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Nanographene-Based Metal-Organic Framework Thin Films:
Optimized Packing and Efficient Electron-Hole Separation
Yielding Efficient Photodetector

Zhiyun Xu, Yidong Liu, Abhinav Chandresh, Palas Baran Pati, Vincent Monnier,
Lars Heinke, Fabrice Odobel, Stéphane Diring,* Ritesh Haldar,* and Christof Wöll*

Organic semiconductors, specifically polycyclic aromatic chromophores like
pentacene, coronene, and nanographenes (hexa-peri-hexabenzocoronene,
HBC), are often utilized in optoelectronic applications due to their intriguing
single-molecule properties. However, the integration of these aromatic
compounds into optoelectronic devices frequently encounters significant
obstacles, primarily due to the unpredictable and challenging control over the
structure and morphology of their condensed phase. Rather than resorting to
chemical modifications or advanced thin-film manufacturing methods such as
chemical vapor deposition, the so-called metal-organic framework (MOF)
approach is employed to create a highly photoresponsive,
nanographene-based thin film employing a layer-by-layer, liquid-phase epitaxy
method. It is demonstrated that the novel Cu-HBC MOF thin film exhibits
excellent photoresponsive behavior under ultraviolet illumination, including a
fast response time (˂ 0.02 s) and high current switching ratio (≈104), which
significantly outperforms an isostructural MOF Zn-HBC. Furthermore, it is
demonstrated that the metal nodes inside the MOF can be used to enhance
the photoresponse by efficient exciton splitting.
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1. Introduction

Organic chromophores, in particular
polycyclic aromatic molecules, are of
high significance towards applications
in optoelectronics.[1] The extended, de-
localized 𝜋-electron structure of these
chromophores results in small optical band
gaps and high light absorption efficacy.
A handful of these organic compounds,
such as anthracene, pentacene, perylene,
and coronene, have been extensively
investigated for their potential in light-
emitting diodes, transistors, and solar cell
technologies.[2] For these applications, vari-
ous device manufacturing techniques have
been honed over time. Simultaneously, in-
novative chemical alteration strategies have
been devised to adapt the chromophores
for the integration into device construction.
Even though chemical functionaliza-
tion is useful, it can inadvertently affect
the molecular packing in the associated

molecular solids, potentially leading to undesired and unpre-
dictable changes in optical and electronic properties.[3] Moreover,
the condensed phase of these chromophores can often adopt
more than one structure with similar energies, a phenomenon
known as polymorphism, which makes correlating structures
and properties a complex task. In addition, in the case of polymor-
phism grain boundaries between the different phases can have
a negative effect on transport properties. Unfortunately, these
problems are more the norm than the anomaly in self-assembled
materials.[4] For planar aromatic chromophores, 𝜋-𝜋 interactions
generally favor aggregate formation, where planar stacking leads
to a quenching of optical excitations.[5]

To establish a more predictable relationship between struc-
ture and properties, employing the metal-organic framework
(MOF) approach has been proven as an efficient instrument.[6]

MOFs are assembled from di- or polytopic organic linkers and
metal nodes, which can be ions or oxo-clusters.[7] The spe-
cific geometry of these linkers and metal nodes dictates the
packing of linkers and the spatial distance. Due to the crys-
talline nature of MOFs, anticipating and adjusting the optical
and electronic properties related to the linker using compu-
tational methods is comparatively straightforward and can be
done using simulation workflows.[8] In principle, any polycyclic
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Scheme 1. Schematic illustration of the layer-by-layer synthesis of HPB-1 and HBC-1 linker-based SURMOFs.

aromatic compound can be turned into MOF linker using an ap-
propriate functionalization strategy,[9] thereby enabling the tun-
ing of their properties by creating a specific MOF topology.[10]

This MOF approach has been very effective; using MOFs’ very
high electronic conductivity,[11] efficient and anisotropic energy
transfer,[12] charge transfer,[13] light-emitting diodes and transis-
tors have been reported.[14] Although the most prevalent form
of MOFs, polycrystalline powders, somewhat restricts their po-
tential for optical applications, various methods have been devel-
oped to achieve optical quality in the production of MOF thin
films.[6e]

In this work, we have explored a well-known polycyclic
aromatic molecule, hexa-peri-hexabenzocoronene (HBC), also
known as nanographene.[15] Nanographene, has a tendency to
aggregate due to strong 𝜋-𝜋 stacking interactions. This 𝜋-𝜋 stack-
ing often leads to the formation of tightly packed layers or
stacks, much like the arrangement seen for its larger counter-
part graphene. This leads to strong electronic coupling with un-
wanted effects, e.g., the quenching of optical excitations.[16] In
this context, the orientations of the molecular transition dipole
moments for the corresponding electronic transitions serve as
the determining factor. MOFs containing HBC as linker have
been described in recent publication.[17] However, the powder
form presents challenges when it comes to incorporating them
into a device setup. To tackle this issue, we have used a method
known as layer-by-layer (lbl) deposition.[18] This technique has
been previously leveraged to create highly-defined MOF thin
films for different kinds of organic semiconductors.[19] The key
first step for the MOF approach is the ─COOH functionaliza-
tion of HBC to yield a ditopic linker (HBC-1). We have used Cu2+

and Zn2+-based nodes to assemble oriented MOF thin films with
high structural quality. We utilized the same method for non-
annulated HBC, hexaphenylbenzene (HPB). In the subsequent
sections, we delve into the process and photophysical attributes
of these innovative surface-anchored MOF thin films, or SUR-
MOFs. Comparison of the Cu and Zn-HBC thin films reveals
that under ultraviolet-illumination Cu-HBC exhibits very high
current response, making it suitable for efficient photodetector

applications. These characteristics of the SURMOFs are dis-
cussed in the following.

2. Results and Discussion

The synthesis of the HBC-1 and nonannulated HPB-1 ditopic
linkers was described in the supporting information (Figure S1–
S9, Supporting Information). HBC-1 has a planar structure,
while HPB-1 is a propeller-shaped molecule. The peripheral
phenyl rings in HPB-1 can rotate freely, even though the rota-
tional degrees of freedom are limited by the steric hindrance.[20]

A lbl method was used to grow SURMOFs of HPB-1 and HBC-
1 using either Cu2+ or Zn2+-based nodes (Scheme 1). Out-of-
plane and in-plane X-ray diffraction (XRD) patterns shown in
Figure 1a–d reveal that all the four SURMOFs (Cu-HPB, Zn-
HPB, Cu-HBC, Zn-HBC) are isostructural. We first focus on Cu-
HPB, for which out-of-plane XRD diffraction peaks are found at
˜3.2, 6.4, and 9.6°. The in-plane XRD pattern also shows same
diffraction peaks, with an additional peak at 16.6°. We used a
structural model assuming a SURMOF-2 structure (Figure 1e),
in analogy to previously reported systems,[21] where square-grid
shaped 2D layers formed by connecting Cu2+ dimers (paddle-
wheels) via the ditopic linkers. These 2D layers are stacked paral-
lel to the plane of the substrate, as shown in Scheme 1. We used
the SIMstack software package to refine this structural model.[22]

The structural refinement yielded square grid lattice dimensions
of 2.76 nm × 2.76 nm. The inter-layer distance was adjusted to
0.53 nm to reproduce the in-plane XRD-peak at 16.6°. The XRD
pattern simulated for this structural model is in agreement with
the experimental data.

A similar SURMOF-2 structure was predicted for HBC-
SURMOFs (Figure 1f). A closer inspection of the structure re-
veals a stacking of the HBC cores with a distance of 0.58 nm
(Figure S10, Supporting Information), which is slightly larger
than that found in the crystalline form of HBC (0.51 nm).[15f]

The presence of paddle-wheel nodes in these structures is con-
firmed by infrared reflection absorption spectroscopy (IRRAS)
(Figure S11, Supporting Information). The ─COO symmetric
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Figure 1. Out-of-plane and in-plane XRD patterns of a) Cu-HPB, b) Zn-HPB, c) Cu-HBC and d) Zn-HBC. Structures of e) Cu-HPB and f) Cu-HBC (Cu
pink, O red, C grey).

and asymmetric stretching vibrations were observed at 1607 and
1415 cm−1, respectively. These frequencies are characteristic for
the paddle-wheel nodes.[23] Scanning electron microscopy (SEM)
images confirm that all the thin films exhibited a homogeneous
and continuous morphology (Figure S12, Supporting Informa-
tion).

In these proposed SURMOF-2 type structures of HPB-1 and
HBC-1, the aromatic chromophores form stacks running paral-
lel to the plane of the substrate, and pronounced inter-linker in-
teractions are expected to take place.[12b,24] The influence of this
stacking on the photophysical properties was determined by mea-
suring optical absorption and photoluminescence of the solvated
linkers and the corresponding SURMOFs (Figure 2). For HPB-
1 in the solvated state (1 × 10−5 m in ethanol), the absorption
peak at ≈302 nm indicates the 𝜋-𝜋* transition (Figure 2a). In the
Cu and Zn-HPB SURMOFs, the absorption bands were found to
be broadened, which is common for MOFs due to the coordina-
tion between organic linkers and metal nodes as well as the regu-
lar arrangement of the organic linkers.[25] For the HBC-case also
similar difference was observed, as shown in Figure 2b. These
observations confirm the presence of strong inter-linker inter-
actions within the stacks present in the SURMOF structure.[26]

The steady-state and time-resolved photoluminescence spec-
tra of the SURMOFs also support this fact, as illustrated in

Figure 2c–f. Compared to the solvated-state HPB-1 emission,
Zn-HPB exhibited red-shifted (≈8 nm) and long-lived emission
(≈2.73 ns). While the absorption spectra of the Cu- and Zn-based
HPB SURMOFs were rather similar, the emission for the Cu-
based thin films was drastically reduced relative to the Zn case.
In the case of HBC-1, Zn-HBC exhibited a clearly red-shifted
emission with shorter lifetime (HBC-1: ≈18.31 ns and Zn-HBC:
≈5.58 ns). For Cu-HBC, a pronounced quenching of lumines-
cence was observed, as in the case of Cu-HPB.

The reason of the enhanced emission efficiency in Zn-HPB
compared to the solvated HPB-1 is the inter-HPB-1 interactions
within the crystalline framework, which substantially constrain
the rotational degrees of freedom of the phenyl groups and thus
reduce nonradiative decay.[14b,20,27] For Zn-HBC, the shifted and
slightly suppressed emission in comparison to the solvated HBC-
1 also confirms the linker-linker electronic interactions in the
SURMOF-2 type structure. The strong suppression of the lu-
minescence in the case of the Cu-nodes compared to the Zn-
nodes, for both, HBC and HPB, cannot be due to differences
in stacking of the chromophores since the corresponding XRD-
data reveal that the structural parameters of the two MOF struc-
tures are almost identical. We relate this important observation
to ligand-to-metal charge transfer (LMCT) for the Cu case. While
for Zn2+ dimers LMCT is not possible because of the fully filled
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Figure 2. Photophysical properties of linkers in the solvated state and after assembly into SURMOFs. a,b) Optical absorption spectra. c,d) Emission
spectra, inset: photographs of SURMOFs on quartz substrates under ultraviolet light. e,f) Time-resolved photoluminescence decay profiles.

Zn d-orbitals, for the Cu2+ dimers a number of low-lying d-d
transitions exist.[28] Note that dipole transitions within the Cu2+

dimers are dipole-forbidden,[29] thus strongly reducing radiative
transitions and thus remission of visible light.

In the next step, we fabricated devices by growing SURMOFs
on Au-patterned glass substrates (see supporting information).
We have investigated the photoresponse of the thin films by mea-
suring the current under photoirradiation. Because of the strong
𝜋-𝜋 interaction among the linkers, we anticipated that photo-
generated charge carriers (holes) can delocalize along the stack-
ing direction,[24] leading to efficient photoconduction behavior.
To test this, device current was measured at 365 nm light illu-
mination (Figure 3a). Among the four SURMOFs, only HBC-
SURMOFs exhibited distinct photoresponse. Compared to the
Zn-HBC, Cu-HBC exhibited superior response, as photoexcita-

tion enhanced the current by 3 orders of magnitudes (Figure S13
and S14, Supporting Information). This result confirms that free
charge carriers (holes) are more mobile in Cu-HBC. The fact
that the conductivity enhancement is due to the light-absorption
is confirmed by recording the current response under different
wavelengths of light irradiation, as shown in Figure 3b. Max-
imum current enhancement was observed for 365 nm light,
according to the maximum light absorption efficiency.[30] The
current-voltage (I–V) characteristics for HBC-SURMOFs were
measured using 365 nm light source with different power den-
sities. As shown in Figure 3c, the obtained dark current of Cu-
HBC thin film was estimated to be 1.10 × 10−10 A. Upon light il-
lumination, photocurrent rises with the increasing illumination
power, and it climbs to 4.58 × 10−7 A at 8.55 mW cm−2. The ex-
tremely low dark current and the high photocurrent contribute
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Figure 3. a) Time-dependent photocurrent response of all SURMOFs under chopped light irradiation of 365 nm with 2.12 mW cm−2 at a bias voltage of
5 V. All the samples were deposited for 80 cycles. b) Time-dependent photocurrent of HBC-based SURMOFs under chopped light irradiation of different
wavelengths with identical light power. c) Current-voltage curves for Cu-HBC SURMOF under 365 nm with different incident light intensities. d) Rise
time and fall time (insert) curves for Cu-HBC SURMOF.

to a considerable switching ratio of ≈4.2 × 103, significantly out-
performing Zn-HBC (switching ratio:43, Figure S15, Supporting
Information) and exceeding the values reported for the majority
of MOF thin films (Table S1, Supporting Information).[31]

The photoresponse time for Cu-HBC thin film was found to
be faster, ≈20 ms, compared to most of the MOF thin films
(Figure 3d; Table S1, Supporting Information).[32] Such efficient
and fast photoresponse behavior from the Cu-HBC thin film is
unprecedented, and can be attributed to the following factors: i)
favorable 𝜋-𝜋 stacking of the HBC linkers allows fast and effi-
cient delocalization of photogenerated charges, not feasible for
the HPB linkers, ii) a photo-induced LMCT process between
electron-rich HBC and the Cu2+ dimers, which is not possible
in the case of Zn2+ (see discussion above). We speculate that the
strong LMCT for the Cu2+ case is not only responsible for the
luminescence quenching in the case of the Cu-HBC SURMOFs
(see above), but also leads to a more efficient charge separation,
with the excited electron tunneling from the HBC linkers into
empty d-orbitals of the Cu2+ dimer and the hole remaining in
the chromophore.

3. Conclusion

In conclusion, a novel HBC chromophore-based MOF thin film
exhibiting efficient and fast photocurrent response has been syn-
thesized using a layer-by-layer synthesis method. A major chal-
lenge in assembling such large polycyclic aromatic chromophore
in thin film geometry is the strong aggregation among the

chromophores. Using the MOF approach, in combination with
a layer-by-layer deposition method, we were able to fabricate op-
tical quality, homogeneous and oriented thin films. Using appro-
priately modified chromophores, HBC and also the related non-
annulated aromatic chromophore (HPB) were assembled into
a crystalline framework. The strong electronic interactions be-
tween chromophores in the SURMOFs become evident when
the SURMOF absorption and emission spectra are compared to
those of the solvated MOF linkers. While good values for the
photoconductivity are observed for the Zn-based SURMOFs, in-
terestingly for the Cu-nodes, despite a strongly decreased lumi-
nescence, the photoconduction performance (switching ratio as
well as response time) is increased to values where the Cu-HBC-
SURMOF outperforms other MOFs. We explain the beneficial ef-
fect of the Cu-nodes by a strongly enhanced exciton splitting, re-
sulting from an efficient ligand-to-metal charge transfer. The de-
tails of this mechanism enhancing electron-hole separation will
be investigated in future work.

4. Experimental Section
Synthesis of Cu/Zn-HPB and Cu/Zn-HBC: All the SURMOFs were fab-

ricated by a spin-coating method in a layer-by-layer fashion on func-
tionalized substrates. Quartz substrates were treated with plasma un-
der oxygen for 15 minutes to remove the organic impurities and gen-
erate a surface with ─OH functional groups. The gold substrate (100-
nm Au/2-nm Ti evaporated on Si wafers) was functionalized with 16-
mercaptohexadecanoic acid terminated SAM, then rinsed with absolute
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ethanol and dried under nitrogen. Quartz substrates were used for opti-
cal measurements, including absorption and emission measurements. Au
substrates were used for IRRAS measurements. Interdigitated gold elec-
trodes were utilized for photoconduction measurements. For Cu/Zn-HPB
SURMOFs, ethanolic solution of copper or zinc acetate (1 × 10−3 m) acts
as metal solution and HPB-1 (1 × 10−5 m in ethanol) acts as linker source.
For Cu/Zn-HBC SURMOFs, copper or zinc acetate (1 × 10−3 m in ethanol)
was chosen as metal ion source, while HBC-1 (1 × 10−5 m in ethanol) was
chosen as linker source. Metal and linker solutions were sequentially de-
posited onto the functionalized substrates, each step followed by a wash-
ing step with ethanol (for 10 s) to remove unreacted metal/linker or by-
products from the surface. For metal and linker both, the spin-coating time
was fixed as 10 s with a rotational speed of 2000 revolutions per minute.
The thickness of film was controlled by the number of deposition cycles.
For the samples used for XRD, UV-vis, and photoluminescence measure-
ments 50 deposition cycles were used.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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