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Optical radiation field gradients exert forces that are able to trap
microscopic objects and immobilize them against Brownian mo-
tion.12 Further to the established “optical tweezers” concepts that
have opened the route to micromanipulatiam unexpected light-
induced material organization in fully transparent homogeneous
polymer solutions was recently reporte@ihis phenomenon results
in the formation of reversible string-like or dot-like micropatterns
and appears totally unrelated to known photochemical or photo-
physical processeés which alter locally the optical properties of a
material® Here, we demonstrate the reversible optical recording of
holographic gratings in nonabsorbing solutions of common ho-
mopolymers. These phase gratings exhibit first-order diffraction
efficiencies in excess of 50%. They are associated with the spatial
modulation of the concentration of the polymer solute initiated,
but not solely caused, by radiation forces.

The system used in these experiments consisted of entangled

solutions of linear poly(isoprene-1,4) (PI) with a molecular mass
of 963 kg/mol (or 14 160 monomer units per chainhthexane at
three concentrations (12.5, 13.3, and 16.5 wt %). The output of a
continuous wave (cw) krypton ion laser emittingl50 mW ati
= 647 nm divided into two beams of equal intensity20 mw/
cn?). The laser beams were incident and fully overlapped into a
50 mmx 2 mm x 10 mm glass cuvette containing the Pl samples,
as shown in Figure 1, forming 9 mm thick gratings with wavevec-
tors along the vertical direction (parallel to the 50 mm cuvette edge).
Beam crossing (Bragg) angles were varied between 1.7 anf, 18.5
respectively, resulting in interference gratings of spatial periods from
21 to 2um. A mechanical laser beam shutter and an optical power
meter facilitating power measurements have also been used.

The laser-induced organization of the polymer solute leads to
the formation of a periodic material pattern. The grating planes
are viewed by the CCD camera along the direction perpendicular
to the beam propagation axis (Figure 1, inset a). In the present
case, this spatial modulation of polymer concentration is generated
by the optical field gradient existent due to the periodic spatial
modulation of the optical interference pattern. Further to the direct
imaging, the holographic grating is monitored by the observed
strong light diffraction responsible for the projected plots of Figure
1, inset b. Depending on the irradiating laser beam exposure
(intensity by exposure time), the formed gratings depart from the
linear unsaturated regime. Their profile tends to square, hence highe
diffraction orders are observed (Figure 1b) and the pattern planes
are becoming physically discrete.

The temporal evolution of the observed soft matter organization
is studied by monitoring the diffraction efficiency of the holographic
gratings. The first-order diffraction efficiency,= (t), of the grating
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Figure 1. Schematic outline of the experimental configuration. The main
beam of a red (647 nm) laser is divided into two beams, which fully overlap
in the sample (S) forming the optical grating. A spatial periodic pattern
corresponding to the grating planes is recorded by a microscope/CCD camera
system (inset a). The projection of the diffracted beams on a screen is
presented in inset b.
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Figure 2. First-order diffraction efficiency recording (region A) for spatial
periods of 21um (squares) and 2m (triangles), and the dark decay (region

) for spatial periods of 2um (following the recording displayed in A
(square)). The line is an exponential decay, and the polymer concentration
is about 12.5 wt %.

during typical recording (A) and decay (B) cycles is presented in
Figure 2. In the recording phase, both laser beams are turned on to
initiate pattern formation. Subsequently, one beam is shortly blocked
at regular intervals in order to allow for detection of the diffracted
part of the second writing beam during grating formation. The
efficiency n+ is the ratio of the measured diffracted intensity to
the incident intensity. In the present experimental conditions and

10.1021/ja0529790 CCC: $30.25 © 2005 American Chemical Society
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approaching saturation, + (t) exceeds 50% for a recording time The concentration (refractive index) gratings fade out (Figure 2

of ~300 s. With the grating fully developed, numerous diffraction region B) with a time scale depending on the spacing, the solution
orders appear. The grating decays slowly in the dark. The diffraction viscosity, and the exposure conditions and can, therefore, be
efficiency is then recorded by turning on instantly one of the writing controlled. When the recording is stopped in the early linear stage
beams to detect its diffraction along the direction of the other beam. ( < 0.05), the characteristic decay time appears to scale with the

Grating decay is seen to be due to mass diffusion and/or mechanicalsquare of the spacing. The inferred diffusion coefficient is orders

motion and disorganization of the grating planes for the highly rigid

of magnitude lower than the fast cooperative diffusion of semidilute

patterns. Typical decay time constant under the present conditionspolymer solutions and closer to the self-diffusion of polymer chain

is of the order of few hundreds of seconds.

By considering that grating formation is due to periodic polymer
concentration variations in the illuminated region, the diffraction
efficiency isn + ~ sird(wdAn/icos 0) for a refractive index
modulationAn, grating thickness, wavelengtht, and Bragg angle
0. In the present experimental conditiofhs= 1.7°, d = 9 mm, and
thusAn ~ 1075, suggesting a concentration modulationAaf =
(dn/dc)*An ~ 4 x 1073 wt %. For comparison, the concentration
fluctuations in the undisturbed semidilute polymer soliitiane
approximately 5 orders of magnitude smaller. On the basis of a
purely electrostrictive mechanism in a liquid binary mixture, the

in entangled solutionsFor larger exposures, however, the decay
mechanism appears to be more complex, in particular, with the
occurrence of sedimentation.

Figure 2 shows reversible holographic gratings for the exemplar
case of poly(isoprene-1,4) mhexane for two spatial frequencies.
The observed high diffraction efficiencies verify the formation of
high dielectric contrast grating patterns, which become mechanically
rigid and long lived upon further optical exposure and/or for higher
polymer concentrations. Further to the challenging fundamental
research toward a deep understanding of the new phenomenon, an
effectively giant electrostriction, these las@natter interaction

expected concentration gradient for such laser-induced gratings iseffects may open up new approaches in nanotechnology and

at least 3 orders of magnitude weakeBimilarly, polarizability

photonics.

anisotropy along the chain backbone is found to be necessary but

is not sufficient to provide a quantitative description of the
phenomenon in terms of alignment mechanism. Gradient and

alignment forces cannot solely account for the observed phenom-

enon; other collective effects such as chain connectivity certainly
have to be included for a complete descriptfon.

At a given laser intensity, the diffraction efficiency was found
to increase with decreasing@, that is, with decreasing spatial
frequency of the illuminating interference pattern (Figure 2 region
A). The lower concentration modulations for high spatial frequen-
cies, despite higher field gradients, may well originate from
mechanical disturbances inhibiting the full development of the
anticipated diffracted efficiency. At spatial frequencies higher than
~500 mnt! (6 > 9.5°), recording efficiency becomes very weak.
The intensity of the recording laser beams was found to be less
critical in the operational limits set in these experiments, controlling
solely the grating formation kinetics.
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