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Abstract—Metal-organic frameworks are a class of emerging
materials, with novel, designable, and outstanding properties.
Terahertz (THz) spectroscopy is a versatile technique to explore
low-energy resonant modes in these materials, and conductivity
and photoconductivity. Understanding mechanism and timescales
of photoconductivity in metal-organic frameworks (MOFs) is
crucial for their applicability in solar energy generation. The sub-
ps time resolution of optical pump-THz probe (OPTP) in
combination with time-resolved THz spectroscopy (TRTS)
provides an unmatched view into the life of a photoelectron within
MOFs. In this talk, I will present our experiments studying
conductivity and photoconductivity in two MOFs, namely di-
Zn(II)-tetrathiafulvalene-tetrabenzoate (Zn:TTFTB) and di-
Mn(II)-2,5-dimercaptoterephthalate (Mn2DSBDC).

I. INTRODUCTION

Hz time domain spectroscopy (TDS) [1], optical pump-

THz probe (OPTP), and time-resolved THz spectroscopy

(TRTS) have been extensively employed to understand
conductivity and photoconductivity in semiconducting
materials, starting in the 1990’s with measurements on silicon
[2]. THz spectroscopy became an increasingly recognized and
appreciated technique to explore conductivity and
photoconductivity. Its applications have been expended to
explore conductivity, phonons, and polaritons in perovskites
[3], 2D carbides and nitrides, and other 2D materials [4]. In the
last three years, these outstanding techniques have also been
utilized to understand metal-organic frameworks (MOFs)
better.
Air stable MOFs were first synthesized 1999 [5]. In the 23 years
since their discovery, the number of publications on MOF's have
been rapidly growing; currently about 10% of the structures in
the Cambridge Crystallographic Database are MOFs. This
growth is motivated by their outstanding properties, and the
easiness to modify and design MOFs. MOFs are formed by
organic linkers that coordinate metal centers in either a 3D, 2D,
or 1D configuration. This approach is rather flexible and
replacing linkers can be used to tailor the properties of a MOF.
For example, aromatic linkers, such as tetrathiafulvalene-
tetrabenzoate (TTFTB*), can be incorporated into a MOF to
provide a well-defined visible absorption.
The framework formed by these linkers commonly exhibits
large pores and cavities (see Fig. 1 b). The porosity provides an
additional incentive to study MOFs, e.g. for gas storage,
catalysis, and ultralight devices. These promising applications
in combination with the ease of synthesis and modification gave
rise to the huge number of novel MOFs, reaching more than a
hundred thousand published structures.
While the field of MOFs is rapidly growing, THz research
within this field is still underrepresented. However, in the last
few years several groups have endeavored into this new frontier
and my talk will highlight two of our recent publications in the
novel and emerging field of conductive MOFs.

THz spectroscopy of conductive MOFs is particularly
rewarding because, in contrast to DC techniques, THz does not
require complicated electrode fabrication and avoids
introducing contact resistance that clouds the reliability of the
measured conductivity. Furthermore, the short range of THz
measurements allows us to separate inter- and intra-particle
conductivity providing an unmatched view into the
conductivity of these novel materials.

In this talk, I will present THz TDS on Zn,TTFTB and di-
Mn(I1)-2,5-dimercaptoterephthalate (Mn.DSBDC), as well as
OPTP and TRTS measurements of the photoconductive MOF
Zn, TTFTB [6,7].

II. MATERIALS

As this presentation is focused on THz spectroscopy, I refer to
our previous publications for most of the fabrication details
[6,7], as well as the publications which first reported the
synthesis of these MOF's [8,9].

In addition to synthesizing these MOFs, we also performed
metal exchanges in Mn,DSBDC. The MOF was dissolved in
DMF (an organic solvent) and mixed with an organic copper,
cobalt, or nickel salt. This mixture was held at 100°C for 21 h,
after which the product was filtered out. Following synthesis
and metal exchange, we measured powder X-ray diffraction
(PXRD) patterns to confirm the structural identity with
previously published structures, shown in Figure 1 [6-9].

This rather simple technique revealed that the metal exchange
was successful, meaning the lattice of the resulting MOF was
very similar to the original lattice. As shown in the PXRD
pattern in Fig. lc and d, the exchange did not destroy the
original pattern, but merely shifted some of the peaks by 0.1
degree. This minute shift is indicative of a decrease in spacing,
and proof of successful incorporation of the guest molecules.

III. TDS, OTPT, AND TRTS ON ZN,TTFTB

Zn, TTFTB is a 3D semiconducting MOF formed by zinc nodes
connected by TTFTB* linkers. This MOF has a broad
absorption from 700 nm down to below 300 nm. This broad
absorption provides an excellent overlap with the solar
spectrum making this material particularly interesting for light
harvesting applications. In order to understand the photophysics
in this material, we measured OPTP and TRTS under 400 nm
light excitation. Additionally, we also collected TDS spectra
and processed these to gain the complex static refractive index
of this MOF.

In order to understand the as-synthesized materials and avoid
any unintended modification, we assembled the MOF powder
into a simple tape cell. This cell is built by punching a hole into
a business card (or mylar sheet) with known thickness. The
bottom of this hole is sealed with a piece of regular scotch tape,
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Fig. 1. a) Powder X-ray diffraction (PXRD) pattern of Zn,TTFTB as
synthesized (red) compared to the spectrum calculated from the previously
published structure (black). Inset illustrates the building blocks of this MOF in
a simplified manner. b) structure of Mn,DSBDC. The two different manganese
centers (purple) are labeled with 1 and 2. ¢) PXRD of Mn,DSBDC (black)
compared to the calculated spectrum (gray). The inclusion of Ni, Cu, and Co
did not destroy the structure as can be seen be the decent agreement between
the patterns. However, the zoom in view (d)) shows a contraction of the unit
cell upon metal exchange. Reprint from [6,7].
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which is THz transparent. The single side sealed hole is then
filled with the MOF powder and this powder is enclosed using
a second piece of tape. This sample preparation yields an ill-
defined mixture of sample powder and air and as such the
results gained from these measurements, in particular the
accurate magnitude, ought to be taken with a grain of salt. But
this preparation avoids pressure, heat, solvents, and other
commonly needed external stresses in sample fabrication. As
such, this method yields the closest to as-synthesized sample as
possible.

While the accurate magnitude of the refractive index might
need scaling to account for the air-sample mixture, resonant
modes will not be influenced by this sample preparation. To
emphasize the advantage of this sample preparation, we
compared the absorption coefficient for two samples in Fig 2a
and 2b. Both samples were prepared from the same material
stock. The only difference was that for the second sample
pressure of 11 kbar was applied before the measurement. The
application of pressure would be needed to press Teflon pellets
and can be avoided when building a tape-cell.

We measured the THz transmission through both sample cells,
shown in Fig. 2. The pristine cell (a) shows a three rather
equally strong resonances at 0.5, 0.71, and 0.95 THz. In
contrast, the same material after applying pressure (b) shows
two resonances, at 0.5 and 0.8 THz. The pressure dependence
of the modes was first observed when assembling cells and
accidently pressing the cell with a bare human thumb. Higher
pressure resulted in a more pronounced difference. While the
difference in the THz mode is clearly visible and striking, the
PXRD pattern of the MOF did not change. We concluded that
the main effect of pressure in this MOF was the expelling of
inclusion molecules, most-likely DMF molecules, captured in
the MOF pores during synthesis. This result underlines that
THz can provide information complementing more common
PXRD techniques. This is particularly important for MOFs in
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Fig. 2. Absorption coefficient of Zn,TTFTB a) in its pristine form and b) after
application of 11 kbar pressure. The pressure was not applied during the
measurement but solely during the sample preparation step. The pressure
clearly altered the relative magnitude of the absorption modes. PXRD (not
shown) did not reveal a structural change; hence, we concluded that the THz
modes were sensitive to guest molecules (most-likely DMF) that were squeezed
out of the sample by the external pressure.

which guest molecule inclusions and gas capturing can
massively change electro-optical properties while being
undetectable in PXRD.

Following the TDS measurements, we collected OPTP traces of
the same material, shown in Fig. 3a. We measured an
instrument response limited onset of photoconductivity as well
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Fig. 3. THz photoconductivity of Zn,TTFTB under 400 nm excitation. a) The
OPTP measurements show an ultrafast onset of photoconductivity within the
instrument response limits. The decay follows three distinguishable time scales,
one being instrument response limited, the second on the 30 ps time scale and
finally a long time offset. For clarity, the first 6 ps are plotted on a linear scale
and the remaining time is plotted on a logarithmic scale. b) TRTS measured
200 fs after photoexcitation. This time frame was selected to provide sufficient
signal to noise while avoiding non-linear pump-probe interactions. The solid
lines show the Drude-Smith fit on the collected TRTS spectra.

as an ultrafast decay. In addition to these very fast photoinduced
properties, we also clearly detect a slower component as well as
a long time offset (please note the semi-log time scale of the
plot). The OPTP results are fitted with a three-component
exponential function with amplitudes 4; and decay times t,
convoluted with the instrument response function of width zo:

3
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Four samples were globally fitted which yielded lifetimes of
71 =0.60 £ 0.03 ps, 12 =31 £ 3 ps, and a fixed longtime lifetime
of 13 = 10 ns. 13 lays outside of our spectrometer’s time range
and was fixed based on previous microwave photoconductivity
measurements on the same material [10].

OPTP data provide an excellent and in-depth view on the carrier
generation and lifetime. TRTS results complement this
information with the complex photoconductivity at a given
pump-probe delay. For these materials, we measured 0.2 ps
after the pump-probe overlap to ensure a large enough signal to
extract photoconductivity with sufficient signal to noise.



From the measured differential transmission, the complex
photoconductivity is calculated. This was done without
invoking the thin film approximation as the powder sample was
not thin [11] and the resonances revealed by TDS could also
falsify thin-film approximation results [12]. Avoiding any
approximations complicates the data processing, of course, and
results in lengthier numerical codes. We utilized Matlab for this
task and our open-source code can be found in our recent
publication [13]. This publication also provides a free software
package with a graphical user interface to enable more groups
to avoid potentially inaccurate approximations or just to check
their results [13].

The photoconductivity plotted in Fig. 3b shows a rather small
magnitude and fitted reasonably well to a Drude-Smith model:

0 c
o(w) = 1- iwrs( + 1- iu)TS)
yielding a scattering time of 7, = 17 + 2 fs and a c-parameter of
c=-0.86+0.01.
The c-parameter close to -1 is consistent with the micro-
granular sample topology that we observed in TEM images (not
shown). Furthermore, these results emphasize the great
advantage of TRTS compared to DC and TRMC
measurements; in particular, DC measurements of this MOF
powder severely underestimate the actual material conductivity
because they are more a probe of the grain-to-grain charge
transfer.
The presented results constitute the first OPTP/TRTS
measurements on a 3D MOF [7]; however, they were published
after the first OPTP measurements on any MOF performed by
our colleagues in Mainz (a 2D MOF in their case) [14].

IV. TDS oF METAL-DSBDC MOFs

The second class of MOFs discussed in this presentation
utilized DSBDC* linkers to form an infinite 3D framework. In
the as-synthesized version, all metal nodes were occupied by
manganese [8]. This MOF was previously reported as
conductive [10], easy to synthesize, and has the potential for
post-synthesize modification. In our work, we replaced the
original manganese centers with cobalt, copper, and nickel.
These metal exchanges did not alter the structure, morphology,
or crystallinity of the MOF (see Fig. 1). We employed X-ray
techniques (EXAFS and XANES [6]) to understand in detail the
metal exchange location and found that approximately 10% of
the manganese was replaced with the guest metal. The
replacement did not exhibit a side-preference (see Figure 1b)
nor did it lead to formation of local clustering. As such, we
treated the replacement as a structure-preserving substitution of
the guest metal for Mn.

Mn;DSBDC powder was previously measured in a two probe
DC conductivity experiment [10]. The resulting conductivity
was low (2.5 - 102 S/cm) and there are several short-comings
in this type of experiments. Firstly, the electrical contacts
formed between the MOF powder and electrode patches will
strongly depend on surface roughness, topology, pressure,
surface chemistry, and more. The resulting contact resistance
will then add to the actual material resistance, which is further
complicated by the grain-to-grain charge transfer within the
powder which depends on the applied pressure. Bulk DC-
measurements are a very unreliable way to determine the
conductivity of emerging powder materials. These

shortcomings can be overcome using THz spectroscopy as a
contact free probe for conductivity.

We first fabricated a tape-cell as in the previous section and
measured the THz spectra of Mn,DSBDC and the metal
exchanged analogs. None of these MOFs exhibited a strong
resonance in the sub 2.5 THz range in which we measured.
Application of pressures of up to 15 kbar did neither alter the
THz spectra nor the PXRD pattern. Encouraged by the stability
of these MOFs, we prepared Teflon+tMOF pellets in which the
MOF sample material forms inclusions within the Teflon
background matrix. The low absorption of the Teflon and the
low concentration of MOFs in this 3 mm thick pellet allow us
to employ simplified data processing and analysis to determine
the complex refractive index from the pellet [16].

The complex refractive index is then transformed into the
complex permittivity assuming negligible magnetic
susceptibility (n =~ v/€). With the now determined complex
permittivity and the also measured properties of pure Teflon,
Bruggeman and Maxwell-Garnet effective medium theory was
applied to determine the complex permittivity of the MOF
inclusion. This sample preparation provides superior accuracy
compared to the simple tape cell but is limited to pressure-stable
MOFs.

The complex permittivity is plotted in Fig. 4a, for the pure Mn-
MOF at 200 K. The red solid line shows a Drude-Smith fit in
permittivity [8]. The result of this fit is used to separate the
static complex permittivity from the optical conductivity, which
is plotted in Fig. 4b. We would like to emphasize that this
assumption lumps all frequency dependent components of the
permittivity into conductivity. This is a common implicit
assumption invoked when reporting THz conductivity, but it
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Fig. 4. THz-TDS conductivity and permittivity of Mn,DSBDC. The sample
was mixed with Teflon, pressed into pellet form, and measured in a liquid
nitrogen cryostat mounted in our self-built TDS system. Effective medium
theory was used to calculate the permittivity of the MOF. a) Permittivity of
Mn,DSBDC at 200 K. The red line shows the Drude-Smith fit used to separate
conductivity and frequency independent permittivity. From this separation, the
complex conductivity (b) was derived. c¢) Temperature-dependent
measurements of the conductivity did not show a clear trend. d) Comparison of
the conductivity of the MOFs with incorporated guest molecules. The guest
molecules did not suppress the THz conductivity within this MOF. The error
bars show the standard deviation from three independent samples, measured on
three different locations each, resulting in nine independent measurements.



must be kept in mind when attempting to predict DC properties
from THz measurements.

With a reliable method to measure the complex conductivity of
this MOF family, we set out to answer two questions: firstly,
does temperature influences the THz conductivity, and
secondly, does the dopant metal alter THz conductivity.
Temperature-dependent measurements of the pure (and the
mixed MOF) did not show a clear trend. The mean values for
three spots on three Mn,DSBDC samples are shown in Fig. 4c.
There is no clear trend with temperature. At first this is puzzling
as many conductivity-mechanism are thermally influenced.
Commonly, thermally active dopants freeze out when the
material is cooled, electron-phonon scattering is reduced, and
thermally activated hopping is suppressed at lower
temperatures, raising the question why the conductivity of
Mn,DSBDC is temperature-independent. We suspect that this
is caused by a competition of different mechanisms, which are
also most-likely only weakly temperature dependent in the
300 K to 100 K range explored here.

The conductivity of the MOFs containing the three dopants is
compared with the pure material in Fig. 4d. There is no
significant difference between the conductivities. This suggests
that the conductivity is more dominated by the linkers than by
the metal nodes as these are unchanged between the materials.
This allows us to tailor the catalytical properties of the metal
centers without destroying the linker-enabled conductivity. The
additional flexibility of this approach might not be limited to
the DSBDC-MOF family and could have implications for other
MOFs as well.

V. CONCLUSION

In this talk, we broaden the range of THz applications in
material science to include the emerging field of metal-organic
frameworks (MOFs). We utilized TDS to measure the ground
state conductivity of Mn,DSBDC at temperatures between
300 K and 100 K. Furthermore, we replaced manganese with
nickel, cobalt, and copper and verified that the metals are
successfully incorporated. The guest metals minutely changed
the crystal structure and did not alter the conductivity.

The same THz techniques were also applied to another MOF,
Zn,TTFTB. In this MOF, we found an apparently pressure-
dependent THz mode, which might be caused by guest
molecules that can be expelled under static pressure. OPTP and
TRTS of this MOF revealed a carrier lifetime spanning three
orders of magnitude: sub-ps, 30 ps, and ns range. Our TRTS
results fitted well to a Drude-Smith model, with a ¢ parameter
of - 0.86. A c-parameter close to -1 corresponds to a strongly
suppressed particle to particle charge transfer, illustrating a core
challenge for DC conductivity measurements on MOF
powders, which is overcome by utilizing contact-free THz
spectroscopy.
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