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Abstract -—

Hydrogen atom rupture Irom chemlcally activated ethyledl radi-

cals han been studied and is compared with a similar reaction of
ethylad3 radiecals, The activaticn reactions vere D atom addition to
ethylene or to trans-ethylene-d,. A very large normal statistlcal
intermolecular secondary kinetic isotope effect of R 1.5 per D atom
substituent was found. The experimerntal results are in concordance
with the theory and conform to the formulation of these effects pre-

viously given (reference 2). The caiculated effect is ~1.6. These

magnitudes per D atom are considerably emhanced over those obtained
for butyl radicals. This 1s expected since the average excess energy

of ethyl is less.
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INTRODUCTION

The exisience of relatively large statistical secondary inter-
molecular kinetic isotope effects in non-equilibrium unimolecular
has been pointed out and thel: nature described.l'a These effects,
being statistical rather than mechanistic¢ 1in nature, have magnl-
tudes which depend on the degree of isotopic substitution of one
molecule with respect to the other. Depending upon the nature of
the activation process both inverse and normal isotope effects may
arise. The two effects are related.

The former effect, which arises by thermal activation, need not
be sonsidered in detail at this time. A quantitative quantum sta-
tistical formulation of its magnitude was given by Rabinovitch,
Schneider and Setser’ in terms of the RRKM® description of unimolecu-
lar processes, and further discussion has since been givenoe'a Ex-
perimental verification of the occurrence of inverse effects has been
obtained with the isocyanide isomerization system and the observed
and predicted magnitudes agree quite we11.5

The normel effect may arise more generally by several activation
techniques which so far have included chemical activation,2’6 phetoe
aanaitization7'8 and elzctron 1upact09’1° 0f these, the former seems
the most exemplary at present and permits facile exploration of the
energy dependence of the megnitude of the secondary isctope effect.
An outline of the theory of the effect was deseribed by Rabinovitch
and Current,2 and may be considered in more detall in its relevance

to the present study as follows.
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DESCRIPTION OF NORMAL STATISTICAL ISOTOPE EFFECT
General Expression

Consider a species A wnhich is energized to levels above the
threshold g, for reaction i.e. 18 activated. Then depending upon
the pressure of the system, elther reaction (say decomposition) or
collisional stabilization will occur

*

A(s) 1‘-5 products (De)

A(e)t-k ¥ 82 {(s)

The nature and efficiency of the collisional stabilization process
is not of importance here and will simply be characterized as an as-
sumed known effective collision rate, which i1s independent of e,
Then if both processes D, and S are takenl! to be intrinsically ran-
dom12 in nature,28 seems to be a good assumption for some modes of
act:l.va.t:l.on.a'13 Ke = @ Dg/s, where € refers to a particular level of
activation. Por more than one energy state, an average rate constant
is expressed as k, = © D/S, where D and S are total amounts; k, 1s
measured, in this case, relative to the stadbilization process as time
clock. (PFor other techniques, such as mass apectral measurements,
other measures of kE or ka may be obtained.) For & particular acti-
vation technique which gives rise to energy distribution funections

£(e) of the activated isotopic species, kg 151t

K ' ,
ka'"’{'ﬁ"_:"m'f(e)de ){E:%E.f(e)de (1)
e e
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where subscripts B and D are used to deslignats the isctople species.
This expression 1 too general to be useful for exposibory purposes.
Accordingly, for a gure secondary isotone effect take g = e°D = eo,

and let r(e)H = f(&:)n wf(2)., Then eq. {2} besomes
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which 18 eq. (2) of reference (2).

At low pressures, w ~+ 0
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Expressions similar to the munerator and denominator of (3) -
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with voe of a Marcusms

36 ¢ the

(5) have been evaluated 1n previcus papers

Mc93 expression for k.. together with zccurate csmmtation

g.’.‘
quantum statistical energy density eipiessions involved in }:5 angl

f£(e), in the form that the latter fakes for chemical &cztiv&-i;ionu’m



due to thermal spread of the meactanis.

Erergy Dependence of Iscbope Effect

A Simplified Form

In these non~squilibrium systems the detailied nature of £{e)
is an "accidentsl” characteristic of the experimental technique and
particular reactlon beling studied. For 2 purticularly simple fomrm
of £(g), the charscieriastics of the ratio ”kaﬁi/kaﬂ aye more readily exe
hibited. Por £(e) » 5(e), a condition that may be restlly approxima.-

ted in practice in some systems, eq. (3) becomes
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vmere3 each 1’1‘ 1ls a residue of noments of inerdia of

rotational partition functions of the moleculs and astivated complex;
the sumnation term 1s over the degeneraciss of all postible vaives
of active energy states for vibration and rotation of the activated
compiex; and N: is the density of active cnergy states of the acti-
vated molecule.

The energy dependent portion of eq. (6] may be rearranged,
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Bot) the actlivatsd complex sunm and the molecule density for the deu-
sorated specles ave larger than those for the light species because
of the closer encrgy level spaclngs of the former. Hence the sum rge
{10 of eq. (7) 1s less than unity, while the density ratio is much
actlivated
greater than unity; the latter dominates the expression aincefcomplex

anergy is at the low level, € - ¢_, while molesule energy is €.

Q"
Since the sum ratlo varies more strongly with enecgy than the
density ratio, an increase of €, and therelore of € « & o¢ touses a
decrease of kﬁ/kn., Conversely, the maximum value of eg. (7) for a
given chemical system 1.e. for a particular characteristic value of

‘ ¢ ' +
8., 18 obtained when & —> e : then ZP(SV)H o ZP(GV)D “1, and

kﬂ”kD i IrHN:D/ix’DN:D (8)

which 18 eq. (4) of ref. (2). As pointed out in ref. {2), apart from
7

the negligible I, ratio the maxirum velue that eq. (8) can attain for

active vibrational degrees of freedom is

i /2
o) Tl / T vy (5

This occurs when € -+ xn, j,e, critical energies such that classidal

behavior 18 followed,® so that1®
» 1 &
Ng = e®"*/ r(s) IT hvy (10)
il .
where each molecule 18 described byti ac;tiva vibrational modes. Active
- aritical
rotations, 1f any, will &t low Aemerzies g, contribute 2 ratlo: in

moments of inertia, & IDJ/ﬁ IHJ s Which complements the ratio of eq.{(2}.

I
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C-H, C-) Taotope Efilecis

As a‘ rough rule of thumb for many C-H. D systems, the value of
the ratio of eq. (9} is (~ 1. ,1133 » 2.2 for a single subsiituent; for
deuteratlon of a hydrocarbon mclecule with n D atoms, the correspond-
ing order of magnitude wetio is ~ (1.3)°F, whers the approzimate fac-
tor 1.3{% 0.05 and the exact magnltude of the ratic are governed In
detall by the Teller-Redlich product rule. The ratios cormonly ob-
served for equilibrium {mechsnistic) secondary isotope «fiscts apel?
~ 1, lg per D substituent, varying a lititle with temperaturs, and with
statistical effects largely cancelling for the reasons des:sribed
previously. 2

Experineatal evidensce beordng on the absvs diseuseionm has besn
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large for sec-butyl Jdecompositilon since the lormetion of one bond type
(C-H) is followed by rupbture of a wesker bond type {C-Cji., Decrease

of (<5> - Eo} may ke readlly effected in principles by use of a 8y8«
tem in which the same bond type 18 made and brokeny e.g. an ethyl rsadi-
cal 1is formed on » atom addition to ethylene or ethyleawwfi,e, end ad-
dition is followed by rupturs (most freguently) of a U-¥ bond.

The energy guantities involved ere a little different for ethyl-
d4; and ethyl-«c% due to a emsll difference in heat capacities and ther-
mal energles for these species. Alsc, s8ince the axclied specles are
fractionated a little with regpect t¢ energy by simultanecus K and D
rupture, the average excess snergy of %he feormed radleals <e+>f does
not qulte coincide wilth the average enerzgy «f the radicals reacting
(by H rupturs) at § = 0, d.¢ <a+>nog and 1is ;ggxis@%mn & little fur-
ther different fox glhyi«dyq and e‘%;hyimt%a {ThisAcomplication is ab-
sent for species much ag gec-~butyl whdich decompose by a single path. )
As compared with %he buiyl mystem, ({e}w ~ €.) is reduced to 2.8 and
3.6 keal mle~} &t i95° and 300° X, :zvew'lsea't:ively, a8 an average for

the two ethyl radicalis, aceoxrding to e values of CR.
The Etl*wl-c’ii H E‘a;hyl«dz’ Syaten

The present paper reporis the compareiive study of ethyl-dl and
e‘l:hyl--d3 decomposition &t 195° and 3¢O” K. The reaction scheme for
the et;mrl--d1 system 1s

*
D+ C,H, — CH,D (1)

K
C H, D~ ColisD + H (2)

kﬂ
C D" —h oy + D (3)
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CHyDe " 8~ D+ 1 (%)

The correspending schens Top the et;h;;l—w‘% system i

*
D + trans-C,H,D, —=+ CHOCHD, (1a)
» S (2a)
CHDCHDy ~ =% C.HDy + H &
. X .
CHDCHD, —& ¢38-CH,D, (or traps-O HaD,) + D (3a)
CHDCHD,e ™ + M ~$ CHDCHD,+ + M (42)

The chemically activated radicals are formed 1n & nonegguilibrium dls-
tribution (relative to the ambiert Seuperziures) at an Agst:?.zzza'tedlb' minl~
mum energy above thz vibrational ground state of 41,3 ixzal mole"l.
The tri-deuterated radlcal is ossumed to be formed with the same minie
munm energy as for Lthe mono-deuterated radiesl, and € o Dor reaction
(2a) is assumed tc be the seme ae for rveaction (2), glven zs 39.6 keal
mle'l by CR. 8 o iz here reised a3 little akove “he value for the
butyl system, but vhe principal varictlon between: the bwe systems 1is
the excess cnergy and not thoe erdtical enoepy.

Data and detall for ethyl-% heve been given by CRp the thermo-
chemical quantities and expressicns for .k& are aiso valld for the
ethyl-d,_ case. Uetails of the experimsntel reau:l./ts for ethyl-d1 are

presented here.
BEXPERIMENTAL

The experimental mathod was the H atom diffusion apparatus dew
scribed earlier. All aspects of the techrigue and analysis are simi.

lar to those employed previously. Fhilllps research grade of light
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ethylene was used without further purifization.

RESULTS

Interpretation of the Analytical Daila

The number of ethyl-d; radicels which decomposed by reaction (2},
ph, was measured by the amsunt of ethylemeodg farmed in the reaction.
The rate of thia reaction iy detemmined oy the competition with resac-
(). The murber of stabilizad ethyl-d, radicels 5; was determined
from the stabilization reaciion products., Assuming unlt colllisional
dezcetivation and & molecular dlameter of 4.95 % for both ethylene and
ethyl radicals, the uppsrent average sxparimental rate of nydrogen
rupture was determined &s k., = © Dh/:s e

Reaction (3) doet rot result in new products so it could not be
experimentally observed, but it does not offer a dertious compllicablon.
From the work of CR it may be estimated Lo represent 15 -~ 20% of the
total decomposition processes by reactlons (2} plus (3). Allowance
for weaction (3) i3 made in the theoretizal calculations; it tends
to fractionate the ethyl radilcals, particularly those formed at the
higher enexrgios.

Stabilization

Reaction (2) resulted in the formation of H atoms in the resctor.
These produced light ethyl radlcals and 1t was necessary o conslder
this in the interpretation of the products. MNethyl radiecals, which
arose following the additicn <of an atom o an ethyl radleal te feorm
a "hot" ethane molecule, cerbined with ethyl iadicals to glve propans.
Methyl radicals arcse meore frequently from the addition of an atom to

light ethyl radicals which were present in larger steady stale
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concentration than (athyﬁ.-éi radicals as a consaquence of the occur-
rence of reaction (2). The botal number of iight ethyl radicals

which were collisionally stabllized is given by the expression

8; = (1 + ethane/butane)}{2 butane-~d, + butane-d,} -+ 1.5 propane-d,
+ 7/8 propane-d, + 1/4 propane-d,,.

The collisionally stabilized ethyl-dl radicals mey be cxpressed as

Sq = (1 + ethane/butane)(butane~-d, + 2 butane-d,) + 5/8 propane-d,
+ 1.2 propane—de.

The first terms in thesz equations account for the stabilized radi-
cals which were measured as butane and othane, and the iast terms for
those which resulted in propane formaticn. The formuiation of such
equati.ons to describe the products was considered in more detall by
CR.

Decomposition

Decomposition by E rupture cof an energized =:et.hy1~d1 radical pro-
&uced ethylene-dl. Somz of this produch was removed by further reac-
tion with a hydrogen or deuterdum atom; ignoring any slight i.sotopic,
difference in rates of atom addition to ethylenemdl ead light ethy-
lene, the amount ramoved is given by the ethylene-di fraction of the
total eﬂwlm which reacted with an atom and was converted inte sta-
bilized producta s plus also the ethy’lema-da which was formed by D ad-
dition followed by 4 rmipture. Some extra ethylene-d1 i3 also formed
by the disproportionatlion of ethyl radicals. Thus the amount of de-
composition of 05}!41)' *_ by hydrogen atommpture 1s
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¥ore detalled corpaztions, Including removal of ethyl-imsszmé‘{i by H ad-
dition followed by I rupture, were acgtunliy spplled to the experi-
mentally determined quaznti'?;wam but these were insignificantly dif-
ferent in msgnitude fron the sorvections deseribasd.

The calculatiomns for the present date are not direstly opplileable

1"3

to some recently reported experimenta,“ since the ethylene-d, was

not given.
Low Pressure Hate Constants

The products {23 rms at 165" and 500° K are 3issed in Table I.
Only lower pra¥sur? measuyremenis wore made on this system 1.2
only the lower rangz of S/ valves wag accessidble wita the presewnt
experimental technizue. The alghest vaiue of S/ obearved was 0,5
at 195°. The dats sre lmited
0f the four determinallons of ‘*& a% B0C° K, the m2asurement at
highest preseure, 2.5 ma (S/D = 0.22), 5 also i a rezion where ex-
perimental error increases ranldily with Sthe prement teshniduie. Hence
the three lowest values were averagad o glve k:a,:s? g inne they corrag-
pond to very low S/0 ratlon from £.0R% - 0,098, this is permissivle be-
cause the caleulated values in Table I indicate only 5% risg in k, above
kaS/Da; /098“ 195°, the higheat pressur: (2.5 ¥ vglnz corresponds
to 8/D = 0.5, which ia mach toc high 2 walue to be ircluded on the
average, ant only the two lowszt values at 8/0 = 0,062 and G 17 wero

used to obtain Koo These valves aps poesented in Teble 1T along
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with earlier determinations of kao Do i&)ﬁ?ﬂ&fl*d}. Wher allowance 18
made for reaction path degzneracy (two for m;iwlmdl and one for
ethyl-—d;), valuesa of 2,4 and 3.1 for the 3econdary isctope effect at
195° and 300° K, respectively, are obtained. These quentities are
inverted with regard tc the expected temperature effcci; lowering of
the averege eniergy as given by f£{e), upon lowering of temperature,
should cause the magnitude at 195° to be the larger. This theoreti-
cally expected effect is actually quite small (Table II), dbut obviously
the experimental acourzey is not high elther. The dste for both tem-
peratures may be expressed by the average ratio 2.7.

Further recognition may dbe glven to experimental ¢rror by cal-
culation of the minimm ratic offercd by the data. The least value
of k,, at 300° 18 found from the two lowest (also lowest pressure)
values: these are 10.6 and 10.3 x 107 sec™?
107 sec™!

, Or an averege of 10.5 x
e &0 105° is
3,54 x 107 sec™?. Comparison with the i, values for ethyl-dy of

3 the least (zlso lowest pressurs) value of I
g

Table II yields the ky/k, ratios, 2.6 at 300°, and 1.& a: 195°, or

an average for the two temperatures of 2. 2. Thiz lower estimate for

the megnitude of the measured average corresponds to the value quoted

in & preliminary commioationoa

DISCUSSIGHN

Molecular Modelis and Czlculated Retes

The formulation of the calculated rate constants fox ethy1~<11
was made as for et;mr.‘l.--c'l3 end ethy‘l-cie. The moleculer model and &s-
tivated complex for wvhich caleulations were made were chosen on the
basis of the criteria provided by the varicus et;hyl-dj.: and ethy1~d2
models previously examined by CR. On this basis only “he model with
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one active 1ntern§g§?£géﬁ§ne sctive overall rotation for the redical,
and with an active cverall rotation for the complex, was used in the
calculations (Appendix I). The activation energy for D addition to
C H, was taken as 1.6 kecal, identical with the value previously used
for canzna. All other thermochemical guanties are alsc as described
previously. The reaction path for H rupture from the ef:hyl-dl radi-
cals 18 doubly degenerzie. The Secondary isotope effect is obtained
by dividing the ratie of H rupture as calculated for ethyl-dl radicals
by twice the rate of H rupture from et;,l'qu--d3 radicals.

Table 11 sumnmarizes the calculated rates and secondary isotope
effects for the system. The lisotope effect has a maximim value of
1.66 per substituted atom, at p = O and 195°. The corresponding
value at 300° 18 only siightly smaller, 1.53. The observed average

total isotope effect per substituent 18 1.5 or greater.
Conclusions

A large secondary isotope effect has been predicted for the
present system and an approximate correct megnitude has been found.
Inasmuch as the D substituents are adjacent to the reasction site the
effect under study is partly mechanistic. This part is assoclated
with the hybridlzation change ap3 - tspa, for a net of one C-H bond
as contrasted with one C~D bond, and there seems little point in
making specicl discussion of i1ts magnitude. The observed magnitudes
indicate the essentially statistical character of the secondary iso-
tope effocﬁ in this systen.
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Appendix I

Vibration Frequency Models

Ethyl-d1 radicals

The frequencies were assigned in manner similar to before as

follows: 3000 (4), 2180, 1445 (2), 1310 (2), 1045 (3), 770 (2).
[3000 (2), 2200 (3), 1260 (3), 1020 (4), 680 (2)].

The internal rotation was taken as free and the figure axis
rotation as active.

Moments of inertia for the radical were calculated, assuming a
tetrahedral CH3 groups and an angle of 118° on the CH, group. The
moments are 24.3, 21.5, and 5.97 g 22 mo1e~l; [27.4, 25.9, 7.88).
The reduced moment for internal rotation is 1.23 g A° mole~? [1.74].

Quantities in square brackets refer to ethyl-da.14

Ethy1-41 activated complexes

The ethyl-d1 complexes vere also chosen in the same ménner as

the ethyl-d2 complexes. The resulting models are

H rupture cgmle_x: 2050 (3)) 2275, 1560, 1350 (2)0 1065 (2), 815 (3):
150 (2).

D rupture complex: 3050 (4), 1580, 1340 (2), 930 (&), 110 (2).
The difference in zero point energles is 1.7 keal mole'l. The

moments of inertia in gm 22 mo1e™? are for H rupture: Ez = 22.9,

1} = 20.6, I} = 6.77; and for D rupture: If = 2.1, Ij = 22,4, I} =
8. 22,

The product rile agreement between the various ethyl-d1 and the
ethyl—d3 specles was 2,49, 1.15 and 9.6 for the radicals, H atom
decomposition complex, and D atom decomposition complex, respectively.

Some mention of symmetyy number and reactlon path degeneracy 18
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deslrable. One may use the apprepriate total sysmetry nunbers of
the particular radical and complex, with the tobtal number of distin-
guishable activated complexes, to obtain the totul reaction path de~

generacy. Alternatively, 21

to assist 1in deciphering the situation,
one may conslider o radlecal of hypothetically lowered rotational sym-
metry (by "marking" the rupturing H atom) and then use the number of
distinguishable complexes rmlitiplied by the mumber of =quivalent mup-
turable C-H bonds to obtain the total path degeneracy. The exilgtence
of internal compildcates the situation, but the resmult is, in both
cases, the same; | the rate of rupture is,of course,not affected
by the symmetry of the radicals as such, after allowance is made for

the number of rupturable atoms.



TABLE I

Sumnary of' Products for Decomposition of Ethylodia

r, °K

Press, mm
Total ethylene
ethyleneq(al2

ethylene~ 1
ethyleneégb

ethane-d3
ethane~g:
ethane« 1
ethanef_o

propane-
pe2s OPﬂle-zl
propane-d,
butane-
butane=-
butane~ 1
butane{ﬂb
ethane/butane
S¢

84

b,

D, /Sy

o, 107 sec”
Ko 107 sec™?

1

300
0.15

212
0,103

2.53
209

ewe
LE B J
L AL

ode

0. 004
0.017
0.2%9

L ]

[ XX ]

0. 044
0.818

2.41
0. 061
2,66
43.6
0.243
10.6

300
0.54

282

2.68
279

so e

L 4

0.04
0.15

0. 024
0, 067
0. 197

LA N J

0. 006
0.115
1.10
0. 165
3.5
0.231
2.71
11.7
0.675

10.3

300
1.00

503
3,07
300

0.013
0. 062

0.381

o o8y
0.410

C.011
0.202
1.54

0.26

4,58

0.305
3.10
1.2
1.62
16.5

a. Produots are listed in units of

300
2.55

458

* 88

3.89
454

[ K ]

0.003
0. 0066
0.18%

L X
[ N

0, O47

L L&

0, 084
0359
0. 12
2.96
0.82
3.8¢
4,65
4,13

16.2

1072

195
0.11

228
0.24%
7. 40
220

L
LR J
L 2

0,02

0.13
0.60

e

0,263
2,15
0,20
6,42
0,489
7,88
15,1
0,22

3.54

195
0.50

180

0.11 -

422
176

L B

0.019
0.101
0.836

L 2K X 3

0.09
0.91

LK

0. G4
0. 48
201
0.31
8,00
0.769
453
5490
1,00
5.90

195
2.50

562

6.01
556

0,001
0.059
0.180
0.225
0.113
0.240
0,113
0.01
0.46
1.32
1.00
0,17
4,41
2.98
6. 06
2.04
5.00

10.2

ce, atm, at 298° K.



TABLE IY

Seco. Isotope Effect on Specifis H Rupture 3ate
(x,, 107 sec™!) from Ethyl Radicals

o Et;h,yrll.ag_1
™"K) p (o) Ethyl-d, Ethyl-gd,
2x Ethylﬁga
Observed
Ko 195 (o) 1.0 b7 2.4
kho 300 (0) 2.0 12.5 3.1
Caloulated
kao 195 ¢ i.60 8.84 2,76
kho 300 C 2.56 13.56 2,66
195 C.1 1.68 8.88
k& ovs 1088 9004
1.0 2.00 9.21
%.0 2.22 9.69
16,0 2.40 10.5
lw badnd j.2.0
kww 2,58 12,46 2.43
k‘ 300 C.1 2.72 13.60
005 3-: 12 1309
1.0 3,42 14,2
300 u' 10 :..5.2
10 5.02 AT 4
10¢ 6. 46 28.6
kam T«00 28.6 2,04
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