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Although the cranium does not appear to differ
greatly in overall morphology from those cur-
rently known from Sterkfontein Member 4, the
form of the tympanic plate of the temporal is
more closely akin to that of the chimpanzee than
to other temporals from Member 4. Of all the
new hominid specimens it is the clavicle that
displays a unique and ape-like morphology.

Fauna

The Jacovec orange breccia has yielded several
near-complete and complete postcranial bones
of the long-legged hunting hyaena Chasma-
porthetes (Fig. 11), as well as Parapapio, Chas-
maporthetes, Hippotragus, colobine, felid,
canid, bovine, and tortoise. The brown breccia
contains Chasmaporthetes silberbergi, Crocuta,
cercopithecid, felid, canid, Herpestinae, Alcela-
phini, Antelopini, Bovinae, and tortoise (24). No
elements within the Jacovec fauna have been
identified that serve as independent chronolog-
ical indicators or that are in conflict with the
absolute dates.
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Laser-Induced Ferroelectric
Structural Order in an Organic
Charge-Transfer Crystal

Eric Collet,’2* Marie-Héléne Lemée-Cailleau,’
Marylise Buron-Le Cointe,’ Hervé Cailleau,’ Michael Wulff,?
Tadeusz Luty,* Shin-Ya Koshihara,® Mathias Meyer,®
Loic Toupet,’ Philippe Rabiller,” Simone Techert?”

We report the direct observation by x-ray diffraction of a photoinduced paraelec-
tric-to-ferroelectric structural phase transition using monochromatic 100-picosec-
ond synchrotron pulses. It occurs in tetrathiafulvalene-p-chloranil, a charge-trans-
fer molecular material in which electronic and structural changes are strongly
coupled. An optical 300-femtosecond laser pulse switches the material from a
neutral to an ionic state on a 500-picosecond time scale and, by virtue of intrinsic
cooperativity, generates self-organized long-range structural order. The x-ray data
indicate a macroscopic ferroelectric reorganization after the laser irradiation. Re-
finement of the structures before and after laser irradiation indicates structural

changes at the molecular level.

With the development of ultrafast lasers and
reliable optics, it is now possible to induce by a
light pulse a phase transition and then to change

the macroscopic state and the physical proper-
ties of a material (/, 2). These phenomena are
highly cooperative; that is, the structural relax-

ation processes of the electronic excited states
after the absorption of photons are not indepen-
dent, as in conventional excitonic or photo-
chemical absorptions, but entail a photoinduced
phase transformation toward a new lattice struc-
ture and electronic order. This opens the way
for a light pulse to induce symmetry breaking
from a stable high-temperature phase and so to
establish a new self-organized long-range or-
der. Recent developments in time-resolved x-
ray diffraction provide an outstanding opportu-
nity for the direct observation, with the appro-
priate time resolution, of the photoinduced
structural changes and symmetry breaking trig-
gered by a pulsed laser irradiation (3).
Previous studies in the solid state using a
synchrotron source (4) have focused on local
photochemical or biochemical effects (5—7) oc-
curring on the 100-ps time scale. Faster pro-
cesses on the 100-fs time scale were studied
with laser-driven x-ray sources (8, 9), such as
disordering phenomena in films (/0), surface
melting (//, 12), and insulating-to-metal tran-
sition (/3). We present a time-resolved x-ray
diffraction study in a molecular charge-transfer
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(CT) crystal of the photoinduced structural
transformation from the neutral phase (stable at
high temperature) to the metastable ionic one.
We used an optical laser pump and x-ray probe
setup installed around a synchrotron source to
perform monochromatic data collection in or-
der to solve structural changes with atomic
resolution. The 100-ps time resolution is well
adapted to the time scale, and we take advan-
tage of the low divergence and brightness of the
synchrotron beam. Previous work using pump
and probe optical reflectivity spectroscopy
(14), which can probe the molecular state, has
evidenced the electronic change between the
neutral stable state and the ionic metastable one.
However, the observation of a structural order-
ing process could not be achieved. Our x-ray
data show that a 300-fs laser pulse triggers a
three-dimensional structural ferroelectric order,
manifested by a symmetry lowering in the dif-
fraction patterns and structural changes at the
molecular level deduced from the analysis of
more than 800 unique Bragg peaks.

In some materials, molecular multistability
between degenerate or quasi-degenerate states
involves changes in the molecular identity, such
as charge or spin (/). Interactions with lattice
degrees of freedom, enhanced in low-dimen-
sional multistable systems, cause strong and
fast photoinduced cooperative phenomena.
Photoswitching between the macroscopic states
is exemplified in some charge-transfer insulat-
ing molecular materials of mixed-stack archi-
tecture that are readily tuned between compet-
ing neutral and ionic ground states (/5). The
mixed-stack sequence of alternating donor (D)
and acceptor (A) molecules stimulates cooper-
ative electron transfer. Strong structural and
electronic coupling gives rise to a chain multi-
stability (16, 17) (Fig. 1) between a regular
neutral state, . . . D° A°D° A°D° A°DO A°, . |
and two degenerate and polar dimerized ionic
states, .. (DTA") (DTA) (DTA) (DTA)...
and...D") (AD") (AD") (AD") (A....
The phase transition between macroscopic neu-
tral and ionic states, which are both insulating,
requires interchain cooperativity (16—18). We
studied the prototype compound tetrathiaful-
valene-p-chloranil ~ (TTF-CA,  C.H,S,-
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C4Cl,0,) in which a long-range ferroelectric
ordering of the dimers takes place in the ionic
low-temperature phase stable below temper-
ature 7, ~ 81 K (/9). In such materials,
photoinduced phenomena are highly cooper-
ative as evidenced by time-resolved optical
reflection spectroscopy, giving rise to the
ionic-to-neutral phase transformation below
T, (14, 20, 21), as well as the neutral-to-ionic
one above T, (/4) that is investigated here.
The structural relaxation after an optical ex-
citation (Fig. 1) is not localized on one site
but entails a drastic structural relaxation in-
volving several molecules, yielding a one-
dimensional nanodomain on a ps time scale.
When a sufficient number of nanodomains
are simultaneously created after a short laser
pulse, the interchain cooperativity leads to a
switching toward a new macroscopic state;
that is, it manifests itself in the formation of
three-dimensional domains of the trans-
formed phase, in contrast with conventional
homogeneous photoinduced processes. This
phase transformation takes place on the 100-
ps time scale, whereas the lifetime of the
photoinduced metastable state is well below 1
ms. These multiscale photoinduced phenom-
ena are highly nonlinear because the efficien-
cy, which can be as high as a few hundreds of
transformed donor-acceptor pairs per photon,
is not simply proportional to the total ab-
sorbed photon energy (14, 21).
Time-resolved x-ray diffraction experi-
ments on the neutral-to-ionic photoinduced
transformation were performed on the beamline
ID09B at the European Synchrotron Radiation
Facility (ESRF) with the use of the optical-
pump and x-ray probe method [(5) and citations
within]. The single crystal was cooled by a
nitrogen stream to 93 K, at which the high-
temperature neutral phase is stable. It was
pumped by laser pulses of about 300-fs width at
1.55 eV (800 nm), with the polarization parallel
to the CT stack. This is an off-resonant excita-
tion because the CT band is centered on 0.65
eV (22). A sufficient photon density is needed
in order to excite a large part of the crystal,
extending over a few penetration depths (esti-
mated in the 10-pm range). Because the recov-
ery of the equilibrium state occurs in much less
than 1 ms, the reversible nature of the transfor-
mation allows us to probe the sample by record-
ing the diffraction pattern stroboscopically. The
pulsed structure of the synchrotron radiation
was used to generate x-ray probing pulses
in the 16-bunch ESRF mode. A synchro-
nized chopper was used to select the x-ray
pulses of 100 = 10 ps width. The mono-
chromatic x-ray flux on the sample was 3 X
107 photon/s, fully probing the bulk in the
transmission geometry of the experiment.
In the first experiment (23), the laser beam
delivered 1.7 X 10'® photon/cm? per pulse to
the sample. The diffraction patterns were re-
corded for different delays between the x-ray
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and the laser pulses. After laser irradiation,
drastic changes were observed in the intensity
of some of the Bragg reflections (Fig. 2), with
some decreasing and many others increasing,
excluding simple laser-heating effects that
only lower the intensities via an increase of
the Debye-Waller factor. These intensity
changes are a direct signature of a strong
structural reorganization in the photoinduced
state. We stress that this is characteristic of a
phase transformation (coherent three-dimen-
sional domains) and not of independent lo-
cal photoinduced molecular distortions as
in photosensitive proteins (4), where inten-
sity changes are below 1%. The structural
transformation is completed within about
500 ps, in good agreement with previous
optical studies (/4).

In order to determine the photoinduced
structural changes, complete data sets were col-
lected in a second experiment (24), again at 93
K with a laser excitation density of 2.8 X 10'®
photons/cm? per pulse and for two time delays:
—2 ns (before the excitation) and +1 ns (trans-
formation completed). The data reduction and
the reconstruction of the scattered intensity in
the reciprocal space were performed with the
use of CrysAlis software (25). The extracted
lattice parameters at —2 ns (neutral monoclinic
phase) are in good agreement with those ob-
tained at 90 K at thermal equilibrium (/9): a =
7.2182(2) A, b = 7.586(1) A, ¢ = 14.474(2) A,
and B = 99.140(1)°. At +1 ns, the resolution
used did not permit the observation of any
significant change in the position of the Bragg
reflections and consequently on the lattice pa-
rameters that were extracted, but changes in
intensities indicate atomic reorganizations in-
side the unit cell.

E excited
state

(2)
AR
hv
ground
(3) (1) state
—>P
L (DFAYDTA) ... (ADYADY) ..

...D? A° D° A°De...

Fig. 1. Schematic drawing of the photoinduced
neutral-to-ionic transformation path along the
polar order parameter P. The stable neutral
state is made of homogeneous, nonpolar neu-
tral chains where electron donor (D) and accep-
tor (A) molecules are regularly stacked [label
(1)]- Photons excite DA pairs into an ionic state
[label (2)], and the coupling between the re-
laxed species makes the system switch to a
metastable macroscopic state [label (3)].
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An important feature is the observation
from the diffraction patterns of a symmetry
lowering in the photoinduced state. Indeed,
weak (030) and (0—30) Bragg reflections, ab-
sent at —2 ns as forbidden by the symmetry of
the neutral phase, clearly appear at +1 ns (Fig.
3). This is the direct signature of the creation of
a photoinduced three-dimensional long-range

order. It is similar to that occurring in the
ferroelectric ionic phase stable at low tempera-
ture (/9), where an important structural reorga-
nization is associated with the change of ionic-
ity. In the high-temperature neutral phase, the
monoclinic unit cell contains two symmetry-
related undimerized donor-acceptor pairs
[space group P2,/n, Z = 2 (26)]. The molecules
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Fig. 2. Relative intensity of some Bragg reflections versus the delay between the laser pump and the
x-ray probe. A large structural reorganization, associated with the neutral-to-ionic transformation,
follows the laser irradiation. After about 500 ps, the light-driven metastable state is established.

1000 1500 2000 2500

- L ]
(T30) (030) (130) (030)

Fig. 3. Reconstructed intensity in the reciprocal (a*b*) planes before (At = -2 ns) and after (At =
+1 ns) laser irradiation (largest photon density). The appearance of the (030) reflection, visible
directly on the CCD image (inset), signs the ferroelectric nature of the three-dimensional ordered
photoinduced state.

At=-2 ns At=+1ns

z=1/2

Fig. 4. Schematic drawing (center) of the symmetry breaking associated with the phase transition. In
the neutral states, TTF (gray ovals) and CA (white ovals) molecules are located on inversion symmetry
sites (®), and stacks are related by n glide planes and 2, screw axes. In the ionic state, the dimerization
process represented by arrows occurs mainly along the stacking axis a. The simultaneous loss of the
inversion center and the screw axis corresponds to a ferroelectric long-range ordering between the
stacks. The present study establishes the ferroelectric dimerization distortion between the neutral
phase at -2 ns (left) and the photoinduced ionic one at +1 ns (right).

regularly stacked along the a axis are located on
inversion symmetry sites, as schematically
shown in Fig. 4. The intrinsic ionicity of the
molecules is about 0.3 electron. At 7, ~ 81 K,
after a strongly first-order transition, the ionic-
ity increases to about 0.7 electron (22). For
photoinduced as well as for thermally driven
transformations, there is no change in the trans-
lational symmetry, but the only appearance in
the diffraction pattern of weakly intense (0k0)
(where k = 2n + 1) reflections indicates a
symmetry breaking, characterizing the loss of
the twofold screw axis (Fig. 4) and, simulta-
neously, of the inversion center. The space
group is then Pn (Z = 2), implying a ferroelec-
tric long-range order between dimerized ionic
chains. The intensity of new (0k0) reflections is
proportional to the square of the ferroelectric
order parameter. For a lower excitation density
(0.7 X 10'® photons/cm? per pulse), the (030)
reflection that is the most intense new one at
low Bragg angles was not observed, nor were
there significant changes in any other Bragg
peak intensities. This result supports the idea
that these cooperative photoinduced processes
are highly nonlinear. When the number of
transformed molecular species is below a criti-
cal threshold, the photoswitching cannot take
place at the macroscopic scale.

We refined the structures with the use of the
data collection from the high photon density
and the SHELX program package (27). At -2
ns (28), the structure (Fig. 4, left) is in perfect
agreement with the neutral structure obtained at
thermal equilibrium (79), both for the intra- and
intermolecular geometries. At +1 ns, because
of the symmetry breaking, we refined the struc-
ture in the Pn space group assuming a full
transformation of the crystal. The results ob-
tained from the refinement of many reflections
(28) indicate a dimerization process in the pho-
toinduced state at + 1 ns mainly along the stack-
ing axis a (Fig. 4, right) and directly related to
the loss of the inversion center of the molecules.
This explains the weak intensity of (0 2n + 1 0)
reflections associated with the symmetry break-
ing, which are only sensitive to the component
of displacements parallel to the b axis. The
observed structural changes, both for intra- and
intermolecular geometries, are again close to
the ones observed at thermal equilibrium
around the neutral-to-ionic phase transition
(19). The dimerization amplitude is lower (1/3)
than that observed at thermal equilibrium in the
ionic ferroelectric phase, and there are two pos-
sible reasons for this. First, the amplitude may
be intrinsically different in the photoinduced
phase. Second, and more likely, the conversion
could be incomplete with neutral and trans-
formed ionic ferroelectric phases coexisting. In
any case, the results show the macroscopic
ferroelectric nature of the photoinduced state.

The above x-ray diffraction signatures evi-
dence the structural reorganization at the pho-
toinduced neutral-to-ionic transformation. The
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delay dependence of Bragg reflections intensi-
ties shows that the macroscopic transformation
is completed in about 500 ps. The most impor-
tant feature is the evidence of a long-range
ferroelectric ordering in the established photo-
induced phase. This type of self-organized or-
dering process driven by light from a high-
symmetry phase takes advantage of intrinsic
cooperativity, which may also be present in
other types of materials. In contrast to optical
reflectivity measurements, which are more sen-
sitive to surface, x-ray diffraction probes the
bulk. Thus our observations show that the
process is highly efficient, in agreement with
the weak threshold in excitation intensity at
this off-resonant wavelength (20). Interesting
precursor phenomena, including the seeding
process and coherent phonons, have recently
been observed by femtosecond reflection
spectroscopy under a resonant charge-trans-
fer excitation (27). To complement the pico-
second investigations, femtosecond x-ray
sources will be of fundamental use to study
these ultrafast phenomena. Such structural
investigations will be essential not only for
basic science but also for realizing highly
efficient photoswitching devices.
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Micellar Nanocontainers
Distribute to Defined
Cytoplasmic Organelles

Radoslav Savi¢, Laibin Luo,? Adi Eisenberg,? Dusica Maysinger'*

Block copolymer micelles are water-soluble biocompatible nanocontainers with
great potential for delivering hydrophobic drugs. An understanding of their
cellular distribution is essential to achieving selective delivery of drugs at the
subcellular level. Triple-labeling confocal microscopy in live cells revealed the
localization of micelles in several cytoplasmic organelles, including mitochon-
dria, but not in the nucleus. Moreover, micelles change the cellular distribution of and
increase the amount of the agent delivered to the cells. These micelles may thus be
worth exploring for their potential to selectively deliver drugs to specified

subcellular targets.

Unfavorable solubility, stability, and toxicity
all hinder the therapeutic efficacy of many
drugs and can prevent the approval of inves-
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Fig. 1. Schematic draw-
ing of the fluorescent-
labeled micelles used.
(A) The block copoly-
mer was made from PCL
and PEO segments. (B)
The fluorescent label
was covalently bound to
the PCL part of the
block copolymer. (C)
Each polymer chain
consisted of 45 units of
PEO (gray) covalently
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linked to 23 units of PCL
(black) and 1 molecule

of TMRCA (red) covalently linked to the PCL part of

D Fluorescent-labeled block copolymer
micelles
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the copolymer. The fluorescent-labeled block copoly-
mer was used to make fluorescent micelles. (D) A
schematic cross-section view of a micelle. The hydro-
phobic (PCL) parts of single polymer chains aggregate
in the aqueous environment to form the core of the
micelles, and the hydrophilic (PEO) parts form a wa-
ter-soluble corona that separates the core from the
environment. The label (TMRCA) resides in the core of
the water-soluble micelles.
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