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I. REACTIVE INTERMEDIATES IN THE CONDENSED PHASE:
RADIATION CHEMISTRY AND PHOTOCHEMISTRY

A D. Tiifanac, D. M. Baitels, M. V. Barnabas, M. Af. Gloat* C. D. Joaab, Y. Lin, A.-D. Ua,
D. M. Lofficdo, P. Han, X - Z Qinr AC C Saoer, Jr., K. H. Schmidt, D. W. Wast, R D. Walsh

Outside Collaborators: S. C Blackstock, R. Cooper, V. V. Krongauz, R. G. Lawkr,
P. W. Perdval, E. Roduner, C Romero

This research effort consist; of several studies of
fundamental chemistry induced by energetic radiaoon.
The goal is to define the chemical and physical events
of energy transformation chat follow the imeraction of
the energetic panicles and photons with matter. The
variety of short-lived intermediates that play a. rote in
the chemical transformations most be detected and
characioized so that an overall reaction mechanism can
be delineated. Shortlived species such as radicals, rad-
ical ions, and electrons are ubiquitous to the chemistry
involving radiation- Observations of properties of
such transient species and their modes of reactivity
provide insights essential to the understanding of a
broad range of chemical problems where such tran-
sients occur as reaction intermediates.

The emphasis of this work is on the observation
and characterization of short-lived species at die earli-
est observable stages of energy transformation. These
studies are closely tied to state-of-the-art tools for the
study of ultrafast chemistry and involve the continu-
ous development and refinement of specialize*} and
novel tools sacfa as accelerators, short-pulsed UV
lasers, and detection devices based on optical spec-
troscopy, magnetic resonance, and conductivity.

This survey is presented in two major parts: Part
A describes several research efforts to which we study
ions, excited states, and other transients in the con-
densed phase. These include studies of radical cations
and ion-molecule reactions by magnetic resonance
methods, picosecond emission and absorption studies
relevant to the role of ions to high-energy chemistry,,
and studies of ions and their reactivity in specialized
matrices such as treons and zeolites.

We also mclode here a dercrqKian of a collabora-
tive study with scientists from DuPont de Nemours

Company, Inc. that illustrates how oar capabilities
and talents have provided new insights into the funda-
mental aspects of photochemistry relevant 10 porymer-
ization.

Part B outlines the work on die role of solvents
in. cnCDUGs/ / csctivity* fTydrcwCT w l ilriMTTHHi HOBS
have been used as probes of the snort-time evens in
water radiation chemisay. l l ie nature of the sofrabaa
structure around hydrated electrons has been compared
with that of classical manaemic ions by way of
thennodynanuc and transport ^14)0 lies. In a stady

that utilizes both laser and accelerators, we!
solvent reorganization around UMUKM. ions.

The highlights of the past year inctode:
(1) New insights duo the occurrence of higk-

energy chemical pathways in kmization. Laser flash
photolysis, transient conductivity, and product stadtes
allow us 10 propose a comprehensive Game work of
reactivity of highly excited ions outdated i s paoto-
lomzation.

(2) Studies of radical cations of sulfur coni-
pounds establish the modes of association and decjron
exchange in the condensed phase.

(3) Several related efforts yieJdcd fundamental
information on the photochenmtry of photopolymer
initiation. This was done to coOaboratim witfc the
DuPont Imaging Division.

(4) Measurements of reaction rates have provided
new insights into the nature of solvadon around the

(5} The dynamics of anion solvatkn to polar sol-
vents were shown to be qualitatively different from
electron solvation and to resemble the dielectric con-
tinuum model.



A. Cteaistry of Ions i* the Condensed Phase
A. D. Trifinuc, C. D. Jonah, D. W. Wast, M. C. Saoer, Jr., M. V. Barnabas, D. At LofBedo, Y. Lin,
A.-D. Liu, X.-Z. Qin, R. Cooper

1. Condensed-Phase Reactions of Radical
Cations A. D. Tiiftnoc, D. W. Wast

The goal of tins pan of our program is to eluci-
daie the structure and reactivity of radical cations in the
condensed phase. We also attempt to observe and char-
acterize new types of radical cation mtsmediates, learn
to modify radical cation reactivity, and probe the roie
of solvent m radical cation structure and dynamics.

In the past year, we have carried out a study of
radical cations generated radioiytically in solutions of
thioethers in alkane and aromatic hydrocarbon sol-
vents, which led to the observation of a new type of
complex radical cation. In Section a, we discuss; the
extent of bonding In mixed complex radical cations
with different arcne and thioether partners. In addition,
the effects of comptexation on radical catkin reactions
are discussed. Section b describes a study of azoaDcane
radical ions done in collaboration with Blackstocfc of
Vanderbat University.

a. Mixed Complex Radical Cations

Radical cations may undergo covafent banding
interactions with ciosed-shen neutrals if spatial over-
lap of the highest occupied molecular orbitals
(HOMOs) of the catkin and neutral is possible and if
the HOMOs are close enough in energy (Le., the
molecules forming the complex have similar oxidation
potentials). Previously, workers have studied *-
bonded and c-bonded complex radical cations. Obser-
vations of heterocomplex radical cations have been
few. Examples inclode the x-bonded heterocomplex
cation [benzene-ethyienel*, and several a-bonded bet-
erocanpJex cations between sulfur and iodine nuclei.

As recently pointed out, mixed complex radical
cations should also exist — that is, complex radical
cations resulting from the interaction between a it-type
radical cation and a neutral with a lone pair, or vice
versa. Mixed complex radical cations have been
observed for the fast time by us in electron pulse-
irradiated solutions of thioethers and aromatic hydro-
carbon solvents. The complex radical cations that are
formed between arene solvent radical cations and thio-
ether solute molecules have been characterized by their
EPR spectra as observed by the time-resolved fluores-
cence-detected magnetic resonance (FDMR) technique.

Complex radical cations have been studied primar-
ily by using optical spectroscopy and by taking advan-
tage of the charge-transfer (CT) transitions in the visi-
ble region corresponding to promotion of an electron
from the highest doubly occupied MO Co the SOMO
(singly occupied molecular orbital) - The frequency of
the CT transition is directly related to the degree of
orbital overlap and, thus, to parameters such as the
separation distance and angular orientation of the part-
ners. In the case of heterocomplex radical cations, the
energy mismatch between the two interacting ortwals
is an additional parameter that influences the extent of
charge transfer, and, thus, hvCT varies systematically,
for example, with the ionization potential of the donor
(if other factors, such as steric interactions, are not
significant).

The isotropic g factors and hyperfme coupling
constants measured by EPR spectroscopy also reflect
structure and bonding in complex radical cations.
Both depend on the charge and span distribution in the
complex. Because the spin density is shared bciween
the partners of the complex, the hyperfxne coupling
constants of the complex are reduced compared to the
radical cation of either partner. In thecaseof arene-
thioether complex radical cations, the presence of tie
heavy-atom sulfur makes the g factor of the compfcx
very sensitive to changes in the spin-density distribu-
tion. Thus, the fczmatron of arene-diioetber complex
radical cations is demonstrated here by systematic vari-
ations in the EPR parameters for radiotyticaOy gener-
ated radical cations of thioethers in aromatic hydro-
carbon solvents.

In the FDMR method, fluorescence from the
recombination of spin-correlated pairs of radical
cations and radical anions is modulated at resonant
magnetic field by a microwave pulse. Thepkxofthe
magnetic field dependence (constant microwave fre-
quency) of the fluorescence intensity yields the super-
imposed EPR spectra of the positive and negative
ions. For radical cations, the negative ion is usually
the radical anion of an aromatic scintillator molecule.
The chain of ionic reactions are depicted in equations
1-6, where RH is a solvent molecule, A is an acceptor
molecule, and D is a donor. Often, an aromatic solote
is both acceptor and donor.
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The microwave-induced modulation of the yieid o f
the singlet excited state (due to the conversion of ini-
tially singlet geminate ion pairs to triplet pairs) gives
rise to a decrease in the observed fluorescence inten-
sity. The EPR signature, when well resolved, allows
the definitive identification o f the radical cations and
radical anions that were present during the application
of the microwave poise and later recombined to give
the emitting excited state. Solvent radical cations
generated by radiolysis are potent oxidizing agents for
solute species whose oxidation potentials are less than
that o f the solvent (e.g., equation 3) . This method o f
oxidation is used here to provide radical cations o f
thioethers in alkane and aromatic solvents.

The principal cationic species in the oxidation: of
thioethers are the c-bonded dimer radical cations,
which possess a three-electron (a}2(a*)1 S-S bond
formed from the 3p SOMO of an oxidized thioether
molecule and the lone pair o f an unoxidized molecule,
equation 7. Thioether dimer radical cations are much

R 2 S « * R2S.-.SR2 00
more stable than the monomer radical cations, which
in aqueous solution undergo fast deprotonation reac-
tions (Le., scission o f the c-C-H bond). EPR studies
o f monomer thioether radical cations have been possi-
ble previously only by using stabilizing matrices.

Thioether dimer and monomer radical cations have
now been observed by FDMR fcr thioethers in aro-
matic hydrocarbon solvent. The monomeric species,
which is not a free thioether radical cation but a com-
plex with the solvent, i s observed at low temperature
(< 240 K) in toluene and m-xylene. Dimer radical
cations are observed at temperatures near room temper-
ature where the solvent complex is not stable.

The evidence for the formation of arene-thioether
radical cation complexes is fourfold:

(1) :H hyperfine coupling constants (hfc) mea-
sured for monomeric sulfur-centered radical cations by
FDMR in arene solvents are lower than the values
obtained in matrix-isolation EPR studies. This fact
indicates there is a lower spin density on the sulfide
species in solution.

(2) The g factors of thioether radical cations in
arene solvents are also lower than those measured in
fieon matrices. Hence, there ts a transfer of spin away
from sulfur, that is, electron donation to the sulfur 3p
SOMO.

(3) In a given arene solvent, the magnitudes of
the hfc and g-factor changes correlate with the thio-
ether ionization potential. Likewise, the EPR parame-
ters correlate with the ionizatkn potential of the sol-
vent for a given thioether radical cation. These obser-
vations also support the conclusion that the change in
the EPR parameters is due to an electron-transfer mter-
action between thioether radical cations and the sol-
vent.

(4) Only dimer thioether radical cations are
observed by FDMR in alkane solvents that lack either
it or Ionê parr orbitals to coordinate with a id stabilize
the monomeric sulfur cations.

Figures 1 and 2 show representative FDMR
spectra for toluene solution? containing ethyl sulfide
and isopropyl suIfkSe, respectively. The relative con-
centrations of the monomeric and dimeric sulfur-
centered cations depend on experimental parameters,
most importantly temperature and solute concentra-
tion. In Figure la, the ethylsulfide concentration is 3
mM and tire temperature is 205K. Under these con-
ditions and zero microwave pulse delay (130-ns pufae
width), the spectrum consists of the monomeric sul-
fide radical cation signal Ca(4H) = 18 3 G) super-
imposed on the intense peak (off-scate) doe to me scin-
tillator radical anion. Only the ethyl sulfide dimer
radical cation signal (a(8H) = 6.9 G) ts observed at
290 K and 10 mM eihylsulflde (Figure lb). Analo-
gous results were obtained for isopropyl sulfidc
(Figure 2) and a variety of other thioethers in toluene
solvent and in m-xylene.

Monomer thioether radical cations have not previ-
ously been observed by EPR in die liquid phase. The:
isotroptc liquid-phase EPR spectra are simpler to ana-
lyze than the EPR spectra of freon-matrix-isotated!
thioether radical cations thai are complicated by con-
siderable g anisotropy. This, however, has not pre-
vented the determination of reUabfe hvperSne coupling;



Figure 1. FDMR spectra in toluene/ethylsulfide
mixtures: (a) 3 x 10"3 M ethylsulfide, T = 205 K;
(b) 10-2 M ethyfeutfKfe, T = 290 K. Theamhracene-
&IC concentration was 10"3 M. Ths multiptet spec-
tram (aC*H) = 18 3 G) in (a) shows coupling to one
thioether molecule and is assigned to an arene-
tiuoether complex radical cation. The multiple!
spectrum (aOSH) = 6.9 G) in (b) belongs to the dimer
sulfide radical cation.

a)J
b)

Figure 2. FDMR specca in toJuene/ethylsuISde mix-
tares: Ca) 3 x 10"3 MisoprapyIsuIfHe,T= 205 K; (b)
IQ"2 M isapropylsuISde, T = 290 K. The anthracene-
d i o concentration was IQ~3 M. The maliiplet
speceum (a(4H) = 21.2 G) in (a) shows coupling to
one thioeihei molecule and is assigned to an arene-
(kkxther complex radical cation. The niuIUpJei ^ e c -
mnn Ca(8H) = 92 G) in (b) belongs to the dimer
ssifide radical caikm.

constants and g factors for several thioether radical
cations from the fieon studies. A comparison of freon
results with FDMR results in toluene is shown in
Table 1 and shows that the ratio of hyperfine coupl^ig
constants in toluene vs. frcon increases as the
thioether ionization potential decreases. The g factors
are also lower in toluene than in freon matrix, with
the largest difference occurring for ethylene sulfidc,
which has the largest ionization potential.

Table I . Comparison of 1 H hyperfine coupling
constants of thioether radical cations in toluene solu-
tions and ftecm matrices. IP = gas-phase ionization
potential.

Radical Cation atoluene/a&eon

9.0

0.67

0.64

0.71

0.69

8.7

S.7

8.4

8.4

Table 2 compares the coupling constants and g
factors of different thioether species in m-xyfene and
toluene. All of the values are lower for m-xylene soi-
vent than toluene. This observation is consistent with
the relative ionization potentials of m-xylene (8.5 eV)
and toluene (8.8 eV).

Attempts to observe monomer thioether radical
cations by FDMR in aiianes to independently deter-
mine the EPR parameters of thioether radical cations
in a noninteraaing solvent were unsuccessful. Only
dimer radical cations are observed by FDMR in aHcane
solvents. The absence of monomer radical cation sig-
nals in alkane solvents is somewha: surprising
because, even assuming a diffusion-controlled rate for
conversion of the monomer radical cations to dimers,
the FDMR experiment should reveal monomer radical
cations at low-thioether concentrations. This raises
the issue as to whether monomer thioether radical
cations thai are not quickly complexed by neuffal
thioether molecules may be removed by other reactions



Table 2. Comparison of *lH hyperfine coupling
constants and g factors of tfaioetner radical cations in
toiuene and m-xylene solutions.

Radical
Cation a^

(CH3)2st

,-xv.ene/atoIuene

0.859

0.877

0.886

0.853

0.886

gm-xylene

2.010

2.010

2.009

2.010

2.012

gtolaene

2.013

2.011

2.010

2.011

2.014

such as deprotouaiion. Likewise, in arene solvents,
raonomeric suiGde radical cations are not observed ai
room temperature where the mixed complex radical
cations are not stable.

The contrast between the FDMR results in alkane
and arene solvents is a clear example of solvent influ-
ence on the fate of radical cations. The arene-thloether
complex radical cations are less reactive than &ee
tMoether radical cations. This is father shown &y the
stabilization of monomeric sulfide cations in alkane
solvents by small admixtures (5-10%) of toluene oi
m-xylene.

Reaction dynamics of dimer thloether radical
cations are also noticeably different in aromatic and
alftane solvents. Thioether dimer radical cations under-
go exchange reactions, equation 8, whereby one part-
ner is exchanged for a different thioether molecule.

R2S.tsR2 + R2S* - (8)

When the rate of exchange becomes fast enough, it
leads to exchange narrowing in the EPR spectrum.
This is ffiostraied in Figure 3 for isopropyl sulfide.
At msrrnedJate exchange rae/roncensratian, the lines
broaden and the line-spacing decreases. At higher con-
cen&aiions of isoprapylsulflde, the spectrum coalesces
into a single line. From the concentration dependence
of the EPR spectram, the rais of the exchange reaction
can be estimated to be between 109 and 1010 M'1 r 1

in r&ethyicyclohexarte, whicn indicates a fairSy effi-
cient process.

In toluene (-15% less viscous than memylcyclo-
hexane), approximately an onJer-of-magnimde greater
concentration of isopropylsalfide is necessary to pro-
duce a comparable effect on the dimer radical cation
EPR spectrum (Figure 3e-f}. Evidently, whether the
exchange mechanism involves dissociation of the
dimer and recombination with a different thioether
molecule or direct nacieophilic attack on the dimer
cation at the point when the original dimer bond has
weakened and positive charge has become more local-
ized, electron donation from toluene molecules stabi-
lizes the positive charge and retards nucJeophilic aaack
by thioether molecules. The lower rate consiam for
exchange in toiuene solvent (10s < k < 109 M"1 r 1 )
is closer to the value of 1 5 x 10s M'1 r 1 reported for
((CH)3S}| in water, which is also affected by strong
salvation effects.

(a)
0.01 M 0.1 M

(&)
0.03 M

(c)
G.OSM 0.5 M

50 G

O.TM

Figure 3. The isopropyisaffide dimer radical canon
FDMR spectram as a function of isopropylsolfide
concentration. T= 290 K. (a)-(d) Methylcyclohexane
solvent, (e) and (f) Tolcene solvent. At slow ex-
change rates, the isopropyisulfide dirner radical cation
spectrum is a resolved quintet as in (a), which is
superimposed on the scinullatar peak.



In summary, we have made the first observations
of mixed complex radical cations, which are formed
via the interaction between sulfur 3p and arene x
orbitals. The observed g factors and thioether 1H
hyperflne couplings are excellent diagnostics for the
extent of the charge-transfer interaction. Thehyperfinc
coupling to the toluene hydrogens are not resolved in
the FDMR spectra.

b . Radical loms of Azo Compounds

Most tertiary azoalkane radical cations (e.g^ 1,1"-
azoadamantanc""1") are unstable because of fast C-N
bond dissociation and loss of nitrogen. AzoaDcanc rad-
ical cations have bees investigated for their usefulness
as precursors to various radical, cation, and radical
cation systems. Recently, the first observation of a
soiution-stabie azoalkane radical cation was reported
by Blackstock of Vanderbffl: University. The l.l'-azo-
nortcrnane radical cation was generated by chemical
oxidation is methylene chloride and acetonitrile solu-
tions and detected by CW EPR- Stabilization of the
l,l'-azonorbornane radical cation was attributed to the
nature of tfae noibornyl substituents.

In collaboration with Blackstock, we have carried
out an FDMR study of a series of azoalkanes. The
selectivijy of FDMR allows the exclusive detection of
radical cations and radical anions. The goal of our
work was to corroborate the previous assignment of
the l,r-azonorbomane"+ EPR spectrum and to take
advantage of the greater sensitivity of FDMR to
observe other azoalkane radical cations and further
investigate their relative stabilities.

The norbomyl, adamantyl, '.-butyl, and isopropyl
azoalkanes were studied, and all gave similar results.
Figure 4a shows the FDMR spectrum observed in a
solution of l.l'-azonorbomane in n-hexane with
anthracene-dio as scimiUator. The five-line spectrum
(center line obscured by the scimillator peri) agrees
qualitatively with the EPR spectrum observed by
Blackstock and is the pattern expected for hyperflne
coupling to two nitrogen (I = 1) nuclei. However,
because the coupling constant we measure (8.4 G) is
significantly lower than that measured by Blackstock
(13.0 G), we carried out further diagnostic experiments
to determine whether the five-line FDMR spectrum
belongs to a radical cation or radical anion.

Figure 4b shows the FDMR spectrum in a solu-
tion of l,r-azoadamanane in n-hexane wish dmene as
scintiflaior. (Azoadamantaire gave an FDMR spec-

is)

20 G

Figure 4. (a) FDMR spectrum observed ai 205 K in
n-hexane containing 10'3 M l.r-azonorbomane and
10"* M anthracene-duo- Tbe quintet (a = 8.2 G)
belongs to the l.l'-azonorbornane radical anion.
(b> FDMR spectrum observed at 205 K in n-hexane
containing 10~3 M \. 1 '-amafafantara and 1Q~2 M
durene. The quintet (a = 8.4 G) belongs to the 1.1'-

trum virtually indistinguishable from Figure 4a with
anthracene-dro as scintillaior.} Whereas anthracene
acts as both electron donor and electron acceptor, equa-
tions 2 and 3, durene has a negative electron affinity
and thus acts only as an electron donor. Therefore,
only recombination reactions between durene"* and
radical anions give rise to the FDMR signal when
durene is used as scintillator. The presence of the
same five-line spectrum in Figure 4b identifies; the
azoalkane ion as a radical anion. The multipfet spec-
trum of the durene radical cation (a - 10 G} is col-
lapsed due to aggregation with neutral durene
molecules and contributes only a broad background
signal under the five-line spectrum in Figure 4b.

The observation of radical anions but no trace of
radical cations of azoalkanes in the FDMR experi-
ments indicates that the azoalkane radical cations are
very short lived in hydrocarbon solvents. The fact that
1 ,r-azonorbornane"+ has been observed by CW EPR
(at approximately the same temperature used in the
FDMR experiments) suggests that the azo cation life-
time, at least in this case, is sufficient Therefore, the
more likely explanation is that the azoalkanes are not
oxidized by the solvent (n-hexane} radical cations
formed by radiolysis. The pKa values of protonated



azoalkanes axe about 1, and the azoalkanes are proba-
bly basic enough to abstract protons from the alkane
radical cations instead.

The determination of the nitrogen and proton cou-
pling constants for azoalkane radical anions from the
FDMR data will be helpful in unraveling the current
confusion regarding the electronic ground state assign-
ment (a vs. x) of azoalkane radical cations in general.
The bulk of the data for azoalkane radical cations has
come from matrix-isolation EPR studies, and this data
may be complicated by overlapping signals doe to rad-
ical cations and radical anions.

2 . Radictl Cations in Zeolite Matrices
A. D. Trifunac, M. V. Barnabas, X.-Z. Qin

We have demonstrated thai, zeolite matrices can be
used to stabilize transient radical cations. Stabiliza-
tion of radical cations in zeolites can be associated
with the unique structure of zeolites, which consist of
a framework of repealing SiO* and AIO4 tetrahedra
linked by shared oxygen atoms. These porous "nano-
materials" have a three-dimensional surface topology
composed of cylindrical channels and spherical cages.
Channels and cages are joined by intersections com-
prising "windows" or "pores". Each aluminum atom
contributes a negative charge, which is balanced by
excftangeabte cations (e.g., Na+

r Mn2+, Fe3*). One
of the strengths of zeolites is synthetic versatility, the
ability to vary the pore sizes, cage sizes, electrostatic
environment, etc., all of which have direct conse-
quences for the chemistry that takes place wiihin these
microreacKKS.

Radical canons of substrate molecules adsorbed on
zeolites are generated by y irradiation at 77 K and
observed at 4-300 K through EPR spectroscopy. The
goal of our work in the past year was to study a lim-
ited number of radical cations in a wide selection of
conipositionaBy and structurally different zeolite hosts
to leam more about the specific interactions between
radical cations and zeolites thai affect radical cation
structure and reactivity. In Section a, we describe
some very interesting manifestations of the influence
of matrix interactions and matrix structure on the elec-
tronic structure of radical cations, including state selec-
tion. In Section bT we show how EPR can be used to
follow the chemical reactions of a particular radical
caiion piobe, tetramethylethylene"+, in different zeo-
lites.

a. Matrix Effects on Radical Cation
Structure

The radical cations of tetramethylallene fTMA)
and dimethylaccJyiene (DMA) were observed by EPR
in zeolite Na-Y and silicalite, respectively. The spec-
trum of TMA"+ is a binomial 13-line pattern due to
coupling to 12 equivalent protons with a coupling
constant of 14.4 G. The spectrum of DMA"* is a
septet with a coupling constant of 11 G. Both of
these highly symmetric x-type radical cations undergo
Jahn-Teller distortions (twisting about the x-bond
axis), which lift the degeneracy of the x-orbitals, and
the observed hyperfine coupling constants are very
dependent on the extent of die distortion.

TMA*+ and DMA** have also been observed in
halocarbon matrices by EPR and in alkane solvents by
FDMR. Compared to the coupling constants observed
in a noninteracting solvent (e.g., cyclopeniane), the
coupling constants in CFCI3 and zeolite matrices are
significantly smaller or larger, as shown in Table 3.
This is not a temperature effect. The matrix effect in
CFCI3 is attributed to the interaction between die rad-
ical cation and chlorine or fluorine atoms of the
matrix, which influences the charge and spin distribu-
tion, and thus the structure, of the radical cation. The
observation of the same coupling constant for TMA*+
in softer halocarbon matrices means that matrix
rigidity is not the cause of distortion and the

Table 3. l H nyperfine coupling constants of radical
cations observed in zeolites.
Radical
Caiion

TMA**

DMA**

cis-decalin**

Matrix/Solvent

Na-Y
CFCI3
cyclopentane
silicalite
CFCI3
cyctopenone
ZSM-34
Na-Q-5
offretie
silicalite

cans-decalin** ZSM-34
N&-Q-S
offitetits
silicalite

T(K)

77
77

195-270
77
77
220
77
77
77
45
95
77
77
77
45

aCG)
14.4 (12H)
8.1 (12H)

11.4 (I2H}
11 (6H)

21.6 (6H)
173 (GH)
50.0 (4H)
282 (4H)

30.2 (2x4H)
49.5 (4H)
28.1 (4H)
51.5 (4H)
29.8 (4H)
30.2 (4H)
50.5 (4H1



difference between coupling constants in the solid and
liquid state.

The matrix effect in zeolites is probably due pri-
marily to interactions between the radical cation and
matrix atoms (or metal ions). The influence of the
size and shape of the sorption sites in the zeolites on
radical cation structure may be an additional factor and
needs to be evaluated.

An even more striking influence of the zeolite
host on electronic structure of radical cations is
observed in the case of decalin radical cations. There
is a near degeneracy in the two lowest electronic states
of both cis- and trans-decalin*"1", which differ princi-
pally in the length of the central C-C bond (Figure 5).
In the nonintsracting aUtane medium, we have shown
by FDMR ths; <_he ground electronic state of cis-
decalin*"1" is the 2 Ai state (a(4H) = 51 G), and the
ground state of trans-decalin*+ is the 2 A ? state
(a(4H) = 52 G). MNDO calculations by Lund and
co-workers estimate that the 2 Ai and 2 A g states of
cis- and trans-decalin**, respectively, are more stable
than the next lowest state by -10 kcal/mol.

00
Figure 5. Schematic drawings depicting the electron
deiocalizauon in the SOMOs of the two observed
electronic states of decalin radical catkins.

The EPR spectra of decalin radical cations in the
zeolite ZSM-34 are clearly due to the same species
observed in alkane solvents. In Na-Q-5, a coupling
constant of 28.2 G is observed for cis-decalin*+ and
one of 29.8 G for trans-decalin*+. These values are in
close agreement with the calculated values for the
high-energy 2A2 and 2 B g states of cis- and trans-
deca!in"+, respectively. Table 3 summarizes the
observations of decalin radical cations in various
zeolites, and representative spectra are shown in
Figures 6 and 7.

In offretite, a naturally occurring zeolite, the two
electronic stales exchange rapidly, and a nine4ine spec-
trum is observed for both cis- and trans-decalin"+. In
silicalite the low-energy state of cis-deca!in*+ is
stabilized ai low temperature. At higher temperatures

ZSM-34, 45K

Olfnti*, 77K

Figure 6. EPR spectra of cis-decalin*+ observed in
different zeolites. The center lines are distorted by the
background signal from the matrix.

Z3H-34.49C

Figure 7. EPR spectra of trans-decalin"+ observed in
different zeolites.

only the high-energy state is observed, and at interme-
diate temperatures both states were found to coexist
Interconversion of the two cis-decalin"+ species was
not totally reversible, that is, some of the high-energy
species persisted when the temperature was again low-
ered.

The zeolites used in our study vary in many
respects — channel structure, Si/Al ratio and counter-
ion composition, cage size, pore size, etc. — any or
all of which may directly influence the radical cations.
The sate selection observed for decalin radical cations



in zeolites is in pan a site-specific phenomenon. For
example, the irreversible behavior observed far cis-
decalin"+ in silicalite implies that the state change
upon annealing is caused by migration of radical
cations to new adsorption sites (i.e., migration from
one type channel to another, or from channel to cage)
that favcr the high-energy state. Once in the new
sites, most of the radical cations remain trapped and do
not return to the original sites when the temperature is
lowered.

The concentration effect also supports the conclu-
sion that there are at least two distinct adsorption sites
in silicalite. At low-decalin concentrations (<I% by
weight), only one state is populated at low tempera-
ture, but when the concentration is increased, both
states (sites) are populated even without annealing.
The other zeolites may possess only one adsorption
site where decalin radical cations are stabilized, or two
ar more sites that favor the same state. Alternative
sites may also be blocked by insufficient pore size.
Interestingly, the adsorption site(s) in afftetite does
not strongly favor one or the omer radical cation state,
as indicated by die rapid exchange.

b . Ion-Molecule Reactions in Zeolites

The signal intensity was much less far trans-
decaiin"* in silicalite than for cis-decalin"+, and dis-
appeared entirely above 50 K. The lower stability in
zeolites of trans-decalin'+ compared to cis-decalin** is
consistent with FDMR studies of these two radical
cations, and we concluded that trans-decalin*+ is
shorter lived because of more facile ion-molecule reac-
tions (i.e., proton transfer) with neutral decalin mole-
cules. It is very likely that the ion-molecule reaction
is occurring within the zeolite also. The straight
channels of silicalite may facilitate diffusion and
encounter between decalin radical cations and neutral
decalin molecules. Furthermore, trans-decaiin has a
more extended geometry than cis-decalin, which also
may facilitate diffusion in zeolite channels.

We have studied the occurrence of ion-molecule
reactions in zeolites in more detail by using tetra-
metftylethylene (TME) as probe molecule. In general,
y irradiation of zeolites loaded with TME gives rise to
TME"1', which may react with neutral TME molecules
to give (TME)2°+and/or the 1,1,2-trimeihyiallyl radi-
cal.

In silicalite and isomorphous ZSM-5, the dimer
radical cation is observed at iow temperature and

remains stable up to approximately 50 ft At higher
temperatures, the trimethylallyl radical is observed.
This behavior depends somewhat on the TME concen-
tration. Below 1% TME, formation of the neutral rad-
ical is suppressed. In the zeolite Na-Q-5, only the
monomer radical cation is observed at low tempera-
lure, and it is stable up to approximately 150 K, at
which temperature overlapping signals from all three
species are observed. An interesting question is
whether the neutral radical is a direct result of the dis-
sociation of (TME)2*+ or whether a third TME
molecule is involved. Again, variations between dif-
ferent zeolites can be associated with differences in the
interior surface topologies of the matrices, which hin-
der or facilitate encounters of reactant particles. Orien-
tational restrictions on encounter complexes or elec-
trostatic effects may also affect reaction rates.

In summary, zeolites provide an excellent
environment in which to stabilize radical cations and
to study their reactions. Radical cations are stabilized
because electrons are trapped by the matrix and because
diff usionai motion of charged and neutral particles is
restricted. Radical cation reactivity can be modified by
changing the morphology and composition of the host
zeolite. These systematic studies provide vivid exam-
ples of how die synthetic versatility of zeolites can be
used to fine tune radical cation reactivity.

3 . High-Energy Chemistry
A. D. Trifunac, D. M. LofSedo, A.-D. Liu

The occurrence of unusual chemistry in the "high-
energy" regime has often been suggested to account for
unusual observations, but no conclusive work has
been done to establish this point. When energy input
into a condensed-phase system is in excess of that
needed to ionize the solvent (radiolysis) or solute
(phatoionization), what happens to the energy excess?
In the past it was surmised that the excess energy
appears in the kinetic energy of the ejected election.
Although we have examined this point previously, we
now believe that some of the excess energy can be
found in the radical cation, and that the excess energy
creates new modes of radical cation reactivity. In the
course of this study, we have carried out systematic
experiments to examine the consequences of such
high-energy processes. We believe that we can
explain several puzzling observations that have
clouded the chemical mechanisms of hydrocarbon
photolysis and radiolysis.



In the condensed phase, hydrocarbon solvents
(RH) or aromatic solutes (AH) can interact with ener-
getic particles or UV photons, respectively, resulting
in tcnizaticn:

(10)
2hv

AH _ » AH-Ve"

We have examined such processes and have
focused on the radical cation species produced.
Whereas most of the geminate ion pairs (RH% e~)
have very short lifetimes in hydrocarbons (pico-
seconds), use of appropriate scavengers converts the
highly mobile electron into a less mobile anidn and
extends the geminate pair lifetime so that an apprecia-
ble fraction lives longer than 10 ns. This allows the
study of such processes by applying fluorescence
detected magnetic resonance (FDMR) ami other meth-
ods such as dc conductivity or flash, photolysis.

We have been able to obtain snapshots, on the
LQ"8 to 10"6 s time scale, of elusive radical cations
that were previously only accessible to study by EPR
in special low-temperature matrices or by fast optical
spectroscopy, which gave little information about the
identity and structure of such radical cations. The
main Gilding in our work was that all alkane radical
cations undergo facile ion-molecule reactions in con-
densed phases, so that typical alkane radical cations
disappear in room temperature radiolysis in a few
nanoseconds.

The ion-molecule reactions occurring must be
either proton transfer, equation 11, or the symmetric
process of H-atom transfer, equation 12.

RH-+RH (11)

(12)

The other remarkable observation was the diver-
sity of rates at which such ion-molecule reactions
occurred. Picosecond emission studies in our labora-
tory of some of the systems studied by magnetic reso-
nance have provided a measure af these rates. The
cyciohexane radical cation (o-CgHia*-) has -300 ps
lifetime in cyciohexane at room temperature, while the
n-hexane radical cation lives ten-times longer.

In addition to aur Endings, there have been other
seemingly inexplicable observations made by several
groups, such as the observation of the high-
conductivity "fast hole" species in cyciohexane and

trans-decalin radiolysis and photoionization. Another
example is the very low yields of excited states in
radiolysis and in photoionization studies. A complete
explanation must address these issues.

Recently, we have been able to apply FDMR tc
photaionization in alcoholic solutions to directly
observe recombining ions, assign their structures, and
establish that radical ions arc predominantly of singlet-
spin multiplicity. This implies that photoionization
of aromatic compounds in alcohols occurs via die sin-
glet manifold in a two-photon process. A noteworthy
observation is that die radical ion yield (as determined
by FDMR) decreased with increasing photon energy.

Our previous dc conductivity studies have also
observed the "Cast hole" species in phatoionization of
anthracene and similar solutes in cyciohexane and
trans-decalin. Clearly, this entity must be the same
high-mobility species as is observed in radioiysis.
The species invoked for radio Eysis of, for example,
cyciohexane, was the cyciohexane radical cation,
c-C^Riz". Thus, a novel mechanism invoking "hole
injection" was advanced to explain the photoianization
results. It was speculated that, in addition tp the usual
photoionization process (equation 10), the "tale injec-
tion" process, equation 13, occurs in special cases, and

2hv
AH —- AH** + RH —*• AH-+ RH- (13)

results in the formation of solvent radical cations.
The existence of a solvent radical cation^ for example,

-. as a charge carrier observed indc conductiv-
ity with a lifetime of a few hundred nanoseconds is not
compatible with our FDMR and picosecond emission
studies, which indicate that all alkane radical cations
have a lifetime <IQ-2O ns at room temperature.

Previous studies af radiolysis and photoionization
of hydrocarbons have concluded that excited state frag-
mentation is the dominant process, for example, in
cyciohexane:

c - C 6 H 1 0 + H 2 (14)

H- (15)
and

Olefin formation, equation 14, was considered to be
mare important at or below ionization, and radical for-
mation, equation 15, was more prominent as the
energy of excitation increases above the ionization
threshold. In these studies, the possible role af ionic
species was not adequately addressed. Another out-
standing problem of hydrocarbon photoionization is

10



the observation of very low quantum yierd of fluores-
cence (-lO^-IO"4) in simple hydrocarbons, and the
further decrease of this quantum yield as the energy of
photons is increased above the photcionization thresh-
old. A correct mechanism of photoianizatian must
explain these phenomena.

Photaionization of aromatic compounds in hydro-
carbons can yieM a variety of products that cannot be
explained by the usual phatoianization mechanism,
equation 10. However, no comprehensive study of
products of photoionizanan of aromatic compounds in
hydrocarbons has been carried out

Consider a modified scheme for photaionization
of aromatic compounds in hydrocarbons as shown in
equations 16 and 17, where a short-lived, excited

AH - AH* * -t- e-

AH- AHT

(16)

(17)

radical cation species, AH-", is introduced The ground
state radical cation AH-1" is produced upon relaxation of
this excited species. Alternatively, AH** might
undergo a proton transfer reaction analogous to equa-
tion t l . Increased acidity is a well-documented pheno-
menon for neutral excited states. Proton transfer to
the surrounding solvent would rtsult in the formation
of an aryi radical:

- A--KRH-'•1 - (18)

The products from the ion-molecule reaction,
equation 18, would be various radical products from
the solvent, as pheny 1-type radicals can abstract hydro-
gen from hydrocarbons:

A-+RH - AH+R- (19)

R- + R- - R2, R(-H), R H . (20)

Specifically, in cyciohexane, the formation of cyclo-
hexyl radicals is known to give rise to two primary
products, the product of radical-radical coupling
(bicyclohexyl) and the product of radical-radical dispro-
portionation (cyctohexane and cyclohexene) in a rela-
tive yield of 1.2:1.

Thus, we carried out a product analysis following
cyclohexane photolysis in the presence of an aromatic
substrate. Figure S shows the results of photolysis of
cyctohexane at 248 nm with and without an aromatic
substrate present. The primary product in all cases is
cyctahexene, and i£s yield is always an order

cyclohexene bicvctahexyl
X 10' 3M x'lO" 4M

250 500 1000 20C0 4000 1000 2000 4000

dose (numbs- of laser pulses)

Figure 8. Product formation during 248-nm photol-
ysis of cyclahexane with and without p-terphenyL

of magnitude greater than that of bicyclohexyi. As
discussed previously, cyclotiexene may be formed fiom
the unimolecuiar decomposition of excited state cycto-
hexane, equation 14. As the dose increases, so do the
product yields. In the presence of /Merphenyl, the
yield of cyclohexene decreases and the yield of bicy-
clohexyl increases for a given dose.

The photolysis of cycfohexane alone serves as a
measure of the background process. For a given dose,
an increase in yield of phocoproducts above this back-
ground level is a clear indication of participation by
p-ierphenyl. An increase in bicyclohexyl formation
indicates an increased production of cyclohexyi radi-
cals, because radical coupling is considered to be the
sate pathway to bicydohexyL An increase in cyclo-
hexy 1 radicals in the presence of an aromatic substrate
implies aryi radical formation.

The only alternative pathway to such products is
the fragmentation of the excited state:

AH** - A- + H- (21)

Because K- would rapidly react with cyclchexane via a
hydrogen-atom abstraction, the resulting yield of H2
should increase. However, we observed that far a
given dose the hydrogen yield decreases wnen an aro-
matic species is present

II



The same general behavior is observed for other
polycyclic aromatic hydrocarbons. Table 4 shows the
results of cyciohexane photolysis in the presence of a
series of aromatic hydrocarbons. In all cases, the
aromatic substrate is the primary absorbing species,
yet its presence results in an increase in blcyclohexyl,
a product derived fiom the solvent.

Table 4. Product distribution fallowing photolysis of
cyclohesane at 248 nra in tne presence of various
aromatic hydrocarbons.

cydohexene bicyctohexyi cyciohexene
mM mM bicyclohexyl

no aromatic
terphenyi
naphthalene
anthracene
pyiene
peryiene

2.0
1.5
1.8
1.5
1.3
0.9

0.10
0.25
0.29
0.25
0.23
0.16

20
6
6
6
6
6

Our observations are not limited to cyclahexane
solvent. Other cyciic aliphatic hydrocarbons exhibit
the same behavior. Most notably, aromatic salutes in
cyclopentane or cyclooctane also give rise to an
increase in bicyclopentane or bicyclooctane, respec-
tively.

Our modified photoionization scheme implies an
energy dependence of product formation, chat is, the
observation of mare radical products at higher photon
energy, and we tested this prediction. Two wave-
lengths were chosen far study: 248 nm and 308 nm.
At bath wavelengths, photolysis in the presence of an
aromatic substrate results in an increase in bicyefo-
hexyL This feature was established by comparing the
prcduct yield following photolysis of cyclohexane
alone (background) to the yield of products following
photolysis in the presence of p-terphenyl (Table 5).

Because radical products are formed at both 248
and 308 nm, this would suggest that the notion of
"hole injection" is inconsistent with, the observed
occurrence of solvent radicals at low-photon energies.
A farther limitation of the hole-injection idea is that if
solvent radical cations were so long-lived, as required
by conductivity, they would not react by ion-molecule
reaction to give the solvent radical R- to any apprecia-
ble extent Again, as mentioned above, the existence
of a tor.g-Eived alkane radical cation is incompatible
with our FDMR. and picosecond emission studies.

Studies were also carried out using nanosecond
photolysis with optical absorption and dc-conductivity

Table 5. Produce yields foil
cyclohexane at 248 nm and 30S
p-terphenyl.

Jtfnnrt

photolysis of
cyciohexane

onlv
308 248

awing photolysis of
nm in the presence of

cyctahexane
in the presence
ofp-terphenyl
308 248

bicyclahexyl
cyclahexene
cvclohexene
bicyclohexyi

1
24

24

3.
65

20

3 2
17

6

.8 8
so

6

.5

The samples consisted of l.Q-ail solution in a 5-mm
path length cell, which were degassed, then saturated
with SFg. The light source was aQuesteit series 2000
excimer laser at powers of 88 and 69 ml per pulse for
308- and 248-nm operation, respectively. The
p-terphenyl concentrations were 6 x 10"* Mi and
2 x 10"4 M for experiments at 308 and 248 nm, respec-
tively, in order to achieve a similar optical density
(1.2). Relative product yields ara normalized Do the
yield of bicyclonexyl ac 308 nm in neat solvent (actual
yield, -10"* M).

detection to test our new photoionization mechanism.
It predicts that increasing energy of excitation should
produce more excited radical cations, equation 16,
which undergo ion-molecule reactions, equation 18, so
that fewer relaxed radical cations are produced. On the
other hand, we expect that the yield of photoionization
will increase with increasing energy.

We monitored the yield of phatoionization by dc-
conductivity observation of (a) the electron yield, and
(b) the free-ion yield, and, as expected, comparison of
electron and/or free-ion yield shows an increase witfe
energy, whereas the yield of AH-radical cations shows
a decrease with increasing energy. Figure 9 shows the
quantum yields of radical cations, electrons, and free
ions after 248-nm and 308-nm photolysis of
hydrocarbon solutions containing 2 x 10"4 M ace-
naphthene.

Acenaphthene has the same extinction coefficient
at bath waveiengtfis. The same trends were observed
in hydrocarbon solutions of anthracene, naphthalene,
peryiene, and p-terphenyl. With increasing photon
energy, the concentrations of radical cations were
decreased or remained constant, whereas ihe electron
and free-ion yields rase with increasing photon energy.

Note that with the ftoEe-iiyectian mechanism one
would expect a decrease of the AH*yteEd and of the e~
and free-ion yield, which is not observed. Thus, the
nanosecond flash photolysis and dc-conductivity

12



248 nm 308 ran
Excitation Wavelength

O c-bexane

a c-penane

« iso-octane

Figure 9. The comparison of quantum yields of radi-
cal cations, free ions, and electrons obtained in 248-
and 308-nm laser Gash photolysis of hydrocarbon
solutions containing 2 x lO'4 M acenaphthene. The
quantum yield of cation radicals is expressed as (O.D.
at 670 nm)/(number of photons absorbed). The elec-
troa and free-ion signals were measured foy kinetic
dc conductivity.

studies are consistent with our photoionization mech-
anism and are not consistent with the "hole-injection"
mechanism.

The mechanism proposed in equations 16 and 17
can be easily generalized to neat hydrocarbon radiolysis
and high-energy photQionization, that is.

OH

RH - RH** -

Thus, we propose that the low-quantum yieid of scav-
enged ions and of fluorescence could be accounted for
by the occurrence of RH- * and its ion-motecule reac-
tions. Other researchers have estimated that only
7-33% of Kjns produced recamMne ID give excited spe-
cies, so the reason fix'die less of ions could very well
involve the mechanism we propose.

This simple mechanism could be the key needed
to explain a considerable number of conflicting obser-
vations in radiolysis. More work is needed to quanti-
tatively test these ideas.

4 . Ions and Excited States in Radiolysis
M. C. Saner, Jr., C. D. Jonah

a. Triplets by Ion Recombtaation in
Radiolysis

Determination of the yields of seiute singiet
states and triplet states as a function of solute concen-
tration is of great importance in understanding the
chemistry of solvent ions. If the solvent ions can
react by ton-molecule reactions with the solvent to
produce cations incapable of reacting with an aromatic
solute to form aromatic radical cations, this will
reduce the yield of the aromatic radical cation at low-
solute concentration. This, in turn, will influence the
yieid of solute excited states produced by ion recombi-
nation. To fallow up on our measurements of the
yields of solute singlet states, we began to measure
triplet-state yields in crder to determine the triplet
yield from ion recombination.

By using the picosecond capabilities of the ANL
Chemistry Division electron linac, we have measured
the formation kinetics and the yields of triplet-naph-
thalene (3N) production from irradiation of cycio-
hexane and n-hexane solutions of 0.1 M naphthalene.
These results, in conjunction with our measurements
of the yields of singlet-excited states, suggest that
more triplet is being formed by ion recombination
than is expected fcam normal spin dynamics. Such
experiments get to the heart of the fundamental differ-
ence between radiolysis and pftatoionization, that is,
the number of ionizations per "spur". We can describe
the relevant chemistry with the following reactionsr

RH* + e" - RH* (22)

e~(high energy) + RH — e~ + RH •

AK-

(23)

(24)

(25)
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» - l o r 3 A H * (26)

1 C T 3 A H * , (27)

where RH is the solvent molecule and AH is an aro-
matic scinciilator. Li the case of a single ton pair, the
charge recombination process should give only a sin-
glet state. If, however, there are two or more ioniza-
tions in a localized volume, the probability of triplet
formation increases. The ratio of singlet-to-triplet
excited states reflects the number anil size af suck mul-
tiple ionizatKHi events.

Because our observed triplet-to-singlet ratio was
larger than could be explained by presently accepted
models of radiolysis, we have examined the kinetics
and yields of 3N in cyclohexane solutions using a
nanosecond pulse radiolysis system, where the greater
sensitivity allowed the yields and kinetics to be mea-
sured at lower naphthalene concentration. Typical data
are shown in Figure 10. The observed kinetics are
consistent with a rapid (mostly completed within 20-
30 us) formation of 3N by reactions 26 and 27, fol-
lowed by a slower formation due to rntersystem cross-
ing fejm l N ta 3N.

Table 6 shows the triplet yields. Because of the
long lifetime of LN (95 ns), a reasonably accurate
division af the triplet yield into the East component
(G[^N], ionic, row H) and the slaw component (G[3N]
fiom *N, row IV) can be made. Using the known life-
time and intersysjem crossing efficiency of lSr the

total yield of *N from reactions 26 and 27, and from
Cerenkov excitation and energy transfer from excited
cyclohexane can be estimated (row V). Estimated G
values of l N from CererJcov excitation and energy
transfer are given ta rows VI and VTL These are sub-
tracted from row V to get G(1N), ionic in row VIE.
Row DC gives f( lN), the fraction of the ion recombi-
nations (reactions 26 and 27) yielding LN, which is
calculated from rows II and VUL The total yields af
3 N (row F) are in reasonable agreement with previ-
ously reported results in the literature.

The yields of 3N given in Table 6 (row I) are in
good agreement with our previous picosecond mea-
surement (done only at O.I M naphthalene) of the 3 N

Tiim,

Figure 10. Absorbance at 409 run vs. time following
a 30-ps pulse (5.2 krid) for 0.1 M naphthalene in
cyclohexane.

Table 6. Solute excited state G values in eyefohexane.

Concentration of Solute^ (M)

Frtan analysis of triplet:
I. G(3N), total

IE. G(3N), ionic*
EL G(3N), ionic*, at 5 us
IV. G(3N) from rN (77% ISC)
V. G^N), ionic +• Cerenkov radiation + energy transfer

VL estimated: Cerenkov radiation =
VXL estimated: energy transfer =

V H &y difference,G(rN), ionic
DC. f(xN)5

From fluorescence:
X. G(IBP)T ionic -t- Cerankov radiation + energy transfer (at 5 ns)

0.1 0.Q1 0.001

I.S3
C.88
0.80
0.95
1.23
0.06
0.6
0.57
0.39

0.56 (at 0.05 IV! BP)

0 J 8
031
0.28
0.67
0.87
0.04
0.25
0.58
0.65

0.32

0-29
0.07
0.064
0.22
0.29
0.03
0.05
0.21
0.75

0.12
% ' = napbttolene; BP = bipherryl.
•Assuming no ironionic sources of 3 N.
* * is the fraction af reactions 26 and 27 yielding singlet excited states.
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yield. However, there are considerable differences
between the singlet yields (row V) derived from these
measurements of triplet-slate yields and the yields of
the singlet states measured from fleorescenctf (raw X),
even after allowance rs made for die fact thai the
singlet-state yields from fluorescence were measured
at 5 as, (That this is a small correction is indicated
by the small difference between rows II and HI.) The
yields of singlets derived from the triplet results are
2.4 ± 0.2 times larger than those from fluorescence.
The origin of these differences is not clear, they are
not likely to be due to the use of different solutes. It
is of utmost importance to resolve these discrepancies
in order to obtain a firm understanding of the singlet-
KMriptet ratio and of the variation of yields with con-
centration. This is necessary in order to decide what
ths observations on excited states allow us to con-
clude abaci the occurrence of solvent ion transforma-
tions and about the distribution of the number of ton
pairs per "spur".

b . Observation of Kinetics and Yield of
Solute Ions

The ssidy of solate ions that are formed by radi-
olysis has been a major Geld of study in the last year.
The general purpose of these experiments is to under-
stand the yields and kinetics of the ions in atkane
solutions, and to relate the results to the information
on excited states. Section a. Many experimental
results imply that the chemistry of alkane solvent rad-
ical cations is not simply a straightforward competi-
tion between recombination and reaction witfe added
solutes. Hence, a detailed re-examination of the
yieids and kinetics of solute radical cations seemed
appropriate. In addition, because a radical caiion reac-
tion may transfer a proton to the solvent, which, in
turn, may proton transfer to an aromatic solute, the
possibility of observing absorptions due to aromatic
proton adducts exists. In the course of these experi-
ments, we have found that the common assumption
that electron scavengers (e.g., SF6, N2O* ̂  CO2)
wiil redccs interfering absorbances from the aromatic
radical anions mast be carefully considered. Depend-
ing en tfce exact combination of sotate and solvent,
the scavenging of an electron can lead to a delayed
production of the aromatic radical anion (by transfer
frarr. CO?" or N2O") or, surprisingly, to the aromatic
radical cation.

Far CO2 in cyciohexane, we have observed elec-
tron transfer from CO2" to the solute perylene by
observing the optical absorption of the negative ion
of perytene. Figure 11 shows the spectra in tile 500-
to 600-nm region. The peak at 550 nm is due to the
perylene radical cation, which grows in more rapidly
than the perylene radical anion at 580 nm.

Figure 12 shows a plot of the formation constant
of the reaction of CO^ witfe perylene vs. the perylene
concentration; from this one obtains a rate constant
for the electron transfer of 2.9xI01 0 M"1 s~l and a
limiting lifetime for CO2 of about 2 fis.

. nm

Figure I I . Transient spectra in cyclohexane con-
taining 5 x IQ"5 M perylene and 0.066 M CO2 irradi-
ated with an S.I -krad pulse; absorbance per 2-cm path
length.

Figure 12. Formation constants vs. [Pel-

15



The chemistry of CQ~2 in isoprapanol is evi-
dently quite different; the peryiene anion absorption is
weak and appears to be formed very rapidly, indicating
that CO2 disappears mainly by some reaction that
occurs more rapidly than electron transfix to peryiene.

For N2Q as an electron scavenger, the situation
is reversed from that of CO2- In isopropanol, the
N j O has a lifetime in the us range and undergoes
efcaron transfer(k= 2x I0 I G M' 1 $rl) with peryiene,
but in cyclohesane there is no evidence of a formatiors
of the peryiene anion absorption, indicating that the
lifetime of N2O" is much smaffe- in cyctohexane.

In the case of SF$ or CO4 as electron scaven-
gers, there is no indication of electron transfer to the
solute peryiene, which is expected because these scav-
engers should undergo dissociative electron capture,
and the resulting halide ions are not expected on the
basis of energetic considerations to undergo electron
transfer.

Other experiments have shown unusual charge-
creation reactions in the radiolysis of SFg-sasirated
solutions of peryiene in isopropanol. The peryiene
radical cation is formed on the time scale of 10-1000
ns, depending on the peryiene concentration. The
reactions depend strongly on the aromatic solute used
and on the particular alcohol in which the experiment
is ran. We propose that the relevant reactions are

SF5- + AH - AH* + SF4 + F- . (29)

Ii is known that SF5 is highly reactive. In addi-
tion to the optics-absorption experiments, conductiv-
ity measurements suggest that ions are indeed being
created on the time scale that the aromatic cations are
being formed.

The energy for the second reaction mcst come
ftora the electron affinity of the SF5 molecule and the
solvation energy of the ions, and must be sufficient
to ionize the molecale. Thus, the reactivity will
depend strongly on the ionization potential of the
organic molecule. This is indeed what is seen. The
polarity of the solvent is also very important; — the
less polar the solvent, trie less likely that the reaction
will take place. For example, for hexametfeyibenzene
with SF6 as an electron scavenger, much less Isexa-
imhytbenzsne radical-cation is farmed in isopropanol
than in methanoJ, where the solvation energy is con-
siderably gxeasr due ta tfee higher dielectric strength
of the solvent

In cyclohexane with SF6 and peryiene, we
observe a slow formation of absorption due to the rad-
ical cation of peryiene, indicating that reaction 29 can
occur even in alkane solutions. However, when
pyrene is substituted for peryiene, the effect is absent,
indicating that the occurrence of the tonizaiian is
quite sensitive to the ionization potential of the aro-
matic.

If this type of charge-creation reaction is indeed
taking place, it will be interesting to study it in dif-
ferent solvents. A systematic study as a fenction of
dielectric constant and spectral shifting parameters
would be of considerable interest.

S . Photochemistry of the Polymer
Imaging Systems A. D. Trifunac,
A.-D. Liu, X.-Z. Qin, M. V. Barnabas, Y. Lin,
V. V. Knmgauz

We illustrate our recent successes in the technol-
ogy transfer arena where, in collaboration with scien-
tists from the DuPont Imaging Division, we have
clarified the early photochemical events that occur in
some photopolymers. This work fllustraffis how the
special techniques available at ANL can significantly
contribute to an industrially important process.
Several related efforts that provide fundamental
knowledge on the pranary photochemistry of photo-
polymer initiation are discussed.

We have examined the free-radical initiator hexa-
arylbiimidazole (KABF) alone and together with a sen-
sitizer by EPR, flash photolysis, and picosecond laser
methods. A variety of systems based on HABI and
its derivatives are commercially available and have
been used for more than two decades.

o-O-HABI

Photopolyrr.ers based an HABI provide reliable,
oxygen-insensitive, thin coalings far imaging pur-
poses. The application of HABI is based on its ther-
mal or UV phccolytic dissociation into tie lophyl
radicals (L-).
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bv or A (30)

The high yield of topfayl radicals in solid matri-
ces by UV irradiation stimislaLed mdustnal interest in
the use of HABIs. However,, the mechanisms of
HABFs photodissociation by UV irradiation and the
factors determining its effectiveness remain unclear.

With fee recent development of laser technology
and electronic imaging, the use of inexpensive long-
wavelength lasers is increasing. The development of
imaging materials sensitive to visible and infrared
light has become important. A variety of HABI/dye
initiator systems has been developed far visible
holography, but the mechanisms have noc been stud-
ied in detail.

Some questions to be answered are: Are Iophyl
radicals formed through the excited singlet ar through
the excited triplet ssues? How effective are the sensi-
tization processes at different excitation wavelengths?
Does this sensitization occur through energy transfer
or charge transfer, etc? We carried out systematic
studies on the KABI-dye phctoinitiator system in
botfe THady-state and time-domain stadies.

a. HAB1 Dissociation Upon UV Exposure

At roan temperatare, o-CI-HABI absorbs
strongly in the UV region with a maximum at
270 on and has a florescence maximum at 375 nm
(in dicfaloromethane). Upon 308-nm laser excitation,
lopfey? radicals were prodaced efficiently through
bomolysis and have a relatively long lifetime Cms).
Figure 13 shows the transient absorption spectrum of
tapfcyl radicals.

400 500 600

Wavelength (nm)
700

Figure 13. Trarisieni absorption spectrum of fophy!
radicals observed in dichlorometnane soEulion during
308-nm laser flash photolysis.

According to resells of work in the USSR, the
dissociation of HABI into radicals occurs Erora the
excited singlet stats, wnereas the dissociation of
triplet excited states has a very low probability. This
conclusion was obtained in indirect ofeservaaans by
triplet sensitizatian. No direct experimental observa-
tion of HABI's triplet has been reported.

We carried out iQw-Emperauzre EPR studies of o-
Cl-HABI in poly (vinyl acetate) (PVA) matrix at SK.
The triplet excited stats of a-O-KABI was observed.
Triplet signals were also observed in other matrices.
Figure 14 shows the EPR spectrum HABI triplet m
toluene at 6 K. Table 7 gives the EPR parameters for
the HABI triplets under various conditions.

The HABI triplet starts to decay in PVA when
the sample is warmed to 40 fL At 130 K, all triplet
disappeared. One important Finding is thai lopfayl rad-
icals were not formed following HABI triplef decay.
This is direct evidence for ffce low efficiency of disso-
ciation HABI triplet into tophyi radicals.

2D=24.3mT

Figure 14. EPR spectrum of o-CI-HABI triplet
observed in toluene a£ 6 K.

Table 7. Zero-field splitting, D, and mean separation,
r, of the two unpaired electrons to the HABI triplets.
HABI triplet in toluene was generated by 308-nm
laser irradiation, others were produced by xenon UV.
HABIs

2-CI-KABI
2-CI-HABI
DM-HAB!
HABI

Solvers

PVA

CH2CI2
CH2C12

taliiene

T,K

S
6
5
5

D, mT

12.6
12.3
O.2
12.2

r, pm
604
609
594
611
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Ax room temperature, only lophyl radicals were
observed by EFR in matrices. Is the intermediate
temperature range, both triplet and radical EPR sig-
nals were observed. The topfeyl radical recombination
was slow in the polymer matrix, even at room tem-
perature. This explains the efficiency of HABI as a
phoouutiatar in matrix polymerization. The overall
HABI dissociation scheme is summarized:

HABI HABI*

1HABI* HABI

b . Free-Radical Formation by Visible-
Laser Excitation

Recently, holographic photopalymer imaging
systems sensitive to visible-laser irradiation were
developed. One of these holographic systems is based
on the sensiazaiion of the free-radical formation from
o-Cl-HABI sensitized by visible-absorbing dyes such
as 2^-bisf(23,6,7-tetrahydro-llt4H-benzo [ijlquin-
oBzm-l-yi) metnytenelcycJopentanone (JAW).

JAW

The HABI/dye system was found empirically, and
the mechanism of the Iophyl radical formation was
not specified. The energy transfer from dye to HABI
on the singlet manifold is not energetically feasible.
Cfearge transfer is the only possible mechanism ami
electron transfer sensitizaiior. is proposed:

Xdye* + L2 fed
dye • + L •

L- + L"

(31)

(32)

However, no experiment! evidence exists supporting
this hypnosis. To clarify the dye-sensitizaiion mech-
anisms, several experiments were carried out

Steady-state fluorescence study. The relative
fluorescence quantum yield of JAW in the presence of
o-O-HABI (0-0.166 M) was measured in dicfaloro-
methaue. As the concentration of HABI increases,
the logarithm of the fluorescence intensity decreases
linearly with a slope equal to 0.23 M"1 (see Figure
I-I5). '

-0.8

0.00 0.04 0.08 0.12 0.16

[o-CI-HABU (M)
Figure 15. The fluorescence yield of the sensitizer is
plotted as a function of the o-Cl-HABI concennation.

Time-canvlated single-photon coasting study.
The dynamics of JAW fluorescence quenching by
HABI at 600 nm in dichloromethane solution were
studied by the picosecond single-photon coaming
technique. The half-life of JAW fluorescence in
dichlonxnethane in the absence of HABI is measured
as 153 ns. As the concentration of HABI increases,
the dye fluorescence decays faster. Different models
of electron transfer quenching were compared with the
fluorescence data. The Inokuti-Hirayama theory can-
not be reconciled with the data; however, an inclusion
of the diffusion motion into the election transfer
model gives a good simulation of the data. The elec-
tron transfer parameters were obtained from this fit-
ting. Tfee critical interaction distance RQ = 12 A,
wavefunction overlap parameter ao = OS A, and diffu-
sion coefficient D = 8.5 x IQ"6 cm2 s"1 were
obtair£C5. Figure 16 shows tfee observed fluorescence
decay and the theoretical simulations.

Measursmsnt of the quantum yield ofL- forma-
tion by laser flash photolysis. The concentration of
L- was manicoredi a: 550 ran in both o-O-HABI
(Q-Q.l M) alone and mixtures of JAW (1Q-S M) with
o-Cl-HABI (0-0.1 M) during 4S0-nm laser excitation
in dichlcrorrethane solution. In "HABI only" solu-
tion, L- was formed directly. Tfee HABI concentra-
tion and laser-intensity dependence of lophyl radical
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Figure 16. The time-resolved fluorescence daa at
various o-CI-HABI concentrations with a theoretical
Gi incorporating diffusion.

formation indicate thai is is a simple homolysis of
HABI activated by visible light In HABI/JAW mix-
tures, Icphyi radicals were produced through both
direct hoisolysis and dye-sensiiizaiion processes- The
concentration of lophyl!. radicals formed through dye
sensiiizaiion is obtained! by comparing she results
from "HABI only" cad "HABI + dye" mixtures. The
Stern-Volscer plot of concentration dependence of
sensitized L- formation is shown in Figure 17, and a
straight line is obtained. From the fining parameters,
[fee electron transfer rate constants obtained are
2-2 x iflS M - i s-i_

This is the first time that the direct homolysis af
HABI by visible-laser excitation has been observed.
This result extends the direct photodissociation of
HABI into the wavelength region op to 480 nm. It is
also the first time thai the Eopfayl radical formaiion
feough visibfe-dye sensitization was studied in detail.
Bath the fluorescence quenching and the radical-forma-
Eion data strongly support the electron transfer sensi-
tizadon medianisrns. Importani parameters such as
kgx, the critical distance RQ, the wavefunction over-
lap parameter ao, and the diffusion constant D have
been obtained from trie theoretical simulaiions.
These valaes show dial she electron transfer in the
HABI-JAW syssci is a relanvely short-range process.

10C 200
I/[o-CI-HABII

300

Figure 17. Concentration dependence of lophyl
radical formation by JAW sensitization.

Together with the short Jifecinie of JAW singlet, one
can explain why, in the industrial imaging materials
based on HABI and visible-dye sensitizat, HABI and
dye have to be present at relatively high concentration
(HABr: 1-3%, dye: O.l-OJZ'S by weight}. These find-
ings allow quantitative evaluation of the industrial
photopolymer holograph composite and indicate the
way to improve the efficiency of the sensitization.

c. Photophysics and Photochemistry of
Dyes

The dye sensinzer plays an important role in the
visible and IR photopoiymers. Some dyes are also
candidates for use in visiWe lasers. Amino ketones
are widely used as photosensztizers and laser dyes.
Two amino ketone dyes, JAW and DEAW. 2,5-
bis{[4,4'-{diethylarnino){)henyr[methyfene} cyclopen-
tanone, were studied by us using steady-stale spectra-
photometry and laser flash photolysis. The effect of
solvent on the photophysics of DEAW was studied m
seven solvents. Comparison is made wiifa Michler's
ketone (MK) in the discussion of photochemical proc-
esses because of the similarity in the structure.

DEAW
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Table S gives the solvent properties, absorption
and fluorescence maxima, and fluorescence quantum
yields for DEAW. A bathochromic shift with
increasing polarity is observed in both absorption and
emission for the intramolecular charge transfer (ICT)
state. The shifts in the fluorescence maximum are
greater than those of the absorption peaks. The
dipoie moment of the first excited singlet state is cal-
culated as 14.0 D from the ratio of these shifts by the
program PCMODEL. The dipoie moment for the
ground state is calculated as 4.4 D. The fluorescence
quantum yield increases with increasing polarity
except for alcohols, where hydrogen bonding makes
different emitting states. * s u for symmetrically sub-
stituted DEAW is much higher than that of the
unsymmetrically substituted dyes.

Table 8. Solvent polarity, absorption and fluores-
cence maxima, and quantum yield for DEAW in
various solvents.

Oil

Solvent Polarity abs flu
Janax

cydohexane
toluene
CH2C12

acetoni trite
2-propanol
ethanot
methanol

0.006
0.099
0309
0.460
0.546
0.654
0.762

445
461
480
471
4S5
492
496

453
487
550
564
586
6 IS
635

0.005
0.11
0.20
0.29
0.50
0.25
0.07

Transient absorption spectra of DEAW in various
solvents were studied by 308-nm and 480-nm laser
flash photolysis. Figure 18 shows the transient
absorption spectrum of DEAW in dichloromethane
observed after 480-nm laser Bash photolysis. The
triplet state of DEAW was observed in all solvents
with different absorption maxima and different quan-
tum yield. Table 9 gives the extinction coefficients
of triplet-triplet absorption, quantum yield of triplet,
and the first-order decay rate constants of the triplet in
different solvents. From these data it is clear that the
quantum yield of triplet increases with increasing E-yp
value, except for alcohols where it decreases. The
triplet-decay rate in alcohols is much smaller than
that in other solvents, which indicates the stabiliza-
tion of the triplet in alcohols by solvation and hydro-
gen bonding.

-0.1

»50ns
o l (is

nm
880280 480 68C

Figure 18. Transient absorption spectrum observed
in 480-nm laser flash photolysis of dichloromethane
solution of DEAW.

Table 9. Absorption maxima, extinction coefficients,
quantum yield, and first-order decay rate of triplet
DEAW in various solvents determined in 480-nm
laser Hash photolysis.
Solvent T-T

Jlmax

ki(AH}
e - l

cvtiohexane
toluene
CH2CI2
acetoni trite
2-propanol
eihanol
methanol

620,690
720,810

825
820
300
805
780

3E4
1.5E5
9E5

2.2E5
2E5
1E5

= 0
0.16
0.15
036
0.15
0.10
0.03

3.4E7
1.6E7
2.2E6
2.7E6
8.8E4

2.2E4

The 308-nm flash photolysis of MK under simi-
lar conditions was carried out in order to compare
DEAW and MK. An important finding is the close
resemblance of the photochemistry of these two
amino ketones. For example, in cyclohexane and
toluene, the 3CT and 3nx state lie below 1CT, and in
all the other solvents only 3CT state lies below ICT.
This can account for the high reactivity of the triplet
state in cyclohexane and toluene. In nonpolar sol-
vents, the CT state is not stabilized, and contact-ion
pairs are formed. In polar solvents, the solvents
stabilize the CT state by solvation, and solveni-
separatsd ion pairs are formed.

The investigation of solvent effects on the photo-
chemistry of DEAW provides information for the
application of such dyes. In nonpolar solvents, tow-
florescence quantum yield and high-triplet yield are
essential for the dyes used as triplet sensitizer. In
polar solvents, the excited state is the CT state that is
necessary for the charge transfer sensitization proc-
esses. In alcohols, low-triplet yield and relatively
high-fluorescence yield make an efficient dye for use
in Easers.

20



B. The Role of Solvent in Chemical Reactivity
A. D. Trifmiac, D. M. Bartels, C. D. Jonah, Y. Lin, K. H. Schmidt, P. Han, C. Romero

1 . Study of Atomic Hydrogen and
Deuterium ia Water Radiolysis
P. flan, I?. M. Bartels

Our discovery several years ago of chemically
induced dynamic electron polarization (CIDEP} in the
EPR spectra of H and D atoms immediately (30-50 ns)
following pulse radiolysis of aqueous solutions has
allowed an investigation of their formation and reac-
tion in "spurs", the small regions surrounding a pri-
mary ionization event that may contain several sec-
ondary ion pairs and excited molecules. Application
of the pulsed EPR technique has proven particularly
valuable because it allows a "direct" measurement of
the H/D isotope effect in formation of the atoms. In
previous work, prompt CIDEP signals in alkaline
H2O/D2Q mixtures were carefully examined to calcu-
late the isotope effect in formation of the atomic H
and D from dissociation of excited-water molecule?.
This is nearly the only probe available for the investi-
gation of liquid-water photophysics. The analysis
allowed us to conclude that, even in strongly alkaline
solution, much of the atomic hydrogen comes (ram
geminate recombination of hydrated electrons with
hydronium ions on a picosecond time scale. Here we
present a similar study of the prompt H and D EPR
signals in acidic H2O/D2O mixtures, where the iso-
tope effects and CIDEP effects arise in different reac-
tions. The results confirm the validity of our analysis
of the prompt CIDEP, and reinforce the earlier conclu-
sions.

It has been generally acknowledged for many years
that H and D atoms are produced in the radiolysis of
aqueous solutions by two distinct mechanisms. Given
the similarity of relau'vistic electron and gamma radia-
tion to the action of "white" light, and the essentially
unit quantum yield for dissociation of electronically
excited gas-phase water molecules, the most obvious
source for H and D atoms in liquid water is the direct
dissociation process. For reasons that have not been
obvious, however, the radiolysis yield of atomic
hydrogen in neutral or alkaline solution is small com-
pared to tiie yield of hytfratsd electrons. In acidic solu-
tions, most of the atomic hydrogen comes from the
fast reaction of foydrated electrons with hydronium
ions, or lyonium ions in the more general case of an
H2O/D2O isotopic mixture:

03)

During the 1960s, a number of scavenging studies
demonstrated that a strong isotope effect favors the
liberation of H rather than D atoms in this reaction.
The isotope effect is expressed in terms of the quantity
a, which is defined as the ratio of the H- and D-
isotopic content of a product relative to the H/D ratio
in the water a = (H/D)prodnc/(H/D)wlier. The value
of a-characierizing reaction 33 (aj) is 3 J ± 0 3 at
room temperature in 50/50 mixtures of H2O and D2O.

It was also quite clear from {induct analysis stud-
ies thai the atomic H and D formed in radiolysis of
neutral (pH 7} water is characterized by a value of a
significantly less than 3.5. Addition of electron scav-
engers could not reduce this isotope effect beyond
about a = 22. in a 50/50 H2O/D2O mixture, and this
residual isotope effect was ascribed to the direct disso-
ciation process. In previous wcrk, we analyzed the
ratio of prompt H and D EPR signals as a function of
the isotopic content of alkaline solutions to further
investigate the water-dissociation channel. It was
demonstrated that the effective value of a remained
larger than 2.0 even in the limit of nearly pure DjO,
requiring (hat more than one large isotope effect be
involved. The only large isotope effect which could
plausibly be invoked is reaction 33, but then only if it
occurs on a very short time scale, that is, via geminate
recombination. On the assumption that o.\s for the
geminate recombination is also 3.5, we estimated a
radiolysis yield of G s 0 3 events/100 eV for both the
direct dissociation and geminate recombination soaces
of atomic hydrogen (toial G(H) = 0.6). This suggests
that fragmentaiion/autoionization of electronically-
excited water molecules may be an important process,

H2O* (34)

which helps to explain the curiously small H yield and
the large (e"}*j yield in water radiolysis.

The data analysis relied upon the assumption that
CIDEP in the H and D spectra is generated exclusively
by their recombination reaction, equation 35, with sol-
vaied electrons.

H-,0
L + Ce-J L 2 + OH". (35)
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In tbe present study, we examine the opposite extreme
of low pH, where most of the CIDEP arises in the
recombination, equation 36, of the H and D atoms.

L + L - L2 (L = H or D) . (36)

Relative H (mj = ±1/2) and D (raj = ±1) initial
line amplitudes are plotted as a function of the water
isotopic composition (proton mole fraction) in 0.1 M
perchloric acid mixtures Li Figure 19. Much the same
result has been obtained with 1 M perchloric acid
solutions over the 5-50* H isotopic-composiiion
range. Roughly equal H- and D-signal amplitudes are
observed in ca. 10% H2O/90S& D2O mixtures. As we
have noted in the past, this results from both the iso-
tope effect(s) favoring Ii over D formation in the spur
chemistry, and from the larger CIDEP polarizations
generated in the H spectrum because of its larger
hyperfine coupling.

By definition, the spectra can be resolved into the
antisymmetric "multiplet" CIDEP and the "net" polar-
ization, which all hyperfine lines of a given radical
have in common. Mulnpfet and net-polarization sig-
nals of the H and D spectra are calculated from the
sum and difference of the line amplitudes:

Smaii = 1/2 (S. - S+): SnSt = 1/2 (S. + S + ) , (37)

where S+ is the low-fieJd line and S. is the high-field
line amplitude. The resoSved H- and D-mulliplet

s

• • . EX-1} line

» * *

QJs aj ajt as e» i.e
Inapic Caupasiiioa (%H)

Figure 19. Relative initial F?R signal amplitudes for
H- and D-aiom high-field and low-field lines following
pulse radiolysis of acidic solutions, as a function of
the water isotopic composition. Low-field lines are
emissive (shown negative) and high-field lines are
absorptive because of the dominant ST0 radical pair
mechanism of CIDEP in spur recombination
reactions. Solutions contained 0.1 M perchloric acid
and 0.1 M t-BuOH, and were saturated with N2O.

polarizations for the 0.1 M perchloric acid soluzions of
Figure 19 are plotied in Figure 20(a). The ratio of the
net/muliiplei polarization in boih H and D is plotted
in Figure 20(b).

In the general case, the prompt multiple! CIDEP
signals should be qualitatively described by the follow-
ing formulas:

J . (38)

where the PHX refer to polarization generated in the H
spectrum by reactions with species X, and, likewise,
the PQX describe polarization in the D atom spectrum.
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Figure 20. Initial H-atom EPR line amplitudes are
resolved into (A) multiple: (upper plot) and (B) ratio
of net/multiplet (lower plot) CIDEP. D-aaim CIDEP
is smaller because it has a smaller hyperfine coupling
than H. Net CIDEP is absorptive in the D spectrum
due to spin exchange with thermally relaxed OH (OD)
radicals. Net CIDEP is emissive in the H spectrum
because its large hyperfine splitting makes the "low-
field1 ST. mixing mechanism important The net
CIDEP amplitudes track the multiplei CIDEP, giving
a nearly constant (within error) net/multiplet ratio for
both H and D atoms.
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The statistical factors of j and j correct far the number
of Siyperfine levels in H and D, respectively. The
relative numbers of H and O atoms present depend
primarily an the mole fractions Xfj and XQ of protons
and deuterons present in the water, and on the isotope
effect ex, which applies to their formation mechanism.
The following equations apply where fn is the fraction
of H in the total of H and D atoms formed:

(39)

a =

Substitution of these relationships into equa-
tion 38 gives for the ratio S R / S D of H- and D-atom
multiple! CIDEP signals:

Sg _ 3 fH
SD 2

V
Ptte

where
(40)

For H or D reacting with a common reaction
partner X, the ratio of polarization enhancements will
depend almost exclusively on the square root of
hyperfine energy differences between the H or D atom
and the reaction partner. Use of this relationship in
equation 40 with known hyperfine splittings allows us
to derive

s D

where

fH+i.40(I-fH)+E
^Q.221 fH+0-632(l-fH)+0.555E

(41)

The relative K- and D-atom multiplet signals in a
given H2O/D2O mixture are thus seen to depend quali-
tatively on the effective isotope effect in the atom
formation (o) and on a function (E) which represents
the relative contributions of reactions 35 and 36 to the
prompt CIDEP.

In Figure 21 we plot the ratios S H / S D corres-
ponding to the multiplet CIDEF data of Figure 20a
and superimpose a (solid fine) fit of the data based an
equation 41. The error bars indicated are single stan-
dard deviations for the ratios and were used to weight
the least-squares Ot. The effective values of a were
calculated assuming an HDO* dissociation branching
ratio of 2.5 and a constant value of ai = 3.5. The
fractional contribution of water dissociation (g(j) was
treated as a fitti $ parameter, along with (constant) E
The best fit parameters were gd = O.I ± O.I and
E =0.17 ±0.34, where much of the uncertainty is due
to the ca variance of the two parameters. Very similar
data far S R / S D ratios in 1.0 M perchloric acid solu-
tions are also included in Figure 21. The small value
for E and the very similar S H / S D ratio far the more
concentrated acid solutions (where E should be still
smaller) both indicate that recombination reaction 44
contributes little to the CIDEF signal in the 0.1 M
acid. A similar Qt could be achieved by selling E = 0.

The Gt of the data in Figure 21 indicates that the
major factors controlling the prompt QDEP and the
H/D isotope effect have been correctly identified. The
suggesUon that about 10% of the H-atom yield comes
from excited state dissociation is in reasonable agree-
ment with our previous analysis of alkaline solutions.
There it was deduced that G =0.3 could be ascribed to
the direct dissociation of water excited stales to give
(escaped) H. In 0.1 M acid, a total H-atom escape
yield of about G = 3.6 has been found. A water disso-
ciation fraction 0.3/3.6 = 0.08 is very similar to the
fraction ga = 0.1 ±0 .1 suggested by our analysis of
the spur CIDEP in acidic solutions.

listcpic Composition (Zx)

Figure 21. Ratio of initial H- and D-muItiplet CIDEP
amplitudes as a function of the water isotopic content
(proton mole fraction). The solid line is a simulation
based on equation 41.
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2. Soirated Election Thermodynamics and
Transport Properties
P. Han, D. M. Bartels, K. H. Schmidt

The hydrated electron is possibly the most
important transient species produced in the radiolysis
of aqueous solutions, and is without question the most
interesting and unusual. Much theoretical effort has
been expended in trying to understand this prototypical
quantum ion (see section 5, below). As a "naked"
charge in solution, it is also a powerful probe of
solvent effects in solvation structure, ion transport,
and electron transfer reactions. In past yean, time-
resolved measurements have been made of the dynam-
ics of the electron energy loss and sclvation as it
becomes trapped and then fully solvated. The studies
presented here focus on properties of the fully solvated
electron — its salvation entropy and ionic mobility.
These properties depend sensitively on the equilibrium
dynamics of the water molecules in the inner solvation
shell. We ask just how similar or dissimilar is the
sclvation shell of the hydrated electron to classical
manatomic anions?

a. Hydrated Electron as a Strncture-
Brcaking Ion

We recently reported new measurements of the
activation energy for reaction of hydrogen atoms with
OH", equation 42,

(H)aq + (OH-)^ ^ (e-)aq -f- H2O , (42)

which forced a significant revision of the hydrated
electron enthalpy and entropy properties. The most
striking finding in this work is that the hydration
entropy of the electron is some 155 kJ/mole-deg more
positive than that of the iodide ion, which is the most
effective "structure-breaking" classical ion. It was
concluded that electrons must be very effective
"structure-breakers" indeed, and: the magnitude of the
effect was explained in terms of a very disorganized
first solvation shell around the electron. Further
investigation of this problem has made us realize that
our original interpretation is based on a classical
accounting; of translation^ entropy that is not appro-
priate for electrons. Here we correct our interpretation
of the hydration entropy, and present a new calculation
of the fise energy of transfer of electrons: Bam H2O to
D2O. Bath quantities suggest that electrons are inueed
efficient structure breakers, in agreement with our

original conclusion, and in agreement with recent
quantum molecular dynamics simulations.

Our original interpretation of hydratian entropy
was based on a "chemical model" proposed by Fried-
man and Krishnan, which is, in turn, based on the
earlier work of Frank and Evans. The overall hydra-
tion entropy is written as

rp1) + ASr + ASH + ASBam . (43)

where Vf/vK is the ratio of free volumes available to
the ion in the liquid and gas phase, ASj is the entropy
change of the water molecules in the first solvation
sphere, ASQ is the entropy change in the second sol-
vation sphere, and ASgom is a contribution from che
succeeding soivation layers, which is approximated
with the classical Bora equation. The first term rep-
resents the loss of translationat entropy of the ion,
which Frank and Evans supposed should be an the
order af -50 J/moIe-deg, and independent of the ion
mass. It was asserted that ASf should be
ca. -50 J/mole-deg far all ions because of strong elec-
trostatic binding of water molecules in the first
hydration shell. ASeom 'S a relatively small negative
contribution, on the order of -10 J/mote«deg or less for
singly charged ions. The balance of the hydration
entropy is assigned to the second solvation sphere
water molecules, and the result may be positive or
negative. The trends in ASQ deduced by Krishnan and
Friedman correlate very nicely with the "structure-
making" (negative ASrj) or "structure-breaking"
(positive AS11) characteristics of particular ions as
measured in viscosity experiments (e.g., the Jones-
Dole B coefficient).

The principal error in our accounting of the elec-
tron hydration entropy lies in the use of the term
R In (Vf/Vg) for the translationat entropy loss on sol-
vation, as we now show. The canonical partition
function for an idea! gas ensemble is

Q = N!
(44)

where the partition function far a single gas panicle is
written as the product of terms for translational
(Qtrans) an^ internal (qjnt) degrees of freedom. The
translationai partition function can be obtained from
the particle-in-a-box energy levels

q^lXexpf^)]3, (45)
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where a cubic box of side length a is chosen for con-
venience. For atomic-mass particles near room tem-
perature and at law densities, the transiatianai energy
levels are sufficiently close together that the sum may
be replaced by an integral over the density of states,
and one obtains the classical limit

qtrans = ( - 5 — I V = 7 ? • ( « )

where V = a3 is the volume of the box and A3 is the
classical momentum partition function. The transla-
tionai entropy of the ideal gas can now be written

(47)

In passing now to the liquid state, one may con-
sider that a "solute" molecule is confined on average to
a "cell" defined by the total potential of interaction
0(r) with the "solvent" molecules, where one assumes
average spherical symmetry around the sotute particle.
For a sufficiently massive particle and high enough
temperature that the (restricted) translationai energy
levels are still very close together, one can write

where vf is the "effective" volume of the cell. By
analogy with the idea! gas result, the entropy is

The first term of equation 43 fallows immediately
from the difference Suq - Sgas as defined in equations
47 and 49. However, equation 49 cannot apply to

activated electrons because the necessary condition for
close spacing of transnational energy levels does not
exist. Indeed, the energy levels of solvated electrons
are so widely spaced (of., the visible absorption spec-
trum) that one ceases to speak of cransiational degrees
of freedom, and talks instead about the electronic
energy levels.

I: has not been our purpose to attempt a detailed
analysis of the electron solvation entropy. Neverthe-
less, a revised qualitative comparison of hydrated elec-
trons with, for example, the halide ions is a useful
exercise. In the first column of Table 10 we list
experimental hydration entropies for the fialide anions
and the electron.

We shall again consider the restricted translationai
motion of the solvated ions in the context of a simple
"ceil" theory of the liquid. First, suppose the solvent
molecules are frozen in their locations, aid that we can
consider the monatomic ion to act on average like a
three-dimensional harmonic oscillator within its sol-
vent cage. The partition function for this case is the
same as for the well-known Einstein model of a crys-
tal When the solvent is "unfrozen", the ions gain the
additional "communal" entropy (=R) which arises from
the indistinguishability of the mobile ions. The trans-
lationai entropy of the solvated ions is then

Shirans) =

(5Q)

where 6 =•£-. An estimate of the relevant vibratienal
frequencies can be obtained from the velocity auto-
correlation functions calculated in recent molecular
dynamics simulations of solvated ions. In the

Table 10. Entropy of hydration and ftee energy of transfer (H?O — D?_Q) for electron and the halide tons.

)b Shi rans) 0 ** d
ion

(J/mole-deg)

%q(ttans)b

(J/mole»deg) (J/moIe-deg) (J/moIcdeg) (J/moIe«deg) (kJ/mole)

p
ci-
Br
I-
e"

-106.4
-49A
-34.4
-11.4
124.6

26.1
32.S
42.6
48.0

= 8.3

145.6
153.2
163.5
169.3
15.2

-119.5
-120.4
-121.0
-121.2

-6.9

13.1
71.0
86.7

109.9
131.5

-0.25
+0.45
+0.54
+0.74

+1.7±U
aStandaid states arc 1 atm ideal gas and 0.041 M. liquid.
"Based on equation 50.
cEqualion 47.

^ - Sgas(tians).

(Na+) = 0.
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calculations published by Reddy and Berkowitz, the
autocorrelation function of aqueous C r displays
damped oscillations of frequency roughly 6.7 x 101 2

Hz. Using this frequency in equation 50, we calculate
32.8 J/mote-deg for the chloride ion (restricted) oansla-
tionai entropy. For a very rough approximation, we
assume that the vibrational frequency for other halide
ions scales by a square-root-of-mass faw, and arrive at
the ether entropy numbers ire the second column of
Table 10. Based on our earlier comments regarding
die large spacing of soivated electron energy levels, we
have assumed that the electron has essentially zero
"electronic" entropy, but possesses the "communal"
entropy contribution thanks to the indistinguishabiiiiy
criterion.

In the third and fourth columns of Tabie 10, we
have listed the gas-phase translational entropies of the
electron and fiaiide ions, and the translational entropy
loss contribution AStrans (COIHKMI 3 minus column 2)
to tire total solvation entropy. The source of the
enormous difference between electron and classical ion
solvation entropy is now apparent from inspection of
Table 10. Whereas the solvated electron certainly pos-
sesses less translational entropy than classical sotvated
ions, the gas-phase electron has very much less
entropy than the atomic species. It is apparent that
tfee electron must have a much smaller magnitude
Asians than any other ion by virtue of its small gas-
phase entropy: essentially, electrons do not have very
mucii entropy to lose.

The remaining hydration entropy of the ions can
be ascribed to the changes in water "structure" brought
about by the presence of the ion, and this contribution
is listed in column 5 of Table 10 under the heading
ASW. We note that by the reckoning used here, all of
the haiide ions lead to an overall increase of entropy of
the water (positive ASW), and one might conclude on
this basis that they are a l "structure-breakers". Based
an several experimental criteria (viscosity, NMR, IR),
tfte fluoride ion is found Co be a "structure-making"
ion &y restricting tfte motions of the water molecules
in its solvation sphere, while the other ttaiide ions
become progressively more effective "structure-
breakers" with increasing size. In fact, ASW lumps
together all effects of the ton on the water, including
formation of tfee cavity, rigid (or nonrigid) binding of
the first solvation shell, a disordered transition region
between the ion and the bulk water, and tang-range
polarization effects. Thus, die sign of ASW need not
by itself characterize the ion as a structure-breaker or

-maker. (The original "chemical model" of Friedman
and Krishnan accomplished such a correlation with the
sign of "ASQ" by further artificial breakup of ASW,
which is unjustified in Eight of subsequent work.)
There remains a strong linear correlation between ASW

and the structure-making/breaking characteristic of
classical ions, as measured by die Jones-Dole vis-
cosity B -coefficient, NMR, and dielectric relaxation
times. Based on the position of ASW for the hydrated
electron, over 21 J/moJe-deg more positive than
iodide, we feei confident it should be classified as a
very effective structure-breaking ion.

Perhaps a more direct comparison of the strucuire-
making/breaking characteristics of electrons vis a vis
classical ions is available in the thermodynamics of
transfer from H2O to D2O. For a monatomic ion as
well as electrons, these quantities are equivalent to the
difference in the solvation thermodynamics in the two
liquids (X=G,H,S):

(51)

- D2O) =

AXsoiv(D2O) - AXsoiv(H2O) .

The qualitative distinction between electron and classi-
cal ion translational entropy dealt with above subtracts
out in the transfer between isatopicaily substituted
solvents. As pointed out by any number of authors,
the thermodynamic differences between light and heavy
water as a solvent are largely due to the difference in
rotational (librational) frequencies of the two isotopic
solvent molecules, which fallows from the factor-of-
twa ratio of their moments of inertia. Structure-mak-
ing ions increase the barrier to rotation of the water
molecules in their immediate solvation sphere, thereby
increasing the local solvent librational frequencies. To
the extent that solvent Iifaations are harmonic oscilla-
tions, the increase in frequency will be (ca. 1.4x)
greater in absolute magnitude in light water. The pres-
ence of the structure-making icn therefore reduces both
the entropy and the enthalpy of the local solvent
molecules, but by different amounts in H2O and D2Q.
The free-energy difference between solvation of the ion
in light vs. heavy water favors sotvatior. of tfte struc-
ture-maker in D2O (negative AGtmfr). (The unfavor-
able entropy difference is overcome by a favorable
enthalpy.) A corollary is that stnictixe-breakers are
more favorably solvated in H2O (positive AGimfc)-
The AGtmfr values for the series of halide ions is
listed in the last column of Table 10.
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To our knowledge, die free energy of transfer of
electrons from H2O to D2O has never been published,
although the necessary data have been available for
many years. Tfee reaction of solvated electrons in
heavy water with EM3 is t2-cim.es slower than the rate
(k^t) in light water, but the rate of D with QD- is
nearly the same as H with OH-. The standard firee-
energy change in tfee heavy-water equilibrium corre-
sponding to reaction 42 can therefore be calculated
(AG° = -31.7 ± 1.0 kJ/mole), and the following
thennodynamic cycle can be constructed:

= (H)H 2 O-KOH-)H 2 O
AC = 25.3 ± 0.4 kj/male )

AG° = -31.7 + 1.0 kj/mole

I/2(H2)g + (OH")H2O
( (C1-)H2O + H2O(1)

AGC = 4.42kJ/mole

(C1-)H2O = (a-)D20
AG° = 0.460 kj/mole

+ (H)g = (D)s + l/2(H2)g

AG° = 3.0kJ/mole

+ (H)H2O = (H)g

AG= = -0.19 +0.2 kj/mole

(e-)H2O =
~AG° = 1.3 ± i.l kJ/mote

The result of this calculation implies that elec-
trons are more stable when solvated in H2O than in
D2O, again placing them in the "structure-breaking"
category. The electron AGtmfr is apparently more
positive tfean tfee hafide ions (iodide has the most posi-
tive AGtmfr among classical singly charged ions),
which suggests it may be the most effective structure-
breaker in the series, although the error limits are such
that we can on3y be confident of the sign of this quan-
tity.

fa conclusion, we infer from both the entropy of
hydration and die AGtmfr(H2O ~* ° 2 ° ) thai electrons
are very effective scmaure-breaking ions in water.
The revised mterpreiarion of soivation entropy and the

. both appear no be in reasonable qualitative
agreement with recent quantum molecular dynamics
simulations of the hydrated electron, whicfe indicate a
more disordered radial distribution of water molecules
around electrons than around classical ions.

b . Hydrated Electron Diffusion in H 2 O and
D 2 O

Apart from its broad and very intense absorption
spectrum, one of the most distinctive properties of the
hydrated electron is its very high rate of diffusion.
Coupled to the very high reduction potential of
hydrated electrons, this property insures that many
electron reactions are among the fastest "diffosion-con-
trolled" processes in aqueous solution. The fundamen-
tal physics behind die electron transport mechanism
and its relationship to normal ton diffusion has been
the object of theoretical speculation and modeling for
many years. In order to address bath theoretical and
practical issues involved in hydrated electron reactions,
we undertook a study of the electron transport proper-
ties over essentially the fall (1 atm) liquid temperature
range in both H2O and I^O. It is found that both the
solvent isotope effect and activation energies for elec-
tron diffusion are atypical of ionic diffusion in water.
We speculate on some possible explanations for this
behavior.

As with any other ionic species, the electron dif-
fusion rate is most easily investigated by measurement
of ta specific conductivity ta" which is related to
its diffusion coefficient by the Nernst-Einstein equa-
tion:

D e ^ = A£-qRT/F2, (52)

where R is the gas constant, T is the temperature, and
F is Faraday's constant. Transient conductivity signals
following pulse radiolysis of aqueous solutions can be
analyzed to provide this quantity in a straightforward
fashion. The determination of ta^ is based on the fol-
lowing well-known reaction scheme:

H2O radiolysis
— H+OH- ,e - a q ,H ,QH,H 2 ,H 2 O 2 (53)

OH(andH) + iPrOH

H2O

H

(54)

(55)

(56)
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Overall charge balance requires G K + = Ge \n +

G Q H , where G x is the radiolysis yieid of species x.
Under our alkaline experimental conditions, the first
half-life of reaction 55 is ca. 25 ns. Reaction 56 is
about 400-times slower and, therefore, negligible at
short times after the pulse. Thus, the difference in
conductivity measured before and shortly (ca. 200 ns)
after the end of the radiolysis pulse is essentially due
to a positive balance of (e')aq and a corresponding
negative balance of OH" (due to proton scavenging in
reaction 55). The signal amplitude is proportional to
the difference st specific conductivities of (e~)aq and
OH" (or OD" in D2O). Subsequently, the nydrated
electron population decays through the two reactions

(e-)ac + (e-)aq - H 2 + 2 OH" C57)

(e"}aq + O2 (+ impurities) — O 2 (+ products), (58)

with 57 being the predominant reaction.
Two measured conductivity signals obtained

in. H2O at different temperatures are shown in
Figure 1-22. The positive peaks immediately after the
radiolysis reflect the formation of the charged species
H+, OH", and (e-)aq. The signal measured at 6.7 °C
decays quickly to a negative level, indicating ^e^q <
Aofj- at this temperature, whereas the signal For
60.5 CC decays to a positive level indicating te" >
AQK-- Specific conductivity of e" in H2O and D2O
are plotted in Figure 23, together with that of OH" and
OD-.

In Figure 24-, we snow Arrhenics plots far sol-
vaied electron, chloride ion, OH" and OD", and H* and
D + diffusion in light and heavy water. The scales of
all four plots correspond to the same number of log
units, so that activation energies and curvature can be
visuaMy compared. Ii is immediately obvious that the
activation energy (slope) is greater, and curvature of
the p i c is less pronounced for solvated electron diffu-
sion than for the other ions. (Note that there is some
curvature in the (e-)aq data below room temperature.)
Hie nydronium and hydroxide ions, whose high
mobility is ascribed to a proton, transfer mechanism,
have lower activation energy and much more curvatsre
tban exhibited by "typical" ions sucfe as Q". It seems
c o i a clear by inspection of the figure that fiydrated
eleccan is in a class by itself, and does cot diffuse by
a Grnchus or proton transfer mechanism ss suggested
by some. That fee electron acd hydroxide ion mobili-
ties are very similar in room temperature water is
entirely fortuiiocs- This is in apparent contrast to tfce

situation in simple alcohols, where it has been shown
convincingly that both the magnitude and activation
energies for solvated electron and alkoxide ion (RO~)
diffusion must be quite similar. The important point
to make about this comparison, though, is that both
species exhibit quite ordinary mobilities in compari-
son with other ions. (Only the solvated proton
R O H 2 + has the high mobility characteristic of a
Groohus diffusion mechanism in the simple alcohols.)

We can note and try to rationalize the following
outstanding differences between electron and classical
ion mobilities in water

i
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Figure 22. Transient conductivity decay curves fol-
lowing pulse radiatysis of aqueous alkaline solutions
at 6.7 °C (upper carve) and 60.5 eC (lower curve).
The initial large spike is dee primarily to creation of
(H+)aq ions in the radiolysis. The excess conductivity
due to (H+)aq quickly decays due to the acid-base neu-
tralization reaction with hydroxide. The amplitude and
sign of the slowly decaying transient reflects the dif-
ference in specific conductivities of (OH")aq and
(e-)aq tons. At 6.7 °C, A£'2q < AOH- • &<& ̂  60.5 =C,
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Figure 23. Specific conductivity of hydrated electrons
in H2O (upper plot) and D2O (lower plot).
Measurements are relative so OH- and OD-.

(I) The activation energy for electron diffusion
(ca. 20 kJ/rnoIe) is significantly higher than for classi-
cal tons (ca. 16 kl/niolsj, which roughly follow fee
(Stakes-Einstein) praductof lemperatureoverviscosicy.

02) The Arrhenics plot for electron diffusion is
closer to linear than for classical ions sticfc as Cl"
above ca. 15 °C.

C3) The H2O/D2O isotope effect far electron dif-
fusion increases with temperature, from ca. 1.2 rear
0 °C to 1.32 at 100 CC, whereas for classical tons
(viscosity) the ratio decreases from 13 to 1.14 over
the same temperature range.

Recently, two quantum mo tecular dynamics sima-
tations of tfie hydraisd electron have been published
tfeai specifically investigate the reasons for the high
mobility of elections in water. The fundamental con-
clusion is that the electron wsvefunction adiabatically
follows the fluctuations in (electron-water) potential
caused by thermal motions of tfee solvation shell. The
essential absence of inertial effects is presumed
responsible for the high mobility of electrons relative
co classical cons. There is a verv high correlation, in

2.8 3.0 3.2 3.4 3.62.8 3.0 3.2 3-4 3.6

in (Kl no3)

Figure 24. Comparison of Arrhenius plots for diffu-
sion of hydrated elections, ( C r ) a q , (H*)iq. and
(OH")aq in H2O (soKd loses), and E^O (dashed lines).
The chloride ion is representative of "normal" nearly-
Scokes-Einstein behavior. Hydrated electrons have a
higher activation energy whereas the hydronium and
hydroxide ions have lower than normal activation
energies for tonic diffusion.

particular, between the motion of protons in the first
solvatian shell and the displacements of the electron.

This last observation, we believe, provides the
key to understanding tfie activation energy and isotope
effect found in o n expertinents. All quantum molecu-
lar dynamics simulations of hydrated electrons have
found tftat water molecules in the first hydration shell
tend to be bond-dipoie oriented (rather than molecular-
dipole orienjad) with respect to the center of the
roughly spherical electron charge distribution. As for
classical anions, the minimum energy configuration of
the first shell is a comjrroniise that preserves one
hydrogen bond to the next solvatian layer for each
solvatirfg water molecale. Tfce exact position of the
potential minimum in tfee electron's "cavity" is deter-
mined by tfee distance (l/z2) and relative orientations
(cos 0) of all of lite surrounding dipcles. Thus, a
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liferational motion of a wasr-bond dipcle in Lie first
solvation sphere (e.g.. change in cos 6) will be most
effective in producing a displacement of the potential
minimum, and wiih it tire electron charge distribution.
Such a libration is uniquely effective in inducing elec-
tron (as opposed to classical ion) displacements
because of the absence of inertia! effects.

If these critical QH-dipeie nitrations were com-
pletely independent of the rest of the solution, we
should see a diffusion isotope effect of 1.39, character-
istic of the moment-of-inenia ratio between light- and
heavy-water molecules. Obviously, the critical
motions for electron diffusion are not completely
uncoupled from the rest of the Quid, but the increase
in isotope effect with temperature (and reduced density)
can be rationalized in terms of a progressive weaken-
ing of this coupling to the H-bond network.

Viscosity does not follow an Arrhenius law in
water, presumably because of cooperative hydrogen-
bonding effects. The electron mobility is most
strongly influenced by die OH-dipole librations of the
inner solvation shell which are less strongly coupled
to the H-bond "network". We have recently argued,
based on the ejection thermodynamic properties, tfsat it
must be a very effective structure-breaking ion (see
above). Thus, a more "normal" Arrhenius behavior
also follows from the smaller influence of cooperative
fcydrogen-bonding effects.

The most carious aspect of the electron diffusion
is iis high-activation energy. Given thai electrons are
structure-breaking ions, one assumes that the activa-
tion energy for inner soivation shell librational
motions should be lower, on average, than in the bulk
solution. A natural expectation is that the activation
energy for electron diffusion will be lower than for
Stokes-Einstein diffusion, if ii differs at all. However,
the inner-shell librational motions are bound to be
anisotropic. The single motion of the water molecules
that most affects the electron is a librational motion of
the OH bondCs) that are oriented toward the electron.
These define the position of the potential minimum
for the electron. If the energy barrier to this particular
Ubrational motion is greater than that of die libraSons
that govern viscosity, it would explain the higher
activation energy for election diffusion. We presume
that the same Iibratianai motion does not similarly
affect classical ions because inertia damps out their
high-frequency response.

If the "instantaneous adiabatic response" of the
electron to solvent librational motions can explain the
enhanced mobility of electrons in water, it does not
explain the difference between water and the simple
alcohols. The same OH-dipole licrational motions of
the inner solvation shell should cause similar displace-
ments of the electron wavefunction in alcohols, but
the electron mobility in simple alcohols is entirely
"normal". We must conclude that the instantaneous
adiabatic response criterion discussed above is insuffi-
cient for the enhanced diffusion: another property of
the solvent must also be important.

One difference between water and alcohols that
must be considered is that of the dielectric relaxation
or solvent reonentatior. tirne. Once the electron wave-
function has been distorted by a thermal fluctuation of
an OH dipole, the solvent molecules must reorient
quickly in response to the new charge distribution in
order for a displacement to occur. Otherwise, the OH
librations will merely cause bign-frequency modula-
tion of the electron wavefunction, with no net dis-
placement This may well be the situation in simple
alcohols, whose molecular leorientation times are
much greater than those of water by virtue of their
larger moments of inertia. Strong support for this
idea can be found in kinetic measurements of the sol-
vent reorganization around (newly) trapped electrons.
In water, the solvent relaxation (tracked by the shift of
electron optical absorption from near IR to visible
wavelengths) occurs on a time scale of several hundred
femtoseconds. In the simple alcohols, the relaxation
times are an order of magnitude greater 11 ps in
methanol, 23 ps in ethanoi, and 34 ps in I-propanol
have been reported at room temperature. The alcohol
relaxation times are much the same as the intermediate
dielectric relaxation time X2, which is believed to be
the time required to reorient a monomer alcohol
molecule. Thus, it may be the unique combination of
the instantaneous adiabatic electron response and the
very fast solvent reorieniation that is responsible for
the enhanced mobility of the electron in water.

3 . Solvent Relaxation Dynamics
Y. Lin, C. D. Jonah

Condensed-phase chemical reactions are strongly
influenced by the multiple role of the solvent How
do solvent molecules react to the sudden creation of a
charged species and wfe: microscopic factors of the
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charged molecules and sofveni structure consul this
response? Tfee work reported in this section focuses
on understanding the response of the solvent to the
creation of the charged entity in solaiian. The charged
entity can be a molecular dipole, a simple ion, or an
electron. Because of die variation of the physical
properties of the charged species, the solvatiOE proc-
esses around them vary. Prior studies of tfee time-
dependent solvent relaxation have primarily probed
either the solvaiion of a iarge molecular dipole or the
so£van~on of a quasi-ftee electron. This year, we under-
took measaremenis of the dynamics of ion solvation
by ihe pulse radioiysis pump-probe techniques. The
system selected for this study is benzophenone anion,
because its absorption spectrum fits well with our
detection apparatus. The salvation behavior ofbenzo-
pher.one anion in a series of common polar solvents is
measured and tfce result is compared with ihe case of
electron and dipoSar molecule salvation in tfee same
solvent.

a. Benzophenone Anion Solvation
Dynamics

When a high-energy electron beam is Injected into
a dense polar medium, it ionizes the solvent molecules
and generates quasi-free ejections. The "dry electron"
can undergo maltiple scsusring events before tis local-
ization. An aromatic sotuie molecule is a&Se to cap-
ture dry electrons, forming the corresponding anion.
The charged species in solution exerts 2 strong local
field on its environment, forcing the surrounding sol-
vent molecules to change from a configuration that
solvaies the parent molecule to a configuration thai
solvates the anion. In the system where th«. onion is
ultimately stabilized over a time scale comparable to
local environmental change, the anion can be perceived
as a microscopic probe of its environment. The inter-
action between the local solvent moSecuIar configura-
tion and anion will manifest itself in the anion a&sorp-
tion and emission spectra. Therefore, the time evolu-
tion of tfce anion absorption spectrum provides us
wiife detailed dynamic information on the soEvation
process. Benzophenone is an appropriate aromatic
molecule because the electron attaches itsetf upon
encounter to form the anion, and the absorption spec-
trum of the anioE alters as the solvent rearranges
around the anicn.

How many electrons are captured and how many
are soJvated? If die solvated electron were present its

absorption spectrum would overlap with tfce absorp-
tion of the beazophenone anian. However, few sal-
vated electrons are formed at 0.25 M benzaphenone. It
is known that tfce yield of solvated electrons exponen-
tially decreases as a function of the electron scavenger
concentration. The ratio of the yieid of the solvated.
electron in 0.05 M benzopnenone in n-decanoi soln-
tion to that in pure decanoi is - 0 3 . With a factor-of-
five increase in scavenger concentration (a typical
concentration of the benzophenone in the solvatiora
experiments is 0.25 M), the yield of the solvated elec-
trons will be vanishingly small (3 s ) .

The benzophenone anion transient absorption
spectra were obtained by using the poise radioiysis
pump-probe technique. The experiments are performed
at the 20 MeV election liaac. Both time and wave-
length-dependent absorption spectra have been
recorded. Figure 25 displays the spectra in n-decanol
at 50 ps, 300 ps, and 3 ns after the pulse. The time-
dependent, behavior in other alcohols is similar, albeit
the spectral changes occur more rapidly for the smaller
alcohols. The final broad absorption band has been
assigned to the benzophenone anion in alcohol. The
spectra at earlier times are assigned to the anion before
[fee rearrangement of the solvent. These assignments
are consistent with the literature values reported in
basic solutions for solvated benzophenone anion and
nonpolar solvent for the ansolvated benzophenone

0.00.
550 6CC 650 700

Wavatongth (nm)
750

Figure 25. Transient absorption spectra of 0.25 M
benzophenone in n-decanol solution. The optical
delays are 50 ps, 300 ps, and 3 ns. Tfce absorption
maximum shifts from 673 nm to 640 ms to 625 am
for the three different times.
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anion. As the reorganizaEon proceeds, the absorption
band narrows. The peak position and width of the
final absorption baud arc practically the same for the
primary alcohols, independent of length of the alkyl
group. The continuous spectral shift suggests thai the
soJvation process appears to be a "classical" mdiisep
evolution rather than the "two-state-like" behavior thai
is often observed in electron soivatfoc in polar media
at room temperature.

Figure 26 shows the kinetic behavior of the spec-
tral relaxation at different wavelengths in n-decanol.
The constant intensity ai 500 mm and 600 nm, the
final state, shows that charge recombination is mini-
mal on this time scale. The rate of the decay is con-
siderably faster ai 800 nm than at 750 nrn, which is
faster than at 700 nm. This unusual behavior is not
seen in solvated electron experiments at room tempera-
ture, where the kinetics fil a two-staie model.

The time scale for the blue shift depends on the
length of the alcohol. The shorter the solvent alcohol
molecules, the fastsr the spectral shift. Figure 1-27
displays a comparison between n-octanol and n-
butanol for a selected wavelength. Clearly, the time
scale of the sofvanon is different in the two alcohols.

To understand the ion solvaiion process, it is
instructive to compare ifee dynamics of ion solvation
with those of electron solvaiion. In a polar solvent,
the dipoles of the molecules fluctuate, creating "local
density Qactuaiions'" or "shallow traps" that can trap
an electron. The size, strength, and lifetime of these
transient traps vary widely. These inhomogeneiiies
give rise to a wide dispersion in the absorption spec-
trum of the solvaffid electron. Because the electron is
only sfeallowly trapped, the initial absorption will be
in the infrared. As the electron solvation process pro-
ceeds, the transient dipufe shell is stabilized and
becomes more organized, forming a trapping potsntial
that is deeper and narrower. The spacing of the elec-
tronic energy levels becomes larger. This leads to a
blue shift of the electron absorption spectrum. The
magnitude of this bice shift is typically around 500
EEC for alcohol solvent.

The situation is very different for anion solvation.
Instead of transient dipoie traps creafid in pare polar
solvents, a nectral sotoe molecule such as benzophe-
Eone can trap the electrons. Initially, solvent mole-
cules around the benzophenone solvate the neutral par-
ent molecule. After the electron is acached to benzo-
phenone, this solvent dipoie configuration is inappro-
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Figure 26. Time-dependent transient absorption
spectra of 0.25 M benzophenone in n-decanoi at vari-
ous wavelengths. The intensiiies are rescaled to show
the rate of the decav.

0.10

0.1 0.4 0.5C.2 0.3
Tim* (n»)

Figure 27. Time-dependent transient absorption
spectra of 0.25 M benzophenone at 700-run wave-
length. The solvents aie l-octanol and l-butanol,
respectively. The decay of the absorption is faster in
the smaller alcohol.

priate. As the anion solvates, the orieniation and dis-
tance of the solvent molecules change, and the inter-
action between tfee solvent and solute also changes.
These changes will lower the total potential energy of
the system and increase the energy required for the
electronic transitions. The initial spectrum is that of
the unsolvated benzophenone anion. Hence, the pre-
solvaied anion spectrurn will be narrower and better
defined than a presolvatsd electron, and the shift of the
absorption spectrum due to the salvation is only aiboui
100 run.

It is important to note that the position of
the spectrum and the arnount of shift is virtually
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independent of the chain length far a priirsary alcohol.
n-ButanoI, n-octanol and n-decanol have very simiJar
final specara. However, the structure of the solven:
can p!ay a rnajar rale, as can 6e seen from our work
with 2-octanol (Figure 28). The shift of the spectrum
of die benzopfaenone anion in 2-octanol is smaller
than in the n-octanol and the Qua! spectral position is
about 35-nm red-shifted from what is observed in the
normal alcohol. It is more difficult to get as many
OH moieties from a secondary alcohol near the
negative charge center. The methyl group near the
solvating hydioxyl group interferes wiih the salvation.

The effect of structure is even greater on the sol-
vated electron spectrum. The maximum of the sal-
vaged electron is strongly shifted to the red in 2-
octanol or 2-buianoI. The difference in the amount of
shift between primary and secondary alcohols and the
way this difference changes between benzophenone and
die solvated electron is consistent with the previous
discussion.

This study demonstrates that the reorganization of
the solvent molecules will strongly affect the elec-
tronic structure of the solute ion, and will change the
absorption spectrum of the ion. Due to the different
coupling mechanism to the local environment, the
time scale for the anion solvaaon appears to be longer
than that for electron salvation in the same solvent,
and the familiar "two-state" solvaiion behavior is
absent The anion solvaiion process appears to be
closer to the dielectric continuum behavior.
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Figure 28. The absorption spectra of benzophenone
anion in 2-octanol The delays are 50 ps, 300 ps, and
3 ns. The final absorption peak is at 660 nm.

b . Studies of Molecular Dipole
by Ultrsfast Laser Spectroscopy

Charge transfer and solvent relaxation are closely
related subjects. How are the dynamics of the solva-
tion affected by the method of creating charge species,
and how does the counterion distribution affect the ion
solvation process? Understanding these questions is
crucial to understanding many high-energy chemical
reactions. We seek to understand the solvent relax-
ation dynamics after intra- and iniemiofecular charge
transfer processes. As a starting poin:, we studied the
solvation dynamics after an intramolecular charge-
transfer process of bis(4-amino-phenyl) sulfane (APS)
and 4-dsmethylaminobenzonimle (DMABN) in several
polar solvents. The study will be extended to the sol-
vation of the ions after mtermolecular electron transfer
reaction with our newly developed subpkosecond laser
system next year.

Bis(4-amino-phenyl} sulfane, and 4-dimethyI-
aminobenzonioile have larger dipole moments in the
excited stale tban in the ground stare due to the pho-
toinduced iniiamolecular charge transfer. The charge-
transfer excited state is an excellent model for a cation
and an anion thai are tethered by an inert bridge. One
then directly measures the competition between the
neutralization of the two ionic species and the
rearrangement of the solvent around them. When the
lifetime of the intramolecular charge pair is longer
than the time scale of the solvaiion, the emission from
the charge-pair state reflects the solvation dynamics.

We have investigated the steady-state and time-
dependent fluorescence spectra of APS and DMABN
by using the time-correlated single-photon counting
technique. To obtain the better time resolution that
was necessary for the shorter alcohols, the experiment
was repeated using a 2-ps streak camera. The optical
esciiation was provided by the ultrashort laser pulses
at 290 nm. Time-dependent fluorescence decays were
recorded at different wavelengths between 330 nm and
560 nm. A significant time-dependent shift of the
fluorescence band was observed, in good agreement
with the results of Simon and co-workers. Figure 1-29
shows this observation. The fluorescence band is
attributed to the intramolecular charge transfer (ICT)
excited stale. The faster decay at shorter wavelengths
indicated a spectral red shift This red shift is due to
the solvent relaxation. The fluorescence kinetics firom
the ICT state cannot be fit to a single exponential or a
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conventional two-sate model. The data suggest that
tbe solvent relaxation process is a multistep process.

We also observed solvent deuterium isotope
effects on the fluorescence decay of APS anl DMABN.
Tbe decay kinetics at 500 am for methanol, metnanol
Q-d, and methanol-d4 are also shown in Figure 30.
Under identical experimental conditions, the APS fluo-
rescence decay is significantly slower afier deuterium
substitution of the solvent hydroxyl proton. Similar
results are observed in ethanol and propanol. How-
ever, the differences between the deuterated and proto-
natcd solvents become smaller with increasing carbon-
chain length.
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Rgure 29. Tbe fluorescence decay of APS in ethanol
at various wavelengths. The faster decay ai shorter
wavelengths indicates a spectral red shift
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The solvent isotope effects on the radiative decay
of the ICT state depend on three factors. First, hydro-
gen bonding between the solvent and an excited solute
molecule induces radiationlcss decay to the ground
state. Second, hydrogen bond-breaking and bond-mak-
ing in a solvent-solute molecular cluster result in tbe
fluorescence red shift Third, the rotational motion of
the solvent C-OH bond also influences the spectral
evolution. These three effects can be separated by
measuring the fluorescence quantum yield and the
time-dependent fluorescence Stoiss shift The relative
fluorescence quantum yields of the local excited state
and the charge transfer simz of APS molecules are
summarized in Table 11. Our data indicate thai the
main contribution to the isotope effect is through the
radiationiess internal conversion process.

Table 11. Summary of the relative fluorescence
quantum yield of APS for the focal excited state (LE)
and charge transfer stale (CT) in various deuterated
alcohol solutions.

Solvent

CH3OH
CH3OD
CD3OD
C2H5OH
C2H5OD
C7D5OD

14.4
102
13.0
20.0
17
19

84
89
86
80
82
81

Figure 30. The fluorescence decay of APS
methaaol and deutaraisd methane! sotailans.

The strong solvent dependence of the internal
conversion rate can be understood as follows. For an
electronic transition involving a large energy gap, the
high-frequency vibcational modes are expected to dom-
inate the Franck-Condon factors. The internal conver-
sion from tbe ICT stale to the ground state results in
vibrational excitation of the high-frequency modes
involved in hydrogen bonding, that is, G-H~«O and
N-H —O, due to the sudden change in bond lengths.
The vibrational modes of the iiuermolecular hydrogen
bonds therefore act as acceptor modes in the radiation-
less transition between the ICT state and the ground
state. Deuisration of the solvent O-H group lowers
the vibrational frequency' and Franck-Condon overlap
for the transition. Therefore, 2 slower internal conver-
sion rate is observed.

To understand the dyr-anrics of the solvation, it is
instructive to compare the solva'ion process of ion or
electron with the solvauon of the intramolecular
charge pair. The initial solvent arrangement around
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APS or DMABN will solvaie the small dipole
momem of the neutral molecule. This situation is
similar to the initial condition of anion solvaiion
where the anion starts as a neutral molecule (an exam-
ple of this is the benzophenone anion solvation dis-
cussed in the previous subsection}. However, the final
solvent configuration in dipole solvation is different
from the anion situation. In the first case, both initial
and final molecular states are dipolar, and the solvent
configurations are similar, although different dipole
strength leads to some minor adjustment The solvent
configuration around the anion is substantially differ-
ent from the initial dipole-solvated configuration, and
one would expect that the major rearrangement that the
solvent undergoes would take more time. This intu-
itive picture is confirmed by our experimental observa-
tion. To ascertain the importance of these effects and
to probe the solvation mechanism that is operating in
this system, we have compared the dipole solvation
time, die solvation time of the benzopheacns anion
and electron, and the microwave dielectric relaxation
times of the solvent. The spectral relaxation time of
APS in n-decanol is approximately 49 ps, which is
close to the electron solvaiion time in the n-decanol
(55 ps) reported by Jonah and Kenney-Wallaee. The
benzophenone anion solvaiion time is between 80 ps
and 100 ps, depending on wavelength. These results
can be compared to the dielectric relaxation times for
decanol for ti-X3 of 2.02 ns, 48 ps, and 3.3 ps. Tfcs
three Debye relaxation times, TJ, *2, and xj are asso-
ciated with the time scales of hydrogen-bonding
dynamics in molecular aggregates, the molecular rota-
tion, and the rotation aboui the terminal C-OH bond,
respectively. For both dipole solvation and electron
soivaiicn, t>.5 salvation time correlates best with xz,
fc rr.cr.araer dielectric rotation time of the alcohol.
CUT research is continuing.

4. Solvition of an Excess Electron in
Aqueous Solution of LiCl
C. Romero

An accurate theoretical description of the proper-
ties of the hydraied electron in different environments
is highly desirable for a better understanding of the
physico-chemical processes involving this unique
species.

We have been interested in the computation of
tbeimodynamic properties of LiCl aqueous solutions
using mo!ecular dynamics (MD) simulations. For

this ionic system, there exists well-documented experi-
mental evidence on the formation of a solvaied elec-
tron under the appropriate conditions. Also, satisfac-
tory experimental information on the behavior of its
optical absorption spectrum at different temperatures
and over a wide range of LiCl concentrations is avail-
able.

Extending our previous work on the hydrauoc of
classical and quantum solutes, we have undertaken the
computation of the equilibrium properties of an excess
electron in a concentrated solution of LiCl (13.2 M).
As usual, the ions and the molecules of water are
described according to the laws of classical mechanics,
whereas the electron requires a full quantum treatment.
This last requirement is satisfied by coupling die MD
simulations with the Feynman Path Integra! formula-
tion of quantum statistical mechanics. All the calcula-
tions are carried out at 300 K in a cubic cell of edge
19.38 A containing 180 molecules of water, 58
cations Li+ , 58 anions Cl", and a cyclic pseauopoly-
mer of 1200 units to describe the electron. Periodic
boundary conditions are imposed, and the Ewald sum-
mation method is employed to properly account for
the long-range Coulombic interactions.

Most of the potential functions used in the pres-
ent calculations have been discussed previously; bow-
ever, there are three additional interactions that must
be introduced. These are CT - e, O " - Li + , and
Li+- e. The first interaction can be described simply
by a Coulombic repulsive potential at all distances,
whereas the other two require appropriate modifica-
tions to consider the core repulsions at short distances.
The Cl" - Li+ interaction is described by a Bom-Meyer
potential whose parameters are fixed according to the
prescriptions given by Fumi and Tost

, -r/PU ZiZje2

<Plj = Ar. e + . (59)

The interaction Li+ - e is dealt wish through the
introduction of the following pseudopotential:

r

e2

r > R

r<R

(60)

(61)

where R is a fixed distance whose value is taken tenta-
tively equal to 1.5 A (a value of 1.96 A was used suc-
cessfully in simulations performed by Parrinello and
Rahman on the solvation of an electron in molten
KC1).
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Preliminary results indicate thai even ai very high The computational program realized so far is an
concentration of LiCl (132 M), the molecules of important first step in developing the understanding
water arc still the main factor determining the structure and the methodology for computer simulations of
of the hydraied electron. This result agrees well with chemical reactions in ionic solutions and for the study
experiments; however, it is not possible to draw firm of solutes in general,
conclusions at this stage of our work on the structure
of the hydratnn shells.
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D. ACCELERATOR ACTIVITIES

C. D. Jonah, B. E. Cliffi, G. L. Con, D. T. Ficht, R. H. Lowers, A. C. Youngs, D. Werst,
E.A. Kemezeit

A. 20-MeV Linac
CD. Jonah, B. E. Ciifft, G. L. Cox, D. T. Ficht

A major emphasis in the last year has been the
upgrading of the safely systems, both in hardware and
documentation, for the accelerators. New radiation
detectors were put into operation that both are "fail-
safe" and are suitable for high peak pulse machines.
Documentation has included failure analysis for the
interlock systems, the development of maximum cred-
ible accident scenarios and a formal written examina-
tion that must ce taken to be authorized as a user.
The results of these studies will appear in the Safety
Analysis Report for the linac.

The monitoring system for the linac has been fur-
ther upgraded this year. The transport parameters are
now monitored, thus making control of the system
much easier.

This linac was built in the late 1960s for radiation
chemical studies. It is uniquely suited to radiation
chemical experiments because both short pulses and
high powers are available. The current in the pico-
second pulse was increased approximately fourfold in
1978 by modifying the subharmcnic bunching to
work on the 12th harmonic instead of the sixth har-
monic. In the late 1980s, a pulse-compression tech-
nique was devised that compressed the electron pulse
to 5 ps from 30 ps with the same beam current. Stud-
ies are possible ranging over a 5-ps pulse with 6 nC

1 . 3-MeV Van de Graaff Accelerator
R. H. Lowers, A. C. Youngs, D. Werst

This year considerable time has been spent
reviewing control and safety systems with the goal of
documenting the safety of the system. The activities
are very similar to those outlined for the linac.

The 3-MeV Van de Graaff accelerator supports the
magnetic resonance studies of the Radiation Chemistry

of charge to a 30-ps pulse with 40 nC of charge to a
9-usec pulse with 10 yC of charge. The energy of the
beam, 20-MeV transient mode cr 15-MeV steady-state
mode, is sufficiently high to easily penetrate a reaction
ceil or even an oven, but not so high that nuciear acti-
vation is a major problem. The machine is currently
be:.ig used to study die pathways by which kinetic
energy is transformed into chemical potential energy,
to study electron transfer reactions, to create and study
unusual oxidation states of lanthanides and actinides,
and to study unusual short-lived molecules.

The machine has also been used by several groups
of high-energy physicists. One group has used it to
characterize fast detectors fcr beam diagnostics. The
very short pulses that the ANL low-energy linac can
produce provide a wide-frequency bandwidth for testing
fast-beam monitors. Scientists from the Advanced
Photon Source have used the beam to characterize the
impedance of the waveguides and chambers that will
make up the light source. These experiments are criti-
cal to the design of the APS because the eddy currents
induced by the positron beam going through the cavi-
ties and chambers of the machine can defocus the
positron beam. The linac has also been used to
develop new types of radiation detectors.

and Photochemistry Group. The machine can provide
1-ns to 10-us pulses of electrons or protons. The low
noise of the machine makes it ideal for studying radi-
cal processes by using magnetic resonance and optical-
magnetic resonance techniques. Such studies are
described above.

37



PUBLICATIONS

TIME RESOLVED MAGNETIC RESONANCE STUDY
A. D. Trifunac, D. M. Barrels, and D. Wersi
Pulse Radiolvsis. Y. Tabata, Ed., CRC Press: Boca Raton, FL, 1991, pp. 53-76

EARLY PROCESSES M LIQUIDS
M. C. Sauer, Jr. and C. D. Jonafi
Pulse Radiotvsis. Y. Tabata, Ed, CRC Press: Boca Raton, FL, 1991; pp. 329-342

THE MECHANISM OF ELECTRON THERMALIZATTON IN H2G, D2P AND HDO
C. D. Jonahi and A. C. Chemovitz
Can. f. Chcm. 68,935-939 (1990)

REVALUATION OF ARRHENIUS PARAMETERS FOR H- AND OH" - (e")^ +• H2O AND THE
ENTHALPY AND ENTROPY OF HYDRATED ELECTRONS

P. Han anil D. M. Bartcls
I. Phys. Chem. 94, 7294-7299 (1990)

STUDY OF RADICAL CATIONS BY TIME-RESOLVED MAGNETIC RESONANCE
A. D. Trifunac and D. W. Werst
Ionic Molecular Systems. A. Lund and M. Shoitani, Eds., Topics in Molecular Organization and Engineering.
Kluwer Academic Publishes,.!. Maruani, Editor, Dordecht, The Netherlands, pp. 195-229 (1991)

PRIMARY EVENTS IN HYDROCARBON RADfOLYSIS: REAL-TIME STUDIES OF RADICAL-CATION
CHEMISTRY

M. C. Sauer, Jr., D. W. Wast, C D. Jonah, and A. D. Trifunac
Rad. Phys. Chem. 37, 461-467 (1991)

RADICAL IONS IN CONDENSED PHASE PRODUCED BY TWO PHOTON IONEATION; A STUDY OF
GEMINATE RECOMBINATION BY FLUORESCENCE DETECTED MAGNETIC RESONANCE (FDMR)

M. G. Bakker and A. D. Trifunac
J. Phys. Chem. 95, 550-555 (1991)

CUBANE RADICAL CATION IN LIQUID HYDROCARBONS: TIME-RESOLVED FLUORESCENCE
DETECTED MAGNETIC RESONANCE STUDY

X.-Z. Qin, A. D. Trifunac, P. E. Eaton, and Y. Xiong
J. Am. Chem. Sec. Coram. U3 , 669-670 (1991)

TRANSIENT ALKYLAMNIUM RADICALS IN n-HEXANE. CONDENSED PHASE ION-MOLECULE
REACTIONS

D. W. Werst and A. D. Trifunac
J. Phys. Chem. 95, 1268-1274 (1991)

PULSE RADIOLYSIS OF Cr(CO)6 AND W(CO)6 IN ALKANE SOLUTION
M. M. Glezen and C. D. Jonah
J. Phys. Chem. 95, 4736-4741 (1991)



TIME RESOLVED MEASUREMENT OFG-VALUES OF SOLUTE. EXCITED STATES IN CYCLOHEXANE
ANDn-HEXANE

C. D. Jonah, M C. Saucr, Jr., and R. Cooper
J. Phys. Chcm. §5,728-730 (1991)

STUDY OF THE REACTIONS OF GEMINATE IONS IN IRRADIATED SCINTILLATQR, HYDROCARBON
SOLUTIONS USING RECOMBINATION FLUORESCENCE AND STOCHASTIC SIMULATIONS

M. C. Saucr, Jr., C. D. Jonah, and C. A. Naleway
J. Phys. Chem. 95,731-740 (1991)

EFFECT OF ION PAIRING ON ELECTRON SCAVENGING AND SOLVATED ELECTRON YIELD
ENHANCEMENT IN METHANOL: A COMPARISON BETWEEN PULSE RADiOLYSIS AND POSITRON
LIFETIME SPECTROSCOPY DATA

G. Dupianc and C. D. Tcnah
I. Phys. Chcm. 95, 897-901 (1991)

STUDY OF RADICAL IONS INTHE CONDENSED PHASE BY FLUORESCENCE-DETECTED MAGNETIC
RESONANCE

D. Wersiand A. D. Trifunac
I. Phys. Chran. 95, 3466-3477 (1991)

ON THE HYDRATED ELECTRON AS A STRUCTURE-BREAKING ION
P. Han and D. M. Barteis
J. Phys. Chein. 95, 5367-5370 (1991)

PHQTODISSOCIATTQN OF HEXAAR YLBIIMIDAZOLE. I. TRIPLET STATE FORMATION
X.-Z. Qin, A. Liu, A. D. Trifunac, and V. V. Rrongauz
J. Phys. Chem. 95, 5822-5826 (1991)

MEDIUM EFFECT ON THE JAHN-TELLER DISTORTIONS OF THE TETRAMETHYLALLENE RADICAL
CATION

X.-Z. Qin and A. D. Trifiinac
J. Phys. Chem. 95,6466-6469 (1991)

RADICAL CATION-ARENE rt-MOLECULAR COMPLEXES. TfflOETHER RADICAL CATIONS IN
AROMATIC SOLVENTS

D. W. Werst
J. Am. Chem. Soc. 113, 4345-4346 (1991)

MOLECULAR DYNAMICS APPLIED TO THE STUDY OF THE HYDRATION SHELLS OF THE
HYDRATED ELECTRON AND THE CT AND L f IONS

C. Romero
J. Chun. Phys. 8S, 765-777 (1991)

40



SUBMISSIONS

PHOTODISSOCIATION OF HAXAARYLBHMIDAZOLE. IL DIRECT AND SENSITIZED DISSOCIATION
A.-D. Liu, A. D. Trifunae, and V. V. Krongauz
J. Pnys. Chem. (1990)

TEMPERATURE DEPENDENCE OF SOLVATED ELECTRON DIFFUSION IN H2O AND D2O
K. H. Schmidt, P. Han, and D. M. Barrels
J. Phys. Chem. (1991)

INVESTIGATION OF ELECTRON TRANSFER BETWEEN THE, HEXAARYLBUMDAZOLE AND VISIBLE
SENSmZER

Y. Lin, A.-D. Lia, A. D. Trifunac, and V. V. Krongauz
1. Phys. Chem. (1991)

CONDENSED PHASE STUDIES OF RADICAL IONS IN PHOTOIONIZATION AND RADCQL YSIS
A. D. Trifunac, A.-D. Liu, and D. M. Loffreco
Dynamics and Mechanisms of Phocoindticed Electron Transfer and Related Phenomena.
N. Malaga et al., Eds., Elsevier Science Pub. (1991)

H/D ISOTOPE EFFECTS IN WATER RADIOLYSIS. III. ATOMIC HYDROGEN IN ACIDIC H2O/D2O
MIXTURES

P. Han and D. M. Barrels
J. Phys. Chem. (1991)

EXPERIMENTAL INVESTIGATION OF THE DYNAMICS OF BENZOPHENONE ANION SOLVATION
C. D. Jonaii and Y. Lin
Chein. Phys. Leu. (1991)

STUDIES OF ION SOLVATION USING PULSE RADIOLYSIS
C. D. Jonafi and Y Lin
Proceedings, 9th ICCR (1991)

SOLVENT EFFECTS ON THE PHOTOCHEMISTRY OF A KETOCYANINE DYE AND ITS FUNCTIONAL
ANALOGUE, MICHLER'S KETONE

M. V. Barnabas, A.-D. Liu, A. D. Trifunac, V. V. Krcmgauz and C. T. Chang
J. Phys. Chem. (1991)

PHOTOIONIZATION OF POLYCYCLIC AROMATIC HYDROCARBONS IN ALKANE SOLUTIONS: "HIGH
ENERGY" CHEMICAL PATHWAYS

D. M. Loffredo, A.-D. Liu and A. D. Trifunac
Rad. Phys. Chem. (1991)

PULSE RADIOLYSIS OF DEXTRAN-WATER SOLUTIONS
M. M. Glezen, A. C. Chemovitz and C. D. Jonah
J. Phys. Chem. (1991)

TRANSIENT ABSORPTION SPECTRA OF AROMATIC RADICAL CATIONS IN HYDROCARBON
SOLUTIONS

A.-D. Liu, M. C. Sauer, Jr., D. M. Loffredo and A. D. Trifunac
J. Photochem. Photobto. (1991)

41



ELECTRONIC STATES OF CIS- AND TRANS-DECALIN RADICAL CATIONS IN ZEOLITES
M. V. Barnabas and A. D. Trifaiac
Chem. Phys. Lett (1991)

42



OTHER PRESENTATIONS

TWO-PHOTON IONEZATIQN IN HYDROCARBONS: CHARGE-PAIR DYNAMICS
K. H. Schmidt

Chemistry Division Monday Morrins Series, Argoime National Laboratory
October 1,1990

TIME-RESOLVED STUDIES OF RADICAL CATIONS IN THE CONDENSED PHASE. OCCURRENCE,
REACTIONS AND STRUCTURE

D. W. Werst
Chemistry Departmental Seminar, University of Minnesota, Minneapolis, MN
Octobers, 1990

TB&-DOMAIN STUDIES OF RADICAL IONS USING FLUORESCENCE DETECTION
A. D. Trifunac, fcvijed Seminar

Department of Chemistry, University of Tennessee, Krcoxville, TN
October 18,1990

RADICAL IONS IN RADIATION AND PHOTOCHEMISTR Y
A. D. Trifunac, invited talk

Department of Chemistry, Bowling Green State, Bowling Green, OH
April 4, 1991

DIFFUSION AND SPIN DYNAMICS OF H AND D ATOMS IN ICE
D. M. Banefs

Physical Chemistry Seminar, Northwestern University, Evanston, EL
April 22, 1991

STUDIES OF ION SOL VATION USING PULSE RADIOL YSIS
C. D- Jonah, invited speaker

9th International Congress of Radiation Research, Toronto, Ontario, Canada
M y 7-12, 1991

CONDENSED PHASE STUDIES OF GEMINATE RADICAL IONS IN PHOTOIONIZATION AND
RADIOLYSIS

A. D. Trifiinac, invited speaker
Yamaca Conference on Dynamics and Mechanisms of Photoinduced Electron Transfer and
Related Phenomena, Osaka Japan
May 12-16, 1991

RADICAL CATIONS AND THEIR REACTIONS
A. D. Trifiinac, invited speaker

Minisymposium on Ultrafast Processes, University of Kyoto, Kyoto Japan
May 17, 1991

NEW IDEAS FOR THE MECHANISM OFRADIA TION AND PHOTOIONIZATION
A. D. Trifunac, invited speaker

9th Radiation Chemistry Seminar, Japanese Society of Radiation Chemistry, Tokyo, Japan
May 19-22, 1991

CONDENSED PHASE ESR OF RADICAL IONS USING FLUORESCENCE DETECTION
A. D. Tri&nac, inviced speaker

Gordon Research Conference on Chemistry and Physics of Matrix Isolated Species, Plymouth, NK
July 8-12, 1991

43



COMPUTER SIMULATIONS AS AN AID IN THE ELUCIDATOIN OF THE STATIC AND DYNAMIC
PROPERTIES OF THE SOLVATED ELECTRON

C. Romero
Miller Conference, Gtens, Fiance
September 12-20,1991

EQUILIBRIUM PROPERTIES OF THE HYDRATED ELECTRON IN IONIC SOLUTIONS
C. Romero

Uiuversfdad Ccmpiutense de Madrid, Madrid, Spain
September 30,1991

ION-MOLECULE REACTIONS IN THE CONDENSED PHASE: PHOTOWNIZATION OF POLYCYCUC
AROMATIC HYDROCARBONS IN ALKANE SOLUTION

D. M. Lof&edo., A.-D. Liu, and A. D. Trifunac, Poster
Amccc-University Poster Session, Naperville, EL
Octt3ber4,1991

RADICAL CATIONS OF CIS-AND TRANS-DECALIN IN ZEOLITES BY EPR
A. D. Trifunac and M. V. Barnabas

Amoco-Uaiversity Poster Session, Naperville, IL
Octobers 1991
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SEMINARS

Dr. Paul Krosic, 1.1. DuPanz, Wilmington, DE
ESR Studies of Organic Triplets and Biradicals Relevant to the Design of Molecular Fenviragcets

November 12,1990 *

Dr. Emil Racsner, University of Zurich, Switzerland
Dynamics of Organic Radicals in Crystals and Absorbed on Surfaces, as Probed with Positive Mzans
January 22, 1991

Dr. Tfeu-HoaTran-Thj, Centre (JEtzdes de Saclay, Cedex, France
Fscs-to-Fsce Mixed Complexes of Porpkyrins and Phthalocyamises. Structure, Optical and Photaphysical
Properties

April 25, 1991

Nian-yun Lin, Shanghai Institute of Nuclear Research, Peoples Republic of China
The Novel Transient Species From Pulse Radiolysis and Laser Photolysis of DNA Constituents and Related
Energv Transfer Processes

July 15, 1991

Dr. John Warman, uuenriversitair Reactor Institutit, The Netherlands
The Dynamics of Photon-induced Charge Separation and Recombination is Dcncr-Spacer-Acceptcr Molecules

M y 15, 1991

Keiih Cromack, Ohio State University, Columbus, OH
Ftcto Induced Magnetic Defects in Conducting Polymers

Sectember5, 1991

John Enceroy, H. K. VVillis Physics Laboratory, University of Bristol, England
Structure of Aqueous Solutions

September 17,1991
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