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TISIA
Abstract

Hytrogen atom ivptt,:e irom chemically activated ethyl-d I radi-

cals has been studied and is compared with a similar reaction of

ethyl-d 3 radicals. The activation reactions were D atom addition to

ethylene or to traws-ethylene-d 2 * A very large norma.l statistical

intermolecular secondary kinetic isotope effect of ;R 1.5 per D atom

substituent was found. The experimyental 'results are in concordance

with the theory and conform to the formulation of these effects pre-

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

A14* magnitudes per D atom are considerably enhanced over those obtained

for butyl radicals. This is expected since the average excess energy

of ethyl is less.

C*J4
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INTRODUCTION

The existence of relatively large statistical secondary inter-

molecular kinetic isotope effects In non-equilibritu unimolecular

has been pointed out and thel nature described. I, These effects,

being statistical rather than mechanistic. In nature, have magni-

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 inveLse and Mosal isotope effects may

arise. The two effects are related.

The former effectp which arises by thermal activation, need not

be oonsidered in detail at this time. A quantitative quantum sta-

tistical for ulation of its masntude was given by Rabinovitch,

Schneider and Setser I In terms of the RRKM description of unimolecu-

lar processes, and further discussion has since been given, 2,4 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 well. 5

The normal effect may arise more generally by several activation

techniques which so far have included chemical activation,206 photo-

sensitization7'8 and electron impact.9' 0 Of these, the former seems

the most exemplary at present and permits facile exploration of the

energy dependence of the megnitude of the secondary isotope effeot0

An outline of the theory of the effect was described by abinovitch

and Current,2 and may be considered In more detail in its relevance

to the present study as follos.1.



DESCRIPTION OF NORMAL STATISTICAL ISOTOPE EFET

General Expression

Consider a species A which is energized to levels above the

threshold a for reaction i.e. is activated. Then dependlng upon

the pressure of the system, either reaction (say decomposition) or

collisional stabilization will occur

A(&)* products (DS)

A(e)+ M A (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 in independent of a.

Then if both processes D. and S are taken 1 1 to be intrinsically ran-
dom1 2 in nature, as seems to be a good assumption for some modes of

activation ,4s13 ke = C D./St where e refers to a particular level of

activation. For more than one energ state, an average rate constant

is expressed as ka - w D/S, where D and S are total amounts; ka is

measured in this case relative to the stabilization process as time
clock* (For other techniques, such as mass spectral measurements,

other measures of i. or ka may be obtained.) For a particular acti-

vation technique which gives rise to energy distribution functions

f(s) of the activated Isotopic species, k a is
11

ka- " f(c) de 4- f(1) de (1)kg + coI o t



f ~~:'2n /e f - d

kaiiI~a~ ~ -rTT~7 I r(2)

where subscripts 11 and D) are uaed to dehi,)1mat- lc-e $.ootopio speocles.

This expression Is too gene'aA to be uso±ftil to em., os:Ltoary .purposeso

Accordingly, for a puare seeonlmy iztxeef c aeF, aP eo
and ~t ~c)~?(~D a~e)0  Then eq. (2' ibecomem

1cp/ - tt) de
IT m

>seH+ ~ aD

For high prestsurem a) -

(ka.H/kLp)aC- k,,.- fi d,-; if Of~ de <kI~ //<ke,>

which is eq. (2) of.' reference (2).

At low presures,a),-* 0

-~: [dr -1 1i' ~F e

Expressions almlrlar to the munent-or and denoirriator of' 5

(5) have been evalut~aed In yorc-ious papera 1--. ftive of' a M'arcus,.
ficee 3 expression for k. VI;thz 1~~ ~rt ~in 6 o h

quantimx statistical energy density Qc~aaiont; involve4d In kand

f( &)s In the form that the latter talces A'Cor ti'Nmdealactivation 11'.15



due to theriwl spread of the reactanto.

Energy Dependence of Isotope ffeoat

A Si liid Foxv

In theae non-equilibrium syteims the detailed nat'1re of f(e)

is an "accidental" characteristic of the experimeial ectbnlque and

partioular reaction being studied, For a payticularly simple form

of r(e), the chaxvaet iatics of the ratio k.,/ick., are -or'e readily e-

hibited. For f( ) .5 (e), a cond tion that may be reaf1ly approxima-

ted in practiee in aome sysitewa, eqf, (3) becontes

0

I rH £11

Ir

where 3 each 1. 1z a r-esidu~e of mmants of' inerti~a of

rotational partition functiona oe the raolecule enid activated comp@le.;

the summation term is over the degeneracies of PAIl poasible valve$

of aotlve enert7 states for vibration and rotation of Nhe activated

complex; and N s is the density of active enerp7 states of the acti-

vated molecule.

The ewr~y dependent portion of eq. (6) may be rearranged,

HeH

/



Botlv the activated eoinplex sum and the molecule dnit ' for the deu--

oarated species ar, larer than those for the light spaciez because

of the closer enorgy level spacings of the former. Hence the Bum rao-

i;1o of eq. (7) in less than uyiity, While the density rtio is Mach
activated

greater than unityy the latter dominates the expression ainceAcomplex

meergy Is at the low level. c - t. while mlecule ene r is e.

Since the sum ratio varies more strongly with energy then the

density ratio, an Increase of c, and therefore of e - eo Oauses a

decrease of ok . Conversely, the zax±ir value of eq (7) for a

given chemical system i e. for a particular characteristic value of

soD is obtained vhen e -aeo: then L1 P(E, P(* -, and

kj ~r /~--r~D (8)

which is eq. (4) of ref. (2). As pointed out In ref. (n), apart from

the negligible Ir rati° 7the maxinm value that eq. (8) can attain for

active vibrational degrees of freedom is

ia
(kUj/D) P f Vi0 /Th"JL (,q)

This oocurs when e. -+ 0% 1. e, critical energies suoh that classial

behavior Is followed,
16 so that18

a1rca) ihvi (1o)

where each molecule is described by s activ, vi1brational moden. Active
critical

rotations, if any, All at low Aenergles so contribute a ratio: in

moments of Inertia, A ID/A IH 8, which complements the ratio of eq. 9).



As a rough rule of' thurib for m-nany C-i.T. C-4) Sy~terlZ. the value of

the ratio of eq. (9) is (,- *.13 - 2.2 for a% 91'1ie sub;,U-tiuent; for

deuteration of a hydrocarbon molecule ith n 3) at,onms, tChe correspond-

ing order of magnitude -ratio Is '(13) whera t.ha a;-proximate fac-

tor 1. 3ti 0.05 and the exacl; m, agnitude of the ratio areC- governded in

detail by the Te:ller-Redlich product ru.e. The ratioo Coomonly ob-

served for equilibrium (mech.-istic) secondary issotope eV~'eets are19

1. 1otper D subst~tuent, varying a litewitlh terfpera, .tur.:, and with

statistical effects largely cancelling for the reasons des.,ribed

previously. 2

obtainmgd for h~~ ~ nof ~ :~~~&

pooe 4 o mrotyl + x:;. 'a>f

radicals derived at~?{~oam's .zudc a,-~

9. 9 kea2P M a L95 1:,. 9 .,ine S. ' 5 kcal

Mole-I ki: ai v-br'nz

at 3000 and 1950, x(1Z ;TIe~;r~~: 6. 5 4tt 3 X. The de-

uation -of the C ,zoo ol' tbc ~z~o~~m~r~

rate ratio total
to factor3 of /,j 1, 20 ~o ~ ner D

atom substUueatxI';

Er~rLac t of? the obs _rved mtlio B Cu k &Uonparz : '.rtha exo-

crease or ),> a-.- ',y t of t -xz.cs:A III cxac~~~ iw'r

for atonm addidtln zas tll e Y rtWn vi :4tt . I
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large for seq-butY3 deco 79ce the ?'o rnation of oe bond typ

(C-4) is followed by uxpture of a weva.key bond tyle (O-C,'. Decrease

of (<a> - Z.) may te reeadil-y effected in princilple by u-e of a sys-

tem in &aich the spme bond type is unde and brok6an; e. an ethyl radi-

cal is formed on D atom adlition to ethylene or ethylen,- 2 , and ad-

dition is followed by rupture (most £requently) of a C-41 bond.

The energy quantities involved are a 1ittle differenit .for etyl-

dI and ethyl-dI due to a sm.ll differ'ece in heat capaci.tles and ther -

mal energies for these #pec-,es Also, since the excited species am1

fractionated a little with respect to energy by rimultanoouz H and D

rupture, the avera'e excess energy of the forred radicals <e+>f does

not quite coincide with the average energy of the radicai'M reacting

(by H rupturs) at p - O i.eo <e+>Ho aud is thuz sti~i a little fur-
slight

ther difteren.t for ethyl-d I and ethy' -Io (ITisA4complication is ab-

sent for species such as see-butyl wkL..h decompose by a single path.)

As corgared udth the butyl system, (<.> - ) is reduced to 2 8 and

3.6 kcal mole - 1 at 1950 and 3000 X, .epect iely, as an average for

the two ethyl radicals, accordUing to the values of CR.

Tre Etkl-di : Ethyl-d, System

The present papar Ieporti the cou-arative study of ethyl-d I and

ethyl-d3 decomposition at 1950 and 3X0' K. The reaction scheme for

the ethyl-dI system I.s

D + CH,, - ()

C2H4P. __. 02 3D + H (2)

-2-D C2 1 + D (3)



* + ~(4i)

The corresponding zore! .o the eth.1-(" tystem is

D + t-an4-cI,2 - CHCn 2 .  (1a)

0HCnIcnt -S4CH3+1 (2a)

CIWCHDz els.- 2 ;H? 2  (or anS-O'li2 Pq ) +D (3a)

~ (4a)

'The chemically activate-l raIcals are for.da in a noncqu].i1brium dis-

tribution (relativo to the ambiet t ,re) at cn 1t:4ted1  miri-

mm energy above the vibrationml ground state of 41.3 ka2 Mole -.

The tri-deuterated zmlial is asr'med to be foiied wiuth the same mini-

am energy aa fox ,le rono-dqterated radioal. a.nd Go for reaction

(2a) is assumed to be the same ar for roactlon ( ) given as 39.6 Iccal

mole~i by OR. :Ls he:'e raised a li.ttae above ,ne value for the

butyl system, but "r;e ., incipal varlaticn between the t systems is

the excess energj and not tho criticale--.

Data and detail fo.r otyl-&, haire be, C iven lby C the thexio-

chemical quantitie) and expreasions . or k ar~e also valid for the

ethyl-d, case. Details of the ea-rerimenE.l results for ethyl-d ae

presented here.

EMMUMh.ENTAL

The experimental method wao the H atom cffusion apparatus de-

scribed earlier. All aspects of the technrqae ad ana!ysis are simi-

lar to those eiployed previouly. Phillips research grade of light
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ethylene was used wii;hout furthe- purification.

RESULTS

Interpretation or the Analytical Data

The number of ethyl-dI radicals whIch decomposed by reaction (2)?

,t was measured by the amount of ethylene-d I formed in the rectlon,.

The rate of this reaction is deteiialned ' )y the coupetition with reac-

(4). The number of otabilized ethyl-d 1 radieal.s d win determined

from the stabilization reaction products. AssioWing unit collisional

deactivation and a molecular diameter or 1. 95 1 for both ethylene and

ethyl radicals, the apparent average exparlmental rate of 1hvdrogen

ruptuwe was determined as k h ft to iSd

Reaction (3) does not result in new pro(cts so it could not be

experimentally observ¢ed., but it does not of'fer a aerlouz cozrltatiom

From the work of CR it may 'be estImated t;o rep-esent 25 - 0 ofhe

total deconposition processes by reactions (2) pin (5)o Allowance

for -eaction (3) is made in the tlworetitl ealc.!atiorts; it ters

to fractionate the ethyl radicals.. partlxalarly those fcemed at the

higher naesies.

Stabilization

Reaction (2) resulted in the forzmtion of H atomir in the .ector,

These produoed light ethyl radicals and it tm necessary to consider

this in the interpretation of the products. Netbyl radJcal. which

arose following the addition of an atom ,o an ethyl radical to fca-i

a "hot" ethane molevuler combined ith ethyl radicals to give propane.

Methyl radicals arose mere frequently from the additioza o? --n atom to

light ethyl radicals which were present In larger steady state



concentration than d i c-ls a a conat-equence ol', the occur-

rence of reaction (2). The total nuydber cf light ethyl radicals

which were collisionally stabilized 1,s Lilven by the expvession

S, = (1 + ethane/butane)(2 butane-l 0 + butane-dj) + 1.5 propane-d 0

+ 7/8 propane-d I + 1/4 propane-6i2 .

The collislonally stabilized ethyl-d I radicals may be expressed as

Sd - (1 + ethane/butane)(butane-d 3 + 2 butane.d4) + 5/8 propane-d 1

+ 1.25 propane-d 2 .

The first terms in these equatiors accoxmt; for the sta.)ilized radi-

cals which were measured as butane and otkAne, and the last terms for

those which resulted in propanae formation. The formulation of such

equations to describe the products was corsidered in more detail by

CR.

DecoMosition

Deconposition by H rupture of ar vnerglzed ethyl-d I radical. pro-

duced ethylene-d i . Soia of this produc,,, tras removed y further reac-

tion with a hydroen or deuterium atom; i;nForing any slight isotopic

difference in rates of atom addition -o et;hylene-d and l±gh,; ethy-

lene., the amount removed is given by th- et 1le.e-dl fraction of the

total ethylene which reacted with an at rn and was converted into sta-

bilized products, plus also the ethylene-d 2 which was formed by D ad-

dition followed by H rupture. Some extra ethylene-d i is also formed

by the disproportionation of etkyl radicals. Thus the amount of de-

coqiosition of Co 1 D . by hydrogen atomumpture is



D nrnw + 4-~--( S + -ele::edh - etyb- lzn 11 A

ethajeia 1ta~ 2 u *-i

More detailed carriAc~w*Inclu~Wding rvenovral of byyJ Hw izbrad-

dition follovvd by Dl Mwne~re actualtdy appl1J.ed t," tN.. n lperlZ-

mentally determined qaxntitles but ths Teere JniMifI('ant~Iy ditf,

raist in maitude frovin tha, zorrotionii decib

The calculations for the prt.-ment1 date' are -nt di reztly a4pplaable

to some recently reported expez4ments , Vinco Vle etThylene-di was

not given.

Low ?rerssure Rtate Conotants,

The products Z.-r zian at 15 azd :5000 K arE ls-e in~ Table 1,

Only lower pra-,Tsur i~nt wcizu m~ade on th,%Ia systm i. ,,

only the lower ra.&- of S'A va.lves 'ras accesuibla~ wit'a the, nxizenlt

experimental techmni,,ue. 7he highest; va: of~ S/D abs~eee 1i3 0.5

at 1950. The data .lre :te-:L

Of the four en~:~~~of ia e SOO" Itc X thie naarexmt at

highest pressure, '2, 6 ir-n (./ -1 Ci.22a), also Li a whore ex-'

perinental ear'or InO&3aie WL& .t~wh the pres., r t irin.,c.ua,. He= v

the three lowest values wer averge t. (.;Ive s .iel~m ars

pond to Very low SlA rattoo f Ct, %or, 0. 098, th~s ,-a porwasYile b~e-

cause the calculated valuer3 ~In TVale I ira~cate 0jny 55% ria' in' b
'sA . 098.

k ao at / At 1950, the hijfie;.'t presa3u-r (2. 5 m) vali corpo,-do

to Sj'D -0.5# t~hich Is~ imo1' tooe 2 a -iyal~ue to 1,e ln,~e thie

average, and only tlhe t,4 owar values at S/D = 0.,062 aiiz 0,2~7 werat

used to obtain k ao" These values arl p',*eneted I~n Uble 11 a3.onc



with earlier determinatione of kao for etyl-d3. Whet, allo-ance is

made for reaction path de , n aacy (tu for etfwl-d., and one for

ethyl-d ), values of 2.-4 3.1 for the 3econdary isotope effect at

1950 and 3000 K, respectively, are obtained. These qaantities are

Inverted with regard to the expected temperature eff-c. t; lowering of

the averaze energy as given by f(e), upon lowerizus of teiperature,

should cause the magnitude at 1950 to be the large:x. This theoreti-

oally expected effect Is actually qwite small (Table II), but obviously

the experimental acauracy is not high either. The data for both ten-

peraturs my be expressed by the average ratio 2.7.

Further recognition may be given to eperiretal error by cal-

oulation of the minimu ratio offered by the data., Ite least value

of icao at 300e is found from the two lowest (also loveot pressure)

waluest these are 10.6 and 10.3 x 107 seo 41, or an averege of 10.5 x

107 see-I; the least (t-lso lowest pressure) value of P61 at 195* is

3.54 x 107 sec'*o ComLrison ith the ka, values for etyl-d.3 of

Table II yields the kA)& ratios. 2.6 at 3000, and 1.8 at 195% or

an average for the two terperatures o .° 2 This lower estimate for

the meanitude of the measured average corresponds to the value quoted

In a pre.lIunaay oonwAroatbon. 2

DISCUSSION

Noleculah Models and Calculated Rates

The formulation of the calculated rate constants for ethyl-d1

was made as for ethyl-d3 and ethyl-d2. The molecular tIjotl and ac-

tivated complex for vh.ich calculations were made were chosen on the

basis of the criteria provided by the various ethyl-(. and ethyl-d2

models previously exaWined by CR. On this basis on3v the model with



rotation
one active internal/and one active overall rotation for the radical,

and with an active overall ),tation for the complexm, is used In the

calculations (Appendix 1). The activation energ for D addition to

C2H4 was taken as 1.6 kcal, Identical with the value previously used

for CAD2, All other thermochemical quanties are also as described

previously. The reaction path for H rupture f-rom the ethyl-dI radi-

cals is doubly degenerat e. The secondary isotope effect is obtained

by dividing the rate of H rupture as calculated for ethlrl-d1 radicals

by twice the rate of H rupture from ethyl-d 3 radicals.

Table II sumarizes the calculated rates and secondary Isotope

effects for the system. The isotope effect has a maxinim value of

1.66 per substituted atom, at p - 0 and 195. The corresponding

value at 3O0W is only slightly smaller, 1.63. The observed average

total isotope effect per substituent Is 1.5 or greater.

Conclusions

A large secondary Isotope effect has been predicted for the

present system and an approximate correct magnitude has been found.

Inasmuch as the D substituents are adjacent to the reaction site the

effect under study Is partly mechanistic. This part is associated

with the hybridization change sp, -OGP2# for a net of one O-H bond

as contrasted with one C-D bond, and there seems little point in

making special discussion of its magnitude. The observed magnitudes

Indicate the essentially statistical character of the secondary iso-

tope effect in this system.
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Appendix I

Vibration Frequency Models

Ethyl-dI radicals

The frequencies were assigned in manner similar to before as

follows: 300o (4), 218o, 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 CH2 group. The

moments are 24.3, 21.5, and 5.97 g A2 mole-'; [27.4, 25.9, 7.88].

The reduced moment for internal rotation Is 1.23 g A2 mole-' E1.74].

Quantities in square brackets refer to ethyl-d3. 
14

Etl-d 1 activated complexes

The ethyl-.d1 complexes were also chosen In the same manner as

the ethyl-d2 complexes. The resulting models are

H nmture colex: 3M (3), 2275, 1560, 1350 (2), 1o65 (2), 815 (M),

150 (2).

D rupture complex: 3050 (4), 1580, 1340 (3), 930 (4), .10 (2).

The difference In zero point energies is 1.7 kcal nle 1 . The

moments of inertia in gm A2 mole "l are for H rmture: 20A 9

I1t - 20.6p 1C$ - 6.77; and for D 1  A - 21.1, ID M 22.4, Ac "

8.22.

The product rule areement between the various ethbl-d1 and the

ethyl-l species was 2.4,5, 1.1% and 9.65 for the radic*a., H atom

decomposition complex, and D atom decomposition complock, respectively.

Some mention of symmetry number and reaction path degeneracy Is



desirable. One may use the approprxIte total sey-.itr num-bem of

the particular radical and complex, with the total number of distin-

guishable activated cotplexes, to obtain the tota1 reaction path de-

generacy. Alternatively, 2 1 to assist in deciphering the altuation,

one may consider a radical of hypothetically lowered rotational sym-

metry (by "marking" the rupturing H aton) and then use the number of

distinguishable complexes multiplied by the number of -,qvlvalent rup-

turable 0-H bonds to obtain the total path degeneracy, The existence

of internal complicatee tho- tuation., but the result 1i, in both

cases, the same; the rate of rupture isoo course not affected

by the symmetry of the radicals as such, after allowance is made for

the number of rupturable atoms.



TABLE I

Sumary of Produets for Decomposltlon of Etbyl-.I a

T, 0 K 300 300 300 300 195 195 195
Press, mm 0.15 0.54 1.00 2.55 0.11 0.50 2.50

Total ethylene 212 282 403 458 228 180 56P
ethylene- d 0.103 •. 0.24 0.;L1 .

2.53 07 3:89 7.40 4.12 6.01*thylene- 8 0 -ethylene-Z' 209 279 400 454 220 176 556

ethane-d 0.013 0.009 ... 0,,019 0.059
.thane-_ 1 .. . 6, 4 o.o62 o.o66 ... o.1o1 0.180

ethane.. ... 0.15 o.38 o.184 ... o.836 0.225
propane-. 0.004 0.02 ( 0 00: .. 019w .0 4 v3 0. 113
p _ rl-d- 0.017 0.067 o00 #94.. 0.13 0.09 0.240
propane.., 0.249 .197 o.41o o.o47 0.60 o,9i. 0.118

butane-.. ., •.. so$ .9 Sw * o 0.01
butane-W ... 0.006 o.o1 o.064 ... oo4 o.46
butane-1 0.044 0.115 0. 202 0.527 0,263 O, 48 1.32
butane-_ 0.818 1.10 1.54 0.939 2.15 Po51 1.00

ethane/butane ... 0. 1.65 0.26 0.19 0.20 01" 3I 0.17

Sg 2.41 3.45 4.58 2,96 6.42 8.00 4.41

Sd 0.061 0.231 0.305 0.836 o.489 0o769 2.98

D, 2.66 2.71 3.10 3.89 7.88 4,.53 6.06

Dh/Sd 43.6 11.7 10.2 4.65 16.1 5190 2.04

#bo, 107 see-' 0.243 0.875 1.62 4.13 0.22 1.00 5.00

kah(107 se- 10.6 10.3 16.5 19.2 3.54 5.90 10.2

a. Products are listed in units of I0 2 cc. atn. at 2980 K.



TABLE II

Seoondja Isotope .Etfeot on Seci.Vicj H wb Rate

(Ika, 107 seC'il) from Ethyl Radicals

T(0JC) p (ran) Etbl-4.3 Ethyl-d1 j 2 x Ethyl-d 3
Obse rved

ko195 (0) 1.0o. .

kao 300 (0) 2.0 :22.5 3.1

,2MMulaed

kao 195 0 1.60 8.84 2.76

kao 300 0 2.56 :13,56 2.66

ka 195 0.1 1.68 8.88
0.5 1.88 9.04
1.0 2.00 9.21
3.0 2.22 9.69

10.0 2.4o o.5
100 Y.2.0

kaeo 2.58 i2.46 2.43

300 0.1 2.72 y,,36o
0.5 ,,12 7L3.9
1.0 3. 42 -.4
3.0 4.10 O 5.2

10 5.02 17.
100 6.46 g.6

kw 7.00 2 8.6 2.04
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