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Abstract: Metal-organic frameworks (MOFs) with mobile charges
have attracted significant attention due to their potential applications
in photoelectric devices, chemical resistance sensors, and catalysis.
However, fundamental understanding of the charge transport
pathway within the framework and the key properties that determine
the performance of conductive MOFs in photoelectric devices remain
underexplored. Herein, we report the mechanisms of photoinduced
charge transport and electron dynamics in the conductive 2D M-HHTP
(M=Cu, Zn or Cu/Zn mixed; HHTP=2,3,6,7,10,11-
hexahydroxytriphenylene) MOFs and their
photoconductivity using the combination of time-resolved terahertz
spectroscopy, optical transient absorption spectroscopy, X-ray
transient absorption spectroscopy, and density functional theory
(DFT) calculations. We identify the through-space hole transport
mechanism through the interlayer sheet - interaction, where
photoinduced hole state resides in HHTP ligand and electronic state
is localized at the metal center. Moreover, the photoconductivity of the
Cu-HHTP MOF is found to be 65.5 Ssm™", which represents the record
high photoconductivity for porous MOF materials based on
catecholate ligands.
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Introduction

Metal-organic frameworks (MOFs), a novel class of porous
crystalline materials built from metal nodes coordinated by

bridging organic linkers, have emerged as next generation
functional materials for diverse applications including gas storage
and separation, catalysis, sensors, and drug delivery.[ However,
the use of MOFs as semiconducting charge transport materials in
photoelectronic devices is relatively limited due to their inherently
poor electrical conductivity.”! Benefiting from the abundance of
building blocks and structural diversity, recent progress in
developing 2D MOFs have resulted in the discovery of conductive
MOFs, where the conductivity can transport either through-bond
via metal-to-ligand/ligand-to-metal charge transfer or through-
space by processes that include 11-1T interactions between sheets
and charge-hopping.®! These 2D conducting or semiconducting
MOFs have further extended the applications of MOFs to
supercapacitors,¥! charge storage materials,”® thermoelectric
devices,®! chemical resistance sensors,”! electrochemical
catalysis,® as well as photocatalysis.) For example, recent
studies by Castaldelli and coworkers reported a naphthalene
diimide-based MOF, which demonstrates electrochemical activity,
electrical semi-conductivity, and photoactivity, which was
attributed to its conductive nature that facilitates charge
delocalization.['” As another example, Pattengale et al. reported
a conductive MOF based on Zn2TTFTB
(TTFTB=tetrathiafulvalene tetrabenzoate), which not only exhibits
light absorption and photoconductivity, but also undergoes
ultrafast charge separation through electron transfer to a TiO2



photoanode owing to facile hole migration from the interfacial
region.["]

Despite these findings, few studies provide fundamental insights
on the correlation of MOF structure with the photoconductivity
mechanism; yet they are essential to further develop conductive
MOFs for photoelectronics and photocatalytic applications.® In
this work, we report the photoinduced hole transport in Cu-HHTP
MOFs (Cus(HHTP)2; HHTP=2,3,6,7,10,11-
hexahydroxytriphenylene) as well as the correlation of the carrier
dynamics with the MOF structure and photoconductivity. Using
the combination of optical pump THz probe (OPTP), optical
transient absorption (OTA) spectroscopy, and X-ray transient
absorption (XTA) spectroscopy, supported by density functional
theory (DFT) calculations, we unambiguously uncover that the
photoinduced hole transport occurs through interlayer -1
interaction between HHTP ligands, which is primarily responsible
for the photoconductivity in Cu-HHTP. Notably, the
photoconductivity of Cu-HHTP sets a new benchmark for porous
MOF materials using catecholate ligands, reaching an impressive
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value of 65.5 S/m.
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Scheme 1. Synthetic scheme and structure illustration of stacking mode of 2D-
MOF M-HHTP (M = Cu, Cu/Zn or Zn).
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Figure 1. Experimental and simulation of PXRD pattern of a) Cu-HHTP; b)
Cu/Zn-HHTP; ¢) Zn-HHTP (black cycle: experimental data; solid line: Rietveld
refinement).

Results and Discussion
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M-HHTP MOFs (M = Cu, Cu/Zn or Zn) are synthesized following
the established synthetic protocols (Scheme 1) with minor
modification.['? Zn-HHTP and mixed node Cu/Zn-HHTP MOFs
are synthesized to unravel the impact of redox inactive metal
nodes on charge transport mechanism and photoconductivity (Zn
has a 3d'° electron configuration). The atomic ratio of Cu to Zn in
Cu/Zn-HHTP is ~ 64:36, as indicated by energy dispersive X-ray
spectroscopy (EDX) (Figure S1). The crystallinity of M-HHTP is
evaluated by powder X-ray diffraction (PXRD). As shown in Figure
1, the PXRD patterns of Zn-HHTP and Cu/Zn-HHTP show good
agreement with the peaks characteristic of Cu-HHTP,
suggesting that all three MOF samples have similar topology and
crystallinity. The approximate stacking orientation of the 2D layers
is obtained by simulating diffraction patterns in VESTA for AA and
AB packing models with 2D sheets aligned along the c-axis. In
comparison to AB, the AA stacking orientation simulation matches
better with the experimental data. Diffraction 20 peaks located
near 4.7°,9.5°, and 12.6° are common between both AA and AB,
but the AB model predicts a prominent peak near 14.5° 26 that is
not observed in the PXRD pattern. Nonetheless, the PXRD
patterns indicate good crystallinity and long-range order in the ab
plane, while the diffraction peak at 27.9° in the simulated pattern
is assigned to the (002) diffraction plane, which confirms that the
ab plane is stacked along the ¢ axis with about 3.2 A as the
interlayer distance in all three MOFs. Furthermore, the instrument
parameters of the Rigaku Miniflex 1l used to obtain the PXRD
patterns were found by fitting to a SiO2 standard which allows for
the crystalline size and strain that are responsible for diffraction
peak broadening of M-HHTP MOFs to be obtained by Rietveld
refinement. While crystallite size does not follow any apparent
trend, which is further supported by scanning electron microscope
(SEM) measurements (Figure S1), crystallite strain appears to
increase with the concentration of Cu, suggesting Cu plays a role
causing disorder within the MOF microcrystals.

The formation of M-HHTP MOFs is further evaluated by Fourier-
transform infrared (FTIR) spectroscopy. As shown in Figure 2a,
the broad OH stretch at ~3300 cm™ observed in the spectrum of
the free ligand vanishes after the metalation reaction. This is
accompanied by the formation of a new band at 1649 cm™ in the
spectra of all three M-HHTP MOFs, which can be assigned to
C=0 stretch and suggests that the ligands have been partially
oxidized during the reaction. In addition, the two bands at 1475
cm™ and 1420 cm™ can be attributed to C=C stretches, which are
associated with the ligand aromatic ring. These results together
suggest the successful formation of the MOF structure by the
assembly of metal ions and HHTP ligands. The FTIR spectra of
all three M-HHTP MOFs show similar patterns, which supports
the analogous structures of these MOFs, consistent with the XRD
results discussed above. The diffuse reflectance UV-visible
spectra of Cu-HHTP, Zn/Cu-HHTP, and Zn-HHTP show two
prominent absorption bands at 350-420 nm and 480-720 nm and
additional absorption in the NIR region (Figure 2b). As the UV-
visible absorption spectrum of HHTP (Figure S2) has distinct
features (centered at 275 nm) from those of the M-MOFs, we
attributed these broad features to the conjugation in 2D MOFs.
Note that these absorption features are also observed in Zn-
HHTP MOF which has Zn? with 3d' electron configuration,



although the latter shows a slightly narrower spectrum beyond
600 nm, suggesting that these absorption bands are mainly
associated with the ligand centered transitions.
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Figure 2. a) FTIR spectra of 2D M-HHTP MOFs and HHTP ligand (offset is used
for clarity); b) diffuse reflectance UV-Visible spectra of Cu-HHTP, Zn/Cu-HHTP,
and Zn-HHTP (offset is used for clarity); c) XANES spectra of Cu-HHTP, Zn/Cu-
HHTP, and Cu-foil at Cu K-edge; d) The Cu-edge Fourier-transformed EXAFS
spectra of Cu-HHTP and Cu/Zn-HHTP in R-space. Open circles and solid lines
are experimental and FEFF fitting results, respectively.

In addition to the bulk structure, the local structure at Cu centers
in Cu-HHTP and Cu/Zn-HHTP is examined using steady-state X-
ray absorption spectroscopy (XAS). As shown in Figure 2c, the X-
ray absorption near edge structure (XANES) spectra of Cu-HHTP
and Cu/Zn-HHTP measured at the Cu K-edge show two
prominent absorption features at 8.982 and 8.998 keV, which can
be attributed to 1s— 4p: (+shakedown) and 1s—4pxy, respectively,
and result from the ligand of the square planar Cu center having
less impact in the z-direction, lowering the energy of the 1s-4p;
transition.®! Note that the XANES spectrum of the Cu center in
the Zn/Cu-HHTP MOF resembles that of Cu-HHTP, suggesting
that the incorporation of Zn has negligible effect on the local
structure of the Cu center in the Cu/Zn-HHTP MOF, which is
consistent with PXRD and FTIR results. This is further supported
by quantitative analysis of their extended X-ray absorption fine
structure (EXAFS) spectra (Figures 2d and S3). As shown in
Figure 2d and Table S1, quantitative analysis on these EXAFS
data yields a Cu-O distance of ~1.94-1.95 A with each Cu
coordinated by four O for both Cu-HHTP and Zn/Cu-HHTP,
suggesting that the Cu centers in both samples have a similar
local environment, i.e. square planar geometry at the Cu center.
Moreover, the XANES spectrum of Cu/Zn-HHTP at the Zn K-edge
resembles that of Zn-HHTP (Figure S4), which is featured by the
prominent 1s-4p transition at 9.666 keV, suggesting a similar
coordination geometry at the Zn center for both MOFs. The
quantitative analysis of EXAFS spectra results in a Zn-O distance
of 1.99 A (Figure S4 and Table S1) for both MOFs, where each
Zn center is coordinated by four O atoms, suggesting that Zn
replaced Cu in Cu/Zn-HHTP.
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Figure 3. OPTP traces of Cu-HHPT, Cu/Zn-HHTP, and Zn-HHTP MOFs using
tape cells. The solid lines are used to guide the eyes. Cu-HHTP exhibits the
largest photoconductivity of the three, attenuating the THz signal by 0.3%. At
the vertical cutline the y-axis changes from linear to logarithmic.

Optical pump terahertz probe (OPTP) spectroscopy was used to
compare the photoconductivity between Cu-HHTP, Cu/Zn-HHTP
and Zn-HHTP MOFs (Figure 3). OPTP is a non-contact technique
to measure the photoconductivity, as THz radiation is readily
absorbed by mobile carriers. A 400 nm pulse photoexcites the
sample and THz pulses probe the sample following
photoexcitation with an adjustable femtosecond time delay,
spanning 125 ps. Changes in the THz peak amplitude correspond
to photoinduced free carriers. The pump power was 90 mW and
the samples were thick enough to absorb the pump pulse
completely. Cu-HHTP exhibits a photoconductive THz attenuation
of 0.3%, significantly larger than the previously reported
photoconductivity of other MOFs.['"@ The addition of Zn to the
MOF  structure strongly diminishes this signal. OPTP
spectroscopy probes the excited state properties of a material, in
particular its picosecond time scale photoconductivity. The
ground state of the material (without excitation) is measured using
THz Time Domain Spectroscopy (TDS). THz-TDS was used to
determine the absorption coefficient, refractive index, and
permittivity of Cu-HHTP at three temperatures: 300 K, 200 K, and
100 K (Figure S5). Conductivity is the product of the mobile
charge density and the mobility of these charges. The mobility of
charge carriers in a band is expected to increase upon cooling,
contrary to the observed trend. However, the density of thermally
activated charge carriers is expected to decrease upon cooling.
This effect is referred to as freezing out of charge carriers. The
absorption coefficient, refractive index, and permittivity all appear
to shift lower with temperature, suggesting that free charges are
frozen out and the material is semiconductive, in agreement with
the reported photoconductivity. '3 It is remarkable that the overall
photoconductivity of Cu-HHTP (65.5 Sem™) (details in SI) is six
times higher than previously reported ground-state conductivity
results (10 Sem™),"¥ and the best point of reference currently
available for spectroscopic photoconductivity results of
catecholate type MOFs (Table S3).
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Figure 4. OTA spectra of a) Cu-HHTP and b) Zn-HHTP with 400 nm excitation.
c) The comparison of the GSB and ESA kinetics of Cu-HHTP and Zn-HHTP
(inset); d) XANES spectrum of Cu-HHTP and the difference XANES spectra at
Cu K-edge. The difference spectra were obtained by subtracting the laser-off
spectrum from the laser-on spectrum (100 ps, 1 ns, 5 ns, and 10 ns) for Cu-
HHTP.

To gain insight into the nature of charge transport in M-HHTP
MOFs, we examined their excited state dynamics using optical
transient absorption (OTA) spectroscopy. As shown in Figure 4a,
the early time OTA spectra of Cu-HHTP (< 0.3 ps) mainly consists
of a negative band centered at ~680 nm and a positive band at
~550 nm with an isosbestic point at 610 nm. The ~680 nm
negative feature is consistent with the peak in the steady-state
absorption spectrum and can thus be assigned to the ground state
bleach (GSB) band where electrons are moved from the valence
band to some higher energy, previously unoccupied band thereby
reducing the absorption at those wavelengths. The positive
feature can be attributed to the excited state absorption (ESA) of
the electron that was moved into the higher energy band. It is
interesting to note that the isosbestic point between the GSB and
ESA moves from 610 nm to 570 nm at early time (< 3 ps) and
further moves to 560 nm at later time (> 100 ps), suggesting that
the system relaxes to form a new intermediate state (IMS). A
similar spectral evolution was observed in the OTA spectra of
Cu/Zn-HHTP (Figure S6) and Zn-HHTP (Figure 4b), suggesting
that a similar IMS is observed in all three samples. On the other
hand, compared to Cu-HHTP, the isosbestic points at a similar
time regime for the different samples becomes more and more
blue shifted while the GSB becomes narrower with an increasing
concentration of Zn in M-HHTP MOFs. These results are
consistent with literature results on a zirconium-based MOF (NU-
1000)I" and our previous findings on M-THQ MOFs,! which can
be attributed to the decreasing delocalization of carriers and
carrier density in M-HHTP MOFs when Cu?* is increasingly
replaced by Zn?*. Accordingly, the formation of the IMS during
ESA relaxation is likely associated with the carrier trapping. This
assignment is further supported by a comparison of the ESA
decay and the GSB recovery kinetics, where recovery of the GSB
is more rapid than the ESA decay in all three samples (Figure 4c
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and S6). In addition, the difference between the GSB recovery
and the ESA decay becomes smaller in the Zn-HHTP sample
(Figure 4c). This can be explained by the relaxation of electrons
from the conduction band to a more localized state and holes
being filled by electrons to form a more energetically favored state,
which gives rise to the faster recovery of the GSB than the ESA.
The kinetic traces of M-HHTP were fitted using a multi-
exponential decay function and the fitting parameters are listed in
Table S2. The time constant for exciton relaxation from the
delocalized state to a localized state is ultrafast (~0.2-1 ps) in Cu-
HHTP and Cu/Zn-HHTP, after which it forms a long-lived excited
state (>> 5 ns). In Zn-HHTP, the initial relaxation occurs in ~1-1.2
ps, which is followed by a long-lived excited state (> 5 ns). The
slower early time relaxation kinetics in Zn-HHTP than that of Cu-
HHTP and Cu/Zn-HHTP can be explained by the inert Zn center
in Zn-HHTP that blocks the trapping of carriers through a ligand-
to-metal charge transfer (LMCT) pathway and instead relaxation
of the photoelectron proceeds only through HHTP localized states,
which is confirmed later by XTA.

The nature of the long-lived component was evaluated using XTA,
which allows us to directly probe the electron density at the Cu
center in Cu-HHTP. Figure 4d shows the XANES spectrum of Cu-
HHTP at the Cu K-edge, which features a strong white line
absorption corresponding to the Cu 1s—4p transition. Also shown
in Figure 4d are the difference spectra obtained after subtracting
the ground state XANES spectrum from the spectrum collected at
delay times at 100 ps, 1 ns, 5 ns, and 10 ns following 400 nm
excitation, which demonstrates the transient signals of Cu. A clear
positive feature was observed at 8.99 keV, which overlaps with
the 1s—4p transition edge, indicating that the edge energy of Cu
shifts to lower energy. This suggests that photoexcitation of Cu-
HHTP leads to the reduction of Cu center in Cu-HHTP, i.e. the
photoexcited intermediate species has LMCT nature. This LMCT
state decays as the intensity of the difference spectra collected at
delay times at 1 ns, 5 ns, and 10 ns decreases with time. This is
further supported by the kinetics studies, where the intensity of
the difference signal at 8.99 eV decays with time (Figure S7).
However, the kinetic trace only decays 70% at 80 ns, indicating
that there is a very long lifetime component that correlates with
the long-lived component we observed in OTA spectra, i. e. the
long-lived species is likely a more localized state with LMCT
nature.

To better understand the origins of exceptional photoconductivity
and carrier dynamics in Cu-HHTP, density functional theory (DFT)
under the planewave approximation was employed using VASP
6.2.1. The structure optimization and band structure calculations
are detailed in the supporting information (Figure S8-S10). Band
structure calculations can help to understand energy levels and
electronic localization, and serve to provide a ground state picture
of the electronic structure. Our calculations use the screened
hybrid functional HSE06, which improves on the commonly used
generalized gradient approximation (GGA) functionals like PBE
that tend to overestimate delocalization and underestimate band
gaps. Results from these calculations indicate that Cu-HHTP has
a minimum band gap along the ML k-line of 0.07 eV, a band gap
of 0.08 eV along KH, 0.13 eV along ALHA, and 0.49 eV along
GMKG (Figure 5). Notably, GMKG is the only k-line in which the



valence band does not cross the Fermi level implying Cu-HHTP
has semi-metallic behavior. Common features of the band
structure along the various k-lines are a series of bands ~0.5-1.0
eV, ~2.5 eV and ~3.0-4.0 eV above the Fermi level which are
attributed by the atom projected density of states to belong
predominantly to HHTP, Cu, and HHTP, respectively. The main
benefit of utilizing the screened hybrid HSE06 functional is that it
allows for a more accurate representation of band energies than
what would be obtained by the pure GGA PBE functional. This
allows us to assert that since the excitation wavelength used in
the included photophysical studies is 400 nm (3.1 eV) the HHTP
band ~3.0 eV above the Fermi level is likely populated initially

after excitation before filling unoccupied Cu?* orbitals in Cu-HHTP.

The resulting long-lived photoelectron is not conductive as the Cu
bands are flat; however, the left-behind hole will contribute to the
photoconductivity according to dispersive valence bands.
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Figure 5. Band structure of Cu-HHTP along (a) G-M-K-G k-lines, (b) M-K k-line,
(c) A-L-H-A k-lines (d) K-H k-line and (e) the illustration of two-layer Cu-HHTP
MOF structure and projection of path.

Although the DFT calculations cannot directly predict system
dynamics after photoexcitation, the larger dispersion of the
valence bands on the ML and KH k-lines indicate that they are
likely responsible for hole mobility, allowing us to infer that this
mobility is observed in the OPTP experiment. The flat Cu band
2.5 eV above the fermi level is spatially isolated and energetically
isolated from the C and O dominant bands by ~1.1 eV, leading to
slow nonradiative internal conversion from Cu band to C and O
bands. This is observed in the results from the combination of
OTA and XTA kinetics that show a persistent ESA feature which
closely matches the lifetime of the XTA signal, indicating that the
Cu?* ions are reduced for longer than 10 ns. Conversely, the GSB
feature from OTA recovers on a timescale very similar to the THz
attenuation from OPTP which suggests that photoexcitation
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generates a mobile hole. These differences between the longer
lived XTA and OTA features and the shorter lived OPTP and OTA
features are pronounced in Cu-HHTP relative to Cu/Zn-HHTP and
Zn-HHTP because the Cu bands are flat and energetically
isolated, trapping electrons and preventing electron/hole
recombination. Looking at the Zn-HHTP band structures (Figure
S11), we do not observe any similar Zn density of states due to
the redox inactivity of Zn, which prevents electron trapping leading
to strongly bound HHTP localized excitons resulting in marginal
THz attenuation, and lower photoconductivity. Furthermore, the
energy gap law explains why the initial relaxation component from
OTA is slower in Zn-HHTP than Cu-HHTP because of the larger
gap between the HHTP localized bands in Zn-HHTP (~2.1 eV)
than the HHTP and Cu localized bands in Cu-HHTP (~0.4 eV).
These results well explain the much higher photoconductivity in
Cu-HHTP compared to other MOF systems, which can be
attributed to the presence of an effective hole transport pathway,
facilitated by the strong -1 interaction between HHTP ligands.
This is further supported by the direct comparison of
photoconductivity between Cu-HHTP with Cu-THQ (THQ=tetra-
hydroxybenzoquinone),®! where the former exhibits a more than
two orders of magnitude increase in photoconductivity (Table S3)
compared to the latter which was believed to possess a negligible
hole transport pathway.

Conclusion

In summary, we have examined the photoconductivity in the
conductive 2D M-HHTP (M=Cu and/or Zn) MOF using the non-
contact photoconductivity measurements, namely OPTP. These
findings reveal the remarkable optical and electrical properties of
M-HHTP, e.g., Cu-HHTP and Zn-HHTP. The photoconductivity of
Cu-HHTP is 65.5 Sem™', which is higher than previously reported
conductivity results, and the best point of reference currently
available for spectroscopic conductivity results. With the aid of
OTA and XTA spectra and TDDFT, we reveal that the ultrafast
charge transport dynamics in Cu-HHTP is attributed to the
photoexcited hole states through the interlayer -1 interaction
between HHTP ligands. More significantly, it is the first time to
demonstrate the quantitative evaluation of the photoconductivity
mechanism in 2D MOFs, paving the way for the development of
novel photoconductive porous 2D-MOFs in electronics and
photoelectronic applications as well as their mechanism of study.

Supporting Information

Supporting Information (PDF). Including EDX spectrum of M-
HHTP; The fitting parameters of XAS data. EXAFS spectra in k-
space; The data of XTA. DFT calculation detail procedure and
parameters.
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Photoconductivity in 2D-M-HHTP MOF
(M = Cu, Cu/Zn or Zn)

We report the mechanisms of photoinduced charge transport and electron dynamics in the conductive 2D MOFs and their correlation
with photoconductivity using multiple spectroscopy techniques. We identify the through-space hole transport mechanism through the

interlayer sheet -1 interaction, where the photoinduced hole state resides in the HHTP ligand and the electronic state is localized at
the metal center.



