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All-optical switches are introduced which are based on deoxyribonucleic acid (DNA) in the form of
electrospun fibers, where DNA is semi-intercalated with a push—pull, luminescent nonlinear pyrazoline
derivative. Optical birefringence is found in the organic nanofibers, with fully reversible switching
controlled through continuous-wave laser irradiation. The photoinduced signal is remarkably large,
with birefringence highlighted by optically-driven refractive index anisotropy approaching 0.001.
Sub-millisecond characteristic switching times are found. Integrating dye-intercalated DNA complex
systems in organic nanofibers, as a convenient and efficient approach to template molecular
organization and control it by external stimuli, might open new routes for realizing optical logic gates,
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Introduction

The nonlinear optical properties of bulk organic materials and
micro-architectures based on them are generally associated
with their response far from resonance, including refractive
index changes, which originates mostly from the electronic
cloud deformation occurring at the molecular scale. Indeed, the
potentially large, fast nonlinear behaviour of various organic
systems is related with n-electron system delocalization" and is
non-resonant in its nature. However, a large enhancement
of the nonlinear behaviour might occur when excitation light
is close to resonance, with response timescales up to 10> s.
Importantly, additional control of the nonlinear optical proper-
ties of organic systems is provided by the materials embedding
the photoactive molecules. Examples of matrix compounds
which can host organic molecules relevant in this framework
include biopolymers like deoxyribonucleic acid (DNA),>* possibly
functionalized by different types of surfactants,>® starch,” or
collagen.®

In particular, DNA which has been studied almost exclusively
by biologists over the past half-century,” is now a well-established
polymer for developing a variety of processes and devices
in photonics and nanotechnology.”'® It was shown that DNA
modified with surfactant molecules, which is insoluble in water
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reconfigurable photonic networks and sensors through physically-transient biopolymer components.

but easily processable in organic solvents, leads to optical
materials with significant transparency in the visible range.'""?
Also, doping such a matrix with light-emitting molecules changes
its properties and might allow blends to be obtained which show
amplified spontaneous emission,'® lasing'* or random lasing."®
Moreover, doping with photochromic molecules makes the
resulting composite suitable for fast holographic recording
due to the dye semi-intercalation.”® Modified DNA complexes
are being also used in organic electronics to realize transistors,
or light-emitting diodes.’®?> The by far largest amount of
studies applying these systems in photonics and electronics
are based on film structures. However, the random and variable
distribution of dye molecules, which is generally achieved
in films, might prevent the effective and coherent addressing
of individual molecules or ensembles made of them, which
is highly important in order to exploit molecular functions
in practically usable devices. In this respect, integrating dye-
intercalated DNA complex systems in micro- and nanostructures
could open new possibilities for studying their photo-physical
properties, for managing them in a coherent way, and for
templating their organization making the modification of
molecular status by external stimuli much more convenient
and efficient, also due to the greatly enhanced surface-to-volume
ratio. Other important aspects are related to the low-cost and
potential easy processability of DNA-based nanostructures, espe-
cially nanofibers. In these systems, thanks to the unique double
helix structure and interaction between each host DNA chain and
low-molar mass dyes (guests), fully reversible and stable all-optical
bio-switches might be feasible. So far, various nonlinear
mechanisms have been introduced for all-optical switching
of light beams, such as saturable absorption and optical

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Scheme of the photoisomerizable dye semi-intercalation in the
DNA-CTMA matrix. (b) Chemical structure of the photoactive medium
(PY-pCN). Arrows in the schematics indicate intramolecular charge transfer
paths for electrons. (c) Steps of PY-pCN synthesis. NBS: N-bromo-
succinimide; AIBN: azobisisobutyronitrile; PPhs: triphenylphosphane.
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limiting,”*° nonlinear refractive index and photoinduced

birefringence,®*'** thermo-optic effects,*® and using organics
or 2D nanomaterials either in liquids or in films and nanosheets.
Nevertheless, switches based on organic nanofibers are still poorly
studied, and optical properties, such as refractive index, have never
been controlled by external light, which is critically important for
all-optical interconnects.

Here, we demonstrate all-optical switching in organic fibers
consisting of DNA functionalized with cetyltrimethylammonium
chloride surfactant (DNA-CTMA) and doped with a nonlinear
pyrazoline derivative chromophore (PY-pCN) as a typical push-pull
molecular system (Fig. 1a). Fibers and excitation laser light serve as
templates for molecular ordering leading to optical anisotropy and
driving the system into two well-defined states used for the switch
construction. Based on the achieved light-controlled birefringence,
a great potential is suggested for these materials for fast
all-optical switching applications. These might include remotely-
reconfigurable photonic networks and sensors,** opto-logic gates
and multiplexers,>>*® and physically-transient optoelectronic
components® based on natural biopolymers.

Results and discussion

Previous studies found that the specific interaction between
the DNA and photochromic azo-molecules (semi-intercalation)
leads to a fully-reversible photoisomerization which is much
faster than that of typical host-guest systems.®*”™** Thanks
to this unique structure promoted by the bio-organic matrix
(Fig. 1b), it is possible to obtain semi-hooking of the dye mole-
cules and to straightforwardly control their spatial arrangement
by polarized light irradiation, thus causing dynamic and fully-
reversible modulation of refractive index. The so-achieved,
photo-controlled system features two well-defined and reversible
states. PY-pCN, which is a push-pull, n-conjugated compound
featuring intramolecular charge transfer, was achieved by the
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synthetic route shown in Fig. 1c and detailed in the ESIf
(molecular characterization is reported in Fig. S1 and $2).*?
Recently, pyrazoline derivatives were utilized by us for light
amplification (in laser action or random lasing),***™** multi-
photon absorption,”>*® and generation of light at higher
harmonics,*”*® and their structure was found to be modified
by light in a reversible way through trans or cis states.*>>°
Electrospun PY-pCN/DNA-CTMA mats consist of mainly
ribbon-shaped microfibers (Fig. 2a) with roughly bi-modal
distributions in terms of transversal size peaked at about
250 nm and at about 1.2 pm, respectively (Fig. S3, ESIt). The
absorption spectrum of the active material, with the laser lines
used for pump and probe experiments, is presented in Fig. S4
in the ESL{ In our fibers, the overall degree of dopant alignment
can be easily controlled by linearly polarized laser light, thus
leading to refractive index anisotropy. Indeed, the fiber-embedded
photoswitchable molecules can be oriented independently on
the filament direction, the transition from the initially-isotropic
system to an anisotropic one being promoted by laser excitation.

(b)

r— long-term photoordering —

= photoinduced =
trans-cis transformations

time

Fig. 2 (a) SEM micrograph of PY-pCN-doped DNA-CTMA fibers. Inset:
Higher magnification view of the region highlighted by the dashed rec-
tangle, showing fibers with diameters down to >100 nm. (b) Scheme of
the photoinduced optical birefringence generated through molecular
alignment in electrospun nanofibers, induced by linearly polarized laser
light. Vertical green arrows: direction of light polarization; single blue
arrow: long-term photo-ordering; doubled blue arrows: photo-induced
trans—cis—trans transitions.
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Two regimes can be distinguished in this respect, namely short-
and long-term photo-ordering, as schematized in Fig. 2b.

In the shortterm (10~° to 10~ s),>! proper photoinduced
molecular transitions like trans—cis-trans photoisomerizations
should be considered. For this process to take place, the
excitation wavelength should be within the absorption range
of the active medium, and there should be enough free volume
in the matrix to enable the involved transition. In parallel,
thermal relaxation occurs converting the metastable cis-form to
the stable ¢rans-isomer, and continuously leading the system
towards a more isotropic arrangement (i.e. to a lowest-energy
thermodynamic state) over timescales typically ranging from
107% s to a few minutes.”*® The onset of significant photo-
alignment at this timescale can be highlighted modulating the
pump beam at frequencies above a few hundreds of Hz, and
measuring the refractive index anisotropy by using an oscillo-
scope in AC mode in pump-probe experiments (Fig. S5, ESIT).
Following a very large-number of the so-defined photoinduced
trans—cis-trans transitions, a photostationary state is achieved
and long-term photo-ordering is established (highlighted by a
DC mode in the detecting oscilloscope), with in principle all
the dopants oriented perpendicularly with respect to the laser
light polarization direction and timescales from seconds to
days. This is promoted by rotational diffusion®* of the non-
linear chromophores as a consequence of the coupling with
their local microenvironment (generally constituted by the
solvent for solutions, and by the polymer matrix for solid-
state samples). The photoinduced birefringence measured in
PY-pCN/DNA-CTMA fibers and its dependence on the excitation
intensity (I) are shown in Fig. 3 for long-term photo-ordering.
A clear linear behaviour is found for the photoinduced refractive
index anisotropy (An), i.e. An(l) = nyI with n, =2.0 x 107" m*> W,
without evidence of signal saturation in the investigated range of
pump intensities. This indicates remarkable photostability of
the realized optical material. By increasing the intensity of
the pumping beam up to about 4 W cm?, the refractive index
anisotropy, An, approaches values of the order of 0.001 (Fig. 3b).

Similar to the optical Kerr effect, the intensity-induced
linear birefringence can be described by an effective third-
order nonlinear optical susceptibility,?* &} > n,ny2e,c, where
n, denotes the refractive index of the system without excitation
from the pump beam (n, = 1.5),°® &, is the dielectric constant
and ¢ the light velocity, both in vacuum conditions. In electro-
spun PY-pCN/DNA-CTMA fibers, the third-order nonlinear optical
susceptibility was estimated to be of the order of 1 x 10> m>V 2,
in line with those found in well-established organic systems
embedding nonlinear chromophores.**>°

As unprecedented evidence of such all-optical switching
effect in electrospun organic fibers, these findings make such
systems a promising alternative against spiropyran/merocyanine,*
film-embedded azobenzene chromophores,®*® polymethine
compounds,®®* and conjugated polycyanine.®* Exemplary, mono-
exponential increase and decay behaviours for the long-term
photo-ordering in the fibers are shown in Fig. S6 (ESIt), indicating
symmetric response during switching ‘on’ and ‘off’ the system,
with characteristic time for achieving the stationary state of
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Fig. 3 Dependence of measured photoinduced birefringence on power
excitation intensity from the pump beam (long-term photo-ordering).
(a) Switching behaviour. (b) Dependence of the photoinduced refractive
index anisotropy (birefringence), An, on the pumping beam intensity.

photo-ordering of about 0.4 ms. In Fig. 4a we present the
photoinduced birefringence acquired with the oscilloscope in
DC mode and a pump beam modulator. The remarkable signal
stability at long times is highlighted in Fig. 4b. Even upon
multiple photoinduced birefringence processes in the PY-pCN/
DNA-CTMA fibers, An can be re-built quickly and, what is
crucial for realizing optical switching devices, without appreci-
able efficiency losses.

To rationalize the molecular switching process more in
depth and investigate the range of switching frequency accessible
through electrospun PY-pCN/DNA-CTMA nanofibers, we investi-
gated the correlation between photoinduced birefringence and
laser light modulation frequency (Fig. 5a). When the modulation
frequency is roughly 300 Hz or lower, laser irradiation intervals are
long enough to approach the photostationary state and a long-
term optical anisotropy generation. This is evidenced by the stable
values of the photoinduced birefringence measured for pump
modulations in the range of frequency 50-300 Hz (Fig. 5a). For
faster modulations, the maximum photoinduced birefringence
decreases, a result suggesting a predominant role of trans—cis—
trans photoisomerization and thermal relaxation in long-term
photo-ordering. For modulation at 800 Hz, a An of 0.00017 is
found, highlighting a switching behaviour still significant upon
approaching kHz frequencies (Fig. 5b). The fast-responding system
shows increase and decay times t,¢(inc) = tac(dec) = 0.35 ms at
a modulation frequency of 200 Hz (Fig. 5¢ and d). Such charac-
teristic switching times are an order of magnitude lower than
the ones observed for the PY-pNO, embedded in PMMA.*°

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) An values measured upon applied light modulation and (b) the

multiple photoinduced birefringence process in PY-pCN/DNA-CTMA
fibers (lpump = 750 MW cm™3).

Hence, the nanostructured biopolymer matrix here developed
allows sub-millisecond all-optical switching to be achieved.
This is relevant for various spectroscopic, imaging and manu-
facturing applications, where either intensity or phase modulation
of light beams is required.®***

The realization of DNA fibers by electrified jets,*> promoting
orientation of macromolecules within individual bio-polymer
filaments, might be especially relevant in stabilizing photo-
induced optical anisotropy. Indeed, the higher molecular order
induced by jet elongation during electrospinning, leading to
fibers with polymer chains prevalently oriented along the long-
itudinal axis of the filaments, directly favour the increase of
optical anisotropies,’®°® a property typically enhanced in thinner
electrospun fibers.®® The complex interplay of these mechanisms
with the photo-alignment of the initially-isotropic embedded
chromophores might make dye-doped DNA fibers efficient,
repeatable and fast-responsive optical switches, with remark-
able non-linear optical signals and stability. Moreover, the
possibility of controlling the molecular order in electrospun
nanofibers by processing parameters and ultimately through
the fiber transversal size®® could constitute an additional vari-
able for tailoring the nonlinear optical properties of embedded
compounds. This approach can be pretty useful for photonic
computing architectures, where logic gates are required to
control data transfer. For these applications, functionalized
DNA in anisotropic template nanostructures appears unique

This journal is © The Royal Society of Chemistry 2019
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in its association with semi-intercalation of nonlinear chro-
mophores, and highly effective for supporting molecular
photoalignment.

Materials and methods

Materials

We used DNA functionalized with a CTMA surfactant (Sigma-
Aldrich) and doped with the luminescent and photoisomerizable
chromophore (E)-2-(2-(1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)vinyl)-
benzonitrile (PY-pCN) (Fig. S2, ESIT). For realizing PY-pCN-doped
DNA-CTMA fibers, the DNA-CTMA complex was dissolved in
butanol with a 4% dry mass weight ratio (w/w) and stirred for
24 h. A second solution was obtained using the same solvent and
PY-pCN at 2% (also w/w) dye concentration. A mixture was then
obtained by suitable quantities of the two solutions to reach a 1%
concentration of nonlinear chromophore in the dry mass of
the biopolymer, which was electrospun using a feeding rate of
0.5 mL h™', a distance between the spinning tip and collector
surface of 20 cm, and an applied voltage of 10 kV. The morphology
of the doped fibers was investigated by scanning electron
microscopy (SEM, Nova NanoSEM 450, FEI) with an accelerating
voltage of 3 kV and an aperture size of 30 um, following thermal
deposition of 5 nm of Cr (PVD75, Kurt J. Lesker Co.). The average
diameter of the fibers was calculated from the SEM micrographs
using imaging software.

Spectroscopy

All-optical switching processes were investigated by a pump-
probe experimental set-up (Fig. S5 in the ESIt), described in detail
elsewhere.*>>° Briefly, we used two CW laser light sources with
405 nm and 633 nm wavelength to generate pump and probe
beams, respectively. The two beams were converged at one point
located on the sample. For characterizing chromophore photo-
alignment at long time-scales (associated with the quasi-static
component of the photoinduced refractive index anisotropy, An),
the pump beam was switched “on” and “off’ manually to
promote optical anisotropy (pump laser ON) or let the system
go through thermal relaxation processes under darkness (pump
laser OFF), respectively. A cross-polarized system was used,
equipped with a sensitive photodiode combined with an
oscilloscope in DC mode to acquire the above dynamics. For
assessing the dynamic component of photoinduced birefrin-
gence, namely for characterization at a shorter timescale, a
mechanical chopper with controlled frequency modulation was
embedded in the experimental set-up to modulate the pump
intensity, and the analysing oscilloscope set in AC mode. The
photoinduced refractive index anisotropy (An) is determined as
a function of time (¢) and excitation intensity (I) at the same
time, and correlated with phase changes (Ag, which is also
function of ¢ and I), wavelength of the probe beam (1) and
sample thickness (d) as*”® An(l,t) = AAg@(I,f)/2nd. The correlation
between the intensities of incident (Z,) and transmitted (Zans)
probe light involved with the phase change and resulting refrac-
tive index anisotropy is given by:**® I ans(t) = Io sin®[rdAn(1,t)/2].
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This approach allows changes in the material at nanoscopic scales
to be assessed by straightforward power measurement of the
probe laser beam.

Conclusions

In summary, optical switches based on electrospun fibers made
by properly-functionalized biological material have been
proposed. DNA-CTMA doped with pyrazoline derivative features
effective, stable, quick and fully-reversible modulations of the
refractive index. Time constants associated with the involved
dynamic changes (trans-cis-trans molecular transformations
and long-term photoalignment) are tyo(inc) = t5¢(dec) = 0.35 ms,
respectively, suggesting these fibrous materials as a valuable
competitor of well-known azobenzene-based systems. The present
optical switches based on a bio-matrix and pyrazoline derivative
can be utilized for the design and development of efficient and fast
sensing schemes, photonic logic operators, and organic multiplex-
ers based on functional nanofibers.
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