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LINEAR, HARMONIC FORCES MODEL FOR
REACTIONS OF Cs ATOMS WITH AIKYL

IODIDES
David:D. Parrish and Ronald R. Herm

Inorganic Materials Research Division
Lawrence Radiation Laboratory
~ Department of Chemistry, University of California
) Berkeley, California 94720 ' .

ABSTRACT

The Cs+ alkyl iodidé reaction dynamics are ihveétigated by means
of a'élasgical, linegr, four-particle model, Cs - I - CH, - R where
R = ﬂ, CH3, 02H5 or 0337, with linéar harmonic restoring forces between
adjaéént‘particles..'The full reaction exothermicity is initially
partitiohed between potential energy qf Cs - I extension and T - CHé.

compression, and the trajectories of the. four particles are followed

until the T - CH2 distance reaches a critical extehsion, at which
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point fhe”reaction is assumed to-be complete. Thé modél is examined
as.a_fﬁhqtién ofv£WO'pafameters, the I - CH, fbfcévconstént? Ky s
and.the'ihitial repulsiVe énergy in,I'- CH2 compression, P. 'By
varying k2 3 the ‘model spans the spectrum of poss1ble direct-
1nteract10n reaction dynamlcs from the llmlt of the adiabatic, very-

v |
slow CsI .- CH2R separation (low k, limit) to the limit of impulsive

2
release of the I - CH, compression (high k, limit). In contrast

vto prejious calculafions, we obtain a good_qualitati&e'fit to the

experi@éﬁialiy repprted'produét recoil enérgiés if: (1) a relatively
highfvé;gé of k, |
surfacé.ié largely répulsive, with P =:l9,0 kéél/mole out of . a £otal'

, near the impulsive limit, is used; (2) the potential

v28.7'kcal/mole reaction exothermicity; and (3)‘both the'CsIvand the

3CH2 ;-R.alkyl radical carry off substantial interhal excltations.
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A ﬁide variety of detailed experimental features of gas phase
bimolecular exchange reaetions have been obtaihed from molecular
beam ;na chemilumiﬁeSCence studies in the lasf five or ten years.
This rapid growth in oﬁr‘experimenﬁal Rhowledge‘df ihese reacfions
has been peralleled by'an increasing'number of three-dimenéidnal,
exact c1assieal trajectefy studies, empioying ektensive numericai
integretiens on a digital cbmputer, which have reproduced many ef
the experimentally observed reaction features. 1In this way, these
.classieal trajectory studies have elreedy béen”inétrﬁmental in
elﬁcideﬁing the importdnf features of the interaﬁomic ferces in a
number of these reactions and will,’no.doubt,'continue to extend
our khdwledge of these forces for some time to come. Neverthelees,
-concomitaht,wiih this growing body of exact numefical trajectory
calculations, it seems worthwhile to continue to examine simple
mbdels of the reaction dynamics in order to (1) provide greater
physical insight into the possible range of values aesumable by a
given feaction feature, (2) possibly attempt to correlate different
Physieal Phenomena, as, for example, the enefgy partition in'bimoleculaf
exchange reactions and photodissociation, and (3) provide e siarting

point for estimates of the magnitude of the interatomic forces which
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céuidfserVe as input information.for thé mQreﬁsophiéticafed, exact
trajectory'éalculations.

ilﬁhié‘papef reports on the application of one such model to the
explanation of the enérgy partitioning repbrted by croésed mdlecﬁlarE
beam étudies of reactions of the séries Cs + I,¥ R;——¥-Csi>+ R,
where ﬁ' is the methYI, ethyl, n-propyl,bof‘anutyl radical. The
modelfchésen is a harmonic‘oscillator model iﬁ which the Cs.— I - R!
compléx is'ébﬁétréined to:be iineéf andvthe forces beﬁween any two
partiéiéé'are assumed to vafy.linearly with displacement from an
equilibrium ihternuéleaf distahée_so that the‘6Veréil ﬁOtion.of the
parti¢iés may be’expreSéed'as a sﬁperpdsition Qf‘nofmal‘ﬁodes of
oscilidtién.v.This mddéi is certainiy ndt.new‘tolthe-chemiéal
literatﬁré'ahd'waé émﬁloyédwextensiveiyiby'N. B. siatér to discuss
the dynamics of.uhimoleCular'décdmpositioh, More recently? it haé
been.applied to the probiem of the vibrational excitation of>a
diatdﬁic moiécule.by ddllision with an atom.i'and to the problém bf
" the energy partitiohing in reactions of the aikali a£oms with ‘the
halogen molecules?: |

The.full results of the experimehtal studies of these reactions

'havéinqt'yét_beén published aithough thévstriking.qualitative result;
: »is‘tﬁat'the CsI is observed to be formed with roughly thé same center-
pf-maéé (cM) speed irrespective.of the E' group; thﬁs; by energy
conservafion,-the internal excitation of the pfoducts must increase
as R‘ is Varied from methyl to butyl. Most of the exact tréjectory
studies refer to ?he M + ICH3 reaction and 80 are not relevant to

the present investigation, although Raffm’did report exact three-
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dimeﬁSibnal trajecﬁory studyvcomparisons of the'K_} ICQH5~and iCH3
reaétions. In addition, Ottinger3 has reported eiact coﬁputer |
solutioﬁs_of_the energy'pértitioning in the Cs.f methyl, ethyl;
n-prbpyl, and n-butyl iedidesreaCtionSxfbrua-onéédﬁmﬁnéional linear
collisioﬁ; his mddél treated each CH2 or CH3 group as a'sepafate
particle and his potential energy'of interactioh between the particles
is moré sophisticated than thatconsidered here. Nevertheless, his
calculation failed to fit thelobseerd constaﬁcy éf the CsI product

CM speed with changing R! éroups.‘ The followiﬁg_épplication of the
harmonic oscillator miodel. to ﬁhese reaéfions will (1) show that the
obéérVed approximate édﬁsténcy of theVCsI CM speed can be accounted : 
for‘in thé impuléive limit,iwhefé the R' - I repulsion is the dominant
force in the collision, (2) argue that the-model‘should, in fact, |
provide fairly reliable estimatesjqf the actual,énergy partitioning"
because the obéerved»reactibn features are so.near the impulsive

limit, (3) indicate that one should observe substéntial internal
excitation in.thé R? product,ﬁith the possible-exception of the methyl
group, and (4) provide a qualitative indication of the important forces,
which should help to_providé guidelines for the selection of an
-appropriate potenfial'energy'surface'for ahy fﬁtﬁre exact trajectory

calculations for these reactions.
FORMULATION

"The reaction is treated as that of'four particles, with R! = CHE - 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



.
masses" of CH2 and R for the second two particles,' where R is H, CH3 ,'

5 » or C_H Thus, this model treats the hydrocarbon radical,

37T
CH2 - _R, as~a diatomic molecule and so‘predicte the same behavior
for -CS-+ -n.-butyl _,and i-butyl iodide, whereas Cs‘+‘i-propyl -butyl,

and t-butyl 1od1des are not cons1dered The potentlal energy is

glven in terms of A s A2 » and A3 B the dlsplacement of each bond

length from its equilibrium value, rie (1e,A1 =r, -~ ), as
L , REE V-3 2 1. 2 _
V(A 8y ) = F A R BN F B RA, A < 0 (1)
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The for'ce c_:onstémt's‘k and k. JATe taken as equal to those 'in a con-

1 3

‘ veﬁi:ienal Cs - I arid' C»- Cbond re"s:pecti.vely,-, ﬁhere‘a;sv ri and r§ de

| not enter irrte the ‘caleu_'lat'i:fon; 'thlie , kl and k3 are 5.k x lO4 dynes/ ém>
andrlt_..33 X '105 dynes/cmg re'spect‘ive\ly. The I- 'CHQ force eoristant k2 is

varied as‘ a parameter of the model..

At the start of the reaction all four particles are statlonary, i.e.,
Z,EO) ' '.A(O) = A(O) = 0. Fu.rther, A(o)‘ = 0, A(O)< 0 and A (O)> 0
such that ADO, the difference in CsI and I CH2 bond d1ssoc1at10n energies,
is eq‘ual to V( A(O) A(O) '0). Thus, V(A, _A 0 A 3) has the correct
v limit. of zero as A 2——» +oo0 for A, = A3 = 0; however, the limitiné
behav1or_vfor separated reactants (A — +00) is wrong and this model

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

feel no force until a critical A, is reached, whereupon Eg. (1) applies and
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reaction is oertain fo takevplace. The energy initially present in
compression of the T - CH, bond, % keA(20)2 =P, is referred to as
the repnlsion and can be easily varied as a second parameter of tne
modelvwniie maintaining the total exothermicity;_ADO ,vconstant by
aimultaneouslylchanging the value of Ag?)f. The‘exothermicifies of
all these reactions are approximately the same.and,were taken as
AD, 5;_28.7 kcai/mole. &
Haviné fixed these'initial conditions, the subsequent classical.
motion of the'system is followed‘by a normal coordinates analysis;
the reaotion is assumed to be completed #hen Ate goes through iero.
vAt this point the products'are assumed to stop interacting and the
partitioning of the reaotion exothermicity is determined by decomfosing
the'insﬁantaneous values of the normal coordinates and their time
derivatives into‘vibrational energy in each of the two product diatomics
and-relative translational kinetic‘energy of separation, Ei.' Figure 1
shows an effective potential energy surfaceiforsa k%'ralue which s found
to besﬁ £it the experimental observations. The initial r, disfance is
2.18;, the equilibrium C ~ I distance in ethyl iodide.v, representing
a .36& compression from the C - I distance where the I - CH2 repulsion
drops 'tq zgro; the initialr, , distance is 3.82% , the resultant of a
.SOAvextension of the 3.32K eQuilibrium Cs = I distance reported-in
Reference 5. | |
RESULTS

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

The:i9.0 kcal/mole in repulsion is dictated by the necessityvof match-_

ing the observed CsI CM product speed from the Cs + CH,I reaction;

3

N\



this velocity varied, approximately, as the square:root of the repulsion
over the whole range of T - CH2 force constants ’ Figure 2 also‘presents

the results for Cs + I - CH when a more realistic three particle model

3.
is used'for thisreaction,over most of the range in k2 the two calculatlons
agree, and the slight dlfference at very high k2 values is s1mply due to
the greater veloc1ty 1mparted to the I atom upon rec0111ng off of the
heav1er CH3 group.

For the results presented in Figure 2, it is possible to examine
three_limitingrcases in which 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- CH2 ‘force
_ constant is so weak relative tothose of Cs - I and CH2 - R that these
vtwo'diatomics 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 glven in terms of “CSI - CH?R

Mas1" CHQR/ Mo (M= CH2R

[\V

- -1
Yes1 T MesI { Pucsr - CHR }

.o

(2)
C i can never exceed this limitlng value. The striking aspect of

| Figure 2, with respect to this limlt, is the large‘deviation of the_
actual calculation from the limitieuen for the smallest value of k2
‘examined. In the second limit, a 3 particle impulsive limit, the
I- CHé force constant would greatly exceed that of CsI but be less

than that of CH2 - R so that the I atom would recoil from the rigid

CHERbgroup and thus.
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-1 |
Yos1 T MesT {EP“I - CHQR}

(3)

). Although this limit is never

-V‘CHQR = "1"cHR / (mg + "CH,R

and k

wherepy.I

reached for the values of k

1 chosen here, it indicates the physical

3
origin of the rapid rise shown in Figure 2 of the ethyl, propyl, and

butyl iodide curves aé'k2 is decreased from its high limit.
The third limit, the two particle'impulsive limit, occurs when k2

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

appears as recoil of I from CH,; in this case,

-1 -
¢sT ~ MesI { emI—CHQ}

N

()

where|£ICH2 = migéﬁé/ (mII+ImCH2)'

The results of Figure 2 show that this limit is .reach_e.d for k2 Pd 1o6
dynes/cmbwhere the curves for all four readtibnsbcoalesce to the value
given byYEg. (4). The qualitétive shapes of the curves shown in Figuré 2
are similar over a wide range of repulsions from 5 to 25_kca;/m§le,
'aiﬁhough, of course, the mégnitude‘of the CsI speed varies with the
repuléion; in particular, thé impulsive limit is feached forvk22ilo6
dyne;/ém over this entife-raﬂge of repulsions.

The néar_equivalence of the experimental CsI CM speeds indicate -
that the reaction dynamics must be near this impulsive two particle

limit? This is of added interest to a 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 fraction.of the reaction exothermieity'released as I - CH,
impuleive:repulsion; thus, the use of such a simﬁle force model to
explain small departures from the impulsive_limit’night be assigned

a goodidealiof_credence; whereas applioation of'the;same.model to
'anotherhreaction system far removed from thisTlinit.uight be of ﬁuéh'
morevduestionablevusefulneSS;. Figure 2 1nd1cates that the slight
differences in the experimental CsI CM speeds for these four reactions
are best fit by a k2 somewhat below the impulsive limit, i.e, k2 =2 x lO5
dynes/cm, Table I 1ndicates the qualitative extent of agreement of the
experimental data and the model for this value of k2 Although there
is no a priori reason to expect 1t, 1t is 1nterest1ng to note that

2

iodides, whéi«e k

this value‘of k iS“close to the C - I force.constant in the alkyl

c _'I ~ ‘6 x 10° dynes/cm

It is also ot 1nterest t0 examine’ the partitioning of the product
_v1brat10nal ex01tation between Cs - I and CHé - R This data is presented
in Figure 3 and the particular values shown in Figure 3 for k2 = 2:x lO5
dynes/cm are presented infTablevI as well. 1In the adiabatic limit,

‘CH2 - R 1s unexcited and CsI appears with the vibrational energy
1n1t1ally put 1nto Cs'- I stretch, A(O) . In the two particle

(I - CHQ) 1mpu151ve limit, the wvibrational excitation in Cs - I and
CHéve R may once again‘be calculated from conservation'of energy and
linear momentum; the curves in Figure 3 are near these limits for

”k2 2 lO6 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 feature of Figure 3.
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is the very sharp rise in the vibrational excitation of CH2 - R as

2
the k

k. is.increased from 1 to 5 x lO5 dynes/cm. Since this range includes

o valﬁe necessary to best fit the CsI CM speed, it suggests_that
thecgéglinternal excitation is probably the_expérimentally measurable
energy partitioning parameter which is most seﬁsitive to the form

and strength.of the I =~ CH, repulsion; unfortunately, this is thé

energy partitioning parameter which is probably most difficult to

determiné experimentally.
DISCUSSION

Tme ﬁodel presented hére is very simplified'in many respects:
linear;four-particlé cohfiguraﬁion, ﬁo initialrfrénélatiOnal energy
or reéctant exéitatidhggrand véfyiidealized forées. ‘O£tingef5 preéents
argumén£s to justify a lihear moael. A more imporfantvrealization is
that these réactions are near th¢ I - CH2 iﬁpulsiVe limit where the
energy parfifioning<should be indépehdent'of ﬁhe actual intéfmediate
configuration and detailed force laws, and shﬁuld depend only on the
I‘- CH2 impulsive energy released. In Ref. 3, the effect of an initial
feactanf translational kinetic energy was studied and found'to be
vrelatively small. - The efféct of reactant kinetic energy on the present
_calculatioﬁs is also readily estimétéd at.the I- CHQIimpulsive limit;
an initial relative velocity characteristic of the thermai enérgy in
the experiments causes a decrease in the predictgd CsI impuléive limit :
CM speed from ~}5% for CHBI to ~ 17% for.ChHél_’ Thus, incorporation of
initial reactant kinetic energy into the caiculations would probably

allow better agreement with the experiments than is shown in Table I.
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'Ottinger'53 calculations for these reactions, based on a slmilar,
but someﬁhat more sophisticated, one-dimensional linear model, represented
the alkyl radical as a chain of CH2 particles with harmonic hinding forces;
in'addition; a more complen potential'function‘was used to represent the
'Cs -I- CH2 interaction. Ihese calculatldns-were'unable to match the
‘experimental observations, almost certalnly because of the potentlal
energy. functlon employed For the potentlal surface of Flgure 1,
ottinger s 'p parameter3 (ratio of 1nit1al I- CHé repulsion to Cs - I
attract;on) has a value of 2.68, whlch, by hlsicrlterlon, represents
considerably”more repulsion than any case exanined ianef; 3. However,
in contrast‘to:the results of Ref. 3, the presentycalculations indicate
that theyfraction of the exothermicity appearlngnas product recoil |
increasesrmonotonically'With increasing repulsion'P.V:fhis characteristic
ishdne‘tovthe lack of any "kinkiin'the wallslofyour potential valley" |
shown in Figure 1. Thus, the open.exit'Channel_of our surface allows
the CsI speed to increase monotonically withdthexprogress of the reaction
, rather'than-eXHibiting.the undulations apparentvin‘Figure 5 of Ref. 3.

- On our surface, the energy in repulsion is released over a short period
of time, hefore the Cs atom or R group hasvmoVed appreciably; consequently,
the I.f CHE impulsive llmit‘is approached. ln contrast, the trajectories
shown in Figure 6 of Ref. 3 indicate that the'kink",in'the.potential
surfaCe employed there prevented a similar behavior and the CsI bond |
undergoes one half to one full oscillation before reaction.ls completed.
Another striking difference is the absence of any appreciable alkyl
group excitat1on reported for the calculations of Ref. 3 in contrast to

the appreciable alkyl group excltation predlcted here.' Although the
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representation of thé alkyl group as a diatomic that is employed heré

is a rather crude model, the excitation appearing in it should, never=-
theleés, be indicative of ﬁhe internal excitation (both rotation and
vibration) of the radical in the éctual feaction7because the reaction

is so near the I ~ CH2 impulsive limit where coﬁéervation laws dictate
that thé ihtérnal'excitation in the préducts can depend only oh the
impulsiveii - CH2’eneféy released}. Actually,:these reactions do deviate
somewhat from this impulsivé limit ahd the diatomié representation of
the alkyl group employed hefe should undéreétimate somewhat the excitation
transférfed into this radical for a gi&en I- CHé energy release;'this
effect should be more important for the larger radicals.

Raff's 4 threé-dimensional trajectory calculations for K + ICH,CH,
treated as a four particle reaction system employed a potential energy
function chosen to match the early erroneous expefimental reports of
slow separation of highly excited products.9 _Sihce most of the energy
was reléased as the reactants approadhed, Raffipbserved that the direct
interaétion trajectories produced large K - I excitation énd littlé
'energy in either product fecoii or internal excitation of thé ethyl
radiéal; 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 complei, in which the ethyl
radicél was considerably excited; the presenf caléulation fails.l to
reproduce this second reaction mode for any valﬁes of P and k2coﬁsidered,
undoubtédly due to thé lack of any attractive interaction in the r,
coordinate. |

Ih closing, it iéiinteresting to speculéte 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 reactions for differing alkali metals.

3

The Nﬁ + iCH3 reaction is the least exothermic of all of the alkali
reactions® ; and indeed ADy = 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 + ICH3
reactiohs may be initiated at considerably larger M - I distances,
consistent with the larger fraction of the exothermicity released
as M - T attraction. Thus, within the framework of this model, one
might expect a smaller reactive cross section for Na + ICH3 and
indeed, experimentélly, the Na + ICH3 reactive cross section is

10

reported to be considerably smaller than that of Li or X + ICH3-
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TABIE: T

’ ‘/‘?1."
Product Energy Partibiéngﬁg(a)

Reaction Experimental(b) : Calculated(c)
1CSI CM Velocity CsI CM Velocity Csl Vibration CHe-R Vibration
' Energy Energy
Cs + ICH3‘ 1.73 1.7h 11.49 .03
Cs + ICEH5 : 2.05 1.96 ‘ 12.03 bt
Cs + IC3H7’ 2.09 2.10 12.41 6.71
Cs + Icu;{9 2.00 2.32 13.15 6.32

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

lO4 cm/sec.

(b)-Experimental results cited in Ref. 3.

(e) Results for exothermicity = 28.7 kéal/mole, repulsion = 19.0 kcai/mole, and

I~ CH2 force constant = 2.0 x 10

>

dynes/cm.



- in kcal/mole, for r

-16-
FIGURE CAPTIONS

Effective potential energy surface, with energies given

held at its equilibrium configuration.

3

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

trajéctory for 19.0 kcal/mole repulsion; A’i équals the

,diéplacement of'ri from'its equilibrium:value.

Plot of‘product CsI CM speed versus the I - CHé force
constant for 19.0 kcal/mole repulsion. The solid curves

give the results of the four particle Cs - I - CH, - R

calculations. The daéhed curve deviating from the Cs =~

I - CH, - H solid curve for high force constant values

~ Presents the results of a three particle calculation

for Cs - T - CH3; 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 réleased

so slowly that it must all appear as product translational

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

Fig. 1.
Fig. 2. -
Fig. 3.

‘range give the three particle impulsive limit (never reached)

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

.Vibrational excitation of the product diatomics: éolid curves

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

lines at the limiting low and high I - CH2 force constanté give
the adiabatic and two particle impulsive limits for the Cs - I

excitation.
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kl =5.44 X IO4 dynes/cm
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, ''person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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