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Abstract

Two-photon absorption (2PA) is a desirable nonlinear optical (NLO) process because of its
myriad applications in, e.g., bioimaging, optoelectronics, and microfabrication. Metal-organic
frameworks (MOFs) and coordination polymers (CPs) exhibiting NLO properties, e.g., 2PA,
are of high interest for photophysically relevant applications. Their tunability leads to various
designs, and the investigation of structure—property relations of MOFs and CPs is vital for
synthesizing materials with enhanced NLO properties. In particular, we design, synthesize, and
characterize MOFs and CPs with improved 2PA cross-sections. Our approach is to incorporate
2PA-active organic linker molecules in crystalline CPs. By comparing the 2PA spectrum of
the linkers in solution and the CPs, we suggest excitonic coupling between the linkers as the
primary mechanism behind the increased 2PA compared to solvated linkers.

We first characterize three highly 2PA-active CPs based on two carbazole-containing chro-
mophore linkers. Z-scan analysis of three CPs shows large 2PA cross sections with up to three
orders of magnitude enhancement compared to the solvated linkers. Based on this achieve-
ment, we further investigated different spatial chromophore arrangements using additional pil-
lar linkers for CP formation. Two novel pillar-layered CPs are reported and examined in their
two-photon-induced fluorescence and compared to a previously synthesized CP with the same
chromophore but no pillars.

Instead of using the Z-scan technique, we design, implement, and employ an experiment to
measure two-photon excitation spectra of pillar-layered CPs with nonlinear Fourier-transform
spectroscopy. It is based on 10fs pulses generated in a noncollinear optical parametric am-
plifier and a phase-stable common-path birefringent interferometer. The comparison shows a
significant difference for the 2PA cross sections of the materials, improving it by incorporating
the pillar. Our findings point toward the significance of controlling the chromophore orienta-
tion, e.g., structure rigidification and coplanarity of chromophores in CPs, to tailor the NLO
properties of the materials. These insights demonstrate the feasibility of our approach to the

aim-directed development of MOFs and CPs for advanced photonic applications.
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Zusammenfassung

Zwei-Photonen-Absorption (2PA) ist ein erstrebenswerter nichtlinearer optischer (NLO) Prozess
aufgrund einer Vielzahl an Anwendungen in Bereichen wie biologische Bildgebung, Optoelek-
tronik und Mikrofabrikation. Metalorganische Gertistverbindungen (MOFs) und Koordina-
tionspolymere (CPs), die nichtlineare optische Eigenschaften wie 2PA aufweisen sind von ho-
hem Interesse fiir photophysikalisch relevante Anwendungen. Thre Verstellbarkeit fiihrt zu ver-
schiedenen Ausfithrungen. Die Untersuchung von Zusammenhégen zwischen der Struktur und
der Eigenschaften von MOFs und CPs ist unerlasslich fiir die Synthese von Materialen mit
verstarkten NLO-Eigenschaften. Insbesondere entwerfen, synthetisieren und charakterisieren
wir MOFS und CPS mit verbesserten 2PA Wirkungsquerschnitten. Unser Ansatz ist es 2PA-
aktive, organische Linker-Molekiile in kristalline CP zu integrieren. Aufgrund des Vergleiches
von 2PA-Spektren der Linker in Losung und der CPs, schlagen wir vor, dass exzitonische Kop-
plung zwischen den Linkern als hauptséachlicher Mechanismus hinter der gesteigerten 2PA dient,
die im Vergleich zu Linkern in Losung festgestellt wird.

Zuerst wurden drei stark 2PA-aktive CP basierend auf zwei Carbazol beinhaltenden chro-
mophoren Linker charakterisiert. Z-scan Analyse von drei CPn zeigt 2PA Wirkungsquerschnitte,
die bis zu drei Groflenordnungen iiber denen von Linkern in Losung liegen. Aufgrund dieses
Ergebnisses wurden verschiedene raumliche chromophoren Anordnungen untersucht, die auf der
Nutzung zusatzlicher Pillar Linkers zur Bildung der CP basieren. Zwei neue Pillar-geschichtete
CPs wurden anhand ihrer Zwei-Photonen-Fluoreszenz untersucht und verglichen mit den zuvor
synthetisierten CPs, die das gleiche Chromophor aber keine Pillar besaflen.

Anstelle der Z-scan Technik, wurde ein Experiment zur Messung von Zwei-Photonen An-
regungsspektren der Pillar-geschichteten CPs mithilfe nichtlinearer Fourier-Transformations-
Spektroskopie entworfen, umgesetzt und angewendet. Dieses basiert auf 10 fs Pulsen, die in
einem nichtlinearen optischen parametrischen Verstirker erzeugt wurden, und einem phasen-
stabilen doppelbrechenden Common-Path-Interferometer. Im Vergleich zeigt sich ein nen-
nenswerter Unterschied fiir die 2PA Wechselwirkungsquerschnitte der Materialen durch die
Verbesserung aufgrund der Pillar. Die Ergebnisse weisen auf die Relevanz der Kontrolle der
chromophoren Orientierung, so zum Beispiel strukturelle Versteifung und Koplanaritéat der chro-
mophoren in CPS, zur Anpassung der NLO-Eigenschaften des Materials hin. Diese Einblicke
demonstrieren die Durchfithrbarkeit des Ansatzes zur gezielten Entwicklung von MOFs und CPs

fiir fortgeschrittene optische Anwendungen.
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Chapter 1

Introduction: two-photon excitation
spectroscopy on coordination

polymers

In this Chapter, we first discuss the concept of multiphoton absorption (MPA) and define the
two-photon absorption (2PA) cross-section. A comparison of one-photon absorption (1PA) and
2PA is given in the framework of perturbation theory. Section 1.2 outlines the design principles
of MPA-active coordination polymers (CPs). Section 1.3 summarizes the principal experimental
techniques and challenges for measuring the 2PA cross-section, emphasizing two-photon Fourier

transform spectroscopy used to characterize CPs in this work.

1.1 Concepts and descriptions of multiphoton absorption

Multiphoton absorption (MPA), i.e., the simultaneous absorption of two or more photons in a
single event (as shown in the energy diagram in Fig. 1.1), was first predicted by Géppert-Mayer
in 1931 [1] and was reported experimentally by Kaiser and Garrett in 1961 [2], one year after
the invention of the first working laser by Maiman [3]. Since then, MPA has found extensive
applications in the field of, e.g., spectroscopy of gas phase molecules [4], Doppler-free rotationally
resolved electronic spectroscopy of polyatomic molecules [5], microscopic imaging [6], optical
limiting [7], two-photon lithography [8] and polymerization [9].

Propagation of a light beam with intensity I incidents on a material is governed by the

equation

dl

— = —al — B2 — AP+, 1.1
e BIZ —~ (L.1)
where z is the depth in the sample, «, 8, and  are one-photon, two-photon, and three-photon
absorption coefficients, respectively. Considering that only a linear absorption process takes

place, i.e., dI /dz = —al, the solution of Eq. 1.1, which represents the light intensity at the exit
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Figure 1.1: Energy level diagram of 1PA and MPAs for a molecule to reach from
the ground state Sy to the excited state S; followed with fluorescence emission (left).
Fluorescence in a solution caused by 1PA and 2PA using microscope objectives to

focus light beams (right; figure adapted from Newport).

of the sample, is given by
I =Ipe ol (1.2)

indicating the incoming light with intensity Iy follows the exponential attenuation in the sample
with a thickness of L, i.e., the so-called Beer-Lambert law. By selecting proper excitation
conditions and assuming that linear and n-photon absorptions (n > 3) are negligible, Eq. 1.1
reduces to dI/dz + BI? = 0. This gives the intensity after the sample, attenuated solely by
2PA.:

Iy

= ——~
1+ BIL°’

(1.3)
which will reach a limiting case of I = 1/8L when applying a large initial intensity Iy. This
phenomenon is widely used for optical limiting and switching [7,10].

As a macroscopic parameter, the 2PA coefficient [ is concentration dependent [11,12].
Therefore, 2PA cross-section o(?) to describe molecular 2PA probability at respective wavelength

A is introduced, and its relation to 5 is expressed by:

s(3) = heB(N)

"~ ANap x 10737 (14)

with its unit GM (Goppert-Mayer) defined as 1 GM = 107°0 ¢cm? s photon™! molecule™'. Here,
h is the Planck constant, ¢ is the speed of light, N4 is the Avogadro constant, and p is the
concentration of a given sample.

The treatment so far is purely phenomenological, meaning that we have not developed a way
to predict one- or two-photon absorption spectrum in its shape or intensity. This is commonly

achieved by applying perturbation theory, leading to expressions for the transition moments



M};) and M},Q; for one- and two-photon absorption, respectively. The fundamental difference
between 1PA and 2PA can be distinguished from the expression for M ](c;)’ @) between the ground

(9) and excited (f) states of a molecule. The respective absorption cross sections o(!) and ¢(?)

scale with the expectation value \M}E)’ (2)|2. For 1PA, the matrix elements are
M) = (f|E - jilg) (1.5)
fg /“[' g Y N

where E represents the excitation light field along a defined polarization direction and ji is the
dipole moment operator [13]. 1PA is most efficient when the frequency of the driving laser wr,
meets a resonance condition wyy = wr. 2PA is most efficient when the resonance condition
wyrg = 2w, is met, where state f’ is the final state reached by the 2PA process, as depicted in
Fig. 1.2. The 2PA probability is defined by the 2PA cross-section o(?) \M},Q;\Q derived from

the two-photon transition matrix elements

M _ %Z (f'|E - ﬁ!ge><e|E - Ailg) (1.6)

!
g Weg — WL 7

where we, stands for the transition frequency between the ground state g and nonresonant
intermediate transient levels e [14,15]. The final excited state f’ after 2PA is usually different
from f after 1PA as the analysis of Eqs. 1.5 and 1.6 suggests different selection rules for them.

Consequently, the transition between the ground and final state f’ does not have to be one-
(2)
‘g
Eq. 1.6, as only those transient e levels close to resonance with wr, will contribute significantly.

photon allowed. The dependence of M,/ on detuning w.y, — wy, is an important feature of

1PA 2PA
f —— J—
WL
wr, PR
wr,
g —t— g —t—

Figure 1.2: Schematic energy level diagram of a 1PA process reaching the final state
f from the ground stare g by absorbing one photon with frequency wr, (left), and a
2PA process reaching the final state f’ by absorbing two photons via a nonresonant

intermediate state e (right).

The overall probability of simultaneous absorption of two photons is low, which explains
why 2PA is not a commonly observed phenomenon but requires either tight focusing of high-

power CW lasers [5] or the high peak intensity of nanosecond, picosecond, or femtosecond



excitation pulses [16]. The number n,ps of photons absorbed per molecule per pulse depends on
pulse duration 7, laser repetition rate Ry, laser intensity Iy, beam spot size A at the sample

position, and numerical aperture NA of the focusing lens, as

(1.7)

Nabs =~

1A% (NAZ\®
pR2 2he\ )

where c¢ is the speed of light, and % is the reduced Planck constant; saturation is neglected,
and the paraxial approximation is assumed [6]. The efficiency of 2PA depends on molecular
properties and the temporal and spatial distribution of the excitation laser [17]. Eq. 1.7 indicates
that, without saturation or other nonlinear effects, g to f’ population transfer is governed by
the square law, i.e., napg Ig. This relation has to be ensured experimentally when aiming for

pure 2PA signals.

1.2 Multiphoton-active coordination polymers

In the search for materials with optimized o2 values, different materials such as perovskites [18—
21], polymers [22,23], and molecular organic chromophores have been investigated [24]. Promi-
nent material classes that are mostly studied in the context of such MPA activity are organic
chromophores and inorganic nanoparticles. Although these substance classes show promising
MPA properties, they show disadvantages such as low thermal stability and uncontrolled ag-
gregation, which already limits their applicability [25]. Inorganic-organic hybrid materials such
as coordination polymers (CPs) are of high interest in chemistry and materials science due to
their modular design and the potential for tuning 2PA properties by incorporating different
functional groups [26,27]. More specific subgroups of CPs are (i) coordination networks, which
are one-dimensional coordination chains with cross-links to two or more individual chains, form-
ing two- or even three-dimensional networks, and (ii) metal-organic frameworks (MOFs), which
are coordination networks with potential voids [28, 29].

CPs offer unique opportunities to modulate and optimize chromophore arrangements by
reticular synthesis and, in turn, for the targeted design of highly MPA-active solid-state materi-
als. Besides this so-called “inter-molecular approach” of tuning MPA in CPs via specific linker
assemblies, there are other levels impacting MPA in CPs (and MOFs), such as the local confor-
mational confinement (rigidification) of chromophore linkers (strain energy and planarization of
m-systems) as well as enhanced polarization of the involved photo-excited states via metal-to-
ligand or ligand-to-metal charge transfer bands (MLCT and LMCT) or the simple polarization
of ligand electron density due to electron-pushing/pulling effects of the metal ions [26]. MPA-
CP materials perspectives include increasing data storage densities in optical devices (e.g.,
CD, DVD) by two-photon excitation [30,31]. Multiphoton processes provide the capability of
triggering photochemical reactions and physical changes with a micrometer- and potentially
even nanometer-sized resolution, allowing for high-density recording and mapping [11]. This

necessitates materials with high MPA performances, long-term photostability, and easy and
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cost-effective device processing [32]. For applications of MPA with high technological impact,
such as bio-imaging, photodynamic therapy, or telecommunication, MPA-active materials with
a broad range of properties are needed. Biological applications, e.g., need MPA materials with
high cross-section values, large fluorescence quantum yields, and stability in vivo [33]. CPs
offer highly active MPA materials that can be tuned to very low crystallite (particle) sizes (nm
range) and can be modified for solubility and agglomeration inhibition and targeted transport
or anchoring (via capping agents) [34]. MPA-CP nanoparticles can be used as porous materials
with cavities of tunable size to transport medically active compounds while in parallel imaging
the cell inclusion pathways. These are examples of many, clearly illustrating how CP materials
chemistry and physics can contribute to the field of MPA on different levels. The processing of
CPs and MOFs, controlled by particle size, thin film deposition, selective crystallite position-
ing, and post-synthetic modification, makes them an interesting materials platform for testing
nonlinear optical effects.

However, several factors have to be taken into account influencing the properties of the CPs:
choice of metal node and linker, coordination geometries of the linker and sub-building block
(SBU), secondary interactions such as hydrogen bonding, 7—7 interactions or metal-to-ligand
interactions determining the materials properties [35]. All of these interactions depend on the
CP’s linker arrangement, which in turn leads to reticular chemistry, describing the chemistry
of linking molecular building blocks to extended frameworks [36,37].

This topology can now be retained with different linkers as long as the connectivity of the
building blocks stays the same and the elongation does not lead to framework interpenetration.
With this crystal engineering tool, by choosing SBU and linker connectivity, different arrange-
ments of chromophores inside the network can be achieved to obtain an improved structure—
property relationship. Therefore, different design principles for MPA-active CPs have to be
established.

In contrast to simple CP synthesis, which is only dependent on the linker—-SBU interaction,
MPA-active CPs can be designed in many ways, e.g., by using open shell metal precursors for the
SBU, by introducing MPA-active guests inside the pores or by using MPA active linkers as chro-
mophores [38-40]. Within this thesis, only CPs with “optical-innocent” metals, where the MPA
character originates from the linker molecule, were investigated to deepen the understanding of
an MPA-property—structure relationship.

As stated above, the chromophores themselves suffer from diverse limitations concerning
MPA activity through uncontrolled aggregation in highly concentrated solutions and low ther-
mal stability [25,41]. Therefore, incorporating these chromophores into CPs is a perfect can-
didate to overcome those limitations, as the chromophore density in CPs can be much higher
than in solution for concentrations below aggregate formation. Additionally, the incorporation
of linker molecules already increases the emissive properties due to the limitation of the radia-
tionless energy channels caused by the restricted conformation of the linker between the metal

centers [42]. This is one of the most significant advantages of MOF's and CPs compared to other



materials. Additionally, in the case of transition metals, MLCT or LMCT bands introduce new
charge transfer bands, facilitating higher MPA-activity than for the linker itself. Nonetheless,
the ligand primarily defines the nonlinear optical properties of CPs if photophysically silent

metals with closed electron shells are used [26].

1.3 Nonlinear optical spectroscopic techniques

Experimental methods in two-photon excitation spectroscopy can be categorized as frequency-
domain and time-domain techniques. In frequency-domain technique, direct and indirect meth-
ods can be distinguished by the type of measured signals, where direct method is based on
the measurement of beam attenuation after material transmission [43-46] and indirect method
is based on action detection, e.g., two-photon induced fluorescence or phosphorescence emis-

sion [47-49] and thermal lensing [50,51].

1.3.1 Frequency domain techniques

Among the direct methods for measuring nonlinear optical properties of substances, particularly
2PA cross sections, the Z-scan method is the most popular. Z-scan was initially introduced by
Sheik-Bahae et al. in 1989 [45]. It is the most straightforward and widespread method for
determining third-order nonlinear optical properties, e.g., nonlinear absorption coefficient and
refractive index. The method is based on the far-field measurement of a change in the exciting
laser radiation transmitted through a sample depending on the sample position z with respect
to the focal point, as illustrated in Fig. 1.3. The sample moves through the focus of the laser
beam, and a change in the transmittance is recorded at each sample position during the entire
sample scanning without placing an aperture in front of the detector. This method has a lower
sensitivity than the reference method but allows the measurement of the 2PA cross-sections for

non-fluorescing substances [52].

BS L
Laser Compressor \ <>
—z

Tunable
wavelength

Sample Lo Detector;

—{=D

/

Detector,

Figure 1.3: Schematic of an open-aperture Z-scan setup based on wavelength-tunable

lasers and pulse compression unit. BS: beam splitter; L: lens.

To obtain 2PA spectra using Z-scan, an adequate option would be to introduce a tunable
laser source producing ultrashort pulses, for example, an optical parametric amplifier (OPA) or
optical parametric oscillator (OPO) and replace the single wavelength source in the conventional

Z-scan setup. The central wavelength of an OPA or OPO can be tuned automatically in a wide
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spectral range. Therefore, most Z-scan experiments employ such light sources [53-55]. The
Z-scan measurements are repeated for different central wavelengths to attain 2PA spectra point-
by-point. Ajami et al. have reported spectral-resolved 2PA spectra in the range of 600-950 nm
with a resolution of 10 nm repeated 35 times [56].

In principle, Z-scan measures non-linear transmittance as a function of distance z of the
sample from the focal point and yields Z-scan traces at different excitation wavelengths. In
order to obtain 2PA spectra, the 2PA coefficient 5(\) at each wavelength A\ can be determined
by fitting of the normalized transmittance traces Thorm(z) in terms of the sample position z for

the respective wavelengths using the following relation:

1 B(M)IoLest

Thorm(z) =1 — , 1.8
nom() 2\/§1+(i)2 ( )
<R
where the effective optical path Leg is expressed as
1 —e o
Leg = — (1.9)
and the on-axis intensity of the laser Iy is given by
In2 P,
Iy =44 — "8 1.10
0 m M2\zgRr (1.10)

zR is the Rayleigh length of the focused laser beam, « is linear absorption coefficient, d is sample
thickness, P,y is average power of the laser, M? is beam quality factor, R is repetition rate, and
7 is pulse duration. 2PA cross-section values 0( can thus be calculated from Eq. 1.4 provided
that the sample concentration is known.

The magnitude of the Iy must be known to the respective Z-scan trace to extract the 2PA
cross-section. Experimental uncertainties in, e.g., pulse duration, beam waist, and spectral en-
ergy significantly affect the 2PA cross-section. Using the proposed approach, 2PA spectra of
several recently developed two-photon initiators have been examined [57]. Steiger et al. intro-
duced a fully automated tunable femtosecond oscillator-based Z-scan setup that significantly
reduces measurement time to 30 minutes for spectral scanning with 10 nm step from 700 nm to
1000 nm [58]; this setup was used to characterize our coordination polymer samples [59].

Moreover, there is also an alternative choice for obtaining 2PA spectra by scanning central
wavelengths, namely using a high-intensity white light continuum (WLC). In WLC Z-scan, a
narrow range of the WLC spectrum is selected either by using bandpass filters or by selecting
the desired excitation range after a dispersive element using a narrow slit. By changing the
filter or displacing the slit, the wavelength of the transmitted light can be easily tuned and
utilized to perform the Z-scan at different excitation wavelengths in a point-by-point manner.
Again, the 2PA spectra are obtained by fitting Z-scan traces using Eq. 1.4. This method is also
feasible for obtaining 2PA spectra but has not been utilized abundantly.



As discussed above, the Z-scan is a simple and powerful single-beam technique used for
nonlinear transmission experiments that directly allows us to determine the nonlinear optical
coefficients. However, this technique requires movement of the sample along the laser beam
across the focal plane of a focusing lens, which in materials with absorption can result in
irreversible damage [60]. Taheri et al. introduced a simple and reliable single beam technique to
determine the magnitude and the nature of the third-order susceptibility x® with a low damage
threshold [61]. In the given method, the sample is placed in a Rayleigh length behind the focal
plane of the lens, and the transmission signal is monitored as a function of the input pulse
intensity 7'(I), which yields an intensity-dependent 2PA coefficient. Later, the intensity-scan
combined with the microscope objective lens known as p-I-scan technique allows the imaging of
the sample to observe whether the laser spot is tightly focused and exactly irradiates the sample.
This is crucial when the sample size is comparable to the focused laser spot. This p-I-scan
technique was described somewhere to investigate nonlinear absorption properties of monolayer
single crystal and multilayer triangular islands of transition metal dichalcogenides [62].

Two-photon excited fluorescence (2PEF) is the second most frequently used method for
determining 2PA cross sections in nonlinear materials and solvated molecules. Xu and Webb
introduced this method for determining 2PA cross sections of fluorescent materials with known
fluorescence quantum yields [63]. To obtain 2PA spectra using 2PEF, a tunable femtosecond
laser source is required for detecting two-photon induced fluorescence at different excitation
wavelengths. The emission signal is recorded by an array detector after spectral dispersion or
at a given detection wavelength after filtering. Results are compared to a standard reference with
known 2PA cross-section and quantum yields. Several standard references, e.g., dye molecules,
are available with reported 2PA cross-section and quantum yield values in the visible—near-
infrared range [64]. In 2PEF, the intense incident light at central frequency w is often spectrally
well separated from the emitted light after 2PA (2w). This means weak emissive features can be
recorded after appropriate filtering of the excitation light, making the detection more sensitive.
Therefore, the 2PEF method is more sensitive than the Z-scan, with the possibility of faster
data collection for materials exhibiting high fluorescence quantum yield with a favorable signal-
to-noise ratio.

The rate of 2PA absorption strongly depends on the spatial and temporal coherence of the
excitation light. Therefore, it is important to know the relationship between the fluorescence
and excitation intensity. Therefore, a 2PEF signal can be measured either with a reference or
with the calibration of the setup [63,64]. 2PEF strength of a sample and standard reference at

different excitation wavelengths can be computed using the following equation:
Foppr(A) = gI*ngo® (V) Ndsdz (1.11)

where ¢ is the degree of the second-order temporal coherence, I is the laser intensity, n is the
fluorescence quantum yield, ¢ is fluorescence collection efficiency of the experimental setup ex-

amines all the setup-related parameters, e.g., optical path, sensitivity of the detector, apertures,



collection angle for fluorescence scattering. o is the 2PA cross section, N is the particle den-
sity or concentration and dsdz is the excitation volume of the focused laser beam. Generally,
the results obtained from 2PEF measurements are often presented as a two-photon action cross-
section or two-photon brightness (770(2)), which evaluates the relative efficiency of the 2PEF.
Eq. 1.11 allows us to quantify the ratio of fluorescence intensities of sample and reference at
different wavelengths, which is necessary to compute the 2PA spectra. The ratio of fluorescence
intensities cancels out the few common terms presented in Eq. 1.11 for sample (s) and refer-
ence (r) and provides a simplified following Eq. 1.12, which can be used to compute the 2PA

cross-section values at different wavelengths with 7 (known for both sample and reference).

9y As,2pER (A) Ny

S 1 . .
Ms g T 7 (A)N ( )

Here, Aopgr is the integrated area of 2PEF curves for sample and reference. This approach
is potentially helpful for quantifying two-photon excitation spectra for liquid and solid sam-
ples [26]. Nevertheless, both Z-scan and 2PEF methods are limited to samples with known
concentrations that cannot be applied to samples with unknown concentrations or non-uniform
distribution of chromophores over the excitation area. Therefore, it is challenging to deter-
mine the 2PA cross-section of, e.g., fluorescent semiconductor nanocrystals (quantum dots and
nanoplatelets) in diluted solutions and thin films. To overcome this issue, two methods have
been proposed for measuring the 2PA cross-section of individual quantum dots. One is based
on the fluorescence blinking statistics in semiconductor quantum dots following two-photon
excitations, while the other one is based on the photoluminescence saturation effect, which is
produced by multiexciton Auger recombination [65,66]. However, both these methods are lim-
ited to individual semiconductor nanocrystals, meaning that ensemble-average values can be
estimated only if extensive statistics are achieved. Recently, Krivenkov et al. have studied the
saturation of 2PEF in the quantum dots and nanoplatelets by considering a low ratio between
fluorescence lifetime and laser pulse period [67]. The authors derived a rate equation based on
a well-defined four-level system as an idealized model for the quantum dot. By fitting 2PEF
behavior as a function of excitation intensity, the 2PA cross-section was derived without prior

knowledge of fluorophore concentration.

1.3.2 Nonlinear Fourier transform spectroscopy

Two-photon Fourier-transform spectroscopy (2P-FTS) is a third alternative with distinct ad-
vantages [68]. On the one hand, this technique allows for faster data acquisition as compared to
Z-scan measurements at varying central wavelengths. On the other hand — as a time-domain
spectrometer — 2P-F'T'S readily gives a comparatively high spectral resolution as it depends on
the maximum scanning range of the interferometer, e.g., Michelson or Mach—Zehnder. 2P-FTS
was first used by Bellini et al. to examine the hyperfine structure of atomic energy levels [68].

Ogilvie et al. applied this method to measure two-photon excitation spectra of dye molecules



using an acousto-optic modulator for pulse shaping and a Michelson interferometer to scan
the delay [69]. Midorikawa and co-workers combined this method with a 5-fs broadband pulse
to measure two-photon excitation spectra of fluorescent proteins [70-72]. In our work, we
demonstrate a spectroscopic experiment to measure two-photon excitation spectra based on the
common-path birefringent interferometer TWINS (Translating-Wedge-based Identical pulses
eNcoding System) [73]. Due to its common-path design, TWINS delivers double pulses with
high phase stability and with delay accuracy of ~ A/300 at 500 nm [74], which is one order of
magnitude higher than in the Michelson geometry [73]. This is advantageous, especially when
employing excitation pulses in visible [73,75] or the UV spectral range [76].

Nonlinear Fourier-transform spectroscopy is based on the measurement of the second-order
interferometric autocorrelation (IAC). For a given material showing second-order nonlinear po-
larization, e.g., 2PEF or second harmonic generation (SHG), the quadratic IAC as a function

of time delay can be expressed as

S@(r) = /m [E(t) + E(t+7)]*" dt . (1.13)

—0o0

Here, we describe the electric field as
E(t) = A(t) exp(iwot) , (1.14)

where A(t) is the slowly varying amplitude and wq is the central frequency of the electric field.
S@) (1) can be decomposed via Fourier transformation into three frequency components, at
w0, w= t+wy and w ~ +2wy. The power spectrum at frequency 2wq is proportional to the
product of the response function R (w) representing the desired 2PA spectrum and the second
harmonic (SH) spectrum [77], provided that the nonlinear optical response of the material scales
uniformly with the square of the incident pulse intensity over a spectral range greater than the

pulse bandwidth:

S (w) o RO(w) |E®) (w)f . (1.15)

2wo

The SH power spectrum ‘E(Q) (w) |2 can be measured either using a nonlinear SHG crystal, e.g.,
B-barium borate (BBO) or in the reflection mode from the surface of a quartz substrate [78].
Alternatively, the two-photon-induced photocurrent in a photodiode can also be used to de-
termine the SH spectrum [79]. When the frequency response of the crystal is assumed to be
flat over the excitation range [69,80], the R(®)(w) can be obtained by dividing the measured
quantity Séi)o (w) by the SH spectrum ‘E@) (w)f.

A schematic of the experimental design for two-photon fluorescence excitation spectroscopy
is shown in Fig. 1.4. The broadband spectrum is generated by a noncollinear optical parametric

amplifier (NOPA rainbow) [81,82] pumped by 601J femtosecond pulses from a mode-locked
Yb:KGW laser (Light Conversion, PHAROS PH2) operating at 1024 nm with a variable rep-
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etition rate of up to 200kHz. The input pulses are frequency doubled with 35% efficiency.
The resulting 512nm pulses amplify the seed continuum generated in a 4mm YAG [83] using
a type I phase-matched 3 mm thick BBO crystal cut at 23°. Typical output pulse energies are
of the order of 311J corresponding to a quantum efficiency of 35%. The NOPA rainbow was

aligned once to the desired spectrum and did not need any readjustment over the course of the

measurements.

Femtosecond laser Noncollinear optical Fused silica My
parametric amplifier prism pair N
(PHAROS PH2) (NOPA rainbow) compressor
ro _ TWINS
e v FMy =
| A AERREA

Sl ‘ ‘ \ A | b\ | - M
— NOPA spectrum M3 FMZ Il_l 2
1} ] | N y

H * -
> NDF DM MO L LPF
B
5 i T A
E 4 QP ! BB
‘ ‘ Sample/BBO |
750 850 950 ——F
Wavelength [nm] 2PEF Dy D2 SH

Figure 1.4: Experimental setup for interferometric two-photon excitation spec-
troscopy. M: mirror; FM: focusing mirror; QP: quartz plate; NDF: neutral density
filter; DM: dichroic mirror; MO: microscope objective; L: lens; LPF: long-pass filter;
F: filter; BB: beam block; D: detector; TWINS: Translating-Wedge-based Identical
pulsed eNcoding System (an interferometer); 2PEF: two-photon excited fluorescence
(solid red); SH: second harmonic spectrum (dashed blue). A representative NOPA

spectrum is given in the lower left. The red arrows depict the path of the back-
reflected 2PEF signal Sgi)o (w).

The NOPA output spectrum is shown in the inset of Fig. 1.4 and covers a spectral range
from 750 to 950nm. The pulses are compressed by a fused silica prism pair to compensate
for the dispersion introduced by transmissive optical components in the NOPA and before the
sample position. The compressed pulses are directed to the TWINS interferometer (NIREOS,
GEMINI-2D), which has been explained in detail elsewhere [74,84-86]. The transmitted beam
is then expanded twice using a reflective telescope and focused on the sample position using a
microscope objective (MO; Nikon, CFI S Plan Fluor ELWD 20XC, NA 0.45). Even the large
amount of glasses (about 35mm) in the MO can be compensated by the prism compressor.
Second harmonic spectra are recorded for reference purposes before every 2PA measurement.

A BBO crystal with a nominal thickness of 10 pm on a fused silica substrate with 8 = 36.7°
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is used as a nonlinear medium. A long-pass filter (LPF; Edmund Optics, #15-456) allows the
fundamental light to pass through but reflects the SH to the detector Ds.

When replacing the BBO crystal with a test sample, 2PEF is detected in the backward
direction and imaged onto the detector D;. This is realized by placing a dichroic mirror (Thor-
labs, DMLP650) before the objective. A short-pass filter (F;) is then used to reject scattered
fundamental light. A 1.25 mm quartz plate (QP) compensates for the front cuvette window.
The laser intensity is adjusted by a neutral density filter (NDF) to avoid photosaturation of the
investigated samples. The current experiment uses a fiber-coupled spectrometer (StellarNet Inc,
BLUE-Wave) as the detector. While only the spectrally integrated signal is used for evaluating
the 2PA spectra, broadband detection is convenient for measuring both SH and 2PEF signals.
Furthermore, broadband detection is necessary for pulse characterization, as discussed below.

The TWINS interferometer follows a similar design as in [84]. It is a common-path inter-
ferometer utilizing birefringent materials to generate pulse replicas with variable time delay.
Three birefringent blocks fabricated as wedges or plates are arranged with their optical axis
along the z-, y- and z-axis, as marked with red arrows in Fig. 1.4. A linear polarizer is used to
set the polarization direction of the incoming beam at 45° to the x direction. In this way, two
polarization components at  and y direction will see different refractive indices when propa-
gating collinearly along the z direction through the blocks. A second polarizer projects these
two components to the same polarization state. The time delay 7 between the pulse replicas is
determined by translating a birefringent wedge in and out of the beam and can be expressed as

B d-tan(a) - (”gO(A) - ”ge()‘))

= 1.16
r ‘ , (1.16)

where d is the displacement of the moving wedge, « is the apex angle of the wedge, ng,(A) and
nge(A) are the group refractive indices of the ordinary and extraordinary polarization, and c is
the speed of light in the free space. The spectral resolution, therefore, is determined by the
maximum delay d of the wedge.

2PA cross-sections and, therefore, two-photon excitation spectra do not depend on the pulse
duration [87]. This theoretical finding has been verified experimentally using excitation sources
in the femtosecond, picosecond, and nanosecond regime [63,88,89]. However, shorter pulse
durations lead to higher peak intensities at the focal spot and, therefore, to stronger 2PEF
signals [90]. This explains the general aim of the shortest pulse duration possible reaching
its Fourier limit in 2P-FTS experiments. Hashimoto et al. showed that two-photon excitation
spectra do not depend on group delay dispersion (GDD) because any phase distortions can
be referenced out by the corresponding SH spectrum, which carries both spectral and phase
information of the excitation source [71]. This means that the 2P-FTS approach is robust
against variations in pulse compression, even though a structure-free SH spectrum is preferred
for normalization purposes.

The above arguments call for a thorough pulse characterization, which we realize in-situ

via collinear frequency-resolved optical gating (cFROG) [91,92]. We measure the SH spectrum
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Figure 1.5: Characterization of the laser pulse using cFROG. (a) Measured FROG
trace via Fourier filtering of the frequency-resolved TAC traces. (b) Retrieved FROG
trace. (c) The retrieved pulse shape and temporal phase. (d) The retrieved power

spectrum and spectral phase.

of the laser pulse at the objective’s focal point with a 10 pm thick BBO crystal (see above).
The frequency-resolved TAC trace is measured using a fiber-coupled spectrometer in the for-
ward direction (dashed blue line in Fig. 1.4). Fourier transformation allows us to extract the
standard noncollinear FROG trace, i.e., the intensity autocorrelation trace from the frequency-
resolved IAC map, which can be retrieved using the standard FROG algorithm [93]. Pulse
compression is necessary due to the GDD introduced by transparent materials, e.g., from the
TWINS interferometer, neutral density filter, and microscope objective. These effects elongate
the pulses but are pre-compensated using the fused silica prism compressor. Comparison be-
tween the measured (Fig. 1.5(a)) and retrieved (Fig. 1.5(b)) FROG traces shows a minimum
FROG error of 0.4% and a pulse duration of 9.8 fs (Fig. 1.5(c)). When assuming a Gaussian
pulse shape, we note that the given NOPA spectrum (750-950 nm) supports Fourier-transform-
limited (FTL) pulses of 6.6fs. Fourier transformation of the pulse spectrum, as shown in the
inset of Fig. 1.4, matches the measured pulse length very well. In general, it is challenging to
generate sub-10fs pulse at the focal point for a tightly focused laser spot [94-96]. In addition,
higher-order dispersion cannot be compensated solely by using a prism compressor for such a
large bandwidth [97].

To evaluate the performance of our experiment, we have measured the IAC signals of three
standard dyes, i.e., fluorescein, rhodamine B, and perylene, for their well-structured spectrum.
Fluorescein was dissolved in deionized water to a concentration of 100 pM at pH 11; rhodamine

B was prepared in ethanol with a concentration of 120 pM, and perylene was prepared in DCM
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Figure 1.6: Interferometric autocorrelation traces of (a) SH from the BBO crystal
and (d) 2PEF from fluorescein as a function of the wedge position d and Fourier spectra
of (b) SH and (e) 2PEF. 2wy terms of Fourier spectra (highlighted with dashed circles)
are plotted together in (c) after axis calibration (please see the text for details); the
baseline of the reference spectrum is set at 10% of its maximum intensity (black dashed
line). Division by the SH spectrum leads to the normalized two-photon absorption
spectrum of the sample (f); the vertical dashed lines limit the spectral range defined

by the baseline in (c).

(dichloromethane) with a concentration of 1 mm. We use the case of fluorescein to illustrate the
data processing method. Fig. 1.6(a) shows the second harmonic interferometric autocorrelation
(SH-TAC) signal of the pump pulse as a function of the wedge position in the TWINS interferom-
eter. Fourier transformation of the SH-TAC gives three well-separated components in the spatial
frequency domain as depicted in Fig. 1.6(b). The 2wy component representing the SH power
spectrum is shown in blue in Fig. 1.6(c). After pulse duration optimization, the BBO crystal is
replaced by the test samples to measure the 2PEF signal in the backward direction (see solid
red arrows in Fig. 1.4). Fig. 1.6(d) shows the 2PEF-IAC of fluorescein, where the contrast of
I(d =0)/I(d = o0) = 8 indicates that the setup is well-aligned and at the same time, no effects
are leading to photosaturation, photodamage or higher-order absorption. Fourier transforma-
tion of the 2PEF-TAC signal yields the spectrum shown in Fig. 1.6(e), which is plotted together
with the reference SH spectrum in Fig. 1.6(c). The desired two-photon absorption spectrum
is then obtained by dividing the normalized signal spectrum by the normalized SH spectrum
shown in Fig. 1.6(f).

Axis calibration from the spatial frequency to the optical frequency and finally to the wave-

length domain is needed, i.e., mm~! — THz — nm, from Fig. 1.6(b) and 1.6(e) to 1.6(c).
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Recalling Eq. 1.16, the delay 7 induced by one step of the delay stage in the TWINS interfer-
ometer is wavelength-dependent due to the difference between the ordinary and extraordinary
indices of refraction. The calibration curve correlating spatial frequency and optical frequency
is obtained by measuring the frequency-resolved linear autocorrelation of a broadband laser
source as a function of the wedge displacement d and the detection wavelength A, as described
in detail in the literature [85,86]. However, such a calibration procedure has so far only been
carried out for the wg component. Following the same protocol, the calibration curve for the 2wy
term can be determined using a BBO crystal as a nonlinear medium to measure its second-order
autocorrelation map.

Two-photon excitation spectra of fluorescein, rhodamine B, and perylene are depicted in
Fig. 1.7 compared to those measured with other techniques. To aid comparison, we normalize
all spectra in Fig. 1.7 to their respective values at A/2 = 420 nm, as taken from literature [64].
For the fluorescein sample, we show 2PA spectrum from the fundamental wavelength of 680 nm
to 930 nm employing the tunablity of our NOPA spectral range, we find an optimized pulse
duration of 20fs (FTL 18fs) for spectrum #1, 19fs (FTL 16fs) for spectrum #2, 17fs (FTL
151fs) for spectrum #3, and 10fs (FTL 7fs) for spectrum #4. The resulting 2PA spectra of
fluorescein are depicted in Fig. 1.7(b), where we find a nearly quantitative agreement between
our results and those of Makarov et al. [64] and Xu et al. [63]. The latter two experiments
employed swept-source lasers, namely fluorescence detection, which used either a tunable OPA
or a tunable oscillator. Fig. 1.7(b) also shows two-photon excitation spectra obtained with
the four different excitation pulses shown in Fig. 1.7(a). Even though excitation spectra may
show strong overlap, the respective two-photon excitation spectra may differ. See, e.g., olive
and orange dots in Fig. 1.7(b) between 375nm and 385nm. In case of such a discrepancy,
we prefer the data points obtained with a higher SH-signal intensity. For the measurement
of rhodamine B, Steiger et al. employed a tunable femtosecond oscillator [58]. We find good
agreement between our results and the literature data.

In Fig. 1.7(c), we show the 2PA spectrum of perylene. The ¢(?) values are in the single-digit
regime, highlighting the sensitivity of our method. Our results for perylene agree with those
of Makarov et al. [64]. Comparison to the 1PA spectrum shows a shift of oscillator strength to
higher-lying transitions for the 2PA spectrum, which is in agreement with expectation [98]. Our
measurement reproduces the structured nature of the vibronic spectrum well and highlights the
high spectral resolution of our experiment.

The spectral resolution of a time-domain Fourier transform spectrometer is solely deter-
mined by the maximum time delay (maximum wedge displacement d in our case) between
the pulse pair. As in our current measurement, we set the maximum wedge displacement at
1.85 mm, which gives us a spectral resolution of 4nm at 800 nm. With the current interferome-
ter supporting a maximum wedge delay of 28 mm, sub-nm resolution could be easily achieved.
However, this comes at the cost of longer data acquisition times and is only useful if the res-

olution of narrow spectral features is aimed for. Under the experimental conditions described
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Figure 1.7: (a) Tunable NOPA spectra to cover a broad wavelength range from
650nm to 950 nm. Two-photon excitation spectra compared with other techniques
from the literature (normalization at A/2 = 420 nm using Makarov’s data in [64] as a

reference) are depicted for (b) fluorescein, (c) rhodamine B, and (d) perylene.

here, i.e., at 4 nm resolution, a single 2PA spectrum is recorded in just 5 minutes. Replacement
of the fiber-coupled spectrometer with an optimized photodiode detector and implementation
of a continuous scan of the TWINS interferometer will further reduce the data acquisition time
significantly.

After setup evaluation using standard dyes, we employ our method to characterize a carbazole-
and fluorene-based chromophore linker sample Hyfbed (2,7-fluorene-9,9-dimethyl-bis-carbazole-
3,6-dicarboxylic acid) and the corresponding CP Sr(Hafbed)(DMACc)g.25(H20)3 5, featuring the
twofold deprotonated and Sr-coordinated linker Haofbed [59]. Hafbed linker molecules are MPA-
active building blocks that hold promise for the synthesis of two-photon enhanced MOFs and
CPs. This measurement aims to establish whether incorporating a linker molecule into a CP
framework affects its 2PA spectrum [27]. CPs are a versatile material class for the purpose
of shaping the 2PA-spectrum of a linker, as the CP-nodes can serve as electron donating or
accepting groups. Furthermore, an increase in the linker’s 2PA response can be attributed to a
CP-specific relative alignment of the linkers, which would not be found for randomly orientated
linkers in solution [26]. Here, we investigate the 2PA spectrum of Hyfbed dissolved in DMF
(dimethylformamide) at a concentration of 500 uM and compare it to the respective CP. Due to
their low solubility in liquid solvents, crystalline CP powders were prepared in PMMA films.
Fig. 1.8(a) shows the absorption spectrum of the solvated linker (solid blue line) in comparison
to the CP’s diffuse reflectance spectrum (red line). The overlap between the linker’s absorption

spectrum and the frequency-doubled excitation spectrum (dashed blue line) is negligible, which
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Figure 1.8: (a) UV-Vis absorption spectrum (solid blue) of the solvated Hsfbed
linker sample in DMF together with the diffuse reflectance spectrum (solid red) of
the corresponding CP Sr(Hafbed)(DMAc)g.25(H20)35 in a film. The SH spectrum
(dashed blue) indicates the two-photon excitation energy range available in this work,
ie., 375-475nm. (b) Two-photon excitation spectra of the Hyfbcd linker and the
corresponding CP. (c) Fourier-transformation over the IAC trace of the two-photon
induced fluorescence signal from Hyfbed CP. Components except 2wy representing 2PA

can be filtered out using a window function (dashed line).

explains the lack of 2PEF we observe from this sample. Accordingly, the 2PA spectrum of the
linker in Fig. 1.8(b) is represented by a zero-line. The spectrum of the CP is redshifted as
compared to the solvated linker, see red vs. blue line in Fig. 1.8(a). Excitonic interaction of
the linker molecules in the CP-environment serves as one possible explanation for this redshift,
given that the interchromophore distance is strongly reduced compared to the linker molecules
in solution [99]. The enhanced overlap between the frequency-doubled excitation spectrum (SH
in Fig. 1.8(a)) and the CP absorption spectrum leads to a measurable 2PA spectrum, see red
line in Fig. 1.8(b).

Due to the lack of a reference standard in the PMMA films for calibration, the two-photon
excitation spectrum of the CP sample is plotted in arbitrary units in Fig. 1.8(b). However,
Z-scan measurements of this CP sample allow us to get the 2PA cross-section values directly, as
summarized in a previous publication showing that 2PA can be enhanced up to three orders of
magnitude when incorporating Hyfbed chromophores into CP [59]. As indicated in Fig. 1.8(b),
we have observed two-photon induced fluorescence signals from Hyfbed CP while 2PA for its
linker sample is negligible in the current excitation range; a local maximum of 2PA for Hyfbed
CP appears at the fundamental wavelength of 790 nm.

We note that a 3wy component can be distinguished from the Fourier spectrum of the CP
sample, as depicted in Fig. 1.8(c). This implies coexistence of 2PA and three-photon absorption
(3PA). 3PA does not affect the results of the 2PA spectra, as the 3PA component can be
suppressed either by adjusting the input intensity until reaching the 2PA regime — i.e., by
observing the center-to-background ratio of the IACs — or by Fourier-filtering as indicated
by the dashed lines in Fig. 1.8(c). Compared with Z-scan, where one usually needs to fit the

trace using either 2PA or MPA fitting functions, nonlinear Fourier-transform spectroscopy is
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advantageous in this context as it provides not only an intuitive picture of the relative strength

of the MPA contribution but also convenient ways of isolating 2PA components.
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Chapter 2

Summary and context of

publications

2.1 Coordination polymers based on carbazole-derived chro-
mophore linkers for optimized multiphoton absorption: a

structural and photophysical study

Weishéupl, S.J.T; Cui, Y.T; Deger, S.N.; Syed, H.; Ovsianikov, A.; Hauer, J.; P6thig, A.; Fischer,
R.A.

Chemistry of Materials, 34(16):7402-7411, 2022.

DOI: 10.1021 /acs.chemmater.2c01525

Chromophore molecules featuring multiphoton absorption (MPA) properties are often limited by
their thermal stability and uncontrolled aggregation in concentrated solutions. These effects can
be largely suppressed by incorporating chromophore as linkers into metal-organic frameworks
(MOFs) and coordination polymers (CPs) for their modular tunability to maintain chemical
and thermal stabilities. Enhanced MPA in MOFs and CPs are reported compared to the unco-
ordinated molecule [26,27,100]. Carbazoles acting as electron donors show desirable properties
for an MPA-active linker. Therefore, in this publication, we report the synthesis and photophys-
ical characterization of two carbazole-based MPA-active linkers, and three different CPs with
carbazole linkers incorporated. Nonlinear optical characterization of CPs was performed using
an open-aperture Z-scan setup based on a tunable oscillator to obtain excitation-wavelength
dependent two-photon excitation spectra in the range of 700 nm to 950 nm [58].

We synthesized three CPs, Zns(sbed)(DMAc)2(H20)1.5, Sra(fbed)(DMAc)g.25(H20)3.5, and
Bagy(fbed)(DMAc)2.5(H20)1 5, which are abbreviated as Zn-CP, Sr-CP, and Ba-CP, respec-
tively. They are based on two MPA-active carbazole-containing chromophore linkers Hysbed
and Hyfbed. Linker samples were prepared in liquid solutions while CPs were prepared into

PMMA films to define their sample concentration more appropriately, especially compared with
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powder samples. This is also an advantage of the Z-scan technique, as it is transmission-based
and sets demands for an optimal sample concentration.

Single crystal X-ray diffraction reveals that all three CPs are in two dimensions. Steady-
state spectroscopy of the CPs compared to free linkers displays a redshift of the absorption and
emission bands due to the dipole interactions of the chromophores inside the solid network.
Z-scan analysis of three CPs shows large 2PA cross-sections o(2) of 2100 to 33000 GM, which
is an enhancement of up to three orders of magnitude in comparison to the solvated linker.
When incorporating the same linker Hyfbed into CPs, Sr-CP exhibits a 3-fold increase of

@

compared with Ba-CP. First, this can be explained by the size of metal ions. With the
same charge, strontium has a smaller ion radius and thus can polarize the chromophore more,
which leads to an enhanced charge transfer (CT) character of the chromophore [101]. Another
structure difference points towards the carbazole—carbazole distance between the layers in CPs,
which is decreased from 3.65 A in Ba-CP to 3.39 A in Sr-CP. This subtle change may also
influence the 2PA cross-section as it is the carbazole units that define the CT character of the
ligand [27,102].

As a perspective, with the topological approach published by Vittal et al. [103], we aim to
develop the MPA efficiency of the CPs with pillar-layered structures. This idea leads to the

next publication in Section 2.2.
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2.2 Influence of chromophore packing on multiphoton absorp-

tion in carbazole-based pillar-layered coordination polymers

Deger, S.N.T: Cui, Y.T; Warnan, J.; Fischer, R.A.; Sanda, F.; Hauer, J.; Pothig, A.
ACS Applied Optical Materials, xx(xx):xxxx—xxxx, 2024.
DOI: 10.1021/acsaom.4c00080

Coordination polymers are a promising class of modular MPA-active materials. A detailed
knowledge of the structure—property relationship or generalized design principles is crucial for
synthesizing optical materials with enhanced MPA properties. In this publication, we examine
the 2PA property of three carbazole-based CPs by incorporating the pillars with different spatial
arrangements; they show enhanced 2PA cross sections compared with a previously synthesized
CP containing the same chromophore but not pillar.

In general, pillar-layered MOFs offer the possibility of modifying the structure of MOFs
without altering the chromophore linkers or SBUs. Via the introduction of “pillar” (linker)
molecules, various aspects such as interlinker distances, pore size, and other structural features
can be varied [104], and examples of pillar-layered MOF's have been previously synthesized and
investigated toward MPA activity [103,105-107].

In this publication, we present the synthesis of two pillar-layered Zn-based CPs Zngy, (sbed)-
(bpy)(DMACc)2,(H20)3,, (CP2) and Zns,(sbed)(bpe)(DMAc)s, (H20) (CP3) using the linker
Hysbed (9,9’-stilbene-bis-carbazole-3,6-dicarboxylic acid) with identical metals in the SBUs and
chromophore linkers, differing only in the chemical structure of the incorporated “pillars”, which
are 4,4’-bipyridine (bpy) and 1,2-bis(4-pyridyl)ethane (bpe). This allows for the investigation of
a potential structure—property relationship (between the chromophore packing and their NLO
properties). The results are compared with the corresponding, pristine two-dimensional (pillar-
free) CP structure Zng,(sbed)(DMAc)2,(H20)1 5, (CP1, named as Zn-CP in Section 2.1),
previously published by our cooperative group [59] for which no direct structure-NLO-property
relationship could be established. Compared to those of the nonpillar-layered CP1, the ob-
tained data for CP2 and CP3 show the increase of ¢(2). This indicates that the pillar-layering
approach is a potential avenue to get a more comprehensive understanding of the effects of
structural changes on the MOF’s NLO properties and control as well as improve them.

Compared with the excitation spectrum of the linker Hysbcd, all three CPs show a redshift of
approximately 50 nm and broadening. This can be explained by a higher excitonic interaction
in the CPs than in the linker [59]. Besides, This effect may also point towards structure
rigidification or interligand charge transfer [L08-111]. For the case of emission spectra compared
with the linker, CP1 shows a redshift of 25 nm while CP2 and CP3 show a redshift up to 60 nm.
The observed redshift in CPs compared to the linker is rationalized by two structural effects.
First, the 7—m interactions between adjacent linker molecules in the solid state may facilitate
efficient intermolecular interactions through m-stacking [112]. Second, the increased planarity

of the linker in CP2 and CP3 as compared to CP1 may maximize the intramolecular -
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orbital overlap and promote further 7—m interactions, explaining the extra shift of the emission
band [113,114].

Nonlinear optical characterization of the linker and CPs was conducted via nonlinear Fourier-
transform spectroscopy, as described in detail in Section 1.3.2. The NLO characterization
demonstrated enhanced 2PA in the CPs compared to the free linker, with CP3 exhibiting a
remarkable 2.4-fold increase in 0(® compared to CP2 and 3.2-fold increase over CP1. The
coplanar alignment of chromophores in CP3, along with its 3D structure, likely contributes
to this increase, emphasizing the importance of structural considerations influencing the 2PA
activity. Accordingly, future CP design should target rigid 3D structures with closely packed
chromophores to obtain a high 2PA activity. On a more general level, we find that fine-tuning
nonresonant levels has the potential to strongly increase 2PA activity, for centrosymmetric
linkers such as stilbene, the desired redshift of nonresonant levels is accompanied by a —
maybe subtle — bathochromic shift of the one-photon absorption spectrum. This could be
further probed by impedance spectroscopy to further study the influence of the polarization
and dielectric constant of the MOFs on the nonresonant levels [115,116].

The obtained pillar-layered CPs have the highest o(2) among other pillared-layer CPs. The
first synthesized pillar-layered CPs by Vittal et al. using the An2Py linker reached values of up
to 32.7 GM [105,107,117]. Fischer and colleagues synthesized pillar-layered CPs using the MPA-
active linker tetra-(4-carboxylphenyl)ethylene (H,TCPE), reaching values of up to 476 GM, and
Vittal et al. improved on this with values up to 74 000 GM by changing the used pillars [103,106].
This competitive performance of pillar-layered systems shows the potential of carbazole-based
chromophores in MPA-active CPs and MOFs.

The findings show that the pillar-layering approach is a potent way to produce varied CP
materials implementing the same chromophores. It generally contributes to the broader field of

CPs and their potential applications in nonlinear optical devices.
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Chapter 3

Conclusion and outlook

MPA is a nonlinear optical effect widely used in various optoelectronic applications. MPA-
active CPs are of high interest in material science and nonlinear optics due to their modular
design and versatile applications. To understand the structure—property relationship in those
functional materials, especially the chromophore incorporation into CPs and the enhanced 2PA
properties, we have implemented a common-path birefringent interferometer with 10-fs pulses to
measure broadband two-photon excitation spectra via nonlinear Fourier-transform spectroscopy.
Standard dye molecules were measured to evaluate our setup before extending the approach
to chromophore linkers and their CPs. The experiment presented in this work is compact,
alignment-friendly, and allows for user-defined spectral resolution as well as fast data acquisition.

Together with a fully-automated Z-scan setup designed previously [58], we are able to mea-~
sure 2PA spectra (and 2PA cross-sections) for both solvated chromophore linkers and their
corresponding CPs prepared into thin films. Method of choice mainly depends on the quantum
yield of the substances under investigation, e.g., Z-scan is used for non-emissive samples to
give 2PA cross-section values directly; 2P-FT'S is a fluorescence-based technique to significantly
reduce data acquisition time.

We demonstrated 2PA enhancement of up to three orders of magnitude after incorporating
carbazole-containing chromophores linkers into CPs. We hypothesize that, besides the excitonic
interaction of the linkers within the CPs, the choice of different metal nodes can also alter 2PA
activity [59]. Based on this finding, we tested two new CPs using the same chromophore as in
reference [59] but with a different spatial chromophore arrangement, the so-called pillared layer.
The further enhanced 2PA in pillar-layered CPs can be explained by structure rigidification
and coplanarity of chromophores in CPs. We also discussed the influence of 2PA by fine-tuning
nonresonant levels of centrosymmetric linkers in CPs [118].

Two research directions are proposed for future work based on the current setup. The
first is to investigate polarization-dependent 2PA in CP crystals. The second is constructing
an experiment for a novel time-resolved spectroscopic method called ultrafast two-dimensional

fluorescence excitation spectroscopy (2D-FLEX) [119].
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The research presented in this thesis can be readily expanded toward implementing polariza-
tion control, addressing the problem of anisotropic 2PA in CP crystals. Recalling Eqs. 1.5 and
1.6, where we have components of the dipole moment operator along the polarization direction of
the excitation light field, it is evident that the absorption cross section is polarization-dependent.
This polarization effect is averaged out for an isotropic sample, e.g., in a chromophore linker
solution where molecules are randomly oriented. Hence, one gets the same cross-section values
regardless of the laser’s polarization states. However, the situation may differ for ordered sam-
ples such as CP crystals. In an extreme case, such a crystal may be two-photon transparent
along one axis but two-photon absorbing along another axis [11].

Polarization-dependent 2PA in CPs may lead to potential applications of polarization-
dependent NLO devices, such as optical switches and sensors. Ji and co-workers examined
2PA and second-harmonic generation in a single crystal of Ag(I) complex. They showed that
two-photon excited fluoresce intensities reach a maximum change of ten times by varying the
input polarization [120]. The authors measured this using a 1030 nm laser with a pulse width
of 150 fs. Therefore, switching the excitation source from single wavelength to broadband 10-fs
pulses is natural and may provide rich information about those CPs.

CP crystals are usually small, with a maximum size of several hundreds of micrometers.
Using the microscope objective installed in the current setup, we already integrated an imaging
unit with a resolution of 10 pm so it is safe to find the crystal position and focus the laser beam
on it. CP crystal will be held using a goniometer to set the relative angle between the crystal
axis and the polarization direction of the excitation laser.

Transient absorption (TA) is the most widespread method in ultrafast spectroscopy. The
time-dependence of the recorded signals reports on population and coherence dynamics on
electronic ground- and excited states. While TA signals are comprehensive, they suffer under
spectral overlap, hindering a straightforward analysis of the underlying dynamics. In the con-
text of photochemical transformation, it would be advantageous to have a method exclusively
reporting on excited state processes, as ground state dynamics are not contributing to photo-
product formation. This makes fluorescence an attractive observable. In an effort to maximize
spectroscopic information content, changes in the fluorescence spectrum should be recorded on
an ultrafast timescale as provided by fluorescence upconversion experiments [121]. Further-
more, the signal should be recorded in frequency dispersion, both for excitation and emission.
The step towards excitation frequency resolution takes us from fluorescence upconversion to
2D-FLEX, which will be detailed below.

2D-FLEX is an ideal spectroscopic method as (i) it is ultrafast by employing two-photon
excitation with sub-10fs pump pulses from a NOPA; (ii) it is multidimensional as excitation
frequency dependence is retrieved in a Fourier-transform approach, analogous to 2D electronic
spectroscopy (2D-ES) [122], and crucially, (iii) 2D-FLEX is selective to excited states as the
molecular observable is fluorescence. The prospect of readily isolating excited state dynamics

in 2D-FLEX is promising but calls for ultra-broadband excitation pulses and optimized time
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resolution. Furthermore, fluorescence signals need to be broadband detected and recorded at
different delay times for subsequent Fourier transformation.

In essence, 2D-FLEX requires broadband detection of a time-gated fluorescence signal af-
ter double-pulse excitation. The most widespread technique to resolve fluorescence signals on
femtosecond timescales is fluorescence upconversion [121,123-126]. Briefly, fluorescence from
a photo-excited sample is amplified by an ultrashort gating pulse in a nonlinear medium such
as a BBO crystal to create a sum-frequency or upconverted signal. Kerr-gating experiments
also allow for broadband and time-resolved detection of fluorescence [127]. As a disadvantage,
this method relies on a high extinction ratio of the employed crossed polarizers to suppress un-
wanted, slowly decaying signal backgrounds. This issue is avoided in fluorescence upconversion
by spatial separation of the upconverted signal, which explains the high signal-to-noise levels
in this technique [121]. Joo and co-workers have demonstrated that 33fs time resolution is
possible by employing two-photon excitation with 20 fs pump pulses at 800 nm [128]. Temporal
resolution is crucial to resolve vibronic beating signals as it scales inversely with the maximal
beating frequency that can still be resolved. A more standard realization of fluorescence up-
conversion yields temporal resolutions of 80fs [121]. Two-photon excitation as employed in
this thesis bears several advantages in the context of time-resolved fluorescence. First, theory
predicts a reduction in time resolution as compared to one-photon absorption by a factor of
V2 [129]. Second, fluorescence collection efficiency is higher after two-photon excitation due to
the strongly reduced excitation volume. Third, the probability of photodamage is lowered as
the central wavelength of the driving pulses must be far detuned from optical resonances in the
sample.

A general disadvantage of fluorescence upconversion is the demand for high-intensity NIR
gate pulses, calling for an optical parametric amplifier. This is in addition to the laser source
used for pumping the sample. NOPA technology is a promising alternative [130-132]. When
using a NOPA process to amplify and time resolve a fluorescence signal (NOPA-FL), gain factors
of up to 10° were observed [133]. It has been shown that the detection limit for NOPA-based
approaches is five attojoules, corresponding to 15 photons at 580 nm [133]. This high sensitivity
is advantageous for 2D-FLEX, where the excitation frequency axis is retrieved from Fourier
transformation (FT) of weak modulations of signal intensities at different delays. Another
advantage of NOPA-FL is that the fluorescence photons are amplified directly without changing
the frequency, as in fluorescence upconversion. This mitigates the problems of less sensitive
detection in the UV range. The time resolution in NOPA-FL is given by the amplifying pump
pulse in the BBO crystal. FExperimental time resolutions on the order of 100fs have been
shown [132], yet no systematic attempts for optimization have been reported.

The successfully tested 2P-FTS spectrometer depicted in Fig. 1.4 forms the basis for the
proposed 2D-FLEX experiment. The FT along the TWINS-induced delay leads to excitation
frequency resolution in 2D-FLEX spectra. The rest of the work is to upgrade the existing
2P-FTS spectrometer to a 2D-FLEX experiment with NOPA-FL detection and optimized time
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Figure 3.1: Experimental realisation of 2D-FLEX. A NOPA pulse is turned into
a double pulse in a commercial double pulse interferometer (TWINS). An off-axis
parabolic mirror (OAP 1) collates the two-photon-induced fluorescence of a sample in
a wire-guided jet (green). A dichroic beamsplitter (DBS) separates the excitation light
from the fluorescence light, which gets focussed onto a BBO-crystal for amplification
(NOPA-BBO). The amplifying pump pulse is derived from the fundamental laser

beam’s third harmonic generation (THG).

resolution. The corresponding experimental design is shown in Fig. 3.1. Instead of detecting
fluorescence in back reflection (see Fig. 1.4), we propose to measure the fluorescence transmit-
ted through a window-free flow jet [134,135]. The lack of cuvette walls decreases pump light
scatter and avoids any additional chirping of the fluorescence light, aiding broadband amplifi-
cation in detection by NOPA-FL. The 2PEF is then collimated by an off-axis parabolic mirror
(OAP 1) and imaged onto the NOPA-BBO using OAP 2 for amplification. The pump pulse is
the fundamental laser’s third harmonic generation (THG) with its measured parameters given
in Fig. 3.1. When choosing optimal parameters for the NOPA-FL process, the pump intensity
and the crystal thickness must be considered to obtain a high gain ratio and optimal time reso-
lution. In summary, 2D-FLEX is a novel and highly promising spectroscopic method, building

up on the two-photon excitation experiment designed, implemented, and tested in this thesis.
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ABSTRACT: Multiphoton absorption (MPA), as a subgroup of
non-linear optical effects, is of high interest in modern materials
research since it has a great applicability in optoelectronics.
However, most of the commonly used materials featuring MPA
properties are chromophore molecules, which are limited by their
thermal stability and uncontrolled aggregation in high-concen-
tration solutions. A prominent material class which could in
principle overcome these problems are metal—organic frameworks
and coordination polymers (CPs) as they can be modularly tuned 060000
to possess chemical and thermal stability. In addition, by 700 800 900 S~ hv
incorporating chromophores as linkers in the framework, their Wavelength [nm] S~ o
molecular properties can be retained or even enhanced. In this

article, we report the synthesis and characterization of three new and highly MPA-active CPs, Zn,(sbcd)(DMAc),(H,0), 5,
Sr(fbed) (DMAC)g25(H,0)55, and Ba(fbcd)(DMAc), s(H,0),s, based on two carbazole-containing chromophore linkers: a
previously reported 9,9-stilbene-bis-carbazole-3,6-dicarboxylic acid (H,sbcd) and the new 2,7-fluorene-9,9’-dimethyl-bis-carbazole-
3,6-dicarboxylic acid (H,fbcd). Single-crystal structure analysis of the zinc-based CP reveals a sql network, whereas the barium- and
strontium-based CPs are isostructural, showing a 4,8-c network topology. Z-scan analysis of the networks shows large two-photon
absorption cross-sections 6> of 2100 to 33,300 GM, which is an enhancement of up to 3 orders of magnitude in comparison to the
solvated linker and is also one of the highest MPA-cross-sections reported for CPs up to date.

Optimized Multiphoton Absorption
of Coordination Polymers

40000 ~

20000

2PA cross section [GM]

Bl INTRODUCTION Accordingly, MPA-active molecules inside an MOF can
Non-linear optics (NLO) is the study of light-induced show an enhanced MPA 8c_rlc:ylss—sec‘tlon as compared to the
phenomena with above-linear scaling with respect to the uncoordinated molecule. This enhancement can be
incident light intensity.' NLO-related effects such as second- explained by structural rigidity and multi-chromophore effects
harmonic generation or multiphoton absorption (MPA) have a such as excitonic coupling, all of which are due to the special
wide range of applications ranging from 3D_data Storage and steric arrangements of the linkers in the MOF. The relative
optical limiting to bio-imaging.” In this respect, coordination orientation of the linkers can also be engineered using different
polymers (CPs) or metal—organic frameworks (MOFs) metals or different additives in order to synthesize a variety of
featuring chromophore linkers are a promising material class topologies to directly influence the optical properties of the
as they are known to be chemically versatile and stable even MOE. 214 Additionally, an appropriate choice of metal
under intense light conditions.” ™ centers may open charge transfer channels such as ligand-to-

CPs or MOFs are a hybrid material class comprising metal charge transfer or metal-to-ligand charge transfer."> Such

inorganic metal nodes—often built from metal-oxo-clusters—
bridged by organic linkers often having dicarboxylic acids or
pyridyls as donor groups.’ The versatility in the choice of
linker and metal nodes explains the enormous variability of
these materials. Molecular linker properties, for example,
regarding photo- or electrocatalytic activity, can be transferred
directly into a solid framework, preserving the properties of the
monomer unit. Furthermore, interactions of the molecules
within the framework allow for additional and directed
modifications of the linker properties.”

extra decay channels may heavily influence the photophysical
properties of the solid-state material.
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Figure 1. Overview of the synthesized and characterized materials in this work.

The properties of the linker molecule are another decisive
factor when synthesizing MPA-active MOFs or CPs. For
example, a strong intramolecular charge-transfer character is
known to be beneficial for a large MPA cross-section.'®"”
Hence, chromophores bearing electron-pushing groups (elec-
tron donor), electron-pulling groups (electron acceptor), or
both connected with large aromatic systems are molecular
designs sought after when aiming for an MPA-active linker.'*"”
In this context, carbazoles show desirable properties as they act
as electron donors.”””' From the point of view of
optoelectronic research, carbazoles are well established systems
due to their chemical stability, robustness, and generally
desirable electronic properties.

In this article, we report the synthesis and photophysical
characterization of two carbazole-based MPA-active chromo-
phore linkers, namely, the new 2,7-fluorene-9,9’-dimethyl-bis-
carbazole-3,6-dicarboxylic acid (H,fbcd) and 9,9'-stilbene-bis-
carbazole-3,6-dicarboxylic acid (H,sbcd), which were recently
reported first by Krause et al. for gas sorption studies
incorporated in a copper MOF in 2020.> Furthermore,
three different CPs were successfully synthesized employing a
solvothermal synthesis strategy, resulting in single-crystalline
materials of Zn,(sbcd)(DMAc),(H,0);5, Sr(fbcd)-
(DMACc),,5(H,0)35, and Ba(fbed)(DMAc),5(H,0), 5 with
the above-mentioned linkers incorporated (Figure 1). Their
corresponding crystal structures were determined, revealing
that all materials are 2D CPs: the zinc-based stilbene CP
crystallizes in the sgql topology, whereas the fluorene-based
main-group metal CPs crystallize in a 4,8-c net topology with
two linker molecules anti-parallel arranged to each other. Z-
scan measurements of the synthesized materials were
performed with a fully automated setup based on a tunable
femtosecond oscillator to obtain excitation-wavelength-de-
pendent two-photon excitation spectra.”’ The results on the
CP materials showed large two-photon absorption cross-
sections 6 in the range of 2100—33,300 GM, which is an
enhancement of up to 3 orders of magnitude as compared to
the free linker in solution. Hence, MOFs or CPs with

7403

specifically designed linker molecules represent ideal candi-
dates for MPA-active materials.

B EXPERIMENTAL SECTION

Material and Methods. All purchased reagents were received
from chemical suppliers and used without any further purification if
not otherwise stated. Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicar-
boxylate was synthesized following the previous published synthesis
procedure.”” All reactions with air- and moisture-sensitive compounds
were carried out under standard Schlenk techniques using Argon 4.6
(Westfalen) or in a glovebox (UNIlab, M. Braun). Required glassware
was flame-dried in vacuo prior to use. Elemental analysis was
performed at the micro analytic laboratory at the Technical University
of Munich. Analysis of C, H, and N values was conducted by the flash
combustion method at 1800 °C. NMR spectra were recorded on a
Bruker AV400 at room temperature at 400 MHz. LIFDI-MS data
were recorded on an Exactive Plus Orbitrap system by Thermo Fisher
Scientific equipped with an ion source (LIFDI) from LINDEN CMS
GmbH.** Single-crystal X-ray diffraction (SC-XRD) data were
collected on a BRUKER D8 Venture system equipped with a Mo
TXS rotating anode (4 = 0.71073 A) and a CMOS photon 100
detector (for detailed information, see the Supporting Information).
Capillary PXRD measurements were recorded in transmission
geometry on a Stoe STADI P diffractometer equipped with Mo
radiation (4 = 0.7093 A), a curved Ge(111) monochromator, and a
Dectris Mythen 1K detector. UV/Vis spectra in solution were
recorded on a double-beam Lambda 365 UV—Vis spectrophotometer
from PerkinElmer. Diffuse reflectance UV/vis measurements of
sample powder were performed on a Shimadzu UV-3600 Plus UV—
Vis—NIR spectrophotometer by fixing it between two quartz glass
slides. Fluorescence measurements were recorded on an FS$S
spectrofluorometer from Edinburgh Instruments either in solution
(linker) or in a PMMA matrix (CPs). IR measurements were
conducted on a PerkinElmer Frontier FT-IR spectrometer. Excitation-
wavelength-dependent Z-scans were performed using a femtosecond
oscillator as part of an experimental setup designed previously.”’

Synthesis. 4,4'-Dibromostilbene 2. To a suspension of zinc
powder (6.00 g, 90.69 mmol, 5.60 equiv) in THF (150 mL) at 0 °C,
slowly, TiCl, (5 mL, 8.61 g, 45.34 mmol, 2.80 equiv) is added via a
syringe. Subsequently, the reaction mixture is heated to 80 °C, and
bromobenzaldehyde (3.00 g, 16.2 mmol, 1.00 equiv) and THF (50
mL) is added and heated for S h at reflux. After completion, saturated

https://doi.org/10.1021/acs.chemmater.2c01525
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NaHCOj; solution is added dropwise at room temperature. Afterward,
the organic layer is separated and the water is extracted with
chloroform (3 X 100 mL). The combined organic layers are dried
with magnesium sulfate, filtered, and then concentrated on a rotary
evaporator to yield a white solid (2.56 g, 93%). "H NMR (400 MHz,
CDCl,): 6 (ppm) 7.02 (s, 2H), 7.36 (d, ] = 8.47 Hz, 4H), 7.48 (d, ] =
8.45 Hz, 4H).

4,4'-Diiodostilbene 3. 2.5 M nBulLi solution (5.45 mL, 13.6 mmol,
4.60 equiv) was slowly dropped into a mixture of trans-4,4'-
dibromostilbene (6) (1.00 g, 2.96 mmol, 1.00 equiv) in THF (150
mL) at —78 °C. Then the yellow solution was stirred at —78 °C for 4
h. Afterward, it was warmed up to 0 °C, whereby the color of the
solution was changed from yellow to grayish yellow. The reaction
mixture was cooled down again to —78 °C, and a solution of iodine
(2.82 g 11.1 mmol, 3.75 equiv) in THF (48 mL) was added. Finally,
the reddish-brown solution was quenched with a solution of sodium
thiosulfate (2 spatulas Na,S,0; in 150 mL H,O) and filtrated through
a glass filter. The filter cake was then washed multi-times with water
and dried at 100 °C to get a yellowish solid (1.07 g, 100%). '"H NMR
(400 MHz, CDCly): § (ppm) 7.04 (d, 4H), 7.26 (d, ] = 14.2 Hz),
7.70 (dd, J = 8.3, 1.9 Hz, 4H).

Dipropyl-9,9’-(stilbyl)-bis-(carbazole-3,6-dicarboxylate) 4
(Prysbcd). Dipropyl-carbazole-3,6-dicarboxylate (0.785 g, 2.32
mmol, 2 equiv), 4,4-iodostilbene (0.5 g 1.16 mmol, 1 equiv),
K;PO, (1.97 g, 9.26 mmol, 8 equiv), DMEDA (0.186 mL, 1.74 mmol,
1.5 equiv), and Cul (66 mg, 0.34 mmol, 0.3 equiv) were dissolved in
15 mL of dry toluene in a 50 mL Schlenk flask and heated to 115 °C
for 3 days. After cooling, the suspension was dissolved in 60 mL of aq.
NH,Cl solution, extracted with chloroform (3 X S0 mL). The organic
phases were combined and then dried with MgSO,. The solvent was
evaporated on a rotary evaporator to give a brown solid. The crude
product was then dissolved in S mL of dichloromethane (DCM) and
added dropwise to 35 mL of MeCN in a centrifuge tube. The
precipitate was collected by centrifugation and washed with MeCN
twice to give pale-yellow powder. Subsequently, the raw product is
then subjected to column chromatography (DCM 100%) to give an
off-white powder (810 mg, 0.94 mmol, 82%). "H NMR (400 MHz,
CDCL): & (ppm) 1.12 (t, ] = 7.4 Hz, 12H, CH,), 1.89 (h, J = 7.2 Hz,
8H), 4.38 (t, ] = 6.7 Hz, 8H), 7.26 (d, 4H), 7.49 (d, ] = 8.5 Hz, 4H),
7.69 (d, ] = 14.2 Hz, 2H), 7.86 (dd, ] = 8.3, 1.9 Hz, 4H), 8.23 (dd, ] =
1.5 Hz, 4H), 8.89 (s, 4H). '*C NMR (101 MHz, 298 K, CDCl;) §
(ppm) 10.76, 22.43, 66.72, 109.94, 123.18, 123.41, 123.48, 127.52,
128.40, 128.42, 129.05, 136.14, 137.35, 144.27, 167.20. LIFDI-MS:
m/z [M]" caled for Cg,HioN,Oq, 854.3562; found, 854.354S. EA
caled for Cy,Hy(N,Oq: C, 75.86; H, 5.89; N, 3.28; found: C, 74.76; H,
5.87; N, 3.48S.

9,9'-(Stilbyl)-bis-(carbazole-3,6-dicarboxylic acid) 5 (H,sbcd). To
a solution of Pr,sbed (450 mg, 0.59 mmol, 1.00 equiv) in 150 mL of
THF and 15 mL of MeOH, an aqueous NaOH solution (2.5 g in 250
mL of water) is added and heated for 18 h at 90 °C. After completion
of the reaction, THF and MeOH are removed under vacuum on a
rotary evaporator. Subsequently, the aqueous phase is acidified with a
2 N HCl solution till it reacts acidic. The resulting white precipitate is
filtered, washed with water, and then dried, giving a white powder
(335 mg, 0.48 mmol, 85%). "H NMR (400 MHz, 298 K, DMSO-dg)
5 (ppm) 7.52 (d, 4H), 7.61 (s, 2H) 7.74 (d, 4H), 8.02 (d, 4H), 8.12
(dd, 4H), 8.99 (s, 4H), 12.81 (s, 4H); '*C NMR (101 MHz, 298 K,
DMSO-dg) 5 (ppm) 110.03, 122.56, 123.03, 123.05, 123.4S, 127.26,
128.32, 128.43, 128.79, 137.18, 143.44, 167.63; LIFDI-MS: m/z [M]*
caled for C,H,eN,Oq 686.1684; found, 686.1667. EA calcd for
CyuHyN,O4: C, 73.46; H, 3.82; N, 4.08. Found: C, 70.87; H, 4.2; N,
4.02.

2,7-Diiodofluorene 6. A Schlenk flask is filled with 5.00 g (30.05
mmol, 1.00 equiv) of fluorene, 40.70 mL of acetic acid, 8.15 mL of
water, and 1.22 mL of conc. H,SO, and heated up to 80 °C to
dissolve fluorene completely. Subsequently, the mixture is cooled
down to 60 °C, treated with 5.10 g (20.08 mmol, 0.67 equiv) of I, and
2.30 g (10.09 mmol, 0.34 equiv) of H IO, and stirred for 4 h. The
violet-red solution is filtered and recrystallized with 100 mL n-hexane.
The precipitation is dried to a fine orange-yellow powder. 'H NMR
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(400 MHz, CDCL,): 5 (ppm) 7.87 (d, J = 1.5 Hz, 2H), 7.70 (dd, J =
8.0, 1.6 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 3.83 (s, 2H).
2,7-Diiodo-9,9-dimethyl fluorene 7. In a Schlenk flask, 4.17 g
(9.97 mmol, 1.00 equiv) of 2,7-diiodofluorene is dissolved in 30 mL
of dry THF and cooled down to 0 °C. Afterward, 2.56 g (26.64 mmol,
2.67 equiv) of Na'OBu is added to the mixture and stirred at room
temperature for 2 h. At 0 °C, the mixture is treated with 1.86 mL
(29.88 mmol, 3.00 equiv) of Mel and stirred overnight at room
temperature. Subsequently, the dark-yellow solution is filtered with
Celite and evaporated to a bright orange-yellow powder. The crude
product is recrystallized with 30 mL of toluene to give an orange-
brown powder. 'H NMR (400 MHz, CDCL,): 6 (ppm) 7.74 (d, J =
1.6 Hz, 2H), 7.66 (dd, J = 8.0, 1.6 Hz, 2H), 7.43 (d, ] = 8.0 Hz, 2H),
1.45 (s, 6H).
Dipropyl-2,7-flourene-9,9-dimethyl-bis-carbazole-3,6-dicarboxy-
late 8 (Pr,focd). 9,9-Dimethyl-2,7-diiodofluorene (500 mg, 1.12
mmol, 1.00 equiv), carbazole-3,6-dipropyl-ester (761 mg, 2.24 mmol,
2.00 equiv), Cul (64.04 mg, 0,336 mmol, 0.3 equiv), DMEDA (0.18
mL, 1.68 mmol,1.S equiv), and K;PO, (1.90 g, 8.97 mmol, 8.00
equiv) are dissolved in 15 mL of dry toluene to give a yellow
suspension, which is heated to 115 °C for 2 days under an argon
atmosphere. The resulting brown solution is extracted with chloro-
form (3 X S0 mL) and NH,CI solution, the organic phases are
combined and dried with MgSO,, and the solvent is subsequently
removed under vacuum. The resulting brown solid is redissolved in a
small amount of DCM and is then poured dropwise into 35 mL of
acetonitrile. The white precipitate is then centrifuged and washed
three times with acetonitrile. The remaining off-white solid is then
subjected to column chromatography (DCM 100%) to give a white
powder (732 mg, 0.84 mmol, 75%). "H NMR (400 MHz, CDCl,): §
(ppm) 1.11 (t, J = 7.5 Hz, 12H), 1.66 (s, 6H), 1.89 (h, ] = 7.2 Hz,
8H), 4.38 (t, ] = 6.7 Hz, 8H), 7.48 (d, ] = 8.7 Hz, 4H), 7.61 (dd, ] =
8.0, 1.9 Hz, 2H), 7.68 (d, ] = 1.9 Hz, 2H), 8.07 (d, J = 8.0 Hz, 2H),
821 (dd, J = 8.6, 1.7 Hz, 4H), 9.00—8.96 (m, 4H). *C NMR (400
MHz, CDCL): 10.76, 22.39, 27.20, 47.81, 66.68, 109.90, 121.69,
121.95, 123.17, 123.34, 123.36, 128.38, 136.10, 138.48, 144.37,
156.14, 167.16. LIFDI-MS: m/z [M]* caled for CoHg,N,Os,
868.3718; found, 868.3694. EA calcd for CssHg,N,Oq: C, 76.02; H,
6.03; N, 3.22. Found: C, 75.20; H, 5.92; N, 3.21.
2,7-Fluorene-9,9-dimethyl-bis-carbazole-3,6-dicarboxylic Acid 9
(H,focd). To a solution of Pr,fbed (450 mg, 0.57 mmol, 1.00 equiv) in
150 mL of THF and 15 mL of MeOH, an aqueous NaOH solution
(2.5 g in 250 mL of water) is added and heated for 18 h at 90 °C.
After completion of the reaction, THF and MeOH are removed under
vacuum on a rotary evaporator. Subsequently, the aqueous phase is
acidified with a 2 N HCI solution until it reacts acidic. The resulting
white precipitate is filtered, washed with water, and then dried, giving
a white powder (336 mg, 0.48 mmol, 84%). 'H NMR (400 MHz,
DMSO): 6 (ppm) 1.63 (s, 6H), 7.52 (d, ] = 8.6 Hz, 2H), 7.72 (dd, ] =
8.0, 1.9 Hz, 2H), 8.01 (d, J = 1.9 Hz, 2H), 8.14 (dd, ] = 8.7 Hz, 1.7
Hz, 4H), 8.30 (d, ] = 8.1 Hz, 2H), 9.01 (d, J = 1.7 Hz, 4H). *C NMR
(400 MHz, DMSO-dy): & (ppm) 27.40, 47.51, 110.04, 121.82, 122.31,
122.53, 123.04, 123.42, 126.14, 128.34, 135.25, 137.89, 143.62,
156.08, 167.63. LIFDI-MS: m/z [M]* caled for C,;H,4N,Oy,
700.1840; found, 700.1830. EA caled for C,sH,gN,Oq: C, 73.71; H,
4.03; N, 4.00. Found: C, 70.07; H, 4.25; N, 2.97.
Zny(sbcd)(DMAC),(H;0);5. In a 4 mL screw cap vial, 10 mg of
H,sbcd and 11.12 mg of Zn(NO;), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.5 mL) and heated at 90 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give white frost-flower shaped crystals (6.6 mg, 45%). EA calcd for
Zn,CyoHy,N,042C,H,0-1.5H,0: C, 58.67; H, 4.33; N, 5.47; Zn,
12.77. Found: C, 58.71; H, 4.52; N, 5.81; Zn, 12.3.
Sr(fbcd)(DMAC)) 25(H;0)35. In a 4 mL screw cap vial, 10 mg of
Hyfbed and 9.24 mg of Sr(NO;), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.5 mL) and heated at 100 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give a white crystalline needle (5.2 mg, 42%). EA calcd for
SrC,3H,N,04-0.25C,H,0-3.5H,0: C, 60.46; H, 3.89; N, 3.6. Found:
C, 60.67; H, 4.08; N, 3.62.

https://doi.org/10.1021/acs.chemmater.2c01525
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Figure 2. Multi-step synthesis procedure toward the carbazole-based linkers Hysbed § and H,fbed 9.

Figure 3. (a) Depiction of a monolayer cut-out of the Zn,(sbcd)(DMAc),(H,0), s 2D-CP. (b) Depiction of the SBU containing two Zn** atoms
with four coordinated oxygen atoms and representation of the four-connecting stilbene linker. (c) Depiction of the crystal structure of the network
alongside the g-axis. (d) Schematic representation of the underlying network topology of the sql-network topology alongside the a-axis. (e)
Depiction of the parallel packing of the network layers with a mean chromophore distance of 6.98 A alongside the ab-plane. (f) Schematic
representation of the underlying network topology along the c-axis. Note: hydrogen atoms are omitted for clarity. Color coding: gray = carbon, blue

= nitrogen, red = oxygen, and light gray = zinc.
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Ba(fbcd)(DMAC);5(H;0);5 In a 4 mL screw cap vial, 10 mg of
H,fbed and 11.12 mg of Ba(NO;), (3 equiv) were dissolved in a
DMAc/water mixture (2/0.25 mL) and heated at 100 °C for 2 days.
The resulting precipitate was filtered, washed with DMAc, and dried
to give white crystalline needles (6.7 mg, 43%). EA caled for
BaC,;H,4N,042.5C,H,0-1.5H,0: C, 58.9; H, 4.8; N, 6.01. Found:
C, 58.9; H, 4.87; N, 6.01.

B RESULTS AND DISCUSSION

Synthesis of the Carbazole-Based Donor—z—Donor-
Linker Molecules. The synthesis of the chromophore units
(Figure 2) that were incorporated in the CP starts with the
carbazole donor 1 synthesis, which was previously published by
our group in 2020 (cf. Supporting Information).”” Being a
reliable synthesis method for C—N hetero-coupling reactions
for carbazoles, the Ullmann reaction using copper as a metal
catalyst was employed. Therefore, first, the halogenated
aromatic cores have to be synthesized in order to subsequently
couple them with the carbazole moiety.

For the synthesis of the stilbene core, a McMurry reaction
with 4-bromobenzaldehyde using titanium tetrachloride as a
reduction agent was performed, yielding 4,4'-dibromostilbene
2 according to a synthesis procedure by Jeong and co-
workers.”® In principle, 2 could be used directly for a
subsequent Ullmann reaction as it was reported earlier by
Krause et al. in 2020.>* However, we found that the reaction
time of 10 days can be significantly reduced via an additional
synthetic step to substitute the bromine atoms with iodine,
making the molecule more reactive toward the coupling.
Within this improved synthesis, a bromine—iodine exchange
reaction was performed using butyllithium for the bromine—
metal exchange, followed by addition of iodine solution in
THF for the metal—iodine exchange to yield 3. Finally, via
Ullmann reaction following our previously reported protocol,
the stilbene core is coupled to the carbazole moiety using a
copper catalyst ligated with two molecules of N,N-
dimethylethylenediamine, leading to 4 in good purity and
yields. As a last step toward the final linker, the ester groups are
saponificated via alkaline hydrolysis reaction with NaOH,
yielding S in excellent purity.

For the synthesis of the fluorene core, first, the terminal 2
and 7 positions were subjected to a substitution reaction using
a periodic acid and elemental iodine in a solvent mixture of
acetic acid, water, and sulfuric acid toward 6, in accordance
with Tsutsui and co-workers from 2001.>° Afterward, the two
protons at position 9 of the synthesized 2,7-diiodofluorene
have to be substituted since they would hinder the following
Ullmann reaction due to their acidic character. This was done
according to an adapted synthesis procedure from a
publication by West et al, where first the fluorene is
deprotonated with potassium-tert-butoxide and afterward by
adding methyliodine as an electrophilic reagent, yielding 9,9’-
dimethyl-2,7-diiodofluorene 7.”” The aromatic core is then
also coupled with the carbazole moiety using the same
conditions and the same work-up procedure as for 4, resulting
in excellent yields and purity for 8 and later on after alkaline
hydrolysis for 9.

SC-XRD Analysis of the Coordination Polymers. SC-
XRD Analysis of Zn,(sbcd)(DMAC),(H,0);5. After 2 days
reaction time of a one-batch solvothermal synthesis using
Zn(NO;),, DMAc, and water, small frost flower-shaped single
crystals could be obtained, which were analyzed via SC-XRD.
It revealed that the CP Zn,(sbcd)(DMAc),(H,0), s crystal-
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lizes in the triclinic space group P-1 with its unit cell
parameters of a = 9.256(3) A, b = 11.735(4) A, and ¢
12.319(4) A and the respective cell angles of a = 73.267(10)°,
B =78.637(8)°, and y = 68.362° with two linker-node moieties
per unit cell (Z = 2).

In Figure 3a, a monolayer cut-out of the CP is depicted,
showing that two carboxylic acid group atoms connect two
zinc centers, forming a Zn,0Oy cluster as a secondary building
unit (SBU) with two water molecules on the top of each
tetrahedron (Figure 3b). These SBUs in turn connect four
linker molecules, which leads to a 2D sheet-like sql-network
topology. Alongside the b/c-plane, the shifted stacking of each
layer can be seen in Figure 3¢, which means that the carbazole
units are lying over the stilbene moieties. This is further
illustrated in a schematic representation of the whole network
in Figure 3d. This can also be observed in Figure 3e,f alongside
the c-axis, where the side view of the packing is depicted, which
reveals an interchromophoric distance of 6.98 A.

In Figure 4, the powder X-ray diffractogram of Zn,(sbcd)-
(DMAc),(H,0), 5 is depicted, which shows a high degree of

Zny(sbed)(DMAC),(H;0), 5
Fit (R,, = 5.01)

Difference

Bragg Position

P-1
GoF =4.95
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]
-y ! A W,: WA
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Figure 4. Plot of the powder XRD data of the Zn,(sbcd)-
(DMACc),(H,0),5 network (dark gray), the simulated Pawley fit
(green), the difference plot (blue), and the Bragg positions (orange).

crystallinity and intense reflections at 3.75, 4.50, 6.11, 9.95,
7.58, 9.02, and 10.11°. Pawley fit on the data reveals an R,
value of 5.01% and a goodness of fit (GoF) of 4.95, which
shows that the proposed structure model is in good agreement
with the bulk material.

SC-XRD Analysis of Sr(fbcd)(DMAC),,5(H,0);5s and Ba-
(focd)(DMAC), 5(H,0), 5. After 2 days of solvothermal synthesis
using H,fbcd as a linker mixed with either strontium or barium
in a dimethylacetamide/water mixture, needle-shaped single
crystals suitable for SC-XRD could be obtained. Analysis of
single crystals of the strontium CP revealed that it crystallizes
in the triclinic space P-1 with the unit cell lengths of a
10.076(3) A, b = 12.140(3) A, and ¢ = 23.401(6) A and cell
angles of & = 93.793(7)°, = 90.197(8)°, and y = 93.276(8)°
with two linker-node moieties per unit cell (Z = 2). The
barium-based CP crystallizes in the monoclinic space group
P2,/n with the cell axis lengths of a = 12.1780(10) A, b =
20.5805(17) A, and ¢ = 46.760(4) A and its monoclinic angle
of = 90.270(2)° with four linker-node moieties per unit cell
(z=4).

https://doi.org/10.1021/acs.chemmater.2c01525
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Figure S. (a) Side view alongside the a/c-plane of the 2D coordination network of Sr(fbcd)(DMAc),,5(H,0)5 5. (b) Depiction of a monolayer cut-
out of Sr(fbcd)(DMAC)y,5(H,0);5 along the a-axis. (c) Side view alongside the b/c-plane of the 2D coordination network of
Ba(fbcd)(DMAC), s(H,0),5. (d) Depiction of a monolayer cut-out of Ba(fbcd)(DMAc),(H,0),5 along the b-axis. (e) Depiction of the
Sr,0y, SBU (left) containing two coordinated DMAc molecules and the Ba,0,s SBU (right) containing three coordinated DMAc molecules and
representation of the four-connecting fluorene-based linker. (f) Schematic representation of the underlying 4,8-c network topology for both CPs.

Note: hydrogen atoms are omitted for clarity. Color coding: gray = carbon, blue = nitrogen, red = oxygen, light green = strontium, and dark green =
barium.
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Figure 6. Plot of the measured powder XRD data (dark gray), the simulated Pawley fit (green), the difference plot (blue), and the Bragg positions
(orange) of (a) Sr(fbcd)(DMAc),,5(H,0); and (b) Ba(fbed)(DMAc), s(H,0), 5.
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Figure 7. (a) UV/vis spectra of the linker Pr,(sbcd) in DCM solution (black) and its corresponding zinc CP (red) in the solid state. (b) Emission
spectra of the linker Pr,(sbcd) in DCM solution (black) and its corresponding CP (red) in the solid state. (c) UV/vis spectra of the linker
Pr,(fbcd) in DCM solution (black) and its corresponding strontium CP (blue) and barium CP (red) in the solid state. (d) Emission spectra of the
linker Pr,(fbcd) in DCM solution (black) and its corresponding strontium CP (blue) and barium CP (red) in the solid state.

In Figure Sa, Sr(fbcd)(DMAc),,s(H,0);5 2D layers are
depicted, which are parallel-packed alongside the a/c-plane
with an intralayer chromophore distance of 3.39 A and an
interlayer distance of 10.08 A. This monolayer can be seen in
Figure 5b, which shows a parallel packing of always pairs of
two chromophores with an inversed fluorene center. For the
barium-based Ba(fbcd)(DMAc), (H,0),s CP, the same
packing of chromophores is observed with a slightly larger
intralayer chromophore distance of 3.65 A and a smaller
interlayer distance of 9.044 A (Figure Sc,d). However, their
overall topology of a 4,8-c network (Figure 5f) is the same for
both CPs, which renders them being isostructural. A main
difference can be observed in their SBUs because the
strontium-based SBU has two strontium ions with two
dimethylacetamide molecules coordinated at each metal
forming a Sr,0), metal-oxo-cluster, whereas the barium-
based CP has a Ba,O;; metal oxo-cluster with three
dimethylacetamide molecules coordinated to the SBU (Figure
Se).

In Figure 6, the measured powder X-ray diffractogram of the
CPs is depicted, which also shows a high degree of crystallinity
for both materials. The strontium-based CP shows intense
reflections at 5.32, 6.98, and 11.97°, whereas the barium-based
CP shows 4.23, 5.18, 6.94, 7.73, 10.29, and 11.87°. Pawley fit
on both networks reveals a R, value of 3.20% for Sr-CP and
7.22% for Ba-CP as well as a goodness of fit (GoF) of 1.63 and
2.10, respectively, which indicates that structure models agree
very well with the respective bulk material.

Photophysical Characterization of the CPs and Their
Linkers. Steady-State Spectroscopy of CPs and Linkers. For
a primary investigation of the photophysical properties of the
synthesized materials, steady-state spectroscopy was performed
(Figure 7) along with IR spectroscopy (cf. Figure S10). The
absorption spectrum of the stilbene-based linker molecule
shows four absorption bands located at 250, 270, 320, and 350
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nm, which can be mainly attributed to n—z* and z—n*
transitions as the linker molecule is dominated by its aromatic
core structure (Figure 7a). However, the absorption spectrum
of the respective CP shows a red shift of absorption bands of
approximately 50 nm, leading to a broad strong absorption
around 400 nm. When we assume that the solvent-related
effects to the absorption spectra are negligible (Figure S18)
and note that the linker and CP spectra were measured in
DCM and in the solid state, respectively, the observed red shift
can be explained by the excitonic interaction of the
chromophores within the CP as the same trend can be seen
for solid linker powder (Figure S19). In this environment, the
interchromophore distance is strongly reduced as compared to
the solvated, isolated chromophores.”® A red shift of a similar
magnitude is also observed when comparing the emission
spectrum of the free linker with the emission spectrum of the
CP in Figure 7b. We note that the transition in the visible
range (above 550 nm in Figure 7a) is due to scattered light and
does not represent a molecular transition; accordingly, the
stilbene-based CP is a white powder. The absorption spectrum
of the fluorene-based linker molecule shows two absorption
bands located at 290 and 320 nm, tentatively attributed to
transitions of the aromatic rings of the fluorene linker. The
respective CP absorption spectra are broadened and featureless
as compared to the linker. This holds true regardless of the
choice of metal, that is, Sr or Ba (Figure 7c). The emission
spectra however reveal a clear 50 nm red shift of the CPs
(Figure 7d).

Z-Scan Measurements. Nonlinear optical properties of CPs
Zny(sbed)(DMAC),(H,0); 5, Sr(fbed)(DMAC)g,5(H,0)s15,
and Ba(fbcd)(DMAc),(H,0),s were characterized using
the open-aperture Z-scan technique,””*” which is a method
that allows one to extract two-photon absorption coeflicient
by fitting the measured Z-scan traces (see the Supporting
Information for more details). Afterward, values of two-photon

https://doi.org/10.1021/acs.chemmater.2c01525
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Table 1. Two-Photon Absorption (Action) Cross-Sections of the Reported CPs/MOFs over Excitation Wavelengths Ranging

from 550 to 960 nm

CPs/MOFs 2PA cross-section 6@ (10° GM)
Zn,(sbed)(DMAC),(H,0); 5 2.137-15.838
Sr(fbed) (DMAC),5(H,0)5 20.724—33.355
Ba(fbed) (DMAC), s(H,0), 5 3.054—10.415
Zn,(benzoate),(An2Py), 0.89
Zr/CO,CF3/TCPEg0m,
Zr/OH/TCPEjqgome

Zr0,4(OH)3(ETTC),(H,0),
Zn,(TCPPE) (complex 1)

absorption cross-section 6 can be calculated accordingly and
expressed in the unit of Goppert-Mayer GM (1 GM = 107
cm*s-photon™"-molecule™). All three CP samples were
prepared in a PMMA film with a thickness of c.a. 0.05 mm
attached on a 1 mm thick quartz glass substrate; the calculated
concentrations are in the range of 28—55 mM (see sample
preparation, Supporting Information Section S8).

The preparation of MOF/CP samples for a given nonlinear
characterization technique has proved to be challenging.
Medishetty et al. and Quah et al. performed the measurements
based on solid-state multiphoton excited fluorescence
(SSMPEF) by packing MOF powders in a thin quartz cuvette
to measure the MPA-induced fluorescence detected orthogo-
nally with respect to the excitation beam.””*" In order to do so,
one needs to find a standard sample as a reference (e.g., solid
perylene or rhodamine dyes). In our method, we disperse the
fine ground CP crystals in the PMMA film, which brings us
several advantages. As compared to solid-state powders, the
sample concentration can be defined more properly. This is
advantageous for the Z-scan technique as it is transmission-
based and sets demands for an optimal concentration regime.
In the context of the measurements presented here, Z-scan is
advantageous as the two-photon absorption cross-sections are
measured directly and no reference sample is required. Unlike
Z-scan, fluorescence-based methods (e.g, SSMPEF) require
information of quantum efficiency # to calculate the 2PA cross-
section 6. If 7 is not known, 2PA action cross-section 76 is
a commonly accepted parameter to quantify 2PA cross-section
(Table 1).

The excitation range of the employed femtosecond oscillator
is from 700 to 950 nm. Zn,(sbed)(DMAc),(H,0), 5 gives o
values in the range of 2137—-15,838 GM. The H,fbcd-based
CPs Sr(fbcd)(DMAC)y,5(H,0)55 (20,724—33,355 GM) and
Ba(fbcd)(DMAc), s(H,0), s (3054—10,415 GM) exhibit o)
values that are 1 order of magnitude higher (Figure 8).
Furthermore, Sr(fbcd)(DMAc),,5(H,0); 5 shows two-photon
cross-section values that are outcompeting most of the
common state-of-the-art materials like organic lumophores,
which normally show cross-sections in the range of 1 X 10° to
1 x 10° GM.*»* Additionally, for Hjtcpe-based MOFs
(Htcpe = tetrakis[4-(4-carboxyphenyl)phenyl]ethylene),
Medishetty et al. observed a maximum 76'? value of 3582
GM (Table 1). The appreciable enhancement of two-photon
absorption of three CPs discussed here is attributed to the
replacement of H,tcpe (55 GM) with linkers exhibitin% higher
2PA cross-sections, for example, Hyfbcd (170 GM).*® When
retaining Hyfbcd as a linker but selecting different metal ions,
strontium-based materials exhibit a 3-fold increase of o
values when compared to the barium CP. Both barium and
strontium have the same charge, but the latter has a smaller ion
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Figure 8. Comparison of the two-photon absorption cross-sections of
the three CPs. Color coding: blue = Sr(fbcd) (DMAC),5(H,0)5., red
= Ba(fbcd)(DMAc), (H,0),5, and black = Zn,(sbcd)-
(DMAC),(H,0), 5. The error is estimated as 10%, mainly from the
laser stabilities® and the determination of sample thicknesses.

radius, making strontium a “harder” ion; strontium can in turn
polarize the chromophore more, which leads to an increase of
the charge-transfer character of the chromophore. Similar
effects are reported in the literature, showing that the choice of
metal ions has an influence on the charge-transfer character.*
When examining the structure of Sr(fbcd)(DMAC),5(H,0)55
and Ba(fbcd)(DMAc), (H,0), 5, we find that the carbazole—
carbazole distance between the layers is decreased in the
strontium case (3.39 vs 3.65 A). It is the carbazole units that
define the charge-transfer character of the ligand and therewith
the 2PA cross-section.'”** Therefore, we hypothesize that the
above-mentioned structural differences are another factor
explaining the altered two-photon activity observed for the
two CPs.

B CONCLUSIONS AND OUTLOOK

In conclusion, we have synthesized and photophysically
characterized two MPA-active chromophores, H,sbcd and
H,fbcd, which were successfully incorporated into three MPA-
active CPs. These CPs (Zn,(sbcd)(DMAc),(H,0),s, Sr-
(fbed) (DMAC)g25(H,0);55, and Ba(fbed) (DMAc), s(H,0) 5)
were investigated through single-crystal XRD, revealing that
the three CPs are 2D CPs. The zinc-based CP shows an sql-
network topology, whereas the main group CPs show a 4,8-c
net topology. Steady-state spectroscopy of the free linkers
compared to networks displays a red shift of the absorption
and emission bands, which is due to dipole interactions of the
chromophores inside the solid framework. Investigation of the
MPA properties using the Z-scan technique showed that the
three CPs exhibit high two-photon absorption cross-sections
6 of 10,415—33,355 GM, which are among highest cross-
sections reported for MPA-active CPs (Table 1).*” Very

https://doi.org/10.1021/acs.chemmater.2c01525
Chem. Mater. 2022, 34, 7402—-7411



Chemistry of Materials

pubs.acs.org/cm

recently, Vittal and co-workers synthesized five MOF
complexes utilizing H,tcpe.”® Surprisin%ly, one of the obtained
complexes showed extremely large n6? values (1.2 X 10° to
7.4 x 107 GM), which are among the highest 76® values
reported for MOFs/CPs up to date (Table 1).

As a perspective, we aim to further develop the MPA
efficiency of these CP materials by combining the presented
strong multiphoton absorbing chromophores (H,sbcd and
H,fbed) with the topological approach published by Vittal and
co-workers,”® which will potentially lead to modular tunable
MPA materials significantly outcompeting the state of the art.
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1. Synthetic procedures of the carbazole precursor

All reactions were carried out following our 2020 already published synthesis procedure.

Pd2(dba)3
H Zn(OAc
H N Zn(CN),
N-bromosuccinimide dppf
———eeeeeeeee —_—l,
(DMF) Q (DMF) NC O
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Fig. S1: Synthesis route towards the carbazole precursor.

3,6-Dibromocarbazole (S-1): A solution of N-bromosuccinimide (22.35 g, 125 mmol) in 50 mL DMF
was slowly added through a syringe pump to a stirring solution of carbazole (10 g, 59.80 mmol) in 20 mL
DMF in an ice bath. After 24 hours of reaction time, the mixture was poured into 600 mL ice water and
then filtered through a suction filter to give a dark grey powder. The crude product was recrystallized with
Ethanol to give a grey powder of 3,6-Dibromocarbazole (18,68 g, 96%). 'H-NMR (400 MHz, 298K,
DMSO-d¢) & (ppm) = 7.47 (d, J = 8.6 Hz, 2H), 7.53 (dd, J = 2.0, 8.6 Hz, 2H), 8.43 (d, ] = 1.9, 2H), 11.59
(s, 1H, N-H). *C-NMR (101 MHz, 298K, DMSO-d¢) & (ppm) = 110.96, 113.18, 123.35, 123.29, 128.70,
138.78.

Carbazole-3,6-Dicarbonitrile (S-2): 3,6-Dibromocarbazole (9.75 g, 30.0 mmol) and dppf (100 mg, 0.18
mmol) were added to a 100 mL Schlenk flask and solved in 30 mL DMF and 0.3 mL water. The suspension
was degassed via bubbling argon for 1 hour through the mixture. Subsequently, Zn(CN), (4.21 g, 36 mmol),
zinc powder (78 mg, 1.2 mmol), Zn(OAc), - 2 H,O (0.26 g, 1.2 mmol) and Pd,(dba); - dba (69.5 mg, 0,06

mmol) were added under a positive pressure of argon. This mixture was heated to 110 °C for 2 days. The



suspension was subsequently cooled and then poured into a 100 mL mixture of H,O/NH4CIl/NH3 (5/4/1)
and filtered through a suction filter. The filter cake was washed with the same volume of the above mixture,
toluene (3 x 30 mL) and MeOH (3 x 30 mL) to give a grey solid. The crude product was recrystallized with
DMF to give a white solid (5.2 g, 81%). '"H-NMR (400 MHz, 298K, DMSO-ds) & (ppm) = 7.72 (d, ] = 8.5
Hz, 2H), 7.85 (d, J = 9.9 Hz, 2H), 8.80 (s, 2H), 12.38 (s, 1H, N-H). *C-NMR (101 MHz, 298K, DMSO-
ds) & (ppm) = 101.74, 112.84, 120.10, 121.85, 126.8, 129.93, 142.32.

Carbazole-3,6-dicarboxylic acid (S-3): Carbazole-3,6-Dicarbonitrile (4.2 g, 19.3 mmol) was suspended
in an aqueous NaOH solution (12.45 g in 150 mL). To this solution Cul (37,5 mg, 0.195 mmol) was added
and then quickly heated to 125 °C for 2 days, until the starting material was dissolved. Afterwards active
carbon was added, and the mixture was again heated to 125 °C for 2 hours. After cooling, the suspension
was filtered through celite, which was pre-washed with aq. NaOH-solution. The filtrate was acidified with
6M HCl-solution to give a white precipitate. The precipitate was filtered, washed with water and then dried
to give a withe solid (4.0 g, 85%). 'H-NMR (400 MHz, 298K, CDCls) & (ppm) = 7.60 (d, J = 8.5 Hz, 2H),
8.06 (d, J = 8.4 Hz, 2H), 8.85 (s, 2H), 12.04 (s, 1H, N-H), 12.69 (bs, 2H, COOH). *C-NMR (101 MHz,
298K, DMSO-d6) ¢ (ppm) = 111.13, 122.00, 122.27, 122.79, 127.65, 143.12, 167.94.

Dipropyl-carbazole-3,6-dicarboxylate (S-4): Carbazole-3,6-dicarboxylic acid 4 (4.0 g, 15.64 mmol) was
suspended in 100 mL 1-propanol. To this suspension, conc. sulfuric acid (2 mL) was added and then
refluxed at 110 °C for 24 hours. After cooling, the suspension was concentrated on a rotary evaporator and
extracted with 200 mL dichloromethane. The organic layer was washed with aq. NaHCO3 (150 mL) and
then dried with MgSO4. The solvent was evaporated to give a yellowish solid (4.5 g, 84%). '"H NMR (400
MHz, 298K, CDCI3) & (ppm) = 1.09 (t, ] = 7.4 Hz, 6H), 1.87 (h, ] = 7.2 Hz, 4H), 4.36 (t, ] = 6.7 Hz, 4H),
7.47 (d, J = 8.5 Hz, 2H), 8.18 (dd, J = 1.5 Hz, 2H), 8.86 (s, 2H). *C-NMR (101 MHz, 298K, CDCls) §

(ppm) =10.77, 22.40, 66.67, 110.64, 122.89, 123.19, 128.28, 142.85, 167.35.



2. NMR spectroscopy
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Fig. S2: "H-NMR of Prssbed with the respective chemical shifts in CDCls.
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3. IR analysis of the coordination polymers and their linkers
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Fig. S10: IR spectrum of (a) Hafbed, (b) Zna(sbecd)(DMAc):(H20)15, (c) Hafbed,

(d) Sr(fbcd)(DMAC)o.25(H20)3 5 and (e) Ba(fbed)(DMAC)2.5(H20); 5.
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4. Thermogravimetric analysis (TGA) of the coordination polymers

The TGA was carried out with a TGA/DSC 3+ STAR system from METTLER TOLEDO, to which a gas
analysis system from THERMOStar was connected. The sample was filled into a crucible, which was tared

beforehand, and the sample was weighed in the device.
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Fig. S11: TGA of the three coordination polymers (a) Zny(sbed)(DMACc)(H.0)15, (b)

Sr(fbcd)(DMAC)o.25(H20)3.5 and (¢) Ba(fbed)(DMACc)..5(H20)1 5 with a heating rate of 10 K/min.
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5. Z-scan data processing

The Z-scan setup is based on a high power femtosecond tunable oscillator (MaiTai DeepSee, Spectra
Physics, Santa Clara, USA) with wavelength ranging from 690 to 1040 nm at a repetition rate of 81 MHz.
The estimated pulse duration of the laser was 70 fs at 800 nm (central wavelength) and increased to 113 fs
at lower wavelengths. The average power of the pulse (c.a. 70 fs) was about 3 W. The combination of
Brewster-angle polarizer and half-wave plate were employed to tune the input power to the sample. The
laser was directed to the custom-built mechanical chopper (142 Hz rotation frequency gives 78 ps on-time)
and it decreases the exposure time of the sample to eliminate thermal effects. The laser pulses were focused
onto the coordination polymers film samples by an achromatic doublet lens with focal length of 200 mm
(AC254-200-B, Thorlabs). The sample was fixed on the motorized translation stage (LCS16-025-2(4)5,
SMAC) and moved along the beam propagation direction z through monitoring the transmitted light from
the sample by a photodiode (PDA100A-EC, Thorlabs) along with an oscilloscope (DS4024, Rigol).
Moreover, a reference photodiode was used to compensate the signal fluctuations.! Nonlinear absorption
studies were carried out by open-aperture Z-scan at various wavelengths from 700 nm to 950 nm with a

spectral increment of 10 nm to comprehensively figure out the spectral dependent nonlinear absorption.

The measured Z-scan trace was fitted using the following equation

_ .1 Blyle
Tnorm.(z) =1 2\/51 + (ZZ_R)2 (1)

where

1—ed
Lep=—""7— 2

In2 P,
[.=4 [——___28 3
0 1/ T MZ?AzgRt ®)

and
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Two-photon absorption (2PA) coefficient § can be then extracted by fitting Equation (1), and, 2PA cross

section ¢ is calculated by

hc A
c@) = ) 5 (cm* s photon™" molecule™) 4)

A Npp x 1073
Related parameters are listed below:

Thorm.(2): normalized transmittance in terms of sample positon z
B: two-photon absorption coefficient

Iy: on-axis intensity of the laser

L.g: effective optical path

zg: Rayleigh length of the focusing beam

a: linear (one-photon) absorption coefficient

d: sample thickness

P,y average power of the laser

M?: beam quality factor

A: excitation wavelength

R: repetition rate of the pulsed laser

T: laser pulse duration

h: Planck constant

c: speed of light in vacuum

N,: Avogadro constant

p: sample concentration

15
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Fig. S13: Z-scan traces and data fitting for Sr(fbcd)(DMAc)o.2s(H20); 5 at different excitation wavelengths.
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Norm. transmittance

Fig. S14: Z-scan traces and data fitting for Zny(sbcd)(DMAc)2(H20), 5 at different excitation wavelengths.

Table S1: Two-photon absorption coefficients §(4) in the unit of cm/GW and two-photon absorption
cross-section values o (1) in the unit of GM at different excitation wavelengths are tabulated. On-axis
laser  intensity for each samples are: Zny(sbcd)(DMAc)(H20)s, 20-28 GW/cm?;

Ba(fbcd)(DMAC),.5(H20)1 5, 28-39 GW/cm?; Sr(fbed)(DMAC)o.25(H20)35, 13-21 GW/em?..

Wavelength | Znz(sbcd)(DMAC)2(H20)15 | Ba(fhcd)(DMAC)25(H20)15 | Sr(fbed)(DMAC)0.25(H20)s5
[nm] B c® B c® B c®@
700 11.4 13922.80 6.2 10360.56 31 26885.96
710 6.7 8066.91 4.9 8073.24 344 29415.20
720 6.4 7599.59 5.3 8609.86 30 25297.51
730 5 5855.89 6.5 10415.49 32 26614.04
740 5.7 6585.69 4.3 6797.18 25.4 20839.91
750 5.66 2918.17 4 6238.03 25.6 20723.68
760 2.86 3216.68 6.7 10312.68 28.4 22687.87
770 34 3774.58 33 5012.68 29 22865.50
780 33 3617.09 33 4949.30 30 23347.95
790 3.58 3874.42 3.34 4946.48 30.4 23362.57
800 2 2136.90 2.8 4094.37 33.6 25497.08
810 21 2216.16 2.9 4187.32 35 26235.38
820 2.34 2439.73 31 4422.54 36.6 27097.95
830 2.66 2740.09 33 4650.70 38.2 27938.60
840 33 3358.72 3.2 4456.34 35 25299.71

17



850 3.9 3922.80 3 4128.17 42 30000

860 4.62 4592.90 2.9 3945.07 47 33179.82
870 5.5 5405.04 2.86 3845.49 47.8 33355.26
880 5.5 5343.28 3.1 4121.13 45 31045.32
890 5.4 5186.82 3 3942.25 46 31381.58
900 6.7 6364.38 2.7 3509.44 47 31703.22
910 8.8 8267.63 2.7 3470.85 47.6 31754.36
920 12.8 11888.83 2.6 3305.63 48.8 32200.29
930 14.4 13237.26 2.64 3319.72 49.4 32251.46
940 15.5 14097.79 2.72 3384.51 49.4 31907.89
950 17.6 15838.39 2.48 3053.52 50 31951.75

6. Single crystal X-ray diffraction

X-ray intensity data of the compound was collected at 100K using a Bruker D8 Venture diffractometer
equipped with a Helios optic monochromator, a Photon 100 CMOS detector and a Mo IMS microsource
(Mo-K, radiation). The raw area detector data frames were reduced and corrected for absorption effects
using the SAINT and SADABS programs with multi-scan absorption correction. Final unit cell parameters
were determined by fast fourier transform refinement of the respective independent reflections taken from
the data sets. The structure was solved by autostructure with SHELXT. Difference Fourier calculations and
full-matrix least-squares refinements against F> were performed by SHELXL-2014/7 (Sheldrick, 2014). All
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were refined

by a mixture of independent and constrained refinement.

18



6.1 Single-crystal report of Zna(sbed)(DMACc)2(H20):.5 (CCDC deposition number: )

Fig. S15: ORTEP representation of the single-crystal structure of Zn,(sbcd)(DMACc)2(H20):.5 with thermal

ellipsoids shown at the 50% probability level.

Crystal data znsbed Om
Chemical formula C21H11INOsZn-C4HoNO
M; 509.82
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Crystal system, space group Triclinic, P -1

Temperature (K) 103

a,b,c(A) 9.256 (3), 11.735 (4), 12.319 (4)

a, B,y (°) 73.267 (10), 78.637 (8), 68.362 (10)
V(A3 1184.9 (7)

z 2

Radiation type Mo Ka

p (mm™) 1.08

Crystal size (mm) 0.29 x 0.12 x 0.07

Data collection

Diffractometer Bruker Photon CMOS

Multi-scan

Absorption correction SADABS 2016/2. Bruker, 2016

Tmin, Tmax 0550, 0745

No. of measured, independent and

observed [/ > 26(])] reflections 13863, 4247, 2440

Rint 0 1 16

(Sin 0/A)max (A™) 0.602

Refinement

R[F? > 26(F?)], wR(F?), S 0.128,0.349, 1.06
No. of reflections 4247

No. of parameters 315

No. of restraints 36

H atoms treated by a mixture of independent and constrained
refinement

H-atom treatment

W = 1/[Z3(FO?% + (0.1315P)* + 18.4592P] WHERE P = (FO?
+2FC*»/3

APmax, Apmin (€ A7) 1.71, —0.94




6.2 Single-crystal report of Sr(fbcd)(DMACc)o.25(H20)3.5 (CCDC deposition number: )

Fig. S16: ORTEP representation of the single-crystal structure of Sr(fbcd)(DMACc)o.25(H20)3.5s with thermal

ellipsoids shown at the 50% probability level.

Crystal data weise43 Oma_sq

Chemical formula C43H26N205Sr-2(OH) - (C4sHoNO)
M: 907.42

Crystal system, space group Triclinic, P -1

Temperature (K) 100

a,b,c(A) 10.076 (3), 12.140 (3), 23.401 (6)
o, B,y (°) 93.793 (7), 90.197 (8), 93.276 (8)
V(A% 2851.5 (13)

z 2

Radiation type Mo Ko

u (mm™) 1.00

21



Crystal size (mm)
Data collection

Diffractometer
Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [/ > 206(/)] reflections

Rint
(i 0/\)max (A7)

Refinement

R[F* > 26(F?)], wR(F?), S
No. of reflections
No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (e A73)

0.25 x 0.01 x 0.01

Bruker Photon CMOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.660, 0.739

122464, 11211, 8779

0.112

617

e

0.116, 0.324, 1.02

[u—

1211
572
79

H atoms treated by a mixture of independent and constrained
refinement

W = 1/[Z2(FO?) + (0.172P)* + 35.4396P] WHERE P = (FO’
+2FC?/3

7.39,-1.36

6.3 Single-crystal report of Ba(fbcd)(DMAc), 5(H20)1.5 (CCDC deposition number: )
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Fig. S17: ORTEP representation of the single-crystal structure of Ba(fbcd)(DMAc)2 5(H,0); s with thermal

ellipsoids shown at the 50% probability level.

Crystal data

weise40_m_0m_sq

Chemical formula

M,

Crystal system, space group

Temperature (K)
a, b, c(A)

B()

V (A%

Z

Radiation type
i (mm™)

Crystal size (mm)

CgsHasBa2N4O16-3(CsHaNO)- (H20)
1963.33

Monoclinic, P 21/n

100

12.178 (1), 20.5805 (17), 46.760 (4)

90.270 (2)

11719.3 (17)
4

Mo Ka
0.73

0.25 x 0.01 x 0.01
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Data collection

Diffractometer
Absorption correction

Tmin, Tmax

No. of measured, independent and
observed [1 > 2o(1)] reflections

Rint

(Sine/}\)max (A_l)
Refinement

R[F? > 20(F%)], wR(F?), S
No. of reflections

No. of parameters

No. of restraints

H-atom treatment

ApmaXy Apmin (e A_g)

Bruker Photon CMQOS

Multi-scan
SADABS 2016/2, Bruker, 2016

0.702, 0.745

312603, 23047, 21570

0.050
0.617

0.075, 0.180, 1.16
23047

1233

351

H atoms treated by a mixture of independent and constrained
refinement

W = 1/[Z3(FO?) + (0.0225P)? + 172.6567P] WHERE P = (FO?
+2FC?)/3

M1 _372

7. Steady-state spectroscopy of likers and CPs

7.1 Solvent-dependent absorption spectra of Prssbed linker
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Fig. S18: UV/VIS absorption spectra of Prssbcd measured in different solvents
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7.2 Diffuse reflectance spectra of linkers and their corresponding CPs

(@ (b)
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Fig S19: Diffuse reflectance spectra of solid-state linkers and corresponding solid-state CPs. (a) UV/Vis
spectra of the linker Prai(sbed) (black) and its corresponding zinc-CP (red) in solid-state. (b) Emission
spectra of the linker Pri(sbed) (black) and its corresponding CP (red) in solid-state. (c) UV/Vis spectra of
the linker Prs(fbed) (black) and its corresponding strontium-CP (blue) and barium-CP (red) in solid-state.

(d) Emission spectra of the linker Prs(fbcd) (black) and its corresponding strontium-CP (blue) and barium-

CP (red) in solid-state.
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8. Sample preparation of CPs for the Z-scan measurements

All three CP crystalline powders are finely grinded to the uniform powders. Each CP powder was weighted
(see Table S2) and mixed with 0.5 g PMMA (1.18 g/mL) powder into 5 mL DCM and was stirred for 2h in
the solution. Afterwards PMMA films of the resulting dispersions were produced using the “doctor blading”

technique with subsequent evaporation of the DCM.

Table S2: Parameters used to calculate the concentration of CPs in PMMA-film state.

CPs Molecular weight [g/mol] | Mass [mg] Concentration [mol/L]
Zna(sbcd)(DMAC)2(H20)1 5 1014.41 16.7 0.0389
Ba(fbcd)(DMAC)25(H20)1 5 1080.30 13.0 0.0284
Sr(fbcd)(DMAC)0.25(H20)35 871.13 20.2 0.0547
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B. Full-length article of Section 2.2

Reproduced from Deger, S.N.T: Cui, Y."; Warnan, J.; Fischer, R.A.; Sanda, F.; Hauer, J.;
Po6thig, A. Influence of chromophore packing on multiphoton absorption in carbazole-based
pillar-layered coordination polymers. ACS Applied Optical Materials, 2024, with the permission

of American Chemical Society.
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Coordination polymers (CP) and their subgroup metal—organic
frameworks (MOF) are promising classes of modular multiphoton-absorption
active materials. However, a detailed knowledge of the structure—property
relationship or generalized design principles remains elusive. This study
examines how various packings of the chromophore linker 9,9’-stilbene-bis-
carbazole-3,6-dicarboxylic acid in three synthesized zinc-based CPs affect their
MPA activity. Different spatial chromophore arrangements are achieved by the
so-called “pillar-layer” synthesis approach, using the chromophore and two
different additional pillar linkers (4,4’-bipyridine and 1,2-bis(4-pyridyl)ethane)
for CP formation. Two novel pillar-layered CPs, Zn,,(sbcd)(bpy)-
(DMAC),,(H,0),, and Zn,,(sbcd)(bpe)(DMAC),,(H,0), are reported and
examined in their two-photon-absorption-induced photoluminescence and
compared to a previously synthesized CP Zn,,(sbcd)(DMAc),,(H,0), s,
containing the same chromophore but no pillars. The comparison shows significant differences for the two-photon absorption cross-
sections of the materials, improving it by incorporating the pillar. Our findings point toward the significance of controlling the
chromophore orientation to tailor the nonlinear optical properties of the materials. These insights pave the way toward an aim-
directed development of MOFs for advanced photonic applications.

coordination polymers, metal—organic frameworks, multiphoton absorption, nonlinear optics,
structure—property relationships, single crystals

cross-sections scale with the expectation value of |Mjgg1)’(2)|2. For

The invention of lasers has been a transformative milestone in 1PA the matrix elements is:

scientific research, enabling significant advances across various
disciplines.' Among the previously inaccessible optical
phenomena, triplet—triplet up-conversion® and nonlinear
optical (NLO) effects have gained prominence. NLO effects
and materials are currently being explored for their application
in optical filters and information encryption.” > One of the

D — aE.7
Mfg = (f'Eﬂ'g> (1)

where E stands for the excitation light field along a defined

polarization direction and ji is the dipole moment operator.

best studied NLO effects is multiphoton absorption (MPA),
having found applications in bioimaging,® 3D-data storage,”
and other implementations.” MPA belongs to the group of
third-order NLO processes, as it involves the conversion from
a lower energy level to a higher energy level through
simultaneous absorption of multiple photons in a single
event.> ' The fundamental effect is, therefore, two-photon
absorption (2PA), which is quantified by the two-photon
absorption cross-section (6»)), measured using the Goppert—
Mayer unit (GM = 107° cm* X s X photon™)."!

The fundamental difference between one photon absorption
(1PA) and 2PA becomes obvious in the expressions for the
transition moments M}gl)’(z) between the ground (g) and
excited states (f), where the superscript in parentheses stands
for 1PA or 2PA, respectively.”” The respective absorption
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Two-photon absorption is most efficient if the frequency of the
driving laser @ meets a resonance condition given by wy, =
2w, where state f' is the final state reached by the 2PA
process. The 2PA probability is defined by the cross-section
6 x |M}%g)|2 derived from the two-photon transition matrix

element:
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Figure 1. Overview of the synthesized materials discussed in this publication.
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where @, stands for the frequency of the driving laser field and
@, for the transition frequency between the ground state and
nonresonant intermediate transient levels e. The final excited
state f" after 2PA is usually different from f after 1PA as the
analysis of eqs 1 and 2 suggests different selection rules for
them. Consequently, the transition between the ground and
final state does not have to be one-photon allowed. The
dependence of M}Zg) on detuning ®,, — @y, is an important
feature of eq 2, as only those transient e levels close to
resonance with @, will contribute significantly.

In the search for olptimized o values, different materials
such as perovskites, ° polymers,” and molecular organic
chromophores have been investigated."* Organic chromo-
phores possess the advantage of abundancy of synthesis and
the potential for tuning 2PA properties by incorporating
different functional groups.'” Thereby, they access dipolar,
quadrupolar, or branched molecules for increasing intermo-
lecular interactions and consequently ¢».'>'* However, they
possess different disadvantages, such as the tendency to
aggregate and quench fluorescence in highly concentrated
solutions, as well as limited optical stability.”'" Therefore, the
stabilization of chromophores has gained research momentum,
and inorganic—organic hybrid materials have been tal;geted as
possible supporting scaffolds for chromophores.”'"'® In this
regard, coordination polymers (CPs) and metal—organic
frameworks (MOFs) are promising modular materials from
their abundant organic linkers spatially templated by secondary
building units (SBUs), predominantly metal-oxo clusters.'”
They are known to have a wide variety of potential
applications, e.g,, catalysis'® or gas storage,’” and more
recently, photophysical applications like MPA.”""*°

Incorporating the MPA-active chromophores into the
framework has two potential immediate benefits: reducingf
photobleaching and enhancing the MPA cross-section.””
Because of ordered crystalline structures in CPs/MOFs, ligand
molecules can be fixed periodically with a controllable
intermolecular distance. Therefore, dense chromophore

packing may be achieved with a reduced reabsorption effect.
Alternatively, a planar conformation of chromophore scaffold
improves charge delocalization across molecules due to a larger
overlap of 7 orbitals, which has proved to be a key factor that
leads to optimized multiphoton absorption.””** Furthermore,
the rigidity of the framework can effectively limit radiationless
decay pathways, which can lead to an increase in ¢¥.'"**
Additionally, the diversity in the choice of SBUs and
coordination number allows for modulation of (stronger)
intermolecular interaction.”® Notably, the choice of SBUs not
only influences the structural aspects but also introduces
polarization effects, which facilitate the emergence of new
charge transfer channels, consequently impacting the MPA
cross-section.”

In general, pillar-layered MOFs offer the possibility of
modifying the structure of MOFs without altering the
(chromophore) linkers or SBUs. Via the introduction of
“pillar” (linker) molecules, various aspects such as interlinker
distances, pore size, and other structural features can be
varied,”” and examples of pillared-layer MOFs have been
previously synthesized and investigated toward MPA activ-
ity.”* "> However, due to the complex interplay of influencing
parameters (e.g, chromophore-packing, -orientation, and
-density) and challenges toward selectively synthesizing
isostructural, (non)polymorphous MOFs, no general design
principle for structure—property relationships in MPA active
MOFs has been established.”*"*'

In this Article, we present the synthesis of two new pillar-
layered Zn-CPs Zn,,(sbcd)(bpy)(DMAC),,(H,0),, (CP2)
and Zn,,(sbcd) (bpe) (DMAc),,(H,0) (CP3) using the linker
H,sbcd (H,sbed = 9,9’-stilbene-bis-carbazole-3,6-dicarboxylic
acid) with identical metals in the SBUs and chromophore
linkers, differing only in the chemical structure of the
incorporated “pillars”, which are 4,4’-bipyridine (bpy) and
1,2-bis(4-pyridyl)ethane (bpe). This allows for the inves-
tigation of a potential structure—property relationship
(between the chromophore packing and their NLO proper-
ties). The results are compared with the corresponding,
pristine two-dimensional (pillar-free) Zn-CP structure
Zn,,(sbed)(DMAC),,(H,0),5, (CP1), previously published

https://doi.org/10.1021/acsaom.4c00080
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Figure 2. (a) Top view on a monolayer of CP2 showing the interlinker and interpillar distances measured from the closest point. (b) Depiction of
CP2 along the a axis. (c) SBU and linker conformation inside the framework. (d) Representation of the packing and distances between the
chromophores in CP2. (e) Visualization of the offset between the single linker strings alongside the linker N—N axis. (f) Zigzag conformation of
the single CP sheets. Color coding: gray = carbon, blue = nitrogen, red = oxygen, and turquoise = zinc.

by our research group (Figure 1),*° for which no direct
structure—NLO—property relationship could be established.
Compared to those of the nonpillar-layered CP1, the obtained
data for CP2 and CP3 show the increase of 6. This indicates
that the pillar-layering approach is a potential avenue to get a
more comprehensive understanding of the effects of structural
changes on the MOF’s NLO properties and control as well as
improve them.

The linker molecule 9,9’-stilbene-bis-carbazole-3,6-dicarbox-
ylic acid (H,sbcd) was synthesized according to the previously
published procedure; further information can be found in the
Supporting Information (Figures S1—S3).”° The “pillar-free”
Zn,,(sbcd)(DMACc),,(H,0); 5, CP1 serves as a comparison in
this study, so the influence of the pillars on packing and
subsequently 6») of the materials can be investigated. In CP1,
two carboxylic acid group atoms connect two zinc centers,
forming a Zn,Oy cluster as the SBU. This SBU includes two
water molecules on top of each tetrahedron. The SBUs further
connect four linker molecules, leading to a 2D sheet-like sql-
network topology. Alongside the b/c and a/b planes, an offset
parallel stacking of the layers is observed, as expected for
electron-rich-aromatic molecules, leading to an alternating
packing of carbazoles and carbazole with the stilbene core.’” In
the a/b plane, a distance of 3.39 A between the carbazoles and
a carbazole—stilbene distance of 3.83 A becomes apparent,
resulting in a chromophore density of 1.40 mol/dm?>.

The CPs were synthesized by a solvothermal synthesis
adjusted from that of the previously published Zn-CP (CP1)
without the pillar.”® To obtain phase pure and sufficiently large
crystallites of the new CPs for SC-XRD analysis, the synthesis
of CP1 was slightly modified. The reaction of H,sbcd with 2.50
equiv of bpy and 3.00 equiv of Zn(NO;),-6H,0 in 2.50 mL of
a dimethylacetamide (DMAc)/H,0 mixture at 90 °C afforded
block-shaped clear colorless single crystals which were
analyzed by SC-XRD, PXRD, TGA, and IR, revealing and
confirming the composition Zn,,(sbcd)(bpy)-
(DMAC),,(H,0),, (CP2) as well as successful incorporation
of the linker (see Figures S4—S6).

CP2 forms a two-dimensional, sheet-like framework and
crystallizes in the triclinic space group P1 with the unit cell
parameters a = 9.8240(7) A, b = 11.3596(8) A, ¢ =
13.6356(11) A, a = 76.524(3)°, f = 73.942(3)°, and y =
74.063(3)° (Figure 2). The sheets of the CP are composed of
linker molecules arranged in strings (see Figure 2a), which are
connected via the ZnO;N SBU (see Figure 2c). The SBU is
formed by two k'-binding linkers (O1, O3), as well as
additional coordinated water, and bpy molecules, which bridge
the linker strings within the sheet structure (see Figure 2c).
The sheets are not planar but show a zigzag conformation
(Figure 2f), exhibiting a 65.8° angle between the pillars and the
linkers. They are densely packed (with a chromophore density
of 1.20 mol/dm?), held together through s stacking, and
further stabilized by hydrogen bonds between the water
molecules coordinated with the SBU and the uncoordinated
oxygen atoms of the carboxylic acid groups of the linkers (refer
to Figure 2b). The conformation of the linker inside the
framework holds a 58.9° twist between the carbazole and the
stilbene moiety (Figure 2c).

https://doi.org/10.1021/acsaom.4c00080
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Figure 3. (a) Monolayer of the sbcd linker two-dimensional sheets in CP3 (“linker sheets”). (b) Connection of the planar linker sheets by bpe
pillars. (c) Intermolecular distances of sbed linkers visualizing their tight packing inside the network. (d) Visualization of the offset between the
single linkers alongside the linker N—N axis in the packing of CP3. (e) Depiction of CP3 along the a axis. (f) Linker conformation inside the
network and Zn,0O4N, metal node. Color coding: gray = carbon, blue = nitrogen, red = oxygen, and turquoise = zinc.

Despite the zigzag conformation of the pillars, the linkers are
stacked parallel to one another at a distance of 3.54 A,
alternating between two stacked off-center carbazoles and the
built-in stilbene core, which is stacked 3.94 A from the
following carbazole (see Figure 2d). The single linker strings
are shifted by 1.26 A in relation to each other (see Figure 2e),
resulting in an off-center parallel stacking, as in CP1.

In CP2, a different type of 2D periodic sheet can be
observed compared to CP1. The bpy pillar is part of the sheet
(“linker-pillar sheets”) for CP2. The pristine dinuclear Zn,Oy
SBU of CP1 can be imagined to be virtually split by
introduction of the bpy pillar, leading to two mononuclear
Zn-SBUs bridged by bpy. This quasiextension of the SBU leads
to a significant enlargement of the mesh in the 2D sheet with
13.1 X 22.4 A compared to 18.4 X 23.8 A for CP1 and CP2,
respectively.

To obtain a structurally different framework, the reaction of
H,sbcd with 3.00 equiv of Zn(NO;),-6H,0 and 2.50 equiv of
bpe in 2.00 mL of DMAc at 90 °C was performed. Clear block-
shaped single crystals of CP3 were obtained, crystallizing in
space group P1 as a three-dimensional CP. This 3D-CP
consists of linker sheets assembled from the SBU and linkers as
in CP1 that are connected by the bpe pillars. A crystal has the
following cell parameters: a = 8.3961(16) A, b = 13.253(3) A,
and ¢ = 13.510(3) A, with cell angles of a = 72.953(7)°, § =
78.176(7)°, and y = 72.835(7)°.

Figure 3a shows a monolayer cutout of CP3, demonstrating
the planarity of the linker molecules arranged in two-
dimensional sheets. These linker sheets are connected to
each other through the bpe pillars, as depicted in Figure 3b,
forming an angle of 73.3° between the pillars and the linker
sheet. This makes the composition Zn,,(sbcd)(bpe)-
(DMAC)4,(H,0) obvious, and the single crystals were
furthermore analyzed with PXRD, TGA, and IR, confirming

the successful incorporation of the linker and confirming the
composition (Figures S4—S6). Induced by the angle, the
distance between the pillar’s connected layers is 13.4 A. The
SBU consists of two zinc cations connected by two bridging
k"' carboxylic (O1, O3) acid groups. Furthermore, two
additional carboxylic acids (02) bind in a ' fashion, resulting
in a total of four linker molecules connected to the metal node.
Each zinc metal center is bound to a nitrogen atom (N1) from
the bpe pillar, completing the tetrahedral coordination sphere
of each zinc.

CP3 shows a 3-fold interpenetrated structure, leading to a
close packing of the sbcd chromophores with a chromophore
density of 1.22 mol/dm?, similar to that of CP2 (see Figure
3e). Comparably to CP1 and CP2, the linkers are packed in
off-center parallel stacking. However, in this case, the
carbazoles of two sheets are aligned coplanar to each other
at a distance of 3.50 A, followed by a stilbene core of a third
sheet stacked 3.99 A above the carbazoles (Figure 3c) but now
shifted by a larger margin of 2.50 A compared to the previous
CPs (Figure 3d). Additionally, there is a 57.5° rotation of the
stilbene core compared with the carbazole.

In contrast to CP2, in CP3, the nuclearity of the zinc SBU,
as well as the general structure of the pristine sheet like in CP1
are preserved. However, compared to CP1, the bpe pillar can
be imagined to be inserted in between the 2D “linker sheets”,
now connecting them by virtually replacing the originally
coordinating water molecule of the Zn,Og SBU, leading to
Zn,N,04 SBUs and a three-dimensional network.

Despite the differences discussed in the structural arrange-
ments induced by pillar incorporation, the tight packing and
interpenetration resulted in comparable arrangements and
observable interchromophoric distances within the three
frameworks. However, a less distorted, i.e, more planar,
molecular structure of the chromophore linkers is present both

https://doi.org/10.1021/acsaom.4c00080
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in CP2 and CP3 compared to CPI1, this phenomenon is
expected to positively influence 2PA.”

The purity of the bulk material samples for photophysical
characterization was confirmed by a combination of PXRD,
TGA, and elemental analysis (Supporting Information). One-
photon optical spectroscopy and IR spectroscopy (Figure SS5)
were performed for the Hysbcd linker and corresponding CPs
(Figure 4). H,sbcd was dissolved in DMF with a concentration
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Figure 4. (a) Fluorescence excitation spectra of the Hysbcd linker
(detection wavelength at 450 nm) in DMF and corresponding CPs in
the PMMA-film state. (b) Emission spectra of the Hysbcd linker
(excitation at 350 nm) and CPs. Note: to remove Raman peaks in the
excitation and emission spectra for solid samples, CPs were excited
and monitored at different wavelengths. For the excitation spectra of
CPs, the detection wavelengths were set at 500, 510, and 520 nm,
while for the emission spectra of CPs, the excitation wavelengths were
set at 330, 340, 350, and 360 nm. Raman peaks can thus be removed
significantly by stacking these excitation or emission spectra together.

of 10 ymol/L while solid samples of CP1, CP2, and CP3 were
prepared as a PMMA film using the doctor blade method with
a concentration in the range of 9—38 mmol/L (see Table S3).

The excitation spectrum of the linker shows a broad
absorption band at around 325 nm (Figure 4a). In comparison,
the excitation spectra of the CPs show a redshift of
approximately S0 nm and broadening in all CPs. The redshift,
as well as the broadening of the absorption bands, points
toward a higher excitonic interaction in the materials than in
the linker.*® In addition, structure rigidification and interligand
charge transfer were also proposed to explain the spectral shift
in the CP environment.** ¢ Comparing the CP-spectra, CP1
shows the least pronounced redshift, while CP2 and CP3 are
similar in this respect. The linear—log plot shown as an inset in

Figure 4a shows that CP3 extends marginally further to the red
compared to CP2. A comparison of the CPs’ emission spectra
with the linker molecule again shows a redshift upon
incorporation of the linker into the CPs. CP1 shows a redshift
of 25 nm, while CP2 and CP3 show similar emission spectra
but are red-shifted up to 60 nm, as shown in Figure 4b. We
note that the small emission peaks at wavelengths longer than
650 nm in the emission spectra of CP2 and CP3 originate
from Raman scattering. The redshift in emission of the CPs
compared to the linker can be rationalized by two structural
effects. First, the 7—7 interactions between adjacent linker
molecules in the solid state may facilitate efficient intermo-
lecular interactions through 7't-stackjng.37 Second, the increased
planarity of the linker in CP2 and CP3 as compared to CP1
may maximize the intramolecular #-orbital overlap and
promote further 7—7 interactions,” explaining the extra shift
of the emission band.”**” Fluorescence quantum yields (QY)
of all CPs are lower than those for the H,sbcd linker in
solution (® = 0.76). CP1 shows the highest quantum yield ®
= 0.11, followed by CP3 @ = 0.015, and the lowest in CP2 @
= 0.010. Such a reduction of QY after incorporation of
chromophores into the CP has been observed before and was
explained by introduction of radiationless decay pathways by
the pillars, aggregation, or reduction of the active Hysbcd
molecule in the pillar-layered CPs.*® This, however, does not
necessarily imply a lower 6 for the CPs, as a previous study
inferred no direct correlation between the two values.””

Nonlinear optical characterization of the linker and CPs was
conducted via nonlinear Fourier-transform spectroscopy.*’
This method provides a broadband two-photon excitation
spectrum for the substance under investigation. The used setup
shares the working principle with the experiment of Hashimoto
et al,” with the exception that our design employs a
noncollinear optical parametric amplifier (NOPA) for a
broadband excitation laser and a common-path birefringent
interferometer instead of a Michelson interferometer to
generate pulse pairs. Pulse compression was achieved using a
prism pair compressor, producing a routinely available 10 fs
pulse for the 2PA measurement. The typical NOPA output
falls in the range of 750—950 nm, tunable to shorter
wavelengths if necessary. In this study, we utilized two
NOPA spectral ranges to investigate the Hysbcd linker and
corresponding CPs, presenting the 2PA data in the
fundamental wavelength range from 740 to 920 nm. o
values were calibrated using fluorescein in water (pH 11) for
the Hysbed linker and CP1 for CP2 and CP3 (cf. Supporting
Information).>*!

The 2PA spectrum of Hysbed is presented in Figure Sa. The
1PA spectrum shows an absorption edge at around 400 nm.
This explains the lack of observable 2PA at a fundamental
wavelength above 800 nm. Notably, 09 values are less than 3
GM in this region, emphasizing the sensitivity of our 2PA
measurement technique. As the frequency-doubled fundamen-
tal wavelength be%ins to overlap with the 1PA spectrum, a
sharp increase in 6 is observed, reaching up to 80 GM at 740
nm. It is anticipated that the 6 value for H,sbcd will be even
higher at shorter wavelengths, given the 1PA absorption band’s
peak intensity at 340 nm. Similar molecules featuring a stilbene
core with carbazole donors have been previously studied for
their 2PA cross-section, achieving values of up to 200 GM at
680 nm."

https://doi.org/10.1021/acsaom.4c00080
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Figure S. (a) Experimental 2PA spectrum of H,sbcd in DMF (green
dots and line) compared with its one-photon excitation spectrum
(brown line). (b) 2PA spectra of CP1 (blue), CP2 (red), and CP3
(dark gray).

After incorporating the linker molecules into CPs, the
observed red-shift in the 1PA spectrum enables the measure-
ment of 2PA from a wavelength of 900 nm, as depicted in
Fi%ure 5b. Within the employed excitation range, CP2 exhibits
% values ranging from 1340 to 33 457 GM, CP3 values from
1501 to 81267 GM, and CP1 values from 2258 to 25 156 GM
(Table 1). At this point, it should be noted that the ¥ of CP1

Table 1. 2PA Cross-Sections of the Reported CPs/MOFs in
the Range of 740 to 920 nm

2PA cross-section 6 (10°
CPs/MOFs GM)

Zn,,(sbcd)(DMAc),,(H,0), 5, (CP1) 2.258-25.156

Zn,,(sbed) (bpy) (DMAC),,(H,0)s, 1.340—33.457
(cp2)

Zn,,(sbed) (bpe) (DMAC),,(H,0) (CP3) 1.501-81.267

deviates from our previous publication, which was measured
using a fully automated Z-scan setup and showed values of
2137—15838 GM.”** We place greater confidence in the
present data set due to the significantly extended data
acquisition time required for Z-scan measurements in
comparison to the interferometric approach outlined herein.
Swept laser sources are often used in a Z-scan method;
therefore, excitation intensities and pulse durations at each
central wavelength must be characterized with great care. As a
wavelength scanning method, recording a broadband 2PA
spectrum may take several tens of minutes.””**** Con-
sequently, the potential for sample degradation is more
pronounced in the Z-scan measurement, impacting the result
of the measurement.”® As a contrast, in our approach, a
broadband laser with 10 fs pulses was focused on the sample.

Therefore, a complete 2PA spectrum can be acquired in less
than 3 min.

In all cases, the generally enhanced 2PA of the CPs
compared to that of the linker is attributed to the linker
incorporation into the framework, as was observed in other
cases.” Interestingly, with the same linker and SBU metal
shared, the activity of the CPs varies significantly.

The 2PA cross-section of CP1 and CP2 stays relatively
constant with a slight improvement in CP2, while CP3 shows a
drastically improved performance despite the fact that the
observable packing of the linker stays similar with only minor
differences. The enhancement of ¢» in CP2 and CP3 with
respect to CP1 can be attributed to the planarization of the
linker molecule.”” This planarization, coupled with relatively
short distances between chromophores in the material, likely
results in stronger 7—x intermolecular interactions, known to
positively influence the MPA response.”>*” The different SBUs
and sheet structures, however, appear not to have a big impact
on the 2PA activity.

The 2.4-fold increase in 6® from CP2 to CP3 cannot be
accounted for by the planarization of the linker in this
comparison, as in both cases the linker remains planar.
Notably, the rotation of the stilbene compared to the carbazole
is smaller in CP3 compared to that of CP2 (57.5° vs 58.9°).
This subtle difference may enhance intermolecular inter-
actions, given that the stilbene is more in-plane with the
carbazole, increasing orbital overlap and therefore increasing
the charge-transfer between chromophores.** Furthermore, as
illustrated in Figure 2e and 3d, the chromophore alignment in
CP3 is more coplanar than that in CP2. This is potentially
amplifying intermolecular interactions and, consequently, the
2PA cross-section.>® Moreover, the 3D-MOF structure in CP3
enforces more rigidity compared to the 2D structures in CP2
and CP1, likely contributing to the increased 2PA activity as
well. "¢

Besides optimization of the structure to enhance the
intermolecular interactions and rigidity in the CPs and, in
turn, 0(2), this surprisingly large increase of 6 can be further
rationalized by fine-tuning of nonresonant levels of centrosym-
metric linkers in the CPs, as detailed in the following. Both the
one-photon allowed states (with transitions shown in Figure
4a) and the nonresonant intermediate states (e in eq 2) follow
the same selection rules and tend to behave similarly in terms
of bathochromic shifts.*” The same is not necessarily true for
the two-photon active f’ state. In fact, for centrosymmetric
molecules such as stilbene—the parent compound of
H,sbcd—the rule of mutual exclusion applies for g — f and
g — f' transitions. Accordingly, the one-photon resonance
shifts between the linker and CPs (and between CPs), and the
main peak for the two-photon resonance remains located at the
blue edge of the excitation spectrum for the linker and all CPs,
as depicted in Figure Sa. Assuming similar trends for the one-
photon g — f transitions and the first step of a two-photon
absorption process, g — ¢, we can expect that frequency shift in
the one-photon spectrum may indicate a shift in energy in the
manifold of nonresonant e states. This situation is depicted in
Figure 6. We note that the arguments made here apply
rigorously to a generalized centrosymmetric system. More
specific arguments would require quantitative quantum
chemical calculations of 2PA cross sections of the free ligand
and the ligand in the CP environment and are beyond the
scope of this manuscript."”

https://doi.org/10.1021/acsaom.4c00080
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Figure 6. Schematic energy level diagram of a two-photon absorption
process with a nonresonant intermediate step. For the uncoupled
molecule (i.e., the linker, left side), the manifold on nonresonant
states e is detuned from the laser frequency wy, contributing to 2PA
decreasingly with detuning, see eq 2. The bandwidth of the exciting
laser pulse is shown as a Gaussian curve. Upon coupling between
chromophores with strength J, i.e., after incorporation of the linker
into a CP, the e-manifold shifts toward the laser’s center frequency w;,
leading to increased 2PA. The two-photon state f’ is unaffected by
coupling.

The uncoupled molecule is assumed to have the energy level
diagram shown on the left side of Figure 6. In this scenario, the
e-manifold is detuned for laser frequency w;, making the g — ¢
transition inefficient. This can be the scenario for the isolated
linker molecule, explaining its moderate 6? values. Upon
coupling (right side of Figure 6), we expect the e-manifold to
red-shift, following the trend of the one-photon absorption
spectrum. Even a marginal red-shift may bring the e-manifold
in resonance with @;. This has no effect on the 1PA cross-
section (see Figure 4) but leads to potentially drastic changes
in the 2PA cross-section as the denominator of eq 2 can
approach zero. We note that changes in solvent polarizability
were shown to have a strong effect on 0(2), which can, in
analogy to the above argument, be interpreted as a shift of the
e-manifold.”

In summary, there are several arguments based on chemistry
and/or crystal structure to explain an increase in 2PA activity
of a linker when inserted into a CP.” Briefly, the polar CP
environment may lead to planarization of the linker or to an
increase in charge-transfer character, which is readily
associated with larger 2PA cross sections.”’ Similarly, the
relative arrangement of transition dipole moments within a CP
can lead to enhanced 2PA based on, e.g, excitonic effects.!
This influence of transition dipole moments fi on 2PA is
readily seen in the numerator of eq 2. We add an argument
based on the denominator of the said equation. Even a small
change in transition frequencies @, can lead to a drastic
increase of 2PA if it brings w,, closer to the w,, = @ resonance
condition.

In conclusion, the synthesis and structural characterization of
two new coordination polymers (CPs) based on the linker
molecule 9,9'-stilbene-bis-carbazole-3,6-dicarboxylic acid
(Hysbcd) have been presented: a two-dimensional CP
Zn,,(sbed) (bpy) (DMAc),,(H,0)5, (CP2) and a three-dimen-

sional metal—organic framework Zn,,(sbcd)(bpe)-
(DMAC),,(H,0) (CP3). Both structures were synthesized
via a solvothermal approach adjusted from the synthesis of
Zn,,(sbcd)(DMACc),,(H,0);5, CP1 previously reported by
our group,”® additionally incorporating ditopic pillar molecules
(bpy for CP2 or bpe for CP3, respectively). The introduction
of the pillars leads to distinct structural differences in the CP,
either by virtual insertion into the dinuclear SBU (CP2) or by
bridging of the pristine 2D periodic sheets (CP3) with
reference to the original CP1. Both new CPs exhibited
enhanced molecular planarity and reduced distortion in the
sbed linker structure. However, the packing of the linkers was
only marginally affected compared to CP1.

In-depth photophysical characterization revealed bathochro-
mic shifts in the excitation and emission spectra for all CPs
compared to those of the free linker, possibly explained by
enhanced excitonic interactions and 77— interactions within
the materials. The nonlinear optical characterization using 2PA
spectroscopy demonstrated enhanced 2PA in the CPs
compared to the free linker, with CP3 exhibiting a remarkable
2.4-fold increase in 6* compared to CP2 and 3.2-fold increase
over CP1. The coplanar alignment of chromophores in CP3,
along with its 3D structure, likely contributes to this increase,
emphasizing the importance of structural considerations in
influencing the 2PA activity. Accordingly, future CP design
should target rigid 3D structures with closely packed
chromophores to obtain a high 2PA activity. On a more
general level, we find that fine-tuning nonresonant levels has
the potential to strongly increase 2PA activity, for centrosym-
metric linkers such as stilbene, the desired redshift of
nonresonant levels is accompanied by a—maybe subtle—
bathochromic shift of the one-photon absorption spectrum.
This could be further probed by impedance spectroscopy to
further study the influence of the polarization and dielectric
constant of the MOFs on the nonresonant levels.””**

The obtained pillar-layered CPs have the highest 6» among
other pillared-layer CPs. The first synthesized pillar-layered
CPs by Vittal et al. using the An2Py linker reached values of up
to 32.7 GM.'®*®*! Fischer and colleagues synthesized pillar-
layered CPs using the MPA active linker tetra-(4-
carboxylphenyl)ethylene (H,TCPE), reaching values of up to
476 GM, and Vittal et al. improved on this with values up to 74
000 GM by changing the used pillars.””** This competitive
performance of pillar-layered systems shows the potential of
carbazole-based chromophores in MPA active CPs and MOFs.

The findings show that the pillar-layering approach is a
potent way to produce varied CP materials implementing the
same chromophores and, in general, contributes to the broader
field of CPs and their potential applications in nonlinear
optical devices.

All purchased reagents were received from chemical suppliers and
used without any further purification unless otherwise stated.
Dipropyl-9-(4-nitrophenyl)-carbazole-3,6-dicarboxylate and 9,9’-
(stilbyl)-bis(carbazole-3,6-dicarboxylic acid) were synthesized follow-
ing the previously published synthesis procedures.”*® All reactions
with air- and moisture-sensitive compounds were carried out under
standard Schlenk techniques using Argon 4.6 (Westfalen) or in a
glovebox (UNIlab, M. Braun). Required glassware was flame-dried in
vacuo prior to use. Elemental analysis was performed at the
microanalytical laboratory at the Technical University of Munich.
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Analysis of C, H, and N values was conducted by using the flash
combustion method at 1800 °C. NMR spectra were recorded on a
Bruker AV400 instrument at room temperature at 400 MHz. Single-
crystal X-ray diffraction (SC-XRD) data were collected on a Bruker
D8 Venture system equipped with a Mo TXS rotating anode (4 =
0.71073 A) and a CMOS photon 100 detector (for detailed
information, see the Supporting Information). Capillary PXRD
measurements were recorded in transmission geometry on a Stoe
STADI P diffractometer equipped with Mo radiation (4 = 0.7093 A),
a curved Ge(111) monochromator, and a Dectris Mythen 1K
detector. Fluorescence emission and excitation measurements were
recorded on an FSS$ spectrofluorometer from Edinburgh Instruments
either in solution (linker) or in a PMMA matrix (CPs). For the
PMMA matrix, all three CP crystalline powders are finely ground to
uniform powders. Each CP powder was weighed and mixed with 0.5 g
of PMMA (1.18 g/mL) powder in S mL of DCM and stirred for 2 h
in the solution. Afterward, PMMA films of the resulting dispersions
were produced by using the “doctor blading” technique with
subsequent evaporation of the DCM. These samples were then
used for 2PA measurements as well. IR measurements were
conducted on a PerkinElmer Frontier FT-IR spectrometer. Quantum
yield measurements in solution and the solid state were performed on
a Hamamatsu Quantaurus-QY Absolute PL quantum yield
spectrometer in the scan method in a range of 300—390 nm.

Zn,,(sbcd)(bpy)(DMAC),,(H,0)3,,. In a 4 mL scintillation vial,
10.0 mg of Hysbed (14.7 pmol, 1.0 equiv) dissolved in 1 mL of
DMALc, S5.68 mg of 4,4'-bipyridine (36.4 ymol, 2.5 equiv) dissolved in
1 mL of DMAg, and 13.0 mg of Zn(NO,),-6H,0 dissolved in 0.5 mL
of H,O are added subsequently and heated for 2 days at 90 °C. The
resulting white crystalline precipitate is filtered off, washed with
DMAc, and dried under air. 8.02 mg (10.4 umol, 69%) of a white
crystalline powder is obtained. EA caled. for Zn,Cg,H;N,Oq
2C,H,0-3H,0: C, 60.16; H, 4.54; N, 7.02. Found: C, 59.41; H,
4.47; N, 6.66.

Zny,(sbecd)(bpe)(DMAC);,(H,0). 13.0 mg of Zn(NO;),-6H,0 is
put into a 4 mL scintillation vial. Subsequently, 10.0 mg of H,sbcd
(14.7 pmol, 1.0 equiv) and 6.70 mg of bpe (36.4 pmol, 2.5 equiv) are
dissolved in, respectively, 1 mL of DMAc and added to the metal salts.
The solution is heated to 90 °C in an oven for 2 days. The obtained
white precipitate is filtered off, washed with DMAc, and dried. This
yields 5.71 mg (8.94 umol, 61%) of a light-yellow crystalline powder.
EA caled. for Zn,CyH3,N,04-3C,HyO-H,0: C, 62.08; H, 4.97; N,
7.68. Found: C, 61.27; H, 4.66; N, 7.51.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.4c00080.

Additional synthetic procedures; NMR spectra; IR,
PXRD, and TGA; two-photon absorption data process-
ing; and single-crystal X-ray data (PDF)
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Figure S1. Synthesis route of the carbazole linker precursor

Q O
B —

(1-propanol)

110°C

91%

3,6-Dibromocarbazole (S-2): A solution of N-bromosuccinimide (22.4 g, 125 mmol) in 50 mL

DMF was slowly added through a syringe pump to a stirring solution of carbazole (S-1, 10.0 g,

59.8 mmol) in 20 mL DMF in an ice bath. After 24 hours of reaction time, the mixture was poured

into 600 mL ice water and then filtered through a suction filter to give a dark grey powder. The

crude product was recrystallized with ethanol to give a grey powder of 3,6-dibromocarbazole

(17.9 g, 92%).



'H-NMR (400 MHz, 298 K, DMSO-dg) & (ppm) = 7.47 (d, J = 8.6 Hz, 2H), 7.53 (dd, J = 2.0,

8.6 Hz, 2H), 8.43 (d, J = 1.9, 2H), 11.59 (s, 1H, N-H).

Carbazole-3,6-dicarbonitrile (S-3): S-2 9.75 g, 30.0 mmol) and 1,1° -

bis(diphenylphosphino)ferrocene]dichloropalladium (100 mg, 0.18 mmol) were added to a

100 mL Schlenk flask and solved in 30 mL DMF and 0.3 mL water. The suspension was degassed

viabubbling argon for 1 hour through the mixture. Subsequently, Zn(CN), (4.21 g, 36 mmol), zinc

powder (78.0 mg, 1.2 mmol), Zn(OAc), - 2 H,O (0.26 g, 1.2 mmol) and Pd,(dba); - dba (69.5 mg,

0.06 mmol) were added under a positive pressure of argon. This mixture was heated to 110 °C for

2 days. The suspension was cooled, poured into a 100 mL mixture of H,O/NH,CI/NH; (5/4/1),

and filtered through a suction filter. The filter cake was washed with the same volume of the above

mixture, toluene (3 x 30 mL) and MeOH (3 x 30 mL) to give a grey solid. The crude product was

recrystallized with DMF to give a white solid (5.26 g, 82%).

'H-NMR (400 MHz, 298 K, DMSO-dg) & (ppm) = 7.72 (d, J = 8.5 Hz, 2H), 7.85 (d, J = 9.9 Hz,

2H), 8.80 (s, 2H), 12.38 (s, 1H, N-H).
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Carbazole-3,6-dicarboxylic acid (S-4): S-3 (4.20 g, 19.3 mmol) was suspended in an aqueous

NaOH solution (12.5 g in 150 mL). To this solution Cul (37.5 mg, 0.20 mmol) was added and then

quickly heated to 125 °C for 2 days, until the starting material was dissolved. Afterward, active

carbon was added, and the mixture was again heated to 125 °C for 2 hours. After cooling, the

suspension was filtered through celite, after the celite was pre-washed with aq. 2 N NaOH-

solution. The filtrate was acidified with 6 M HCl-solution to give a white precipitate. The

precipitate was filtered, washed with water, and dried to give a white solid (3.76 g, 80%).

'H-NMR (400 MHz, 298 K, CDCl3) & (ppm) = 7.60 (d, J = 8.5 Hz, 2H), 8.06 (d, J = 8.4 Hz, 2H),

8.85 (s, 2H), 12.04 (s, 1H, N-H), 12.69 (bs, 2H, COOH).

Dipropyl-carbazole-3,6-dicarboxylate (S-5): S-4 (4.01 g, 15.6 mmol) was suspended in 100 mL 1-

propanol. To this suspension, conc. sulfuric acid (2 mL) was added and then refluxed at 110 °C for

24 hours. After cooling, the suspension was concentrated on a rotary evaporator and extracted with

200 mL dichloromethane. The organic layer was washed with aq. saturated NaHCO;3 (150 mL)

and then dried with MgSO4. The solvent was evaporated to give a yellowish solid (4.88 g, 91%).



'H NMR (400 MHz, 298 K, CDCl3) & (ppm) = 1.09 (t, J = 7.4 Hz, 6H), 1.87 (h, J = 7.2 Hz, 4H),

4.36 (t,J = 6.7 Hz, 4H), 7.47 (d, ] = 8.5 Hz, 2H), 8.18 (dd, J = 1.5 Hz, 2H), 8.86 (s, 2H).



2. Synthesis of Linker Hysbed?
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Figure S2. Synthesis route towards the linker molecule Hysbed S-10.

4,4'-Dibromostilbene (S-7): To a suspension of zinc powder (6.00 g, 90.7 mmol, 5.60 equiv) in

THF (150 mL) at 0 °C, slowly, TiCl, (5 mL, 8.61 g, 45.3 mmol, 2.80 equiv) is added via a syringe.

Subsequently, the reaction mixture is heated to 80 °C, and bromobenzaldehyde (3.00 g,

16.2 mmol, 1.00 equiv) and THF (50 mL) is added and heated for 5 h at reflux. After completion,

saturated NaHCOj solution is added dropwise at room temperature. Afterward, the organic layer

is separated and the water is extracted with chloroform (3 x 100 mL). The combined organic layers

are dried with magnesium sulfate, filtered, and then concentrated on a rotary evaporator to yield a

white solid (2.48 g, 90%).

'H NMR (400 MHz, 298 K, DCly): & (ppm) 7.02 (s, 2H), 7.36 (d, J = 8.47 Hz, 4H), 7.48 (d,

J =8.45 Hz, 4H).



4,4'-Diiodostilbene (S-8): 2.5 M n-BuLi solution in hexane (5.45 mL, 13.6 mmol, 4.60 equiv) was

slowly dropped into a mixture of S-7 (1.00 g, 2.96 mmol, 1.00 equiv) in THF (150 mL) at =78 °C.

Then the yellow solution was stirred at =78 °C for 4 h. Afterward, it was warmed up to 0 °C,

whereby the color of the solution changed from yellow to grayish yellow. The reaction mixture

was cooled down again to =78 °C, and a solution of iodine (2.82 g, 11.1 mmol, 3.75 equiv) in THF

(48 mL) was added. Finally, the reddish-brown solution was quenched with a solution of sodium

thiosulfate (2 spatulas Na,S,0; in 150 mL H,0O) and filtrated through a glass filter. The filter cake

was then washed multiple times with water and dried at 100 °C to afford a yellowish solid (769 mg,

60%).

'H NMR (400 MHz, CDCl3): & (ppm) 7.04 (d, 4H), 7.26 (d, J = 14.2 Hz), 7.70 (dd, J = 8.3, 1.9 Hz,

4H).

Dipropyl-9,9-(stilbyl)-bis-(carbazole-3,6-dicarboxylate) (S-9): S-5 (0.79 g, 2.32 mmol,

2.00 equiv.), S-8 (0.50 g, 1.16 mmol, 1.00 equiv), K;PO,4 (1.97 g, 9.26 mmol, 8.00 equiv.), 1,2-

dimethylethylenediamine (0.186 mL, 1.74 mmol, 1.5 equiv.), and Cul (66 mg, 0.34 mmol,

0.30 equiv.) were dissolved in 15 mL of dry toluene in a 50 mL Schlenk flask and heated to 115 °C

for 3 days. After cooling, the suspension was dissolved in 60 mL of aq. saturated NH4ClI solution,



extracted with chloroform (3 x 50 mL). The organic layers were combined and then dried with

MgSO, and subsequently filtered. The solvent was evaporated on a rotary evaporator to give a

brown solid. The crude product was then dissolved in 5 mL of dichloromethane (DCM) and added

dropwise to 35 mL of MeCN in a centrifuge tube. The precipitate was collected by centrifugation

and washed with MeCN twice to give a pale-yellow powder. Subsequently, the product is then

subjected to column chromatography (DCM 100%) to give an off-white powder (830 mg,

0.96 mmol, 84%).

'"H NMR (400 MHz, CDCl;): & (ppm) 1.12 (t, J = 7.4 Hz, 12H), 1.89 (h, J = 7.2 Hz, 8H), 4.38 (t,

J=6.7Hz, 8H), 7.26 (d, 4H), 7.49 (d, J = 8.5 Hz, 4H), 7.69 (d, J = 14.2 Hz, 2H), 7.86 (dd, J = 8.3,

1.9 Hz, 4H), 8.23 (dd, J = 1.5 Hz, 4H), 8.89 (s, 4H).

9,9-(Stilbyl)-bis-(carbazole-3,6-dicarboxylic acid) (S-10) (Hysbed): To a solution of S-9 (450 mg,

0.59 mmol, 1.00 equiv) in 150 mL of THF and 15 mL of MeOH, an aqueous NaOH solution (2.5 g

in 250 mL of water) is added and heated for 18 h at 90 °C. After completion of the reaction, THF

and MeOH are removed under vacuum on a rotary evaporator. Subsequently, the aqueous phase is

acidified with a 2 N HCI solution till pH = 2 The resulting white precipitate is filtered, washed

with water, and then dried, giving a white powder (390 mg, 0.56 mmol, 99%).
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'H NMR (400 MHz, 298 K, DMSO-d¢) & (ppm) 7.52 (d, 4H), 7.61 (s, 2H) 7.74 (d, 4H), 8.02 (d,

4H), 8.12 (dd, 4H), 8.99 (s, 4H), 12.81 (s, 4H).

3. NMR-spectrum of Hysbed

mmmmmmmmmmmmmmmmm
&S 8RRRARESEAR

R R I R R N A TN

<
?
3
O\Ozf
.
2

E(s) N
T 761 OO
90 88 86 84 82 80 78 76 74
chemical shift (ppm) C(d) HO OH
8.01
¢] o

G(s) A (d) B (dd) | | F (d)
12.82 8.99 8.12 || 7.52

D (d)

7.74

R V.

T

o
-

T T T T T T T T T T T T T T T T T T T T T
130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0

T T T T T T
25 20 15 10 05 00
chemical shift (ppm)

Figure S3. 'H-NMR of the synthesized linker molecule Hysbcd.



4. Powder X-Ray Diffraction (PXRD)
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Figure S4. Pawley refinement of a) Zn,,(sbcd)(bpy)(DMACc),,(H,0);3, (CP2) and b)

Zn,,(sbed)(bpe)(DMAC);,(H,0) (CP3). Both obtained sets of crystal parameters are in good

accordance with the single crystal X-ray data.

5. IR Analysis (FT-IR) of the CPs and Hysbcd
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Figure S5. Infrared spectroscopy of a) Hysbed, b) Zn,,(sbed)(bpy)(DMAC),,(H,0)3,, and c)

Zn,,(sbed)(bpe)(DMAC);,(H,0), showing the absence of the carboxyl C-O stretching mode

at 1730 cm! for both CPs, verifying the successful incorporation in the network.
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6. Thermo Gravimetric Analysis (TGA) of the CPs
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Figure S6. TGA of both coordination polymers: a) Zn,,(sbcd)(bpy)(DMAC),,(H,0)3,, which

is stable until 400 °C and shows a 4.6% weight loss until 105 °C equating to three molecules

of H,0, as well as a 14.5% weight loss until 370 °C equating to two molecules of DMAc. b)

Zny,(sbed)(bpe)(DMAC);,(H,0) showing a 20% weight loss starting at 100 “C until 300 °C,

which equates to the loss of one H,O and three DMAc molecules with the following

decomposition at 380 °C.

7. Single Crystal Reports of the CPs
General Information

X-ray intensity data of the compound was collected at 100 K using a Bruker D8 Venture

diffractometer equipped with a Helios optic monochromator, a Photon II CPAD detector and

a Mo IMS microsource (Mo-Ka radiation). The raw area detector data frames were reduced

S-12



and corrected for absorption effects using the SAINT and SADABS programs with multi-

scan absorption correction. Final unit cell parameters were determined by fast Fourier

transform refinement of the respective independent reflections taken from the data sets. The

structure was solved by autostructure with SHELXT. Difference Fourier calculations and

full-matrix least-squares refinements against F2 were performed by SHELXIL-2014/7

(Sheldrick, 2014). All non-hydrogen atoms were refined with anisotropic displacement

parameters. Hydrogen atoms were refined by a mixture of independent and constrained

refinement.

Report Zn,,(sbcd)(bpy)(DMAC),,(H,0)s,

Figure S7. ORTEP representation of the single-crystal structure  of

Zn,(sbcd)(bpy)(DMAC),(H,0); with thermal ellipsoids shown at the 50% probability level.
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Table S1. Crystallographic data of Zn,,(sbcd)(bpy)(DMAC),,(H,0)3,,.

Crystal data

DegSil5

Chemical formula

M;

Crystal system, space group
Temperature (K)

a, b, c(A)

a, B,y (°)

V (A3)

Z

Radiation type

p (mm™)

Crystal size (mm)

Data collection
Diffractometer

Absorption correction

Tinins Tmax

No. of measured, independent
and observed [I > 20(I)]
reflections

Rint

Refinement
R[F?>206(F?)], wR(F2), S

No. of reflections

C,H17N,O5Zn

502.81

Triclinic, P-1

100

9.8240(7), 11.3596(8), 13.6356(11)
76.524(3), 73.942(3), 74.063(3)
1385.64(18)

2

Mo Ka

0.920

0.038 x 0.082 x 0.113

Bruker Photon CMOS

Multi-scan SADABS 2016/2, Bruker, 2016

0.6779, 0.7454

32451, 4480, 4115

0.0491

0.044, 0.127,1.12

4480
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No. of parameters
No. of restraints

H-atom treatment

Apmax, Apmin (e A7)

315

45

H atoms treated by a mixture of independent and constrained
refinement W = 1/[Z3(FO?) + (0.172P)* + 35.4396P]
WHERE P = (FO? + 2FC2)/3

1.114,-0.414
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Report Zn,,(sbcd)(bpe)(DMAC)s,(H,0)

Figure  S8. ORTEP  representation  of  the single-crystal structure of

Zn,,(sbed)(bpe)(DMAC);,(H,0) with thermal ellipsoids shown at the 50% probability level.

Table S2. Crystallographic data of Zn,(sbcd)(bpe)(DMACc);(H,0).

Crystal data DegSil6

Chemical formula Cy7H1747N>04Zn

M; 499.29

Crystal system, space group Triclinic, P-1

Temperature (K) 101

a,b, c(A) 8.3961(16), 13.253(3), 13.510(3)
a, B,y (°) 72.953(7), 78.176(7), 72.835(7)
V (A3) 1361.7(5)
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Z

Radiation type

p (mm™)

Crystal size (mm)

Data collection

Diffractometer

Absorption correction

Tinins Tmax

No. of measured, independent
and observed [I > 20(I)]
reflections

Rint

Refinement

R[F?>20(F?)], wR(F2), S

No. of reflections

No. of parameters

No. of restraints

H-atom treatment

Apmax, Apmin (e A73)

2
Mo Ka
0.933

0.063 x 0.109 x 0.193

Bruker Photon CMOS
Multi-scan SADABS 2016/2, Bruker, 2016
0.5981, 0.7454

30474, 4768, 3327

0.0874

0.0732, 0.2289, 1.03

4768

371

269

H atoms treated by a mixture of independent and constrained
refinement W = 1/[Z*(FO?) + (0.172P)? + 35.4396P]
WHERE P = (FO? + 2FC2)/3

0.551, -0.520
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8. Two-photon excitation spectroscopy

8.1 Experimental setup

The working principle and experimental design for Fourier transform two-photon
fluorescence excitation spectroscopy is similar as described by Hashimoto et al.> 4 A
schematic of our setup is shown in Figure S9. The broadband spectra in our lab are
generated from a noncollinear optical parametric amplifier (NOPA rainbow) pumped
by femtosecond pulses from a mode-locked Yb:KGW laser (Light Conversion,
PHAROS PH2) operating at 1024 nm with a variable repetition rate of up to 200 kHz.>
6

PHAROS PH2

NOPA rainbow

Prism-pair compressor

|
NDF;

BB

M
GEMINI-2D |
Iride Beam expander II |a Ii‘
Mg FI\{IZ |
NDF>, DM MO L LPF
Mo - QP L; Sample
D5

Fluorescence

Figure S9: Experimental design for interferometric two-photon excitation
spectroscopy. NDF: neutral density filter; M: mirror; FM: focusing mirror; QP: quartz
plate; DM: dichroic mirror; MO: microscope objective; L: lens; F: filter; D: detector;

Second harmonic

LPF: long-pass filter; BB: beam block (see text for details).

The NOPA output spectra used for this work are shown in Figure S10. The dispersion
introduced by the interferometer, microscope objective, and other transmissive optics



is pre-compensated using a prism pair fused silica compressor. Pulse pairs are
generated using a phase-stable common-path birefringent interferometer (NIREOS,
GEMINI-2D, please see Preda et al. for design details).” They are focused on the
sample position using a long working distance (7.4 mm) microscope objective (Nikon,
CFI S Plan Fluor ELWD 20XC, NA 0.45). Pulse duration is measured by cFROG
(collinear frequency-resolved optical gating)® using a 10-um thick type-I phase
matching BBO crystal as a nonlinear medium. Spectrum NOPAS850 gives a pulse
duration of 10 fs (Fourier limit is 7 fs), while NOPA750 gives a pulse duration of 15 fs

(Fourier limit is 17 fs). For details of the data processing procedure, please see Section
8.3.
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Figure S10: NOPA spectra used for two-photon excitation in this work.

8.2 Sample preparation of CPs

CP crystalline powders are ground to uniform powders. Each CP powder was weighted
and mixed with 500 mg PMMA (1.18 g/mol) powder into 5 mL DCM and stirred for 2
hours in the solution. Afterward, PMMA film samples were prepared using the ‘doctor
blade’ method with subsequent evaporation of the DCM.

Table S3: Parameters used to calculate the concentration of CPs in film state.

CPs Molecular weight [g/mol] | Mass [mg] Concentration [mmol/L]

CP1 1014.41 16.7 38.9
CP2 1197.88 5 9.9
CP3 1277.03 5 9.2
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8.3 Data treatment

To get two-photon excitation spectra of the samples under investigation, we follow the
procedure described in the work of Hashimoto and co-workers.? 4 Here we take CP2
as an example to illustrate the data processing routine; all other samples measured at
different spectral ranges will follow the same procedure. Once the pulse duration was
optimized, we recorded the interferogram of the second harmonic (SH) signal in the
forward direction using a fiber spectrometer (D, in Figure S9). The x-axis is in the unit
of wedge positions in the GEMINI-2D interferometer (Figure S11). Afterward, the
BBO crystal was replaced with CP2 sample, and the two-photon induced fluorescence
was collected in the backward direction using a dichroic mirror. The interferogram of
the fluorescence signal for CP2 is depicted in Figure S12.
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Figure S11: Interferometric autocorrelation (IAC) trace of the second harmonic (SH)
signal from a BBO crystal.
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Figure S12: Interferogram of two-photon induced fluorescence (2PIF) signal from CP2.

Fourier transform (FT) of interferograms gives the second harmonic spectrum corresponding
to the current NOPA spectrum and the two-photon excitation spectrum of CP2, respectively.
After axis calibration, i.e., from the wedge position to the detection wavelength, both spectra
are plotted together in Figure S13. The normalized two-photon excitation spectrum can be
obtained by dividing the second harmonic spectrum (FT[SH-IAC]) from the two-photon
excitation spectrum (FT[2PIF-IAC]), as shown in Figure S14. In the end, the two-photon
absorption cross-section values were calculated by comparing the two-photon induced
fluorescence with a standard sample. Fluorescein dyes dissolved in water with pHI1

(36GM@800nm) were used to calibrate cross-section values for the Hysbed linker, while CP1
(3359GM@840nm) was used to calibrate the cross-section values of CP2 and CP3.%°

—O— FT[2PIF-IAC]
—6— FT[SH-IAC]
= == Baseline 10% | |

08r

0.6
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Intensity [a.u.]

0.2

780 800 820 840 860 880 900 920 940 960
2PA Wavelength [nm]

Figure S13: Fourier transform of interferograms in Figures S11 and S12 gives the two-photon
excitation spectrum of CP2 (FT[2PIF-IAC], red) and second harmonic spectrum of a BBO
crystal (FT[SH-IAC], blue), respectively.

Fourier intensity [a.u.]

780 800 820 840 860 880 900 920
2PA Wavelength [nm]
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Figure S14: Normalized two-photon excitation spectrum of CP2.

The two-photon induced fluorescence of the Hysbed linker was compared with the fluorescein
under the excitation of 800 nm, as shown in Figure S15. Two-photon-induced fluorescence
excited at 840 nm for CP1, CP2, and CP3 were measured 10 times for each and are depicted
in Figures S16, S17, and S18, respectively. The mean values were used to compare the
fluorescence strengths. Note: all four spectra were collected using the same integration time,
i.e., 500 ms but with different excitation intensities. The unknown two-photon absorption
cross-sections can be determined using the following relation.’

FZ,samCrefd)ref

02, sam (’1) = 02 re f (’1)

F2,reszam¢sam
where g;,(A) is two-photon absorption cross sections at a given wavelength A, F,(4) is the
fluorescence intensity per unit laser power per unit time at the registration wavelength, C is the
concentration, ¢ is the quantum yield. Indices sam and ref stand for the sample and the
reference samples.

6000 Two-photon induced fluorescence, excitation@800nm

Fluorescein in H20, pH 11

000 Stilbene linker in DMF (3 10) i

';:' 4000 |-
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3000
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1000

0 T L Il 1
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Figure S15: Two-photon induced fluorescence spectra of fluorescein with concentration of
100 uM and stilbene linker (Hysbed) in DMF with a concentration of 500 uM.
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15000 Two-photon induced fluorescence spectrum of CP1

;' 10000

ul

5000

Intensity [a

300 350 400 450 500 550 600 650 700
Wavelength [nm]

Figure S16: Two-photon induced fluorescence spectra of CP1.
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Figure S17: Two-photon induced fluorescence spectra of CP2.
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Two-photon induced fluorescence spectrum of CP3
3000

2500

N
o
o
o

1500

Intensity [a.u.]

1000

500

300 350 400 450 500 550 600 650 700
Wavelength [nm]

Figure S18: Two-photon induced fluorescence spectra of CP3.
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