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A separate set of experiments in which
oxygen was introduced to the gas phase at a
rate comparable to I/2F, instead of electro-
chemically, gave practically the same re-
sults as those depicted in Figs. 2 to 4.
Substituting Ag with the Sm,0;-CaO-Ag
cermet or substituting YSZ with a-Al,O; as
the cermet support gave only marginal dif-
ferences with respect to the results present-
ed in Figs. 2 to 4. Consequently, the
amount of Sm,0; added to Ag and the
nature of the support do not play any
important role in the observed behavior.
Decteasing the gas recirculation flow rate
from 220 to 50 cm’/min at STP does not
affect the reactor performance. By further
lowering the recirculation flow rate, there is
a gradual loss in C, and ethylene selectivity
and yield.

The improvement in C, selectivity and
yield of the present work is not attributable
to the properties of the Ag catalyst, which
is in fact inferior to most state-of-the-art
catalysts and gives yields per pass less than
3% (Fig. 5), but is a result of the reactor
design. Also, periodic unsteady-state reac-
tor operation gives higher performance
than steady-state reactor operation (Fig. 5),
although industrial practice favors, in gen-
eral, the latter mode of operation. Optimi-
zation could lead to further improvements
in yields.

Our gas recycle reactor is simpler than
and substantially different from the simu-
lated countercurrent moving bed 'of Aris
and co-workers (10) and has led to high
values of C, yield and a pronounced en-
hancement in ethylene yield. The under-
lying idea is, however, very similar: pro-
tection of the highly reactive desired prod-
ucts by means of selective adsorption. The
same type of reactor could also be used for
other potential uses of methane, such as
partial oxidation to methanol or formalde-
hyde (or both), by means of an appropri-
ate choice of the catalytic and adsorbent
material.
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Control of Structure and Growth of Polymorphic
Crystalline Thin Films of Amphiphilic Molecules
on Liquid Surfaces

Susan P. Weinbach, Kristian Kjaer, Wim G. Bouwman,
Gerhard Gribel, Jean-Francgois Legrand, Jens Als-Nielsen,
Meir Lahav, Leslie Leiserowitz

The spontaneous formation and coexistence of crystalline polymorphic trilayer domains in
amphiphilic films at air-liquid interfaces is demonstrated by grazing incidence synchrotron
x-ray diffraction. These polymorphic crystallites may serve as models for the early stages
of crystal nucleation and growth, helping to elucidate the manner in which additives
influence the progress of crystal nucleation, growth, and polymorphism and suggesting
ways of selectively generating and controlling multilayers on liquid surfaces. Auxiliary
molecules have been designed to selectively inhibit development of the polymorphs,
leading primarily to a single phase monolayer.

The ability to engineer three-dimension-
al (3D) crystals and crystalline thin films
by control of polymorphism is important
in applications ranging from the bioavail-

" ability of drugs to the design of materials

for electronics. Such control requires an
understanding of the mechanism by which
molecules in a supersaturated solution as-
semble to form ordered aggregates or nu-
clei. Our knowledge of the structure and
dynamics of such nuclei has, in general,
been inferred from the structure of the
observed crystals, which correspond to the
thermodynamically most stable form or
forms of the extended lattice (1). Addi-
tives may be designed to bind specifically
to the surfaces of particular polymorphs
and so inhibit their achieving the critical
size for nucleation, allowing a desired
phase to grow without competition. This
method has been used for the separation of
enantiomers by crystallization (I, 2) and
for the growth of single crystals of meta-
stable polymorphs, including polar crystals
for nonlinear optics (3). Here we report
the spontaneous formation of coexisting
“polymorphic” trilayers and monolayers at
the air-liquid interface and make use of
auxiliary molecules to influence their thick-
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ness and crystalline structure. These am-
phiphilic films, which can be directly mon-
itored by grazing incidence x-ray diffraction
(GID) (4-6) and specular x-ray reflectivity
(6, 7), may serve as models for understand-
ing the early stages of crystal nucleation and
growth on the molecular level.

When spread on liquid water at surface
pressure w = O, arachidamide (C,oH;o-
CONH,) forms a monolayer with the mol-
ecules tilted by about 18° from the normal
to the liquid surface, with two molecules in
a rectangular unit cell of dimensions a =
4.69 A and b = 8.69 A (8). When spread
on formamide or formamide-water sub-
phases, however, two trilayer phases are
formed, with the relative ratio between
them varying with time. The formation of
multilayers and the coexistence of more
than one crystalline form provide a system
for study of the selective growth of crystal-
lites at the liquid interface. We have there-
fore designed auxiliary molecules that may
influence the mode of crystallinity.

The GID measurements were conducted
on liquid surface diffractometers at the un-
dulator beamlines BW1 at HASYLAB,
Deutsches Elektronen-Synchrotron (DESY)
(Hamburg, Germany) and Troika, European
Synchrotron Radiation Facility (ESRF)
(Grenoble, France). The amphiphiles (9)
were spread at room temperature, with mean
molecular area of 24 A? (calculated assum-
ing coverage by a monolayer only) and 7 =
0, on the liquid surface in a Langmuir
trough mounted on the diffractometer be-
fore the subphase was cooled to 5°C. In all
systems, the molecules spontaneously
formed highly crystalline films with corre-
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Fig. 1. (A) Grazing incidence x-ray diffraction
patterns for arachidamide. All measurements
gave approximately the same background level
but have been offset in the vertical direction for
clarity. For each value of g, , the measured
intensity has been integrated over the entire g,
window, 0.0 < g, < 0.8 A-". The subphase and
additives (APA, 3-arachidamidopropionamide;
NMA, N-methylarachidamide) are indicated
above each curve. The measurement marked
with an asterisk was carried out at ESRF,
Grenoble; all others were carried out at HASY-
LAB, DESY, Hamburg. (B) Two-dimensional
intensity distributions of the diffraction pattern
of (top) arachidamide and (bottom) arachida-
mide containing 5% APA on 70 mol% forma-
mide subphase as a function of the horizontal
(q,,) and vertical (q,) scattering vectors. The
reflections corresponding to each crystalline
phase are shown in different colors: orthogonal
in red, parallel in yellow, and minor phase in
purple. The parallel phase is present primarily
as a multilayer without additive but is primarily a
monolayer when additive is present.

lation lengths (10, 11) of 21000 A.

We first discuss pure arachidamide in the
absence of auxiliary molecules. The GID
patterns for arachidamide on formamide or
on 70 mole percent (84% v/v) formamide-
water subphase are given in Fig. 1A. The
positions of the Bragg peaks, shapes of the
associated Bragg rods, and x-ray reflectivity
curves for films on the two different sub-
phases are nearly identical. Figure 1B shows
the intensity distribution of the diffraction
pattern on formamide-water subphase as a
function of both the horizontal (q,,) and
vertical (q,) scattering vectors. The thick-
ness of the films was deduced from the g,
width of the associated Bragg rods (Fig. 2)
(12-14) and by specular x-ray reflectivity
(Fig. 3) (15, 16). The full width at half
maximum (FWHM) of the various Bragg
rods (Fig. 2) averages to 0.09 A~! for pure
arachidamide, which corresponds to a film
thickness of about 70 A (12). The approx-
imate length of an arachidamide molecule
is 24 A; thus, we may deduce that the film
is essentially a trilayer. This is reasonable in
terms of the requirement that the molecules
form centrosymmetric hydrogen-bonded di-
mers and that the film surface exposed to
the subphase should be hydrophilic and the
surface exposed to the atmosphere be hy-
drophobic (Fig. 4). It is possible that the
two upper layers of the trilayer need not
have full occupancy with respect to the

lowest layer; and thus, the apparent thick-
ness of the film is an average over all
domains.

Comparison of the GID patterns on the
100% and the 70% formamide subphases
(Fig. 1A) reveals a constant ratio for the
integrated intensities of the reflections at
4., = 1.38, 1.61, and 1.68 ~1 and anoth-
er constant ratio of the intensities for the
reflections at g, = 1.53 and 1.69 A~
This led to the idea that the first set of
reflections correspond to one phase of a
trilayer and that the other set corresponds
to a second trilayer phase. The relative
amount of the two phases depends on
which subphase is used, and it also changes
with time (Fig. 5).

The two reflections at gq,, = 1.53 and
1.69 A1 correspond to the symmetry-relat-
ed coincident reflections {1,1} and {1,1} and
to the {0,2} reflection, respectively, of a
rectangular unit cell containing two mole-
cules with dimensions a = 4.93 A and b =
7.43 A and an area per molecule ab/2 of 18.3
A2, A weak {1,0} reflection at 4y = 1.27

~! and several high order reflections were
also observed (16-18). Intensities of the
Bragg rods of the two primary reflections
{1,1} + {1,1} and {0,2} (Fig. 2) have maxi-
ma at ¢, = O, indicating that the molecules
are vertical (5, 19). The unit cell dimen-
sions are a fingerprint for the packing of
hydrocarbon chains in the “orthogonal” mo-
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Fig. 2. Intensity profiles along the Bragg rods (73, 74) of the two major phases found for
uncompressed pure arachidamide (solid line) and arachidamide containing 10% NMA (squares) on
pure formamide subphase at 5° = 1°C. (A) Phase with orthogonal chain packing. (inset) Bragg
peak along g, (integrated over q,) for the first reflection. (B) Phase with parallel chain packing. The
data were smoothed by averaging consecutive data points in sets of three. The observed position
in qg,,, the {h,k} assignment, and the structural arrangement of the chains (that is, parallel || or
orthogonal 1) for each Bragg peak are given on the left side, and the approximate FWHM of each
Bragg rod on the right side (pure arachidamide, above; with additive, below). When the peak of the
Bragg rod occurs at g, = 0, data can only be obtained for the one-half of the Bragg rod with g, >
0. The indicated FWHM for those Bragg rods that have their maxima at g, = 0 have been doubled
accordingly. Also, the innermost data points in the vicinity of g, = 0 have a significantly enhanced
intensity because of an interference phenomenon known as the Vineyard peak (5, 13, 14).
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tif (Fig. 4A) in which the two molecules in
the unit cell are related by glide symmetry,
such that the hydrocarbon chains make her-
ringbone contacts' along the glide with a
dihedral angle of about 90° between their
planes (6). The length of the a axis is
appropriate for hydrogen bonding between
amide groups, suggesting that these groups
are twisted out of the plane of the hydrocar-
bon chains so as to be approximately parallel
to the a axis.

- The second trilayer phase has three pri-
mary low order reﬂectlons, at q,, = 1.38,
1.61, and 1.68 A=, which were ass1gned
respectlvely, as the {1,1}, {0,1}, and {1,0}
reflections, yielding an oblique unit cell
w1th dimensions a = 4.92 A and b = 5.13

= 130.5° and an area per molecule
absm‘y of 19.2 A% (8, 20, 21). It is likely
that N-H~-O hydrogen bonding occurs par-
allel to one of the unit cell axes, because
both are the right length for this interac-
tion. The maximum intensity of the Bragg
rod profile for the {1,1} reflection is at q, =
0, and those of the other two reflections are
at q, = 0.46 A-1! (Fig. 2). Here again, the
width of the Bragg rod profiles indicates
that this phase is a molecular trilayer. It can
thus be concluded that the molecules are
tilted parallel to the 4.2 A long diagonal (a
+'b) axis, with a tilt of about 17° (19) from
the normal to the liquid surface. This pack-
ing mode is known as parallel because of the
arrangement of the hydrocarbon chains
(22, 23) (Fig. 4A).

Two additional weak reflections at g,, =
1.44 and 1.65 A were observed (Fig. 1) but
could not readily be assigned. If these Bragg
peaks are assumed to belong to a single
phase with a rectangular unit cell, then

P BT PR PR
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q,/q,

Fig. 3. Specular x-ray reflectivity curves for
uncompressed  arachidamide (W) and
arachidamide containing 5% APA additive (OJ)
(offset by 0.5 unit in R/R,), over 70 mol% forma-
mide subphase at 5° = 2°C. The measured
reflectivity divided by the Fresnel reflectivity,
R/R,, is calculated for a perfect, sharp interface;
g,/q, is the normalized vertical scattering vec-
tor, where A = 1.54 A and q_ is the length.of the
scattering vector at the critical angle of inci-
dence. The position of the first minimum in
q,/q, is given for each curve. The lines are
drawn to connect the data points.
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two possibilities arise. If the reflections are
assigned as the {1,1} + {1,1} and the
{0,2}, respectively, then the unit cell is of
dimensionsa = 5.31 A and b = 7.62 A. If
the assignments are reversed, then the
calculated dimensions are a = 4.24 A and
b=18.72 A.

It is possible that the two major phases
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described above, with parallel and orthog-
onal chain arrangements, make an epitax-
ial-like contact. The equality in length of

their a axes (4.93 versus 4.92 A) suggests
an epitaxial contact involving hydrogen
bonds (Fig. 6A). In such a case, we assume
that the amide groups in the oblique cell are
hydrogen bonded along their b axes. A sec-
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Fig. 4. (A) Schematic representation of the orthogonal and parallel packing arrangements of
arachidamide molecules. (Bottom) Chain packing in the unit cells as viewed along the hydrocarbon
chains. The thick black lines represent the projection of the hydrocarbon chains onto a plane
perpendicular to the long molecular axis. (Top) Side view of monolayer and trilayer packing
arrangements. Arrows indicate additive molecules. In the orthogonal arrangement, the molecules
are approximately vertical with respect to the liquid surface. Chains packing in the parallel motif are
tilted along the a.+ b diagonal. (B and C) Schematic representation of the effect of the additive NMA
on the growth of arachidamide multilayer on formamide subphase: (B) The additional N-methy!
group of the additive projects into the subphase but does not disrupt the intermolecular hydrogen
bonding network within the monolayer; (C) bilayer cannot form because the N-methyl prevents

bonding of an incoming amide group.
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ond possibility is that the axesay — b =
9.13 A and a, +b, =893 A line up
(Fig. 6B). If such an epitaxy between the
two phases does exist, it may be that do-
mains of one phase serve as a template for
growth of the other. The GID pattern of
arachidamide (without additive) on forma-
mide-water subphase was observed as a
function of time, and a shift in the equilib-
rium between the two trilayers was observed
(Fig. 5). It is also possible that the equilib-
rium occurs by dissolution of the peripheries
of the crystalline domains and recrystalliza-
tion in the second form.

Neither of these phases corresponds to the
structure of 3D crystals of long-chain amides
CH,,.,CONH,, where n < 14 (24). In
these crystals, the hydrogen bonds within
each layer are generated by glide symmetry
with neighboring rows of highly tilted hydro-
carbon chains tilted in opposite directions.

Auxiliary molecules were designed to
inhibit multilayer formation while not dis-
rupting growth within a layer. Two second-
ary amides, C,(H;;CONHR, where R =
CHj, [N-methylarachidamide (NMA)] or R

Fig. 5. GID patterns for

R e R

= C,H,CONH, [3-arachidamidopropiona-
mide (APA)], similar to arachidamide ex-
cept for a bulky group attached to the amide
nitrogen, were used as additives. When the
amphiphilic material contains 5 to 10% of
one of these auxiliaries, a single phase
consisting of a monolayer is formed (25).
The R groups of these molecules simply
point into the liquid below (Fig. 4). In a
multilayer, however, the additional bulky
group prevents formation of the amide hy-
drogen bonded dimers in the overlying bi-
layer, thus inhibiting growth of the crystal-
lite in the vertical direction. Such a selec-
tive inhibition of multilayer growth was
indeed observed.

The GID patterns (Fig. 1) of arachidamide
to which 5% APA or 10% NMA had been
added before spreading on the subphase show
primarily the two reflections associated with
the orthogonal motif with the molecules
aligned vertically (Fig. 4). The Bragg rods at
high g,, corresponding to the tilted structure
found for arachidamide alone, are extrmely
weak here, with only those corresponding to
the orthogonal motif being observed (Fig.

-
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ing the change in the
relative ratio of the two
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1B). The FWHM of the Bragg rods for
arachidamide plus additive are about two to
three times those of the corresponding
FWHM from pure arachidamide, indicating
that the layer is about one-third as thick (Fig.
2) and is thus primarily monolayer. As can be
seen from the low intensity of the Bragg rods
corresponding to the tilted trilayer (Fig. 2B),
only a small amount of this phase is present.
There was no increase in the relative intensity
of these reflections over the 3-hour duration
of the experiment. It is not yet clear why the
monolayer displaying the orthogonal motif
with the molecules vertically aligned is pre-
ferred without appearance of a monolayer
with parallel packing of tilted molecules. Mol-
ecules of triacontanoic acid in a monolayer,
which are highly tilted over a water subphase,
also align vertically on liquid formamide. This
has been explained in terms of the hydrogen
bonding network of bound formamide (16).

The effect of additive on arachidamide
over 70 mol% formamide in water was also
monitored with specular x-ray reflectivity.
Measurements of arachidamide alone and
arachidamide containing 5% APA are consis-
tent with the formation of trilayer in the
absence of additive but monolayer when it is
present (Fig. 3). The position of the first
minimum in the reflectivity curve for
arachidamide plus contaminant is at about
three times the value in g, of that for arachida-
mide alone. The position of this minimum is,
to a first approximation, inversely proportion-
al to the thickness of the film (15), indicating
that in the presence of additive, the film is
roughly one-third as thick.

The coexistence of multiple phases in an
amphiphilic system at the air-liquid inter-
face may serve as a model for the early
stages of 3D crystal nucleation in which a
variety of nuclei representing different ma-
ture crystal phases may be present. Am-
phiphilic additives to the spreading solution
have been shown to selectively influence
“polymorphism” in these spontaneously
formed, self-assembled crystalline thin films
at the air-liquid interface. Selective inhibi-
tion by these additives influences the
growth of the different coexisting nuclei,
favoring the development of a single crys-
talline form. These results are in direct
analogy to earlier studies in which tailor-
made additives were used to influence the
growth and morphology of 3D crystals (I,
26, 27) and suggest that tailor-made addi-
tives effect crystal growth at its earliest
stages. A relevant example is that of crys-
tallization of waxes in petroleum, where the
morphology could be modified by use of
long chain additives or solvents (28).

The choice of additive and subphase (8,
16) may also be used to engineer the number
of layers and the packing mode of thin films in
a manner previously only available on solid
support. These may have implications as
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models of biological membranes and in other
applications. The observation of spontaneous
multilayer formation suggests new ways for
selective formation of multilayers versus
monolayers, such as the use of molecules
containing hydrophobic chains with hydro-
philic groups at each end. The lateral and
:interlayer packing of these multilayers should
be controllable through the use of am-
phiphilic tailor-made additives in a manner
similar to that described in this report.
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New Phases of C,, Synthesized at High Pressure

Y. Iwasa,* T. Arima, R. M. Fleming, T. Siegrist, O. Zhou,
R. C. Haddon, L. J. Rothberg, K. B. Lyons, H. L. Carter Jr.,
A. F. Hebard, R. Tycko, G. Dabbagh, J. J. Krajewski,
G. A. Thomas, T. Yagi

The fullerene Cg, can be converted into two different structures by high pressure and
temperature. They are metastable and revert to pristine Cg, on reheating to 300°C at
ambient pressure. For synthesis temperatures between 300° and 400°C and pressures of
5 gigapascals, a nominal face-centered-cubic structure is produced with a lattice parameter
a, = 13.6 angstroms. When treated at 500° to 800°C at the same pressure, C,, transforms
into a rhombohedral structure with hexagonal lattice parameters of a, = 9.22 angstroms
and ¢, = 24.6 angstroms. The intermolecular distance is small enough that a chemical
bond can form, in accord with the reduced solubility of the pressure-induced phases.
Infrared, Raman, and nuclear magnetic resonance studies show a drastic reduction of
icosahedral symmetry, as might occur if the C,, molecules are linked.

Although Cgo molecules are extremely sta-
ble at ambient conditions, nonhydrostatic
compression induces a transformation of

Y. lwasa, R. M. Fleming, T. Siegrist, O. Zhou, R. C.
Haddon, L. J. Rothberg, K. B. Lyons, H. L. Carter Jr.,
A. F. Hebard, R. Tycko, G. Dabbagh, J. J. Krajewski,
G. A. Thomas, AT&T Bell Laboratories, Murray Hill, NJ
07974, USA.

T. Arima, Department of Physics, University of Tokyo,
Tokyo 113, Japan.’

T. Yagi, Institute for Solid State Physics, University of
Tokyo, Tokyo 106, Japan.

*On leave from the Department of Applied Physics,
University of Tokyo, Tokyo 113, Japan.

SCIENCE ¢ VOL. 264 °* 10 JUNE 1994

Cgo to diamond (1) or unknown structures
above 15 GPa (2—4). Light irradiation is
also reported to cause a polymerization (5).
We have found at least two crystalline
phases of carbon involving crosslinked Cg,
cages that can be synthesized from pure
Ceo-

Synthesis was performed at high pressure
and high temperature with a wedge-type
cubic anvil apparatus (6), which produces
quasi-hydrostatic pressure. About 20 mg of
Cgo was pressed into a pellet and sand-
wiched between two Ti-powder oxygen get-






