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ABSTRACT: We investigate and assign a previously reported unexpected transition in
the metal—organic framework Zn,(NDC),(DPNI) (1; NDC = 2,6-naphthalenedicarbox-
ylate, DPNI = dipyridyl-naphthalenediimide) that displays linear arrangements of
naphthalenediimide ligands. Given the longitudinal transition dipole moment of the
DPNI ligands, J-coupling seemed possible. Photophysical measurements revealed a
broad, new transition in 1 between 400 and 500 nm. Comparison of the MOF absorption
spectra with that of a charge transfer (CT) complex formed by manual grinding of DPNI
and HNDC led to the assignment of the new band in 1 as arising from an interligand
CT. Constrained density functional theory utilizing a custom long-range-corrected hybrid
functional was employed to determine which ligands were involved in the CT transition.
On the basis of relative oscillator strengths, the interligand CT was assigned as principally
arising from z-stacked DPNI/NDC dimers rather than the alternative orthogonal pairs
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SECTION: Physical Processes in Nanomaterials and Nanostructures

he ability to define the packing of organic chromophores

in molecular aggregates is paramount for understanding
and controlling the photophysical processes in artificial light-
harvesting constructs such as organic photovoltaics (OPVs).
Inspiration toward this goal is often drawn from photosynthetic
organisms, which efficiently trap photons and coherently
transport excitons to a charge-separating center by using
supramolecular architectures of light-absorbing chromophores
such as chlorophylls and carotenes."™ The challenge in
mimicking the natural light-harvesting systems is to apply the
photophysical and supramolecular organizational principles
refined by nature in developing artificial materials that can
harvest visible light and guide excitation energy transfer in a
unidirectional manner. Many elegant synthetic solutions have
been elaborated toward this goal. Dendrimers,*”” hyper-
branched conjugated polymers,” and oligomeric porphyrin
arrays,9 for instance, show evidence of the electronic
cooperativity necessary for efficient energy transfer. One
particular architecture that has received attention to this end
is that of J-aggregates. These are molecular constructs in which
individual light-absorbing molecules are arranged such that
their excitation dipole moments couple to promote delocaliza-
tion of the excited state over many chromophores.'®© Whereas
no single model for J-aggregate structure has been universally
accepted, one widely acknowledged criterion is that such
excitonic coupling occurs when the primary transition dipoles
of the dye molecules are aligned head-to-tail.'>"! J-aggregates
are characterized by a red-shifted, narrow band with a high
extinction coefficient that is frequently coupled to a

v ACS Publications  © Xxxx American Chemical Society

453

fluorescence peak separated by only a very small Stokes shift.
The interest in such aggregates from an OPV perspective stems
from the advantages presented by this highly absorbing band:
deliberate engineering of organic chromophores into J-
aggregates could significantly reduce the required thickness of
the light-absorbing layer, thereby reducing the likelihood of
charge recombination losses. However, it is currently very
difficult to control the solid-state packing of molecular
chromophores, and J-aggregates historically have mostly been
discovered by serendipity.

One class of materials that allows exquisite control over the
intermolecular distances and angles between organic molecules
is metal—organic frameworks (MOFs). These are crystalline
hybrid materials made from inorganic and organic building
blocks whose topologies, and implicitly the intermolecular
distances between various building blocks, can be controlled by
design using the principles of reticular chemistry. Although
MOFs have traditionally been used for gas separation and
storage, their highly ordered nature has also made them
attractive targets for studying photophysical phenomena related
to energy transfer'>~"* for light harvesting and luminescence
for sensing.">™"7 The structure—function relationship of MOFs
in relation to luminescence properties has also been the focus
of recent careful studies.'® Along the same lines, we envisioned
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that the inherent ordered structure of MOFs could be
conducive to J-aggregate formation in chromophores that do
not normally exhibit this behavior if such chromophores could
be aligned in the typical head-to-tail arrangement within MOFs.
Furthermore, we surmised that given the extraordinary variety
of MOF structures reported to date, J-coupling behavior may
have gone unnoticed in some of the existing materials. We
initially set out to investigate the possibility of J-coupling in the
class of materials known as pillared MOFs. As shown in Figure
1, these are made from 2-D lattices containing one type of
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Figure 1. Schematic of a pillared MOF, with two types of organic
ligands including the pillar. Yellow arrows indicate the transition
dipoles and their expected head-to-tail arrangement within the chains
defined by the pillar molecules.

ligand and one type of secondary building unit and are
connected in the third dimension by a second type of ligand —
the pillar. Because the pillars are naturally aligned head-to-tail,
we searched for materials in this class wherein the pillars were
made of light-absorbing molecules. One promising candidate
was quickly identified as Zn,(NDC),(DPNI) (1, NDC = 2,6-
naphthalenedicarboxylate; DPNI = dipyridyl naphthalenedii-
mide). Originally reported by Hupp et al, 1 was described as
having an unexpected yellow color and weak luminescence
despite the colorless nature of the individual building blocks:
Zn** jons, NDC*", and DPNL'® Encouragingly, the supra-
molecular structure of 1, shown in Figure 2a, reveals linear
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Figure 2. (a) Partial crystal structure of 1. Outlined yellow boxes
represent DPNI units. Faded yellow boxes indicate DPNI units located
behind the first set due to framework interpenetration. (b) Two dimer
pairs, orthogonal and 7-stacked, of DPNI and NDC*. Gray, blue, red,
and pink spheres represent C, N, O, and Zn atoms, respectively.
Hydrogen atoms were omitted for clarity.

chains of DPNI pillars, a chromophore class well known to
possess a primary transition digole moment aligned with the
long axis of the molecule.”” Coupled to the reported
unexpected yellow color and weak luminescence, it seemed
feasible that J-coupling was occurring in 1.

Although J-coupling in 1 seemed possible, it was clear that
whereas numerous studies on MOFs exist, very few focus on
explicitly interpreting bulk photophysical properties, and little
established methodology is dedicated exclusively to interpreting
the photophysical properties of MOFs. For instance, although
many reports of photophysical properties of MOFs focus on
fluorescence or luminescence, little effort has been devoted on
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understanding the influence of the supramolecular environment
on the optical transitions. Additionally, whereas computational
studies often help to elucidate the origins of photophysical
properties in molecular species, little precedent exists for how
such studies should be tuned for MOFs. Herein, we investigate
the photophysical properties of 1 and present a theoretical
framework for understanding its red-shifted absorption band,
with a particular emphasis of modeling charge-transfer
interactions in these intensively studied materials.

To facilitate the interpretation of the origin of the red-shifted
band giving rise to the yellow color of 1, a portion of its crystal
structure is shown in Figure 2. Viewed along the a or ¢ axes,
linear chains of DPNI units, marked with yellow boxes in
Figure 24, are clearly visible. Each DPNI unit is separated from
the next by 6.977 A, which includes a (Zn®'), cluster.
Contrasting its arrangement with neighboring DPNI molecules,
DPNI forms two distinct spatial relationships with NDC*".
Within a single unit cell, DPNI is oriented orthogonal to the
neighboring NDC?™ ligand with which it shares a (Zn®'),
cluster (Figure 2b). Two-fold interpenetration of 1 results in a
second DPNI-NDC?” interaction, in which the naphthalene
core of a DPNI molecule in one framework z-stacks with a
NDC* molecule of the second interpenetrated framework
(Figure 2b).

Importantly, because the primary transition dipole of non
core-substituted naphthalene diimides (NDIs) frequently lies
directly along the long molecular axis,”® and Z%iven the literature
precedent for solution NDI J-aggregates,' ~>* it seemed feasible
that J-coupling could occur along the chains of DPNI units
observed in 1 and that such coupling is responsible for the red-
shifted absorption band. Additionally, the DPNI-DPNI
separation of 6.977 A is within the range of interchromophore
distances that are conducive of such coupling; for instance,
reported J-aggregates of pyronine observed within channels of
zeolite L are characterized by estimated interpyronine distances
of 7.0 A.*® Furthermore, a calculation of the primary transition
dipole of molecular DPNI confirmed that it lay directly along
the long intermolecular axis (Table S2 in the Supporting
Information), confirming the head-to-tail transition dipole
arrangement that we hypothesized.

With J-coupling seemingly feasible by this structural analysis,
compound 1 was synthesized and obtained as yellow needle-
like crystals using a published procedure.'® Diffuse reflectance
UV—vis spectroscopy confirmed that 1 displays a new red-
shifted broad transition between 400 and 500 nm, shown in
Figure 3, which does not exist in the absorption spectra of the
individual components DPNI and H,NDC, also shown in
Figure 3 (solid-state diffuse reflectance spectra of DPNI and
H,NDC are shown in Figure S3 in the Supporting
Information). This contrasts with a recent investigation of 1,
which stated that the region above 400 nm was “featureless”
despite the yellow nature of this compound.*® The solution
spectra of 2,6-H,NDC and DPNI (Figure 3) show transitions
located in the UV, with the prominent doublet peak of DPNI
located between 350 and 400 nm, a peak representative of
naphthalenediimides.”” Notably, investigations of the reported
weak visible range luminescence of pure samples of 1 using
epifluorescence microscopy did not reveal any detectable signal.
Further analysis using a conventional fluorimeter could not find
detectable visible-region luminescence over a range of
excitation wavelengths. However, impure batches of 1
(confirmed by extraneous powder X-ray diffraction peaks that
are not predicted by a simulation of the PXRD pattern of 1)
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Figure 3. Solution molar absorptivities of DPNI and 2,6-H,NDC in
DMEF and diffuse reflectance spectrum of 1.

were luminescent under UV excitation, as shown in Figure S4b
in the Supporting Information. Optical microscopy confirmed
that small colorless crystals adhered to the yellow crystals of 1
in these impure samples (Figure S4a in the Supporting
Information). Efforts to identify the colorless crystals from
the additional PXRD peaks were unsuccessful. Altogether, these
observations suggested that the originally reported weak
fluorescence arose from a small amount of impurity in the
crystal but that the red-shifted absorption band indeed
originated from 1 itself. Importantly, the lack of fluorescence
in 1, which is atypical of J aggregation, was a first indication that
this material may not in fact exhibit J-coupling. Furthermore,
although J-aggregates with broad red-shifted features have been
previously reported,””*>*®** the broadness and relative weak-
ness of the red-shifted band in 1 prompted us to evaluate
alternative interpretations for the novel photophysical features
in this material.

With J-coupling likely ruled out and the full d manifold of
Zn** eliminating the possibility of d-d transitions, CT
interactions were considered as a possible explanation instead.
CT interactions could be envisioned to occur between any of
the components of 1 (DPNI, NDC*", and/or the paddlewheel
Zn,(0,C—), cluster), or even across building blocks from the
two interpenetrated frameworks. Ligand-to-metal or metal-to-
ligand CT was deemed unlikely because it would result in a
formal reduction or oxidation of the very stable d'® Zn*" ion.
Another possible CT interaction could occur between the
framework and dimethylamine (DMA) formed by thermal
decomposition of the DMF solvent during synthesis.'*
Because the synthesis of 1 is carried out at a relatively low
temperature (100 °C), litle DMA is expected to have been
formed. Recently, CT interactions between DPNI linkers and
donor aromatic solvents were reported for a MOF similar to
1.°%%% To simplify the CT analysis, the two organic
components, DPNI and 2,6-H,NDC, were considered first.

Motivated by a literature report of colored CT complexes
formed by grinding DPNI and various small aromatics together
in equimolar mixtures,>’ DPNI and 2,6-H,NDC were ground
together to yield solid-state complex 2 as a bright-yellow
powder after several minutes. Convincingly, the diffuse
reflectance UV—vis spectrum of 2, shown in Figure 4a, displays
a broad trailing transition between 400 and 500 nm that is
similar in shape to the red-shifted absorption observed for 1.
PXRD analysis of 2 revealed several broad peaks, which were
similar to peaks observed for isolated DPNI and 2,6-H,NDC
(Figure SS in the Supporting Information). The presence of
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Figure 4. Diffuse reflectance spectrum and PXRD pattern (inset) of
charge transfer complex 2.

crystallinity in 2 is consistent with the formation of a DPNI/
2,6-H,NDC 7-stacked material, as previously reported for
DPNI CT complexes.'” Importantly, the similarity between the
red-shifted bands in 1 and 2 suggests that both can be
attributed to CT interactions between 2,6-H,NDC and DPNIL
This assignment is indeed supported by a recent report of a
different DPNI-containing MOF, which displays vastly shifted
absorption profiles upon intercalation of various aromatics that
act as donors.

To investigate the assignment of the new band in 1 as a CT
interaction instead of J-coupling, computational methods were
utilized. The first excited singlet state of a DPNI monomer was
found to have a considerable transition dipole moment of 13.6
D (with an oscillator strength of 0.49). However, the centers of
mass of DPNI monomers within 1 are separated by ~22 A,
which yields an estimated dipole—dipole coupling of only 2
meV. Because the spacing between the lowest energy electronic
transition of DPNI and the middle of the broad band of 1 is
about 450—500 meV, this estimated dipole—dipole coupling of
2 meV is too small to support assignment of the band as J-
coupling,

With J coupling experimentally and theoretically ruled out,
CT excitation energies were calculated for various dimer
systems to support assignment of the new transition observed
in 1 to an interligand CT. The z-stacked and orthogonal dimer
systems shown in Figure 2b were considered. To account for
the stabilization energy of the CT state due to the polarization
of the surrounding molecules in the MOF, the dimer systems
were embedded in a polarizable continuum with dielectric
constant ¢ = 2.0 (a sample input file is included in the
Supporting Information). The CT state energy was found to
scale with &, with larger € values further stabilizing the CT state
and lowering the excitation energy (Table S1 in the Supporting
Information). The few reported dielectric constants for MOFs
range from 4.6 to over 100,73 but these simulations need to
mimic the dielectric response at optical frequencies, which is
typically much smaller. Thus, the dielectric constant was
conservatively set to 2 but is possibly larger. Comparison of the
oscillator strength for the z-stacked versus orthogonal dimer
geometries suggested that CT happens predominantly within 7-
stacked dimers because the orthogonal geometry calculation
yielded a very low oscillator strength (2.3 X 107°), whereas the
7-stacked dimer gave a higher oscillator strength of 0.019.
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Although basis set convergence for the CT energy of the
simplified 7-stacked system 2a (Figure Sa) was reached with cc-

a

Figure S. Two calculated charge-transfer states of dimers consisting of
NDC?*™ and DPNI (2a) and DPNI with capped Zn,(O,CCH;);
linkage groups (2b). The electron and hole density changes are
plotted as isosurfaces with the electron density in blue and the hole

density in red.

Table 1. CT Excitation Energy Ranges of Dimer Systems (a)
and (b) of Figure S Calculated Using CDFT with a Custom
Long-Range-Corrected Functional

dimer system basis set CT energy (nm)®
(a) 6-31g* 337-378
(a) ccPVTZ 344386
(b) 6-31g* 363411
(b) cc-PVTZ (estimated) 374—435

“Given 0.2 eV error bars.

PVTZ, the calculated energy range for the excitation (Table 1)
remained higher than the experimentally observed band for 1.
To simulate the effect of the local charges on the CT energy, a
model system dimer 2b was built containing Zn>* clusters on
either end of the DPNI ligand truncated by acetate ions and
ammonia molecules and is shown in Figure Sb. Indeed, the
calculated energy for 2b was lower than that of the dimer 2a,
but the use of the cc-PVTZ basis set was computationally
prohibitive in this case. Consequently, the cc-PVTZ CT energy
for 2b was estimated from the difference in CT energy between
the two basis sets for 2a, ~0.1 €V, as shown in Table 1. This
resulted in a CT excitation energy within the range observed
experimentally for 1 and suggests that the presence of the
positively charged Zn®" ions facilitates stabilization of the
accepted electron density on DPNL

Accordingly, the unexpected new red-shifted transition of 1
was assigned to an interligand DPNI/NDC?™ CT based on
comparison with the CT complex 2, an assignment that was
supported computationally. Theoretical models also support
the fact that the majority of the CT responsible for the new
transition in 1 arises from 7-stacked DPNI/NDC?" units rather
than orthogonal dimers. The lack of fluorescence from the
MOF also lends credence to excitation of a CT state because
nonradiative recombination of the CT states is often a very
rapid process.*® Although the more desirable J-coupling
behavior was not observed in 1, we have gained practical
knowledge in what should be avoided in the design of MOFs
with J-coupling and in how to accurately model these materials
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computationally. It is possible that the presence of the (Zn?*),
clusters directly between DPNI units interrupts coupling or, as
our calculations suggest, that the inter-DPNI distance is too
great for strong coupling. Interestingly, an analogous but
noninterpenetrated MOF, Zn,(1,4-NDC),(DPNI), was re-
ported to possess an orange color’’ despite the colorless
nature of the ligands involved and a lack of 7-stacking between
1,4NDC?*~ and DPNL. Efforts to cleanly duplicate the synthesis
of this material and check the absorption spectrum for J-band
or CT features were nevertheless unsuccessful. Additionally, a
calcium MOF with NDI ligands was reported to have features
in tl;g visible region; these were attributed to intermolecular
CT.

The assignment of the new band in 1 to a CT interaction
may have implications for prior reports of J-aggregation in
NDIs that are also characterized by broad tailing bands rather
than sharp transitions. Intriguingly, some of these reported
NDI-based J-aggregates have side chains containing potential
donating groups23 that may participate in CT interactions.
Efforts to design supramolecular J-aggregates in MOFs or other
assemblies should be carried out with careful consideration of
other potential interactions including CT, and this study
underscores the importance of analyzing the extended structure
for interpreting photophysical data. In the case of 1, framework
interpenetration resulted in well-aligned #-stacked donor/
acceptor pairs. Whereas this structural motif did not lead to
J-coupling, it could be used to facilitate energy transfer between
7-stacked ligands in new MOFs. This report also highlights the
utility of coupling synthetic design with computational studies,
especially when targeting complex interchromophore inter-
actions such as J-coupling in MOFs.

B EXPERIMENTAL SECTION

Materials and Synthesis. 2,6-Naphthalenedicarboxylic acid
(H,NDC) (>98%, TCI America) and N,N-dimethylformamide
(DMF, >99.8%, Macron Chemicals) were used as received.
DPNI and Zn,(NDC),(DPNI) (1) were prepared as
previously reported.'® Purity was confirmed by "H NMR and
by PXRD for DPNI and 1, respectively (Figures S1 and S2 in
the Supporting Information). Preparation of the DPNI/
H,NDC solid-state complex (2) was achieved by manually
grinding an equimolar mixture of DPNI and H,NDC for
several minutes with an agate mortar and pestle.

Physical Measurements. A Varian Cary 5000 UV—vis-NIR
spectrometer equipped with a Praying Mantis diffuse
reflectance accessory (Harrick Scientific Products) was used
to collect diffuse reflectance spectra, with BaSO, used as a white
reference. Solution UV—vis spectra were obtained in DMF with
an Agilent 8453 spectrometer. Extinction coefficients were
determined by averaging the calculated molar absorptivity over
five separate concentrations per compound. Epifluorescence
micrographs and bright-field images were obtained using a
Nikon Eclipse LV100 operating at ~380—400 nm excitation.
NMR spectroscopy was performed with a 300 MHz Varian
spectrometer. Powder X-ray diffraction (PXRD) patterns were
obtained with a Bruker D8 Advance operating with 6/260
Bragg—Brentano geometry and using Ni-filtered Cu—Ka
radiation (Kal = 1.5406 A; 40 kV, 40 mA). Samples for
PXRD were placed on a zero-background silicon crystal plate.

Computational Details. Typical functionals are known to yield
inaccurate energies for CT excitation energies,”’40 especially
when usin§ time-dependent density functional theory
(TDDFT).*" For this reason, a customized version of the
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LC-wPBE long-range-corrected*” hybrid functional known to
obtain accurate CT excitation energies™ was used in all
calculations. The range separation parameter @ and the amount
of short-range Hartree—Fock exchange Cyp were tuned to
match Koopman’s theorem for the ionization potential of the
neutral molecule and the anion**™*” of DPNL Further detail
regarding this custom functional can be found in the
Supporting Information. The transition dipole of the DPNI
monomer unit was obtained from a TDDFT calculation using
the 6-31G* basis set. The first 10 singlet excited states were
calculated in all TDDFT calculations. The CT calculations were
performed on dimer systems using constrained density function
theory (CDFT)* by constraining an additional electron and
spin on the acceptor molecule (the DPNI unit). For CT
calculations, the dimers were embedded in a polarizable
continuum®® with a dielectric constant & = 2.0 (this choice of
dielectric constant is discussed in the main text of this
manuscript). CDFT with configuration interaction (CDFT-
CI)* between the ground and CT states was used to obtain the
transition dipole for the CT excitation. All calculations were
performed using the Q-Chem 3.1 computational package.”"

B ASSOCIATED CONTENT

© Supporting Information

Powder X-ray patterns, epifluorescence micrographs, NMR
spectra, additional computational results, details of computa-
tional methods, and sample Qchem input files. This material is
available free of charge via the Internet at http://pubs.acs.org,
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