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Kinetic energy release in the fragmentation of tert-butylbenzene molecular ion was investigated using mass-analyzed ion 

kinetic energy spectrometry. Method to estimate kinetic energy release distribution (KERD) from experimental peak shape 

has been explained. Experimental KERD was in good agreement with the calculated result using phase space theory. Effect 

of dynamical constraint was found to be important.

Introduction

Studies of the ion structure and the fragmentation mecha
nism are of primary concern for the fundamental understan
ding of mass spectrometry.1'13 Especially, the role of ion in
ternal energy and its disposal in the fragmentation are sub
jects of profound interest in physical chemistry.1'3 From 
these perspectives, various mass spectrometric methods 
have been developed such as metastable ion mass spectro
metry,4,5 collisional activation mass spectrometry,6,7 fi이d 
ionization kinetics,8 photodissociation mass spectrometry,9,10 
and photoelectron-photoion coincidence spectrometry.11 
Also, some of these techniques find increasing use in analyti
cal application.12,13

Theoretically, ion fragmentation kinetics is usually des

cribed by the quasi-equilibrium theory(QET) proposed by 
Rosenstock et al.ru Since quasi-equilibrium assumption in 
QET leads to the same mathematical formalism as the Rice- 
Ramsperger-Kassel-Marcus (RRKM) theory15 for unimole- 
cular reaction, this is sometimes called the RRKM-QET 
theory. A unimolecular reaction can also be investigated 
from the corresponding reverse reaction relying on the prin
ciple of microscopic reversibility. The phase space theory 
(PST) developed by Light et al.16-20 and by Klots21'24 from this 
prospective has proved useful for the understanding of ion 
fragmentation process. Especially, PST has provided a good 
description of the disposal of the internal energy of a 
fragmenting ion to the kinetic energy of the products.24'31

In the present work, a metastable ion decomposition has 
been investigated for the molecular ion of Z^rZ-butylbenzene.

al.ru
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Figure 1. Ion-optical configuration of VG ZAB-E reversed geo

metry double focusing mass spectrometer.

contribution from kinetic energy release in 나range T-T + dT. See 

text for symbols.

Kinetic energy release in the fragmentation reaction has 
been estimated from the metastable peak shape and com
pared with the PST calculation.

Experimental

The instrument used in this work was VG Analytical 
model ZAB-E double focusing mass spectrometer with rever
sed geometry. The schematic diagram for the ion-optical 
system of this instrument is shown in Figure 1. Ions formed 
in the source are accelerated and ma옹s-selected by the 
magnetic sector. For the metastable ion decomposition oc
curring in the second field-free region (2nd FFR), namely be
tween the magnetic sector and the electric sector,
町(2) 

the translational energy of the daughter ion(m2+) is approx
imately given by

E广그 (3)

Here, eV is the translational energy of the parent(w1+). In 
the mass-selected ion kinetic energy spectrometry (MIKES) 
used in this work, the daughter ions are analyzed by scann
ing the potential applied to the electric sector which is a 
translational energy analyzer.

ferZ-Butylbenzene(TBB) was introduced to the ion source 
using the septum inlet and ionized by 70 eV electron ioniza
tion. Trap current was 200“A, the source temperature was 
200 °C and 8 kV accelerating voltage was used. The width of 
the intermediate slit was set such that the effect of in
strumental line broadening on the metastable peak shape 
was negligible. Because the signal intensity was rather weak 
(3 x 10-13 Amp), signal averaging was performed for 40 
repetitive scans using a data system. The best grade of tert- 
butylbenzene commercially available was used without fur
ther purification. Its purity was checked by mass spectro
metry.

Peak Shape Analysis

As an ion fragments, some of its internal energy is releas
ed as the kinetic energy of the product ion and the neutral in 
the center-of-mass coordinate system. The product ion velo
city in the laboratory coordinate is the vector sum of its velo
city in the center-of-mass coordinate and the velocity of cen- 
ter-of-mass coordinate itself. Hence, the product ion trans
lational energy will show a certain distribution depending on 

the direction of fragmentation with respect to the ion-optical 
trajectory1 even when a unique amount of kinetic energy is 
released. Such a translational energy distribution results in 
broad linewidth of a metastable peak. According to Beynon 
and coworkers,32,33 the metastable peak due to the reaction 
(2) with a unique kinetic energy release (7^ occurring at the 
intermediate focal point of a reversed geometry instrument 
has a rectangular shape with a half width( e T) given by

흐 = 2性 (흐& T "2 0)
。卩斜顷广 W

This equation can be rearranged as follows

(5) 

with

’ 4幽卩 ⑹

In most of the metastable ion decomposition reactions, 
however, the kinetic energy releases are not unique values, 
but have certain distributions. Hence, the resulting metasta
ble peaks tend to have smooth and rather monotonic shapes. 
Various methods have been proposed to calculate kinetic 
energy releas은 distribution (KERD) from a metastable peak 
shape. Holmes and Osborne34 used an analytical trial func
tion for KERD to fit a metastable peak. Beynon and cowor
kers35 developed a graphical method to derive KERD from 
the peak shape. More recently, Jarrold et al.36 showed that 
KERD can be obtained by taking the first derivative of the 
peak shape function. Here, a more general and detailed for
malism will be presented which provides the same result as 
the above ones in simple cases.

With the kinetic energy release distribution m(T), the pro
bability to release the kinetic energy in the range ‘卜T+ dT\s 
given by n(T)dT. The metastable peak rectangle produced 
by such a reaction will have the width 2eT and the height of 
d如 satisfying the following relation.

n{T) dT=2eTdhT (7)

With the coordinate transformation E-E2 — € where E is the 
translational energy axis(x-axis) for the metastable peak 
shape, this rectangle can be drawn as in Figure 2. From the 
figure it is clear that only those product ions with KER satis
fying the following condition contribute to the peak height at 
€

(8) 
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agreement with the experimental results because the de
grees of freedom of the transition state moiety do not direct
ly correspond to product vibrations, rotations, and trans
lations.40 In the phase space theory version of RRKM-QET 
formulated by Klots,21-24 it was postulated that the long- 
range charge-induced dip시e interaction dominated the po
tential. Then, PST is equivalent to RRKM-QET for "loose" 
transition state. Recently, Chesnavich and Bowers25-26 have 
further advanced the theory by developing rigorous classical 
method for determining phase space volumes. Since 나圮 

''loose'' transition state is near the product region and angu
lar momentum is conserved, the theory is very useful for 
predicting product state distributions, especially, KERD.

In phase space theory, KERD is evaluated subject to con
straints arising from conservation of energy, conservation of 
angular momentum, and the effect of the centrifugal barrier 
to reaction. Energy conservation is given by

- E= T+ V+R (13)

where E is the total available energy or excess energy for 
fragments and T, V, apd R are translational, vibrational, and 
rotational energy of fragments, respectively. Angular 
momentum conservation is given by

7=wz (14)

where/is the angular momentum of parent, Z is 나】。orbital 
angular momentum of products, and J1 is 아re vector sum of 
the rotational angular momenta of products. The available 
phase space is determined by the above constraints and the 
effect of the centrifugal barrier. As the orbital angular 
momentum gets larger, the centrifugal barrier increases ac
cordingly.25 Hence, for a given translational energy the or
bital angular momentum should be less than a certain max
imum value for the reaction to occur. Nam이y, the dynamical 
constraint will reduce the size of the available phase space 
volume.

Then, the probability for a parent with energy E and 
angular momentum J to release kinetic energy T, namely 
KERD is given by

n(TJ,E)=Af^Tp(E- T-R)P(.TJ,R)dR (15)

Here, ^and P are vibrational and angular momentum state 
densities for the products, respectively, and R* is 하比 

minimum rotational energy of the products that can satisfy 
the constraints. A is the normalization constant to satisfy the 
following condition.

Chesnavich and Bowers25'28 have derived analytical ex
pressions of P(T,J,R} for several product symmetries. Their 
results have been utilized to calculate KERD in the present 
work. More recently, Chesnavich and coworkers29-31 have 
proposed a method to evaluate P(TJfR} by quantum mecha
nical state counting. A calculation with the computer pro
gram by these workers resulted in virtually the same KERD 
as above.

Since the rotational angular momenta of molecular ions 
produced in the ion source exhibit Boltz man distribution, 
n(TJ,E) obtained above should be averaged over J to com
pare with the experimental result.

Table 1. Molecular Parameters used in the Phase Space Theore* 
tical Calculation

I. Vibrational frequencies,cm"1 f
("詩 •c心
3060(2) 1280 770 3100(2)

3030(2) 122() 740 3000

3000 1190 69() 1400(2)

2950(4) 1160 620 800

2900 1150(2) 600

2890 1080 530

1610 1030 440

1580 100() 390

1510 990 380

1460 96() 300

3 450(4) 92。⑵ 27()

1400(2) 870 200(2)

1370(2) 840 150

1310 800

II. Rotational constant/ cm^1

0.0449

C9H1Z 0.0507

•CHf 。 7.644

III. Polarizability, A3

•C财 2.20

0 Numbers in the parentheses denote the degeneracies of vibrational 

modes.力Estimated values. See text. cReference 25. rfAll species 

were treated as spherical top molecules. See text for details.

ggjexp (-兄/时；)n(TJfE) 
n( T, E)------------------------------ - ----------

专"xp (-R。/时。) (17)

Here 7?0 is the parent rota tinal energy, g- is 나】。rotational 
degeneracy, and To is the source temperature. In the present 
wck, n(TJ,E) was evaluated with the root-mean-square J 
value. KERD thus calculated was the same as the rotational
ly averaged result wi나】in experimental error.

To evaluate KERD, various structural parameters for 
parent and products are needed. The product ion was assum
ed to have dimethylbenzyl structure.8111 Its vibrational fre
quencies were estimated referring to those of a-methylsty- 
rene, cumene, and N,N-dimethylaniline.41 Rotational con
stants of fer/-butylbenzene and dimethylbenzyl cations were 
estimated from their structures. Data for methyl radical were 
taken from Reference 25. In the calculation of rotational 
state density, the products were approximated as spherical 
tops with the rotational constants equal to geometrical mean 
of their rotational constants ((ABC)1/3). Discrepancy due to 
this approximation was reported as negligible.28 Structural 
parameters used in the calculation are listed in Table 1.

To calculate KERD, the internal energy^) or its distribu
tion of the parent ion above the zero point of the potential 
energy surface of the products is needed. Unfortunately, 
such information is not available for ions generated by elec
tron ionization. However, it is well, known that 나蛇 internal 
energy contents of the ions contributing to metastable peaks 
have very narrow distribution due to a kinetic reason.1-2 One 
way to estimate the internal energy distribution of metasta
ble ions is to use the rate constants calculated by RRKM- 
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QET. This approach, however, may introduce further am
biguities on the calculated KERD. In the present work, the 
internal energy was treated as an independent parameter. 
This was varied such that a good fit between the experimen
tal and calculated KERD's could be achieved. A good fit was 
determined using statistical least squares method. The best 
agreement between the experimental and calculated 
KERD's was achieved when the parent ion internal energy 
referred to the products ground level was 0.19 eV. The 
calculated result is shown in Figure 4. When the internal 
energy differed from the above value by ±0.02 eV or more, 
the calculated KERD deviated noticeably from the experi
mental one, especially at small T. In particular, when the in
ternal energy value of 0.25 eV was used to minimize the dis
crepancy between the experimental and the calculated 
KERD's at high T, the probability at the curve maximum de
creased by around 20%. The apparent discrepancy at high T 
region of Figure 4, if meaningful, may be attributed to the 
contribution from the metastable decomposition of the 
parent ions with internal energy larger than the average 
value. However, the fact that experimental KERD can be ex
plained extremely well by PST calculation supports the vali
dity of the average value approach adopted here. More 
importantly, this indicates that the fragmentation proceeds 
statistically.

Recently, Brand and Baer11 investigated the kinetics and 
energetics of the same process using photoelectron-photoion 
coincidence technique (PEPICO). The ionization energy(IE) 
of TBB thus obtained was 8.63 ± 0.01 eV and the appearance 
energy (AE) of dimethylbenzyl cation from TBB was 9.93 土 

0.03 eV. Using the critical energy of 1.30 ± 0.04 eV for the 
dissociation process estimated by (AE-IE), a good fit bet
ween the experimental and calculated (RRKM) rate con
stants was reported. Neglecting the reverse activation 
energy, 0.19 eV of parent internal energy referred to the pro
duct states found in the present work corresponds to 1.49 土 

0.04 eV when referred to the parent zero-point energy. Then, 
comparing with the experimental rate constant ds internal 
energy relationship reported by Brand and Baer, parent ions 
with internal energy in this range will dissociate with rate 
constant 1 x 104-2 x 104 sec-1. In the present experiment, the 
rate constant for the process occurring in the second field- 
free region can be estimated roughly from ion flight time. 
Assuming 2.8 ± 2卩sec ion residence time in the source,42 the 
parent ions would stay in the second field-free region bet
ween 18 and 31/zsec after formation. Then, the average rate 
constant for the process detected by the present method will 
be in the range 2 x 104-3 x 104 sec-1. This is in good agree
ment with the results reported by Brand and Baer.

The same process was investigated also by Brand and 
Levsen8 using field ionization kinetic (FIK) method. Experi
mental rate constant was measured as a function of parent 
ion internal energy. Even though rate constant vs internal 
energy relationship showed substantial uncertainties origina
ting from experimental difficulties, the experimental results 
were reported to be in good overall agreement with the cal
culated (RRKM) results. Since Brand and Levsen used 
1.14 ± 0.02 eV as the critical energy of the process, average 
internal energy estimated for present work corresponds to 
1.33 ± 0.02 eV referred to the zero-point energy of the 
parent. The experimental rate constants measured by Brand 
and Levsen for the parent ion with this interna! energy ran

ges from~103 sec'1 to 6 x 104 sec-1 which is again in good 
agreement with the present estimation. In summary, both 
the rate constant and KERD found in this work indicate that 
the dissociation process (1) occurs statistically.

The statistically expected average kinetic energy release 
is frequently evaluated by11,22-24

E=T^R+V-

= 做*+들桐、*+ 知冲［在齐 (18)

Here, ry 此,and T* are rotational degree of freedom, vibra
tional frequencies, and effective temperature of the pro
ducts, respectively. The average kinetic energy rtJease (7) 
evaluated by this formula is 23 meV which is smaller than the 
experimental value of 30 meV. To account for this discrepan
cy, details of phase volume calculation were looked into. It 
was found that such a discrepancy originated from the dyna
mical constraint for overcoming the centrifugal barrier. In 
the present system, since the reduced rotational constant and 
the reduced mass of the products were abnormally small, the 
maximum orbital angular momentum had to be small. Hen
ce, many parts of the phase space accessible under the en- 
ergy and momentum constraints were not available under 
the dynamical constraint, resulting in the increase of kinetic 
energy release.

In summary, it can be concluded that the process (1) oc
curs statistically and that the effect of the dynamical con
straint plays an important role in the process.
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Stereoselective solvolyses of opticaDy active activated esters in the aggregate system of optically active polymeric surfac- 

tants containing imidazole and benzene moieties were performed. The catalyst polymers employed were copolymers of 

N-methacryloyl-L-histidine methyl ester (MHis) with N,N-dimethyl-N-hexadecyl-N-[10-(/)-methacryloyloxyphenoxycar- 

bonyl)-decyl]ammonium bromide(DEMAB). In the solvolyses of N-carbobenzoxy-D- and L-phenylalanine ^-nitrophenyl 

esters (D-NBP and L-NBP)by polymeric catalysts, copoly (MHis-DEMAB) exhibited not only increased catalytic activity but 

also enhanced 리거ntioselectivity as the mole % of surfactant monomers in the copolymers increased. The polymeric catalysts 

showed noticeable enantioselective solvolyses toward D- and L-NBP of the substrates employed. As the reaction temperature 

was lowered for the solvolyses ofD- and L-NBP with the catalyst polymer containing 3.5 mole % of MHis, the increased reac- 

tion rate and enhanced 리】antioselectivity were observed. The coaggregative systems of the polymer and monomeric surfac- 

tants were also investigated. In the case of coaggregate system consisted of 70 mole % of cetyldimethylethylammonium 

bromide with polymeric catalyst showed maximum enantioselective catalysis, viz.,始仏)/灼(功=2.85. The catalyst poly- 

mers in 반蜕 sonicated solvolytic solutions were confirmed to form large aggregate structure by electron microscopic obser

vation.

Introduction ding the possible alteration of reaction rates in organized 
media such as micelles, vesicles, polyelectrolytes, and 

A great many investigations have been performed regar- macrocyclic hosts.1'7 In most cases, the hydrophobic interac-


