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Collisional activation of ions in the ion cyclotron resonance (ICR) cell by short off-resonance burst irra-
diation (ORBI) was studied by time-resolved photodissociation of the meta-bromotoluene radical cation.
Off-resonance chirp or single-frequency burst was applied for 2 ms to the probe ion in the presence of
Ar buffer gas. The amount of internal energy imparted to the probe ion by collision under ORBI was
precisely determined by time-resolved photodissociation spectroscopy. The rate of unimolecular disso-
ciation of the probe ion following the photolysis at 532 nm was measured by monitoring the real-time
appearance of the C;H;* product ion. The internal energy of the probe ion was extracted from the known
rate-energy curve. To help understand the collisional activation of an ion under ORBI, we simulated the
radial trajectory of the ion using Green’s method. The calculated radial kinetic energy was converted to
the collision energy in the center-of-mass frame, and the collision frequency was estimated by using a
reactive hard-sphere collision model with an ion-induced dipole potential. Both experiments and tra-
jectory simulations suggest that chirp irradiation leads to less collisional activation of ions than other
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1. Introduction

In Fourier-transform ion cyclotron resonance (FT-ICR) spectrom-
etry [1-5], ions of interest are isolated in the ICR cell by radially
ejecting all unwanted ions [6-16]. The radial ejection is typically
accomplished by applying a radio frequency (rf) electric field in
resonance with the effective cyclotron frequency of an ion to
be removed [1,10-16]. Single-frequency bursts, frequency-swept
chirps [2,17], tailored waveforms [18-25], and/or their combina-
tion are used to sweep out unwanted ions. However, the rf burst in
resonance with one ion perturbs the trajectories of all other ions
trapped in the ICR cell [19,26-29]. Thus, all remaining ions expe-
rience some translational agitation by off-resonance irradiation,
which could lead to collisional activation of ions in the presence
of buffer gas.

The on-resonance irradiation has been widely used in studies of
ion-molecule reactions [30,31] as well as collision-induced disso-
ciation (CID) [32-36], while the off-resonance irradiation [37] has
been utilized in heating up large molecular ions [38-45]. Although
the ion trajectory perturbed by off-resonance irradiation has been
extensively studied by theory [29,46-49], the degree of internal
excitation of ions by collision under such conditions has been rarely
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characterized by experiments. The effect of sustained off-resonance
irradiation (SORI) on the collisional activation of ions has been
recently reported by obtaining the fragmentation efficiency curve
as a function of collision energy and applied frequency [50,51]. By
contrast, the effect of transient off-resonance irradiation has not
been well characterized. In a typical ICR experiment, a series of
short rf bursts are applied to eject unwanted ion, however, their
effects on the trajectory of an isolated ion are often neglected
because each burst is not sustained for a long time. Nonetheless,
the repetitive irradiation of a series of short rf bursts may yield a
cumulative effect on the trajectory.

In this report, we examine the effect of off-resonance burst irra-
diation (ORBI) on the internal excitation of an ion. Because the
degree of internal excitation is expected to be small, we use a
sensitive internal energy probe. We have employed time-resolved
photodissociation (TRPD) spectroscopy [52-57] to measure the
rate of unimolecular dissociation of the bromotoluene radical
cation. The unimolecular dissociation rate is a sensitive measure
of an internal energy. Bromotoluene is one of the most well-
characterized systems by experiments [54,55,58] and theory [59].
The bromotoluene radical cation dissociates to C;H;* upon a few eV
internal excitation [54,55,58]. The lowest activation process leads
to the benzyl cation via a series of hydrogen-migration intermedi-
ates [59], although the tropylium ion is thermodynamically more
stable than the benzyl cation [60]. The rate-energy curve for the
lowest activation process is available from the previous studies in
our laboratory [55]. Thus, the internal energy can be precisely deter-
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Fig. 1. Schematic of experimental procedures.

mined from the rate constant. Of the three geometric isomers, the
meta-isomer is selected as a probe molecule because both the yield
and dissociation rate best fit the 532-nm photolysis experiment in
resolving the internal energy of ions excited by ORBI for 2 ms in the
presence of Ar buffer gas.

To gain further insights into the translational agitation of an
ion by ORBI, we calculate the radial trajectory of an ion in a cubic
ICR cell by Green’s method [61]. The radial kinetic energy of an
ion in the laboratory frame is converted to the collision energy
with Ar in the center-of-mass frame. The time-averaged collision
energy is calculated by estimating the collision frequency using a
reactive hard-sphere model with an ion-induced dipole potential
[62].

2. Experimental
2.1. Time-resolved photodissociation

A 5-T FT-ICR setup for TRPD spectroscopy was previously
described in detail [54]. The background pressure of an ICR chamber
was typically below 9.0 x 10-10 torr after bakeout. Bromotoluene
was leaked into the ICR cell through a leak valve (Varian, 951-5106)
to reach a partial pressure of about 4 x 10~8 torr. Toluene-dg and
Ar were admitted into the ICR cell through a pulsed valve. The par-
tial pressures of toluene-dg and Ar were ~2 x 10~8 and 5 x 10~ torr,
respectively. The 266 nm output of a frequency-quadrupled Nd:YAG
laser (Spectra-Physics, GCR-150) was used for photoionization and
the 532 nm output of a frequency doubled Nd:YAG laser (Contin-
uum, NY-8010) was used for photodissociation.

Experimental procedures are outlined in Fig. 1. One cycle of
experiment begins with pulsing both toluene-dg and Ar followed
by pulsing a quench voltage on trapping plates to refresh the ICR
cell. Then, the toluene-dg radical cation (CgDs5CD3*") is prepared
by two-photon ionization (2PI) of toluene-dg (IE=8.8276eV) [63]
at 266 nm. CgDsCD3*" undergoes exothermic charge-transfer reac-
tions with neutral bromotoluene (IE=8.73eV) [58] for over 10s
with the rate constant of k=1.2 x 10-9 cm3 molecule~!s~1 [54].
During this period, the bromotoluene radical cation (CH3CgH4Br*")
is thermalized by degenerate charge-transfer reactions with neutral
bromotoluene (k=1.8 x 102 cm3 molecule~!s~1) [54]. The direct
2PI of bromotoluene is not productive because of the fast predis-
sociation in the Sq state [55]. The space-charge effects [64] are
minimized by lowering both the laser power and the partial pres-

sure of toluene. After thermalization at 293 K, the bromotoluene
radical cations (m/z=170 and 172 Th) are irradiated for 2 ms by
either a frequency-swept chirp in the mass range of m/z=155-145
Th or a single-frequency burst at m/z=155, 150, and 86 Th. The
frequency range for m/z=155-145 Th is selected to avoid overlaps
with other nonlinear resonance frequencies from the quartic poten-
tial [65] and yet to be 9.7-17.3% off-resonant relative to the effective
cyclotron frequency at m/z=170 Th. The frequency at m/z=86 Th is
also tested because it is close to the second harmonics. After 50 ms
delay, the parent ions are pumped by a 532 nm laser pulse and the
appearance of the C;H;* product ion is probed with a 10-20 s long
rf excitation pulse as a function pump-probe delay on a ps time
scale. Finally the structure of C;H;* is identified by the reaction of
C7H;* with toluene-ds.

One cycle of reaction events taking place in the ICR cell is sum-
marized in Egs. (1)-(5)

CgD5CD3 4+ 2hv(266 nm) — CgD5CD3*" + e~ : photoionization

(1)
CsD5CD3 ™" + CH3CgHy4Br
— CH3CgH4Br+* + CgDsCD3: charge transfer (2)
CH3C6H4BI'+' + CH3CgH4Br
— CH3CgHy4Br** + CH3CgH,4Br : thermalization (3)

CH3CgH4Br*" + hv(532nm) — C;H; + Br': photodissociation
(4)

C7H7+ + CgD5CD3

— (CD3CgD4CH,y™ +CgHsD : structure identification (5)

For the time-resolved ion detection [54], a single-frequency burst is
applied at the effective cyclotron frequency of C;H7* for 10-20 s
with 44-V peak-to-peak amplitude and the ICR transient is acquired
for 8.192 ms. For collisional activation of ions, the off-resonance rf
burst is applied for 2 ms with 44-V peak-to-peak amplitude.
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To extract the internal energy of an ion, we iteratively fit the
TRPD yield data to the ICR signal equation convoluted with a trun-
cated Boltzmann distribution [66-69]. The time-resolved ICR signal
equation is given in Eqs. (6) and (7) [54]

1 — exp-Kt+A-to)

S(t):C(t+A—t0)<l— ) for t<to<t+A

K+ A —to)
(6)

_ —kA
S(t)=CA (1 - exp"(ttﬂ)li)g)> fortg <t (7)

where S(t) is the product ion signal, C is the proportionality con-
stant, A is the pulse width of an rf detection burst, and k is the
unimolecular dissociation rate constant. The pump laser is fired
at tp, while the rf detection burst is scanned before and after the
pump laser. The precise timing of the beginning of the rf detection
burst with respect to the pump laser is monitored by using a fast
photodiode with a 200-MHz digital oscilloscope (LeCroy 9304M).

2.2. Trajectory calculations and collision dynamics

In a cubic ICR cell of length a (50.8 mm) and trapping potential
V, the radial equation of motion of an ion with mass m and charge
q under a homogeneous magnetic field B directed along the z-axis
and a dipolar rf excitation force field along the x-axis is given to the
first order in Eq. (8) [65]

2
Biiopk PZp_ b0
R+iwcR - 2R_ maF(t) (8)

where R(t) =x(t) +iy(t), wc (= gB/m) is the cyclotron frequency w, (=
\/4qagV[ma?) is the axial oscillation frequency, and F(t) is an
arbitrary rf excitation function. For a cubic cell, ag=1.386865 and
by =1.4433 [65]. Assuming a linear response, the inhomogeneous
part of differential equation can be expressed as a sum of indi-
vidual impulse functions by applying superposition principle [61].
Green’s method is useful to find a solution for linear, inhomoge-
neous differential equations with the initial conditions of R(0)=0
and R(0) =0

R(t) = /tF(t’)~G(t, t') dt’ 9)
where 0

Gt t) = ﬁbgw(exp —iw_(t—t') - exp—iw.(t—t)) (10)
and

a)i:‘;C(u 11‘5) (1)

The Green’s function G(t,t'), which is a solution for the differential
equation of an infinitesimal element of the inhomogeneous part,
already contains the initial conditions. Therefore, the general solu-
tion, expressed by the integral of F(t')-G(t, t'), automatically contains
the initial conditions for any rf excitation function F(t). The radial
trajectory R(t) is obtained by numerical integration of F(t')-G(t, t').
The derivative R(t) is also evaluated numerically to give the kinetic
energy of an ion Eq. (12)

Eq(t) = %mu?(r)\z (12)

The kinetic energy in the laboratory frame is converted to the col-

lision energy with Ar in the center-of-mass frame Eq. (13)

m . 1 .
A Eq(t) = mIR(E)? = SuIREOP - (13)

m+ Mar

mar 1
m+ mp; 2

Ecm(t) =

where u is the reduced mass. To compare with experiments, the
collision frequency is estimated by adopting a reactive hard-sphere
collision model with an ion- induced dipole potential [62]. The
effective collision cross-section o(v) is given in Egs. (14) and (15)

= an,/ for1/<—,/g (14)
5 aq q /a
o(v) =nd (14—“ 2d4) forv > 2\ u (15)

where v is the relative velocity, o is the polarizability of Ar
(1.6411 A3)[70],and d (=rioq +Tar = 3.9 A+ 1.7 A) is the effective hard-
sphere radius. For a given ion velocity, v; = |R(t)|, the collision
frequency with Ar having a Maxwell-Boltzmann velocity distribu-
tion is expressed as Eq. (

_ Mar
B 27'rkBT vi

_exp*mAr('H’Vi) /ZkBT) dv (’16)

exp—mm(u—v,— )2/2I<BT

where np; is the number density of Ar. The probability of multiple
collisions is estimated by the Poisson distribution Eq. (17) [71]

e~Zt(zt)y"

Pm(t) = — (17)

3. Results and discussion

3.1. Time-resolved photodissociation of ions perturbed by
off-resonance burst irradiation

The TRPD spectra presented in Fig. 2 show the time-resolved
appearance of the C;H;* product ion from 532-nm photodissocia-
tion of the bromotoluene radical cation. The time-zero intercept
represents the relative yield of two-photon dissociation (2PD)
and the initial slope corresponds to the rate of one-photon dis-
sociation (1PD). The parent ion thermalized at 293 K with no rf
irradiation dissociates at the rate of 3700+ 200s~! with an inter-
nal energy of 2.43 eV (one photon energy at 532 nm plus thermal
internal energy at 293 K) [55]. After 2-ms long chirp irradiation
at we (27 =495 064-529 217 Hz (we/w = 1.097-1.173) covering the
mass range of m/z=155-145 Th, both the time-zero intercept
and initial slope increase significantly. Signal analysis using the
rate-energy curve for the meta-bromotoluene radical cation [54]
suggests that the internal energy of the parent ion increases by
~60 meV from the thermal value at 293 K. The 2-ms long single-
frequency burstirradiation at the median m/z of 150 Th (we /27 =511
572 Hz, we|w:=1.134) also produces similar increases in both the
intercept and slope, indicating the same degree of internal exci-
tation. To compare with chirp irradiation, we varied the burst
frequency as shown in Fig. 2b, one at 1.097 w. corresponding to
m/z=155 and the other at 1.977 w, corresponding to m/z=86. The
rate-energy curve suggests that the internal energy increases by
~80 and ~20 meV from the thermal value after burst irradiation
at m/z=155 and 86, respectively. Apparently, short ORBI perturbs
the radial trajectories of ions in the ICR cell to induce collisional
activation of ions in the presence of buffer gas.

3.2. Kinetic energy modulation by off-resonance burst irradiation

To illustrate the perturbation of radial kinetic energy of anion by
ORBI, we simulate the trajectory of an ion at m/z=170 (w/27 =451
220Hz) in a 5T magnetic field strength and numerically calculate
the radial kinetic energy as a function of applied frequency (we;@c)
and irradiation time. The ion is initially at rest in the center of the
ICR cell (R(0)=0 and R(0) = 0) and irradiated by a dipolar rf electric
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Fig. 2. The TRPD spectra of the m-bromotoluene radical cation at 532 nm with a
laser power of ~5m] per pulse: (a) the appearance of the C;H;* product ion from
532-nm photolysis of the parent ion under no rf irradiation (@), chirp irradiation in
the mass range of m/z=155-145 Th (O), and burst irradiation at m/z=150 Th (*); (b)
the appearance of the C;H;* product ion from 532-nm photolysis of the parent ion
under no rf irradiation (®), and burst irradiation at m/z=86 Th (O) and at m/z=155
Th (*). The duration of burst is 2 ms. The line is a fit to the convoluted signal equation.

field along the x-axis with peak-to-peak amplitude of 34V. The
ion kinetic energy oscillates sinusoidally with irradiation time as
shown in Fig. 3. The most prominent modulation is due to the most
slowly varying difference-frequency (we — w+) component. The fine
modulation on top of the large-amplitude difference-frequency
modulation is due to the sum-frequency (we+w+) component.
The modulation of the second harmonic (2we) component is
not resolved. The maximum kinetic energy decreases as the
ratio of off-resonance frequency to cyclotron frequency (we/wc)
increases. The well-known equation for the maximum kinetic
energy achieved by SORI is in fact the zeroth-order approximation,
where the kinetic energy is proportional to the square of applied
rf amplitude and inversely proportional to the square of difference
frequency (we — w+).

3.0

| “i“':;u ’gﬁ'? |
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Fig. 3. The modulation of kinetic energy (E;) of an ion at m/z=170
(w¢[2=451,220Hz) as a function of we/w: and irradiation time with 34-V
peak-to-peak amplitude. The large-amplitude modulation is due to the slowly
varying difference-frequency (we — w+) component, while the fine modulation on
top of the difference-frequency modulation is due to the sum-frequency (we +w+)
component.

To more closely examine the effects of different waveforms on
the translational agitation of the ion at m/z=170, we calculate
the kinetic energy modulated by either a single-frequency burst
at m/z=155, 150, and 145, or a superposition of three frequen-
cies, or a frequency-swept chirp. After converting into the collision
energy, the modulation of collision energy is depicted in Fig. 4
as a function of irradiation time of different waveforms. Under
single-frequency burst irradiation, the collision energy oscillates
sinusoidally with the difference frequency (we — w+) and the max-
imum collision energy is proportional to 1/(we — w+)?. When the
superposition waveform is applied, the collision energy fluctuates
with much higher amplitude than the sum of three amplitudes
from single-frequency bursts due to interferences. By contrast, the
chirp waveform results in much reduced modulation of collision
energy with the maximum collision energy almost identical to that
achieved by single-frequency burst at the median m/z=150.

Assuming the present experimental condition leads to the time-
averaged collision energy of 140, 72 and 42meV for ORBI at
m/z=155, 150 and 145 Th, respectively, with the average collision
frequency of 140, 70 and 48s~1, respectively. The ratio of aver-
age collision energy is 3.33:1.71:1.00 and that of average collision
frequency is 2.91:1.46:1.00 for ORBI at m/z=155, 150 and 145 Th,
respectively. Both ratios are close to the ratio of 3.17:1.67:1.00 for
1/(we — wc)? at mjz=155, 150 and 145 Th, respectively. The proba-
bility of collision with Ar during 2-ms ORBI at m/z=155, 150, and
145 This calculated to be 0.21, 0.12, and 0.09 for single collision and
0.03, 0.009, and 0.004 for double collision, respectively. Provided
that the parent ion undergoes, on average, less than one collision
during ORBI and the translational-to-vibrational energy-transfer
efficiency is not unity, the amount of increase in internal energy
by 80 and 60 meV due to ORBI at m/z=155 and 150 Th is in reason-
able agreement with the calculated average collision energy of 140
and 70 meV, respectively.

3.3. Sustained off-resonance irradiation at m/z= 155 and 145

Under the single collision condition, the net amount of inter-
nal energy imparted by ORBI is limited by the maximum collision
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Fig. 4. The modulation of collision energy (Ecm) of an ion at m/z=170 with Ar as a
function of burst duration with 44V peak-to-peak amplitude: (a) single-frequency
burst at m/z=155 Th (we/wc=1.097); (b) single-frequency burst at m/z=150 Th
(we|we=1.134); (c) single-frequency burst at m/z=145 Th (we/w:=1.173); (d) a
superposition of frequencies at m/z =155, 150, and 145 Th; (e) frequency-swept chirp
covering the mass range of m/z=155-145 Th. The step size of chirp is 17 Hz and the
duration of each chirp step is 1 ps.

energy which is proportional to 1/(we — @¢)? . So ORBI at m/z=155
can impart more energy into the internal degrees of freedom than
ORBI at m/z=145 by a factor of 3.17 in theory. Under the multi-
ple collision condition, however, the net amount of internal energy
imparted by SORI is proportional to the product of average colli-
sion energy and average collision frequency, thus becoming roughly
proportional to the square of 1/(we — wc)?.

To illustrate this significant difference between single-collision
ORBI and multiple-collision SORI, we apply SORI to the bro-
motoluene radical cation. The bromotoluene radical cation can
undergo two different reactions upon collisional activation depend-
ing on available internal energy. One is the charge-transfer reaction
with toluene-dg to yield the toluene-dg radical cation (the reverse
of Eq. (2)), which is endothermic by 0.1eV [54], and the other is
the unimolecular dissociation to C;H;*, which requires activation
energy of 1.80 eV [55]. We observe the reaction profile as a function
of irradiation time of single-frequency burst at m/z=155 and 145

m/z =155 m/z =145
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Fig. 5. Temporal variations of ion-molecule reactions taking place under sustained
off-resonance irradiation of single-frequency burst at (a) m/z=155 and (b) m/z=145.
The peak-to-peak amplitude is 44 V. At time zero, the relative abundance of the
bromotoluene radical cation (CH3CgH,479/81Br**) is 90% and that of the toluene-
dg radical cation (C;Dg*") is 10%. The solid circle (®) represents CH3CgH479Br*" at
m/z=170, the open circle (O) denotes CH3CgH,48!Br** at m/z =172, the solid triangle
(v) represents CgDsCD3** at m/z=100, and the open square (OJ) is C;H;* at m/z=91.
The charge-transfer from CH3CgH479/81Br*** to toluene-dg to yield CgDsCD3** is
endothermic by 0.10 eV, whereas the dissociation of CH3CgH479/81Br*** to the ben-
zyl cation (CgHsCH;*) requires an activation energy of 1.80 eV.

Th. Temporal variations of ion intensities are plotted in Fig. 5 as a
function of irradiation time. When the m/z=155 burst is applied,
the bromotoluene radical cation undergoes charge-transfer reac-
tions with toluene-dg as well as unimolecular dissociation. The
m/z=170 Th isomer (CH3CgH,4’°Br*") reacts away faster than the
m/z=172 Th isomer (CH3CgH43'Br*") due to close proximity in
frequency to the burst frequency at m/z=155 Th. The toluene-
dg radical cation (C;Dg*") is continually converted back to the
bromotoluene radical cation by exothermic reaction with neutral
bromotoluene as given in Eq. (2). As the bromotoluene radical cation
is gradually depleted to C;H7", the toluene-dg radical cation is also
depleted. All C;H;* product ions react with toluene-dg to yield
CD3CgD4CH,*, confirming the benzyl structure for C;H;*. On the
other hand, when the m/z=145 burst is applied, no unimolecular
dissociation product C;H;* is observed, but the toluene-dg radi-
cal cation reaches the steady state with the bromotoluene radical
cation upon sustained irradiation. This clear difference in product
branching between the two SORIs at m/z=155 and 145 demon-
strates the effects of multiple collisions on collisional activation of
ions. Unlike single-collision conditions, the product of average colli-
sion energy and average collision frequency determines the degree
of translation-to-vibrational energy transfer. Although the ratio of
average collision energy and average collision frequency is 3.33 and
2.91 for the m/z=155 burst irradiation with respect to the m/z=145
burstirradiation, respectively, a value of 9.7 for their product is close
to a value of 10.0 for the square of the ratio of 1/(we — w¢)?. In com-
parison, the ratio of activation energy for unimolecular dissociation
to enthalpy for charge-transfer reaction is 18. It seems that a small
difference in off-resonance frequency can make a big difference in
product branching because multiple collisions taking place under
SORI lead to climb up the energy ladder more frequently with a
larger step.

4. Conclusion

The least perturbing waveform for ejecting ions out of the ICR
cell is obviously the frequency-sweeping chirp rather than a series
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of single-frequency bursts or their superposition waveform. As
expected, a single-frequency burst results in a sinusoidal oscillation
of kinetic energy at the beat frequency, a superposition waveform
leads to a large amplitude fluctuation of kinetic energy due to
interference, while the chirp yields a small-amplitude oscillation
due to continually varying discrete frequencies without interfer-
ence. lons under transient off-resonance burst irradiation mostly
undergo a single collision, thus the average collision energy deter-
mines the degree of internal excitation by collision. By contrast,
ions under sustained off-resonance irradiation undergo multiple
collisions, thus the product of average collision energy and average
collision frequency determines the degree of internal excitation.
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