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The collision energy dependence of the fragmentation of the 1-bromonaphthalene radical cation was studied
using sustained off-resonance excitation (SORIRi7 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 CsHsBrt* and GoH/Brt* 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 Several variations of conventional on-resonance excitation
Collision-induced dissociation (CID) is a powerful tool both have been developed to enhance fragmentation of large mol-
for determination of ion structures in the gas phase and for ecules and improve the collection efficiency of product ions
obtaining information on energetics and mechanisms of frag- generated by multiple-collision activation. In multiple excitation
mentation processes of internally excited ions. Principles of collisional activation (MECAY,® precursor ions that do not
collisional activation (CA) as well as various aspects and dissociate after the first excitation step are re-excited several
challenges of CA of polyatomic ions have been extensively times until dissociation occurs. Fragmentation efficiency is
discussed in several recent reviews. significantly improved using this method. Furthermore, lower
The present study is a continuation of our group’s ongoing kinetic energies, which will leave product ions closer to the
research focused on characterizing the energy deposition funccenter of the cell, can be used in MECA compared with
tion following sustained off-resonance irradiation CID (SORI- conventional CID. Sustained off-resonance irradiation (SORI)
CID) in Fourier transform ion cyclotron resonance mass makes use of an off-resonance excitation of the ion being
spectrometer (FTMS). Collisional activation in FTMS can be investigated. An rf pulse is applied slightly above or below the
implemented using either on-resonance or off-resonance excitatesonant frequency of the precursor ion causing the kinetic
tion of the precursor ion. In the former case, ions are acceleratedenergy of the ion to oscillate with time. Because ion kinetic
to a desired kinetic energy with a short radio frequency (rf) energy oscillates with time and collisions occur randomly, the
pulse applied at the cyclotron frequency of the precursdrdon  collision frequency at the maximum number density of the gas
and activated by collisions with neutral atoms or molecules pu|se should be h|gh enough to Samp|e the full center-of-mass
inside the ICR cell. This technique has been used to study energy range and effectively average over all kinetic energies.
fragmentation of relatively small ions under single-collision For quantitative analysis of collision energy-resolved mass
_cond|_t|ons. If_multlple collisions occur, t_h_e kinetic energy of spectra, the collision frequency should also be low enough to
ions is effectively damped, and the efficiency of subsequent 4/iq effective damping of the ion kinetic energy by collisiéhs.

collisions is small. However, multiple collisions are clearly 14 ensure multiple collisions, the excitation pulse is applied
required to induce substantial fragmentation of large molecules .. 5 time much larger than the time between collisions. With

(e.g., protonated peptides and proteins). Fragmentation efficiencyy, iipje collisions of translationally excited ions with the target
of large molecules is "”?'t.ed by both (.1) .the decrgase in the gas, its internal energy slowly increases and fragmentation
center-of-mass ((.:M) collision energy W't.h Increase |n.the MasS 4ccurs when sufficient energy is transferred from translational
of th_e precursor 'ﬁ’.‘ and (2) _thehdrama'gc defc_rease ||nddecom-t0 internal energy. Similar ideas are utilized in very-low-energy
g]??r'gggoﬁtes with increase in the number of internal degrees collisional activation (V.LE-.CA)l.O’.“In this method, sequential
’ acceleration/deceleration is achieved using a°8tase shift

* Corresponding author. E-mail: Julia.Laskin@pnl.gov; FAX: (509)- Of the excitation waveform. Because of its high fragmentation
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is the most widely used method. Most of SGRIID studies Further, the ability to extract thermochemical information from

carried out so far were focused on sequencing of peptides orSORCID measurements was demonstrated by RRKM-based
improving our understanding of dissociation mechanisms basedmodeling in which the amount of fragmentation observed is
on the fragmentation patterns of different precursor ions. related to internal energy content rather than to the initial kinetic

Quantitative information on the energetics and dynamics of €nergy of the molecular ion (which is poorly defined).
the observed fragmentation pathways can be obtained if we Here we present a detailed study of the fragmentation of the
know the internal energy distribution of collisionally activated ~1-bromonaphthalene radical cation following SORI excitation.
precursor ions. Various activation methods, including collision- Collision energy-resolved fragmentation efficiency curves were
induced dissociation under single collision conditiéhsurface- ~ analyzed to determine (1) the energetics of different fragmenta-
induced dissociation (SIDinfrared multiphoton dissociation ~ tion pathways of the molecular ion, (2) the amount of energy
(IRMPD)!S combined with FTMS, and boundary-activated deposited into the ion, and (3) the change in the internal energy
dissociation (BADY implemented in a quadrupole ion trap have dlst_rli_outlon as a functlon_(_)f collision energy and_number of
been used to study the energetics of fragmentation of |arge_coll|5|on§. We show the ab|I|_ty of the methoo_l to provide valuat_)le
molecules (e.g., peptides). However, the internal energy distri- mformatlpn on the energetics and dynamics .of fragmentat!on
bution of ions activated using these techniques is usually poorly Of & relatively complex system. Average energies and “effective
defined. Blackbody infrared dissociation (BIRD)2 has been temperature_s" obtained from the model_ are compared with the
the most successful method thus far for studying the energetics'esults obtained for gisBr** in our previous study®
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  The experimental conditions for well-defined collision energy-
follow their fragmentation as a function of wall temperature. It resolved SOR+CID measurements were described by us
has been shown that large ions can equilibrate with the recently?® Experiments were performed on the University of
blackbody radiation field and have internal energies given by a Delaware 7T Bruker BioApex FT-ICR mass spectrometer
Boltzmann distribution. Arrhenius parameters for the dissocia- equipped with an infinity cell. The system is operated at an
tion of a variety of small ions, peptides, and proteins have beenindicated base pressure 0£51071° Torr. lons generated in an
reported.8-23 external electron-impact ionization source were transferred into

The advantage of SORICID over the BIRD technique is  the ICR cell by a series of ion transfer lenses and captured in
that a much wider range of “effective temperatures” can easily the cell using the Sidekick mechanism for ion accumulation.
be reached using SORCID. Accordingly several groups have lons were trapped in the cell by applgia 2 V potential to the
studied energy deposition following SORI excitation. Schnier trapping plates. Excess kinetic energy was removed from the
et al. have determined “effective temperatures” of protonated ions by pulsing Ar into the cell for a duration 6f300 ms at a
leucine enkephalin and doubly protonated bradykinin by com- maximum pressure of 2 10°° Torr. lons were allowed to cool
paring the dissociation kinetics following SORCID with that to thermal equilibrium by radiative and collisional cooling during
obtained under BIRD conditior®4 They found that the effective ~ the pumping delay of 5 to 10 s. The precursor ion was isolated
temperatures of both peptides dissociated under the sameusing a correlated sweep procedure. A second Ar pulse was
SORICID conditions are similar. This observation is very thenintroduced to remove any excess kinetic energy gained by
encouraging because it points to the potential to use SORIthe molecular ions during the isolation event.
excitation for quantitative analysis of the fragmentation of large A third Ar pulse was introduced into the cell for collisional
molecules. The influence of different experimental parameters activation. We have measured the time-dependent pressure of
on the effective temperature was investigated. Fujiwara and Ar in the cell previously:® The pressure profile shows a peak
Naito simulated internal energy distribution following SGRI  in pressure at-100-120 ms delay time between the pulse valve
CID of singly protonated bradykinin with argon using the Monte Opening and detection event and full width at half-maximum
Carlo method® Maximum internal energy of-11 eV was (fwhm) of ~170 ms. lon activation was performed during the
obtained from the simulation for a peak-to-peak excitation time when the pressure was close to its maximum. lons/af
voltage of 2 V, frequency offset of 250 Hz, and pulse duration 206 were radially excited slightly off-resonancgf(= —700
of 20 ms. The maximum internal energy of the precursor ion Hz) for 100 ms at nearly fixed Ar pressure. Pressure calibration
was found to be inversely proportional to the3, whereAv is described by us previous§was used throughout this work.
the frequency offset of the excitation wave. The kinetic energy of the ions was incremented by changing

We recently carried out an extensive study of collision- the peak-to-_peak voltage apphed to the excitation plates_. Alter
induced dissociation of §£1sBr* using both on-resonance and a 5-s pumping delay, the ions were excited for detection by

SORI excitatior?® Fragmentation efficiency curves were ob- bro?]dband .Ch'rp exutaﬂo?. hieved usi
tained as a function of collision energy under single- and SJR?engggm;e?\fg:%;gass (CM) energy achieved using
multiple- collision conditions. The results were modeled using 9 ’

RRKM/QET formalism. An analytical form for the collisional 2 o o

energy deposition function (CEDF) was proposed. Experimental max _ ( M ) B Vop

results obtained over a wide range of experimental parameters MM 4+ M 32,2mdPAR

(e.g., collision energies and pressures) were modeled using the

same analytical form of the CEDF. An exponential energy where m and q are the mass and the charge of the ion,
deposition function gave the best fit to the single-collision respectivelyM is the mass of the neutral moleculg,is the
experiment, whereas multiple-collision experiments were re- geometry factor of the ICR cell3(= 0.9 for the infinity cell
produced by a Boltzmann-like CEDF. We demonstrated that employed in this study)V,-p is the peak-to-peak excitation
large amounts of internal energy can be deposited into the ionvoltage,d is the diameter of the ICR cell, anff is the shift of
with SORI excitation, such that the energetics of fragmentation the SORI excitation frequency relative to the cyclotron fre-
of both low- and high-energy channels can be investigated. quency of the precursor ion.

Experimental Section
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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 a)
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 , p , / /
collision numbergs Consequently, the average number of 3ev
collisions is smaller than the collision number characteristic of 45evV_. L ’ ’
that distribution. FECs were measured at four different pressures , , y / /
corresponding to collision numbers of 3, 5, 15, and 20 and beV r - 7 a
average numbers of collisions encountered by a precursor ion  10ev _~
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 : ‘ g ‘ ‘ —
experiments is much lower than the frequency of SORI 0 100 150 200 250 300
oscillations). M/Z
Double-resonance experiments combined with SORI excita-
tion were performed by applying an additional rf wave, b)
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 1eV
after the excitation wave has been switched off. 3oV / , y ,
We also conducted a limited number of non-FTMS experi- K / / / ’
ments. LinkedB%E scans and mass-analyzed ion kinetic-energy 4.5evV_ — . ;
spectroscopy (MIKES) studies were carried out on a Micromass 6eV /I/ ey . /
ZabSpec/orthogonal TOF instrument in this laboratory. All 10 L i
experiments utilized 1-bromonaphthalene with a stated purity eV P ) , p
of 98%, purchased from Aldrich. 14 eV /l’ | - |L ’

14ev _L/ S
,

Results and Discussion ‘ / / _
50 100 150 200 250 300

Collision Energy-Resolved Mass SpectraCollision energy- M/Z
resolved SOR+CID spectra were obtained at four different ) ) )
pressures corresponding to collision numbers of 3, 5, 15, and E‘&“re I} Evolution Offsot\'fl’_%'.?f Speftr“m as af‘_’”Ct'onso_f rBaX'”l”m
20, respectively. The evolution of the mass spectrum as ajg collision energy for two different pressures: @)= 5; (b)a =
function of CM collision energy for collision numbees= 5 '
and 15 is presented in Figures la and 1b, respectively. As
expected, more extensive fragmentation is obtained at higherrelationships, in practice it requires a compromise for rf
pressure. In the high-pressure regime, the parent ion intensityamplitude setting. The amplitude of the ejecting wave should
becomes<1% already at 6 eV, whereas in the low-pressure be low enough to avoid translational off-resonance excitation
experiment, even at the highest CM energy (14 e\0% of of adjacent masses and high enough to ensure a complete
the parent ion population remains intact. The major fragments ejection and minimize unimolecular or collision-induced decay
obtained in both experiments aréz 127, 126, 101, 77, 75, 74,  of the precursor ion during ejection. Fragmentation during
51, and 50. However, in the high-pressure case, more high-ejection becomes particularly pronounced for S©RID
energy fragments are observed£ 99, 98, 87, 86, 73, 63, and  performed at high collision energies where fragmentation time
62). These ions are not observed in the low-pressure experimentcould become shorter than the time required for ion ejection.

Dissociation PathwaysDouble-resonance experiments were For example, ejection time corresponding to the peak-to-peak
performed to verify dissociation pathways of bromonaphthalene voltage of 50 V utilized in the present study-sl ms, and all
and its fragments. In these experiments, a selected fragment iSragments produced in this time interval appear in the mass
continuously ejected from the ICR cell during the SORI spectrum despite continuous ejection of their precursor ion.
excitation. The ejecting rf wave is continued for an additional Increasing the amplitude of the ejection wave (thereby reducing
3 s after the SORI excitation pulse is turned off to ensure a the ejection time) caused considerable off-resonance excitation
complete ejection of all the ions of the selected mass-to-chargeof the peaks separated by one mass unit from the ion being
ratio. As a result of ejection of a particular fragment ion, ejected.
intensities of all the ions for which it is a precursor are strongly ~ The ion intensities in double-resonance experiments were
reduced. These experiments were performed with the SORInormalized to the intensity of the parent iong8;Br*, which
excitation voltage that corresponds to a maximum center-of- is not affected by the ejection procedure. When naphthyl cation
mass collision energy of 15 eV and Ar pressure corresponding (Ci10H7") is continuously ejected from the cell, the intensities
to a collision number of 20. Under these CID conditions all the of all other fragment ions are reduced to a few percent of their
fragment ions of interest are present in a normal SORD original intensities. This result indicates that this fragment ion
spectrum. is produced directly from the molecular ion and the rest of the

Although double-resonance ejection is, in principle, a straight- fragments are formed by subsequent fragmentation,gfi €.
forward method for determining precursor ion/daughter ion Ejection of GHs™ (m/z 101) affects the intensities of two smaller
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fragments ofm/z 75 and 74. Then/z 51 and 50 fragments are 100x10°
X

eliminated whenm/z 77 is continuously ejected. All remaining ( a)
fragments are suppressed whenoHg'™ is ejected. These 126
observations are summarized in the mechanism shown below 2 g0
as Scheme 1. :;: I
SCHEME 1 'E
+e + . « 60”
CyoH7Br'* — CyoH;" + Br' 1) ~ X 500
>
> CioHe™ + H® ) G
=
S, 8 40
CsHjy', CgH,'™*, C7H3™, C7Hy'*, CeHy ', etc. =
L]
g C3H5+ + C,H, 3)
L . 20
C¢Hs + C;H, (3a)
-
0 n L
—> C(,H; + C4H, (4) 60 80 100 120
L» C.H;" + C,H, (42) M/Z

L> CAHzﬂ + H.

That Scheme 1 accurately represents the decomposition of 150x10°(
naphthyl bromide radical cation is further substantiated by the b) 101
MIKEs study described later.

As shown, naphthyl cation fragments via a loss of hydrogen
(reaction 2), GH, (reaction 3), and ¢H- (reaction 4). Product
ions formed by reactions 3 and 44ds™ and GHs™) fragment
by a subsequent loss 0%, with a further hydrogen elimina-
tion, whereas a variety of product ions are formed frofgHg .

The reactions that are numbered in Scheme-14é) will be
considered in the RRKM modeling of the naphthyl bromide
dissociation process.

Linked B¥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 ofgHg™ (m/z 126), GHs* (m/z A J L_A
101), and GHs" (m/z 77) are presented in Figures 2—@). 050 60 7L0 810 907 100
These measurements confirm thatigh and GHs™ lose GH,
to give GHs*™ (m/z 75) and GHs* (m/z51), respectively. gHs™ M/Z
(m/z 76) is a major fragment formed fromy s+, which is in
agreement with the results of double-resonance experiments.
However, another major fragment formed fromgds**, cor- .
responding to the loss of acetylema/’f 100), was not observed 150x10"
in our FTMS experiments. This apparent contradiction can be
rationalized in terms of the well-known energgntropy 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
(~30us) 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 SCRTID spectra ) L

can arise from the differences in the internal energy distributions 0 - ' ' : ===
L . 50 55 60 65 70 75

of the fragmenting ions as well as from entropy effect. Consider,

for example, the rateenergy curves for two competing reactions M/Z

both proceeding via a loose transition state. These curves arerigure 2. MIKEs spectra of (a)n/'z 126, (b)m/z 101, and (cynz 77.

essentially parallel, and the relative abundance of the fragments

is insensitive to the shape of the internal energy distribution strongly dependent on the internal energy content of the

function and the observation time. If, on the other hand one precursor ion. For pronounced differences in entropgute

reaction proceeds via a tight transition state and the other via aintersection of rate-energy curvesompetition is effectively

loose transition state, the branching ratio of the products is observed only in a very narrow window of internal energies

100}
x 200

Intensity , arb. units

50¢

77

100}
x 500

=

Intensity , arb. units

50r
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Figure 3. Relative appearance energies as a function of Ar pressure
in the cell form/z 101 @), m/z 126 @), andm/z 77 (»).
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Figure 4. Relative appearance energies as a function of Ar pressure
in the cell form/z 51 @), 'z 75 ), andm/z 76 ().

close to the intersection &E) curves. Outside this window,
only one of the products is observed. We infer that this
explanation is the correct one for the absencent 100 in
SORK-CID spectra collected over a wide range of collision
energies.

Appearance Energies.lt has been shown previously that
multiple collisions between an ion and neutral target cause

Laskin and Futrell

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

_OW(E-E)
E= e

wherep(E) is the density of states of the reactant!(&/— Eo)
is the sum of states of the transition stalfg,is the critical
energy, h is Plank’s constant, an@ is the reaction path
degeneracy.

(2) Fragmentation probability as a function of the internal
energy of the parent ion and the experimental observation time
t), F(E, t,), was calculated from the ratenergyk(E) depend-
encies. The functior-(E, t;) 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:

(5)

P(EEcw) = (E — A)'exp(~(E — A)f(Ecy))/C  (6)
where | is a parameterC = T'(I + 1)[f(Ecw)]'* ! is a
normalization factor, ané(Ecm) has the following form:

f(Ecw) = AEow’ + AEu +Ef/(I+1) (1)

whereA; andA; are parameters, arfl, is the average thermal
energy at 298 K. This functiorR(E,Ecy), is slightly different
from the function used in our previous wotkAn additional
parameterA 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
CesHsBrt*, the additional parametex was definitely required

to fit the rather more complex dissociation of8;Br]. We
have shown previoust§ 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 witkr O can be used

experimenta| appearance energies (AEs) to shift toward |owert0 model single-collision experiments, whereas Boltzmann-like

values?*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

CEDF (high values of) can be utilized to reproduce multiple-
collision experiments.

(4) Collisional activation produces ions with a wide distribu-
tion of internal energiesP(E,Ecv). The contribution of ions

presented in Figures 3 and 4. The AEs of the correspondingWith internal energ)E to the observed signal intensity for a
precursor ions were subtracted from the absolute experimentalParticular reaction channeequalsFi(E, t)P(E, Ecw). Integrat-

values. For example, the relative appearance energyltd$'C
(m/z 51) was calculated as AEfH3;") — AE(CgHs™) — AE-
(C10H7™). The results indicate that reactions 2 and 4 (Scheme
1) have similar energetics, whereas the formationghf«C from
naphthyl cation requires significantly higher excess internal
energy. However, gHst (mvVz 101) formed by reaction 3

ing over internal energies yields an overall signal intensity at a
given CM energyl(Ecwm):

(8)

Integration is performed from O to infinity because, in general,

I(Ecw) = J, F(E, t)P(E, Ecy)dE

(Scheme 1) is much less stable than other fragments from thethe ion can acquire rather high internal energy in multiple-

same precursor (gH7"). As a result, the AE of gHs™ (mvz
75) formed from GHs* is much lower than the AE of 3™
(m/z51) formed by reaction 4a (Scheme 1). Formation ¢4,
the lowest-energy fragment ofs", 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:

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.
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RRKM/QET Calculations. Reactions 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 (TPIMS8)The critical
energy Eo) and activation entropyAS) that gave a best fit to
the TRPD and TPIMS results weky = 3.23+ 0.07 eV and
AS = 7.7+ 2.5 e.u?® RRKM parameters for reaction 4a were
adopted from our study on the energetics of fragmentation of
bromobenzene radical cati6hTo the best of our knowledge,
energetics of reactions—24 and 3a have not been studied
previously.

RRKM calculations of the dissociation ratenergy curve
of the molecular ion were carried out using neutral 1-bromo-
naphthalene frequencié&The transition state frequencies were
chosen as suggested by Gotkis et?alnamely, the G-Br
stretching mode (584 cri) 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
(C10H7M). In a similar way, vibrational frequencies oflds"
were obtained from the frequencies of phenylacetylene radical
cation3! Critical energies and transition state vibrational
frequencies of reactions-2, 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
(ASH).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 Brand H do not carry off any internal
energy. However, the partitioning of energy between the ionic
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a)

b)

(E-E,), eV

Figure 5. The most probable internal energy deposited into g)sC
(reaction 3) and (b) gs* (reaction 4) as a function df — Eo. Two
lines corresponding td(— Eg) (dashed line) andq — Eo)Np/Np (dotted
line) are shown for comparison. Hefds andNp represent the number

of internal degrees of freedom of the fragment ion and its precursor,
respectively.

of the energy partitioning among fragments. Our calculations

and neutral products must be considered to estimate the internalndicate that for low internal energiely, closely follows the

energy content of §4s" formed by reaction 3 and ¢El,*
formed by reaction 4. If statistical partitioning of internal energy
is assumed, the probability that for total internal enekgin
the precursor ion an energy betweerand ¢ + de remains
internal energy of ionic fragment is given B3

Pu()po(E — B, — €)de
= 0,(€)0o(E — Eg— €)de

Jo
wherep; and p, are the densities of states of ionic and neutral
fragments, respectively, aifi 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’

Vibrational frequencies of £, and GH, (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 ). The most probable internal energy deposited
in the fragment ion of interes&f,;) was extracted from each

PE €)= 9)

line corresponding toE — Ep), whereas for higher energies,
Emp deviates from thel — Ep) 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 iongfg")

and a small neutral molecule {d,) are formed, whereas a
substantial deviation from theE(— Ep) line is obtained for
reaction 4. In this case, the ionic fragmentlis) is much
smaller and the neutral fragment (&) is larger than the
corresponding fragments formed by reaction 3. For each
reaction, the dependenciesk, on E — Ey were fitted with a
second-order polynomial, and the analytical functional form
obtained in this way was used to calculate the internal energy
of CgHs™ and GHs™ throughout the RRKM calculations.

Results of Theoretical Modeling

Dissociation EnergeticsFragmentation efficiency curves for
reactions 14, 4a, and 3a were modeled in the present study.
Intensities of subsequent fragmentsnoz 126 were added to

distribution. Figures 5a and 5b show the dependence of the mosthe FECs of GgHe**. As previously described, double-resonance

probable internal energy as a function Bf— Ep. Two lines
corresponding toE — Eg) (dashed line) andH — Eo)Np/Np
(dotted line) are shown for comparisoiy and Np repre-
sent the number of internal degrees of freedom of the frag-
ment ion and its precursor, respectively). The latter expression,
(E — Eg)Np/Np, is commonly used for very simple estimation

experiments revealed tha¥'z 74 is formed mainly fronm/z
75, whereasn/z 50 is formed frommyz 51. Thus, FECs ofiv/z
75 and 74, anan/z 51 and 50 were added together.

RRKM parametersthe critical energies and activation
entropies that give the best fit to the whole set of experimental
fragmentation efficiency curves (FECsare summarized in
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TABLE 1: RRKM/QET Parameters 100 m/z 206

Reaction Eo, eV AS e.u. s

1 3.2 7.7 g %
2 41+0.2 -0.14+0.7 £
3 464 0.2 7.8+2 e

4 43402 6.44 2 3560
3a 3.3+ 0.3 8.1+ 0.7 <

4a 3.9+0.2 7.6+0.7 2 10
=
. E

[\
f=2

2 4 6 8 10 12 14
Maximum CM Collision Energy, eV

Figure 8. SORI-CID fragmentation efficiency curvesvz 206 and
results of theoretical modelingO( - - -) a = 3; (@, ----- Ya=>5; ([,
....... Ya=15; @, —) a= 20.

log(k(E))

0 m/z 127

(=
<

0 s 10 15 20 25
Internal Energy (E), eV
Figure 6. RRKM rate—energy curves corresponding to the present

model: (~---) reaction 1; {) reaction 2; {-+--* ) reaction 3; (---)
reaction 4; (- - -) reaction 3a; «(---) reaction 4a.

Relative Abundance (%)
S
<

. 0_m1z_20_§ __m/z 127 20
5] i
=
S 08 Ol . . .
=
E wiz 77 2 4 6 8§ 1o 12 14
< 06 T . Maximum CM Collision Energy, eV
o ; i~ m/z 51 ) _ o
& B T - Figure 9. SORI-CID fragmentation efficiency curvesyz 127 and
= i miz75 results of theoretical modelingO( - - -) a = 3; (@, -----) a = 5; (O,
& 1 : \,3,~" ....... ) a=15; @, —) a = 20.
im/z 101 I
02 ! Ny e, m/z 126 relative abundance ofi'z 101 rises with internal energy.
‘\ ;A g T Subsequent fragmentation ofids+ requires much less energy
9% — s 20 than fragmentation of &is*. It follows that relatively small

amount of GHs* (m/z 101) is formed at any collision energy.

) ) At high collision energies, &is" is efficiently converted to
Figure 7. _Calculated brgakd_own'curves for reactions4l 3a, and 4a CeHs™ and we predict an intense peak ratz 75. All these
(the experimental reaction time is 5 s). predictions are in perfect agreement with experimental results.

Table 1. Rate-energy dependencies for all reactions included Experimental and calculated fragmentation efficiency curves are
in the modeling are shown in Figure 6. The radiative decay compared in Figures-814. The agreement between the model
rate that gave the best agreement with the experimental FECsand the experiment is quite satisfactory for all reactions included
is 90 + 5 sL. Calculated FECs were not very sensitive to N the modeling.
activation entropies, except for competing reactiond 2vhere Because the critical parameters for reaction 1 are well
both critical energies and activation entropies were very established?we used the fixed values of critical enerdy &
important. 3.23 eV) and activation entropAG" = 7.7 e.u.) for this reaction
Breakdown curves presented in Figure 7 were calculated from throughout the fitting procedure. To test the uniqueness of the
the rate-energy dependencies @K for a reaction time of 5 s, fits, the critical energy of reaction 2 was systematically changed
the time sampled in our experiments. Because these reactiondn increments of 0.05 eV and the rest of the fitting parameters
have very similar energetic requirements, breakdown curves of were adjusted to give the best fit. This test revealed that the
m/z 126 and 77 are very close to each other at low internal fits are unique within the error limits given in Table 1.
energies. As the internal energy increases, the microcanonical Although the fragmentation of naphthalene has been studied
rate constants for reactions 2 and 4 diverge, significantly quite extensively, little is known about the fragmentation of
reflecting the differences in their activation entropies. As a result, haphthyl cation (GH-"). The major dissociation products of
the relative abundance ofiHs* (m/z 126) drops dramatically. ~ CigH7" observed in the present study correspond to the loss of
It follows that relative intensities of all the fragments having H, C;H, and GH». The loss of molecular hydrogen giving rise
this ion as a precursor will be low. Because reaction 3 has ato a peak atvz 125 was also observed. However, the intensity
higher critical energy than reactions 2 and 4, the amount of of m/z 125, when present, was just above the noise level.
m/z 101 produced at low internal energies is very small. Dissociation thresholds for reactions-4, 3a, and 4a are
However, reaction 3 has a high activation entropy and the summarized in Table 1. The dissociation threshold for reaction

Internal Energy, eV
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Figure 13. SORK-CID fragmentation efficiency curvesyz 75 and
----- ya=>5; @3,

Figure 14. SORFCID fragmentation efficiency curvesyz 51 and

results of theoretical modeling:O( - - -) a = 3; (@, ----- )a=>5; (3, results of theoretical modeling: (O, --a)= 3; (@, ----- )a=>5; (d,
....... ) a= 15‘ (.’ —) a= 20. .....--) a= 15’ (., —) a= 20.
m/z 77 TABLE 2: Thermochemical Data

$ 30 Formula AH{(0 K), kcal/mol Reference

8 CioHs™ (naphthalene) 229.2 31

g CsHs™ (benzene) 237.2 31

i C4H2 (1,3-Butadiyne) 110.8 37

22 C:H, 54.2 37

< He 52.1 37

2 CioH7* 281+ 3 29

3 CioHs* 323+5 This work

& 10 CeHs ' 333+ 5 This work

Figure 12. SORKCID fragmentation efficiency curvesvz 77 and

2 4 6 8 10 12 14
Maximum CM Collision Energy, eV

results of theoretical modeling:O( - - -) a = 3; (@, ----- Ya=>5; (d,
....... )a: 15’ (.’ —) a= 20.

4 can be estimated using a simple thermochemical cycle based The critical energy derived from our modelifig(4) = 4.3

on the following reactions:

In this case, the critical energy of reaction By(4), can be

[Eo(10) = 4.48 eV andEy(11) = 3.7 eV*9 and the heats of
formation of GoHg™, CsHs™*, and GH, in the following way:

Eq(4) = Eg(11) — Ey(10)+ AH(CeHg ™) + AHA(CH,) —

AH(C,Hg™) = 4.36 eV

+ 0.2 eV is in excellent agreement with this estimated value.
The critical energy for reaction 4a is 34990.2 eV. This value

CiHs " — C,H, T+ H° (10) is the same within the error limits as the dissociation threshold
for this reaction obtained in our previous study on the
C10H7+ — CeH5+ + CH, (4) fragmentation of bromobenzefe.
Table 2 summarizes thermochemical data used for estimating
CeHg " — CgHs + H" (11) threshold energies as well as heats of formationgHg and

CgHs* obtained in the present study. Heats of formation can be

determined from dissociation thresholds fairly accurately,

expressed in terms of critical energies for reactions 10 and 11 provided the reaction proceeds via a loose transition state. The
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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@1 £+ 0.7 e.u.).
Consequently, the heat of formation determined fesHg"
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 oftf; requires 4.3 eV. The
relative energies for naphthyl fragmentation are apparently
different from the relative energies reported fouldg™. First
of all, the loss of acetylene and hydrogen fromtG ™ has very

Laskin and Futrell

acetylene does not lead fbas 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 diynes] could not be ruled out.

Charge-induced fragmentation of naphthyl cation, outlined
in Scheme 2, can lead to both phenylacetylene-IReand
benzocyclobutadiene-likel) structures of @Hs*.

different energetic requirements. In contrast, these two reactions

have similar threshold energies when the precursordslg".
Furthermore, loss of 1, from CigH7" 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

SCHEME 2

+ =
- + Csz
+

groups have studied fragmentation of naphthalene radical cation

both experimentally and theoreticafi§.*® Jochims et al. have

The structure of gHs™ formed by reaction 4 in not known.

studied the photofragmentation of naphthalene and azuleneqowever, the subsequent dissociation of this ion follows the

monocations over the excitation energy range2 eV38 The
major low-energy products of igHg™ correspond to the loss

same pathway as the dissociation of phenyl cation formed from
CeHsBrt;24 namely, GHs™ undergoes acetylene loss followed

of H, H, CHz, and GH,. They showed that identical products  py hydrogen elimination. Thus, we believe that the loss 4.C
are formed from these species, suggesting azulene and naphfrom naphthyl cation leads to formation of the phenyl cation.
thalene fragmentation occurs through formation of a common Formation of phenyl cation and stable 1,3-butadyine molecule
intermediate. Experimental appearance energies for hydrogentom C,gH, implies a more complex mechanism with 1,2- and

and acetylene loss from naphthalene are identical, whereas l0sg 4-hydrogen migrations (Scheme 3). We suggest that the
of H, and GH, requires 0.3 eV higher energy. Ho et al. reported

time-resolved photodissociation studies of naphthalene andSCHEME 3
naphthalenels ions#° 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 MechanismsSimple bond cleavage leads to a
loss of a hydrogen atom from the naphthyl cation. The critical
energy for hydrogen loss fromigH;* (4.1 eV) is lower than
the critical energy for hydrogen loss from¢Elg™ (4.48 eV)#0 © + CH,
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 opening of the ring occurs through a Charge_site_initiated
dissociation mechanisms ofil;" and GoHg**. Charge-site-  cleavage of the indicated-GC bond. One hydrogen atom is
initiated cleavage of two €C bonds can lead to the loss of donated from the open chain to the ring followed by radical-
C2Hz from the naphthyl cation (Scheme 2). Heterolytic cleavages site-initiated cleavage of a second-C bond. Because only
are known to be energetically less favorable than radical-site one charge-site-initiated cleavage is involved in this process and
reactions}® which explains the higher critical energy for pecause hydrogen shift to the ring requires less energy than the
acetylene loss obtained in the present study. dissociation thresholéf this reaction is faster than the loss of
Because heats of formation of different possible isomers of acetylene from GH-*.
CgHs™ have not been determined previously, we cannot Energy Transfer Efficiency. The average energy transferred
distinguish between them based on the heat of formation upon collisions is shown in Figure 15 as a function of maximum
obtained from the modeling (Table 2). However, some informa- center-of-mass energy for different pressures. The average
tion on the possible structure o§l@s™ could be obtained from  energy rises nearly linearly at low collision energies and less
comparison with gHg ™. Theoretical calculations on the relative that linearly at higher energies. When the collision number
stability of different isomers of gHg™ have showfi4! that increases from 3 (lowest curve) to 5, energy transfer exhibits
benzocyclobutadiene radical catiob) (s ~4 kcal/mol more the anticipated strong increase. It increases again as the collision
stable than phenylacetylene radical catidnand proposed that  number increases to 15 but has “saturated” such that no further
1 is the most plausible product of naphthalene fragmentation. increase is discernible as the collision number increases from
The structure of gHg™ formed from different precursors was 15 to 20. Similar behavior of the average internal energy versus
probed using different mass spectrometric techniques, such a<ollision energy was observed by Lee et al. for collisional
collisional activation, neutralization reionization, and charge excitation of CH™,45 by Wysocki et al. for (GHs)4Si™,*¢ and
reversal? It has been proved experimentally that loss of by Laskin et al. for GHsBr+.26 The essential coalescence of
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Figure 15. Average internal energy transferred upon collisions as a
function of the maximum center-of-mass energy of parent ion at differ- 4000
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Figure 16. Average internal energy transferred following collisions
as a function of the maximum center-of-mass energy of parent ion for
(- - -) bromobenzene and+) bromonaphthalene obtained at the same Conclusions
pressure, giving rise to a collision number= 15.
This work presents a detailed study of the fragmentation of

1-bromonaphthalene radical cation following SORI excitation.

the two curves corresponding &= 15 anda = 20 was noted Bromonaphthalene radical was chosen as a logical extension
in our previous study of SORICID of bromobenzene, where  of our previous study of the fragmentation of bromobenzene
we demonstrated the same saturation effect with increasingradical cation. The similarity of these two systems arises from
collision number. the same initiation step for fragmentation; that is, bromine loss

Comparison between the average energy deposited uporfrom the molecular ion. The differences reflect the more
SORI excitation of @HsBr™ and GoH;Br* for a= 15 is shown complex nature of dissociation of naphthyl cation as compared
in Figure 16. Significantly higher average internal energies are with phenyl cation. The fragmentation energetics of phenyl
deposited into the larger ion. Assuming that internal energy cation, previously studied by us, was logically incorporated into
distribution of parent ion is close to a thermal distribution, the the modeling scheme employed in the present investigation.
average internal energy can be expressed as an “effectiveBecause the energetics and dynamics of naphthalene radical
temperature”. Figures 17a and 17b show a comparison betweercation dissociation are better characterized using various
effective temperatures of bromobenzene and bromonaphthalenexperimental and theoretical approaches than the fragmentation
at two pressures corresponding to 5 and 15 collisions. Although of CyoH/Br*, it would be desirable to investigate naphthalene
the average energies deposited into these ions are very differentcation fragmentation using the same methods. Unfortunately,
the “effective temperatures” are the same. As mentioned earlier,this is not possible because the resonance frequenciggtty'€
an analogous result was obtained from the comparison of BIRD and GoH;™ are too close together to excite onlysHg" using
and SOR}CID fragmentation kinetics of protonated leucine SORI excitation.
enkephalin and doubly protonated bradykiftidowever, this Fragmentation efficiency curves (FECs) of the parent ion and
comparison suffered from a limited temperature rangé76 six major fragments obtained at different pressures were
K). In contrast, the “effective temperatures” of bromonaphtha- successfully modeled using the general approach proposed
lene ions ranged from 1000 to 3700 K as the maximum SORI previously?6 Good agreement between experiment and model
center-of-mass collision energy was increased to 15 eV. Thewas found for all the fragment ions. An additional parameter
temperature range sampled in the present study significantlywas introduced into the analytical expression for the collision
exceeds that accessible by BIRD, and no calibration of the energy deposition function (eq 6) to achieve a better fit to the
“effective temperature” obtained following SORI excitation with  experimental data. Critical energies and activation entropies for
true blackbody temperature is possible. reactions 4, 3a, and 4a were obtained from the RRKM
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modeling. Calculated FECs were not sensitive to the activation (4) Marzluff, E. M.; Beauchamp, J. L. Icarge lons: Their Vaporiza-

; ; i tion, Detection and Structural AnalysiBaer, T.; Ng, C. Y.; Powis, |., Eds.;
entropies of reactions 1, 3a, and 4a. However, modeling resultsW”ey: New York, 1096: Chapter 5,

were highly sensitive to the activation entropies of competing " (5) cody, R. B.; Burnier, R. C.; Freiser, B. Snal. Chem1982 54, 96.
reactions 2-4. We have shown that the partitioning of energy (6) Carlin, T. J.; Freiser, B. SAnal. Chem1983 55, 571.
between the ionic and neutral products must be included in this Mas(s7)sF%ggt'rc?r}ffé;géle;o’siéq; Huang, Y.; Freiser, B.Réapid Commun.
wo_rk to model the fragmentatlon kinetics of a comp_lex system. (8) Williams, E. R: McLafferty, F. W.J. Am. Soc. Mass Spectrom.
This was done assuming that the excess energy is partitionedigoq 1, 427.
statistically among the fragments and calculating all the 199(l9)24%a;t1h1ier, J. W.; Trautman, T. R.; Jacobson, DABal. Chim. Acta
permutations of the energy partitioning from densities of states (10) Boering, K. A: Rolfe, J.: Brauman, J. Rapid Commun. Mass
of the ionic and neutral fragments. Spectrom1992 5, 406.

The critical energies obtained from the best fit were compared  (11) Boering, K. A.; Rolfe, J.; Brauman, J. Int. J. Mass Spectrom.

with the literature values or thermochemical estimates whenever!on Processed 992 117, 357.
. . o . . (12) Klassen, J. S.; Kebarle, P. Am. Chem. Sod.997, 119, 6552.
possible. Dissociation thresholds obtained using the present (13) veey. K.: Somogyi, A: Wysocki, V. H. Rapid Commun. Mass

approach are in excellent agreement with literature values. We Spectrom1996 10, 911.
infer that the present approach can be utilized to study the 23(()174) Lim, H.; Schultz, D. G.; Yu, C.; Hanley, lAnal. Chem1999 71,
er.‘?rge“cs af‘d dyna.mICS.Of complex SyStems.' Uncertainty in (15) Freitas, M. A.; Hendrickson, C. L.; Marshall, A. Bapid Commun.
critical energies obtained in the present study is comparable tomass Spectrom1999 13, 1639.
the uncertainties commonly obtained using photoionization or _ (16) Vachet, R. W.; Glish, G. LJ. Am. Soc. Mass Spectrofr898 9,

; ot i i ) 175,
photod|SSOC|at|0n techr_nques, which are the_ be_st well chara_cter (17) Dunbar, R. CJ. Phys. Cheml994 98, 8705,
ized methods for studying the energetics of ionic fragmentation.  (1g) price, W. D.; Schnier, P. D.; Williams, E. Rnal. Chem 1996
This very encouraging result leads us to extend this approachés, 859.

to the fragmentation of large molecules (e.g., peptides) for which  (19) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R.J. Am. Chem. S0d.996 118 10640.

the use of photoionization techniques is very limited. o (20) Dunbar, R. C.; McMahon, T. BScience1998 279, 194 and
Itis clear that there are several parameters that are optimizedeferences therein.
based on experimental data, and the question arises Whetheg ﬁ%) bDlIJDan?r, vl\?/' _CBJMZMafg?, T. g'ﬁgggaﬁl% ?EBTlgnner, D. S,
H H H : alanup, D. R.; el. . Am. em. S0 A .

alternate fqrmallsm or a different cpmblnatlon of parameters (22) Price, W. D.: Schnier, P. D. Williams, E. B Phys. Chem. B
would provide an equivalent or superior rationalization of energy 1997 101, 664.

deposition in SORI excitation. Because the kinetics description  (23) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E.JR.
; i i v Am. Chem. Socl996 118 7178.

IS physmqlly correct, we .have examined the sensnw@yl of the (24) Schnier, P. D.; Jurchen, J. C.; Williams, E. R.Phys. Chem. B
fit to choice of energetics parameters. The sensitivity test 1999 103 737.

described earlier confirmed the uniqueness of the fitting  (25) Fujiwara, M.; Naito, YRapid Commun. Mass Spectrah999 13,
1633.

parameters presented in Table 1. (56) Laskin, 3. Byrd, M.; Futrell, J. Hint. J. Mass Spect |
H H askin, J.; byrd, ., Futrell, J. nt. J. ass opectrom. lon
We have shown that the average energy deposited into theProcesseszooq 105/196 285,

b_rorr_lpnaphtha_lene radical cation following SORI excit_ation_ IS (27) Hop, C. E. C. A.; McMahon, T. B.; Willett, G. Dint. J. Mass
significantly higher than the average energy deposited into Spectrom. lon Processd$9Q 101, 191. _
bromobenzene radical cation. However, the effective temper- __(28) Sievers, H. L.; Giumacher, H.-F.; Caravatti,.Ant. J. Mass
ived from the average internal energies, are the SAME” ag) ot v name M Lok cashi
atures, derived from the averag : gies, (29) Gotkis, Y.; Naor, M.; Laskin, J.; Lifshitz, C.; Faulk, J. D.; Dunbar,
for CeHsBr'* and GoH/Br'*. The effective temperature of R.C.J. Am. Chem. Sod993 115 7402. _
excited ions is determined by the SORI conditions, namely the _ (30) Singh, S. N.; Bhatti, H. S.; Singh, R. Bpectrochim. Actd97§
center-of-mass collision energy and pressure. The effective (31) Ling, Y.; Martin, J. M. L.; Lifshitz, C.J. Phys. Chem1997, 101,
temperature of precursor ion varied between 1000 and 3700 K219.
under the experimental conditions employed in this study. An gg I\-/ifsftlitlz, MC.ﬁu. clé/lhass Sg)ﬁc;{ggggfg ié’selsls'

fai At Nlarnllic estal, M. L.J. Chem. Phy , .
advantage of collisional activation under multiple-collision (5,3 gerie” i "p F  McLafferty, F. W.; McAdoo, D. J.; Lifshitz, G.
conditions is that a very wide range of effective temperatures pnys.'‘chem1975 79, 713.
can be easily covered within the same experimental setup. (35) Shimanouchi, T. Tables of Molecular Vibrational Frequencies

i i onsolidated Volume |, National Bureau of Standards, 1972.

MP“??("e“ fhg sug?ehsteoflfmo_dellng approach d(;(_eshn?_t require & (36) Lin, Y. N.; Rabinovitch, B. SJ. Phys. Cheml970 74, 1769.
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