
ISOTOPIC AND HOT RADICAL EFFECTS IN THE REACTION 
OF HYDROGEN ATOMS WITH ETHYLENE' 

Reactions 01 D atoms with CZ1-I&, 1-1 atoms with C?Dlr and H atoms with C2H., a t  room 
temperature are compared. Pronounced differences in the extent of isotopic exchange have 
been found. The observed isotopic and pressure effects provide evidence for the importance 
of "hot" ethyl radicals in these reactions and their responsibility for isotopic exchange. The 
atoms are generated by the mercury-photosensitized decomposition of hydrogen anddeuteril~nl 
and their concentration is sufficiently small so that  "aton~ic cracliing" does not occur. 

INTRODUC'TION 

Addition of a hydrogen atom to a molecule of ethylene leads to the forlnation of an 
energy-rich ethyl radical. The need to take into account the formation and subsequent 
reactions of such "hot" ethyl radicals in order to explain and reconcile seeiningly divergent 
experimental information fro111 various sources has been recently stressed by Rradlcy, 
34elville, and Robb (1). 

In the present work additio~ls of 1-1 and D atoms, respectively, to ethylene have been 
compared a t  various pressures. Siinilar systeins have been recently studied by Toby ancl 
Schiff (2) but a t  verj7 low pressures and a t  high atoin-to-ethylene ratios so that "atomic 
craclting" was favored and methane was the main product, with only smaller amounts 
of ethane and ethylene and traces of butane and propane. In contrast to this i l l  the 
present work the ratio of concentrations of the atoms and ethylene has been sufticie~ltly 
s~nall so that atom-radical reactions have been negligible and the only observed proclucts 
are butme,  ethane, and ethylene, resulting from combinatioi> and disproportionation of 
ethyl radicals. 

From the observed effect of pressure o n  the amounts ,lncl isotopic structure of protlucts, 
direct evidence has beell obtained for the impoi-tant rolc of "hot" ethyl radicals in these 
reactions as well as for their responsibility for the occurrence of isotopic exchange. The 
reactions have been carried out a t  room temperat~~i-e where attaclt of thernlalizecl free 
radicals on 112 or D 2  is too slow to be of importance. In view of the difference in the 
strengths of CD and CI-I bonds an isotopic effect has been anticipated, a11d it has been 
found that isotopic exchange occurs when D atoms aclcl to CpI-1% but not when I-I atoms 
add to C2D4. As a result the course of the reaction ill  the two cases is quite different. 
Some information on the mechanism of clisproportionation of ethyl radicals has also been 
obtained. 

EXPERIh lEN I'AL 

A conventional high vacuum apparatus was ~ised with a cylinclrical quartz reaction 
cell 5 C I ~  in diameter ancl 10 cm long. Mercury resonance radiation was obtained from 
a low pressure mercury arc situated some 20 c111 from the reaction cell and was roughly 
collimated with a highly polishecl aluminum cylinder. 

Research grade ethylene was employed and hydrogen was purified by passage through 
a heated palladium thimble. Tetradeutei-oethylene, a t  least 99 atom O/o pure, was ltindly 
supplied by Dr. L. C. Leitch of these laboratories. 

'n/Ianzwcript received Frbrzlary 27,  1959. 
Contribution from the Division of Applied Cl~en~zstry,  National Research Council, Ottawa, Canada. 
Isszred as N R.C. N O .  5187. 
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RESULTS 

XI1 experiments were perfornled a t  room temperature and the results for 1-1 + C2D,, 
D + C2I-14, and I-I + CJIg are given in Tables I ,  11, and 111, respectively. Large excess 
oi hyclroge~l (or deuterium) and verl- small amounts of ethylene \yere used. This ensured 
essentially cluantitative quenching of the Fig G(jP1) atoms by hydrogen and also made 
feasible mass spectrometric analyses of the recoverecl C? hydrocarbons without necessi- 
tating excessivcly long exposures. 

Butanes and Cr hydrocarbons were conclensed in liquid nitrogen and, after the i~itreacted 
excess hydrogen was pumped off, were separated by a LeIioy still (3),  measured with a 
constant volu~ne gas burette, and then analyzecl by mass spectrometry. No products 
other than those shown in the tables were detected. The obsel-ved Inass balance was 
~ ~ s u a l l y  slightly below 1000/6, in all probability due to the difficulty of quantitatively 
recovering Cl hydrocarbo~ls from the large excess of hydrogen employed. For this reason, 
besides the values actually observed for ethylene and ethane, the "corrected" values are 
also given in the Tables 1-111. The latter were calculatecl by assu~ning complete recover). 
of butane and scaling ~113 the C? fraction to obtain 100% c;lrboi~ atom balance. The 
amount of the C? fraction was, therefore, assumed to be equal to the original ethyle~ie 
less twice the amount of the recovered buta~ie. The relative proportio~is of ethylenes 
and ethanes were the11 calculated from the mass spectro~netric analyses of the recovered 
C2 fraction. 111 general, these corrections were not particularly large. 

The mass spectronietric analyses were subject to the usual uncertainties in the values 
ol the lighter constituents, especially when they were formed in very s~nal l  amounts, 
because of cu~nulative errors in the corrections lor the fragment peaks of the heavier 
constitue~its present."Thus i l l  Table I,  in addition to the t\vo ethanes, ClDSI-I and C2D $1-12, 

Prodtlc~s of the reaction 11 + C?D,  (25*1° C ;  eLposure GO minules; "corrcc~ed" values are ill italics) 

(C?D j1-I + 
CYD, 

7 .  

Prodt~cts (rl~icro~lloles) C ~ D I H ? )  C2D4 
P 1 aken, -- Consumed, 

I i l l ~ ~  nlrn pnloles C2D.I C.DSH C?D;H C:L).IH? CI~>.SMI (C.iD81-12) pmoles 

Q:', 51.3 87.0 0.40 1.40 12.0 0.150 5G.!)2 0.69 
60.3 0.73 0.L2 1 .L8 0.158 26.7 

some CZD:3H:I is also indicated. However, the analytical ~111certaint)- for this compou~id 
is so high that it is not certain whether it is formed a t  all and it has, therefore, been 
omitted from the table. Similarly, the figures for C2D,I-I are only approximate. The ratio 
of C2D51-I and C2D41-12, 011 the other hand, shoi~ld be reliable. Thc C4 fraction consists 
in  this case ol essentially pure C4DaH2 (with less than 0.3% of dB and dl" b u t a ~ ~ e s )  and 
thc indications are that the two 1-1 atoms are on the t e r ~ n i n ~ ~ l  carbon atoms. I n  Table I1 
the figures for C?I-14, CzI-I.ID, CrI-Is, and C~I-ISD are probabl). not too accurate and, 
similarly, ill the fraction the figures for CJIlo are not too reliable. 

' T h e  mass  spectra of tlzz dezitero co~npozinds  fro111 the A ~ n e r z c a ? ~  I'clroleuln Ins t l f t { te  catalog of m a s s  spectral 
data  zverr used where avall.zble. I n  other cuscs cstinralcs of probable fraginent z~ltensztles wzre  niade b y  analogy 
w i th  the kirown spcclra. 
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T U R N E R  AND C V E T A N O V I ~ :  ISOTOPIC EFFECTS 1077 

'I'ABLE I1 

Proclucts of thc rcact io~~ 1) + C?I-I., ( 2 5 f  l o  C ;  exposure 60 m i n ~ ~ t c s  in &IS, 9, 120 r~~ir l~r tes  ill  hI6, 7 ;  
initial C.EI., 88 .5  n~icrol~loles in all experiments; "corrected" valucs are in italics) 

.- 

I'roclucts (micro~noles) c?114 
---- Con- 

I'D~ 9 'rota1 s l l l l l~t~,  
Iiun Inm C2H, C?I-13D C?I-Ic C?I-I,I) C?I-I,jD? C?I-I,Dz C.,I-Ilo CiI-IgD C,I-IsDg C.jM.iIl3 butane @moles 

The analytical uncertainties precluclc a cletailecl quantitative analysis of thc pressure 
clependencc of the investigated reactions ancl for this reason no attempt has been ~nnde  
a t  present to accunlulate more extensive experin~ental data. Fortunately, the values for 
the major products formed are in general reasonably reliable. There can, as well, be little 
doubt of the reality of the general trends observed ancl in particular of the pronouncecl 
difference in the conlplexity of the products shown in Tables I and 11, respectively. As a 
result a number of conclusions can be safely dra\vn. 

DISCUSSION 

A significant result of the present work is the f i nd i~~g  that  isotopic exchange takes 
place readily when D atoms add to C2Hz1, even a t  relatively high pressures of Dz, \vl~ile 
there is no exchange when 1-1 atoms add to CzD.4. I n  the former case the formation of 
different isotopic butanes indicates, besides C21-14D raclicals, the presence of C21H5 and 
C2H,,D2 raclicals as well. 111 the latter case, on the other hand, only C2D4H radicals 
are present. 

The amount of isotopic exchange in the reaction of D atoms with C21-14 (Table TI)  
increases a t  lower pressures of D?  and the follo\\ring rcnctions have, therefore, to bc 
considered : 

and 
C2H,D" + hI + C?H,D + 181 [3 1 

\irith subseque~it reactions of the 1-1 atorns produced in reaction [2] and recombi~latio~\ 
and disproportionation of the ethyl radicals formed. Addition of 1-1 atoms to the original 
ethylene, C21-14, produces CzI-15 and as the conversion increases, D atoins will add to 
C2HBD formed in reaction [?I to give increasing amounts of C2HaDz. The observed trends 
xilith pressure and over-all conversion in the amounts of various butanes formed in the 
reaction of D atoms with CZH4, as shown in Table 11, are in qualitative agreement with 
the indicated reactions. 

111 the reaction of H atoms with CzD4 (Table I) the o ~ ~ l y  equivalent of reaction [2] 
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\vhich occurs is 
C~D.IH" + CzD, + 1-1 [4 I 

but not 
CyD,H* + CzD3I-I + D 

No isotopic exchange is therefore observed. 
'The difference between the two cases is readily understandable in view oE the difference 

in the bo~ld dissociation energies between a C-D and a C-I4 bond as a result of the 
difference in the zero point energies. When a H atom adds to C2D4, the hot C2D4H'" 
radical possesses ellough excess energy to i~ndergo reaction [4] but not reaction (51. When 
a D aton1 aclds to C2H4, 011 the other hand, the hot CzI4.ID" radical formed possesses 
enough excess energy to split off a D or a H atom, and both the statistical and the 
energetic conditions favor the latter (reaction [2]). 

'The isotopic structure of the ethanes formed and the pressure effects observed in 
these experime~lts are of interest from the point of view of "disproportionatiom" of ethyl 
radicals. Under conditions of the present work, e t h a ~ ~ e  could not have been formed by 
contbinatio~~ of methyl radicals because i f  this were so appreciable quantities of propane 
\vould have been fornled as well and this was not the case. Reaction of H atolns with 
C2D4 is relatively simple and the analytical results in 'Table I for the two ethanes 
for~ned,  C2D5H and C ~ D ~ H S ,  are reasonably reliable. (Some C2HsDs might have been 
produced as well but this is highly uncertain.) C2D6 is 11ot formed. These results are 
11ot inco~lsistent with the "head-to-tail" disproportio~latiorl 111echanism of Wijnen and 
Steacie (4). The ratio C2D.IH2/C4D~I-12 increases a t  lower pressures while the ratio of 
C2D6H/C4D81-I? is pressure-indepel~deiit. The following reactions ought then to be con- 
sidered : 

C?D,I-I + C,D,H + CZDZH + CrDII-I [6 I 
C?DiH + C?D,H + C?D41L + CzD, [7 I 

C,D,H* + CYD,I-I + C2D4 + CsD,Iiz': PI 
C2DiH,* + M + CyD,I-I,* + hpI. 1 

Iceactions [GI and [+iJ i~lvolve thernlalized radicals and lead, therefore, to a pressure- 
independe~lt ratio of C~DSI-I/C.~DB~I.I. Reaction [8] explains the illcrease in C2D4H2 as 
the pressure is lowered. I t  appears therefore necessary to assume that under the con- 
ditions e~nployed in these experiments an 1-1 atom is abstracted much Inore readily than 
a D atonl from a hot C2D.kI-I radical in spite of the lllore favorable statistical ratio of D 
atonls. I t  is i~lllikely that CyDIH? was formed by a d d i t i o ~ ~  of 1-1 atoms to C2D4H since, 
i f  any th i~~g ,  the pressure dependence would then be opposite to that  observed. 

111 c o ~ ~ t r a s t  to the results obtained in the presellt work, Dills and Rabinovitch ( 5 )  
obtained :L more complex isotopic structi~re of the proclucts in all experiment with C2D.I 
and H n ton~s  a t  a total pressure of about 4 nlm, using a silnulatecl point source (~lozzle) 
of 1-1 atolns, and mai~~taining a spherical diffusion reaction zone. 'The b u t a ~ ~ e s  consisted 
of C4D81-Ie (8:3%), C.ID9H (ISYO), and C4D10 (2y0) a ~ ~ d  the ethanes of CgDG (63Y0), 
C2DsH (18y0), and CrD.II-12 (19%). This was i~lterpreted to show that  the nlechanis~n 
of disproportionation is not "head-to-tail" but rather that the d ispropor t io~~at io~~ takes 
place with more tha11 one atonl migrating. 'This conclusion cannot be of gei~eral validity 
s i ~ ~ c e  C2DG, C4D91-I, a11d C4Dlo are not forn~ecl in the same reaction uilder conditions 
c~llployed in the present work in \vhich the product-s fornled are consistent with a "head- 
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to-tail" disproportionation. The more complex isotopic structure of the butane and 
ethane obtainecl by Dills and Rabinovitch appears to be due to the particular conditions 
employed by these authors and the reason for the greatel- complexity is not quite clear. 
Perhaps a t  very low pressures some exchange involving transfer of D atoms does occur. 
Since reaction [j] is slightly endothermic while [5a] is exothermic, the latter would 
perhaps provide the more readily acceptable mechanism of such an exchange. However, 
iurther esperimental information is necessary before any firm conclusions can be drawn. 

In the reaction of D atoms with C&14 (Table 11) no C2H4D2 is formed a t  low con- 
versions, and the clisproportionation of C2HtD radicals (including also the reactions 
involving C?EIJD") is, therefore, entirelj. by abstraction of a hyclrogen atom. 

Abstraction of hydrogen atoms is here favored both statistically and energetically. Only 
a t  higher conversions C2H4D2 is formed as a result of the eventual addition of D atoms 
to C2H3D produced in the COLII-se of the reaction. Formation of C?I-Is is a consequence 
of the readily occurring isotopic exchange (reaction [2] or [2a]).' 

A striliing feature of the results of the performed experiments is the fact that the 
isotopic exchange (reactions such as [2] or [2a]) and the "hot radical" effects in the 
disproportionation (reactions such as [8] and [ l l ] )  persist to quite high f-12 or D?  pressures. 
The occurrence of reactions such as [2] a t  high pressures could be explained by assuming 
very short natural lifetimes of the energy-rich radicals and perhaps, as is frequei~tly 
done, a very readily occurring deactivation by collision for this particular process. The  
occurrence of reactions such as [8] and [I l l ,  on the other hand, must mean that the 
energy-rich ethyl radicals are deactivated in collisions only extremely slowly and &re 
capable of undergoing prefel-ential disproportionation (and exhibiting as well a strong 
isotopic effect in disproportionation), even after undergoing numerous collisions in the 
gas phase with f I ?  or Dr and with ethylene. Thus, for example, although in the reaction 
of 1-1 atoms and CzD4 the ratio of the concentrations of hydrogen a t  n pressure of 
100 mm and C2DdH (calculated approximately from the rate of for~nation of C4DsH2) 
is of the order of lo5 to lo6, there are still pronounced isotopic and pressure effects in the 
for~uation of ethane. Sinzilarly, the pressure dependence of the ratio of disproportiona- 
tion to combination in the reaction of 1-1 atoms with C2H4 (Table 111) persists to 

high hydrogen pressures. 

T A B L E  I11 

Products  o f  t h e  react ion I3 + C ? H l  ( 2 5 1 1 "  C ;  exposure  60 m i n u t e s ;  "corrcctcd" values  are i n  i ta l ics)  

CyI3,  P r o d ~ ~ c t s  (m icromoles )  C2H4 
pa,, T a k e n ,  - C o n s ~ ~ m e d ,  

Run m n~ pmoles  C?M C ~ H G  C l H l o  pmoles C ? H G / C I H I O  

ISznce all  etl~atsr rerldts Jronz dzsproport~onatzon of ethyl radscals, the relatzve abunda?rce of C2Ha and  C ~ H S D  
dependr on  tlre relatzve ~rtzport (~nce of react~onr  [2] (or [Za] )  and  [Y] ,  respectzvely I?$ the l ~ m ~ t r n f  case when  r e a c t ~ o ? ~  
[3]  I S  negl~gzblr,  L e a s  presszlre tends to zero, all the ethane would c o ? ~ s ~ s t  of CzHe ( a s  l o q  as the conversLoiz I S  

tnrnll, r e zlntrl npprecltrble qz~antzties of C r H J D  are a c c ~ ~ r i ~ u l a t e d ) .  
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111 principle, it might appear to be possible to obtain quantitative information on the 
lifetimes of the "hot" radicals fro111 a study of the pressure dependence of the yields 
of the products. The somewhat li~nited experimental information on pi-essure effects 
obtained in the present work and the liinitatioils in ailalytical accuracy PI-eclude a 
detailed analysis of this kind. I-Iowever, the data in Tables 1-111 appear not to be con- 
sistent with the postulates of single hot radical species the rate ol deactivation of which 
depends linearly on pressure. 

The finding that abstraction of a hydrogen atom from a hot ethyl radical talies place 
very readily and that when the hot radical co~ltai~ls  both 1-1 and D a t o ~ n s  it is the foriner 
which are abstracted, 1nal;es it necessary, by analogy, to consider the reactions of the 
type [2a] and [4a] as the ones which lnay perhaps be responsible lor the isotopic exchange. 
However, on the basis of the available inforination the two types of processes (reactions 
[2] and [4] as contrasted with [2a] and [+La]) cannot be differentiated. Whether reactions 
of the latter type occur or not shoulcl perhaps be possible to establish by producing hot 
CzHS radicals from photolysis of mercury diethy1 i n  the presence of CzD4. 

The ambiguity between these two types of processes inay be rather general for exchange 
reactions of similar ki~zd. Thus, the isotopic exchange a i d  deuteriuill atom enrichinent 
in the illethane formed in the reaction of ethylene (2) or ethane (6), under conditions 
where atonlic cracking takes place, may be due to the reactions of the type 

as is generally assumecl (6), or instead of [14] 

where R is D,  an ethyl or a methyl radical and RI-I* may still be to some extent "hot", 
since the excess energy would be expected to be predominantly transferrecl into the 
product (RH*) in which a bond is formed. (Energetically the process simulates to a 
large extent the sequence of reaction [14] followed by combination of 1-1 and R to give 
RH*.) 

Recently Lavrovskaia et al. (7) have proposed the following reaction as the one 
responsible for isotopic exchange in free radical reactions of hydrocarbons: 

RCH,. + D2 + RCHD . + HD. 

However, we find5 no isotopic exchange a t  room temperature between therinalized ethyl 
radicals (from pllotolysis of diethyl ketone) and Dz or C?D4. Reactions of this type, 
therefore, do not occur under conditions of the present esperi~nents and are in general 
not 1il;ely to be important when therinalized radicals are i n v o l ~ e d . ~  Whether such re- 
actions may occur when the free radicals are "hot" cannot be said a t  present. In such a 
case reaction [ l G ]  would beco~ne analogous to reaction [2a], tentatively suggested as a 
possibility in the present work. 

The authors are grateful to Dr. A. W. Tickner for mass spectrometer ailalyses and 
their interpretation. 

=The azlthors are grateful to Mr .  S .  Sato for pcr fon i t i~~g  tl~ese experinte~cts. 
6Reaction [I61 i s  also discz~ssed in reference (6). 
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