TGEF-B by HIV-infected PBMC has been
proposed to cause T cell functional defects
that may be due to PCD (28). In addition,
functional defects in antigen-presenting
cells in HIV-infected men (2) may result in
inadequate T cell activation that induces
refractoriness to stimulation and PCD on
subsequent activation. Groux et al. (29), by
means of vital dye exclusion, observed ac-
tivation-induced cell death of CD4* cells
from HIV-infected individuals, after the
cells had been cultured for 48 hours. Spon-
taneous cell death was not observed, and
cell death after stimulation involved only
CD4* cells, which might have resulted
from their use of stimuli that preferentially
activated CD4* cells.

We demonstrate that on culturing as
well as after polyclonal activation, both
CD4"* and CD8* cells from HIV-infected
individuals die as a result of apoptosis. In
HIV infection in vivo, exposure to HIV
proteins or disturbance of cytokine regula-
tory networks may cause a continuous,
PCD-mediated depletion of T cells. Grad-
ual deletion of immune regulatory T cells by
PCD, in addition to the direct effects of
highly cytopathic HIV variants (30, 31),
may contribute to the attenuation and col-
lapse of the immune system.
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Matrix-Mediated Synthesis of Nanocrystalline
v-Fe,O5: A New Optically Transparent
Magnetic Material

Ronald F. Ziolo,* Emmanuel P. Giannelis,* Bernard A. Weinstein,
Michael P. O’Horo, Bishwanath N. Ganguly, Vivek Mehrotra,
Michael W. Russell, Donald R. Huffman

A new magnetic material with appreciable optical transmission in the visible region at room
temperature has been isolated as a y-Fe,O,/polymer nanocomposite. The synthesis is
carried out in an ion-exchange resin at 60°C. Magnetization and susceptibility data dem-
onstrate loading-dependent saturation moments as high as 46 electromagnetic units per
gram and superparamagnetism for lower loadings where particle sizes are less than 100
angstroms. Optical absorption studies show that the small-particle form of y-Fe,O, is
considerably more transparent to visible light than the single-crystal form. The difference
in absorption ranges from nearly an order of magnitude in the “red” spectral region to a
factor of 3 at 5400 angstroms. The magnetization of the nanocomposite is greater by more
than an order of magnitude than those of the strongest room-temperature transparent

magnets, FeBO, and FeF .

The design and synthesis of materials with
nanometer dimensions, so called meso-
scopic materials, are the subjects of intense
current research. Materials with particles in
the range 10 to 100 A exhibit novel elec-

R. F. Ziolo, M. P. O'Horo, B. N. Ganguly, Xerox
Webster Research Center, Xerox Corporation, Web-
ster, NY 14580.

E. P. Giannelis, V. Mehrotra, M. W. Russell, Depart-
ment of Materials Science and Engineering, Cornell
University, Ithaca, NY 14853.

B. A. Weinstein, Department of Physics, State Univer-
sity of New York at Buffalo, Buffalo, NY 14260.

D. R. Huffman, Department of Physics, University of
Arizona, Tucson, AZ 85721.

*To whom correspondence should be addressed.

SCIENCE ¢ VOL. 257 * 10 JULY 1992

tronic, optical, magnetic, and chemical
properties due to their extremely small di-
mensions (I). Although several studies
have been devoted to the synthesis of na-
nometer-sized compound semiconductors,
relatively little work exists for magnetic
materials of similar dimensions (2—-8). Po-
tential applications for the latter exist in
information storage (9, 10), color imaging
(11), bioprocessing (12), magnetic refriger-
ation (13), and ferrofluids (14). Such ma-
terials may also serve as models for small
magnetic particles, which may comprise a
portion of interstellar dust (15).

A critical obstacle in assembling and
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Fig. 1. Bright-field transmission electron micro-
graph of a microtomed section of composite
containing 21.8% y-Fe,O, by weight in an 8%
cross-linked polystyrene resin. The iron oxide
particles range in size from 50 to 100 A

maintaining a nanoscale material from mo-
lecular clusters is the tendency of the latter
to aggregate to reduce the energy associated
with the high ratio of surface area to vol-
ume. By use of a polymer matrix in the form
of a synthetic ion-exchange resin, we have
been able to stabilize, isolate, and character-
ize a mesoscopic form of y-Fe,O; that, un-
like most magnetic materials at room tem-
perature, has an appreciable degree of opti-
cal transparency in the visible region (16).

The polymer matrix used in this study is
a commercial ion-exchange resin manufac-
tured by Dow Chemical Company and mar-
keted under the trade name Dowex. It is
composed of sulfonated polystyrene, which
is cross-linked with divinylbenzene to form
a three-dimensional, porous polymer net-
work. The dry resin has a nominal cation-
exchange capacity of 5.2 meq/g. In general,
8% or less cross-linked resin was used in the
form of spherical beads having diameters of
30 to 150 pm.

The resin was exchanged with Fe(II) or
Fe(Ill) from an aqueous solution of the
respective chloride, followed by thorough
washings to remove excess physisorbed Fe
ions. Elemental analyses of the resins after
washing showed the expected Fe:S atom
ratios of 1:2 or 1:3, respectively, confirm-
ing complete ion exchange. In the case of
the Fe(II) resin, exposure to a 12.5 N
solution of NaOH caused a rapid change in
color to green followed by a gradual change
to deep red-black on exposure to air. Heat-
ing to 60°C followed by the dropwise addi-
tion of a dilute aqueous H,O, solution
accelerated the conversion to oxide. In the
case of Fe(lll), an aqueous suspension of
the resin was heated and maintained at
60°C during the dropwise addition of N,H,
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Fig. 2. Schematic of the y-Fe,O, precipitation process using Fe(ll) in an ion-exchange resin.

with stirring. Aqueous NaOH was added
afterward to bring the pH to 13 to 14. After
stirring for several hours, both resins were
thoroughly washed with water to neutral
pH and dried. Elemental analyses of the
resins showed typical Fe contents of 9.8 and
7.8%, respectively, with no change in the
Fe:S atom ratio, indicating no Fe loss dur-
ing preparation. The ion-exchange capabil-
ity of the resin remained intact after the
above treatments, and resins containing
more Fe can be made by recycling the
composite through the above preparative

procedures. The Fe contents of ten-cycle, -

4% cross-linked resins, for example, were
typically 42 and 37%, respectively.

The oxide phase was identified as
y-Fe,O; (maghemite) by conventional and
synchrotron energy-dispersive x-ray powder
diffraction methods and Méssbauer spec-
troscopy. This assignment was consistent
with the subsequent magnetization, optical,
and electron diffraction data for the mate-
rial. Transmission electron microscope
(TEM) analyses of numerous samples, pre-
pared from both procedures and with differ-
ent loadings, show a relatively uniform,
high-density distribution of oxide in the
polymer matrix (I17a). The maghemite par-
ticles constitute the only crystalline phase
present and are spherical or cubic in shape.
Furthermore, the particles are relatively
uniform in size throughout the matrix and
from sample to sample, within the limits of
cross-link density and site sulfonation ho-
mogeneity in the polymer. It was further
observed by TEM analysis that multiple
loadings of Fe served initially to increase
the number density of particles in the poly-
mer matrix rather than their size (17b). A
typical cross section of the composite is
shown in Fig. 1. The sample is a two-cycle
Fe(III) resin containing 21.8% <y-Fe,O; by
weight. The particles range in size from 50
to 100 A and are morphologically indistin-
guishable with respect to size and shape
from those of the one- and three-cycle
resins. The TEM analyses of numerous sam-
ples of the Fe(Il) and Fe(Ill) processed
resins show little deviation from this mor-
phology, which may be considered charac-
teristic of the y-Fe,O; composite (17a, 17b,
18). In both the Fe(lI) and Fe(Ill) cases,
the nanoscale particle size was in accord
with the Bragg peak broadening observed in

SCIENCE ¢ VOL. 257 * 10JULY 1992

the x-ray diffraction patterns.

To a first approximation, the formation
of y-Fe,O; in the ion-exchange resin may
be represented schematically as in Fig. 2 for
Fe(Il). Here, the Fe attaches to the resin as
the hydrated Fe(H,0)2* species and in the
presence of base forms the emerald-green
Fe(OH),, which is detected spectroscopi-
cally. Although Fe(OH), dissolves in con-
centrated NaOH to form species such as
Fe(OH)¢*~, it is gelatinous in lower con-
centrations and may form a localized nucle-
ation site for the formation of y-Fe,O;. The
conversion of Fe(OH), to y-Fe,O; is accel-
erated by heating and may take place
through intermediates such as FeO(OH)
and Fe;O, (19). Regardless of the mecha-
nism for the formation of y-Fe,O; in the
polymer, and subsequent composite, it is
apparent that the matrix favors the forma-
tion of the gamma phase for both the Fe(II)
and Fe(IIl) procedures. Identical reactions
carried out in the absence of the polymer
matrix resulted in nonmagnetic amorphous
or poorly crystalline aggregates of other
oxide phases with dimensions in the micro-
meter range. In the case of Fe(Il), precipi-
tation in the absence of the polymer net-
work under equivalent conditions resulted
in a mixture of phases of hexagonal a- and
B-FeO(OH);. When the polymer matrix
was loaded with Fe(II) in excess of its ion-
exchange capacity and treated, 8-FeO(OH)
formed on the external surfaces of the
¥-Fe,05-loaded beads.

The above data underscore the critical
role played by the polymer matrix in the
formation of the nanometer composite. The
matrix not only provides spatially localized
sites for nucleation but also minimizes the
degree of aggregation of the iron oxide par-
ticles and imposes an upper limit on their
size, as evidenced by the sample to sample
reproducibility and the initial increase in
particle number density rather than size with
multiple loadings. In addition, the matrix-
mediated synthesis of y-Fe,O; takes place at
or near room temperature, whereas other
methods require temperatures in excess of
150°C (20). Furthermore, the present ma-
trix synthesis, under the conditions de-
scribed, favors the formation of equiaxial
particles in the shape of cubes with rounded
corners. This morphology is relatively un-
common for y-Fe,O; (19).



Fig. 3. Room-temperature mag-
netization curve to 10 kG for the
v-Fe,0, composite shown in Fig. 15
1. (Inset) A 2- by 40-fold expan-
sion of the initial portion of the
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In bulk, y-Fe,O; is a spinel type ferri-
magnet with a Néel temperature well above
600°C (20). As the particles become small-
er, a critical size is reached at which the
bulk magnetic characteristics of retentivity
and coercivity vanish. Such particles are
called superparamagnetic and are in a state
in which thermal fluctuations supersede the
Weiss anisotropy (21). We obtained field-
and temperature-dependent magnetization
data for the composites using a vibrating
sample magnetometer. A typical magneti-
zation curve as a function of field at room
temperature is shown in Fig. 3. The initial
susceptibility shows no hysteresis at room
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temperature, that is, both the retentivity
and coercivity are zero, consistent with
superparamagnetic behavior and the nano-
scale dimensions of the particles. At 10 kG,
the composite has a magnetic saturation
moment of 15 emu/g. The elemental anal-
ysis of the composite shows 15.28% Fe,
which suggests a 21.8% by weight loading
of y-Fe,O;, consistent with the exchange
capacity of the resin and the two-cycle
loading of Fe. The calculated saturation
moment for this loading of y-Fe,O;, based
on the bulk value (22) of 76.0 emu/g at
20°C, is 16.6 emu/g. The difference, which
is 10% or less for the samples measured, is

Fig. 4. (A) Field-cooled magneti- 1.6
zation curve at 10 K and 200 Oe
1.2

for an Fe(ll) resin containing 85 A
v-Fe,O, at 2% by weight. (B) Ze-
ro—field-cooled curve at 10 K for
the same sample.
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presumed to be due to small particle mag-
netic effects (19, 22). The highest satura-
tion moment so far observed for the com-
posite is 46 emu/g; this occurred in a ten-
cycle Fe(Il) resin displaying hysteresis and
containing particles 250 A on edge (17).

Measurements of dc magnetic suscepti-
bility, determined by the Faraday method as
a function of temperature and magnetic
field, also confirmed the superparamagnetic
behavior of the nanocomposites. The
room-temperature susceptibility at 2 kG for
an Fe(I) resin containing 2% <y-Fe,O; by
weight was 6 X 107* emu/g. A TEM
analysis of the sample showed a Gaussian
distribution of particles with a mean size of
85 + 20 A. Temperature-dependent sus-
ceptibility data for the sample showed a
blocking temperature of 58 K (23). Field-
dependent magnetization data for the sam-
ple below 50 K showed expected hysteresis,
which vanished at higher temperatures.
Magnetization data at 10 K are illustrated in
Fig. 4, A and B, for the field-cooled and
zero-field-cooled cases, respectively. It is
evident from the figures that these curves
are superimposable, suggesting that the par-
ticles are magnetically single-phased. The
observed coercivity (~1 kOe) is approxi-
mately that expected for a system of ran-
domly oriented equiaxial particles with cu-
bic magnetocrystalline anisotropy (24).

Throughout the course of our work it
became apparent that the magnetic compos-
ite, when compared to other magnetic mate-
rials, showed a disproportionately larger de-
gree of optical transparency in the visible
region than its magnetic strength would sug-
gest. This was particularly evident in compar-
ison to bulk y-Fe,Oj;. In order to quantify this
observation, we measured the optical absorp-
tion characteristics of the nanocomposite and
of single-crystal y-Fe,O;. Optical data for
the latter were previously unavailable.

The optical absorption of the composite,
in the form of spherical beads 45 + 1 wm in
diameter, was investigated over the range
4500 to 7500 A.. Use of an optical microprobe
for the absorption measurements allowed us to
minimize lensing effects in the beads and to
obtain an estimate of the refractive index for
subsequent correction of the absorption spec-
tra against reflection losses. The former was
accomplished by inserting field stops that
limit the effective aperture under parallel illu-
mination to a region 5 to 7 wm at the center
of a bead. The latter required use of the
microprobe’s calibrated depth-measurement
scale to determine the focal length, from
which the refractive index was obtained ac-
cording to the standard thick lens expressions
(25). This method yielded an average index of
n = 1.6 £ 0.1 for the 21.8% by weight loaded
beads. A similar value for n was obtained by
microscopical liquid immersion techniques
and application of the Becke test (26).
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Fig. 5. Room-temperature optical absorption
spectra of mesoscopic and single-crystal
v-Fe,0,4. The former derives from the sample
described in Fig. 1.

The reference sample of y-Fe,O; con-
sists of a single-crystal y-Fe,O; thin-film
epitaxially grown on an MgQO substrate
(27). Absorption spectra were recorded on
a Cary 5 spectrophotometer. The sample
thickness, determined by measuring the Fe
(0.68 keV) x-ray escape depth, was 0.3
pm. The refractive index of the film was
taken to be that of hematite (28), n ~ 3.0.

Figure 5 compares the average absorp-
tion spectrum of the mesoscopic form of
v-Fe, O3, obtained from the optical densi-
ty data of the composite, to that of the
single-crystal form of y-Fe,O5. The optical
density data for the composite were ob-
tained as an average over four different
specimens exhibiting sample-to-sample
absorption variations of =10% within the
measured wavelength region. We extract-
ed the absorption coefficient of the mesos-
copic form of the oxide from the optical
density data of the composite by treating
the beads as free-standing films of thick-
ness equal to their diameter scaled by the
volume loading fraction, 0.052 (29), and
assuming a uniform distribution of iron
oxide throughout the bead. The standard
thick film analysis was then applied (30).
This approximation was premised on the
small acceptance aperture of the micro-
probe, which observes only ~0.25 radian
of arc. At the same level of approxima-
tion, the reflectivity corrections for each
of the spectra in Fig. 5 are based on the
real part of the refractive index in the
transparent regime (the above n values).
Because the reflectivities are ~0.1, the
errors introduced are not large. We esti-
mate for both spectra that the overall
uncertainty throughout the visible region
does not exceed +30%, the largest con-
tribution being due to increased scattered
light in the beads below 5000 A.

Two important results are evident in Fig.
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5. First, the mesoscopic form of y-Fe,O; is
considerably more transparent to visible
light than the single-crystal form. The dif-
ference in absorption between the two forms
ranges from nearly an order of magnitude in
the “red” spectral region to a factor of 3 at
5400 A. In fact, the absorption coefficient of
the mesoscopic y-Fe,O; remains below 10*
cm™! throughout much of the visible.

The second important feature in Fig. 5 is
the wavelength difference between the main
absorption edges in the mesoscopic and bulk
spectra, with the mesoscopic y-Fe,O; edge
“red-shifted” by 300 to 600 A. This is a rel-
atively large shift corresponding to 0.15 to
0.30 eV (~5 to 10% of the edge energy) and
is indicative of strong interactions affecting
the small-particle form of y-Fe,O;.

The low absorption of the mesoscopic
v-Fe,O;, compared to the single-crystal
form, indicates a strongly reduced oscillator
strength. There are many ways in which
this could occur, including effects due to
the high surface to volume ratio of the
v-Fe,O; particles, cation impurities and
vacancy distribution in the vy-Fe,O;, and
chemical interactions with the matrix. At
present, none of the effects can be ruled
out. However, such a reduced oscillator
strength in the presence of superparamag-
netism has been predicted for similar nano-
scale magnetic systems as a consequence of
intrinsic correlation effects (31). Essential-

_ly, it is argued that the reduction in oscil-

lator strength arises because confinement
within dimensions of a few hundred ang-
stroms can inhibit exchange coupling. On
the other hand, the red shift of the absorp-
tion edge measured in the composite beads
argues against the importance of quantum
confinement, because an increase in optical
energies would then be expected on the
basis of standard single-particle effective-
mass theory (32). The competition be-
tween single particle and correlation effects
in mesoscopic systems is a subject of much
current interest (33). Recent theoretical
work on GaAs “quantum dots” indicates
that electron correlations can begin to be-
come important for dimensions =100
(34). In vy-Fe,O,, single particle effects
could be minimized by a particularly large
band-edge effective mass. We believe that
the present absorption results may indicate
the importance of appreciable electron cor-
relation interactions in the mesoscopic
v-Fe,O; (35).

At room temperature, most magnetic
materials are optically opaque. The only
materials that have a spontaneous magnetic
moment at room temperature and are trans-
parent well into the visible (absorption
coefficient 40 cm™?) are FeBO; and FeF;.
Both are weak ferromagnets at room tem-
perature with impractically low magnetiza-
tions of ~3 and 1 emu/g, respectively (36).
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Other transparent ferromagnets, such as
K,CrCl, and EuSe, for example, have ap-
preciable magnetizations, but only near ab-
solute zero (37). The present composites
offer a compromise between these extremes
and, although not ferromagnetic, possess
practical levels of magnetization at room
temperature with enhanced transparency in
the visible that is similar to that of yttrium
iron garnet (38, 39). This unique combina-
tion of properties is a consequence of the
nanometer dimensions of the matrix-stabi-
lized iron oxide.
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The Chemistry of Bulk Hydrogen: Reaction of
Hydrogen Embedded in Nickel with Adsorbed CH,

A. D. Johnson, S. P. Daley, A. L. Utz, S. T. Ceyer*

Studies in heterogeneous catalysis have long speculated on or have provided indirect
evidence for the role of hydrogen embedded in the catalyst bulk as a primary reactant. This
report describes experiments carried out under single-collision conditions that document
the distinctive reactivity of hydrogen embedded in the bulk of the metal catalyst. Specif-
ically, the bulk H atom is shown to be the reactive species in the hydrogenation of CH,
adsorbed on Ni(111) to form CH,, while the H atoms bound to the surface were unreactive.
These results unambiguously demonstrate the importance of bulk species to heteroge-

neous catalytic chemistry.

Forty years ago, several studies (I-3) noted
a correlation between the hydrogenation
activity of a Raney nickel catalyst and the
hydrogen content in the catalyst, but the
exact role of the hydrogen, whether it be a
reactant or a modifier of the electronic
structure and hence of the activity of the
nickel, remains unclear (4-6). The reason
for the dearth of information about these
practically and commercially important hy-
drogenation reactions is the inability to
carry them out under single-collision con-
ditions, such as afforded by ultrahigh vacu-
um (UHV) surface science techniques,
where microscopic reaction steps are dis-
cernable. Specifically, it is the inability to
produce the bulk hydrogen at low H, pres-
sures (<107™* torr) that precludes these
reactions from being studied. The kinetic
limitations imposed by high barriers (7) to
dissociative absorption of H, into nickel
metal and into many other transition metal
catalysts necessitate high hydrogen pres-
sures. However, we have recently demon-
strated two methods of synthesizing bulk
hydrogen in Ni under low-pressure UHV
conditions (8, 9) and a method to detect it
spectroscopically (9). In this report, we doc-
ument the chemistry of this bulk hydrogen.
We find that a bulk H atom has a reactivity
that is distinct from that of a H atom
adsorbed on a surface. In particular, a bulk H
atom is the reactive species in the hydroge-
nation of CH; adsorbed on Ni(111) to form
methane. Hydrogen atoms bound to the
surface are unreactive with the CHj; species.
Analogous results are obtained for the D
isotope as a bulk or an adsorbed species.
The experiment is carried out in a UHV
chamber that is equipped for surface analy-
sis and is precisely coupled to a supersonic
molecular beam source. The experimental
procedures are similar to our previous stud-
ies (10-12). In the experiment described
here, bulk D is synthesized by exposure of
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the Ni(111) crystal at 130 K to atomic D as
described previously (8, 9). The bulk D is
characterized by a vibrational mode at 575
cm™!, as measured by high-resolution elec-
tron energy loss spectroscopy (HREELS),
and recombines and desorbs as D, between
180 and 220 K. Exposure to atomic D not
only results in D embedded within the Ni
lattice but also in a monolayer (ML) of
deuterium adsorbed on the surface. The
surface-bound D is a problem because it
blocks sites necessary for the second reac-
tant, adsorbed CHj;, that we synthesize by
the dissociative chemisorption of CH,
(13). Therefore, the D adsorbed on the
surface must be removed. The removal of
the surface-bound deuterium cannot be ef-
fected thermally because it is more stable
than bulk D, recombining and desorbing
between 320 and 390 K. Therefore, a
nonthermal mechanism for removal of the
surface-bound D is necessary.

We have recently observed such a mech-
anism, collision-induced recombinative de-
sorption (14). In this process, a beam of
energetic Xe atoms impinges on the deute-
rium-covered Ni(111) surface at glancing
incident angles. The impacts of the colli-
sions momentarily jostle the lattice, causing
the adsorbed D atoms to recombine and
desorb as D,. We used this technique in our
synthesis to sweep the deuterium off the
surface, leaving the deuterium in the bulk
unperturbed. Its efficacy for the H isotope is
demonstrated by the HREEL spectra in Fig.
1. Figure 1A shows the vibrational spec-
trum of the Ni(111) crystal saturated with
the H isotope so that the equivalent cover-
age of H in the bulk is 1.5 ML and the
surface coverage is 1 ML. The symmetric
and antisymmetric vibrational stretch
modes for the surface-bound H are visible at
1170 and 955 cm™!, respectively, and the
threefold degenerate vibrational mode for
H bound in an octahedral interstitial site is
visible at 790 cm™! (9). After exposure to 9
X 10'7 Xe atoms incident at 40° from the
normal angle with 144 kcal mol ™! of energy
(Fig. 1B), the surface mode at 1170 cm™! is
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