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ABSTRACT: Microstructuredmetatorganic framework (MOF)  optical states at visible and UV energies of a blend of4@0
glasses have been produced by combining two amorphous MOFICO(CsHaN2)z] and ZIF-62-Zn [Zn(CsH3N)1 75(C7HsN2)o . Co-
However, the electronic structure of these materials has not beefased ZIFs show unique optical properties in ligaredal as well
interrogated at the length scales of the chemical domains formeds metald-orbital transitions and provide a key signature of the
in these glasses. Here, we reparsubwavelength spatiallye+ geometry of the coordination environmént:** Tetrahedral Co

solved physicochemical analysis of the electronic states at visiblegenerally exhibits spiallowed d-d transitions, in contrast to
and UV energies in a blend of two zeolitic imidazolate fam Laporteforbidden transitions in octahedral coordination, and the

works (ZIFs), ZIF4-Co andZIF-62-Zn. By combining spects electronic structure and underlying coordination of metal centers
copy at visible and UV energies as wallat core ionization ene  in blended metguenched MOF glasses represents a key,afund
gies in electron energy loss spectroscapyhe scanning tran mental question so far only indirectly addressed by ensemble
mission electron microscopSTEM-EELS) with density fuo- measurements.

tional theory calculations, we show that domains less than 200 nm The STEMEELS technique consists of a focused nanometer to
in size retain the electronic structure oé threcursor crystalline  subnanometer electron beam that is rastered across a thin spec
ZIF phases. Prototypical signatures of coordination chemistry men. Electrons transmitted through the specimen have a probabi
including d-d transitions in ZIF4-Co are assigned and mapped ity of inelastic scattering which is determined by the quantum
with nanoscale precision. mechantal dates of the specimen material, resulting in an energy

loss spectrum. The intrinsic spread of the incident electron beam

imposes a lowenergy cuff on accessible energies, but with

monochromated electron microscopes spectroscopy from below 1

The coordination chemistry between ligands and metal centerseV is mutinely possiblé?*® STEM-EELS has seen widespread

underpins the structure and reactivity of metaanic frane- application in thestudy of plasmonic nanoparticles due toe
works (MOFs). The diversity of bond strengths and structures subwavelength characterization of optical properties the technique
possible in the coordination environment gives rise to important provides***® However, in only a few cases has STHAELS
properties of MOFs such as tunable porosity for gas stdrage, been applied to singlelectron transitions due to their lower sca
adjustable activity of binding sites for gas separafians catat- tering crosssections. STEMEELS hasbeen used previously to
sis? and controlled optical properties in photocatall/aisd ses- study excitons ifMoS,/MoSe’ andintramolecular transitions in
ing.® Recently, the exploration ofrorphousMOFs that retain the  organic solar cell materiat§2° Non-dipole d-d transitions have
critical coordination chemistry has launched research im0 i also been observed by momentuesolved STEMEELS in more
proved processability, hazardous waste trapping, and- melt electron radiation resistant inorganic materfals.
quenched glasses with distinct mechanlozgipprtlese..s AmMOr-  Here STEMEELS of optically allowed-d transitions is used
phous materials have typically been described statistically, using,q 5 direct probe of the coordination environment within & non
enemble structural and spectroscopic techniques, but thBse a ¢ygialline microstructured MOF glass blend. Combined with
proaches miss microscopic heterogeneity and requirenatiess EELS at characteristic ionization edges (G Zn Ly, CK, N K)

for nanometescale assessmeott electronic structure variation. and density functional theory (DFT) calculations, we show with
Here, we present spatially resolved spectroscopy z#déitic deeply subwavelength spatial resolution that the electronic-stru
imidazolate frameworkzZ(F) glass blendat visible to Xray pto- ture of ZIF4-Co andZIF-62-Zn are each preserved in the glass

ton energies using electron energy loss spectroscopy (EELS) irphase with clear evidence of @ed transitions in ZIF4-Co cb-
scanning transmission electron microscopy (STEM). Specfpesco mains as well as intiigand and liganemetal transitions in ZIF
ic characterization across multiplenergy windows, with co 4-Co andZIF-62-Zn glass domains below 200 nm in extent.
registered spatial maps, enables the detailed interpretation of the



A blend of ZIF4-Co andZIF-62-Zn, hereby referred to as
(ZIF-4-Co) §(ZIF-62-Zn), 5, as reported in Refd, was used for (a)
this work Briefly, crystalline powders of ZH3-Co andZIF-62- ZIF-4-Co
Zn were synthesizet;?*then mixed and heated to a temperature
where theZIF-62-Zn is liquid and the ZIF4-Co is amorphous,
and finally quenched to the solid state. The structuréqofd
phase ZIFsconsists of ligandoordinated Zff with sub
picosecondinker exchangeén the liquid.** Details of the expér ZIF-62-Zn
mental parameters are ddabed in the Supporting Information
(SI). Spectrum images, consisting of EEL spectra recorded at each
beam position, were acquired sequentially to cover energies in the
UV-Vis (1-10 eV), bulk plasma ¢50 eV), C and NK (200-500
eV), and Co and Zh,3 (750-1200 eV) windows.

Figure 1(a) presents models of the ligands and coordination at
metal centers in ZH&-Co and inZIF-62Zn. In ZIF-4-Co, teta- (b)
hedral positions are bridged by-Ml coordination (M = metal) Isolated precursors
with imidazolate (Im, GH3N,) ligands?? giving the composition 200
Co(Imy. In ZIF-62-Zn, the Zif* center is likewise NV coord- ZIF-4-Co
nated but with one position in every otheZnridged by a be- 150d ZIF-62-Zn *
zimidazolate ligand (blm, isN,), giving the composition
Zn(Im), 7gbim)o 52 Consequently, in addition to differences in
d-band filling, the bim ligand is associated only with #i&-62-
Zn precursor.

Isolated crystalline precursors were examined by EELS as a 50 <
reference for the glass blend. Figure 1(b) presents spectra at 80
kV averaged over entire singidhase particles of ZiB-Co and
ZIF-62-Zn. Figure 1(c) presents spectra at 300 kV extracted from
selected areas of a particle of (AFCo)y g(ZIF-62-Zn)y 5 corre-
sponding to Caich and Zarich regions. The inset shows an-a Energy loss (eV)
nular dark field (ADF) STEM micrograph showing mass (c)
thickness contrast for reference. No domain structure was visible - Blend: Selected areas
in ADF-STEM. EEL spetta were background subtracted & r Co-rich
move the contributions of electrons undergoing no energy loss, ;
the zero loss peak (ZLP), and its continuum tail. Spectra in the 150 Zn-rich
blend reproduced the same spectral signals for théabad zrf*
phases, respectively, witto dependence on incident beam energy
(see also Fig. S1). In Zi#&-Co and in the Caeich domains of
(ZIF-4-Co)y 5(ZIF-62-Zn)y 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 andé/. In ZIF-62-Zn and in the Zrrich do-
mains of (ZIF4-Co) 5(ZIF-62-Zn)y 5, the first peak was observed
at 4 eV followed by peaks at 5.8 eV and 7.5 &lle relative - 0
tensities of the EELS signals waatsodistinctbetween C8 and 2 4 6 8 10
Zn** domains. Energy loss (eV)

These spectral signatures were in turn mapped to reveal the o ) o
Co?* and Zrf* domain microstructure using a machine learning Figure 1. (a)Models of the local coordination involving the i
algorithm, nomnegative matrix factorization (NMF), usedcsu  azolate (Im) ligand in ZIM-Co and the benzimidazolate (blm)

® Co™

>-—0 ® Zn*

100 4

Intensity (a.u.)

Intensity (a.u.)

cessfully in lowloss EELS of plasmonic particlés® NMF pe- ligand inZIF-62-Zn. (b) STEMEELS spectra from singighase
forms particularly well in noisy datsets with unknown peak ZIF-4-Co andZIF-62-Zn precursor particles. (c) Selected area
Shapes where peak f|tt|ng is Cha"engiag is the Cagﬂsing ca- STEM-EELS Spectrarbm a g|aSS blend particle with the Spatial
ditions to limit the electron dose. NMF separates iferspectral ~ locations marked on the inset ABSTEM micrograph. The inset
dataset obtained in STENEELS into a set of twalimensional ~ scale baris 1 um.

maps and corresponding spectral signatures. Thenegativity
constraint is often sufficient to separate data consisting of a smal

number of spectral signatures that are distipecsally and sp- Zn Ly signal. The maps in Fig. 2(a),(c) show identical distrib

t'aHY’lS as is the case for the g'as$ blend._[t_tmehe weak co- tions of the low energy and elemental signatures, revealing that
straint, NMF results are necessarily scrutinized as they are nogy, . signatures at visible and UV energies arise from thé &l
guaranteed to be physical. Zn** domains. NMF maps of additional particles are shown in
Figure 2(aj(b) presents the NMF map and corresponding-spe Fig. S2S3. It should be noted that NMF picks up particularly on
tral signatures for the €dband Zri* domains in the same particle  spectral differences, so the maps in Fig. 2(a) have some intensity
as shown in Fig. 1(c)rhe peaks observed in selected area spectraoverlap due to similarity in the spectral background between the
(Fig. 1(c)) are reproduced in the NMF spectral factors in Fig. 2(b), Co?* and Zif* domains At the signafto-noise atio possible wh-
confirming the separation arises from physical signals. Figureout significantly altering the MOF glass blend with the electron
2(c){e) shows the corresponding elemental EELS map, analyzecheam, it is unlikely thasubtlechanges at the interfadself are
detectable (e.gsmall amplitude or energy shifts due to confarm
tional fluctuations or disorder The mapping however, demo

y independent component analysis (IGAThe red regions ¢e
respond to the Cb, signal and the blue regions capend tahe



strates that the low energy EELS signals camdesl tomeasure est transitions in ZI-Co athigher energy corresponded to €o
the shape of domains with deep subwavelength spatial resolutionto ligand transitions at 4.8 and 5.5 eV. In A&Zn, the lowest
measured here at <15 nm across the interface (80% criterion). Thenergy transition was assigned to an Hiigand bimtransitionat
abruptness of the interfaces in the RWhap likewise indicates 4 eV followed by transitions at approximately 6 eV frompN
that the electronic structure changes locally with the largely states to delocalized Im states.

phasesegregated metal centers.
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Additional absorption spectra and partial density of states ca
Figure 2. (a) STEMEELS map and (b) corresponding spectral culations compared with experimental spectra including the bulk
components for a (ZH8-Co) 5(ZIF-62-Zn) 5 glass blend particle  plasma frequency and thekCand NK ionization edges (Fig. S5
obtainedby nonnegative matrix factorization. The inset ADF  S8) provided further aooboration oftne DFT calculations and
STEM micrograph shows the region of the particle used f@-ma evidencethat the experimental glass blend did not exhibit signif
ping. (c) STEMEELS Elemental map and () corresponding cant electron beam induced damafjee DFT assignments ident
spectra at the characteristig; ionization edges for Co and Zn fy key differences due to the ligand coordination in-ZtEo and
obtained by independent component analysis. The dashed linegIF-62-Zn, providing strong, direct evidence of the retention of
indicate the onset for the EELS edges. The scale bars are 150 nnipcal tetrahedral coordination ofehmetal center in ZIF glasses
The inset scale bar is 1 pm. The Cod to ligand transition at UV energies further points to

Figure 3 presents spectra obtained at 60 kV from a partiale an significant charge transfer in Z#Co domainsin the glass

lyzed with a Hermes STEM (Nion) with superior energsoie- blenc_i, pre;enti_ng o_pportuniFies for exploiting photocatalytic or
tion. The feature at-2.5 eV is visible as an abrupt onset in the senangappllcatlons in a hybrid glass. ) o

spectrum from the Géphase only. A peak at ~600 nm or 2 eV is  Thisdevelopment ofhe STEMEELS technique invites thex-

a hallmark of tetrahedral Co in organometaﬂl?r& MOF* and amination of the solidiquid phase transition and the effect of
oxide material$®?” Based on studies of single phase materials quenching rates when such experiments becomebfegsee also
using ensemble Spectroscopies’ the EELS feature & @V was SI) Thekey resultsalso h|ghl|ght that the electronic structure of
therefore assigned as tH&J(F)—*T,(P)] d-d ligand field trani the precursor phases is retained in ZIF glass blends, indicating the
tion in ZIF4-Co. Previous reports indicate that higher energy distinct mechanical properties observed in glass bfeadse

transitons may be expected to arise from liganeital transitions ~ from interactions between domains in the glass. Due to the su
and intraligand transitioné. wavelength scale of the optically distinct domains, the macpesco

ic optical properties of the blend will not be a simple summation
of optical properties due to lensing and interference effeats, pr
senting opportunities for engineerifdOF glassedor dielectric
optical applicationsThese findings prompt furthetudy of coa-

DFT calculations were carried out to assign these transitions
and to corroborate the experimental data. DFT calculations were
carried out in VASP on the crystalline phases of Z&Co and
ZIF-62-Zp (see S) du.e to the prohibitive size of amorphous ne dination chemistry by STEMNEELS and exploration of optically
work unit cells and given the close correspondence between e : .

: - . .~ _active microstructured MOF glasses.
perimental crystalline precursor and glass phases (Fig. 1). Figure
4 presents calculated loss functions, corresponding to the EEL
spectrum (see also Sl), and transition dipoles for£@o and
ZIF-62-Zn. As in the experimental data, an onset in the loss-fun
tion for ZIF4-Co was observed at25 eV followed by peaks at
6 and 8 eV. Likewise, the calculated loss functionZt#-62-Zn
exhibited a first peak at 4 eV followed by series of overlapping
features at 8 eV.By inspection of the contributions to the trans
tion in the absorption spectrum (Fig. 4(b) and Fig. S6), the
peaks at 2.5 eV were assigned to @ed transitionsThe stromg-
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Figure 4. (a) Loss spectra for ZiB-Co andZIF-62-Zn calculated by DFT. (bjc) Transition dipole oscillator strengths calculated and
assigned according to orbital contributions for the excitations underlying the pelh&darg function.
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