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I. Introductior

This report describes the progress of our research during the period
July 1, 1974 through July 31, 14975. During this pericd, two paoers vere
nublished in the Journal of Physical Chemistryl’z and one in tnhe Journal
of Chemical Physics;3 epriis wrt T hretuded-mitihtits—repent.  Two
manuscripts have been written dealing with recently conpleted work,4’5
and will be submitted for publication in the near future. Sreprinde~
L thesT ARt PP ss—are~arse—tretudad=withimtie—repant. A contributed
paper was presenied at the Southeastern Regional Meaeting of the PMmerican
Cheriical Society in Cctober 1974, and an invited paper was given at
the Eignth Caribbean Chemical Congrass held in Georgetown, Guyana, in
January 1975, Additional papers have been submitted for the 170th
ilational ieeting of the American Chemical Society in August 1975, and
for the First All lorth American Chenical Congress to bte neld in Mexico
City in late Hovember.

Jue to a grant from the University of Florida Division of Sponsored
Research, we were able to acquire a major new instrument for the use
of the radiation chemistry group, & Febetron 706 pulsed electron aﬁcelerator.
Several accessories for use in pulse radiolysis experiments have also
beer obtained. HNegotiations for reloading of our Cobalt G0 ganma
irradiator to its €00 curie capacity vere completed in the fall of

1874, and the new source was installed in ilay 1975.



II. - Progress of Cxperimental York

A. Gas Phase Radiolvsis of £.F. - C,l.. I!ixtures

[*BR% € 7

Previous work on this system is summarized in our annual reports
o 1972, 1973, and 1974,6"8 as well as in abstracts of papers presented
at the 21st Annual Meeting of the Radiation Research Society, St. Louis,
1973 and at the 5th International Congress of Radiation Research,
Seattle, 1974.%210

Work complieted during the past year includes measurement of the
effect of 10% added oxygen on major products of the radiolysis (H2,

CH4; CoHos CoHys C3H8, and CyH; ;s CFgH, and CZFSH) in the pure fluoro-
carbon, pure hydrocarbon, and five intermediate compositions. Results
of this work are presented in Figures 1 - 3. Additionally, the yields
of HF, both with and without added oxygen, were measured at five
mixture concentrations. These results are shown in Figure 4.

We will not present a detailed discussion of these results at this
time, since final write up of the work is currently in progress. It
will be noted, nowever, that n-butane is decreased to the extent of
about 85% by added oxygen, propane by about 60%, methane by about 50%,
and hydrogen by 40%. The yield of CHBCF3 and CF2CH2 are completely
eliminated, indicating that these products arise exclusively by radical-
radical reactions. The yield of ethylene increases five fold with
added oxygen, and acetylene three fold; probably, oxygen protects
these products from further attack by free radicals species. The'yields
of HF, CF3H. and C2F5H are essentially unaffected by 10% added oxygen.
On the basis of related mass spectrometric work from this 1aboratory.3

we strongly suggest that CF3H and C2F5H are formed via hydride ion
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transfer from CZHG to CF3+ and C2F5+ ians, respectively. Consistent witn
this interpretation, yields of both of these products maximize when about
90% of the energy is deposited in CZFG’ and the yield decreases essentially
in “direct effect” fashion as the fluorocarbon is diluted with added hydro-
carbon. We believe that the HF yield is a simple hydrogen atom abstraction
reacticn; fluorine atoms are such a vigorous reagent that the hydrocarton
substrate is essentially a “scavenger" as far as fluorine atoms are con-
cerned. It is reasonable that added oxygen would have little net effect

on the production of HF from this process, although there may be some

transient formation of a fluorine - oxygen complex.

B. Gas Phase Radiolysis and Photolysis of Ethyl Bromide

Work on this system was completed in February 1975. Two manuscripts,
dealing respectively with the photolysis and radiolysis of ethyl bromide,

have recently been completed and are included with this report.4’5

Although
these manuscripts can be consulted for a detailed discussion of our work
on this subject, we give a few highlights of our results below.

At short light exposire, photolysis of ethyl bromide at 253.6 nm
gives hydrogen bromide as a major product (the initial quantum yield
equals 0.36). The complementary product ethylene is also found with a
maximum quantum yield at short photolysis time, but a straightforward
material balance is not observed; tihe initial quantum yield of ethylene
is only 0.Q3. At long photolysis times, both HBr and ethylene reach plateau
values, and the major products are C2H6 and a mixture of 1,1 and 1,2 .
dibromoethanes. Ve suggest that there are two main &lementary reactions
in ethyl bromide photolysis, giving C2H5' + Bre,-and C2H4 + HBr,

respectively. Production of CH4 and CHZBr2 provides evidence for a minor
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process involving rupture of the C-C bond. Accordingly, thic photoiysis
system involves an elaborate steady state kinetic competition involving
HByr, Br-, Brz, C2H4, and substrate ethyl bromide, which is subject to
free radical attack. !e attempted an analysis of the steady state
kinetics using numerical integration on an IBM 370-165 computer.

Results were not completely successful, but were sufficiently encourzging
to suggest that the reactions scheme includes a majority of the relevant
processes.

The radiolysis of ethyl bromide.is remarkably similar to the
photolysis; in both cases, no net Brz is formed, although (as suggested
above) it is probably present at low concentration under steady state
conditions. Ail of the main products seen in the photolysis are also
observed under radiolysis conditions; indeed, the shape of yield-dose
graphs are similar in most cases. Additional products from the radioiysis
include hydrogen and acetylene; 1t is clear that production of these
species involves high energy reaction pathways, not accessible in
the 253.7 nm photolysis. An examination of known ionic fragmentation
pathways and established ion-molecule reactions in the etnyl bromide
system gives a straightforward interpretation of the differences
observed between the photolysis and the radiolsis of this system.

The results of our irvestigation of the radiolysis of ethyl bromide
form the basis of an interesting comparison with vork published earlier
by Schindler and others on ethyl chloride and iodide.n’12 Although
a manuscript on this subject has not been prepared for publication,
the comparison between the radiclytic behavior of the the three compounds
is discussed at some length in‘the Ph.D. dissertation of Dr. Arthur

J. Frank.l3



C. Radiolysis and Mass Spectrometry of C£31 and nggl.

Identification of major and minor products from the gamma radiolysis
ot CZFSI’ and quantitative measurement of radiolytic yields, is nearly
complete. Result of our work to date are summarized in Tabie 1. Some
additional work is necessary on the measurement of relative flame
jonization detector response of the various products. Although several
of the needed compounds are available as standards, simple syringe in-
jection into the gas chromatograph is impractical due to the fact
that these compounds cause a severe skin allergy. An indirect procedure
involving vacuum line preparation of standards‘is being carried out.

A study of the behavior of this radiolysis system in the presence of
a free radical scavenger will be undertaken in the near future; we
will probably utilize hydrogen jodide, since it reacts in & straight-
forward fashion, fufnishing a hydrogen atom to the radical site.

Quantitative experiments on the radiolysis of CF3I have not yet
been accomplished, but identification of major and minor radiolysis
product: is compiete. Products observed include CF4, CZFS’ C2F4,
C3F8, CZFSI, C2F31, CFZIZ’ and I,. Three of these products (C3F8,
CZFSI’ and C2F3I) had not been reported by earlier workers.14’15

A discussion on ion-molecule reactions of CZFSI as studied by
high pressure time-of-flight mass spectrometry was included with the
1973 Annual Report.7 Recently, the opportunity arose to carry out
studies of ion-molecule reactions in CFBI and CZFSI using a Yarian
Model V 2200 ICR mass spectrometer in the laboratory of Prof. John
Eyler of the U.F. Department of Chemistry. Tables 2 and 3 indicate

reaction pathways definitely established or inferred, on the basis

of ICR single resonance, ICR double rescnance (ICDR). @ high pressure



time-of-flignt mass spectrometry (in the case of Cstl). it s
noteworthy that a number of the reacticns definitely identifiea by
the ICDR technique would be endoergic Tor ground state ions. Tne
energy deficit is high as 20 to 30 kcal/mole in soie instances.

Marcotte and Tiernan16

reportad previously on the participation of
excited reactant jons during ion-molecule reactions of Tlucrocarbon
species. It appears that attempts to calcuiate bonc energies in {iucro-
carbon sysiems, using the assumption that all observable jon-molecuie
reactions must be exothermic or tharmoneutral, are of deubtful validity.
In the case of CZFSI’ tne ICR, ICDR, and hﬁgh pressure time-cf-
flight measurements appear to be straightforward and in good agreement.
There is an anomaly, however, concerning the reaction pathways confirmed
for CF3I cy the double resonance tecnnique, on the one hand, and
stréightforward measurements of relative ion intensities using single
resonance techniques, on the other hand. Several measurements taken
by the latter technique are shown in Figure 5. It should be noted that
there is a sharp decrease of the intensity of CF3I+ between 1 X 10'6
and 2 x 10'5 torr, and a clearly correlated increase in the intensity
of CF3+ over the same pressure range. This observation strongly sucgests
a reaction channel in which CF3I+ disappears and CF3+ is formed.
Surprisingly, the reaction demonstrated by ICDR, and listed in Table
2 has exactly the opposite consequence -- CF3+ interacts with parent
CF3I, and CF3I+ is formed. Ve are forced to conclude that a cellision-
ally induced dissociation of CF3I+ must occur. It is necessary to
assume that the CF3I+ is excited either vibrationally or electronically,
so that the dissociation process would be nearly thermoneutr-.l, since

the reaction is not seen by the double resonance technique.



D. Radiolysis, Photolysis, and .izss Spectrometry of Tetrafiuorccvclobutane

A study of jonization and apnearance potentials of fragment ions
Trom 1,1,2,2~tetrafluorccyclobutane vzs completed last year; the
results have been published, and a reprint is included with tnis report.2
e have also carried out a series of experiments on ion-molecule
reactions in this system, using both high pressure time-of-flignt
mass spectronietry and ijon-cyclotron techniques. Typical ion intensity
graphs are shown in Figure 6, and related kinetic plots in Figure 7.

There is an interpretational difficulty with the high pressure
work, since the overall mass spectra seen at the lowest usable pressures
in our ion-molecule reaction source {approximately 5 microns) are
signiTicantly different from tihose seen under normal analyticail
conditions (about 10'6 torr). Relative intensities of C2F4+ and
C2H2F2+ are quite small at 5 microns, whereas the relative intensity
eT C2H4+ is very large comparad with the normal 10'6 torr spectrum.

The system seems to be well behaved, and gives reasonable kinetic
plots (Figure 7). e can only suggest that C2F4+ and CZH2F2+ undergo
erficient charge transfer reactions with the parent tetrafluorocyclo-
butare. In the reactions observed in the 5-40 micron pressure regein
(Figure 6), C2H4+ is a reactant ion, and is destroyed with concommitant
formation of C2F4+ and C2H2F2+. There are also a number of interesting
high molecular weight ions in this system, as seen by time-of-flight
mass spectiometry and/or ICR techniques. The following two reaction
channels have been identified by the ICOR method:

+

; +

+
Fe
o

2
e
The second reaction was seen in both time-of-flight and ICR



experiments, and the first only by ICR. An jon of nass 184, corressornding
to C4H2F6+, was seen only in the time-of-flignt mass spectroucter;
the route to its formation had rot yet been identitied.

We have also completed a series of investigations of the geina
radiolysis of tetrafluorocyclobutare, with and without added oxyg=zn.
Tne results of tnis work are presented in Table 3. It will be seen
that a large number of products are formed, . % :thes mgjerity of the
observed G values are quite smail. A similar patiern was seen in
the radiolysis of the related compounds cyclobutane and perflucrocyclo-

butane.16’17

In all three cases it appears that a purtion of the
olafinic yield undergoes polymerization and is deposited on tne vessel
walls. Ccnsistent with this suggestion, we found a marked evolut.on
o7 Tluorine containing organic fragments when a vessel which naa been
used Tor the radiclysis of tetratluorocyclobutane was attached directly
to the mass spectrometer and flamed strongly with a hand toren.

A number of neasursments have also been made on the mercury
sensitized paotoiysis of tetrafluorccyclobutans at 253.7 nm. Identi-
fication of totn low and high molecular weight products has been
completed, and yield-vs-photolysis time curves nave been reasurad Tor
Tow molecular weight species. York remaining toc be done incluces
yield measurements for the high niolecular weight products, as well es
HF rieasurements and scavenger studies. LUpon completion of the photo-
lysis, radiolysis, and mass spectronetric experiments, we expact to
be in a position to make some reasonable suggestions concerning the
overall mechanism of the radiolytic decomposition of tetrafiuorocyclo-

butane.
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£. Other Vork

Since last susler, Or. James Fanning has spent most of nis tine
on reprograriing of our mass specirometier date acguisition and reduction
routines. The existing system was written shortly after we obizined
our General Automation SPC 12 Minjcomputer, and does not incorporate
many improverments in softwarc wade since that tinme, In particular,
it utilizes a double precision (15 bit + sign + euponent) floeting
point matneatics package, wnich is reaily not sufficiently precise
for the data reduction computations. The new version will utilize
our quadruple precision (31 tit + sign + exponent) methem&tics package.
In addition, we are making some changes in the data reduction algoritim,
wninn i1s currently cased upon a theoreitically correct gquadratic term
and an arbitrary cubic term, addec to correct for a known drivi in
tne machine calibration with increasing mass. Recently, we nave
Tound that two separate quadratic exprassions, splined togethar at
approximately mass 130, are mucn more satisfactory. Other changes
being made include provision for normalizing each spectral peak,
as it is scanned, against the total ion intensity as measured on
a separate electrometer unit design for this purpose. This correction
is particularly convenient during i5-GLC experiments, since it aliows
normalizing out the chromatograpnic peak envelope. A fFurther refine-
ment being added is a provision for monitoring the total output
intensity signal during GC runs, automatically initiating mass speciro-
meter scan iT a GC peak is detected, and storage of the resulting
spectrum on magnetic tape.

It was our original intention that Dr. Fanning would also undertake

sonle experimental work concerning effects of oxygen on the radiolysis



of propane in tne gas phase. Cnly iliwited progress wes mele in this
direction, since the progranming work nas taen longer inen Caneltec.
However, there has been some progress in this area, particulieriy
reconstruction of a vacuum line and refurtisning of a gas ChrCr.aitqrigs
for the work. We expect to make good progress in this earea curing

the Tall months.

F. Facilities and Cauirment

improvements in laboratory facilities during the year inciuce
reloading of our Cobalt 6U gamma irracdiator to its rnomiral capecity
of 500 curies; negc:istions Tor this viork were complietec in Cctcter
1974, end the source arrived ia tay 1575. An irradiator esseniialiy
identical to ours hzcs recertly been constructed Ly the research greud
of Prof. Phillip Achey in radiation biclogy, using the original worxing
drawings ror our fTaciiity. The new unit, which was installecd on :ne
ground ficor of tne huclear Science Center, was ioaded at the saue
time as our irradiator, with corresponding saving in snipging cost.
Since the two irradiators are essentially i?enticai in geonietry and
intensity, they can be shared between both research groups, with &
resulting evening of tne work ioad. This is likely to be espccially
useful to the radiation chcmistry group, since individual irradiations
on gas phase systems frequently require from 10 to 50 hours.

A major addition to the facilities of the leboratery is a Febetron
706 pulse electron accelerator, purchased with funds made available
by the University of Fiorida Division o7 Sponsored Research. Tnis
unit has been instailed and tested, and we are now in the process of

building up-equipment to undertake experiments in the pulse radiolysis



of yoses. TO Cato, e neve TelriCecdd & siénptie cnanber ernd ghizirec
entronix oscilioscope, an 0SCi1.03C00R Canera, end 2 3 Ay, oower
sussly, mostiy frem Governaent Surplus. £ Biocation Mocel 2iCE2 Trenszient

digitizor was purchased wizn contract funds. Zeraining componants
of tae ohotonultinlier ligint detection systcm will b2 ordered in the
near Tuture, anc initial exseriments shouid be underteken by Tell.
in orcer o avford conponents Tor the phactu.ultisiier ignt dzizction

systeni, wa Rave put CFT The purchase o

“‘l

a new flame ionizaticn gliectiro-
meter, licted in the Ludget for the present year. It is possitle

thout tais 9

-t

wnat we will pe able to get along w e inzetinitely,

¢ue to a shivt of activities towards the pulse radiclysis aree.

V. Puuiicetions, Megtings ftiencad
In January, a paper deaiing with th2 gas pha.. photolysis of

carbon tetraciiiorice av 253.7, 164.9, 147.0, and 1G6.7 nm was published
in tne Journal of Physical Chemistry; co-autnors are Ors. Dauglas O.
Davis, Jdohn F. Schmidt, and Charies i, :\’ee]ey.1 fublication of this
paper was quite tinely, in 1ight of considerable current interest in

|

the pnotochemistry of tihe calorofluorcmethanes. lie reporied & Suw-

[21]

stantial production of dichlorocartere (CC]Z) from the photolysis ¢f

CC? at 184.9 mm and lower wavelengths; it is very likely that CF2 is
formed in the photolysis of CF2C12 and possibly in the case of CF3CI.

f this is so, it will be signitTicant with respect to the potential
ozone destroying reactions of these molecules in the stratosphere.

in Febreaury a paper on ijon-molecule reactions in the systems

CF4 - CH4 and CF4 - C2H6, cu-authored by Prof. Edgar Heckel, was oublished
in the Journal of Chenical Physics.3 A paper with iir. A.R. Ravishankara,

on an eiectron impact investigation of 1,1,2,2-tetrafluorocyclobutane,



was published in the Journal of Physical Chemistiry in Apri].z E
paper on the same work was also read at the Southeastern Pegionai
Meeting of the American Chemical Sociaty in ilorfolk, Virginia, in
October 1974. Finally, Prof. Hanrahan attended the &th Carinbean
Chemical Congress in Georgetown, Guyana, in January, and gave an
invited lecture on the radiolysis of fluorocarbon - hydrocarbon systems
in a symposium organized by Prof. Larry Kevan.

Two manuscripts dealing with Dr. Arthur Frank's recently conpleted
vork on the photolysis and radiolysis of ethyl bromide in the gas

phase have been cempleted,

Two papers dealing with this work have been submitted to the American
Chemical Society 170th tlational Meeting in Chicagoe this September,
and to the First A1l North American Chemical Congress in Mexico City

tnis - -coning October, respectively.



Table 1. Yields in the Ganma Radiolysis of C2F5I
Product ‘ G-value® Detccter Response
CF, (3-4)° 8% 107%
2
]
C2F4 1.16 0.122
CC,F6 0.292 0.186
C'\F-;\ ‘ 0-055 1
30 . )
C.F. 0.385 0.695
9 0
< =Ca€ .
CL.‘F10 0.417 1.045
CFy1 0.196° : 1.05
d
£1 :
oyl 0.012 (2.10)
n-C4F51 0.028 (3.16)
i-C4F41 0.001 (3.1€)
n-C,Fql . 0.005 (4.21)
i-C,Fl 0.014 (8.21)
C.Foly 0.095 1.05
L,2-02F412 0.127 1.60
1,1~C2F4I2 0.166 1.60
I2 present ‘ —_—

(a) VYields measured at a dose of 5.10 x 1019 ev/gram except as notedl

(b) Eased on one measurement

(c) tieasured at an absorbed dose of 3.22 x 1019 ev/gram

(d) Relative detector response values in parenthesis are estimates
based on carbon number.

(e) Higher yields of C2F4, n-C4F]0, and CFBI listed in the 1974

report were an artifact due to impurities of these species
in the starting material.



Table 2.

Ion - Molecule

Reactions in CF.I
~

Reaction AH, Kcal/mole Method?
+ + a .
(1) CF3 + CF3I — CF3I + CF3 +33.54 ICDR
(2) 17+ CFyl —_— CF31+ + 1 + 3.5 I1CDR
+ + n
(3) CF3 + CFSI —_— CFZI + CF4 - 3.9 ICOR
(4) CF31+ + H —_— CF3+ + 1+ 1CRPP
(a) IZDR refers to Ion Cyclotron Double Resonance; ICRPP indicates a

nlot of ion

intensity versus pressure in single - resonance ICR.



Table 3. Ion - Molecule Reactions in CZFSI

Reaction sH Keal/mole tiethod®
(1) CFg"  # CFgl —> CoFel™ + CFye +34.24 1COR
(2)  CFy  + Gl —> C,FIT + CF exo ICDR
(3)  CF," + CFl — i I" + Cyly +12.7 I1CDR
(3)  Cpfg’ + CoFl —> CoFI* + CFg ¥22.7 1CDR
(5) C2F5+ + CFl = CF,IT + G exo Eoth
(6)° 1+ g F I — CEIT s I +4.24 Both
(MNP 15 GF I — LY s O -16.6 Both
(8)  CFI" + C,F.T — CoFI™ + CF,l ICOR
(9) CF21+ + G F Ll — C2F4I+ + CFyl endo ICDR
(10)°°¢ CoFT™ + CF el — CoF I, + CFe TOF
(11)°°C CoF 1™ + CoF T —> CyF 1, TOF
(a) ICDR refers to Ion - Cyclotron Double Resonance; TOF indicates high

(b)

(c)

pressure time~of-flight mass spectrometry. “Both" indicates that
reaction was seen by ICDR and TOF methods.

Rate constants were measured by high pressure TOF method, as follows
(k x 1010 o molecule'1 sec"l): Reaction 6, 0.237; Reaction 7, 0.279;
Reaction 10, 0.836; Reeaction 11, 1.11.

Hass of product ion beyond range of ICR instrument.



Table Za

Yields in the Radiolysis o7 1,1,2,2-Tetrafluorocyclchbuteane;
Products Eluting on Silica Gel Column.

UNSCAVENGED SYSTEM O2 SCAVEWNGED SYSTE!
Product Initial Linear® Initial Linzer
HZ £.52 0.52 0.205 0.eg2
HF 2.3 2.3 8.6 8.6
CH4 0.0082 0.0082 0.0G8 G.0
C2H6 0.0057 0.0129 0.0057 0.0057
C2F4 0.093 0.171 0.109 0.109
Cot, 0.0 0.0 0.053 C.125
1,1-C2H2F2 (~.27) 0.0464 0.471 0.471
C2H2 0.0853 0.196 0.018¢6 0.114
C2H3 0.0125 0.0 0.024 0.03¢97
1,2-C,H,F, 0.0071 0.0071 0.0 0.0
C3H4F2 0.023 0.0487 0.0 G.G
1,2-C2H2F2 0.0546 0.0546 50.%?1 <0.001
C,FsH- 0.01¢ 0.01° — —_
C3F4H2 0.0035 0.0165 <0.0G1 <0.001
CF 4 0.01¢ 0.019 — —

[
{a) Linear region reached at a dose of ca. 1 x 1017 ev. except for CoH.,

whicn roquired 2 x 10 ev.

(b} Dash indicates product not measured

(¢) C, Pyt eluted with C2H2; yield estimated from mass spectrometry ana]ysié

(d) CF3H elutes with 1,1-C2H2F9; yield estimated from mass spectrometric

analysis.



Table 4b

Yields in the Radiolysis of 1,1,2,2-Tetrafluorocyciobutane;
Products Ejuting on SE-30 Column

UNSCAVENGED SYSTEM 02 SCAVEHGED SYSTEM

Product Initial Linear

, - &
C3l~.4F2 0.032 0.047 0.005
CSHZ_’FZ 0.013 0.021 0.005
C_,rézF4 0.0062 0.017 | <<(.001
C4H2F2 0.013 0.013 <<(3.001
C.H-F, 0.063 D.197 0.13
o000 c
CSHBFA 0.007 0.05 —_

? 0.01 0.01 —

? — ’ .05 —

. . G a5d
Csﬂ‘;F6 0.05 0.G9 0.0o’

. - ~=C
C5 4Fg 9.02 0.06 A0,C35

? 0.0 0.015% <<{(.001
CSHBFS 0.01 0.0 G.0

(g8) leasured on silica gel column also

(b) Eased on the first three points. (The yield at longer doses becomes zero
and then becomes negative)

{c¢) Dash indicates p.oduct not measured

(d) Irreproducible
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Measurements made using Varian V5900 ICR mass
spectrometer,
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Fizure 7 Semilogarithmic plots of normalized

ion intensities versus pressure in the high
pressure TOF spectrunm of 1,1,2,2-tetrafluoro-
cyclobutane, Heasured rate coastants
. 10 -1 . -
(kx x 10 cc molec ~ sec 1) are as follows:
+ . + C
02H2F2 formation, 0.9%4; C,Fy formation, 0.94%4;

a
C2Hu’ consumption, 2.0.
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