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The process of two-photon-induced isomerization occurring in various organic molecules, among which
azobenzene derivatives hold a prominent position, offers a wide range of functionalities, which can be used
in both material and life sciences. This review provides a comprehensive description of nonlinear optical
(NLO) properties of azobenzene (AB) derivatives whose geometries can be switched through two-
photon absorption (TPA). Employing the nonlinear excitation process allows for deeper penetration of
light into the tissues and provides opportunities to regulate biological systems in a non-invasive manner.
At the same time, the tight focus of the beam needed to induce nonlinear absorption helps to improve
the spatial resolution of the photoinduced structures. Since near-infrared (NIR) wavelengths are
employed, the lower photon energies compared to usual one-photon excitation (typically, the
azobenzene geometry change from trans to cis form requires the use of UV photons) cause less damage
to the biological samples. Herein, we present an overview of the strategies for optimizing azobenzene-
based photoswitches for efficient two-photon excitation (TPE) and the potential applications of two-
photon-induced isomerization of azobenzenes in biological systems: control of ion flow in ion channels
or control of drug release, as well as in materials science, to fabricate data storage media, optical filters,
diffraction elements etc., based on phenomena like photoinduced anisotropy, mass transport and phase

Received 8th September 2020
Accepted 18th October 2020

DOI: 10.1039/d0ra07693g

rsc.li/rsc-advances transition. The extant challenges in the field of two-photon switchable azomolecules are discussed.

1. Introduction
Advanced Materials Engineering and Modelling Group, Faculty of Chemistry, Wroclaw
Unviersity of Science and Technology, Wyb. Wyspianskiego 27, 50-370 Wroclaw,
Poland. E-mail: marta.ziemianek-dudek@pwr.edu.pl; katarzyna.matczyszyn@pwr.
edu.pl

Light is an ideal external stimulus for manipulation of matter
on the molecular level.** It is eco-friendly, the response can be
ultrafast, and, crucially, it can provide remote control of
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precision.”® Therefore, light-responsive molecules play a key
role in the ongoing quest for selective and specific molecular
agents with the ability to provide instantaneous reaction upon
irradiation.®*” A particularly important group of such
compounds are azobenzenes (ABs), which have several advan-
tages as molecular photoswitches. Firstly, their synthesis is
relatively simple, secondly, their chemical scaffold is easily
amenable to structural modifications, thirdly, their photo-
chemical stability is usually high, and finally, there is a possi-
bility of use of various wavelengths for the induction of the
isomerization process.**** The mechanism of photoswitching
in AB relies on the trans-to-cis isomerization, which induces the
change of their various physicochemical properties such as
absorption spectrum (photochromism), geometry, polariz-
ability, dipole moment, etc.®*'®'* Most often the wavelengths
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used to trigger the trans-to-cis isomerization of various AB
derivatives are in the near-UV spectral region.>***

In general, the benefit sought from the scenario of employ-
ing the photochromic processes would be that light could
penetrate a material or tissue in an essentially non-invasive way,
with the limitations to the spatial resolution coming only from
Abbe's law of diffraction, in practice the resolution being
approximately half of the used wavelength. But, very impor-
tantly, there are limitations to the light penetration depth that
depend on absorption and scattering of the light beam. In
biological systems, short wavelength (UV) irradiation is prone to
much scattering and may be toxic, due to various photochem-
ical processes, thus it is not really non-invasive.”** In general, in
any applications, the scattering on small structures may lead to
the light beams being poorly penetrating.'*** Accordingly, there
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is a great interest in the development of photochromic switches
sensitive to either visible or infrared light irradiation.”****
While there has been remarkable progress in this field, the
synthesis of such molecules still remains challenging.'® In this
situation, nonlinear optics comes in handy as the two-photon
excitation of the photochromic molecules can be less invasive
than the usual one-photon excitation, since it may employ
photons of half of the energy needed for one-photon excitation,
typically in the near infrared region. Thus, one way of
addressing the deficiencies of traditional photoswitching is
through the development of two-photon absorbing photo-
chromic molecules.>*?*

The approach of using two-photon absorption can reduce
material or cell damage and ensures better penetrability
through the tissue due to lowering both the absorption and
scattering.*»*> Moreover, due to the use of tightly focused
beams, the two-photon absorption can provide excitation of
a very small volume of the sample (down to femtoliters) which
assures high spatial resolution and very selective addressing of
the molecules as well as enables optical sectioning for three-
dimensional imaging.**>* While the laser beam spot size
attainable at twice longer wavelength is larger than that in the
case of one-photon excitation, this is partly compensated by the
fact that the absorption process itself depends on the square of
the light intensity, thus making the excitation region smaller.
Two-photon absorption is less perturbing to e.g. living cells due
to the reduced phototoxicity acquired throughout the
sample.>**” The ability to localize the excitation at a certain
depth in the sample minimizes its degradation by scattered
excitation and emission photons.”® In response to the need for
photoswitches addressable by the two-photon excitation, we
summarize in the present review the current progress on such
switches based on the AB moiety.

2. Azo compounds

The aromatic azo compounds were discovered in the middle of
the nineteenth century, but their remarkable photochemistry
was not described until 1937.7>*° While azo dyes exist in two
configurations: trans and cis, most often the more thermody-
namically favored one is the ¢trans form. Due to the fact that
these isomers have different geometries, their properties differ
significantly, e.g. the unsubstituted trans isomer azobenzene
molecule is almost flat and has no dipole moment while the cis
form presents an angular geometry and a dipole moment of 3.0
D.'* Intriguing features of azobenzene and its derivatives
result from the structure of the AB molecule, which consists of
two aromatic rings linked by an azo group (-N=N-). The
isomerization process from trans to cis form of an azobenzene
motif usually occurs when it is exposed to UV light, while the
reverse reaction can be achieved either thermally or by irradi-
ation with visible light (Fig. 1).'* In view of their photochemical
properties and the possibility to control them by an external
stimulus such as light, the photochromic molecules based on
AB motif are desirable for various applications.***** Unfortu-
nately, the fact that the overwhelming majority of such mole-
cules require photons in the UV range to switch from the trans
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Fig. 1 Molecular orbitals for trans and cis isomers of AB with corre-
sponding energies in eV. The arrows indicate that the isomerization
process can be driven by light for trans—cis transition and light or heat
in the cis—trans case.

into the cis form,**3"

is usually a constraint for biomedical or
solar-energy-related applications.*'* However, it turns out that
substitution of AB with proper functional groups may influence
the position of the absorption bands, resulting in the possibility

of using longer wavelength photons to switch the azo motif.°®

2.1. One-photon induced isomerization of azobenzene -
how substitution can modify photoswitching wavelengths

To expand the potential practical use of photochromic azo-
benzene switches there have been attempts to design AB
derivatives switchable with Vis/NIR photons by taking advan-
tage of the fact that substituents on the phenyl rings may
strongly influence the position and shapes of azobenzene
absorption bands.”*"** Recently, several modifications of the AB
structure have led to achieving complete photoregulation with
visible light. One approach concerns the decrease of the
HOMO-LUMO gap and hence red-shift the AB absorption band.
It can be achieved by extending 7 conjugation or introducing
electron-donating groups (EDGs) and/or electron-withdrawing
groups (EWGs) at ortho or para position in relation to the azo
group.®***** A drawback of this strategy is a considerable
decrease of thermal half-life of the cis isomer, hence cis-to-trans
isomerization is mostly driven by thermal relaxation.**”

In ABs, the energy of the n — 7t* transition is comparable for
both isomers, so the trans and cis bands associated with this
transition are overlapping. Therefore, another strategy involves
the separation of the n — 7* transition for trans and cis isomers.
In 2009, Siewertsen et al. synthesized a cyclic azobenzene deriv-
ative in which, for the first time, large splitting of the n — m*
bands originating from geometrical constraints, was observed.*®
Thanks to this large separation of the bands, the cyclic azo-
benzene could be switched quantitatively in both directions
using only visible light, namely irradiation in the green and blue
(490 nm and 404 nm, respectively).*® Two years later, Woolley's
group followed the strategy of introducing the methoxy group at
the ortho position. Separation of the bands observed at lower

RSC Adv, 2020, 10, 40489-40507 | 40491
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energies resulted, in that case, from the difference in the inter-
action of lone electron pairs of oxygen and nitrogen depending
on the geometric structure of AB (Fig. 2A). When the AB is in the
trans form, the electrostatic repulsion of lone electron pairs is
observed, while in the twisted geometry of the cis form these
interactions are much weaker.* It is important to note that in
this particular example of the molecule (Fig. 2A), the pH has
strong influence on the UV-Vis absorption spectra as pK, for the
protonated species was found to be ~3.8. At pH above 5.0 the
spectra were essentially unaffected. Moreover, there is a smaller
separation of the trans and cis n-t* bands in aqueous solution,
which affects the lower ¢rans/cis ratio at PSSs.*® Shortly thereafter,
Bleger et al. exchanged methoxy groups with fluorine (Fig. 2B)
and also detected separation of the AB bands present in the
visible region of the spectrum.* Such a splitting of the n — w*
band is due to the strong negative induction effect of fluorine,
and substitution of AB in the ortho position with this substituent
causes a reduction of the electron density of the -N=N- bond
and thus reduces the orbital energy of lone electron pairs on
nitrogen atoms.** Importantly, this strategy leads to almost
complete trans-to-cis as well as cis-to-trans photoisomerization
(~90% in both directions).”* Replacing F with Cl or Br also leads
to similar electronic transitions as for fluorinated ABs.*** It is
important to note that ortho-fluorinated azobenzene derivatives
present a bistable character and, in comparison to azobenzene
modified with methoxy group, they maintain almost planar
geometry of the trans form and are sterically less demanding.***
This makes them likely to fit for photobiological applications in
which intermolecular m-stacking interactions with the host
molecule are required.*’

3. Nonlinear optics

3.1. Introduction to nonlinear optics

The advent of the laser was a milestone in the development of
modern optics and photonics. The research on interactions of
laser light with matter has led to the discovery of novel
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Fig. 2 Modification of azobenzene molecule at ortho position can
influence the energy of the n — =* transition of isomers. (A) Trans—cis
isomerization can be driven with green light (530-560 nm), cis—trans
isomerization could be then induced by using blue light (450-460
nm).** (B) In the case of ortho-fluorinated azobenzene n — w* tran-
sitions of isomers are separated by up to 50 nm, so trans—cis isom-
erization can be driven with 2 > 500 nm light and the reverse process
can be performed with 410 nm.#°
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phenomena. In particular, at high light intensities available from
short pulse lasers, there is a need to introduce nonlinear terms
into the description of the response of matter to the electric field
of the electromagnetic wave. This is the basis of nonlinear optical
processes. In the context of this review, the relevant NLO process
is nonlinear absorption, especially the two-photon absorption.
At low electric field strengths, such as present in low inten-
sity electromagnetic wave it suffices to consider the response of
a medium in terms of the electric polarization vector P being
proportional to the strength E of the electric field:

P = eoxE 1)

where ¢, is the permittivity of free-space and x is the suscepti-
bility of the medium. Since the response to oscillating electric
field can never be strictly instantaneous, the involved phase
shift (the lag) between the oscillation of the field and that of the
polarization is accounted for by considering the Fourier
amplitudes E(w) and P(w) and taking the frequency dependent
x(w) to be complex, its real part being responsible for refractive
properties of a medium while the imaginary part leads to
absorption of the electromagnetic wave. In general, x(w) should
be considered to be a second rank tensor, but in isotropic media
introducing this complication is not necessary.

In the high intensity regime, the conventional description of
NLO processes is that the polarization of the medium is consid-
ered to be a power series with respect to the incident electric field:

P =¢o(xVE + xPE + xPE + ..) (2)

where the consecutive terms contain susceptibilities of consec-
utive orders (first-order, second-order etc.) x®. While E is a vector,
its powers are tensors and so are the susceptibilities. In analogy
to the linear case, to analyse various NLO effects taking place
upon interaction of an intense beam of light with matter, one
needs to consider the Fourier transforms of the field (or fields, in
the case of interactions of more than one beam or different
frequency components in the beam). This leads to complication
in the used notation, for example to consider the frequency
dispersion of the third-order susceptibility x®one needs to take
into account that the third-order component of the resulting
polarization may depend on three different frequencies of input
fields that contribute to the creation of a polarization Fourier
component at the frequency that is the sum of the three input
frequencies: the most common notation is X(S)(—w4:w1, Wy, W3)
where it is implied that w, = w; + w, + w3. Fortunately, in the case
of the NLO processes that are the most important for this review,
typically one only is interested in the so-called degenerate case,
where all the interacting fields have the same frequency. In
addition, the even order susceptibilities in eqn (2) vanish in
centrosymmetric media. In effect, the Fourier component of the
polarization at the frequency of a laser beam propagating
through a centrosymmetric medium can be expressed as

P(w) = PV(w) + PP (w) + PP(w) + ... = e[x"(0)E(w) +

YO(—ww, — 0, W)Ew)EXw)Ew) + (w0, — v, 0, — v, v)
E(w)E*(w)E(w)E*(w)E(w) + ...] (3)

This journal is © The Royal Society of Chemistry 2020
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where E*(w) is the complex conjugate of the electric-field
amplitude E(w), x®(—w:0, —0, w) and xO(-w:w, —v, 0, —o,
w) are the degenerate third-order and fifth-order nonlinear
susceptibilities of the medium, respectively. These susceptibil-
ities are complex fourth-rank and sixth-rank tensors, respec-
tively. Similar to the linear case, the presence of the imaginary
components in the nonlinear susceptibilities leads to loss
processes. By substituting eqn (3) into the wave equation
derived from Maxwell's equations one can identify the loss
process due to the imaginary part of x® as the two-photon
absorption and that due to the imaginary part of the degen-
erate fifth-order susceptibility as three-photon absorption while
the influence of the real parts of the susceptibilities is equiva-
lent to induced change of the refractive index of a medium
dependent on the light intensity in the first and second power,
respectively.

3.2. Two-photon absorption

The concept of two-photon absorption was introduced in 1931
by Nobel Prize laureate Maria Goppert-Mayer.*® However,
because of the unavailability of high light intensity sources, her
theoretical prediction of molecular transition between two
eigenstates via simultaneous absorption of two photons has not
been experimentally proven until the invention of the laser 30
years later.*” The first research regarding TPA was published in
1961 by Kaiser and Garrett’® and concerned the frequency
upconversion fluorescence (at 425 nm) induced by TPA (occur-
ring at 694.3 nm) in CaF,:Eu”" crystal. Since then also higher-
order multi-photon excitation (MPE) phenomena (due to
three-photon, four-photon, etc. processes) have been observed.

It is important to note that MPE concerns not only the
absorption of a number of photons but also the related physical
and chemical effects, e.g. induced polymerization, induced
isomerization, dissociation of molecules or enhanced changes
of the physical parameters of the material. Indeed, MPE found
applications in different areas of photonics, including multi-
photon pumped lasing, multi-photon absorption based
optical limiting, high-precision 3D micro-fabrication, high-
density 3D optical data storage and more.

From the quantum mechanics point of view the process of
a transition between two states, induced by the absorption of
two photons is often depicted as involving a virtual interme-
diate state. Such a state is essentially extremely short lived and
thus unobservable. On the other hand, there exist processes
known as sequential absorption whose behaviour may to
a certain extent mimic that of the true multiphoton absorption
processes, but that do involve real intermediate states having
measurable occupancy and lifetimes. An important difference
between the instantaneous multiphoton absorption and the
sequential processes is also apparent in the involved selection
rules. While the selection rules for sequential processes reflect
the probabilities of consecutive transitions, the probability of
a true TPA process is a reflection of the properties of the initial
and final state alone coupled by the electric field of the elec-
tromagnetic wave. It follows that, e.g. in centrosymmetric
systems, the selection rules are vastly different: there is a so-

This journal is © The Royal Society of Chemistry 2020
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called mutual exclusion principle stating that the excited
states reachable by one-photon absorption are not available to
two-photon absorption and the other way round. For the three-
photon absorption, on the other hand, the selection rules are
the same as for one-photon absorption. One needs to mention
that there are also nondegenerate MPA processes possible, i.e.
ones involving photons of different energies rather than
identical ones, however, they are beyond the scope of this
review.

3.3. Parameters describing two-photon absorption

The attenuation of the light beam traveling through a medium
can be expressed as:

dI(z)

= —al(2) (4)

where I is the beam intensity, z is the propagation distance, and
«a is the absorption coefficient of the medium.

Under the conditions of nonlinear absorption, one usually
modifies this equation as:

dI(z)
dz

= —al(z) — o I*(z) — o *(z) — ... (5)

where «, and «; are the two-photon and three-photon absorp-
tion coefficients of the medium, respectively, but quite often
this is not sufficient and one needs to include also other factors
such as absorption saturation or reverse saturation.*” Under the
conditions of negligible one-photon absorption (¢ = 0) at
a given wavelength A in the two-photon absorbing medium one
can simplify eqn (5) as follows:

dI(z)
i I*(2) (6)

which leads to the transmitted intensity being given by:

I

I(z) = —————
() 1+DZQI()Z

)
where I, is the intensity of the incident light, however, one also
needs to remember that, in a real experiment, the transmitted
intensity needs to be integrated over the distribution of inten-
sities in a collimated or focused Gaussian beam, thus the linear
dependence of 1/I(z) vs. z as predicted by eqn (7) is not strictly
observed.

The TPA coefficient «, is a macroscopic parameter, depen-
dent not only on the wavelength of the incident light but also on
the concentration of the species (e.g. molecules, nanoparticles
etc.) exhibiting two-photon absorption. «,() can be described
as:

a(A) = 02(A)Nhy = a5(A)Nachy (8)

where o, is the so-called TPA cross-section, N is the concen-
tration of the absorbing species, N, is the Avogadro's number,
and c is the molar concentration of the absorbing species.

The two-photon absorption cross-section ¢, is a microscopic
parameter characterizing an individual absorber, and is usually
expressed in units called GM (the abbreviation of Goppert-
Mayer):

RSC Adv, 2020, 10, 40489-40507 | 40493
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1 GM = 107" cm* s per photon 9)

In a similar way to the macroscopic two-photon absorption
coefficient being related to the imaginary part of x*)(—w:w, —,
w), the TPA cross section is proportional to the imaginary part of
the microscopic quantity called the cubic hyperpolarizability
Y(—w:w, —w, o).

The hyperpolarizability as well as the cross-section values o,
can in principle be calculated based on the complete data on
the eigenstates and transition parameters (e.g. transition
dipoles corresponding to the transitions) of the NLO species,
however, quite often obtaining these information, especially for
large systems, requires tedious computations. Fortunately, both
the macroscopic parameter o, and microscopic parameter o,
can be derived from the experiments.

3.4. Two-photon absorbing materials

The research in the field of nonlinear optics has been focused not
only on the fundamental studies but even more on the develop-
ment of new materials exhibiting optimized nonlinear optical
properties.®® At the same time, another crucial goal has been to
find applications for those materials that merge the optimal
combination of their inherent properties and the nonlinear
optical properties. Many materials that exhibit linear absorption
in certain spectral ranges, and thus also should absorb non-
linearly at the wavelengths multiplied by the number of absorbed
simultaneously photons (provided the selection rules do not
prevent it), are simply characterized by disappointingly low
values of the multi-photon absorption cross-sections which
diminishes their further utility in this area.

In the early days of TPA studies, it has been realized that there
are two classes of promising materials presenting strong TPA,
namely bulk semiconductors and organic dyes, the latter usually
studied in solutions. This scope has been largely expanded with
the advent of nanotechnology and, indeed, it has been found that
many nanosystems exhibit attractive nonlinear absorption
properties. The development of MPA-related disciplines, such as
bioimaging,*** microfabrication®*** and 3D data storage®*>® also
had an impact on the overall advancement in the field.

There are four basic requirements for the two-photon
absorbing materials:

(i) insignificant linear absorption in the required spectral
range;

(ii) large nonlinear absorption coefficients;

(iii) sufficient physicochemical stability;

(iv) durability under high-intensity laser irradiation.

The ease of modification of structures of organic and
organometallic materials has been long perceived as the
pathway to high nonlinear absorption coefficients, although
such materials may be less robust than e.g. semiconductors.
Organic chromophores (dyes, oligomers, polymers) have been
widely studied as an interesting class of materials exhibiting
MPA properties. Most of the m-conjugated organic dyes are
transparent in the NIR region of the spectrum, which,
combined with their linear absorption in the UV-Vis range,
makes them good candidates as multi-photon active materials.
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It has been proven that the multi-photon activity of organic
chromophores is directly linked to their specific molecular
design.’>***® In particular, there is a correlation between intra-
molecular charge-transfer and the TPA capability of a molecule.
Therefore, the most important motifs in the structure of widely
studied nonlinear chromophores have been strong -electron
donor (D) and acceptor (A) groups linked with a m-conjugated
bridge. A and D groups can be arranged either symmetrically
(i.e. A-1t-A or D-1t-D) or asymmetrically (A--D) and by varying
the length of the bridge one can tremendously increase the TPA
cross-section of a molecule, introducing states with extended
charge separation (Fig. 3). The effectiveness of the charge
transfer (and thus also the magnitude of the TPA cross-section)
can be also further increased by the co-planarity of the bridge.

One may mention that there are several additional strategies
to even further enlarge the TPA cross-sections of the chromo-
phores,** including the multibranched design of the mole-
cules,*** which leads to the larger number of the active, multi-
photon absorbing centres with the possibility of their mutual
interactions, metallation of the structures as well as aggregation
induced enhancements.

3.5. Z-scan - the principal technique for two-photon
absorption measurements in azobenzenes

Among the measurements leading to the determination of TPA
(and higher-order absorption) spectra of molecules one can
distinguish direct and indirect methods. The very popular two-
photon excited fluorescence (TPEF) technique is an indirect
method based on the secondary effect of the TPA process which
is the resulting fluorescence.®*® Typically, in this technique one
uses a reference dye with known TPA spectrum and by
comparing its fluorescence with that of an investigated sample
the determination of two-photon absorption cross-section
spectra is possible. As most of the azobenzene derivatives are
not fluorescent, in this review we will focus on the direct
methods used to determine the third-order nonlinear optical
properties of molecules. Currently, the Z-scan technique® is by
far the most popular method of characterization of nonlinear
absorption and nonlinear refraction of materials owing to the
relatively simple construction of the experimental setup and
straightforward interpretation of the obtained data. Moreover, it
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Fig. 3 Schematic depiction of basic structural motifs of multi-photon
absorbing chromophores.
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is important to note that a multitude of data is obtained from just
a single measurement run. The name of this single-beam tech-
nique is derived from the fact that its principle is that the
investigated sample is moved along the z-axis of a focused laser
beam. In this method, the transmittance of a non-linear medium
as a function of its position (z) relative to the position of the focal
plane of the lens is measured in two alternative ways. Either the
power of the whole beam is being measured and this is called the
open-aperture (OA) Z-scan trace or an aperture is placed in the far
field and the transmittance through this aperture is recorded,
which is called the closed-aperture (CA) trace.

The principle of Z-scan has been described in numerous
papers.®® Briefly, when the sample is located far from the focal
point (z = 0), the transmittance in both OA and CA case is
relatively constant. However, with approaching the focal point,
the beam is being modified by NLO processes, which gain more
importance as the intensity increases due to the beam spot size
decreasing. The nonlinear absorption causes decrease of the
transmittance and this is seen in both OA and CA signal, but
there is also beam modification due to nonlinear refraction,
which is equivalent to the sample acting as an induced positive
or negative lens. In effect, the CA signal, in addition to the
nonlinear absorption caused effects, shows a pattern of trans-
mittance changes that is indicative of the sign and magnitude of
nonlinear refraction. As seen in Fig. 4, through the use of
a beam splitter (BS) one can perform the CA and OA scans
simultaneously. The nonlinear refractive index and nonlinear
absorption coefficient of the sample can be calculated based on
the shape of the CA and OA signals, however, the light intensity
needs to be known, which involves knowledge of the laser pulse
energy, its temporal behavior (pulse duration) and geometrical
shape. As it may pose a difficulty, to simplify the determination
of the third-order nonlinear properties, in the laboratory of the
authors of this review the measurements are typically carried
out in a relative manner employing a reference, which is a fused
silica plate for which the nonlinear parameters are well known.
Moreover, when carrying studies of nonlinear materials in the
form of solutions, an additional Z-scan measurement for the
solvent used to dissolve the investigated compounds needs to
be performed to provide the background for the determination
of nonlinear refractive parameters. The experimental data ob-
tained for the reference, solvent, and sample can be further
analyzed using the equations derived by Sheik-Bahae et al.*’ to
retrieve the values of the parameters describing the nonlinear
refraction and nonlinear absorption of a sample.

beam beam closed aperture
splitter lens splitter (CA) detector

\Ct " \‘D

aperture aperture
lens

cuvette
-z 2=0 +z

J

reference
detector

J

open aperture

(OA) detector

Fig. 4 The scheme of a Z-scan setup. OA — open aperture for
measurement of nonlinear absorption; CA - closed aperture for
measurement of nonlinear refractive index.
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4. Two-photo absorption in azo dyes

The third-order nonlinear optical phenomena in azobenzene
derivatives such as Disperse Red® 7> and polymers functional-
ized with AB derivatives were already investigated in the 1990s.7
However, the first systematic studies of TPA processes for the
unsubstituted AB and AB derivatives were those of Mendonca
and co-workers.”"”* First, they examined eight azo compounds
with electron-donating (EDG) or/and electron-withdrawing
(EWG) groups substituted at the para position to establish the
correlation between molecular structure and the TPA process in
the investigated molecules.” They have shown that the unsub-
stituted AB is a relatively weak two-photon absorber (Fig. 5).
Substitution of AB with EDG/EWG groups enhanced NLO
properties and this effect is more pronounced when both donor
and acceptor substituents are present (push-pull system).”*77*
To fully characterize the influence of substituent on NLO
properties of AB derivatives Kamounah et al. synthesized azo-
benzenes modified with groups of different strength of the
donor and/or acceptor.® It is known that the TPA cross-section
for organic molecules depends on the intramolecular charge-
transfer (ICT) efficiency in push/pull type structures (D/A-Tc-
D/A) as well as the length of the m-conjugation.®® Indeed, the
NLO properties were improved as the substituent polarity
increased. The decrease of third-order nonlinear properties was
more pronounced when the acceptor was exchanged with
a weaker one comparing to the design in which the donor was
exchanged with a weaker one.* It is noteworthy that the
calculations were in a good agreement with experimental data.”
The decrease in two-photon absorption cross-section (g,) of the
lowest w-7* two-photon absorbing states was found to result
mostly from the decrease in value of the dipole moment of the
excited states.”®””

Further development of the work presented by Mendonca
and co-workers has led to yet another molecular strategy to
increase the TPA cross-section which relied on extending the
m-conjugation.”® Unfortunately, the synthesized diazobenzene
compounds did not stand out in terms of more significant two-
photon absorption cross-section. Despite this, it has been
confirmed that the main factor influencing o, is the presence
of strong EDG and EWG groups.” The impact on NLO prop-
erties of the extended m-conjugated system can be easily

at775nm o, =

r L
_N
HoN N \© 19 GM
2 L
_N
N
HoN \© 90 GM
L
_N
N \©1206M
NO,

Fig. 5 Two-photon absorption cross-section of AB can be enhanced
by donor/acceptor substituents. The values of the two-photon
absorption cross section were determined by Mendonga and co-
workers using the Z-scan technique with femtosecond laser pulses at
775 nm.”?
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evaluated by the coupling of AB with different moieties like e.g.
triphenylamine, pyrene, fluorene, carbazole. Mendonca and
co-workers synthesized triphenylamine modified with EDG
and EWG substituents as well as triphenylamine modified
with both EDG group and the azo motif (as EWG group).” One-
photon absorption spectra of the investigated compounds
exhibit a band at 340 nm and a band at 500 nm that stems
from transition to a charge-transfer excited state. For all
studied molecules, in the case of TPA spectra, a monotonous
increase of the cross-section (towards blue) and a band around
650 nm were observed. Moreover, triarylamine modified with
azo unit exhibited an additional band centred around 900 nm
which was assigned to the presence of the AB motif which
influences the molecular symmetry allowing the first-excited
state (7t-7*) to be reached by one- and two-photon absorp-
tion.” It is worth mentioning that such a modification of the
triarylamine structure by azo motif derivatives enables TPA in
the so-called first biological window (i.e. the region of 650-
1000 nm where the absorption of light by tissues is relatively
low) with two-photon absorption cross-section of a molecule
being around 200 GM. Another way to gain enhancement of
NLO properties from the m-conjugation includes the incorpo-
ration of a m-bridge between two ABs terminated with donor
groups.® This approach allowed to obtain AB derivatives with
improved TPA properties, with ¢, greater than 1200 GM
(Fig. 6A).*® Recently, based on this strategy of extension of -
conjugated bridge, the enhanced TPA cross-sections were
observed when bithienyl, pyrenyl, or anthryl groups were
introduced to an azo moiety through conjugation linkage (C=
N) (Fig. 6B).** The values of g, estimated for those molecules
by the Z-scan technique ranged from 580 GM to 830 GM and
were the highest for molecules modified with bithienyl and
pyrenyl.®* Likewise, fluorene derivatives with good m-conju-
gation were used to enhance NLO properties of AB. Such
compounds exhibit significant two-photon absorption,
comparable to that of Disperse Orange III (DO3) (although
there is no information about the exact value of the TPA cross-
section).®

Unfortunately, in most of the extant data, enhanced NLO
properties go along with simultaneous significant reduction of
the thermal stability of the cis isomer. Hence certain ideas
emerged to obtain bistable azobenzenes with enhanced third-
order NLO properties.®” Our group decided to synthesize iso-
cyanurate derivatives with AB arms terminated by various
groups (NO,, H, NMe,). As expected, the highest value of o, was
observed for a compound with the donor group and the lowest
g, was measured for a compound terminated with H. The three
molecules exhibited improved NLO properties in comparison to
the simple AB**”> and, importantly, the cis isomer of two out of
three investigated compounds (with NO, or H) showed satis-
factory thermal stability at room temperature.®>

Another strategy to enhance NLO properties in azo
compounds is to incorporate metal into the molecular structure
(Fig. 7).%*-*> There are two ways of introducing the metal atoms
into the azo molecules: (i) metal is coordinated by the nitrogen
coming from the azo moiety,**®¢ (ii) metal is coordinated by
another part of the azo derivatives excluding -N=N- bond.**°
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Fig. 6 Representative examples of azobenzene derivatives with
increased length of m-conjugation bridge. The values of the two-
photon absorption cross section were determined using the Z-scan
technique with femtosecond laser pulses at 780 nm (A)® or 600 nm
(B).Sl

Enhancement of the third-order nonlinearity in the first case (i)
can be related to intramolecular electron delocalization coming
from charge transfer from metal to ligand (MLCT transition) or
from ligand to metal (LMCT transition).** Up to date, a few
complexes of azo derivatives with metals like Cu,®* Co,** Ni®*
have been successfully synthesized and their NLO properties
have been measured. Unfortunately, there is no information
about their isomerization properties. As mentioned above, the
second way to incorporate metal into the structure of the azo
derivative relies on the coordination of metal atom by AB
derivatives excluding azo bond. Mendonca et al. synthesized
a series of salen complexes possessing two azo dye units and
examined them in the context of their NLO properties.®””*® They
found no differences in TPA cross-section between the ligand
and its complex with metal. Moreover, NLO responses of the
investigated compounds indicated an additive effect of
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Fig.7 (A) Structure of the salen complexes tethered with two azo dye
units. The values of the two-photon absorption cross section were
determined from 700 nm to 1550 nm using the Z-scan technique with
femtosecond laser pulses. The TPA maxima were found at approxi-
mately 1000 nm for the investigated molecules 8a and 8b.%” (B)
Structural example of azo metal chelate dye.®®
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chromophores showing nondetrimental dipole-dipole interac-
tion between the chromophores.*®

The values of the two-photon absorption cross section as well
as the structures of the AB derivatives studied in that respect are
presented in Table S1.f

5. Two-photon induced
isomerization

While photoisomerization of molecular switches is usually
carried out through one-photon excitation,* the two-photon
activation of this process can offer additional possibilities.>"*°
Two-photon excitation may provide a 3D control of the
process®”**> as only the molecules close to the focus point of
the laser beam are excited due to the fact that TPA probability
depends on the square of the excitation intensity.®®*”** Since
two-photon excitation takes place at longer wavelengths, this
improves the penetration depth and reduces photochemical
damage of material which is important for biological applica-
tions. Two-photon induced isomerization is a consequence of
two-photon absorption process which may be performed in
both direct (Fig. 8A) and indirect (Fig. 8B) way.”**

5.1. Direct two-photon excitation of photoswitches

Various aspects of two-photon induced photochemistry have
been studied, including diverse fields such as dimerization
reaction,” singlet oxygen generation,”® or microfabrication.®”
The photoinduced effects in azo-containing materials triggered
by multi-photon absorption, such as reversible anisotropic
third-harmonic generation or photoinduced birefringence also
have been reported.®®*® Advanced studies of the two-photon
induced isomerization process of azo chromophores were
carried out by Magennis et al.®* They identified photoproducts
and described kinetic parameters of the photoreactions
induced by either one-photon or two-photon excitation.®* The
data indicated that the same isomerization pathway of an azo-
benzene derivative can be evoked by both one- and two-photon
excitation and the efficiencies of photoisomerization are
comparable for both routes.® Almost 10 years later, Moreno
et al. published an article about an isomerization of ortho-
fluorinated AB derivatives (Fig. 9, compound 10) induced by

A) B)
. — S1
Sy
hv, switch (B) hv, \
RET switch (B)

.................. | e

hvy hv,
So ol So So

switch (A) Donor Acceptor

switch (A)

Fig. 8 Two-photon induced isomerization triggers interconversion
between two switching forms (A) and (B). (A) Direct photoexcitation,
(B) energy transfer from antenna (donor) to the switch. So: ground
state, S;: first singlet excited state, RET: resonance energy transfer.
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either one- or two-photon process.” The two-photon absorption
cross-section was calculated from bleach signal and found to be
equal 7.1 GM. Two-photon excitation of trans ortho-fluo-
roazobenzene derivative populates simultaneously both S, and
higher S,, states because of sequential reabsorption S, — S,, of
the pump. However, the bleach signal and the isomerization
products remain to be of two-photon origin as indicated by
bleach anisotropy data and from pump power dependence of
the isomerization kinetics. The photostationary state (PSS)
(trans-to-cis isomerization) reached by two-photon excitation
had a lower percentage of the cis isomer (60%) compared to 90%
of the cis form after one-photon excitation.”® Guo and co-
workers also observed higher population of the cis isomer at
PSS (trans-to-cis isomerization) under one-photon excita-
tion.'**'* Also, amino-substituted ABs were found to undergo
trans-to-cis isomerization under nonlinear excitation and this
process produced, as previously observed, a lower cis form
content in comparison to the linear excitation.'® As this type of
azo-compounds are known for very fast thermal relaxation to
more thermodynamically stable trans isomer, no light is needed
to switch the cis form back to its initial state. In turn, Passlick
et al. synthesized compound 11 (Fig. 9) and demonstrated that
such a bistable type of switch can undergo two-photon induced
isomerization in both directions (trans-to-cis and cis-to-trans)
and thus it reaches a high cis/trans ratio at the PSS state.'*”

5.2. Indirect two-photon excitation of photoswitches

As there is enormous interest in the development of molecular
photoswitches that can be addressed entirely by Vis/NIR light,
indirect ways of photoexcitation of azo chromophores have
been designed.”'** Undoubtedly, photoexcitation of azobenzene
via energy transfer from a light-harvesting molecule (i.e. an
antenna) with a high two-photon absorption cross-section is the
most common method.”***

The Forster resonant energy transfer process (FRET) relies on
the excitation of a donor molecule and subsequent energy
transfer from the excited electronic state to a nearby molecule
called an acceptor, which is simultaneously brought into its
electronically excited state in a resonant process.'® If the
acceptor molecule is emissive, that is it has non-zero fluorescence
quantum yield, then it will fluoresce, otherwise the excitation
energy will be converted to heat or consumed in photochemical
processes, thus the isomerization process can occur (Fig. 8B).”**®

. ' @at640nm02—7lGM
@ : NH(CH, )‘7N| t3

EtN(H,C),HN

Fig. 9 Structure of bistable azobenzene derivatives switchable in the
nonlinear regime.®®!** The value of the two-photon absorption cross
section was determined from bleach signal.*®
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Several criteria must be fulfilled to observe this process. The
absorption spectrum of the acceptor has to overlap with the
emission spectrum of the donor. The donor and acceptor mole-
cules also need to be relatively close and oriented in such a way
that the interaction is optimized. The Forster critical distance
(Ro), which corresponds to the separation between D and A at
which the FRET is 50% efficient, depends on the integral of the
overlapped spectra, according to the eqn (10):

1
Ry = (8.79 x 102 (KPn™*®pJ))0 (10)

where &* is the orientation factor related to the mutual orien-
tation of emission transition dipole of the donor and the
absorption transition dipole of the acceptor, n is the refractive
index of the medium, @ is the fluorescence quantum yield of the
donor and J is the overlap integral. Eqn (10) implies that the
transition dipole moments should not be orthogonally
oriented, the fluorescence quantum yield of the donor should
be significant, and - as mentioned above - the spectral overlap
of the D-A pair is essential. The efficiency of FRET decreases
with the sixth power of the donor-to-acceptor distance (r)
according to the eqn (11):

E= (11)

1+ (R%)G

Typically, r should be in the range 1-10 nm to observe FRET,
while at shorter (less than 1 nm) distances other energy transfer
mechanisms may occur.

Two-photon induced isomerization can occur either by
intramolecular'®” or intermolecular'®® FRET process. Typically,
the molecular design of the system may include a well-known
two-photon absorber antenna like naphthalene,'” pyrene,*
triphenylamine,'®® or anthracene'® derivatives, a spacer (for
intramolecular FRET) and a molecular switch (Fig. 10).

An example of intermolecular resonant energy transfer was
described by Croissant et al. who synthesized mesoporous silica
nanoparticles combining a two-photon fluorophore and an azo
chromophore.'” Nonlinear excitation of the two-photon absorber
followed by intermolecular energy transfer to trans azobenzene

hv
‘\2 b 2 hvzso am /
hvs10 nm %
\ 2/ ‘

105

energy transfer
two-photon
/\ excitation
1 T I
?80 nm 420 nm 460 nm 7?0 nm

2 hv (750 nm)

Fig. 10 Illustration of the operating principle of indirect switching
based on FRET process. Reproduced from ref. 108 with permission
from John Wiley and Sons.
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derivative caused photoisomerization of azobenzene from trans
to cis isomer." The energy-transfer quantum yield was found to
be very high (95-99%), however, the authors did not give the exact
ratio of cis and ¢rans isomer at PSS.

A more widespread route of energy transfer is an intra-
molecular process. Izquierdo-Serra et al. obtained AB deriva-
tives modified with naphthalene and they induced two-photon
isomerization of azo chromophore directly (740 nm) and indi-
rectly (880 nm)."*” They showed that the response of the system
is similar in both cases. However, these specific AB derivatives
suffered from low thermal stability of the cis isomer. This fact
inspired the design of a new AB derivative with a long thermal
lifetime of the cis state.” The pyrene unit was chosen as
a crucial unit, since it manifests significant two-photon
absorption under NIR irradiation’” and emits in the same
spectral region where the AB core absorbs.?” However, the selec-
tive excitation of the pyrene motif can pose some problems since
the absorption spectrum of pyrene overlaps with that of the AB
core and the emission spectra of the fluorophore overlap with the
absorption spectra of both isomers. Unfortunately, although
a pyrene-modified AB chromophore was designed to be active for
nonlinear excitation, there is no experimental data that would
confirm that.” Significant progress towards indirect two-photon
induced isomerization of bistable azo chromophores was ach-
ieved by Hecht and co-workers (Fig. 10)."® They synthesized
ortho-fluorinated AB derivatives modified with triphenylamine -
a moiety known to be a good two-photon absorber - linked to AB
by thiophene and phenylene group in order to red-shift the
absorption band of the antenna to the region where the AB
exhibits negligible absorption. Such a molecular design enables
trans-to-cis isomerization with green light and led to high pho-
toconversion, with 92% of cis isomer in PSS. Back reaction could
be induced either by one or two-photon excitation. Irradiation at
380 nm resulted in 76 : 24 trans/cis ratio at PSS while the two-
photon excited process (at 750 nm) resulted in 65 : 35 trans/cis
ratio at PSS. It needs to be stressed that irradiation condition
(time, power, wavelength) have pivotal influence on the photo-
chromic reaction. Under the experimental conditions used by the
authors, the PSSy was achieved after 35 min of irradiation.
Moreover, the thermal stability of the cis form of the molecule
was found to be as long as 522 days at room temperature.’® It is
worth to notice that bistable photoswitches provide an excellent
starting point for designing two-photon active photoswitches as it
is less difficult, by prolonged irradiation, to produce large steady
state fraction of the cis isomer.*>"*%**

5.3. Plasmon enhanced two-photon induced isomerization

A relatively novel approach to increase the cross-section of
multi-photon absorbers is based on using materials with the
ability to localize light, such as photonic crystals,">'** micro-
spheres,"* or noble metal nanoparticles. The latter materials
exhibit a phenomenon called Localized Surface Plasmon Reso-
nance (LSPR), which refers to the excitation of collectively
oscillating conduction band electrons of the metallic nano-
structure by incident light at the resonant frequency.”**'* As
a result, a strong localization of the electromagnetic fields can
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occur in the vicinity of the nanostructure. This phenomenon
can be employed in various photochemical processes, including
photocatalysis and photochromism. This approach has been
proposed to overcome the need for using high irradiances in
order to induce multiphoton absorption, and hence to facilitate
the application of multiphoton absorbers in biophotonics and
biomedical applications.”” Tsuboi and co-workers demon-
strated a successful two-photon ring-opening reaction of dia-
rylethene (DE) derivative assisted by 20 nm gold nanospheres
and induced by near-infrared continuous-wave laser light in an
ultrathin polymer film."® Wu and co-workers complemented
the study by investigating DE derivative ring-opening reaction
in a solution system, using micrometer-sized reaction cham-
bers." The reaction was assisted by the ordered arrays of gold
nanoblock dimers. Even stronger enhancements can occur near
the fractal clusters (clusters exhibiting random fractal geom-
etry) of metal (e.g. silver) nanoparticles."*

The plasmon-enhanced two-photon induced isomerization
of AB molecules has also been demonstrated. Prasad and co-
workers created an inorganic-organic interface by the adsorp-
tion of non D/A modified AB moiety on the surface of silver
nanoparticles.’® The azobenzene was linked to a peptide-based
metal binding ligand, constituting a hybrid moiety that was
further used for both synthesis and stabilization of spherical
silver nanoparticles (4.3 nm in diameter, LSPR band at 430 nm
overlapping the n — 7* band of the AB). The inorganic-organic
interface of these hybrid nanoparticles could be reconfigured
using two-photon induced isomerization, and the LSPR
enhancement selectively promoted cis — trans isomerization at
excitation wavelengths from 700 to 1000 nm (Fig. 11). Further
experiments confirmed that the origin of the phenomenon was
not thermal, but electronic.****?

However, as presented by Sivapalan and co-workers, plasmon-
induced two-photon absorption cross-section enhancement is
distance-dependent."**** The authors were able to modulate the
distance between gold nanorods and dye molecules (AF-348-3A)
by surface modification of nanoparticles with polyelectrolyte
coating, applying up to eight layers of polyelectrolyte on top of the
CTAB bilayer (which translates to 15 nm distance between the
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Fig. 11 Overlapping between the LSPR band of plasmonic nano-
particles (blue) and absorption bands of azobenzene (black, here: n —
7* band of azo-based ligand depicted above the spectra) may
contribute to the selective enhancement of photoswitching (here only

cis — trans two-photon induced isomerization is promoted). Repro-
duced from ref. 104 with permission from Royal Society of Chemistry.
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chromophore and the bare gold surface).’> Moreover, it is crucial
to note that the distance dependence of the enhancement factors
is different for the on- and off-resonant conditions, i.e. whether
the LSPR band of the nanoparticle is at the wavelength of the
excitation laser or away from it.

Photochromic molecules have been proposed as promising
materials for optical memory devices and optical switches.
Hence, their two-photon sensitivity enhanced by the presence of
plasmonic materials can potentially enrich the nanophotonic
devices. The enhanced two-photon induced isomerization of
chromophores can be used for the writing process, while one-
photon isomerization can be used for either reading or
erasing procedure.’” Moreover, plasmons can also enhance
other two-photon driven phenomena, such as two-photon
induced polymerization, as presented by Ueno and co-
workers."® On the other hand, two-photon absorbing azopol-
ymers can be used for the near-field observations of hot spots
generated e.g. in plasmonic oligomers.

6. Application of direct/indirect two-
photon excitation of azo chromophore

6.1. Biological applications

The most intense studies concerning two-photon induced
isomerization of azobenzenes are related to the fields of pho-
topharmacology and synthetic optogenetics.”>*** Optogenetics
is a novel approach developed for the remote studies of neurons
that relies on the use of synthetic light-responsive chromo-
phores to employ photon absorption to modulate structure and
function of the target molecule.’®**** The first demonstration of
the use of AB derivatives toward photo-manipulation was con-
ducted on the nicotinic cholinergic receptor (nACh) in the late
1960s."”® To date, significant modifications of AB derivatives
have been employed to improve their properties as well as to
develop new strategies for AB-mediated photo-control of the
receptor and channel function.’” Especially important
approach concerns illumination with Vis/NIR light to trigger
isomerization process. In the majority of systems UV and Vis
light are involved to provoke geometry change of AB, which,

Ly W - 2P excitation
with NIR light
KgT
< .
oo o e 9 ‘
s L N HNn @ [ g S g ST
N N = o N H-N” o y
) o I\ it
Hooc™"COOH HOOC™"~COOH

direct 2P excitation direct and sensitized 2P excitation

Fig. 12 TPE with NIR light induces glutamate recognition and the
channel is opening by trans—cis isomerization, which leads to ion flow
across the membrane. Irradiation with Vis light or thermal relaxation of
AB revert the process. Reproduced from ref. 107 with permission from
American Chemical Society.
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besides cytotoxicity, is not suitable for deep tissue penetration
due to strong absorption and scattering from endogenous
components. The use of NIR light to stimulate isomerization
process is challenging, however the evolution of nonlinear
optics enables adoption of infrared light to switch molecular
switches between the cis and trans states. In 2014 the two-
photon excitation of azobenzene derivatives was used to
control ion channel (Fig. 12).*"”

Azobenzenes called MAG, MAG,p and MAGA,p, their struc-
tures involving maleimide-azobenzene-glutamate units, were
tested regarding their one- and two-photon excitation toward
control of the activity of glutamate receptor (Fig. 13).*** Previous
works showed that an ionotropic glutamate receptor can be
controlled by switching MAG (12) derivatives between two states
with violet and green light."*® The real challenge here was to
improve the two-photon absorption cross-section of MAG and
for that reason MAG,p (13) and MAGA,p (14) were designed and
synthesized. The direct/indirect two-photon excitation of azo
chromophore leads to trans-to-cis isomerization of MAG,p and
MAGA,p, which opens the channel. However, as the thermal
stability of 13 and 14 is very low (the involved lifetimes are in the
ms range) channel closure takes place just after the illumina-
tion is switched off (in contrast to 12 which requires green light
irradiation to switch back to the trans state). The advantage here
comes from the fact that just one source of light is required to
switch MAG,p and MAGA,p, however under two-photon
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Fig. 13 Structures of the photoswitchable tethered ligands applied to
the two-photon control of LiGlUR (light-gated glutamate
receptors) 107128
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excitation, MAG achieves higher current amplitudes than
newly designed compounds.*”’

A few months later Isacoff's group demonstrated results
concerning the two-photon absorption cross-section in a wide
range of wavelengths (600 nm-900 nm) for molecules from the
MAG family (Fig. 14). They also checked the efficacy of two-
photon excitation followed by activation of the GluK2 kainate
receptor, LiGluR.'*” L-MAGO (15, amino-azobenzene type'®) was
tested under one- and two-photon excitation conditions towards
photocontrol of opening and closing of the channel. The OPE
process is more efficient, because the photocurrents achieved
under two-photon excitation of azo derivatives never exceeded
more than 15% of photocurrents induced under one-photon
activation from the same cell."® However, for L-MAGO,, (16,
push-pull type azobenzene') the response under TPE was
found to be equal to 40% in comparison to OPE of the same
neuron.'” Finally, ABs (17) from MAG family with both high
two-photon absorption cross-section and slow thermal back-
isomerization were obtained. This was achieved by synthesis
of the electronically asymmetric AB derivative (17) with weak
mesomeric EDG (azo-NHCO-) and EWG (azo-CONH) as well as
strong inductive EWG (F). Particularly important here is the fact
that biological activities under one- and two-photon excitations
are comparable.** Gorostiza and co-workers showed, employing
TPE of alloswitch (AB derivative), reversible silencing of the
activity of metabotropic glutamate 5 (mGlu5) receptor in intact
brain tissue.*® Moreover, they calculated the axial plane selec-
tivity of TPE of a photoswitchable ligand in brain slices and they
noticed that such a value corresponds to physiologically rele-
vant dimensions, such as dendritic spines.”

Besides the two-photon control of light-gated glutamate
receptors (ionotropic and metabotropic), nonlinear excitation
of an azo moiety was used to photocontrol activity of hippo-
campal CA1 neuron. A tetra-fluorinated azobenzene derivative
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Fig. 14 Structures of the photoswitchable tethered ligands applied to
the two-photon control of LiGluR.1®
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with quaternary ammonium salt (Fig. 9, compound 11) was
synthesized. This molecule was studied as a potential ion
channel antagonist. The isomerization process was stimulated
by both OPE and TPE, showing that the linear geometry of ¢trans
isomer enables better blocking of the ion channel in compar-
ison to the efficiency of the bent cis isomer. OPE of AB makes
the blocking process more efficient."®

Isomerization process of molecular switches can be also
applied as an attractive strategy to develop the light-responsive
nanocarriers for the on-demand release of the drugs with
spatial control. In the majority of cases, upon UV irradiation of
azobenzene containing nanocarriers, the polarity of the nano-
particles is changed, which is accompanied by the photo-
isomerization (trans-to-cis) and disassembly of nanoparticles to
enhance the release rate and efficiency of drugs payload.
However, as mentioned above, it is crucial to implement NIR
radiation instead of UV. As a proof of concept Zink et al
designed two-photon fluorophores with a significant two-
photon absorption cross-section, suitable for photo-
isomerization of azobenzene derivatives (trans-to-cis) via the
FRET mechanism.'” The nanoimpeller groups present in the
porous framework allow the drug (anticancer drug, campto-
thecin (CPT)) to be trapped. The two-photon induced isomeri-
zation triggered by irradiation with NIR light leads to the CPT
being kicked out from the pores and ultimately results in cancer
cells killing under in vitro conditions.'” These promising
results led to subsequent attempts at creating drug nanocarriers
controlled by light. The next report concerned also systems
based on mesoporous silica nanoparticles (MSN) and AB (graf-
ted on the surface of the nanoparticles) with a high specific
surface area and pore volume for TPE-triggered drug delivery in
cancer cells.”” As previously mentioned, the Forster resonance
energy transfer process was used to induce isomerization. The
fluorophore suitable for FRET was a paracyclophane derivative
(CF)."* The cargo (CPT) was loaded in the pores of the nano-
particles consisting of MNS, CF, and azobenzene derivatives and
the supramolecular complexation of B-cyclodextrin was per-
formed to cap the porous surface and to create a specific kind of
the nanovalve. The two-photon induced isomerization (trans-to-
cis) of azobenzene led to the opening of the nanovalves and
release of the drug (Fig. 15). This in vitro study demonstrated
excellent biocompatibility, stability, and photocontrolled delivery
in cancer cells under two-photon excitation.*>***

Recently, Zhu et al. reported a NIR sensitive gated assembly
of supramolecular conjugated unimicelles utilized as a drug
carrier.”® The constructed system was based on host-guest
recognition between B-cyclodextrin-grafted hyperbranched
conjugated polymer (HCP) and azobenzene-functionalized
poly(ethylene glycol) (AZO-PEG), and, ultimately the anti-
cancer drug doxorubicin (DOX) was encapsulated inside. The
working principle of such a system is based on photo-
isomerization of AB motif from ¢rans to cis form triggered by
NIR light via FRET strategy, which leads to disassembly of
micelles as a result of leaving of AZO-PEG from the cavity of -
cyclodextrin and finally the DOX is released in the cells (Fig. 16).
It has been shown that the intracellular release of the
drug could be controlled by near-infrared light irradiation,
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Fig. 15 Schematic representation of the two-photon-triggered
multifunctional nanovalve (A). The two-photon irradiation triggers the
release of the camptothecin anticancer drugs (E), via the photo-
-isomerization of azobenzene moieties (C) grafted on the surface of
so-called CF fluorophore (D) modified MSN, and bonded with
B-cyclodextrin (B). Reproduced from ref. 129 with permission from
John Wiley and Sons.

moreover, the released drug could be visualized when displaced
from cytoplasm to nucleus by confocal laser scanning
microscopy."*

6.2. Application of TPE of azobenzene derivatives in
materials science

In the last few years, there has been a growing interest in using
azo compounds in materials science owing to their potential

A TansAzo  Cis-Azo
< >—n
Y
Trans-Azo Photo-
—
B
Conjugatd
polymer _
D HCP-CD Two-photon
laser 800 nm
o assembvy
S
wy 0 \
“HCP-PEG
HCP-PEG micelle
Azo-PEG unimicelle

Fig. 16 Schematic depiction of azo unit photoisomerization induced
by (A) ultraviolet (UV) light, and (B) NIR light via two-photon (TP)-
excited FRET of a conjugated polymer. (C) The mechanism of the NIR-
triggered photoisomerization of azo by TP-FRET. (D) The preparation
of supramolecular conjugated HCP-PEG unimicelles and their NIR-
triggered drug release in cancer cells. Reproduced from ref. 130 with
permission from Royal Society of Chemistry.
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device applications (data storage, optical filters, diffraction
elements, ordering layers) based on properties such as
photoinduced anisotropy, mass transport and phase transi-
tions.”***** The light-induced modifications of macroscopic
properties of AB based materials result mostly from the
isomerization process of its molecule. However, the majority
of the studies based on the photoinduced geometry change of
photochromic motif have been carried out with one-photon
excitation, although it has been realized that localized mate-
rial modulation can be driven in the system with a high degree
of spatial resolution through the two-photon induced isom-
erization.”* Thus, while the photoinduced phase transition
studies in azo derivative/doped liquid crystals have been
carried out mostly with OPE,****** the advantages of TPE for
better control of the phase transitions, especially with respect
to three-dimensional spatial resolution have been noted."* It
has been shown that 4-n-heptyl-4-n-propylazobenzene (DAAB-
307) can undergo two-photon induced trans-to-cis isomeriza-
tion and cause nematic-to-isotropic phase transition of an AB
LC.**" A disadvantage of using TPE is, however, that, due to the
need for high light intensities which require focused beams,
only a very limited volume of a material can be addressed at
one time.

A much studied phenomenon has been light-induced bire-
fringence, sometimes also called orientational hole burning,
which is directly associated with photo-orientation of AB motif.**
This phenomenon relies on selective absorption of light by azo
molecules and their further isomerization and rotation perpen-
dicularly to the direction of the polarization of light.*** Absorp-
tion of the excitation light depends on the alignment of the
direction of its polarization with the transition moment of the
absorbing molecule. Hence, illumination of the azo-based
material with linearly polarized light induces trans-to-cis-to-
trans isomerization leading to decrease of the population of
molecules with their transition dipole along the light polarization
direction and the increase of the population of molecules with
their transition moments perpendicular to it (both in plane and
out of plane). Consequently, optical anisotropy is induced and
the material displays birefringence.****” Induced birefringence
achieved by photoisomerization and subsequent molecular re-
orientation allows azopolymers to be potentially used as surface-
relief gratings™® or in optical storage media.'*®

One of the first attempts to the data recording by polarized
nonlinear excitation of the AB motif (Disperse Red 1, 18) was
carried out by Kawata and co-workers."*® They showed that, by
using pure poly(methyl methacrylate) (PMMA), no written bit
can be observed, however the presence of AB derivatives
enables recording bits. Before irradiation, the sample is
isotropic, and only nonlinear excitation of AB induces isomeri-
zation and thus anisotropy appears. However, the molecules can
bleach over time, as it was described in the case of compound
18."° These results became a motivation for Mendonca and
coworkers who decided to examine two-photon induced anisot-
ropy in PMMA films doped with 19 (DR13).**" Interestingly, two-
photon excitation of 19 induces reversible birefringence of the
material and no photobleaching of the chromophore was
observed (Fig. 17).**
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PUMA + Disperse Red 13

(a) (b) (c)

Fig. 17 Volumetric birefringence pattern recorded via two-photon
absorption. (a) Schematic representation of optical storage experi-
mental setup. (b) When the sample orientation is set at 45° with respect
to the polarizer axis the pattern can be visualized. (c) When the sample
is placed parallel to the polarizer axis the picture cannot be seen. Based
on the ref. 141.

In order to further explore the optical storage properties of
azobenzene-based materials, they prepared PMMA films con-
taining salen dyes (SD) and SD derivatives with metals such as
Cu and Ni (Fig. 7).This enabled them to study the influence of
the metal on the optical storage features."> The differences
were observed under OPE, the longer writing times were
required for the organometallic compounds in comparison
with molecules without metal.’** Moreover, it has been
demonstrated that light-induced orientation by one- or two-
photon-induced isomerization of ABs (20) (Fig. 18) in PMMA
films is characterized by similar dynamics of isomerization
and the degree of molecular orientation is comparable for
both ways of excitation."*

While much work has been done on guest-host polymer
films containing azo dyes, the two-photon-induced birefrin-
gence can also be observed for azochromophores attached
covalently to the polymeric chain.**®* An example of such
a polymer is polythiophene bearing an azo motif attached to the
polymer backbone.™® It has been shown that the two-photon
induced birefringence is two orders of magnitude higher than
that reported for guest-host films, probably due to smaller
mobility of the azo unit after the proper orientation and
restrained dye aggregation.'** However, the optically induced
birefringence was an order of magnitude higher when one-
photon excitation was used.”*® Another way to enhance bire-
fringence and thermal stability of the material relies on using
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Fig. 18 Structures of photoswitches used as guest molecules in
polymer films. DR = Disperse Red, DO = Disperse Orange.”®4®
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bis-azobenzene chromophores. It is expected that such a system
should have better storage effect, including higher signal
contrast, better readout properties, and larger storage
stability.**> Zhang et al. synthesized a copolymer containing bis-
azobenzene chromophores used for two-photon-induced
polarization storage.'*® They proved that the data readout
effect depends on the direction of reading polarization and that
two letters can be encoded in the same region of a given layer by
modification of the two polarization directions of recording
beams, which makes this material a promising candidate for
high-density optical storage.'*® Furthermore, the possibility of
rewriting new data after erasing the previous information has
been checked using the same material (Fig. 19)."*® It was found
out that, indeed, the data can be recorded by linearly polarized
light and then erased by either circularly or linearly polarized
light, however in the case of the erasing, the linear polarization
of the beam needs to be perpendicular to that of the recording
beam. Finally, new data could be subsequently rewritten in the
same material area after erasing.'*® Those findings have been
also confirmed by other studies.'*” Moreover, the growth and
decay of the birefringence were examined as functions of the
pulse intensities for azo-dye bearing polyimide.*** It has been
shown that the time constant associated with a fast process of
birefringence growth decreased with the power, contrary to time
constant associated with the slow process which appeared to be
not dependent on the writing power.'*®

Two-photon excitation of azobenzene derivatives can be
used to induce nanomovement in azopolymers and can
potentially lead to high-resolution topographic pattern
formation."** It is known that ¢rans-to-cis-to-trans isomeriza-
tion cycles induced by one-photon absorption of light can lead
to mass migration on the free surface of the azopolymer films,
which further leads to the creation of surface relief gratings
(SRG).138149-156 This phenomenon occurs on azopolymers when
they are illuminated by a light pattern associated with light
intensity gradients perpendicular to the light polarization.™*
The first demonstration of the possibility of a light-driven
mass migration by means of a two-photon absorption

process was provided by Kawata et al'* They used

Fig. 19 Optical microscopy images of the copolymer containing bis-
azobenzene thin film after recording (a)—(c), after erasing (d), and after
rewriting (e)—(f) in the same region. Reproduced from ref. 146 with
permission from Elsevier.
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poly(Disperse Red 1 methacrylate) (DR1-PMA) as a light-
responsive material and studied the effect of the incident
light polarization and the position of the laser focus on surface
deformation of the polymer induced by mass movement
resulting from the two-photon isomerization."* It has been
shown that the polymer moves in the direction of the irradi-
ation light polarization and that the induced surface pattern
strongly depends on the Z-position of the laser focus.™* Based
on the mass transport phenomenon in azopolymers associated
with photoisomerization under the TPA excitation, Ambrosio
et al. also fabricated gratings on a film of azopolymer
(Fig. 20).2* By means of nonlinear excitation of the azo motif (at
800 nm) they created structures with sizes down to 250 nm,
which is below the half-wavelength diffraction limit of the
laser beam. They were also able to create diffraction gratings
with periods of 500 nm, 1 pm, and 2 pm and each pattern
covered an area of 1.2 x 0.5 mm?>.*32 Two years later the same
group used an azopolymer to show the formation of gratings
(mass migration activated mainly by TPA of azo moiety) with
subwavelength periodicity and featuring height up to 100 nm,
depending on the incident pulse energy. The structures could
be formed when the incident pulse energy threshold was
around 50 pJ per pulse. Moreover, they demonstrated that the
features could be partially erased by exposure to incoherent UV
light.>

Huang et al. noticed that surface deformation (namely, any
surface features formed when the light intensity exceeds an
effective critical value) should be taken into account during the
multi-dimensional bits recording process.”” They recorded bits
by gradually increasing the exposure dose and observed that the
bits could be recorded due to birefringence, however, when the
recording laser reached the effective critical intensity, large-
scale mass migration could be produced and the surface
deformation would modulate the recorded bits. Although those
are characterized by higher stability, nevertheless one has to
sacrifice the erasing performance (unless heating the material
above T)."”” Those features are advantageous since, by manip-
ulating the recording energies, different kind of data storage
can be produced. Recording mechanisms based on two-photon
induced birefringence can be applied to multi-dimensional
reversible storage, when the information needs to be manipu-
lated and updated frequently and the mechanism involving

Fig. 20 Optically induced spontaneous formation of periodic two-
dimensional patterns on newly synthesized polymers based on Y-
shape azobenzene molecules. Reproduced from ref. 24 with permis-
sion from American Chemical Society.
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surface deformation is more suitable for long-term data
memory in the optical disc.**®

7. Conclusions

As discussed in the present review, the applications of
photochromic molecules, especially in biological context, are
often limited by the need to employ relatively short wavelength
irradiation (UV/Vis) in order to perform the switching between
the forms of such molecules. While progress has been made in
designing and synthesizing photochromic molecules based on
azobenzene, for which the switching can be performed entirely
in the visible range, unfortunately, azobenzenes characterized
by red-shifted electronic transitions possess very low thermal
stability of the cis form. An alternative is to perform the pho-
toisomerization under nonlinear NIR excitation. Two-photon
excitation has, indeed, been employed for isomerization of
ABs and it holds much promise for the use in material science
and biology, with huge benefits in localized drug release,
controlling of ion channel flow as well as 3D data storage,
optical filters etc. In most cases, these applications have been
demonstrated by using ABs with low and modest TPA cross-
sections, however the efficiency of two-photon induced isom-
erization can be boosted when TPA cross-sections are
increased by well-known design principles of enhancing the 7-
electron conjugation and donor-acceptor character of the
molecules.

While using one-photon absorption for the photochromic
process is obviously simple and convenient for processing large
areas of the relevant materials, nonlinear absorption has many
advantages, among them the possibility of limiting the excita-
tion with very high precision to small volumes and minimizing
the light-induced damage thanks to the use of low energy NIR
photons.

In this review we have summarized the current state of art
concerning nonlinear optical properties of azobenzene deriva-
tives (for both molecules and polymers), quantified as two-
photon absorption cross section, which enable the two-
photon induced isomerization and we showed the possibili-
ties where nonlinear switching can be used. We highlighted the
efforts towards designing of AB derivatives able to undergo two-
photon induced isomerization and we also outlined the alter-
nate way of exploiting nonlinear optics for switching: through
the separation of the roles of a two-photon absorber (the
antenna or the donor) and the photoswitch (the acceptor). We
believe that this review will contribute to indicate opportunities
for designing better NLO photoswitches and expand application
of AB derivatives in the wider range. As can be seen, many labs
around the world are working intensely to address these issues.
We anticipate that next years will bring more rapid development
in this area as it becomes widely appreciated that two photons
can be better than one.
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