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ABSTRACT: Microstructured metal-organic framework (MOF)
glasses have been produced by combining two amorphous MOFs.
However, the electronic structure of these materials has not been
interrogated at the length scales of the chemical domains formed in
these glasses. Here, we report a subwavelength spatially resolved
physicochemical analysis of the electronic states at visible and UV
energies in a blend of two zeolitic imidazolate frameworks (ZIFs),
ZIF-4-Co and ZIF-62-Zn. By combining spectroscopy at visible
and UV energies as well as at core ionization energies in scanning
transmission electron microscopy electron energy loss spectroscopy (STEM-EELS) with density functional theory calculations,
we show that domains less than 200 nm in size retain the electronic
structure of the precursor crystalline ZIF phases. Prototypical signatures of coordination chemistry including d-d transitions in ZIF4-Co are assigned and mapped with nanoscale precision.

The coordination chemistry between ligands and metal centers
underpins the structure and reactivity of metal-organic frameworks
(MOFs). The diversity of bond strengths and structures possible in
the coordination environment gives rise to important properties of
MOFs such as tunable porosity for gas storage,1 adjustable activity
of binding sites for gas separations2 and catalysis,3 and controlled
optical properties in photocatalysis4 and sensing.5 Recently, the exploration of amorphous MOFs that retain the critical coordination
chemistry has launched research into improved processability, hazardous waste trapping, and melt-quenched glasses with distinct mechanical properties.6–8 Amorphous materials have typically been
described statistically, using ensemble structural and spectroscopic
techniques, but these approaches miss microscopic heterogeneity
and require alternatives for nanometer-scale assessment of electronic structure variation.
Here, we present spatially resolved spectroscopy of a zeolitic imidazolate framework (ZIF) glass blend9 at visible to X-ray photon
energies using electron energy loss spectroscopy (EELS) in scanning transmission electron microscopy (STEM). Spectroscopic
characterization across multiple energy windows, with co-registered spatial maps, enables the detailed interpretation of the optical
states at visible and UV energies of a blend of ZIF-4-Co

[Co(C3H3N2)2] and ZIF-62-Zn [Zn(C3H3N2)1.75(C7H5N2)0.25]. Cobased ZIFs show unique optical properties in ligand-metal as well
as metal d-orbital transitions and provide a key signature of the geometry of the coordination environment.4,10,11 Tetrahedral Co generally exhibits spin-allowed d-d transitions, in contrast to Laporteforbidden transitions in octahedral coordination, and the electronic
structure and underlying coordination of metal centers in blended
melt-quenched MOF glasses represents a key, fundamental question so far only indirectly addressed by ensemble measurements.
The STEM-EELS technique consists of a focused nanometer to
sub-nanometer electron beam that is rastered across a thin specimen. Electrons transmitted through the specimen have a probability
of inelastic scattering which is determined by the quantum mechanical states of the specimen material. By dispersing transmitted electrons in energy, a spectrum is formed as the histogram of inelastic
electron scattering events at particular energies. The intrinsic
spread of the incident electron beam imposes a low-energy cut-off
on accessible energies, but with monochromated electron microscopes spectroscopy from below 1 eV is routinely possible.12,13
STEM-EELS has seen widespread application in the characterization of plasmonic nanoparticles due to the subwavelength characterization of optical properties the technique provides.14–16 However, in only a few cases has STEM-EELS been applied to singleelectron transitions due to their lower scattering cross-sections.
STEM-EELS has revealed changes in the energies of the relatively strong excitons at low temperature across domain boundaries
in MoS2/MoSe217 and has seen some application to polymers to disentangle the structure of organic solar cell materials by examining
the sharp electronic states arising from intramolecular transitions.18–20 Non-dipole d-d transitions have also been observed by
momentum-resolved STEM-EELS in more electron radiation resistant inorganic materials.21 Here, STEM-EELS of optically allowed d-d transitions is used as a direct probe of the coordination
environment within a non-crystalline microstructured MOF glass
blend. Combined with EELS at characteristic ionization edges (Co
L23, Zn L23, C K, N K) and density functional theory (DFT) calculations, we show with deeply subwavelength spatial resolution that
the electronic structure of ZIF-4-Co and ZIF-62-Zn are each preserved in the glass phase with clear evidence of Co d-d transitions

in ZIF-4-Co domains as well as intra-ligand and ligand-metal transitions in ZIF-4-Co and ZIF-62-Zn glass domains below 200 nm in
extent.
A blend of ZIF-4-Co and ZIF-62-Zn, hereby referred to as (ZIF4-Co)0.5(ZIF-62-Zn)0.5, as reported in Ref. 9. Briefly, crystalline
powders of ZIF-4-Co and ZIF-62-Zn were synthesized,22,23 then
mixed and heated to a temperature where the ZIF-62-Zn is liquid
and the ZIF-4-Co is amorphous, and finally quenched to the solid
state. The structure of liquid phase ZIFs consists of ligand-coordinated Zn2+ with sub-picosecond linker exchange in the liquid.24 The
blend was ball milled, and the resulting powder was drop-cast from
ether onto lacey-carbon electron microscopy grids. Details of the
experimental parameters are described in the Supporting Information (SI). Spectrum images, consisting of EEL spectra recorded
at each beam position to produce a spatially resolved hyperspectral
map, were acquired sequentially to cover energies in the UV-Vis
(1-10 eV), bulk plasma (1-50 eV), C and N K (200-500 eV), and
Co and Zn L23 (750-1200 eV) windows. The optical properties at
visible and UV energies were compared alongside elemental distributions to analyze domains arising from ZIF-62-Zn or ZIF-4-Co.
Figure 1(a) presents models of the ligands and coordination at
metal centers in ZIF-4-Co and in ZIF-62-Zn. In ZIF-4-Co, tetrahedral positions are bridged by N-M coordination (M = metal) with
imidazolate (Im, C3H3N2-) ligands,22 giving the composition
Co(Im)2. In ZIF-62-Zn, the Zn2+ center is likewise N-M coordinated but with one position in every other Zn2+ bridged by a benzimidazolate ligand (bIm, C7H5N2-), giving the composition
Zn(Im)1.75(bIm)0.25.22 Consequently, in addition to differences in dband filling, the bIm ligand is associated only with the ZIF-62-Zn
precursor.
Isolated crystalline precursors were examined by EELS as a reference for the glass blend. Figure 1(b) presents spectra at 80 kV
averaged over entire single-phase particles of ZIF-4-Co and ZIF62-Zn. Figure 1(c) presents spectra at 300 kV extracted from selected areas of a particle of (ZIF-4-Co)0.5(ZIF-62-Zn)0.5 corresponding to Co-rich and Zn-rich regions. The inset shows an annular dark field (ADF) STEM micrograph showing mass-thickness
contrast for reference. No domain structure was visible in ADFSTEM. EEL spectra were background subtracted to remove the
contributions of electrons undergoing no energy loss, the zero loss
peak (ZLP), and its continuum tail. Spectra in the blend reproduced
the same spectral signals for the Co2+ and Zn2+ phases, respectively,
with no dependence on incident beam energy (see also Fig. S1). In
ZIF-4-Co and in the Co-rich domains of (ZIF-4-Co)0.5(ZIF-62Zn)0.5, a rise in the EELS signal at 2 eV was observed followed by
a gradual increase in the region of 4 eV and two peaks at 6 eV and
8 eV. In ZIF-62-Zn and in the Zn-rich domains of (ZIF-4Co)0.5(ZIF-62-Zn)0.5, the first peak was observed at 4 eV followed
by peaks at 5.8 eV and 7.5 eV. In addition to the differences in
approximate peak energies, the relative intensities of the EELS signals were distinguishable between Co2+ and Zn2+ domains.
These spectral signatures were in turn mapped to reveal the Co2+
and Zn2+ domain microstructure using a machine learning algorithm, non-negative matrix factorization (NMF), used successfully
in low-loss EELS of plasmonic particles.14,15 NMF performs particularly well in noisy data-sets with unknown peak shapes where
peak fitting is challenging. Here, EELS data were acquired with a
relatively low signal-to-noise ratio using conditions to limit the
electron dose necessary to record the inelastic ionization events.
NMF separates the hyperspectral data-set obtained in STEM-EELS
into a set of two-dimensional maps and corresponding spectral signatures. The non-negativity constraint is often sufficient to separate
data consisting of a small number of spectral signatures that are
distinct spectrally and spatially,15 as is the case for the glass blend.
Due to the weak constraint, NMF results are necessarily scrutinized
as they are not guaranteed to be physical.

Figure 1. (a) Models of the local coordination involving the imidazolate (Im) ligand in ZIF-4-Co and the benzimidazolate (bIm) ligand in ZIF-62-Zn. (b) STEM-EELS spectra from single-phase ZIF4-Co and ZIF-62-Zn precursor particles. (c) Selected area STEMEELS spectra from a glass blend particle with the spatial locations
marked on the inset ADF-STEM micrograph. The inset scale bar is
1 μm.
Figure 2(a)-(b) presents the NMF map and corresponding spectral signatures for the Co2+ and Zn2+ domains in the same particle
shown in Fig. 1(c). The peaks observed in selected area spectra
(Fig. 1(c)) are reproduced in the NMF spectral factors in Fig. 2(b),
confirming the separation arises from physical signals. Figure 2(c)(e) shows the corresponding elemental EELS map, analyzed by independent component analysis (ICA).25 The red regions correspond
to the Co L23 signal and the blue regions correspond to the Zn L23
signal. The maps in Fig. 2(a),(c) show identical distributions of the
low energy and elemental signatures, revealing that the signatures
at visible and UV energies arise from the Co2+ and Zn2+ domains.
NMF maps of additional particles are shown in Fig. S2-S3. It

should be noted that NMF picks up particularly on spectral differences, so the maps in Fig. 2(a) have some intensity overlap due to
similarity in the spectral background between the Co2+ and Zn2+
domains. The mapping, however, demonstrates that the low energy
EELS signals can be mapped with deep subwavelength spatial resolution, measured here at <15 nm across the interface (80% criterion). The abruptness of the interfaces in the NMF map likewise
indicates that the electronic structure changes locally with the
largely phase-segregated metal centers.

Figure 2. (a) STEM-EELS map and (b) corresponding spectral
components for a (ZIF-4-Co)0.5(ZIF-62-Zn)0.5 glass blend particle
obtained by non-negative matrix factorization. The inset ADFSTEM micrograph shows the region of the particle used for mapping. (c) STEM-EELS Elemental map and (d)-(e) corresponding
spectra at the characteristic L23 ionization edges for Co and Zn obtained by independent component analysis. The dashed lines indicate the onset for the EELS edges. The scale bars are 150 nm. The
inset scale bar is 1 μm.
Figure 3 presents spectra obtained at 60 kV from a particle analyzed with a Hermes STEM (Nion) with superior energy resolution.
The feature at 2-2.5 eV is visible as an abrupt onset in the spectrum
from the Co2+ phase only. A peak at ~600 nm or 2 eV is a hallmark
of tetrahedral Co in organometallic,10,11 MOF,4 and oxide materials.26,27 Based on studies of single phase materials using ensemble
spectroscopies, the EELS feature at 2-2.5 eV was therefore assigned as the [4A2(F)−4T1(P)] d-d ligand field transition in ZIF-4Co. Previous reports indicate that higher energy transitions may be
expected to arise from ligand-metal transitions and intra-ligand
transitions.4
DFT calculations were carried out to assign these transitions and
to corroborate the experimental data. DFT calculations were carried
out in VASP28 on the crystalline phases of ZIF-4-Co and ZIF-62Zn (see SI) due to the prohibitive size of amorphous network unit
cells and given the close correspondence between experimental
crystalline precursor and glass phases (Fig. 1). Figure 4 presents
calculated loss functions, corresponding to the EEL spectrum (see
also SI), and transition dipoles for ZIF-4-Co and ZIF-62-Zn. As in
the experimental data, an onset in the loss function for ZIF-4-Co
was observed at 2-2.5 eV followed by peaks at 6 and 8 eV. Likewise, the calculated loss function for ZIF-62-Zn exhibited a first

peak at 4 eV followed by series of overlapping features at 5-8 eV.
By inspection of the contributions to the transition in the absorption
spectrum (Fig. 4(b)-(c) and Fig. S6), the peaks at 2-2.5 eV were
assigned to Co d-d transitions. The strongest transitions in ZIF-4Co at higher energy corresponded to Co d to ligand transitions at
4.8 and 5.5 eV. In ZIF-62-Zn, the lowest energy transition was assigned to an intra-ligand bIm transitions at 4 eV followed by transitions at approximately 6 eV from N p states to delocalized Im
states.

Figure 3. High resolution monochromated STEM-EELS selected
area spectra. The inset shows the elemental map with white boxes
indicating the locations of the selected areas. The scale bar is 250
nm. The spectra in prior to background subtraction are shown in
Fig. S4.
Additional absorption spectra and partial density of states calculations compared with experimental spectra including the bulk
plasma frequency and the C K and N K ionization edges (Fig. S5S8) provided further corroboration that the DFT calculations were
consistent with experiment across a range of energy windows and
that the experimental glass blend did not exhibit significant evidence of electron beam induced damage.
The DFT assignments identify key differences due to the ligand
coordination in ZIF-4-Co and ZIF-62-Zn. Previously, forbidden
valence d-d transitions in other materials have been reported conclusively in STEM-EELS only with momentum-resolved measurements requiring higher electron doses.21 Here, the allowed d-d transition in ZIF-4-Co provides strong, direct evidence of the retention
of local tetrahedral coordination of the metal center in ZIF glasses
and glass blends. The Co d to ligand transition at UV energies further points to significant charge transfer in ZIF-4-Co domains in
the glass blend, presenting opportunities for exploiting photocatalytic or sensing applications in a hybrid glass. These results also
highlight that the electronic structure of the precursor phases is retained in ZIF glass blends, indicating the distinct mechanical properties observed in glass blends9 arise from interactions between domains in the glass. Due to the subwavelength scale of the optically
distinct domains, the macroscopic optical properties of the blend
will not be a simple summation of optical properties due to lensing
and interference effects, presenting opportunities for engineering
the glass blend structure for dielectric optical applications. These
findings prompt further examination of coordination chemistry at
the nanoscale by STEM-EELS and exploration of optically active
microstructured MOF glasses.

Figure 4. (a) Loss spectra for ZIF-4-Co and ZIF-62-Zn calculated by DFT. (b)-(c) Transition dipole oscillator strengths calculated and
assigned according to orbital contributions for the excitations underlying the peaks in the loss function.
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