experiment might vary, depending on the link
optics and on the performance of satellite point-
ing and tracking (25, 26 ). Even then, our results
represent an encouraging basis for future space
experiments with entangled photons.
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Surface-Driven Switching of
Liquid Crystals Using Redox-

Active Groups on Electrodes
Yan-Yeung Luk and Nicholas L. Abbott*

Electrochemical control of the oxidation state of ferrocene-decorated elec-
trodes leads to surface-driven changes in the orientations of thermotropic liquid
crystals. When the electrodes possess nanometer-scale topography, voltages of
0.0 to 0.3 volts (versus a counter electrode in a two-electrode cell) can drive
changes in the orientation of the liquid crystals in the plane and/or out of the
plane of the electrodes. Electrodes not supporting ferrocene do not lead to
surface-driven orientational transitions. The in-plane transitions are driven by
the reorganization of the monolayer of ferrocene upon oxidation of ferrocene
to ferrocenium. The out-of-plane transition reflects a dielectric coupling be-
tween the liquid crystal and the diffuse part of an electrical double layer that
evolves upon oxidation of ferrocene to ferrocenium. These results suggest new
ways to couple the orientations of liquid crystals to chemical and electrical
stimuli in electro-optical devices and chemical sensors.

Liquid crystalline materials are liquids with
anisotropic optical and electrical properties
that arise from the preferred orientations of
molecules within the liquid (/). These mate-
rials, when placed into contact with surfaces,
spontaneously assume orientations that de-
pend sensitively on the topography and
chemical functionality of the surfaces (2).
Past studies have demonstrated that applica-
tion of an electric field across a liquid crystal
oriented by a surface will generally change
the orientation of the bulk of the liquid crystal
but not regions of the liquid crystal near the
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surface (so-called strong anchoring: Fig. 1A,
I) (1, 2). This effect forms the basis of most
liquid-crystal displays (/). Here we report a
method to chemically functionalize elec-
trodes so as to electrically drive the orienta-
tions of liquid crystals from surfaces. By
using electrodes decorated with redox-active
groups that undergo reversible oxidation and
reduction, surface-driven orientational transi-
tions in liquid crystals (Fig. 1A, II) are dem-
onstrated at voltages that are small compared
with those generally required to complete a
change in orientation of liquid crystal in a
conventional electro-optical device (3).
Surface-induced anchoring transitions of lig-
uid crystals driven by chemical oxidation of
patterned redox-active groups are also dem-
onstrated (Fig. 1A, III) (4). These character-
istics suggest that surface-driven orienta-
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tional transitions using electrodes decorated
with redox-active groups might find applica-
tion in electronic print (5, 6) or chemically
responsive soft materials (7, §).

The design of the experimental system was
based on three observations. First, gold elec-
trodes functionalized with ferrocene form the
basis of a structurally well-defined metal-
electrolyte interface: Ferrocene undergoes a
reversible one-electron oxidation to form the
ferrocenium cation (Fig. 1B) (9, 10). Second,
studies have demonstrated that it is possible to
use thermotropic liquid crystals formed from
4.4'-pentylcyanobiphenyl (5CB) and N-(p-
methoxybenzylidene)-p-butylaniline (MBBA)
as solvents for electrochemical studies of
electroactive species dissolved in the bulk
of liquid crystals (Fig. 1C) (/7). Third, the
ionization of acids and dissociation of
surface-immobilized salts can lead to in-
plane and out-of-plane orientational transi-
tions in liquid crystals (/2, 13). These ob-
servations led us to hypothesize that control
of the oxidation state of ferrocene on a
ferrocene-decorated electrode may lead to
surface-driven orientational transitions in
liquid crystals.

We first investigated the influence of the
oxidation state of surface-immobilized ferro-
cene on the orientation of either 5SCB or
MBBA by using benzoyl peroxide (BP, 20
mM) dissolved in the liquid crystal to oxidize
the ferrocene to ferrocenium (/4). Polycrys-
talline gold films were deposited so as to
avoid the introduction of anisotropic topog-
raphy into the structure of the gold films (/5)
and then patterned with monolayers formed
from CH,5(CH,),sSH and Fc(CH,),,SH,
where Fc is ferrocene. On both the ferrocene
and methyl-terminated monolayers, we mea-
sured nematic SCB to assume an orientation
that was parallel (planar) to the surface with-
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out a preferred azimuthal orientation (Fig. 2,
A and B). In contrast, when BP was dissolved
in the 5CB before contact with the function-
alized surfaces, we observed 5CB to assume
an orientation that was perpendicular
(homeotropic) to the surface of the ferrocene-
terminated monolayers (Fig. 2, C and D)
(16-18). The 5CB near the methyl-
terminated monolayers, however, remained
planar. The orientation of MBBA with and
without BP was measured to be planar on the
ferrocene-terminated and methyl-terminated
monolayers. The fine grain size observed in
the optical texture of MBBA in the pres-
ence of BP and ferrocene-terminated mono-
layers indicates, however, that the interac-
tions between the MBBA and the interface
that are responsible for the planar orienta-
tion (the anchoring energy) are strength-
ened by the presence of BP (Fig. 2, E and
F) (19, 20). Because the anisotropy of the
dielectric constant is positive (A = +13)
for 5CB but weakly negative for MBBA
(Ae = —0.7) (21), these results are consis-
tent with a dielectric coupling between the
liquid crystal and electric field within the
diffuse region of the electrical double layer
(12) that evolves at the surface upon oxi-
dation of ferrocene to ferrocenium.

Next we used a two-electrode electrochemi-
cal cell containing SCB and 35 mM tetrabutyl
ammonium tetrafluoroborate (TBAF) as a
nematic solvent to reversibly control the oxida-
tion state of ferrocene immobilized on a gold
working electrode (Fig. 3A) (22). The counter
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Fig. 1. (A) Schematic illustration of changes in
orientations of liquid crystals: (I) Change driven
by the action of an electric field on the bulk of
the liquid crystal. (Il and Ill) Surface-driven
changes in orientation leading to either forma-
tion of a helical twist in the liquid crystal (1l) or
an orientation of the liquid crystal that is per-
pendicular to the surfaces (Ill). (B) Schematic
illustration of a gold film decorated with ferro-
cene (left) and ferrocenium (right). (C) The
molecular structure of 5CB and MBBA.
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electrode was a gold film (not functionalized
with ferrocene). We set the distance between the
working electrode and counter electrode at
13.1 = 0.5 wm by using a spacer made of Saran
wrap (supporting online text). Using cyclic vol-
tammetry, we measured the charging character-
istics of the functionalized electrode to com-
prise a single anodic and a single cathodic
wave (Fig. 3B). A plot of log (scan rate) versus
log (peak current) was linear, indicating a
surface-confined redox-active species (Fig.
3C) (23). Because this electrode process was
absent when we used monolayers formed from
CH;(CH,),sSH, we conclude that the peaks in
the cyclic voltammogram are due to oxidation
and reduction of ferrocene on the working
electrode. Accompanying the measurement of
the cyclic voltammogram, we observed a
change in the optical appearance of SCB (Fig.
3, D to F). When the electrode decorated with
ferrocene was held at —0.2 V, the 5CB ap-
peared green, consistent with planar alignment
of 5CB with no azimuthal preference on the
surfaces of both the working and counter elec-
trode (Fig. 3D) (24). In contrast, at 0.12 V
(Fig. 3E), regions of the liquid crystal ap-
peared yellow, consistent with planar align-
ment of the liquid crystal on one surface
(counter electrode) but perpendicular align-
ment on the other surface (working electrode).

Fig. 2. Effect of chemical oxidation
of surface-immobilized ferrocene
on the orientation of 5CB and
MBBA. (A) Optical textures (cross
polars) of 5CB in optical cells pre-
pared with one surface supporting
an array of microcontact printed
circles of a monolayer formed
from CH;(CH,);sSH surrounded
by a monolayer formed from
Fc(CH,),,SH, and an opposing
surface supporting a monolayer
formed from Fc(CH,),,SH. (B)
Schematic illustration of the align-
ment of 5CB in (A). 5CB assumes a
planar orientation (parallel to sur-
face) with no preferred azimuthal
direction on both surfaces. (C) Op-
tical textures (cross polars) of 5CB
containing 20 mM BP in the same
optical cell as in (A). The inset
(black cross in lower right of im-
age) shows a conoscopic image in-
dicating homeotropic alignment
of 5CB in the region where both
surfaces present ferrocenium. (D)
Schematic illustration of the
alignment of 5CB in (C). 5CB
aligns perpendicular (homeotro-
pic) to regions presenting surface-
immobilized ferrocenium, but as-

Application of 0.28 V completed the transition
to perpendicular alignment over the entire
working electrode (Fig. 3F). Both the cyclic
voltammograms and the changes in color of
the liquid crystal were fully reversible. When
the working electrode was a gold film support-
ing a monolayer formed from CH5(CH,),sSH,
we did not observe a change in orientation of
5CB when cycling the voltage between —0.3
and 0.3 V.

Surfaces possessing topography on the
nanometer-to-micrometer-scale can cause
liquid crystals to assume uniform azimuthal
(in-plane) orientations (25, 26). When orga-
nized monolayers of molecules are decorated
on such surfaces, the azimuthal orientation of
the liquid crystal depends strongly on both
the chemical functionality and the structural
organization of the monolayer (26). To de-
termine if oxidation of ferrocene to ferroce-
nium on an electrode with nanometer-scale
topography could drive azimuthal orienta-
tions of liquid crystals, we prepared gold
electrodes by the oblique vapor deposition of
gold onto stationary silica substrates (15).
Prior to oxidation of the ferrocene immobi-
lized on the obliquely deposited gold film,
5CB assumed an azimuthal orientation that
was parallel to (along) the least-rough azi-
muthal direction of the surface, as measured

Fe(CH,),;S

Fc*(CH,),;S

CH3 (CHZ) 15 S
F
“QBBB?

MBBA
Fc¢'(CHy),, S Fe(CHy),,S

sumes a planar orientation on the circular regions formed from CH;(CH,),<SH. (E) Optical image
(cross polars) of MBBA with (left side of image) and without (right side of image) BP in an optical
cell with surfaces formed from Fc(CH,),;SH. Two MBBA solutions, one pure and the other
containing 20 mM BP, were injected into the optical cell from opposite sides of the cell. The curve
(highlighted by two dashed red arrows) indicates the transition between two regions distinguished
by fine (with BP) and coarse textures (without BP) of MBBA. (F) Schematic illustration of the
alignment of MBBA in (E). The distance between the two surfaces of each optical cell was measured

to be 13.1 = 0.5 wm (supporting online text).
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by using atomic force microscopy (27). Elec-
trochemical oxidation of the ferrocene, how-
ever, was accompanied by the reorientation
of 5CB (Fig. 4). At low voltages (<0.3 V),

the 5CB was measured to undergo a 90°
change in azimuthal orientation on the sur-
face of the chemically functionalized elec-
trode. Because the azimuthal orientation of

Fig. 3. Electrochemical
control of the out-of-
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electrochemical oxidation of the ferrocene monolayer. (D) (—0.2 V), planar; (E) (0.12 V), mixed/tilted; (F)
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5CB on the counter electrode (bare gold) did
not change, a 90° twist distortion was formed
in the liquid crystal (28). The change in ori-
entation of the liquid crystal was a continuous
function of the extent of oxidation of the
ferrocene to ferrocenium (i.e., voltage ap-
plied to the working electrode). At interme-
diate voltages, corresponding to partial
oxidation of ferrocene to ferrocenium, the
optical appearance of the 5SCB was stable. A
step change in voltage from 0 to 0.2 V led to
a change in optical appearance over ~130 ms
(29), and we demonstrated the transition to be
reversible over ~1000 cycles (supporting on-
line text). Application of a voltage greater
than 0.4 V was accompanied by a second
reversible transition in the orientation of SCB
on the ferrocenium-terminated monolayer
that rotated the optical axis of the liquid
crystal out of the plane of the surface, thus
replacing the twist distortion by a splay/bend
distortion (30).

We performed two experiments to deter-
mine the origin of the above-described orien-
tational transitions of SCB. First, we replaced
the ferrocenyl monolayer with a monolayer
formed from CH,(CH,),,SH. Over the same
range of voltages described above, we did not
observe the SCB to undergo either the azi-
muthal or out-of-plane orientational transi-
tion. This result indicates that the redox
reaction on the surface of the electrode is
required for both orientational transitions.
Second, we dissolved BP in 5CB and MBBA
to chemically generate ferrocenium immobi-
lized on the surface of an obliquely deposited
gold film. Chemical oxidation of the ferro-
cene monolayer caused both SCB and MBBA
to undergo the 90° change in the azimuthal
orientation. Because SCB and MBBA have
anisotropic dielectric constants that are oppo-
site in sign, this result indicates that the
coupling between the liquid crystal and func-
tionalized electrode that gives rise to the az-
imuthal transition in orientation is not due to
dielectric coupling of the liquid crystal to the
electric field in the diffuse part of the electri-
cal double layer. Studies have demonstrated
that oxidation of ferrocenyl monolayers
formed from Fc(CH, ), ,SH on gold leads to a
reorganization of the monolayer (3/-33). In-
frared spectroscopy reveals that oxidation
leads to a change in the tilt of the alkyl chains
of the monolayer toward the normal of the
surface, accompanied by rotation of the fer-
rocenyl group (Fig. 1B). Because studies of
monolayers of alkanethiols formed on gold
and silver films with nanometer-scale topog-
raphy have revealed both SCB and MBBA to
assume identical azimuthal orientations that
depend on the tilts of the chains and orienta-
tions of terminal functional groups (26), we
conclude that the azimuthal orientational
transitions of 5SCB and MBBA induced by the
surface-confined redox reaction are consis-
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tent with the effects of a reorganization of the
compact part of the electrical double layer
(tethered ferrocenium). The out-of-plane re-
orientation of SCB that was observed to ac-
company the application of substantial over-
voltages (~0.5 V) to the surface presenting
ferrocenium was not observed when chemical
oxidation was used to prepare the ferroce-
nium monolayers on obliquely deposited
films of gold. This orientational transition,
which was also not observed when we used
working electrodes supporting monolayers
formed from CH,(CH,),,SH, requires both
the presence of the ferrocenium and the ov-
ervoltage and is consistent with a dielectric
coupling of the liquid crystal with the diffuse
part of the electrical double layer (72).
Because the reorganization of solvent
accompanies almost all electrode-confined
redox reactions (34, 35), the coupling that
we report between the orientation of liquid
crystals and redox groups decorated on
electrodes is likely one example of a gen-
eral phenomenon. When oxidation of the
redox group results in a change in the
electrical double layer, our results demon-
strate that the orientation of the liquid crys-
tal can be directed by its interaction with
the diffuse or compact parts of the double
layer. Compared with Freedericksz transi-
tions in liquid crystals (36), surface-driven
orientational transitions using redox-active
groups immobilized on electrodes require
small voltages (3), require only the pattern-
ing of electrodes on one side of the liquid
crystal (because the orientational transition
is surface driven), and can be combined
with soft lithography (37) to pattern redox-
active molecules on surfaces to achieve
patterned orientations of liquid crystals.
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High-Density Electron Anions in
a Nanoporous Single Crystal:
[Ca,,ALgOg,]** (4e7)

Satoru Matsuishi,’? Yoshitake Toda,"? Masashi Miyakawa,’
Katsuro Hayashi,’ Toshio Kamiya,"? Masahiro Hirano,’

Isao Tanaka,® Hideo Hosono

1,2%

We removed ~100% of clathrated oxygen ions from the crystallographic cages
in a single crystal of 12Ca0O-7AL,0,, leading to the formation of high-density
(~2 X 102" cm™3) electrons highly localized in the cages. The resulting electron
forms a structure that we interpret as an F* center and migrates throughout
the crystal by hopping to a neighboring cage with conductivity ~100 siemens
per centimeter, demonstrating that the encaged electron behaves as an anion.
The electron anions couple antiferromagnetically with each other, forming a
diamagnetic pair or singlet bipolaron. The resulting [Ca,,Al,,O,,]** (4e~) may
be regarded as a thermally and chemically stable single crystalline “electride.”

Electrides are materials that trap electrons at a
stoichiometric concentration in the solid state
(7). Chemically, trapped electrons can be viewed
as the smallest possible anion, and such materi-
als could serve as strong reducing agents. From
a physics standpoint, the stabilization of numer-

ous bound electrons, or F' centers, could provide
new approaches to preparing conductive materi-
als with unusual optical or magnetic properties.
In addition, such materials may find application
as low-temperature electron emitters. Most elec-
trides have been either organic species, such as
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