
Submitted to Journal of 
Chemical Physics 

UCRL-19634 
Preprint 

K~CEIVED 
l!r.WRWCE 

RADIATIOi~ lABliJt.lOin 

JUN 5 1Y/O 

LIBRARY Ai,:::> 
OOCUMENTS SECTION 

LINEAR, HARMONIC FORCES MODEL FOR 
REACTIONS OF Cs ATOMS WITH ALKYL IODIDES 

David D. Parrish and Ronald R. Herm 

May 1970 

AEC Contract No. W -7405-eng-48 

TWO-WEEK lOAN COpy 

This is a library Ciicu lating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 
T edl. Info. Division, Ext. 5545 

N ~ 

I~AWRENCE RADIATION LABORATORY * 
~ 

UNIVERSITY of CALIFORNIA BERKELEY 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. . 



-iii-

LINEAR, HARMONIC FORCES MODEL FOR 

REACTIONS OF Cs ATOMS WITH ALKYL 

IODIDES 

David D. Parrish and Ronald R. Herm 

Inorganic Materials Research Division 
Lawrence Radiation Laboratory 

and 
Department of Chemistry, Uni versi ty of California 

]3erkeley,California 94720 

ABSTRACT 

The Cs+ alkyl iodide reaction dynamics are investigated by means 

of a cla~sical, linegr, four-particle model, Cs - I - CH2 - R where 

R = H, CH
3

, C2H
5 

or C
3
H

7
, with linear harmonic restoring forces between 

adjacent particles. The full reaction exothermicity is initially 

partitioned between potential energy of Cs - I extension and I - CE2 

compression, and the trajectories of the four particles are followed 

un~il the I - CH2 distance reaches a critical extension, at which 
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point the reaction is assumed to be complete. The model is examined 

as ai'unction of two parameters, the I - C~ force constant, k2 ' 

and the initial repulsive energy in I - C~ compression, P. By 

varying.~ , the model spans the spectrum of possible direct­

interaction reaction dynamics from the limit of the adiabatic, very-
\ 

slowCsI- C~R separation (low k2 limit) to the limit of impulsive 

release of the I - C~ compression (high k2 limit). In contrast 

to previous calculations, we obtain a good qualitative fit to the 

experimentally reported product recoil energies if: (1) a relatively 

high value ofk2 ' near the impulsive limit, is used; (2) the potential 

surface is largely repulsive, with P = 19.0 kcal/mole out of a total 

28.7kcal/mole reaction exothermicity; and (3) both the CsI and the 

iC~ - R alkyl radical carry off substantial internal excitations. 
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A wide variety of detailed experimental features of gas phase 

bimolecular exchange reactions have been obtained from molecular 

beam and chemiluminescence studies in the last five or ten years. 

This rapid growth in our experimental knowledge of these reactions 

has been paralleled by an increasing number of three-dimensional, 

exact classical trajectory studies, employing extensive numerical 

integrations on a digital computer, which have reproduced many of 

the experimentally observed reaction features. In this way; these 

classical trajectory studies have already been instrumental in 

elucidating the important features of the interatomic forces in a 

nUmber of these reactions and will, no doubt, continue to extend 

our knowledge of these forces for some tmme to come. Nevertheless, 

concomitant with this growing body of exact numerical trajectory 

calculations, it seems.worthwhile to continue to examine simple 

models of the reaction dynamics in order to (1) provide greater 

physical insight into the possible range of values assumable by a 

given reaction feature, (2) possibly attempt to correlate different 

physical phenomena, as, for example, the energy partition in bimolecular 

exchange reactions and photodissociation, and (3) provide a starting 

point for estimates of the magnitude of the interatomic forces which 
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could serve as input information for the more sophisticated, exact 

trajectory calculations. 

This paper reports on the application of one such model to the 

explanation of the energy partitioning reported by crossed molecular 

beam studies of reactions of the series Cs + I ~R'~ Csl + R' , 

where Ri is the methyl, ethyl, n-propyl, or n-butyl radical. The 

model chosen is a harmonic oscillator model in which the Cs - I - R' 
. . . 

complex is constrained to be linear and the forces between any two 

particles are assumed to vary linearly with displacement from an 

equilibrium internuclear distance so that the overall motion of the 

particles may be expressed as a superposition of normal modes of 

oscillation. This model is certainly not new to the chemical 

literature and was employed extensively by N. B. Slater to discuss 

the dynamics of unimolecular decomposition. More recently, it has 

been applied to the problem of the vibrational excitation of a 

diatomic molecule by collision with an atom iand to the problem of 

the energy partitioning in reactions of the alkali atoms with the 

:i hiiilogen molecule s. . 

The full results of the experimental studies of these reactions 

have not yet been published although the striking qualitative 
'3 

result-

is that the Csl is observed to be formed with roughly the same center-

of-mass (CM) speed irrespective of the R' group; thus, by energy 

conservation, the internal excitation of the products must increase 

as Hi is varied from methyl to butyl. Most of the exact trajectory 

studies refer to the M + lCH
3 

reaction and so are not relevant to 

the present investigation, although Rafr'4 did report exact three-
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dimensional trajectory study comparisons of the K.+ IC2H
5 

and ICH
3 

reactions. 
3 

In addition, Ottinger has reported exact computer 

solutions of the energy partitioning in the Cs + methyl, ethyl, 

n-propyl, and n-butyl todide. reacttons\ f.or·.~aone";<iimen:3.ional linear 

collision; his model treated each C~ or CH
3 

group as a separate 

particle and his potential energy of interaction between the particles 

is more sophisticated than that considered here. Nevertheless, his 

calculation failed to fit the observed constancy of the CsI product 

CM speed with changing RI groups. The following application of the 

harmonic oscillator model to these reactions will (1) show that the 

observed approximate constancy of the CsI CM speed can be accounted 

for in the impulsive limit, where the RI - I repulsion is the dominant 

force in the collision, (2) argue that the model should, in fact, 

provide fairly reliable estimates of the actual energy partitioning 

because the observed reaction features are so near the impulsive 

limit, (3) indicate that one should observe substantial internal 

excitation in the RI product,.with the possible exception of the methyl 

group, and (4.) provide a qualitative indication of the important forces, 

which should help to provide guidelines for the selection of an 

appropriate potential energy surface for any future exact trajectory 

calculations for these reactions. 

FORMULATION 

The reaction is treated as that of four particles, with RI = C~ - R, 

which are constrained to a linear, one-dimensional collision with the 

bonds labeled as shown in Figure 1. The particles are given the atomic 

masses of Cs and I for the first two particles and the sum of the atomic 
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masses of CH2 and R for the second two particles, where R is H, CH
3 

' 

,or Thus, this model treats the hydrocarbon radical, 

CH2 - R, as'a diatomic molecule and so predicts the same behavior 

forCs +n-butyl and i-butyl iodide, whereas Cs + i-propyl, s-butyl, 

and t-butyl iodides are riot considered. The potential energy is 

given in terms of 6 1 ' ~ 2' and ~ 3 ' the displacement of each bond 

length from its equilibrium value, e r. 
1 

e 
(i. e. '~l; = r. - r. ), as 

1 1 

The force constants kl and k3 Aare taken as equal to those in a con-

ventional Cs - I and C - C bond 
, " , e e 

respectively, whereas r l and r3 do 

(1) 

not enter into the calculation; 
" ',4 5 

thus, kl and k3 are";' 5.44 x 10 dynes/cm 

and 4.33 x 105 dynes/cm~ respectively. The I - CH2 force constant k2 is 

varied as a parameter of the model. 

At the start of the reaction all four particles are stationary, i.e., 

" 0 (0) 
= ~2 o. Further, and ~ (0)' 0 

1 ' 

such that LillO'the difference in CsI and 1- CH2 bond dissociation energies, 

is equal to V( ~(~) , ~(~\ 0). Thus, V(~ l' ~ 2' '~ 3) has the corre.ct 

limit of zero as ~ 2- +00 for ~ 1 = ~ 3 = 0; however, the limiting 

behavior for separated reactants (~l~ +00) is wrong and this model 

effectively assumes that the very slowly approaching Cs arid I - CH2 - R 

feel no force until a critical ~l is reached, whereuponiEg. (1) applies and 
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reaction is certain to take place. The energy initially present in 

1 (0)2 . compression of the I - CH2 bond, 2" k2.6 2 = P , is referred to as 

the repulsion and can be easily varied as a second parameter of 

model while maintaining the total exothermicity, 
tillO ' 

constant 

simultaneously changing the value of .6~0) I. The exothermicities 

all these reactions are approximately the same and were taken as 

6 
tillO -.28.7 kcal/mole. 

the 

by 

of 

Having fixed these initial conditions, the subsequent classical 

motion of the system is followed by a normal coordinates analysis; 

the reaction is assumed to be completed when .6 2 goes through zero. 

At this point the products are assumed to stop interactirig and the 

partitioning of the reaction exothermicity is determined by decomposing 

the instantaneous values of the normal coordinates and their time 

derivatives into vibrational energy in each of the two product diatOIiJics 

and relative translational kinetic energy of separation, E'. Figure 1 

shows an effective potential energy surface for a '~ value which .:is found 

to best fit the experimental observations. The initial r 2 distance is 

2.1SA, the equilibrium C - I distance in ethyl iodide~, representing 
o 

a .36A compression from the C - I distance where the I - CH2 repulsion 

drops to zero; the initial r
l

;, distance is 3.S2A , the resultant of a 

.50A extension of the 3.32A equilibrium Cs - I distance reported in 

Reference 5. 

RESULTS 

The solid curves of Figure 2 give the best results of the model. 

The 19.0 kcal/mole in repulsion is dictated by the necessity of match-

ing the observed Csl CM product speed from the Cs + CH3l reaction; 

\ 
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this velocity varies, approximately, as the square root of the repulsion 

over the whole range of I - C~ force constants. Figure 2 also presents 

the results for Cs + I - CH
3 

when a more realistic three particle model 

is used for thi s reaction; over most of the range in ~ the two calculations 

agree, and the slight difference at very high k2 values is simply due to 

the greater veloCity imparted to the I atom upOn recoiling off of the 

heavier CH
3 

group. 

For the results presented in Figure 2, it is possible to examine 

three limiting cases iriwhich the dynamics may be understood as two 

particle .interactions. The first of these, the adiabatic limit, is 

approached on the far left of the drawing where the I - C~ force 

constant is so wei3.k relative to tho.se of· Cs - I and C~ - Rthat these 

twodiatomics separate as if they were single particles. Thus, the 

full repulsion must appear as kinetic energy of separation, E', so 

that the CsI CM product speed is given in terms of ~CsI _ C~R = 

(M :;: mCsI + mC~R) by 

1 
"2 • , 

uCSI can never exceed this limiting value. The striking aspect of 

Figure 2, with respect to this limit, is the large deviation of the 

actual calculation from the limit even for the smallest value of ~ 

examined. In the second limit, a 3 particle impulsive limit, the 

I - C~ force constant would greatly exceed that of CsI but be less 

than that of C~ - R so that the I atom would recoil from the rigid 

C~R group and thus 

(2 ) 
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(3) 

where IlU - m m / (m + m ) Altho.ugh this limit is never 
1"'1 - C~R - I C~R I C~R' 

reached for the values of kl and k3 chosen here, it indicates the physical 

origin of the rapid rise shown in Figure 2 of the ethyl, propyl, and 

butyl iodide curves as ~ is decreased from its high limit. 

The third limit, the two particle impulsive limit, occurs when k2 

becomes much greater than either kl or k3 so that the entire repulsion 

appears as recoil of :t from C~; in this case, 

(4 ) 

The results of Figure 2 show that this limit is reached for k2 ~ 106 

dynes/cm where the curves for all four reactions coalesce to the value 

gi venby Eg. (4.) . The qualita ti ve shape s of the curve s shown in Figure 2 

are similar over a wide range of repulsions from 5 to 25 kcal/mole, 

although, of course, the magnitude of the Cs1 speed varies with the 

repulsion; in particular, the impulsive limit is reached for k2~106 

dynes/cm over this entire range of repulsions. 

The near equivalence of the experimental Cs1 CM speeds indicate 

that the reaction dynamics must be near this impulsive two particle 

limit~ This is of added interest toa model such as that presented 

here, which no doubt greatly oversimplifies the actual forces, because 
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at the impulsive limit the energy partitioning is solely dependent 

on the f'raction of' the reacti,on exothermici ty released as I - C~ 

impulsive repulsion; thus, the use of' such a simple f'orce model to 

explain small departures f'rom the impulsive limit might be assigned 

a good deal of' credence, whereas application of' the same model to 

another reaction system f'ar removed f'rom this limit might be of much 

more questionable usef'ulness. Figure 2 indicates that the slight 

dif'f'erences in the experimental CsI CM speeds f'or these f'our reactions 

are be s t f'i t by a k2 somewhat be low the impuls i ve limit, i. e, k2 := 2 x 105 

dynes/em; Table I indicates the qualitative extent of' agreement of' the 

experimental data and the model f'or this value of'~. Although there 

is no a priori reason to expect it, it is interesting to note that 

this value of' k2 is close to the C - I f'orce constant in the alkyl 

iodides, where kG _ I i:::::2;6 x 105 dynes/em. 

It is also ~~ interest to examine the partitioning of' the product 

vibrational excitation between Cs - I and C~ - R. This data is presented 

in Figure 3 and the particular values shown in Figure 3 f'or k2 := 2 x 105 

dynes/cm are presented in Table I as well. In the adiabatic limit, 

C~ - R is unexcited and CsI appears with the vibrational energy 
, 2 

initially put into Cs -I stretch, ~k16(~) In the two particle 

(I - C~) impulsive limit, the vibrational excitation in Cs - I and 

CB2- R may once again'be calculated from conservation of' energy and 

linear momentum; the curves in Figure 3 are near these limits f'or 

6 
~ ~ 10 dynes/cm. Figure 3 illustrates that the Cs - I vibrational 

excitation is well above the adiabatic limit over the whole range of' 

k2 values studied: However, the most striking f'eature of' Figure 3, 
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is the very sharp rise in the vibrational excitation of C~ - R as 

k2 is increased from 1 to 5 x 105 dynes/cm. Since. this range includes 

the k2 value necessary to best fit the CsI CM speed, it suggests that 

the ~1' internal excitation is probably the experimentally measurable 

energy partitioning parameter which is mo'st sensitive to the form 

and strength of the 1.- C~ repulsion; unfortunately, this is the 

energy partitioning parameter which is probably most difficult to 

determine experimentally. 

DISCUSSION 

The model presented here is very simplified in many respects: 

linear,four-particle configuration, no initial translational energy 

or reactant exci tationij; and very idealized forces. ottingel presents 

arguments to justify a linear model. A more important realization is 

that these reactions are near the I - C~ impulsive limit where the 

energy partitioning should be independent of the actual intermediate 

configuration and detailed force laws, and should depend only on the 

I - C~ impulsive energy released. In Ref. 3, the effect of an initial 

reactant translational kinetic energy was studied and found to be 

relatively small. The effect of reactant kinetic energy on the present 

calculations is also readily estimated at the I - C~ impulsive limit; 

an initial relative velocity characteristic of the thermal energy in 

the experiments causes a decrease in the predicted CsI impulsive limit 

CM speed from'" 5% for CHSI to '" 17% for C4H§I. Thus, incorporation of 

initial reactant kinetic energy into the calculations would probably 

allow better agreement with the experiments than is shown in Table I. 
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Ottinger' s:5 calculations for these reactipns, based on a similar, 

but somewhat more sophisticated, one-dimensional linear model, represented 

the'alkyl radical as a: chain of C~ particles witll harmonic binding forces; 

in addition, a more complex potential function was used to represent the 

Cs - t ~ 'c~ iriteraction~' These calculations were unable to match the 

experimental observations, almost certainly because of the potential' 

energy function employed. For the potential surface of Figure 1, 

Ottiriger's p parameter:5 (ratio of initial I - C~ repulsion to Cs - I 

attraction) has a value of 2.68, which, by his criterion, represents 

considerably more repulsion than, any case examined in Ref. 3. However~ 

, , . 
in contrast to the results of Ref. 3, the present calculations ind{cate 

that the fraction of the exothermicity appearing as product recoil 

increases monotonically with increasing repulsion P. This characteristic 

is due to the lack of any "kink irithe walls of,our potential valley" 

shown in Figure 1. Thus, the open ext t channel of our surface allows 

the Csl speed to increase monotonically with the(progress of the reaction 

rather than exhibi'ting the und'ulations apparent in' Figure 5 of Ref. 3. 

On our surface, the energy in repulsion is released over a short period 

of time, before the Cs atom or R group has moved appreciably; consequently, 

the I - C~ impulsive limit is approached. In contrast, the trajeci;;ories 

shown in Figure 6 of Ref. 3 indicate that the "kink" in the potential 

surface employed there prevented a similar behavior and the Csl bond 

undergoes one half to one full oscillation before reaction is completed. 

Another striking difference is the absence of any appreciable alkyl 

group excitation reported for the calculations of Ref. 3 in contrast to 

the appreciable alkyl group excitation predicted here. Although the 
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representation of the alkyl group as a diatomic that is employed here 

is a rather crude model, the excitation appearing in it should, never­

theless, be indicative of the internal excitation (both rotation and 

vibration) of the radical in the actual reaction because the reaction 

is so near the I - CH2 impulsive limit where conservation laws dictate 

that the internal excitation in the products can depend only on the 

impulsive I - CH2 energy released. Actually, these reactions do deviate 

somewhat from this impulsive limit and the diatomic representation of 

the alkyl group employed here should underestimate somewhat the excitation 

transferred into this radical for a given I - CH2 energy release; this 

effect should be more important for the larger radicals. 

Raff's 4 three-dimensional trajectory calculations for K + ICH2CH
3 

treated as a four particle reaction system employed a potential energy 

function chosen to match the early erroneous experimental reports of 

slow separation of highly excited products. 9 Since most of the energy 

was released as the reactants approached, Raff observed that the direct 

interaction trajectories produced large K - I excitation and little 

energy in either product recoil or internal excitation of the ethyl 

radical; a similar behavior is observed in the present model as both 

P and k2 are decreased. Raff did however also observe a second mode 

of reaction, via formation of a long-lived complex, in which the ethyl 

radical was considerably excited; the present calculation fails,J to 

reproduce this second reaction mode for any values of P and ~considered, 

undoubtedly due to the lack of any attractive interaction in the r 2 

coordinate. 

In closing, it is interesting to speculate on the possible implications 

of the model presented here with reference to the variation in total reactive 
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cross sections for the M + ICH
3 

reactions for differing alkali metals. 

The Na + ICH
3 

reaction is the least exothermic of all of the alkali 

reactions6 
, and. indeed ~O ~ 19.0 kcal/mole for this reaction. Since 

this is the amount of energy which must appear in I - CH2 repulsion, 

this' reaction may be very restricted in the sense that the Na - I 

distance may be required to decrease all the way to its equilibrium 

value before reaction can begin; in contrast, the other M + ICH
3 

reactions may be initiated at considerably larger M - I distances, 

consistent with the larger fraction of the exothermicity released 

as M - I attraction. Thus, within the framework of this model, one 

might expect a smaller reactive cross section forNa + ICH
3 

and 

indeed, experimentally, the Na + ICH
3 

reactive cross section is 
10 

reported to be considerably smaller than that of Li or K + ICH
3

. 
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TABIlK I 

Product E~ergy parti'bi6n~~(a) 

Reaction Experimental (b) Calcula ted ( c ) , 
"" 

"Csl CM Velocity Csl CM Velocity Csl Vibration C~-R Vibration 

Energy Energy 

Cs + lCH· 3 1.73 1.74 11.49 .03 

cs + lC2H5 
2.05 1.96 12.03 4·77 

. 

cs + lC3H7 2.09 2.10 12.41 6·71 

CS + lC4.H9 
2.00 2·32 13·15 6.32 

(a) Vibrational energies are given in kcal/mole, Csl CM velocities in units of 

4 10 cm/sec. 

(b) Experimental results cited in Ref. 3. 

(c) Results for exothermicity = 28.7 kcal/mole, repulsion = 19.0 kcal/mole, and 

I - C~ force constant = 2.0 x 105 dynes/cm. 
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FIGURE CAPTIONS 

Fig. 1. Effective potential energy surface, with energies given 

in kcal/mole, for r3 held at its equilibrium configuration. 

The " + " mark denotes the starting point of a reactive 

trajectory for 19.0 kcal/mole repulsion; b,.. equals the 
J. 

displacement of r i from its equilibrium value. 

Fig. 2. Plot of product CsI CM speed versus the I - CH2 force 

constant for 19.0 kcal/mole repulsion. The solid curves 

give the results of the four particle Cs - I - CH2 - R 

calculations. The dashed curve deviating from the Cs -

I - CH2 - H solid curve for high force constant values 

presents the results of a three particle calculation 

for Cs - I - CH
3

; at lower force constants, this is 

indistinguihable from the four particle calculation. 

The dashed lines give the experimentally observed CsI 

CM speeds cited in Ref. 3. The dotted lines on the left 

give the adiabatic limits, where the repulsion is released 

so slowly that it must all appear as product translational 

energy. The dotted lines in the middle of the force constant 

range give the three particle impulsive limit (never reached) 

in which the I impulsively kicks off of the "CH2 - R particle." 

Fig. 3. Vibrational eXGitation of the product diatomics: solid curves 

for Cs - I and long-dashed curves for CE2 - R. The short-dashed 

lines at the limiting low and high I - CE2 force constants give 

the adiabatic and two particle impulsive limits for the Cs - I 

excitation. 
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