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Intermolecular Interactions as Driving Force of Increasing
Multiphoton Absorption in a Perylene Diimide-Based
Coordination Polymer

Simon Nicolas Deger, Anna Mauri, Yang Cui, Sebastian Josef Weishäupl,
Ali Deniz Özdemir, Hamad Syed, Aleksandr Ovsianikov, Wolfgang Wenzel,
Alexander Pöthig, Jürgen Hauer,* Mariana Kozlowska,* and Roland Augustinus Fischer*

Coordination polymers (CPs) represent an innovative class of materials with
proven potential for multiphoton absorption applications. However,
understanding the structure-property relationships that govern their nonlinear
optical behavior remains challenging. This study presents an in-depth
investigation of the effects of intermolecular interactions on multiphoton
absorption by focusing on the synthesis and characterization of
1,6,7,12-tetrachloroperylenediimide-N,N’-di-(acetic acid) (H2tpda) and its
coordination with zinc to form [Zn2tpda(DMA)2(DMF)0.3] (Zntpda). How the
packing of tpda linkers within the coordination framework influences their
optical properties is revealed. The analysis demonstrates that Zntpda exhibits
a broadened UV–vis absorption spectrum with no emission indicative of
H-type aggregation with additional evidence of a photo-induced electron
transfer. Z-scan measurements show enhanced two-photon absorption (2PA)
cross-sections of Zntpda compared to H2tpda and even three-photon
absorption (3PA). This is explained by intermolecular interactions, electronic
coupling, and spatial confinement effects within the polymer. The findings
underscore the critical role of chromophore orientation and packing in
optimizing nonlinear optical performance, offering insights for designing
advanced functional CP materials tailored for photonic applications.
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1. Introduction

Supramolecular chemistry comprises the
arrangement of molecules via intermolec-
ular interactions to form structures of
higher complexity.[1] The implementation
of molecules into supramolecular assem-
blies can go along with significant changes
in their properties and functionalities,
offering valuable insights into the behavior
of such materials and potential avenues to
steer their properties and enable desired
applications.[2] In this context, perylene-
3,4:9,10-tetracarboxylic acid diimide
(PDI) based chromophores have been
proven to be versatile building blocks.[3]

The PDI chromophores offer favorable
properties stemming from their chemi-
cal structure: a rigid polycyclic aromatic
scaffold substituted with two dicarboxylic
acid imide groups and strong conjuga-
tion between the electron-rich perylene
core and the electron-withdrawing imide
groups.[3] The resulting characteristics
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include comparably high thermal, chemical, and photochemical
stability, broad absorption spectra, fluorescence with high quan-
tum yields, and flexibility for various structural modifications.[3,4]

These properties have led to their application in various
supramolecular material classes, encompassing pure organic
dimers,[5] catenanes,[6] and macrocycles,[7] as well as metal–
organic supramolecular assemblies such as metal–organic poly-
hedra (MOPs),[8] and coordination polymers (CPs),[9] along with
their subgroup Metal–Organic Frameworks (MOFs).
CPs and MOFs comprise organic linker molecules, forming

coordination bonds with metal-based secondary building units
(SBUs). PDI-based linkers have already been incorporated into
CPs and MOFs to impart their properties to the materials, en-
hancing or enabling their performance in the respective appli-
cations. These applications span photocatalysis,[10] photothermal
conversion,[11] electrical conductivity,[12] energy transfer,[13] gas
separation,[14] and singlet oxygen evolution.[15] PDI molecules
have been extensively explored in the field of nonlinear op-
tics (NLO),[16] including multiphoton absorption (MPA), a phe-
nomenon with applications in bioimaging (such as in medical
imaging techniques), 3D-data storage (e.g. in advanced computer
memory systems), and microfabrication (for creating intricate
structures at a microscale).[17] Despite these recent advances, the
impact of assembling PDI chromophores in MOFs for MPA ap-
plications has yet to be explored.[17]

The generally high potential of CPs/MOFs for MPA has al-
ready been demonstrated, as different MPA active chromophore
linkers have already been incorporated in these materials, pre-
dominantly leading to an improvement in two-photon absorp-
tion (2PA) cross-section 𝜎(2). This system property has the unit
of Göppert–Mayer (GM = 10−50 cm4 × s × photon−1) and can be
used to quantify the MPA activity.[17,18] The observed increase of
the 2PA cross-section upon insertion of an organic linker into
a CP can be attributed to different effects: (I) rigidity enforced
by the framework reducing radiation-less decay pathways, (II)
increased stability through a reduction in photobleaching, (III)
polarization by the metal node and (IV) intermolecular interac-
tions between the packed chromophores.[17,19] The latter has been
postulated to contribute significantly to the aforementioned in-
crease in 𝜎(2), as supramolecular self-assembly effectively short-
ens the distance between organic conjugatedmonomers. This fa-
cilitates abundant intermolecular interactions such as 𝜋-𝜋 and
hydrogen bonds in the molecular crystal, promoting the elec-
tronic coupling betweenmonomermolecules and enhancing the
degree of electron delocalization betweenmonomermolecules in
the crystal, promoting charge transfer (CT).[18c,20] However, these
effects have only been studied sparsely in the reports on MPA
in MOFs.[21] In purely organic systems, the aggregation-induced
enhancement of MPA has already been investigated in several
studies, showing that intermolecular interactions, as well as the
orientation of dipole moments, are contributing factors in the
improvement of 𝜎(2).[22] This knowledge can be potentially trans-
ferred to the arrangement of chromophores in MOFs.
Herein, we report our related efforts, presenting

the synthesis of a new PDI-based CP using 1,6,7,12-
tetrachloroperylenediimide-N,N’-di-(acetic acid) (H2tpda) and
Zn(NO3)2 × 6 H2O. Single-crystal X-ray diffraction (SC-XRD)
revealed the structure to be a 1D CP with the composition
[Zn2tpda(DMA)2(DMF)0.3] (Zntpda). Following the structural

characterization of the CP, the photophysical properties of both
the linker and the CP were analyzed and compared, reveal-
ing emission quenching in the CP due to aggregation-caused
quenching (ACQ), probably originating from a photo-induced
electron transfer (PET) and H-type aggregation. MPA of both the
linker and the CP were investigated and compared, revealing a
drastic increase of 𝜎(2) and the occurrence of comparatively high
three-photon absorption (3PA) when the linker is incorporated
into the CP. This increase in 𝜎(2) was further studied using
density functional theory (DFT) and time-dependent (TD) DFT
calculations, revealing molecular insights of experimental obser-
vations and hinting toward intermolecular interactions as well
as rigidification working cooperatively together as a contributing
factor in the increase of 𝜎(2). These results provide a step toward
a better understanding of MPA inMOFs and elucidate the role of
intermolecular interactions. This can lead to optimizedmaterials
and more straightforward implementation of MOFs and CPs in
MPA-related applications.

2. Results and Discussion

2.1. Synthesis and Characterization

The PDI-based chromophore 1,6,7,12-tetrachloroperylene-
diimide-N,N’-di-(acetic acid) (H2tpda) was synthesized in a two-
step synthesis starting from 3,4,9,10-perylene-tetracarboxylic-
3,4:9,10-dianhydride, further details can be found in the Sup-
porting Information. Compared to unsubstituted PDI linkers,
the chlorine substitution enhances the solubility of H2tpda
due to the induced twist of the 𝜋-system, facilitating the MOF
formation.[15] Additionally, the chlorine substitution enhances
the electron density of the chromophore.[23]

The reaction ofH2tpdawith Zn(NO3)2 × 6H2O in aDMF/H2O
mixture at 120 °C yielded dark red crystals with the composition
[Zn2tpda(DMA)2(DMF)0.3] (Zntpda, Figure 1). The 1D frame-
work crystallizes in the monoclinic space group P 21/c with the
unit cell parameters a = 18.7419(19) Å, b = 9.5896(9) Å, c =
20.181(2) Å, and 𝛼 = 90°, 𝛽 = 113.328(3)°, 𝛾 = 90°. It comprises
a Zn2O4N2 SBU (Figure 1c) connecting four tpda linker motifs
and two DMA molecules formed in situ in the reaction solu-
tion. Two carboxylic groups bridge the two zinc atoms, which are
both tetrahedrally coordinated, in a 𝜅1:𝜅1 mode, and the other
two carboxylic groups are connected in a 𝜅1 mode in the same
plane. One dimethylamide (DMA) molecule completes the SBU
at each zinc atom on opposite sides of the carboxylic acid plane
(Figure 1c). The SBU-connected linker molecules consequently
form strings of coordination polymers, each consisting of a dou-
ble chain of linkers forming a 2-nodal net with 2,4-c net topol-
ogy (Figure 1a,e).[24] These consequently form layers that are con-
nected by 𝜋-interactions. The 𝜋-stacked layers of tpdamolecules
alternate between non-inversed and 180° rotated stacks, showing
an x-shaped structure along the c-axis (Figure 1f). The linkers in
these chains are packed at a distance of 4.44 Å and the following
string at a distance of 4.18 Å, resulting in two different dimers
dimer A and dimer B in the structure (Figure 1g,h). The chlo-
rine substitution-induced twisting of the perylene core leads to
an off-center slipped stacking of the chromophores in the solid
state, similar to other purely organic systems (Figure 1d).[25]
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Figure 1. a) Depiction of Zntpda along the b-axis showing the linker-SBU-strings. Structure information: P 21/c with the unit cell parameters a =
18.7419(19) Å, b = 9.5896(9) Å, c = 20.181(2) Å and 𝛼 = 90°, 𝛽 = 113.328(3)°, 𝛾 = 90° and R-value = 9.78% b) Depiction of a cut out of Zntpda
showing a single, double strand of the CP c) Molecular structure of SBU and linker inside the framework. d) Packing of the linkers shown in two
directions, visualizing the offset slipped stacking of the chromophores. e) Schematic representation of the underlying network topology along the b-axis.
f) Schematic representation of the underlying network topology along the c-axis, highlighting the x-shaped packing of the 𝜋-stacked double strand.
g) Dimer formed by 𝜋-stacking bound linkers of two chains (dimer A). h) Dimer formed by the SBUs connected chains (dimer B). The angle between the
planes of the linkers in dimer A and dimer B is 96.42° and 58.23°, respectively (see Figure S15, Supporting Information). Color coding: gray = carbon,
blue = nitrogen, red = oxygen, green = chlorine, and petrol = zinc.

The phase purity of the bulk of Zntpda was investigated by
powder X-ray diffraction (PXRD, Figure S5, Supporting Infor-
mation), which matches the results from SCXRD and elemen-
tal analysis (EA). The compound is thermally stable up to 350 °C
shown by thermogravimetric analysis (TGA; Figure S7, Support-
ing Information), and infrared (IR) spectroscopy shows the ex-
pected bands for coordinated tpda (Figure S6, Supporting Infor-
mation). In combination, PXRD, EA, and IR prove the successful
incorporation of H2tpda in the framework of Zntpda and show
the sufficient purity of the bulk for the optical characterization.

2.2. Steady-State Optical Analysis

With the synthesized compounds, we conducted steady-state op-
tical measurements. The UV–vis spectrum of H2tpda in THF
shows an absorption band with a maximum of 513 nm. As
is typically known for perylenes, the absorption spectrum is
modulated by a pronounced vibronic progression with the sec-
ond strongest peak at 481 nm (see black line in Figure 2a).
Time-dependent and time-independent density functional the-
ory calculations (TD-DFT and DFT, respectively), considering the
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Figure 2. a) UV–vis (black), emission spectra (dotted) of H2tpda in THF,
and diffuse reflectance spectrum of Zntpda (blue). b) Vibrationally re-
solved absorption spectra of H2tpda (black), dimer A (blue), and dimer
B (orange) computed with a time-independent FC-TI-LCM approach. Val-
ues of transition dipole moments (TDM) and transition quadrupole mo-
ments (TQM) are reported in Tables S8 and S9 (Supporting Information)
and depicted in Figure S22 (Supporting Information). The comparison to
the TD-DFT spectra is depicted in Figure S17 (Supporting Information).

implicit THF solvent and vibronic effects, reproduced the main
transitions with peak maxima at 513 (529) nm and 481 (494) nm,
respectively (see Figure 2b; Figure S17, Supporting Information).
(Note: including vibrational contribution was a prerequisite for
the correct absorption calculation ofH2tpda (see Figure S16, Sup-
porting Information for comparison)).
Zntpda shows a strongly broadened absorption spectrum com-

pared to H2tpda (see Figure 2a, blue vs. black line). The red-
shifted features in the Zntpda-spectrum (shoulder between 600
and 800 nm) indicate ground-state interactions between link-
ers in the CP. The second vibronic peak – located at 481 nm
in H2tpda – shows a clear blue shift in the CP. As PDIs are

well known for their propensity to form aggregates, this hyp-
sochromic shift is readily explained by H-type aggregation.[26]

This is also reflected by the close 𝜋-stacked tpda molecules in
the CP structure, i.e. at a distance of 4.18 to 4.41 Å in our
case, with the smallest distances between the planes approach-
ing 3.57 Å. Additionally, the angle between the single chro-
mophores is 96.42° and 58.23° for dimer A and dimer B, respec-
tively, and angles higher than 54.7° are typically known forH-type
aggregates.[27] The indication of such an assembly in Zntpda has
also been observed in calculated vibrationally-resolved spectra of
the two dimer types of H2tpda formed in Zntpda (Figure 2b).
Here, the blue shift of 25–30 nm upon dimer formation is no-
ticeable. However, the CP formed in the experiment comprises
a more complex assembly structure beyond the employed dimer
model.
The emission spectrum of H2tpda (dashed black line in

Figure 2a) peaks at 539 nm with a small Stokes shift of 24 nm
and a fluorescence quantum yield (QY) of Φ = 88%, while
Zntpda shows no observable emission. This lack of observ-
able fluorescence points again toward the presence of H-type
aggregation.[3,26a] Alternatively, the lack of emission can also be
explained by the possibility of the PET between tpda linkers due
to the overlap of the respective frontier orbitals.[28] The electronic
coupling between linkers in dimer A and dimer B is 14.6 meV
and 53.5 meV considering the overlap of their highest occupied
molecular orbitals (HOMO), and 77.2 meV and 47.6 meV for the
lowest unoccupiedmolecular orbitals (LUMO), respectively, visu-
alized in Figure S21 (Supporting Information). This indicates the
possibility of the CT states in the material, as already discussed
for other PDI assemblies, which is known to cause the emission
quenching.[29]

2.3. Multiphoton Absorption

2.3.1. Characterization of the Linker H2tpda by Nonlinear
Fourier-Transform Spectroscopy

Nonlinear optical characterization of H2tpda was conducted via
nonlinear Fourier-transform spectroscopy (see details in SI)
based on two-photon induced fluorescence excitation.[30] The re-
spective 2PA spectrum is presented in Figure 3a. H2tpda, as
an approximately centrosymmetric molecule, shows a 2PA spec-
trum in which the 1PA-allowed S0 → S1 transition is missing
due to selection rules.[31] Therefore, for wavelengths longer than
864 nm, the 𝜎(2)-values only reach up to 5 GM. In the 750–820 nm
spectral range, the 𝜎(2)-values approach 24 GM and 98 GM at
719 nm (Figure 3a). This increase in 𝜎(2) is caused by the reso-
nance enhancement of 2PA through decreased detuning from
the energy of the 1PA transition, as reported previously.[32] In
this regard, our results match the spectral characteristics of PDIs
with chlorine substituted at the bay position. We note that substi-
tution on the end positions weakly influences the photophysical
properties.[23,33] A similar observation can be made in the calcu-
lated 2PA spectra of H2tpda (see Figure S19 and Table S2, Sup-
porting Information). The S0 → S1 transition is close to an opti-
cally dark transition with a cross-section value of 0.06 GM. The
excitations to the S2 and S3 are markedly stronger with cross-
sections of 0.52–2.78 GM. This is caused by the absence of at least
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Figure 3. a) Experimental 2PA spectrum of H2tpda in THF. b) Calculated
2PA spectra of H2tpda (in implicit THF, COSMO model) (black), dimer A
(blue), and dimer B (in the gas phase) (orange) with the inset of the 650–
850 nm range. The electron density difference upon specific excitations is
visualized for dimer A and dimer B in blue and orange ellipsoids, respec-
tively. The electron-donating and accepting regions are visualized in blue
and green (isovalue of 0.003 a.u.).

two symmetrically similar 1PA dark states ofH2tpda, as the 1PA
is rather intense.[22d] Therefore, the 2PA transition does not reach
the same final state as the one-photon transition.[32d] It should
be noted that the calculated 2PA cross-section values should not
be compared directly with the values from the experiment. The
cross-section values are sensitive to various experimental param-
eters and referencing methods. Moreover, the calculated values
were not rescaled in comparison to fluorescein, and it is known
that cross sections may be underestimated in TD-DFT.[34]

2.3.2. Characterization of the CP Zntpda by Z-Scan Measurements

Due to the lack of fluorescence in Zntpda, its NLO properties
were characterized using the open-aperture Z-scan technique[35]

based on transmissionmeasurements at different distances from
the beam focus. MPA coefficients can be extracted by fitting the

measured Z-scan traces (see details in the Supporting Informa-
tion). Thus, the Z-scan technique can be applied to characterize
non-emissive samples. In the excitation range of the employed
femtosecond oscillator from 700 to 950 nm, we observed 2PA in
the wavelength range of 700–850 nm (Table 1). Zntpda shows
high 𝜎(2)-values of up to 62 095 GM at 730 nm. The increase of
the 2PA cross sections and the contribution of several close-lying
excited states are also noticeable in the TD-DFT calculated spec-
tra of two dimer species extracted from the crystal (see Figure 3b;
Tables S3 and S4, Supporting Information). The effect depends
on the dimer type, but both show a similar 2PA forbidden low-
est energy transition as H2tpda. The S0 → S3 transition of CP
linkers corresponds to the S0 → S7 transition of the dimers, in-
creasing the 2PA cross-section up to 3.7 GM. This 2PA active
transition has a mixed CT and local exciton (LE) character (see
Table S7, Supporting Information), with the electronic contribu-
tion originating from both molecules in the dimer, as depicted in
Figure 3b. The observed increase in 2PA cross-sections is domi-
nated by intermolecular CT, which enhances the electronic cou-
pling between neighboring tpda molecules. Although both the
S0 → S3 and S0 → S4 transitions are CT-based for the dimers
(see Table S7, Supporting Information), slight differences in
molecular orientation and electronic coupling lead to variations
in the spectral changes. For example, the cross-section of the
S0 → S3 transition in one dimer is 1.4 GM, while in the other,
it is 0.05 GM (Figure 3b). This observation arises from the differ-
ing strengths of electronic coupling in the stacked molecules. In
a CP measured experimentally, the contributions from different
neighbouring linkers and their assemblies, with slightly varied
local contributions and interactions, couple together, enhancing
the overall 2PA effect in Zntpda.
The interaction energy between two tpdamolecules in a dimer

is 30.21 kcalmol−1 and 31.60 kcalmol−1 for dimer A and dimer B,
respectively, highlighting the significant role of intermolecular
forces in facilitating CT, which is crucial for the enhanced non-
linear optical response. It is relatively strong and does not dif-
fer much from the interaction energy reported previously for dif-
ferent planar PDI aggregates.[36] The noncovalent interaction in-
dex (NCI) analysis has been performed to understand the spa-
tial differences and strengths of the intermolecular interactions.
It is based on analyzing the electron density and its distribution
within themolecular system.[37] The low-density regions between
the interacting molecules, which correspond to non-covalent in-
teractions, are revealed by calculating the reduced density gradi-
ent (RDG). The visualization of RDG, i.e. the presence of inter-
molecular interactions between tpda in its dimers extracted from
Zntpda, is demonstrated by green surfaces in Figure 4. They dif-
fer in the case of both dimer types, indicating weakened van der
Waals (vdW) interactions and pronounced C─H···𝜋 bonding on
the rather short interatomic distance of ≈ 3.03 Å for dimer A. At
the same time, the aggregation type in dimer B clearly shows the
preference for 𝜋-stacking and vdW interactions. The interaction
distance in this case is ≈ 3.57 Å (Figure 4b). The slight change in
the type of intermolecular forces is also denoted by the NCI plot,
where the reduced density gradient (s) attains low values (down-
pointing spikes) more densely in the electron density range of
0–0.005 a.u., where vdW forces are typically described.[37]

The impact of intermolecular interactions is also visible in
the slight changes in the character of 2PA-involved orbital
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Table 1.MPA values of Zntpda were determined by Z-scan.

2PA Wavelength
[nm]

2PA Coefficient
[cm/GW]

2PA cross-section
[GM]

3PA Wavelength
[nm]

3PA Coefficient
[cm3/GW2]

3PA cross-section [1e−74 cm6

s2 photon−2 molecule−1]

700 27 29939 ± 1497 860 5.7 1.19 ± 0.06

710 23.4 25582 ± 1279 870 6.6 1.34 ± 0.07

720 10 10780 ± 539 880 7.2 1.43 ± 0.07

730 58.4 62095 ± 3105 890 7 1.36 ± 0.07

740 46 48250 ± 2413 900 30 5.71 ± 0.29

750 44 45537 ± 2277 910 25.8 4.80 ± 0.24

760 46 46980 ± 2349 920 26 4.74 ± 0.24

770 50 50402 ± 2520 930 27 4.81 ± 0.24

780 51 50751 ± 2538 940 29 5.06 ± 0.25

790 51 50109 ± 2505 950 28 4.78 ± 0.24

800 17.2 16688 ± 834

810 22 21082 ± 1054

820 25 23664 ± 1183

830 25 23379 ± 1169

840 25.2 23286 ± 1165

850 25.6 23377 ± 1169

transitions as depicted in Figure 3b. Here, the electron density
change upon the excitation is shown in blue for electron-deficient
regions, which donate the electron density to the accepting re-
gions (marked in green), indicating the electron-rich character of
the latest after light absorption. Higher electron density delocal-

ization between the molecules is visible for S0 → S7 of dimer A,
corresponding to the transition from the HOMO-4 to the LUMO
orbital (46%). This transition has a mixed character for dimer B,
where the transition from the HOMO-5 to LUMO orbital (31%)
occurs in addition (Figure S23, Supporting Information). The

Figure 4. The visualization of the noncovalent interactions (in green, isovalue of RDG of 0.3 a.u.) between tpda in dimer A (a) and dimer B (b) extracted
from the CP crystal. Two visualization views for each case are depicted with the NCI plots, representing the relationship between the RDG (s) and the sign
of the second eigenvalue (𝜆2) of the promolecular density. The lower the s, the stronger the interaction. Typical van der Waals interactions are described
by 𝜌 < 0.005 a.u., while attractive interactions, e.g., due to H-bonds, correspond to the negative sign of 0.005 < 𝜌 < 0.05 a.u.

Adv. Funct. Mater. 2025, 2424656 2424656 (6 of 10) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202424656 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [21/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 5. IR spectrum of the H2tpda linker in comparison to IR spectra of dimer A (left top) and dimer B (left bottom). Optimized structures in the
S0 state have been considered. The visualization of vibrational modes of H2tpda (represented by green arrows) with the frequency of 1291 cm−1 and
1668 cm−1 is depicted in the right panel.

transition orbitals corresponding to S0 → S3 also show slight dif-
ferences. The presence of intermolecular CT between species is
visible, as shown by the detailed analysis of CT characteristics ex-
plained in SI (Figure S23 and Table S7, Supporting Information).
Thus, the enhancement of 𝜎(2) in Zntpda is attributed to incorpo-
rating 2PA-activeH2tpda into the framework. In such a case, the
possibility of conformational locking may additionally enhance
𝜎(2). As reported byZeman et al., such structural effectsmay dom-
inate 2PA responses modulated by typical H-aggregation, which
often weakens the 2PA cross-section.[18a,22d]

To estimate the change in the vibrational flexibility of H2tpda
after its assembly in CP, the vibrational modes of the isolated
linker and the dimers extracted from the MOF have been ana-
lyzed. From the data presented in Figure 5, it is visible that some
of the vibrational modes are less pronounced in the extracted
dimers, particularly for the modes at 1291 cm−1 and 1668 cm−1.
They involve, to a high extent, the C─O and C═O bonds stretch-
ing (see the visualized structural moves represented by arrows in
the right panel in Figure 5) and slight breathing motions of the
perylene core. From the analysis of the Huang–Rhys factors for
H2tpda (see Figure S27, Supporting Information), showing the
most dominant changes in the vibrational modes upon reach-
ing the lowest singlet excited state, we see that, among all in-
tense low-frequency vibrations, the one at 1394 cm−1 plays an
important role in the excited state. It is assigned to the motion
of the perylene core, and such an observation agrees with previ-
ous experimental and theoretical investigations.[38] Moreover, the
spectra calculated satisfactorily reproduce the experimental spec-
tra of H2tpda and Zntpda (Figure S6, Supporting Information).
Since the carboxyl groups of H2tpda are connected to the SBUs
in CPs and the vibrational motions of the perylene cores are al-
tered by the noncovalent interactions with the neighboring link-
ers, linker vibrations are limited in the CP. Thus, conformational
locking enables specific interactions between PDIs in the pack-
ing arrangement, which, through electronic coupling andCT-like

states, leads to spectral changes and an enhanced 2PA response.
The experimentally observed increase in 2PA amounts to a more
than three-order-of-magnitude enhancement for Zntpda.
Even 3PA can be observed and dominates for excitation wave-

lengths longer than 850 nm. The measured 3PA cross sections
𝜎(3) = 10−74 cm6s2photon−2 are comparatively high for CP-based
materials.[18d,39]

3. Conclusion

We synthesized and structurally characterized the zinc-based co-
ordination polymerZntpda, using the PDI-derived chromophore
H2tpda as a linker motif. The chromophores in the structure
are tightly packed and, after photophysical characterization, were
shown to favor H-type aggregation and show no emission. This
suggests a high probability of PET, which, in conjecture with H-
aggregation, explains the lack of fluorescence in the CP. The re-
sults of the DFT and TD-DFT calculations support these conclu-
sions based on the electronic coupling between chromophores.
We investigated both the linker and the CP for theirMPA prop-

erties. The Z-scan measurements of the CP crystal revealed an
increase of three orders of magnitude in 𝜎(2) upon incorporat-
ing H2tpda into the framework. TD-DFT calculations of dimeric
structures mimicking the steric relations in the CP show an
approximate increase of 33% per interactive chromophore pair.
This substantial increase originates from the induced conforma-
tional locking of the species in the MOF framework, coordina-
tion with the SBUs, and intermolecular interactions. Altogether,
it permits the electronic coupling between organic linkers in the
MOF and cooperative effects, enhancing MPA performance.
Our results reveal the potential of PDI-based chromophores

in the nonlinear optics of CPs. We demonstrate the significant
enhancement of the MPA properties of CPs by orientation and
packing of the chromophores, which can be further implemented
in related crystalline materials. The findings suggest that the

Adv. Funct. Mater. 2025, 2424656 2424656 (7 of 10) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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observed spectral changes are driven by a cooperative interplay
of factors such as chromophore chemical composition,molecular
orientation, conformational locking, electronic coupling, and in-
termolecular interactions. Due to the highly adaptive potential of
CP and MOF materials, tailoring the chromophore aggregation
and photophysical behavior in molecular crystals is an attractive
concept for the fabrication of new functional materials. However,
more systems are required to study that would consequently en-
able comparative investigations that establish structure-property
relationships contributing to the discovery of design principles
for MOFs and CPs in potential NLO-based applications.[22b,d,23,40]

Specifically, we propose to study the substitution effects of dif-
ferent functional groups in the bay region of PDIs and their
effect on the MPA capabilities in MOFs and CPs. Another ef-
fect worth exploring is the formation of J-type aggregates of
PDI chromophores in MOFs to potentially enhance the MPA
response.

4. Experimental Section
Materials and Methods: All purchased reagents were received from

chemical suppliers and used without any further purification if not other-
wise stated. All reactionswith air- andmoisture-sensitive compoundswere
carried out under standard Schlenk techniques using Argon 4.6 (West-
falen) or in a glovebox (UNIlab, M. Braun). The required glassware was
flame-dried in a vacuum before use. Elemental analysis was performed
at the Elemental Analysis Lab of the CRC at the Technical University of
Munich. Analysis of C, H, and N values was conducted by the flash com-
bustion method at 1800 °C. NMR spectra were recorded on a Bruker
AV400 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 (𝜆 = 0.71073 Å) and a CMOS photon
100 detector (for detailed information, see the Supporting Information).
UV/Vis spectra in solution were recorded on a double-beam Lambda
365 UV−Vis spectrophotometer from PerkinElmer. All diffuse reflectance
spectra were recorded on a Shimadzu UV-3600 Plus UV−vis-NIR spec-
trophotometer with an ISR-603 integrating sphere attachment. Powder
samples were fixed between two quartz glass slides for measurement. The
fluorescence QY was measured with the absolute photoluminescence QY
measurement system C11347-12 Quantaurus by Hamamatsu. Capillary
PXRD measurements were recorded in transmission geometry on a Pana-
lytical Empyrean instrument. The detection was carried out with a Pixel3D
detector. All measurements were performed with Cu–K𝛼 (𝜆 = 1.54 Å) radi-
ation and at 298 K. Fluorescence emission measurements were recorded
on an FS5 spectrofluorometer from Edinburgh Instruments in solution
(linker) or a PMMA matrix (CPs). IR measurements were conducted on
a PerkinElmer Frontier FT-IR spectrometer. Multiphoton excitation spec-
tra of CPs were performed using a femtosecond-oscillator-based Z-scan
setup designed previously.[35a] Broadband two-photon excitation spectra
of linker molecules were recorded using a home-built setup based on a
non-collinear optical parametric amplifier and a common-path birefrin-
gent interferometer.[41]

Synthesis: 1,6,7,12-tetrachloro-perylene-3,4,9,10-tetracarboxylic an-
hydride. The synthesis was performed according to a literature-known
synthesis.[42] In a Schlenk flask flushed with argon, 1.00 g of perylene-
3,4,9,10-tetracarboxylic acid anhydride (2.50 mmol, 1.00 equiv.) and 0.17 g
of iodine (0.68 mmol, 0.27 equiv.) in 6.55 mL of chlorosulfonic acid were
stirred for 2 days at 70 °C. After completion of the reaction, the reaction
mixture was slowly poured onto ice water. The precipitating orange solid
was filtered, washed with water, and dried (1.32 g, 2.49 mmol, 99%).

1H NMR (400 MHz, CDCl3, 𝛿): 8.74 (s, 4H, Ar-H)
1,6,7,12-tetrachloroperylenediimide-N,N’-di-(acetic acid) (H2tpda). The

synthesis was performed with a modified literature synthesis.[43] For the
synthesis of the linker H2tpda, 1.00 g of 1,6,7,12-tetrachloro-perylene-
3,4,9,10-tetracarboxylic anhydride (1.89 mmol, 1.0 equiv.) was added to

2.83 g glycine (37.7 mmol, 20 equiv.) and dissolved in 50.0 mL propionic
acid. The red reaction mixture was stirred at 160 °C for 48 h. Subsequently,
the obtained suspension was given to 200 mL distilled water, filtered, and
washed with two times 100 mL MeOH/H2O and 20.0 mL MeOH. The
achieved powder was dried in an oven at 100 °C overnight. The product
was obtained as a dark red powder with a yield of 84% (1.02 g, 1.59mmol).

1H NMR (400 MHz, DMSO-d6, 𝛿): 13.27 (s, 2H, COOH), 8.67 (s, 4H,
Ar-H), 4.80 (s, 4H, CH2); Anal. calcd. for C28H10Cl4N2O8: C, 52.21; H,
1.56; N, 4.35. Found: C, 52.06; H, 1.37; N, 4.34.

[Zn2tpda(DMA)2(DMF)0.3] (Zntpda) A solution of 13.9 mg Zn(NO3)2
(3 equiv.) in 1.00 mL DMF was added to a solution of 10.0 mg H2tpda
(1 equiv.) in 2.00 mL DMF and put into an oven at 120 °C for 48 h. Sub-
sequently, the afforded solid was filtered, washed with DMF, and dried on
air. The product Zn(tpda) was obtained as dark red crystals.

Anal. calcd. for ZnC32.9H22.1Cl4N4.3O8.3: C, 44.75; H, 2.52; N, 6.82.
Found: C, 45.45; H, 2.48; N, 6.11.

Computational Details: The ground state (S0) and the first excited
singlet state (S1) geometries of H2tpda were optimized at the time-
dependent (TD)-density functional theory (DFT) level with the CAM-
B3LYP functional[44] employing the Grimme’s D3-dispersion correction
with Becke-Johnson damping (D3(BJ))[45] and def2-TZVP basis set[46]

in implicit tetrahydrofuran (THF) using polarizable continuum model
(PCM).[47] The structures obtained are depicted in Figure S20 (Supporting
Information). Vibrational analysis was conducted upon all optimizations.
Similar calculations were performed for the two dimer structures extracted
from the crystal structure of Zntpda (see Figures S15 and S20, Supporting
Information). However, the optimization of dimers was performed in the
gas phase by freezing the oxygen (and saturated with hydrogen) atoms
to mimic the structural confinement of linkers in CP. In addition to con-
firming the correctness of the minima obtained, a vibrational analysis was
conducted. All calculationsmentioned were conducted in Gaussian16 Rev.
C. 01 with convergence criteria of 10−8 Hartree and an ultrafine grid.[48]

One-photon absorption (1PA)[49] and two-photon absorption (2PA)[50]

spectra were computed for H2tpda using implicit THF employing the
conductor-like screening model (COSMO) and dimeric systems (dimer A
and dimer B) in the gas phase using TD-CAM-B3LYP-D3(BJ)/def2-TZVP in
TURBOMOLE Version 7.5.[51] The calculation of all spectra was performed
starting from the respective optimized ground state geometry. The Reso-
lution of the Identity (RI) approximation and an energy convergence cri-
teriumof 10−8 Hartree were used. 2PA spectra were calculated considering
a single laser beam with linearly polarized light and parallel polarization,
matching the experimental set-up and following the approach of by Beere-
poot et al.[52] Two photons of the same frequency were considered for the
calculation of transition moments. Spectra were plotted using half width
at half maximum (HWHM) of 0.1 eV and a Lorentzian type broadening
function. The macroscopic 2PA cross sections, 𝜎(2), were calculated as:

⟨
𝜎2PA

⟩
=

N𝜋2𝛼a0
5𝜔2

c

⟨
𝛿2PA

⟩
g (2𝜔,𝜔0,Γ) (1)

whereN is equal to 4, 𝛼 is the fine structure constant, 𝛼0 is the Bohr radius,
𝜔 is the photon energy in atomic units, c is the speed of light, <𝛿2PA> is
the rotationally averaged 2PA strength and g(2𝜔,𝜔0,Γ) is the lineshape
function related to spectral broadening effects. The rotationally averaged
2PA strength (in atomic units), <𝛿2PA>, was obtained according to:

⟨
𝛿2PA

⟩
= 1

15

(
2
∑
a,b

SabS
∗
ab +

∑
a,b

SaaS
∗
ab

)
(2)

where the Sa and Sb are the Cartesian components of the transition mo-
ments (S).

Vibrationally resolved spectra were calculated employing the Frank–
Condon (FC)[53] approximation with linear coupling model (LCM) ap-
proach (TD-FC-LCM)[54] using Dynavib[55] and plotted with half width at
half maximum (HWHM) of 0.02 eV and Lorentzian type broadening func-
tion. Both time-dependent (TD) and time-independent (TI) approaches
were utilized. Implicit THF (PCM model) environment was applied for
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H2tpda, while the gas-phase calculations were performed for the dimers.
All calculations were performed using the optimized ground state and ex-
cited state geometries. The IR spectra were computed utilizing the vibra-
tional frequencies generated upon geometry optimizations to study vibra-
tional modes of all molecular systems.

The hole and electron analysis was computed employing the Multiwfn
(version 3.6) analyzer.[56] The electronic coupling between molecules in
the optimized dimer structures was calculated using the direct coupling
approach.[57]

Finally, the interaction energy between linkers upon CP formation was
estimated using a single-point calculation of the optimized dimers and the
monomers in that precise geometry according to:[36]

Einteraction = Edimer − (2 ⋅ Emonomer) (3)

[CCDC 2404573 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif .]
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Supporting Information is available from the Wiley Online Library or from
the author.
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