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ABSTRACT
 Kinetic rate‘.parameters can"--be det_erzrnined from recoil tritiurn |
reaction studies although the en_efgy distribution o‘f the reacting tritium
| atoms is not known.I T is produced by 3He(n p)’i‘. Recoil T-for-H sub-
stitution on cyclohexene gives exclted cyclohexene t molecules. The
dependence of product yleld on pressure (in the 300 to 1500 Torr pres-
sure range) showed that the excited cyclohexene-t molecules decom-
posed -nnirnolecularly to give ethylene-t and butadiene-t with an appar-
ent rate constant (et 135°C) of 5><1O6 sec_1. The.- s parameter in the
RRK (for Rice, Ramsperger and Kassel) treatment of the unimoleeular
decomposition of cyclohexene was determined as s = 24. -Similarly,
the pressure dependence of product‘yield.shoWed that cyclohexyl-t rad-
icals which are formed By »recoil T atom addition to eyclohexene de-
comp.osed unimolecnlarly to give n-hexene—t, i-butene-t and methane-t

with rate constant 8X1O3 sec__i, 3X104.sec_1, and 5X102’sec-1,

Work done under the ausplces of the U. S Atomic Energy Commission.

| TSubmltted partial fulfillment of Ph.D. requirements, University of
California, Berkeley, Ph.D. Thesis LBL-1687, June 1973.



respectively. The relative rate of abstraction versus addition of

radicals in alkenes was determmed from the scavenger dependence

of the ylelds of products with a radlcal precursor
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A M.a‘wiell-Boltzmann di_stx;ibutioxi of the thermal energies of re-
activé speqites ié a barrier to the study of high e'nergy vbi_m‘olecular
r'eactions.i Of two corhpeting reactions, the r’gaction with the lower .
energy threshoid tends to [Srédbrhinéte simply b_écaﬁse of the larger
m;mber of molecuies with éuffitient energy for réactiori. Foi‘ many.
ky.'eai"s‘, the role of,tr.anslat'ional energy in pr‘bmotirig. virtually all re-
‘ actioxﬁs has been er'nph.as'ized. This suggests that the energy barrier

to the studylof high energy bimolecular reactions 'r'nbay be circ_umve:nt‘ed.
One (or both) of.the reactants ééuld be a trans-lationally excited species’
whose energy .i‘s not g_iyen by a Maxwell-Boltzmah'distribution. ‘Trans-
Vlatiovnally excited ("hot'") atoms have been introduced info a system

v‘iav nuclear reaction and res'il_lting recoil. 1+ 2 |

We a_.l;e i.htér:est':ed in the studir of reﬁcobil tritium atoms. Recoil tri-

tium s'tud_-ie.s are often li.n;i‘ted by the lack of knowledgé of the energy of

E the tritium é.to.rn.‘w};en it reacts. bT.he tritium atbm is prodticed via nu-

: 'cl_e;r 'reco“il with an.ene_rg'y (192 keV, 1eV =23k c#i/moie) which is vir-
..tuallsr‘infinite on the chemicalAscale. The tritium iéh (atom) undergoes

. a Serigs of éhergy-losing collisio_ns‘vgzith its ’em}il.'onrnent untii if‘enters
_th.e ehergyhreg’i.on‘below_20'. eV .wh.ere‘ rea.ct'ions_v'vh‘i'cvh -p’-roduce .sta.blé tfi_
'tiumfla;'belea products é.re thought to oécur; 'b"’l"vhe tritiated product distri;
butiop\;vhich 1s experimentally‘measured is the summation of tritrium
ato'rn.r'ebavc_ti'ons at all energiés from 20 to 0.02 er (thermal enefg-ieé).

. : : ) !
Experimental determinations of the tritium atom energy distribution in

1,2

the 20 to 0.02 eV range have not been made. Attempté to calculate

a theoretical tritium atom energy distribution that would explain the;

“existing recoil tritium reaction data have not been too successful. 3-7



"A't'most,v the Wolfgang -Eetr'\rp -Rinet.icvtheory of hot,atom reactions
would determine the f'.reactilvity 'integral, ”‘ the area under a_plo.t of -
reaction c'ro‘ss section ver‘sus the. logarithm of the: energy bof the'r.eath-
ing tritium a‘t.om.r To date, application of Wolfgang Estrup has been
unable to deternnne conv1nc1ngly even the relatlve average energy of
the hydrogen atom abstraction 'Versus T-for-H substitution process.'s’ 11

In reco11 tritium reactlons, the only well krown energy "bench,
mark" \1s that T forv H subst1tut10n dep051ts an average exc1tat10n ener-
gy of-5 eV in the.resultant tr1t1ated molecule. 12,13 Thls relatlvely
high energy of excitation, unless removed by coll151on, may cause the
tritiated molecule to undergo ummolecular decomp051t10n. In fact,
analys1s of the pressure dependence of the ummolecular decomposxtlon
of cyclobutane t (follow1ng T- for H substltutlon) w1th the RRKM
_.theory (Rlce Ramsperger, Kasseland :Marcus) of unimolecular re-
a.ctlons14 15 le'd to the 5.eV figure. The avera'ge ener"gy‘of_the react-

- ing tritium .atom is still not'knoWn. As Rowland pomts out ‘measure -
'ments have not been made of the k1net1c energ1es of the replaced hydro—
gen atoms. Therefore there is no dlrect 1nd1cat10n as to whether an‘ex-
c1tat10n energy of 5 eV corresponds toa 10 eV T atom knockmg out a 5eVA
' H atom_or' a S.S_eV T atom giving rise to a 0.5 e‘V H atom..

Becaose of the lack .of knowl_edge o_f the energy of the tritium_ atom |
.when it re‘acts and‘beca‘ose the average 'energy of excitation is not too
useful in analyzing competing lunimolecolar reac’tion‘ channe_ls, klnetic
parameters _of’te'n_ cannot be extracted’from recoil_.tritium reaction
studies. Even the simplest concepts of rate processes include an ex-

plicit energy dependence (see Refs. 14 and 15 and references tvherein).
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In this paper we attempt to show that k‘irietic pafa_rhete}‘s can be deter-
mined from .selec.ted, carefully designed recoil tritium experimeﬁts,

namely: (1) studying the pressure dependence of the unimolecular de-
comp_os.itior‘.l of excited tritiated molecules following T-for-H substitu-
tion, (2) studylng the pressure dependence of the unlmolecular decom-
pos1t1on of an excited tr1t1ated alkyl radical followmg T atom addltlon
‘to an alkene,' (3) studying the scavenger dependence of alkyl-t radicals

formed in a T + alkene system.

.EXP]‘*;;RIMENTAL :

The s_afhples were prepared in 1720 P‘yrex‘c'apsules (14 ml internal
volumé) Iusing Vécuum line techniques similar tb.those previously dé— |
scribed. 16_‘ More details of safnple preparation are given elsewhere.

The 3He ’ (Méund Laboratories) was certified as 9-9.7 mole % '3He with

a tritium content of 1.0X 1071 mole %. A standard radio—gas-chro- :

rﬁatographic analysis18 of an .unirradiatéd aliquot of 3He confaining at
least twice the moles normally ‘se'aled in the 1720 Psrrex capsules showed .
no measurable tritiated conéamina;nl:. The 3He was used directly from
the .M-ou'nd' Laboratories' container Wifhout further purif_i‘cation‘.. ,vAl,l

other materials used were research,grade. All __i_fra’di‘ations were made

" in the' Berkele'yvCarr‘lpus Nucleaf Reactor. Irradiations at 25°C were

“made in the L.azy Susan fac111ty for 10 min. at a flux of 3.8 X 1011

c:.nl _2 s.cc-i. Irradiations at 135 % 0.5°C were made in the Hohlraum
in a specially designed irradiation container described elsewhere.
The irradiations at 135°C were for 8.0 hours at a flux of 3.9 X 108

n cm'-2 secﬁi. - Radiation damage due to the recoils following the

3He(n,-p)T reaction was less than 1%.
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The saméleé were analyzed with a radio-ga;s.échromatographic'_tech—
nique detailed elsewh'ere.1__8’- Good resolution Wa'.s 'thaihed for é.ll_major
product‘peaks in an analys.i'-s ‘tilifrvlev of ten hours (for ¢yclohexene samplés)
or less (Cllzito C4 pargnp hydrocarbons). "Polymér;t'” is dgfined as tri-
tiated matérial not eluted in the normal radio-gas}—chromatogra_phic ana.vl-
ysis. "quy'rmer?t" was recovéred and monitored by procedures similar
to those previously d'escribéd.zO All data reported repreSents the aver-
age of thé yields':from two identical samples. Unlés_s otherwise stated,
the y'ieldé of ndajor products from identical Samples'_agreed to within 39%.
RESULTS AND DISCUISSION : | |

Determination of the s Parameter in the RRK Treatmemt of Cyclo-

‘hexene Unimolecular Decomposition. The unimolecular decomposition

of cyclohexene to ‘gi\)e primarily ethylene and butadiene has been well

21-25 - 26-28 . 29-30 a

established in pyrolysis, shock tube, =" 7 photolysis, nd

mercury sensitized photolysis31 studies. Of the tot_al»uriimolecular de -
compositions, 96% occur giving ethylene and butadiene, 3% occur by
H2 'e'l-imin,ation to give cyclohexadienes a_nd benzene, and the rer'naining v

1% giVe C. and smaller hYdr'ocarbons"pres'umab'ly through a free- radi-

5
) . 23,24, 30 - . .
cal mechanism. . A pos sible radical contribution to the ethylene

and butadiene yield has been proposed from cycl‘ohé‘xyi radicals via

26, 27 However, addition of scavenger

H-atom é,dditior_x to cyclohexene.
' 23,30, 31

does not affect the ethylene and butadiene yield. The unimolec-

ular rate constant for cyclohexene decomposition

Tk, = 101°-3 exp(-66,900 cal/kT) = A e_s'cp(-Eo/kT) : (1)

t

has been so well determined' that cyclohexene is used as an internal

standard in shock tube studies. 27,28

'
i




Strong evidence for the retro-Diels-Alder cleavage of cyclohexene

comes from the photolysis of cyclohexene-3, 3,6, 6-d4. The photolysis

D.
D D Dv\l (2)

C\

> I+ e

C I

D D 4C
. , ‘ .
D7 |
D

of"cy-élohexékne--.3,>3, 6,'6-d4 occurred as §hown to gi;/e. C,H, and C4H2D4
in 98% of the decomposition at 4.9 eV photolysis energy and 86% 'of
the de.composipions at 8.4eV photolysis energy. .At 8.4-eV. the remain-
ing 14% of the deco.mpo‘sitifms gave CZHZDZ and VC%H4D2. |
"Scayengér studies of recoil tritium‘re'actions §vith cyclohexene at
25"Cv3.2’,33 shdw'that ethylene-t (C2H3T) and butadiene-t (C4H5T) ére
“chiefly "hot" reaction produds: (a) The ethylene-t yield is reduced
by less than 10% with oxygen sc.avenging. (b) 'fﬁe "hét" butadiene-t
~ yield could. o_riy be:dete_rmihed 'With oxygen or b_ut‘a_.diene-déj scavenging. .
' _.SurviVé.l' in tﬁe preéénce of '6x?g.¢n .scaVenging is </:<$n's’>istent with ethylene-t
and butadiene-t resulti‘ng ffom unimolecular décomposition Qf cyclo‘_r ,

- hexene-t formed via a T-for-H substitution reaction:



O | iHe . _ CeHgT (s)
| : W
T + @ - + / ‘ '
o : ' (C HT + CH.)  or :
o ferCg) feyeeggr)t > 23 M6 3)

a (C2Hh + Ch“ST)_

(D) = C,HST vahHST

where w =.Z P = collision frequency, B
. 34

P = cyclohexene pressure in Torr, Z = collision number,
S = collisional stabilization product, an.d_,'
D = unimolecular decomposition product.

. The app_iarent rate constant of unimolecular decomp'osition, 'ka’ is
given b_y35
~ k, = w(D/S) = Z(D/S)P. SR (4)

The S/D ratio should vary linearly with pres'sure for a unimo'lecula.r pro-
c'es.s. The collision frequency at the pressure where S/D =1 is k .

The unimolecular formation of ethylene t ‘and butadwne t as shown
in Eq. 3 was conf1rrned by the linear pressure deperrdence of the stabiliza-
tion (S)/decompos1t1on (D) ratio shown in Fig. 1. Experlments at elevat-
ed temperature were requlred to obtain a larger pressure range than the
(zero to) 7 cm Hg cyclohexene vapor pressure avallable at 25°C. In Flg
1, the pressure represents the total effective colhsmnal deactivation
pressure in the sample capsule. Each sa.mple contained 98 Torr of 3He

‘at 135°C and a variable pressure of cyclohexenec. Relative collisional

_ . i : -
deactivation efficiencies estimated from published sources36 show that on

."4 N
KE



.

a pressure?fof—pressure basis ?He is only 20% as effective as cyclo-

hexene (C6H10) in deactivating excited cyclohexene molecules. Hence
the "effective' collisional deactivation pressure of cyclohexene in the
capsule is defined as

i

Peffecti_ve v: PC6H 3. (5)

+ 0.2 P
: 'HAe

10

P ' . . : { . : .
The use of the effective pressure for the P in Eq.. 4 is an attempt to

v c:korre'c_:t for the cffect of a weak cvollide'r in the system, 31’Ie. Other -
wise, it is assumed that only a singlé collisivon between an activated
cy-clohexene:-t molecule énd an unlabeled.cyclohexene ’molvecule is nec-
essary for complete deactivation of the excited 'cyc_:l‘ohexene.—t species.

14, 15

We point out that this ''strong collision'' _assumptioh may

not be valid at the high energies of excitation encountered in recoil tri-
't_ium expefirﬁénts.

The least-squares'fiftfed line of the S/D ratip véi‘sué pressure
[ actually log (S/D) ver:sus‘ log (pvressure)]v was extrapolated to S/D =1.0.
The preésu_re at which S/D was 1.0 was 0.50 Tofr._ A previous deter-
mination by Weeks and Garland of the pressurev at which .thg S/D ratio
'.frorn' the recoil tritium initiéted unimolecular deébmposition of._'cyclo-'_.
hexene equalled 1.0 gave a pressure of 0.2 Torr. However, in thes.é
previous experiments, the teinperé.ture ranged frorn 2‘5°C for the low-

: !
est pressure ‘unséavenged sample to 135°C for the highest pressure un-

scavenged sample.3 !

The data shown in Fig. 1 are for u-n'sc‘ave'nged‘ samples at 135°C,

Fo‘r both O

2 and SO2 scavenger, a (scavenger)/(scavenger + cyclo-
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héxene) Vratio of .0.08 was birflis'uffi»cient. to inéercep‘t the>c‘yc1'ohe}.<ylft"‘rad‘-.
icé'l 'inter?rr;ediate to the cyélohexane% yvield. At 25° C, this concentra-
tion of scavenger was suff1c1ent to 1ntercep£ c&clohexyl t radicals 32. 33
The fa11ure of bqth SO2 and 02. scavenger at »135°C may be due to ma_c—"
roscopic reactions between cyclohexene aﬁd_'thé s.cavehger." The reac-
tion‘_ofv;:yélohéxer;é' v&}ith' ox’ygenv_scé.vgngér has been d_i's"<:1.1_ss¢_a_d'.3‘2 For. : :
ox’ygen. scav,eng‘ing, a (scavlehge‘r‘)./(scavehger + ‘c_':ycloh_e"x‘ene) rétio ‘pf-
0.14 was sufficient to intercept the cyclohexyl-t ra.Advicals. At this scav- :
enger concentration and' with 300 Torr cyc‘l_oheXene pressure the evéhyl.' o
' éne-t: _yie'ld‘relati\vre to the{. sum of yields from excited ’cyclohexené-t

mole.'cules' (C2H3T + C4H T+ cy- C6H T) was decreased by 9% w1th O

5 9

scavenging. This indicates that at 135°C (as at '25°C) ethylene-t re-

sults 1afge_1y from '"hot'' tritium at'om'reattion_s. The unscavenged d_afa

were ''corrected" by s}ub‘trac‘ting a 9% radical céntri'bution to the ‘eth-'

- ylene-t yield at all pz;'essﬁr'es. " The resultant "'.s;a.venéed" plot of. S/D

versus ¢ffé¢tive pvressbui'evextrap_olated fo S/D =1 at 0.33 'i"orr.
A.nééhef interve-sting."scavenge'r effect was ﬁo'ted. At 13’5°C,I' unlike

32 33

25°C, the butadiene-t yield is the same in 02 sc_,avengéd, but'a‘diene-.

d, cavenged and u.nscavenged samples Apparently the. butadlene t

6
y1e1d was not selectlvely depleted by rad101y513 produced H atoms in

' unsca.venged samples at 135°C (unlike 25°C). The butadiene-t is selec-

tively depleted bééausg' butédieng is éxtrend’ély vreac‘tive Wi_th H atoms |
(see Té’ble I). The total Vradiollysis damage in the sampies at7135°v7C was-
sirﬁiiar fo samples at 25°C. " The temperature effect on the individual

rate constants for H-atom addition to cyclohexene and for H-étom addi-

tion to butadiene is not known. The temperature effect on the competitive '
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rates of H-atom addition to cyclohexene versus 5utad1ene is probably
_sllght Inbunsca.venged T + cyclohexene reactlons at. 25 C, the
butad1ene t yield was 1ncreased to within 10% of the oxygen scavenged
»yalue'wh'en‘.the 1rrad1at10n period was increased from 10 min to 8 hours
(with total v(.ivo'sfe' similar to that previously reported.32' 33) Apparently
the _butadieneét yield is not selectively depleted by reactions With
: radidlySis-p;oduced H atoms when the irrédiation period is 8 hours.
This t'rend'i_s consistent with a decr'éaéed steady-state concentration of
H-atoms with thé lower tritium atom préd_ucticin fate that existed in 8
-hou'r‘.(_ve.r‘sus 10 min) irradiations. |

The apparent rate con}\stant, 'ké, fqr ‘the unsc_a.vengéd' unimolecular |
decomposition of_ cyclohexene-t to ethylene-t 'or.bu:ta.d.ieri'e-t was cal- |

culated from Eq. 4as 5.1 X106 séc_i. ~ 'The calculation of Z was made

with an es'ti.matve'd 36 colliéion diameter fof cyclohexene of 5.47 X‘10_8_

- cm. Usmg this value of k and an average exc1tat10n energy (follow.lng
.-T for H substltutlon) of 5 eV for the E in Eq. 6, the s parameter in
the RRK treatment38 4 of the unlmolecular decompoéitioﬁ o‘f cyclo-

hexene was determm_ed_as s = 24. The A and EO used were from Eq.

vv 1.'

.- E-E s-1 S ' : o
L [ o o : o '
k= Al e
For. a flxed s = (1/2 (3N 6) ., E was 46 e_V_. Fof, s =(2/3) .

(3N-6) = 28, E was 5.6 eV. F-or a fixed s = 32= (3/4) (3N-6),. E was

6.2 eV.
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Determination of the Apparehf Rate Constants of the U'nimoléc-_

- ular ”Dec.ornpositiog[lsomerizétiori of Cyclohexyl Radicals. The cyclo- v
hexane-t yield in T + cyclohexene reactions at 25°C’ appears to have
32,33 |

a radical preéursor. The cyclohexane-t yiel_d: (a).decreases to

heériy zero with 02. or S(')2 s'ca'v_enging. (b’)., deérleases'with_ butadiene-
d6 $c$.vengir;g. | (c) inc.fease'vs’ with HZS séavénging.. All.of tﬁeée trends-
.‘i'ndicatev a radical prep'ursor. The propo_sved me’c‘hahism of cyclo’hexan‘e-"
t f‘orr»n_at‘ioﬂ was tritium atom addition to the doﬁble bond of cyclohexeﬁe
to form a cyg_iohexyl-t radical. The cyclohexyl-t rédical could th'e'.n'
abstract a"hydvrogen'ato'n.f\ from the bulk system to forﬁ cyclohexane-f.
I-Iydrc)_genv ;;tom ‘abstraction by cyclohexyl radi‘_caln.sv to form cycloﬁexane
has been ob_ser;\)ed in other systems.42 Addii_;ion of a moderator should
_'inc.réase the nﬁn:lber'of ti'itium atoms which survive collisiohé in the
20 to 0.02 eV energy fangg a.n(i ultimately reaét as thermal triti:um
atoms. The lowest a‘ctivation enefgy process for thermal tritium
: at’or‘ns.i's addition to the double .bohd. ‘The ,mono,t‘o.n'ic iﬁtreé.se‘; in the
_cyCl_bhexane-t yield (fron_i Tv+ cyclohexene réactiohs at. 25°C) wivt_h in-
creasmg amounts of added moder_atéi; .that was ébserved with helium,4
'krypton,43 énd nitrogeﬁ44 as mdderators was rgprbduc‘ed in this 4la.b-‘
6ra.to.ry with neén a‘s a moderator. |

’ vacl_l»o-h_exyllrac.iicals ha‘v_e also beén observed to add to the 'double o

bond of cyclohexene to initiate a:'radical chain, %5 46

The radical
chain initiated by a cyclohexyl-t radical would evventuallyA undefgo ter-
mination and be monitored as '"polymer-t", The yield of '""polymer-t"

‘also increased with increasing amounts of added moderator. All this

S b
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indicafe_s the presénce of relativelgr lafge amount of cyclohexyl-t rad-
icals in the T + cyclohexeng system, Cyciohexane—t alone ié a major
product. o

| Cyclohexyl ra&ica.ls ha\)é also b’eenvo_bs_ervéd‘ to undergo decom-

s . Y 47-49
position or 1somerization.

The isomerization of cyclohexyl
ra.dicé.ls to straight—chain'alkenyl radicals has been Vpostulated as the
' firx'sv‘t;" ste'p_v_of avunnimblecu'lar'de;compositio'n process Wthh leads to, a |
complex se'ries of 'pi-oduc't.s |including n"letvhan.e, ethane, ethylene; .‘pxj-o-
paﬁg; . ?rbéylene, butenes, | and mé‘thylcyclopentap’e‘. 47-49 The forma-
tion of ri'-_hex.e"r.lyl r;.dicalé without 'a. c~yc1§hexy1. radical précursor_ re-
sults in: ('a)»n-hexevne via ‘H;atom aibstf_a_ction, (bj rhetﬁylcycloperi;
tané viava'.n iso"rbne;'i'zatior;rééc.tioh.. 50 Thé décdmpositi_o_h (is_omeriza-'
tion)' of cyctlohexyi—t radicals from T + cy.clolhexene ’brea'.cvtivons may
result i'n'a;riy or ali of the af;);‘ementi.oned products fl‘(;nl c&rczlohgxyl
: r:a'dic_:‘a.ls bei‘ng tritium labeled. |

Ma'ny'.'of the .é'pecies which may result from !;hé de_cbmpésition/'
iS_Orri_erizétion ofvcyclohexyl-t radical are observed as tfitiated' prod-
:ucts in T +. éyclohexéne f'ea..étibn.s. This list includes‘_linethane-t,
eth'ane'—t, ethylene-t, prbpane;f, propylene-t, 1(—_buibtkene-t,‘ trans-?,‘-‘
bﬁtéﬁ’e-t, _fcis;Z—buteﬁe-t, and, n—he_xerie—f/methylc;l.rcl(v)pelntane'-'tn. 51
’fhesé produ'cts'are observed in sfnall yields. Both é_;t' 135° Cand 25°C
_réughly 85% of 'unééavénged é'I‘ +" cycloﬁeXeﬁé ‘reac.tions which gave>gas_,
phase periu‘ttS resulted from abstraction to form HT, addition to form

e S | : : ' :
cyclohexyl-t radicals (a portion of which were monitored as cyclo-

hex_ane—t)»ahd. T-for-H shbstitu_tibn to form éycloh_exéne—t. ' Some of
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these smail-yiel_d tritia-fedl..p'roducts show the same scavenger dep'en_- _ '
dence as the cyclohexane-t y_ield‘. At 25°C ‘. the yields of methane-t,-
" ethane-t, 1-butene-t and n-hexene-t decrease to nearly zero with O2

or SO, scavenging and increase_With HZS scavenging, indicating‘ a rad-

2
ical precursor. Thei‘efore we propose the onllow'ing reaction scheme
for excited cyclohex&l—t radicals formed by the addition of a tritium

O ,+I:l'c-yclqhe_xane-t (S)

atom to cyclohexene.

. T m H H H H 'Y nohexene-t (D)
| »C=C-C-C-C-C*
YT g o oH H
‘CeC-C-C - 1-:buteneft ‘(DZ)
H H H

CHZT' +.}_.{'_me'thaneft. (Dé) : -
| L ' (7

The site of the tritium label in the n-hexenyl-t radical and the 1=butenyl-t

radical sh;)wn >i‘nv Eq. 7 is Ipu,rely arbitrary and is shown only for the.sake’
of rnat.er'ia;zl balance ;1§ng the re‘a.ction .path.v _ ln unscaye:nged T +vcyclo-
hexene systems,. trjtiatéd radical products, once cqllis-ionaily stabi-
li_z..ed, may: (a) abstract a hydrogen atom to fq:‘rm‘_af‘t‘;ritiated alkane or

' valkene.-. Th1s is indicated by the + H over the a,rrow_i‘n:Eq. 7. (B) é.dd'

to the double bond of cyclohexene.

e
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Z‘S sca.venging,33 all the lra;dica.l.s.react rapidly with'H S

to abstract a hydrogen atom before they add to cyclohexene to eventu-

- With H

ally form '"polymer-t', (See Table II for a comparlson of the rate
constants of react1on of alkyl radicals with H S versus alkenes of 25°C,
S1m11ar.1y, at 135° C the rate constant of the reaction of alkyl radicals

- with H,S is larger tha.n with alkenes by severa.l orders of magmtude )

2

For example, all n-hexenyl- radicals formed by channel 1 (w1th rate
constant’ k1) are monitored as n-hexene-t when HZS is employed-as a
sc,av'enger.v The pressure dependence of the S/D ratio for reaction -
-~ channel 1, 2, and 3 (with rate constants ki.v, k2”' and k3) are s'hown irl
Fig. 2. | |
| The__pressore dependence .o'f the S/Di‘ and S/sz_'ratio may be
well-represented by a line for the unimolecular deco_rhp_osition/isomer-
ization of éyeloh'exyl-t radicals to give n-hexenyl—t' and 1-butenyl-t
-radicals, r-especti\./ely. "Th‘e. ihcreese scatter in t'he p.ressure dep'en-
d'ence_ot the S/D _ ratio for the unimolecular dvec'ornposition of cyclo-
hexyl t to g1ve methyl t radicals results from the small yield of
methane-t. A small uncertalnty in the methane t yleld is reflected in
a large uncertamty in the S/D ratio. In this respect the y1eld of
ethane-t is so small that the resultant uncertamty in the S/D rat1o for
D = etharxe-t makes observation of a pressure dependence impossible.,
The rate constants k1 and 'kZ were determtned frorn extrapola— |
tion of S/D vereus'effective pressure to S/D = 1. The calculation of
: 8

' Z was made with an estimated collision diameter of 5.67X40 =~ cm for
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cyclohexyl-t ‘radicals. 36 ‘The values of the calculated rate ‘éonstants
at 135°C ahd_ the pressurg at which S/D = 1 were: k1 = 8.4X 103 sec.1

4

(7.9 % 1074 Torr), k, = 3.4 X 10 sec” ! (3_.2 X 10”3 Torr). Using Eq. 4

2
to determine k3 at each effective ;ﬁess’u:é and cbfnparing k3 with k1

2

and k2 values similarly derived allowed k3 to be estimated as 5 X 10

sec-1.' .. The large uncertainty in thé cyclohexaﬁe-t/methane'-,tvra_tio,
as :indic.at_ed by fhe large error bars in Fig. Z‘, ‘prevented meaningful
extrapolation over a large i)re-ssurg r#ngé to the pressure of Which‘
.' S/D = 1. |
A pfev'ibus detern;iination by Weeks and_. Garland of'k_1 in a récoil

tritium-cyclohexene system showed that S/D1='1;0 at 26 Torr. As
discussed bef'ore,_.. the témperature control empldyéd by Weeks and’
Garian_d- waa inadequate.‘ 31 It is interesting to note that the effect of
inadequate temperatﬁre corif:bl in determiﬁing the pressure at which
S/D = 1.0 was larger for cyclohexyl-t'radical unimolecular decompositiron/
isomeriza'tion than fof the unimolecular deCOmpositic;r) of cyclohéxene-t.
This is consistent vﬁth cyclohexene-t de.coml:u)'si.tioxv'l.be_i.x.1g~ a h.igherv. |
energy procéss. o a

Determination of the Relative Rate of Abstraction Versus Addition

of Radica‘ls iri Alkenes. C.ollisic-)nally stabilized al’kyl-t.'ijafdicals

whi;h are .,formed from. T + alkene :eactions can react only by abstré.cf
~ tion of.a’ hydrogen avtom to form an alkane-.t specie“s 01.‘._-by addition i.o

the doub;e bond — pvrovid'é:d, of course, that the céncentraﬁon of r‘a.di-
cals ‘fromlra-dioylsi‘s damage is kept low '¢n6ugh to rﬁaké radiAcal-.ra-dical
 reactions negligible. The addition of a tritiatea alkyl radical to the

alkene may sufficiently energize thé newly formedalkyl-t radical to cause it to
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und‘ei‘go‘unimolecular decomposition_/is_omefizat'iori. The newly formed
olkyl-t radical, once coliisionall'y stab»ilized,‘ may also abstract a
| hydroge_h atom to form a tritiated alkene of add to the alkene to lengfhen
the tritiat.e'd radical chain. Tritiated'dimers from recoil tritiurﬁ re -I
"actlons with alkenes have been momtored by radlo -gas- chromatography 52 >3
Methylcyclohexane -t-has been observed in unscav.enged T + cyclo-—
héxene syst_;ems. Methyl_cyclohexane—t presumably arises from the
.addition of’.CHZT radicals to cyciohéxone. " In Oé ;nd SO2 .scaveﬁged
systerris, the yield of methylcyclohexane-t was zero. Eitjher the CHZT
‘i'adivcai or the m ethylcyclohexyl-t radical precursor to the methyl
: cyclohekane—t yield could be"soéverxgod by 02 or 802 In neon mode-
rated systems, tho yield of methylcyclohexane-t ‘increased with increas-
ing amounts of added rﬁode’ra,‘tlor. _ Thxs is consistent with increased
stabilizétioh of the mvethylcyclohexyl-t radi.ca_l'fofrﬁed from CHZT.
addition to cyclohexene. |
In HZS. scavvevnged T + cyclohexene systemé, the yield of methyl-
cycloh’exane‘-tb was aiso zero. A prechi’_sdr vtoy the methylcyclohexyl-t
radical was being iotercepted by HZS' If me.thyloyolohexyl-t. radvicol‘s
were fofmed directly from T + cyclohexene reéctions, HZS would rea_di‘— o
ly donate a hydrogen atorrjl to the 'methylcyclohexyl-'t radical and the
yield of ‘meth‘ylcyclohexaﬂe—t wouid increase with HZS '-'scavenging:.
As shown by the data in i’I.‘ab"le 11, H.;_S y&ould intercept the CHZT r.ad_.i-

o : |
cal (to form methane-t) before the CHZT radical could add to the:
parent alkene, cycl'ohexeneb_. - The yield of methane-t increased with

HZS scavengihg.

We propose that: (a) ‘The increase in the methane-t yield with
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H,S scavenging represents that‘p'ortion of the total CHZT radicals

2

formed by T + alkene reactions that add to the parent alkene in unscav-
enged systems. (b) The decrease in the methane-t yield with O2 or

scavenging represents that portion of the total CH_T radicals formed

SO 2

2

from T + alkene reactions that abstract a hydrogen atom from the parent

alkéne in unscavenged systems. This allows the determination of the
relative rate constants of addition versus abstvraction by alkyl ré.dica.ls
in alk’éngas. " The method is shown in Eqs. 8-13 for the specific methyl-t
radical + cyclohexene case, but.is readil&r generalized. The argurﬁent
is’analog_ous ‘tc.> pre‘vious determinations of the rates of méthyl radical

addition to alkenes by ''methane deficiency'' type expériments.54

s k | o
: 8

- CH,T +@ —> CH,T +R. o - (8)
e, (D2 ) (cu,,D (9)
d[ CH,T] D

—5 = k8[_- CHZT] [C6H10] (10)
dCH,T] | B , S
g = kg L+ CH,TI [ C H, ] | an
CHBT(_HZ-S) - CH,T (unscavenged) ~ A[ C7H12,T] ' o (12)
CH,T (unscavenged) - CH,T(0,) =~ A[CH,T] (13)

3
Both rea'ctAions (8) and (9) oc(curr_ed in the. same sample capsule.
~The concentrations of methyl-t radicals and cyclohexene are identical

in Eq. 10 and 11, hence
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CHil (un_scavenged)‘ CH3T(Q2) _ g ) v (14)

! CH3T(HZS)_ - CH3T (uﬁscayenged) kg
The subtractién of the O2 séa\/.enged methane -t yield value r_e.moVe’s
that i)ortion of the methane-t yield which is formed by an unscavengeable,
rior;-rvadic.a_l-reaction path.A This non'-S'cavengeable ,methaﬁé-t yield
mafy r.ésu‘l.t from a direct T—fo'r -alkyl substitution .prOCeSS on the
pérrhinal carbon in the carbon c'ha:ir‘l. 1.2 |
| The implicit as su.mptidn in thié determination of "_tvhe“abstractioh/_

~ addition ratio of CH,T radicals (or other tritiated radicals) in T +

2

alkene systems is that the added scavenger does not affect the produc -

~tion of CH,T ‘radicals. The added scavenger has two effects:

‘(a'.) Increased préssure'. Iric':reas'i_ng the pressure of the systerﬁ
may increase the stabilization of the alkyl-t radical (cyclohexyl-t
'radital) formed from tritium atom addition to the alkene (cyclohexene).

With increased stabiliz'atibn there is less unimolecular decomposition -

2

fective collisional deactivationpressure is small, however. The scav-

of tlhe" alkyl-t radical to form CH,T radicals. The increase in;the ef-

enger pr-essﬁre isusually only 5 to 10%' of the hydrocarbonpressure. In
addition, the scavenger is u‘sua_.ll'y less efficientas a c-ollisionai de-activa -~
tor than the parent alkene. The effect of increased effective pressure on

CH,T radical _production is very probably less than the experimental

t

2

exrror.

(b) R_emoVal of thermal tritium atoms. Scave'nginfg of the th:efmal

tritium atoms (which constitutes the majority of tritium atoms ‘which

: .5 ' '
undergo addition 2) before they add to the alkene reduces the number
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of excited alkyl-t radical pre'cux.'sofsvto the CHZT yield. From the

data in Table I, oxygen is obviously capabie of rembving all thermalized

tritium atoms. This does not _affect- the proposed’ determihation of
the abstraction/addition ratio. Oxyg.en scavenging. of thermalized tri-j.
tium atoms means that 6xygen has t\a‘v_o'chances- (thermal T atom and |
CHZT radical) to elimir;at'e a radical contribution to the methane-t
yield. The methane-t yield which remains with oxygen scavenging is
truly the result of a high energ'y, .non—scavenggable -pro.cess.. |

The data in' Tabie I also show that HZS is not too éfficient in re-
moving H atoms. In fact, the rate constant of tr_itiurﬁ af..iom addition to
the alke.ne may be slightly la.a.rg'ervthan the rate vconvstant for the tritium

atom t_o' abstract a hydrogen atom from H,S to form HT.

2
' kis : . .
T + alkene ——— alkyl-t radical (15)
kg o o |
T+HZS —~———— HT + HS- . - : (16)
2aT) L (1) [alkenme] + K, [T] [H.8]  un
dt 15 16 2 _
fraction of thermalized - : , k1 G[HZS} »
tritium atoms scavenged = J : . (18)
by HZS kis[alkene] + k16 HZS] .

The fraction of thermalized tritiumatoms scavenged by HZS may be: (a)
lessened by‘usin’g'the minimum mole % scavenger réquired for complete

scavehging of alkyl-t radicals, (b) corrected for if k, . and k16 are

15

known. When corrections are made for the reaction of thermal tritium

' .atdms with HZS’ the denominator of Eq. 14 becomes: (to first order)
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| CIi»ijT'(HZ'S) - CH_‘3T (unscavengéd) +

k1 '6[ HZS]
alkene] + k, [ H

[CH,T(H,S) - CHé’T(OZ.)] . (19)

.s]

iy 55T

5l

The quantity [_CH3T_(H2'S) - CH3T(OZ) represe’nts.t_he tovtal .CHBIT
.yiéid from a radical 'précur'sor formed by the a‘d>dition’ of a tritium
até)m to the alkene parent, Withox‘ll; tﬁe cofreétion factor the abstrac—
tion/addition \ratio [k8/k9 fi‘bm»Eq. 1.4] woufl(.i'bé_'overe‘stvimated.

Th‘e‘brevsults in Table II are fqr uncorrected k8/k§ valﬁes. The
comparison to literature values of'at;‘stracti_on/addlition ratios is made
on the assumption of a ﬁegligibly small seconda’r}; isotope effect in
the reactions of the alkﬁrl—t' (versus fully protonated) radicals. The -
differences between the ké/ké values for ’metvhy'l"-t‘ radicals from re-
¢oil tritium reactions (this work) and for methyl radicals from photo-
lytic ﬁlefhods (Ref. 65‘).ma'y indicite differences. in ’the energy spe‘ctll'a.
of the methyl-t versus m.eth'yl radiéals.. "I.-.Iot'.' niethy-l'—t radicals may
comprise.a éignifican_t portion of the methyl-t radicals p‘roduc.ed by
recoil tritium re‘actions.v | | | |

‘ The determination gf‘r_ela:tive rate constants nﬁajr be extended to.

S a sys_téi’n with two alkenes in the same sarx‘lpl.e. ~The relative rate con-

stants for the addition of CH,T radiéals to the two alkenes may be

2
determined with two sets of yield and pressﬁre (of eac_h pa're'nt élkene)
values substituted into two equations with two unknowns. If for one of

_ the alkenes k8/k9z 0 (as is- the case for butadiene) the simple'r.set of

equations does not require simultaneous solu'tion. For the butadiene-
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d6/cyc1ehexene system, k ‘(butadiene—dé)/k '(cyclohexene) was de‘te;l
mined as 7.5 and 5 0 for two sets of yleld and pressure values. Al-
though there is a large spread in the data, the determmatron that Rg v
for butadiene is 1erger than kg'for cyclohexene is censisten't' with the
trend .of rate constants in Table II. Slm1lar1y for the butadiene/1 -

butene system, k (butadlene)/k (1- butene) was determmed as 76 and

309 for two sets of yleld-and pressure values. The literature value of

k8/k9'for‘ 1 -butene of 0.37 I(I'l'a.b_le 1) was used. The reported value of

kg'(buvta'diene)/k'g('i -butene) from Table II is 160. Once again the deter-
mlns:tidn that k9 ler butadiepe id larger_, than ,ké for l-butene is qual-
_itatively correct. 'The large spread in the 'values is i"nherent' in the
extentlon of the determmatmn of relatlve rate constants to a system v
with two alkenes in the samer sample. Delermmatmn of relatwe k9
values depends on ta.king the difference of two yleld values which are
nearly equal. Thls small d1fference between two large numbers is

often only a factor of 2 or 3 larger than the uncertainty of each of the

large yield values. The resultant spread in the data is obvious. ' This .

effect is. also 1nherent in determmmg k8/k9 but is not as serlous.

SUMMARY AND CONCLUSIONS

Recoil‘tritium studies often are limifed by the lack of khowledge

of the energ.y of the tritium atom when it reacts. This often precludes

determining kinetic parameters from hot atom- studies. More fre-
quently kinetic parameters from other chemical methods are used with

recoil tritium reaction Yields to further the study of recoil tritium
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re@c(éions; In this paper we have tried to use recoil tritium feactions

to determine kinetic paraméters. | First, the pressure deﬁéndence '

(in the 300-1500 Torr range) of the unimolecular ‘décorhposi.(cion'of cy-
clohexene-t to ethyiene;t and butadiene orbeth'ylebnev and butadiene-t

was déi:ermined. The apparent rate constant of cyclohexene unimolec-
‘\i;l:‘ir decomposition at 135°C (5.1 ><.106 séc-i) é.nd t}_ie s. paramefgrv 1n
RL'IK treatment of the unimolecular deconlpositi'bn of cyclohexene

(.,S::' 24) were calculated from these data. Second, the unimolecular.
dec:omposition/isomerization of cyclbohexyl-t radicals Eo givé ‘n-hexene-t,
'1_-bu-téné-t,_ and 'met_:hane-t was established and tﬁe individual fate con- |

stants for theée proc_esses_ were deterfhined as 8.4)(1.03 sec__i, .

3.4x10% sec_i,_ énd 5x10°% sec_1.respectively; Finally, the sca..venger
dependence of yieids with an oBvious r.adical precﬁi‘_sor was 'us.ed,i_to de.'.
'termine the relative rate constants of abstraction {zersﬁsl'addition of that
fadical in thé alkene par'entv‘com'pound. T‘his a.r'ea lqpks_promisihg.
Further comparisons of abstractioh/addi.tion ratios fl"o.rn'“recoil tritium
ex’per‘iments'with convent_iona.l kinetic determinations are necessary.

. We conclude that rate parameters can be determined in cai‘efully._

.designed recoil tritium experiments.
ol ) .
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Table I Hydrogen Atom Reaction Rate Constants at 25°C

Reac_tant Addition Abstraction
[109 cm’ mole-1 sec-i] [109 cm> mole™ ! sec-i],

Butadiene - 1500 Ref. [55,56] 22 [55,56]
Isobutene 770 [55,56] - 25 [55, 56]
Cyjclohexéne 600 [57] _ ‘ n.dia |
1-Butene 1320 [55, 56] 30 [55, 56]
Propylene 300 [55, 56] 25 [55, 56]
| o, 300 [58, 59] b

Ethylene 200 [55, 56] 13 [55,56]
H,S - 160 [55,56]
SO, 6 [60] -

n-Butane |

0.6 [61]

aNot determined.’
bNot: applicable.

Addition by H-atoms forms a radical; abstraction by.H atoms forms H,.
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~Table II. Radical Reaction Rate Constants at 25°C

“Not applicable.
dNot determmed

For H- atorn abstraction.

_ Réactants v _ , k9a ) ] | k8/_k9b - RS/.k9
‘Radical Double bond 10” c¢cm™ mole = sec Literature This work
Methyl oz;v 300,000 [62] na.© _d

S0, 15,000 [63] n.a —
H,S | '3,000°% [64] n.a. —_
Butadiene 160 [65] — o‘.ooiéf
Ethylene 1.2 [65] 10.015 [65] | o.odzs :
P’vropylené 1.2 [65] | ()‘.‘096 [65]‘ 0.060
| 1v-.Bu‘_tene 1.0 [65] 0.37 [65] 0.075
Isobgtene 4.0 [65] 0.1040 [65] 0.086
Cyclohexene — —— 0.36 |
‘Et};yl .Ethyle'ne — _ 0091
| Cyclohexene_ — — 0.37
Propyl ' .Pfop_yléne ——— — 0.15‘
n-Butyl o "1-Buten(‘a. et e 0.16
Ethyl | 7 ‘C:leohexene L —— -—- | _ ‘O_Y.b35,
o Cyclohexyi- - C.yclohexene.' —_— — 0.29
n—Hexe;nyl .Cyclohexene —_— —_— 0.32
dp = rafe constant ‘of radical addltxon to the double bond
k, ﬂ<9 = ratio of abstractlon/addltlon rate constants of radxcals with alkenes ‘

fThe typical sample contained 110 Torr parent hydrocarbon (55 Torr in the case

of cyclohexene), 16 Torr

He and ~10 mole % scavenger when used.
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'FIGURE CAPTIONS

~ Fig. 1. The unimolecular decomposition of cyclohexene-t to give
ethylene-t or butadiene-t; unscavenged data at 135°C. Activated
cyclohexene-t molecules are formed by recoil T-for-H substitution.
The abscissa is the effective collisional deactivation pressure (in the
sample capsule) defined as effective pressure = cyclohexene pressure
+ 0.2 (helium-3 pressure). '

'Fig. 2. The unimolecular decomposition of cyclohexyl-t radicals to

n-hexene-t, 1-butene-t or methane-t; H»S scavenged data at 135°C.
Activated cyclohexyl-t radicals are formed by recoil T atom addition
to cyclohexene. The abscissa is the effective collisional deactivation
pressure (in the sample capsule) defined as: effective pressure = cy-
clohexene pressure + 0.2 (helium-3 pressure) + 0.5 (hydrogen sulfide

pressure). .
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