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A method has been developed to estimate the kinetic energy release originating from the reverse critical energy 

in unimolecular ion dissociation. Contribution from the excess energy was estimated by RRKM theory, the statistical 

adiabatic model and the modified phase space calculation. This was subtracted from the experimental kinetic energy 

release distribution (KERD) via deconvolution. The present method has been applied to the KERDs in H2 loss from 

C6H6+ and HF loss from CH2CF2+. In the present formalism, not only the energy in the reaction coordinate but 

also the energy in some transitional vibrational degrees of freedom at the transition state is thought to contribute 

to the experimental kinetic energy release. Details of the methods for treating the transitional modes are found 

not to be critical to the final outcome. For a reaction with small excess energy and large reverse critical energy, 

KERD is shown to be mainly governed by the reverse critical energy.

Introduction

There have been considerable interests in the energy dis

posal in the product regions of unimolecular reactions.1 4 

Statistical models such as the phase space theory5 8 and 

the flexible transition state theory3 have provided good de

scriptions of the product state distributions for a number 

of unimolecular reactions going through loose transition sta

tes without significant reverse critical energies.3,57 12 In a 

more general unimolecular reaction with a significant reverse 

critical energy, there are two distinct components of the in

ternal energy available for partitioning in the products. These 

are the non-fixed excess energy at the transition state and 

the reverse critical energy.1,21314 In this case, further assump

tions concerning the dynamics in the exit channel are need

ed to formulate the energy partitioning within the statistical 

framework.1516 The simplest of such assumptions is, for ex

ample, to assign the entire reverse critical energy to the 

relative translation of the products.1517 In most of the cases, 

however, the experimental kinetic energy release is substan

tially smaller than the value evaluated under the above assu

mption.1318 This means that some of the reverse critical ener

gy is converted into product vibrations and rotations.19

In unimolecular ion dissociation, discussion on the energy1 

partitioning has been limited to the magnitude of the product 

relative tran이This is mainly due to the difficulty 

in the measurement of vibrational and rotational states of 

products. Various mass spectrometric techniques have been 

developed to measure the average of the kinetic energy re

lease (KER) or its distribution (KERD).13 The average KER 

or KERD thus obtained is used as a probe in the study 

of ion structure and fragmentation mechanism.14 In particu

lar, the fractions of the reverse critical energy released as 

the relative translational energy of the products in multi-cen

tered elimination reactions have been though to be of diagnos

tic value in the assignment of transition state geometries?314

It has long been recognized that the kinetic energy releas

ed from the reverse critical energy depends upon the detail

ed energetics and dynamics of the reaction and is intrinsic 

to the particular process.13 A practical difficulty in the meas
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urement of this quantity arises from the fact that the 

non-fixed excess energy at the transition state also contribu

tes to the kinetic energy release.13,14 There have been consi

derable discussions on the role of the two energy terms, 

the excess energy and the reverse critical energy, in the 

energy partitioning in the products.1,2,13'14 However, a definite 

conclusion has not been reached yet on whether the two 

energy terms should be treated differently or not.

As an extension of our effort to understand the kinetics 

and dynamics of multi-centered elimination reaction,18 an at

tempt is made in this work to extract KERD originating from 

the reverse critical energy. The method is applied to elimi

nation reactions with small (reaction (1)) and large (reaction 

(2)) reverse barriers.

C6H6+ ^C6H4++H2 (1)

CH2CF2*  t CHCF+ +HF (2)

Experimental

Laboratory kinetic energy profile of a unimolecular ion 

dissociation was obtained by mass-analyzed ion kinetic en

ergy spectrometry (MIKES)13 using a VG ZAB-E double focus

ing mass spectrometer with reversed geometry (VG Analy

tical Ltd., Manchester, UK). Schematic diagram of a cell as

sembly located near the intermediate focal point of the inst

rument, which is normally used as a collision cell, was shown 

elsewhere.20,21 Ions were generated by 70 eV electron ioniza

tion and were accelerated to 8 keV. Ion source temperature 

was maintained at 18(定.Molecular ion was selected by ad

justing the magnetic field of the magnetic analyzer. Among 

the unimolecular dissociation products generated in the se

cond field-free region of the instrument, namely, the region 

between the magnetic and electric sectors, only those gen

erated inside the cell assembly were separated by floating 

the cell at high voltage.22 This was to observe dissociation 

occurring within a well-defined narrow time window. Time 

of dissociation, namely the time interval between the forma

tion of the molecular ion in the source and its arrival at 

the center of the cell assembly, was estimated by ion-optical 

calculation. With the ion accelerating voltage of 8 kV and 

—1031 and 一 2860 V of the applied voltage on the cell, they 

were about 20.5± 2.0 卩sec for CH2CF2+ and 22.6± 2.0 jisec 

for CeH6+, respectively. Ion kinetic energy profile was scann

ed repetitively and averaged to obtain data of very high qua

lity.

Principle of the Method

It has been suggested by previous investigators that the 

excess energy at the transition state and the reverse barrier 

contribute independently to the kinetic energy release.1314 

Thus, two kinetic energy release terms originating from 

these energy components have been simply added to account 

for the experimental kinetic energy release.13,14 Hence, the 

total kinetic energy release T is usually written as

T=爲+ 7； (3)

Here, Ta is the contribution to the kinetic energy release 

from the excess energy at the transition state and Tr is that 

from the reverse barrier. In most of the ion decomposition

reactions, however, the kinetic energy release does not ap

pear as a single value, but has a certain distribution. A more 

general but equally spec미ative assumption will be made in 

the present work to take these distributions into account. 

Namely, it will be assumed that two kinetic energy release 

distributions (KERD), nr(T) and originate from the 

reverse barrier (E) and the excess energy respectively, 

and that the two contribute to the overall KERD independ

ently. Under this assumption, the probability density for the 

case in which the reverse barrier and the excess energy 

contribute t and T—t, respectively, to the overall kinetic 

energy release T becomes Then, summing over

t results in the overall KERD. Namely,

m(T)=| s(7T)鶴0以 (4)

where 丄(7) = 0 where T<0 or 7>瓦户 Since n^T) is physi

cally meaningful only when 0<,T<£^, and vanishes outside 

of this region, Eqn. (4) can be written as a convolution integ

ral.24

«(n=(5)

Hence, knowing two of the KERD functions, the third can 

be evaluated by convolution or deconvolution using the fast 

Fourier transform technique,23 The main practical obstacle 

in the evaluation of nr(T) lies in the fact that 如(7) is not 

known, which requires the second major assumption of the 

present procedure.

The previous assumption that n«(T) and nr(T) can be treat

ed separately presupposes that the exact dynamics along the 

exit channel would not have profound influence on the parti

tioning of the excess energy. Such a situation suggests seve

ral means to estimate within the framework of the 

existing statistical methods. Three different approaches have 

been used here to estimate n^T) and the resulting 缶(T)'s 

are compared. In the first method based on Rice-Ramsper- 

ger-Kassel-Marcus (RRKM) theory,24-25 na(T) is taken as the 

energy distribution along the reaction coordinate at the tran

sition 아ate. Namely,

n^T) oc p* (知一T) (6)

where p*  奴一7) represents the density of states at the ener

gy E^ — T in degrees of freedom other than the reaction 

coordinate.17,25 The second method is based on the statistical 

adiabatic model developed by Marc나to take into account 

the disposal of the excess energy of the bending vibrations 

in unimolecular reactions with the tight transition states. In 

the actual calculation, an alternative formalism developed by 

Chesnavich and Bowers8-26 from the perspective of the re

verse reaction has been adopted. Namely,

如(7、;瓦M) x Fg J, T) (7)

where F*  (Ea, J, T) is the angular momentum (J) conserved 

microcanonical flux of the reverse reaction at fixed translat

ional energy T? Further details on the mathematical expres

sions can be found in appendix B 4 of ref. 8 and ref. 26. 

The third approach is rented to the modified phase space 

model presented previously.18 The system degrees of freedom 

are divided into two groups, one consisting of the conserved
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KINETIC ENERGY RELEASE, eV
Figure 1. Solid line represents the experimental KERD in reac

tion (1). Symbols represent nAT) estimated by the method de

scribed in the text. RRKM theory (□), the statistical adiabatic 

model (•), and the modified phase space calculation (O) have 

been used to estimate 如(7) needed for the deconvolution of 

the experimental KERD.

modes and the other consisting of transitional inodes and 

the reaction coordinate. The distribution of the energy stored 

in the second group at the tight transition state is evaluated 

according to the method described previously.18 This energy 

is redistributed to the corresponding vibrational, rotational, 

and translational degrees of freedom via phase space calcula

tion at the orbiting transition 아ate. The only difference from 

the method described in the previous work is to exclude 

the reverse critical energy in the phase space calculation 

of KERD.

The internal energy distribution for C6H6+ molecular ion 

dissociating within the instrumentally defined time window 

has been reported already.18 The method is based on the 

experimental or theoretical rate-energy relation and the ran

dom lifetime assumption. The internal energy distribution 

for the dissociating CH2CF2*  molecular ion has been esti

mated similarly.

Results and Discussion

The method to evaluate KERD from a MIKE profile has 

been described in detail previously.2021 Also, the MIKE pro

file for reaction (1) has been reported already together with 

the spectroscopic and thermodynamic constants needed for 

RRKM and phase space calculations.18 Other relevant data 

such as the internal energy distribution for the dissociating 

C6H6+ can be found from the same reference. It is to be 

noted, however, that the dissociating C6H6" molecular ion 

possesses the average excess energy of 1.03 eV at the transi

tion state and that reaction (1) has the reverse barrier of 

0.34 eV.18 Figure 1 reproduces the experimental KERD for 

this reaction reported previously.18 nex(T) has been estimated 

in three different ways as described in the previous section 

and its contribution to the experimental KERD was subtract

ed via deconvolution. Two in-plane bending modes (800 cm 】) 

and two out-of-plane bending modes (581 cm 】)were taken 

as the four bending vibrations in the statistical adiabatic mo

del estimation of nex(T). The results are shown also in Figure

1. When estimated by RRKM calculation at the transi

TRANSLATIONAL ENERGY, eV
Figure 2. MIKE profile of reaction (2) occurring inside the cell 

floated at —1031 V. The solid curve represents the experimental 

data. KERD determined from this profile (experimental KERD, 

Figure 3) was used to regenerate the profile denoted by circles 
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Figure 3. Solid line represents the experimental KERD in reac

tion (2). Symbols represent w/7') estimated by the method de

scribed in the text. RRKM theory (LJ), the statistical adiabatic 

model (•), and the modified phase space calculation (。) have 

been used to estimate nex(T) needed for the deconvolution of 

the experimental KERD.

tion state is used, the resulting nr^F) extends beyond 0.34 

eV which is the total available energy for nr(D, namely the 

reverse barrier. This physically unrealistic result shows 

clearly that not only the reverse barrier and the translational 

energy along the reaction coordinate but also the energy 

stored in other degrees of freedom at the transition state 

is released as the relative translational energy of products. 

It is likely that the majority of this extra energy release 

comes from the energy stored in the modes which are coup

led strongly with the reaction coordinate. &了(7)怎 calculated 

by the statistical adiabatic model and the modified phase 

space calculation account for such an energy flow in two 

different ways. However, the close similarity between 伤(7)'s 

evaluated by the two methods shows that the details of the 

methods are not critical to the reliable estimation of nr(7^. 

More importantly, the noticeable difference between the ex

perimental KERD and the deconvoluted results points to the 

danger in disregarding the contribution from the excess
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Table 1. Molecular parameters used for RRKM calculation and 

calc니ations of KERD in reaction (2)

A. Vibrational frequencies/ cm-1

CH2CF/ 3103 3060 1728 1414 1302 955

926 803 611 590 550 438

CHCF"

+ HF(TS)

3227 1974 1555" 1172 86(产 83乎

723 605如 550 531 394

CHCF+/ 3355 2255 1055 578 (2) 367 (2)

HF# 4139

B. Rotational constants, cm 1

CH2CF2，” 0.2834

CHCF+, 0.3238

HP 20.939

C. Polarizability, A3

HF 2.46

"Numbers in the parentheses denote the degeneracies of vibra

tional modes. ”Ref. 31. "Estimated values. ^Vibrational Frequent 

ies of transitional modes. "Bending vibrational frequencies used 

in the statistical adiabatic model calculation of KERD. 'Ref. 32. 

^Ref. 33. ”Ref. 34. 'Ref. 35.，Ref. 36.

energy when the reverse barrier is not large.

Reaction (2) represents the case in the other extreme, 

namely the case when the reverse barrier is much larger 

than the excess energy. MIKE profile for reaction (2) occurr

ing inside the cell maintained at —1031 V is shown in Fig

ure 2. KERD evaluated from this MIKE profile is shown 

in Figure 3. The MIKE profile recalculated using KERD in 

Figure 3 is shown also in Figure 2. Except for the slight 

baseline mismatch at higher translational energy arising from 

interference, the experimental and regenerated profiles dis

play excellent agreement. The internal energy distribution 

has been estimated by RRKM calculation. Molecular parame

ters used in RRKM calculation are shown in Ta비e 1. Since 

reaction (2) is the dominant process in the unimolecular dis

sociation of CH2CF2+ t consideration for the competing rea

ctions is not necessary. The critical energy for this reaction 

has been estimated to be 3.89 eV from the appearance and 

ionization energy data in Ref. 27. The average internal ener

gy evaluated from the distribution is 3.97 eV. Hence, the 

dissociating parent ions possess the average excess energy 

of 0.08 eV at the transition state. Reaction (2) is endothermic 

by 2.67 eV as estimated by the difference in 0 K heats of 

formation between the products and the reactant.28,29 Subt

racting this from the forward critical energy, the reverse 

critical energy becomes 1.22 eV. Molecular parameters need

ed to evaluate 心、T) according to the methods described 

in the previous section is also listed in Table 1. In the modi

fied phase space calculation, the state sum for the linear-li

near system was utilized.30 The root-mean-square average 

of the rotational angular momentum over the thermal distri

bution was used.18 Four vibrational modes at the transition 

state which evolve into the HF stretching vibration and the 

rotational and translational motions in the products were 

taken as the transitional modes. These modes are indicated 

in Table 1. Selection of the molecular parameters and the 

transitional modes is somewhat arbitrary in this case. Since 

the excess energy is small, however, the final results were 

hardly affected by such selections.

伤(7)'s obtained by deconvoluting the experimental KERD 

with 株estimated in three different ways are shown 

also in Figure 3. Regardless of 如(T)'s used in the deconvo

lution, partitioning of the reverse barrier to the product rela

tive translation has turned out to be nearly the same. More

over, effect of the deconvolution is not significant as expect

ed from the small excess energy compared to the reverse 

critical energy in reaction (2). This means that the experi

mental kinetic energy release distribution for a reaction with 

a large reverse barrier originates mostly from the reverse 

barrier and that the minor contribution from the excess 

energy can be reliably deconvoluted.

To summarize, a method has been developed to estimate 

the partitioning of the reverse critical energy to the product 

relative translation in unimolecular ion dissociation. Since 

nr(T) is intrinsic to the particular process, it will be useful 

in the study of reaction kinetics and mechanism for 

rearrangement reactions which usually exhibit significant re

verse barriers. In addition, it is hoped that nr(T) thus obtai

ned may form benchmark data which can be helpful in the 

development of statistical and dynamical theories for unimo- 

lecular reaction. The major problem in the present approach 

is found in the assumption that the contributions to the kine

tic energy release from the two energy components can be 

dealt with separately and independently. Even though such 

an assumption is found frequently in the literature, its accep

tability is not known. A theoretical guideline based on detai

led dynamical investigation will be helpful in this regard. 

As for the results obtained for the reactions investigated, 

the experimental KERD originates almost entirely from the 

reverse barrier when the barrier is much larger than the 

excess energy. The minor contribution from the excess ene

rgy can be easily deconvoluted from the experimental data. 

On the other hand, proper deconvolution of the latter is im

portant when the barrier is low. Even though the outcome 

was more or less model-dependent, a simple consideration 

for the evolution of the transitional modes as the system 

moves from the transition state to the product region seems 

to be adequate for the present purpose.
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NaMg[Cr(C2O4)3]• 10H2O crystallizes in the trigonal space group P3cl, with 4=^=16.969(3), c= 12.521(3) A, a=p=90°, 

Y=120°, p= 1.734 gem % 卩=6.46 cm \ Z=6. Intensities for 1062 unique reflections were measured on a four-cir이e 
diffractometer with Mo Ka radiation (X=0.71069 A). The structure was solved by direct methods and refined to 

a final(oR value of 0.084. X-ray crystal structure showed that magnesium ion appears to be occupied over two sites 

with the occupancy ratio of 2 : 1. The crystal possesses 10 water molecules instead of previously estimated 9 water 

molecules.

Introduction

Even though the magnetic and electronic properties of [Cr 

(0x)3]" [ox=(CQ4)"] have been extensively studied under 

the guidelines of conventional ligand field theory, the results 

are not always in agreement.1-3 The type of space group 

has been controversially discussed for the interpretation of 

EPR and PMR results.4 Band assignments in the sharp lines

arising from intraconfigurational transition are still con

troversial.

Mortensen reported 20 cm 1 splitting of 2Eg line in NaMg 

salt,2 while Coleman observed large variance of 2Eg splittings 

(from 2 to 115 cm1) which have been attributed to the de

gree of hydration and the effects of the counter ion in a 

molecule.5 Recently Schdnherr et al. assigned the 2Eg lines 

split by 2-3 cm"1 which was rationalized by the angular over-


