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ABSTRACT: Identifying conductive metal−organic frameworks
(MOFs) with a coupled ion-electron behavior from a vast array of
existing MOFs offers a cost-effective strategy to tap into their
potential in energy storage applications. This study employs
classification and regression machine learning (ML) to rapidly
screen the CoREMOF database and experimental methodologies
to validate ML predictions. This process revealed the structure−
property relationships contributing to MOFs’ bulk ion-electron
conductivity. Among the 60 conductive compounds predicted, only
t w o p - t y p e c o n d u c t i v e M O F s , [ C u 3 (μ 3 - O H ) (μ 3 -
C4H2N2O2)3(H3O)]·2C2H5OH·4H2O (1) and NH4[Cu3(μ3-OH)-
(μ3-C4H2N2O2)3]·8H2O or (2) (C4H2N2O = 1H-pyrazole-4-
carboxylic acid), were validated for their coupled electron-ion
behavior. MOFs utilize earth-abundant copper and pyrazoles as
ligands, demonstrating significant potential following thorough electrochemical characterization. Further analysis confirmed the
critical role of strong σ-donating, π-accepting, and redox-active ligands in promoting electron mobility. In-depth structural
investigations revealed that the presence of the O−Cu−N chain significantly influences conductivity, outperforming MOFs with only
Cu−N or Cu−O bonds. Additionally, this study highlights how higher ionic conductivity is correlated with the ion mobility through
linkers in 1 or the presence of ammonium ions in 2. These structure−property relationships offer valuable insights for future research
in using ML coupled with experimentation to design MOFs containing earth-abundant reagents for ion-electron conductivity
without employing a host−guest MOF strategy.

1. INTRODUCTION
As highly porous crystalline materials that consist of metal ions
coordinated to organic donor linkers, metal−organic frame-
works (MOFs) have extraordinary synthetic and chemical
tunability. This modularity enables researchers to unlock their
potential for electronic and optoelectronic devices1−3 chemical
sensors,4 and energy conversion devices.5 Electrical con-
ductivity in MOFs is achieved through π-d orbital overlap
between metal nodes and linkers, enabling electron delocaliza-
tion.6 Conversely, ionic conductivity is facilitated by functional
groups like − OH, − NH2, and − COOH, or molecular
coordination at metal nodes, which enhance pore hydro-
philicity and promote a hydrogen bonding network for
effective proton migration.7 However, given the limited orbital
delocalization between metals and ligands in MOFs, this
suppresses charge transfer.8−10 To overcome the generally
poor electrical conductivities (ca. 10−10 S·cm−1) of a majority
of MOFs,11−13 researchers have designed intrinsically con-
ductive MOFs with conjugated organic ligands and softer
metal cations.8,14−17 To promote ionic conductivity in MOFs,
some have attempted to reduce void space and facilitate proton

diffusion.18−20 Recently, researchers reported that coupling ion
and electron conductivities in MOFs facilitates rapid transport
of both ions and electrons to the surface, enabling the entire
surface area to act as active sites when used as cathode
materials in fuel cells.21 This dual functionality compares
favorably to materials that exhibit only single ion or electrical
conductivity, and can be considered a stepping stone for
materials for energy storage applications, as they may in both
excellent mass and charge transport, rendering the entire pore
volume of materials accessible for charge storage at high rates.
Few studies have reported on MOFs exhibiting coupled ion
and electronic transport. Su et al.22 demonstrated that redox-
active ligands are a prerequisite in accessing dual ion-electron
conductivity in the same MOF. Furthermore, Choi et al.23

Received: October 29, 2024
Revised: January 9, 2025
Accepted: January 10, 2025
Published: January 21, 2025

Articlepubs.acs.org/cm

© 2025 The Authors. Published by
American Chemical Society

1143
https://doi.org/10.1021/acs.chemmater.4c02974

Chem. Mater. 2025, 37, 1143−1153

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robabeh+Bashiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Preston+S.+Lawson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stewart+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sadisha+Nanayakkara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kwangnam+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+S.+Barnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+S.+Barnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vitalie+Stavila"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Farid+El+Gabaly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaydie+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Ayars"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Monica+C.+So"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemmater.4c02974&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02974?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02974?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02974?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02974?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.4c02974?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
https://pubs.acs.org/toc/cmatex/37/3?ref=pdf
pubs.acs.org/cm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c02974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/cm?ref=pdf
https://pubs.acs.org/cm?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


reported a zinc-based, dual-conductive MOF, designated as
Zn-HHTP-H2O, simultaneously conducting both electrons
and protons. However, designing MOFs with coupled ion-
electron conductivity in a predictable manner remains highly
challenging due to a limited number of design principles
guiding the development of these MOFs. To properly harness
design principles, in-depth systematic studies of structure−
property relationships in coupled ion-electron conductive
MOFs are required. However, searching for conductive
MOFs from the large numbers of MOF structures in databases
is prohibitively time-and resource-intensive.

Therefore, a high-throughput computational screening
approach using machine learning (ML) was chosen to search
for MOFs with specific characteristics.24 A literature survey has
confirmed that there are some reports by He25 and Rosen,26

leveraging ML models to recommend promising MOF
candidates with targeted electrical conductivity properties.
Thus, these studies move toward employing ML to identify
possible structural motifs for coupled ion-electron conductive
MOFs with improved performance for practical applications,
which have been neglected by researchers until now.

To elucidate the complex structure−property relationships
that govern bulk ion-electron conductivity in MOFs, we have
integrated machine learning (ML) with experimental analysis.
This integrated approach is designed to tackle fundamental
questions central to advancing the field: Which organic linkers
and metal ions are common for coupled ion-electron transfer?
What roles do charge-balancing counterions play in ionic and
electrical conductivity? How do electrical properties predicted
by ML compare with those validated experimentally, such as
band gaps? What are the primary mechanisms of charge
transport influencing MOF conductivity? This comprehensive
analysis aims to shed light on the critical influences of linkers,
metal ions, and counterions on the coupled ion-electron
conductivity in MOFs, thereby offering insights that could
redefine material design strategies in this promising area.

We rigorously trained four ML classification and regression
models using ∼52,300 inorganic compounds in Open
Quantum Materials Database (OQMD)27 and screened
14,000 MOFs structures from the Computation Ready,
Experimental Metal−Organic Framework (CoREMOF) data-
base28 using an ensemble voting method. Since the
CoREMOF database lacks band gap properties, we adopted
a regression analysis approach to predict the band gaps of the
MOFs. Through ML analysis of the CoREMOF database, we
identified 60 conductive MOFs. Out of these, 16 MOFs were
chosen for experimental validation based on specific criteria,
including a band gap energy (Eg) ranging between 0 and 2 eV,
which optimizes potential electrical conductivity. Other factors
considered were the availability of crystallographic information
files (CIFs) and Digital Object Identifiers (DOIs) for each
MOF, which are necessary to reproduce synthesis procedures
and create accurate powder X-ray diffraction (PXRD) patterns.
Additionally, we assessed the availability of starting materials
for each selected MOF, as some are discontinued. The choice
of copper as the metal source was further supported by a high
percentage of predictions favoring copper-based MOFs,
highlighting the common use of copper in MOF reactions
and its role in influencing conductivity.

Consequently, experimentally validated data confirmed that
only two MOFs ([Cu3(μ3−OH) (μ3-C4H2N2O2)3(H3O)]·
2C2H5OH ·4H2O or 1 and NH4[Cu3(μ3−OH)(μ3-
C4H2N2O2)3]·8H2O or 2, (C4H2N2O = 1H-pyrazole-4-

carboxylic acid) are both ionically and electrically conductive.
It is noteworthy to highlight that they were easily synthesized
from earth abundant copper and pyrazole ligands. These two
MOFs were previously evaluated solely for their roles in CO
oxidation29 and selective gas separation30 which may have
significant implications for cost-effective energy storage
applications.

In this work, we build upon their seminal contributions by
revealing previously overlooked but important structure−
property relationships derived from ML and mechanisms
derived from electrochemical measurements that are important
for coupled ion-electron transfer. Our investigation further
highlights how regression analysis can be useful for ranking the
priority of ML-predicted MOFs to experimentally validate to
save time and resources in the laboratory environment.

2. MODELING SECTION
2.1. Machine Learning. Our approach (Figure 1) utilizes

ML methods known as classifiers to determine which

compounds in the CoREMOF database are conductive.
These models were implemented using the scikit-learn
module31 and trained using ∼52,300 inorganic compounds
from OQMD. Once models were optimized, we screened over
14,000 MOF structures from the CoREMOFs database. Before
screening CoREMOF, we removed any compounds with the
following elements because of practical limitations in obtaining
them: Fr, Ra, Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm,
Md, No, Lr, Rf, Db, Sg, Bh, Hs, Mt, Ds, Rg, Cn, Nh, Fl, Mc,
Lv, Ts, Og, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu. Figure 1 represents our full screening pipeline.

The training data was extracted from the compounds
present in the OQMD that resembled MOFs. We only selected
compounds from the OQMD database that contained over ten
atoms in their chemical formula and at least one metal atom.
These parameters for the selected training data were chosen to
align the training data more closely with the MOF data we
screened.28 To build a ML model, we need to first build a
training data set by labeling compounds as electrically
conductive or nonconductive. To identify semiconductive
compounds, we labeled compounds with Eg falling within the
range of 0 < Eg ≤ 1.5 eV as positive, and all else were
considered negative, creating a binary classification problem.

Figure 1. Overview of the ML process used to train and screen for
electrically conductive compounds in OQMD. A voting-based
ensemble method was used to combine the predictions made by
four individual models. If two or more models voted “conductive”, the
compound was marked as conductive. We repeated this using both 44
and 70 feature models and took the intersection as our final result.
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The classification model will output a prediction, conductive or
nonconductive, for each compound.

It is difficult to know how well a model trained on OQMD
data will behave when making predictions on CoREMOF.
There are no band gap values for compounds in CoREMOF,
so there is no way to tell how well a model does on those
compounds. Instead, we try to represent OQMD compounds
in such a way that they resemble CoREMOF compounds,
discussed in Section 2.2.1. We also divide OQMD into a
training and test set such that the test set is like compounds in
CoREMOF, creating a similarity split. We used a Ball Tree
method to find compounds in OQMD that closely (measured
using Euclidean distance) resembled CoREMOF compounds.
We also created a random split with a 70/30 training to test
ratio. We used 4-fold cross validation during training. Random
and similarity split results are in Table S5. Figure 2 visualizes

the distribution of the training set from OQMD, the testing set
from OQMD, and the screening set from CoREMOF. The test
set from OQMD overlaps with the screening set from
CoREMOF, suggesting that compounds represented using 70
features resemble each other. We optimized several ML
modeling methods, trained production models using all
available OQMD data, and combined them into an ensemble
using popular voting. The ensemble was then used to screen
the CoREMOF database. Upon predicting electrically
conductive MOFs, the important next step was to determine
whether physical samples of those MOFs were, in fact,
electrically conductive.32

2.2. Training Data. 2.2.1. Features. Following the work
done by He et al.,25 we chose 14 elemental properties (i.e.,
atomic number, group number, period number, Pauling
electronegativity, electron affinity, melting point, boiling
point, density, ionization energy, Mullikan electronegativity,
polarizability, thermal conductivity, electrical conductivity, and
electrical resistivity) from RDKit.33,34 The addition of electrical
conductivity and resistivity is unintuitive, as they are the
inverse of each other. However, adding both features showed
more improvement over adding each individually. Mean
decrease in impurity using the random forest model showed
that electrical conductivity was more valuable than electrical
resistivity and should be used if only one property were
selected. Afterward, 5 statistical features, including maximum
value, minimum value, standard deviation, mean, and geo-
metric mean, were evaluated from the physical properties of
each compound.

The properties and statistical features composed the input
data used to build the ML model. This meant 70 total features
for each compound for the training of all models. We
experimented with removing low variance features, which
reduced the number of features to 44. Overall model
performance was not affected much (Table S5). Thus, only
results from using 70 features are reported in Figure 2. To
evaluate how similar OQMD and CoREMOF data sets were,
principal component analysis (PCA) was used to find the top
two eigenvectors and then project them down onto scatter
plots (Figures S14−S16). In Figure 2, the PCA plot shows the
spatial distribution of features exhibits some overlap,
suggesting the potential for the band gap model to exhibit
some predictive power for MOFs in some regions of feature
space. The proximity of CoREMOF and OQMD samples in
Figure 2 suggests that each CoREMOF sample has a similar
neighbor in the OQMD data set. To get a quantifiable
comparison, we calculated the silhouette scores which
compares a sample’s intracluster distance to the mean
nearest-cluster distance. While the highest score is 1, in
which samples are very close to the assigned cluster, a random
clustering results in a score closer to 0. However, a silhouette
score of 0.1463 was obtained in our case, suggesting that the
models trained on OQMD may generalize to the CoREMOF
model.

2.2.2. Classifiers. We used four types of classifiers: neural
network (NN), random forest (RF), logistic regression (LR),
and support vector machine (SVM). The LR model predicts
probabilities directly through the logit transform and works
best as a binary classifier. RF is an ensemble method that
combines a series of decision trees. SVM finds a maximally
separating N-1-dimensional manifold in N dimensional space.
NNs use an iterative method to optimize a very high
dimensional, nonlinear function given a loss function. Here,
we defined a threshold of 0 < Eg ≤ 1.5 eV, where any material
with Eg between 0 and 1.5 eV was labeled as conductive, while
those with an energy gap above 1.5 eV were labeled as
nonconductive. Since band gaps are only related to electrical
conductivity, we used that information to build band gap
models and predict electrically conductive MOFs. Unfortu-
nately, there is no currently existing data in CoREMOF or
OQMD databases to evaluate ionic conductivity.

2.2.3. Ensemble Voting Analysis. We used a voting-based
ensemble method to combine the predictions made by
individual models. Random forest, neural network, linear
regression, and SVM models each placed a vote, then if two or
more models voted “conductive”, the compound was marked
as conductive.25,28 We repeated this using both 44 and 70
feature models and took the intersection as our final result. We
trained a production model using the best set of hyper-
parameters from a random split and all available data. The
production models were used to perform screening.

2.2.4. Regression Analysis. Ensemble voting resulted in
more compounds than we could reasonably validate. Thus, to
rank the MOFs classified as electrically conductive, we built a
regression model to predict band gaps. We removed metals in
the OQMD data set when training regression models. There
are no metals in the CoREMOF data set and the band gap of
any metal is cutoff at 0 in OQMD. After removing metals from
OQMD, there remained 4923 test compounds and 11587
training compounds. We used the same features described in
Section 2.2.1 and a five layer, fully connected neural network
with a mean squared error loss. The regression model

Figure 2. OQMD and CoREMOF samples are represented using 70
features and projected down to 2D space using PCA.
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produced a predicted band gap for each CoREMOF
compound between the values of 0 and 8. Since the regression
models and classification models are completely independent
of each other, they sometimes disagree; the regression model
would predict Eg values outside of what we considered
semiconductive. Regression is inherently harder since
regression needs to predict a specific value, while classification
only needs to be able to identify different classes. We trust in
the ranking of each MOF’s predicted band gap rather than the
absolute value, so we only used it for ranking. We performed
ranking with a model using 44 features since they out-
performed models using 70 features. We then filtered the
MOFs that were classified as electrically conductive and kept
ones with a lower predicted band gap.

3. EXPERIMENTAL DATA VALIDATION SECTION
3.1. Synthesis of MOFs. A comprehensive list of 60 predicted

electrically conductive CoREMOFs, complete with details such as
organic ligands and metal ions, is available in Table S1 to S3. Out of
the 60, we successfully synthesized and characterized 16 MOFs, but of
the 60, only 2 MOFs demonstrated both ionic and electrical
conductivity. Thus, we only outlined the synthesis and character-
ization procedures for the two MOFs, [Cu3(μ3−OH)(μ3-
C4H2N2O2)3]·2C2H5OH·4H2O29 or 1, and NH4[Cu3(μ3−OH)(μ3-
C4H2N2O2)3]·8H2O30 or 2. All utilized chemicals were procured from
Fisher Scientific and Sigma-Aldrich, and they were used without
additional purification.

3.1.1. Synthesis of 1. 1H-pyrazole-4-carboxylic acid (H2L) (0.2016
g, 1.8 mmol) and Cu(NO3)2·3H2O (0.2898 g, 1.2 mmol) were
dissolved in a mixed solvent of 12.0 mL DMF, 9.0 mL deionized water
(DI), and 12.0 mL ethanol. The resulting reaction mixture was then
transferred to a 50 mL Teflon-lined pressure vessel and heated to 80
°C for 72 h under autogenous pressure. After cooling to room
temperature, the formation of dark blue crystals was observed, which
were subsequently washed with DI water and filtered under vacuum.

3.1.2. Synthesis of 2. H2L (0.456 g, 4 mmol) and Cu (NO3)2·
3H2O (0.976 g, 4 mmol) were dissolved in a 60 mL solution of 15:1
aqueous ammonia. The reaction mixture was left at room temperature
for 3 days, and then the resulting crystals were rinsed with DI water
and filtered under vacuum to separate them from the remaining
liquid.
3.2. Material Characterization. Powder X-ray diffraction

(PXRD) analyses were performed to identify the crystalline structure
of the material. These analyses were conducted using a Rigaku
Geigerflex X-ray diffractometer, employing Cu Kα radiation. The
diffraction data were collected over a range of 5° to 50° (2θ), with a
step size of 0.02°.

To probe the molecular vibrational modes and identify various
functional groups, Fourier-transform infrared spectroscopy (FTIR)
was executed using a ThermoFisher Nicolet spectrometer with the
spectral domain ranging from 4000 to 400 cm−1. To investigate the
oxidation states of the metals present, X-ray photoelectron spectros-
copy (XPS) measurements were taken using an Omicron Model
DAR400 instrument equipped with an Al Kα source, which emits
photons at an energy of 1486.6 keV. The resultant photoelectrons
were detected using a Physical Electronics Model 10−360 analyzer.
For accuracy in our analysis, binding energies were calibrated with the
C 1s peak at 285.0 eV. The interpretation of the XPS spectra involved
a Shirley background subtraction and a fitting of the data to mixed
Gaussian−Lorentzian (70/30) line shapes, using CasaXPS software.

Additionally, the optical properties, absorption edge, and optical
band gap energy were investigated through diffuse reflectance
spectroscopy (DRS). Employing an ASD Quality Spec Pro UV−vis
spectrometer, equipped with a fiber optic mug light attachment, we
captured detailed spectra in the range of 350 to 2500 nm. The Eg was
determined by extrapolating the Tauc plot, which is a plot of (F(R)·
hv)2 versus photon energy (hv). The photon energy was calculated
using the Planck-Einstein equation (E = hc/λ), where, h is Planck’s

constant = 4.13 × 10−15 eV·s, c is the speed of light = 2.99 × 108 m·s−1

and λ (nm) is wavelength.
The TEM experiments were conducted using a ThemIS trans-

mission electron microscope operating at 300 keV, equipped with a
Bruker SuperX energy dispersive X-ray spectroscopy (EDS) detector
for rapid chemical identification.
3.3. Conductivity Measurements. These measurements were

performed on both as-synthesized and vacuum-dried samples for all
16 synthesized MOFs. All pellets were prepared by compressing 40
mg of each MOF using a hydraulic press at 2.50 kPa for 4 min,
yielding pellets of 0.96 cm in diameter and 0.10−0.20 cm in thickness.
The conductivity measurements, as illustrated in Figure S1, were
conducted using a four-wire resistance technique with a Keithley
digital multimeter. Conductivities were calculated utilizing the eq 1:

L RA/= (1)

where the conductivity (σ) depends on L, the path length of the
current, R the measured resistance, and A the circular cross-sectional
area of the cylindrical pellet.35 Current−voltage (I−V) data were
collected using a custom-written Python script; further details are in
SI.

To investigate the electrical properties, a subset of the synthesized
samples underwent activation at 80 °C for 15 h. This step was carried
out to ensure the removal of any residual moisture and to enhance the
accuracy of the electrical characterization.

Temperature-dependent conductivity measurements were per-
formed to confirm semiconductor behaviors MOFs by wrapping the
sample holder with resistive heating tape linked to a Digi-Sense
standard temperature controller, accompanied by a J-type thermo-
couple. Data collection involved a ramp and soak method, spanning
from 297 to 353 K. The temperature dependence of conductivities
was analyzed using the Arrhenius eq 2, where Ea corresponds to the
charge transport activation energy, kB denotes the Boltzmann
constant, and A is the pre-exponential factor.

A E k Tln( ) ln /a B= (2)

We were also curious about whether and how ion conductivity will
change under different relative humidities, from 30% to 98% RH;
Figure S2 illustrates the setup. Furthermore, we investigated
temperature-dependent conductivity measurements at various tem-
peratures ranging from 298 to 353 K, with a focus on the 98% RH
condition.
3.4. Electrochemical Measurements. To investigate future

electrochemical behavior, measurements were performed on 1 and 2
by employing a Gamry 1010E electrochemical workstation equipped
with a Frequency Response Analyzer (FRA) module. Cyclic
voltammetry (CV) measurements were conducted with a three-
electrode configuration under alkaline conditions (0.1 M KOH). The
CVs were obtained utilizing a glassy carbon working electrode, a
platinum wire as the auxiliary electrode, and an Ag/AgCl reference
electrode. Data acquisition was performed at a scan rate of 100 mV·
s−1, spanning a potential window from −0.8 to 0.8 V. Further
information on the preparation of the working electrodes for H2L, and
1 and 2, is available in the SI.

Electrochemical impedance spectroscopy (EIS) is a highly effective
technique for studying the interaction between the electrode and
electrolyte. The measurements were conducted over a frequency
range of 0.1 Hz to 100 kHz, employing a two-electrode configuration
with a signal amplitude of 10 mV. Instrument operation and data
acquisition were controlled and monitored using Z-Plot/Z-View
software. The impedance data were fitted using the GAMRY analyst
software with the simplex algorithm.

Mott−Schottky (M-S) analysis is commonly conducted to measure
capacitance as the potential varies in the system under depletion
conditions. Equation 3 is employed to estimate the capacitance of the
space charge at the depleted semiconductor electrode in the
photoelectrode/electrolyte interface. This equation utilizes the real
impedance (Z″) obtained from the impedance analyzer at a frequency
of 1 kHz in dark conditions. By plotting 1/C2 against the applied
potential, the M-S plot allows for extrapolation on the X-axis to
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determine the flat band potential (Vfb). The Vfb is represented by the
point where 1/C2 equals zero.

C fZ1/= (3)

4. RESULTS AND DISCUSSION
4.1. ML Predictions. We evaluated the four classifiers

using the ratio of true positives versus all positive predictions,
also known as precision. To calculate precision, predictions
from the four classifiers were compared against DFT derived
band gap calculations from OQMD. Precision results, after the
hyperparameter search, are summarized in Table 1. We

prioritized precision in our evaluation because laboratory
experimentation is costly, and it was crucial to ensure that
positive classifications were accurate rather than identifying all
conductive MOFs.

To evaluate the accuracy of the regression model based on
70 features in predicting band gaps, we calculated R2 and
Spearman correlations. These are two values which provide
information about the strength and relationship between the
trained model and the testing model. Our model yields a R2

score of 0.65 (Figure 3) and a Spearman correlation of 0.78.

The R2 score is consistent with model performance in fields
like drug discovery,36,37 and the Spearman correlation is
sufficiently high. Despite the limited information in our
features which were solely based on chemical formulas in
OQMD and CoREMOF data sets, we were able to determine
the priority of validation for electrical conductivity in our
samples.

Table 2 summarizes the most common metal and organic
ligand structural motifs of 60 MOFs predicted from four ML
models. Interestingly, most of our predicted conductive MOFs
exhibited copper metal ions. The frequent occurrence of
copper in Table 2 is not only consistent with the conductive
Cu−N coordinated MOFs,38,39 but the conductive Cu−S

coordinated MOFs with the reported electrical conductivity at
10.96 S·cm−1.40,41 For the organic ligands, we prioritized
ligands with strong σ-donating and π-accepting nature, such as
pyrazoles. These characteristics promote higher electron
mobility, which is a desirable and crucial aspect in conductive
compounds. Though cyanides appeared most frequently in
Table 1, they are weak π-acceptors, so we did not prioritize
those MOFs. Further, since amines are only strong σ-donors
and benzenes are only strong π donors, we ranked them lower
in priority for experimental validation.
4.2. Experimental Data Validation Results. 4.2.1. Struc-

tural and Compositional Characterization. Given the higher
frequency of copper and pyrazole-containing MOFs, we
prioritized MOFs with those structural motifs. However, we
also considered the feasibility of their synthesis with
commercially available reagents and literature methodologies,
as well as whether the band gaps predicted by ML regression
analysis fell below 2 eV in Table S1. This resulted in the
prioritization of 1 and 2.

Formation of structures of 1 and 2 are confirmed with
PXRD patterns which match simulated patterns (Figure S4).
As depicted in Figures 4a and 4b, both samples feature
trinuclear planar structures, including Cu3(μ3−OH) cores. In
these cores, each Cu (II) ion is coordinated by bridging
nitrogen atoms from pyrazolyl groups and oxygen atoms from
carboxyl groups of the ligands. The three Cu (II) ions are
positioned at the vertices of the triangular units, with μ3−OH
ions from the solvents located nearly in the planes defined by
the Cu(II) ions.29 The space groups for 1 and 2 were F43c and
Fd3c space groups with Cu (II) coordination modes of four
and five, respectively. This difference in space group and
coordination is due to the presence of different solvents,
different ratio of copper to H2L, and reaction temperature and
pressure during the preparation of MOFs.30,42 Thus, compared
to 1, 2 has higher symmetry, characterized by tetrahedral cages
with an inner diameter of approximately 12.5 Å. This larger
size enables 2 to accommodate NH4

+ and H3O+ ions more
effectively.

Table 1. Summary of Conducting and Nonconducting
Precision Values Trained Using 70 Features and a Random
Split, after Their Respective Hyperparameter Searches

classifier conducting precision nonconducting precision

RF 0.90 0.81
SVM 0.89 0.80
NN 0.91 0.77
LR 0.86 0.73

Figure 3. Summary of regression results for band gap from OQMD.

Table 2. Summary of Dominant Motifs Found in 60
Predicted Conductive MOFs

type of structure structural motifs presenta % in predictionsb

organic linker azides 5.0
pyrimidines 5.0
pyridyls 5.0
amines 8.3
pyrazoles 8.3
benzene 8.3
cyanides 38

metal Zn 3.0
Co 5.0
Cd 5.0
W 7.0
Re 8.3
Mn 12
Cu 70

aPercentages of ligands do not sum up to 100%, because some MOFs
contain more than one ligand, and less frequently observed ligands
have been excluded. bPercentages of metals do not add up to 100%,
because some MOFs contain more than one metal, and less frequently
observed metals have been excluded.
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When the MOFs form, the FTIR signals (Figure S6)
corresponding to C = O (1680 cm−1) and N−H (3270 cm−1)
vanish, while peaks associated with C−O and C−N aromatic
stretching emerge at 1050 and 1280 cm−1, respectively. These
observations suggest the formation of Cu−N and Cu−O
bonds with H2L to form the expected MOFs.

XPS was employed to ascertain the oxidation states of
copper within the samples. High-resolution XPS surveys
(Figure S7) were conducted to analyze the spectral binding
energies of copper, nitrogen, carbon, and oxygen orbitals for
both 1 and 2. The XPS spectra for Cu 2p3/2 (Figure S8)
revealed a prominent peak at ∼935 eV, indicative of a + 2
oxidation state in Cu(OH)2. The presence of characteristic
shakeup satellite peaks in the range of 942 eV-945 eV confirms
the existence of high-spin Cu(II) states.43 The data suggest
that both MOFs have undergone reduction, as evidenced by
the XPS peaks at 932.88 and 932.70 eV (Figure S8) for 1 and
2, respectively, corresponding to Cu(0) in the 2p3/2 orbital.
The concentration of Cu (0) shows a stronger peak in 1
compared to 2. This observation suggests hydrothermal
reactions facilitated by H2L or reactions with the solvent.44−47

There are no signs of copper nanoparticles in either MOFs
which may affect subsequent electrical characterization (Figure
S13). Furthermore, this reduction aligns with the observed
decrease in oxygen content in 1, as indicated by the survey
scan.

4.2.2. Optical and Electrical Properties. DRS data (Figure
5a) depict optical band gap energies of 1.4 and 1.38 eV for 1
and 2, respectively, suggesting their semiconducting nature.
The experimental Eg data align closely with the 1.33 eV
predicted from regression analysis (Table S1).

Further evaluating electrical properties, we measured the
conductivity of these MOFs by employing eq 1. At room
temperature (298 K), 1 and 2 exhibited conductivities of 7.26
× 10−9 S·cm−1 and 4.23 × 10−6 S·cm−1, respectively. This
conductivity is attributable to the π-d orbital overlap, facilitated
by the H2L linker’s coordination with copper. The H3O+ and
NH4

+ ions play an important role in integration of multiple
charge carrier species which are responsible for facile charge
(ionic) transport. Significantly, 2 displayed higher conductivity
than 1, likely due to its anionic 3D porous framework that
includes NH4

+ cations and H3O+ crystallization molecules, as
opposed to 1, which only contains H3O+ cations.

To confirm their semiconducting properties, the temper-
ature was increased from 298 to 353 K. We observed an
increase in conductivity to 9.39 × 10−9 S·cm−1 and 5.97 × 10−6

S·cm−1, for 1 and 2, respectively.
The cyclic voltammogram of H2L (Figure S9) in a 0.1 M

KOH solution shows distinct redox processes: a reduction
peak at −2.687 μA and 0.01 V, and an oxidation peak at 2.423
μA and 0.14 V vs Ag/AgCl reference electrode.48 These peaks
demonstrate the redox behavior of the H2L linker, where the
carboxylic group undergoes deprotonation in the alkaline
environment to form a carboxylate anion (−COO−), a stable
redox species that engages in proton hopping.49 This reversible
redox action is key to the charge transport mechanism in the

Figure 4. 2D view of crystal structures of (a) 1 and (b) 2. The key
molecular features are delineated by dotted lines, and the legend
identifies atom types by color: hydrogen (H) in white, nitrogen (N)
in blue, carbon (C) in black, oxygen (O) in red, and copper (Cu) in
purple. The directional axes are also labeled, providing a reference for
the molecular orientation in three-dimensional space.

Figure 5. (a) Tauc plots and (b) Nyquist plots for 1 and 2 at room
temperature. (c-d) Nyquist plots for 1 and 2 at 30%, 50%, 80%, and
98% humidity.
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MOFs. To obtain a more detailed understanding of the charge
transport dynamics in these MOFs, we employed EIS
techniques. The Nyquist plots for 1 and 2 from EIS technique
are depicted in Figure 5b. 2 exhibits a smaller semicircular arc
compared to 1, suggesting a reduced charge transfer resistance
at its surface.49,50 The experimental data fitted with the
[Rs(R1Q) (R2Q) ([R3W]CR4)] equivalent circuit (Figure S11)
have been tabulated in Table S4.

Noticing that there are ammonium and hydronium cations
in the structures of 1 and 2, we wondered about the ionic
conductivity of these MOFs. Thus, further investigation on the
ionic conductivity was carried out by systematically varying the
humidity from 30% to 98% for 1 and 2. Nyquist plots (Figure
5c and 5d) indeed reveal that the diameter of the semicircles,
indicative of resistance, reduces with increasing humidity. This
suggests enhanced proton conductivity at high humidity levels.
1 shows a significant reduction in the diameters of the
semicircles at different humidity levels, indicating that its
proton conductivity is highly dependent on humidity. On the
other hand, our findings for 2 reveal a more moderate reaction,
with less noticeable changes in diameter by increasing
concentrations of H3O+. This data confirms that the
simultaneous presence of NH4

+ and H3O+ results in reduced
ion mobility on the surface of 2 compared to the presence of
H3O+ alone in the sample 1. This results from the elevated ion
concentration and saturation with positive charges, leading to
increased resistance to charge transfer. To gain insight into the
proton conduction behavior, proton conductivities were
measured by increasing temperature up to 353 K while
maintaining a relative humidity of 98%. The highest proton
conductivities for 1 and 2 were recorded 6.39 × 10−7 S·cm−1

and 5.3 × 10−7 S·cm−1 respectively at 353 K. The activation
energy for 1 and 2 are found 0.91 and 0.95 meV, respectively,
as presented in Figure 6a. The alignment in activation energies
for both compounds are consistent with the Grötthuss
mechanism typically associated with Ea < 0.4 eV.22 The proton
hopping likely occurs within the MOFs’ pore channels in the
presence of H3O+ in 1 and both H3O+ and NH4

+ in 2.
The electrical conductivities of 1 and 2 were measured for

activated samples. Upon measurement at a temperature of 353
K, we observed conductivities of 1.55 × 10−8 S·cm−1 and 1.35
× 10−7 S·cm−1 for 1 and 2, respectively. These results highlight
a significant shift toward lower conductivity in the activated
samples, marking a deviation from the predominantly ion
conductivity patterns exhibited in humid environments.
Furthermore, the I−V characteristics (Figures 6b and 6c)
show that activated 1 and 2 exhibit increased current with the
application of voltage across a range of temperatures,
confirming their intrinsic electrical conductivity.51 These
plots also show that the activated samples generated less
current at higher temperatures and potentials compared to the
as-synthesized ones, confirming that proton transport is not the
main mechanism of conductivity. On the other hand, the
differences in conductivity between activated and as-synthe-
sized samples can stem from partial pore collapse (Figure S5),
which leads to structural distortions and disrupts conduction
pathways.

Further analysis, leveraging XPS and CV, provided deeper
insights into the changes in electrical conductivity mechanisms.
The CV data (Figure S10) for 1 and 2, particularly, revealed
distinct cathodic peaks at −0.31 V and −0.24 V for 1 and 2,
respectively. These peaks are indicative of the reduction
process from Cu (II) to Cu(I), suggesting an active charge

transfer process within the samples. The presence of mixed
valence states of copper, specifically Cu (0), Cu(I), and Cu
(II), as supported by the XPS data, plays a critical role in this
phenomenon. The coordination of unsaturated Cu2+ sites
within the structure exhibits significant charge transfer
capabilities, contributing to the overall electrical conductivity.
The mixed valence Cu (II)/Cu(I) enhances the charge density
within the material and promotes charge delocalization. The
delocalized charge moves through bond charge transport
between the Cu3(μ3−OH) cores.52,53 This alteration in the
electronic structure after activation is a critical factor that
dictates the electrical conductivity of the samples, marking a
stark contrast to their behavior in proton conductivity under
humid conditions. These findings not only shed light on the
intrinsic properties of the materials but also underscore the
importance of environmental factors in determining their
conductive behavior.

The Mott−Schottky (M-S) analysis further explains the
electrical properties of 1 and 2, extending the I−V character-
istics previously discussed. The M-S plots (Figure 7a and 7b)
depict p-type behavior with a negative slope and a flat band
potential (Vfb) of 0.61 V for 1 and 0.9 V for 2.54,55 The p-type
conductivity identified by the M-S analysis aligns with the
enhanced electrical conductivity evident in the I−V character-
istics, which showed a consistent increase in current with
applied voltage across various temperatures, indicative of hole
conduction as the dominant mechanism after activation. The
lower slopes present in 2 suggest a higher donor density and a
reduced recombination rate, which is in harmony with the
higher conductivities observed in the I−V tests and

Figure 6. (a) Arrhenius plots for 1 and 2 at 98% RH as a function of
temperature in the range of 297 K to 353 K of 1 and 2. (b) and (c)
current−voltage show characteristics of activated MOFs and as-
synthesized (inset).
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substantiated by EIS findings.56 These p-type semiconductors
can enable the creation of hole-transporting layers with high
stability·57

A comparison with other copper-based MOFs (Table 3)
reveals that 1 and 2 exhibit 5−6 orders of magnitude higher

electrical conductivities compared to single copper−oxygen or
copper−nitrogen coordinated MOFs without requiring dop-
ants12,58 or undergoing redox reactions59 due to the stronger π-
d orbital interaction between Cu(II) and H2L in 1 and 2. The
improved conductivities observed in these MOFs can be
rationalized through the presence of a N−Cu−O hetero-
structure bonding configuration within the trinuclear planar
framework, constituting a distinctive structural motif. The
heightened electrophilicity of the oxygen atom within the N−
Cu−O heterostructure, characterized by reduced Cu 3d
electron density, fosters enhanced through-bond charge
transfer along the trinuclear core (Figure S11).60 This
phenomenon results in improved conductivity when compared
with conventional Cu−O and Cu−N bonding configura-
tions.61,62

5. CONCLUSIONS AND OUTLOOK
In summary, we began by evaluating 14,000 MOFs using four
ML models, leading to the identification of 60 conductive
MOFs. Out of these, 16 MOFs were selected for experimental
validation, based on band gap range and the accessibility of
starting materials and synthetic methodologies. Among these,
only two MOFs, featuring copper and pyrazoles, exhibited dual
ion-electron conductivities, highlighting the importance of
strong σ-donating, π-accepting, and redox-active ligands in
promoting electron delocalization and mobility. Further, the
N−Cu−O heterostructure bonding configuration is important
in enhancing electrical conductivity. Importantly, higher ionic
conductivity through the Grötthuss mechanism is correlated
with the capacity for the linkers to promote proton mobility
through the ligands in 1 or presence of ions (like NH4

+) in 2.
The ML models were instrumental in elucidating structure−
property relationships in copper-based MOFs showing dual
ion-electron behavior. This endeavor also showcased the
preliminary use of regression analysis for prioritizing which
MOFs to experimentally validate.

These two p-type MOFs further demonstrated electrical
conductivity significantly higher than that of other copper−
oxygen and copper−nitrogen-based MOFs. EIS data revealed
lower charge transfer resistance and recombination rates,
particularly for the MOF with higher positive charge carrier
densities. Comprehensive electrochemical studies, including
MS and EIS, offered insights into charge carriers and transfer
resistance, areas previously underexplored in studies of
intrinsically conductive MOFs.

Validating machine learning data through experimentation
additionally revealed challenges hindering the synthesis of
proposed compounds, including:

1. Limited literature data: Some compounds lack docu-
mented literature, complicating confirmation of exis-
tence and properties.

2. Synthetic challenges: Certain MOFs pose synthetic
difficulties due to discontinued precursors or inadequate
methodological details, impacting reproducibility.

3. Cost and time constraints: MOF synthesis proves
expensive and time-consuming due to low yields,
intricate ligand syntheses, toxic chemicals, and pro-
longed drying. These challenges could limit scalability.

This research marks a significant step toward designing
conductive MOFs with enhanced electronic and ionic
conductivity, facilitated by strong σ-donating, π-accepting,
and redox-active pyrazole-based ligands, O−Cu−N coordina-
tion, and proton mobility through MOF ligands and ions. Our
findings emphasize the importance of experimental validation
of ML predictions, accelerating the discovery and character-
ization of conductive MOFs for potential battery applications.
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Figure 7. M-S plots for activated (a) 1 and (b) 2.

Table 3. Comparison of Conductivity Values of Selected
MOFs Containing Copper−Oxygen and Copper−Nitrogen
Coordination Bondsa

MOFs
σ (S·cm−1) at

RT Ea (eV)
Eg

(eV) ref

1-activated 2.97× 10−8 1.78 × 10−4 1.4 this work
2-activated 5.91 × 10−9 1.3 × 10−4 1.5 this work
Cu(TZ)2-activated 3.2 × 10−14 0.59 2.314 14
Cu2(DOBD)2 1.4 × 10−14 0.69 2.2 14
Cu3(HHB)2 7.3× 10−8 0.46 N/A 59
Cu-TATAB 9.75 × 10−12 63

aH2L: 1H-pyrazole-4-carboxylic acid, DOBDC: 2,5-dioxidobenzene-
1,4-dicarboxylate, TZ: 1,2,3-triazolate, HHB: hexahydroxybenzene,
H3TATAB: 4,4′,4″-((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl)) triben-
zoic acid.
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