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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

) \\\ ?@ X
examined in their two-photon-absorption-induced photoluminescence and

compared to a previously synthesized CP Zn,,(sbcd)(DMAc),,(H,0):5,

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
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
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(2)), 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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1PA the matrix elements is:
MW _ a8.2
My" = (fIE-Alg) ()

where E stands for the excitation light field along a defined
polarization direction and i is the dipole moment operator.
Two-photon absorption is most efficient if the frequency of the
driving laser @, meets a resonance condition given by @, =
20, where state f' is the final state reached by the 2PA
process. The 2PA probability is defined by the cross-section
2

o? |MJ§12g)|2 derived from the two-photon transition matrix

element:
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packing may be achieved with a reduced reabsorption effect.
Alternatively, a planar conformation of chromophore scaffold

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
w, 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}%g) on detuning ®,, — @ is an important
feature of eq 2, as only those transient e levels close to
resonance with @, will contribute significantly.

In the search for oIptimized 6 values, different materials
such as perovskites, 3 polyrners,7 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 hi%hly concentrated
solutions, as well as limited optical stability.”'" Therefore, the
stabilization of chromophores has gained research momentum,
and inorganic—organic hybrid materials have been tar6geted 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: reducin
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
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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.zz’23 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,,(sbed)(bpy)(DMAc),,(H,0),, (CP2)
and Zn,,(sbcd) (bpe) (DMAc),,(H,0) (CP3) using the linker
H,sbed (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
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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,,(sbed)(DMAC),,(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”.
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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,O 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)°, B = 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 «'-binding linkers (O1, 03), 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 z 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).
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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 sbcd 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,O4N, 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,Oq
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,sbed with 3.00 equiv of Zn(NOj;),-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 Pl 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)°, f§ =
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);,(H,0) obvious, and the single crystals were
furthermore analyzed with PXRD, TGA, and IR, confirming
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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,0O4 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, ie., more planar,
molecular structure of the chromophore linkers is present both
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in CP2 and CP3 compared to CP1, 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 SS)
were performed for the Hysbcd linker and corresponding CPs
(Figure 4). Hysbcd was dissolved in DMF with a concentration
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Figure 4. (a) Fluorescence excitation spectra of the H,sbcd linker
(detection wavelength at 450 nm) in DMF and corresponding CPs in
the PMMA-film state. (b) Emission spectra of the H,sbcd 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 umol/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 50 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
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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 eflicient intermo-
lecular interactions through Jt—stacking.37 Second, the increased
planarity of the linker in CP2 and CP3 as compared to CP1
may maximize the intramolecular z-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 H,sbed
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 H,sbcd 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 Hysbcd linker and CP1 for CP2 and CP3 (cf. Supporting
Information).>%*!

The 2PA spectrum of H,sbcd is presented in Figure 5a. 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, 0® 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 & 2 js 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."”
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Figure 5. (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 Sb. Within the employed excitation range, CP2 exhibits
6? values ranging from 1340 to 33 457 GM, CP3 values from
1501 to 81 267 GM, and CP1 values from 2258 to 25 156 GM
(Table 1). At this point, it should be noted that the 6‘*) of CP1

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

2PA cross-section o (10°

CPs/MOFs GM)
Zny,(sbed) (DMAC),,(H,0), 5, (CP1) 2.258-25.156
Zn,,(sbed) (bpy) (DMACc),,(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—15 838 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.
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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 6® 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—7 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 % 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 (¢ 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 5a. 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.'”
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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 w;, 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 @y,
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 — e
transition inefficient. This can be the scenario for the isolated
linker molecule, explaining its moderate ¢'» 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 6(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 ji 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 w,, can lead to a drastic
increase of 2PA if it brings w,, closer to the w,, = @ resonance
condition.

4

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
(Hysbed) have been presented: a two-dimensional CP
Zn,,(sbed) (bpy) (DMAc),,(H,0);, (CP2) and a three-dimen-
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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,,(sbed)(DMAC),,(H,0);5, CP1 previously reported by
our group,26 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
sbcd 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 7—7 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 o 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 (1 = 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);,. In a 4 mL scintillation vial,
10.0 mg of Hysbed (14.7 pmol, 1.0 equiv) dissolved in 1 mL of
DMALg, 5.68 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,Oy
2C,H,0-3H,0: C, 60.16; H, 4.54; N, 7.02. Found: C, 59.41; H,
4.47; N, 6.66.

Zn,,(sbcd)(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 ymol, 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 calcd. for Zn,Co,Hy,N,043C,H,0-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)

CCDC 2333064—233306S contains the supplementary
crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_-
request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre,
12 UnionRoad, Cambridge CB2 1EZ, UK, fax: + 44 1223
336033.
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