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Photodissociation dynamics otbutylbenzene molecular ion has been investigated on a nanosecond time
scale. The rate constants for production eHg" and GH-*, their branching ratios, and the kinetic energy
release distributions have been determined by the photodissociation method using mass-analyzed ion kine
energy spectrometry. The branching ratios have been found to be in excellent agreement with the previous
established results. All the experimental data could be explained with statistical theories such-as Rice
RamspergerKasset-Marcus (RRKM) and phase space theories. RRKM fittings for these reactions have
been improved. The present result supports the previous suggestion that the dissociatidstt@cCurs

via a stepwise McLafferty rearrangement.

1. Introduction ions/~1* For example, non-RRKM nature in the dissociation

The kinetics of unimolecular ion dissociation has been a of photoexcitedert-butylbenzene ion has been observed through

- i igatiori2
subject of general interest in chemistry and related fields. In PD-MIKES investigatiori:

particular, the successful interpretation of breakdown patterns. Dissociation ofn—butyl%enzene_ lon has_ been_the_ focus of
in the mass spectra of polyatomic molecules with the quasi- intensive research efféft 28 ever since the pioneering ion-beam

equilibrium theory (QET) led to the establishment of mass photod.lssomatlon experiments .by Beynon and cq-workfgﬁg.
spectrometry as a useful analytical techni§u&he quasi- In particular, the branching ratio for the productionroiz 91
equilibrium theory, which is mathematically equivalent to the and 92 was found to depend sensitively on the_ photon energy,
microcanonical RiceRamspergerKasserMarcus (RRKM) suggesting its use as a thermometer for determining the internal

theory for unimolecular dissociation, is usually referred to as energy.
RRKM-QET?2 Breakdown patterns utilized to test RRKM-

QET in the early days were basically determined by the relative / CrHg™ (/2 92) + CaHo @)
magnitudes of rate constants of various reaction channels.  c . c 1o+

Instead of these, measurement of the rate constant for the \

dissociation of energy-selected polyatomic ions would be more CoH* (mfz 91) + CaHy® @)

useful for the test of RRKM-QET and its application to the

study of reaction mechanism. Some experimental techniques, 50t such a sensitive dependence is expected because the
such as phgtoEIectdre_ photoion _cqlnmderllce (PEPICO) spec- o0 energy dependences for the two reactions, reaction 1
trometry* and photodissociation in ion cyclotron resonance (PD- o rring via a rearrangement (McLafferty) and reaction 2

ICR) spectrometéhave l_oeen deve_loped for the above purpose. occurring via a simple bond cleavage) ( are widely different.
However, these techniques which have made tremendousy,.ever the above ion-beam results were found to be

contrltl)utloln to IZ‘? study of the I;llnetlcs aTId dynamics of nconsistent with later investigations with charge exchange
unimolecular ion IS?I(IJ'CIatlon' over the {Iea.rs al owlrate (l:onstant ionization by Harrison and L and with PD-ICR by Dunbar
measurement on milli- to microsecond time scale only. Re- 54 co.workerd! The latter investigators attempted an RRKM-

cently, we have developed a technised on the mass- et it tg explain their 91/92 ratios and suggested that shifting
analyzed ion kinetic energy spectrometry (MIKES) of photo- yhe energy scale of the ion-beam results to higher energy by

dissociation products in_ a double-focusing mass spectrometer,) 55 ey would bring them into reasonable accord with other
namely PD'MlKES_’ Wh'cq allows rate cog_st_ant rr?easurement results. That is, this amount of energy would correspond to
on ananosecond time scale. Hence,. combining the-eatergy the internal energy of the parent ions being photoexcited.

data available from the above techniques, it is now possible to The most detailed investigation so far on the kinetics and

investigate a unimolecular ion dissociation over 6 orders of dynamics ofn-butylbenzene ion dissociation has been carried

magnitude in time scale. In addition to the rate constant, the by Baer et al. using PEPIC®. The 91/92 branching ratio
kinetic energy release distribution (KERD) can be measured ;o< measured over an internal energy rangé.8 eV, and the

also with PEPICO and PD-MIKES, which provides useful o0 constant for the production ei/z 92 fragment ion was

g]forma_t||_ondo][1 thﬁ exit ghannfetlj_dyna_ml_cs. Ih's _advantalge r|1as determined over a narrow internal energy range corresponding
een utilized for the studies of dissociation of various molecular ;, oa constant of $6-10F s-1. Even though the measured

91/92 ratios were in reasonable agreement with the charge
* Authors to whom correspondence should be addressed. 990 1
t University of Suwon. exchange ionizatid?°and PD-ICR! results, the rate constants
€ Abstract published ilAdvance ACS Abstractguly 1, 1996. were found to be larger by 2 orders of magnitude than predicted
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by Dunbar and co-workefd. An RRKM-QET fit of the above
data was utilized to investigate the reactions. In particular, the
stepwise occurrence of the McLafferty rearrangement leading
to 92+ was inferred from the rate result together with the kinetic
energy release data reported by Holmes and Osl#8rne.

Our instrumentation for PD-MIKES bears some resemblance
to Beynon’'st® even though details of the technique are quite
different. Hence, we have felt it necessary to investigate the
91/92 ratio problem to see if the results are in accord with the
results from well-established methods such as PEPICO. Also, , ,
nanosecond rateenergy data and KERD available from the 5350 5450 5650
present investigation have been utilized here to deepen our
understanding of the kinetics and dynamics of reactions 1 and (b) PD
2.

(a) MID

Relative Intensity

2. Experimental Section

The experimental setup has been described in detail else-
wheré and will be reviewed only briefly here. A double
focusing mass spectrometer with reversed geometry (VG
Analytical Model ZAB-E) modified for photodissociation study
was used.n-Butylbenzene ions generated by charge exchange
in the ion source and accelerated to 8 keV were mass-analyzed
by the magnetic sector. Then, the ion beam was crossed with
the laser beam in the field region of an electrode assembly Figure 1. MIKE spectra for dissociation afi-butylbenzene ion: (a)
located near the intermediate focal point of the instrument. The Metastable ion decomposition; (b) field-off photodissociation at 488.0
607.5 nm output of a dye laser (Spectra Physics Model 375B) nm. m/zof the fragment ion corresponding to each peak is indicated.
and the 514.5 and 488.0 nm lines of an argon ion laser (Spectra
Physics Model 164-09) were used. The translational kinetic
energy of the fragment ions was analyzed by the electric sector.
This is called the mass-analyzed ion kinetic energy spectrometry. 91
Since a MIKE spectrum contains contributions from metastable (a) 488.0 nm 92
ion decomposition (MID) and collision-induced dissociation by
residual gas, phase-sensitive detection was adopted to record a
MIKE spectrum originating from photodissociation, namely, a
PD-MIKE spectrum. To improve the quality of a MIKE
spectrum, signal averaging was carried out for repetitive scans.
Errors quoted in this work were estimated from several duplicate
experiments at 95% confidence limits. For the photodissociation
experiment, CSwas used as the reagent gas for charge exchange
ionization. The ion source chamber was maintained at’C40
For the MID experiment, 70 eV electron ionization was used
at an ion source temperature of 220.

Relative Intensity

5350 5450 5550
Translational Energy (eV)

Relative Intensity

3. Results

It is well-known that the production of then/z 92 ion
dominates the dissociation afbutylbenzene ion on a micro-
second time scal. In the MID-MIKE spectrum of n-
butylbenzene ion recorded in this work, th€z 92 peak has
been found to constitute more than 97% of the total daughter
ion. Them/z91 ion was hardly observable as shown in Figure ) o ]
1a. On the other hand, both the peaks91 and 92 appear Figure 2. PD-MIKE spectra for dissociation af-butylbenzene ion

- . ) - obtained at 1.5 kV applied on the electrode assembly: (a) 488.0 and
prominently in PD-MIKE spectra as shown in Figure 1b. The b) 607.5 nm excitations. Experimental and calculated results are shown

spectrum in the figure was recorded without the applied voltage 4 filled circles and solid curves, respectivetyzof the fragment ion
on the electrode and is called a field-off PD-MIKE spectrum. corresponding to each peak is indicated.

Substantial noise appears at th&z92 position in this spectrum
due to the presence of a strong metastable background, o ) ] ]
prohibiting a reliable determination of the branching ratio. This the lifetime is longer in the former. Relative abundances of
difficulty can be overcome by recording a field-on PD-MIKE them/z91 and 92 ions can not be determined readily from the
spectrum, namely a spectrum obtained with a high voltage field-on PD-MIKE spectra, however, because the two peaks are
applied at the electrode assembly. Field-on PD-MIKE spectra not well resolved. At the three excitation wavelengths used in
with 1.5 kV applied voltage are shown in Figure 2. With the this work, the combined intensities of ting/z91 and 92 ions
applied voltage, the PD-MIKE spectra tail toward lower ere~90% of the total daughter ion yields. The remainder
translational energy, which is due to a distribution of time delay \yas mostly due to then/z105 peak, which was not useful for

between photoexcitation and dissociation. The tailing is more inatic analysis because of a poor signal-to-noise ratio. The
severe with 607.5 nm excitation than with 488.0 nm because

5650 5750 5850
Translational Energy (eV)
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TABLE 1: The 91/92 Branching Ratios and Dissociation
(a) Rate Constants Derived from PD-MIKES Peaks

rate constant (f&s™1)
A& (nm) B’ (eV) 91/92ratio  total m/z914 m/z92¢

6075 371 0.720.16 1.8+0.5 0.68+0.25 0.94+-0.35
5145 408 1.1%0.10 59+1.0 2.8+06 25+05
4880 421 1.3@0.10 75+16 3.8+10 29+0.8

2 Photodissociation wavelengthAverage internal energy of the
0.92 . — — molecular ion after absorption of a photdrAverage total dissociation
0 0.1 02 03 rate constant! Average rate constant for the production ofHz'.

€ Average rate constant for the production gHg™.

log (log k/s™)

0.2

(a) m/z 92 / MID

Probability

4
=}
T

log (91/92 Ratio)

-0.1

0.1 02 03
Ion Source Pressure (torr)
Figure 3. Plots of (a) log (logk) and (b) log (91/92 ratio) vs the
pressure of the reagent gas in the ion source used for charge exchange
ionization; 488.0 nm excitation. Filled circles represent experimental
data. The solid lines are obtained from linear regression of experimental
data.

Probability

method to determine the 91/92 ratio and the photodissociation
rate constant simultaneously via peak shape analysis is described

below. 2
The PD-MIKE peak shapes can be analyzed as described in 5 w291/ PD
detail previoulsy:19the only difference being that overlapping S Ol
of peaks from two channels instead of one should be taken into &
account. The overall PD-MIKE peak shape obtained with an . ‘ . W
applied voltage is expressed as a weighted suhflot), which 0 01 02 03 04 05 06 07
is the peak shape function for the dissociation occurring at time Kinetic Energy Release (eV)
t Figure 4. Kinetic energy release distributions in dissociation of
n-butylbenzene ion: (a) metastable ion decomposition #1sC;
H(K) = fP(t) h(K;t) dt 3) photodissociation to (b) £g" and (c) GH;" at 488.0 nm. Experi-

mental results are shown as filled circles. Theoretical (phase space
Here K is the translational energy scale in the MIKE spectrum theory) are shown as solid curves. Bars represent error limits.
and P(t) is the probability density for dissociation at tinte . ) o ) )
The relation betweeR(t) and the rate constant distribution was In our previous photodissociation studié;*-*3lowering of
described previousli® Then, the latter can be determined via the internal energy of the molecular ions due to collisional
regression. The PD-MIKE contour to be analyzed here consistsélaxation in the ion source was observed and a method was
of two peaksm/z91 and 92, and this fact must be incorporated dewseq to correct for its influence on the mgasured rate constant.
into eq 3. It will be assumed th&{) is the same for the two Following the same procedure, the coII|S|_onaI rela_xat|on-free
reaction channels, which means that the two reactions occurfate constant was estimated by extrapolating the high-pressure
competitively. This assumption will be further discussed later. data to the zero-pressure limit. An example is shown in Figure

Then, taking the 91/92 ratig, as an adjustable parameter, the 3a er a set of rate constant data obtained at 488.0 nm. In
following expression foh(K:t) has been used. addition to the rate constant, the 91/92 branching ratio has been

found to depend on the ion source pressure also. A semi-log
h(K;t) = hgy(K;t) + Bhg,(K;t) 4 plot of the experimental ratio has been drawn as shown in Figure
3b and the collisional relaxation-free ratio has been estimated
hi(K;t) is the normalized peak shape function for dissociation by linear extrapolation of the high-pressure data to the zero-
to m/z ion at timet, which can be estimated from the pressure limit. The total rate constants and the 91/92 ratios
corresponding field-off spectrum. After determinifignd rate thus obtained are summarized in Table 1. The individual rate
constant distribution via regression, the peak contour was constants for reactions 1 and 2 evaluated from their branching
recalculated. For example, the recalculated contours are showrratios and the total rate constants are also listed in the same
in Figure 2, a and b, demonstrating successful analyses. Thetable.
91/92 ratios in these cases are 1.20 and 0.50, respectively, and Kinetic energy release distributions (KERDs) have been
the average rate constants evaluated from the distributions aredetermined from MIKE peak profiles using a well-established
6.0 x 18 and 1.3x 10° s1. The internal energy distribution = method?® For a more reliable determination of KERD in
originating from the thermal energy necessitates the use of ametastable ion decomposition (MID), a MIKE spectrum for MID
distribution rather than a single value of the rate constant, which occurring inside the cell located near the intermediate focal point
will be discussed later. has been obtained by floating the cell at high voltage (1.5RV).
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TABLE 2: Thermochemical Data
AHpod AHRP IEC
species (structure) (kJ/mol) (kJ/mol) (eV)
n-CeHsCaHo -13.2 3 8.66 2
N-CeHsCaHg™* 822 867 s Py(E)
CeHeCHy"" (5-methylene-1,3- 934 957 2
cyclohexadiene ion) 924 937 E
CeHsCH,* (benzyl ion) 897 919
n-CsH7* :|.005j 118 P(E)
95.0 109
86.6 1071 . .
CsHe (propene) 202 33 14 1.8 22 26
aHeat of formation at 298 K Heat of formation at 0 K¢ lonization Ion Internal Energy (eV)

energy.d Reference 31¢ Reference 27.Values converted from 298

K data.o Reference 21 Reference 38. Reference 39. Reference 40. Figure 5. Internal energy distributions af-butylbenzene ions in the

ion source P{(E), generated by charge exchange ionization and at the

. . . . . | ion b i inP(E).
The KERD in MID tom/z92 ion thus determined is shown in aser-ion beam crossing poink(E)

Figure 4a. KERDs in photodissociation have been evaluated yqjecular ions. This distribution for the molecular ions getting

from field-off PD-MIKE spectra. The outer halves of the two  photoexcited can be estimated by the random lifetime distribu-
MIKE peaks form/z91 and 92 ions have been used to minimize jon, 2

the interference between the two. KERDs in photodissociation
were rather insensitive to the ion source pressure, making it P(E) = P4(E) exp[~k(E)7] (6)
unnecessary to correct for the collisional relaxation effect.
KERDs in photodissociation tm/z92 and 91 at 488.0 nm are

o E . Here, 7 is the flight time of the molecular ion to the laser-ion
shown in Figure 4, b and c, respectively.

beam crossing point which is estimated to be3@ us at 8
keV acceleration energy in the ion source. The raeergy
dependence(E), can be taken from the data reported by Baer
A. Internal Energy. The internal energy of the molecular et al?’ P(E) thus estimated is shown in Figure 5. The average
ion generated by charge exchange ionization which was usedinternal energy evaluated frof(E) is 1.67 eV. Adding the

4. Discussion

in the photodissociation study is well approximated®oy photon energy results in the average total internal energy of
the photoexcited ion, which is 3.71, 4.08, and 4.21 eV at 607.5,
E=RE-IE+E, (%) 514.5, and 488.0 nm excitations, respectively. The average

internal energy of the molecular ions undergoing MID has been
provided that collisional relaxation is not involved. Here, RE estimated similarly,which is 1.70 eV.
is the recombination energy of @5 and IE is the ionization B. The 91/92 Branching Ratio. This ratio increases with
energy forn-butylbenzene. Their best literature values are the molecular ion internal energy according to all the previous
10.072'and 8.66 e\% respectively. (Thermochemical data are investigations using various metho#s2:27 Among these
summarized in Table 28, is the thermal internal energy at  previous reports, data obtained by Baer et’alith PEPICO
140°C. Its distribution has been calculated with the molecular are thought to be the most reliable. The previous ion-beam
parameters in Table 3 as previou&lyThe internal energy  photodissociation resulswere reported as a function of the
distribution,Ps(E), for the molecular ions in the ion source thus photon energy only, disregarding the internal energy of the
estimated is shown in Figure 5. Essentially all the molecular molecular ions getting photoexcited. We also do not have much
ions possess internal energies higher than the critical energy ofconfidence in the charge exchange ionization re$tfbecause
~1 eV’ for reaction 1 which is the least endoergic channel. some needed calibrations such as the correction for the colli-
Hence, dissociation of some molecular ions during the flight sional relaxation were not made. The results from the PD-ICR
between the ion source and the laser-ion beam crossing pointwork?! agree reasonably well with the PEPICO results. The
will alter the internal energy distribution for the surviving 91/92 ratios obtained in the present work are compared with

TABLE 3: Molecular Parameters Used in the Calculations of Thermal Energy Distribution, Rate Constants, and KERDs

vibrational frequenciégcm™)

N-CeHsC4Hg™+P 3000(14), 1460(11), 1260(7), 1060(10), 910(6), 730(5), 590(2), 435(4), 265(4), 180, 90(2)
CeHsCaHe™ (TS1Y 3000(13), 1460(11), 1260(7), 1060(10), 910(6), 730(5), 590(2), 500(4), 340(4), 260, 135(2)
CoHsCaHg H(TS2Y 3000(14), 1460(11), 1260(7), 1060(10), 910(5), 730(5), 560(2), 320(4), 150(4), 120, 70(2)
C/Hg+e 3010(8), 1510(6), 1240(7), 1010(7), 790(5), 570(2), 430(2), 340, 210
CH7 2940(7), 1480(7), 1210(5), 1045(4), 940(4), 730(4), 485(4), 370
n-CsH,0 2930(7), 1420(6), 1250(3), 1080(2), 960(2), 860, 740, 340, 230
CsHg" 3091, 3017, 2991, 2973, 2953, 2932, 1653, 1459,1443, 1419, 1378, 1298, 1174, 1045, 990,
945, 914, 912, 575, 428, 188
rotational constahfcm1) polarizability (10-24 crd)

N-CgHsCaHg™* 0.035

CiHg" 0.097

CH7* 0.099

n-CsH7 0.441 5.8

CsHs 0.507 6.2

aNumbers in parentheses denote the degeneracies of vibrational rh&ddsrence 27¢ Transition state for the production ofldg'™. ¢ Transition
state for the production of £i;". ¢ Values obtained from the frequencies for toluene from ref.f B&ference 38¢ Values obtained from the
frequencies fon-propyl halides from ref. 417 Reference 35.Estimated values.
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4 . " — T ment via a distonic ion intermediate (DII) as shown in Scheme
1. The reaction occurs on a double-well potential energy
surface, the first step being rate-determining while the second
step determines the KERD.

As the first step to investigate the dynamics of this reaction,
the KERD determined in this work is compared with the
prediction from a statistical theory. The phase space theory
formalisn®? which is easily applicable to dissociation occurring
via a loose transition state without a reverse barrier would be
adequate for this purpose.

91/92 Ratio

a

o 1 2 s 1 s e NTIE) D fr = pE—Ey— T~ RPTIR R (7)

Ion Internal Energy (eV)
Figure 6. The 91/92 branching ratio as a functionrebutylbenzene Here_, n(T;JE) is the KERD at a given angular momentum
ion internal energy. The present photodissociation results are shown@nd internal energf. The root-mean-square averagjealue
as filled circles @). The PEPICO results of Baer et all)(and PD- evaluated at the ion source temperature has beer*éisednd
ICR results of Dunbar and co-workers)(are also shown. The solid P are the product vibrational and angular momentum state
curve represents the theoretical result calculated from the-eatergy densities, respectivelyR is the product rotational energy and
curves in Figures 7 and 8 at 298 K. Ry is its minimum. Ep is the reaction critical energy which

the PEPICO and PD-ICR data in Figure 6. The original PD- may be set equal to the reaction endoergicity at O K under the
ICR dat&" reported by Dunbar and co-workers have been assumption of an extremely loose transition state. According
corrected for the thermal energy. Agreement among the datal© Scheme 1, 5-methylene-1,3-cyclohexadiene ion and propene

is remarkable considering that the three methods being comparedJlre dthe r eaction "produt;:lts.h 'Ic'iheTEeat (I)f forrréat!on of dt?e lonic
operate on totally different principles. The results render a Productis notwell established. The valuesgpkstimated from

: 0 two recent heats of formation dat&! (Table 2) are 1.07 and
partial support to the general validity of the present PD-MIKES .
techniques, the method for the internal energy estimation in 1-27 €V- Eo 0f 1.17 eV, average of the two, has been used in

particular the present calculation. KERDs have been calculated at various
It has been generally accepted that the 91/92 ratios reportedimemal energies and averaged over the internal energy distribu-

by Beynon and co-workels in the photodissociation of ti_on_s for the mc_)lecular lons undergoing MID and phqtodisso-
n-butylbenzene ion generated by 70 eV electron ionization ciation, respectively. The molecular parametefzused in the

deviate from other results due to the neglect of the internal _calculanons are listed in Table 3. Theoretical KERDs shown

energy of the ion getting photoexcited. In this regard, we have in Figu_re_ 4a,b agree with the_experimental ones virtually within
measured the 91/92 ratios in PD-MIKES of molecular ions €"°F limits, respectively. It is to be noted that rearrangement

generated by 70 eV electron ionization also. These are 0.23 reactions usually display kinetic energy releases much larger
0.54. and 0.66 at 607.5. 514.5 and 488.0 nm excitations re_’than statistical predictior®S. Hence, the above results indicate

spectively. These values are smaller than reported by Beynonthalt the se_paration of the_ipnic and ”‘?””a' pro_duqs in reaction
and co-workers. Such a difference is thought to arise from the 1 oceurs via a '°°S? transition state withouta S|gq|f|cant reverse
fact that ions are irradiated perpendicularly near the intermediatebarrler over a microsecond to nanosecond time scale, in
focal point in the present experiment while the entire second adreement with Scheme 1. . .
field-free region was irradiated by Beynon and co-workers. The rate constant for thls3 reaction has been calculated with
Comparing the present results with the solid curve in Figure 6 e RRKM-QET formalisn:

which is the energy dependent 91/92 ratio obtained through WHE — E

RRKM-QET fitting to be described later, the average internal KE) =0 ( o) 8)
energies of 3.14, 3.60, and 3.74 eV are estimated for the ho(E)

photoexcited molecular ions with 607.5, 514.5, and 488.0 nm,

respectively. (Since the solid curve has been estimated at 298Here, p is the density of states of the reactant i, is the

K, the additional rotational energy of 0.02 eV at 473 K, the jon State sum at the transition state, amds the reaction path
source temperature in this photodissociation experiment, isdegeneracy. Since the difference in the external rotational
added.) Then, subtracting the photon energies, the averagegnoments of inertia between the reactant and the transition state
internal energies of molecular ions getting photoexcited esti- iS generally ignored, the rotational energy has not been included
mated from 607.5, 514.5, and 488.0 nm experiments becomein the estimation of the ion internal energy. In a usual RRKM
1.10, 1.19, and 1.20 eV, respectively. The molecular ions fitting of rate—energy data for a particular channel, the critical
getting photoexcited possesd.16 eV of internal energy, the ~ energy and the activation entropy at 1000 KS) are treated
value being remarkably consistent in the three experiments. This@S two parameters to be adjustédThese two parameters have
suggests overall validity of the present method again. Also, Peen varied to fit both the present and PEPICO rate constant
this supports the argument that the neglect of the ion internal data. Assuming that the isomerization in Scheme 1 is the rate-

energy in the previous ion-beam photodissociation experiment determining step, a €H stretching mode (3000 crf) has been
was responsible for its mismatch with other data. taken as the reaction coordinate andf 2 has been used. Even

C. Production of C;Hg". As was pointed out in an earlier ~ though Baer et &’ took a 910 cm'! mode as the reaction
section, the rateenergy dependence for this channel measured
with PEPICG” required the participation of a tight transition
state while the KERD measured by Holmes and Oski8rne At o, H, O o
indicated dissociation via a loose transition state. To accom- Q\j/ — @iﬂ/ — CC + (
modate these apparently conflicting results, Baer et al. suggested ” .
that the reaction occur by the stepwise MalLafferty rearrange- (D1I)

SCHEME 1
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Figure 7. Rate-energy dependence for the dissociation rof Figure 8. Rate-energy dependence for the dissociation rof
butylbenzene ion to £1g". The present photodissociation results are  ptylhenzene ion to &i;*. The present photodissociation results are
shown as filled circles®). The PEPICO results of Baer et dll{are  shown as filled circles®). The rate-energy data estimated from the
also shown. The theoretical result (RRKM-QET) is shown as a solid ¢;rye in Figure 7 and the 91/92 ratios of Baer et &) &nd Dunbar
curve. Rate parameters used in the calculationkgre: 1.12 eV and and co-workers 4) are also shown. The theoretical result (RRKM-
AS' = —5.49 eu. Bars represent error limits. QET) is shown as a solid curve. Rate parameters used in the calculation

areEy = 1.61 eV andAS' = 7.28 eu. Bars represent error limits.

coordinate and used of 1, variation of these parameters has
not been important. The best fit was achieved whgnf 1.12 wide internal energy range. These data are plotted in Figure 8
eV andAS* of —5.49 eu has been used, as shown in Figure 7. together with the nanosecond data obtained in this work. It is
The vibrational frequencies used to achieve the above fit are to be noted that the present data follow the same general trend
listed in Table 3. The critical energy used is slightly larger asthe PEPICO and PD-ICR data, supporting the overall validity
than 0.99 eV adopted by Baer et?&but is similar to 1.1 ev  Of the present approach.
estimated by Dunbar and co-workéts.ASF of —5.49 eu All the above data have been considered for RRKM-QET
indicates that the reaction occurs via a tight transition state overfitting for this reaction. The best fit was obtained whgof
the microsecond to nanosecond time scale. Conflicting indica- 1.61 eV andAS of 7.28 eu were used, as shown in Figure 8.
tions from KERD and rate-energy data suggest the participation The C-C stretching mode at 910 crhwas taken as the reaction
of a multiple-well potential in reaction 1, as shown in Scheme coordinate. The vibrational frequencies used in the calculation
1. AS of —10.9 eu reported by Baer et al. through RRKM- are listed in Table 3. The critical energy of 1.61 eV is the same
QET analysis of PEPICO data seems to be a little extreme @s reported by Baer et &.while AS' is larger than 3.5 eu
compared to results in other rearrangement reactions. The valugeported by these investigatoraS' of 7.28 eu obtained in this
of the extended range made possible by our rates in theworkindicates that the reaction occurs via a very loose transition
nanosecond region is clearly evident. Whereas the PEPICOState by a simple bond cleavage and the most likely products,
data, covering only a 1 order of magnitude range of rates could at least initially, are benzyl ion anutpropyl radical. For such
not distinguish betweenSf of —11 and—5, the combined data, @ reaction, the critical energy will approach the reaction
covering over 3 orders of magnitude in rate constants, permit €ndoergicity very closely. The thermochemical data for the
us to establish a much more reliable entropy of activation. The above products are not well established. The reaction endoer-
internal energy distribution for the photoexcited molecular ion gicity estimated from the thermochemical da&# “°in Table
has been recalculated using the rat@ergy relation obtained 2 varies in the range 1.59.73 eV. Eo of 1.61 eV determined
here. Its average is 0.01 eV larger than the previous estimationin this work compares very well with the thermochemical data
based on the rate data of Baer et al., which is negligible and is in excellent accord with the large valueAf'.
compared to the experimental error limits. For a simple bond cleavage occurring statistically via a very

Accepting Scheme 1 for this reactid®, of 1.12 eV obtained ~ 100se transition state without a significant reverse barrier, the
from RRKM-QET fit corresponds to the critical energy for the Phase space theory is expected to provide a good description
isomerization step. This value is comparable in magnitude to for KERD. The molecular parametéts*used in the calculation
the endoergicity (1.071.27 eV) of the overall reaction. This arelisted in Table 3. KERD in photodissociation is in excellent
means that the critical energies for the forward and backward @greement with the calculated result as shown in Figure 4c.
reactions of the distonic ion intermediate are comparable, which, E- A Stepwise McLafferty Rearrangement Mechanism.
in turn, suggests the possibility of reversible occurrence of the AS was mentioned earlier, the isomerization step in the
first step in Scheme 1. Then, the measured rate constant mayMcLafferty rearrangement can occur reversibly and it is
not correspond to the forward rate constant as assumed in the"€cessary to study how this affects the data analysis described

above analysis. Such a possibility will be probed later in this above. The kine_tic scheme for the major react_ions investigated
section after completing the analysis for reaction 2. so far can be written as follows. The expressions for the rates

D. Production of C;H7". Unlike the production of gHg'™, X ‘o
microsecond rateenergy data are not available for this channel. n-CeHsCsHg™* <—= *CgHgCH,CH,"CHCH3 — CyHg™ + CsHg
Using only the nanosecond data obtained in this work, however, ke (s]]))
may not allow a reliable RRKM-QET fitting. Hence, with the ©
rate—energy curve for reaction 1 determined above and the b CyHs* + C3Hy

branching ratios reported from PEPI€@nd PD-ICR! studies,
the rate constants for reaction 2 have been estimated over aof production of GHg't and GH;" can be found elsewhete
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14 That is, the appearance rates ofHz" and GHg™ are
ks determined byk; + k4 and their branching ratio bi/k;, in

12 + agreement with the kinetic treatment made in this work and by
k; Baer et al. It is to be noted that the above simple treatment is

not generally applicable to competing consecutive reactions. For

10
~ kk“ example, if DIl is more stable than estimated by Kuck, the above
3 gl ' limiting situation may not hold especially in a low internal
‘%’o energy region. Therk; and/orks cannot be determined from

the experimental rates without the knowledgekpaindks.

5. Conclusions

Photodissociation ofi-butylbenzene ion has been found to
) ) ) ) occur competitively to €Hg*" and GH7™ on a nanosecond time
1 2 3 4 5 scale. The transition state structures inferred from the measured
rate—energy relation and the KERD for the production efHg*
were different. The controversy could be resolved by assuming
Figure 9. Rate-energy dependences for the four channels in reaction that the reaction occurs consecutively via a distonic ion
9. See text for details. intermediate, in agreement with Baer et/alThe reaction seems
to be a stepwise McLafferty rearrangement in which isomer-
ization via ay-hydrogen rearrangement is followed &@ycleav-
d[C7H8°+] ks 0 age to 5-methylene-1,3-cyc_lohexadiene _ion _and propene. On
= (e '—e (10) the other hand, the production of&;* which is dominant at
dt Ay = A higher internal energy occurs by a simple bond cleavage to
benzyl ion andh-propy! radical.
dlCH,] Combining previous microsecond ratenergy data and the
dt B branching ratios with the nanosecond data, RRKM-QET fitting
K, i iy could be improved as manifested by more reasonable values of
ﬁ[(’h -k, —kpe " —(A_ —k — ke "] (11) AS. Sucgessfgl a_lnaIyS|s with the statlstlca_l theories also means
+ - that the dissociation occurs on the potential energy surface of
the ground electronic state even though photoabsorption initially
leads to an excited electronic state(s). The quasi-equilibrium
A= hypothesis generally made for the dissociation of polyatomic
ions seems to hold in this case. This is in contrast with the
Yl(ky + ko + kg + k) + \/(k2 + kg — ky — kp)? + 4k;k,] photodissociation of one of its isometsyt-butylbenzene ion,
(12) which displayed apparent non-RRKM-QET behavibr.
The excellent agreement of the 91/92 ratio determined in this
To arrive at simplified versions of the above rate equations work with the previous PEPICO and PD-ICR results indicates
applicable to the present case, it is necessary to have estimatethe overall validity of the present PD-MIKES technique, the
of the magnitudes oky, ko, ks, andks. k; and ks have been method for the internal energy estimation in particular. Also,
evaluated already in this work, namely the rates of production this is the first time that overlapping PD-MIKE peaks arising

Ion Internal Energy (eV)

and can be written as below if DIl is not present initially.

where

of C;Hg™ and GH7*, respectively. To evaluatk, and ks, from two competing channels have been successfully analyzed.
thermochemical and structural information on DIl is needed.
According to Kuck?3 the heat of formation at 298 K of DIl is Acknowledgment. This work was supported financially by

roughly 887 kJ/mol which is~65 kJ/mol higher than that of  the Ministry of Education, Republic of Korea, by Center for
the n-butylbenzene ion. The critical energies for the reverse Molecular Catalysis and Korea Science and Engineering Foun-
isomerization and dissociation of DIl evaluated from this value dation, and by the Non Directed Research Fund, Korea Research
are 0.45 and 0.50 eV, respectively. Sina&' is mostly Foundation.
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