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Abstract:- The chemical behavior of S formed by the SBu(n,y).reaction

has been studied in gaseous st,'soz, SF6, CHBSH, and thiophene. We obtained

.the reaction by sealing the gases in quartz ampules and irradiating‘themvwith

thermal'neutrons in fhe Livermore pool-type ﬁéactorp(LPTR). Among the effects
studied were those of pressure, surface area,xand.additivé gases including
argon, nitric oxide,voxygen, and hydrogen. The 855kwas recovered.in gaseous
compodnds aﬁd in deposits on the walls of the ampules; the chemical composi-

tion of both portions of activity was determined by aqueous chemistry using

.ccarriers. The results are consistent with a model in which the original

molecule is broken up in.the recoil process and the resulting fragments

35

containing S°° react with the surroundings only after' they have slowed to

35

thermal energies; in general, the final chemical form of the 577 .is determiQed

. by the chemical environment in which it is produced rather than by 1its original

oxidation state or chemical form. However, irradiations of mixtures of several
gases with NO gave results. possibly indicating that the chemical form of the
o35

immediately after molecular disruption may depend upon the nature of the

original molecule.

%* . .
- Work done under the auspices of the U. 5. Atomic Energy Commission.

Submitted in partial fulfillment of reduirements for the degree of Doctor of
Philosophy at the Department of Chemlstry, University of Callfornla Berkeley,
California, July 1962.

Present address: Chemistry Department, Savannah River Laboratory, E. I.
duPont deNemours and Co., Aiken, South Carolina. :
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INTRODUCTION
The study of the chemistry of radicactive products of nuclear reactions offers
a unique tool for an examination of the chemical behavior of molecular fragments
with high kinetic energy. The nuclear reaction imparts a high recoil momentum
to the atom involved. This momentum may suffice to bfeak the atom's chemical
bonds and give it high kinetic energy as ;ell, so that it recoils through its

surroundings -as a "hot" atom or ion. Following its subsequent chemical reaction,

it can be identified by its radioactivity. A hot atom recoiling through a

~ liquid or solid is restricted to a felatively small region by recoil from

surrounaing aﬂoms, and when it is finally slowed to thermal energies it may
react éhémically with the excited chemical species produced in the slowing
process. in the gas phase, however, the interval between collisions is so large
that chemical reactions with the undisturbed surroundings are possible. Experi-

mental systems of this type have been investigated by a number of authors who

studied particularly the reactions of tritium with organic materials,(lo reactions

(2,3) (4,5) (6)

and others. Estrup and Wolfgang have been

of various halogens,

able to characterize the reaction of tritium with methane to give CH.T as being

3

due to tritium atoms with kinetic energy above thermal energy. Gordus and

Hsiung have further extended the theory and have given a theoretical treatment of

(7)

the bond-breaking'process.

35 produced by SBM(

35

In our work the reactions of S n,vy) were studied in a

variety of gaseous systems. The reactions of S7” were first investigated by Levey,

Milham, Rice, and Willard(8) and have recently been studied by Herber, who reviews

35

earlier work.(9) In most of these experiments the S77 was produced in condensed

systems by the 0155(n,p)S55 reaction. It was felt that study of gas-phase
reactions of 855 would help answer questions regarding oxidation or reduction

resulting from the nuclear pfocess, and might additionally indicate to what

extent multiple bonds are broken.
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-a maximum energy of 07168 MeV. No gamma radiation accompanies decay.
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The radioisotope 855 is formed from SBu, which is 4.2% abundant in

(10) (11)

natural sulfur, with a cross section which is 0.26b for thermal neutrons.

The half-life of 855 is 87 days, and it decays by emission of B~ particles with

(10)
%5

Experiments were carried out to determine the behavior of S formed

from HQS, 502, SF6, CHBSH, and thiophene. The gases were sealed into quartz

“ampules and irradiated with thermal neutrons in the thermal column of the LPIR;

the aétivity found in the gas phase and that deposited on the walls were deter-

mined and chemically characterized by the use of carriers and agueous chemistry.

35

The reactions of S°° were studied at various pressures and with different amounts

of surface area of the container. The effects of the addition of other gases,

such as 02, NO, H2, and Ar, were determined in an effort to characterize the

- reaction mechanisms involved.
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- EXPERTIMENTAL

-Materials, irradiations, and counting

B VTV VRV

VN S L 2

"Most of the gases used were Matheson chemically pure grade. Thiophene

~was supplied by Eastman Organic Chemicals and methyl mercaptan was furnished by

the chemieals division of the American 0il Company. All were used withouf
further purification, except NO, which was distilled to remove other nitfogen
exides.

All'sémples were sealed into cylindrical qﬁartz bulbs for irradiation.

The bulbs, which had volumes of 3 to 10 cm”

, were washed repeatedly with
distilled water before use, and heated under vacuum with a torch immediately

before filling. to remove as much volatile material as possible from the walls.

For some studies, special bulbs were prepared which were packed with fine quartz

" wool. Measurements indicated that the total surface area of these fibers was

5vto 10 times that of the inside of the tube.

Irradiatioﬁs were carried out in the West Thermal Facility of the LPIR
at fhe;Livermofe site of the Lawrence Radiation Laboratory. Nominal neutron
fluxes used.were in the range of 1 to 5 X lOll neutrons per cm2 per sec, and

the irradiation required approximately 16 hours. Attempts were made to ascertain
; o

the total amount of 855 produced in each sample by determining the amount of

a9 (s

activity induced by the Au ,79 reaction in gold foils attached to the

individual sample tubes. This activity was compared to that in a similar gold

foil attached to a sample tube containing (NHA)QSOH; the specific activity of
35 ' 198

produced in this sample was then determined, and the relative Au activities

35

were used to calculate the S activity expected in the gaseous samples. It was
found, however, that the variation of flux with position in the reactor was so
severe that the activity induced in a given sample could not, in general, be

accurately calculated in this manner. The difference between the calculated and
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25

total recovered S°° activities was about * 10% in the most favorable irradia-
tions but often reached or exceeded * 50% in others.
Tésts were carried out to aécertain that the activity recovered was

35 32

entirely S°. The only contaminant found was 1lk-day P , presumably produced

by the'S52(n,p) reaction; this activity was never greater than 2% of the 855
activity.

| The éross radiation level in the region of irradiation waé astimatéd as
about.'.‘jxlo5 r/h. It was calculated that radiation damage to the sample would be
considerably less than 1%, and the quantitative recovery of the irradiated gas

25

indicates that this was the case. Because the S is a trace species, the
.radiation products may be significant in the further reaction of the 855.

No control over the temperatuie of the sample duiing irradiation was
'possible, but it is believed not to have exceeded MOOC, as the facility is
water-cooled.

Ordinarily 10 to 20 tubes were irradiated simultaneously, and the
anaiysis was carried out over a period of several months following irradiation.
No effects dependent on the time between irradiation and analysis were noted.

The activity was ordinarily assayed in a chromium-lined proportional

(12)

counter similar to that described by Wolfgang and McKay. It was necessary

to dilute the samples with a large amount of methane (> 97 mole %) to achieve

(13)

'satisfactory counting characteristics. Countiné efficiency was checked
from time to time against a standard external Co6O source; no corrections

Vere ordinarily necessary, except for SF6 samples, which had to be counted at
concentrations of much less fhan 1% (these count rates were at very low
efficiency, 20% or less). S5olid samples obtained from the chemical separations
described beiow were converted to SO. to be counted after ignition with phos-

2
(13)

phorus. as described by Merritt and Hawkings. A few solid samples, including
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most of the mercaptan precipitates, were counted on an end-window beta counter

which was standardized against the internal counter. 'Absorption corrections

(14)

were based on tables prepared by Herber.

Chiemical separations

~ o

”Tfifhéwééﬁﬁié”tubes were broken open with a magnetic plunger in a
vacuum line, and the.activity was recovered in two fractions, the gaseous
activity, and that which remained on the walls of the tube after the éas was
pﬁmped out. Ordinarily the gross gaseous activity was first determined, thén
the gaseous fraction was absorbed into an alkaline solution for analysis.
The activity from the walls was removed by washing the broken fragments with
a similar alkaline solution. Tests showed that this methéd was effective in
ranoving the activity from the walls. These solutions contained known amounts.
of carriers for the compounds of interest. (In some cases the carrier was

added as a gas; for example, HZS was added to irradiated CH,SH samples when

3

the tube was broken.) In general, sufficient carrier was added to give 5 to
50 mg of precipitate.
Most of the separation involved only S=, 805:, and SOMZ. It is known

that at room temperature the exchange rate in solution is negligible for these

(15)

species. Elemental sulfur in trace amounts will exchahge with and appear

as S ; this fact was used in analysis, so that S and S~ were determined together

in the washings from the walls (if any form of S” were present).(l5) Any SO5

formed was recovered as SOM in the washings from the walls. The only material

determined, other than_Sz, SOE=’ or souz, was the total mercaptan fraction, as

described below. Care was taken to remove oxygen from the reagents when SO

3

was to be determined, and the separation was carried out under a nitrogen

atmosphere.
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Where S=, SQB—) and Sth were all to be determined in the same

sample, sample and carriers in alkaline solution were placed in a glass

vessel which was part of a gas train. A solution of CuCl_ was added to

2

precipitate CuS. The solution was then acidified with HC1l, and argon gas

was bubbled through the solution to carry the 802 evolved into an absorbing

vessel containing alkaline H202, where it was absorbed and oxidized to sohz.

The CuS was' then filtered out of the first solution, and SOLL was precipitated
as BaSOu. In many cases, it was necessary to analyze for only two of the
components; the process was simplified accordingly.

Mercaptans were determined by use of CH,SH as a carrier if necessary,

3

-by exposing the gaseous sampleto:ra saturated HgCl, solution, in which the

2
precipitatexHg(CHgS)Clﬂis formedpfbﬁﬂmaHQS was first removed by exposing
the sample to a CuCl2 solution. It appears likely that trace amounts of
other mercaptan activities would coprecipitate with the methyl mercaptan

salt.
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RESULTS

Errors

The two basic sources of error in the data are (a) error in measuring
the sizes of the samples and the aliquots taken for counting, and (b) the
etaﬁisfical counting error.

In general, the total size of the sample was known from pressure and
volume measurements to *1%. In the %ery smallest samples this increased to
tS%, but this was compensated to some extenﬁ, because it was not necessary to
takevaliquots'for counting. Aliquoﬁs were measured menometrically in a cali-~
vbrated ?Qlume; the error here was generally +2%, except in the very small SF6
samfles where_if was in the range of *5 to 10%. The error in carrier standard-
ization and delivery was about *2%.

Whenever possible, the samples were counted for a length of time
bsufficient.to hold the statistical counting error to #1%. The background of
the couﬁting tube, which was frequently checked, was in the range of 60 to 150
‘counts per min during the course of these experiments. Portions of the sample
that gave counting rates of this order could not be so0 accurately determined,
and in some caees the error approached *10%. This was no£ an‘important problem,
since it was not generally necessary to detennine the activity in_fhese relatively
inactive fractions to a high degreevof accﬁracy.

When the solid precipitates were counted (all mercaptan samples and
certain others), an error in reproducibility was found which was in the range
of #10% and which was probably due to inhomogeneities in sampleé thicknesses.

From summation of the individﬁal errors the cumulafive estimated error
- is seen to be th% in most cases;. in the special cases mentioned if may be higher.
Most data are reproducible within this range. Variations in excess of this,
such as were obtained in the results from. irradiation of 802, are believed due to

variations in the condition of the walls of the capsule, or possibly due to

reactions of trace impurities.
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Experimental data

TablesI through V show the distribufion of 855 activity by chemical
form as recovered from the various gases studied; The percentages reported
in the columns are percentages of the total activity actually récovered for
the given sample, except as noted in Table V. The data in the column headed
Gaéeous fraction, total, are obtained from a direct gross count of the gaseous
products, and not from addition of the separate gaseous compounds. The data
in the column headed Wall fraction, total, were obtained either from addition
of the separately analyzed fractions of activity from the wall, or from
oxidation to‘SOh='of all agtivity recovered from the wall. 1In many cases a
.complete accounting of the activity was not made for every sample, and thus
a particular number may be based on fewer samples than indicated in the given
set.

The errors given are probable errors, obtained from the deviations
of the actual data from the mean.
| Samples noted by Quartz wool in the Additive goiumn of Tables I and

II were irradiated in tubes packed with quartz wool (previously described in

the Experimental section).
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DISCUSSION

The breakup process

~~

25 produced by S5u(n,y) reaction, it

To ekﬁiain the reaction of the S
is first necessary to coﬁsider the process of breakup in the original molecule.

‘Each of the gamma rays following neutron capture causes the nucleué to recoil

with an energy

2, 2
E = EY /eMc”,

where E_ 1s the energy of the gamma ray, M is the mass of the atom concerned,

and c¢ is the velocity of light. In SBu(n,y)SB5, where the total energy of the
| (17)

gamma rays is 6.98 MeV, the maximum possible recoil energy is 760 eV, and

the average recoil energy would be considerably less. The exact recoil energy
depends on the energies and angular correlations of the gamma rays involved.
These have not been determined for S5u(n,y) because of the radiations from
852(n,7) present in much greater quantity in the natural sulfur targets
employed.(l8)

.vThese recoil energies of hundreds of electron volts may be compared

(19)

with the energies of bonds between sulfur and other elements: H-S, 3.8 eV;

(20) (19) (20)

S-0 (in sog), 5.3 eV; C-8, 2.4 ev; and S-F (in SF6), 3.7 eV.

Thus the energy required to break the bonds is much less than that
available from the recoil process.
The breakup of a molecule subsequent to such an impulse given to one

(21)

of its atoms was first studied by Suess and has more recently been inves-
tigated by Hsiung and Gordus.(7) These authors have developed the theory of
breakup in detail for the case in which an atom is connected to the rest of

the molecule by a single bond. Their results show that the ratio of the

recoil energy required to break the bond to the dissociation energy of the
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bond depends on the relative masses of the atoms involved. Unless the atom
given the impulse is bonded to a very light atom such as hydrogen, this ratio
is not more than about two or three. For an S-H bond itbis roughly 55!

The effect of multiple bonding on these considerations is not known.
If, in a complicated molecule such as SF6, allarge amount of kinetic energy
“is carried away by some of the fluorine atoms in dissociating, it is possible
that one or more atoms might remain boﬁnd. It is difficult to estimate the
probability that this will happen.

25

‘The kinetic energy of the recoiling S°° atom will, in any event, be
much less than that required for it to be ionized due to its own velocity in
the gas.(zz) If the gammactransifionsﬁ are ihternally_converted, ionization
is to be expected. (23) Whlle the exact decay scheme is not known for

.S5 (n, 7)855, the net spin change is relatlvely small (1/2- 3/2) so that the
ground state will probably be reached by radiations of low multipolarity
-that have low conversion coefficients. Further support for this hypothesis

52(

comes from the fact that the known gamma rays resulting from the S n,y)S55

reaction are primarily of high energy and low multipolarity. The known

35 . . 33

nuclear-energy levels in 577 are very similar to those found in the S
nucleus.<2u) One would thefefore expect the radiations following neutron
capture to be simiiar. From these considerations the probability of forming
855 in an ionized.form is believed to be small.

Therefore, it would appear that the original molecule is likely to
break up into atoms or radicals, with the possible exception of HES’ which
would have the largest mass-dependent factor hlnderlng dissociation. The
results shown in Table I indicate that thls molecule does break up; when
02—H25 mixtures were irradiated, only %% of the activity was recovered as

HQS. Other molecules would be expected to break up if HQS does, and the
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results in the other- tables substantiate this. Whether the 855 is always left
as atomic sulfur after the breakup is an ﬁncertain point, which is further
discussed when we consider the results obtained from. irradiating mixtures of
various gases with NO.

-Reactions in H28

L VR VLN VPPN YL LT VL VY VL VNP )

As shown in Table I, more than 80% of the $27 from irradiated HS

appears in the gas phase and follows the chemistry of HQS. This yield increases

slightly with increasing pressure, but is ﬁot greatly affected by the addition

of argon or by packing the tubes with quartz wool. (The activity observed may
oo which would follow the HES chemistry.)

not be entirely HES’ but may include H_ S

The fact that argon has no noticeable effect on yields of 855 activity
indicates that hot reactions are not responsible for incorporating the activity
into»its final form. This point will be discussed later.

- The reactions responsible for producing the HES activity‘very likely
take place in the gas phase rather than on the walls, as very little activity
is found deposited on the walls. The amount of material which is recovered on
the walls appears to decrease Qith increasing HQS pressure, but addition of
quartz wool does not noticeably affect the results. This behavior is reasonable
if the reaction which incorporates the activity into the gas phase- is pressure
dependent, thereby competing with slower reactions that lead to the material
found on the walls.

The nature of such a réaction can be inferred,ifjijséssumed that the

835 is left as a bare atom following breakup, as is most likely. The abstraction

reaction

HéS +S5 - ©2HS

is endothermic and will not take place with thermal S atoms. It is therefore
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likely that the 855 adds to HES to form a H,S-S complex, which then undergoes

2

further reaction or rearrangement to form H2855 or HSBSSH. The slower reactions
leading to deposits on the walls may involve, for example, reactions with

impurities and radiation products.

Note that the irradiation of H,.5-0, mixtures results chiefly in the

27 72
production of 85502. This was also the principal product from the irradiations
of mixtures of O2 with 302 and SF6. Thus, ifO2 is present, it appears that the

reaction to produce SO

s,

occurs regardless of the original chemical form of the

35

2

0. recovered from irradiation of H .S without added

The few per cent of S 5 5

O2 must be caused by trace amounts of O2 or by reactions at the walls.

Reactions in SO

PR NE VRN LYY LYY YNV VTN Y VP

Tt can be seen from Table II that the data obtained from irradiations
of SO2 are complicated and tend to scatter considerably. The activity was found

in four fractions: gaseous SO, (no other gaseous activity was found), and frac-

2
tions from the walls which followed the chemistry of S:, 8052, and SOuz,

respectively. The S~ fraction presumably represents sulfur, and the SOAZ

5

unknown. There appeared to be some correlation between the SO, and S0 -

2 >

fractioné; in individual samples in.which the yield of one of the fractions

fraction any SO_ which 1s formed; the exact nature of the SO, fraction is

was significantly lower than average, the yield of the other was generally
higher thén average, and vice.versa. |

The following may be noted from Table II. (1) The yield of gaseous
-SO2 increases with increasing pressure. (2) Argon has little effect on the

yields; this indicates that the reactions involved are those of thermal species,

as will be discussed later.
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The increase in SO2 yield with pressure would appear to indicate that

a gas-phase reaction is involved in producing SO2 activity; however, there are
also indications that the walls are strongly involved in determining the
chemical form of the activity. These indications include’the apparent

correlation between SO, and SO, described above, the quartz-wool effect, and

2 3

mechanistic considerations which will be described.

The nature of the gas-phase reaction that produces S o

35 35

‘is left as atomic sulfur by the recoil process, the thermal S

is not clear.

If the S

atoms cannot react with 802 to abstract oxygen, as this would be highly endo-
25

thermic. A reaction of 377 and SO2 might, however, involve an addition process,

such as postulated for the H2S system, whereby a 855——802 complex is formed

that yields 85502 by subsequent reaction.

The importance of wall reactlions is indicated by the implications of

25

recovered there. The 8550 = fraction is very likely

3

formed there, particularly in view of the apparent correlation between this

)

the large amount of S

fraction and S 02 mentioned earlier. The SO, activity can result from a

2
5

precursor adsorbed on the walls, but once S 5

is formed, it will become
indistinguishable from the large amount of inactive SO2 present. It is also
very difficult to devose a path for.the productioh of SO3 (recovered as souz)

other than by reaction at the wall; gaseous 802 cannot be an intermediate, as

25 25

atoms or of 3770 fragmenfs by trace

35

oxygen, if this were present, would tend to produce S 02. This tendency is

it is mainly inactive, and oxidation of S

supported by the results in. the samples to which O2 was added: with increasing

35

O2 pressure, the yield of S O2 increases at the expense of the activity from

the walls. The 802 is also the predominant product from the irradition of

mixture of other gases with 02, as will be seen.
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The fact that quartz wool has little effect on the reaction at a
pressure of approximately 10 ‘cm of Hg, though wall reactions appear to be
important, implies that wall reactions must be the predominant reactions at

this pressure. Thus, even a major part of ‘the SO2 fraction must come from

wall reactions at this pressure, as was also implied in the 802—805= correla-

tion. The gcatter in the data can be rea&ily explained when one considers

how important the exact nature of the walls and the impurities adsorbed on

25

them must therefore be in determining ﬁhe chemical fate of the S77. (Not more
" than lOlO atoms of 855 were produced in any one sample; & monolayer of gas on
' 1
the walls would amount to roughly lO15 to 10 6 molecules.) At higher pressures

35

0, appears to become more important, as

the gas-phase reaction that gives S o

would be indicated by the suggestion of a difference between samples in tubes
containing quartz wool and those in plain tubes. The considerable scatter in
data makes interpretation difficult.

In irradiations of‘_SOz—H2 mixtures the S~ fraction is greatly increased

relétive to the corresponding fraction from SO2 alone, but only 4% of HES is

formed. The reason for the increase of s” may be that the H2 reacts with the

oxidizing species on the walls, which are responsible for producing the SO5 y

N10) B and perhaps part of the S0. fractions. The 555 can therefore collect
L7 P ps p v

2

on the walls as sulfur, which follows the S~ chemistry.

PN P P N N Ve VS et d g

Tééfé fér reactions proceeding by hot or epithermal mechanisms were
made in 802 and in HQS by adding argon as an inert moderator to the sample
irradiated (see Tablés I and II). Such reactions, which involve reactions of
recoil atoms with a few electron volts or tens of electron volts of energy,

were first described and characterized in reactions of recoil tritium with



-15- | ' UCRL-10%60-Rev.

(6) 35

methane by Estrup and Wolfgang. In the experiments with argon and § in

our work, no significant deviation from the yields of activity obtained in
the absenéerof argon was observed, although the mole fraction of argon was
typically in the range of 80 to 90%.

According to the’theory developed by Estrup and Wolfgang, the sensi-
tivity of these reactions to the effect of the moderator is govefned by (a)
the mass ratic of the inert gas to the recoil, (b) the cross section for the
-hét reaction, and (c) the range of energy in which the reaction is possibie.
The Ar%o 1s a better moderator for 855 than HelL is for T, and it seems unlikely,

25

from mechanistic considerations, that any reaction involving a hot 877 would

proceed with greater efficiency or over a wider range of energy than the
tritium-methane reaction, so that such reactions of 855 should be at least as

sensitive to moderation as that of tritium with methane. Howewer, in the latter

(3)

reaction, as well as in others of this type which have been reported, the

addition of approx 85% moderator was sufficient to reduce the yield of hot

products to approx 30% or less of that obtained in unmoderated systems. For

5 in 80 and H

this reason it is felt that the reactions of S o o

S, which lead

to the final products observed, are those of thermal species.

Reactions in SF6

25

As shown in Table IIT, the 577 activity produced by irradiating SF6

is recovered principally (approx 80%} as deposits on the walls of the tube.

=+,, =° : .
3 SOLL 1. The remainder

- 1is found in a form which is carried by SOE and may be SOE’ or perhaps SFuo

These deposits follow the chemistry of S” or [SO

No activity was recovered which did not hydrolyze to SO :; this places an

25

upper limit on the production of §77F, of about 5%. The exact limit is

uncertain because of the considerable difficulty in_counting_SF6 samples.
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The SF, is very inert; it is likely £hat the §°0 simply diffuses to
the walls and reacts there to give the products which are recovered. Note
that the products found on the walls in this case are similar to those found
on the walls in irradiated SOE;

the walls, rather than the original form of the molecule, appear to determine

this would indicate that the conditions at

the oxidation state of this deposited activity.
After the addition of oxygen, the chief product (47%) is 802; some of

the gaseous activity was not recovered, and may have consisted of oxyfluorides.

About 28% of the activity was recovered in the [805=

ig the principal product

+ Sth] fraction from

the walls. This is of particular interest as 802

even though the sulfur was originally in the +6 state. Here the environment

rather than the original oxidation state determines the final oxidafion state.

Reactions in methyl mercaptan and thiophene

B Y g L N Y T VT N L L L s

One can explain the high recovery of the activity in the form of HQS

from irradiations of CH_SH (Table IV) by postulating reactions similar to those

>

proposed . . for the HES system. Thus, for example, an 855 atom may attack the
SH'group in CHBSH, resulting in an eventual rearrangement to give H2355. Other
types of reaction can lead to the production of H 855; these include hot reac-

2

tions, or reactions with radiation-produced materials, such as are postulated
to explain the produq?ion of HES from thiophene below.

The reactions in CHgsH appear to be rather complex; a few percent of
mercap%ans was produced, as well as a fairly large fraction of gas-phase
activity that did not give any hydrolysis-préduct that was recovered in the

analysis of the gaseous material. This fraction presumably includes such

materials as thioethers, etc.
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The H2555 is an important product of the irradiation of thiophene,

where the only mechanisms available fer its production are th hydfogen abss. .
tractions and/or reactions with radiation products. A large part of the
activity appears not to undergo such reaction, but instead diffuseslto the

wall and is found in s” or [80,” .

3
As shown :in Table IV, the addition of oxygen to these two systems

+ SOhforom the walls, or.:;a's.gaseous.SO2

results in the production of SO, plus wall oxides to the extent of ohly about

2
50 to 70%, compared with approx 90% in other systems studled It would seem
that these systems, and the reactions which take place in them, are quite

complex. More efficient analytical techniques, such as gas chromatographic

methods, will be needed to resolve these complexities.

Effect of the addition of NO

LT T VY VNP VR vy Y

The irradiation of mixtures of several gases with NO led to results
which were strikingly different from those obtained with NO absent. The NO,
which has an unpaired electron, is often ﬁsed as a radical scavenger. It is
known to inhibit reactions of free radicals, apparently by reacting'with the
radicals to form addition compounds which are relatively inert.

The results of these irradiations are.shown in Table V, and may be
- summarized asvfollows:

In HQS-NO mixtures the activity was recovered primarily in the gaseous
phase and hydrolyzed almost completely to s”. However, this material could be

distinguished from H S by its high reactivity toward the walls of the vacuum

2

line and toward the counting tube in partlcular

In SOE+NO and SF6+NO mixtures the act1v1ty was also recovered primarily

in the gaseous phase; about 75% of this gaseous activity followed the chemistry

of SO5= and SOA= (which were determined together) after hydrolysis. The
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remainder followed the S= fraction. These results contrast with those from

.irradiations made without NO, where large amounts of the activity appeared on

the walls, and no hydrolysis of gaseous activity to S~ was found.

35

It is clear that in all these cases the NO reacts with the S and

produces compounds which are not formed in the absence of NO. The difference

in hydrolysis products observed,~i.e.; [s0.” + 504= ] compared with S=, indicates

)
that more than one such compound is formed, depending on the sulfur-containing
gas used. The dependence on the gas used may be the result of one or both of

35

the following effects: (1) The parent gas, as well as the 577 primary fragment

and the NO, participates in the reaction that determines the final chemical

35

form of the S It is difficult to explain the results from the SF6 irradia-

tions in this way, however, due to the inert character of SF6. (2) The chemical

form of the 855

following breakup may depend on the original chemical form of

the molecule. This would mean either that the molecule is not completely

broken apart by the gamma-ray impulse in a significant number of cases, or,

if it is, that the sulfur atom produced from different mo;gcules can be left in
different electronic.states. While incomplete molecular breakup seems Improbable,
it has not been eliminated, particularly in such a complex.case as SF6. There

is a possibility that different electronic states of atomic sulfur are formed
which react to give different products. This is supported by the observation
that atomic oxygen, produced in different electronic states by photolysis, has
been found to undergo different reactions with organic molecules depending on

(25,26)

the electronic state produced. It is hoped that further studies will

resolve these possibilities.
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SUMMARY

Breakup of the original molecule has been shown to be general following
the S5u(n,y)355 reaction but there remains a possibility that not all Bonds will
be broken, depending on the nature of the original species.

Except possibly for the results obtained with added NO, oxidation or
reduction of the sulfur activity appears to depend upon the surroundings--
walls, reactive gases, etc., rather than upon the oxidation state or nature of
the original molecule.

The H2855 has been found to be a major product in irradiations of

SH, and thiophene. (The H 577 fraction may also include H 8855:) The

H.S, CH 5

2 5

results of SO2 irradiations are complex; an important contribution to the

2

reactions appears to involve the walls. Oxidation on the walls seems to take

place readily when gas-phase reactions do not compete; this is not unexpected

() 35

v 11
in view of the ease with which oxidation occurs in C recoils and in S

(9)

formed in crystals.

Implicative results were obtained from irradiations of various gases

35

mixed with NO. Although 577 was recovered in gaseous compounds that were not

definitely identified, the study of the hydrolysis products of these compounds

25

implies that the chemical form of the S immediately following breakup may

vary with the chemical form of the original compound.

25

No epithermal reactions have been identified as such for S recoils;

they have probably been ruled out in the SO2 and H2S systems. The results

from the irradiation of CH,SH or thiophene suggest that hot reactions may

3

take place in-thesevsystems.
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Table I. Chemical form of 855 recovered from irradiated HoS.

PHQS .  Additive Py sditive Gaseous fraction _Wall fraction ~ Number of

(en 1) (em Heg) HS 80, Total 5,57 50, Total samples

1.7 --- S - on 81 15 19 | 1

10 | -=- --- 85 5L 89+l 3l T+3 | 1145 | N

25 (mm- === ——- -—- 95+1 2 2 5+1 2

k7 --- --- o 10%5  97f1 1 2 351 2

10 Quartz wool --- -— 3. 97 1 2 3 1

e Quartz wool 93 55 991 e 1+1 o

6 Ar 49 ——- - 93 R 7 1

10 Ar 57 85 7 92+5 3+0 54 85 2 .
10 0, 1.6 3 2 Lo 7h#3 11 15 2613 ) v
10 0, 10 3 270 79%1 51 162 212 2

‘Once it was determined that the bulk of the gaseous activity consisted of H S, usually only the total gas
count and the SO portion were determined.

* ASY~09¢0T-THON



Table II. -Chemical form of S

35

activity recovered from irradiated SO2.

Pg, Additive P)aditive ~ C@seous fraction | Wall fraction Number of
2 (cm Hg) SO s,s° 80,0 80,0 Total Somples
(em Hg) 2 " 3 L
1 -—- - 20%5 21+7 222 37k 80#5 3
8 to 10  --- - 39+h 20tk 1pto 3146 61tk 6
55 to 68 - - 7513 ye=2) 15i16 11+hk  25%13 3
8 to 10 Quartz wool --- W7£10 zoiu T2 olh+tg  53+10 3
70 Quartz wool - 6ht6 15%% 6+1 162k 36+6 2
8 Ar 60 54+9 143 1143 215  L6ig 3
10 ‘02 1.3 58:3 543 1+1 361 hpx3 2
10 Oy 10 563 1 1 4o Lh+3 2
1d 02,'Quartz wool 10 612 2 1 '36 30+2 2
10 0, 60 79k 5£3  Lap 1143 214 2
10 H, 10 216" 55¢1 193 Thtly 2
HES,‘Mtl%.
t, 805= plus Sohz.

—.1-(8_

* A9¥-09¢ 0T-THON



Tabie JIIT. Chemical form of 855 activity recovered from irradiated SF6. . :
s . . .
PSF6 Additive PAdditive Gaseous fraction _ Wall fractlo? . g;z;iZSO‘
" t - - - N
(em He) (em Hg) 80, | Total s,s [so5 + 80) | Total
*
5 -— —- 23 18 L6 31 77 1
11 R a- 91 19Jr 317 - 51+3 81+10 2
5 0, 5 . hre2 ' 69i2+ 21 28+1 3142 2

_ga-

SO2 used as basis for total. In all gas counts of SF6 the counting accuracy was poor, approaching *L0% in

some cases.

Gas count used as basis for determining total.

* A9Y¥-09¢0T-TH0N



Table IV; Chemical form of 835 activity recovered from irradiated CH5SH'and Thiophene.
Gas P ' Additive P, ... Gaseous fraction Wall fraction Number of
Gas Additive = - — ‘ samples
(cm Hg) (em Hg) 302 HES Mercaptans Total S,S [SO5 + SOA—J Total :
CH,SH 17 to 2b  --- --- 5t3 L8 52 961 2 1 b1 ly
CH,SH 18 0, 12 5216 39 -— 86+2 T2 T2 1hto - 2
Thiophene = 6 to 7 —-- --- 17 2945 8l 63t2  21*1 16+1 31%2 . 3
Thiophene - 6 0, 7 41 ——- o 73 1k 12 26 1

_93-

" A9Y-09¢0T-TYIN



Table V. Chemical form of 855

recovered from irradiations of mixtures of various gases with NO.

Gas PGas PNO Gas fraction Wall fraction Number of
(cm Hg) (em Hg) [805= +»soh=] (sz). Total 'S’Sz [SOBF . Sou:] Total samples

HS 7 | 2 1 > Lo 82 8 9 17 1

HQS 8 8 1 > 40 * 5 5 T 101 : 2

50, 19 | 1 - -—- 88 3 8 12 1

80, 10 10 Theo 17k t 52 512 . 10k | 2

802 20 10 - _— 95+] 11 Lo 5+1 2

SFg 11 ' 3 - - 88+l | 31 95 12+h 2

SF6 12 10 ~T1%5 21tk t Lo Y+ 8+1 2

Not determined. Total activity calculated from Au

1.

l97(n,y)Aul98 monitor; believed accurate to * 15%.

Sample dissolvéd directly without taking gross gas count.

_La_

* ASY-09¢0T~THON
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately 9wned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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