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I. INTRODUCTION

The goal of a number of research programs has been the development
of a more energetic propellant. Examples of some of this work are given
in references 1 and 2. The stabilization of very reactive species such
as radicals in conventional propellants was one of the methods used. t.

In the development of an energetic propellant the inability to
attain a substantial concentration of radicals in the propellant is one
of the primary obstacles to making a significant contribution to the
total energy of the system. Calculations have been made on particular
syst.ms3~

4 but the actual parameters required for producing high concen-
trations of radicals are not well understood. Some methods that have
been used to produce free radicals in solids are high energy radiation,
photolysis, and generation of free radicals in the gas phase with a
microwave discharge followed by condensation and trapping of produced
radicals at low temperature. All of these techniques have some defici-
encies. With bond scission by radiation the fragments produced must
migrate far enough from each other in the solid to prevent recombination.
With the discharge and condensation method considerable reaction takes
place when the radicals collide with the substrate. The mechanisms of
trapping radicals within matrices is a field that is not well understood.
Pimentel (see reference 1, chapter 4) has established a general rule on
the macroscopic level which states that radical species cannot be
preserved if the temperature of the matrix substance is higher than
approximately Tm/ 2, where Tm is the melting point of the matrix.

The mechanisms of radical trapping of hydrogen atoms in various
matrices have been published by Ultee and Kepford5. A study by one of
the present authorsb on the trapping of methyl radicals has also been
completed. Both of these papers are directed at a better understanding

1. A. M. Base and II. P. Broida, Formation and Trapping of Free Radical-s,
Academic Press, New York, NY, 1960.

• 2. G. C. Szego, “Free Radical Fuels ”, Chem. Eng. Pr ogr ., 56, 60—63 (1960) .

3. J. L. Jackson and E. W. Montroll, “Free Radical Statistics”, J. Chem.
P~y!,~~ 28, 1101—9 (1958) .

4. J .  L. Ja ckson, “Dynamic Stability of Frozen Radicals . I .  Description
and Application of the Model ”, J. Chem. Phys ., 31, 154—7 (1959) . ¶

5. C. J .  Ill-tee, and C. Xepford, ??~~j~j y  of Stabilization of Hydrogen
Atoms at 77 K and Higher Tenrperatures ”, AFRPL-TR-68-?3, (1968) .

6. C. U. Morgan, “Decay Kinetics of the Me thy l Radica l Produced by Ultra-
Violet Irradiation of Methanol-Water Matrices at 7? K ”, Ba l lie ti-c
Research Laboratory , Aberdeen Pr oving Ground, MD, BRL Report No. 1422,

• • October 1968 (AD #678563).
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of the mechanisms involved in radical trapping in matri ces . Oneobjec tive of this task is to investigat e the techniq ue of t rappi ngradicals produced by the inte ractio n of act ive species such as hydroge natom s with unsat urated compounds at 77K. Radicals that are formed bythis method are not frag mented species and do not requi re the migrati onof species to prevent recombjnatjon as in the case of the photolyticor radiolytj c techniques . Thi s method also avoids the unwanted reactionsthat take place when radi cals are condensed fros the gas phas e. Theproble m of how the rea ctivity of the radicals affects the Sta bility ofthe matrix should also be considered.
Klein and others 743 for a maber of years investi gated the reactionof H atoms with unsa turated hydroca rbons primari ly by the analys is ofthe products when they had warmed to room temperatur e. An object ive ofthis work was to investigate directly the radicals produced in thesereac tions by using electron spin resonance (esr) .
Severa l author s14 ’15 have postulat ed the importance of surfacereactio ns in re lation to unstable ignition and combustio n phenomena butdetailed knowledge concerning information on the reaction of gas phaseproducts with condensed reactants is inadequate. A second objective of

7 R .  Klein, N. D. Soheer, and R. Kelley, “D ep rop ortj onatio~~~0j ,,j,j,~~ _ion Reactions of  Al-ky 1 Radical-a and Hydrogen Atoms at Low Tanp erature “,J. P hyB. Chain., 68, 598—606 (1964) .
8. R. Klein, and U. D. Saheer, “Matr ix Effe cte in the ( aaeozsB H Atom-Condensed Olefi n Syatem; Surface Reaotion--Olefj n Diffusion Model ”,J. Phye. Chem., 86, 2877—81 (1982) .
9. R. Klein and P 4. D. Scheer, “The Activation E~zergy fo r Hydrog enAddition to Pr opylene “, J. Phya. Chain., 65, 375—?? (1961) .
10. R. Klein, M. D. Scheer, and J .  C. Wailer, “The Reaction of Hydrog enAtoms with Solid Prop ane at Low Tenrperaturee”, J. Phys. Chem,~ 64,1247—50 (1960) .

11. R. Klein and M. D. Scheer, “The Addition of Hydrogen Atoms to Solid• Ol-ef ins at -195° ”, J . Am. Chem. Soc., 80, 100? (2958).
12. B. Klein and M. D. Scheer, “Cross Dimerisat-~on in the Hydrogen AtomAddition to Mixtures of Solid Olefine at 7? K”, Pr ep rint Paper s,Internatj o,~~j  Sjp np . Free Radicals, 5th, Upea ia 34—2—5 (1961) .
13. R. Klein and N. D. $oheer, “The Reaction of Hydrog n Atoms with SolidOlefine at —195°”, J. Phys. Chain ., 82, 1011—101 4 (1958) .
14. F . E. C. Cuiiclc, “Some Pr oblems in the Unsteady Burning of SolidPropel iante”, NWC Tech. Pub. 4868, (1969) .
15. R. S. Brown and R. J .  Msazy, “Research on Combustion of Solid Pro-peilante ”, UTC Report No. 2136—TSR2, (1987) .
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this investigation is to illuminate some of the basic reactions of
hydrogen atoms with unsaturated compounds. These experiments compliment
those of Klein and others. Other authors who have contributed to this
f ield are Bazh in , Kuznetsov , Bubnov, and Voevodzkii’6 with their work
on the addition of H atoms to ethylene and acetylene in low temperature
acid matrices to produce the ethyl and vinyl radicals. Hill , Reid , and
Strandbergll, in studying the bombardment of a propylene film with hydro-
gen atoms, calculated the kinetic rate constant for the reaction
H + H 2C~CH-CH 3 -ICH3CHCH3. When Cochran , Adrian, and Bowers’8 photolyzed
HI ~~!1 acetylene at 4.2 ~~~, the hydrogen atoms produced added to the triple
bonds of acetylene to form vinyl radicals. Similarly, Aditya and
Willard ’9 photolyzed matrices of HI , 3-methyl pentane, and various alkanes
or alkenes at 77 K to produce radicals. Forchioni and Chachaty2° bombarded
various organic compounds at 77 K with active nitrogen to produce radicals.
Chachaty and Schmidt2’ bombarded methy l methacrylate, vinyl acetate,
acrylonitrile, methyl acrylonitrile , and styrene with H atoms to produce
radicals. These radicals were formed by addition to the double bond at
the terminal position . Abstractive radicals were obtained when allyl
alcohol , ethanolA isopropanol , and 2-chioroethanol were bombarded with H
atoms. Others 2~~24 have produced radicals in polymers or solids by

16. N. M. Bashin, E. V. Kuaneteov, N. N. Bubnov, and V. V. Voevodakii,
“Hydrogen Atom Reactions in a System Ji~0 + H2S04 + FeSO4. II. Re-
actions with Unsaturated Compounds”, Kvnekika i kata lia , 7, 161-5 (1966) .

17. C. C. Hill, Jr., R. C. Reid, and M. W. D. Strandberg, “Reactions of
Atomic Hydrogen with Propy lene at 77 K as Studied by Electron Spin
Resonance”, J. Chem. PhyB ., 42, 4170-74 (1965).

18. H. L. Cochran, F. J. Adrian, and V. A. Bowers, “E.S.R. Study of
Ethyny l and Viny l Free Radicals ”, J. Chem. Phys., 40, 213-20 (1964).

19. S. Aditya and J. Willard, “Radical For mation by the Photolysis of
Hydrogen Iodide at 77 K in Alkane-A lkene, and Alkene Matrices”,
J. Am. Chem. Soc,~ 88, 22 9—32 (19 66) .

20. A. Forahioni and C. Chachaty, “Free Radica ls Formed by the Reaction
of Active Nitrogen on Organio Compounds at 77 K”, Compte8 Rendus,
264, 637—40 (1967).

21. C. Chachaty and M. C. Schmidt, “Free Radicals Formed by the Reaction
of Gas Phase Hydrogen Atoms on Various Organic Compounds at 7? K”,
J. Chsm. Phys., 62, 527—35 (1965).

22. L. A. Wall and R. B. Ingalls, “Reactions of Deuterated Polyatyrenee
with Hydrogen and Deuter ium Atoms ”, J. Chem. Phye., 41, 1112-20 (1964) .

23. T. Cole and H. C. Heller, “Production of Free Radicals in Organic
Solids by Hydrogen-Atom Bornbard,nent ”, J. Chein. Phys., 42, 1668 (1965) .

24. J. N. Herak and W. Gordy, “Interaction of Hy drogen A toms and Hy dro~cyl
Radicals wi th 5-Halogen Uracila”, Proceedings of the National Academy
of Sciences, 56, 1354-60 (1968) .
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bombarding with H or U atoms at room temperature. In an earlier report ’5
ethylene , propyne, 1,3-butadiene l-butyne, l ,2-butadiene 1,4-
cyclohexadiene, and benzene were bombarded with H atoms to produce,
respectively, the ethyl , al leny l , 2-butenyl , muthylalleny l. aethylal leny l .
cyclohexadienyl , and cyclohexadienyl radicals, in more recent work by
Bennett and Mile26 radicals were produced by U atom bombardment f unsat-
urated compounds in an inert matrix. This was accomplished by bombarding
a steel drum rotating cryostat cooled to 77K alternately with streams of
argon , unsaturated hydrocarbon , and then U atoms.

II . EXPERI MENTA L
H

The gases used in the work included Matheson trans-2-butene (99.0%),
isobutylene (99.0%), hydrogen (99.9%), deuterium (98.0%), allene (97%) ,
ethylene (99.5%) , and butane (99.0%). The liquid samples used were
furnished by the Chemical Samples Company. iht~y were trans-i .3-pentadiene(99%), 2,3-dimethyl-l ,3-.butadiene (99%), 3,3-dimethyl-1-butane (99.9%),
and 2-methyl-l-butene-3-yn. i~99%). These were not purified further. The
experimental apparatus and conditions were the same as those described in
a previous publication25 with the exception that a Varian V-4535 Large
Sample Access cavity was used in the esr system .

Essentially, the system consisted of a glass flow tube in which
hydrogen or deuterium gas was passed through a microwave discharge or a
hot tungsten filament2’ to produce the free atoms. The atoms then
bombarded the sample heW on a cold finger at ‘ ‘  ~ located in an esr
cavity.

L 

Computer simulation of the experimentally obtained spectra was
carried out for most of the cases examined .
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A. Trans- 2-butene

Trans-2-butene was bombarded with hydrogen atoms and the spectrum
of the radical produced is shown in Figure 1A.

The addition of a U atom to the double bond of trans-2-butene can
produce only the sec-butyl radical. Asycough and Thomson28 showed that
the two beta protons of the methylene group in radicals like the sec-
butyl are not equivalent . They concluded that these protons were about
15’ away from the symmetrical arrangement of the two protons above and
below the plane perpendicular to the the unpaired electron . Such a
confi guration would ield roughly f i v e  equivalent protons (ict  and 4~ ) .
The other ~ proton gives a coupling ~‘oustant approximate ly twice as
large as the equivalent  protons . The observed spectrum can be e~pIainedby assuming the f o l l o w i n g  hyperfine splitting constants:

nail 
~~~ 

= 2 . 5 • 0 . 1 ml

4 .4 ‘~ 0 . 1 ~UT L

and an intensit y distribut ion of 1: S : 1: 10: S : 10: 10:5: 10:1 :5: 1 . For the
deuterium bombardment of t rans- 2-hutene the quest ion remains as to  the
~ posi t ion of the deu te r ium.  i f  i t  adds to  the 

~ 
posit ion then the

deut erium s p l i t  t i ng would he about 0. 35 ml. but i 1’ at the t~~~~ posit i on
~~ the sp l i t  t i ng wou It! be about 0. c~8 ml. Add i t  ion of a 1) atom at the  ~position would also e l i m i n a t e  t he  large 4 . -I ml proton sp i i t t  ing  . The

stick diagrams of both these cont’i gu i -at  ions are g i v e n  in  !~igu re  lB under

t 

the spect rum for the deut crated Sec -!~ut I r a d i c a l  . C l e ar 1~ th e  deuterium
in 

~~ 
or smal l  spi itt tug ¼’onft t z ura t  ion fits the observed spect rum . The

sina i I s p l i t t i n g  pos i t  ion means t hat t he deut er ium carbon bond makes an
angle of a pp r ox i m a t e l ~ L~S ° i~ith the : asis of the I’ electron .

B. 2 , -3-dimeth y l - 1 .5-butad i ene

Bombardment of 2 , 5 - d im e t h v l — 1  . 3-but adiene w i t h  h ydrogen at ems yields
~~ the spect rum shown in  Fi gure IC .  The spec t rum consist s of seven equal !

spaced L i n e s  w i t h  an i so t r op i c  splittin g constant of I . -In niT . When the

r 

spectrum was scanned at  a hi gher gain • t iso i~ i ng 1 i ties appeared revealing

~ . r. F. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ C. :. • •~~~ ‘t iy’: C~ f’: C, ~~ “:,: :,~~ ::‘c~’:
4sk y~ ~I Z ~~ 2 ‘ . ‘ ‘

_______• ~~~~~ 1-;:.’ :~‘~:~ .

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

L



- ------ — -~~~ - ----——----~~~~ - -- --—-

0
N £ ~~‘
z I.

~~~~~ ~~~~r: ~~ /‘ ~
~~~ 

.
~~

~ 5—s. s .., -o
~~ U % ~ in
• I 

~~~~~~~~~~~~~~~~~~~~~~~~~~ N S..____ 
N —~ -

- — 0 u in I—
— -~~~~~~~ 

—
.---- U ~~ >~“- -

-J -~~~~~~ 01
N —~~~ —... in 4.)

~~ 
I ~~~ 5

~— V N ~~~~~~~ ~~~~~~~~~~~~ in .0
su I I I—U I

5: - 

~; •~~~~

,
P /I ( IN • o —  ~~~~~S 0 I U >-, 0 0 1

11)4.) n E
‘J ~ .5 . .’-

4— .O if l  0
1 0 S C ’— S( o o>,c’
1 5 EU~ ’— •
1 1 . inUi4- ) UC’%J

F I•._ I I i ~ S.. in .i—’k Ii .~ Ii
~~ Iq — \ 10 -

J I i., ‘-‘.. I m - .1
~~ 4.) ~

) I 5.)
-.-

-.. I ) I - — 0 in u— (‘1 in
-‘ — “ 5.l~~~~i 5 .  r

— ( — 
— 

u .~~~ U C - 0)-
~~~~ — U4J 0 >5 4J

-
~~~~ -

— _ _ _ _  .S-) U + )W
— ~U 0 a,

—S.. _ _ _  I
_ _ _ _  _ _ _ _ _  

0
0) ..-‘ ______ I
I 

_ _ _ _ _ _  
— U -‘- Oi U) I 0)

~~ 
-
~~~~~~~ in C in ~~ C

I 1 _ _ _ _

-
~~~ x ~~~~ _ _ _ _ _ _ _  01 U) 0.CSJ In

N .U 4.)
w ~~~~~~~ — ‘s — C 010 0) 0)

u -I- .C Z C .C N.
D ~~~~ ) — 

— 4.) 4) 4.) 4) N.
U P — 1’ — -o

u I.. — -
‘
~~ 

‘t — : ,  rn m o o o o i n

in ’ 5 / 1 E E i n E E - O
.~~ U

I I S_ I _ i n _ I _ -v4 N J
I 0 0 0 w U0

~~- o W U i n U W O

4 in in v in in S..

.
~~~~~~I-

0)
S..
S
a)

L~.

10

~~~~~~~~~~~~~~~ ~~ -_ --‘- ‘- — — 
:~

11::: ~,.



7
a nine line spectrum instead of seven . The displacement of the spectrum
about the base line indicates that a broad single line resonance is
superimposed on top of the nine line spectrum .

To assist in the analysis , th e 2 3-dimethyl-l ,3-butadiene was born-
barded with D atoms and a spectrum of 8 lines was produced as shown in
Figure 1D.

The splitting due to deuteriurn is approximately 1/6 that due to
hydrogen and consequently contributes mainly a broadening effect to the
remaining hyperf ine lines of the spectrum . Thus , the spectrum produced
by deuterium addition always contained one less line than that produced
by hydrogen addition. The deuterium spectrum in the above case confirms
the addition mechanism since an abstraction by H or D would yield the
same spectrum .

The addition of H atoms to 2 ,3-di methyl-l , 3-butadiene at the termi-
nal position would give radical (1) ,  l , l , 2 - tr imethylall , whos e resonance
hydr id is 2 ,3-dimethyl-2-but enyl .

(‘1
3 

- C-C=CH 2 —
~~~ CU 3 - C=C-CH 2

I I  I I  (1)H3C CU3 H3C CH 3
If the proton adds to the second position we get radical (2 ) ,  2 ,3-dimethyl-
3-butenyl .

CII
~ H~~~

3

CH2 -C-C=C FI2 (2)

CH 3

Radical (1) has eight equivalent protons (2ct and 6~) interacting withthe unpaired electron and should produce a nine line spectrum with in-
tens ity dist ribution 1:8:28:56:70:56:28 :8: 1.  Radical (2) on the other
hand has only three interacting protons and could not yield the observed
spectrum . The spectrum is accounted for by radical (1) plus a broad
underlying unknown resonance .

C. Trans-l ,3-Pentadiene

Trans-1 ,3-pentadiene was bombarded with hydrogen atoms and che
radical produced gav e the esr spectrum shown in Figure 2A. Seven equally
spaced lines are observed with an isotropic spli t t ing constant of 1.55
ml. In the case of an addition reaction the hydrogen atom could add at
the 1,2,3, or 4 position in trans-l ,3-pentadiene . Radicals (3) , (4 ) ,
(5), or (6) could be produced .

______________  

-__

~~~~~~~~~~~

_

~~~~~~~~ 

- 
-

~~~~~



- - —---•.—.—~~ ,S’•’—’-—

A. TIAN$.1 , 3-PENTADIENE B.

CH2~~CHcH O$cH3 A I
CH3~ HCH CHCH 3 Z~~ CH 3CH=CIso,cH3

c.

i

~~~~~~~~~

CH2 D~ HCH CHCH 3~~~ CH 2DCH CH~ HCH3

Figure 2A. Spectrum of the 1 -methyl-2-buteny l radical.
B. Computer simulated spectrum of the l -methyl-2-butenyl radical .
C. Spectrum of the singly deuterated l -methyl-2-butenyl radical.
D. Spectrum of the single deuterated l -methyl-2-butenyl radical

at high gain. All spectra recorded at 77K.
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CH3-~H-CH CH-Cfl3 —, CH3-CH CU-CU-Cu 3 (3)

.CH2-Cft,-CH • CH-CH 3 (4)

CH2 CH-CH2-~H-CH3 (~5)

1~~~~~.• CU2 
= CH-CH-CH2-CH3 

—
~~~ CH2-CH CH-CH2-CH3 (6)

Radical (3), l-methyl-2-butenyl , has eight equivalent protons
(2a and 68) interacting with the free electron . This radical would pro-
duce a nine line spectrum with an intensity distribution of l:8:28:Sn:
70:56:28:8:1. Computer simulation of the observed spectrum clearly shows
that the seven lines have an intensity distribution of the middle seven
l ines of the spectrum for radical (3) . Computer simu l ation also indicates
that the two wing lines would be buried in the noise (F igure 2B) . Radica l
(4 ) ,  3-pentenyl , has 3 equivalent (2a and 18) and one inequivalent 13
protons interacting with the free electron . This would produce a s i x
line spectrum wi th  an intensi ty distribution of 1:3:4:4:3 :1. The
methylene group protons in this type of unsaturated radical 29 exh ibit
the same steric characteristics as in the saturated radicals.  Radical
(5), 1-methyl-3-butcnyl , has five equivalent (la and 48) and one in-
equivalent 8 protons interacting with the free electron and would produce
an eight line spectrum with an intensi ty distr ibution of 1:5 : 11: 15: 15: 11:
5:1. Radical (6), 2-pentenyl , has four equivalent (3ct and 18) and one
inequivalent B protons interacting with the free electron . This would
yield a seven line spectrum with intensity distribution of 1:4:7:8:7:4:1.
Clearly radicals (4) and (5) can be eliminated from consideration as the
species that produces the spectrum but radicals (3) and (6) are s t i l l
possibilities.

To as sist in the analysis the trans-1 ,3-pentadiene was bomba rded
with 1) atoms and the resul t ing spectrum is shown in Fi gure 2C . if the
deuterium adds to the double bond as 11 does in radical (6) in such a
way that the proton remaining in the methylene group is  inequivalent

1’ to the other protons , then a spectrum of six lines with intensity
• d istribution of 1 :3 :4 :4 :3 :1  would be generated . If  i t adds so as to

make all remaining protons equiv alent then a spectrum of five lilies
would result with an intensity distribut i on of i:4:n:4:i. lt radical
(3) is the observed radical , then the intensity distribution for the H

• spectrum of the deuterated radical would be l:7:21:35:35:21: ’:l. Since

• ~9. P. 8. eIyacou~’h and Ii. ~~ . l~’~’~2?w , “Electron :~ in ~~~~~~~ ~t uJico
of Gcnr L—Irradi~i t ? ~i UlcJ ’ina m d  u. ~‘. — ? ? ‘l~zdZ ztt ’d methy l .7oi~ k’ +-
oLB fi Pl (flaaaea , “ !‘v znu. Far.zda ~j Cot ’. , 60, 601 ( .f l) 64) .  

~~TU -_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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the deuterated radical spectral intensities do not f it either case of
the deuterated radical (6) ,  but agree well with the six central lines
of the deuterated radical (3), this must be the observed species.
Scanning of the deuterated spectrum at a higher gain confirmed that the
spectrum had eight lines instead of six as two weak wing lines were
observed (Figure 2D). Only the extreme low field and high field lines
are shown in Figure 2D.

D. 2-methyl-l-butene-3-yn e

The bombardment of 2-methyl-l-butene-3-yne with H atoms yields the
spectrum in Figure 3A. It consists of eight equally spaced lines with
intensity distribution of l.l:7.2:18.4:26.5:24.6:l7.3:7.3~l.2 derived
from the integration of the area under the absorption curves. The
isotropic splitting constant for this radical is 1.77 ± 0.05 mT . This
spectrum is produced by radical (7) , l , l-dimethyl-2-propynyl , by a
terminal addition to the double bond.

(CH3) 2 -~ -C~CH ~~ (CH~) 2C~C=~H • (7)

The theoretical intensity distribution for this radical is 1:7:21:35 :35 :
21:7:1 . The spectrum is produced by the interaction of seven equivalent
(ics and 68) protons with the unpaired electron .

E. Allene

The bombardment of allene with hydrogen atoms produced the spectrum
shown in Figure 3B. The peak to peak separation of the four lines are
1.80, 1.44, and 1.80 ± 0.05 mT. This species is identical to that found
for the hydrogen atom bombardment of propyne25 and ultraviolet irradiation
of allene by Volman , Maas , and Wolstenholme30. The radical producing

• this spectrum was identified as the allenyl radical. Hydrogen hyperfine
coupling constants of 1.8 mT for the methylene group and 1.4 mT for the

• CU group were observed for this radical . These mechanisms are described
in detai l in the previous report 25 .

• F. 3 ,3-Dimethyl-l-butene

Bombardmen t of 3,3-dimethyl .-1-butene with hydrogen atoms yields
the five line spectrum shown in Figure 3C. This spectrum has an
isotropic splitting constant of 2.23 ml and an intensity distribution
of 1:4:8:4:1. Two possible radicals that could be produced by an
addition reaction are radicals (8) and (9) .

• 30. D. Ii. Volman, K. A. Maaa, and J. Woletenhoime, “Pho tochemical
Fo iination of Free Radicals fro m Oief inic and Acetylenic Compounds

• in the Fro aen State as Studied by Electron Spin Resonance,” J. Am.
Chem. Soc. ~~~, 3041 (1965) .
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A. 2-METHYL-~ - BuTENE-3-YNE B. ALLEN E

H3C C-.C CH H2C=C~ CH 2
CH3

(CH 3)3 —~~~ —C CH~~(CH3)2C C C H ,1C~ C~ CH2*HC C — CH2

C. 33-DIMETHYL -1 - BUTENE D. 3.3-DIMETHYL -)- BUTENE
• fH3 

.
• CH2—CH—~--CH3 H3C—CH—&CH3

• Figure 3A. Spectrum of the l ,l-dimethyl -2-propynyl radical.
• B. Spectrum of the allenyl rad ical.

C. Spectrum of the 1 ,2,2-trimethy l propyl radical.
D. Computer simula ted spectrum of the 1 ,22- trimethy l

propyl radical . All spectra recorded at 77K.
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CH3-~H-C-(CH3)3 
(8)

H2~-CH2-C- (Cti3)3 
(9)

Radical (8), 1,2,2-trimethyl propyl is produced by a terminal addition
and has four equivalent (ics and 38) protons interacting with th. free
elec tron . This gives a five line spectrum with an intensity distribution

of 1:4:6:4:1. Radical (9), 3,3-dimethyl but)’l, has three equivalent

protons (2ci and 18) and a fourth 0 proton with a coupling twice as large

as the others . Such a radical would yield a six line spectrum with an

intensity distribution of 1:3:4:4:3:1. Computer simulation of the
observed spectra indicates the superposition of two spectra , the one

with intensity distribution of 1:4:6:4:1 and the other a sing le line of
intensity two (Figure 30). The radical observed in Figure 3C then is
Radical (8) plus an unknown radical producing the single line .

G. Isobutylene

Bombardmen t of isobutylene with H atoms produced the spectrum shown
in Figure 4A. Computer simulation of a 10 line spectrum with an
isotropic spli tt ing constant of 2.26 ml, a 0.3 ml line width and an

intensity distribution of 1:9:36:84:126:126 :84:36 9:l gave an exce llent fit

to the spectrum (Figure 48). The two most extreme wing lines in the
spectrum of Figure 4A were not observed. Possible radicals formed by
the addition are radicals (10) and (11).

• (CH3)3~ 
(10)

(CH 3)2CH-~H2 
(11)

Radical (10) , the t-butyl radical 28 , has nine equivalent 8 protons
interacting with the free electron and would produce a 10 line spectrum

with the same intensity distribution as the simulated spectrum. Radic al

(11), the isobutyl radical , has only three protons interac ting with the
free electron and could not produce the observed spectrum . Consequent l~ .
the spectrum in Figure 4A Is produced by the t-buty l radical.

• H. Ethylene

• In the previou s report
25 ethylene was bombarded with H atoms to

produce the ethyl radical. In this present work neat ethylene was
bombarded wi th 0 atoms and the ethyl radical was again observed . When
a matrix of one third ethylene plus two thirds butane was bombarded w i th
D atoms the spectrum produced is shown in Figure 4C. The spectrum was

lb
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A. ISOBUTYL ENE

B. ISOBUTYLENE
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H

,

-~~ 3.0 mT

~~~~~~~ 

.- -.. ulil .111.. tmi i ..~~

Figure 4A . Spectrum of the t-butyl radical .
B. Computer simulated spectrum of the t-butyl radical.
C. Spectrum and Intensity stick diagram of the singly

deuterated ethyl radical. All spectra recorded at 77K.
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generated by the ~H cH 0 radical and the intensit y stick diagram was
prepared from the h~pe~fin. splitting constants shown below .

aH 2.l ± °.1RT

•2.7 ± O.l mT
B

a, • 0.4 ± 0.1 aT
M

O

The fai lure to observe the singly deuter ated ethyl radical in the case
of the bombardm ent of neat ethylene with 0 atoms was probably due to an
exchange reaction between ethylene and the deuterated radical:

H2DC-b12 + H2C-CH2 + CH3~H2+HDC-CH2.

The addition of butane to the eth ylene matrix in ratio of two to one
isolates the deuterated radical ent.ugh so that the exchange is decreased
and the deuterated radical is observed as shown in Figure 4C. In the
case of the H atom bombardment of ethylene the exchange reaction would
not be noticed since only proton s could be exchanged . Itoh 3’ observed
similar exchange reactions in an esr study of irradiated crystals of
L-alan ine .

I. Propylene

When neat propy lene was bombarded with H atoms no resonance was Y
observed . Propylene melts close to 77 K and thus it may be impossible
to trap radica ls in pure propylene at this temperature . For this
reason a one to two mixture of propylene and butane was condensed on
the cold finger and bombarded with H atoms. A very weak and poor
quality spectrum of the isopropyl radical was observed. Only the six
central lines of the eight line spectrum were observed. The observation
of this spectrum agrees with the findings of Bennett and Mile2b for
propylene and shows that it is primarily a terminal addition .

IV. CONCLUSION S

In reviewing the eight cases examined in which H at oms add to doubl e
bonds , addi tion always took place at the terminal position. In the
case of preferen tial addition to either a double or triple bond , addi t ion
occurred at the double bond for the one case observed , the bombardment

31. IC . Itoh, I.  N~yagawa, and C. S. Chan, “~SR Study of an Irradiated
Cryeta i of L-Aianine: 1~o New Pr’oton-Deuteron Exchange Roaotione,”

• .1. Chain. P hys. 52, 1822 (1970) .
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of 2-aethyl-l-buten.-3-yne. Pimentel ’s general rule concerning the
temperature of the matrix necessary to trap radical species did not hold
in the case of ethylene. Ethylene trapped ethy l radicals at 77 K , only
26 degrees below its melting point . Although the radicals were trapped
at 77 K in ethylene , an atom exchange reaction between the radical and
matrix did take place.

In the case of allene , a very reactive intermediate addition radical
is first formed but has a short lifetime at 77K. This result is important
in connection with the mechanism of stabilizing radicals in matrices .

• It clear ly demonstrates the fact that the stabilization of energetic
• 

.

• species depends strongly on its reactivity and not exclusively on the
melting point of the matrix.

H

I .
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