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A. ABSTRACT

The photocurrent from anthracene in 2,2,4—trimethylpentane, 2.2—dimethyibutane,
cyclohexane, cyclopentane, and tetramethylsilane has been studied as a function of
excitation energy from the ionization threshold to the onset of strong solvent absorption.
In the case of 2,2,4—trimethylpentane (isooctane), the dependence of the photocurrent on
the magnitude of an externally applied electric field was additionally studied in order to
separately evaluate the effect of excitation energy on the electron ejection probability and
on the geminate ion pair escape probability. The effect of excitation energy on the
yuenching by n—perfluorohexane of the anthraceme photocurrent in isooctane is also
reported.

The fluorescence from solutions of hexafluorobenzene in cyclopentane,
2,2,4—trimethylpentane, 2,2—dimethylbutane and tetramethylsilane irradiated with
B—particles has been studied as a function of the hexafluorobenzene concentration from ¢ =
103-10"! M. The data are analyzed to permit extraction of the geminate ion—pair
scavenging probability pt. This is found to have a dependence on c entirely similar to
what has previously been reported for pf extracted from quenching of solvent fluorescence
by perfluorocarbon scavengers, i.e., pJr = (ac)®7/[1 + (ac) 7. The difference between
these results and that for pT obtained via measurement of chemical product formation is
discussed.

The absorption of 160 nm light by cyclohexane in mixtures of cyclohexane, benzene
and tetraphenylmethylenediamine results in an emission spectrum consisting of the simul-
taneous fluorescence from all three components. A mechanism for the development of this
spectrum and its dependence on benzene concentration is constructed and shown to be
quantitatively consistent with the results of independent measurements on the separate
components. In the absence of tetraphenylmethylenediamine, the quenching of cyclohexane
fluorescence by benzene is found to be well represented by the standard diffusion model but

with important contributions from "transient" terms. However, the concomitant



sensitization of benzene fluorescence via energy transfer from cyclohexane is found to occur
with an efficiency factor of only 0.26 + 0.02 per encounter.

The fluorescence from both cyclohexane and benzene in their - irradiated mixtures
has been studied as a function of benzene concentration from ~ 0.005 M to 0.1 M. The
quenching of the cyclohexane emission by benzene is found to be significantly greater than
obtained under optical excitation conditions suggesting an important role for benzene as a
scavenger of the geminate ion—pair precursor of the fluorescing state of cyclohexane. From
diffusion models, a lower bound is established for the scavenging rate constant. An
examination of the fluorescence from benzene leads to the conclusion that although the
majority of benzene fluorescence derives from electronic energy transfer from excited
cyclohexane, a large fraction (from »~ 20-50% over the concentration range studied) is
generated by recombining molecular ions. The intrinsic efficiency with which the
recombining ions generate fluorescent states of benzene, however, appears to be peculiarly
low.

The fluorescence quantum yield of benzene vapor excited at 253.7 nm and at
pressures from 10-50 torr has been determined at 22 °C by comparison with the
fluorescence from a dilute solution of benzene in cyclohexane. The value thus obtained is
0.044 + 0.006 which is significantly lower than has been reported in all previous
investigations. Although the origin of the discrepancy remains unknown, a theoretical
argument is presented that tends to support the lower value.

The effect of benzene to quench the fluorescence of cis— and trans—decalin and to
itself be sensitized to fluorescence has been studied for excitation of the system at 161 nm.
The dependence of the quenching of the decalin fluorescence on the benzene concentration
(from 0.002 to 0.1 M) is shown to be fitted well for both isomers by the standard diffusion
model. Corrections for static contributions are considered. The quenching encounter
between excited decalin and benzene results in the production of an emitting state of

benzene with an efficiency of only 0.44 for cis—decalin and 0.33 for trans—decalin. The



origin of these low efficiencies appears to be attributable to inefficiency in the conversion to
the emitting state of benzene from those states that are populated via the quenching
encounter.

The fluorescence from [~ particle irradiation of cis— and trans—decalin containing
benzene or toluene has been studied as a function of aromatic concentration from ~ 0.002 M
to 0.1 M and over a spectral range that encompasses both the solvent and aromatic
fluorescence. By comparisons with the fluorescence obtained using sub—ionization
excitation of the decalin, the effect of benzene and toluene to intrude into the geminate
ion—pair decay process has been extracted and rate constants for their scavenging action
obtained via fitting to the standard diffusion model. The rate constants are compared to
those reported from microwave conductivity studies on the "escaped" mobile hole in these
liquids. For the reaction between trans—decalin® + toluere, the rates are in good
agreement. However, for the reactions of either cis— or trans—decalin* with benzene, the
rate constants extracted from the fluorescence analysis are about an order of magnitude
larger. The discrepancies suggest the existence of differences in the internal energies and
structures of the decalin positive ions when observed on the very short time scale of
geminate recombination (probed in the fluorescence measurements) and that which is
observed on the much loager time scales that are probed in the microwave experiments.

An analysis of the development of aromatic fluorescence permits extraction of the
fraction of aromatic fluorescence that derives from ionic recombination (as opposed to
energy transfer) and the averaged efficiency of this recombination. In all of the systems
studied here the ionic fraction remains high (i.e., > 20%) even at millimolar concentrations

of the aromatic.



B. RESEARCH
I.  Photoconductivity of Anthracene in Liquid Hydrocarbons

The photoconductivity of an aromatic solute in a liquid hydrocarbon exhibits a strong
dependence on the nature of the hydrocarbon solvent.(1’2) Both the energy threshold for
photocurrent and the subsequent shape of the photocurrent spectrum are importantly
altered by what would otherwise appear to be relatively minor changes in the nature of the
solvent.

The effect of the solvent on the photocurrent threshold derives ultimately from its
electronic polarization about the ion—pair. The cuntribution to the total polarization
energy from the positive ion, although relatively large in magnitude, carries little solvent
variability. On the other hand, the polarization energy deriving from the electron (which
is essentially the negative of the "vertical" electron affinity of the solvent) appears to be
very sensitive to molecular structure and accommodates almost all of the threshold shifting
from one solvent to the next.(3)

The effect of the solvent on the structure of the photocurrent spectrum is less well
understood. Holroyd, Preses, Bottcher, and Schmidt(z) have noted that for anthracene in
neopentane (and for azulene and methylnaphthalene as well) the photocurrent structure
corresponds closely to the positions of relatively sharp Rydberg transitions in the vapor
phase and have suggested that their manifestation in neopentane and their absence in
n—pentane is ultimately tied to differences in the mobility of the electron in these solvents.
The argument follows essentially that of Fermi’s(4) to explain the broadening of the
spectral lines of high—lying Rydberg states of atoms by perturbers with large scattering
amplitudes for slow electrons. By linking the electron’s mobility in the solvent to the
electron—solvent scattering amplitude, the argument for observation of the Rydberg
transitions in neopentane and for their obscuration in n—pentane is made on the basis of a
ca. 500 fold smaller electron mobility in n—pentane. To further support this, they note

that with n—perfluorohexane added to anthracene (or benzanthracene) in neopentane, the



photocurrent is quenched with an efficiency whose wavelength dependence exhibits a
similar structure to that observed in the photocurrent spectrum.(z) The implication is
that the photocurrent quenching will be maximal when a Rydberg state of anthracene is
populated. Such a state, it is presumed, will transfer an electron to n—perfluorohexane to
produce a geminate ion—pair with a separation distance smaller (and, therefore, with
smaller escape probability) than is produced at other excitation energies by the simple
ejection of an electron and its subsequent ‘"epithermal" scavenging by the
perﬂuoroca.rbon.(l’2)

In the present study we reinvestigated the photocurrent spectrum of anthracene. We
find that the Rydberg—state hypothesis is not a viable explanation to explain the structure
in photocurrent spectra. Our measurements show that these structures reside not in the
electron ejection probability but rather in the energy dependence of the thermalization
range parameter of the electron. Considering the ejection as an autoionization from the
valence states of the neutral that are initially populated by photon aBsorption, the
structure is explainable in terms of final states of the process that leave the anthracene
positive ion in some one of its vibrationally excited states. Solvent effects on the
diffuseness of this structure can be qualitatively understood in terms of solvent
modification of the autoionization amplitude either via alteration of the final state
wavefunction of the quasi—free electron or via alteration of the Franck—Condon overlap of
the valence and ion states due to differential shifts of the energies of these states. Also no
evidence for structure in the photocurrent quenching efficiency by n—perfluorohexane for
anthracene in isooctane was observed contrary to the reported appearance of such structure
in neopentane solvent.

This work has been published (D. W. Tweeten and S. Lipsky, J. Phys. Chem. 1989,
93, 2683) and a reprint is attached.



II. Dependence on Solute Concentration of the Efficiency of Scavenging of Electrons in
Recombining Geminate Ion Pairs

When a simple hydrocarbon fluid is irradiated with fast electrons, an easily
measurable fluorescence is observed which is identical to that produced by the absorption
of non—ionizing photon radiation. The quenching of this fluorescence by added perfluoro—
carbons has been studied(5) and found to depend on the fluorocarbon concentration, c, in
such a way that the ratio, Qe, of the yield in the absence, Gy, and in the presence, G, of the
scavenger (i.e., Qe = Go/G) is given by

Qe =1+ (ac)™’ (1)
where a is some empirical parameter.

If one assumes that i) the high—energy induced fluorescence derives exclusively from
recombining geminate ion—pairs, ii) the fluorescence quenching is a consequence of
capture of the '"geminate" electron by the perfluorodecalin and its subsequent
non—radiative recombination with the "geminate" positive ion and iii) electrons that are
thus scavenged would otherwise (i.e., had they not been scavenged) have recombined with
an "intact" solvent positive ion to yield a fluorescent solvent state, then it is simple to

derive that
Qe=(1-pH) 2)

where pT is the probability for scavenging of a geminate ion—pair (i.e., one that would have
recombined in the absence of scavenger).(s) By substituting eq. (1) into eq. (2), it then

follows that the scavenging probability, pf, is given by:

pt = (ec)®" (3)

1 + (ac)®’
Eq. (3) appears, however, to be at variance with earlier studies of pt extracted from
measurement of the yield of chemical product produced from the electron + scavenger
attachment process over a similar range in ¢ (i.e., ~ 10 to 10"! M). From an analysis of a

wide variety of such experiments, Warman, Asmus and Schuler(s) found that pt could be



represented by an equation similar to that of eq. (3) but with the power 0.7 replaced by
0.5, 1.e.,

pf___(ﬁ)l _ (4)

1+ (ac)®®
Over the usual concentration range studied (of ~ 10 to 10~! M), the difference between 0.7
and 0.5 would have been easily discernable.

To accommodate this disparity, Jonah and Sauer(7) have recently suggested that not
all geminate postive ion plus electron recombinations have the same probability for
generating a solvent fluorescent state (i.e., assumption iii is violated). As a possible
mechanism for this, they propose that solvent positive ions are initially generated in
electronically excited states whose recombination with the electron gives neutral chemical
products rather than fluorescence. Accordingly, only that fraction of the electron
population which thermalizes sufficiently distant from the positive ion and whose
recombination is therefore sufficiently slow to allow the positive ion to electronically relax,
would give fluorescence. The consequence of this, they argue, is that whereas the technique
for determining pJr via measurement of the product formed from the scavenging reaction
samples the entire population of electrons, the fluorescence quenching technique locks only
at a smaller sub—population. From this they demonstrate that if the "total" sca&enging
probability is indeed given by eq. (4) then the pt extracted from the fluorescence
quenching measurement must be of higher power than 0.5 in ¢, and, with not unreasonable
choices of some pertinent parameters, could be as large as 0.7.(7)

Since the chemical product technique is itself subject to the validity of some crucial
approximations, we decided to utilize another technique for extracting p'l'. In the case that
recombination of the solvent positive ion and the solute negative ion generates a fluorescent
state of the solute, it is possible, with some assumptions to extract another measure of p't
from the concentration dependence of the intensity of this solute ﬂuorescence.(s) For this

purpose, however, it is important that solute excited states derive predominately from the
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recombining ions and, therefore, that contributions from electronic energy transfer from
neutral excited solvent states be kept negligible. To ensure this, we have employed three
non—polar solvents from which no fluorescence has yet been observed (i.e., quantum yield
less than 10'“),(9’10) namely 2,2—dimethylbutane (neohexane), 2,2,4—trimethylpentane
(isooctane) and tetramethylsilane and one solvent, cyclopentane, which emits only a very
weak fluorescence (quantum yield ~ 5 x 10'5).(10) These solvents were also chosen to span
a large range in the mobility of the electron, and, therefore, a large range of rate constants
for the electron attachment to the scavenger.

The choice of scavenger was dictated by three considerations. It should i) have a
sufficiently large ionization potential to prevent transfer of an electron to the solvent
positive ion (since if this were permitted to occur it would provide another channel for
formation of solute excited states via recombination of scavenger positive and negative ions
and thus complicate the experimental analysis), ii) have a sufficiently large electron
affinity so as to favor the formation of the excited state of the scavenger over that of the
solvent upon recombination of the scavenger negative and solvent positive ions, and
iii) have an adequately large fluorescence quantum yield to permit its reliable observation
above background levels. For these purposes, the scavenger of choice was
hexafluorobenzene with an adiabatic ionization potential of ~ 9.9 eV,(n) an electron
affinity of at least 0.5 eV(12) and a fluorescence quantum yield of ~ 0.034.(13)

In essence, what we find is that the 21‘ that we extract by the present technique
contin represented by eq. (3), contrary to the predictions of the Joneh and
Sauer model. Thuys there remains a serious discrepancy btetween all of the fluorescence
results and those obtained from chemical scavenging studies. Some possible origins of this

discrepancy are considered in the paper that is based on this work. This paper has now
been pubh‘lshed (D. W. Tweeten, K. Lee and S. Lipsky, Radiat. Phys. Chem. 1989, 34, 771)

and a reprint is attached.
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III. The Transfer of Electronic Energy from Cyclohexane to Benzene to Tetramethyl-
phenylenediamine

We have recently reported on a peculiar effect of solution composition on the fluores-

cence intensity of a solute (T) dissolved in a mixture of cyclohexane (C) and benzene (B)

when primary light absorption is by the cyclohexane.(14’15)

In these studies, the
fluorescing state of T (i.e., T*) is generated indirectly via the two electronic energy transfer
channels

C*+T — C+ T* (1)
and

B*+T — B+ T* (I1)
where C* and B* are the fluorescing states of C and B and B* is generated via

C*+B — C + B*. (111)

Since the channel II process should be more efficient than the channel I process (by
virtue of the much longer lifetime of excited benzene), it was expected that the addition of
small amounts of benzene to cyclohexane (at constant concentration of T) would cause an
increase in the intensity of T* fluorescence. Instead, a rather dramatic decline was
observed.

To explain this, it was noted that if there were a fundamental inefficiency in the
channel III process, then the addition of benzene, by subverting some C* from channel I to
channel III, would indeed lower the yield of T* so long as the product of the efficiencies of
channels IT and III was less than the efficiency of channel I. To account for the channel III
inefficiency, it was proposed that in the transfer of energy from C* to B, the propensity to
preserve the total electronic energy of the system would cause there to be generated a large
initial population of electronic states of benzene above B* (by virtue of the ca. 2 eV
disparity in electronic energies of C* and B*) which would then internally convert to B*
(16,17)

with low probability. In the present investigation we have now quantitatively

established this mechanism by simultaneous observations on the fluorescence of all three



—12—

components, cyclohexane, benzene and T as functions of benzene concentration when the

cyclohexane is excited in its far UV absorption system at 160 nm. Additional to this we
have demonstrated that the quenching efficiency by benzene of cyclohexane fluorescence

(excited at 160 nm) can be explained adequately by a 1-—state standard diffusion quenching
model that includes "transient" effects. There appears to be no evidence for contributions

to the quenching by interception by benzene of upper excited states of cyclohexane as has
been previously suggested.(ls) Rather, the state initially populated at A\¢ = 160 nm is
shown to convert rapidly to the emitting state of cyclohexane, with an efficiency of 0.65
and that the quenching action of benzene is exclusively on this emitting state. In this
quenching encounter, no electronic excitation appears to be lost, i.e., for every excited
cyclohexane that is quenched, an excited benzene is generated, albeit not one that
necessarily internally converts to the emitting state of benzene. Indeed, the probability for
the internal conversion to the emitiing state from the distribution of states initially
populated by the energy transfer process is only 0.26. Thus only about oné in every four
quenching encounters between excited cyclohexane and benzene results in the production of
an_emitting state of benzene.

A manuscript describing these results has been accepted for the Weller Issue of

J. Phys. Chem. (D. B. Johnston and S. Lipsky, J. Phys. Chem., 1991). A preprint is

attached.
IV. Energy Transfer From Cyclohexane to Benzene in Their Irradiated Mixtures

The formation of excited solute states in irradiated saturated hydrocarbon liquids
derives from both neutral and ionic channels. The neutral channel involves the formation
first of an excited solvent molecule (either formed directly or via geminate electron +
positive ion recombination) followed by non—radiative transfer of this excitation to the
solute. The ionic channels are more complex involving capture by the solute (hereafter

referred to as B) of either the geminate electron, to form B", or of the positive charge of the
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solvent (hereafter referred to as C), to form B*, followed by some or all of the possible ionic
recombination processes (i.e., B'+ B, B* +e~, B"+ C*).

The relative contributions of these various channels to the observed yields of excited
solute states has been considered by many investigators,(19—24) but remains generally
unresolved. In only one case, that of biphenyl in cyclc.exane, has there been some
important progress made recently on this question using picosecond pulse radiolysis with
analysis of both biphenyl negative ion and biphenyl ﬂuorescence.(25)

In the case of benzene (or toluene or p—xylene) as solutes, the question of the
mechanism of formation of excited aromatic takes on some additional relevance since the
yields of these states (as deduced from their fluorescence) have been sometimes utilized to

deduce G values for excited solvent states(19’26’27)

under the assumption that all of the
ionic channels are ignorable. Neither benzene nor toluene or p—xylene are considered to
form negative ions with any significant probability and their concentrations, in these
studies, we-e kept sufficiently low as to avoid, presumably, any appreciable contribution
from gemir:te positive charge transfer processes.(26’27) However, the G values of excited
solvent states thus obtained are found to be significantly lower than values determined by
other methods.(25’28’29’30) Although the question of possible origins for this disparity
have been considered,(27’29) there appears still no deﬁnitive answer.

By comparing the results obtained in our optical study of cyclohexane + benzene
fluorescence (see section BIII of this Progress Report) with entirely similar experiments but
using 0.22 MeV f" particles as excitation source, we have been able to provide some new
information pertinent to the mechanism of the formation of excited benzene.

The fraction of the total fluorescence from benzene that is attributable to electronic
energy transfer from excited cyclohexane (formed by unperturbed C* + e” recomvinations)
is computed quite generally from the data to vary from 0.83 to 0.47 over the benzene

concentration range from 0.0056 to 0.112 M. The remainder of this fluorescence is due

to recombining molecular ions which clearly make a non—trivial contribution until
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concentrations much less than 0.0056 M are achieved. Accordingly, attempts to utilize
benzene fluorescence to deduce the G value for excited cyclohexane by totally ignoring ihe

ionic contributions, may be seriously in error.
A mauuscript describing these results has been accepted for publication (D. B.

Johnston and S. Lipsky, Rad. Phys. Chem. 1991, to be published). A preprint is attached.

V. A Redetermination of the 'Bay — A, Fluorescence Quantum Yield of Benzene
Yapor
In 1965, Noyes, Mulac and Harter(31) attempted a direct absolute measurement of
the benzene vapor fluorescence quantum yield and obtained a value of 0.18 + 0.04 at 253.7
nm over the pressure range from 8 to 14 torr. In 1977 another absolute value of 0.19 + 0.02
at 254 nm was reported by Rockley(32) using a photoacoustic technique Since then a

(33-36)

variety of investigations into the fluorescence of single vibronic levels of benzene

have utilized the 0.18—0.19 value of vibrationally relaxed benzene as a reference quantum
yield.

In the present investigation we have re—examined the benzene vapor fluorescence
quantum yield. The impetus for this work came from some measurements we had begun in
the Spring of 1990 on the effects of excitation energy on the emission spectrum and
emission quantum yields of saturated hydrocarbon vapors. The emission quantum yields,
when based on the 0.18—0.19 benzene reference value, seemed to us to be unreasonably
large. Accordingly, the decision was made to reinvestigate the benzene yield.

The technique that we have employed references the benzene vapor yield to that from
a dilute solution of benzene in cyclohexane for which there is available a rather reliable
value of 0.064.(37—38) The value that we have obtained for benzene vapor from 10-50 torr

and at 22 °C is 0.044 + 0.006, ca. 4x lower than the previously accepted standard value.

The discrepancy between ovr results and those of previous workers is, of course,

disturbingly large, and we remain unsure as to the nature of its origin. Certainly the
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determination of a fluorescence quantum yield in one phase by comparison with the yield in
another phase is fraught with a variety of potential sources of error and we make no claim
to have eliminated them all. But we were totally unprepared for so large a discrepancy,
the mag: ¢ of which appears to indicate that, if the 0.18—0.19 value is correct, then
there must exist either a serious error in the solution quantum yield or a rather fundamen-
tal flaw in the comparison technique itself. The solution quantum yield appears to us to be
essentially unassailable with substantial agreement amongst many laboratories(ag) both in
its ratio to the standard (usually 9,10—diphenylonthracene) and also in the absolute
quantum yield of the standard itself.(37’40) On the other hand, with regard to the
reliability of the 0.18—0.19 value itself, we have aeveloped a theoretical argument that
suggests that the vapor quantum yield could indeed be substantially lower. The argument
is based on a formulation of the connection between the Einstein A and B coefficients that
only appears to require for its vaiidity the separability of molecular rotational and vibronic

motions.(41)

Within this approximation, the calculation predicts a value for the
fluorescence quantum yield for the thermally equilibrated population of the !By, state of
0.043, surprisingly close to our experimental value.

A manuscript based on this work has been accepted for publication (D. B. Johnston

and S. Lipsky, J. Phys. Chem., to be published). A preprint is attached to this report.

VI. The Sensitization of Benzene Fluorescence by Cis— and Trans—Decalin

The quenching of cyclohexane fluorescence by benzene has been demonstrated(42) to
be well predicted by the standard Collins and Kimball diffusion model.(*345) However,
observations on the concomitant appearance of benzene fluorescence indicates that in the
quenching encounter, the annihilation of the cyclohexane emitting state (hereafter referred
to as C*) is not completely compensated for by the creation of an emitting state of benzene
(i.e., B*). Conservation in number of emitting states appears to occur with a probability,

<ﬁB>, of only 0.26 per encounter.(42)



The factor of 0.26 is reasonably well predicted by assuming that there is, in fact, a
conservation of total electronic energy in the C* + B encounters but that the upper
electronic states of benzene that are thus populated do not convert with high efficiency to
B*.(42) The calculation utilizes Forster theory(46) to deduce the population of upper
excited states of benzene that are generated in the encounter (i.e., assumes that the
population is determined from the overlap of the near—zone dipole fields associated with
the solvent emittive and benzene absorgtive radiative transitions) and utilizes previously
determined experimental values of the internal conversion efficiencies from these states to
g+ (16)

In the present investigation we obtain encounter efficiencies of 0.33 and 0.44 for
sensitization of benzene fluorescence by trans— and cis—decalin whose emitting states lie ca.
0.6—0.8 eV below that of cyclohexane. These efficiencies, as expected, are larger than 0.26
but remain significantly below unity and are satisfactorily predicted using the
aforementioned procedure which gives 0.32 for cis—decalin and 0.39 for trans—decalin.
Certainly when these results are coupled with that obtained previously for benzene in
cyclohexane (i.e., 0.26 experimentally and 0.28 predicted theoretically) and with some
preliminary results on toluene in trans—decalin (i.e., 0.75 experimentally and 0.72 predicted

theoretically) it would appear that our explanation for the encounter inefficiency in these

systems is now essentially verified.

In this investigation we have also demonstrated that the standard diffusion model of
Collins and Kimball(43) continues tc predict extremely well the efficiency with which
benzene quenches the saturated hydrocirbon fluorescence in these much more viscous
liquids.

A manuscript based on this work has been submitted for publication (D. B. Johnston,
Y.—M. Wang and S. Lipsky, J. Phys. Chem., submitted) and a preprint is attached to this
report.
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VII. Energy Transfer from Cis— and Trans—Decalin to Benzene in Their Irradiated

Mixtures

In a recent paper we reported on a comparison of the luminescence from cyclohexane
+ benzene mixtures when irradiated with fast electrons and with light absorbed by
cyclohexane below its first ionization threshold. In this study, the fluorescence from both
cyclohexane and from benzene were observed as functions of benzene concentration. From
an analysis of the quenching effect of benzene on the cyclohexane fluorescence, it was
possible to extract that fraction of the quenching attributable to an intrusion of the
benzene on the cyclohexane' + e- geminate ion recombination. From this, it was
concluded, that if the mechanism of intrusion involved either an electron attachment by
benzene or involved positive charge transfer from cyclohexane* to benzene, then the rate
constant for this "scavenging" action must be at least ca. 3.4 x 10!! M' sec™!. Since this
rate far exceeds reported upper bounds of ca. 108-10° M~! sec™! for electron attachment by

(47,48) it appears plausible to conclude that either the positive

benzene, albeit in n—hexane,
ion is being scavenged or, alternatively, some non—scavenging mechanism is operating
involving, for example, some non-—radiative consequence of a temporary capture of the
electron by benzene.

In order to assist in the resolution of this problem, it was decided to extend the
previous investigation by replacing cyclohexane with cis— and trans—decalin. The purpose
of this replacement being to examine the effect of benzene to intrude on the geminate
recombination of C* + e~ for iwo rather similar solvent positive ions, C*, but, for one of
which, cis—decalin there had been reported a relatively low positive charge mobility of 2 x
10 cm?/sec volt as compared to 9 x 107 cm?/sec volt for the trans—decalin.(49)
Additionally, for trans—decalin, it was decided to examine the effect of the replacement of
benzene by toluene. This replacement was suggested by some very recent studies on

(50)

positive ion scavenging in trans—decalin which provided rate constants for the
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disappearance of the microwave conductivity of 5 x 10° M ™! sec*! for benzene and 2 x 10!
M ! sec”! for toluene.

A final incentive for this study derived from results obtained in the cyclohexane +
benzene study on analysis of the benzene component of the fluorescence which indicated a
relatively inefficient production of excited benzene via ionic routes. The source of this
inefficiency was not identified.. By changing the solvent system it was hoped to evaluate a
possible contribution from instability of the geminate positive ion.

Our results indicate that the mechanism of benzene and toluene intrusion into the
geminate recombination of decalin* + e” is due predominantly to the charge transfer from
decalin'’ to the aromatic. Rate constants for this charge transfer have been extracted from
the scavenging probability and are found to be about the same for benzene in cie— and
trans—decalin (kg ~ 8 x 10!® M~! sec™!) but somewhat larger for toluene in trans—decalin (ks
~ 2 x 10! M sec’!). The magnitude of these rate constants support the view of a fast hole
mobility both in trans— and cis—decalins on the decalin' + e geminate recombination time
scale. To explain the large disparity that has been reported in the mobilities of the
"escaped" cis— and trans—decalin ions, we suggest that the cis—decalin positive ion must

ndergo some slow (ca. usec) structural modification that ultimately removes it from
resonant interaction with the neutral solvent.

No evidence for positive ion instability has been found on the C* + e” geminate time
scale. Indeed in both neat cis— and trans—decalins and in neat cyclohexane as well, an
analysis of their G values for production of emitting solvent states implies efficiencies for
solvent* + e~ recombination to give excited solvent states (which ultimately convert to the
emitting states) which are close to unity.

Finally, analysis of the intensity of aromatic fluorescence in the cis— and

trans—decalins indicate efficiencies for the ionic reactions that lead to this fluorescence to

be larger than would be expected. A violation of the usual assumption, that energy
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transfer efficiencies to the aromatic are the same from C* formed optically and that formed
from C*! + e” recombinations, is suggested as a possible contributor to this discrepancy.

A manuscript based on this work has been submitted for publication (D. B. Johnston,
Y.—M. Wang and S. Lipsky, Radiat. Phys. Chem., submitted for publication). A preprint
is attached to this report.

VIIL Ion—Electron Recombination Fluorescence

In 1981, Schwarz, Smith, Lias and Ausloos(m) reported their results on the
dependence on excitation energy of the fluorescence yield from some saturated hydrocarbon
liquids. The excitation energy was varied from ca. 180 to 110 nm which spans a spectral
region from the absorption onset of the first electronic transition to electron + positive ion
continuum states that lie ca. 3—4 eV above the photoionization threshold. it was observed
that, in general, the fluorescence intensity declined rapidly as the excitation energy, Eexc,
increased, until tl.e photoionization threshold was achieved (i.e., at Egxc = Eion) and from
there on declined much more slowly. The initial rapid fall ofi of the intensity of
fluorescence was attributed to frégmentation of the neutral excited states either to H atom
and radical hydrocarbon or to molecular hydrogen and olefin. The mu.h slower decline in
fluorescence intensity for Eexc > Eion was explained as due to stability of the cation on the
time scale of geminate electron + positive ion recombination. Thus it was proposed that at
Eexc > Eion an electron is ejected with increasing efficiency and kinetic energy as Eexc —
Eion increases. For those molecules which ionize [with efficiency ion(Eexc)], the electron
presumably always returns to an intact positive ion to generate a neutral state, at, or very
close to the threshold state that photoejected. Those states that do not ionize, presumably
continue to fragment and internally convert to the emitting state with low probability.
Thus the intensity of fluorescence for a given Eexc, [If(Eexc)] should be proportional to
[1-pion(Eexc)]B(Eexc) + ®ion(Eexc)B(Eion) where § is the internal conversion efficiency to

the emitting neutral solvent state. Clearly, by judicious choice of @ion(Eexc), it would be
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possible to generate the observed behavior of If(Eexc). Unfortunately, in the condensed
phase, @ion(Eexc) is not known reliably. Unlike the vaper phase, where ionization implies
escape (and all charge can be collected), in the condensed phase only a small fraction of
ionized states evolve into escaped pairs.

During the past few months, we have reexamined the dependence of If(Eexc) on Eexc.
Initially, this work was done to 150 nm (Eexc = 8.3 eV) in order to provide us with data
necessary for the interpretation of our energy transfer studies- *v.¢ preliminary extensions
down to 140 nm (Eex, = 8.8 eV) seemed to indicate that If(Eexc) might have a shallow
minimum at Eeyc ® Ejon. However, the exciting monochromators that were used in these
measurements were nct designed for the vacuum ultra—violet and excessive loss of light by
reflections from too many optical surfaces reduced If(Eexc) for Aexc < 150 nm to levels so
low as to make measurements unreliable. Accordingly, we have recently put together an
improved system for this study. Preliminary results with cyclohexane clearly confirm the
existence of a minimum in If(Eexc) at Eexc ~ 8.8 €V (ca. 140 nm) followed by a subsequent
slow rise to Eexc ~ 9.8 eV of ca. 30%.

The existence of the minimum implies that the ionization process is not, in some
sense, reversible. Thus if c* represents the threshold state for photoejection (i.e., c* —
C* + e°), then it 1nust follow that the recombination of C* + e- does not generate C* but
rather some lower :lectronic state (C**). In this way would be avoided the inefficiency of
the C* — C** internal conversion and If(Eexc) could increase.

There has been considerable recent theoretical interest in the rate of the e” + C*
recombination in dense fluids with particular concern for understanding the origin of rates
which are less than predicted by the Debye equation.(52_55) It has been suggested that in
such cases, there is inefficiency in the loss of e~ energy during the encounter of C* + e~
The results described in this investigation provide an experimental handle on determining
how much energy is lost and how such energy loss may be affected by temperature and
nature of the scattering solvent.



IX. Excited and Ionized States of Saturated Hydrocarbons

The emission spectrum of cyclohexane liquid has been obtained with 2—photon
excitation using the 308 nm output of a XeCl laser. The emission spectrum was examined
as a function of delay time in order to seek evidence for a previously postulated long—lived
metastable state of cyclohexane but, as yet, no conclusive evidence has been found. Within
the past month we have attempted to probe for the metastable state by examining the
temporal profile of the emission from toluene in cyclohexane. Thus far we have been
experiencing stray light problems at the low toluene concentrations that are required in
this investigation, and have, therefore, been, as yet, unsuccessful in confirming the
predicted effect. This work is still, however, in progress.

Our research program with regard to study of the recombination kinetics of ionized
states of saturated hydrocarbons has been seriously delayed by the lack of post—doctoral
personnel. Two post—docs from the PRC who had accepted offers to come to Minnesota
were ultimately unable to leave due to political problems. Finally, one of them, Dr.
Yi—Ming Wang, did arrive in the early Fall of 1990. He is now setting up to work on the
"Ionized State" problem but has already been most useful to us by assisting in our work on
the energy transfer to benzene and toluene from cis— and trans—decalin (see Sections
VI-VII). Also, we have been fortunate to successfully recruit Dr. Oleg Anisimov from the
USSR to spend 10 months with us. He is scheduled to arrive in mid—January of 1991. Dr.
Anisimov has had extensive experieace in studying magnetic field effects on recombination
fluorescence and will be of considerable help to us in this aspect of our program.

Accordingly, we will be re—proposing this aspect of our program in our Renewal Proposal.
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