
JOURNAL OF CATALYSIS 115, 430-440 (1989) 

ENDOR of Perylene Radicals Adsorbed on Alumina and 
Silica-Alumina Powders 

II. The Matrix Effects 

K.S.ROTHENBERGER, H.C. CROOKHAM, R.L. BELFORD,AND R.B. CLARKSON' 

Department of Chemistry and Illinois ESR Center, University oj’lllinois, Urbana, Illinois 61801 

Received September 9, 1987; revised August 17, 1988 

Nuclei in the environment (matrix) of perylene cation radicals formed on activated alumina and 

silica-alumina powders exposed to solutions of perylene in benzene solvent were probed with 

electron nuclear double-resonance (ENDOR) spectroscopy. Both normal and fully deuterated 

perylene and benzene were studied. Depending on the nature of the sample and experimental 

conditions, signals were detected from protons, deuterons, and aluminum-27 in the environment of 

the radical. A strong proton matrix signal was observed in spectra of alumina-adsorbed radicals in 

all preparations, indicating the presence of protons on the surface. In contrast, spectra of radicals 

adsorbed on silica-alumina exhibited much weaker proton matrix signals under all conditions. A 

deuterium matrix signal was observed with both alumina and silica-alumina surfaces (although 

weakly on the latter) when deuterated solvent was present. Aluminum-27 signals were seen only 

from samples on the alumina surface. Active site models consistent with the results are discussed. 

The results suggest that the radicals, although themselves similar, occupy sites of significantly 

different environment. 0 IYXY Academic Pras, Inc. 

INTRODUCTION 

Historically, the method of choice in 
studying perylene radical formation on acti- 
vated oxide surfaces has been electron 
paramagnetic resonance (EPR) at X-band. 
In Paper I of this series (1), we discussed 
the limitations of the conventional EPR 
technique and showed how electron nu- 
clear double-resonance (ENDOR) spec- 
troscopy can be used to overcome the diffi- 
culties in measuring weak hyperfine 
interactions. That paper focused on the 
properties and identity of the m&xl 
formed on activated alumina and silica-alu- 
mina surfaces. Needless to say, there is 
also much disagreement about the nature of 
the radical site, knowledge of which could 
help elucidate the mechanism of radical for- 
mation. 

’ To whom correspondence should be addressed at 
School of Chemical Sciences, University of Illinois, 
SO6 S. Mathews Av., Urbana, IL 61801. 

Perylene radical formation on activated 
oxide surfaces was first reported over 25 
years ago (2) and has been the subject of 
many studies (2-15). The inherent variabil- 
ity of this surface interface complicates any 
analysis and the need to study the system in 
situ, without disrupting its innate disorder, 
places great demands on the investigator’s 
methods. 

The uncertainties surrounding this sys- 
tem cannot be attributed to lack of creativ- 
ity or effort by the scientific community. 
However, much of the evidence to date is 
contradictory and defies the establishment 
of a complete, unified model. Early work- 
ers postulated that radicals form on a sil- 
ica-alumina surface at undefined Lewis 
acid sites (3). The dependence of radical 
formation on oxygen uptake by the surface 
was studied to gain insight into the radical 
formation process (4-7). Hall and Dollish 
provided evidence that oxygen was the 
electron acceptor in systems of perylene on 
silica-alumina oxide and silica-alumina ze- 
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olite surfaces (6). Clarkson, in the only pre- 
vious ENDOR study of this system, pro- 
vided support for this view by showing a 
correlation between the perylene p proton 
hyperfine coupling constant and the energy 
separation between antibonding rr* orbitals 
of 0: for a series of oxide surfaces (8). 
However, Garret et al. reported observa- 
tion of an EPR signal due to an electron 
trapped at an 27A13+ site on systems of 
perylene on silica doped with 0.8% alu- 
minum (9). 

Characterization of the site itself has 
been equally elusive. Dollish and Hall pro- 
posed a mechanism for its formation in sil- 
ica-alumina zeolites via dehydration of 
Bronsted acid sites (5). Meanwhile, Flock- 
hart et al. showed that the site responsible 
for perylene radical formation in alumina is 
poisoned by Lewis bases (IO). Later, he 
postulated two types of sites on the alumina 
surface, one in which the perylene is oxi- 
dized to the cation and subsequently com- 
bines with molecular oxygen to give a 
broad, featureless EPR signal, and one in 
which the oxygen cannot associate with the 
perylene, to give a signal with hyperfine 
splitting (II). Conversely, Wozniewski et 
al. concluded that, on a silica-alumina sur- 
face, a Bronsted acid site is responsible for 
the EPR signal with hyperfine structure 
whereas a Lewis acid site results in physi- 
cal attachment between radical and surface 
and an EPR signal with no hyperfine struc- 
ture (12). Alternatively, Muha has ex- 
tracted information about the degree and 
type of motion of perylene on alumina and 
silica-alumina surfaces (13, 14). With this 
and other information, he concluded that 
perylene radical anion, not the cation, is 
formed on alumina in a cooperative fashion 
between both donor and acceptor sites (15). 

The studies cited have involved careful 
and often elegant chemical manipulation of 
the perylene-oxide surface system. How- 
ever, in most cases the spectroscopic anal- 
ysis has been limited to measurement of the 
intensity of the EPR signal and/or observa- 
tion of the presence (or lack) of hyperfine 

structure. The problem with this approach 
is that the manipulated system is now 
chemically different from that for which the 
study was intended. It would be better if 
additional information could be extracted 
from the unaltered system. 

This has been accomplished through a 
combination of investigative methods. 
ENDOR spectroscopy is used to detect 
magnetic nuclei in the vicinity of the peryl- 
ene radical. In order to identify and deter- 
mine the source of the signals, isotopic sub- 
stitution is employed. In this way, these 
nuclei can be introduced to or removed 
from the sample through the least invasive 
of chemical manipulations. Finally, infor- 
mation about relative motion between the 
radical and its environment can be ob- 
tained, as explained later, by varying the 
temperature of the ENDOR experiment. 

A double-resonance technique which de- 
pends on simultaneous excitation of both 
electron and nuclear spin transitions, 
ENDOR is inherently well suited to the de- 
tection of electron-nuclear hyperfine inter- 
actions. In addition to hyperfine interac- 
tions between the unpaired electron and 
nuclei chemically bonded to the perylene 
ring, there are also electron-nuclear 
through-space dipole-dipole interactions 
between the electron and more distant mag- 
netic nuclei. These give rise to an effect 
called matrix ENDOR. In the text by 
Kevan and Kispert, the general lineshape 
of a matrix ENDOR line is described by the 
equation (I 7) 

x g(u - uo(r,O,@)) r2 sin 0 dr d6 d@. (I) 

Here, a, the lower limit of the radial inte- 
gral, represents an effective distance at 
which the matrix nuclei begin for which 
only a dipolar interaction is considered, k is 
a constant that affects the amplitude but not 
the shape of the line, and ~(u - ug) is the 
nuclear spin packet lineshape centered at 
the resonant frequency uo. R is a function 
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of varying relaxation times that largely de- 
termines the ENDOR intensity. In general, 
this function contains terms taking into ac- 
count the gyromagnetic ratio of the elec- 
tron, ye, the gyromagnetic ratio of the 
particular nucleus involved, yn, and the 
distance between the nucleus and the elec- 
tron (rm6 for common relaxation mecha- 
nisms), as well as terms defining the angular 
dependence between the electron and pro- 
ton (16). We see therefore that matrix 
ENDOR intensity depends on environmen- 
tal characteristics of the sample such as the 
type of nuclei present, the density of those 
nuclei, and the proximity of the nuclei to 
the electron. 

In ring-proton ENDOR, the signals mani- 
fest themselves as pairs of resonance lines 
distributed symmetrically about the nuclear 
Larmor precessional frequency for pro- 
tons. In matrix ENDOR, the magnitude of 
the hyperhne interaction is smaller than the 
peak linewidth, so the signals appear in- 
stead as single lines at the Larmor frequen- 
cies of the nuclei involved. 

The intensities of these lines exhibit a 
marked temperature dependence. In addi- 
tion to the influence of temperature on re- 
laxation rates, which affects all ENDOR 
features through the R(r,fl,@) term in Eq. 
(I), matrix interactions are directly affected 
by the relative motion between radical and 
environment. Motion in the system aver- 
ages the dipole-dipole interactions, so one 
expects matrix ENDOR features to become 
significantly more intense if the relative mo- 
tion between radical and environment is di- 
minished. Thus the intensity of matrix 
peaks can be observed to increase strongly 
over some range of decreasing tempera- 
ture. At some point, these motional effects 
will become frozen out and this intensity 
increase will no longer be observed. In this 
way, temperature can be used as a tool to 
probe the motion of the radical relative to 
the matrix nuclei in its environment. There- 
fore, ENDOR spectra have been recorded 
and are presented over a range of tempera- 
tures for each sample. 

EXPERIMENTAL 

Samples were prepared by injection of a 
solution of perylene in benzene or d6-ben- 
zene onto an activated alumina or silica- 
alumina surface. Details of sample prepara- 
tion are described in Paper 1 and will not be 
repeated here (I). Samples prepared from 
dlz-perylene (98%, MSD isotopes) were 
treated in the same manner. After recording 
their EPR and ENDOR spectra, we de- 
solvated selected samples by overnight 
pumping on a vacuum line and again re- 
corded their spectra. During this process, 
precautions were taken to avoid exposing 
the sample to light. 

ENDOR and X-band EPR spectra were 
run on a Bruker ER-200D X-band EPR 
spectrometer equipped with an EN-810 
ENDOR accessory, an Aspect 2000 com- 
puter for control and data acquisition, and 
variable temperature accessories for oper- 
ating in liquid nitrogen or liquid helium tem- 
perature ranges, respectively. In general, 
spectra for a single sample were run at a 
variety of temperatures between 110 and 
180 K using the nitrogen gas flow system. A 
second sample, prepared in the same man- 
ner, was then studied at helium tempera- 
ture . 

Optimum matrix ENDOR signals re- 
quired low microwave power levels (usu- 
ally 2 mW or less) coupled with large radio- 
frequency modulation depths (150-200 
kHz). In contrast, the optimum ring-proton 
ENDOR signals appeared at microwave 
power levels of 5 mW or more. When spec- 
tra were run at liquid helium temperature, 
optimum microwave power levels were 
somewhat lower for both types of signals. 

RESULTS 

Expanded views of the ENDOR spectra 
obtained from a 0.002 M perylene solution 
on alumina under (protiated) benzene are 
shown in Fig. 1. At high gain, with the large 
proton matrix peak driven off scale, a signal 
is discovered at 3.7 MHz which is not at- 
tributable to perylene ring-proton hyperfine 
interactions. As the temperature is lowered 
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FIG. I ENDOR spectra of the perylene cation radi- 
cal at 120 and 4 K obtained from irradiating in center of 
EPR spectrum. Both samples prepared by injection of 
a 0.002 M solution of perylene in benzene onto an 
activated alumina surface. Operating parameters as 
follows: microwave power = 0.8 mW (spectrum at 120 
K) and 0.6 mW (spectrum at 4 K); t-f power maximum 
(at amplifier meter) = 300-350 W; modulation depth = 
200 kHz (spectrum at 120 K) and I50 kHz (spectrum at 
4 K); ENDOR sweep rate = I.25 MHz/s (spectrum at 
120 K) and I.5 MHz/s (spectrum at 4 K): time cnst. = 
50 ms; 25 time-averaged scans (for spectrum at 4 K) 
minus an off-resonance background of an additional 25 
scans (for spectrum at 120 K). 

from 120 to 4 K, the intensity of this signal 
increases relative to the perylene hyperfine 
features, behavior which would be ex- 
pected only for a matrix peak. No other 
features akin to this are observed in the 
low-frequency region of the ENDOR spec- 
trum. 

Figure 2 shows the ENDOR spectra of 
0.002 M perylene in &-benzene on alumina 
at 180, 110, and 3 K. At each of these tem- 
peratures, there are features attributable to 
perylene ring-proton hyperhne couplings, 
plus three additional peaks, none of which 
has a mate or is otherwise part of a pair of 
hyperfine-split lines, and all of which grow 
stronger with decreasing temperature. In 
addition to the proton matrix line at 14.3 
MHz, and the previously observed peak at 
3.7 MHz, there is now an additional signal 
at 2.3 MHz. 

When the &benzene solvent was re- 
moved by evacuation (Fig. 3), the 2.3-MHz 
signal vanished while the peaks at 14.3 and 
3.7 MHz remained. The evacuated sample 

which was used to record the spectra 
shown in Fig. 3 is the same as that for 
which the 180 and 110 K spectra are shown 
in Fig. 2. The matrix peaks in the evacuated 
sample, unlike the samples with frozen sol- 
vent, do not grow in intensity with decreas- 
ing temperature in the range 180 to 110 K. 

In an effort to further determine the ori- 
gin of the proton matrix peak in the samples 
under &benzene, a sample was prepared 
with dll-perylene under &benzene on alu- 
mina. Figure 4 (‘H matrix region) shows the 
spectrum surrounding 14 MHz, normally 
containing proton-derived signals. A lone 
peak at 14.3 MHz contrasts starkly with the 
featureless background. Examination of the 
low-frequency region in Fig. 4 reveals the 
familiar 2.3 and 3.7-MHz signals inter- 
spersed among a group of previously unob- 
served features. 

Contrasting with the spectra of samples 

180K 

FIG. 2. ENDOR spectra of the perylene cation radi- 
cal at 180 K, I IO K (same sample as 180 K), and 3 K 
obtained from irradiating in center of EPR spectrum. 
Samples prepared by injection of a 0.002 M solution of 
perylene in &-benzene onto an activated alumina sur- 
face. Operating parameters as follows: microwave 
power = 0.8 mW (180 K), 0.5 mW (110 K), and 0.2 
mW (3 K); rf power maximum (at amplifier meter) = 
300-350 W; modulation depth = 150 kHz (180 and 110 
K) and 200 kHz (3 K); ENDOR sweep rate = 1.25 
MHz/s (180 and 110 K) and I.5 MHz/s (3 K); time 
cnst. = 50 ms; 25 time-averaged scans (for spectrum at 
3 K) minus an off-resonance background of an addi- 
tional 25 scans (for spectra at 180 and I10 K). 
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FIG. 3. ENDOR spectra of the perylene cation radi- 
cal at 180 and 110 K obtained from irradiating in center 
of EPR spectrum. The sample is the same as that 
shown in Fig. 2 at 180 and 110 K after desolvating 
overnight on a vacuum line. Operating parameters as 
follows: microwave power = 4 mW (180 K), and I mW 
(I 10 K); rf power maximum (at amplifier meter) = 
300-350 W; modulation depth = 200 kHz (both spec- 
tra); ENDOR sweep rate = 1.25 MHz/s (both spectra); 
time cnst. = 50 ms; 25 time-averaged scans minus an 
off-resonance background of an additional 25 scans. 

recorded on an alumina surface are those of 
perylene in benzene and &-benzene on a 
silica-alumina surface, shown in Figs. 5 

and 6. Under (protiated) benzene shown at 
180, 110, and 5 K in Fig. 5, the 14.3-MHz 
proton matrix peak is still the largest fea- 
ture in the spectrum, although the ring-pro- 
ton hyperfine couplings are considerably 
more intense. With &-benzene as the sol- 
vent (Fig. 6) the proton matrix peak is not 
detectable at all, even near liquid helium 
temperature (6 K). The 2.3-MHz peak is 
very weak; it could be observed only upon 
close examination and expansion of the 
low-frequency region at 110 K. It is, how- 
ever, easily detected at 6 K. The 3.7-MHz 
resonance was never observed on a silica- 
alumina surface under any conditions. 

DISCUSSION 

In the course of these experiments, three 
features were observed which are attrib- 
uted to matrix interactions. Table 1 summa- 
rizes the existence and behavior of these 
features as a function of sample variation. 

Paper I of this series (I) showed how the 
use of &-benzene as the solvent for deposi- 
tion of perylene on oxide surfaces served to 
suppress the dominant proton matrix peak 

t 
LOW FRECUENCY REGION ‘H MATRIX REGION 

0 2 4 6 12 14 16 
ENDOR FrsqumcylMHz~ ENOOR Frequency MHz) 

FIG. 4. ENDOR spectra of the perylene cation radical prepared by injection of a solution of dlz- 
perylene in &-benzene onto an activated alumina surface. All spectra obtained from irradiating in 
center of EPR spectrum at 105 K. Operating parameters are as follows: microwave power = 1 mW (all 
spectra); rf power maximum (at amplifier meter) = 350-450 W; modulation depth = 100 kHz (full-range 
spectrum and low-frequency inset) and 175 kHz (‘H matrix inset); ENDOR sweep rate = I .5 MHz/s 
(full range), 0.25 MHz/s (low-frequency inset), and 0.20 MHz/s (‘H matrix inset); time cnst. = 100 ms; 
number of time-averaged scans = 17 (full range spectrum), 20 (low-frequency inset), and 10 (‘H matrix 
inset). 
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FIG. 5. ENDOR spectra of the perylene cation radi- 

cal at 180 K, 1 IO K (same sample as 180 K), and 5 K 

obtained from irradiating in center of EPR spectrum. 

Samples prepared by injection of a 0.001 M solution of 

perylene in normal (protiated) benzene onto an acti- 

vated silica-alumina surface. Operating parameters as 
follows: microwave power = 13 mW (180 K) and 8 

mW (I IO and 5 K); rf power maximum (at amplifier 

meter) = 250-350 W; modulation depth = I50 kHz (all 

spectra); ENDOR sweep rate = I.5 MHz/s (all spec- 

tra); time cnst. = 20 ms (180 and I IO K) and 50 ms (5 

K); 25 time-averaged scans (for spectra at I IO and 5 K) 

minus an off-resonance background of an additional 25 

scans (for spectrum at 180 K). 

and thus simplify the study of the perylene 
ring proton hyperfine features. It was ex- 
plained that, as the proton matrix signal 
was due principally to an interaction be- 
tween the unpaired electron and solvent 
protons, it diminished when the benzene 
was deuterated. However, under instru- 
mental conditions favorable to matrix fea- 
tures (see Experimental), this signal is not 
completely suppressed; in fact it can be 
seen even at 180 K (Fig. 2). As the tempera 
ture is lowered to I10 and 3 K, the peak 
grows in intensity, as would be expected 
from a decrease in motional averaging (see 
Introduction and Table 1). At these lower 
temperatures, the proton matrix peak is the 
most intense feature in the spectrum, de- 
spite the fact that the solvent contains no 
hydrogen. In addition, two other peaks are 
observed, at 2.3 and 3.7 MHz, whose mi- 

crowave power and temperature depen- 
dence are clearly consistent with those of 
matrix features. The signal at 3.7 MHz is 
also observed in the spectra of perylene on 
alumina under (protiated) benzene, while 
the 2.3-MHz signal is not (see Table I and 
Fig. 1). 

In the following discussion, two ques- 
tions brought about by these observations 
are answered. First, the identity of the new 
matrix features is established. Also, the 
source (or sources) of intensity for the pro- 
ton matrix peak when the sample is under 
&benzene is identified. 

Identity of 2.30 and 3.7-MHz Signals 

It is no surprise that the peak at 2.3 MHz 
falls at the nuclear precession frequency 
expected for deuterium, an assignment con- 
sistent with a11 the experimental observa- 
tions. However, the peak at 3.7 MHz falls 
close to the free nuclear precession fre- 
quency of a large number of magnetic nu- 
clei in the periodic table. Of all the possibili- 
ties, only two, aluminum-27 and carbon-13, 
can reasonably be expected in the peryl- 
ene-solvent-surface system. At the ex- 
perimental magnetic field of 0.3347 T, the 
ENDOR signals for these nuclei would lie 
at 3.71 and 3.58 MHz, respectively. Since 
this difference is within the linewidth of the 
observed peak, evidence other than fre- 
quency must be used for an assignment. 
However, the fact that aluminum-27 is the 
sole naturally occurring aluminum isotope 
while carbon-13 represents but I. 1% of all 
carbon isotopes suggests assignment of this 
signal partly or wholly to aluminum-27. Ar- 
guments based on substrate composition 
and evacuation of solvent (vide infra) also 
support this assignment. 

In the ENDOR spectra of perylene on 
alumina under (protiated) benzene acquired 
under normal operating conditions, the pro- 
ton matrix peak strongly dominates the 
spectrum; no other matrix features are de- 
tectable. However, when the gain is in- 
creased so as to drive the 14.3-MHz peak 
off scale (Fig. l), the 3.7-MHz feature is 
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FIG. 6. ENDOR spectra of the perylene cation radical at 110 and 6 K obtained from irradiating in 
center of EPR spectrum. Samples prepared by injection of a 0.001 M solution (110 K full range and 6 K 
spectra) or 0.002 M (110 K inset) of perylene in &benzene onto an activated silica-alumina surface. 
Operating parameters as follows: microwave power = 8 mW (110 K full range), 1 mW (110 K inset), 
and 3 mW (6 K); rf power maximum (at amplifier meter) = 250-350 W (110 K full range and 6 K) and 
300-400 W (110 K inset); modulation depth = 150 kHz (all spectra); ENDOR sweep rate = 1.5 MHz/s 
(110 K full range and 6 K) and 0.5 MHz/s (110 K inset); time const. = 50 ms (110 K full range and 6 K) 
and 20 ms (110 K inset); 25 time-averaged scans with no background subtracted (110 K full range and 6 
K), 50 time-averaged scans minus an off-resonance background of an additional 50 scans (110 K inset). 

TABLE 1 

Summary of Matrix Peak Observation 

Sample Matrix feature 

14.3-MHz peak 3.7-MHz peak 2.3-MHz peak 

pery( +) on AlzOl under C6Hb 

pery(+) on Al?O, under ChD6 

pery( +) on AIZOj evacuated 

Very strong Present, strong near 
He temp 

Strong, especially at Present, strong near 
lower temps He temp 

Strong, constant w/ Present, constant 
temp wltemp 

dn-pery( +) on A1203 under C6D6 Strong Present 
pery( +) on Si-AI oxide under CbHc Strong Missing 
pery(+) on Si-Al oxide under ChDn Missing Missing 

d,*-pery(+) on Si-AI oxide under CaD6 Very weak Missing 

Missing 

Present, strong near 
He temp 

Missing 

Present 
Missing 
Weak, except near 

He temp 
Many features 

present in region 
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visible and increases in intensity as the tem- 
perature is reduced from 120 to 3 K (see 
Table l), as would be expected for either 
aluminum-27 or carbon- 13 in the matrix. On 
the other hand, no peak is observed at 2.3 
MHz, even at liquid helium temperature, in 
accord with its assignment to solvent deute- 
rium in Fig. 2. 

Our silica-alumina substrate is Houdry 
M-46, a commercial catalyst containing 
roughly 90% silica and 10% alumina. It is 
therefore expected that if the 3.7-MHz sig- 
nal is due to aluminum-27, it would be 
greatly diminished or missing, while a car- 
bon-13 derived matrix peak would be rela- 
tively unaffected. An inspection of the 
ENDOR spectra on silica-alumina (see Ta- 
ble 1 and Figs. 5 and 6) shows the former to 
be true. Although all of the matrix peaks 
are less intense on this surface, the 2.3- 
MHz deuterium signal (the intensity of 
which was similar to that of the 3.7-MHz 
peak for the spectra on alumina) behaves as 
expected, while no signal could ever be de- 
tected at the 3.7-MHz frequency. 

In the evacuated alumina-bound perylene 
sample which exhibits the spectrum of Fig. 
3, all the solvent has been pumped off in 
order to eliminate it as a possible source of 
protons, deuterons, or carbon. As ex- 
pected, the 2.3-MHz deuterium matrix 
peak vanishes with the removal of the deu- 
terated solvent. However, the other two 
matrix peaks remain, indicating little dis- 
ruption of the sites from which they are 
derived. Again, this is consistent with the 
assignment of the 3.7-MHz peak to 
aluminum-27, which would be relatively 
unaffected by solvent evacuation. If this 
peak were due to carbon-13, one would ex- 
pect a major perturbation on the system 
due to removal of over 99% of the carbon 
present upon evacuation of the sample. 

In addition to providing strong evidence 
as to the assignment of the 3.7-MHz feature 
to aluminum-27, the evacuated sample il- 
lustrates a different temperature depen- 
dence. Under frozen solvent, an increase in 
intensity of the matrix peaks is observed 

with a decrease in temperature (e.g., Fig. I 
or 2). This behavior may be attributed to a 
slowing of the molecular motion which 
would otherwise average to zero the di- 
pole-dipole interactions which result in 
matrix ENDOR features. In contrast, the 
spectra of the evacuated sample (Fig. 3) 
show virtually no intensity changes in ma- 
trix features between 180 and 110 K. There 
is obviously less relative motion between 
the perylene radical and its environment. 
At least two explanations suggest them- 
selves: (i) the primary source of motion in 
the samples under frozen benzene is the 
frozen solvent, or (ii) the lack of solvent in 
the evacuated sample forces the perylene 
radical into a closer interaction with the 
surface, hindering motion. In either case, 
the perylene radical in the evacuated sam- 
ples behaves as if immobilized, even at 180 
K. 

Source of the 14.3-MHz Proton 
Matrix Signal 

Earlier, it was observed that a substantial 
proton matrix feature appeared in the 
ENDOR spectrum even if the samples con- 
tained deprotonated solvent (see Table 1 or 
Fig. 2) or no solvent (see Table 1 or Fig. 3). 
In these samples, the proton matrix peak 
must originate with hydrogen nuclei located 
in either (i) the alumina surface or (ii) un- 
reacted (nonradical) perylene molecules. 
The latter possibility is excluded when both 
deuterated perylene and deuterated ben- 
zene are used to prepare a sample on alu- 
mina. The proton matrix region of the 
ENDOR spectrum (Fig. 4) no longer con- 
tains perylene ring-proton hyperfine cou- 
plings, a fact indicating that no processes 
have taken place to exchange protons with 
the surface-yet the proton matrix peak it- 
self remains (see Table I). This indicates an 
interaction between adsorbed perylene rad- 
ical and protons which must be located in 
the alumina on or near the surface. Note 
that this does not imply that the surface is 
the sole source of protons in the vicinity of 
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the radical, but rather that the surface must 
be at least a contributing source. 

A closer examination of the low-fre- 
quency region of this sample (Fig. 4) again 
reveals the presence of the now-familiar 
deuterium and aluminum-27 peaks at 2.3 
and 3.7 MHz. However, they are now 
joined by a new set of couplings arising 
from deuterium in the drz-perylene itself. 
Assignment of these features to specific 
ring positions is complicated by several fac- 
tors which arise from the small deuterium 
nuclear precession frequency and high spin 
(I = I), as well as some instrumental diffi- 
culties in recording spectra at very low fre- 
quencies. Accordingly, we present no as- 
signments here; however, we expect to 
modify our computer simulation program 
(I) later to handle the theoretical complica- 
tions. 

Compurison of Alumina und 
Silica-Alumina Surfaces 

While the ENDOR spectra of perylene 
adsorbed on our activated alumina surfaces 
exhibit a variety of intense matrix features, 
the ENDOR of perylene on our sifica-afu- 
mina surface (Figs. 5 and 6) is nearly de- 
void of matrix effects. The matrix intensity 
on the silica-alumina surface, measured 
with respect to the intensity of the EPR sig- 
nal, is roughly an order of magnitude 
weaker than the corresponding alumina 
surface. Although the 14.3-MHz proton 
matrix peak is still the largest signal in the 
spectrum of perylene on silica-alumina un- 
der (protiated) benzene (Fig. 5), the signal 
does not dominate the spectrum as do the 
matrix peaks in Fig. 1. With dh-benzene as 
the solvent (Fig. 6), there is no detectable 
matrix peak even at 6 K (see Table 1). This 
should be contrasted with Fig. 2, where the 
proton matrix peak becomes the largest fea- 
ture in the spectrum as high as 110 K under 
dh-benzene. Under conditions of I 10 K tem- 
perature, high spectrometer gain, and many 
time-averaged scans, a matrix deuterium 
signal at 2.3 MHz barely rises out of the 
noise (Fig. 6 inset) in contrast to the easily 

visible 2.3-MHz feature in Fig. 2. The 3.7- 
MHz aluminum-27 matrix peak, the inten- 
sity of which was similar to that of the deu- 
terium matrix signal in the ENDOR or 
perylene on alumina, cannot be observed in 
this spectrum or under any other conditions 
on those samples on a silica-alumina sur- 
face (see Table 1). 

These observed intensity differences can 
be traced to differences in one of the fol- 
lowing factors: (i) the nature of the radical 
itself on the two surfaces; (ii) the number 
and distances of magnetic nuclei surround- 
ing the radical; (iii) the degree of motional 
averaging on the two surfaces; or (iv) differ- 
ences in relaxation due to environmental 
differences. 

We rule out (i) because the agreement of 
the values of the anisotropic perylene ring- 
proton hyperfine couplings implies that the 
radicals formed on the two surfaces are 
similar (I). We cannot rule out (iii) at higher 
temperatures, but near liquid helium tem- 
perature the degree of motional averaging 
should be near zero on both surfaces-yet 
the differences in matrix intensity remain. 
This leaves (ii) and (iv), which are not eas- 
ily distinguishable and may be interrelated. 
However, the common theme of both fac- 
tors is that this difference in intensity of 
matrix features of the perylene radical on 
alumina vs silica-alumina surfaces can be 
attributed to a difference in environment of 
the respective radicals. 

The data indicate that on the alumina sur- 
face, the radical has stronger interactions 
and/or less mobility relative to its environ- 
ment than it has on the silica-alumina. Spe- 
cifically, our alumina surface is marked by 
spectroscopic evidence of the ubiquitous 
proton while our silica-alumina is not (see 
Table 1). Also, the perylene radical on our 
alumina rests near at least one aluminum 
atom; the typical detection range of matrix 
ENDOR is limited to within 5 to 6 A (17). 
Conversely, the aluminum-27 resonance is 
never observed with our Houdry M-46 sil- 
ica-alumina material (see Table I). Even if 
we postulate that, after formation, the 
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perylene cation radical migrates on the sur- 
face so as to establish an equilibrium sur- 
face coverage without regard to specific 
sites, we must recognize that the Houdry 
M-46 catalyst still has a substantial Al con- 
tent (12% A1203 and 88% SiOz). Thus, by 
analogy to the results obtained on pure alu- 
mina, one would still expect that an alumi- 
num-27 matrix ENDOR line in the Houdry 
M-46 samples could be detected at liquid 
helium temperatures, providing that the 
aluminum-radical distances are about the 
same on the two surfaces. The absence of 
this spectral feature from the silica-alu- 
mina surface thus is significant. These ob- 
servations support a model in which the 
cation radical is relatively immobile at a 
surface site whose composition includes 
protons and aluminum. Such site character- 
istics seem to agree well with the A13+ (cus) 
site on partially dehydroxylated alumina 
proposed by Burwell(19) and reviewed by 
Knozinger (20). 

The lack of aluminum-27 and strong pro- 
ton signals in the ENDOR spectra of per- 
ylene on the silica-alumina is more puz- 
zling. In a recent review of quantum chemi- 
cal cluster models for acid-base sites on 
metal oxides, Zhidomirov and Kazansky 
note that oxygen anions in a noncrystalline 
silica-alumina oxide lattice would be ex- 
pected to exert a fairly strong screening ef- 
fect on adsorbate molecules approaching a 
trigonal aluminum Lewis acid site (2f). 
Their model agrees in its main features with 
those proposed by Uytterhoeven et al. (22) 
and Stamires and Turkevich (23) for Lewis 
acid sites on zeolites. One consequence of 
such site geometry would be to prevent an 
extremely close approach of the adsorbed 
radical to aluminum atoms. Since the am- 
plitudes of matrix ENDOR transitions de- 
pend critically on the electron-nuclear 
distance, r (the dependence is re6), the 
spectroscopic effect of a larger radical-alu- 
minum distance would be the presence of 
aluminum matrix ENDOR signals in alu- 
mina samples and their absence from the 
Houdry M-46 case. This observation may 

thus be a reflection of differences in r for 
the two systems, caused by different acid 
site geometries. 

Differences in proton matrix ENDOR in- 
tensities between the two systems also may 
be a function of different surface struc- 
tures. As Table I summarizes, proton ma- 
trix intensity from solvent protons is 
weaker for silica-alumina samples than for 
alumina. At temperatures above the lowest 
(T > 10 K), this may be due to a greater 
surface mobility for molecules adsorbed on 
silica-alumina surfaces, producing a partial 
averaging of the dipole-dipole coupling 
terms in Eq. (1). The extremely weak ma- 
trix ENDOR intensity from surface protons 
on silica-alumina at low temperatures (T < 
10 K) where surface mobility should be 
quenched is quite surprising, since one 
would expect surface hydrogen to be 
present. Only three variables control such 
an intensity effect: (i) electron-nuclear dis- 
tance, r; (ii) proton density; and (iii) elec- 
tronic and nuclear relaxation. In general, 
the proportionality relationship between 
ENDOR intensity and number (or density) 
of nearby magnetic nuclei is invalid when 
comparing two different samples since the 
relaxation mechanisms, which also deter- 
mine ENDOR intensity, are influenced by 
environmental sources. However, it seems 
unlikely that spin relaxation in this system 
is sufficiently different from the alumina 
case to quench matrix ENDOR intensity. 
Therefore the environment of perylene rad- 
ical on the silica-alumina surface must be 
such that either electron-proton distances 
are large or the radical adsorbs preferen- 
tially in regions of low proton density. Fur- 
ther work is under way in our laboratory to 
attempt to clarify this question. 

CONCLUDING REMARKS 

That observation of matrix ENDOR fea- 
tures together with isotopic substitution of 
magnetic nuclei has provided valuable in- 
sight into the environment of radicals ad- 
sorbed on metal oxide surfaces. The infor- 
mation obtained has complemented our 
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earlier study. While the ring-proton hyper- 
fine couplings, analyzed in Paper I (I), pro- 
vided evidence that the identities of the 
perylene radicals on the two surfaces stud- 
ied are similar, the matrix hyperfine fea- 
tures reported on here indicate that the en- 
vironments of the radical are different. 

For other systems, it has been shown 
that one can model the lineshape of the ma- 
trix line and obtain information about the 
number of nuclei of a specific type neigh- 
boring the radical (18). We are proceeding 
to apply these methods to our perylene rad- 
icals-oxide surface ENDOR spectra in or- 
der to derive quantitative information from 
our data. The results of this effort will be 
reported in a subsequent paper. 
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