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fluctuational paths. The relaxational tail leading back to the stable
state S is common to the two fluctuational paths that form the
resultant corral”. From Fig. 2c we see that the ridges of the
distribution are strongly asymmetric in time, but agree well with
the fluctuational and relaxational paths predicted from equations
(3). The observed asymmetry of the distribution implies* a lack of
detailed balance; and it leads directly'>* to macroscopic irreversi-
bility in the D — 0 limit where the width of the distribution tends to
zero. In verifying the existence of the switching line, the results
demonstrate the non-differentiability of the generalized nonequilibrium
potential.

One third example (Fig. 3) is the system suggested by Maier and
Stein'>*® for analysis of the escape problem in nonequilibrium
systems. It consists of a bistable system driven from equilibrium
by a stationary field of (in general) the nongradient type. In
measurements near one of the stable states, the lack of detailed
balance and the irreversibility of the fluctuations become strikingly
apparent. Figure 3a shows the measured P{x,y) distribution for
fluctuations to the two different remote states x; placed symme-
trically on either side of the y axis; Pdx,y) is the projection of
Pi(xyts Xp5t X, 5, ;) onto the x—y plane with t; = 0 as before.
When the paths traced out by the ridges are plotted (Fig. 3b), it can
be seen: (1) that the fluctuational trajectories are completely
different from the relaxational ones; and (2) that they are in good
agreement with the fluctuational and relaxational trajectories pre-
dicted from equations (3). Figure 3c shows the corresponding
picture measured for fluctuations to a single remote state x; on
the switching line (lying on the x axis). The two fluctuational paths
to the remote state are, again, markedly different from the common
relaxational path leading back to S. Both parts of the trajectory are
well described by the corresponding optimal paths calculated from
equations (3). In this case too, therefore, the observations link a lack
of detailed balance to macroscopic irreversibility, and demonstrate
the nondifferentiability of the generalized nonequilibrium poten-
tial; the closed loops traversed during fluctuations verify the
expected™*” occurrence of rotational flow in nonequilibrium
systems.

Thus, after more than 60 years of “thought experiments” on large
fluctuations>*, it has now become possible to do real experiments
yielding quantitative results. Our work has already verified several
long-standing theoretical predictions, including those of symmetry
between the growth and decay of classical fluctuations in
equilibrium®”, the breaking of this symmetry under nonequili-
brium conditions”'>*, the relationship of symmetry-breaking to a
lack of detailed balance'*~'7*%, and the existence of an optimal force
derived from the fluctuating field and related to the momentum of
an auxiliary hamiltonian system®'****'. The technique has also
enabled us to reveal new dynamical features of large fluctuations,
such as critical broadening of the prehistory probability
distribution'. It will be as applicable to future experiments on
natural systems as it has been to the electronic models studied here.
Because equations (1) can, at least in some cases™’, be related
directly to the microscopic classical equations of motion for a
system interacting with a heat bath, the approach illuminates
connections between microscopic reversibility and macroscopic
irreversibility. Other open questions needing urgently to be
addressed include the precise physical meaning of the momentum
p and the role of entropy and how it changes during fluctuational
motion. t
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Light amplification in organic
thin films using cascade
energy transfer

M. Berggren, A. Dodabalapur, R. E. Slusher & Z. Bao

Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill,
New Jersey 07974, USA

There is currently renewed interest in the development of lasers
using solid-state organic and polymeric materials as the gain
media. These materials have a number of properties that make
them good candidates for such applications—for example, emis-
sion bands that are displaced (via a Stokes shift) from absorption
bands, and the ease with which the emitting species can be
embedded in a suitable host material'~>. But despite these advan-
tages, the threshold power densities required for light amplifica-
tion that have been reported so far have been high®®. Here we
describe an approach, based on energy transfer between molecu-
lar species, that can lower the threshold for stimulated emission
and laser action while improving markedly the waveguiding
properties of the active material. In our materials, an initial
molecular excited state is generated in the host compound by
absorption of light; this state is then resonantly and non-radia-
tively transferred down in energy (through one or more steps)
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between suitably matched dye molecules dispersed in the host, so
ensuring that the absorption losses at the final emission wave-
lengths are very small. Such composite gain media provide
provide broad tunability of the emission wavelength, and also
decouple the optical emission properties from the transport
properties, so providing greater flexibility for the design of
future electrically driven device structures.

Solid-state lasers based on organic materials, with a few recent
exceptions, have had gain media consisting of a suitable transparent
host doped with a small percentage of dye’~. In such media there is
no significant optical interaction between the host molecules and
the dye molecules; the host serves mainly to physically separate the
fluorescent dye molecules, which has the beneficial effect of hinder-
ing concentration quenching', and increasing the quantum yield of
the material. As the host matrix is non-absorbing, and the volume
fraction of the emissive dye is small (of the order of 1%), the amount
of incident light that can be absorbed in a film of thickness ~150—
200nm (a typical value for the thickness that supports only the
lowest-order optical mode) is very small (<5%). This places a lower
limit on the threshold power density necessary to have stimulated
emission.

One way to circumvent this limit is to have a host material which
has optical gain. There have been several recent examples of such
luminescence in conjugated polymers®®. It is also possible to obtain
stimulated emission in pure films of small molecules, an example of
which will be given below. Although the absorption of incident light
can be high in such materials, the absorption losses at the emission
wavelengths can be quite high (>1cm™). This is because the
absorption coefficient is quite high in most organic materials
close to the absorption ‘edge’, and it is necessary to shift the
luminescence (sometimes by >200nm) from this edge to signifi-
cantly lower the absorbance. A low absorbance at the emission
wavelength(s) will mean that the optical gain and minimum pump
power necessary for population inversion is lowered. One way to
accomplish this is to use gain media with energy transfer®'’. In the
most general case, the energy transfer can take place through
multiple steps, a process we call cascade energy transfer. This
process requires three or more materials which have absorption
and emission spectra that suitably matched. We believe that this
report represents the first time cascade energy transfer has been used
in an optical device. Single-step energy transfer can also be useful in
laser gain media, and we give some examples of this later.

In the materials studied here, light is absorbed by host material
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Figure 1 Absorbance and photoluminescence spectra of the host material and
the fluorescent dyes. The host material is 2-(4-biphenylyl)-56-(4¢-butylphenyl)-
1,3,4-oxadiazole (PBD); the dyes are coumarin 490 (C490), DCMIl and LDS821. The
spectra for PBD are from a pure film whereas the other spectra are from solid
solutions of the material in polystyrene.
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such as 2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazole
(PBD) which is doped with a small percentage (of the order of
1 wt%) of one or more fluorescent dyes with different absorption
and emission spectra. The function of the host is to absorb the
pump light and funnel the excitation to the dye molecules through a
Forster-type energy transfer. Because the average spacing between
the dye molecules at the doping concentrations we use (3 nm) is less
than the Forster distance', excitation transfer can be extremely
efficient, especially if the overlap between the donor (host) emission
spectrum and acceptor (dye) absorption spectrum is good. The
absorption and emission spectra of the materials used are shown in
Fig. 1. The spectra for PBD are from a pure film whereas the other
spectra have been obtained from solid solutions of the dye in
polystyrene. Efficient transfer was observed between PBD and
coumarin 490 (C490) and between PBD and DCMII (with C490
included) and between PBD and LDS821 (with both C490 and
DCMII also included in the film). (The dyes DCMII and LDS821
were obtained from Exciton, Inc., Dayton, Ohio). The transfer was
poor between PBD and LDS821 when the intermediate dyes—C490
and DCMII—were not included in the film. These results are
consistent with the predictions of resonance energy transfer
theory™'’. To minimize the effects of reabsorption and almost
eliminate waveguiding, the films were very thin and were deposited
on aluminium. In other experiments, the relative quantum yield of
films of the various materials were estimated relative to the
quantum yield of a neat film of PBD (taken as 1). The quantum
yields measured are 1.67 (PCD + C490), 1.49 (PCD + C490+
DCMII) and 0.6 (PBD + C490 + DCMII + LDS821).

The films that we used to study stimulated emission were
deposited on glass substrates. The host material in the first set of
studies was PBD which, together with any dopants, was deposited
by spin-coating to form ~200-nm-thick films. The thickness of the
films is such that only the lowest-order mode is guided by the planar
waveguide formed by the PBD (core) and air and glass (cladding)
layers. These films were photopumped with unfocused light from a
pulsed nitrogen laser (wavelength N = 337 nm) which emits 2-ns-
long pulses with an energy density of 500 wJ cm™ (corresponding to
250 kW cm™2). The spot size was 3 mm X 2.5 cm. Neutral-density
filters were used to adjust the pump power level. At low pump
powers, the emission spectra are identical to the spontaneous
emission spectra shown in Fig. 1. At sufficiently high pump
powers the emission spectrum becomes narrower; such a narrowing
is characteristic of amplification of spontaneous emission (ASE)
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Figure 2 Normalized absorbance of PBD, and stimulated emission spectra from
this material alone, and when doped with dyes. Curve a, PBD only; curve b, 0.6%
C490 in PBD; curve ¢, 0.6% C490+0.9%DCMIlI in PBD; curve d, 0.6%
C490 + 0.9% DCMII + 0.6% LDS821 in PBD.
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and is observed in a wide variety of gain media. Films of undoped
PBD also have such amplifying characteristics, as shown in Fig. 2
curve a. The threshold pump power (with a gain area of
3mm X 2.5cm) necessary to detect significant stimulated emission
is ~10 kW cm ~2. One reason for this high value is that the peak of
the ASE is close to the absorption ‘edge’ of the PBD where the
absorption coefficient is high. As the gain coefficient has to be more
than the absorption coefficient to have amplification, it follows that
the pump power is necessarily high. Also shown in Fig. 2 are the ASE
spectra (when pumped at 250 kW cm ™) of PBD doped with 0.6%
C490 (curve b) and 0.6% C490 + 0.9% DCMII (curve c). The peak
of curve b which is at ~460 nm coincides almost exactly with the
peak of the C490 spontaneous emission spectrum. The spontaneous
emission from PBD at 460 nm is quite weak and separate measure-
ments showed that energy transfer from PBD to C490 is very
efficient. Thus, we attribute the ASE peak at 460 nm as due primarily
to amplification of spontaneous emission from C490 following
energy transfer from PBD. Similarly, in curve c the ASE peak is
almost exclusively from DCMII as both PBD and C490 have very
little or no spontaneous emission intensities at wavelengths near
600 nm. We found that energy transfer between PBD and DCMII
was not as efficient as between PBD and C490 or between C490 and
DCMII. Cascade energy transfer from PBD to DCMII via C490
molecules is the most likely pathway for excitation transfer. When
the third dye (LDS821) was also included in the films, ASE centred
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Figure 3 Laser emission spectra from devices made from four different active
materials, and the spontaneous emission spectra of these materials. Solid lines,
laser emission spectra; curve a, PBD; curve b, PBD+ C490; curve c,
PBD + C490 + DCMII; curve d, PBD + C490 + DCMII + LDS821. Dotted lines,
spontaneous emission spectra for these active materials. The lasers producing
emission spectra a, b and ¢ used the same distributed Bragg reflector (DBR)
resonator consisting of two 0.6-um-pitch gratings etched in SiO, separated by a
gain region 3-10mm long. The third, fourth and fifth harmonics of the reflectivity
of such DBR mirrors match the spontaneous emission spectra of ¢, b and a,
respectively. The lasing threshold for pure films of PBD is quite high (10 kW cm™).
The measured threshold power densities for the blue (b) and red (c) lasers are 1-
1.5 kWem™ (total incident power density). The thresholds for the blue and red
lasers are affected by losses in the SiO, cladding layer. As a result of these losses,
the thresholds for observing ASE on these oxide-coated Si substrates (without a
DBR) is ~10kWcm™, much higher than the threshold for films on glass sub-
strates. The laser thresholds can be further lowered by reducing optical losses in
the SiO,. For the laser d, a two-dimensional photonic bandgap based distributed
feedback geometry is used. This is realized by using a SiO,-coated Si substrate in
which a square lattice of holes (with a circular cross-section and radius 0.15 um)
were etched. The depth of the holes is 10-30 nm and the lattice constantis 0.6 pm.
The active material was spin-coated on such a patterned substrate to complete
the device. The linewidths of the lasers a-d are resolution limited and are 0.2-
0.3nm.
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near 805 nm was observed (curve d). The excitation transfer from
PBD to LDS821 must proceed through one or more intermediate
steps, as direct transfer from PBD to LDS821 is extremely inefficient.
Based on studies of spontaneous emission in such doped films, we
feel that the most likely pathway of excitation transfer is through
both C490 and DCMII although two step transfers (through either
C490 or DCMII) are also possible.

Figure 2 shows that pumping at 337 nm has resulted in a series of
ASE peaks from the ultraviolet (392nm) to the near infrared
(805 nm). The thresholds for stimulated emission are the lowest
for cases b, c and d where powers of 0.8—1.2 kW cm " are needed as
opposed to 10 kW cm ™ for the pure film. As mentioned above, the
chiefreason for this is that the absorption coefficient is relatively low
at wavelengths corresponding to peaks b, ¢ and d.

We have fabricated distributed Bragg reflector lasers by pre-
patterning a thermally oxidized Si wafer so as to form two gratings
separated by distances in the range 3 mm to 1 cm. The gratings act as
wavelength-selective mirrors. The grating period is 0.6 wm which
results in reflectivity peaks near 610nm, 485nm and 392 nm,
corresponding to the third, fourth and fifth orders, respectively.
Spin-coating the active material between the two gratings completes
the laser. The peaks in reflectivity of such gratings are matched to the
fluorescence spectra of PBD, PBD doped with C490, and PBD
doped with both C490 and DCMI]I, as evident from Fig. 2. We have
used these active gain media together with the distributed Bragg
reflector resonator to fabricate ultraviolet, blue and red lasers, as
shown in Fig. 3.

The measurements reported above were all made with spun films.
The film quality of vacuum-sublimed films is sometimes better than
that of spun films. We now describe the characteristics of optical
amplifiers in which the active materials is 2-napthyl-4,5-bis(4-
methoxyphenyl)-1,3-oxazole (NAPOXA) doped with ~1%
DCMIL These films are deposited by co-sublimation and combine
two important properties: good film-forming ability and almost
perfect overlap between the host emission and guest absorption
spectra, as can be observed in Fig. 4. With this system thresholds for
stimulated emission were as low as 85 W cm™ (total power). The
pump energy density for these measurements was held constant at
0.1-0.2 pJ cm™?, and the length of the gain region was varied in the
range 1-3 cm while the width of the gain region was 3—4 mm. We
believe that this is the lowest threshold power density for an organic
film reported to date and is due principally to the fact that the
combined absorption and other losses of the NAPOXA host and the

1'6 M T T T T T T T T 1»6
S 14t 14 m
g _3
N R S o
=12 123 &
E 1ol 108 3
S 1ot 0@
! Z®
. 085 &
§ 0.8 I _g‘ =
< 3 3
Sost 083 2
=l o
B 04r 040 2
< o
02t 02 3
0.0 L L = g
200 300 400 500 600 700

Wavelength (nm)

Figure 4 Absorbance and spontaneous emission spectra of the compounds
used to make vacuum-sublimed films. Solid lines, 2-napthyl-4,5-bis(4-methoxy-
phenyl)-1,3-oxazole (NAPOXA); dashed lines, DCMIl. Also shown is the
stimulated emission spectrum from a film of NAPOXA doped with ~1% DCMI|
when excited at 250 kW cm™.
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dye dopants at amplification wavelengths is small (<1cm™). The
threshold power densities achieved (<100 W cm™) compare very
favourably with those reported for unpatterned films of conjugated
polymers®®. The low threshold powers in our system are a direct
consequence of low loss at the emission wavelengths which allows
the gain length to be increased to >2 cm.

Resonance energy transfer is fundamentally an electromagnetic
interaction and the transfer rates can be influenced by strong
microcavity effects. In high-Q cavities, this interaction between a
donor and an acceptor is to be expected to stronger. This means that
it may be possible to use an even smaller doping concentration and
still achieve nearly complete transfer. This would have the potential
to further lower absorption losses and thresholds and is a promising
area for research.

The beneficial effects of energy transfer are not restricted to small
organic molecules but also apply in the case of longer molecules
such as oligomers and polymers. We have obtained low threshold
power densities (for ASE detection) of ~200W cm? for both
polymer and oligomer emitters. The host material used is PBD
and the emitters are a soluble derivative of polyphenylene vinylene)
(10 wt%) and an oligomeric phenylene-vinylene (2 wt%). We mea-
sured a combined waveguide loss (due to effects such as absorption
and scattering) of 0.6cm™" in the case of the conjugated polymer
emitter. Such low losses indicate that it is possible to use such
materials in resonators with Q > 10°, thereby accessing a regime
where cavity electrodynamic effects can help to lower laser thresh-
olds significantly. These results show the generality of our assertions
that the absorption loss and threshold for stimulated emission is
lowered, and the waveguiding properties improved, when the
excitation is transferred down in energy in organic materials. [
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A chiral spherical molecular
assembly held together by
60 hydrogen bonds

Leonard R. MacGillivray and Jerry L. Atwood

Department of Chemistry, University of Missouri-Columbia, Columbia,
Missouri 65211, USA

Spontaneous self-assembly processes that lead to discrete
spherical molecular structures are common in nature. Spherical
viruses' (such as hepatitis B) and fullerenes® are well-known
examples in which non-covalent and covalent forces, respectively,
direct the assembly of smaller subunits into larger superstruc-
tures. A common feature of these shell-like architectures is their
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ability to encapsulate neutral and/or charged guests whose size,
shape and chemical exteriors complement those of the host’s
inner surface®. Their interiors can often be regarded as a new
phase of matter®, capable of controlling the flow of reactants,
transients and products, and of catalysing reactions of both
chemical and biological relevance. Such properties have inspired
the recent emergence of monomolecular’” and supramolecular
dimeric molecular capsules®’, many of which have been based on
the head-to-head alignment of bowl-shaped polyaromatic macro-
cycles such as calix[4]arenes®’. But true structural mimicry of
frameworks akin to viruses and fullerenes, which are based on the
self-assembly of n > 3 subunits, and where surface curvature is
supplied by edge sharing of regular polygons, has remained
elusive. Here we present an example of such a system: a chiral
spherical molecular assembly held together by 60 hydrogen bonds
(1) (Fig. 1). We demonstrate the ability of 1, which consists of
six calix[4]resorcinarenes 2 and eight water molecules, to self-
assemble and maintain its structure in apolar media and to
encapsulate guest species within a well-defined cavity that pos-
sesses an internal volume of about 1,375 A>. Single crystal X-ray
analysis shows that its topology resembles that of a spherical
virus' and conforms to the structure of a snub cube, one of the 13
Archimedean solids".

Our interest in 2 lies in its ability to function as a multiple
hydrogen bond donor in the solid state''. During experiments
aimed at co-crystallizing C-methylcalix[4]resorcinarene 2a with
hydrogen bond acceptors in aromatic solvents, we have discovered
the ability of 2a to self-assemble as a spherical hexamer, along with
adventitious water molecules, to form la (Fig. 1). Subsequent
solution studies have revealed the ability of C-undecylcalix[4]-
resorcinarene 2b to maintain the structure of the spheroid in
apolar organic solvents. We now report the synthesis, X-ray crystal
structure and solution behaviour of 1.

Addition of 2a (0.015g) to a boiling aliquot of nitrobenzene
(5 ml) yielded light yellow cubic crystals 3 suitable for X-ray analysis
after a period of ~2 weeks. The formulation of 3 was confirmed by
single-crystal X-ray diffraction and 'H NMR spectroscopy (see
Supplementary Information).

A cross-sectional view of the X-ray crystal structure of 1a is shown
in Fig. 1a. The assembly consists of six molecules of 2a and eight
molecules of water that have assembled, by way of 60 O-H:--O
hydrogen bonds, to form a shell-like octahedral cubic spheroid. The
calixarenes, each of which lies around a four-fold axis, point their
hydroxy groups along the periphery of 1a and form two hydrogen
bonds to two neighbouring calixarenes (O1:--O1" 2.73(1) A)
whereas the water molecules, each of which lies around a three-
fold axis, are embedded along the surface of 1a such that they lie
on the vertices of a cube (edge length 9.00 A) and participate in
three hydrogen bonds with three different calixarenes (02-:-O3
2.73(1) A). Notably, each calixarene also exhibits four intra-
molecular hydrogen bonds, one at each of its corners (O1:--O2
2.64(1) A), which impart stability to its bowl-like conformation. As
a result, la possesses 4-3-2 symmetry (Fig. 1b—d), ignoring all
hydroxy hydrogen atoms, and a well-defined central cavity with a
maximum diameter of 17.7 A and an internal volume of ~1,375 A’
(Fig. 1e)'*. Indeed, the cavity of 1a is vast, being more than 4.5 times
larger than the cavity of the largest molecular capsule reported to
date (~300 A%)®. Interestingly, the calixarenes of 1a are twisted by
23° with respect to the faces of the water ‘cuboid’ which, as a
consequence, makes 1a chiral.

A view depicting the solid-state packing of la reveals that
neighbouring spheroids fall on their four-fold axes and their
methyl groups lie staggered owing to the twisting displayed by the
macrocycles (Fig. 1f). This gives rise to an interpenetrating body-
centred cubic lattice that exhibits interstices between la that are
occupied by disordered water molecules, each of which participates
in two hydrogen bonds with two water molecules from adjacent
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