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ABSTRACT: Zeolitic imidazolate frameworks (ZIFs) with
open-shell transition metal nodes represent a promising class
of highly-ordered light harvesting antennas for photoenergy
applications. However, their charge transport properties
within the framework, the key criterion to achieve efficient
photoenergy conversion, are not yet explored. Herein, we re-
port the first direct evidence of a charge transport pathway
through node-to-node communication in both ground state and
excited state ZIFs using the combination of paramagnetic sus-
ceptibility measurements and time resolved optical and X-ray
absorption spectroscopy. These findings provide unprece-
dented new insights into the photoactivity and charge
transport nature of ZIF frameworks, paving the way for their
novel application as light harvesting arrays in diverse photoen-
ergy conversion devices.

In natural photosynthesis, a highly-ordered architecture
composed of light-harvesting pigments plays the key role of
light absorption and subsequent energy migration to the reac-
tion centers.! Inspired from nature, an artificial photocatalytic
system to generate solar fuels requires the utility of ordered
chromophore assemblies as efficient light harvesting antennas.
Metal-organic frameworks (MOFs), an emerging class of po-
rous crystalline materials that can precisely arrange chromo-
phores through ordered ligand-to-metal coordination, repre-
sent excellent platforms as light harvesting antennas.2-15 A par-
ticularly interesting subclass of such light harvesting MOFs are
zeolitic imidazolate frameworks (ZIFs),16-18 which were re-
cently identified to have intrinsic photophysical properties
with broad absorption across UV-visible and near IR spectral
region and an exceptionally long-lived excited state (~ 2.9 ps
lifetime).19-21 More interestingly, this long-lived excited state
was found to be an excited charge separated (ECS) state that
can be dissociated through electron transfer to an organic spe-
cies,22 showing enormous promise toward the application of
ZIFs as next generation light harvesting and energy delivery an-
tennas for solar energy conversion.

A judicious question that emerged following the discovery
of the long-lived ECS state is whether this state can undergo
facile charge transport across a ZIF framework, a key criterion
to achieve efficient photoenergy conversion. Recent theoretical
studies reported the electronic structure of ZIFs; the d orbitals
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of the metal nodes can be conceived as comprising a continu-
ous band,?3-26 in agreement with the improved conductivity in
Co?+-based ZIFs with respect to highly resistive closed-shell
Zn2+-based ZIFs.2? While such exploratory work implies the
possibility of charge transport via metal nodes in ZIFs, it is es-
sential to establish an original approach to seek direct evidence
of the charge transport mechanism experimentally.

Mixed-metal ZIF

Herein, we uncover the nature of charge transport in ZIF
materials using advanced spectroscopic methods. We designed
mixed-metal isostructural ZIFs (Scheme 1) by introducing a
guest metal to the ZIF-67 parent framework (which has Co2+ at
the metal nodes connected by 2-methyl imidazolate linkers).
We hypothesized that a guest metal would perturb the ECS dy-
namics if charge transport occurs within the ZIF framework;
redox-inert metals (such as Zn2+) incorporated into the frame-
work may prevent charge transport while redox-active guest
metals (such as Cu?+) may facilitate charge transport through
metal-to-metal charge transfer (MMCT) pathways. Using the
combination of paramagnetic susceptibility measurements
(obtained via a SQUID), optical transient absorption (OTA), and
X-ray transient absorption (XTA) spectroscopy to directly
probe the interplay between the guest and parent metals
within the parent framework, we not only show the first-ever
reported intrinsic antiferromagnetic ordering of metal nodes in
ground state ZIFs but also demonstrate direct evidence of
charge transport through node-to-node communication in pho-
toexcited ZIFs.

The mixed-metal ZIFs were synthesized by incorporating
controlled amounts of Zn?+* salts and Cu?* salts into Co?+ salts
(X%M®@ZIF-67; X=the percent of guest metal; M=guest metal)
in the presence of 2-methylimidazole (Scheme 1), in contrast



Figure 1. a) Magnetic susceptibility data of 15%Cu@ZIF-
67. b) Plot of xpT vs. T (blue) and a Curie plot (red) for
15%Cu@ZIF-67. The least-squares fit(black) over the
quasi-linear region of the Curie plot is superimposed on the
red trace.

to previously reported post-synthetic metal substation meth-
0ds.28-30 This innovative approach allowed the incorporation of
a relatively larger content of guest metals in a controlled man-
ner before the dissolution of the parent materials. The concen-
tration of each metal node in the mixed-metal ZIFs was con-
firmed by ICP-MS (Table S1). The XRD patterns and X-ray ab-
sorption spectra (XAS) at the Co K-edge of these mixed-metal
ZIFs resemble that of the parent ZIFs (Figures S1-3), indicating
that the incorporation of guest metals has a negligible effect on
the crystal structure of the parent ZIFs. The coordination envi-
ronment at the guest metal center was determined to be tetra-
hedral by XAS (Figures S4-5). The tetrahedral environment at
Cu?+ centers in Cu@ZIF-67 was further supported by its reflec-
tive UV-Visible-NIR spectra (Figure S6), where two prominent
absorption bands are observed at 400-580 nm and 600-1600
nm, corresponding to ligand-to-metal charge transfer and Cu d-
d transitions in a tetrahedral ligand field, respectively.31-34

The ground state interaction among metal nodes in mixed-
metal ZIFs was investigated by SQUID magnetometry. As
shown in Figure 1a (representative data set for 15%Cu@ZIF-
67) and Figure S7, the paramagnetic susceptibility data for ZIF-

67 and all Cu@ZIF-67 samples all exhibit a transition to an an-
tiferromagnetically ordered state at temperatures lower than
~21 K (Tn). Below Ty, thermal energy is insufficient to disrupt
the long-range order that causes all neighboring spins to cancel
each other,35 which is antiferromagnetic behavior. Figure 1b
shows the plot of xpT vs. T and a Curie plot for 15%Cu@ZIF-67.
The observed curvature in the plot of xeT vs. T above T is char-
acteristic of the #Az state of tetrahedral Co?+. The antiferromag-
netism of the ZIF samples is quantified by the Weiss constants,
0, (SI, Table S2), derived from the x-intercepts of the Curie
plots. The O values range from -29 to -32 K regardless of the
amount of Cu doping. Control experiments with Zn-doped ZIF-
67 samples were also conducted (Figure S9). Comparing the
data for ZIF-67, 15%Zn@ZIF-67, and 15%Cu@ZIF-67 shows
antiferromagnetic ordering only in the 100%Co and 15%Cu
samples (Figure S8). Inclusion of Zn2* shuts down the magnetic
exchange interactions responsible for the ordering behavior,
while inclusion of Cu2+ enforces the magnetic ordering.

To examine the charge transport nature of ZIFs, we first
investigated the effect of redox inert metals (Znz*) on ECS dy-
namics using OTA spectroscopy. Two ZIF model systems,
80%Zn@ZIF-67 and 50%Zn@ZIF-67, were studied. While
these samples are isostructural with ZIF-67 parent framework,
the UV-visible-NIR spectra show decreasing absorption of both
Co d-d and LMCT transitions (Figure 2a) with increasing Zn2+
content due to the dilution of the Co2* chromophores by the
non-absorbing Zn2+ with a 3d10 electron configuration. This is
also reflected in their OTA spectra following the excitation of
the lower lying Co?* d-d transition (*Az(F)-4T1(F)) at 1000 nm,
where the intensity of OTA spectra decreases significantly with
increasing content of Zn2+ (Figure 2b and S10). Nevertheless,
the shape of the OTA spectra, featured by a ground state bleach
(GSB) at 585 nm and positive absorption at both sides of the
GSB, remains similar among the mixed-metal ZIFs. These spec-
tral signatures are consistent with the derivative feature ob-
served previously in ZIF-6720 and can thus be assigned to the
formation of a long-lived ECS state in Zn@ZIF-67. Despite the
formation of the ECS state in Zn@ZIF-67, significant differences
were observed when we compared their Kinetic traces, where
the recovery of the GSB became faster (inset of Figure 2c) while
the formation of the ECS state is slower in the films with higher
Zn2+ content (Figure 2c). Because of the closed-shell configura-
tion of Zn2+, it is unlikely that MMCT would occur from Co?2* to
Zn2+, Instead, these results can be well explained by a model
proposed in the inset of Figure 2a: the presence of a statistical
number of Zn2* neighbors with closed-shell configuration par-
tially blocks the inherent ECS pathway in ZIF-67 through Co-Co
communication, resulting in slower formation of the ECS state.
As a result, direct transition from 4T1 to 4Az s facilitated, which
leads to faster GSB recovery kinetics.
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Figure 2. (a) UV-visible-NIR absorption spectra of Zn2+ incorporated ZIF-67 with different Zn percent (X%Zn@ZIF-67).
The inset shows the proposed schematic model for prevented formation of the ECS in the X%Zn@ZIF-67 model system.
b) The OTA spectra of X%Zn@ZIF-67 at 5 ns time delay following 1000 nm excitation. (c) The comparison of kinetics

of ESC absorption at 610 nm and GSB recovery at 585nm (inset).

While the experiments with Zn@ZIF-67 model systems
show that the presence of Zn2+ can partially block Co-Co com-
munication (which suggests that metal-to-metal communica-
tion is likely responsible for the long-lived ECS state in ZIF-67),
itis necessary to provide direct evidence to confirm this mech-
anism. To do so, we designed a second model system, where
open-shell Cu2+ions are used as guest metals to replace Co2+*
centers in ZIF-67 (X%Cu@ZIF-67). The OTA spectra show that
X%Cu@ZIF-67 samples with variable Cu content can also form
a long-lived ECS state (Figure S11), where the lifetime for ECS
formation (Figure 3a) and GSB recovery (Figure 3b) remains
similar to that of the parent ZIF, suggesting that the presence of
redox-active Cu?*does not inhibit ECS state formation. To eval-
uate the interaction between Cu and Co in X%Cu@ZIF-67, we
utilized X-ray transient absorption (XTA) spectroscopy, a pow-
erful element-specific time-resolved technique, to directly
probe the electron density changes at the Cu2* centers follow-
ing selective excitation of the Co2* centers. XTA experiments at
the Cu K-edge were performed using 590 nm excitation, where
Co?+ d-d transitions are at a maximum absorbance and Cu?+ d-
d transitions have negligible absorption (for tetrahedral ligand

Figure 3. Kinetic traces of the ESC state at 610 nm (a) and
the GSB at 585 nm (b) for ZIF-67 and Cu@ZIF-67 with var-
iable % Cu. (c) Representative Cu K-edge XAS spectrum
(black, XA) and first derivative spectrum, XTA difference
spectra at the Cu K-edge for Cu@ZIF-67 (top set) and
Cu@ZIF-8 (bottom set) after 590 nm excitation at 120 and
500 ps time delays.

fields). Figure 3c shows the XANES spectrum of 15%Cu@ZIF-
67 at the Cu K-edge, which features a strong white line absorp-
tion corresponding to the Cu 1s-4p transition. Also shown in
Figure 3c is the difference spectra obtained after subtracting
the ground state XANES spectrum from the spectrum collected
at delay times at 120 ps and 500 ps following laser excitation,
which demonstrates the transient signals of Cu due to excita-
tion of Co. A clear positive feature was observed at ~ 8.99 keV,
which overlaps with the 1s-4p transition edge, indicating that
the edge energy of Cu shifts to lower energy. Because no tran-
sient signal (lower set in Figure 3c) was observed in the
17%Cu@ZIF-8 control sample (inert parent framework with
Zn2+* node), we can rule out the possibility that the observed Cu
edge shift in 15%Cu@ZIF-67 is due to direct excitation of Cu2*
centers. As a result, we can conclude that the reduction of Cu
arises from the excitation of Co, unambiguously demonstrating
a metal-to-metal charge transport mechanism through node-
to-node communication in X%Cu@ZIF-67, although the degree
of charge delocalization remains uncertain to us. It is also im-
portant to note that while the proposed model resembles an
electron hopping mechanism, a band transport mechanism
may contribute to charge migration in ZIFs.

In summary, we have reported for the first time the charge
transport properties of ZIFs using a combination of multiple
spectroscopic methods. We designed two mixed-metal ZIFs by
incorporating a guest metal (Zn2* or Cu?+) to the ZIF-67 parent
framework and directly probed the interaction between the
guest metals and the metal centers in the parent framework.
The paramagnetic susceptibility measurements on both ZIF-67
and Cu@ZIF-67 indicate the presence of intrinsic antiferromag-
netic ordering of metal nodes, demonstrating ground-state
quantum level communication between Co%*/Co%* and
Co2*/Cu?* nodes. Using optical transient absorption spectros-
copy, we found that replacing Co2+ with closed-shell Zn2* re-
tarded the formation of an ECS state after Co2?* d-d excitation,
suggesting the presence of Co-Co communication in ZIF-67 and
charge delocalization within the long-lived ECS state. In con-
trast, when a redox active metal, Cu?+, is introduced into ZIF-67,
we directly observed the migration of charge from photoex-
cited Co?* to Cu?* centers using X-ray transient absorption
(XTA) spectroscopy, unambiguously confirming the charge
transport pathway through node-to-node communication be-
tween different units of ZIFs. These findings not only advance
the scientific understanding of the optical and electrical prop-
erties of ZIFs, paving the way for their novel application in pho-
toenergy conversion, but also demonstrate an original ap-
proach to study porous ZIFs at the molecular level using spec-
troscopic techniques. Moving forward, computational studies



on the excited state electronic structures are necessary to gain
further information on the charge transport mechanism in
ZIFs.
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