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The building block modular approach that lies behind coordination polymers (CPs) and metal—organic
frameworks (MOFs) results not only in a plethora of materials that can be obtained but also in a vast
array of material properties that could be aimed at. Optical properties appear to be particularly predeter-
mined by the character of individual structural units and by the intricate interplay between them. Indeed,
the "design principles” shaping the optical properties of these materials seem to be well explored for
luminescence and second-harmonic generation (SHG) phenomena; these have been covered in
numerous previous reviews. Herein, we shine light on CPs and MOFs as optical media for state-of-the-
art photonic phenomena such as multi-photon absorption, triplet—triplet annihilation (TTA) and stimu-
lated emission. In the first part of this review we focus on the nonlinear optical (NLO) properties of CPs
and MOFs, with a closer look at the two-photon absorption property. We discuss the scope of
applicability of most commonly used measurement techniques (Z-scan and two-photon excited
fluorescence (TPEF)) that can be applied for proper determination of the NLO properties of these
materials; in particular, we suggest recommendations for their use, along with a discussion of the best
reporting practices of NLO parameters. We also outline design principles, employing both intramolecular
and intermolecular strategies, that are necessary for maximizing the NLO response. A review of recent
literature on two-, three- and multi-photon absorption in CPs and MOFs is further supplemented
with application-oriented processes such as two-photon 3D patterning and data storage. Additionally,
we provide an overview of the latest achievements in the field of frequency doubling (SHG) and tripling
(third-harmonic generation, THG) in these materials. Apart from nonlinear processes, in the next sections
we also target the photonic properties of MOFs that benefit from their porosity, and resulting from this
their ability to serve as containers for optically-active molecules. Thus, we survey dye@MOF composites as
novel media in which efficient upconversion via triplet energy migration (TEM) occurs as well as materials
for stimulated emission and multi-photon pumped lasing. Prospects for producing lasing as an intrinsic
property of MOFs has also been discussed. Overall, further development of the optical processes
highlighted herein should allow for realization of various photonic, data storage, biomedical and
optoelectronic applications.

bio-safe infra-red photons, instead of higher energy ones for
numerous applications and devices.* Such NLO applications

Nonlinear optical (NLO) effects occurring upon exposure of materials
to high intensity laser light constitute highly interesting photo-
physical behaviour, which has a wide variety of applications,
from optoelectronics to medicine.'” Various frequency upcon-
version effects originating from NLO effects permit the use of
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have been significantly studied in a number of material classes,
including a vast variety of dye molecules and inorganic (nano)-
particles. However, the materials in common use nowadays face
several practical problems which limit their applications.>®
Although organic and organometallic dyes have shown sizeable
NLO properties in a wide range of wavelengths, leading to
efficient frequency upconversion processes, their photo- and
thermal-stability are often limited. They are usable mostly in
diluted solutions, the concentration quenching of fluorescence
being among the primary concerns. On the other hand, inorganic
materials such as quantum dots, plasmonic particles or lanthanide-
doped nanocrystals show higher resistance to photobleaching, but

This journal is © The Royal Society of Chemistry 2017
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the applications of these materials are also limited by
factors such as insufficient performance, limited wavelength
tunability and toxicity, especially in the case of heavy metal
containing materials. In this regard, solid-state hybrid materials
appear to be the most promising candidates whose great tailor-
ability could overcome such challenges,’ especially promising
being coordination polymers (CPs) and metal-organic frame-
works (MOFs).

MOFs and CPs are hybrid materials, which are constructed
employing modular synthetic procedures with metal/metal-
cluster nodes being bridged by organic linkers that control their
architecture and functionality. These materials have been recognised
as potential candidates for various applications, from gas sorption
and separation to luminescent materials including sensing, to
medicinal applications.’®™® With respect to spectroscopic
properties, the coordination of organic linkers to metal nodes
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often results in enhanced photo-physical behaviour which is
driven by the weakening of non-radiative (radiationless) energy
decay mechanisms (for example, those involving rotation of
phenyl rings) due to the restricted conformation of the linker
between the metal centres.'*"® This highlights the uniqueness
of the optical properties of MOFs compared to other materials.
MOFs are therefore supposed to be among the most promising
candidates to exploit NLO properties in the solid-state and a
judicious choice of metal/metal-clusters and organic linkers,
which can be connected in various ways, can lead to convenient
tuning of the NLO properties.

To date, NLO studies have mostly been limited to the second-
harmonic generation (SHG)"*>* and only in recent years have a
few publications appeared, in which other NLO properties such
as multi-photon absorption and third-harmonic generation
were explored. Also, recent reports introduced into the MOF
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discipline other advanced photonic applications and phenomena,
such as up-conversion via triplet-triplet annihilation as well as
lasing and stimulated emission. Although these processes are
not “true” members of the family of nonlinear optical effects,
since their mechanisms do not involve simultaneous absorption
(or more generally - interaction) of more than one photon, they
are elicited with the use of lasers, similar to aforementioned
NLO phenomena. Indeed, in the selection of the scope to be
covered in this review, we wanted to look more broadly than
only the rigorously defined NLO phenomena - we have taken as
a common denominator the interaction of MOFs with radiation
of high intensity. As we will show, studies on the use of MOFs
in photonics, predominantly experimental, are still in their
infancy, thus we refrain here from making hasty generalizations.
Where possible, we rather attempted to draw guidelines
comparing CPs and MOFs with molecular materials, supporting
our findings with several case studies already reported for
MOFs.

Interaction of high power laser radiation with matter may
result in a number of simultaneously occurring effects, which
necessitates the careful choice of the details of a measurement
technique to “extract” the information on the desired phenomenon.
Since NLO studies seem to be especially demanding in this respect,
we not only felt the need to point out limitations and application
ranges of commonly used measurement techniques, but also
wished to suggest certain reporting standards for NLO para-
meters of MOFs.

2. Theoretical background
of nonlinear optics

Although two phenomena generally considered as belonging to
the domain of nonlinear optics: the Pockels effect and the Kerr
effect, have been known since the 19th century, it was the
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invention of the laser in 1960 that started quick developments
in the knowledge of nonlinear optical (NLO) effects and the
materials that could be used successfully for the observation
and practical implementation of such effects. NLO effects are
usually defined as arising from changes in the optical response
of a material due to the presence of high light intensities, or,
e.g. in the case of the Pockels effect (linear electrooptic effect)
the presence of an electric field of lower than optical frequency,
applied externally. Since the light intensity is proportional to
the square of the amplitude of the oscillating electrical field
associated with the electromagnetic wave, the most common
introduction to nonlinear optics starts from a generic expression
relating the polarization vector P of a unit volume of a material to
the electric vector F acting on it, defining susceptibilities of
various orders, ¥
Pilso = 1) + d50FFx + yGUEFE + - €Y

where the linear term is responsible for ordinary, low intensity
phenomena (linear optics), the quadratic term for so-called
second-order phenomena, the cubic term for third-order
phenomena etc. This equation looks deceivingly simple, but
in fact it needs much comment to be properly understood. One
simplification is the use of Einstein’s convention of skipping
the sum signs for summation over indices repeated in a product
of components of the tensors representing the susceptibilities
and components of the field vector. Most important is that, if
the field components are time varying, as is the case for an
electromagnetic field of frequency w, then the polarization is, in
general, lagging behind the changes of the field, necessitating
introduction of Fourier-transformed field and polarization
amplitudes F(w) and P(w) and assuming that the susceptibilities
of all orders are complex and frequency-dependent. This results
in the notation for the susceptibilities of the type y"(—wy; oy,
Wy, ..., Wn_q) Where the dispersion of the susceptibility is
complicated by the fact that it depends, in general, on more
than a single frequency. The complex character of 3™ is of
much importance because the real parts of the susceptibilities
lead to NLO processes of parametric character, ie. not
involving energy losses while the imaginary parts, responsible
for the phase shift between the polarization and the oscillation
of the product of the appropriate field components, represent
loss processes such as electro-absorption or multiphoton
absorption.

For advanced NLO materials in practical applications, the
NLO effects that have the highest importance are: frequency
mixing (including second-harmonic generation and parametric
amplification), the electrooptic (Pockels) effect, nonlinear
refraction and nonlinear absorption (mostly two-photon
absorption). The two former processes are second-order effects
described by susceptibilities X(Z)(—wl — wy; W4, W) and }((2)(—(1);
0, w), respectively, while the latter two are due to the real and
imaginary parts of the degenerate third-order susceptibility
1B(—w; ©, —w, o). Instead of the values of susceptibilities
one often uses more engineering-oriented quantities like the
second-harmonic generation coefficient dj, the Pockels coefficient
ry (these two quantities, while being rank three tensors, are

This journal is © The Royal Society of Chemistry 2017
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typically presented in the notation with contracted indices, ie. as
3 x 60r 6 x 3 matrices, respectively), the nonlinear refractive index
n,, and the nonlinear absorption coefficient o,. It needs to be
stressed that the second-order NLO phenomena described by the
7@ tensor are only allowed in the absence of a centre of symmetry
and are highly dependent on the details of the structure of a
material, however, third-order phenomena are present in all
materials and very often are investigated or exploited in isotropic
media. Thus, even though 7, and o, should be treated as tensors, it
is rarely done.

Research on materials with maximized NLO response has
been covering many classes of chemical compounds, especially
much work has been done on molecular materials.>® The usual
way of thinking in terms of the NLO properties of such media is
that the response can be treated as the sum of responses
coming from individual molecules, after taking into account
their orientation in the material (i.e. using the “oriented gas”
model) and introducing the local field correction that accounts
for the fact that the electric field, acting on a molecule, is
modified from its value in a vacuum by fields coming from the
induced dipoles of the neighbouring molecules. The molecular
analogue of eqn (1) is:

W= OCZ'J'F;OC + ﬁ?ij;ocF}coc + })y‘le}l'ocF%ocF}oc +... (2)

The relation between the macroscopic NLO properties
described by the susceptibilities and the microscopic ones
represented by the polarizability tensors, oy, B and 7y
can thus be established by performing transforms of the
molecular tensors, which are given in molecular coordinates,
to the macroscopic coordinate system of the material and
summing up the contributions from differently oriented mole-
cules, including the local field correction. This approach has been
widely used for linking the results obtained for the second-
order polarizabilities, determined for molecules dissolved in a
solvent, with the measurements of tensor components of X(Z),
which could be obtained from experiments performed on
single crystals of the same compound. On the other hand, in
the case of third-order NLO phenomena, most of the work so
far concerned media where the orientation of molecules was
random, thus, to link the macroscopic properties with the
molecular ones, the tensor components of the relevant polariz-
ability could be simply orientationally averaged.

In this context, the advent of increased interest in the NLO
properties of coordination polymers and MOFs appears to
bring several interesting issues. First of all, the suitability of
eqn (1) and (2) for the description of NLO effects is limited by
the fact that these equations only take into account effects that
are due to electric dipoles. This excludes important material
properties related to the presence of magnetic fields and
chiro-optic properties: both being of interest for materials such
as MOFs. The second difficulty is that the “molecular” approach
may not be fully suitable for the description of electromagnetic
field interaction with a material that is not a molecular crystal
but is built by interactions that are much stronger than van der
Waals forces.

This journal is © The Royal Society of Chemistry 2017
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3. Design of two-photon absorbing
CPs and MOFs

Optimizing photonic applications of CPs and MOFs that rely on
the two-photon absorption process needs understanding of
structure-property relationships, which would allow for conscious
design of both absorption and emission properties. For
prospective applications, such as (bio)imaging or (bio)sensing
a crucial merit factor is the product of the luminescence
quantum yield and of two-photon absorption cross section
(poy), called also two-photon brightness or two-photon action
cross section. It determines to what extent the laser radiation
absorbed via a two-photon process can be reemitted in an
upconverted way, and what follows, used in an efficient way.
Analogously, if one considers MOFs as materials for two-
photon patterning, or in general, as nonlinear photoresponsive
materials, the merit factor should be @phot02, in which @pnot
stands for the efficiency of an employed photochemical
process. In principle, in each case two variables need to be
optimized. The methods to enhance the quantum yield or yield
of the photochemical response of the system are beyond the
scope of this review, but we would like to briefly delineate
two fundamental directions for shaping of high two-photon
absorption cross sections in MOFs. Firstly, we will discuss well-
known intramolecular (molecule-based) approaches used to
maximize the two-photon response, along with some indications
of which strategies are transferrable to the MOF field; secondly,
since MOFs are crystalline compounds in which ligands and
metal ions interact with the surroundings via a vast array of
strong and weak forces (coordination bonds, m-stacking, and
hydrogen bonding) it seems intuitive that this complex molecular
environment will have an impact on the electron density and
polarizability of such systems, with particular consequences for
third-order nonlinearities. Bearing in mind that shaping of 2PA
properties by “intermolecular interactions” is an already signaled
but in fact weakly explored territory, we aimed to collect possible
NLO enhancement strategies applicable to MOFs that take
advantage of broadly-understood molecular aggregation.

MOFs are organic-inorganic hybrid materials - it seems
natural that they should display the spectroscopic properties
of both participating units, and consequently, the NLO properties
of MOFs will be predetermined by the metal ion and especially,
by the ligand. As it is known from classical coordination chemistry,
absorption characteristics of metal-ligand systems are not a simple
sum, but owing to the formation of coordination bonds, the energy
levels of ligands and of metal ions mix. In the case of transition
metals, most often used for construction of MOFs, d-p orbital
mixing results in overriding the d—d selection rules, as well as
introducing intense metal-to-ligand or ligand-to-metal charge
transfer bands (MLCT and LMCT, respectively). These new
charge-transfer states or even simple polarization of ligand
electron density due to electron-pushing/pulling effects of metal
centers can render higher NLO responses than would be found
for an uncoordinated ligand itself.

Indeed, the role of metal ions is rather not to provide an
additional two-photon response by themselves, since pure d-d

Chem. Soc. Rev., 2017, 46, 4976-5004 | 4979
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transitions have very low two-photon cross sections, but they
act as efficient modifiers of the ligands’ electron density.

Apart from the above, an additional value which is added by
the metal centers comes from additional functionalities they
bring. From the view point of optical effects of particular
interest are the luminescence properties of heavy transition
metals, with accessible triplet excited states via spin-orbit
coupling as well as f-f transitions of lanthanides. Their long-lived
emissions can be elicited by energy transfer from two-photon
excited ligand molecules and can be used e.g for time-
resolved imaging. In addition, incorporation of metal ions,
especially those with unpaired d electrons can impart redox,
magnetic as well as magneto-optical properties onto MOFs.
Such functionalities of MOFs are well recognized on their own
merit, but conjugation of these effects with NLO excitation in
these materials still remains to be realized.

3.1. Ligand design - intramolecular approach

As shown in the previous section a crucial factor for the molecule-
based design (intramolecular approach) of two-photon active
MOFs is the optimal structure of the ligand. Over many years a
great deal of effort has been expended on the search for design
principles of multi-photon absorbing molecules.® A fundamental
structural feature giving rise to charge-transfer processes, which
are among crucial factors needed for a high two-photon response,
is the presence of an electron donor, an acceptor, or the presence
of both types of these groups simultaneously.

Considering the shape and arrangement of electron donating/
accepting groups, NLO chromophores can be roughly classified
into the following groups: dipolar (called alternatively push—pull),
quadrupolar (push-push, D-n-D and pull-pull, A-n-A) and
octupolar molecules (Fig. 1).

In the simplest examples of the first and second group, the
molecules are linear, the dipolar ones having donor and
acceptor sites separated by a n-bridge, while the quadrupolar
ones are symmetrically substituted either with electron donors
or with electron acceptors. Historically, the advent of molecule-
based engineering of the two-photon property began from the
exhaustive studies of NLO properties of these two subclasses.*®
The name “quadrupolar” is used because of the quadrupole

o—p
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—9
g

acceptor

s “
Hﬂ © onor

Y E=== T bridge
quadrupolar

octupolar
1

|
s

tetrahedral

trigonal octahedral

Fig. 1 Pictorial representation of donor—acceptor arrangements in various
types of nonlinear optical chromophores. Note that for octupolar
representations the donor and acceptor sites can also be interchanged.
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moment being the lowest electrical moment of those centro-
symmetric molecules. Octupolar molecules encompass a broader
range of geometries, beginning from the frequently encountered
trigonal arrangement (Cs;, symmetry) to tetrahedral (T4) and
octahedral (Oy,) geometries.

The knowledge gained throughout the years allowed for
drawing quite detailed design principles of two-photon chromo-
phores, which can now be successfully adopted for ligand design
for MOFs. Most of them were summarized in extant reviews on
two-photon absorption,®*”?® so we will point out only the most
important concepts.

There are two most fundamental factors that determine the
performance of a two-photon molecular chromophore: the
n-conjugation length, and the presence of intramolecular charge
transfer. The former property, in the first approximation can be
treated in “the longer the better” terms, since large charge
separation is beneficial for obtaining high polarizability of the
system. The efficiency of charge delocalization is determined by
linkages that are used to join aromatic rings. Indeed, electronic
communication is enabled by high overlap of 7 orbitals, thus
usually the best performance of NLO properties is obtained
when vinylene linkages are used, ethylene bridges provide
somewhat weaker performance while phenylene bridges are
significantly inferior in that respect. Elongation of organic
scaffolds gives rise to a certain number of repeating units, at
which the nonlinearity saturates, because the length of the
n-electron system exceeds the range of mn-delocalization.
Additional enhancement of the two-photon response is obtained
when a given compound has many arms, as can be found in the
octupolar class of NLO chromophores (e.g. compounds based on
triphenylamine). In such cases the gain of NLO response can be
much higher than what would be expected from the sum of all
participating arms.>*?°

Strong intramolecular charge transfer is obtained by separation
of electron donating and withdrawing groups in one molecule.
However, for design of NLO-active MOFs, one needs to be aware of
restraints that are imposed by specific features of functional
groups. For instance, strong electron withdrawal was achieved
by insertion of nitro (-NO,),*"** sulfonyl (-SO,R),**** and triflyl
(CF3S0,7)*** functional groups, but their coordination abilities
are rather low. Moreover, nitro-compounds, due to inherent high
participation of nonradiative decay, tend to be rather weakly
fluorescent, which in light of the need for high two-photon
brightness (¢a,), lowers their applicability for the construction
of MOFs that could be used for two-photon excited emission
applications. Chemical stability needs to be taken into account
as well - the nitrile group, another representative of the electron
withdrawing groups that are well-recognized for NLO applications,*®
can undergo hydrolysis under hydrothermal conditions, especially
at basic pH.*®

By and large, the most utilized ligating group in MOFs is the
carboxylic one, which is also quite a strong electron acceptor. In
general, the great majority of binding groups already used in
MOF construction withdraw electron density (for example: carboxy,
sulphonic, phosphonic, as well as N-heterocyclic: pyridines,
imidazoles, pyrazoles, triazoles). In contrast, the presence of

This journal is © The Royal Society of Chemistry 2017
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electron donor groups (amino, alkyl amino, phenol, and alkoxy)
is much less common, due to their comparatively lower coordination
abilities. Due to the presence of the carboxylic groups in the organic
linkers, the majority of employed ligands are of A-n-A type and
therefore lack the electron donor group needed for efficient
charge transfer, which we stressed as a prerequisite for a large
NLO response.

Consequently, third-order NLO properties of MOFs constructed
from small dicarboxylic acids such as benzene-1,4-dicarboxylic
acid (e.g. IRMOF-1) can be expected to be moderate at best. Thus,
in accordance with the previously drawn design principles, we can
see a bigger prospect for high nonlinearities in ligands possessing
extended polarizable r-core such as anthracene, perylene, pyrene
as well as those incorporating donor units in the interior of the
molecule. Valuable building blocks for MOFs seem to be triphe-
nylamine derived linkers (as a basis for D(-n-A); octupolar ligands)
and planarity-enforced molecules such as carbazole and fluorene
(as a basis for V-shaped D(-m-A), ligands sharing octupolar and
quadrupolar properties). Apart from their donating ability, the
enhancement of the two-photon response via the branching effect
is highly expected.

3.2. Intermolecular approach

An especially appealing property of CPs and MOFs from the
multi-photon absorption (MPA) point of view is that they are
crystalline solids with precisely defined ordering. The self-assembly
process gives the opportunity to fix the position of the ligand
molecules and possibly allows for determination of which structural
factors, especially those that are intermolecular, have the biggest
influence on the two-photon cross section of a given MOF material.

It should be stressed that, in general, the influence of inter-
molecular interactions (through-space interactions) on the
two-photon response of condensed materials is not well under-
stood; investigations of such systems had only a few experimental
realizations.®” The currently available data, however, allow for the
identification of some directions.

One of the prospective intermolecular tools seems to be
n-stacking. For example, the formation of J-aggregates of sulfonated
porphyrin species in solutions and thin films was found to increase
the 2PA cross section around 30%® and 1.7*° times with respect to
the nonaggregated form, respectively. In this type of aggregate the
origin of the two-photon response enhancement may be attributed
to the combination of excitonic transitions between n-stacked
aromatic units, so the delocalization of excitons takes place,
essentially, through space. This kind of enhancement of non-
linear response has been also postulated to be responsible for
unusually high two- and multi-photon cross sections in poly-
meric biomaterials like amyloid protein fibres*® and silk.*!

A great majority of organic molecules, including ligands for
MOFs, are non-flat and possess conformationally labile fragments.
In such cases the enhancement upon aggregation (intermolecular
steric effect)*? will additionally originate from planarization of
organic scaffolds, since a more planar conformation favours
efficient charge delocalization across the molecule due to a larger
overlap of m orbitals. In other words, confining the molecular
environment (e.g. surrounding molecules in the crystal lattice)

This journal is © The Royal Society of Chemistry 2017
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improves through-bond charge delocalization by enforcing planarity.
Indeed, this phenomenon has been postulated as the main cause of
enhanced 2PA cross sections of 1,4-bis(cyanostyryl)benzene® and
9,10-bis[4-(4”-aminostyryl)styrylJanthracene®® derivatives, and it can
be viewed as the cause of the superior two- and three-photon
performance of thin films of the r-P3HT polymer (regioregular
poly(3-hexylthiophene)).**

Considering structural complexity and also tailorability of
CPs and MOFs, the above discussed intermolecular phenomena
can be imparted onto the structure, and therefore can contribute
to overall third-order nonlinearity. The remaining question is how
to maximize their potential. Thus, future work should not only
focus on the design of molecular structures of ligands for high
third-order nonlinearities but also address intermolecular effects.

4. Measurement techniques of
multi-photon absorption

4.1. Z-scan

The Z-scan technique,”” initially introduced in 1990, is currently
one of the main techniques for the characterization of third-
order nonlinear properties (nonlinear absorption and nonlinear
refraction) of materials, owing to its relative simplicity and the
broad variety of information that it can provide. The name
Z-scan is derived from the fact, that in this technique the sample
is moved along the axis of a focused laser beam (z-axis). The
sample moving in this manner experiences a gradual increase in
intensity up to the focal point (z = 0), and subsequently, the
decrease of intensity when it leaves that region (Fig. 2). Essentially,
to elicit the intensity dependence of both the refractive index and
the absorption coefficient very high light intensities are needed; in
the case of femtosecond Z-scan, they usually are in the range of
50-250 GW cm 2.

Intensity-caused change of the real part of the refractive
index, described as n(I) = n(0) + n,l, results in the modification
of the lensing properties of the investigated sample. When n, is
positive the sample behaves as an additional focusing lens, and
conversely, a negative n, causes the sample to act as if it were a
defocusing lens. The most common way to measure the extent
of change of beam divergence is to place an aperture before the
detector. Thus, any sample-induced change of the beam profile

BS1 — BS2
Laser sample aperture
beam [
T ey H

1 1 1
1 1 1 \ CA
v z=0 . lens detector
-z +2

reference

detector OA

detector

Fig. 2 The representation of a typical Z-scan setup.
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Fig. 3 Examples of experimental Z-scan traces (black squares) and

respective fits to theoretical equations (red lines) obtained from (a) CA

measurement and (b) OA measurement. Reproduced from ref. 46 with

permission from American Chemical Society.

is registered by the detector as a change in the intensity of
transmitted light (Z-scan with an aperture is called closed-
aperture (CA) Z-scan, Fig. 3a).

As presented in Fig. 2, a beam splitter (BS2) can be placed
between the aperture and the moving sample. Beam distortion
evoked by nonlinear refraction does not play a role here since
all radiation is collected by the open-aperture (OA detector, for
an example of the experimental OA Z-scan see Fig. 3b), which is
here assured by using an additional focusing lens in front of the
detector. Accordingly, any changes in the light transmittance are
attributed to the nonlinear absorption processes. More specifically,
the decrease of transmittance (a valley/a dip) in an OA trace is
diagnostic of nonlinear absorption, while the increase of trans-
mittance indicates saturable absorption properties.

The shapes of the CA and OA signals (or even simply
the amplitudes of the transmittance changes) can be used to
determine the magnitudes of the nonlinear refractive index and
nonlinear absorption coefficient of the sample. This requires,
however, the knowledge of the light intensity, which is not a
trivial issue since the determination of the intensity requires
careful evaluation of the laser pulse shape and the beam
profile. An alternative is carrying out the measurements in a
relative manner, using a well-known reference. In the lab of two
co-authors of this paper (JKZ and MS), three Z-scans are
conducted for obtaining each wavelength point of a spectrum
of third-order NLO properties of various materials: for reference,
usually a fused silica plate, for a cuvette with a solution/dispersion
of the sample, and for a cuvette with the solvent. The silica plate is
used to calibrate the light intensity, and it also serves as an
indicator of possible, albeit undesirable, accompanying nonlinear
processes, such as supercontinuum generation, which can occur
when the laser irradiance is too high. Most of the Z-scan
measurements are conducted in the so-called thin sample
regime (meaning that the Rayleigh length of the beam is chosen
to be longer than the thickness of the sample). In consequence,
the glass walls of the cuvettes contribute to the determined
nonlinearities, similar to the solvent. Thus, to correct for their
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contributions, the cuvette with the solvent has to be measured
as well. Since the optical nonlinearities are determined for a
solution, its concentration needs to be precisely known, to be
able to extrapolate the data to a pure substance, or to calculate
the molecular quantities using local field corrections.

The analysis of experimental Z-scan traces is conducted
through fitting to theoretical equations, derived by Sheikh-Bahae
et al.*® Basically, the fitting procedure involves determination of
the nonlinear phase shifts, which are further used to calculate the
real and imaginary part of the nonlinear refractive index (similarly
to the linear refractive index n, n, can be treated as a complex
quantity). The latter parameter yields the nonlinear absorption
coefficient o,, which, taking into account the molar concentration
of the investigated substance, can also provide the two-photon
absorption cross-section g,. The issues of reporting the results in a
proper way, as molecular or macroscopic quantities, are further
discussed in Section 4.5.

The measurement and analysis of optical nonlinearities
using Z-scan require special care, since the signals collected
by CA and OA detectors may be influenced not only by practically
instantaneous nonlinear refraction and nonlinear absorption due
to electronic distribution distortion and multiphoton absorption
in molecules. Factors that can contribute to the nonlinearity
measured by Z-scan are molecular reorientations, nonlinear
scattering, nonlinearities resulting from local heating of the
sample (thermal nonlinearity connected with the temperature
dependence of the refractive index) and absorption by excited
states. The contribution of the latter two processes can be
minimized by appropriate choice of the laser source and of
the wavelength measurement region.

The optimal laser source for Z-scan is one that provides
pulses which are on the femtosecond time-scale and of low
repetition rate. The influence of both these factors can be easily
demonstrated using standard kinetics of the excited state
population. If the laser wavelength allows for even weak one-
photon absorption, depending on the laser pulse length and its
relation to the excited state lifetime, excited state absorption
may dominate over the direct two-photon absorption process.
The lifetime of the excited state is the picosecond to nano-
second range for most of the organic molecules and can be
longer for metal complexes, including CPs. Therefore, the laser
pulse should be much shorter than the half-life of those excited
states, in order to minimize subsequent absorption of an
additional photon, by an already present populated level. The
low repetition rate additionally assures that all excited states,
including triplet ones (or other long-lived states, depending on
the type of the material), are relaxed to the ground state before
the arrival of the next laser pulse and that the heat released in
the absorption processes is dispersed.

Indeed, significant overestimation of the apparent two-
photon cross sections due to the use of nanosecond long laser
pulses has been documented.””*® Prasad et al. reported a femto-
second Z-scan study of AF-350 dye (tris[4-(7-benzothiazol-2-yl-9,9-
diethylfluoren-2-yl)phenylJamine) which showed that the apparent
two-photon cross section was found to be 240 times higher
compared to the femtosecond result, when the nanosecond-long
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laser pulses were applied.”” Similar differences between cross
sections determined in nano- and femtosecond regimes have been
reported for AF-50 dye (N,N-diphenyl-7-[2-(4-piridinyl)ethenyl]-9,9-
di-n-decyl-fluoren-2-amine).*®

An important issue that is inherent in the Z-scan measure-
ment is that it does not provide a simple way of differentiating
between the instantaneous absorption of two or more photons
and sequential processes. Therefore, for the spectral region
where even weak one-photon absorption is present one may
expect excited state absorption (often referred to as reverse
saturable absorption, RSA) to be dominant over the true two-
photon absorption, especially for longer laser pulses. On the
other hand, in the two-photon absorption spectral range, the
two-photon created excited state can also efficiently absorb a
third photon, leading to apparent three-photon absorption
(3PA). Distinguishing between instantaneous and sequential
processes is, however, possible through the use of pump-probe
techniques.

A severe limitation to the use of the Z-scan technique from
the MOF science view point is the need for non-scattering
samples. Since the great majority of MOFs are obtained in
the form of insoluble single-crystals and/or microcrystalline
solids, dispersion of such materials would yield mostly turbid
samples, additionally with changing the degree of scattering
and local concentration with time due to sedimentation. There-
fore, the Z-scan method is best suited for the determination of
nonlinearities of those CPs that can be obtained in the form of
nanoparticles. For the same reason the use of pump-probe
measurements and in general, of other transmission techniques
that are employed for determination of kinetics of femtosecond
and picosecond long processes, such as transient absorption
spectroscopy, is limited to MOF nanoparticle dispersions.

4.2. Two-photon excited fluorescence (TPEF)

The second experiment most widely used for determination of
nonlinear absorption, usually presented as two-photon absorption
cross sections of molecules, is the two-photon excited fluorescence,
initially introduced in a seminal paper of Xu and Webb.*> An
absolute determination of g, is possible if exact data on the
parameters of a laser beam exciting the upconverted fluorescence
as well as those on the number of emitted photons and the
quantum yield of TPEF are known. However, typically, this
measurement is carried out in a relative way: at every wavelength
in the investigated range the two-photon cross section is deter-
mined by comparison of the two-photon-induced fluorescence
intensity of the sample with that of a reference for which the
wavelength dependence of the cross section o, is precisely
known. Currently, a number of standard dyes are used which
allow for the determination of ¢, values in the whole Vis-NIR
range - an exhaustive set of data for two-photon dye standards
has been reported by Makarov et al.>® The intensity of the TPEF
process is given by eqn (3):

Arpgy = I *n’c 20Fcol (3)

According to this equation, the intensity of TPEF expressed as
integral area of the emission band (Arpgr) is proportional to the
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concentration of molecules c, the square of exciting laser intensity 1,
the square of refractive index n, the two-photon cross section o,
quantum yield of fluorescence ¢, and a phenomenological collec-
tion factor F,.

Ideally, the quantum yield ¢ of the two-photon excited
fluorescence process should be known for both the sample
and reference. Although the quantum yield may be a function
of the wavelength of two-photon laser excitation (the Kasha’s
rule may not necessarily apply), given the issues connected with
determination of quantum yield in the two-photon regime,
the most common practice is just to use the quantum yield ¢
determined from one-photon experiments. Such an approach is
justified by the assumption that the radiative process occurs
from the same (lowest) excited state, regardless of the origin
of excitation (one- or two-photon), according to Kasha’s rule.
Alternatively, the results obtained from TPEF measurements
are often reported as two-photon brightness g,¢, which quantifies
the relative efficiency of the two-photon excited emission. The
phenomenological collection factor F,,, is responsible for all setup-
related parameters, that is: optical path, sensitivity of the detector,
apertures, collection angle, but also may — which is extremely
important for measurement of MOFs — account for light scattering
processes in the sample.

In the standard TPEF technique, in which dilute solutions of
the investigated substance sample and of a reference dye are
used (optical density is typically taken to be lower than 0.1),
the o, value of the investigated compound is calculated from
the ratio of fluorescence intensities:

Asum

N 2,2
- CaamI "1 aZ(sam)(f)samFCOI
Aref

Cref IPH2 0 (rep) Pref Feol

Asam Cref 02 (ref) Pref

— O02(sam) —
( ) Arefcsumq)sam

(4)

The intensity of the laser radiation I and the collection factor
F.o are cancelled since the experimental conditions are the
same, similar to the refractive index n, if the reference and the
sample are dissolved in the same solvent.

In the case of CPs and MOFs the ¢, values cannot really be
determined by simple comparison of the TPEF signal of a
reference and that of suspension of a material in a non-dissolving
medium. The collection factors for such measurements are
significantly different due to negligible scattering in the solution of
the reference and very high scattering of the suspension of crystals
of a CP. To address this problem, we devised a modification of the
standard TPEF method, which partly circumvents the issue of
scattering —Internal Standard Two-Photon Excited Fluorescence
(ISTPEF).

4.3. Internal standard two-photon excited fluorescence (ISTPEF)

Since the two-photon emission of two samples cannot be
compared due to different effects of scattering, the proposed
remedy to this issue is to measure the two-photon emission of a
CP suspended in a solution of a two-photon-standard, for example,
Rhodamine B. Since emission of both CP and the standard
experience a similar degree of scattering under such conditions
(Fig. 4), it can be assumed that the collection factor term in
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Fig. 4 (a) An example of experimental ISTPEF signal (black line). Dashed
red and blue lines denote gaussian deconvolution functions of MOF and
Rhodamine B, respectively. (b) A comparison of signal collection geometry
in standard TPEF measurement (perpendicular collection, to the left) and in
ISTPEF measurement (backscattering collection, to the right). Note that
the MOF suspension in the latter technique must be continuously stirred in
order to maintain the local concentration of microparticles constant in
time.

expression (4) is cancelled out. An example of the experimental
signal collected in this experiment is given in Fig. 4a. To obtain
true integral intensities of emission of the MOF and of the
standard, the deconvolution procedure must be applied.
While this approach enables one to measure ¢, values for
dispersions of CPs, some precautions need to be stressed. The
most notorious problem encountered in this method is the
presence of a tail of the exciting laser spectrum in the fluores-
cence spectra, especially for excitation wavelengths close to the
emission of the sample or reference. Thus, the processing of
the fluorescence data requires removal of the background.
However, this problem could be alleviated to some extent by
collecting the radiation in backscattering mode (Fig. 4b). This
factor as well as the need for deconvolution of fluorescence
data bring additional uncertainty into o, values obtained with
the ISTPEF method. Hence, the relative error of measurements
may be bigger than that of the standard TPEF method (~ 15%).

4.4. Solid state two-photon excited fluorescence (SSTPEF)

The determination of ¢, values can also be performed on
samples in the solid state. In this technique, the two-photon
excited fluorescence signal is obtained via laser irradiation of
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microcrystalline samples of a CP and of a two-photon standard,
for example perylene microcrystals. Here, an important issue is
to use exactly the same collection geometry for both samples at
the same wavelength, since they are measured separately.

Concerns connected with collection factor F., for solid
samples are also valid. Indeed, the intensity of the collected
signals will depend on the grain size of the investigated samples
that would cause a different degree of scattering as well as on
the refractive index of the samples, influencing the collection
efficiency. A step toward alleviating these problems is to sieve
samples of MOFs and two-photon standards into the same
particle size range, analogously to what is routinely done in
the case of SHG measurements. Such a procedure should
also increase the reproducibility of the results across different
laboratories.

In the SSTPEF method, eqn (5) needs to be modified. For
solid samples of a CP the concentration, ¢ should be inter-
preted as the crystal density dgam, divided by the molar mass of a
selected repeating unit of the CP (Ms,p,), while for the reference
it is ‘dref/Myef Tratio. The refractive indices usually are not equal,
giving as a result:

2
o Asam drcf O (ref) Pref Msamnrcf
2(sam) — 5
Arerdsam Psam M erngam®

(5)

Focusing of the laser beam in one area for a longer period of
time quite often causes photochemical reactions, which would
cause the alteration of spectral characteristics. This is obviously
an undesirable phenomenon, which can be avoided either by
decreasing the input intensity until no photochemical change
is observed, or by shortening the laser beam exposure on the
sample. We devised a modification of that experiment, in which
we placed the investigated sample on a rotating stage (Fig. 5).
The measurements conducted in this manner possess two-fold
advantages: (i) samples are less prone to undergo photochemical
reaction due to shortened irradiation time; (ii) the emission
signal is collected from different parts of the sample, which from
the statistical point of view reflects the emission properties of the
bulk sample much better. This method seems to be particularly
useful for CPs, which are soluble or decompose in common

exc. A

detector axis of rotation

sample

excited area of the sample
during rotation

Fig. 5 The picture showing the idea of the SSTPEF technique in which the
sample is rotated.
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solvents and for this reason TPEF cannot be measured with the
ISTPEF technique.

An essential drawback of this method is the uncertainty
connected with the two-photon cross sections of the two-photon
standard. The great majority of reported o, values have been
determined by Z-scan or TPEF measurements in solutions, in which
the interactions between molecules are most often negligible.
Clearly, although &, values correspond to two-photon properties of
a material extrapolated to the pure substance, the same two-photon
standard in the solid-state will most probably have different two-
photon cross sections due to matrix interactions.

4.5. Reporting of NLO results

There is no uniform convention in the literature for the reporting
of NLO parameters, such as the results obtained from the Z-scan
measurements where the primary quantities characterizing a
sample are the nonlinear absorption coefficient «, (often denoted
as f§) and the nonlinear refractive index n,. These quantities are
macroscopic parameters, which properly describe the results
obtained on a slab of a single-component material but are of
low comparative value in the case of solutions or any other
host-guest system, such as dispersions of CPs.

While microscopic NLO properties can be and indeed are
often reported as values of the hyperpolarizabilities referring to
a single molecule (or e.g. a repeat unit of a polymer), the most
commonly used measure of nonlinear absorption relating to a
chemical species are its two-photon absorption cross section
g, and cross sections for higher-order absorption processes.
Simple relations like «, = No,/hv which relate the macroscopic
and microscopic parameters assume that absorptive NLO properties
scale linearly with increasing concentration N (in molecules per
cm?®), which may not be always true, in particular, extrapolation
to the pure substance is risky.

Even more troublesome is reporting of nonlinear refraction
parameters, where any evaluation of the properties must take
into account non-zero contributions from all components of
the system (solvent and cuvette walls for solution measurements).
It should be noted that it is possible to define a “nonlinear
refraction cross section” og,”" of a molecule, which provides a
convenient way of reporting spectra of nonlinear absorption and
refraction together.

In order to calculate the o, value, the concentration of
species present in the system is needed as well as their molar
mass must be known. While the calculation of the two-photon
cross sections for organic molecules and discrete coordination
complexes is straightforward, because the molar mass is well-
defined, it is not so obvious in the case of polymeric systems,
especially for hybrid materials. As a structural unit for o,
calculation one can choose an asymmetric unit, its multiplication
comprising one ligand molecule (molecular formula) or even the
complete unit cell. Clearly, the reported o, value will depend on
this choice, thus the chemical formula used for calculations
should always be provided.

In order to avoid ambiguities connected with reporting and
comparing of ¢, values between materials, various two-photon
merit factors have been used that normalize the nonlinearity
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versus chosen quantity: molar mass (o,/M), number of delocalized
electrons (0,/N), square of the number of delocalized electrons
(7,/N*), molecular volume (,/V,,,) or even cost of manufacture
(0_2/$).52—54

The molar mass based merit factor (g,/M) is certainly the
easiest to use to compare the nonlinear absorption efficiency
between materials, even those of very different chemical character
(for example organic molecules, MOFs, semiconductor nano-
particles and plasmonic nanoparticles).”® In the context of MOFs,
the use of proper merit factors allows it to be clearly established
whether the two-photon cross section of the metal-organic assem-
bly is indeed enhanced in comparison to that of the ligand itself.

It should be stressed, however, that a number of conditions
should be met for the determination of nonlinear optical
parameters to be reliably compared between different materials.
In the case of g, (and og) determination the crucial conditions
are: (a) the use of a femtosecond laser excitation source, in order
to minimize thermal nonlinearity, and excited state absorption
effects. For the Z-scan technique a low-repetition rate (kHz and
less) source is a prerequisite, while for the TPEF technique a
high repetition rate (of the MHz order) is not an obstacle;
(b) measurement of NLO properties in the wide-wavelength
range, which allows full NLO spectra to be determined;
(c) reporting of the NLO properties in the form of intensive
values (such as cross sections: g5, ;) instead of extensive values;
(d) comparisons between different materials are only meaningful
if the data are properly normalized.

5. Two-photon absorption in CPs

5.1 How much is known about third-order NLO properties of
CPs?

Literature searches using different combinations of the phrases:
“coordination polymer”, ‘“metal-organic framework”, ‘“two-
photon absorption”, “NLO properties”, “third-order” and similar
led us to around 50 papers which claim to report two-photon
absorption in CPs (see Table 1).

Therefore, a question may arise if these results provide a
consistent (even if early) overview of the third-order NLO
properties of CPs. Considering the conditions outlined in the
previous section, one must conclude that the great majority of
reports on NLO properties listed in Table 1 used experimental
conditions which provided data that are of limited value.

In the section describing Z-scan measurements, we stressed
that dispersions of microcrystalline CPs in solvents are not
suitable for this technique due to excessive scattering. It is not
uncommon that some CPs can dissolve in a strongly coordinating
solvent such as N,N-dimethylformamide (DMF), N,N-dimethyl-
acetamide (DMAc) or dimethyl sulfoxide (DMSO), yielding non-
scattering samples. Nearly all Z-scan studies listed in Table 1
followed this “dissolution” approach, although questions con-
cerning the chemical form of species present in the obtained
solution may arise here. Given the high binding constants of
d-block metal ions with coordinating solvents (DMF, DMSO,
DMACc), it is plausible to suspect that the solubilisation may lead
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Table 1 The list of CPs that had their nonlinear optical properties measured through Z-scan measurement after being dissolved in different solvents

Measurement
No. Technique conditions Molecular formula NLO quantities Ref.
1 Z-scan DMF, 680-1080 nm, [Zn(dpattp)Cl,], [Zn(dpattp)Br,]-H,O, and o, = 1.289, 0.965 and 0.473 cm GW™ " at 720 nm 56
80 MHz, 140 fs [Zn(dpattp)1,] H,O
2 Z-scan DMSO/thin film, [Ni(1,2-bib)(ceda)]-1.5H,0, [Zn(1,2- Solution: a, = 1.01 x 107", 0.42 x 10" '*°, and 57
532 nm, 7 ns, 10 Hz  bib)(cada)], and [Zn,(1,4-bib),(ceda),] 2H,0  0.46 x 10" mw !, ® = 3.54 x 10712,
1.47 x 1072, and 1.61 x 10~ > esu
Thin film: % = 641 x 1077, 3.26 x 10>, and
0.39 x 107> mW~
3 Z-scan DMSO, 532 nm, [zn(bda)(1,4-bib)], [Ni(bda)(1,4-bib)], and oy =3.55 x 107'1,9.38 x 10!, and 58
7 ns, 10 Hz [Ni(H,0),(1,2-bib),](hbda), 114 x 10 mw !
® =0.95 x 1071, 2.06 x 107}, and
2.51 x 10 "~ esu
4 Z-scan DMF, 532 nm, 21 ps  [Tp*WS;Cu,(CN)(u-py)lo-py, oy =2.80 X 10°"*, 4,40 x 107"%,2.10 x 10", 59
Tp*WS;Cu,(CN)2Cu(p-py),]»-3py, 2.80 x 107, 1.30 x 107 mW™*
Et,N][Tp*WS;(CuCN),Cu,(CN)-(1,-bipy)], 7P =431 x 10713, 4.57 x 107, 6.09 x 10713,
Tp*WS;Cu,(CN)(iy-bpea)o s],-CH,Cly, and  6.34 x 102, and 4.08 x 10~ esu
Tp*WS;Cu,(CN)(i6-tPt)1/)2
5 Z-scan DMSO/thin film, Cd;(1,2-bib),(stp)2(H,0),]-10H,0, Solution: a, = 6.53 x 107", 7.15 x 10" mwW ™' 60
532 nm, 7 ns, 10 Hz ~ [Cd;(1,3-bib)s(stp),]-3H,0 ® =223 x 10712, 2.50 x 1072 esu
Tg}in film: o, = 31.1 x 1076, 3.80 x 10 mw!
7®'=1.09 x 107°,0.13 x 107° esu
6 Z-scan DMSO, 532 nm, 7 ns  [Co(oba)(1,3-bib)],-H,0, o, =8.29 x 107, 6.89 x 107" mw ! 61
Co(oba)(1,2-bib)-H,0] 1%3) =1.86 x 107", 1.58 x 10" esu
7 Z-scan Thin film, 532 nm, Co(bda)(1,2-bib)] 7®=1.07 x 107° esu 62
7ns
8  Z-scan DMF, 532 nm, 4 ns  [Zn(u,-3,3"-pytz)(NO,),] 0,=375x 10 °mw ;¥ =170 x 10 " esu 63
9 DFWM DMF, 800 nm, 80 fs, [Tp*WS;Cu,(4,4’-bipy); 5](PFs)-2MeCN, y® =34 x 107" 4.2 x 107, 3.1 x 10714, 64
1 kHz (Tp*WS;Cu,),(bpea);]-(PF),-2DMF, 6.4 x 10 ' esu
Tp*WS;Cu,(p-CN)(4,4’-bipy), s |-MeCN, and
Et,N][(Tp*WS5Cus,),(Cu-(u-CN), 5)2(bpee)]:
3MeCN
10 DFWM DMF, 800 nm, 80 fs, [Tp*W(u3-S);Cu,Cu(i-SCN)(13-SCN),-Et,0, 1 =3.41 x 1074, 3.50 x 1071 65
1kHz [Tp*W(i5-S)3Cu;(py 5-dca)(py 3),5-dea) -
CH,Cl,
11  DFWM DMF, 800 nm, 80 fs, [Tp*WS;Cus(;-DMF)(CN)z-Cu(py)], 73 =4.03 x 107, 3.99 x 107, 4.08 x 107", 66
1 kHz [Tp*WS;Cu;(p3-DMF)(CN);Cul], 4.20 x 10", and 4.16 x 107" esu
[Tp*WS;Cus(p3-DMF)(CN);Cu]-4(aniline),
and [Tp*WS;Cu;(p3-DMF)(CN);Cu]-2DMF
12 Z-scan DMF, 532 nm, 5 ns  [(NO;)=(NMe,);] = [MoOS;Cus(CN);], y=7.33 x 107°°,3.54 x 10°*°, and 67
[(NH,)-2DMF] = [M0,0,S6Cug(CN); 2.75 x 10" esu
(4’4,'bipy)4]y and [(NH4]
2DMF]=[Mo0,0,SCus(CN);(bpee),]
13 Z-scan DMAc, 532 nm, 4 ns  [Ag(1,3-1,-SCN)(1,-hmt)], [Ag(1,1,3-5- 7P =1.82 x 10712, 3.64 x 107*2, and 68
SCN)],(u-hmt), and [Ag(1,1,3-13-SCN) 4.09 x 10~ esu
(Ha-hmt)g 5]
14 Z-scan DMF, 532 nm, 7 ns  [Co(pbbt),(NCS),]-H,O oy =1.40 x 10 ° mw ! 69
15  Z-scan DMF, 532 nm, 8 ns  [AgCu,(chel)(Hchel)]-2H,O ¥ =5.44 x 1072 esu 70
16 Z-scan DMF, 532 nm, 8 ns, [CoCl,(bpfp)] =331 x 10" mw !, ;=117 x 1072 esu 71
2 Hz
17 Z-scan DMF, 532 nm, 8 ns  [Zn(fcz)Cl,]-CH;0H =12 x 107" mW Y, ;& =448 x 1072 esu 72
18  Z-scan DMF, 532 nm, 7 ns  [Pb(bbbm),(NO;),] 0,=58x10°mW ;¥ =167 x 10 " esu 73
19  Z-scan DMF, 532 nm, 4 ns Zn(p1,-4,4"-azpy)(NO,),], a, close to zero; y® = 9.85 x 10712, 56
Cd,(py-4,4"-azpy)3(NO,)4] 1.05 x 10 ™ esu
20 Z-scan DMF, 532 nm, 8 ns  [Cd(en)(NO;),(4,4'-bipy)] 7P =15 x 107" esu 74
21 Z-scan DMF, 532 nm, 7 ns  [Mn(SO,)(4,4"-bipy)(H,0),], 7 =5.0%x107"2,1.2 x 10! esu 75
Mn(N;),(4,4"-bipy)]
22 Z-scan DMSO, 532 nm, Ni(H,0),(1,2-bib),](H,bta)-2H,0, 0y =1.44 x 107" mW ', 1.68 x 107 mw™ ', 76
7 ns, 10 Hz Co,(1,2-bib),(pyro)]-H,0, and and —6.31 x 10" mw !
C0,(1,2-bib),(CA),] H,O
23 Z-scan DMF, 532 nm, 15 ns  [Cd(pca)(H20),(SO4)o.5)o-H20 #,=1.62 x 107 P mW %, ;¥ =8.03 x 102 esu 61
24  Z-scan DMF, 532 nm, 4 ns, [Zn(Dpya)SO4(H,0);], [Cu(Dpya)SO4(H,0);], o, = 0.891 x 107'% 0.627 x 107'%, and 77
10 Hz and [Cu(Dpya)I] 1.93 x 10 mw!
25  Z-scan DMF, 532 nm, 15 ns  [CuCl,(phen)], [CuBr,(phen)], and 0,=0.10 x 107 ,0.08 x 107,012 x 10" mw ' 78
Cu;Br;(phen),] ¥ =140 x 107%,1.78 x 107, 1.05 x 10 esu
26  Z-scan DMF, 532 nm, 15 ns  [Cu(im),(NCS),] 0,=118 x 10 mw 1, @ =70 x10"%esu 79
27  Z-scan DMF, 532 nm, 8 ns  [Cd(ny-pz25dc)], [Zn(ns-pz25dc)] iy 6.3 x 10’11,161.6 x 1071 nlllvv*, 80
27 =223 x 10 77, 8.25 x 10 "~ esu
28  Z-scan DMF, 532 nm, 15 ns  [Fe,(110-Pyro)o.s(12-0X)o.5(H2-0)1.5] #=5.03 x 100" mw !, s =7.03 x 107" esu 81
29  Z-scan DMF, 532 nm, 15 ns  [Co,(,-4,4"-bipy),(I,-benz),(benz),] #0,=6.27 x 107 mw !, ;¥ =762 x 10 esu 82
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Table 1 (continued)
Measurement
No. Technique conditions Molecular formula NLO quantities Ref.
30  Z-scan DMF, 532 nm, 15 ns  KNa[Ni(ie-pyro) (k,-0x)(H,0),], o = 0.43 x 10 %, 0.76 x 10 *° mW’ 83
KNa[Co(p-pyro) (11,-0x)(H,0),] 7 =2.86 x 10*12 5.58 x 107" e
31  Z-scan DMF, wavelength [Co(4,4"-bipy);][Co,(1-0%); ocz =425 x 10" mw ! 84
and length of pulse
not provided
32 Z-scan DMF, 532 nm, 8 ns  [Zn(Hchel)]-H,O 7 =1.05 x 1072 esu 85
33 Z-scan DMF, 532 nm, 8 ns Cu(dps),(SO,)-3H,0-DMF] NLO parameters not provided 86
34  Z-scan DMF, 532 nm, 8 ns (Cul)y(bpp)a] n, =2.56 x 10 *% esu 87
35  Z-scan CH,Cl,, 8 ns pulses  [Et,N][Ag,I5], [CuBr(C;,HgN,S,)] oy =3.04 x 107", 1.08 x 107" mw ™ 88
at 532 nm, 1 Hz
36  Z-scan DMF, 532 nm, 7 ns  [AgI(inh)]s(KI) oy =1.04 x 10°° mw ! 89
37  Z-scan DMF, 532 nm, 7 ns  [Cd(btx)(SO,)(H,0),] =115 x 10°° mW ! 90
38  Z-scan DMF, 532 nm, 8 ns, [Co(H,0),(CH;0H),(4-bpfp)](NO3)s, 4y =9.00 x 107, 1.41 x 107" mw ™, 78
2Hz Co(NCS),(CH;0H),(3-bpfp)] ¥ =3.08 x 10712, 8.25 x 10~ esu
39  Z-scan DMF, 532 nm, 7 ns Ni(bbbm),(H,0),](NO;),-2CH;0H-6H,0, 0y =4.2 x 107°,4.7 x 10 mw ! 91
Co(bbbm),(H,0),](NO;),-2CH;0H-6H,0
40  Z-scan DMF, 532 nm, 7 ns  [Zn(CH3COO),(bbbm)]-(CH;0H), n, =138 x 107" m? W*1 92
41 Z-scan DMF, 532 nm, 15 ns  [Cug(CN)g(phen),] =013 x 10 " mw !, ;¥ =161 x 10 P esu 93
42 Z-scan DMF, 532 nm, 7 ns  [Pb(bbbm),(NO;),] a0, =5.8 x 107, 7z = 3. 08 x 10712 73
43 Z-scan DMF, 532 nm, repe-  [Mn(N;),(bbp),], [Mn(NCS),(bbp),]-0.25H,0]  #© = 4.78 x 10*12 2.40 x 1072 esu, 9
tition rate and n,=1.21x 10,671 x 107 m B
length of pulse not
provided
44  Z-scan DMF, 532 nm, 8 ns  [Mn(H,0),(SO,)(bpfp)](H.0)3(CH;0H), 4 =9.2 x 1077, 6.9 x 10°, and 7.1 x 95
[Zn(NCS),(bpfp),]-2H,0, and [Cd(N;),(bpfp)] 10™° mwW*, x“ﬁ =6.39 x 107", 4.52 x 107"
and 3.84 x 10~ ! esu
45  Z-scan DMSO, 532 nm, 7 [Cd(im);]»(pyro)-0.5H,0, o, =5.45 x 1071, 9.81 x 10! mw* , 96
ns, 2 Hz [Cu,(H,0),(im)s](pyro),- 7H,O ¥ =125 x 107,232 x 10 e
46  Z-scan DMF, 532 nm, 7 ns  [Co(NCS),(bpms),] 7 =1.07 x 10" esu 13
47  Z-scan DMF, 532 nm, 15 ns  [Cd(p2ca)(H,0),(SO04)0.5]2-H20 oy = 1.62 X 10*11 & =8.03 x 10*12 97
48  Z-scan DMF, 532 nm, 15 ns  [Cu(phen)(u-NCS)] a0, = 0.94 x 10711 40 = 8,67 x 10~ 58
49  Z-scan DMF, 532 nm, 15 ns  [Cu(u-1,1,1,3-N3)] o =173 x 101, /¥ =923 x 101 56
50  Z-scan DMF, 532 nm, 15 ns  [Mn(2,2’ blpy)z(pz Se)] oy =7.2 x 1077, y }* =3.35 x 10 ** 76

Abbreviations: DFWM = degenerate four-wave mixing; Dpattp = 4’-(4-(diphenylamino)thienyl)-4,2':6',4"-terpyridine; 1,2-bib = 1,2-bis((1H-imidazol-
1-yl)methyl)benzene;H,ceda = cyclohex-4-ene-1,2-dicarboxylic acid; Hycada = cyclohexane-1,2-dicarboxylic acid; 1,4-bib = 1,4-bis((1H-imidazol-1-
yl)methyl)benzene; Hybda = 1,2-benzenedicarboxylate; py = pyridine; 4,4’-bipy = 4,4'-bipyridine; bpea = 1,2-bis(4-pyridyl)ethane; tpt = 2,4,6-tri(4-
pyridyl)-1,3,5-triazine; 1,3-bib = 1,3-bis((1H-imidazol-1-yl)methyl)benzene; NaH,stp = sodium 3,5-dicarboxybenzenesulfonate; Hyoba = 4,4'-
oxydibenzoic acid; Tp* = hydridotris((3,5-dimethylpyrazol-1-yl)borate); 3,3'-pytz = (3,6-bis(3-pyridyl)-1,2,4,5-tetrazine); bpea = 1,2-bis(4-pyridyl)-
ethane; bpee = 1,2-bis(4-pyridyl)ethylene; dca = dicyanamide; hmt = hexamethylenetetramine; pbbt = 1,10-(1,3-propylene)bis-1H-benzotriazole;
Hschel = chelidamic acid (2,6-dicarboxy-4-hydroxypyridine); bpfp = N,N-bis(3-pyridylformyl)piperazine; fcz = fluconazole; bbbm = 1,1’-((1,4-
butanediyl)bis-1H-benzimidazole); 4,4’-azpy = 4,4’-azopyridine; H,bta = biphenyl-3,3’,4,4'-tetracarboxylic acid; Hyca = camphanic acid; Hpca =
pyrazine-2-carboxylic acid; Dpya = N,N-dimethyl-4-(pyridin-4-yldiazenyl)aniline; pz25dc = pyrazine-2,5-dicarboxylate; Hypyro = pyromellitic acid;
benz = benzoic acid; dps = 4,4’-dipyridyl sulfide; bpp = 1,3-bis(4-pyridyl)propane; inh = N-(isonicotinoyl)-N-nicotinoylhydrazine; btx = 1,4-bis(triazol-
1-ylmethyl)benzene; bbbm = 1,10-(1,4-butanediyl)bis-1H-benzimidazole; phen = 9,10-phenantroline; bbp = 4,4'-trimethylenedipyridine; bpfp =

N,N'-bis(3-pyridylformyl)piperazine; bpms = 1,2-bis(4-pyridylmethyl)disulfenyl; p2ca = pyrazine-2-carboxylic acid; 2,2’-bipy = 2,2’-bipyridine.

to decomposition of the coordination framework to metal-organic
oligomers and possibly, to a mixture of ligand(s) and solvated
metal ions.

The possibility of decomposition of coordination networks
upon dissolution has been rarely discussed. In several papers
measurements of the molecular weight-averaged molar mass
(M,,) of species present in solution were reported.”>**°> To
highlight the problem of structure decomposition upon dis-
solution, we take for example a 2-dimensional (2D) CP investigated
in ref. 95. This CP based on N,N-bis(3-pyridylformyl)-piperazine and
manganese(u) ions was found to have M, equal to 4181. The
empirical formula is C;,H3,MnN,0,,S which corresponds to one
ligand molecule, one manganese(u) ion, and accompanying solvent
molecules. By division of the M,, value by the molar mass of the
empirical formula (569.5), one can see that an average species
present in solution possess only seven units. Thus, although the

This journal is © The Royal Society of Chemistry 2017

authors assured that as reported by them CPs “remain polymeric in
solutions”, a change of the form of the investigated compound had
evidently occurred.

Z-scan measurements on dissolved samples of CPs are not
a priori incorrect, but the influence of dissolution on the
structure of the investigated species must be considered. Appro-
priately conducted NLO studies combined with careful analysis of
species present in the solution may show that a mixture of metal-
organic oligomers has superior two-photon properties to the
ligand itself. Nevertheless, dissolution of CPs essentially removes
the most crucial advantage of those systems - the possible
enhancement of NLO response by both, intra- and intermolecular
effects within the precisely defined periodic structure.

Apart from the concerns connected with the dissolution
approach, one notes that studies listed in Table 1 have been
mostly obtained at single wavelengths such as 532 nm (which
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typically corresponds to non-zero one-photon absorption) with
the use of long pulse (usually several nanoseconds) laser
sources. Such measurements, mostly carried out to demonstrate
the optical power-limiting ability of a material, are usually
dominated by excited state absorption processes (RSA) rather
than by direct two-photon absorption.

5.2. More recent advances

vittal and co-workers reported the first multi-photon (two-, three-
and four-photon) absorption properties of MOFs by taking
advantage of the solid-state multiphoton-excited luminescence
(MPEF) technique using solid perylene as a standard.”® The
investigated MOF, MOF-1, [Zn,(sdc),(An2Py)] (where sdc = trans,-
trans-4,4'-stilbenedicarboxylate, and An2Py = trans,trans-9,10-
bis(4-pyridylethenyl)anthracene) is a pillared layered structure,
where the layers of “Zn-sdc” are bridged by An2Py pillars and
result in the formation of a 3D framework structure. The
anthracene-based ligand is an exemplification of two approaches
leading to high nonlinearity (Fig. 6a). Firstly, the ligand has a
donor-acceptor quadrupolar structure, in which pyridyl groups
serve as electron withdrawing groups. Secondly, this ligand
possesses a singlet biradical structure in the ground state, which
is expected to increase the second hyperpolarizability (y) of the
aromatic systems.’*'°° Open-shell character is present in the
solid-state ligand and it is also translated into the MOFs, as
evidenced by EPR measurements.
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Fig. 6 (a) Resonance structures of the An2Py ligand highlighting possible

biradical configuration, (b) spectrum of 2PA brightness, (c) spectrum of
3PA brightness, (d) spectrum of 4PA brightness, (e) plot of experimentally
determined slopes from intensity dependent measurements, and (f) repre-
sentation of the structure of the MOF with embedded anthracene
molecules.’® Reprinted with permission from Nature publishing group,
copyright 2015.
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The nonlinear absorption properties of MOF-1 have been
reported in the form of two-, three-, and four-photon action
cross sections (brightness). Respective maxima are located at
800 nm (po, equal to 7.2 GM), at 950 nm (¢a; equal to 3.9 x
1077 em® %), and at 1450 nm (@0, equal to 5.7 x 10~ "'° cm® §?)
as shown in Fig. 6b-d. The multi-photon character of nonlinear
absorption at all wavelengths has been confirmed with power-
dependence measurements of emissions (Fig. 6e).

The infiltration of guest molecules into this MOF has been
used as a tool to enhance multi-photon properties. Increase of
reported multiphoton action cross section values has been
mostly attributed to the increase of the quantum yield upon
interaction with guests. Encapsulated anthracene@MOF-1
(MOF-2) and perylene@MOF-1 (MOF-3) interact via n—r stacking
with MOF frameworks as shown by X-ray single-crystal analysis
(Fig. 6f). Accordingly, given the proximity of guest molecules to
the host lattice, the observed enhancement of NLO response has
been explained in terms of the Forster resonance mechanism.

The SSTPEF method has been also used recently by Medishetty
et al'™ for two cationic MOFs, (DMA)[In(TCPE)] (In-MOF;
DMA = dimethylammonium cation; TCPE'™ = tetrakis[4-((4-
carboxylato)phenyl)phenyljethylene) and (DMA)[Zn(HTCPE)]
(Zn-MOF; HTCPE = monoprotonated TCPE linker) (Fig. 7a and b),
using solid petylene as the reference. Due to the presence of strong
optically active molecule TCPE, its coordination to the metal nodes
and its packing arrangement in the crystal structure, these
materials showed exceptionally strong TPEF with absorption
action cross section values of 3072 GM in the case of In-MOF
and 1053 GM in the case of Zn-MOF (much higher compared to
the linker alone, which is 55 GM) (Fig. 7b). Due to the very high

* H,TCPE
2900 = Zn-MOF
+ In-MOF

In-MOF activated

Wavelength (nm)

Fig. 7 Perspective view of non-interpenetrated (a) In-MOF along the b-axis
and (b) Zn-MOF along the c-axis. (c) Wavelength dependence of two-photon
action cross-sections of In-MOF (red), In-MOF upon activation (cyan),
Zn-MOF (blue) and H4TCPE (wine). Solid lines are trend lines.
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porosity of the In-MOF, it is vulnerable to external forces, such as
grinding and solvent removal under vacuum (activation), which
results in the loss of long-range order and the formation of a low
crystalline or amorphous phase as deduced from X-ray diffraction
studies. IR of pristine and ground MOF shows that connectivity
between ligands and metal ions (called therein as short-range
order), remains practically untouched. Given these inputs, it seems
that decay in two-photon absorption action cross section values to
1111 GM upon grinding can be attributed to the loss of the highly
ordered arrangement of the linker molecules. This can be under-
stood in terms of a decrease in linker rigidity as well as broadly
seen amorphization (e.g. disorder/shifting of layers, alteration of
aggregation modes between ligand molecules). As demonstrated,
subtle structure-property relationships emphasize the complexity
of MOFs, compared to various other materials and need for further
NLO investigations of such kind (Fig. 7c).

Cleuvenbergen et al.'°> has demonstrated the TPEF properties
of ZIF-8 nano- and micro-particles upon femtosecond excitation
at 800 nm using a microscopy setup, however, the absolute two-
photon cross sections were not determined. This issue has been
addressed by Zareba et al. with the use of femtosecond Z-scan
measurements on a ZIF-8 nanoparticle suspension.'® The two-
photon cross section of ZIF-8 was estimated to be lower than
18 GM at 550 nm assuming the CgH;(N,Zn formula. The intro-
duction of Co(u) ions in place of half of the Zn(u) ones (50Co/ZIF-8,
being formally the hybrid between ZIF-8 and ZIF-67) imparted the
typical linear optical band deriving from d-d transition of tetra-
hedral cobalt(n). Despite its relatively high intensity in the linear
regime, its strength did not translate into the two-photon property
(o, lower than 8 GM at 950 nm, calculated per CsH;oN,Zn, 5C0q 5
composition). These rather small two-photon cross sections can be
justified by the lack of significant charge transfer processes within
the ZIF framework, as there is no clear separation of donor and
acceptor of electrons in that structure. Owing to the porous
structure of ZIF-8, the interactions between 2-methylimidazole
ligands are negligible. Hence, the intermolecular cooperative
effects that may increase the nonlinear response are limited.

In contrast to ZIF-8 nanoparticles, Prussian Blue nanoparticles
were found to be very strong nonlinear chromophores.'®* Prussian
Blue, a well-known pigment, which is in fact a three-dimensional
(3D) inorganic CP, owes its colour to a very broad absorption band
ranging from 450 nm to 1300 nm, with a maximum at 700 nm, due
to Fe**~CN-Fe*" metal-to-metal charge transfer. Given the high
density of these chromophores, since each Fe** ion is coordinated
by six cyano groups, it seemed feasible to obtain intense nonlinear
absorption in such a system (Fig. 8a). Indeed, Z-scan studies in
D,O solutions in the 1350-1750 nm range (Fig. 8b) revealed a
strong NLO response peaking at 1375 nm and interpreted
as three-photon absorption (o3 equal to 4.5 x 10~7% cm® s°
per Fe,[Fe(CN)c]5-15H,0 formula). As can be seen in Fig. 8c the
narrowing of open aperture Z-scan traces suggested the three-
photon origin of that process. Remarkably, a similar behaviour
of these traces was noted for the whole investigated region. The
symmetry considerations suggested that the presence of two-
photon and three-photon processes is not excluded at the
investigated wavelengths. Thus, to resolve the true origin of

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) Idealized crystal structure of Prussian Blue. (b) Open aperture
Z-scan data for dispersion of PB in D,O at 1375 nm with overlaid
theoretical curves assuming two-photon (red lines) or three-photon (black
lines) absorption. (c) The plot of a3 for PB in D,O (black squares) and plots
of one-photon absorption spectrum as a function of twice (light grey) and
three times (grey) the wavelength. (d) Degenerate pump—probe traces of the
SHG autocorrelation signal at the BBO crystal and pump-probe decay signal
of Prussian Blue. Both signals were measured using 1350 nm excitation.1°4
Reprinted with permission from American Chemical Society, copyright 2016.

the undergoing process the degenerate pump-probe technique
was used and it was found that the nonlinear absorption
process consists of a fast component (characterized by the pulse
length of the laser, 110 fs) and a second, slower mono-exponential
process featuring the time constant equal to 260 fs (Fig. 8d).
It unambiguously indicated that the observed three-photon
absorption is not an instantaneous act, but in fact it is ascribed
to be 2PA followed by excited state absorption (RSA).

Worth noting is the relative strength of infrared three-
photon absorption (3PA) of Prussian Blue nanoparticles that
are expressed by a molar mass-normalized merit factor. This
merit factor was found to be equal to 0.41 x 10~%° cm® s®> g *
mol at 1375 nm, which placed Prussian Blue nanoparticles as a
better three-photon nonlinear chromophore than most semi-
conductor nanoparticles and the nonlinear material comparable
to the best ruthenium organometallic dendrimers.

5.3. Applications of 2PA in MOFs

The advantages of two-photon excitation for induction of
chemical and physical processes are well known.?” The biggest
advantage of two-photon excitation over UV radiation results
from quadratic intensity-dependence of the 2PA process that
allows the spatial localization of a given physicochemical
transformation at the focus of a laser beam. Hence, localized
two-photon-induced fluorescence may be used for high-
resolution imaging,'°>*% photo-induced polymerization under
tight-focusing conditions (or any other photochemical process,
for example, isomerization) for ultrafast micro- and nano-
fabrication.'®”'%® Even more, if the occurring structural change
can be efficiently read, a prospect for 3D optical data storage
arrays is also feasible.’**™***
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Following this path, Qian et al. extended the idea of two-
photon lithography to MOFs."'> MOF ‘ZJU-56-0.20’ constructed
from a mixture of 2,5-bis(isophtalic-5-yl)-1-methylpyridinium
hydroxide (H,L1-OH, 20%), 2,5-bis(isophtalic-5-yl)-pyridine
(H4L1, 80%) and Zn(u) ions served as a photoresist (Fig. 9a).
The former ligand imparts photosensitive properties onto this
MOF. Consequently, exposure of the MOF to UV light (355 nm)
increases the intensity and redshifts its emission band from
450 nm to 550 nm. The same photochemical change is induced
in response to a 710 nm laser (Fig. 9b). Indeed, using this
wavelength a 3D pattern has been written (Fig. 9¢). For reading,
900 nm was used which did not initiate photochemical trans-
formation, but TPEF only. In such a way, the 3D pattern can be
prepared and subsequently read with the use of two laser
wavelengths. The resolution of the fluorescent pattern in
ZJU-56-0.20 MOF was reported to be on the order of single
micrometers (Fig. 9d). Moreover, the obtained fluorescent pattern
was found to be stable for at least 30 days, thus providing the
proof-of-concept of two-photon data storage in MOFs.

The porosity of MOFs, together with their NLO properties
can be used for various applications. De Vos’s group used MOF
single crystals as the platform to fabricate metallic microstructures
and patterns by the two-photon induced reduction of Ag" ions into
metallic 3D structures.’™® MOF-5 single crystals have been selected
here as the host due to their high porosity allowing for sufficient
diffusion of metal ions into the pores. In a similar manner, the
Zn40;; metal-nodes bridged by terephthalate linkers,"** which
together act as an absorbing light antennae were used as a matrix
enhancing the local reduction of Ag" cations. Thus, the single
crystals were soaked in an ethanolic AgNO; solution to diffuse Ag"
ions into the pores of the MOF. Upon excitation of this composite
matrix with a focused pulsed 780 nm laser beam, Ag-metallic dots
have been created by the local reduction of the Ag" ions. By
controlling the exposure time and changing the location of the
focused beam, various structures and patterns were obtained, such
as two 2D quick-response (QR)-codes at different depths of the
single crystals which are separated by 10 pm in the 3D space (3D
controlled patterning) (Fig. 10). By proper design and fabrication
of different metallic patterns, metallo-dielectric composites can
easily be obtained for applications in various microelectronic and
optoelectronic devices. Moreover, this technique has a high
potential to fabricate different size and shaped metallic nano-
particles in the MOF composites (nanoparticles@MOF) which
is highly desirable for various catalytic and opto-electronic
applications.***11¢

The TPEF has also been used to assess the pore size and
accessible space in MOFs using various dye molecules.’'” It is
well known that some of the MOF frameworks are vulnerable to
the removal of the lattice solvent and activation procedures. It
follows that the estimation of the pore aperture size and guest
accessible space of these materials is a challenge, as the regular
gas sorption techniques are not very helpful in this situation,
leaving crystallographic calculations of void spaces as alternatives.
Instead, by replacement of lattice guest molecules to fluorescent
dyes, one can prepare a map of fluorescence from guests in MOFs,
which can be used e.g. to assess the available void space or to
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Fig. 9 (a) Chemical structures of ligands used for the synthesis of
ZJU-56-0.20; (b) upper part: fluorescent micrographs upon UV excitation
(left) and fluorescent micrographs upon UV excitation (right), lower part:
evolution of emission spectra upon UV excitation and (left) evolution of
emission spectra upon excitation using 710 nm; (c) top view of two-photon
excited fluorescent image of a 2D code stack. Scale bar equal to 25 um (left),
reconstructed lateral image along the indicated line in panel a (middle), lateral
view imaged by using one photon fluorescence (right); (d) three-dimensional
reconstructed image of the stacked 2D code pattern. (left) Intensity profiles of
the fluorescent codes along lines 1 and 2 in panels b and ¢, respectively (right).*2
Reprinted with permission from American Chemical Society, copyright 2015.

determine diffusion parameters. In this regard, two-photon micro-
scopy would be a better technique than one-photon excitation due
to the much higher resolution of excitation and possibility of
in-depth penetration (3D scanning).

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 (a) Schematic representation of direct laser writing setup. (b) 3D
control over pattern generation. Top and side views of two QR codes
written inside a single MOF-5 crystal in planes spaced 10 um apart. The
side view was obtained by tipping the crystal. Scale bars: 25 pm.**®
Reprinted with permission from John Wiley and Sons, copyright 2011.
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Jeong and co-workers selected various two-photon active dye
molecules and incubated the MOF crystals in these dye solutions.
The examination of these dye@MOF composite crystals under a
two-photon fluorescence microscope allowed estimation of the
possible accessible size of the molecules, which could be loaded
into the MOFs.'” For this, MOF-5, KUMOF-2 and KUMOF-1 with
aperture diameters of 9.248 A, 12.107 A and 16.018 A, respectively,
have been synthesized and probed with 2PA dye molecules. The
pores of the MOF-5 were found to be accessible for dye molecules
whose smallest dimension is equal to 3.5 A (dimensions of the
probed dye: 12.6 x 6.7 x 3.5 A®). For larger molecules exceeding
5.1 A size, the dye molecules remained trapped at the periphery
of the crystal walls (Fig. 11). Similarly, KUMOF-1 and KUMOF-2
can accommodate molecules with dimensions up to 8.4 A and
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Fig. 11 The optical images of MOF crystals upon soaking in dye molecules.
The exchange of dye molecules in MOF crystals with small sized dye (left)
and no-exchange of dye molecules with MOF crystals with the use of large
dye molecules (right).*” Reprinted with permission from Royal Society of
Chemistry, copyright 2014.
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6.1 A respectively. The method is a helpful tool that can also be
used for MOFs with an unknown crystal structure and also for
amorphous porous compounds in which it is hard to predict
the solid-state structure. Moreover, this technique provided a
semi-quantitative description of the pore sizes and also demon-
strated the proof-of-concept two-photon tracing of diffusion
processes, by the exchange of the lattice molecules to the two-
photon emissive species. In our opinion, in future also of
primary interest would be time- and spatially-resolved tracing
of molecular diffusion within MOFs. Transport phenomena
within pores are much more complex than diffusion in liquids
due to the presence of a confining environment and host-guest
interactions. Two-photon microscopy seems to be an ideal
probe for real-time imaging of these processes, which will allow
for more conscious design of catalytic, molecule-separating or
drug-carrying MOFs.

6. SHG and THG in CPs

Together with other crystal noncentrosymmetry-related properties
(such as ferroelectricity, piezoelectricity, and circular dichroism)
the SHG process has been quite early recognized as a field in
which CPs may be competitive materials. A virtually unlimited
number of combinations of ligands and metal ions is probably
the main reason why a plethora of papers on the SHG process in
non-centrosymmetric polycrystalline CPs appeared, especially in
the search of structure-property relationships.'*®*™*° Extensive
research in this field was the topic of several reviews throughout
years.">" In a recent review, the SHG process in single crystals
of CPs has been covered.'® Keeping in mind already documented
and reviewed advances, we would like to highlight only selected
papers, which open up new directions in SHG-characterization of
CPs. This section also mentions the first report of third-harmonic
generation (THG) in MOFs.

Centrosymmetric MOFs, although lacking intrinsic second-
order nonlinearity, can serve as hosts for external molecules,
whose ordered arrangement within pores can impart the SHG
property. A remarkable example of such an approach is porous
anionic ZJU-28 MOF."?! It has been demonstrated that dimethyl
ammonium (DMA) cations (as a result of DMF hydrolysis)
present in the structure of ZJU-28 can be post-synthetically
exchanged to dipolar alkyl-pyridinium hemicyanine dyes. This
exchange is achieved by simple soaking the MOF materials in a
concentrated dye solution. The length of the alkyl chain
attached to the quaternary pyridinium nitrogen atom was found
to be a crucial factor necessary for the creation of the second-
harmonic activity (Fig. 12). Across the four dyes investigated,
the exchange with the dodecyl derivative (DPASD) resulted in the
highest SHG response (18.3 times that of o-quartz), while the
exchange to the methyl-analogue (DPASM) led to SHG activity
equal to 0.25 versus a-quartz (powder SHG measurements were
conducted using a 1064 nm laser). Positive correlation of the SHG
strength with alkyl chain length suggests that they play a
directing role, most probably owing to two mechanisms: firstly,
they restrict the molecule rotation within the MOF channels, so
dipole moments of dye molecules are oriented roughly on
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Fig. 12 Upper part: The anionic structure of ZJU-28 MOF, constructed
from 4,4',4”-benzene-1,3,5-triyl-tribenzoic acid and indium ions. Dimethyl
ammonium cations are drawn as purple spheres. Lower part: The structure
of ZJU-28 MOF in which some of the dimethyl ammonium cations have been
exchanged by hemicyanine dyes aligned within the channels (green-blue
rods). Structural formulae in the right represent dyes used for ion exchange 2
Reprinted with permission from John Wiley and Sons, copyright 2012.

the same axis. Secondly, their structure allows for head-to-tail
arrangement, which separates positive charges and minimizes
the occurrence of the centrosymmetric dimers.

It can be envisioned that the concept of postsynthetic
counterion exchange can be used not only to induce the SHG
property within the centrosymmetric material, but also to
enhance already present SHG activity in non-centrosymmetric
MOFs."** Following this route, Han et al. prepared a pair of
enantiopure MOFs using Cd(u) ions, V-shaped 4,4’-oxybis-
benzoic acid, and 1- or p-2-amino-1-propanol (the resulting
MOFs called 1L and 1D, respectively). The aminoalcohol served
as a chirality-inducing agent as well as a counterion. The investigated
1-homochiral MOF was firstly subjected to ion exchange with Li*
ions, and the obtained intermediate material was ion-exchanged
with 4-nitroaniline (HA@1L), L-phenylalaninol (-HPA@1L), and also
with -phenylglycinol (.-HPG@1L). Ion exchanges led to 1.3, 3.2,
and 5.2-fold increase of SHG intensity versus the parent material,
respectively (Fig. 13a). As can be seen, the use of highly polar
4-nitroaniline resulted in a moderate increase; this has been
rationalized by the low rate of ion-exchange to this compound.

The presented homochiral MOF has been used as a platform
for SHG sensing of chiral molecules. Treatment of .-homochiral
MOF (1L) with p-phenylalaninol and p-phenylglycinol resulted
not only in increased exchange efficiencies of those compounds
when compared to L analogs (which in fact is the exemplification
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Fig. 13 (a) SHG spectra traces of KDP, fresh 1L, and exchanged materials
L.-HPA@ILL, L-HPG@1L, HA@LL. (b) The comparison of intensities of SHG
signals of L-HPA@1L, o-HPA@ILL (plot to the left) and L-HPA@IL, o-HPA@1L
materials (plot to the right). The dependence of SHG activity on the
absolute configuration of the guest can serve as a tool for differentiation
of enantiomers.}?? Reprinted with permission from Royal Society of
Chemistry, copyright 2015.

of the chiral recognition), but most importantly, led to signifi-
cantly decreased SHG intensities. In such a way, the absolute
configuration of the analyte can be determined by comparison
of SHG intensities (Fig. 13b).

ZIF-8 is probably one of the most well-known MOFs especially
in the context of gas sorption and separation. However, its
interesting properties are not limited to gas storage. For example,
Cleuvenbergen et al.'®> demonstrated synthesis-dependent SHG
activity of ZIF-8 nano- and microcrystals. ZIF-8 crystallizes in the
I43m space group of the cubic crystal system, which lacks an
inversion center. The noncentrosymmetric character of the
materials has been additionally proved by SHG polarization
microscopy experiments. It was found that SHG activity is
related to the nucleation rate, since ZIF-8 microcrystals obtained
in the classical hydrothermal manner revealed the biggest (de)
coefficient (0.25 pm V™), while the nanocrystals afforded using
a fast precipitation method from methanolic solution have shown
the lowest second-order nonlinearity ({(deg) = 0.05 pm V).

It has been proposed that crystal defects caused by faster
nucleation may result in the subtle reorganization of 2-methyl-
imidazole linkers. Indeed, as presented in Fig. 14, the tilting of
2-methylimidazole ligands introduces local centrosymmetry, which
in consequence leads to partial cancellation of the SHG effect. These
findings were corroborated theoretically by DFT calculations of
hyperpolarizability on various models containing from one to
twenty-four Zn(u) centers. Additionally, the nano- and microcrystals

This journal is © The Royal Society of Chemistry 2017
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Fig. 14 Schematic view of the possible reorientation of 2-methylimidazole
ligands, which creates the inversion center%? Reprinted with permission from
American Chemical Society, copyright 2016.

were found to be highly robust upon laser irradiation, which stays in
agreement with the materials’ chemical and thermal stability known
for ZIF-8-type MOFs.

The great majority of existing SHG studies on CPs report
SHG efficiencies determined using pumping at a single discrete
wavelength only, most commonly 800 or 1064 nm. Such an
approach gives a rough estimation of SHG performance of a
given CP, but only when the one- and two-photon resonances
are not interfering. In other words, if one- and two-photon
absorption bands are present at the fundamental or second
harmonic wavelength, then the SHG response becomes strongly
wavelength-dependent. Thus, to compare the performance of
different materials the regions in which the SHG process is
resonance-suppressed or enhanced need to be identified which
calls for the use of the spectrally-resolved SHG (SR-SHG) technique.

A series of isostructural tetraphenylmethane-based tetra-
phosphonate diester CPs with cobalt(u) halides (Cl~, Br™, and
1" called 1-Cl, 1-Br, and 1-I, respectively) served as a proof of
this concept."”® Exposure of these materials to femtosecond
laser pulses in the 750-2000 nm range revealed that SHG
efficiency is strongly dependent on the counterion present in
the CP. For example, 1-Cl revealed two maxima in the SHG action
spectra (versus reference material, KDP: 1150 nm - 0.1 and
1575 nm - 0.015) but iodide analogue 1-I showed one maximum
in the deep infrared part of the spectrum solely (at 1575 nm -
0.074 of KDP). These results point to remarkable anion-tunability
of the SHG response mainly via shifting of the absorption
maxima of tetrahedral cobalt(n) d-d transitions.

For each compound, the SHG action spectra were compared
with solid-state absorption spectra plotted versus once and
twice the wavelength. The degree of self-absorption of the
exciting wavelength can be assessed from the absorption spectrum
of the CP (plotted in the usual way, against the wavelength). On the
other hand, the emitted second harmonic will be self-absorbed as
well, by states at the twice shorter wavelength - this is why the
solid state absorption spectrum is also replotted versus twice the
wavelength. The overlay of these two absorption plots allows for
the determination of the ‘optical windows’ in which overall self-
absorption of both the exciting and emitted wavelength is the
lowest, and consequently, the SHG response is expected to be
the highest (compare plots a and b for 1-Cl in Fig. 15). In this
manner one can explain well the maxima observed in the SHG
action spectrum, although only qualitatively.
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Fig. 15 (a) Plots of normalized SHG intensity collected at 4/2 as a function
of excitation wavelength 1 for 1-Cl, 1-Br, and 1-1. (b) Overlays of the solid-
state absorption spectra of 1-Cl plotted against one and two times the
wavelength (black and red lines, respectively). The optical window region is
highlighted in grey.'?® Reprinted with permission from American Chemical
Society, copyright 2015.

Third harmonic generation (THG) is governed by a third-
order optical susceptibility z*)(—3w; », ®, w); similarly to SHG,
it belongs to the family of parametric processes.

Liu et al. realized a THG study of a MOF (MOF-1), which
previously was described to reveal two-, three-, and also four-
photon induced emissions (see ‘“Two-photon absorption in
CPs” section). Indeed, in this reinvestigation the excitation
of solid samples resulted in both emission of photoluminescence
and of a third harmonic signal (Fig. 16a). The individual character
of these emissions has been confirmed with power-dependence
measurements (Fig. 16¢ and d).

The determination of THG strength for o-quartz and for
MOF-1 allowed us to calculate the effective value of third-order
optical susceptibility (%)), equal to (1.5-0.8) x 10~ " esu for the
polycrystalline sample. This value is approximately three orders
of magnitude greater than that for a-quartz (2.6 x 10~** esu)
which can be ascribed to the biradical as well as the donor-
acceptor structure of the participating ligand.

The observed suppression of THG intensity for excitation
wavelengths in the 1000-1300 nm range was explained on the
basis of the self-absorption effect since the third harmonic
radiation (333-433 nm) falls within the range of the S, — S;
ligand absorption band as shown in Fig. 16a and b. Note
the analogy to the SR-SHG comparative analysis with solid-
state absorption spectra discussed in the previous paragraph.
As a possible cause of increased THG intensity at 1600 nm, a
resonant enhancement via the S; state was also suggested.
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Fig. 16 (a) PL and THG emission spectra obtained by femtosecond
excitation in the 1200-1600 nm range, (b) solid state reflectance spectra
of the ligand (An2Py) and of MOF-1a, (c) log—-log plot of THG intensity as a
function of excitation power, (d) log—log plot of PL intensity as a function of
excitation power.** Reprinted with permission from American Chemical
Society, copyright 2016.

The same research group investigated the centrosymmetric
one-dimensional CP (prepared from An2Py molecules, benzoate
and zinc ions, but structurally different than the material
described in the previous paragraph, MOF-1) on which was
demonstrated the possibility of obtaining multiple nonlinear
phenomena with the use of single excitation.'*® For example,
excitation of the CP at 1200 nm elicited THG, SHG, and
comparatively weak three-photon induced fluorescence with a
maximum at 615 nm. Moreover, it was found that the maximum
intensity of the respective NLO phenomenon is dependent on
the exciting wavelength: THG was strongest when exciting at
1500 nm, while the strongest SHG and two-photon fluorescence
were achieved when exciting at 1200 and 800 nm, respectively.

Worth highlighting is the fact that an SHG response was
observed, despite the centrosymmetric space group of the
material (triclinic P1). The authors of this research provided
two explanations. Firstly, they suggested that metal ions may
exert a static electric field on the four benzoate residues,
shifting the electron density, in result giving local noncentro-
symmetry electric charge on these groups. The second explanation
relies on the presence of crystal defects, introduced for example by
substitution of benzoate groups with nitrate ions, which would
impart local breaking of inversion symmetry.

7. Triplet—triplet annihilation
(TTA)-based upconversion
7.1. Introduction

Photon upconversion (UC, also referred to as frequency upcon-
version) is meant as the photophysical process of converting
low-energy photons to photons of higher energy."””®'*” The
previous sections covered nonparametric NLO processes of
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simultaneous absorption of multiple-photons leading to upcon-
verted emission and parametric processes of second- and third-
harmonic generation. Other known upconversion processes, but
of one-photon underlying origin, include multistep excitation of
lanthanides by making use of their discrete and long-lived
atomic states and triplet-triplet annihilation (TTA) of organic
chromophores.””®"? In contrast to multi-photon processes,
requiring excitation power densities of MW cm™ 2 to GW cm™ %,'*°
these two upconversion processes can be exploited even with
irradiation with low-cost continuous-wave laser diodes. TTA does
not require the simultaneous absorption of two photons, which
allows it to work at very low power excitations.®””">**** It is not
formally an NLO process as it utilizes ordinary one-photon
absorption, although the bimolecular character of the exciton
interactions makes it similar to two-photon NLO processes.

The mechanism of TTA-UC involving two different species, a
donor and an acceptor is as follows (but it should be noted that
TTA is also well known in single component molecular crystals).
One-photon excitation of a triplet sensitizer (donor) to a singlet
state S; is followed by intersystem crossing (ISC) to give a triplet
state T;. Alternatively, the triplet states can sometimes be
obtained with good efficiency by direct S, — T, excitation. This
triplet energy is transferred to an acceptor molecule (emitter) via
triplet-triplet energy transfer (TTET). If the excitation can
diffuse in the system, either by molecular diffusion (in liquid)
or by diffusion of excitons (in solid), there is a possibility that
two excitons may interact within their lifetime to form a higher
excited singlet state, S; and a ground state S, by the TTA. The
resultant excited singlet state emits delayed upconverted
fluorescence with an anti-Stokes shift with respect to the initial
excitation wavelength (Fig. 17a). It should be noted that the
triplet energy transfer and the TTA process both occur via short-
range exchange (Dexter energy transfer). Therefore, an overlap
of the wave functions between donors and acceptors is strongly
required (Fig. 17b).67128134135

The UC quantum yield (®yc, the fraction of upconverted
photons per absorbed photons) can be described as the product
of the quantum efficiencies of all involved photophysical processes
according to the following equation:

1
Pyc = (z)f Pisc PerPrrA PrL (6)

where Py, Prr, Prra and Pgy, represent the donor ISC, the donor-
to-acceptor TTET efficiency, the acceptor-acceptor TTA efficiency
and the acceptor fluorescence quantum yield. The prefactor 1/2 is
set, since two low energy photons are required to produce one
photon of higher energy. Thus, the maximum UC quantum yield is
50%. f represents the probability to obtain a singlet state after
annihilation of two acceptor triplet states.’*®!*$13L136 A fioyre of
merit for TTA-UC is the threshold excitation intensity (1,) which
describes the intensity at which the spontaneous decay rate of
excited acceptor triplets equals the TTA rate (Prpa = 0.5). I, is a
function of the systems fundamental parameters and can be
expressed using the following eqn (7):

In = (¢ ®pr8nDrag) *(z) > (7)
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Fig. 17 (a) Scheme of the energy-level diagram of TTA-UC. The system

includes donor (sensitizer) and acceptor (emitter) molecules. Solid arrows
indicate transitions. The process involves the population of a singlet state
of donor molecules followed by intersystem crossing (S; — Tj). When a
donor in a triplet state encounters an acceptor in the ground state, triplet—
triplet energy transfer yields an acceptor triplet state. Finally, triplet—triplet
annihilation between two acceptor molecules gives an acceptor molecule
in the ground state and one acceptor in a singlet state S;, whose relaxation
leads to the emission of a higher energy photon. (b) Schematic overview of
the non-radiative electron exchange transfer mechanisms, TTET (Dexter
electron transfer) and (c) triplet—triplet annihilation.

where o is the absorption coefficient, @y is the TTET quantum
efficiency, Dr is the diffusion constant of the acceptor triplet, a,
is the annihilation distance between the acceptor triplets and ©
is the lifetime of an acceptor triplet. As it is obvious, efficient donor
to acceptor energy transfer is not only important to increase the
UC quantum yield but also is essential for lowering of I,.

So far, the most effective TTA-UC systems could be achieved
by dissolution of the active media in a suitable solvent, since
this architecture allows fast diffusion of the excited molecules.
However, molecular diffusion-based UC suffers from solubility
limits of aromatic chromophores. The use of volatile organic
solvents and the deactivation of excited triplet states by
oxygen require material handling under an inert atmosphere.
Furthermore, the diffusion constant even in low-viscosity solvents
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is often not high enough to achieve maximum UC efficiency.
A way of solving these problems is the blending of the active
compounds into specific solid polymers or viscous liquid
materials that could act as matrices which prevent or reduce
the triplet quenching by oxygen. Nevertheless, the usage of
matrices restricts the diffusion capability of the excited triplet
emitters enormously, which necessitates the use of high power
incident light. Consequently, it is of big interest to develop
systems, which show oxygen blocking abilities and allow
efficient upconversion under low excitation powers.">*'377139

Kimizuka et al. demonstrated the principle of triplet energy
migration-based upconversion (TEM-UC) by combining the
concept of TTA-UC and molecular self-assembly.'*”*397143 The
basic idea behind TEM-UC is to regularly self-assemble acceptor
molecules in the near vicinity such that the triplet energy can
migrate among the organized acceptor arrays via electron
exchange. Moreover, the donor molecules have to be integrated
into these arrays adjacent to an acceptor molecule ensuring
efficient sensitization of the acceptor triplets. In the assembly,
schematically shown in Fig. 18, the excitation of a sensitizer
molecule is followed by a sequence of the donor to acceptor
TTET events, triplet energy migration among the acceptor
molecules and finally TTA to emit upconverted light (Fig. 18).
Less concentration quenching due to the spatial alignment of
acceptor molecules as well as the larger diffusion constants of
solid state triplet excitons allows TEM-UC to lower the incident
excitation intensities immensely."*®* A proof-of-concept of TEM-UC
was obtained on a high number of model systems ranging from
condensed n-liquid acceptor systems over ionic liquids to non-
aqueous molecular membranes, gels, molecular crystals and
recently in MOFs and CPs."?>'38

7.2. Triplet-triplet annihilation in MOFs and CPs

Kimizuka et al. demonstrated triplet energy migration in a MOF
by evenly arranging emitter molecules in the near vicinity
and incorporating a donor moiety into the system. Employing
4,4'-(anthracene-9,10-diyl)dibenzoate (adb), Zn(u) ions and
1,4-diazabicyclo[2.2.2]octane (dabco) as a co-ligand gives [Zn,(adb),-
dabco], which was originally reported by Kaskel et al."*”*** This
MOF shows two dimensional sheets with the adb ligands
coordinated to pairs of Zn(u) ions, which are pillared by dabco
units. Following the bottle-around-ship approach,'*>'*® Kimizuka’s
group encapsulated Pt(u) octaethylporphyrin (PtOEP) into this MOF
and determined the doping degree of PtOEP with absorption and
phosphorescence spectroscopy, resulting in a donor to acceptor
ratio of 1:1100 of monomerically doped donor@MOF. Further-
more, donor@MOF nanoparticles were synthesized utilizing micro-
wave reactions and, subsequently, the donor@nano-MOF particles
were surface modified with Coumarin 343 molecules via covalent
surface bonding (donor@nano-MOF@collector). This approach was
chosen since it still remains difficult to ensure the compatibility of
fast triplet energy migration with high photoluminescence
efficiency. TEM can only be fast when the neighbouring acceptor
molecules have close contact. However, the acceptor fluorescence
quantum yield often drops in closely packed molecular arrays,
due to nonradiative relaxation processes. Combining a sequence
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Fig. 18 (a) Schematic overview of molecular diffusion-based UC. A donor
molecule in an excited state diffuses during its lifetime to collide with an
acceptor molecule in the ground state. Energy is transferred via non-
radiative electron exchange. Excited in this manner, the acceptor molecules
also diffuse and collide to produce upconverted emission caused by
triplet—triplet annihilation. (b) Scheme for the UC mechanism of triplet
energy migration. An excitation event of a donor molecule is followed by a
sequence of TTET (triplet exciton diffusion in the assembly), TTA between
excited acceptors and upconverted emission. (c) Scheme for a TEM-UPCON
process. After a sequence of an excitation event, TTET and TTA, the
upconverted singlet energy is transferred to a surface bonded collector
molecule via FRET (Forster resonance energy transfer).

of photophysical steps like triplet energy migration, annihilation
and upconverted singlet energy collection (TEM-UPCON) pro-
duces a priority photoluminescence pathway, which circumvents
the nonradiative decay of upconverted singlets. Each of the
particles, donor@nano-MOF and donor@nano-MOF@collector
then were dispersed in poly-vinylalcohol polymer (PVOH) to
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Fig. 19 Bottle-around-ship, donor incorporation in a pillared Zn(i), dba
and dabco MOF (left side) and surface anchored singlet collector molecules
(right side) clarifying effective singlet energy transport to collector molecules.
In-air photoluminescence spectra of the donor@nano-MOF in PVOH polymer
film and fluorescence spectra of benzene dispersions of nano-MOF (black)
and donor@nano-MOF@collector (red) as well as protonated and deprotonated
Coumarin 343 (blue respectively green).**” Reprinted with permission from
American Chemical Society, copyright 2016.

obtain solid films, which showed stable upconverted emission
in air. The processes were quantified by fluorescence and absorption
spectroscopy, time-resolved PL measurements as well as quantum
yield determinations (Fig. 19).

The fluorescence spectra of donor@MOF showed a blue
emission at 440 nm after excitation at 532 nm. Energy transfer,
however, reflected in the average lifetime of the fluorescence,
was shorter for the MOF compared to the pure ligand adb
(1.4 ns and 4.1 ns, respectively), which is a typical feature for
condensed materials. Nevertheless, the donor@MOF showed a
clear upconversion (440 nm band), indicating the successful
inclusion of PtOEP as well as triplet migration and triplet-
triplet annihilation processes inside the MOF. The polymer
embedded donor@nano-MOF crystals showed a quantitative
TTA quantum yield ®@rry of 97%, a triplet lifetime of 3.5 ms and
a remarkably low threshold intensity Iy, of 5.7 mW cm ™2, but a
low upconversion quantum yield ®@yc of 0.35%. Compared to the
donor@nano-MOF@collector species in PVOH, the fluorescence
quantum yield @g, could be increased to 40% and the overall
quantum upconversion yield to 2.3% at an excitation power of
6.2 mW cm 2, illustrating the positive singlet energy transfer of
upconverted singlets to the surface bonded Coumarin molecules."”

Recently, Harvey and his co-workers found TTA and TEM in
a copper based and highly dense CP, [(Cu,Br,)(u-EtS(CH,),SEt)]"*®
The network of this compound consists of centrosymmetric
Cu(py-Br),Cu rhomboids (= SBU), which are linked by p,-SEt
donors in a Cu-S-Cu fashion. An absorption band at 347 nm was
confirmed to be a S, — T; excitation, elucidated by temperature

This journal is © The Royal Society of Chemistry 2017
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dependent absorption measurements and underpinned by TD-DFT
calculations. The CP shows a triplet lifetime of 3.45 ns at 298 K.
Upon increasing the laser power and monitoring the A, values, a
quadratic dependence between the intensity of photoluminescence
and the laser power was found, whereas cooling to 77 K and
performing the same measurements gave a linear dependence,
which is due to a temperature restriction of the acceptor carrier
movement making recombination processes negligible and
resulting in a slope of 1 (Fig. 20d). Moreover, the triplet lifetime
of the CP stayed constant during the laser power dependent
measurements at 298 K. These facts clearly demonstrated the
presence of another efficient energy dissipation process, which is
triplet energy migration over the frontier orbitals of the rhomboid
Cu-Br moieties, followed by TTA. However, no measurements of
UC quantum yield or I, have been performed to quantify the
ongoing processes.

Another approach has been demonstrated by Howard and
Richards et al. who synthesized surface-anchored metal-organic
framework (SURMOF) heterojunctions by layering a series of
A-B-A or B-A heterostructures.**® Herein, A stands for an emitter
layer and B for a sensitizer layer. Using the layer-by-layer deposition
technique,"®"*" Pd(u) 5,15-diphenyl-10,20-di(4-carboxyphenyl)
porphyrin (Pd-DCP, B-layer) and 4,4’-(anthracene-9,10-diyl)di-
benzoate linkers (adb, A-layer) were spray-cast from ethanol
onto a silicon substrate (SURMOF-2 class,””>">* dicarboxylate
terminated linkers and Zn(u) nodes). Starting with the A-B-A
structure, the thicknesses of the B layer were varied which allowed
the upconversion properties to be studied as a function of the
layer’s width. The layer arrangement resulted in upconverted
blue emission with threshold intensities in the range of 25 to
117 mW cm 2 (layer thicknesses 16 to 165 nm for the B-layer).
Due to increasing intersystem crossing events, one would assume
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that with increasing B-layer width, the threshold intensity I,
would be lowered. However, this assumption was not confirmed
by experiments, as checked in the studies of the A-B-A hetero-
structure. This fact was traced back to triplet trapping inside the
sensitizer layer because of possible inhomogeneities in the
structure. They then turned towards the B-A heterostructures
and tried to reduce the number of defect sites by sonication of
the solution during the deposition process. A B-A bilayer was
synthesized and the upconversion properties were studied as a
function of the layer widths. The sonicated B-A stacks all exhibited
much lower threshold intensity values than the A-B-A layers.
Furthermore, the lowest threshold was found for the thickest B
and the thinnest A layer, as originally hypothesized. Nevertheless,
the SURMOF heterojunction approach for TTA-UC still suffers
from aggregate-like state affected triplet lifetimes and low
fluorescent quantum yields for the emitter layers due to aggregate
quenching. However, achieving the expected trend in threshold
intensities highlights a unique advantage of SURMOF hetero-
junctions, namely, providing a spatial method for tailoring the
UC threshold.

8. Stimulated emission and Lasing in
MOFs

8.1. Introduction

In recent years, lasers became ubiquitous in our daily life from
scanners, printers, sensors and laser displays to commercial
automobile headlights. Although most applications are currently
dominated by solid-state lasers using either semiconductor
materials or rare-earth doped crystals, it is still of high interest
to find alternate solid-state materials with high stability, wide
applicability, low fabrication cost and environmentally friendly
synthesis and processing methods. Hybrid materials such as CPs
and MOFs are very interesting candidates that may provide a
great flexibility in these challenging applications.

For creating a laser, one needs three main components, a
gain material, optical feedback or a resonator and a pumping
source. In recent years, hybrid materials have been shown to be
very promising materials as the gain media.® In this regard,
MOFs are the eminent candidates which could be used in
various applications due to their solid-state character, stability,
tunability, and tailorability of properties with a judicious choice
of metal-nodes and organic linkers as well as potentially easy
large-scale and economical production.

As mentioned in earlier sections, MOFs may contain highly
luminescent organic linkers, which are coordinated to the
metal-nodes. Besides, luminescent chromophores can also be
introduced into the pores of MOFs as guest molecules (dye@
MOF composites) to generate various optical properties.’>*
Compared to classical dye lasers, lasers based on MOFs may still
provide broad wavelength tunability characteristics for solution
dye lasers but also demonstrate unique optical properties due to
the control over the arrangement of molecules, regular ordering
and the suppression of radiationless decays, such as aggregation
caused quenching (ACQ), nonradiative intramolecular charge
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transfer (ICT) and twisted ICT (TICT). Such quenching mechanisms
usually cause difficulties in obtaining facile population inversion.
Moreover, the smooth surfaces of the single crystals and the regular
arrangement of molecules in MOFs would help to obtain in-built
high-quality resonant cavities and may lead to the fabrication of low
threshold miniaturized lasers with high performance.'”>™*

The potential of a material to be used as a gain medium in
lasers can be evaluated by observation of the presence of
stimulated emission, even without any feedback mechanism,
through the following main indicators: the power dependence
profile of the fluorescence intensity and the fluorescence
spectrum profile as well as its lifetime. With increasing pumping,
a change in the slope of the fluorescence dependence on pumping
power can be observed and that pump power is considered to be
the threshold power (a threshold pump pulse energy Ey, can also
be quoted). The presence of stimulated emission also leads to
shortening of the fluorescence lifetime and narrowing of the
fluorescence spectra that may additionally be modified by the
presence of feedback. 2515

8.2. Feedback mechanisms in MOFs

There are several scenarios for providing the feedback that
transforms stimulated emission into lasing. A laser cavity can
be simply formed by two mirrors that form a Fabry-Perot
resonator. In the case of a material in the form of a plate with
parallel faces, some spontaneous feedback will be provided by
the reflections from those faces. Practical lasers use, however, highly
reflective mirrors that are judiciously designed to provide optimum
operation in certain cavity modes. Miniaturized systems such as
semiconductor lasers and fibre lasers often use technologies such as
feedback by Bragg gratings (distributed feedback, DFB). An alternate
geometry of a laser is that of a ring cavity that can be formed by
several mirrors or by splicing optical fibres. In the case of the gain
medium in the form of a disk or a polygon with smooth edges,
so-called whispering gallery cavity modes (standing waves formed in
the cavity by total internal reflection) may exist. These resonances
depend greatly on the geometry of the resonator cavity.

Finally, lasing is also possible without a strictly defined
cavity, if the feedback is provided by random scattering in a
highly disordered medium. Such random lasing may be rele-
vant for applications of gain media that are available in the
form of microcrystals rather than large single crystals that are
required for building lasers in more conventional ways."®°

Narrowing of emission peaks arising from stimulated emis-
sion in the presence of feedback is quantified by the quality
factor (Q-factor) which is an important characteristic of a laser
cavity. It is defined as the ratio between the resonant frequency
and full-width at half-maximum (FWHM) of the emission peak.

Q =flof (8)

where f is the resonant frequency and Jf is the FWHM at the

resonant frequency respectively.'*>'*!

8.3. Recent advances in MOF based materials for lasing

Most of the so far reported work has concerned lasing from
dye@MOF composites, where the cationic dye molecules have
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been infiltrated in the pores of anionic MOFs. Due to this
encapsulation and immobilization of the dye molecules along a
particular crystal axis with various non-covalent interactions,
charge polarity has been enhanced in the material, resulting
from the arrangement of the dyes, and the polarity enhancement
has helped in the observation of polarity driven lasing. In
addition, the confinement of dyes in the pores of MOFs helps
to minimize the radiationless decay channels such as ACQ, TICT
and other aggregation-derived mechanisms. Moreover, the
smooth crystal surfaces and the regularly ordered arrangement
of molecules in the framework have helped in the formation of
in situ feedback structures and facilitated the formation of micro-
sized laser cavities suitable for the development of micro-lasers.
Depending on the arrangement, degree of freedom of the dye
molecules in the pores of MOFs, and the polarity, multi-photon
pumped lasing has also been observed in dyes@MOF crystal
composites.

One of the interesting types of dyes are intramolecular
charge transfer (ICT) dyes, which usually show two different
conformations, such as planar and twisted conformation. The
planar molecules are known to show better optical performance
compared to the twisted form. However, the stabilization of
planar molecules in various applications is challenging because
these molecules tend to stabilize in a non-fluorescent form,
especially in polar solvents. In this regard, MOFs are the
potential candidate matrices which could stabilize the radiative
form due to the pore size, shape and morphology along with other
noncovalent interactions. This causes the restrictive conformation
of the dye molecules in the polar environments of the material
without losing its optical effectiveness or the stabilization of the
optically active form.

By taking this as an advantage, polarity driven wide-wavelength
range tunable microlasers have been achieved by using a
hemicyanine dye, DSMP (DSMP = (4-p-(dimethylamino)styryl)-
1-methylpyridinium) as the ICT dye. For this, the DMA cations
of bio-MOF-100 have been exchanged with DSMP cationic dye
molecules. The reduction of non-radiative decay could be easily
observed along with the enhancement of quantum yield of the
dye molecules from <1.5% to 32% under UV excitation.

As mentioned above, the smooth surfaces of the regular
rhombic dodecahedron structures of the crystal facets acted as
in-built optical feedback and formed the resonant micro-sized
laser cavity and helped in the production of lasing from the
crystal at a laser fluence as low as 45 piJ cm™> with a whispering
gallery resonant feedback cavity mechanism. The change in
microenvironment near these infiltrated dye molecules by
changing the lattice solvent in the framework helped in the
polarity controlled population distribution in locally excited
(LE) and ICT states and enabled tuning the lasing wavelength
over a wide range. Thus, by changing the lattice solvent of the
material from pristine DSMP@bio-MOF-100 (highly polar) to
toluene (much less polar), the wavelength of the lasers could
be varied from 650 to 608 nm (lex = 500 nm) (see Fig. 21).
Hence, these materials showed a proof-of-principle to tune
the wavelength of the micro-lasers by changing the polarity
environment within the material.

This journal is © The Royal Society of Chemistry 2017
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Fig. 21 (a) Schematic view presenting the solvation of MOF pores and dye
molecules. (b) Blue shifting of the lasing peaks by decreasing the polarity of
the solvent. (c) Fluorescence spectra of DSMP@bio-MOF-100 at different
laser powers. (d) Plot showing the emission intensity dependence on laser
pump density.®” Reprinted with permission from John Wiley and Sons,
copyright 2016.

Multi-photon pumped lasers are considered to be an important
topic, among others, due to the potential biological applications of
the process. The first solid-state two-photon pumped (2PP)
laser from a MOF has been produced by Chen and Qian’s
group in 2013,">> where DSMP has been encapsulated in the
pores of anionic bio-MOF-1. For this, single crystals of bio-
MOF-1 ([Zng(Ad),(BPDC)sO]-2DMA, Ad = adeninate; BPDC =
biphenyldicarboxylate) were synthesized and the DMA cations
in the channels have been exchanged with the DSMP dye
molecule through soaking (Fig. 22). Due to the nanochannel
sizes, 7 A and 10 A of MOFs, the cationic DSMP molecules
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Fig. 22 (a) Fluorescence spectra of DSMP in solution, solid-state powder
and after impregnation in bio-MOF-1, (b) fluorescence spectra of DSMP@bio-
MOF-1 and the power dependence plot (inset), (c) schematic view presenting
the exchange of DMA cations with DSMP.1>® Reprinted with permission from
Nature publishing group, copyright 2013.
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(dimensions 6.4 A width and 14.3 A length)*>® have been oriented
along the crystallographic c-axis. The infiltrated dye molecules
were also stabilized by the m-n interaction. This oriented
infiltration of the dye molecules in the MOF pores assisted in
the polarization in the DSMP@bio-MOF-1 composite crystal and
helped in the strong optical activity. The strong two-photon
activity of the DSMP molecules with absorption cross-section
~10* GM helped in the generation of two-photon pumped
stimulated emission that showed sharp lasing peaks at 640 nm
(acted as a red laser) upon excitation with a 1064 nm laser
(Fig. 22b). Like mentioned above, the smooth surfaces of the
MOF crystals acted as the optical feedback set-up and caused the
micro-sized laser cavity formation to produce a laser with the
threshold energy as low as 0.148 mJ (Fig. 22b). By using different
crystal sizes, in other words controlling the cavity size, the mode
spacing between the peaks has been controlled in these crystals,
which confirmed the Fabry-Perot mechanism. The quality of the
cavities (Q factor) in these composites was quantified as 1500.
The polarity in DSMP@bio-MOF-1 might not be enough to
produce higher order lasing, such as three-photon pumped
lasing, due to the relative freedom of movement of the DSMP
(width of dye molecule 6.4 A) molecules in the channels of bio-
MOF-1 (channel size 7 and 10 A). Hence, a new anionic MOF,
ZJU-68 (H,[Zn;0(CPQC);], CPQC = 7-(4-carboxyphenyl)quinoline-
3-carboxylate), has also been synthesized from the same group'®’
with an average channel size of 6 A, relatively thinner than bio-
MOF-1. Due to the thinner channels, the exchange of these
cationic dye molecules with the protons (cations) in the pores
of ZJU-68 is not possible. So, in situ assembly has been conducted
which resulted in the successful loading of dye molecules with
35% of the cationic moiety, (DSMP),33H; 6,[Zn;0(CPQC);]
(DSMP@ZJU-68), and this loading percentage can be improved
up to 40%. The orientation and the arrangement of the dye
molecules along the c-axis in 1D channels of the MOF have been
confirmed by electron density mapping using SXRD.'®* Due to
the very close size match between the dye and the pore size of the
MOF, the degree of freedom of the dye molecules in the pores of
ZJU-68 was much lower and showed better polarity in the
material compared to DSMP@bio-MOF-1.">> Due to the tight
confinement and high orientation of DSMP dye molecules in
the framework, upon excitation with a 1380 nm laser, these
crystals showed strong lasing peaks at ~643 nm arising from
the absorption of three photons simultaneously (three-photon
pumped (3PP) lasing). The power dependence plot between the
power of the laser and the fluorescence intensity showed that the
threshold pump-energy to observe lasing was approximately
equal to 224 nJ. Similarly, one- and two-photon pumped lasing
(1PP and 2PP respectively) have also been investigated by exciting
the single crystals with 532 nm and 1064 nm lasers, which
showed single-mode and linearly polarized (degree of polarization
>99.9%) lasing at low threshold of energies, 12.6 pJ with a
Q-factor of 1165 for 1PP and 19.6 n] with a Q-factor of 943 for
2PP. This is due to the aligned dye molecules in the single MOF
microcrystal.'®” The investigation of the feedback mechanism
and optical cavity on these hexagonal prism crystals showed
that in these crystals two-opposite crystal facets acted as a
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Fig. 23 (a) Schematic view of ZJU-68 synthesis and DSMP@ZJU-68 and
its optical images, (b) fluorescence spectra of DSMP@ZJU-68 upon
excitation with different powered lasers, (c) time-resolved fluorescence
spectra upon excitation of the MOF with different kinds of lasers.®’
Reprinted with permission from Nature publishing group, copyright 2016.

standing wave feedback resonator and caused the observation
of a F-P optical feedback mechanism and the six walls of the
hexagonal crystal helped to form a possible ring resonator and
caused a whispering gallery type optical-feedback mechanism.
These mechanisms have been confirmed to be responsible for
3PP lasing in DSMP@ZJU-68 composite crystals. However, this
polarity-driven lasing from MOFs still needs significant studies
both from experimental and theory.

Although strong lasing is possible from the dyes@MOF
composite materials made by the impregnation/infiltration of
the dye molecules in the pores of MOFs, they are not without
disadvantages such as limitations of dye loading, optical
properties, and thermal stability of the dyes in the MOF frame-
work. Long-term stability of the dyes is known to be not optimal
without any significant stability enhancement factors such as
bonding to metal. Hence, there is still a great need to investigate
the use of pure MOFs for the stimulated emission/lasing, where
the chromophore-linkers are bridged between the metal-nodes
and significant enhancement can be expected in the optical
and thermal stability of these dye linkers compared to their
incorporation in the pores of MOFs (Fig. 23).>*

The highly nonlinear active In- and Zn-MOFs, which have
been mentioned above in Section 4.2, also showed stimulated
emission in the blue region of the visible spectrum with wave-
length ~472 nm (blue colour emission).'®" The plot of the
dependence between the fluence and the fluorescence intensity
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Fig. 24 (a) Fluorescence spectra of Zn-MOF upon excitation with different

powered laser pulses, (b) optical images of Zn-MOF before and after STE,
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(d) energy level diagram (density of states) of Zn-MOF and the transition
densities between these energy levels or density of states.!°* Reprinted with
permission from John Wiley and Sons, copyright 2017.

showed threshold pump fluences of 36 mJ cm™? and 27 mJ cm ™2

respectively. Possibly due to the tighter packing of the molecules
in the space, Zn-MOF showed a lower threshold energy compared
to the In-MOF with the same linker. Besides, the time-resolved
photo-luminescence (TRPL) of In-MOF showed a decrease in
fluorescence life-time from 900 ns to 500 ns after the stimulated
emission has been observed. Similarly, Zn-MOF also showed a
decrease in fluorescence life-time from 1.2 ps to 380 ns. Unlike
regular stimulated emission/lasing active optical materials, the
emission peak was observed in the blue/higher energy region of
the fluorescence in these MOFs.”” Hence, theoretical calculations
(density of states and transitions between these bands) were
performed on the Zn-MOF, which showed that the band related
to the STE with highest transition density is located at the
higher region of fluorescence, hence causing the emission from
the higher energy region of the fluorescent peak (Fig. 24).

Thus, these studies open up new avenues to use MOFs as
promising candidates to produce miniaturized solid-state lasers.
By using diverse metal-nodes, organic chromophore linkers in
different packing manners/arrangements in space, it will be
possible to control the energy level structure of the material to
optimize the generation of stimulated emission and lasing in
MOFs as new generation solid-state lasing materials.

9. Conclusions

In the current review, we have summarized some preliminary
reports that indicated that nonlinear optical effects in MOFs

This journal is © The Royal Society of Chemistry 2017
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such as multi-photon absorption might provide high efficiencies,
superior to those in other materials. We also highlighted that
modified methodologies may need to be used to evaluate multi-
photon cross-sections to avoid ambiguity in results through
standardization of measurement techniques. At the present time,
various extant literature reports have only limited validity for
evaluations of the relative merits of the CP and MOF materials.

Even the relatively scarce current results have already high-
lighted the importance of hybrid materials for applications
involving NLO properties, upconversion and lasing. The reported
proof-of-principle results have already indicated the possibility of
outperforming various commercial materials. However, this is
still a very new upcoming area of research and significant efforts
are needed to evaluate in a reliable manner the basic parameters,
which could influence e.g. the higher-order nonlinear optical
characteristics of CPs and MOFs. To accomplish this, substantial
theoretical work would also be needed to understand the results
and postulate the basic principles as well as to provide some
suggestions for the preparation of optimized materials for a given
solid-state material future application.

The stability and performance of MOFs or CPs make them
attractive potential candidates for solid-state nonlinear optical
applications and miniaturization of solid-state optical devices.
Besides, the possibility for the incorporation of magnetic and,
possibly, electric properties through inorganic fragments would
also be very easy and useful for various devices.
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