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i

, ABSTRACT
t

I

i Real-time studies of aliphatic and aromatichydrocartmm by pulse radiolysis and laser photoionization re-
veal the chemistry,of the ionic _es in the condensed phase. The occurrence of radical cation reactions\

with solvent molecules provides the core mechanism capable of explaining a wide range of observations in
photoionization and radiation chemistry. The study of products and transients in photoionization of aro-

' matic solutes in hydrocarbon and alcohol solvents illustrates several details of this "high-energy" chem-
istry. A reaction pathway involving ion-molecule reaction of excited ions is indicated for a series of poly-

, cyclic aromatic hydrocarbons photoionized using intense excimer laser (248 and 308 nm) pulses m hydm-
_,carbon and alcohol solutions. We have found that condensed-phase ion-molecule reactions in radiolysis
i are ubiquitous and we speculate on their overall role in hydrocarbon radiolysis.
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ION-MOLECULE REACTIONS IN PHOTOIONIZATION

Understanding of the early events in radiation chemistry is relevant to chemical consequences of radiation
in chemical, biological, and technological applications. Our ability to directly observe and sort out the
various transient intermediates produced by ionizing or photoionizing radiation is closely coupled to the
development of better experimental tools.

Studies over the last decade have revealed the importance of ionic species in early chemical events induced
by ionizing radiation. Indeed, the first observable species in condensed-phase pulse radiolysis of nonpo-
lar solutions is the initial charge pair. Radiationchemistry is the description of the chemical consequences
of this charge-pair production. The solvation of ions and their reactions and transformations dominate the
chemical landscape of radiation chemistry. While the chemical role of excited neutral species is often in -
voked, appreciation of the importance orion chemistry is increasing.

Recently we have initiated a systematic study of the energy dependence of ion chemistry. Several new
techniques and ultrafast tools of radiolysis and photoionization were used to characterize the ionic species
in real time. Samples were excited using nanosecond pulses of UV light from excimer lasers. Flash
photolysis, time-resolved DC conductivity as well as product studies were carried out (Trifunac, et
a/.,1992; Loffredo et al., in press).

tOn leave from Beijing Normal University, Beijing, China.



2

These studies address several questions: What happens to the excess energy input into the condensed
phase system above that needed to cause ionization? What are the highly excited species and processes
that may be so induced? Our studies reveal that a new reaction channel opens up; that is, ion-molecule re-
actions of excited ions become important. Thus, we modify the accepted scheme of photoionization to in-

Ali. +*elude an ion-molecule reaction of the excited radical cation •

2hv
AH _ AH.+*+ e- (1)

AH+* + RH _ A-+RH_ (2)solvent

We have carried out time-resolved and product studies of photoionization of aromatic solutes AH in both
hydrocarbon and alcohol solvents, which we describe below.

Pr_uct Studies

Photolysis of several aromatic solutes in hydrocarbons and in alcohols reveals the involvement of aryl
radicals and solvent-radical-derived products. The following schemes are illustrative of the photoioniza-

, tion of naphthalene and anthracene in cyclohexane.
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Scheme 1. Aryl and cyclohexyl radical formation and subsequent reactions
with isotopically labeled naphthalene.

The products identified include: H2, HD, bicyclohexyl, cyclohexene and the coupling products as in reac-
tion (d). With the perdeuterated solute, the incorporation of a single hydrogen is monitored. Tiffs pro-
vides a direct measure of aryl radical formation. The extent of the reaction is greater in alcohols than alka-
nes, as illustrated by anthracene data in Table and Scheme 2.
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Table: Product and isotope distribution after photolysis of perdeuterated polycyclic aromatic hy -
drocarbons in various solvents at 248 and 308 nra.

substrate/solvent w parent isotopic A% a % yield of %
ion ion cyclohexyl substrate

radicals b consumed
" 248 nm

naphthalene/cyclohexane C 10H8 C10H7D 0.1 10.9 43
naphthalene/cyclohexane(di 2) C10H8 C10H7D 8.0 11.0 41
naphthalene(d8)/cyclohex ane C10D8 C10HD 7 7.9 11.4 44
naphtlaalene(d8)/isopropanol C10D8 C10HD7 8.6 - -

p-terphenyl(d 14)/cyclohexane C18D14 C18 HD 13 4.7 - -

anthracene(d8)/cyclohexane C14D10 C14HD9 8.0 - 83
anthracene (d8)/isopropanol C14D10 C14HD 9 14.8 - 65

308 nm

naphthalene(d8)/cyclohexane C10D8 C10HD7 2.2 3.2 26

anthracene(dS)/cyclohexane C14D10 C14I-ID9 0.6 - 33

anthracene(dS)/isopropanol C14D10 C14HD9 1.9 - 30
aA% is the difference between the relative abundances of the isotopic ion before and after irradiation,
taking into account the contribution of carbon-13 isotopes.
bFour times the bicyclohexyl yield, divided by the initial concentration of aromatic substrate (the bi-
cyclohexyl yield is assumed to be representative of the overall radical yield).

D D D

2hv

in cyclohe_ _ isopropanol

D HD D HD

D D D D D D

8% 15%

Scheme 2. Aryl radical formation during flash photolysis (248 nm) of dl0-anthracene in
cyclohexane or isopropanol.
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The only other conceivable reaction pathway giving rise to aryl radicals is neutral excited state homolysis:
2by

AH** --_ A. + H. (3)

Several remits of the product studies offer strong evidence that this is not an important process: (1) The
H2 yield decreases with the addition of aromatic solute to a hydrocarbon solvent; i. e., the small yield of
H2 from solvent photolysis (Schwarz et al., 1981) decreases even further when an aromatic solute be-
comes the main species absorbing fight. (2) In appropriately isotopically labelled solute-solvent
systems, substantial HD yield would be indicative of the generation of H- atoms. If solvent radicals
were formed by reaction with H. atoms (abstraction), then the HD fraction of the (H2 + HD) yield would
be -37%, while a value of only 1.5% is found. (3) The effect of solvent polarity and proton affinity is
consistent with an ionic process; one would not expect the homolysis of highly excited neutral species to
be strongly solvent dependent. (4) The effect of SF6 on product formation is also indicative of an ion
reaction. Electron scavenging by SF6 increases the lifetime of radical cations and thus increases the ion-
molecule reaction yield. One would not expect SF6 to enhance neutral excited state homolysis. On the
contrary, one would expect some slight decrease via the excited state quenching by SF 6. We conclude
that neutral excited state homolysis cannot be a significant contributor to the aryl radical yield in these
photoionization experiments.

Transient Absorption and Conductivity Studies

Transient absorption spectroscopy was used to observe aromatic radical cations in alcohols and
hydrocarbon solvents, as well as the solvated electron in alcohols. The electrons and free ions in
hydrocarbon sol vents were detected by DC conductivity. The transient species were generated by 248
nm and 308 nm laser photolysis (Liu ct al., in press).

The study of the relative yields of electrons and aromatic cations reveals that they diverge with increasing
energy of excitation. With increasing photon energy and photon flux the electron yield (and free ion
yield) increases, while the yield of radical cations decreases. This is very easily seen in alcohol solutions
where at high fight intensities one observes a dramatic difference of electron and radicalcation yields
(Figure).
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Figure Quantum yields ofthe solvated electron and anthracene radical cation as a function
of laser intensity during 248 nm laser flash photolysis of 5x10 -5 M anthracene in 2-
propanol.

This suggests that while some processes are biphotonic (two sequential photons), there is also a "three-"
photon process in which the third photon excites a radical cation.

hv
AI-lt _ AI-It* (4)



D

5

This is also evident in some product studies, e.g., the presence of SF6 extends the aromatic radical cation
lifetime, resulting in an increase in the chemical yield of products from ion-molecule reactions of excited
radical cation species.

The flash photolysis and conductivity studies are consistent with the idea that neutral excited state homol-
ysis is not an important process. The divergence of the electron and radical cation yields with increasing
photon energy and flux is an important prediction of the proposed mechanism (eq. 2) involving ion-
molecule reactions of excited aromatic radical cations that is borne out in these studies.

ION-MOLECULE REACTIONS IN RADIOLYSIS

The amount of experimental data available on radiolysis of hydrocarbons is considerable but does not
provide sufficient detail. Few comprehensive studies of early events and transient species have been car-
fled out. Studies of static systems, i.e., low temperature matrix work, and several scavenging studies
have provided some insights into the role of radical cations in hydrocarbon radiolysis. However, very
little information can be found on the relative importance of different processes in different
hydrocarbons. The data on the overall product distributions do not provide sufficient insight.

We have examined several aspects of early events in radiolysis of hydrocarbons and have outlined some
features of the overall mechanism (Sauer, Jr. eta/., 1991). Here we extend our ideas to a more general
radiolysis mechanism, which is closely related to the mechanism discussed in photoionization:

RH radiolysis-li _ RH** ------lP,- e" + RH+. RH _ R. + RH_®

RH* RHr

" Scheme 3. Early events in radiolysis of hydrocarbons. Ion-molecule reactions.

We have examined several processes in this scheme. Our time-resolved studies of alkane radical cations
by time-resolved Fluorescence Detected Magnetic Resonance (FDMR) have allowed us to identify and
characterize many alkane radical cations. We have also found that ion-molecule reactions (reaction 1) of
(relaxed) radical cations RH + are facile and widespread (Trifunac et al., 1989; Werst and Trifunac,
1991). Picosecond emission studies in our lab have measured lifetimes of alkane radical cations in
cyclohexane and n-hexane radiolysis (Sauer eta/., 1991). Ion-molecule reactions of alkane radical
cations (reaction 1), while surprisingly fast, are not fast enough to compete with the geminate
recombination (reaction 3).

Other studies by time-resolved EPR (Werst and Trifunac, 1987) and by picosecond absorption methods
ffagawa,eta/., 1989) in pulse radiolysis reveal very fast radical (R-) production in hydrocarbon radioly-
sis. Picosecond emission studies in our laboratory have found that there is a difference in electron and
fluorescence scavenging (Jonah and Sauer, Jr., 1989), suggesting that some alkane radical cations un-
dergo very fast transformation into species that do not recombine with electrons (reaction 3) to give rise
to fluorescence.

These observations can all be explained by considering that, in reaction 2 of Scheme 3, a fast ion-
molecule reaction of an excited radical cation (RH ;) occurs on the picosecond time scale. This is also
consistent with the ideas expressed in the past work in radiolysis, when it was speculated that only a
fraction of ions recombine to give rise to excited species (Schwarz eta/., 1981). Other observations
reveal that there are different electronic states of radical cations (Barnabas and Trifunac, 1991; Lee and
Lipsky, 1985). So far, we do not know what their chemistry is. Our studies reveal that ion-molecule
reactions are widespread in condensed-phase radiolysis. The questionthat remains is to what extent do
these ion-molecule reactions contribute to the overall products of radiolysis?
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SUMMARY

The study of photoionization induced by intense UV pulses of light reveals a common reaction pathway
involving ion-molecule reactions of excited ions of aromatic solutes in hydrocarbon and alcohol
solutions. This reaction pathway is often the main route of destruction of the aromatic solutes in these
systems.

Several observations in radiolysis suggest that analogous ion-molecule chemistry may be important in the
radiolysis of hydrocarbons, lt is well known that such processes are important in the radiolysis of water
and alcohols.

While many qualitative details of the proposed ion-molecule reaction pathways are still being examined,
the ion-molecule reaction of radical cations is the key concept needed to explain chemistry occurring
above the ionization threshold.
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