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The collision energy dependence of the fragmentation of the 1-bromonaphthalene radical cation was studied
using sustained off-resonance excitation (SORI) in a 7 T Fourier transform ion cyclotron resonance mass
spectrometer (FTMS). Fragmentation efficiency curves were obtained as a function of collision energy at
four different pressures of Ar bath gas corresponding to collision numbers of 3, 5, 15, and 20. The results
were modeled using RRKM/QET formalism. A refined analytical form for the collisional energy deposition
function is proposed. The ability to obtain accurate fragmentation energetics of a complex system using the
present approach is demonstrated. The “effective temperatures” deduced from the average internal energies
for C6H5Br+• and C10H7Br+• were found to be the same for both ions provided the bath gas pressure and the
maximum value of center-of-mass collision energy were the same. The range of effective temperatures from
1000 to 3700 K sampled in the present study significantly exceeds the temperature range accessible by
blackbody infrared radiative dissociation (BIRD). We anticipate that the present approach can be used to
study fragmentation energetics of biomolecules.

Introduction
Collision-induced dissociation (CID) is a powerful tool both

for determination of ion structures in the gas phase and for
obtaining information on energetics and mechanisms of frag-
mentation processes of internally excited ions. Principles of
collisional activation (CA) as well as various aspects and
challenges of CA of polyatomic ions have been extensively
discussed in several recent reviews.1-4

The present study is a continuation of our group’s ongoing
research focused on characterizing the energy deposition func-
tion following sustained off-resonance irradiation CID (SORI-
CID) in Fourier transform ion cyclotron resonance mass
spectrometer (FTMS). Collisional activation in FTMS can be
implemented using either on-resonance or off-resonance excita-
tion of the precursor ion. In the former case, ions are accelerated
to a desired kinetic energy with a short radio frequency (rf)
pulse applied at the cyclotron frequency of the precursor ion5,6

and activated by collisions with neutral atoms or molecules
inside the ICR cell. This technique has been used to study
fragmentation of relatively small ions under single-collision
conditions. If multiple collisions occur, the kinetic energy of
ions is effectively damped, and the efficiency of subsequent
collisions is small. However, multiple collisions are clearly
required to induce substantial fragmentation of large molecules
(e.g., protonated peptides and proteins). Fragmentation efficiency
of large molecules is limited by both (1) the decrease in the
center-of-mass (CM) collision energy with increase in the mass
of the precursor ion and (2) the dramatic decrease in decom-
position rates with increase in the number of internal degrees
of freedom.

Several variations of conventional on-resonance excitation
have been developed to enhance fragmentation of large mol-
ecules and improve the collection efficiency of product ions
generated by multiple-collision activation. In multiple excitation
collisional activation (MECA),7,8 precursor ions that do not
dissociate after the first excitation step are re-excited several
times until dissociation occurs. Fragmentation efficiency is
significantly improved using this method. Furthermore, lower
kinetic energies, which will leave product ions closer to the
center of the cell, can be used in MECA compared with
conventional CID. Sustained off-resonance irradiation (SORI)9

makes use of an off-resonance excitation of the ion being
investigated. An rf pulse is applied slightly above or below the
resonant frequency of the precursor ion causing the kinetic
energy of the ion to oscillate with time. Because ion kinetic
energy oscillates with time and collisions occur randomly, the
collision frequency at the maximum number density of the gas
pulse should be high enough to sample the full center-of-mass
energy range and effectively average over all kinetic energies.
For quantitative analysis of collision energy-resolved mass
spectra, the collision frequency should also be low enough to
avoid effective damping of the ion kinetic energy by collisions.47

To ensure multiple collisions, the excitation pulse is applied
for a time much larger than the time between collisions. With
multiple collisions of translationally excited ions with the target
gas, its internal energy slowly increases and fragmentation
occurs when sufficient energy is transferred from translational
to internal energy. Similar ideas are utilized in very-low-energy
collisional activation (VLE-CA).10,11In this method, sequential
acceleration/deceleration is achieved using a 180° phase shift
of the excitation waveform. Because of its high fragmentation
efficiency and relatively simple implementation, SORI-CID
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is the most widely used method. Most of SORI-CID studies
carried out so far were focused on sequencing of peptides or
improving our understanding of dissociation mechanisms based
on the fragmentation patterns of different precursor ions.

Quantitative information on the energetics and dynamics of
the observed fragmentation pathways can be obtained if we
know the internal energy distribution of collisionally activated
precursor ions. Various activation methods, including collision-
induced dissociation under single collision conditions,12 surface-
induced dissociation (SID),13,14infrared multiphoton dissociation
(IRMPD)15 combined with FTMS, and boundary-activated
dissociation (BAD)16 implemented in a quadrupole ion trap have
been used to study the energetics of fragmentation of large
molecules (e.g., peptides). However, the internal energy distri-
bution of ions activated using these techniques is usually poorly
defined. Blackbody infrared dissociation (BIRD)17-20 has been
the most successful method thus far for studying the energetics
of fragmentation of large molecules. This method utilizes the
photon flux generated by the vacuum chamber walls and the
long time scale of FTMS to heat the ions radiatively and to
follow their fragmentation as a function of wall temperature. It
has been shown that large ions can equilibrate with the
blackbody radiation field and have internal energies given by a
Boltzmann distribution. Arrhenius parameters for the dissocia-
tion of a variety of small ions, peptides, and proteins have been
reported.18-23

The advantage of SORI-CID over the BIRD technique is
that a much wider range of “effective temperatures” can easily
be reached using SORI-CID. Accordingly several groups have
studied energy deposition following SORI excitation. Schnier
et al. have determined “effective temperatures” of protonated
leucine enkephalin and doubly protonated bradykinin by com-
paring the dissociation kinetics following SORI-CID with that
obtained under BIRD conditions.24 They found that the effective
temperatures of both peptides dissociated under the same
SORI-CID conditions are similar. This observation is very
encouraging because it points to the potential to use SORI
excitation for quantitative analysis of the fragmentation of large
molecules. The influence of different experimental parameters
on the effective temperature was investigated. Fujiwara and
Naito simulated internal energy distribution following SORI-
CID of singly protonated bradykinin with argon using the Monte
Carlo method.25 Maximum internal energy of∼11 eV was
obtained from the simulation for a peak-to-peak excitation
voltage of 2 V, frequency offset of 250 Hz, and pulse duration
of 20 ms. The maximum internal energy of the precursor ion
was found to be inversely proportional to the∆ν3, where∆ν is
the frequency offset of the excitation wave.

We recently carried out an extensive study of collision-
induced dissociation of C6H5Br+ using both on-resonance and
SORI excitation.26 Fragmentation efficiency curves were ob-
tained as a function of collision energy under single- and
multiple- collision conditions. The results were modeled using
RRKM/QET formalism. An analytical form for the collisional
energy deposition function (CEDF) was proposed. Experimental
results obtained over a wide range of experimental parameters
(e.g., collision energies and pressures) were modeled using the
same analytical form of the CEDF. An exponential energy
deposition function gave the best fit to the single-collision
experiment, whereas multiple-collision experiments were re-
produced by a Boltzmann-like CEDF. We demonstrated that
large amounts of internal energy can be deposited into the ion
with SORI excitation, such that the energetics of fragmentation
of both low- and high-energy channels can be investigated.

Further, the ability to extract thermochemical information from
SORI-CID measurements was demonstrated by RRKM-based
modeling in which the amount of fragmentation observed is
related to internal energy content rather than to the initial kinetic
energy of the molecular ion (which is poorly defined).

Here we present a detailed study of the fragmentation of the
1-bromonaphthalene radical cation following SORI excitation.
Collision energy-resolved fragmentation efficiency curves were
analyzed to determine (1) the energetics of different fragmenta-
tion pathways of the molecular ion, (2) the amount of energy
deposited into the ion, and (3) the change in the internal energy
distribution as a function of collision energy and number of
collisions. We show the ability of the method to provide valuable
information on the energetics and dynamics of fragmentation
of a relatively complex system. Average energies and “effective
temperatures” obtained from the model are compared with the
results obtained for C6H5Br+• in our previous study.26

Experimental Section

The experimental conditions for well-defined collision energy-
resolved SORI-CID measurements were described by us
recently.26 Experiments were performed on the University of
Delaware 7T Bruker BioApex FT-ICR mass spectrometer
equipped with an infinity cell. The system is operated at an
indicated base pressure of 5× 10-10 Torr. Ions generated in an
external electron-impact ionization source were transferred into
the ICR cell by a series of ion transfer lenses and captured in
the cell using the Sidekick mechanism for ion accumulation.
Ions were trapped in the cell by applying a 2 Vpotential to the
trapping plates. Excess kinetic energy was removed from the
ions by pulsing Ar into the cell for a duration of∼300 ms at a
maximum pressure of 2× 10-6 Torr. Ions were allowed to cool
to thermal equilibrium by radiative and collisional cooling during
the pumping delay of 5 to 10 s. The precursor ion was isolated
using a correlated sweep procedure. A second Ar pulse was
then introduced to remove any excess kinetic energy gained by
the molecular ions during the isolation event.

A third Ar pulse was introduced into the cell for collisional
activation. We have measured the time-dependent pressure of
Ar in the cell previously.26 The pressure profile shows a peak
in pressure at∼100-120 ms delay time between the pulse valve
opening and detection event and full width at half-maximum
(fwhm) of ∼170 ms. Ion activation was performed during the
time when the pressure was close to its maximum. Ions ofm/z
206 were radially excited slightly off-resonance (∆f ) -700
Hz) for 100 ms at nearly fixed Ar pressure. Pressure calibration
described by us previously26 was used throughout this work.
The kinetic energy of the ions was incremented by changing
the peak-to-peak voltage applied to the excitation plates. After
a 5-s pumping delay, the ions were excited for detection by
broadband chirp excitation.

The maximum center-of-mass (CM) energy achieved using
SORI excitation is given by:26

where m and q are the mass and the charge of the ion,
respectively,M is the mass of the neutral molecule,â is the
geometry factor of the ICR cell (â ) 0.9 for the infinity cell
employed in this study),Vp-p is the peak-to-peak excitation
voltage,d is the diameter of the ICR cell, and∆f is the shift of
the SORI excitation frequency relative to the cyclotron fre-
quency of the precursor ion.

ECM
max ) ( M

M + m) â2q2Vp-p
2

32π2md2∆f2
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From the set of spectra obtained at different collision energies,
a plot of the relative precursor and fragment ion abundance as
a function of the maximum CM energy of the precursor ion
was constructed. We refer to these curves as fragmentation
efficiency curves (FECs). We have recently demonstrated that
the distribution of the number of collisions for the SORI
excitation is asymmetric, with much higher weight for small
collision numbers.26 Consequently, the average number of
collisions is smaller than the collision number characteristic of
that distribution. FECs were measured at four different pressures
corresponding to collision numbers of 3, 5, 15, and 20 and
average numbers of collisions encountered by a precursor ion
during SORI excitation of 1.9, 3.2, 6.3, and 9.5, respectively.
(Note that the ions undergo 70 oscillations during the excitation
period, and the maximum collision frequency utilized in our
experiments is much lower than the frequency of SORI
oscillations).

Double-resonance experiments combined with SORI excita-
tion were performed by applying an additional rf wave,
simultaneously with the SORI excitation pulse, with a frequency
corresponding to the cyclotron frequency of the ion to be ejected
and an amplitude of 50 V. The duration of the ejecting pulse
(typically 3 s) was chosen to be long enough to allow ejection
of the ions formed both during the SORI excitation pulse and
after the excitation wave has been switched off.

We also conducted a limited number of non-FTMS experi-
ments. LinkedB2/E scans and mass-analyzed ion kinetic-energy
spectroscopy (MIKEs) studies were carried out on a Micromass
ZabSpec/orthogonal TOF instrument in this laboratory. All
experiments utilized 1-bromonaphthalene with a stated purity
of 98%, purchased from Aldrich.

Results and Discussion

Collision Energy-Resolved Mass Spectra.Collision energy-
resolved SORI-CID spectra were obtained at four different
pressures corresponding to collision numbers of 3, 5, 15, and
20, respectively. The evolution of the mass spectrum as a
function of CM collision energy for collision numbersa ) 5
and 15 is presented in Figures 1a and 1b, respectively. As
expected, more extensive fragmentation is obtained at higher
pressure. In the high-pressure regime, the parent ion intensity
becomes<1% already at 6 eV, whereas in the low-pressure
experiment, even at the highest CM energy (14 eV),>40% of
the parent ion population remains intact. The major fragments
obtained in both experiments arem/z 127, 126, 101, 77, 75, 74,
51, and 50. However, in the high-pressure case, more high-
energy fragments are observed (m/z 99, 98, 87, 86, 73, 63, and
62). These ions are not observed in the low-pressure experiment.

Dissociation Pathways.Double-resonance experiments were
performed to verify dissociation pathways of bromonaphthalene
and its fragments. In these experiments, a selected fragment is
continuously ejected from the ICR cell during the SORI
excitation. The ejecting rf wave is continued for an additional
3 s after the SORI excitation pulse is turned off to ensure a
complete ejection of all the ions of the selected mass-to-charge
ratio. As a result of ejection of a particular fragment ion,
intensities of all the ions for which it is a precursor are strongly
reduced. These experiments were performed with the SORI
excitation voltage that corresponds to a maximum center-of-
mass collision energy of 15 eV and Ar pressure corresponding
to a collision number of 20. Under these CID conditions all the
fragment ions of interest are present in a normal SORI-CID
spectrum.

Although double-resonance ejection is, in principle, a straight-
forward method for determining precursor ion/daughter ion

relationships, in practice it requires a compromise for rf
amplitude setting. The amplitude of the ejecting wave should
be low enough to avoid translational off-resonance excitation
of adjacent masses and high enough to ensure a complete
ejection and minimize unimolecular or collision-induced decay
of the precursor ion during ejection. Fragmentation during
ejection becomes particularly pronounced for SORI-CID
performed at high collision energies where fragmentation time
could become shorter than the time required for ion ejection.
For example, ejection time corresponding to the peak-to-peak
voltage of 50 V utilized in the present study is∼1 ms, and all
fragments produced in this time interval appear in the mass
spectrum despite continuous ejection of their precursor ion.
Increasing the amplitude of the ejection wave (thereby reducing
the ejection time) caused considerable off-resonance excitation
of the peaks separated by one mass unit from the ion being
ejected.

The ion intensities in double-resonance experiments were
normalized to the intensity of the parent ion, C10H7Br+•, which
is not affected by the ejection procedure. When naphthyl cation
(C10H7

+) is continuously ejected from the cell, the intensities
of all other fragment ions are reduced to a few percent of their
original intensities. This result indicates that this fragment ion
is produced directly from the molecular ion and the rest of the
fragments are formed by subsequent fragmentation of C10H7

+.
Ejection of C8H5

+ (m/z101) affects the intensities of two smaller

Figure 1. Evolution of SORI-CID spectrum as a function of maximum
CM collision energy for two different pressures: (a)a ) 5; (b) a )
15.
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fragments ofm/z 75 and 74. Them/z 51 and 50 fragments are
eliminated whenm/z 77 is continuously ejected. All remaining
fragments are suppressed when C10H6

+• is ejected. These
observations are summarized in the mechanism shown below
as Scheme 1.

That Scheme 1 accurately represents the decomposition of
naphthyl bromide radical cation is further substantiated by the
MIKEs study described later.

As shown, naphthyl cation fragments via a loss of hydrogen
(reaction 2), C2H2 (reaction 3), and C4H2 (reaction 4). Product
ions formed by reactions 3 and 4 (C8H5

+ and C6H5
+) fragment

by a subsequent loss of C2H2 with a further hydrogen elimina-
tion, whereas a variety of product ions are formed from C10H6

+•.
The reactions that are numbered in Scheme 1 (1-4a) will be
considered in the RRKM modeling of the naphthyl bromide
dissociation process.

Linked B2/E scans and mass-analyzed ion kinetic-energy
spectroscopy (MIKEs) studies were carried out on a sector mass
spectrometer to verify the proposed fragmentation scheme.
Examples of MIKEs spectra of C10H6

+• (m/z 126), C8H5
+ (m/z

101), and C6H5
+ (m/z 77) are presented in Figures 2 (a-c).

These measurements confirm that C8H5
+ and C6H5

+ lose C2H2

to give C6H3
+ (m/z75) and C4H3

+ (m/z51), respectively. C6H4
+

(m/z 76) is a major fragment formed from C10H6
+•, which is in

agreement with the results of double-resonance experiments.
However, another major fragment formed from C10H6

+•, cor-
responding to the loss of acetylene (m/z100), was not observed
in our FTMS experiments. This apparent contradiction can be
rationalized in terms of the well-known energy-entropy tradeoff.
Because of the long reaction time sampled by FTMS, SORI-
CID spectra are mainly determined by the energetics of
fragmentation. However, both energetics (the critical energy for
reaction) and dynamics (the activation entropy) are important
in MIKEs spectra, which sample a much shorter reaction time
(∼30µs) and which sample higher internal energies of precursor
ions. At these energies, dissociation processes proceeding via
a loose transition state and having high critical energy for
dissociation can compete efficiently with reactions that have
lower critical energy but proceed via a tight transition state.
Significant differences between MIKE and SORI-CID spectra
can arise from the differences in the internal energy distributions
of the fragmenting ions as well as from entropy effect. Consider,
for example, the rate-energy curves for two competing reactions
both proceeding via a loose transition state. These curves are
essentially parallel, and the relative abundance of the fragments
is insensitive to the shape of the internal energy distribution
function and the observation time. If, on the other hand one
reaction proceeds via a tight transition state and the other via a
loose transition state, the branching ratio of the products is

strongly dependent on the internal energy content of the
precursor ion. For pronounced differences in entropysacute
intersection of rate-energy curvesscompetition is effectively
observed only in a very narrow window of internal energies

Figure 2. MIKEs spectra of (a)m/z 126, (b)m/z 101, and (c)m/z 77.

SCHEME 1
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close to the intersection ofk(E) curves. Outside this window,
only one of the products is observed. We infer that this
explanation is the correct one for the absence ofm/z 100 in
SORI-CID spectra collected over a wide range of collision
energies.

Appearance Energies.It has been shown previously that
multiple collisions between an ion and neutral target cause
experimental appearance energies (AEs) to shift toward lower
values.24-26 Thus absolute values of appearance energies
obtained under multiple-collision conditions can be used only
for qualitative analysis of experimental results. Vanishing current
relative AEs of major CID fragments of bromonaphthalene are
presented in Figures 3 and 4. The AEs of the corresponding
precursor ions were subtracted from the absolute experimental
values. For example, the relative appearance energy of C4H3

+

(m/z 51) was calculated as AE(C4H3
+) - AE(C6H5

+) - AE-
(C10H7

+). The results indicate that reactions 2 and 4 (Scheme
1) have similar energetics, whereas the formation of C8H5

+ from
naphthyl cation requires significantly higher excess internal
energy. However, C8H5

+ (m/z 101) formed by reaction 3
(Scheme 1) is much less stable than other fragments from the
same precursor (C10H7

+). As a result, the AE of C6H3
+ (m/z

75) formed from C8H5
+ is much lower than the AE of C4H3

+

(m/z51) formed by reaction 4a (Scheme 1). Formation of C6H4
+,

the lowest-energy fragment of C10H6
+, requires much higher

energies than reactions 3a and 4a (Scheme 1).
Modeling of Fragmentation Efficiency Curves. Energy-

resolved fragmentation efficiency curves were modeled using
RRKM/QET calculations in the following way:

(1) The microcanonical rate coefficientsk(E) were calculated
as a function of internal energy using the following microca-
nonical RRKM/QET expression:

whereF(E) is the density of states of the reactant, Wq(E - E0)
is the sum of states of the transition state,E0 is the critical
energy, h is Plank’s constant, andσ is the reaction path
degeneracy.

(2) Fragmentation probability as a function of the internal
energy of the parent ion and the experimental observation time
(tr), F(E, tr), was calculated from the rate-energyk(E) depend-
encies. The functionF(E, tr) is commonly referred to as a
breakdown curve. A collection of breakdown curves, called the
breakdown graph (BDG), was then constructed from the
individual breakdown curves calculated for each reaction
channel.

(3) The energy deposition function was described by the
following analytical expression:

where l is a parameter,C ) Γ(l + 1)[f(ECM)] l + 1 is a
normalization factor, andf(ECM) has the following form:

whereA1 andA2 are parameters, andEth is the average thermal
energy at 298 K. This function,P(E,ECM), is slightly different
from the function used in our previous work.26 An additional
parameter∆ was introduced into the previously suggested
functional form to improve the quality of the fits. [Although
the expression used by us previously (∆ ) 0) provided an
excellent fit to our experimental study of SORI excitation of
C6H5Br+•, the additional parameter∆ was definitely required
to fit the rather more complex dissociation of C10H7Br+•]. We
have shown previously26 that the proposed analytical form for
the collisional energy deposition function has enough flexibility
to reproduce experimental results obtained over a wide range
of experimental parameters (e.g., collision energies and pres-
sures). An exponential CEDF obtained withl ) 0 can be used
to model single-collision experiments, whereas Boltzmann-like
CEDF (high values ofl) can be utilized to reproduce multiple-
collision experiments.

(4) Collisional activation produces ions with a wide distribu-
tion of internal energies,P(E,ECM). The contribution of ions
with internal energyE to the observed signal intensity for a
particular reaction channeli equalsFi(E, tr)P(E, ECM). Integrat-
ing over internal energies yields an overall signal intensity at a
given CM energy,I(ECM):

Integration is performed from 0 to infinity because, in general,
the ion can acquire rather high internal energy in multiple-
collisions with neutral molecules.

The results were compared with the experimental FECs. The
fitting parameters employed in the present modeling scheme
include critical energies and entropies of different reaction
channels, parameters used in eqs 6 and 7 for the energy
deposition function, and the rate of radiative decay of the excited
parent ion. These parameters were varied until the best fit to
experimental fragmentation efficiency curves was obtained.

Figure 3. Relative appearance energies as a function of Ar pressure
in the cell form/z 101 (b), m/z 126 (0), andm/z 77 (4).

Figure 4. Relative appearance energies as a function of Ar pressure
in the cell form/z 51 (9), m/z 75 (0), andm/z 76 (4).

k(E) )
σWq(E - E0)

hF(E)
(5)

P(E,ECM) ) (E - ∆)lexp(-(E - ∆)/f(ECM))/C (6)

f(ECM) ) A2ECM
2 + A1ECM + Eth/(l + 1) (7)

I(ECM) ) ∫0

∞
F(E, tr)P(E, ECM)dE (8)
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RRKM/QET Calculations. Reactions 1-4, 3a, and 4a from
Scheme 1 were considered in the present modeling. The
energetics and dynamics of reaction 1 were studied previously
using time-resolved photodissociation (TRPD) and time-resolved
photoionization mass spectrometry (TPIMS).29 The critical
energy (E0) and activation entropy (∆Sq) that gave a best fit to
the TRPD and TPIMS results wereE0 ) 3.23( 0.07 eV and
∆Sq ) 7.7( 2.5 e.u.29 RRKM parameters for reaction 4a were
adopted from our study on the energetics of fragmentation of
bromobenzene radical cation.26 To the best of our knowledge,
energetics of reactions 2-4 and 3a have not been studied
previously.

RRKM calculations of the dissociation rate-energy curve
of the molecular ion were carried out using neutral 1-bromo-
naphthalene frequencies.30 The transition state frequencies were
chosen as suggested by Gotkis et al.;29 namely, the C-Br
stretching mode (584 cm-1) was chosen to represent the reaction
coordinate and the frequencies of several other modes were
varied to obtain the activation entropy of 7.7 e.u. Three
vibrational frequencies associated with bromine atom were
deleted to obtain vibrational frequencies of naphthyl cation
(C10H7

+). In a similar way, vibrational frequencies of C8H5
+

were obtained from the frequencies of phenylacetylene radical
cation.31 Critical energies and transition state vibrational
frequencies of reactions 2-4, 3a, and 4a were varied to get the
best fit to the experimental fragmentation efficiency curves. The
somewhat arbitrary choice of the transition state is acceptable
because RRKM calculations are not sensitive to the details of
vibrational frequencies of the molecular ion and the transition
state but rather to the degree of tightness or looseness of the
transition state, which is characterized by its activation entropy
(∆Sq).32

Energy Partitioning. The internal energy of the fragments
formed by reactions 1 and 2 can be estimated easily from the
internal energy of a corresponding precursor ion under the
logical premise that Br• and H• do not carry off any internal
energy. However, the partitioning of energy between the ionic
and neutral products must be considered to estimate the internal
energy content of C8H5

+ formed by reaction 3 and C6H4
+

formed by reaction 4. If statistical partitioning of internal energy
is assumed, the probability that for total internal energyE in
the precursor ion an energy betweenε and ε + dε remains
internal energy of ionic fragment is given by:33,34

whereF1 andF2 are the densities of states of ionic and neutral
fragments, respectively, andE0 is the critical energy for reaction.
It should be mentioned that the general results of energy
partitioning are not sensitive to the details of the vibrational
frequencies.36

Vibrational frequencies of C2H2 and C4H2 (1,3-butadiyne)
were adopted from ref 35. The probability distributions given
by eq 9 were calculated for different internal energies of the
precursor ion (E). The most probable internal energy deposited
in the fragment ion of interest (Emp) was extracted from each
distribution. Figures 5a and 5b show the dependence of the most
probable internal energy as a function ofE - E0. Two lines
corresponding to (E - E0) (dashed line) and (E - E0)ND/NP

(dotted line) are shown for comparison (ND and NP repre-
sent the number of internal degrees of freedom of the frag-
ment ion and its precursor, respectively). The latter expression,
(E - E0)ND/NP, is commonly used for very simple estimation

of the energy partitioning among fragments. Our calculations
indicate that for low internal energies,Emp closely follows the
line corresponding to (E - E0), whereas for higher energies,
Emp deviates from the (E - E0) line. The extent of the deviation
is governed by the number of degrees of freedom of the ionic
and neutral fragments formed in reaction. Thus, the deviation
is relatively small for reaction 3, where a large ion (C8H5

+)
and a small neutral molecule (C2H2) are formed, whereas a
substantial deviation from the (E - E0) line is obtained for
reaction 4. In this case, the ionic fragment (C6H5

+) is much
smaller and the neutral fragment (C4H2) is larger than the
corresponding fragments formed by reaction 3. For each
reaction, the dependencies ofEmp on E - E0 were fitted with a
second-order polynomial, and the analytical functional form
obtained in this way was used to calculate the internal energy
of C8H5

+ and C6H5
+ throughout the RRKM calculations.

Results of Theoretical Modeling

Dissociation Energetics.Fragmentation efficiency curves for
reactions 1-4, 4a, and 3a were modeled in the present study.
Intensities of subsequent fragments ofm/z 126 were added to
the FECs of C10H6

+•. As previously described, double-resonance
experiments revealed thatm/z 74 is formed mainly fromm/z
75, whereasm/z 50 is formed fromm/z 51. Thus, FECs ofm/z
75 and 74, andm/z 51 and 50 were added together.

RRKM parameterssthe critical energies and activation
entropies that give the best fit to the whole set of experimental
fragmentation efficiency curves (FECs)sare summarized in

p(E, ε) )
F1(ε)F2(E - E0 - ε)dε

∫0

E-E0F1(ε)F2(E - E0 - ε)dε
(9)

Figure 5. The most probable internal energy deposited into (a) C8H5
+

(reaction 3) and (b) C6H5
+ (reaction 4) as a function ofE - E0. Two

lines corresponding to (E - E0) (dashed line) and (E - E0)ND/NP (dotted
line) are shown for comparison. Here,ND andNP represent the number
of internal degrees of freedom of the fragment ion and its precursor,
respectively.
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Table 1. Rate-energy dependencies for all reactions included
in the modeling are shown in Figure 6. The radiative decay
rate that gave the best agreement with the experimental FECs
is 90 ( 5 s-1. Calculated FECs were not very sensitive to
activation entropies, except for competing reactions 2-4, where
both critical energies and activation entropies were very
important.

Breakdown curves presented in Figure 7 were calculated from
the rate-energy dependencies at 0 K for a reaction time of 5 s,
the time sampled in our experiments. Because these reactions
have very similar energetic requirements, breakdown curves of
m/z 126 and 77 are very close to each other at low internal
energies. As the internal energy increases, the microcanonical
rate constants for reactions 2 and 4 diverge, significantly
reflecting the differences in their activation entropies. As a result,
the relative abundance of C10H6

+ (m/z126) drops dramatically.
It follows that relative intensities of all the fragments having
this ion as a precursor will be low. Because reaction 3 has a
higher critical energy than reactions 2 and 4, the amount of
m/z 101 produced at low internal energies is very small.
However, reaction 3 has a high activation entropy and the

relative abundance ofm/z 101 rises with internal energy.
Subsequent fragmentation of C8H5

+ requires much less energy
than fragmentation of C6H5

+. It follows that relatively small
amount of C8H5

+ (m/z 101) is formed at any collision energy.
At high collision energies, C8H5

+ is efficiently converted to
C6H3

+ and we predict an intense peak atm/z 75. All these
predictions are in perfect agreement with experimental results.
Experimental and calculated fragmentation efficiency curves are
compared in Figures 8-14. The agreement between the model
and the experiment is quite satisfactory for all reactions included
in the modeling.

Because the critical parameters for reaction 1 are well
established,29 we used the fixed values of critical energy (E0 )
3.23 eV) and activation entropy (∆Sq ) 7.7 e.u.) for this reaction
throughout the fitting procedure. To test the uniqueness of the
fits, the critical energy of reaction 2 was systematically changed
in increments of 0.05 eV and the rest of the fitting parameters
were adjusted to give the best fit. This test revealed that the
fits are unique within the error limits given in Table 1.

Although the fragmentation of naphthalene has been studied
quite extensively, little is known about the fragmentation of
naphthyl cation (C10H7

+). The major dissociation products of
C10H7

+ observed in the present study correspond to the loss of
H, C2H2, and C4H2. The loss of molecular hydrogen giving rise
to a peak atm/z 125 was also observed. However, the intensity
of m/z 125, when present, was just above the noise level.

Dissociation thresholds for reactions 1-4, 3a, and 4a are
summarized in Table 1. The dissociation threshold for reaction

TABLE 1: RRKM/QET Parameters

Reaction E0, eV ∆Sq, e.u.

1 3.2 7.7
2 4.1( 0.2 -0.1( 0.7
3 4.6( 0.2 7.8( 2
4 4.3( 0.2 6.4( 2
3a 3.3( 0.3 8.1( 0.7
4a 3.9( 0.2 7.6( 0.7

Figure 6. RRKM rate-energy curves corresponding to the present
model: (-‚-‚-) reaction 1; (s) reaction 2; (‚‚‚‚‚‚‚) reaction 3; (- - -)
reaction 4; (- - -) reaction 3a; (-‚‚-‚‚) reaction 4a.

Figure 7. Calculated breakdown curves for reactions 1-4, 3a, and 4a
(the experimental reaction time is 5 s).

Figure 8. SORI-CID fragmentation efficiency curvesm/z 206 and
results of theoretical modeling: (O, - - -) a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

Figure 9. SORI-CID fragmentation efficiency curvesm/z 127 and
results of theoretical modeling: (O, - - -) a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.
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4 can be estimated using a simple thermochemical cycle based
on the following reactions:

In this case, the critical energy of reaction 4,E0(4), can be
expressed in terms of critical energies for reactions 10 and 11

[E0(10) ) 4.48 eV andE0(11) ) 3.7 eV40] and the heats of
formation of C10H8

+•, C6H6
+•, and C4H2 in the following way:

The critical energy derived from our modelingE0(4) ) 4.3
( 0.2 eV is in excellent agreement with this estimated value.
The critical energy for reaction 4a is 3.9( 0.2 eV. This value
is the same within the error limits as the dissociation threshold
for this reaction obtained in our previous study on the
fragmentation of bromobenzene.26

Table 2 summarizes thermochemical data used for estimating
threshold energies as well as heats of formation of C10H6

+• and
C8H5

+ obtained in the present study. Heats of formation can be
determined from dissociation thresholds fairly accurately,
provided the reaction proceeds via a loose transition state. The

Figure 10. SORI-CID fragmentation efficiency curvesm/z 126 and
results of theoretical modeling: (O, - - -)a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

Figure 11. SORI-CID fragmentation efficiency curvesm/z 101 and
results of theoretical modeling: (O, - - -) a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

Figure 12. SORI-CID fragmentation efficiency curvesm/z 77 and
results of theoretical modeling: (O, - - -) a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

Figure 13. SORI-CID fragmentation efficiency curvesm/z 75 and
results of theoretical modeling; (O, - - -) a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

Figure 14. SORI-CID fragmentation efficiency curvesm/z 51 and
results of theoretical modeling: (O, - - -)a ) 3; (b, -‚-‚-) a ) 5; (0,
‚‚‚‚‚‚‚) a ) 15; (9, s) a ) 20.

TABLE 2: Thermochemical Data

Formula ∆Hf
0(0 K), kcal/mol Reference

C10H8
+• (naphthalene) 229.2 31

C6H6
+• (benzene) 237.2 31

C4H2 (1,3-Butadiyne) 110.8 37
C2H2 54.2 37
H• 52.1 37
C10H7

+ 281( 3 29
C10H6

+• 323( 5 This work
C8H5

+ 333( 5 This work

E0(4) ) E0(11) - E0(10) + ∆Hf
0(C6H6

+•) + ∆Hf
0(C4H2) -

∆Hf
0(C10H8

+•) ) 4.36 eV

C10H8
+• f C10H7

+ + H• (10)

C10H7
+ f C6H5

+ + C4H2 (4)

C6H6
+• f C6H5

+ + H• (11)
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activation entropy for reaction 3 found from the modeling is
7.8( 2 e.u., corresponding to a loose transition state. However,
reaction 2 has lower activation entropy (-0.1 ( 0.7 e.u.).
Consequently, the heat of formation determined for C10H6

+•

could be slightly overestimated; the activation energy for the
back reaction is unknown.

The lowest-energy dissociation channel of naphthyl cation
is the loss of a hydrogen atom, which has a critical energy of
4.1 eV. The dissociation threshold for acetylene loss is 0.5 eV
higher (4.6 eV), whereas the loss of C4H2 requires 4.3 eV. The
relative energies for naphthyl fragmentation are apparently
different from the relative energies reported for C10H8

+•. First
of all, the loss of acetylene and hydrogen from C10H7

+ has very
different energetic requirements. In contrast, these two reactions
have similar threshold energies when the precursor is C10H8

+•.
Furthermore, loss of C4H2 from C10H7

+ is much faster than the
corresponding loss from naphthalene radical cation.

It would be interesting to compare the fragmentation energet-
ics of naphthyl cation and naphthalene radical cation. Several
groups have studied fragmentation of naphthalene radical cation
both experimentally and theoretically.38-43 Jochims et al. have
studied the photofragmentation of naphthalene and azulene
monocations over the excitation energy range 7-22 eV.38 The
major low-energy products of C10H8

+• correspond to the loss
of H, H2, C2H2, and C4H2. They showed that identical products
are formed from these species, suggesting azulene and naph-
thalene fragmentation occurs through formation of a common
intermediate. Experimental appearance energies for hydrogen
and acetylene loss from naphthalene are identical, whereas loss
of H2 and C4H2 requires 0.3 eV higher energy. Ho et al. reported
time-resolved photodissociation studies of naphthalene and
naphthalene-d8 ions.40 Bond energies of 4.48 eV for H loss and
4.41 eV for acetylene loss were derived from RRKM modeling
of their experimental data.

Evidently, the mechanism of fragmentation of naphthyl cation
is quite different from the mechanism of fragmentation of
naphthalene cation.

Dissociation Mechanisms.Simple bond cleavage leads to a
loss of a hydrogen atom from the naphthyl cation. The critical
energy for hydrogen loss from C10H7

+ (4.1 eV) is lower than
the critical energy for hydrogen loss from C10H8

+• (4.48 eV),40

reflecting the relative stabilities of the respective parent ions.
Schemes 2 and 3 show the proposed fragmentation mechanisms
for reactions 3 and 4 that can rationalize differences in
dissociation mechanisms of C10H7

+ and C10H8
+•. Charge-site-

initiated cleavage of two C-C bonds can lead to the loss of
C2H2 from the naphthyl cation (Scheme 2). Heterolytic cleavages
are known to be energetically less favorable than radical-site
reactions,44 which explains the higher critical energy for
acetylene loss obtained in the present study.

Because heats of formation of different possible isomers of
C8H5

+ have not been determined previously, we cannot
distinguish between them based on the heat of formation
obtained from the modeling (Table 2). However, some informa-
tion on the possible structure of C8H5

+ could be obtained from
comparison with C8H6

+•. Theoretical calculations on the relative
stability of different isomers of C8H6

+• have shown31,41 that
benzocyclobutadiene radical cation (1) is ∼4 kcal/mol more
stable than phenylacetylene radical cation (2) and proposed that
1 is the most plausible product of naphthalene fragmentation.
The structure of C8H6

+• formed from different precursors was
probed using different mass spectrometric techniques, such as
collisional activation, neutralization reionization, and charge
reversal.42 It has been proved experimentally that loss of

acetylene does not lead to2 as a major product. The experi-
mental results were shown to be in accord with the formation
of 1. However, formation of an open-chain isomer [octa-3,5-
diene-1,7 diyne3] could not be ruled out.

Charge-induced fragmentation of naphthyl cation, outlined
in Scheme 2, can lead to both phenylacetylene-like (2) and
benzocyclobutadiene-like (1) structures of C8H5

+.

The structure of C6H5
+ formed by reaction 4 in not known.

However, the subsequent dissociation of this ion follows the
same pathway as the dissociation of phenyl cation formed from
C6H5Br+•;24 namely, C6H5

+ undergoes acetylene loss followed
by hydrogen elimination. Thus, we believe that the loss of C4H2

from naphthyl cation leads to formation of the phenyl cation.
Formation of phenyl cation and stable 1,3-butadyine molecule
from C10H7

+ implies a more complex mechanism with 1,2- and
1,4-hydrogen migrations (Scheme 3). We suggest that the

opening of the ring occurs through a charge-site-initiated
cleavage of the indicated C-C bond. One hydrogen atom is
donated from the open chain to the ring followed by radical-
site-initiated cleavage of a second C-C bond. Because only
one charge-site-initiated cleavage is involved in this process and
because hydrogen shift to the ring requires less energy than the
dissociation threshold,43 this reaction is faster than the loss of
acetylene from C10H7

+.
Energy Transfer Efficiency. The average energy transferred

upon collisions is shown in Figure 15 as a function of maximum
center-of-mass energy for different pressures. The average
energy rises nearly linearly at low collision energies and less
that linearly at higher energies. When the collision number
increases from 3 (lowest curve) to 5, energy transfer exhibits
the anticipated strong increase. It increases again as the collision
number increases to 15 but has “saturated” such that no further
increase is discernible as the collision number increases from
15 to 20. Similar behavior of the average internal energy versus
collision energy was observed by Lee et al. for collisional
excitation of CH4

+•,45 by Wysocki et al. for (C2H5)4Si+•,46 and
by Laskin et al. for C6H5Br+•.26 The essential coalescence of

SCHEME 2

SCHEME 3
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the two curves corresponding toa ) 15 anda ) 20 was noted
in our previous study of SORI-CID of bromobenzene, where
we demonstrated the same saturation effect with increasing
collision number.

Comparison between the average energy deposited upon
SORI excitation of C6H5Br+• and C10H7Br+• for a ) 15 is shown
in Figure 16. Significantly higher average internal energies are
deposited into the larger ion. Assuming that internal energy
distribution of parent ion is close to a thermal distribution, the
average internal energy can be expressed as an “effective
temperature”. Figures 17a and 17b show a comparison between
effective temperatures of bromobenzene and bromonaphthalene
at two pressures corresponding to 5 and 15 collisions. Although
the average energies deposited into these ions are very different,
the “effective temperatures” are the same. As mentioned earlier,
an analogous result was obtained from the comparison of BIRD
and SORI-CID fragmentation kinetics of protonated leucine
enkephalin and doubly protonated bradykinin.24 However, this
comparison suffered from a limited temperature range (∼476
K). In contrast, the “effective temperatures” of bromonaphtha-
lene ions ranged from 1000 to 3700 K as the maximum SORI
center-of-mass collision energy was increased to 15 eV. The
temperature range sampled in the present study significantly
exceeds that accessible by BIRD, and no calibration of the
“effective temperature” obtained following SORI excitation with
true blackbody temperature is possible.

Conclusions

This work presents a detailed study of the fragmentation of
1-bromonaphthalene radical cation following SORI excitation.
Bromonaphthalene radical was chosen as a logical extension
of our previous study of the fragmentation of bromobenzene
radical cation. The similarity of these two systems arises from
the same initiation step for fragmentation; that is, bromine loss
from the molecular ion. The differences reflect the more
complex nature of dissociation of naphthyl cation as compared
with phenyl cation. The fragmentation energetics of phenyl
cation, previously studied by us, was logically incorporated into
the modeling scheme employed in the present investigation.
Because the energetics and dynamics of naphthalene radical
cation dissociation are better characterized using various
experimental and theoretical approaches than the fragmentation
of C10H7Br+•, it would be desirable to investigate naphthalene
cation fragmentation using the same methods. Unfortunately,
this is not possible because the resonance frequencies of C10H8

+•

and C10H7
+ are too close together to excite only C10H8

+• using
SORI excitation.

Fragmentation efficiency curves (FECs) of the parent ion and
six major fragments obtained at different pressures were
successfully modeled using the general approach proposed
previously.26 Good agreement between experiment and model
was found for all the fragment ions. An additional parameter
was introduced into the analytical expression for the collision
energy deposition function (eq 6) to achieve a better fit to the
experimental data. Critical energies and activation entropies for
reactions 1-4, 3a, and 4a were obtained from the RRKM

Figure 15. Average internal energy transferred upon collisions as a
function of the maximum center-of-mass energy of parent ion at differ-
ent pressures: (- - -)a ) 3; (-‚-‚-) a ) 5; (‚‚‚‚‚‚‚) a ) 15; (s) a ) 20.

Figure 16. Average internal energy transferred following collisions
as a function of the maximum center-of-mass energy of parent ion for
(- - -) bromobenzene and (s) bromonaphthalene obtained at the same
pressure, giving rise to a collision numbera ) 15.

Figure 17. Effective temperature as a function of the maximum center-
of-mass energy of parent ion for (- - -) bromobenzene and (s)
bromonaphthalene at two different pressures: (a)a ) 5, and (b)a )
15.
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modeling. Calculated FECs were not sensitive to the activation
entropies of reactions 1, 3a, and 4a. However, modeling results
were highly sensitive to the activation entropies of competing
reactions 2-4. We have shown that the partitioning of energy
between the ionic and neutral products must be included in this
work to model the fragmentation kinetics of a complex system.
This was done assuming that the excess energy is partitioned
statistically among the fragments and calculating all the
permutations of the energy partitioning from densities of states
of the ionic and neutral fragments.

The critical energies obtained from the best fit were compared
with the literature values or thermochemical estimates whenever
possible. Dissociation thresholds obtained using the present
approach are in excellent agreement with literature values. We
infer that the present approach can be utilized to study the
energetics and dynamics of complex systems. Uncertainty in
critical energies obtained in the present study is comparable to
the uncertainties commonly obtained using photoionization or
photodissociation techniques, which are the best well-character-
ized methods for studying the energetics of ionic fragmentation.
This very encouraging result leads us to extend this approach
to the fragmentation of large molecules (e.g., peptides) for which
the use of photoionization techniques is very limited.

It is clear that there are several parameters that are optimized
based on experimental data, and the question arises whether
alternate formalism or a different combination of parameters
would provide an equivalent or superior rationalization of energy
deposition in SORI excitation. Because the kinetics description
is physically correct, we have examined the sensitivity of the
fit to choice of energetics parameters. The sensitivity test
described earlier confirmed the uniqueness of the fitting
parameters presented in Table 1.

We have shown that the average energy deposited into the
bromonaphthalene radical cation following SORI excitation is
significantly higher than the average energy deposited into
bromobenzene radical cation. However, the effective temper-
atures, derived from the average internal energies, are the same
for C6H5Br+• and C10H7Br+•. The effective temperature of
excited ions is determined by the SORI conditions, namely the
center-of-mass collision energy and pressure. The effective
temperature of precursor ion varied between 1000 and 3700 K
under the experimental conditions employed in this study. An
advantage of collisional activation under multiple-collision
conditions is that a very wide range of effective temperatures
can be easily covered within the same experimental setup.
Moreover, the suggested modeling approach does not require a
priori knowledge of the effective temperature, which eliminates
the necessity of any additional calibration of effective temper-
ature of SORI-excited ions utilizing BIRD or the master equation
approach for modeling internal energy distributions.
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