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Complex electron-nuclear double-resonance (ENDOR) spectra were obtained from the radicals
formed on activated alumina and silica—alumina powders exposed to solutions of perylene in
benzene. Use of deuterated solvent to suppress spectral contributions from proton matrix effects
enabled more detailed analysis of resonances associated with hyperfine interactions of ring protons
of the perylene radical ion. A model of isotropic Zeeman interactions (g) and very anisotropic
hyperfine splittings (A) is supported by multifrequency EPR measurements and ENDOR simula-
tions devised for this work. All three proton hyperfine interactions of the perylene radical ion were
resolved and the absolute values of the principal elements of the hyperfine coupling matrices were
obtained. The fact that these values for radicals formed on alumina and silica—alumina were nearly
identical implies that the same radical species forms on both surfaces. These findings are discussed

and the radical is assigned as the cation.
1. INTRODUCTION

1.1. Historical background. It is well
established experimentally that stable ad-
sorbed free radicals form on activated
alumina and silica—alumina powders ex-
posed to solutions of perylene in benzene
(1-3). Dollish and Hall showed that the
extent of radical formation depended on the
amount of oxygen taken up by the system,
as well as on the presence of dehydrox-
ylated sites at the surface, and suggested
that the radical formed in the process is
perylene cation (4). Muha (5-7) and Flock-
hart et al. (8, 9) have investigated the
system in considerable detail.

Several aspects of these surface reac-
tions remain controversial, including the
original assignment of the radical, the
mechanism of its formation, and the means
by which hyperfine structure in its electron
paramagnetic resonance (EPR or ESR)
spectrum sometimes is obscured. Muha has
suggested that it is the perylene anion radi-
cal that forms on activated alumina while
the cation radical forms on silica—alumina
surfaces (/0). Flockhart and Salem suggest
that the cation is the primary species on
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both surfaces, but that over time, oxygen
adds to the radical on alumina, forming an
aryloxy radical (/7). This new species is
expected to retain little of the symmetry of
its precursor perylene cation; all 11 of its
protons would be magnetically different,
whereas its precursor would have only 3
distinct types of protons. The resulting hy-
perfine pattern could be sufficiently com-
plex to destroy resolution of the proton
structure often observed in the EPR spectra
of such samples. Wozniewski et al. (12), on
the other hand, postulate formation of two
cation species, one by electron transfer
(Lewis acid sites) and the other by hydro-
gen addition (Brgnsted acid sites). They
argue that surface attachment of the radi-
cals to aluminum atoms at Lewis acid sites
creates a species having particularly low
symmetry and thus complex, poorly re-
solved hyperfine structure.

One of the difficulties surrounding the
EPR study of the perylene radical on metal
oxide substrates has been that even under
the best conditions, poor resolvability of
the EPR spectrum has prevented definitive
extraction of (1) the smallest (8) coupling
constant (5, 9) and (2) the hyperfine aniso-
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tropies. Such uncertainties in the details
of proton hyperfine interactions in the
adsorbed radical are unfortunate, particu-
larly in the light of current debate on the
nature of the radical species formed in
this system, because a more complete ex-
perimental determination of the hyperfine
coupling matrices should provide valuable
clues to species assignment. Moreover, to
the extent that some of the proton hyperfine
coupling parameters are measurably sensi-
tive to environmental effects such as inter-
actions with the surface, counter-ions, and
other radicals (/3, I4), a means to measure
all the anisotropic coupling constants
should not only help with the character-
ization but also shed some light on the
mechanism of formation.

In an effort to learn more about perylene/
alumina and perylene/silica—alumina chem-
istry, we performed electron-nuclear dou-
ble-resonance (ENDOR) spectroscopy on
the systems. This paper focuses on the
anisotropic proton hyperfine interactions,
which are useful in the elucidation of mo-
lecular structure. Here we report (1) the
resolution of all three of the proton hyper-
fine interactions of the adsorbed perylene
radical, (2) successful simulation of the
proton ENDOR spectra using a modified
form of the theory of Dalton and Kwiram
(15), and (3) the resulting diagonal elements
of the anisotropic hyperfine matrices for
each interaction. This evidence suggests
strongly that the perylene radical species
formed on activated alumina and silica—
alumina powders is the same and that it is
the cation. In addition, we observed the
interaction of the aromatic radicals with
protons associated with the solvent and
with the surface, and also with *’Al nuclei
on the surface; these data will be reported
and interpreted in a subsequent paper
dealing with intermolecular spin interac-
tions.

1.2. The spectroscopic techniques. EPR
spectroscopy has proven to be a very useful
tool in the study of radicals formed on
active metal oxide surfaces (/6). The
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technique has excellent sensitivity, and
analysis of hyperfine structure in the spec-
tra can be a route to species identification.
For a radical having one unpaired electron
and many magnetic (I # 0) nuclei, the EPR
spectrum typically consists of many elec-
tron spin transitions, each subject to the
simultaneous influence of (i.e., hyperfine
interaction with) a/l the magnetic nuclei in
the system. Consequently, one often
observes an exceedingly complex spec-
trum of many nearly overlapping reso-
nance lines. Since inhomogeneous line-
broadening often limits resolution, such a
complex spectrum may not be resolved,
and information may be obscured. On the
other hand, the ENDOR spectrum typically
consists of several single-nucleus spin tran-
sitions, each subject to the influence of
(i.e., hyperfine interaction with) the elec-
tron. Thus one may observe a much simpler
spectrum. This fact, coupled with an inher-
ent linewidth reduction (/7), can result in
ENDOR resolution of weak hyperfine inter-
actions that are unresolved in EPR.

The EPR spectrum of a hydrocarbon
such as the perylene radical is customarily
described in terms of a spin Hamiltonian:

Hg = 2 BSI g B(s) - 2; ,Bnll\ C 8k B(t)
+ 22 Si'A,‘[\‘l/\ + HSS
ik

+ Hg + Hy + Hy. [1]

In this equation, which is the meeting
ground between a mathematical model for
the system and the experimental spectral
data, the first term describes the interaction
of the unpaired electronic spins {S;} with
the dc and high frequency magnetic field
{B(1)}, the second describes a similar inter-
action between nuclei with nonzero spins
{I;} and the external field, and the third
accounts for the electron-nuclear hyperfine
interactions. Interactions of the electron
spins with each other (Hsg), electron spin-
lattice interactions (Hs;), nuclear spin-—
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lattice interactions (Hy ), and lattice energy
(Hy.) are assumed to be small or constant
contributions to the energy of the system
and will henceforth be neglected.

In the case of polycyclic aromatic radi-
cals, spectral information related to molec-
ular structure and environment is contained
in each term of the Hamiltonian, but the
hyperfine terms are especially useful in
characterizing a particular species. A per-
ylene radical formed by the loss or addition
of an electron has at least three chemically
distinct types of ring protons. Characteri-
zation of its hyperfine interactions thus
requires at least three independent coupling
matrices A. In addition, there will be elec-
tron-nuclear dipole~dipole interactions be-
tween the unpaired electrons and nonbon-
ded nuclei with spin (e.g., 'H, "*C, and
ZAl). The intramolecular proton hyperfine
interactions are responsible for the fine
structure seen in the EPR spectra of aro-
matic hydrocarbon radicals formed on acti-
vated metal oxide surfaces.

The orientation dependences of the
Zeeman and internal interactions of the
radical are described by the coupling matri-
ces g, g., and A;’s in Eq. [1]. In the case of
many polycyclic aromatic hydrocarbon
radicals, g and g, are so nearly isotropic
that we may write them as scalar constants.
Roughly speaking, each matrix, A;, carries
the information on the variation of the
hyperfine coupling between [, and §; as a
function of the orientation of the external
magnetic fields, By, relative to the line of
centers of the Iy, S; interaction pair. Then,
for a simple system comprised of a single
electron and proton (S = 3, I = 3) at a high
field strength where the electronic Zeeman
interaction dominates, Eq. [1] can be ap-
proximated by a simpler form:

Hg = gBBOSz' - ganBOIZ'
+ hSz’ (Az’x'lx’ + Az’y']y’ + Az’z'lz')- [2]

Here, x', y', z’ are laboratory axes. If more
than one nuclear spin is involved in the
molecule, then an additional hyperfine term
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must be written for each magnetically
unique nucleus. In addition, other terms
resulting from the general I.S interactions
may need to be included. Foremost among
these is the through-space dipole—dipole
interaction between the unpaired electron
and more distant, nonbonded nuclei. We
shall see that it also can provide us with
important information in the study of metal
oxide surfaces. A Hamiltonian of the form
given in Eq. [2] results in a set of magnetic
spin energy levels like that shown in Fig. 1.

Because the samples most often encoun-
tered in the study of heterogeneous cataly-
sis are powders, all orientations of the
molecular system relative to the external
magnetic field contribute to the observed
EPR spectra. If g and/or A terms are aniso-
tropic, the resulting composite, commonly
called a ‘‘powder spectrum,’” can contain
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F16. 1. Simplified (first-order) diagram of energy
levels and transitions for one unpaired electron and
one proton in magnetic field, By. States labeled ac-
cording to signs of Mg and M, (e.g., — + means Ms =
—4; M; = +%). Energy terms are (1) electron Zeeman
(Ez = gBBoM; = v .Mjs), (2) nuclear Zeeman (E,; =
—8.8.BeM; = —v,M;), and (3) hyperfine interaction
(Eyy = hAMgM,). Transitions shown: two primary
(“‘allowed’’) EPR (—); two secondary (‘‘forbidden’’)
EPR (---); two ENDOR (fgnpor = [ = A2)) ().



RING PROTON ENDOR: ALUMINA-ADSORBED PERYLENE

very broad and asymmetric lines. This fact,
coupled with the complex pattern of transi-
tions found in the EPR spectra of molecules
like perylene and in the presence of other
mechanisms such as heterogeneous sample
environment (which gives rise to inho-
mogeneous line-broadening that increases
observed linewidths), may cause spectral
features such as the weak B-proton hyper-
fine contribution to the cw EPR spectra of
many radicals formed on alumina and sil-
ica—alumina surfaces to be unresolved. The
information about molecular structure fo-
und in the hyperfine interactions, Ay, thus
may be lost in the EPR spectra of disord-
ered solids (powders, polycrystalline
samples, glasses). Also, information on the
environment of the radical found in the
even weaker dipole—dipole interactions is
extremely difficult to deduce from such
EPR measurements, since linewidths and
lineshapes, which often are the reflection of
such interactions in conventional spectra,
are now potentially influenced by so many
factors, making modeling of the lineshape a
very difficult and uncertain calculation.

The ENDOR technique is described by
Kevan and Kispert (/7). The following
points are important for the discussion
here: (1) ENDOR improves the resolution
of inhomogeneously broadened lines in dis-
ordered solid samples by probing the homo-
geneous spin packet substructure (a resolu-
tion enhancement of ~u./u,, 1.e., about
660 for protons); (2) as mentioned in Sec-
tion 1.2, ENDOR spectra can be much
simpler than EPR spectra since they invo-
lve mainly single-nucleus effects; and (3) in
solids, ENDOR gives us information on the
anisotropic as well as the isotropic part of
the hyperfine interaction. As implied by
Fig. 2, the typical isotropic proton ENDOR
spectrum consists of pairs of resonance
lines positioned symmetrically about the
Larmor precessional frequency for pro-
tons, Vp = ganB()s

Sfenpor = lvp = AJ21, (3]
where A is defined (cf. Eq. [2]) as
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A= {(Az’x’)z + (Az’y’)2 + (Az’z’)z}l/z‘ [4]
For ENDOR spectra of radicals in so-
lution, the rapid tumbling of the molecules
usually averages out the anisotropic portion
of the hyperfine interaction, producing an
isotropic spectrum consisting of a pair of
resonance lines for each interaction. In
solids, all the information of the anisotropic
portion of the interaction is retained in the
powder spectrum, producing a much more
complex and informative pattern, which
must be analyzed by means of a mathemati-
cal model or simulation. Such analysis can,
as we see in the next section, provide very
detailed information about the molecular
structure of the radical being observed by
obtaining from the experimental data the
absolute values of the principal elements of
the hyperfine interaction matrix, which are
lA.l, 1A,1, and 1A;l. If the molecule con-
tains several magnetically inequivalent pro-
tons, the combination of experiment and
theory could obtain the important elements
of each hyperfine interaction. For the case
of polycyclic aromatic hydrocarbon radi-
cals on surfaces such as alumina and silica—
alumina, we successfully made such mea-
surements and analysis, as also discussed
in the next section.

In addition to hyperfine interactions be-
tween the unpaired electron and nuclei
chemically bonded to it in the molecule,
there are also electron-nuclear dipole—
dipole interactions between the electron
and the more distant nuclei. These give rise
to an effect called distant or matrix EN-
DOR, which is manifested by the appear-
ance of additional ENDOR resonance lines
located at the nuclear Larmor frequency
(18). Matrix ENDOR lines, some of which
are evident in spectra reported in this pa-
per, can provide much useful information
about the adsorption sites experienced by
radicals formed on catalytic surfaces and
will be the subject of a subsequent paper.

2. EXPERIMENTAL SECTION

2.1. Sample preparation. Aluminum ox-
ide (Baker, ‘‘acid washed, suitable for
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chromatographic use’’) and silica—alumina
catalyst (Houdry M-46) were activated by
calcining an approximately 200-mg sample
at 550°C for 12 to 24 h in air in an open
quartz glass EPR sample tube (4 mm o.d.).
The oxide sample tubes were sealed with
septum caps while hot and allowed to cool
briefly.

Perylene (Aldrich, Gold Label) was used
without further purification and was dis-
solved in benzene (Fisher, certified ACS
reagent grade) or d¢-benzene (Aldrich, 99+
at%) at the concentrations given. Approxi-
mately 0.5 ml of each solution was injected
by syringe through the septum caps onto
the cooled oxide. To evenly distribute the
solution on the substrate, care was taken to
drive the syringe needle to the very bottom
of the sample tube before injection began.
Samples thus prepared were white after
calcining and turned a uniform deep purple
color upon injection of the perylene solu-
tion. Unless otherwise indicated, spectra
were run within 6 h of sample preparation.

Samples for Q-band EPR were prepared
in an analogous manner with I-mm-o.d.
quartz tubes and proportionally smaller
sample sizes.

2.2. Spectroscopy. X-band EPR spectra
were obtained on Bruker ER-200D, Bruker
ER-220D, and Varian E-9 EPR spectro-
meters. (-band and L-band EPR spectra
were recorded on a Varian E-line Century
Series 16-in. spectrometer magnet and con-
sole with a Varian E-110 (Q-band) micro-
wave bridge or a locally constructed L-
band microwave bridge. All spectrometers
were equipped with liquid nitrogen variable
temperature accessories for low tempera-
ture operation.

The ENDOR spectra were run on a Bru-
ker ER-200D X-band EPR spectrometer
equipped with an EN 810 ENDOR ac-
cessory and an Aspect 2000 computer for
spectrometer control and data collection. A
12.5-kHz FM modulation of the radiofre-
quency field was used with a modulation
amplitude of between 100 and 200 kHz to
ensure maximum ENDOR signals without
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serious line-broadening. No field modula-
tion was used. The modulated radiofre-
quency was amplified by an ENI Model
A300 power amplifier and driven through
the ENDOR coil, terminating in a 50-Q
dummy load. Temperature was controlled
by either a Bruker ER 4111 VT flowing
nitrogen variable temperature accessory or
an Oxford EPR-9 liquid helium variable
temperature system.

2.3. ENDOR simulations. The complex-
ity of the ENDOR spectra required com-
puter simulations to yield accurate data on
the anisotropic hyperfine coupling matri-
ces. The program we developed for this
purpose simulates proton ENDOR for the
case of isotropic electronic Zeeman interac-
tion (a good approximation here) with all
nuclear resonances (Am; = =1) contri-
buting to the ENDOR spectrum. The latter
condition implies that cross-relaxation
times are much shorter than the electronic
spin-lattice relaxation time; independent
electron spin echo (ESE) spectroscopy
measurements confirm that this condition is
satisfied.

The method employed is based on the
approach of Dalton and Kwiram (75).
Given a specific orientation of the external
magnetic field with respect to the molecular
fixed axes, the program computes transi-
tion frequencies from perturbation theory
expressions for the energy levels. Nuclear
transition moments are evaluated from the
wavefunctions for the spin states including
the first-order perturbation corrections.
The nuclear transition moments are incor-
porated, together with an empirical satura-
tion parameter to allow for the relaxation
effects responsible for ENDOR, into the
expression given by Dalton and Kwiram for
relative ENDOR intensities. These single-
orientation resuits are then summed over
an approximately uniform distribution of
orientations over one octant of a sphere to
produce a composite stick spectrum on a
discrete radiofrequency grid. Finally, a
lineshape is convoluted with the spectrum.

The program requires that the user spec-
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F1G. 2. EPR spectrum of the perylene cation radical
formed in concentrated sulfuric acid at room tempera-
ture. The four a protons and four y protons have
coupling constants of similar magnitude, 1A,| = 8.7
MHz and IA,] = 1.5 MHz, which resuits in nine
groups of lines. These groups are in turn split by the
smaller coupling constant of the four 8 protons, 14,1 =
1.29 MHz. (Since A, and A, are not identical, A, splits
each group into more than the expected five lines.)

ify (1) the magnetic field employed in the
experiment; (2) a value related to the satu-
ration parameter, S = ylih%T‘N Ton/2; and
(3) the number of magnetically inequivalent
nuclei. Then for each unique nucleus one
specifies the principal values of the hyper-
fine matrix, a lineshape function and a
linewidth. The angular intervals, A6 and
A¢, to be used in the summation over
orientations are also set by the user. Vari-
ables are adjusted until one is satisfied that
the best fit has been obtained.

3. RESULTS

Figure 2 shows an X-band EPR spectrum
of perylene cation radical, pery(+), in a
room temperature solution of concentrated
sulfuric acid. The three chemically
inequivalent sets of protons, designated a,
B, and vy, have isotropic hyperfine coupling
constants of IA,| = 8.7 MHz, 1Agl = 1.29
MHz, and |A,| = 11.5 MHz as measured by
simulating the experimental spectrum with
programs developed by Belford and co-
workers (/9). In contrast, Fig. 3 shows the
EPR spectrum of the radical formed when a
0.001 M solution of perylene in benzene
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contacts freshly calcined alumina powder.
The EPR spectra of this radical on alumina
and silica~alumina show no appreciable
variation in linewidth over a wide micro-
wave frequency range (L-band (~1.4 GHz),
X-band (~9 GHz), and Q-band (~35 GHz)).

Figure 4 shows X-band ENDOR spectra
of the perylene radical formed on an
alumina surface exposed to ~0.002 M per-
ylene in benzene or d¢-benzene. At 180 K,

34.791) GHz

9.7653 GHz

1.4070 GHz

-

Magnetic Field

FiG. 3. EPR spectra of the perylene cation radical
prepared by injection of a 0.001 M solution of perylene
in benzene onto an activated alumina surface. All
spectra were run at room temperature within 6 h of
sample preparation and are shown with equal magnetic
field sweep widths about the g-center, ¢ = 2.0026.
Operating parameters are as follows, Q-band: mod.
amp. = 0.1 G, time cnst. = 30 ms, power = 0.5 mW,
freq. = 34.7911 GHz, mag.field at g-center = 12,413
G, sweep rate = 0.42 G/s, one scan. X-band: mod.
amp. = 0.1 G, time const. = 20 ms, power = 1.0 mW,
freq. = 9.7653 GHz, mag.field at g center = 3484.1 G,
sweep rate = 0.5 Gfs, two time-averaged scans. L-
band: mod.amp. = 1.0 G, time cnst. = 100 ms, power
= 1.0 mW, freq. = 1.4070 GHz, mag.field estimated at
g-center = 502 G, sweep rate = 0.42 G/s, one scan.
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FiG. 4. Comparison of ENDOR spectra of the
perylene cation radical prepared by injection of 0.002
M solution of perylene in benzene and ds-benzene,
respectively, onto activated alumina surface. Both
spectra obtained from irradiating in center of EPR
spectrum at 180 K. Operating parameters, adjusted for
optimum signal/noise on existing features in each
spectrum, are: microwave power = 5 mW (spectrum in
CoHg), = 10 mW (spectrum in C¢Dy); tf power maxi-
mum (at amplifier meter) = 300-350 W; modulation
depth = 150 MHz (spectrum in C¢Hy), = 200 MHz
(spectrum in C¢D¢); ENDOR sweep rate = 1.25
MHz/s; time cnst. = 50 ms; 25 time-averaged scans
minus an off-resonance background of an additional 25
scans.

the undeuterated sample shows one strong
resonance line at about 14.3 MHz (the
proton matrix peak) superimposed on a
background of weak features spanning the
range ~4-24 MHz. In the deuterated
sample, most of the proton matrix peak is
suppressed, while the former background
features remain and can be amplified for
careful study (Fig. 5). We attribute these
features to the powder-type ENDOR spec-
trum of the pery(+) protons and interpret
through the simulations; see Fig. 5 and
Discussion below. Figure 6 shows a similar
ENDOR spectrum and simulation for the
perylene radical formed on an activated
silica—alumina powder (Houdry M-46) ex-
posed to 0.00f M perylene in d¢-benzene.
The Houdry M-46 specimens produced
much stronger ENDOR spectra than cor-
responding alumina samples.

ENDOR spectra similar to those shown
in Figs. 4—6 were obtained over the temper-
ature range 4 to 180 K. Above that range,
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Fi16. 5. Comparison of ENDOR spectrum and com-
puter simulation for perylene cation radical prepared
by injection of 0.002 M solution of perylene in d-
benzene onto activated alumina surface. ENDOR
spectrum obtained from irradiating in the center of
EPR spectrum at 180 K. Operating parameters: micro-
wave power = 10 mW, rf power maximum (at ampli-
fier meter) = 300-350 W, modulation depth = 200
MHz, ENDOR sweep rate = 1.25 MHz/s, time cnst. =
50 ms, 25 time-averaged scans minus an off-resonance
background of an additional 25 scans. Simulation
parameters: A; values as listed in Table 1; Gaussian
lineshape with full width at half-height values of
Avip(a) = Avip(B) = 0.6 MHz, Avn(y) = 0.7 MHz, §
=0.2.
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F1G. 6. Comparison of ENDOR spectrum and com-
puter simulation for perylene cation radical prepared
by injection of 0.001 M solution of perylene in dy
benzene onto activated silica—alumina surface. EN-
DOR spectrum obtained from irradiating in center of
EPR spectrum at 110 K. Operating parameters: micro-
wave power = 8 mW, rf power maximum (at amplifier
meter) = 300-350 W, modulation depth = 150 MHz,
ENDOR sweep rate = 1.5 MHz/s, time cnst. = 50 ms,
25 time-averaged scans minus an off-resonance back-
ground of an additional 25 scans. Simulation parame-
ters: A; values as listed in Table 1; Gaussian lineshape
with full width at half-height values of Awip(a) =
Avp(B) = 0.45 MHz, Aps(y) = 0.7 MHz, § = 0.1.
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ENDOR intensity decreased rapidly. The
matrix features were accentuated at low
temperatures. Only modest variations in
lineshape and intensity occurred in the
pery(+) proton ENDOR features over the 4
to 180 K range.

4. DISCUSSION

Owing to the motional averaging of
anisotropic interactions, the liquid solution
(Fig. 2) EPR spectrum of pery(+) shows
well-resolved hyperfine structure. The iso-
tropic 14,4, values agree well with those
reported by others for pery(+) formed
chemically in sulfuric acid (20) or electroly-
tically in a solvent mixture (27).

The EPR spectra of the adsorbed species
(see, for example, Fig. 3) show much lower
resolution because of the line-broadening
mechanisms discussed in Section 1.2 (e.g.,
adsorbate/surface interactions, anisotropic
hyperfine terms). For radicals such as per-
ylene, one expects g anisotropies of less
than 0.1%. These small anisotropies can
affect the EPR spectra slightly (75, 22).
Such EPR spectra have been interpreted
previously as if the three proton hyperfine
constants were also isotropic (see, e.g.,
Refs. (23, 24)). However, we can expect (5,
22) the proton dipolar coupling with elec-
tron spin density on the aromatic ring to
produce large anisotropy in A for each
proton type. This anisotropy contains much
valuable information about the nature of
the radical and its environment but is
largely obscured by line-broadening of the
EPR spectrum. The third and weakest (8)
proton hyperfine interaction is totally unre-
solved.

The ability to perform the EPR experi-
ment at different frequencies is important,
as a recent review demonstrates (25). One
unique advantage that it affords is the op-
portunity to vary the relative importance of
terms in the spin Hamiltonian given in Eq.
{1]. Higher frequencies (and, hence, higher
fields) accentuate field-dependent terms
like the electronic Zeeman interaction;
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lower frequencies give proportionally
greater importance to field-independent
terms like the hyperfine interaction. In the
case of perylene radicals on alumina (Fig.
3) and silica—alumina, the near-invariance
of spectral linewidth and of measured g
value over a 25-fold microwave frequency
range (see Section 3) implies that the g-
tensor for this radical is, as expected, not
very anisotropic, and that the observed
lines are only slightly broadened by fre-
quency-dependent mechanisms such as g-
strain.

The usual inability of EPR to resolve
weak and anisotropic hyperfine interactions
in the spectra of organic radicals in nono-
riented samples (powders, polycrystalline
samples, glasses) led Hyde et al. to perform
the first successful ENDOR experiment on
a frozen solution containing the triphe-
nylmethyl radical (/8). Subsequent devel-
opments in both instrumentation and the-
ory have made it possible to obtain the
information usually obscured in broadened
EPR lines by means of ENDOR spectros-
copy with simulation, as illustrated in this
work in Figs. 4-6. For the perylene radical
on alumina and silica—alumina catalysis,
the information lost in broadened EPR
linewidths is critical for species identifica-
tion and a study of adsorbate/substrate in-
teractions.

The strong resonance near 14 MHz (Fig.
4) is the result of weak dipole-dipole
coupling between the unpaired electron and
distant protons. This proton matrix line
arises principally from an interaction be-
tween the unpaired electron and the solvent
protons, although protons attached to the
alumina surface can also contribute to its
intensity. Deuteration of the solvent to
eliminate its contributions to the proton
matrix peak should leave just the surface
protons, including those of neighboring ad-
sorbates, as the sole contributors to the
14-MHz line; Fig. 4 confirms this expec-
tation.

At first glance, the intramolecular EN-
DOR spectrum of the perylene radical on
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either alumina (Fig. 5) or silica—alumina
(Fig. 6) consists of three strong pairs of
lines, each pair centered on the 14-MHz
free-proton frequency, plus additional
weaker features. A superficial interpreta-
tion is that the three line pairs correspond
to the three pery(+) proton types («, 8,y or
1, 2, 3) and that the weaker features arise
from other species. However, careful study
of the behavior of these spectra as func-
tions of sample preparation and conditions
as well as spectroscopic variables has con-
vinced us that the aforementioned weaker
features are clearly associated with the
three pairs of stronger lines because they
always maintain their relative positions and
intensities.

Having concluded that all the intramo-
lecular ENDOR features of the surface
species are part of the same spectrum and
having no reason to believe that a perylene
radical adsorbed on a disordered oxide sur-
face would be isotropic, we attribute the
complexity of the spectrum to compli-
cations of anisotropy in the hyperfine
coupling interactions of the perylene ring
protons. Accordingly, the anisotropic pow-
der-type spectra are interpreted by the
computer simulation methods described
above (Section 2.3). Fortunately, small g
anisotropies affect ENDOR much less than
they affect EPR spectra. Thus, the isotro-
pic g assumption in our simulation program
is fully justified. The spectral fits shown in
Figs. 5 and 6 required many cycles of
refinement; Table 1 reports the parameters
from the best fits. Apparently, proton hy-
perfine interaction in this perylene radical
on alumina or silica—alumina is quite aniso-
tropic. As Table 1 also shows, the large
anisotropy for each proton is in good agree-
ment with the expected dipolar coupling
between the proton and the p, spin density
on the nearby carbon atoms (22).

The ENDOR spectral simulation is very
sensitive to the choice of A;;, and best fits
contain an uncertainty in the terms of about
+0.1 MHz. In order to improve the fit of
intensities, the simulation contains a small
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admixture of a more nearly isotropic spec-
trum. This ad hoc correction may be neces-
sary because of the degree of surface mobil-
ity possessed by radicals in this system.
Only line intensities are affected by the
correction (lineshapes and positions do not
require correction). We currently are
studying the sensitivity of ENDOR line
intensities to temperature-controlled sur-
face mobility in an effort to better under-
stand this effect.

The substrate composition (alumina vs
silica—alumina (Houdry M-46)) had some
effect on the ENDOR spectral shape (com-
pare Figs. 5 and 6), attributable to very
small differences of anisotropic hyperfine
coupling parameters. That the A;;’s derived
from the spectra of perylene radicals
formed on alumina and silica—alumina are
nearly the same strongly suggests that the
radical species formed on the two catalysts
are identical.

To provide a perspective on just how
sensitive the hyperfine coupling constants
in this system are to differences between
cation and anion and to variations in the
interaction between the radical and the
surface, Table 1 gives the isotropic proton
hyperfine constants for perylene cation rad-
icals in different fluid solvents, as well as
values for the anion radical. The average
values, (IAl) = (1A, + 1Al + 1A;1)/3,
from our data are also shown for both
substrates; they indicate the isotropic part
(|Aiso,j| = |ij + ij + AZ]|/3) lfall three
diagonal components of A; have the same
sign (a credible assumption for o and vy
protons). We see that all proton hyperfine
constants in the perylene radicals are sensi-
tive to the molecular environment. Al-
though it is possible that the species we are
observing on alumina and silica—alumina is
a perturbed anion radical, the hyperfine
values we have measured are in better
agreement with those measured by EN-
DOR for the cation in solution (26, 27).
Also, the extent to which environmental
effects can change and « and v interactions
is at this time unknown, but a very signifi-
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TABLE 1

Proton Hyperfine Coupling for Perylene Radicals (in MHz)

Proton State |A,l 14, 1Al (Al) or A Comments
Y S : Si/Alu 4.7 12.2 16.7 This work, ENDOR ¢
Houdry M-46 surface
A = Alu 48 12.2 16.8 This work, ENDOR,* Act’'d
alumina surface
Av, S&A 4.75 12.2 16.75 11.2 This work, average
Theory " -6.0 —-11.7 —-159 —11.2°; —12.4 Refs. (22, 26)
Lig. sol. (+) —11.44 TRIPLE. cation in liquid
TFA”
Liq. sol. (—) 9.8 ENDOR, anion in ion pair in
DME¢
B S = Si/Alu 0.9 2.3 4.8 This work, ENDOR ,“
Houdry M-46 surface
A = Alu 1.0 2.3 4.8 This work, ENDOR.* Act’d
alumina surface
Av, S&A 0.95 2.3 4.8 2.7 This work, average
Theory"« -3 +2.9 +4.5 +2.4" +4.1¢ Refs. (22, 26)
Liq. sol. (+) +1.26 TRIPLE, cation in liquid
TFA®
Lig. sol. (—) 1.2 ENDOR, anion in ion pair in
DMEY
o S = Si/Alu 5.2 9.7 12.6 This work, ENDOR ¢
Houdry M-46 surface
A = Alu 5.35 9.7 12.6 This work, ENDOR.“ Act'd
alumina surface
Av, S&A 5.28 9.7 12.6 9.2 This work, average
Theory”« -5.4 -9.9 —12.2 —9.2" —8.7° Refs. (22, 26)
Lig. sol. (+) -8.6 TRIPLE. cation in liquid
TFA“
Lig. sol. (=) 8.6 ENDOR, anion in ion pair in
DMEY

“ Experimental values are best fits, by Dalton/Kwiram theory (15) simulated for 2025 angular zones. to our
experimental ENDOR data for perylene adsorbed on Houdry M-46 (S, silica~alumina) and alumina (A) at 110 K.
Signs not determined. Axes (x, y, z) are local, different for each proton, not determined.

» Rudimentary theoretical calculations (22) based on SCF-MO m-electron spin densities; values for cation

radical.

¢ TRIPLE data, pery(+) solution in trifluoroacetic acid, signs determined (26), with INDO calculation (26).
4 ENDOR data for liquid solution of Na(+)pery(—) in dimethoxyethane. signs not determined (27).

cant perturbation would be needed to cause
the anion radical of perylene to exhibit the
values of 1A4,| and |4,| which we have
measured. For these reasons, we conclude
that on the particular alumina and silica—
alumina used in this study, the radical

formed is the cation.

5. SUMMARY AND CONCLUSIONS

The proton ENDOR spectrum of radicals
formed when a solution of perylene in ben-
zene contacts an activated alumina powder
in the presence of oxygen contains a com-
plex pattern of intramolecular resonances



510

of the ring protons overlaid with an intense
intermolecular matrix peak, which is ena-
bled by dipolar coupling between the un-
paired electron and the more distant pro-
tons. Use of fully deuterated solvent to
almost totally suppress the matrix line per-
mits detailed study of the weaker intra-
molecular spectrum, which is considerably
more complicated than that expected from
purely isotropic hyperfine interactions. In-
deed, it is entirely predictable that the
expected dipolar coupling between each
ring proton and the = spin density on its
adjacent carbon atom would produce aniso-
tropic hyperfine coupling as large as the
isotropic part; quantitative theoretical pre-
dictions (22) agree surprisingly well with
experimental A matrix elements which we
have obtained by simulating the intra-
molecular ENDOR spectra for three chemi-
cally distinct types of protons in the mole-
cule. Thus we conclude that the complexity
of the ENDOR spectrum is fully accounted
for by the anisotropic hyperfine model for a
single symmetrical perylene radical species
and we reject the superficial interpretation
of spectral contributions from multiple
species.

Because all nine components of the ring
proton hyperfine coupling matrices proved
virtually independent of substrate, we infer
that the same perylene radical was formed
on the particular activated alumina prepa-
ration we used as that which was used on
the Houdry M-46 silica~alumina. The fol-
lowing points support assignment of that
radical as the cation, pery(+): (1) the litera-
ture shows no controversy on the identifi-
cation of the perylene species on silica—
alumina as the cation, (2) the averages of
the 1Al components for each proton agree
better with the isotropic A values for
pery(+) in liquid solution (26) than for
pery(—) (27), (3) theoretical predictions (22)
of the nine hyperfine components for
pery(+) are close to the corresponding ex-
perimental values. Because the surface
chemistry of perylene on alumina is quite
dependent on sample composition, crystal-
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line modification (e.g., v vs 7 forms), acti-
vation conditions, mode of perylene intro-
duction, and subsequent sample treatment,
we warn against untested extension of our
conclusions. Further work is under way to
determine the effects of some of the above-
named variables. Section 1.1 cited several
mechanisms that have been proposed to
explain poor EPR spectral resolution in
such systems. If the only species contri-
buting to those spectra is the one we ob-
served and analyzed by ENDOR, then a
combination of hyperfine anisotropy, sur-
face immobilization to produce the disper-
sion of spectral features characteristic of
powders, and inhomogeneous line-
broadening are the most likely causes of
poor EPR resolution. Variations in surface
mobility and sample preparation, with their
concomitant effects on spectroscopic pa-
rameters, including inhomogeneity, could
account for sample-to-sample variations in
resolution; changes in surface mobility with
aging could alter resolution over time in a
single sample. Certainly, our data, reveal-
ing only three chemically distinct protons in
only one species, cannot support sugges-
tions that multiple species with comparable
surface concentrations but diverse symme-
tries exist in our samples.
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