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Photodissociation kinetics of the protonated pentapeptide leucine enkephalin measured using a cw CO2 laser
and a Fourier-transform mass spectrometer are reported. A short induction period, corresponding to the time
required to raise the internal energy of the ion population to a (dissociating) steady state, is observed. After
this induction period, the dissociation data are accurately fit by first-order kinetics. A plot of the log of the
unimolecular dissociation rate constant,kuni, as a function of the log of laser power is linear at low laser
powers (<9 W, kuni < 0.05 s-1), but tapers off at high laser power (9-33 W, kuni ) 0.05-7 s-1). The entire
measured dissociation curve can be accurately fit by an exponential function plus a constant. The experiment
is simulated using a master equation formalism. In the model, the laser radiation is described as an energetically
flat-topped distribution which is spatially uniform. This description is consistent with experimental results
which indicate that ion motion within the cell averages out spatial inhomogeneities in the laser light. The
model has several adjustable parameters. The effect of varying these parameters on the calculated kinetics
and power dependence curves is discussed. A procedure for determining a limited range of threshold dissociation
energy,Eo, which fits both the measured induction period and power dependence curves, is presented. Using
this procedure,Eo of leucine enkephalin is determined to be 1.12-1.46 eV. This result is consistent with,
although less precise than, values measured previously using blackbody infrared radiative dissociation. Although
the blackbody dissociation results were used as a starting point to search for fits of the master equation
model to experiment, these results demonstrate that it is, in principle, possible to determine a limited range
of Eo from slow infrared multiphoton dissociation data alone.

Introduction

Mass spectrometry (MS) has emerged as a powerful technique
for the structural characterization of biomolecules. Information
about biomolecule conformation can be obtained from H/D
exchange experiments both in solution and in the gas phase.1-3

Tandem mass spectrometry (MS/MS),4,5 a technique in which
an ion of interest is mass selected and reacted and the products
are mass analyzed, has been used to obtain the complete
sequence of small proteins,6-9 and locate and identify sites of
post-translational modifications and derivatization.10 For these
types of experiments, MS/MS has the advantage that it can be
applied directly to complex mixtures containing only trace
quantities of the species of interest.11

The most common method used to characterize ion structure
by MS/MS is via a dissociation experiment. Many methods
have been used to activate large ions in MS/MS, including
collisionally activated dissociation (CAD),12-14 surface-induced
dissociation,8,15-19 electron-capture dissociation,20 blackbody
infrared radiative dissociation (BIRD),21-27 and laser photo-
dissociation.28-32 While the energy deposited into an ion with
these methods has been well characterized for small ions, much
less is known about the energy deposition and the energetics
required for larger biomolecule fragmentation.33,34 Several
methods for this, including temperature-dependent kinetic
measurements in trapping mass spectrometers21-27,35-38 and
energy-resolved surface-induced dissociation experiments,19,39

appear promising. Of these methods, blackbody infrared radia-
tive dissociation has been used to investigate the dissociation
energetics and mechanisms of a wide variety of biopolymers,

including amino acids,36,37 peptides,22,23 proteins,24-26 and
nucleotides.27

With BIRD, ions are trapped inside the heated vacuum
chamber of a Fourier-transform mass spectrometer. The ions
exchange photons with the vacuum chamber walls, which can
be heated and produce a blackbody distribution of photons at
the temperature of the vacuum chamber. At the low pressures
of the experiment, collisions with background gas play a
negligible role in the ion activation process. For large ions, the
radiative exchange is fast enough that the ion population
equilibrates with the blackbody field, producing a Boltzmann
distribution of ion internal energies. We have called this the
rapid energy exchange (REX) limit.25,35In this limit, Arrhenius
parameters for dissociation are equal to those which would be
measured in the traditional high-pressure limit. For small ions
and clusters, radiative exchange rates are lower due to fewer
oscillators. Under typical experimental conditions, the ion
internal energy distribution resembles a Boltzmann, but is
depleted at the high-energy tail. In this regime, dissociation rate
constants are lower than those measured in the REX limit.
Master equation modeling of the BIRD results can be used to
extract accurate threshold dissociation energies (Eo) from these
measurements.35-37 BIRD measurements can be quite precise;
Eo andEa values are often determined to less than(0.05 eV. If
the dissociation process is in the REX limit, the experimentally
measured Arrhenius preexponential can directly provide infor-
mation about the mechanism of the dissociation process. While
many different types of ions have been studied using BIRD,
some ions do not dissociate at the maximum temperature
obtainable with our current instrumentation (∼220 °C), even
with very long (500 s) reaction times.* To whom correspondence should be addressed.
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Infrared multiphoton dissociation (IRMPD) can be used to
dissociate such thermally stable ions.30 In this technique, ions
undergo stepwise vibrational excitation. Low-power cw CO2

radiation gives fragments similar to those obtained by BIRD
and collisionally activated dissociation.30,40A review by Thorne
and Beauchamp 15 years ago examines several aspects of
IRMPD for ions up to a few hundred daltons.41 Of particular
note is a study by Beauchamp and co-workers in which the
variation of the photodissociation rate with laser power was
measured for the proton-bound dimer of diethyl ether. In this
study, the relationship between the log of the dissociation rate
constant (kuni) and the log of laser irradiance was found to be
linear.42 However, similar measurements on other small ions
did not yield the same relationship.43

In 1991, Dunbar discussed the possible use of slow IRMPD
under collision-free conditions to determine energetics.44 For
ions with well-behaved dissociation processes (i.e., no low-
energy bottlenecks), IRMPD should be analogous to blackbody
dissociation and a linear relationship should exist between
log(kuni) and log(laser power (P)) or irradiance if the laser
heating process is slow enough. Dunbar modeled the IRMPD
process using both a thermal (modified Tolman) analysis and a
random walk/master equation simulation. Subsequently, Dunbar
and co-workers compared cw CO2 dissociation kinetics of
n-butylbenzene ions as a function ofP to computer-simulated
data.45 The authors concluded that both approaches to modeling
slow IRMPD were valid. However, the authors expressed the
opinion that it was necessary to anchor the simulated and
experimental dissociation curves to a specific internal energy
via the use of an independent thermometric technique. Recently,
Marshall and co-workers examined the slow IRMPD of the
nonapeptide bradykinin and two charge states of the protein
ubiquitin.28,29 Using Dunbar’s thermal model, the threshold
dissociation energy determined for bradykinin agreed with that
determined by BIRD. For ubiquitin, qualitative, but not quan-
titative, agreement was found.

Here, we report the results of cw CO2 laser photodissociation
of a protonated pentapeptide, leucine enkephalin (YGGFL), and
compare the experimental results to those of a master equation
simulation.46 After a short induction period, the dissociation data
can be accurately fit to first-order kinetics. A plot of ln(kuni) vs
ln(P) reveals that although the relationship is linear at low laser
powers, curvature is clearly present at values ofkuni greater than
∼0.05 s-1. The master equation model reproduces both the
induction period and the curvature in the dissociation plot. The
model has several adjustable parameters. The effect of varying
these parameters on the calculated dissociation curve is dis-
cussed. A procedure for determining a limited range ofEo which
fit the experimental data is presented. The values obtained using
this method are comparable in magnitude, but not in precision,
to those obtained using BIRD.

Experimental Section

Instrumentation. All experimental measurements were per-
formed using a Fourier-transform mass spectrometer equipped
with a 2.7 T magnet and an external electrospray ionization
source. A detailed description of the instrumentation is available
elsewhere.21,23Light from a 25 W continuous wave sealed CO2

laser (model no. 48-2-28W, Synrad Inc., Bothell, WA) is used
to dissociate the ions. The laser beam is directed toward the
ion cell by a series of mirrors, and enters the vacuum system
by passing through a ZnSe window mounted on one end of the
vacuum chamber. The laser beam position is carefully aligned
by adjusting the mirrors to achieve the maximum extent of

dissociation (>98%) of the trapped ions. This was accomplished
by scanning the beam horizontally using an IR mirror mounted
on a 1-D translation stage. The extent of dissociation was
roughly constant for a window of width∼5 mm, but dropped
precipitously on either side of this. The beam was set in the
middle of this range. The vertical direction was also scanned
by adjusting the tilt of the mirror, and again the beam location
was set in the middle of the range in which significant
dissociation was observed. This procedure was then repeated
to ensure good alignment. Following this alignment procedure,
virtually all (>98%) of the precurser ions could be dissociated.
The laser power is measured just before the ZnSe window
(outside the vacuum chamber) using a Power Wizard power
meter (PW-250, Synrad Inc., Bothell, WA). The power reported
is the average of five power measurements. The maximum
power output of the laser is∼33 W.

For experiments at elevated vacuum chamber temperatures,
the entire vacuum chamber containing the ion cell is heated by
a resistive heating blanket to a uniform temperature. The
temperature of the ion cell is measured by a thermocouple
located adjacent to the cell.

Dissociation Experiments.Ions are formed using nanoelec-
trospray ionization. The ions are guided by a series of
electrostatic lenses through five stages of differential pumping
into the ion cell, where they are trapped radially by the magnetic
field and axially by a 5 Vpotential applied to the trapping plates.
Ions are introduced into the ion cell for 1-3 s. The load time
is adjusted to maximize the signal. After the ion load, a shutter
is closed to prevent additional ions from entering the cell. A
pulse of N2 gas (2× 10-6 Torr) is used during the load event
and for 2 s afterward to assist in trapping and thermalizing the
ions. This is followed by a 2 sdelay to pump out the N2 gas,
after which time the vacuum chamber returns to a base pressure
of ∼3 × 10-9 Torr. In some experiments, ions were isolated
using stored waveform inverse Fourier-transform, frequency
sweeps, and single-frequency excitation waveforms. However,
no isolation waveforms were used for most experiments. The
laser is turned on for a reaction time ranging from 0.05 to 300
s. Following this, ions are excited for detection using a broad-
band chirp excitation with a sweep rate of 1100 Hz/µs. Data
are acquired using an acquisition rate of 941 kHz (m/z90 cutoff)
on an Odyssey data system (Finnigan, Madison, WI).

Materials. Leucine enkephalin was purchased from Sigma
Chemical Co. (St. Louis, MO) and used without further
purification. Solutions for electrospray were∼5 × 10-5 M
peptide in a 50/50 water/methanol mixture with∼1% acetic
acid added.

Structures. Structures were generated by conformation
searching using the MMFF force field provided with the
MacroModel package v. 6.5 (MacroModel, Columbia Univer-
sity, New York, NY). The lowest energy structure was used as
a starting point for AM1 semiempirical energy minimization.
Vibrational frequencies,{νj}, and their corresponding transition
dipole moments,{µ}, used in the master equation modeling are
calculated from these structures. Semiempirical techniques do
not calculateµ accurately.47,48However, previous results suggest
that, on average, AM1-calculated values ofµ can be multiplied
by a scaling factor of 2-4 to reproduce measured blackbody
infrared radiative dissociation kinetics.22,36,37For this reason, a
multiplication factor forµ (TD*) was included in the modeling
as an adjustable parameter.

Master Equation Model. A master equation formalism was
used to simulate the experiment. Code written in our group to
simulate the BIRD experiment was modified to include the
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effects of laser irradiation. Details of our group’s implementation
of the master equation can be found elsewhere.36 Briefly, the
master equation follows the time evolution of the internal energy
of the ion population. The energy of the ion population is divided
into bins of 100 cm-1. A bin can be populated by absorption of
a photon from a bin of lower energy or by spontaneous or
stimulated emission from a bin of higher energy. Similarly, an
energy bin can be depopulated by absorption or emission of a
photon or by dissociation. Rate constants for absorption and
emission are calculated from Einstein coefficients for these
processes. Microcanonical dissociation rate constants are cal-
culated using RRKM theory. The energy density used in the
calculation of rates for stimulated processes is taken as the sum
of the Planck density for a blackbody [FBB(νj)] at the background
temperature of the experiment plus a term describing the laser
power density, [FCO2(νj)]:

The power density of the laser is modeled very simply as a
flat-top distribution, both spatially and energetically:

whereP is the laser power in watts,dCO2 is the diameter of the
laser beam,∆νj ) νj2 - νj1 is the width of the laser wavelength
range in wavenumbers,c is the speed of light, andε is an
efficiency factor which takes into account any factors which
reduce the light intensity prior to the ions, such as reflections
at the vacuum chamber window. Mathematically,dCO2 and ε

play the same role. However, we choose to leave them as
separate parameters because they should represent separable
physical quantities.

Parameters in the Master Equation Model.Table 1 lists
parameters included in the master equation model. We useP
as measured outside the ZnSe window. The window is uncoated,
so each face reflects 17% of the 10.6µm light. Thus, we set
the efficiency,ε, at (0.83)2 ) 69%. The 48-2-28W CO2 laser
has an output range of 940.7-946.1 cm-1 (10.57-10.63µm),
a beam diameter of 3.5 mm and a divergence of 4 mR according
to Synrad Inc.’s specifications. This translates into a∼9.1 mm
beam diameter at the center of the ion cell located∼1.4 m from
the laser. Both 10 and 100 cm-1 were used to model∆νj. The
actual spectral width of the CO2 laser is 5.4 cm-1. However,
using a value of 100 cm-1 allows for more uncertainty in the
calculated vibrational frequencies. In the modeled dissociation
curves discussed in this paper, a laser spectral width of 100
cm-1 is used unless otherwise noted.

For the RRKM calculations, transition-state frequency sets
were constructed from the semiempirical reactant frequency set.
One frequency (a C-C stretch at 1329 cm-1) was removed as
the dissociation coordinate, and five other frequencies were
systematically varied to construct eight transition-state frequency
sets with REXA-factors ranging from 108 to 1018 s-1.

Results and Discussion

Laser Photodissociation.Figure 1 shows Planck distributions
at 298 and 406 K along with the modeled flat-topped laser
irradiation density overlayed on a calculated absorption spectrum
for the protonated pentapeptide leucine enkephalin (LeuEnk‚
H+). Note that, in this figure, the blackbody density is shown
magnified by 104; the density of photons due to the blackbody
field at the wavelengths overlapping the laser irradiation window
is insignificant. However, due to the breadth of the blackbody
distribution and the good overlap with the absorption spectrum
of LeuEnk‚H+ (the basis of the BIRD technique), background
radiation due to the blackbody can significantly influence
dissociation rates.

Figure 2 shows a series of summed 10.6µm photodissociation
spectra of the LeuEnk‚H+ at a laser power (P) of 18.9 W. In
this set of experiments, LeuEnk‚H+ was isolated before the laser
irradiation. The major fragments which appear at short times
are the same ones observed using low-energy dissociation
techniques, such as BIRD22 and sustained off-resonance irradia-
tion collisionally activated dissociation.49,50 Most notably,
fragments corresponding to the loss of water from the parent
ion and to the cleavage of the peptide bond between the fourth
and fifth residues (the b4 ion) are present. As the duration of

TABLE 1: Parameters in the Master Equation Model

symbol quantity description/comments

Eo threshold dissociation energy used in RRKM calculations
A Arrhenius preexponential used in RRKM calculations, range of 108-1018 s-1 modeled
{νj} vibrational frequency set calculated using the AM1 semiempirical force field
{µ} transition dipole moment set calculated using the AM1 semiempirical force field
TD* transition dipole multiplication factor adjusted in model to fit kinetics
dCO2 laser beam diameter ) 9.1 mm calculated from the manufacturer’s specifications,

adjusted in model to fit kinetics
P laser power power in watts as measured outside the instrument
∆νj laser wavelength range usually 100 cm-1, also modeled as 10 cm-1

ε efficiency factor set at 69%
TBB background blackbody temperature usually 298 K, 406 K in one set of experiments

Figure 1. Vibrational frequencies and transition intensities (D2) of the
protonated peptide leucine enkephlin, LeuEnk‚H+ (YGGFL), calculated
at the AM1 semiempirical level. Planck distributions at 298 and 406
K along with the modeled CO2 laser density (around 10.6µm) are
shown overlayed on the absorption spectrum.

FTot(νj) ) FBB(νj) + FCO2
(νj) (1)

FCO2
(νj) ) { P

π(dCO2
/2)2(∆νj)c

ε, νj1 e νj e νj2

0, otherwise

(2)
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the laser irradiation is increased, these fragments can absorb
additional photons and dissociate further, forming many lower-
mass product ions with low abundance (Figure 2c).

Laser Beam/Ion Cloud Overlap. Alignment of the laser
beam with the ion cloud is important in these experiments. It is
possible to manipulate the ion cloud such that complete
dissociation is not obtained. When the ion cell is filled to the
point where space-charge effects reduce the performance of the
instrument, the maximum extent of dissociation drops below
90%. This is presumably due to Coulomb-repulsion-induced
expansion of the ion cloud. Application of isolation waveforms
can also have a similar effect. This is due to some absorption
of rf radiation by ions at off-resonant frequencies. For this
reason, isolation steps were generally not performed prior to
kinetic measurements. However, single-frequency excitation of
ions at frequencies far off resonance from the ion of interest
has little effect on measured dissociation efficiencies and rates.
For example, ejection of the proton-bound dimer of LeuEnk
(LeuEnkd‚H+) has no measurable effect on the dissociation rate
constant extracted for LeuEnk‚H+.

IR Laser Dissociation Kinetics.Figure 3 shows dissociation
data for LeuEnk‚H+ at laser powers ranging from 5.7 to 32.5
W fit to unimolecular kinetics. In these kinetic plots, the natural
log of the normalized abundance of LeuEnk‚H+ (ln [LeuEnk‚
H+]) is plotted as a function of the duration of the laser
irradiation. The abundance of LeuEnk‚H+ is measured relative
to a single-frequency radio signal (331 kHz), i.e., relative to an
internal standard, to circumvent the difficulty in measuring the
abundance of all the fragment ions, some of which appear at
m/z lower than the low-mass detection cutoff. The kinetic data
are obtained from single measurements. ln [LeuEnk‚H+] is
greater than zero at short reaction times because some (<8%
relative abundance) LeuEnkd‚H+ was present at the beginning
of the experiments, and LeuEnkd‚H+ dissociates to LeuEnk‚
H+. However, this dissociation is entropically favored22 and
occurs rapidly at the laser powers used. It should be noted that
no signal for doubly protonated LeuEnkd, which can be clearly
distinguished by its isotopic pattern, was observed.

In the kinetic plots at higher laser powers, an induction period
of ∼0.4 s is clearly present in the data (Figure 3b). To ensure
that the induction period is not due to the presence of the
LeuEnkd‚H+, a kinetic data set at 24.1 W laser power was
collected in which the dimer ion was ejected from the cell using
a single-frequency excite (black triangles, Figure 3b). The use

of the low-powered excite did not significantly change the rate
or efficiency of dissociation compared to the 24.0 W dissociation
data taken without the ejection (crossed circles, Figure 3b). In
both sets of data, the same∼0.4 s induction period is evident.
The length of the induction period is also not changed by adding
more collision gas after the ions are trapped in the cell. This
indicates that the ions are initially thermalized (at the vacuum
chamber temperature) at the start of the laser irradiation period.
However, the induction period is shorter in experiments
conducted with the vacuum chamber at an elevated temperature.
These results indicate that the induction period is a reflection
of the time necessary to increase the internal energy of the ions
from the starting temperature of 298 K to an energy at which
dissociation occurs at a measurable rate.

After the induction period (and the dissociation of all the
LeuEnkd‚H+), the dissociation data can be fit accurately to first-
order kinetics (Figure 3). The unimolecular dissociation rate
constant,kuni, at a given laser power is determined from the
slope of ln [LeuEnk‚H+] vs time. In these experiments, the
measuredkuni ranges between 0.008 and 6.1 s-1. The good fit
to first-order kinetics indicates that the distribution of ion internal
energies reaches a steady state after the induction period.

Laser Dissociation Curves.A plot of ln(kuni) vs ln(P) for
LeuEnk‚H+ is shown in Figure 4. The data set corresponding
to the kinetic data of Figure 3 is shown as black triangles in
this figure. The solid line is an exponential fit to this data set.
Other data sets collected over a period of two months are shown
as various open symbols. The error bars correspond to a factor

Figure 2. Summed photodissociation spectra of LeuEnk‚H+ at 18.9
W laser power as a function of laser irradiation time (indicated on each
spectrum). The asterisk indicates the reference frequency (note the
intensity of the reference frequency in these spectra is not meaningful
because these spectra are summed, and the phase of the reference signal
is random).

Figure 3. Kinetic data from laser dissociation of LeuEnk‚H+ for a
wide range of laser powers fit to first-order kinetics after a short
induction period. Laser powers (W) are indicated in the figure.

Slow IR Multiphoton Dissociation of Biomolecules J. Phys. Chem. A, Vol. 104, No. 14, 20003191



of 2 in the measured rate constant. This represents an upper
limit to the day-to-day variability of the experiment. These data
clearly do not fall in a straight line. Rather, the rate of increase
of kuni slows at higher laser powers. These data show that
LeuEnk‚H+ is not in the REX limit at the higher laser powers
used in the experiment. This is due to a depletion of the high-
energy tail of the steady-state internal energy distribution,
resulting in a lowering of the experimentally measured rate
constant. The same effect is present in ions which are not in
the REX limit in the BIRD experiment.

Effect of the Laser Beam Diameter.Another series of
experiments was performed to determine the effect of the laser
beam diameter. An iris was placed between the laser and the
ZnSe window about 75 cm from the center of the ion cell. The
diameter of the opening of the iris was varied between∼1.5
and∼30 mm (fully open). The output of the laser was adjusted
so that 8.5 W of power was measured after the iris, independent
of the iris aperture. The results are shown in Figure 5. The
measured dissociation rate constants varied between 0.060 and
0.079 s-1. There is no apparent correlation between the
dissociation rate (or efficiency) and the iris aperture. Rather, it
is clear that the dissociation rate depends on the total power
and not significantly on the diameter of the laser beam. Thus,

the average power density to which the ions are exposed appears
to be approximately the same in all these kinetic data sets. When
the laser beam diameter is small, the ions likely spend less time
in the laser beam. However, while the ions are in the beam,
they are exposed to a greater flux of photons. This results in an
averaging effect.This is an important result because it lends
Validity to modeling the power output of the laser spatially as
a flat-top distribution.

Determining the Laser Beam Diameter/Transition Dipole
Moment Multiplication Factor. The scaling factor for the
calculated transition dipole moments, TD*, and the laser beam
diameter,dCO2, are determined by fitting the high laser power
kinetic data. TheA-factor andEo were fixed at values that were
measured previously using BIRD. The Arrhenius activation
energy (Ea) and A-factor for the dissociation of LeuEnk‚H+

determined using BIRD areEa ) 1.11( 0.06 eV and log(A) )
10.7 ( 0.6.22 If there is no reverse activation barrier for this
dissociation process, then thisEa corresponds to a threshold
dissociation energy,Eo, of 1.18 eV. These values were used to
calculate microcanonical dissociation rate constants using
RRKM theory. Kinetic data were then simulated using the
master equation for a range ofdCO2 and TD* values.

Figure 6 illustrates the effect of changing these parameters
on the dissociation kinetics of LeuEnk‚H+. The kinetic data at
24.1 W (ejecting LeuEnkd‚H+) are shown in black triangles
along with the fit to first-order kinetics after the induction period.
The experimentalkuni can be reproduced using an infinite
number of combinations of TD* anddCO2. However, the choice
of these two parameters determines the length of the induction
period. The induction period with TD*) 1 anddCO2 ) 7.0
mm is several tenths of a second longer than the measured
period. Similarly, with TD* ) 3 and dCO2 ) 9.1 mm, the
induction period is shorter than that measured. The entire
experimental curve can be reproduced well using TD*) 1.8
anddCO2 ) 8.3 mm.Thus, the effect of the absorption intensities
can be separated from the effect of the beam diameter by fitting
the induction period.The effect of the value ofEo on these
parameters was not thoroughly investigated. However, only a
limited range ofEo values can be used to fit both the induction
period and the laser power dependence data.

In the procedure used here, Arrhenius parameters measured
using BIRD were used as starting points in the search for fits
to the photodissociation data when fitting the induction period.
However, this is not a necessary step. Instead, the search could
be performed in an iterative fashion. Guesses for the values of

Figure 4. Laser photodissociation data for LeuEnk‚H+ measured over
a period of several months. The1’s correspond to the data set obtained
from the kinetics shown in Figure 3. The line is an exponential fit to
the 1 data. The error bars are a range of a factor of 2 of the
experimentally measured rate constant.

Figure 5. Effect of laser beam diameter on the photodissociation
kinetics measured at 8.5 W total laser power. The diameter of the laser
beam is limited by an iris of the aperture indicated. The solid line is a
first-order fit to the kinetic data set measured with the iris at 30 mm.

Figure 6. Effect of laser beam diameter (dCO2) and transition dipole
moment multiplication factor (TD*) on simulated kinetic data at 24.1
W laser power.1 indicates experimental data at this laser power, and
the solid line is a best-fit line to the experimental data.
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Eo and theA-factor could be used as starting points and used to
fit the induction period and thus determine TD* anddCO2. These
values would then be used to generate a power dependence
curve. If the simulated plot had more (less) curvature than the
measured data, newEo/A-factor combinations using higher
(lower) values would be used to generate new best guesses for
TD* and dCO2, and this process would then be repeated. Thus,
it is in principle possible to determine dissociation energetics
from slow IRMPD data from first principles, without referencing
these measurements to other techniques.

The values of TD* anddCO2 determined by fitting the
induction period are quite reasonable. To model much of the
BIRD data, values of TD* between 2 and 4 are typically
required.22,36,37Modeling of the BIRD data is relatively insensi-
tive to individual transition intensities because the blackbody
distribution overlaps with a large fraction of the absorption
spectrum (Figure 1). Thus, many modes contribute to the rate
constants of stimulated processes in the BIRD experiment. In
contrast, a much smaller number of frequencies absorb and emit
CO2 laser light. Eleven frequencies fall within the∆νj ) 100
cm-1 window. Only a single frequency in the calculated
spectrum is in the 10 cm-1 window. Thus, it is reasonable to
expect that TD* will not be exactly the same value as is used
for modeling the BIRD data. It is also not surprising that the
beam diameter appears to be smaller than the∼9.1 mm value
calculated from the manufacturer’s specifications. The Gaussian
profile of the laser beam is modeled as a flat-top, spatially
homogeneous profile. Therefore, if the ions spend more time
near the center of the beam, they will be irradiated with a higher
than average intensity. This can be accounted for by assigning
the laser beam a smaller diameter than it has in reality.
Alternatively, we could have chosen to leavedCO2 ) 9.1 mm
and accounted for this effect by raisingε.

Using the parameters determined above, ln(kuni) vs ln(P) plots
were generated using a background blackbody temperature,TBB,
of 298 K. Figure 7 shows the modeled curve together with one
set of the (room temperature) experimental data, shown as black
triangles. The model reproduces the curvature of the laser
dissociation plot well.

The 24.1 W kinetics were also fit using a laser wavelength
range 10 cm-1 wide. Using the smaller∆νj, the kinetics were
accurately simulated usingdCO2 ) 7.0 mm and TD*) 1.8. Note
that although TD* was found to be the same as that determined
using∆νj ) 100 cm-1, it is conceivable this value may change

slightly depending on the value of∆νj. The ln(kuni) vs ln(P)
curve calculated using these parameters was virtually identical
to that calculated using the 100 cm-1 width anddCO2 ) 8.3
mm. Thus, the choice of∆νj appears to have little effect on the
master equation modeling results.

Effect of Temperature. Another set of kinetic data was
measured with the temperature of the vacuum chamber elevated
to 406 K. The laser dissociation curve derived from these data
is shown in open circles in Figure 7. Clearly, the rates of
dissociation at the lower laser powers depend strongly on the
background temperature, while at the higher laser powers, the
elevated background temperature has only a minimal effect on
kuni. These data were modeled using the same TD* anddCO2

determined above and aTBB ) 406 K. The model accurately
reproduces the effect of the elevated vacuum chamber temper-
ature.

Effect of Eo and the A-Factor. Varying theEo andA-factor
used in the model has a large effect on the calculatedkuni. For
example, raisingEo from 1.2 to 1.3 eV, leaving theA-factor
unchanged, doubles the value ofkuni at 24 W. Similarly,
increasing the modeled frequency factor from 1010.7 to 1013.2

s-1 increases the calculatedkuni by approximately a factor of 3
at this laser power.

More interesting are the effects of changingEo and the
A-factor together. Figure 8 shows dissociation curves for
A-factors of 1018 and 108 s-1 andEo values of 1.65 and 0.95
eV, respectively. While both simulated data sets reproduce the
experimentally measuredkuni within a factor of 2 at all laser
powers, the overall shapes of these curves are quite different.
The combination of higherEo and higherA-factor results in
significant curvature of ln(kuni) with ln(P), while model curves
with lower A-factors andEo values are much flatter. The curve
with Eo ) 1.65 eV and log(A) ) 18 exhibits greater curvature
than do the experimental data while the curve withEo ) 0.95
eV and log(A) ) 8 has significantly less curvature.Thus, it
should be possible to determine a limited range of Eo Values
which fit the experimental data eVen if no information about
the dissociation mechanism (i.e., the transition-state entropy)
is known.

Threshold Dissociation Energies.Dissociation curves were
calculated using the master equation model described above for
A-factors ranging from 108 to 1018 s-1. This brackets transition
states ranging from very “tight” to very “loose”. For each
A-factor, dissociation curves were calculated for a series of

Figure 7. Laser photodissociation plots with vacuum chamber tem-
perature at (1) 298 and (O) 406 K. Simulated data withdCO2 ) 8.3
mm and TD* ) 1.8 at (solid line) 298 and (dashed line) 406 K are
also shown.

Figure 8. Experimental (1) and simulated (dashed and dotted) laser
dissociation curves. The threshold dissociation energy (Eo) and Arrhe-
nius A-factor used in the calculations are indicated. Error bars are a
factor of 2 in unimolecular dissociation rate constant.
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values. The range ofEo values for eachA-factor was chosen
such that the calculated dissociation rate constants spanned a
range of a factor of 2 of the experimental rate constant.

Both the experimental and simulated data can be fit accurately
by an exponential function of the form

where C0, C1, and C2 are all positive constants (fitting
parameters). The values ofC1 andC2 determine the curvature,
while C0 controls the vertical position of the curve. Fits were
performed using an iterative nonlinear least-squares procedure
included in the IgorPro v. 3.11 graphing program (WaveMetrics,
Inc., Lake Oswego, OR). The procedure uses the Levenberg-
Marquardt algorithm to search for the parameters which
minimize ø2. The program also estimates the error for each
parameter,sCi, as the square root of the diagonal elements of
the covariance matrix. This error is an approximation of the
true standard deviation.

The procedure used to fit the data follows: first, the
experimental data are fit to an exponential form (eq 3) with
equal weighting of all data points, allowing all three fitting
parameters (C1, C2, andC3) to vary freely. In Figure 4, the best-
fit exponential curve to the black triangle data set is shown as
a solid line. This determines the valuesc0, c1, and c2 of the
fitting parametersC0, C1, andC2 and their associated errorssc0,
sc1, andsc2. This best exponential fit to the experimental data is
then compared to the calculated dissociation curve. If the
calculated rates are not within a factor of 2 of the fit to the
experimental data, theEo/A-factor combination is excluded as
a fit. Next, both the calculated and the experimental data sets
are fit to a series of exponentials in whichC1 is fixed at values
c1′ spanning the range (c1 - sc1) to (c1+ sc1), while C0 andC2

vary freely. For each exponential fit withC1 fixed atc1′, C2 is
determined to have a valuec2′ with associated errorsc2′. If the
value ofC2 thus determined for the calculated data falls within
the rangec2′ ( sc2′, determined from the fit to the experimental
data (withC1 fixed atc1′), then that calculated curve is counted
as a fit.

Figure 9 shows the range of fits to the experimental data
determined using this procedure. Using the criteria for a fit
detailed above, the value ofEo was determined to be in the
range 1.12-1.46 eV. TheA-factor could not be determined as
precisely within the expected range for peptides;A-factors
ranging between 109 and 1016 s-1 could be used to fit the data.
TheEo andA-factor extracted using the modeling are consistent

with the values determined by BIRD.22 However, the precision
of the laser dissociation/master equation modeling technique is
currently not as good as that obtained by BIRD. For leucine
enkephalin, the uncertainty in the activation energy range
determined by BIRD was approximately one-third that of the
range ofEo determined using the technique presented here. The
A-factors show an even larger discrepancy. The uncertainty in
the A-factor determined by BIRD is approximately 1 order of
magnitude, whereas the uncertainty by the photodissociation/
master equation modeling approach is a 7 order of magnitude
range. Thus, little information about the transition-state entropy
and dissociation mechanism is obtained. This is also the case
when dissociation processes measured by BIRD are not in the
rapid energy exchange limit and the data must be analyzed using
the master equation or truncated Boltzmann technique.36

Kinetic Modeling: Divergence from the REX Limit. An
alternative way to view the effect of changing TD* anddCO2 in
the model is shown in Figure 10. Here, simulated laser
dissociation curves over a very wide range of laser powers are
shown for TD*) 1, 2, and 3 for two differentdCO2 values. At
very low laser powers, the unimolecular dissociation rate does
not depend on TD*. In addition, the plots are linear in this region
as predicted earlier by Dunbar.44 However, at ln(kuni) > ∼-6,
the model starts to diverge from linearity. The simulated data
most affected are those with the lowest TD*, i.e., those with
the slowest rates of radiative exchange. This figure illustrates
the transformation from kinetics in the REX limit (the linear
portion) to kinetics of a depleted Boltzmann population. The
range of rate constants at which this occurs is determined by
the relative rates of radiative exchange and dissociation. At low
laser powers, dissociation rates are slow enough that the ions
come to a “temperature”, resulting in a near Boltzmann
distribution of ion internal energy and hence in a linear ln(kuni)
vs ln(P) relationship. As the laser power is increased and the
dissociation rate increases, ions with slower radiative exchange
rates (included in the model as those with lower transition
dipoles) fall outside the REX limit, while those which exchange
more quickly (TD* ) 2 or 3) remain in the REX limit until
slightly higher laser powers. It is important to note that these
data cover a much wider range ofkuni than is usually measured
using BIRD. The typical BIRD kinetic window is indicated in
Figure 10. A higher range of internal energies can be accessed
in the laser photodissociation experiment. Because of this, the

Figure 9. Experimental laser photodissociation data of LeuEnk‚H+

(1) together with the range of fits determined by master equation
modeling.

Figure 10. Laser dissociation data simulated using the master equation
model with two different laser beam diameters and TD*) 1 (solid
line), 2 (dashed line), and 3 (dotted line). The BIRD kinetic window is
indicated.

y ) C0 - C1 exp(-C2x) (3)
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curvature in these power dependence data is more significant
than the curvature in Arrhenius plots generated by BIRD.

Radiative exchange rates increase with the number of
oscillators. Therefore, larger ions, such as protein ions, will be
in the REX limit at higher laser powers than LeuEnk‚H+. This
should make modeling much simpler, as TD* will not affect
the modeled kinetics in these ions.

Figure 11a illustrates how the internal energy of the LeuEnk‚
H+ ion population changes as a function of laser irradiation
time. These data are calculated using the master equation
simulation at a laser power of 24.1 W. Starting with a Boltzmann
distribution at 298 K, the internal energy distribution of the ion
population shifts to higher energy for the first several tenths of
a second. After∼0.4 s, the shape of the energy distribution
remains roughly constant, although the parent ion population
is depleted as time progresses. At this point, a steady-state ion
internal energy distribution is reached. This illustrates the origin
of the induction period and subsequent first-order kinetics
observed in the dissociation data. Figure 11b compares the
calculated ion internal energy distribution at 0.5 s to that of a
thermalized (Boltzmann) distribution at 580 K. The maximum
of the simulated population distribution at 0.5 s is the same as
that of a Boltzmann population at 580 K. However, the
calculated energy distribution is substantially narrower than that
of the Boltzmann distribution. Thus, the dissociation process is
not in the REX limit at this laser power.

Conclusion

The use of a cw CO2 laser to obtain the dissociation energy
of a protonated pentapeptide, leucine enkephlin, using a Fourier-

transform mass spectrometer is demonstrated. After a short
induction period, the dissociation kinetics are accurately fit by
first-order kinetics. These results indicate that the ion internal
energy reaches a steady-state distribution shortly after the start
of laser irradiation. The extent and rate of dissociation depend
primarily on the total energy flux, not on the diameter of the
laser beam. This indicates that the ion motion within the cell
averages out spatial inhomogeneities in the laser light. A plot
of the natural log of the unimolecular dissociation rate constant
as a function of the natural log of laser power is linear for very
slow rate constants, but deviates significantly at values ofkuni

> 0.05 s-1. These experimental data can be accurately fit by
an exponential function plus a constant.

A master equation formalism is used to simulate the slow
photodissociation process. The laser irradiation is modeled as
a flat-topped distribution with an adjustable spectral width and
laser beam diameter. A scaling factor for calculated transition
intensities is also included as an adjustable parameter in the
model. By fitting the measured induction period, it is possible
to separate the effect of the transition intensity and laser beam
diameter. With these values fixed, a limited range of threshold
dissociation energies which fit the measured power dependence
can be determined. For LeuEnk‚H+, the threshold dissociation
energy was determined to be in the range 1.12-1.46 eV. This
is consistent with the activation energy measured previously
using BIRD. However, the precision of the BIRD technique is
much better than that currently of the photodissociation/master
equation modeling procedure.

The precision of this method could be improved if the range
of parameters used in the master equation modeling procedure
were reduced. This would be possible if, for example, informa-
tion about the dissociation mechanism for the process under
investigation were known. Rearrangement reactions, such as
typically occur for loss of water, could be fit with a lower
maximumA-factor than the 1018 s-1 upper limit used here. More
accurate calculations of transition dipole moments and frequen-
cies would make possible a reduction in the range of transition
dipole moment multiplication factors used. It may also be that
the identity of larger peptides may not be a major factor in the
range of transition dipole moments used in these calculations.
Absorption cross sections and frequencies for larger peptides
may be sufficiently similar that detailed calculations of these
values for each ion may not be required. Dissociation kinetics
for even larger ions, such as proteins, will likely be in the rapid
energy exchange limit. The model kinetics will not depend on
calculated transition dipole moments. Both of these factors
would certainly increase the analytical utility of this method.
We are investigating the dissociation kinetics of other peptide
and protein ions to determine the extent to which model
parameters are similar.
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