimizes the importance of
long-range interactions between ion and neutral, such that the
result is a measurement of σ.29,30 On the other hand, drift ion
mobility depends on thermal collisions between ion and
neutral, which slow the ion’s mobility without removing the
ion from the packet that traverses the drift tube. This produces
momentum transfer collision integrals, Ω. At these lower
collision energies, long-range interactions are important,31

producing Ω that are fundamentally larger than σ and requiring
both careful interpretation and more extensive computational
modeling.32 Generally, it appears that comparing general
CRAFTI and IM measurements by ratio is a viable way to
compare the results.
Another possible explanation for less-than-exact agreement

between CRAFTI and IMS ratios arises from the difference in
ion activation between SORI-CRAFTI and CID-IMS. SORI
causes precursor ions to undergo multiple low energy collisions
with neutral gas. The ultimate result is deposition of more
energy than the amount deposited via single collisions during
on-resonance collision induced dissociation. Generally, the
longer the off-resonance RF excitation is applied, the more
energy is deposited into the precursor. In our experiments, the
off-resonance RF excitation was applied for 50 to 200 ms.
Conversely, CID-IMS depends on ion-neutral collisions as ions
travel (in the Agilent 6560) from the atmospheric pressure

sampling capillary into the front ion funnel, a process measured
best in microseconds. Thus, it is possible that SORI-CRAFTI
produced significant populations of hot precursor ions, with
sufficient energy to rearrange into structures with larger σ than
are produced in the CID-IMS process. Additionally, because it
takes place in an FTICR-MS, SORI-CRAFTI allows for longer
designated wait periods (2 s in our experiments) between
activation and measurement than CID-IMS does (1 ms, where
the wait period is the result of ion accumulation in the trapping
funnel, rather than a dedicated cooling period). This could
result in product ions cooling to different kinetic minima that
differ in size. Taken together, the activation energy and wait
period differences could result in different precursor and
product ion populations that differ in size
We note that a similar study, performed in 2008, also used

drift ion mobility CID-IMS to study LE+H+ and the b4 and a4
fragments.8 A unique highlight of that study is the triple drift
tube design which allowed greater product ion separation than
was possible on our Agilent 6560. The greater separation
revealed that the total a4 product ion population was
composed of three distinct subpopulations. Using ref 8’s
labeling and nomenclature, these subpopulations were (I) a
cyclic structure, (II) a cis-imine N-terminal protonated
structure, and (III) a trans-imine N-terminal protonated
structure, with (estimated by us) precursor/product ratios of
(I) 1.24, (II) 1.20, and (III) 1.13. These ratios are in good
agreement with what we determined by CRAFTI (1.23) and
IMS (1.17). Given that the CRAFTI measurements agree
better with I and II while IMS agrees better with II and III, it is
possible that each instrument sampled different ion popula-
tions due to the time scales available after the collisional
activation step and prior to the measurement step. The lone
exception for excellent agreement with CRAFTI is product III,
which, ironically, was the ion structure we used for modeling
purposes. Interestingly, our modeled PA value of 1.28 is much
higher than the value of 1.13 (TM) from ref 8, despite both
studies using similar (not identical) starting structures. This
may be due to differences in how low energy conformers were
identified. As described, we used Monte Carlo conformational
searching driven by MMFF to identify low energy conformers,
while ref 8 used structures identified in ref 6 which were found
using molecular dynamics and the Amber force field. Despite
that exception, CRAFTI, in-house CID-IMS, and previous
CID-IMS-IMS-IMS, reach similar conclusions about the Ω
relationship of LE+H+ and the a4 product ion.
The 2008 study also analyzed the b4 ion population and

concluded that it included cyclic and oxazolone subpopula-
tions, with (estimated by us) ratios of 1.22 and 1.18,
respectively. These ratios are also in good agreement with
our CRAFTI value of 1.20.

SORI and SORI-CRAFTI Analysis of LE+M+. Taking
lessons learned from benchmarking experiments, LE+M+ (M+

= Li+, Na+, K+, Rb+, and Cs+) systems were analyzed by SORI
and SORI-CRAFTI. As pointed out earlier, LE+Li+/Na+/K+

were analyzed by tandem mass spectrometry in the late
1980s10,33 and were found to primarily dissociate into
bn+17+M+ fragments. For this project, SORI results were
used to guide the targeted SORI-CRAFTI experiments.

SORI Results. As described previously, we performed
energy-resolved SORI experiments to obtain precursor ion
disappearance and product ion appearance curves for all five
LE+M+ precursors. This was done to identify which products
were favored and to guide SORI-CRAFTI experiments. Figure
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S1 contains six plots summarizing the results. Table S5 lists all
observed product ions from SORI experiments for each
precursor ion.
As is typical of peptides, multiple dissociation pathways were

observed for all LE+M+ precursors. The favored pathway for
LE+Li+/Na+/K+ resulted in formation of the b4+17+M+

product. Less favored pathways resulted in the LE+M+-H2O,
b4+M+, a4+M+, and b3+17+M+ products. Collisional activation
of LE+K+ also resulted in formation of the c3+K+ product.
Additionally, several less-favored pathways resulted in other
small molecule (CO, NH3, CO2, etc.) losses. The favored
pathway for LE+Rb+ was Rb+ loss, though another pathway
also led to the b4+17+Rb+ product. The only observed
dissociation pathway for LE+Cs+ was Cs+ loss.
The fact that multiple products arose from small molecule

(H2O, CO, NH3, CO2) loss suggests that all, or some portion,
of the precursor peptide population is present as zwitterions,
because several of these products can be lost from the n-
terminus (NH3) and c-terminus (CO, CO2) of zwitterionic
precursors. It is also possible that the peptide is present in its
canonical form, but a mobile proton from the c-terminal
hydroxy group migrates to the n-terminus during collisional
activation, which then leads to ammonia or carbon dioxide
loss. However, this may be difficult to confirm without
spectroscopic measurements such as IRMPD.
The relative SORI-CID precursor dissociation energies are

compared in Figure S1(F) by plotting all the precursor survival
yield curves together. These are then compared based on their
energies at the 50% survival yield (SY50) point. The SY50 for
each LE+M+ is greater than the SY50 for LE+H+, as was
recently demonstrated for various peptide+Na+ systems.34 This
could be due to the metal cation affording stability to the
peptide that does not occur when the n-terminus is protonated
(and is 1+ charged overall).
Many, though not all, dissociation products observed as a

result of SORI-CID were also observed following in-source
CID in the Agilent 6560. Specifically, SORI-CID of LE+M+

resulted in 45 total quantifiable product ions while in-source
CID (Agilent 6560) resulted in seven quantifiable product
ions. The difference in total product ions quantified by each
strategy is likely related, again, to the difference between SORI-
CID in the FTICR and in-source CID in the IMS-qTOF, the
amount of energy deposited through ion-neutral collisions
through each strategy, and the amount of time for
postactivation dissociation and cooling.
SORI-CRAFTI Results. Figure 2 shows σ ratios for LE+Li+

(A), Na+ (B), and K+ (C) precursors and selected product ions
as obtained by SORI-CRAFTI (left, purple bars) and CID-IMS
(right, red bars). LE+Rb+ is not included since the σ ratio
obtained via SORI-CRAFTI (LE+Rb+/b4+17+Rb+) did not
have a counterpart obtained via CID-IMS. LE+Cs+ is not
included because neither SORI nor traditional CID resulted in
peptide dissociation.
The first thing to note in Figure 2 is the excellent qualitative

agreement between CRAFTI ratios and IMS ratios. The only
systems for which qualitative agreement is poor is for the
smallest product ions (b3+17 for Li+ and Na+, and c3 for K+),
which are the lowest m/z ions detected, the smallest in terms
of cross-section value, and produce the lowest intensity signal
of all product ions measured in this study. The disagreement
likely arises more from inaccuracies in the CRAFTI measure-
ment than from IM. A fundamental shortcoming of CRAFTI is
its reliance on initial ion signal, as σ is measured based on the

rate at which ions are removed from coherent ion packets.
Thus, weak initial ion signal results in poor CRAFTI results,
such as increased %RSD, which could result in a wider
quantitative gap between the CRAFTI and IMS ratios.
A second thing to note in Figure 2 is the lack of

computationally modeled ratios, as were present in Figure 1
for LE+H+. Modeled structures used for LE+H+ and its
fragments were based on structures well characterized by gas-
phase action spectroscopy, as discussed above. This facilitated
cross-section prediction, and comparison with experimental
results. On the other hand, structures for LE+M+ and the
resulting fragments are based on accurate m/z values, chemical

Figure 2. Multi-CRAFTI ratios (y-axis) for LE + Li+/Na+/K+/Rb+
and their respective products (x-axis). CRAFTI ratios are averages of
7−9 measurements, while IMS ratios are averages of four measure-
ments. In each case, error bars are one standard deviation of the
mean.
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intuition, and MMFF-driven Monte Carlo conformational
searching. Since each metalated precursor, and the bn+17+M+

products, can be present in their canonical or zwitterionic
forms, modeling and analysis were not straightforward. Despite
extensive efforts, described below, neither the precursors, nor
the bn+17+M+ products, could confidently be identified as
canonical or zwitterionic. Thus, modeled ratios are not
included for comparison with experimental results.
The third thing to note in Figure 2 is the fact that b4+K+ was

not observed using CID-IMS. It is possible that b4+K+ results
from further dissociation of a different product+K+ ion such
that additional time after activation is required for the former’s
formation. As discussed previously, the FTICR affords much
longer ’wait’ times than the IM-MS, which could account for
b4+K+’s presence in the FTICR but not the IMS-ToF.
Last, it is interesting to note that ratio values for identical

product ions are highly similar, regardless of cation identity
and size. This suggests that each product ion coordinates to
the metal cation in similar ways, and that the physical cation
size plays little role in the physical size of the peptide+M+

structure.
Efforts to characterize precursors and products as either

canonical or zwitterionic involved comparison of experimental
ratios with computational ratios and high-level ab initio
calculations for relative energy comparisons.
Comparison of Experimental and Computationally

Predicted Ratios. As each precursor, and the bn+17 products,
have canonical or zwitterionic forms, four different computa-
tionally predicted ratios were considered. These were:
[canonical precursor]/[canonical fragment], [zwitterionic
precursor]/[zwitterionic fragment], [canonical precursor]/
[zwitterionic fragment], and [zwitterionic precursor]/[canon-
ical fragment]. Comparison of each of these with the
experimentally measured ratio revealed multiple different
possibilities either in agreement, or very close in agreement,
or poor agreement, with experiment (Tables S6 and S7).
Additionally, there was no consistent trend across precursors
and products based on metal cation identity. Ultimately, σ
values did not clearly distinguish between the possibilities.
Ab Initio Calculations for Relative Energy Compar-

ison. To clear up whether precursors and product ions are
present in their canonical or zwitterionic forms, we turned to
higher level DFT calculations to determine which peptide form
was favored in the gas phase. These calculations revealed that
canonical and zwitterionic lithium and sodium precursors are
within 1 kJ/mol of each other, potassium precursors are within
14 kJ/mol of each other (with zwitterionic being favored), and
rubidium precursors are within 7 kJ/mol of each other (with
canonical favored). Thus, our data suggest that both canonical
and zwitterionic precursor forms may be present in the gas
phase for all metals. Similar calculations for the bn+17+M+

products revealed that the canonical form is favored by at least
24 kJ/mol over the zwitterionic forms. The only system
excepted from this trend is b3+17+Na+, whose canonical form
is favored by just 2 kJ/mol. Again, based on these results, no
definite conclusions could be reached about canonical versus
zwitterionic precursor and product ions. Thus, computationally
predicted ratios were not included in Figure 2.
While it is disappointing that the complementary approach

of cross-section measurement, tandem MS, and high-level DFT
calculations was insufficient to confidently identify LE+M+

precursors and bn+17+M+ product ions as canonical or
zwitterionic, this result is unsurprising. This complementary

strategy cannot elucidate fine structural features to the same
extent as condensed-phase methods such as NMR and X-ray
crystallography or gas-phase methods like action spectroscopy.
In the case of investigating gas-phase chemistry, IRMPD may
be a better option to definitively identify precursor and
product ions as either canonical, zwitterionic, or a mixture of
both.
Overall, SORI-CRAFTI and CID-IMS were able to quantify

σ and Ω ratios for several precursor/product pairs, which can
facilitate peptide identification through complementary in-
formation acquired in the course of each experiment, namely:
m/z, σ or Ω, and fragmentation pattern. In this regard, SORI-
CRAFTI, like CID-IMS, may be a useful tool for molecular
structure identification.

[2.2.2]-Cryptand and Alkali Metal Cations. Since SORI-
CRAFTI was unable to determine whether metalated LE was
present in its canonical or zwitterionic form, we turned our
attention to a different system to show how SORI-CRAFTI
could be used to probe gas-phase ion structure. We chose
[2.2.2]-cryptand, a macrocyclic host capable of binding metal
cations through its six ether oxygens (Figure 3 inset).35 Of the

alkali metal cations, lithium through rubidium are all small
enough to fit within [2.2.2]-cryptand, forming an alkali metal
cryptate. However, cesium has been shown to bind both
internally and externally to [2.2.2]-cryptand, depending on
solvent, with aqueous solvents favoring external binding and
less polar solvents favoring internal binding.36 Initial multi-
CRAFTI results, from a 50/50 methanol/water electrospray
solution, comparing 222+M+ and 222+K+ (SI Figure S2)
showed a large jump in ratio value (M+/K+) between Rb+ and
Cs+, indicative that Cs+ is bound externally to [2.2.2]-cryptand.
This result has been consistent over many years in our lab,
regardless of which researcher makes the measurement.
Using a fresh electrospray sample (50:50 water/methanol)

of [2.2.2]-cryptand and cesium chloride (sodium and
potassium were present due to contamination), we repeated
multi-CRAFTI measurements for 222+K+ and 222+Cs+, which
returned a ratio in agreement with previous values (1.15 ±
0.01). We then attempted to anneal 222+Cs+ to an internally
bound conformation using SORI. After SORI activation of
222+Cs+ to induce ∼50% relative peak intensity loss, relative σ
values for 222+K+ and 222+Cs+ were again obtained by multi-
CRAFTI. The ratio decreased to 1.10 ± 0.01 (Figure 3, middle
bar), indicating a −4.5% change in 222+Cs+ collision cross

Figure 3. 222+Cs+/222+K+ average σ ratios measured by two
different techniques and two different solvent systems. Error bars are
the mean standard deviations.
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section. A student t test comparing the two multi-CRAFTI
ratios confirmed that the mean values are statistically different.
This result strongly suggested that either (1) 222+Cs+
(external) was activated and annealed to 222+Cs+ (internal)
or (2) the initial ion population was composed of both
internally and externally bound 222+Cs+, and SORI activation
caused 222+Cs+ (external) to dissociate, leaving the remaining
population enriched in the internally bound complex.
To test the interpretation that the resultant 222+Cs+

population featured Cs+ bound internally, we performed the
same multi-CRAFTI measurement using a 6:94 water/
isopropanol solvent system. This is based on NMR evidence
which showed that solvents with similar dielectric constants to
isopropanol resulted in 222+Cs+ (internal), while solvents with
dielectric constants similar to water resulted in 222+Cs+
(external).37 The multi-CRAFTI ratio for the isopropanol
solution was 1.11 ± 0.02 (Figure 3) in statistical agreement (t
test, α = 0.05) with the SORI-CRAFTI ratio and statistically
different (t test, α = 0.05) from the CRAFTI ratio obtained
without activation. While we could not confirm whether SORI
heating caused annealing to convert Cs+ (external) to Cs+
(internal), or whether dissociation of Cs+ (external) to leave
behind a population enriched in Cs+ (internal), it is clear that
SORI induced a net structural change in the ion population,
which was measurable by CRAFTI.
Evaluation of SORI-CRAFTI and CID-IMS. Table 1

summarizes how many precursor/product pairs were measured

for each precursor ion by each method. Interestingly, although
SORI produced a wider range of fragment ions (a total of 53,
including those from LE+H+) than were seen using in-source
CID (a total of 37, including those from LE+H+), collision
cross sections for more fragment ions were measurable using
IMS than we were able to measure using CRAFTI. It is
impressive to note that CID-IMS measured nearly double the
number of precursor/product ion pairs, in a fraction of the
time, compared to SORI-CRAFTI. A few differences in
experimental design likely led to this result. In regard to data
acquisition rate, SORI and CRAFTI are targeted FTICR
methods, which results in activation of one precursor species,
followed by σ measurement of the precursor and one product
ion. By its nature, that is a slow process. Additionally, in this
data acquisition setup, SORI requires collision gas introduction
prior to the SORI event sequence, then collision gas removal
prior to reintroducing collision gas at lower pressures for the
CRAFTI sequence. The pump-up and pump-down portions
result in experimental time lengths approaching 10 s per scan,
which quickly becomes 50 to 100 s when multiple scans are
averaged. Since CRAFTI requires data collection at multiple
pressures to form a single replicate, that one replicate, of only 2

ions, takes approximately 10 min if six pressure points are used.
Thus, for statistically relevant data of three or more replicates
(nine replicates as presented here), SORI-CRAFTI experi-
ments require 30 (90) minutes to complete. By comparison,
CID-IMS is a nontargeted (all ions) analytical method. As ions
were directly infused via nanoESI, they traveled more or less
together through the instrument’s source region which is
where collisional activation took place. Thus, all precursor ions
present in each sample were activated simultaneously, resulting
in broad product ion formation. All ions then traveled through
the instrument’s drift region prior to detection in the time-of-
flight segment. In our CID-IMS method, one replicate,
containing all 36 ions, was completed in 3.5 min, and four
replicates were completed in 14 min. Taken together, the
number of ions quantified and the rapidity of data acquisition,
makes CID-IMS the obvious choice for omics-type workflows.
As discussed above, CRAFTI requires as strong an initial

signal intensity as possible since ions will be lost from the ion
packet through ion-neutral collisions and as the pressure
increases. As mentioned above, six different pressure points
were used, which covered 1 order of magnitude pressure range.
The final pressure caused such low signal intensity that
averaging of 10 scans was required to produce quantifiable
signal peaks. For those product ions whose relative signal
intensity is weak to begin with (for example, a nonfavored
dissociation pathway), the signal peak is generally lost in the
noise prior to reaching the maximum pressure required for σ
measurement. This prevents measuring the σ ratio for that
precursor/product pair. In contrast, drift ion mobility does not
depend on single collision ion removal from the ion group, nor
does it require various pressures to measure Ω, so there is
minimal pressure-induced ion loss, preserving signal intensity.
Additionally, the Agilent 6560 is designed for sensitivity,
possessing multiple ion funnels that refocus the ion beam and
prevent ion loss.38,39 Thus, product ions whose relative signal
intensity may be weak in the FTICR are easily detected by the
Agilent 6560.
These differences between SORI-CRAFTI and CID-IMS

present opportunities to further improve CRAFTI. First, it is
possible to use a form of broadband excitation to collisionally
activate ions in the FTICR, making activation less targeted.40

Second, it may be possible to perform CRAFTI measurements
at a single high pressure instead of over a range of pressures,
which would simplify and speed up data acquisition. Finally, it
may be possible to use broadband RF excitation for detection
instead of waveforms that are either a single frequency or the
sum of two frequencies. This would also simplify and speed up
data acquisition.
Despite these drawbacks, and the need to improve SORI-

CRAFTI to make it more generally useful, the technique was
useful for studying internally and externally bound 222+Cs+.
When electrosprayed from water:methanol, which should have
produced externally bound Cs+, SORI heating of the externally
bound Cs+ complex was sufficient to facilitate annealing to an
internally bound Cs+ complex. Subsequent CRAFTI measure-
ment then confirmed this change. This suggests that energy-
resolved SORI-CRAFTI might be used to produce an
annealing curve based on σ value or ratio.
Additionally, CRAFTI itself remains an excellent tool for

investigating gas-phase ion chemistry as demonstrated
recently.41 That work examined fragile host/guest systems
which dissociated at very low relative collision energies. Multi-
CRAFTI was key to characterizing how the guest ions were

Table 1. Number of Product Ions Whose σ or Ω was
Measured by Each Method

precursor SORI-CRAFTI CID-IMS

LE+H+ 3 9
LE+Li+ 5 11
LE+Na+ 6 10
LE+K+ 6 6
LE+Rb+ 1 0
LE+Cs+ 0 0
total 21 36
acquisition time 31.5 h 14 min
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bound to the host. Attempts to replicate that work on the
Agilent 6560 were unsuccessful because these fragile
complexes were not observed using the Agilent instrument.
The paper concludes that the fragile host/guest systems likely
dissociated through multiple low energy collisions prior to (or
during) mobility separation. This did not happen in the
FTICR since it is maintained at ultrahigh vacuum for a
majority of the experiment, preventing multiple low energy
collisions from occurring prior to σ measurement.

■ CONCLUSION
An FTICR-MS is a formidable gas-phase processing laboratory
capable of ion activation and high-resolution, accurate mass
measurements. To its repertoire, CRAFTI adds the ability to
measure σ. This aids investigation of the connection between
gas-phase structure and chemistry. When CRAFTI is
combined with SORI (SORI-CRAFTI), gas-phase structures
of precursor and selected product ions can be studied together
in the same experiment. While this targeted approach has
potential for ion chemistry or -omics studies, it does require
more time to implement when compared with IM-MS
instruments that offer premeasurement ion activation capa-
bilities. Additionally, SORI can also be used to cause ion
structural changes, which are then reflected in comparative
CRAFTI measurements.
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