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Slow Infrared Laser Dissociation of Molecules in the Rapid Energy Exchange Limit
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An improved model for the slow infrared laser photodissociation of large biomolecules is proposed. As has
been previously shown by master equation and Monte Carlo calculations, large, laser-heated molecules reach
steady-state internal energy distributions that very closely approximate Boltzmann internal energy distributions.
By approximating the internal energy distribution of laser-heated molecules as a Boltzmann distribution, one
can derive a very simple relationship between the relative laser power experienced by the ions and the ion
temperature. This relationship can be substituted into the Arrhenius equation, yielding a new Arrhenius-like
relationship for slow laser dissociation. The model presented here is a modified version of the laser dissociation
model proposed by Dunbar in 1991 Phys. Chem. 200Q 104, 3188-3196). Dunbar’'s model, while making

the correct qualitative predictions, significantly underestimates the activation energy of large molecules
measured by laser dissociation. The present laser dissociation model differs from the Dunbar model in that
stimulated and spontaneous emission at all frequencies is included in the analysis. A significant result of this
model is that there is a parametrized relationship between the laser power and the dissociation rate constant
and that the parametrization for different classes of polymers can be determined computationally. This new
model gives activation energies via glaser dissociation that are in good agreement with activation energies
measured by blackbody infrared radiative dissociation.

Introduction vacuum chamber. A significant limitation of the slow laser
heating method has been an inability to obtain accurate
quantitative thermodynamic values. This is primarily due to the
difficulty of characterizing the internal energy distribution of
the dissociating ion population.

Blackbody infrared radiative dissociation (BIRD) can provide
accurate information about ion dissociation energetics for a wide
range of molecules:5 In a BIRD experiment, ions exchange
energy with the blackbody field generated within a uniformly . -
heated vacuum chamber of a Fourier transform ion cyclotron In llgg}’ Dur;]bart_prop?sedl a theégal dllchr?leatlo(;] modfllfor
resonance (FT-ICR) mass spectrometer. Because the mechaniere slow faser healing of molecu ne ot the fundamenta

of energy exchange of the ions is well-characterized and becausé>Sumptions of the Dunpar quel IS thgt Ia§er-heated molecules
the photon intensity distribution within the heated vacuum exchange energy exclusively via their vibrational mode or modes

chamber is known, the BIRD dissociation process can easily at the laser frequency. Using this assumption, Dunbar derived

be modeled. Small ions, which have few vibrational modes and a simple relationship between the relative laser intensity and

exchange energy with the radiation field relatively slowly, do :Teh lon tempetr.atur% V\éh'Chhcomg ﬂ?et iUbSt"E[Ut?d t.mto ft?rf
not reach a true equilibrium (Boltzmann) internal energy rrenius equation. bunbar showed that characterization of the

distribution in a BIRD experiment. Therefore, numerical model- laser-heated population by a temperature was valid because

ing of the dissociation process is needed to evaluate experimentarandom'Walk S|mu_lat|p ns fon-butylbenzene showeq that the
data because direct application of the Arrhenius equation internal energy distribution of the slowly dissociating ion
provides parameters that are too I6w.Large ions exchange population was essentially a Boltzmann distribution. Dunbar’s

energy with the blackbody radiation field rapidly enough to :hermal (lalquwlalenlce mt?dtellbwas applle%totthe dlsspriéa_ltlon of
maintain a Boltzmann internal energy distribution during wo small moleculesp-buty gnzen;a and styrene, yielding a
dissociation. In this limit of rapid energy exchange, BIRD reasonable prediction (within 30%) of the laser-intensity

measurements yield activation energies via a direct applicationdepe"?dence of the qhssomanon’ reteé’ .

of the Arrhenius equation that are equivalent to activation F.I’EI.taS etal appllgd Dunbar.s moqlel to ghe p@s_er .d.'s'

energies measured by high-pressure metfiotis. sociation of bradykinift and bovine ub|qU|.t|r¥. For ubiquitin, '
Photodissociation using a cw-G@ser, a method pioneered the_se _authors fqund that the_ model yields correct relatn_/e

by Beauchamp and co-workers for the study of small #ri3, activation energies for two different charge states of this

oo :
offers two significant advantages over BIRD. Much higher ion proteln. .Hoyvever, these authors found. that.Dl.anars quel
internal energies can be achieved using a @@er, making gives activation energy values for the dissociation of peptlde_s
possible the dissociation of molecules that are too stable to and proteins that are about 40% lower than those measured using

i i i 2
dissociate at the highest temperatures accessible in a typical IRIE' J’udgm% fllrom.tr;‘lts Lesullt, Freltads %t &I§uggestef[a_l that
BIRD experiment. Also, C@laser dissociation is a much faster unbars - model- mig € Improved by incorporating an
technique than BIRD because g@ser dissociation does not empirical scaling factor for the activation energy determined

: e : by comparison to BIRD values.
require a lengthy temperature equilibration of the instrument . o .
q gty P g The accuracy of dissociation energies measured byl&ser

t Part of the special issue “Jack Beauchamp Festschrift". dissociation can be improved by fitting experimental data to
*To whom correspondence should be addressed. master equation calculatiofsFor protonated leucine enkepha-
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lin, Jockusch et &2 demonstrated that the dissociation energy 67
measured using this approach was consistent with, although less
precise than, the value obtained using BIRD. Here, we present
a model that is much simpler to apply to laser-dissociation
experiments than a full master equation analysis and yet appears
to yield accurate activation energies. Our modified model does
not use the assumption of the original Dunbar model that a laser-
heated molecule exchanges energy only through its laser-
frequency vibrational mode. This model is successfully applied
to previously published laser dissociation daté&® and to new
measurements of the G@ser dissociation of singly and doubly
protonated bradykinin and doubly and triply protonated melittin.
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!nstrumentation: Experimental measurements were made Figure 1. Relative emission intensities for oscillators with a normalized
using a 2.7-T Fourier transform mass spectrometer that has beefyansition dipole moment. Relative emission is calculated under the
described in detail previoush/A 25-W cw-CQ, laser (model assumption that vibrational levels are populated according to canonical
48-2-28W, Synrad Inc., Bothell, WA) was used to dissociate single harmonic oscillator probabilities. The upper curve (open squares)
the ions. Details of the laser setup have been publishedrepresents the relative emission from a 500 K population and a
previously?3 No modifications to the setup in ref 23 were made Packground temperature of 500 K. The lower curve (solid line)

. - - S . represents the relative emission from a 500 K population in a 298 K
for the bradykinin and melittin dissociation experiments de- gt

. Planck distribution.
scribed here.

Dissociation Experiments.lons are generated using home-
drawn borosilicate capillaries for nanoelectrospray ionization.

Theg ions are brought from atmospheric pressure to about 5 174 The threshold dissociation energy of LE was set to an
10°° Torr through five stages of differential pumping and guided 5 ificially high value of 1.98 eV to model an ion population
to the ion cell via a series of electrostatic lenses. lons are trappediyat has equilibrated with the laser beam but does not dissociate

with trapping plates sett® V and nitrogen trapping gas at 2 p, the time scale of the experiment.
background pressure of about21076 Torr. The load time is

adjusted to maximize the ion signal. A 2-s pump-out delay
follows the closing of the pulsed valve that is used to introduce
the nitrogen gas. Trapped ions are isolated via a combination Laser Heating of Molecules Many gas-phase molecules and
of RF waveforms. lons are subsequently irradiated with the CO ions dissociate at rates measurable by Fourier transform ion
laser using radiation intensities betweeh and 50 W/cri lons cyclotron resonance mass spectrometry at temperatures between
are excited for detection via a broadband chirp excitation with 400 and 600 K. At these temperatures, high-frequency vibra-
a sweep rate of 951 kHar(z 90 cutoff) on an Odyssey data tional modes are essentially frozen out and, therefore, do not
collection system (Finnigan, Madison, WI). The ion abundances emit significantly. Because the power dissipated by a vibrational
were measured relative to a stable single-frequency radio signalmode decreases a% the relative emission intensity (at constant
at 331 MHz. The kinetic data were obtained from single transition dipole moment) peaks in the mid-IR range near 1000
measurements unless otherwise noted. cm~L. Because of this, Dunbar made the approximation that a
Materials. Bradykinin and melittin were purchased from laser-heated ion emits only at the laser frequency if this
Sigma Chemical Company (St. Louis, MO) and used without frequency is near 1000 cth(such as a C@laser at 943 cmt).

nate, and five other frequencies were modified to construct a
transition-state frequency set with an Arrhenitisfactor of

Model for the Laser Dissociation of Large Molecules

further purification. Electrospray solutions weré x 1075 M However, this approximation can lead to significant errors
in the analyte species in a 50:50 water/methanol solution because the relative emission does not eeplyin the mid-
containing~1% acetic acid. IR region. Figure 1 shows the relative emission intensities for

Master Equation Model. The master equation program used oscillators with the same transition dipole moment for a 500 K
to calculate the internal energy distributions of laser-heated population in Planck background temperatures of both 500 and
leucine enkephalin (LE) has been previously described in 298 K. Intense transitions several hundred wavenumbers higher
detail23 In this model, the laser emission is modeled as a 9.1- or lower than 1000 cmt will still make a significant contribu-
mm-diameter beam with a 100 cfwide flat-topped intensity ~ tion to a molecule’s total emission, and as we will show,
and spectral distribution. The exaggerated width of the emission neglecting vibrational modes higher and lower than the laser
wavelength window was adopted to address the uncertaintiesfrequency can lead to significant errors.
in AM1-calculated frequencies within the laser emission win- A molecule’s stimulated emission at the laser frequency (943
dow?23 For the present study, only the relative laser intensity is cm™1) is much higher when it is laser-heated than when it is
important, and therefore, the existing laser dissociation code heated by a blackbody field in a BIRD experiment because of
was used without modification. Calculations for the laser heating the high power density at the laser frequency. However, at the
of leucine enkephalin in the zero-dissociation limit were laser intensities generally employed for slow £l@ser dis-
performed with master equation program variables as describedsociation of peptides and proteins<(85 W/cn?), the stimulated
previously (laser beam diameter, 9.1 mm; laser beam attenuationemission at the laser frequency is at most 750 times higher than
31%; and transition dipole multiplying factor, 1.8)For the the spontaneous emission at the laser frequency. In the Dunbar
RRKM calculation of leucine enkephalin (LE), the transition- model, it is assumed that an ion’s total emission can be
state frequency set was constructed from the reactant frequencyapproximated by the stimulated emission at just the laser
set of leucine enkephalin as follows: one frequency (aGC frequency. Although this assumption might be a reasonable
stretch at 1329 cml) was removed as the dissociation coordi- approximation for small molecules, it can lead to significant
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] a molecule whose interaction with the radiation field is described
N by a simple coupled harmonic oscillator model, the steady-state
1 QY condition is given by eq 1

\4 W Laser-heated Distribution

. > B p(v) P(v) =  [AW) + B) pIP"(v) (1)

In eq 1, the right-hand side represents the emission and the left-
431 K Plank Distribution hand side represents the absorptidr) and B(v) are the
Einstein A and B coefficients, respectively, for the transition
between the ground and first excited vibrational levels of
vibrational moder, andp(v) is the energy density at frequency
v. P(v) and P"(v) include the occupation probability of all
excitation levelsp, (n =0, 1, 2, ...) of vibrational frequency,
v, and the increased probability of absorption and emission as
< N ] a function ofn. When the internal energy distribution of the
5000 10000 15000 20000 25000 30600 ?000 laser-heated molecules can be approximated as a Boltzmann
distribution (that is, when the ion population can be characterized
by a temperaturd), then P(v,T) and P"(v,T) are given by
Figure 2. Comparison of the internal energy distribution for a eqgs 2 and 3, respectively
nondissociating population of protonated leucine enkephalin in a laser
heating experiment (room-temperature Planck distribution with 4-W o

i i istributi _ —nhv/kT, —hw/KT

Eﬁ] its)es?rzé /i\(l?]oa?r:%v;n KIS a Boltzmann internal energy distribution PvT)=Se (1—e )(n+ 1) 2)

Probability Density

Internal Energy (cm'")

n=

errors for large molecules. The energy loss from spontaneous K -

emission from all of the non-laser-frequency vibrational transi- P'(rT)= »e (1—e™)n 3)
tions can easily exceed that from stimulated emission at the n=

laser frequency. Not only are there many more vibrations at
frequencies other than the laser frequency, but the transition
dipole moments of these vibrations can be much more intense
(by a factor of 16-100 or more for peptides) than the transition
dipole moment at the laser frequency.

One way to take the overall emission behavior of a lase
heated molecule into account is to perform a complete master
equation calculatio®® Although this is straightforward (but
tedious) for smaller molecules, extending master equation
calculations to proteins is computationally difficult. For cases
in which the internal energy distribution of the dissociating ion
population is Boltzmann-like, mathematical modeling of laser
dissociation can be greatly simplified. One situation in which
this appears to be the case is slow d&3er dissociation, which
has been shown to result in a dissociating steady-state population . .
that very closely resembles a Boltzmann distribution, even for 0= Z{A(V) P"(v) + B(v) p(m)[P"(v) =PI}  (4)
relatively small molecule$22.23 v

_Our master equation modeling program for £@ser  Aq 5 first simplification, one can make use of the fact that
dissociation was used to generate internal energy dIStrIbutIOI’ISP(V T) — P'(1,T) = 1, yielding
in the zero-dissociation limit for leucine enkephalin (Figure 2). ’ ' '
In these calculations, the threshold dissociation energy was set _ N
artificially high (1.98 eV) to determine what the internal energy 0= Z[A(V) P(v) = BO) p(v)] )
distribution would look like in the limit of rapid energy
exchange. The motivation for these calculations was to probe Now, one can remove only the laser-frequency vibrational mode
qualitatively the internal energy distribution of large laser-heated from the summation, giving
molecules, because the fundamental difference between the laser
heating of smaller and larger peptides is their rate of exchange0 = A(,.o) P(Vjase) = B(jase) P(Vjase) +
of photons. As can be seen in Figure 2, the internal energy
distribution of a peptide in the rapid energy exchange limit is Z[A(V') P(v') — B(¥) p(")] (6)
only slightly narrower than a true Boltzmann distribution. v

Laser Power and Molecule TemperatureTo describe laser
dissociation by simple equations analogous to the Arrhenius
equation, we must derive a relationship between the laser powe
and the thermal equilibrium variable, the temperaflirgdvhen
an ion population reaches a steady state, its net absorption must
be zero in the absence of dissociation. In the first approximation, P(Vage) = — {Z[B(V') (V') — AW) P\ T)] —
one can neglect the net absorption of a steady-state ion B(Vjase) 7 .
population when its rate of dissociation is very slow. Thus, for AViased P (Viases N} (7)

In these equations, the terms+ 1) and ) are the squares of
the creation and annihilation operators, respectively. Physically,
they represent the increased absorption and emission prob-
abilities for higher occupation levels of a vibrational mode. The
- product of the two terms containing exponentials in egs 2 and
3 is the occupation probability for a simple harmonic oscillator
of frequencyy in its nth excited state in a thermal distribution
at a temperaturé. The summation over afl takes into account
all possible excitation states of an oscillator with frequency
We wish to find a simple relationship between the laser power
and the ion temperature. To arrive at such a relationship, we
must isolate the laser power from eq 1. Rearranging eq 1 by
combining the summations, we arrive at eq 4

In eq 6, the summation is over all frequencigsexcept the
rJaser frequencyyiaser Rearranging eq 6 by isolating the laser-
frequency energy density yields
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Figure 3. Calculated relationship between the relative laser intensity
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and the ion internal temperature based on AM1-generated frequencies

and intensities for four peptides: LE (triangles, leucine enkephalin),
GRS (squares, gramicidin S), BK (diamonds, bradykinin), and MLTN
(circles, melittin).

Unlike the Dunbar model, no simple analytical relationship

exists between the laser power and the ion temperature.
However, given any absorption spectrum, one can easily d IN pgaivdViase)

calculate the laser power that will bring an ion population to a
temperatureT under the assumption of complete thermal
equilibration.

Ideally, one would like to be able to solve eq 7 for the full
calculated vibrational spectrum of a molecule. In practice, this
is complicated by the large number of vibrational frequencies
for larger peptides. To simplify this calculation, the frequency
sets used in the solution of eq 7 were averaged into 100 cm
wide bins, making the calculation straightforward to accomplish
in Mathematica (Wolfram Research, Champaign, IL). Averaging
into 100 cn! wide bins was done by adding the transition
probabilities for all wavelengths within a 100 chwindow
and treating all wavelengths within that window as a single
frequency at the central wavelength of that window. For
instance, the squares of all transition dipole moments for all
frequencies between 100 and 200 @énfrom a calculated

frequency file were added and treated as the square transitio

dipole of a single frequency at 150 cfn

Absorption spectra for four peptides were calculated at the

semiempirical AM1 level. Substitution of these frequencies and
transition dipole moments (multiplied by 128jnto eq 7 using
the simplifications explained above yields a linear relationship

between the logarithm of the laser power and the reciprocal of

the ion internal temperature, with a proportionality factor that
we call s (Figure 3)

din p(VIase) _
odam

wherep(viase) IS the radiation intensity at the laser frequency
andT is the ion internal temperature. The proportionality factor,
s, has units of Kelvins. No significant difference in the calculated
value ofs was found by changing the bin width from 100 to
400 cn1?t, and therefore, it appears that this slightly averaged
calculation should yield a relationship nearly identical to that
obtained with a more rigorous calculation in which each
frequency is explicitly included.

®)

n
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in relating the laser power to the unimolecular dissociation rate
constant is that there is a significant uncertainty in the energy
deposited into an ion with a Caser because (a) the calculated
EinsteinB coefficient(s) for the laser-frequency transition(s) of
the ion has (have) significant uncertainty, (b) the absolute laser
intensity experienced by the ions is difficult to determine
accurately, and (c) the absolute values of calculated frequencies
and intensities are not highly accurate. In eq 8, the absolute
laser power is irrelevant, because by differentiating the logarithm
of the laser power, any scalar multipliers to the laser power are
eliminated. Substitution of eq 8 directly into the Arrhenius
equation thereforgields a relationship between the unimolecu-
lar dissociation rate constant (k) and the laser power that
does not depend on the absolute laser power

E,

din kuni a
41N (e S ©

In eq 9,k is the Boltzmann constant, and all other terms are as
previously defined. Taking the logarithm of both sides of eq 7
and differentiating with respect to Tl/introduces a further
simplification

= — o
A(V') P”(V1T)] - A(VlaseD P”(VlaserT)) (10)

In eq 10,prelativdViase) IS therelative laser power (because scalar
multipliers are eliminated), and all other terms are as previously
defined. By differentiating the logarithm of eq 7, the Einstein
B coefficient at the laser frequency drops out of the right-hand
side of the equation, leaving only the Einstdircoefficient at

the laser frequency and EinsterandB coefficients at all other
frequencies to contribute to the value ©fAs discussed later,
changing the laser-frequency Einstéincoefficient results in

an insignificant change in the calculated valuesdfinlike the
Dunbar model, the present model predicts that the relationship
between the unimolecular dissociation rate constant depends
on the intensities of allibrational frequencies of an ion and,

d
In(S [B() p(v') =
d(m 4

in fact, depends significantly on thérational transitions not

at the laser frequencyn this model, thensis a broad average
over the entire absorption and emission spectrum of an ion and
local differences in an ion’s absorption spectrum should lead
to minor changes irs.

Another convenient consequence of eq 10 is that the
proportionality constants, does not depend on the absolute
intensity of vibrational transitions, but rather depends on the
relative intensities of an ion’s vibrational transitions. Therefore,
if one multiplies the number of frequencies but keeps the
frequency and intensity distributions the same (that is, if one
multiplies absorption intensities by a scalar multiplier), the
Arrhenius-like laser dissociation equation (eq 8) will be
unchanged. Linear polymers are classes of molecules for which
the above simplifications are especially relevant. The absorption
spectrum of linear polymers changes primarily by increasing
the number of vibrations as the polymer size increases while
not significantly altering the relative absorption intensities. For
various classes of linear polymers, such as peptides or oligo-
nucleotides, it is likely thas will be the same for an entire
class of molecules. This should make the analysis of laser

The existence of a linear relationship between the logarithm dissociation data of ions within the rapid energy exchange limit

of the laser power and the reciprocal of the ion internal

very simple once the appropriate valuesdbr a given class of

temperature is very convenient in several ways. One problem molecules has been established.
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TABLE 1: Calculated s Values for Four Peptides Obtained 13
by Using the Summed Transition Dipole Moments for 100 0]
cm~! Wide Wavelength Bins E BK (M +H)"
compound mass (Da) calculated values¢K) 23 akm s 2
leucine enkephalin 555 2348 T 3]
bradykinin 1061 2339 2
gramicidin S 1241 2504 £ ]
melittin 2845 2295 5] .
average 2369 o] MLTN (M + 3H)
L)
The new laser dissociation model was applied to four 71 MLTN (M + 24
peptides: leucine enkephalin, bradykinin, melittin, and grami- -8

1.65 1.85 2.05 2.25 245 2.65 2.85

cidin S. Values offor each of these peptides determined from
their calculated vibrational spectra (Figure 3) are given in Table

1. These values are all similar, deviating by less than 9% from Figure 4. CO; laser dissociation data for singly and doubly protonated
each other. Because the value ©thould not be a strong bradykinin (BK, triangles and circles, respectively) and for doubly and
function of .molecular size. the new laser dissociation model triply protonated melittin (MLTN, diamonds and squares, respectively).

should be applicable to both peptides and proteins. The
relationship between laser power and dissociation rate constan
for polypeptides is given by eq 11

In (laser power)

everal laser powers shows that the internal energy distribution
ecomes narrower only very slightly with increasing laser power,
and therefore, the primary effect of a narrower distribution
dInk should be an underestimation of the laser power necessary to
m = 4.8, (11) reach an internal energy distribution whose dissociation rate is
lase equal to the dissociation rate of the an ion population with a
whereE, is the activation energy for dissociation in electron- trué Boltzmann internal energy distribution of temperattire
volts. In comparison, Dunbar's model (neglecting corrections TNis increasing underestimation of the laser power necessary
for the truncation of the internal energy distribution, which are 0 bring molecules to an "effective” temperatufewill result
not part of the model presented in this paper) makes the in @n underestimation of the activation energy (eq 9). Assessing

following prediction the magnitude of this error is difficult because the error depends
on the threshold dissociation energy and the molecule’s rate of
dink,, E, radiative energy exchange with the radiation field.
dl T =814, 12) Another assumption of the new laser dissociation model is
n p(VIaseD laselaser

that the net absorption of the steady-state dissociating ion

In Dunbar's model (eq 12)yaseris the laser frequency (943 population i_s zero. This assumption is valid in_the rgpi_d energy
cm! for a CQ, laser), andjaseris the laser-frequency single exchangg limit. Under conditions of fast dissociation, this
harmonic oscillator partition function, which has values from @assumption clearly breaks down. Although we have not
1.01 to 1.10 over the range of temperatures of a typical laser estimated the magnitude of the error introduced by neglecting
dissociation experiment. An average value of 105:1":%rwas the net abSOI‘ptlon of the |9n populaﬂon, It C|eal'|y leads to an
used for the working version of Dunbar’s model for £i@ser underestimation of the activation energy.
dissociation (eq 12, right-hand side). The activation endggy, Experimental Results and DiscussionThe laser dissociation
has units of electronvolts (eV) on the right-hand sides of egs kinetics of singly and doubly protonated bradykinin and doubly
11 and 12. Our new model predicts that application of the and triply protonated melittin were measured as a function of
Dunbar model to peptide and protein laser dissociation will result laser power. The data fit first-order kinetics after a brief
in an underestimation of the activation energy by about 40%. induction period during which the ions were brought to a steady-
Errors. The laser dissociation model proposed here still has state internal energy distributiGA A linear relationship exists
a number of approximations that can lead to errors. Becausebetween the logarithm of the dissociation rate constant and the
the right-hand side of eq 7 contains the spontaneous emissiorlogarithm of the laser power for singly and doubly protonated
term at the laser frequency, the intensity of the laser-frequency bradykinin and melittin (Figure 4). From the slope of the In
transition has an effect on the laser powesmperature relation-  Kuni VS In piaser plot, the activation energy can be obtained via
ship. Therefore, an error in the laser-frequency transition dipole €9 11.
moment does not completely drop out of the calculation. The results of the present laser dissociation studies, our
However, because the laser-frequency transition dipole momentprevious laser dissociation study of leucine enkeptélind
is often very small for peptides (a value of 0.017 D/mol from Freitas et al.'s C@laser dissociation of bradykinin and bovine
the AM1-generated value for LE was used for the above ubiquiti?*??are shown in Table 2. These results are compared
calculations), the spontaneous emission at the laser frequencyto activation energies measured previously via BIRD.
has a negligible effect on the solution of eq 9. To verify this For leucine enkephalin (M- H)*, the smallest ion tested,
assumption, the spontaneous emission at the laser frequencypplication of eq 8 to our previous experimental dataelds
was eliminated in a separate calculation. The calculated valuean activation energy of 1.09 eV. This value is nearly identical
of s changed by less than 1%. to the value of 1.1 eV obtained with BIRB.Similarly, the
Another potential source of error in our approximation is that value obtained from our model is very close to that measured
the laser-heated ions do not reach a true Boltzmann internalby BIRD for doubly protonated bradykinin (0.9 and 0.8 eV,
energy distribution. At room temperature, the ion population respectively). For bradykinin (M- H)™, CO; laser dissociation
has a Boltzmann distribution of internal energy. With low- data measured in our laboratory yield an activation energy via
intensity laser heating of the ion population, the internal energy eq 11 that is about 12% lower than the activation energy
distribution becomes narrower than a Boltzmann distribuidfon. measured with BIRD (1.16 and 1.3 eV, respectivélyFreitas
However, a comparison of the internal energy distributions at et al?122 reported an activation energy of 1.17 eV for singly
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TABLE 2: Comparison of Activation Energies by CO, The model presented here greatly simplifies the quantitative
Laser Dissociation with BIRD Derived Activation Energies determination of the activation energy for the dissociation of
modeledE, (eV) large ions without full master equation analysis. The current

charge mass  Ea Dunbar this work error modifications to Dunbar’s qualitatively accurate laser dissocia-

compound state (Da) (BIRD) eql2 eqll (%9 tion model yield a quantitatively accurate model for peptide
leucine enkephalin & 555 1P 0.66 109 1 and protein laser dlssqmatlon. Currently, this .Iaser dlsspmatlon
bradykinin % 1061 1.3 063 116 —12 model has been applied only to the analysis of peptide and
bradykinin H 1061 1.3 1.17 1.94 +49 protein dissociation. However, the same model should be equally
bradykinin 2+ 1061 0.8 0.50 0.90 +12 applicable to all classes of large molecules with very similar
mg::g:z gj: ggig e 8-;; ig - absorption spectra (for instance, synthetic polymers or oligo-
ubiquitin 5+ 8565 1.6 0.9 15 7 nucleotides). For linear polymers, it appears that a simple

ubiquitin 114+ 8565 1.2 0.7 1.2 -3 Arrhenius-like equation relates the experimental laser pewer

. . dissociation rate constant relationship to the activation energy
a b 0 ¢
ig cm:er;(tm;F ZT:rEiltst-etsglgmslr'h?st ;‘ll'J dy fgﬁsﬁgﬁuestcgse}hég. for unimolecular dissociation. Therefore, determining the activa-
dissociation of melittin by Busman et al. was measured by heated metaltion €nergy of large linear polymers should be straightforward
capillary dissociation? Jockusch et & from dissociation rate measurements at various laser powers
once the appropriate proportionality constant is known. This

protonated bradykinin using the original Dunbar model (eq 12). proplolrtionality constant can readily be calculated, or it can be
This value agrees well with the BIRD measurement of 1.3eV. empirically determined by comparison to BIRD data.

However, application of the current mfdel (eq 11) to the laser  acknowledgment. The authors acknowledge generous fi-
dissociation data for bradykinin (M H)" measured by Freitas  nancial support from the National Science Foundation (Grant

et al. yields an activation energy of 1.94 eV. This value thatis cHE-0098109). The authors also thank Jack Beauchamp for

significantly larger than that reported here using photodisso- his significant and pioneering contributions in the areas of

ciation and that (_)btalned pre_wously by BIF@D’.he_reaspn_for infrared photodissociation and ion chemistry.

this discrepancy in the experimental laser photodissociation data

measured by Freitas et#22and by us is unknown. Interest- ~References and Notes

ingly, Freitas et al. also measured the dissociation of ubiquitin (1) Tholmann, D.; Tonner, D. S.; McMahon, T. &.Phys. Chen 994

5+ and 11 and reported activation energies obtained from 9%, %g)ozgj?t?:{, R. CJ. Phys. Chem1994 98, 8705-8712.

the Dunbar model that were much lower that the values from (3) Dunbar, R. C.; McMahon, T. B.; Tholmann, D.; Tonner, D. S.;

BIRD.?2 However, application of the model presented here to Slalhub, D. R.; Wei, DJ. Am. Chem. Sod995 117, 12819-12825.

these same data provides activation energy values that are in (g) Bqnba\r/{/Rb Qv?\/!\I’I!CMah%“rRTJ- E?]C'e”éﬁlgga fgg'?ll%‘k éngil—

excellent agreement with BIRD measurements (with errors of 885%_) rice, . 2. TTams, = 15 s, Hhem. 104

less than 10%). II(6) Price, W. D.; Scﬂnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Busman et al. reported a dissociation activation energy of Williams, E. R.J. Am. Chem. S0d996 118 1064G-10644.

1_.7 e\_/ f_or triply_ protonat_ed r_nel_it_tin via heated capillary 199(7,7)10T%%¥V\(/§72.” Schnier, P. D.; Williams, E. R. Phys. Chem. B

dissociatior?®> This value is significantly larger than our (8) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E.JR.

measurement of 1.3 eV via laser dissociation (Figure 4, Table Am. Chem. Socl996 118 7178-7189.

2). Similarly high values for the activation energies of protonated o é%)gfég’g' W. D.; Schnier, P. D.; Williams, E. Rnal. Chem 1996

leucine enkephalin and leucine enkephalin dimer were reported ’(10) Schnier, P. D.; Price, W. D.; Strittmatter, E. F.; Williams, EJR.

by Moet-Ner et aPb using heated metal capillary dissociation. Am. Soc. Mass Spectrot997, 8, 771-780.

A possible reason for the high value obtained with this method 195(9171)11%“2%;"8-_[1’-1?938%”‘“50“' R. A.; Williams, E. &.Am. Chem. Soc
is interference from ion desolvatiéhBoth the BIRD method (12) Rodriguez-Cruz, S. E.; Jockusch, R. A.; Williams, E.JRAM.

and the laser photodissociation method have the advantage thathem. Soc1998 120, 5842-5843.

ions are isolated prior to dissociation so that interfering 45‘(12)4;;’8'“50“' R. A.; Williams, E. RI. Phys. Chem. A998 102,
processes, such as ion desolvation, are eliminated. (14) Price, W. D.; Jockusch, R. A.: Williams, E. B. Am. Chem. Soc

Overall, the average deviation between activation energies 1998 120, 3474-3484. _ N
obtained using the current model and BIRD appears to be about__(15) Jockusch, R. A.; Price, W. D.; Williams, E. B. Phys. Chem. A

10%. Of course, additional data need to be obtained and 19?36)1083‘0%zsi&g_zgf'wl)odm R. L.; Beauchamp, JJLAm. Chem. Soc.

analyzed to better estimate the accuracy of this model. 1979 101, 5503-5512.
(17) Thorne, L. R.; Beauchamp, J. L. Chem. Phys1981 74, 5100~
Conclusions 5105.

(18) Dunbar, R. CJ. Chem. Physl991 95, 25372548.

; ot ; (19) Uechi, G. T.; Dunbar, R. Q. Chem. Physl992 96, 8897-8905.
CO;, laser dissociation has been applied to the structural (20) Dunbar, R. C.. Zaniewski. R. . Chem. Phy<1992 96, 5069~

elucidation of a wide range of molecules. In combination with 5g75.

the model presented here, this method appears to represent a (21) Freitas, M. A.; Hendrickson, C. L.; Marshall, A. Bapid Commun.
very promising new technique for the extraction of dissociation Mf"(szsz)sg‘fgittrgg‘lagi ;aelnG;%k]-s%?]Z.C L Marshall A G Am. Chem
activation energies of large molecules. £i@ser dissociation  gu: 200q 122 7768-7775. T o '
has two important advantages over BIRD: First, itis much faster  (23) Jockusch, R. A.; Paech, K.; Williams, E.RPhys. Chem. 200Q
because it does not depend on the lengthy temperature equilibral04 3188-3196. _ _ o o _
tion of the instrument vacuum chamber. Second,, G3er De(rﬁﬁ)e:\iogl)is.?C\’/ilFleiéﬁ'é,SEc.hlgﬁgaT'ctiiégri%%z\/\ég,Di’ﬁytngg?r' E.F;
dissociation can access much higher internal energies than BIRD  (25) Busman, M.; Rockwood, A. L.; Smith, R. D. Phys. Cheml992
because the only limitation is the maximum available laser 96, 2397-2400. _ , ,
power. Biomolecules stable at the highest accessible BIRD Coﬁguwoﬁggseré&?c?g;ggg o gz-gfgg“é’gy"A-?Wysoc""V- Rapid
temperatures, such as melittin, can easily be dissociated using™ 27y schnier, P. D.; Price, W. D.; Strittmatter, E. F.; Williams, EJR.

a CO laser. Am. Soc. Mass Spectroi997, 8, 771-780.



