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Abstract
Effective temperatures of ions during traveling wave ion mobility spectrometry (TWIMS) analysis
were measured using singly protonated leucine enkephalin dimer as a chemical thermometer by
monitoring dissociation of the dimer into monomer, as well as the subsequent dissociation of
monomer into a-, b-, and y-ions, as a function of instrumental parameters. At fixed helium cell
and TWIMS cell gas flow rates, the extent of dissociation does not vary significantly with either
the wave velocity or wave height, except at low (G500 m/s) wave velocities that are not
commonly used. Increasing the flow rate of nitrogen gas into the TWIMS cell and decreasing the
flow rate of helium gas into the helium cell resulted in greater dissociation. However, the mobility
distributions of the fragment ions formed by dissociation of the dimer upon injection into the
TWIMS cell are nearly indistinguishable from those of fragment ions formed in the collision cell
prior to TWIMS analysis for all TWIMS experiments. These results indicate that heating and
dissociation occur when ions are injected into the TWIMS cell, and that the effective temperature
subsequently decreases to a point at which no further dissociation is observed during the
TWIMS analysis. An upper limit to the effective ion temperature of 449 K during TWIMS analysis
is obtained at a helium flow rate of 180 mL/min, TWIMS flow rate of 80 mL/min, and traveling
wave height of 40 V, which is well below previously reported values. Effects of ion heating in
TWIMS on gas-phase protein conformation are presented.

Key words: Traveling wave ion mobility spectrometry, Thermometer ions, Effective temperature,
Ion activation

Introduction

I on mobility spectrometry (IMS) separates gaseous ions
based on differences in their mobilities through an inert

collision gas, which depend on ion charge, size, shape, and
ion–molecular interactions [1]. Originally employed for
analyzing atomic species [2–4] and small clusters and
molecules [4–7], the use of IMS for examining the gas-
phase conformations of peptides [8], proteins [9–13], multi-

protein complexes [14–16], and even viruses [17] has
undergone rapid growth. Static field IMS, field-asymmetric
(FA)IMS, and traveling wave (TW)IMS have all been coupled
withmass spectrometry (MS), either as a means of ion selection
or as a detector [18–30]. In TWIMS, a wave of amplitude V is
applied to a set of adjacent lenses and moved along the axis of
the cell at a velocity v. Some ions are able to traverse the cell at
the velocity of the wave, whereas others fall behind the wave,
resulting in a mobility separation [31, 32]. TWIMS separations
are rapid with resolving powers (t/Δt) approaching ~30 with a
cell ~25 cm in length [30, 33].

One issue with any mobility analyzer used to investigate
the conformations of biomolecules is that the measurement
itself may alter the conformation of the ion. In static field
IMS, cross section values for proteins that are closest to
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those calculated from crystal structures were obtained for the
lowest charge state ions when low injection energies and
short ion storage times prior to injection were used.
However, more elongated conformations were observed for
these ions when higher injection voltages and longer storage
times were used [9–13]. This indicates that conformational
changes can be caused by activation of ions in the gas phase.
Similarly, elongation of protein ion conformations can occur
at high fields in FAIMS [34]. Early experiments and
theoretical examinations of TWIMS suggested that the
resolving power of the separation increases with increasing
wave height, pressure, and mobility, and decreasing wave
velocity [29, 32]. Experiments on a second-generation
TWIMS device show that the ratio of traveling wave height
to the traveling wave velocity has the largest effect for
optimal resolving power [33]. Optimum values for this ratio
depend on both the drift pressure and the mobility of the ion
and the highest collision cross section accuracy was obtained
at high pressures and low wave velocities [33]. However, the
effects of these parameters on both ion heating and any
conformational changes that might occur are still not fully
understood, but have recently been investigated with a first-
generation TWIMS instrument [35]. Shvartsburg and Smith
examined and modeled TWIMS, and estimated that ions can
have effective temperatures as high as 7000 K during TWIMS
depending on experimental parameters [32]. Intact macro-
molecular complexes can be analyzed using a careful choice
of instrumental parameters, indicating that dissociation as a
result of ion heating can be minimized, and drift times can
be converted to collision cross sections through calibration
curves [33, 36, 37]. However, a quantitative measure of the
extent to which ion heating occurs in TWIMS is desirable
because ion heating can effect both the collision cross
section measurements and the distributions of conformations
observed even when dissociation does not occur.

The extent to which ions are heated during an activation
process can be measured using thermometer ions. These are
ions for which the energetics of dissociation are well
characterized, and such ions have been employed in mass
spectrometry for over 50 y to better understand energy
deposition in various processes and instruments [38–49]. For
these ions, fragments have defined appearance energies [38–
40], the thermodynamics of bond cleavages are known [41,
42], or dissociation kinetics have been measured by a
thermal technique, such as blackbody infrared radiative
dissociation (BIRD) [43–46]. In all instances, information
about the internal energy or effective temperature of the ion
as it traverses the mass spectrometer can be obtained from
the observed fragmentation. Recently, Morsa et al. examined
heating in a first generation TWIMS instrument using the p-
methoxybenzylpyridinium ion (m/z 200), which fragments to
yield the p-methoxybenzyl cation, as a thermometer ion
[50]. The drift profile of this product ion had populations

corresponding to fragmentation of the precursor before,
during, and after it traversed the TWIMS cell, and all three
populations were studied as a function of instrumental
parameters. Ion effective temperatures within the TWIMS
cell increased with increasing wave height, decreasing wave
velocity, and decreasing drift pressure, and an effective
temperature of 555 K was measured at the manufacturer’s
suggested settings. Although this value is significantly lower
than the 7000 K upper limit of Shvartsburg and Smith [32],
it is still significantly higher than temperatures typically
achieved in static-field IMS. The authors suggested that
ionic size might influence heating, with lower temperatures
anticipated for larger singly-charged ions [50].

Whereas many thermometer ions, such as p-methoxy-
benzylpyridinium, are small organic molecules, protonated
leucine enkephalin is an attractive larger thermometer ion,
which can readily be produced both by electrospray
ionization (ESI) and matrix-assisted laser desorption ioniza-
tion. The dissociation of this protonated peptide has been
examined extensively by collisional activation, surface-
induced dissociation and BIRD, and the Arrhenius param-
eters for its dissociation obtained from these methods have
been compiled in a recent review [51]. Here, we examine the
dissociation of the singly-protonated leucine enkephalin
dimer (m/z 1112) [44] as it traverses a second generation
TWIMS cell. Dissociation of the mass-selected dimer into
monomer as well as subsequent dissociation of the monomer
is observed in TWIMS. The extent of dissociation does not
vary significantly as the traveling wave height or velocity is
varied, except at low wave velocities. These data indicate
that the injection of ions into the TWIMS cell is the “hottest”
step of the process, and that ions cool rapidly prior to
TWIMS analysis. These results indicate that the maximum
ion effective temperature must be below 449 K during the
TWIMS separation. Lastly, we present data for two other
systems and show that ion heating upon injection can cause
small protein ions to unfold to more elongated conforma-
tions under typical conditions used in TWIMS experiments.

Experimental
Electrospray Ionization

Leucine enkephalin and ubiquitin were purchased as
lyophilized powders (Sigma Aldrich, St. Louis, MO, USA)
and were used without further purification. For leucine
enkephalin, the solid was diluted to a concentration of 0.1 M
in 18 MΩ water to facilitate dimer formation. For ubiquitin,
a solution of 3.0×10–5 M was prepared in 94:4:2 (percent
volume) water: acetonitrile: acetic acid. All arrival time
distributions and mass spectra were acquired using a hybrid
Q-TWIMS-time-of-flight (TOF)MS (Synapt G2 High
Definition Mass Spectrometer; Waters, Milford, MA, USA)
equipped with a Z-spray ion source. Ions were formed using
nanoelectrospray emitters made by pulling borosilicate
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capillaries (1.0 mm o.d./0.78 mm i.d.; Sutter Instruments,
Novato, CA, USA) to a tip i.d. of ~1 μm with a Flaming/
Brown micropipette puller (model P-87; Sutter Instruments).
A platinum wire (0.127 mm diameter; Sigma Aldrich)
inserted into the capillary provides electrical contact with
the solution. Electrospray was initiated and maintained by
applying a potential of 1.0-1.7 kV to the wire relative to
instrument ground.

Instrumental Parameters

The theory behind traveling wave IMS and design aspects of
TWIMS cells, including those employed in the commercial-
ly available TWIMS-MS instruments, are described else-
where [29–33]. Therefore, only a brief description of the
TRIWAVE assembly is given here. Figure 1 shows a
schematic of the trap, TWIMS, and transfer TWAVE
elements of the instrument used for these studies. Traveling
waves of user-defined heights and velocities are applied
independently to all of the regions except the helium cell. A
sine wave of 2.8 MHz and 250 V peak-to-peak radially
confines ions and is applied to all elements. Argon gas is
introduced into the trap and transfer regions, and helium and
nitrogen gases are introduced into the helium and TWIMS
cells, respectively. DC voltages can be applied to the first
and last lens of both the trap and TWIMS regions, and bias
voltages can raise all elements of the trap by a defined
amount above the TWIMS cell as well as the TWIMS cell
relative to the transfer TWAVE. The transfer TWAVE can
have a collision energy applied to it for the purpose of
fragmenting mobility resolved precursor ions in parallel [52,
53]. The distance between the trap and the helium cell is
40 mm, and the lengths of the helium and TWIMS cells are
70 and 254 mm, respectively.

Because the purpose of these experiments is to examine
the extent of ion activation caused specifically by the
TWIMS cell, each element was tuned to minimize dissoci-
ation of protonated leucine enkephalin dimer ion, (M2+H)

+,
without decreasing ion transmission by more than ~10%
below the optimum value. Then, the following parameters in
TWIMS-MS mode were maintained constant unless other-
wise specified: trap gas (Ar) flow rate of 3.00 mL/min;

source TWAVE velocity of 150 m/s; source TWAVE height
of 0.5 V; trap TWAVE velocity of 150 m/s; trap TWAVE
height of 2.0 V; transfer TWAVE velocity of 100 m/s,
transfer TWAVE height of 1.0 V, and source pulse width of
200 μs. The DC potentials and bias voltages applied to the
trap, helium, TWIMS, and transfer TWAVE cells were all
maintained constant; a list of these values is provided in
Supplemental Table 1. The potential of the sampling cone
was 10 V for analysis of leucine enkephalin and 25 V for the
analysis of myoglobin and ubiquitin, and the extraction cone
was maintained at 1 V for all experiments. As a result of
varying the flow rates of gases into both the helium and
TWIMS cells, the pressure in the TOF analyzer varied from
1.05 to 1.22×10–6 mbar. The TOF analyzer was operated in
single-pass sensitivity mode. Mass spectra were not
smoothed whereas arrival time distributions were smoothed
three times with a one-unit wide Savitzky-Golay smoothing
algorithm. Experiments were carried out in triplicate. A
mobility delay after trap release of 450 μs, fixed number of
drift bins (200) and maximum m/z (2000) were used for all
mobility experiments; no drift trimming was used. The
above settings result in a maximum recorded drift time of
13.712 ms. Under some conditions, ion wrap-around, in
which low-mobility ions are not observed until the begin-
ning of the next drift experiment, occurs. In these cases,
~450 μs of data are not acquired. The drift profiles are fit in
Origin 7.0 by either a sigmoid (for high-mobility ions on the
peak front) or an exponential decay (for low-mobility ions
with significant peak tailing). R2 values for all fits are at
least 0.96, and the fit data represent ≤11% of the peak area
when wrap-around occurs. Drift times are reproducible to
within ±1 drift bin, which corresponds to 70 μs for these
experiments. Extents of dissociation measured on the same
day are reproducible to within an average percent relative
error of ~8%. Uncertainties are reported as one standard
deviation.

Effective Temperatures

The effective temperature of an ion was determined from the
measured extent of dissociation as well as the activation time
from the Arrhenius equation using Arrhenius parameters
previously measured using BIRD in the rapid exchange limit
[54]. The effective temperature is defined as the temperature
at which the measured dissociation rate constant is equal to
that of a Boltzmann distribution of ions [54, 55]. The time of
ion activation during TWIMS analysis was obtained from
the drift time corrected for the time spent in the transfer
TWAVE and TOF [36, 37]. The time used to calculate
effective temperatures during ion injection is 70 μs, which
corresponds to the temporal length of each drift bin. This
value was used as an upper limit to the dissociation time
frame during injection based on the absence of a shift in the
drift profile of the same ions formed either before or after
injection.

Figure 1. Diagram of the TRIWAVE region in the Waters
Synapt G2 (not to scale), consisting of three components, the
Trap TWAVE (blue), TWIMS TWAVE (purple), and Transfer
TWAVE (green). A small region at the front of the TWIMS
TWAVE is pressurized with helium and is shown in red.
Highlighted areas denote regions to which gas is introduced:
Trap and Transfer, argon; helium cell, helium, and TWIMS
cell, nitrogen. The gate pulses ions into the TWIMS cell and
begins the drift experiment

S.I. Merenbloom, et al.: How Hot is Your TWAVE IMS? 555



Results
Effects of Traveling Wave Height and Velocity
on Dissociation

In order to characterize the extent of ion activation caused by
TWIMS, experimental parameters were adjusted to minimize
activation caused in other regions of the mass spectrometer
while not significantly reducing ion transmission. Argon was
supplied to both the trap and transfer TWAVE regions at a
flow rate of 3.00 mL/min, but no helium or nitrogen was
introduced into the helium and TWIMS cells. A trap
TWAVE height of 0.5 V and transfer wave height of
0.2 V were necessary to observe the protonated leucine
enkephalin dimer, but no waves were applied to the source
or TWIMS cells. A mass spectrum of the mass-selected
singly protonated leucine enkephalin dimer acquired with
these conditions is shown in Figure 2a. A small fraction of
protonated dimers dissociate into the singly protonated
monomer (extent of dissociation is 0.259%±0.003%), and
no further fragmentation occurs.

In order to acquire two-dimensional TWIMS-MS spectra,
helium and nitrogen were introduced into the instrument,
and lens elements were set to the values given in the
Experimental section and Supplemental Table 1. Conditions
in the source, trap, and transfer TWAVE cells were
maintained constant, whereas both the TWIMS wave height
and wave velocity were varied systematically. Mass spectra
acquired at a constant wave height of 40 V but at wave
velocities of 500, 900, and 1300 m/s are shown in
Figure 2b–d. In these experiments, flow rates in the helium
and TWIMS cells were 180 and 80 mL/min, respectively,
both near the manufacturer’s suggested values. The abun-
dance of the singly protonated monomer is nearly an order
of magnitude greater at all three wave velocities compared
with the mass spectrum in Figure 2a with no TWAVE
separation. Dissociation of the monomer also occurs. The
b3

+, a4
+, and b4

+ fragments are all formed at a wave velocity
of 500 m/s (Figure 2 b). Along with these fragments, the b1

+

and internal fragment F+ are formed at a wave velocity of
900 m/s (Figure 2c), and at a wave velocity of 1300 m/s, the
b2

+ is formed as well (Figure 2d). Despite the greater
number of fragments observed from dissociation of the
monomer, the extent of dissociation of the singly protonated
leucine enkephalin dimer does not vary significantly as the
traveling wave velocity is varied, with all fragments
comprising ~2%–3% of the total ion intensity. This may be
the result of subtle differences in the widths of the internal
energy distribution although the average internal energy of
the ion population does not change.

The effects of traveling wave height on the extent of
dissociation of the singly protonated leucine enkephalin
dimer as a function of wave velocity was measured, and
these results are shown in Figure 3. For wave velocities of
500 m/s and greater, the extent of dissociation was ~2.5%
and did not depend significantly on either the wave height or
wave velocity. At a wave velocity of 100 m/s, there is an

increase in dissociation with wave heights of 30 V and
greater, with a maximum of 16%±1% at 40 V. This shows
that these ions are heated during TWIMS analysis at this
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Figure 2. Mass spectra of the mass-selected leucine
enkephalin dimer, acquired in MS mode (a), or TWIMS-MS
mode at wave velocities of 500 m/s (b), 900 m/s (c), or
1300 m/s (d). In TWIMS-MS mode, the helium cell flow rate
was 180 mL/min, the flow rate of nitrogen into the TWIMS
cell was 80 mL/min, and a constant wave height of 40 V was
used. The protonated monomer ion is expanded, as is the
region between m/z 50 and 550. In (a), the peak at m/z 264,
highlighted with an asterisk, is noise
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very low wave velocity and high wave height. However,
under these conditions, ion transport but no mobility
separation occurs. Thus, the wave height and wave velocity
do not change the effective temperature of the singly
protonated leucine enkephalin dimer to an observable extent
over a range of conditions that would be typically used.

Where Dissociation Occurs

Dissociation of the singly protonated leucine enkephalin
dimer could potentially occur at any time between selection
in the quadrupole and analysis by TOF. If dissociation
occurs before the TWIMS cell, fragments would have
distinct drift profiles with drift times less than that of the
precursor if they have greater mobilities. Fragments would
have drift times equal to that of the precursor if dissociation
occurs after the TWIMS cell, whereas dissociation of the
precursor within the TWIMS cell would result in fragments
having drift times between these two extremes. To determine
where activation of the singly protonated leucine enkephalin
dimer occurs, drift profiles of the dimer, monomer, and all
fragments observed were examined at collision cell poten-
tials of 2 V (same as the potential applied to the cell for
collection of the mass spectra in Figure 2) and 30 V. A
potential of 30 V causes 99.6% dissociation of protonated
leucine enkephalin dimer, with the monomer ion represent-
ing 98.8% of the total ion intensity. Profiles for the dimer,
monomer, and the b3

+ fragment acquired at both collision
cell potentials and a constant wave velocity of 900 m/s and
wave height of 40 V are shown in Figure 4. The dimer has a
drift time of 13.02 ms (Figure 4a), and distributions of this

ion with and without collisional activation prior to injection
to the TWIMS cell are indistinguishable from one another.
The tailing to greater drift times could be due to the dimer
ion adopting more elongated conformations before and/or
during the drift experiment.

The protonated monomer has a peak with a drift time of
6.93 ms when this ion is formed by dissociation of the
protonated dimer in the collision cell. The drift distribution
for the protonated monomer formed without collisional
activation has a maximum intensity at the same drift time.
The peak widths for both distributions are also similar
(~350 μs). However, there is noticeable tailing to greater
drift times for ions formed without intentional collisional
activation compared with those formed by collisional
activation (Figure 4b). Both peaks are normalized for
intensity; there is ~80× more monomer formed in the
collision cell compared with when these ions are formed
by injection of the dimer, indicating the tailing for the latter
drift profile is not due to space-charge effects. Additionally,
no tailing to greater drift times occurs for fragment ions of
the protonated monomer. For example, the distributions of
b3

+ are virtually indistinguishable for both collision energies
(Figure 4c). Similar results were obtained at all other
traveling wave velocities examined. These data indicate that

Figure 3. Percent dissociation as a function of traveling
wave height at wave velocities of 100 (○), 500 (□), 900 (Δ),
1300 (×) and 1700 (–) m/s. A helium cell flow rate of 180 mL/
min and nitrogen flow rate of 80 mL/min into the TWIMS cell
were used for all experiments 0 2 4 6 8 10 12 14
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Figure 4. Intensity-normalized drift profiles for the proton-
ated leucine enkephalin dimer (a), protonated monomer (b),
and b3

+ fragment ion (c), for dimer ions that were dissociated
at collision cell potentials of 30 V (red dotted lines) and 2 V
(black solid lines). Data for the protonated dimer is corrected
for wrap-around (see the Experimental section)
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most of the activation and subsequent dissociation of the
leucine enkephalin dimer occurs prior to or during injection
into the TWIMS cell. It is possible that dissociation of the
dimer within the helium and drift cells causes the tailing to
greater drift times for the protonated monomer. Morsa et al.
reported that the fragments of the benzylpyridinium ion
formed within the TWIMS cell were fairly constant in
intensity across the range of drift times between the fragment
formed prior to the TWIMS cell and the precursor [50]. The
tailing towards greater drift times for leucine enkephalin
monomer ions is likely from monomers that are formed in
the TWIMS cell as a result of metastable decay of a small
fraction of dimer ions that have been activated during
injection into the drift cell. Because the extent of this tailing
is minor and only observed for the monomer ions,
abundances were integrated over the entire distribution of
monomer ions assuming they arose from a single process.

Effects of Helium Cell and TWIMS Cell Gas Flow
Rates

The data shown in Figures 2, 3 and 4 suggest that the
greatest activation of protonated leucine enkephalin dimer
occurs prior to or during injection into the TWIMS cell.
Therefore, to evaluate the effects of the helium cell pressure
on dissociation, similar drift experiments were performed at
differing combinations of helium cell and TWIMS cell gas
flow rates keeping all other parameters the same. Results of
these experiments at a constant traveling wave velocity of
900 m/s and traveling wave height of 40 V are shown in
Figure 5. Lowering the helium cell flow rate to 75 mL/min
while keeping the TWIMS cell flow rate constant (80 mL/
min) results in 75%±6% dissociation, with the monomer
abundance approximately three times greater than that of the
dimer ion (Figure 5a); in comparison, only 2.5%±0.1%
dissociation is observed with a helium cell flow rate of
180 mL/min (Figure 2b). These data provide additional
evidence that injection of ions into the TWIMS cell causes
the majority of ion activation, and that a high pressure of
helium collisionally cools the ions during injection.

The effect of varying the TWIMS flow rate on the extent
of dissociation was also examined. A nitrogen flow rate of
20 mL/min into the TWIMS cell results in 0.40±0.02 and
2.1%±0.1% dissociation at helium cell flow rates of 180 and
75 mL/min, respectively, which is significantly lower than
the dissociation observed at the higher (80 mL/min) nitrogen
flow rate (Figure 5b and c compared with Figures 2b and 5a,
respectively). Although dissociation decreases significantly
with decreasing TWIMS cell flow rate, so does the range of
drift times across which ions are observed. For example, at a
helium cell flow rate of 180 mL/min and TWIMS cell flow
rate of 80 mL/min, the singly protonated leucine enkephalin
dimer and monomer have drift times of 13.02 and 6.93 ms,
respectively. Decreasing the TWIMS cell flow rate to
20 mL/min while keeping the helium cell flow rate constant
results in the same ions having drift times of 2.29 and

1.59 ms, respectively. In order to have optimum peak
capacity, both the traveling wave height and wave velocity
would need to be changed at these flow rates of gases into
the helium and TWIMS cells. In all instances, the drift
distributions of the monomer and fragment ions were
indistinguishable from those formed by dissociating the
dimer in the collision cell, with the exception of the tailing in
the monomer ion distribution (data not shown). This
indicates that the increased dissociation that occurs when
higher nitrogen gas flows are introduced into the TWIMS
cell is a result of collisional activation during injection, prior
to TWIMS analysis.
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Figure 5. Mass spectra of the mass-selected leucine enkeph-
alin dimer, acquired in TWIMS-MS mode with a constant wave
velocity of 900 m/s and wave height of 40 V, with differing
combinations of helium and TWIMS cell flow rates: (a) helium=
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The data in Figures 2 and 5 show that ion activation
within the TWIMS cell is reduced at a high helium flow rate
and a low nitrogen flow rate into the TWIMS cell. However,
fragment mobility distributions formed by activation during
TWIMS have identical peak centers and widths as fragments
formed by dissociation of protonated leucine enkephalin
dimer in the collision cell prior to the TWIMS cell (Figure 4),
indicating that activation and dissociation occur prior to or
during injection into the TWIMS cell. A 200 μs-wide pulse
was applied to the gate (Figure 1) to inject ions into the
TWIMS cell for all experiments. Decreasing the gate pulse
width to 100, 50, or 25 μs does not significantly change the
peak widths or the extent of ion activation, but total ion
current decreases by ~1%, 8%, and 60%, respectively,
relative to the total ion current observed with a 200 μs gate
width. The minimal decrease in ion current between the 200
and 50 μs ion injection times indicates that the width of the
initial ion packet is roughly 50 μs wide irrespective of
whether longer injection times are used. Because there is no
change in the drift time of the vast majority of the ions,
whether they are formed prior to or during ion injection, the
drift bin size of 70 μs provides an upper limit to the
timescale for ion dissociation. There is a small fraction of
monomers that are formed in the TWIMS cell from
metastable decay as indicated by the tailing in the drift
profiles for these ions. This suggests that there is a higher
energy tail in the internal energy of this population that is
not fully accounted for in this analysis. A time of 70 μs can
then be used to determine a lower limit to the ion effective
temperature via the Arrhenius equation. Using Arrhenius
parameters of Ea=1.6 eV and log(A)=17.2 for the dissoci-
ation of the singly protonated leucine enkephalin dimer
measured by Schnier et al. [44], a lower limit to the ion
effective temperature of ~551 K is obtained for singly
protonated leucine enkephalin dimer during injection into
the TWIMS cell under operating conditions near the
manufacturer’s suggested values (a helium flow rate of
180 mL/min, nitrogen flow rate into the TWIMS cell of
80 mL/min, and traveling wave velocity greater than
500 m/s).

Dimer ions had drift times ranging from ~2 to 24 ms
depending on experimental conditions. No dissociation
occurs in the TWIMS cell above that measured during ion
injection for drift times up to 24 ms. The standard deviation
in the measured dissociation extent (±0.2%) can be used to
determine the maximum extent of dissociation that could
have occurred in the TWIMS cell. Using a value of two
times the standard deviation as our detection limit, the
effective temperature of the protonated leucine enkephalin
dimer must be below ~449 K during the TWIMS separation.

Other Thermometer Ions and Protein
Conformational Changes

Similar experiments at the same TWIMS settings that
minimized heating of protonated leucine enkephalin dimer

(helium flow rate of 180 mL/min, TWIMS flow rate of 80 mL/
min, traveling wave velocity of 900 m/s, traveling wave height
of 40 V) were done with the 10+ and 11+ charge states of
myoglobin, as well as hydrated clusters of divalent calcium.
For myoglobin, 2.3±0.2 and 5.4%±0.3% dissociation (loss of
heme+) occurs for the 10+ and 11+ charge states, respectively.
As was the case for protonated leucine enkephalin dimer,
fragment ions had the same drift times as those formed in the
collision cell prior to the TWIMS cell (data not shown)
indicating that dissociation occurs during injection of these
ions into the TWIMS cell and in less time than the 70 μs drift
bin size. The extents of dissociation correspond to internal
temperatures of 700 K and 744 K for the myoglobin 10+ and
11+ using 70 μs and the previously reported Arrhenius
parameters for these ions [45]. Because no further dissociation
occurs for either ion over the course of the drift experiment, an
upper limit to the ion effective temperature during the TWIMS
separation of ~470 K can be established. Without TWIMS,
hydrated calcium with up to several hundred water molecules
could be measured. However, no hydrated ions with more than
four water molecules were detected with TWIMS-MS,
indicating that substantial ion heating occurred.

Conformations adopted by protein ions in the gas
phase are influenced by solution composition [13],
solution/source temperature [13], injection voltage [9,
10], and storage time prior to injection into a static-field
IMS drift tube [11, 12]. Similarly, TWIMS conditions
can lead to gas-phase unfolding of protein ions, as
demonstrated on a first generation TWIMS cell [35]. The
activation that occurs when ions are injected into a
second generation TWIMS cell can also result in changes
to ion conformations (Figure 6). Drift distributions for
protonated ubiquitin ions with between +5 and +13
charges are shown in Figure 6 (left). Drift times were
converted to a collision cross section scale using the
procedure outlined by Robinson and coworkers [36, 37]
with denatured ions (the 9+ through 13+) as calibrants.
Cross sections reported for lower charge state ions may
have significant uncertainty (up to 5%) [37]. The cross
sections of these ions span the range of ~1000–2100 Å2,
with the lowest values observed for the lowest charge
state ions. The distribution for ions with 6+ charges
shows two families of conformers, one with cross section
values as low as those for the 5+ ion distribution with a
maximum at ~1311 Å2, and another that is more
unfolded, with a maximum at ~1700 Å2. Additional
elongation of ion conformation with increasing charge
state continues up to the 13+ ion, the highest charge
state observed, which has a distribution centered at ~1974 Å2.
Ions formed from the same solution composition have
been analyzed using static-field IMS/MS. With the most
gentle IMS instrumental conditions, ions with +5–7
charges are highly compact, and a transition from
compact to partially folded to elongated occurs as the
charge state increases [13, 56]. The more unfolded
conformations of the intermediate charge states in these
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TWIMS experiments are similar to those observed when
ions are heated in the source region [13] or within an
RF-trap prior to injection to a drift tube [12]. The greater
activation that occurs in TWIMS compared with static-
field IMS when gentle conditions are used complicate
the comparison of these data for the purpose of
calibrating collision cross sections [57].

To further examine the extent of ion heating caused by
injection into the TWIMS cell, ubiquitin drift distributions
were acquired at several helium cell flow rates, while all
other parameters were kept constant, and these data for
ubiquitin 6+ are shown on the right of Figure 6. At the
highest helium cell flow rate, distributions of a more folded
population (~1311 Å2) and a more elongated population
(~1700 Å2) are observed. At a flow rate of 125 mL/min in
the helium cell, the more folded distribution is no longer
observed, and all ions adopt more elongated conformations.
This is consistent with more ion activation occurring at
lower helium cell flow rates. The more elongated conformer
or family of conformers remains the only feature for 6+ ions
as the helium cell flow rate is decreased, although the peak
center does shift slightly to a final collision cross section of
~1660 Å2 at a helium cell flow rate of 0 mL/min. In addition
to the elongation of conformers, fragmentation of ubiquitin
ions occurs at lower helium cell flow rates (not shown).
These results show that the relative populations of unfolded
and folded conformers can provide useful information about

how experimental parameters affect the extent to which ion
activation occurs.

Discussion and Conclusion
Several thermometer ions were used to characterize the ion
heating that occurs in a second generation TWIMS cell.
Two-dimensional drift time-m/z data were obtained for
singly protonated leucine enkephalin dimer as well as
several charge states of myoglobin across a wide range of
TWIMS operating parameters. Dissociation occurred upon
injection into the TWIMS cell, but little if any dissociation
occurs as these ions traverse the TWIMS cell. Data for
leucine enkephalin, myoglobin, and hydrated calcium all
suggest that injection of ions into the TWIMS cell causes
ions to heat to internal temperatures of ~551–774 K,
depending on the ion. This heating can be minimized by
increasing the helium cell flow rate and/or decreasing the
TWIMS cell flow rate, although the latter requires changes
to the traveling wave height and wave velocity to maintain
optimum IMS separation and peak capacity. Ion heating
could also be minimized by lowering the injection energy of
the ions, although there is a tradeoff with sensitivity. An
upper limit to the effective temperatures of 449 and 470 K
for the protonated leucine enkephalin dimer and the 10+ and
11+ ions of myoglobin, respectively, were obtained for these
ions during TWIMS analysis across a wide range of wave
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Figure 6. Collisional cross sections obtained from drift profiles for ubiquitin charge states 5+ through 13+ obtained with a
helium flow rate of 180 mL/min, a flow rate of nitrogen into the TWIMS cell of 80 mL/min, traveling wave velocity of 900 m/s and
wave height of 40 V (left). To the right are distributions of 6+ ions, acquired with a traveling wave velocity of 900 m/s, wave
height of 40 V, and nitrogen flow rate into the TWIMS cell of 80 mL/min, and varying helium cell flow rate (decreasing from top
to bottom)
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velocities and wave heights typically employed. These
values are well below the upper estimate of Shvartsburg
and Smith [32], and are also lower than those reported by
Morsa et al. [50].

The extent of ion activation that occurs will depend on
many factors, including ion charge state, mass, conforma-
tion, and instrumental parameters. For large ions that are
significantly folded, neither the charge state nor the
collisional cross section increase linearly with mass. For
example, the cross section of a spherical polymer increases
by~(mass)2/3. Thus, the extent of collisional activation per
degree of freedom should decrease with ion size for large
proteins and protein complexes formed from aqueous
solutions in which native conformations are more stable.
This should result in lower effective temperatures with
increasing ion size when these ions retain compact con-
formations through the ESI process and into the gas phase.
The higher effective temperatures for myoglobin compared
with protonated leucine enkephalin dimer may be an artifact
of the minimal myoglobin dissociation that occurred. The
observed fragments may reflect a small population of less
stable ions than those for which Arrhenius parameters were
measured previously [45]. Dissociation of the protonated
leucine enkephalin dimer into monomer is entropically
favorable, and similar Arrhenius parameters for dissociation
of this ion have been measured across a wide range of
temperatures [44, 47, 51]. Thus, the effective temperatures
reported for this ion are expected to be the most accurate.
The results for ubiquitin show that ion heating and
conformational changes induced by TWIMS occur for this
protein, and that ion heating can complicate attempts to
relate gas-phase and solution-phase structures for small
proteins or other similar size molecules. These effects are
largely a result of ion injection into the cell as opposed to the
TWIMS separation itself, and gentler injection conditions
could significantly reduce any conformational changes
induced by TWIMS analysis.
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