f
!

-

1S otransition of nitrogen atoms, thus
indicating that nitrogen atoms can be
vaporized from a solid and recon-
densed. The second solid also exhib-
ited a faint glow indicating that
other active species were probably
transferred also.

Chemical Reactions

A few studies of chemical reac-
tions of trapped radicals (other than
simple recombinations) have been
made. Klein and Scheer (57, 58)
have studied the chemical reactions
occurring when H or D atoms from
the gas phase impinge upon and dif-
fuse into thin layers of solid olefins
at 77°K. With propylene and 1-
butene they found that the atom
added to the terminal carbon yielding
a sccondary radical which could then
add a sccond H atom, dimerize, or
disproportionate. Both the structure
am& molecular weight of the olefin
affected the results significantly.

Using the matrix isolation technique,
Pimentel (59) has studied the cis-
trans isomerization of HNO, at 20°K,
and at the same conditions Brown
and Pimentel (60) studicd the photo-
lysis of nitromethane and methyl ni-
trate. They concluded that the nitro-
methane isomerized to methyl nitrite
which then decomposed giving formal-
dehyde and HNO, as principal prod-
ucts.

It was mentioned earlier that oxy-
,en gas containing O atoms produces
ozone in large yields at low tempera-
tures, although it is not certain that
this reaction occurs in the solid phase.
Similarly, water vapor or hydrogen-
oxygen mixtures when passed through
a discharge and condensed at 77°K
produce considerable amounts of hy-
drogen peroxide, but we are not
certain that the reaction occurs in
the solid. It is evident, however, that
at very low temperatures only those
reactions which involve very low ac-
tivation energies can occur at signifi-
cant rates. Thus, the techniques of
carrying out chemical reactions at
very low temperatures offer an op-
portunity, in some instances, to obtain
very high selectivities with low yields
of undesirable by-products. But,
much remains to be done before prac-
tical applications can be expected.

Table 4. Identification of some trapped
organic radicals.

RapicaL MATRIX T°K
CH, Zn(CH,), 77
CH, CH, 4
C'HZOH glass 7
(CH,),COH glass 71
CH, = CH-CHOH glass 77

Table 5. Concentration of trapped radi-
cals.

Rabica.  Matmx T°K CONCENTRA-
TION, %
H,D H, 4 0.01
CH, 4 0.05
H,0 77 0.05
H,0-H,S0, 77 0.10
N N, 4 0.1
N, 4 0.5
N, 4 6.0
CH, CH, 4 0.032

Practical applications

The advantage of using free radi-
cals as rocket fuel arises from the
possibility of obtaining high thrust.
Thrust depends primarily upon the
energy release iper unit of mass and
consideration of the various radicals
that might be used reveals that only
hydrogen atoms or helium in the
triplet (or higher) excited state would
have any large thrust advantage over
more conventional fuels. The very
low concentrations of trapped radi-
cals obtained to date make this appli-
cation very remote although, of course,
some unexpected discovery might im-
prove the prospects.

If trapped radicals are ever con-
sidered for commercial chemical proc-
ess applications, several problems will
demand serious consideration, Among
the most serious of these are the very
low temperatures involved and the
accompanyin§ S}roblems of heat econ-
omy. Most of the successful trapping
of radicals so far has been at 4—
20°K, a temperature ver%:iifﬁcult and
expensive to achieve. The trapping
agents employed have been charac-
terized by rather weak matrix binding
forces. In a few instances radicals
have been stabilized at higher tem-

peratures (77-125°K) in ice or cer-.

tain glasses. It seems probable then,
that by proper choice of matrix,
higher, and hence more economic,
temperatures can be employed. No
serious study of this problem has been
made, however, and a systematic in-
vestigation would seem to be both
desirable and necessary if any com-
mercial application is to be achieved.

LITERATURE CITED

. Rice, F. 0. and M. Freamo, J. Am. Chem.

Soc. 78, 5529 (1951).

Rice, F. O. and M. Freamo, J. Am. Chem.

Soc. 75, 548 (1953).

. Broida, H. P. and J. R. Pellam, Phys.

Rev. 95, 845 (1954).

. Bass, Arnold M. and H. P. Broida, Phys.
Rev. 101, 1740 (1956).

6. Steacie, E.-W.R., “Atomic and Free Radi-
cal Reactions,”” 2nd Ed., Reinhold Pub.
Corp., New York (1954).

6. Walling, C., “Free Radicals in Solution,”
John Wiley & Sons, New York (1957).

7. Schoolery, J. N., and H. E. Weaver, Ann.

Rev. Phys. Chem., Annual Reviews, Inec.,

Stanford, Calif., 6, 433 (1955).

. Wertz, J. E., Chem. Rev. 55, 829 (1955).

. Fraenkel, G. K., Ann. New York Acad.
Sei. 67, 546 (1957).

10. Beringer, R. and J. G. Castle, Jr., Phys.
Rev. 74, 1963 (1949); 81, 82 (1951).

s~ o N

©woo

CHEMICAL ENGINEERING PROGRESS, (;Iol. 56, No. 4)

11.

18.

19.
20,
21.

22
23,
24.

26.
26.

21
28.
29,
80,

81,

32,
88,
34,
86.

36.
37,
88.
89.
40.
41.
42,
438.

44, L

46.

46.

47.

48.
49.
50.
51.

62.
53.

64,
55.

56.
67.
58.

69.
60.

. Jen, C. K.,

> FREE RADICALS <

Tinkham, M. and M. W. Strandberg, Phys.
Rev, 97, 937, 951; 99, 637, (19565). L.
Beringer, K., Ann. New York Acad. Sci.
55, 814 (1962).

. Beringer, R. and M. A, Heald, Phys. Itev.

#5, 1474 (1964).

. Beringer, It. and M. A. Heald, Phys. Rev.

96, 640 (1064).

. Rawson, 1. B.,, and R. Beringer, Phys.

Rev, 88, 677 (1962).
Bass, A. M. and H. P. Broida, J. Molecu-
lar Spec. 2, 46 (1968).
{., S. N. Foner, E. L. Cochran,

and 6‘/. A. Bowers, Phys. Rev. 104, 846
1966) .

en, C. K., 8. N. Foner, E. L. Cochran,
and V. A. Bowers, Phys. Rev. 112, 1169
(1958).

Grifing, V., J. L. Jackson, and B, J.
Ransel, J. Chem. Phys. 30, 1066 (1959).
Livingston, R., H. Zcldes, and E. H.
Taylor, Phys. Kev. 84, 726 (1964).
Livingston, R., cldes, and E. .
Taylor, Faraday Soc. Discus. No. 19, 166
(1966).

Matheson, M. S. and B. Smaller. J.
Chem. Phys. 28, 5621-8 (1965).

Berkowitz, J., W. A, Chupka, and G. B.
Kistinkowsky, J. Chem Phys. 25 (1064).
Herron, J. T., J. L. Franklin, P, Bradt,
and V. H. Dibeler, J. Chem, Phys. 24, 230
(1968).
Jnckson, D. 8., and H. I. Schiff, J. Chem.
Phys. 23, 2333 (1966).

Tannka, Y., “The Threshold of Space,” p.
89, ed. M. Zelikoff, Pergamon Press, Lon-
don (1967).

Peyron M., H, Brown, E. Horl, and H. P.
Broidn, J. Chem. Phys, 30, 1304 (1969).
Broida, H. P. and M. Peyron, J. d¢ Phys.
et Rad,, in press.

Milligan, D. E., H. W. Brown, and G.
Pimentel, J. Chem. Phys. 25, 1080 (1056).
Cole, T., J. T. Harding, J. R. Pellam,
and D, M. Yost, J. Chem Phys. 27, 608
(1967).

¥oner, S. N,, C. K. Jen, E, L. Cochran,
and V. A. Bowers, J. Chem. Phys. 28,
851-2 (1958).

Broida, H. P.,, and J. R. Pellam, J. Chem.
Phys. 23, 409 L (19656).

Ruchrwein, R. A., and J. S. Hashman,
J. Chem. Phys. 30, 823 (1959).

Foner, S. N., and R. L. Hudson, J. Chem.
Phys. 28, 119 (1958).

Franklin, J. L., J. T. Herron, P. Bradt,
and V. H. Dibeler, J. A. C. S., 80, 6188

(19568).
Robinson, G. W. and M. McCarty, J.
and H.

n
Chem. Phys. 28, 349, 350 (1968).
Livingston, R., J. Ghormley,

Zeldes, J. Chem. Phys. 24, 483 (1956).
Smaller, B., M. S. Matheson, E. L. Ya-
saitis, Phys. Rev. 94, 202 L (1954).
Norman, I, and G. Porter, Nature 174,
508 (1954).

Norman, L., and G. Porter, Proc. Roy. Soc.
(London) Ag£30, 899 (1956).

Gordy, W., and . G. McCormick,
J. A, C. S. 78, 8243 (1956).

Smaller, B., and M. S. Matheson, J. Chem.
Phys. 28, 1169 (1958).

Wall, L. A.,, D. W, Brown, and R. E.
Florin, Submitted to J, Chem. Phys.

uck, C. F. and W, Gordy, J. A. C. 8.
78, 8240 (1956).

Gibson, J. F., D. J. E. Ingram, M. C. R.
Symons, and M. G. Townsend, Trans.
Faraday Soc. 63. 914 (1957).

Ingram, D. J. E. and M. C. R. Symons,
Paper pres. Faraday Soc. Informal Discus-
sion on Free Radical Stabilization, Shef-
field Univ. (Sept. 4-5, 1958).

Livingston, R., Paper pres. Symp. on
Formation and Stabilization of Free Radi-
cals, Wash., D.C. (Sept. 18-20, 1957).
Fontana, B. J., J. Chem. Phys. 81, 148
(1959).

Minkoff, G. J., F. I. Scherber, and J. S.
Gallagher, J. Chem. Phys. 30, 763 (1959).
Harvey, K. B., and A. M. Bass, J. Molecu-
lar Phys. 2, 406 (1958).

Jackson, J. L. and E. W. Montroll, J.
Chem. Phys. 28, 1101 (1958).

Golden, S., J. Chem. Phys. 29, 61 (1958).
Jackson, J. L., J. Chem. Phys. 81, 154,
722 (1959).
Becker, E. D. and G. C. Pimentel, J.
Chem. Phys. 25, 224 (1956).

Becker, E. D., G. C. Pimentel, and M.
Van Thiel, J. Chem. Phys. 26, 145-50
(1957).

Broida, H. P., and M. Peyron, J. Chem.
Phys. 28, 725 (1958).

Klein, R. and M. D. Scheer, J. A. C. S.
80, 1007 (1958).

Klein, R. and M. D, Scheer, Paper pres.
Faraday Soc. Informal Discussion on Free
Radical Stabilization, Sheffield Univ.,
(Sept. 4-5, 1958).

Pimentel, G. C., J. A. C. S. 80, 62 (19568).
Brown, H. W. and G. C. Pimentel,
AFOSR No. TH 658-429, ASTIA No. AD
168-282 (May 10, 1958).

April 1960 67




