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Introduction

Micro-spectroscopy of HKUST-1 metal—-organic
framework crystals loaded with
tetracyanoquinodimethane: effects of water on
host—guest chemistry and electrical conductivity

Miguel Rivera-Torrente,® Matthias Filez,® Christian Schneider, (2°
Ewout C. van der Feltz,® Konrad Wolkersdorfer,“ Dereje H. Taffa,
Roland A. Fischer 2° and Bert M. Weckhuysen () *°

< Michael Wark,©

Composite materials, consisting of a metal-organic framework (MOF) and a guest molecule, further
denoted as guest@MOF composites, have gained strong interest due to the guest-induced tunability of
the host properties, for example in sensing or electroconductivity applications. However, decoding the
complexity of these guest@MOF composites and extracting structure-performance relationships are far
from trivial and require the use of a gamut of characterization tools. In this work, we use various micro-
spectroscopic tools both under static (ex situ) and dynamic (in situ) conditions to map the properties
and diffusion behavior of TCNQ (7,7,8,8-tetracyanoquinodimethane) as a guest molecule in single
HKUST-1 crystals as the host. Raman micro-spectroscopy allowed us to map the spatial distribution of
TCNQ within HKUST-1 single crystals, thereby revealing a heterogeneous distribution of TCNQ
after initial TCNQ-infiltration, concentrated at the crystal edges, and a homogeneous redistribution
upon water vapor treatment. These insights are correlated to /-V scans at different temperatures and to
electrochemical impedance spectroscopy (EIS), which allowed us to verify the different contributions
to conductivity. These data showed changes in electrical conductivity after exposing the sample to
moisture and air. In situ FT-IR micro-spectroscopy during treatment with moisturized nitrogen gas
suggests lower transient diffusion rates for water inside TCNQ@HKUST-1 relative to pristine HKUST-1,
likely due to steric hindrance of the pore-filing TCNQ molecules in the HKUST-1 framework. The
application of micro-spectroscopic techniques is crucial to uncovering MOF intracrystal heterogeneities
and yielding rationally-derived instructions for the improved design of guest@MOF systems.

guest molecules that can tune the MOF properties. The perfor-
mance of these functionalized host-guest materials, further

Metal-organic frameworks (MOFs) have emerged as a class of
porous crystalline materials with high potential in a manifold
of applications, including gas sorption, catalysis, biomedicine
and electronic devices.™ One of their main advantages is their
high porosity that can allow them to act as hosts for metal
nanoparticles and enzyme guests, or to incorporate functional
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denoted as guest@MOFs, critically depends on the precise
location of these guest species within the host material
(i.e., the MOF crystal). More particularly, microscopic hetero-
geneities in the intracrystal distribution of guest molecules
might affect both the bulk properties and the performance of
the guest@MOF materials. In this sense, spatially resolved
techniques are extremely powerful tools to shed light on
the precise location of guest molecules within guest@MOF
systems, under both ex situ and in situ conditions.

In contrast to other classes of porous functional materials,
such as zeolites (e.g. FAU, BEA and MOR), mesoporous struc-
tured materials (e.g. MCM-41 and SBA-15) and (pillared) clay
minerals,” the number of studies using spatially-resolved
spectroscopies is very limited in the field of MOFs. Notable
examples include the linker distribution mapping in multi-
variate MTV-MOFs or defect imaging in HKUST-1, as recently
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addressed by vibrational and fluorescence micro-spectroscopies.®*>
In addition, infrared micro-spectroscopy has been applied by the
Kérger group to extract the transient diffusion behaviour of
probe molecules within ZIF-8 crystals.*™” However, to the best
of our knowledge, no micro-spectroscopic studies reporting on
charting the spatial location, distribution and chemical proper-
ties of functional guest molecules in MOFs have been published.
Typically, for example, mapping nanoparticle distributions in
MOFs is achieved by Transmission Electron Microscopy (TEM)."®
However, the probing volume of TEM is limited to the nm*-range,
which typically hinders imaging of the distribution of guest
entities over an entire MOF crystal. Also, TEM (unless coupled
to Energy Dispersive X-ray (EDX) analysis, which usually requires
high voltages and intense electron beams, and therefore, could
result in beam damage) does not provide chemical information,
but rather structural properties of the sample. The application of
micro-spectroscopic tools to locate and speciate guest molecules
in MOFs can thus offer chemical information with spatial resolu-
tion across micrometre-sized MOF crystals in a non-destructive
way under both ex situ and in situ conditions.

Among guest@MOF materials, HKUST-1 loaded with TCNQ
(TCNQ = 7,7,8,8-tetracyanoquinodimethane) has been one of
the most interesting yet challenging systems to be studied.
Initially introduced by Allendorf et al," this guest@MOF
composite material has attracted the interest of many researchers
for its strong increase in electronic conductivity upon infiltration
with TCNQ as a guest molecule.>** Electrically conductive MOFs
have been intensively researched in recent years,”>** and in this
context, the post-synthetic introduction of redox-active species
into intrinsically insulating MOF materials represents a promising
strategy to combine porosity and electrical conductivity in one
material.>®> For a precise elucidation of the underlying electrical
conductivity mechanism, structural information of the guest
molecule is of utmost importance. While theory predicted the
coordination of TCNQ to two adjacent metal nodes of HKUST-1,"
just recently, some of us found crystallographic evidence for
this preferential adsorption, when TCNQ was introduced
via the vapor phase.”® Given the complexity of the system,
elaborate characterization techniques are necessary to identify
the necessary structure-property relationships and to study how
moisture affects the distribution of TCNQ within the MOF and
impacts the electroconductivity of the host-guest material.

Here, we have used Raman microscopy to map the spatial
distribution of TCNQ as the guest molecule within large
HKUST-1 crystals before and after dosing water vapour. Spectral
mapping was done under controlled conditions within a sealed
chamber, avoiding contact with air, water therein or contaminants.
Advanced data processing, by means of Principal Component
Analysis (PCA), was used to improve data quality and related spectral
interpretation. In addition, iz situ FT-IR micro-spectroscopy has
been used to compare the diffusion behaviour of TCNQ-loaded
and pristine HKUST-1 crystals upon water vapor dosing in the
chamber. The obtained results are compared with water uptake
isotherms, X-ray photoelectron spectroscopy (XPS) data and
current (I)-voltage (V) curves, as obtained from I-V scans. By
doing so, we show that the multi-technique approach allows us
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to further shed light on the complex host-guest chemistry of
the TCNQ@HKUST-1 system.

Experimental section
Synthesis of HKUST-1 single crystals

Large HKUST-1 crystals were prepared by following a procedure
of Tovar et al.*” In brief, Cu(NO3),-3H,0 (0.49 g, 2.0 mmol, 99%,
Acros Organics) was dissolved in 3 mL of deionized water in a
glass vial. In another vial, benzene-1,3,5-tricarboxylic acid
(0.24 g, 1.1 mmol, H3BTC, 98%, Sigma-Aldrich) was dissolved
in 3 mL of ethanol (VWR International, 96%). Then, the Cu
solution was mixed with 3 mL of N,N-dimethylformamide
(DMF, anhydrous, 99.8%, Sigma-Aldrich) in a 20 mL glass vial.
The linker solution and 12 mL of glacial acetic acid (99%,
Sigma-Aldrich) were added to the mixture and the vial was
placed in a preheated oven at 328 K for 72 h. The crystals were
collected and immersed in fresh ethanol and CH,Cl, (99%,
Sigma-Aldrich) for 1 week, respectively, before activation at
p ~ 107 mbar and 453 K for 24 h. Activated HKUST-1 was
stored in an Ar BraunTM glovebox (O, < 1 ppm, H,O < 1 ppm)
until further use. 7,7,8,8-Tetracyanoquinodimethane (TCNQ,
98%, acbr GmbH, Germany) was recrystallized three times from
acetonitrile (anhydrous, 99%, Sigma-Aldrich) under inert con-
ditions to yield molecular, crystalline TCNQ in high purity.

Dry HKUST-1 single crystals were loaded into a glass ampoule
with an excess of recrystallized TCNQ (TCNQ, approx. 2 eq. of
TCNQ per HKUST-1) adapted from the protocol reported in
the literature.>®

Routine characterization

Ex situ X-ray diffraction (XRD) was done in a 20 range of 5-50°
in steps of 0.0016413° (20) with a PANalytical Empyrean instru-
ment equipped with a Cu source (Ax, = 1.54184 A) at 45 kv and
40 mA. The samples were loaded in borosilicate capillaries of
0.7 mm diameter. The radiation was focused onto the sample
through a focusing X-ray beam mirror equipped with a 1/8°
divergence slit and 0.02 radian Soller slits. The diffracted X-ray
beam was detected by a PIXcellD detector in receiving slit
mode equipped with a 1/8° anti-scatter slit and 0.02 radian
Soller slits. In situ X-ray diffraction (XRD) measurements were
carried out in a 26 range of 5-30° in steps of 0.05° (20), and 1 s
per step time, on a Bruker Advance D8 diffractometer in Bragg—
Brentano geometry equipped with a Co K , source (/= 1.79026 A),
a VANTEC-1 detector and 1/8° divergence slits. Scanning Electron
Microscopy (SEM) micrographs were recorded with a FEI Helios
nanolab 600 DualBeam microscope operated at 2.00 kV voltage
and 25 pA current. All images were formed by secondary electrons
with a 3 pus dwell time. Images of the large HKUST-1 crystals were
recorded on a PhenomPro X microscope, equipped with a CeBg
detector and operated at 10 kV voltage. The single-crystals were
supported on C tape deposited over Al stabs (FEI stabs) and
inserted in the vacuum chamber without any Au or Pt coatings.
X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed using a Thermo Fisher Scientific ESCALAB 250Xi (UK)
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instrument equipped with a monochromatic Al Ko radiation
source (1486.6 eV). The powder samples were placed into an
aluminium sample holder and pressed using a custom-made
steel presser and degassed until the base pressure reaches
ca. 5 x 1077 mbar. Core level XPS spectra of Cu 2p, N 1s, O
1s and C 1s were recorded with 10 eV pass energy and 0.01 eV
step size and 5 spectra were averaged. The XPS spectra were
deconvoluted and fitted with a smart background employing
mixed Gaussian-Lorentzian line shapes using the Avantage
software (Version 5.986).

Conductivity and water uptake isotherms

Water sorption isotherms were collected with a Quantachrome
Hydrosorb 1000 instrument controlled with the software
HydroWin v5. In a Ny-filled glovebox, ca. 50 mg of pre-
activated 1.0TCNQ®@HKUST-1 was transferred to a sample cell.
Five adsorption-desorption cycles were performed at 298 K.
Before every cycle, the sample was evacuated at 298 K until
constant pressure was achieved. The temperature of the sample
cell was controlled by a water bath set at 298 K. Electrical
conductivity measurements were conducted on compressed
powder pellets. After the sample preparation in a glove box,
the previously described custom-made measuring cell was con-
nected to a Zahner-Zennium electrochemical workstation.>®
Electrochemical impedance spectroscopy (EIS) measurements
were performed and an alternating voltage of 10 mV was
employed in the frequency range from 1 Hz to 1 MHz at 0 V
DC voltage. Ion current (I)-voltage (V)-curves were collected in

the voltage range from —1 to 1 V with a slow rate of 100 mV s™".

Micro-spectroscopy and data analysis

Raman micro-spectroscopy was performed with a Renishaw™
inVia microscope, using a 532 nm diode excitation laser with a
20x magnification objective, a 1200 lines mm " grating and a
Charge Coupled Device (CCD) detector. The objective has
a Numerical Aperture (NA) of 0.4, resulting in an 815.5 X
815.5 um” diameter spot size. All measurements were per-
formed with a total 0.44 mW power output (power density:
1.27 x 107° W em ?) in the 1500-2300 cm ' range. In a
glovebox, the samples were transferred to a sealed Linkam cell
equipped with CaF, windows and filled with 1 bar of Ar
(99.999% Linde AG). Data analysis of the Raman microscopy
maps was performed using WIiRE 3.4© (Renishaw) and TXM
Wizard®® software packages. Principal Component Analysis
(PCA) of the signal-to-baseline or single wavelength intensity
maps was performed with Matlab R2018a (Mathworks). PCA
was done by K-means clustering of pixels with similar spectral
features, resulting in Voronoi cells grouped in four different
clusters. In order to define the representative components
(eigenvectors) of the PCA analysis, the Scree test and Cumula-
tive Variance Explained (CVE) tests are shown (Fig. S1, ESIT).
It is clear that with three to four components (Fig. S2, ESIt), a
representative part of the data set can be analysed without
losing relevant information. Deconvolution of the bands of the
average spectra obtained from cluster analysis was carried out
using the Fityk 1.3.1© package (Nelder-Mead simplex).

25680 | Phys. Chem. Chem. Phys., 2019, 21, 25678-25689

View Article Online

Paper

Fourier-Transform Infra-Red (FT-IR) micro-spectroscopy was
carried out using a PerkinElmer Frontier MIR/FIR spectrometer
coupled to a PerkinElmer Spotlight 400 FT-IR microscope, with
a Mercury-Cadmium-Telluride (MCT) detector cooled with liquid
N,, in a 16 x 16 array of 6.25 x 6.25 um pixels. The samples were
kept in sealed cells equipped with CaF, windows, under inert
conditions. Then, a flow of 60 mL min~" nitrogen gas (99.99%,
Linde AG) saturated with demineralized water (at 298 K) was
introduced into the sample cell for 5 min, stopping every 30 s to
collect FT-IR microscopy maps of the HKUST-1 crystals.

Results and discussion

The two materials under study, namely large crystals of HKUST-1
and TCNQ@HKUST-1, were obtained by a method described in a
previous report by Schneider et al.,>® in which their crystallinity,
morphology and porosity are reported. TCNQ was introduced by
vapour phase infiltration in an evacuated glass ampoule. During
this treatment, TCNQ sublimes and diffuses into the large pores
of HKUST-1, in which only half contain uncoordinated Cu sites
pointing to the centre of the pore. As shown by Schneider et al.,
TCNQ chemically binds via its two terminal nitrile groups to two
neighbouring, ie. in opposite sides of the pore cage, metal
nodes, as evidenced by the increasing intensity of the (111)
reflection in the X-ray diffraction data.’® In addition, physi-
sorbed TCNQ fills the remaining pore space and weakly interacts
with the MOF. This leads to loadings reaching up to two
TCNQ molecules per large pore, while maintaining pore space
accessible for small molecules, as shown by sorption experi-
ments with N, and H,O.

To study the spatial distribution of TCNQ molecules within a
HKUST-1 crystal after vapour phase infiltration, Raman micro-
spectroscopy was used as the characterization method, as
illustrated in Fig. 1. Raman spectroscopy has been extensively
used for characterizing TCNQ and Cu-TCNQ compounds, due
to the fact that the Raman intensity is highly sensitive to charge
transfer processes, such as the binding to metal substrates or
electrical switching.**~**> By applying Raman spectroscopy in a
spatially resolved manner with a resolution of ~1 um, chemical
3-D imaging of the HKUST-1 crystals can be achieved by
focussing an incident laser beam on the sample, in combi-
nation with pinhole filtering of out-of-plane contributions and
signal detection using a charge coupled device (CCD) array
detector. If an objective with a long working distance is used, a
sealed Linkam cell with CaF, windows can be placed at the
focal point of the beam, which allows us to monitor the
dynamics of the MOF material under in situ conditions.**>*
After data collection, Principal Component Analysis (PCA) and
Cluster Analysis (CA) can be used to extract the variance of the
dataset and to classify the Raman spectra into different groups
with similar spectral features.?>¢

Raman micro-spectroscopy maps of a HKUST-1 crystal,
loaded with TCNQ, are given in Fig. 2a and b. The Raman
intensity map in Fig. 2a displays the aromatic C—C stretching
band (vc—c) at 1605 cm™* and visually shows where the HKUST-1

This journal is © the Owner Societies 2019
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Fig. 1 Micro-spectroscopic approach used to investigate the influence of H,O in large crystals of HKUST-1 and TCNQ@HKUST-1 materials. Confocal
Raman microscopy allows 3-D in situ chemical imaging of MOF crystals under dynamic conditions by focussing the laser beam into selected (X,Y) areas of
the crystal. A saturator can be connected to an air-sealed cell in order to dose water vapour.

crystal and TCNQ are relatively located, since this Raman band
is present in the BTC linker of the host material and in TCNQ as
guest molecule (Fig. S3, ESIT). In Fig. 2b, the Raman map of the
2226 cm™ ' band, associated with stretching of TCNQ C=N
nitrile groups (vc=y) alone, is also shown. In order to identify
and group the Raman spectra within the maps into different
classes, PCA and CA have been performed using all the
recorded Raman spectra within the map. Aside from extracting
the variance of the dataset, the analysis minimizes the influ-
ence of scattering, out-of-focus contributions, cosmic rays
or impurities that may affect the signal and obscure the
interpretation. In the current case, four different clusters are
obtained, exhibiting fingerprint spectra that mainly differ in
their 1605 (vc—c) and 2226 cm™ " (yg=x) band intensity and
thus their abundance of TCNQ (Fig. 2¢ and d).

Cluster 1 in Fig. 2c represents the spectra containing
limited TCNQ Raman intensity. These spectra represent
regions located outside the TCNQ@HKUST-1 crystal, i.e. where
no TCNQ is present. Cluster 2 contains fingerprint spectra that
exhibit moderate TCNQ abundance, mostly populating the
crystal interior. Cluster 3 contains spectra that expose increased
TCNQ intensity relative to the moderately intense spectra in
cluster 2. Pixels classified in cluster 3 mainly situate at the crystal
edges, implying that the TCNQ abundance increases radially
toward the outside of the HKUST-1 crystal and therefore resembles
a core-shell structure. In addition, small, non-uniformly dispersed
islands of cluster 3 are observed across the HKUST-1 crystal,
implying fluctuations in the TCNQ concentration after initial
infiltration. Finally, cluster 4 groups spectra with TCNQ concentra-
tions an order of magnitude higher compared to clusters 2 and 3.
Cluster 4 pixels are only observed at a spatially remote location

This journal is © the Owner Societies 2019

outside TCNQ@HKUST-1, suggesting that this area is repre-
sented by TCNQ condensates.

Fig. 3 shows the micrographs of the crystals of pristine
HKUST-1 and the TCNQ@HKUST-1 host-guest composite
material. In line with previous experiments, a Cu-TCNQ coordina-
tion polymer®® can be seen at the surface of the TCNQ@HKUST-1
host-guest composite material. The bands corresponding to
both materials were present after deconvolution of the average
Raman spectra of each cluster (see Fig. 2e): one contribution
arising from physically deposited TCNQ, at 2224 cm ', and a
smaller component at 2210-2214 cm ', assigned to TCNQ
coordinated to the Cu paddlewheels. In contrast, no clear signs
of the Cu-TCNQ coordination polymer, which typically shows the
C=N stretch at 2205 cm ™ ,***”*® were observed. It is important
to bear in mind that the average spectra contain the spectral
contribution of different pixels located at the edge of the crystal
and other areas. Further, the pixel size of 1 x 1 um? is not small
enough to probe nanometric needles of Cu-TCNQ and TCNQ®@
HKUST-1, preventing us from a clear distinction of species, yet
corroborating different compounds within the TCNQ@HKUST-1
crystals. The focal point of the laser was set to a depth of z ~ 80 pm
from the top edge, allowing us to obtain chemical maps of
the cross-sections, rather than the top crystal surfaces of the
TCNQ@HKUST-1 host-guest composite material. The formation
of aggregates on the edges is due to diffusion barriers that form
during the vapour-phase infiltration process, in which the TCNQ
molecules that enter the pores first coordinate strongly to the
Cu®* Lewis sites and block these pores as diffusion pathways,
preventing other TCNQ molecules from entering the MOF crystal.
Not only coordination within the pores, but also formation of
a thin, nanometric layer of the dense Cu-TCNQ coordination

Phys. Chem. Chem. Phys., 2019, 21, 25678-25689 | 25681
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Fig. 2 (Top) Scheme showing the cross-section of two intertwined, octahedral HKUST-1 crystals, loaded with TCNQ, and probed with the Raman laser
at a depth of z ~ 80 pm. Signal-to-baseline ratio maps of the Raman bands at (a) 1605 cm™ (corresponding to the C=C aromatic stretching vibration)
and at (b) 2226 cm™* (corresponding to the C=N stretching vibration) of a HKUST-1 crystal, loaded with TCNQ. (c) Different spectral clusters obtained
from Principal Component Analysis (PCA) of the 1500-2300 cm™ region, showing different intensities throughout the TCNQ@HKUST-1 crystals.
(d) Raman spectra corresponding to each cluster of the map in (c). Scale bars indicate 40 pm in all cases. (e) Deconvolution of the nitrile stretch band in
the average spectra of clusters 2 and 3 seen in (d). The green line corresponds to the residual of the Nelder—Mead simplex algorithm used.

polymer on the external surface of the HKUST-1 crystals might play ~with gaseous TCNQ at high temperature, forming the by-phase
a role. The defective Cu" sites on the external crystal surface react observed by SEM (Fig. 3). Additional TCNQ entering the MOF

25682 | Phys. Chem. Chem. Phys., 2019, 21, 25678-25689 This journal is © the Owner Societies 2019
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Fig. 3 SEM micrographs of the crystals of (a) pristine HKUST-1 and
(b) the TCNQ@HKUST-1 host—guest composite material. Cu-TCNQ needles
covering the surface of the crystal are clearly visible at higher magnifications
in (d), in comparison to the neat surface observed in (c).

material may interact in different manners with the surface of
HKUST-1. For instance, it may be physisorbed in the smaller pore
cages, without interacting with any Cu sites, as the Raman band at
2225 ecm™ " corresponds to neutral, non-reduced TCNQ (i.e., non-
coordinated to the Cu centres).’® Alternatively, it could only
partially transfer the electron density towards the Cu centres,
keeping the nitrile stretches unchanged in the Raman spectrum.
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Yet another possibility would be that TCNQ interacts with a
defect Cu” site and undergoes a redox reaction yielding an
oxidized Cu®' site and a reduced TCNQ~ molecule. Thus, it is
difficult to offer a detailed molecular description of the
TCNQ®@HKUST-1 system. This layer of condensed TCNQ has
a thickness of ca. 5 um, i.e. 1-2 pixels in the Raman maps,
in contrast to the typical nanometric films of the Cu-TCNQ
coordination polymer formed on the surface.*’ Important to
mention here is that despite the formation of these aggregates,
no signs of dimeric TCNQ radicals*"** were present in the
Raman spectra. To verify that this finding is consistent, two
intertwined, octahedral HKUST-1 crystals were mapped and
analysed following the same procedure. The maps and cluster
analysis are presented in Fig. S4 (ESIt), and they also show the
characteristic aggregation of TCNQ in the inner edges of the
HKUST-1 crystals. Some zones in proximity to the surface also
showed a few aggregates of TCNQ. Thus, we could corroborate
that the formation of this layer of TCNQ is widespread through-
out the TCNQ@HKUST-1 sample probed.

It is known that HKUST-1 crystals have a limited stability
with respect to moisture and water, having potential conse-
quences ranging from Cu reduction to pore collapse depending
on the exposure time and water vapour pressure.*>™*® To ensure
that no such effects occur during the hydration experiments in
this work, in situ XRD experiments were performed by recording
diffractograms during a temperature-programmed experiment
with dosing of water-saturated He gas (60 mL min~ ' He flow
through a bubbler filled with demineralized H,O following the
temperature program depicted in Fig. S4 (ESIf), at a heating
rate of 5 K min~"). The XRD patterns show that the structure is
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stable at temperatures up to 573 K and all Bragg reflections are
highly intense throughout the whole experiment.**>°

Hydrosorption isotherms over 5 cycles (Fig. S6, ESIt) showed
that the total water sorption capacity decreases slightly after
cycling. This suggests that although no major structural losses
occur, a certain fraction of the surface is lost. This may be
ascribed to pore collapse, or to irreversible chemisorption
leading to a loss of surface sites. In order to further study the
effect of pore blockage on the HKUST-1 crystal edges, caused by
TCNQ aggregates, in situ FT-IR microscopy of the materials
under study was performed (Fig. 4). However, no signs of
framework decomposition were detected, as the XRD peaks
showed the same intensity before and after high-temperature
vapor dosing. These findings are in line with those of Giovine
et al.,”* where decomposition of HKUST-1 in air or moisture
does not occur on short timescales, comparable to the exposure
times in our experiments. This confirms that the HKUST-1
framework is stable under the described experimental condi-
tions and allows for its in situ micro-spectroscopic study from
room temperature up to 573 K in H,O-saturated He or N, flows.
More specifically, we have studied the process of hydration by
monitoring the evolution of the FT-IR band at 3400 cm™*,
which corresponds to the O-H stretching mode of water, of
both pristine HKUST-1 and TCNQ@HKUST-1 crystals. Fig. 4
shows the evolution of two different crystals (parent HKUST-1,
on top; and TCNQ@HKUST-1, below) under a stream of N,
saturated with water for 5 min at 298 K. The maps show the
absorbance of the IR band at 3400 cm ™" over time for each pixel
present in the crystal, where water penetrates the pores from
the right side (incoming flow in the cell). At different time
steps, from ¢ = 0 to ¢ = 420 s, the absorbance increases steadily
on different parts of both crystals: first edges, and then the core
of the MOF, indicating that unlike TCNQ, it can flow through
the pores with lower diffusional barriers.

To obtain more quantitative information, we have plotted
the evolution of the absorbance of the 3400 cm ™" band over the
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Fig. 5 Evolution of the average change in absorbance of all the pixels for
each crystal: pristine (blue) and TCNQ@HKUST-1 (red) during the adsorption
of water. Note that there is not a significant difference at the bulk scale.
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entire HKUST-1 crystal, in the absence and presence of TCNQ.
The increase in the absorbance of the 3400 cm™' band,
averaged for all the pixels corresponding to the materials,
shows a gradual saturation after ca. 5 min (300 s) (Fig. 5).

This indicates that the pores are filled with water vapor very
shortly after the dosing starts, in line with previous experiments
showing the high capacity and kinetics of HKUST-1 for that
purpose.”>>* Indeed, water molecules rapidly fill the pores and
coordinate to any remaining coordinatively unsaturated Cu®*
sites that may not be occupied by TCNQ. The similar profiles
suggest that TCNQ does not play a significant role in hindering
the maximum water uptake of HKUST-1 crystals at the bulk
scale. As mentioned above, the FT-IR micro-spectroscopy maps,
shown in Fig. 4, reveal spatial differences in the water uptake
depending on the distance to the centre of the HKUST-1 crystal.
In order to better understand the kinetic behaviour of hydra-
tion, we have analysed the evolution of the band at 3400 cm ™"
with respect to the distance from the centre of the crystal. An
algorithm, applied to the FT-IR microscopy maps, recorded
during the hydration experiments was used to analyse the
average absorbance of the band with an increasing radial
distance. The results are given in Fig. 6a, where the red area
represents pixels further away from the centre of the HKUST-1
crystal (blue area). The HKUST-1 crystal was divided into 11
different areas from crystal surface to centre, as described in
the related schematic. In Fig. 6b and c, the plots show that the
average absorbance of the 3400 cm ™" band progressively decays
from outer areas of the HKUST-1 crystal, i.e. surface (pixel 1), to
inner zones (pixel 11). This observation holds for both the
pristine HKUST-1 and TCNQ®@HKUST-1 crystals. It is important
to note that Fig. 6¢c shows that the decay observed between
pixels 1 to 3 (a radius of around 18.75 um) is more pronounced
in the case of the TCNQ-loaded crystals. This indicates that,
indeed, although the guest molecule aggregates do not decrease
the total uptake significantly, they do hinder diffusion to some
extent within the surface pores towards the inner areas of the
HKUST-1 crystal. These different diffusional behaviours can be
better seen in Fig. 6d where the apparent rate constant of
hydration over time for pixels of increasing distance to the
centre of the HKUST-1 crystal was calculated.

The apparent rate constant of increase in absorbance was
fitted to a function of the type: AAbs = A(1 — e~ ™), where A
represents the maximum A absorbance, ¢ is the hydration time
and £k is the rate constant of hydration. It is clear that in the
pristine HKUST-1 material, hydration occurs at a similar rate
throughout the entire MOF crystal. However, the TCNQ-loaded
material shows decreasing rates for increasing distance to the
surface, indicating that the areas on the outer cores hydrate at
similar rates as the pristine HKUST-1, but the areas closer to
the centre of the crystal need longer times to hydrate. In other
words, water molecules need longer times to reach the inner
areas of TCNQ@HKUST-1 and interact with the Cu®" sites,
assuming that the interaction with the MOF occurs much faster
than diffusion.

In addition to pore blockage purely due to steric hindrance
of water molecules diffusing through, one may as well argue

This journal is © the Owner Societies 2019
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(a) Scheme of the algorithm applied to understand water uptake with respect to the centre of the HKUST-1 crystal. Average absorbance of the water

band at 3400 cm™! for different pixels at increasing distances from the central part of the (b) pristine HKUST-1 and (c) TCNQ@HKUST-1 host—guest
composite material. (d) Rate constant (k) for the hydration vs. radius describing the diffusion barrier created by TCNQ at the edges of the HKUST-1 crystals.

that TCNQ is highly hydrophobic. TCNQ is soluble in organics
(THF, CH;CN or dioxane) due to its estimated low dipole
moment D & 0.04 D (similar to that of n-hexane); but it is
sparingly soluble in water. This may render TCNQ@HKUST-1
more resistant to water absorption and hosting, as previously
shown for HKUST-1 etched with fluorohexane.”*

In order to investigate if the inclusion of water had an impact
on the spatial distribution of TCNQ, Raman micro-spectroscopy

This journal is © the Owner Societies 2019

maps of the band corresponding to the nitrile stretch of
TCNQ@HKUST-1 (located at 2226 cm™") after the hydration
experiments were recorded. Importantly, PCA of the Raman
spectra obtained reveals that the spatial heterogeneities within
the HKUST-1 crystals are not present anymore (see Fig. 7) and
consequently a very different picture is observed. Cluster 2
(light blue), with a lower average intensity than Cluster 3
(orange), is present on the crystal edges and outer sections,
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to the C=N stretching vibration) of TCNQ. (c) Different spectral clusters obtained from Principal Component Analysis (PCA) of the 1500-2300 cm™*
region showing different intensities throughout the two adjacent TCNQ@CuzBTC; crystals. (d) Raman spectra corresponding to each cluster of the map
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corresponds to the residual of the Nelder—Mead simplex algorithm used.
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i.e. the intensity on the surfaces is now lower than in the crystal
core and no signs of heterogeneities are observed. This
indicates that TCNQ, in contrast to the Raman micro-
spectroscopy maps of Fig. 2 and Fig. S3 (ESI{), is more homo-
geneously distributed throughout the HKUST-1 crystal.
Evidently, exposing the HKUST-1 crystals to water vapor results
in a redispersion of the TCNQ guest molecules, filling the pore
cavities of the MOF material in a more homogeneous manner.
A possible explanation is the competition between the excess of
water molecules with TCNQ for available Cu unsaturated sites,
thereby liberating TCNQ from its strong coordination to the
MOF and allowing for diffusion within the pores.

To study the effect of this TCNQ redispersion on the
electrical conductivity of the TCNQ@HKUST-1 material, we
have measured -V scans and EIS of the materials under Ar at
298 and 378 K first and after exposure to the atmosphere
at those temperatures. It is worth mentioning that the con-
ductivity measurements were carried out using pm-sized
Cu;BTC, powders (10-20 pm octahedra) infiltrated with TCNQ,
as previously described in the literature.>® However, we believe
that the redispersion phenomenon may also be present in
the case of those powdered samples. Previous studies have
suggested that TCNQ, aligned within the pores of HKUST-1,
leads to a percolation system through which electrons can hop
from one pore to the next one. It may be hypothesized that
water vapour adsorbed in the pores induces the redispersion of
the TCNQ molecules. Competitive coordination of H,O to the
Cu cations would then lead to a loss in long range ordering of
the TCNQ molecules aligned in the pores that can be observed
in the (111) reflection of the XRD patterns. In Fig. S7 (ESIt), it
can be seen how the intensity of this reflection at 5.8° strongly
decreases upon exposure of the material to air. This suggests
that moisture affects the percolation network through which
electrons are mobile, with implications for the material’s
performance as an electrical conductor.

Indeed, using the current-voltage (I-V) graphs of the material
at different temperatures (Fig. S8, ESIT), the activation energy for
electron conduction was obtained. The Arrhenius plot of the
charge transfer of TCNQ@HKUST-1 before hydration reveals a
temperature activated conductivity mechanism with an activa-
tion energy of 0.18 eV. The exposure of the sample to a low level
of relative humidity, i.e. room atmosphere at 298 K, results in a
slight decrease of the conductivity (Fig. S9, ESIt). It was found
that a high level of relative humidity does not induce a fast
and pronounced response of the TCNQ@HKUST-1 material.
However, after prolonged exposure (ca. 68 h) to a humidified
atmosphere, different unknown electrochemical processes lead
to a slight increase in measured current and a slight deviation
from its ohmic behaviour, as illustrated in Fig. S9 (ESIY).

In a compressed powder pellet, the interaction between
MOF particles plays an important role in the charge transfer.
In this manner, it can be assumed that a high loading of TCNQ
molecules in the outer shell of the HKUST-1 material is
beneficial for the charge transfer. An alternative explanation
for electrical conductivity is the presence of the Cu-TCNQ
coordination polymer on the crystal surfaces, which would act
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as a conductive coating over the crystals.*® The lower intensity
of the C=N vibrational band around the crystal edges in the
Raman micro-spectroscopy cluster maps, shown in Fig. 2 and
Fig. S3 (ESIt), suggests that this layer is affected by the presence
of moisture. This may be an alternative explanation for the
drop in conductivity after exposure to water. The absence of a
pronounced tail in the EIS measurements (Fig. S10, ESIT) of the
humidified samples indicates a low mobility of H,O in the
framework. If any, there is just a minor ionic contribution to
the overall conductivity of the system, which is in line with a
slow diffusion of H,O in TCNQ@HKUST-1.

In order to understand the nature of the species on the
HKUST-1 surface, X-ray Photoelectron Spectroscopy (XPS) mea-
surements before and after measuring electrochemical impe-
dance, as well as after the water sorption experiments, were
performed (Fig. S11, ESI{). It can be noted that the N 1s spectra
of the pristine TCNQ@HKUST-1 material are characterized by two
prominent XPS peaks centred at ~398.91 eV and ~399.98 €V as
well as by an XPS shake-up at ~401.59 eV. The two main XPS
peaks can be assigned to the coordinated and uncoordinated
C=N groups respectively, and these peak positions are consistent
with literature reports.”®> Upon exposure to moisture (and also
after the conductivity measurements), only one prominent XPS
peak at ~399.5 (and ~399.2 eV, respectively) with an XPS shake-
up feature at slightly higher energy is clearly observed. This finding
corroborates that water affects the coordination of TCNQ mole-
cules to the Cu centres. Moreover, the Cu 2p;z, XPS peak can be
decomposed into two contributions, assigned to Cu" and Cu®*
species. The XPS satellite features become more pronounced upon
water vapor exposure and the conductivity measurement under
a humidified atmosphere, which suggests a slow oxidation of
Cu' to Cu®*. From the literature, it is known that Cu®" species
can be characterized by strong XPS satellite peaks.>® The ratios
of Cu*/Cu®" at the crystallite surface were estimated from the
integrals of the XPS peak areas resulting in a value of 2.64 for
the pristine sample and values of 1.97 and 1.94 after water
vapor adsorption and conductivity measurements, respectively,
for the TCNQ@HKUST-1 host-guest composite material. The
values obtained for the pristine HKUST-1 sample are in good
agreement with the previously reported data.® Furthermore,
the O 1s XPS spectra show two main peaks originating from
adsorbed water (531.5-531.9 eV) and from the organic linker
BTC molecules (> 533 eV). These changes confirm that different
processes affect the TCNQ®@HKUST-1 host-guest composite
material upon dosage of water vapour.

Conclusions

By taking large HKUST-1 MOF crystals as a host material and
TCNQ as a guest molecule, we have shown that new physico-
chemical insights can be obtained into the underlying processes
of guest@MOF composites by employing a set of characteriza-
tion methods. These methods include amongst others Raman
micro-spectroscopy, IR micro-spectroscopy, X-ray Photoelectron
Spectroscopy (XPS) and Scanning Electron Microscopy (SEM).
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For example, Raman micro-spectroscopy and subsequent
Principal Component Analysis (PCA) of the data obtained
showed that large agglomerates of TNCQ are formed on the
inner surface of the MOF crystals. In addition to Cu-TCNQ
coordination polymer needles visible by SEM, these agglo-
merates were present within a few microns of the surface.
Moreover, in situ IR micro-spectroscopy experiments of the
degassed crystals under dynamic hydration conditions showed
that the observed TCNQ agglomerates lead to the formation of
diffusional barriers, in comparison with pristine HKUST-1 crystals,
in which hydration is less hindered by diffusion. Not only is
hydration affected, but also the spatial distribution of TCNQ was
modified upon exposure of the crystals to nitrogen saturated with
water vapour, re-dispersing the guest TCNQ molecules within
the host HKUST-1 crystals. Electrical conductivity measurements
showed that hydration of the TCNQ@HKUST-1 guest-host com-
posite material results in a slight decrease of conductivity. This
study highlights the importance of using a multi-technique
approach to tackle the lack of understanding in the functioning
of MOFs as functional materials for different applications. The
use of this ensemble of characterization tools paves the way for
more advanced, spatially-resolved studies of MOF crystals.
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