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ABSTRACT: The formation of permanent structures upon mild red
laser illumination in transparent polydiene solutions is examined in the
case of gem-dichlorocyclopropanated polybutadiene (gDCC-PB) poly-
mers bearing 15% functional units of the dichlorocyclopropane groups.
The response was found to be distinct from the precursor PB. Whereas
fiber-like patterns were clearly observed in both precursor and gDCC-PB
solutions in cyclohexane, these were absent in the case of gDCC-PB/
chloroform but were present in the precursor PB/chloroform solutions.
The involved mechanical stresses were not sufficient for the gDCC
activation to be detected by NMR spectroscopy. Remarkably, addition
of even 10 wt % gDCC-PB into the latter solution sufficed to suppress
the light-induced patterning. The importance of the chemical environment on the response to light irradiation was further
checked and confirmed by use of other PB copolymers. Different diameter patterns and kinetics were observed. The strong
solvent and comonomer mediated effect was reflected neither in solvency nor in optical polarizability differences of the poly-
mers solvent couples.

■ INTRODUCTION
A wide range of physical properties of polymers is directly
influenced by their microstructure, such as the structural iso-
merism that is in polymers with double bonds along their back-
bone. In the case of copolymers, the fraction and the sequence
of the two different monomers define both the properties and
the response to external stimuli. It has been known since the
19th century that mechanical forces (e.g., milling, sonication,
tension) can trigger chemical reactions distinct from the reac-
tions induced by heat.1 Also, knowledge of mechanical response
by light, through photochemical effects, such as photoactuation
in soft systems, is advanced.2−4 In recent years, functional groups
(mechanophores) with relatively weak covalent bonds that can
change the fluorescent emission or become luminescent upon
mechanically induced bond scission have been synthesized.5−8

This strain-induced optical response has been therefore utilized
as a sensitive indicator of the stress-softening and toughening
behavior of different polymer networks.9,10

Light of any frequency can also exert, albeit weak, forces on
illuminated surfaces, as predicted by Maxwell.11 After the advent of
lasers, the application of optical forces to manipulate12 and deform

materials13,14 led to the new field of optomechanics.15 So far, it
is restricted to hard dielectrics, whereas the optomechanics of
soft materials (polymers and colloids) is essentially unexplored.16

Given the ease of deformability and the readily available plethora
of functionalities, the potential of soft dielectrics is large.17−19 It is
conceivable that light-induced matter deformation can activate
the mechanophore action in the absence of external mechanical
stress. In fully transparent viscoelastic polydiene solutions, a pecu-
liar light effect not conforming to known types of electrostric-
tion11,18 led to matter association along the laser beam.20−24

The study of this effect has shown clearly the important role of
the microstructure on the patterning efficiency and, in particular,
the crucial role of 1,4-dienes. In the case of block copolymers,
the required condition was established to be that one of the
blocks should be polyisoprene (PI) or polybutadiene (PB).20

In this paper, we examine the possibility of light-driven post-
synthetic modification in butadiene-based copolymers bearing
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mechanophore groups and the role of the solvent on the
strength of the light−matter effect. In particular, we report on
the interaction of cis-PB bearing about 15% covalently bonded
gem-dichlorocyclopropane (gDCC mechanophore)25 in two good
solvents (cyclohexane and chloroform) with light. We observed
the formation of the fiber-like pattern in the gDCC-PB copolymer
(Scheme 1) solutions in cyclohexane, while 1H NMR con-
firmed no ring opening of the mechanophores in the light-
induced gDCC-PB network. For comparison, we used random
copolymers with various butadiene cis-1,4 concentration along
their backbone. The importance of the solvent regarding the
kinetics of the pattern formation was revealed in the case of
chloroform. In contrast to the PB precursor, the laser illumi-
nation has no discernible effect in the gDCC-PB/CHCl3
solutions, emphasizing the solvent impact on the light-induced
pattern.26

■ EXPERIMENTAL SECTION
Materials. The PB homopolymer was received from Sigma-

Aldrich and was used as the precursor polymer for the syn-
thesis of gDCC-PB.6 This was specifically synthesized to contain
15% gDCC groups, randomly placed across the backbone of PB.
The styrene butadiene rubber (SBR) copolymer was received
from Polimeri Europa (Eni S.p.A.), and both 1,2-PBs were
purchased from Polymer Standards Service. The characteristic
properties are listed in Table 1. The solvents were purchased

from Sigma-Aldrich and used as received. All polymer solutions
in cyclohexane (C6H12) and chloroform (CHCl3) were prepared
in ambient conditions, at a fixed polymer concentration (10 wt %)
but the lowest molecular weight 1,2-PB copolymer; a higher
concentration (20 wt %) was prepared in order to ensure
similar semidilute solution conditions. The refractive indices of
precursor PB and the two solvents measured by an Abbe
refractometer amount to nPB = 1.522, nCHCl3 = 1.446, nC6H12 =
1.426, and nC10H22 = 1.411. The refractive index increment
(dn/dc) in the two solvents (three dilute polymer concen-
trations between 0.08 and 0.34 wt %) were measured with an
interferometric technique at 632.8 nm.27 For gDCC-PB, dn/dc
decreased from 0.114 cm3/g in C6H12 to 0.09 cm3/g in
CHCl3, whereas for the precursor PB, dn/dc increased from
0.093 cm3/g in C6H12 to 0.111 cm3/g in CHCl3 (Figure S6).

Characterization of Mechanophore and Precursor PB.
The gPB and PB samples were characterized by dynamic
(DLS) and static (SLS) light scattering measurements in dilute
solutions, performed on an ALV-5000 digital correlator equip-
ped with an automated ALV goniometer and a 130 mW/532 nm
solid-state laser. The polarized light scattering intensity auto-
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the refractive index of the solvent, λ0 the wavelength of the
incident laser light in vacuum, and θ the scattering angle. The
decay of the relaxation function, C(q,t) = [G(q,t) − 1]1/2,
in dilute solution is dominated by a single decay due to the
polymer diffusion. However, the DLS experiment of both
polymers in CHCl3 revealed two step decays. The fast one was
attributed to the translational diffusion of the polymer chains.
The slow decay was attributed to the presence of large aggre-
gates in the solutions leading to a q-dependent light scattering
intensity (Figure S4). The contribution of the slow process
(intensity and dynamics) was found to be very similar in both
polymer solutions, and it was not considered further. The inten-
sity I(q) of the fast process was found to be weakly q-dependent
and helped assign it to the polymer chains. It could be used to
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scattering of the standard (toluene) under the same conditions,
and nT its refractive index. The q and c dependence of Rvv(q,c)
allows determination of the weight-averaged molecular
weight (Mw) and the second virial coefficient (A2) from
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Avogadro’s number; A2 represents the interpolymer interaction
in the solvent. Hence, the molecular weight (Table 2) com-
pares well with the gel permeation chromatography (GPC)
values. This fast process is used to both estimate A2 (Figure S5)
and compute the hydrodynamic radius from the fast diffusion
coefficient (Table 2).
The hydrodynamic radius pertaining to the fast process was

determined as =
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fusion, k is the Boltzmann constant, and ηs is the solvent vis-
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3 . The molecular characteristics (Rh, Rg, A2, and Mw)

are summarized in Table 2.
Laser Irradiation and Visualization of the Formed

Structures. The experimental setup, which was used in our
experiments, is schematically shown in Figure 1. We used a
Zeiss Axioskop 2 optical microscope, put in an up-right
position to allow simultaneous irradiation and observation of
the polymer solutions placed in standard spectroscopy quartz

Scheme 1. Structure of Gem-Dichlorocyclopropanated PB (gDCC-PB)a

aThe application of mechanical force to the g polymer subchain accelerates the ring opening of a dichlorocyclopropane to its corresponding
2,3-dichloroalkene.25.

Table 1. Polymers Molecular Characteristics

polymer
code
name

Mw
(g/mol)

vinyl content
(%)

1,4 content
(%)

composition
(%)

precursor PB PB 270k >90 −
gDCC-PB gPB 300k 76 gDCC: 15
SBR SBR 162k 66 12.9 styrene: 21.1
1,2-PB (1%) PB1 317k 99 1 −
1,2-PB (30%) PB30 88k 70 30 −
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cuvettes (Hellma, 4 mm path length). A DPSS cw laser
(wavelength 671 nm and full power ∼60 mW) was placed on
the modified stage of the microscope. The laser beam was
focused through a 4× (NA = 0.12) microscope objective on
the entrance wall of the sample cell. The beam diameter at the
focal point was about 20 μm at the entry of the cell, and the
transmitted beam spot exiting the cell was imaged on a paper
screen.
For quantitative observation of the pattern formation, we

used a variant of phase contrast microscopy. The technique
provides a simple and general method to image refractive index
inhomogeneities and it is particularly well adapted to the cylin-
drical geometry of the formed structures. The microscope
Köhler illumination was used to produce a collimated white
light beam impinging on the sample. The 5× microscope
objective (Zeiss, NA = 0.15) used for imaging was slightly
defocused (∼100 μm above the focal plane on the z axis).
In such conditions, the intensity recorded on the CCD camera
(8 bit, black and white) is related to the phase shift of the
white light beam, which is induced by the refractive index
difference between the formed pattern and the surrounding
unperturbed solution.28−30

The imaged intensity is directly proportional to the second
derivative of the phase shift induced by the formed structure,
and the refractive index profile can be thus deduced. A local
increase (decrease) of the refractive index will lead to a
brighter (darker) stripe for positive defocusing (i.e., placing the
focal plane above the structure). Assuming that the imaged
local refractive index increase δn can be attributed to the
local polymer concentration (δc), then the positive δn corre-
sponds to δc > 0 in solutions with dn/dc > 0.23 Every image in
a recorded time series was normalized by the first image
(t = 0), and a normalized image intensity was computed,

= −I x y t( , , ) 1I x y t
I x yN

( , , )
( , , 0)

, where I(x,y,t) is the intensity of an

individual pixel at time t. The normalized intensity profiles

across the pattern (Δy ≈ 60 pixels) were first averaged over a
portion of the image (Δx ≈ 30 lines) and were then integrated
twice (with respect to the y axis). To properly account for the
different radii of the patterns, the intensity profile was then divided
by the radius, and hence, the displayed profiles in Figure 2 are

proportional to the refractive index profile. Moreover, the
technique was calibrated using an optical fiber of known
refractive index profile to obtain δn in refractive index units
(RIU). More details on the use of phase contrast microscopy
are given in the Supporting Information. The pattern forma-
tion kinetics were determined by the evolution of the maxi-
mum normalized intensity profile I* (at the center of the
pattern, y = 0) with illumination time.31 The observed contrast
relates to the refractive index gradient. It is worth noting that
patterns in different samples were observed to have a different
diameter. The overall refractive index increase (integrated over
the pattern cross section) may then provide an alternative eval-
uation of the patterning kinetics, better adapted for comparison
of pattern formation with different diameters (better than the
refractive index gradient measured by I*). This latter rate was
obtained by measuring the rate of increase of I* and multi-
plying it by the square of the pattern radius (Figure S7).

■ RESULTS
Mechanophore and Precursor PB under Irradiation in

C6H12 and CHCl3. The molecular characteristics of the two
polymers and the thermodynamics of their dilute solutions in
the two solvents are presented in the Experimental Section and
in the Supporting Information (Figures S4 and S5). Both the
gPB copolymer and PB in C6H12 at 10 wt % polymer concen-
tration, well above the overlap concentration (c* = 0.18 wt %
in CHCl3), and at 20 °C exhibited the formation of fiber-like
material patterns after light illumination (insets of Figure 2).
In both solutions of PB and gPB in C6H12, the light-induced
patterns appeared qualitatively similar but displayed different
refractive index contrasts (δn(y = 0)), as seen in the different
refractive index profiles of these images (Figure 2), which indi-
cated weaker patterns in the gPB than those in PB in C6H12 by
about 25%. The observed refractive index changes in the PB/
CHCl3 solution after 300 s of irradiation are shown (blue tri-
angles) in Figure 2. The pattern was noticeably broader than that
in C6H12 solution, 9.5 compared to 5.7 μm. The refractive index
contrast was more than twice lower in CHCl3 than that in C6H12.

Table 2. Characteristic Physical Parameters Table of the
Two Copolymers in CHCl3

c
(g/L)

Rh
(nm)

Rg
(nm)

Rvv/cK
(kg/mol)

A2
(mol·mL/g2)

Mw
(kg/mol)

5.0 10.4 14.3 53.2
PB 2.9 12.3 22.1 74.6 1.6 × 10−3 270

1.2 15.3 37.4 141.8
5.0 10.2 14.7 36.3

gPB 2.9 13.2 20.2 58.1 2.4 × 10−3 300
1.2 15.2 36.4 104.2

Figure 1. Schematic of the experimental setup. Samples are irradiated
and simultaneously imaged under an optical microscope on the axis
(z) perpendicular to the laser beam along the x direction. The
transmitted laser beam is projected onto a screen.

Figure 2. Phase contrast images (image size 169 μm × 90 μm) and
corresponding refractive index profiles in PB and gPB solutions in
C6H12 (10 wt %) and in PB and gPB solutions in CHCl3 (10 wt %)
after 300 s of laser illumination.
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Remarkably, the writing effect was totally absent in the gPB/
CHCl3 solution (magenta triangles) even after prolonged illu-
mination (∼17 h). The response of the two polymers to visible
light illumination under identical conditions became dramat-
ically different when CHCl3 was used as the solvent.
The “written” structures for both polymers (in C6H12) were

permanent, in the sense that they did not fade out after ces-
sation of the laser illumination. To monitor/detect a possible
activation of mechanophore groups, we performed solution
1H NMR, which is often used as a sensitive tool for evaluation
of the ring opening25 of the mechanophore gDCC, utilizing struc-
tures formed after prolonged irradiation (Figure S2). No evidence
of ring opening (Figure S3) could be seen by NMR. This suggests
that the irradiation did not produce stresses large enough for
the ring opening.
Pattern Diameter and Kinetics of Different Copoly-

mer Solvent Pairs. To further investigate the importance of
the copolymer structure and composition on the observed pat-
tern, we also used three additional random copolymers containing
cis-1,4-butadiene: one SBR (12.9% cis-1,4) and two 1,2-PB copol-
ymers (30 and 1% cis-1,4), to be compared to the gPB (76%
cis-1,4) and PB (>90% cis-1,4) precursor (see the Materials
section, Table 1). We used the five copolymers dispersed in
both C6H12 and CHCl3. Three of these copolymers (PB, PB1,
and PB30) were also dispersed in decane (C10H22) for com-
parison; linear alkanes resulted in the fastest responses of I*.31

Noticeably, all irradiated solutions (with the noticeable exception

of gPB in CHCl3) responded to laser illumination by forming
fibrillar patterns, though with different diameters and a broad
range of kinetics. In an attempt to quantify the importance of
the cis-1,4 content in the pattern formation and its kinetics, we
report the diameters measured by phase contrast microscopy
(Figure 3) and the estimated rates of formation as a function of
the 1,4 content (Figure 4b).
For a given sample, the visible pattern did not change in

diameter over time (within the resolution of the technique), a
sign that the diameter was set early on in the process. The
input laser beam had a fwhm (full width at half-maximum) of
∼20 μm at the entrance of the sample cell. Pattern diameters
were found to vary from sample to sample. The smaller
diameters were around 5 μm, observed in alkanes for PB and
gPB. The solutions in CHCl3 showed patterns with diameters
larger than those of the alkane solvents, up to more than 20 μm
in PB1 and PB30. SBR patterns showed the same diameter in
both C6H12 and CHCl3.
In all cases, the pattern fwhm was less than or equal to the

beam fwhm. This is an indication of the locality of the process.
A diameter lower than the fwhm reveals the self-focusing of the
beam. The large difference of radius means that there was also
a large difference of photon flux per unit area, up to a factor of
∼20 between the narrower pattern (gPB in C6H12) and the
larger (PB30 in CHCl3). The possible origins for the large
differences are discussed below.
We evaluated the kinetics of the pattern evolution by mea-

suring the image contrast I* vs t. As mentioned above, it mea-
sures the formation of refractive index gradients. The observed
I* kinetics are displayed in Figure 4a. PB and gPB in C6H12
showed exponential-like growth, as previously reported for sim-
ilar samples.31 The kinetics appeared to quickly reach saturation
as I* reached a quasi-plateau after about 300 s under laser
irradiation (I* ≈ 0.20 corresponding to δn ≈ 10−2 RIU).
Notably, this saturation was generally not observed in previous
reports.31 The pattern formation in CHCl3 exhibited a quali-
tatively different type of kinetics with a more linear increase of
I* with time for all copolymers. Noticeably, we did not observe
any patterning for gPB in CHCl3.
The kinetics of SBR solutions was also found to be linear,

with very similar behavior in both solvents (diameter and
contrast). The 1,2-PB copolymer solutions showed only very
low contrast of the written pattern (I* < 0.02); therefore, the
type of kinetics observed was hard to establish.Figure 3. Diameters of the fibril patterns as a function of 1,4 content.

Figure 4. (a) Averaged normalized image intensity (I*) as a function of laser illumination time for PB, gPB, SBR, and 1,2-PB solutions in C6H12
and CHCl3. (b) Dependence of the growth rate Γ for formation of the structure on the 1,4 content of all of the used polymer solutions in C6H12,
CHCl3, and C10H22.
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Characteristic growth rates of I*(t) were obtained as the
slope of I* vs t for the linear case (as a measure of the forma-
tion of the refractive index gradient δn/a). For comparison, for
the exponential-like kinetics of solutions in C6H12, a rate was
calculated as the plateau value divided by time to reach the
plateau (i.e., 300 s). The characteristic rates are reported in
Figure 4b as a function of the 1,4 content. Solutions in CHCl3
exhibited a slower I* growth rate (red circles in Figure 4b)
compared to the corresponding solutions in C6H12. All poly-
mer solutions in C10H22 displayed the fastest growth rates
(blue triangles in Figure 4b). Full 1,4-polymer in alkanes
showed the faster formed patterns with a large refractive index
gradient (large refractive index contrast and small dimension).
The I* rate showed that the faster developing gradients are
observed in a higher content of 1,4. Very low 1,4 content
showed clearly much slowed down formation and a larger pat-
tern. The amount of 1,4-monomer seems to affect the kinetics
mostly in the very low amount regime (few %). This is in
qualitative agreement with little influence of the polymer
(monomer) concentration on the kinetics.31 There is always an
excess of 1,4 content, and this is not the rate-determining step.
Alternatively, we also report the time evolution of the

integrated refractive index change, as characterized by a2I*
(Figures S7 and S8), where a is the size (fwhm) of the
refractive index pattern. Whereas I* characterizes the refractive
index gradient that relates to optical properties, a2I* provides a
measure of the overall concentration evolution. The general
conclusions as to the role of the 1,4 content in kinetics remain
similar.
Mixtures of gPB and PB. The above observations lead to

the conclusion that the chemical environment is very impor-
tant for the patterning effect. This importance of the chemical
composition of the solutions is reinforced when going back to
the specifics of gPB/CHCl3 solution, where no patterning was
observed. In order to address the remarkable impact of the
comonomer−solvent effect, several mixtures of the mechano-
phore and precursor polymer were tested.
We increased the relative concentration of 1,4 active units by

mixing the gPB with its precursor homopolymer (PB) in
different weight ratios (9:1, 5:5, and 1:9), keeping the total
polymer concentration in these solutions constant (∼10 wt %).
Surprisingly, for all ratios, we observed no pattern formation,
even after 24 h of irradiation, as shown in Table 3; even 10%
gPB addition can inhibit the laser writing effect.

■ DISCUSSION
This latest observation is reminiscent of the cononsolvency
according to which solvent mixtures become nonsolvents for a
given polymer while both cosolvents are good solvents for this
polymer.26,32,33 In fact, CHCl3 is a good solvent for both the

PB and the gPB based on the second virial coefficient A2 and
the radius of gyration Rg (Figure S5). The higher A2 value (by
about 40%) of the gPB solution implies stronger interchain
repulsion than that for the PB precursor chains, and notably, it
follows the polarizability trend of the dn/dc values27 (Figure S6).
In the widespread cononsolvency phenomenon, preferential
adsorption of one of the solvents can account for the different
polymer assembly26 or phase separation33 at certain cosolvent
compositions. In the present case, an analogue conjecture would
be the preferential solvation of PB chains by the minority gPB
that could inhibit light-induced cluster formation in CHCl3. This
conjecture certainly needs further investigation.
We are here primarily concerned with the existence and “effi-

ciency” of patterning upon irradiation. By varying the solvent and
the comonomer, we uncovered a broad range of diameters and
time scales, showing the importance of the chemical environ-
ment. The observed variation of the pattern diameter led to
different beam dimensions despite the same exciting beam. It is
not clear to us what should define the pattern size. Drawing a
parallel with nonlinear optical materials, one may expect the
pattern diameter to depend on the beam dimension, the laser
wavelength and power, and the nonlinearity. For example, in
the case of a Kerr medium with nonlinearity n2, the steady-state
diameter of the wave-guiding pattern is determined by the
coefficient of the nonlinear response and varies as ∼ λ(n2I)

−1/2.34

Slower and broader patterns could therefore be the result of
weaker nonlinearity, with less self-focusing.
On the basis of the presented results, we here have an

integrating nonlinearity (irreversible increase of the refractive
index under irradiation), possibly with saturation. Concentration
gradients are expected to be unstable in polymer solutions as
they will create osmotic pressure gradients that should relax in
solutions. The ability to sustain such a gradient is a sign of an
attractive force/energy that remains after the light is turned off.
This is reminiscent of some photoreactive systems.18 There, a
phenomenological nonlinear optical model was developed that
captures well the time evolution of the pattern. It solved coupled
equations, an evolution equation for the time/intensity depend-
ent on the refractive index, and a nonlinear Schrodinger equation
for light propagation. The solutions can be obtained numeri-
cally.18 Such a phenomenological modeling would certainly be
useful in our case. It may help to understand the observed behav-
ior. However, proper simulations will require good knowledge of
the nonlinearity type that is not fully available yet. In particular,
the size of the propagating beam is a transient feature, and the
refractive index evolution can be calculated.
In this context, we should mention that the effect is not related

to the optical trapping in aqueous solutions of various polymers
near phase separation.35−37 A similar electrostriction13,14,38,39

based laser-induced phase separation was reported in a binary
liquid mixture near the binodal phase region.40

These observations point toward the importance of local
length scales. The observed increase of concentration, following
the irradiation, has to be the consequence of locally attractive
forces between polymer chains. Given the importance of the
precise distribution of solvent and comonomer, one may expect
that a molecular or supramolecular assembly process might be
triggered by the light. Specific monomer−solvent interactions,
responsible for this “clustering”, are conceivably different in
different solvents and comonomers. For example, the much
larger dipole moment of CHCl3 compared to that of C6H12 will
certainly affect the local monomer−solvent interaction. This
different interaction between the solvent and the monomer

Table 3. Pattern Inhibition in Ternary gPB and PB
Solutions (c = 10 wt %) in CHCl3 with 50 and 10% gPB
Composition
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possibly plays a role in both pattern size and kinetics. The
solvent quality does not provide a good measure of the specifics
of the interactions as the two good solvents can lead to different
patterns. The change from exponential (eventually reaching
saturation) to linear growth may also be a consequence of the
different chemical environment.

■ CONCLUSIONS
The formation of fibrillar structures upon mild laser irradiation
in viscous polydiene solutions in organic solvents was investi-
gated. The involved mechanical stresses were not sufficient to
activate the mechanochemical groups of gPB, as indicated by
NMR spectroscopy. The light-induced structure formation was
found to depend on the combined influence of the solvent as
well the chemical nature and the relative concentration of the
comonomer of the 1,4-butadiene. The qualitative differences of
the formation mechanism (different pattern diameter, different
kinetics type, complete pattern suppression) depend not only
on the polymer repeating unit (homopolymer, copolymers)
but also on the type of the solvent. Variations of solvents and
comonomers affect both the pattern diameter and the refrac-
tive index contrast growth kinetics. Strikingly, for gPB, the
solvent defined whether the light effect occurred or not. For all
other cases, the light effect took place. Characterization exper-
iments in different solvents emphasized their impact not being
reflected in the solution thermodynamics (A2). The results
clearly highlight the importance of the chemical environment
in the materials response.
The laser-driven pattern formation seems to arise from a

combination of a photon-triggered polymer−polymer attrac-
tion and an “assembly” process within the irradiated area. The
irreversibility of the pattern indicates a long-lived assembly,
possibly due to chemical cross-linking. More work on physico-
chemical characterization of the patterned material might
reveal the nature of the assembly and possible differences with
the pristine materials. We here have a new type of photoreactive
material based on polymer solutions. A quantitative description
of the relationship between the growth rate and the chain
composition appears out of reach due to the entangled effects
of solvent and comonomer (gDCC, styrene, 1,2-butadiene)
along the PB chains. The specific properties of these materials
could be of interest for lithography or waveguide-based devices.
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