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ABSTRACT: We demonstrate the formation of metal-organic
frameworks (MOFs) and thin-film coatings that have entirely
different compositions and structures, distinct by cation ex-
change, despite using the same set of starting materials. The
reaction of an iron polypyridyl complex with a copper salt by
diffusion of one solution into another resulted in iron-to-cop-
per exchange, concurrent ligand rearrangement and the for-
mation of MOFs. This observation shows that polypyridyl
complexes can be used as expendable precursors for the
growth of MOFs. In contrast, alternative depositions of the
iron polypyridyl complex with a copper salt by automated
spin-coating on conductive metal-oxides resulted in the for-
mation of electrochromic coatings, and the structure and re-
dox properties of the iron complex were retained. The possi-
bility to form such different networks by “in solution” versus
“on surface” coordination chemistry from the same set of mo-
lecular building blocks broadens the synthetic space to design
functional materials.

Coordination chemistry has been used to control the shape,
size, and topology of supramolecular structures and to limit
the possibilities to produce mixtures of multiple sets of struc-
tures.” Early examples of self-assembled architectures are
compounds made from cryptands and crown ethers and were
studied by Pederson, Lehn, and Cram in the 196os.4'6 In the
following years, highly complex helicates were introduced and
are composed of oligobipyridine strands coordinated to cop-
per cations.”™ The coordination chemistry of carboxylic acids
and late transition metals has been extensively used for the
formation of metal-organic frameworks (MOFs)."™ This
strong metal-ligand interaction resulted in highly robust and
porous materials. Metal-pyridine coordination chemistry has
also been used for the generation of self-assembled structures
in solution and on surface.'*® Although the interaction be-
tween metals and pyridine is weaker than with carboxylic ac-
ids, stable and functional materials can be isolated. Examples
include cages,®* MOFs, and thin films.*** The control of
material properties by external stimuli (e.g., light, voltage) has
resulted in diverse functionalities, including memory ele-
ments,*” biomedical applications,” and electrochromism.**

Structures and functionalities of supramolecular assemblies
formed in solution or on surfaces are difficult to predict. As-
semblies formed from the same starting materials can have
the same or different molecular arrangements and function >
* Interfacial chemistry has been used to generate assemblies
that cannot be formed in solution otherwise.* Monolayer
chemistry has been used control chirality and morphology of
crystals, and network interpenetration of MOFs.****4’ In gen-
eral, the development of defined supramolecular structures
with desirable properties occurs with retention of the struc-
tural integrity of the molecular building blocks, but the assem-
blies can have different molecular arrangements and appear-
ances.** Synthetic routes that involve changes in the molec-
ular structures prior to the assembly of the components are
rare** and examples of pathway dependence on such processes
are unknown to the best of our knowledge.

We show here the formation of two assemblies having strik-
ingly different molecular compositions, although the same
starting materials were used (Schemes 1,2). Reacting a struc-
turally well-defined iron polypyridyl complex with copper ni-
trate by diffusion of one solution into another resulted in an
exchange of the metal cations followed by the formation of
MOFs. The initial disassembly of the iron complex is followed
by formation of a coordination polymer consisting of the
polypyridyl ligand and the copper salt. In contrast, alternative
spin-coating of the same iron polypyridyl complex with cop-
per nitrate on fluorinated tin-oxide (FTO) resulted in electro-
chromic coatings.

Scheme 1. Iron polypyridyl complex 1



The electrochromic activity originates from the iron
polypyridyl complex. The free pyridine moieties of the
polypyridyl ligands are coordinated to the copper cations
forming a dense network of iron complexes. This network sta-
bilizes the iron complexes as cation exchange was not ob-
served, even not after prolonged exposure to a solution con-
taining an excess of copper salt.

Crystals were obtained by slow diffusion of solutions into
another at room temperature. We used a thin tube (¢ = 5 mm)
containing three layers with the top and bottom layers with
solutions of complex 1 or Cu(NO;).. The layer in the center
was a co-solvent. During the reaction the color of the solution
changed from purple to colorless. These coordination organic
networks (SolCONs) were isolated after 20 days by centrifu-
gation and washed with ACN. Two different solvent combina-
tions were used and resulted in the same crystallographic
structures and morphologies, but of slightly different dimen-
sions.
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Scheme 2. Formation of divergent coordination networks in
solution (SolCON) versus on surface (SurCON)*

* Water molecules and anions are omitted for clarity. The dif-
fusion experiment shown is for SolCON-A. For SolCON-B,
the solutions with iron complex 1 and the copper salt are the
top and bottom layers, respectively.

SolCON-A was formed by the reaction of complex 1
(DCM:MeOH, 1:1 v/v) with Cu(NOs).-3H.O in ACN in a molar
ratio of 1:2. DCM:MeOH:ACN (o0.5:0.5:1 v/v/v) was used as a
co-solvent in the center. SOICON-B was obtained by using
ACN as solvent for complex 1 and DMF for Cu(NO;).-3H.0.
ACN:DMF (1:1 v/v) was used as a co-solvent in the center (Fig-
ure 1). Scanning electron microscopy (SEM) analysis revealed
the formation of crystals that have the appearance of a paral-
lelepiped (Figure 1, Chart 1). Although these crystals were
uniformly-shaped, their dimensions vary. For SoICON-A the
size distribution was 2.1 £ 0.9 um (~50 crystals) and for Sol-
CON-B sizes were between 1-4 um (~50 crystals). In addition,
larger crystals of 38-70 um (~10 crystals) were also observed
for SolCON-B. The different solvent combinations did not af-
fect the overall crystal morphology as is sometimes ob-
served.*®

The single-crystal X-ray analysis of SolCON-B showed the
formation of metal-organic framework based on copper cati-
ons and the ligand of complex 1 (Figure 1, Chart 2). The for-
mation of the framework involved ligand transfer from com-
plex 1 to the copper salt. The 3D framework is formed by
mono- and bidentate binding of copper centers to the pyridine
moieties of the ligand. The ligands are coordinated in square-
pyramidal fashion around the copper centers. Two nitrate
counter anions are present in the asymmetric unit and hydro-
gen bonding is observed between the oxygen atom of NO;~
and hydrogen atoms of the polypyridyl ligand. The nanobeam
electron diffraction (NBED) patterns of SOICON-A consist of
sharp spots that match with the according zone-axis patterns
calculated from the refined structure of SolCON-B, demon-
strating that these MOFs have very similar crystallographic
structures Figure 1, Chart 3, Figure S1).

Reacting a solution of [Fe(bpy)s](PFs). in ACN with excess
of Cu(NOs): (40 equiv.) resulted within 60 h in the disappear-
ance of the typical red color associated with the iron com-
plex.* This observation indicates that the vinylpyridyl moie-
ties of complex 1 are not essential for the cation exchange. To
demonstrate the differences between bulk crystallization ver-
sus on surface chemistry, a thin film (SurCON) was prepared
by Layer-by-Layer deposition of solutions containing complex
1and Cu(NOs). (Figure 2). Using this approach, complex 1 re-
tains its structure and electrochromic properties. SurCON
was assembled on fluorine doped tin-oxide (FTO) on glass (2
cm x 2 cm) using an automated spin coating, and solutions of
Cu(NOs)>3H.O (4.0 mM, ACN) and complex 1 (0.6 mM,
DCM:MeOH, 11 v/v). This deposition sequence was repeated
18 times to obtain SurCON. The SurCON was coated with a
thin layer of platinum, and was milled using a focused ion
beam (FIB) (Figures 2, Chart 1). The transmission electron
microcopy (TEM) images of a cross section of SurCON shows
a homogeneous film having a thickness of ~ 178 nm. EDS map-
ping clearly indicates the uniform distribution of both the iron
and coppers cations.

This deposition sequence was repeated 18 times to obtain
SurCON. UV-vis spectra recorded for different numbers of
deposition cycles showed the broad metal-to-ligand charge
transfer (MLCT) bands related to complex 1 at Amax = 458 nm
and Amax. = 596 nm (Figures 2, Chart 2A). An intense -1t
transition band of the ligand was also present at Amax = 333 nm.
Plotting the absorption intensity (Amax = 596 nm) versus the
number of deposition cycles indicated linear growth with re-
tention of complex 1.



X-ray photoelectron spectroscopy (XPS) data of the Sur-
CON confirmed the presence of iron complex 1, and copper
cations as cross-linkers (Figures 2, Chart 2B). Two character-
istic bands for Fe*" are present at 708 eV (2ps.) and 720 eV
(2pi2)2**° The ratio Npy:/Fe of 1.9 is in excellent agreement
with the expected ratio for complex 1 (Npyr/Fe = 12). The bands
for Cu™ are observed at 935 eV (2ps/2) and 955 eV (2p.2) and
the satellite bands at 941-945 eV and 962-965 eV>° The ob-
served ratio of Cu/Fe (~2.7) indicates the formation of a fully
formed network (Cu/Fe = 3), where the copper centers are
bound by two pyridine groups.

Electrochemical measurements unambiguously confirmed
the presence of the electrochromic complex 1 (Figure 2, Chart
3). Cyclic voltammograms (CVs) showed reversible one-elec-
tron redox processes as expected for the Fe*3* couple with a
half-wave potential (Ey.) of 1.1 V and a peak-to-peak separa-
tion of 310 mV at a scan rate of 100 mV/s. The color of the Sur-
CON changed from gray (at 0.4 V) to colorless (at 1.8V) upon
oxidation of Fe* to Fe**. This reversible process could be mon-
itored using spectroelectrochemical (SEC) measurements

Chart 1 Chart 2

(Figure S2). The changes of the oxidation states were accom-
panied by variations in the absorption intensities of the MLCT
bands. The time required to reach 9o% of the maximum trans-
mittance (AT ~ 40%) was ~ 2.1 s. The switching stability was
indicated by 250 redox cycles with > 80% retention of the ini-
tial AT(%). The coloration efficiency (CEs) was 148 cm®/C. The
SurCON is densely packed as indicated by the molecular den-
sity of ~1.1 x 10'° molecule/cm” for a charge density (Q) of 1.77
mC/cm’. Exponential and linear dependencies of the anodic
and cathodic peak currents on the scan rate and square root
of these scan rates, respectively, were observed indicating a
redox process controlled by diffusion. The calculated diffusion
coefficients (Dr) ~3.37 x10° cm™s " (oxidation) and ~3.64 x 10°
% cm®s™ (reduction) are similar and derived from the Randles-
Sevcik equation. The SurCON is remarkably stable as no cat-
ion exchange was observable by UV-vis spectroscopy and elec-
trochemical measurements. Immersion of a SurCON is an
ACN solution containing Cu(NO;).-3H.O (4.0 mM, ACN) for
three days did not result in ligand transfer (Figure S3).
Clearly, the formation of a network containing both the cop-
per salt and complex 1 enhances its stability.
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Figure 1. Characterization of SoOlCON-A and SolCON-B. Chart 1: (A, B) Scanning electron microscopy (SEM) images. Insets:
Zoom-in. Chart 2: SOlCON-B (A) X-ray analysis showing the coordination environment of the polypyridyl ligand with the copper
cations. Hydrogens are omitted for clarity (CCDC 2095187). (B) Structural packing; view along the crystallographic a axis. Chart
3: (A) Experimental nanobeam electron diffraction (NBED) pattern of SolCON-A. (B) Electron diffraction (ED) pattern calculated
from the single-crystal X-ray structure of SOICON-B. The green circles exemplify specific Miller planes of the matching zone-axis

pattern.

In conclusion, the reactions demonstrated here are two ex-
amples of coordination-based polymerization processes:
metal-ligand exchange followed by crystallization and on-sur-
face deposition. The composition of the assemblies is con-
trolled by the applied method. We showed that iron
polypyridyl complexes can be used as sacrificial precursors for

the formation of MOFs by slow diffusion of solutions. The on-
surface polymerization is much faster, this prevents the metal-
ligand exchange. However, reacting palladium salts with iron
polypyridyl complexes in solution (diffusion or by fast mixing)
did not result in metal-ligand exchange,” as was observed here
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Figure 2. Characterization and electrochromic properties of SurCON. Chart 1: (A) Scanning transmission electron microscopy
(STEM) image showing a cross section of a SurCON sample. (B, C) EDS elemental map showing the distribution of iron and copper
metals. Scale bar: 100 nm. Chart 2: (A) Ex-situ absorption spectra recorded during the film formation. FTO/glass was used for the
baseline (black). Inset: Absorbance intensity of the metal-to-ligand charge transfer (MLCT) band (Amax = 596 nm) versus the num-
ber of deposition cycles. (B) X-ray photoelectron spectroscopy (XPS) spectra. Chart 3: (A) Photographs of the colored (0.4 V, Fe™)
and bleached (1.8 V, Fe*") states using an electrolyte solution of 0.1 M TBAPFs in ACN. Additional details are shown in Figure Sz.
(B) Cyclic voltammograms (CVs) recorded at a scan rate of 100 mV/s. (C) Absorption spectra showing the reduced and oxidized

states. FTO/glass was used for the baseline (black).

for complex 1 and a copper salt (Figure S4)). A similar on-
surface polymerization was observed by us and others with
palladium salts for the formation of electrochromic coat-
ings."®'7293435 The use of copper rather than palladium salts
to form electrochromic coatings is advantageous due to
lower toxicity and cost. Others have reported the formation
of related coordination structures based on terpyridine iron
complexes and copper salts in solution and on surface.”®3*
37 No exchange of the iron and copper cations have been re-
ported. The previous finding with palladium chemistry and
the abovementioned reportsy”37 by Constable, Housecroft,
Gupta, Mondal, Zharnikov highlight that our example of di-

vergent coordination chemistry is rare and can offer new op-
portunities in the molecular engineering of functional mate-
rials.

ASSOCIATED CONTENT

Supporting Information

The Supporting Information is available free of charge on the
ACS Publications

AUTHOR INFORMATION

Corresponding Author

michal.lahav@weizmann.ac.il,
milko.vanderboom@weizmann.ac.il



ACKNOWLEDGMENT

This research was supported by the Helen and Martin Kim-
mel Center for Molecular Design and the Israel Science
Foundation (ISF). M.E.vd.B. is the holder of the Bruce A.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Canossa, S.; Cohen, S. M.; Yan, W.; Deng, H.; Guillerm, V.;
Eddaoudi, M.; Madden, D. G.; Jimenez, D. F-.; Lyu, H.; Mac-
readie, L. K.; Ji, Z.; Zhang, Y.; Wang, B.; Haase, F.; W6ll, C;
Zaremba, O.; Andreo, J.; Wuttke, S.; Diercks, C. S. Freund,
R. 25 Years of Reticular Chemistry. Angew. Chem. Int. Ed.
2021, DOI: 10.1002/anie.202101644.

Han, M.; Engelhard, D. M; Clever, G. H. Self-assembled co-
ordination cages based on banana-shaped ligands. Chem.
Soc. Rev. 2014, 43, 1848-1860.

Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. Supramolec-
ular Coordination: Self-Assembly of Finite Two- and Three-
Dimensional Ensembles. Chem. Rev. 20m, 111, 6810-6918.
Pedersen, C. J. Cyclic polyethers and their complexes with
metal salts. J. Am. Chem. Soc. 1967, 89, 2495-2496.

Cram, D. J.; Cram, ]. M. Design of Complexes Between Syn-
thetic Hosts and Organic Guests. Acc. Chem. Res. 1978, 11,
8-14.

Lehn, J. -M. Cryptates: the Chemistry of Macropolycyclic
Inclusion Complexes. Acc. Chem. Res. 1978, 11, 49-57.
Kramer, R.; Lehn, J. -M.; Rigault, A. M. Self-recognition in
helicate self-assembly: spontaneous formation of helical
metal complexes from mixtures of ligands and metal ions.
Proc Natl Acad Sci 1993, 90, 5394-5398.

Greenwald, M.; Wessely, D.; Katz, E. Willner, I.; Cohen, Y.,
From Homoleptic to Heteroleptic Double Stranded Cop-
per(I) Helicates: The Role of Self-Recognition in Self-As-
sembly Processes. J. Org. Chem. 2000, 65, 1050-1058.
Maurizot, V.; Linti, G.; Huc, I. Solid state characterization
of oligopyridine dicarboxamide helicates. Chem. Commun
2004, 924-925.

Sarma, R. J.; Nitschke, J. R. Self-assembly in systems of sub-
components: simple rules, subtle consequences. Angew.
Chem. Int. Ed. 2008, 47, 377-380.

Furukawa, H.; Cordova, K. E.; O'Keeffe, M.; Yaghi, O. M.
The chemistry and applications of metal-organic frame-
works. Science 2013, 341, 1230444.

Rieth, A. J.; Wright, A. M.; Dincd, M. Kinetic stability of
metal-organic frameworks for corrosive and coordinating
gas capture. Nat. Rev. Mater. 2019, 4, 708-725.

Kobayashi, A.; Ohba, T.; Saitoh, E.; Suzuki, Y.; Noro, S. -i.;
Chang, H.-C.; Kato, M. Flexible Coordination Polymers
Composed of Luminescent Ruthenium(II) Metalloligands:
Importance of the Position of the Coordination Site in
Metalloligands. Inorg. Chem. 2014, 53, 2910-2921.

Zhang, X.; Chen, Z.; Liu, X; Hanna, S. L.; Wang, X.; Ledari,
R. T-.; Maleki, A.; Li, P.; Farha, O. K. A historical overview
of the activation and porosity of metal-organic frame-
works. Chem. Soc. Rev. 2020, 49, 7406-7427.

Colwell, K. A.; Jackson, M. N.; Gavosto, R. M. -T.; Jawahery
S.; Vlaisavljevich, B.; Falkowski, J. M.; Smit, B.; Weston, S.
C.; Long, J. R. Buffered Coordination Modulation as a
Means of Controlling Crystal Morphology and Molecular
Diffusion in an Anisotropic Metal-Organic Framework. J.
Am. Chem. Soc. 2021, 143, 5044—-5052.

de Ruiter, G.; Lahav, M.; van der Boom, M. E. Pyridine Co-
ordination Chemistry for Molecular Assemblies on Sur-
faces. Acc. Chem. Res. 2014, 47, 3407-3416.

de Ruiter, G.; van der Boom, M. E. Surface-Confined As-
semblies and Polymers for Molecular Logic. Acc. Chem. Res.

2011, 44, 563-573.

Pearlman Professional Chair in Synthetic Organic Chemis-
try. We thank Dr. Tatyana Bendikov, Olga Brontvein, and
Ifat Kaplan-Ashiri for XPS, SEM, EDS-TEM, and EDS-SEM
measurements, respectively.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33-

34-

Wu, K.; Zhang B.; Drechsler, C.; Holstein, J. J.; Clever, G. H.
Backbone-Bridging Promotes Diversity in Heteroleptic
Cages. Angew. Chem. Int. Ed. 2021, 60, 6403-6407.
Carpenter, J. P.; McTernan, C. T.; Greenfield, J. L.; Laven-
domme, R.; Ronson, T. K.; Nitschke, J. R. Controlling the
Shape and Chirality of an Eight-crossing Molecular Knot.
Chem 2021, 7, 1534-1543.

Mukherjee, S.; Mukherjee P. S. Template-free multicompo-
nent coordination-driven self-assembly of Pd(ii)/Pt(ii) mo-
lecular cages. Chem. Commun. 2014, 50, 2239-2248.

SunY.; Chen, C; Liu, J.; Stang, P. ]. Recent developments in
the construction and applications of platinum-based metal-
lacycles and metallacages via coordination. Chem. Soc.
Rev. 2020, 49, 3889-3919.

Sun, Q. F.; Sato, S.; Fujita, M. An M,,(L"),.(L*),, Cantellated
Tetrahedron: A Case Study on Mixed-Ligand Self-Assem-
bly. Angew. Chem. Int. Ed. 2014, 53, 13510-13513.

Singh, V.; Houben, L.; Shimon, L.; Cohen, S.; Golani, O.;
Feldman, Y.; Lahav, M.; van der Boom, M. E. Unusual Sur-
face Texture, Dimensions and Morphology Variations of
Chiral and Single Crystals. Angew. Chem. Int. Ed. 2021, DOLI:
10.1002/anie.202105772.

di Gregorio, M. C.; Shimon, L.; Brumfeld, V.; Houben, L,;
Lahav, M.; van der Boom, M. E. The Emergence of Chirality
and Structural Complexity in Single Crystals at the Molec-
ular and Morphological Levels. Nat. Commun. 2020, 11, 380.
Sato, H.; Matsui, T.; Chen, Z.; Pirillo, J.; Hijikata, Y.; Aida,
T. Photochemically Crushable and Regenerative Metal-Or-
ganic Framework. J. Am. Chem. Soc. 2020 142, 14069-14073.
Mondal, S.; Santra, D. C.; Ninomiya, Y.; Yoshida, T.; Higu-
chi, M. Dual-Redox System of Metallo-Supramolecular Pol-
ymers for Visible-to-Near-IR Modulable Electrochromism
and Durable Device Fabrication. ACS Appl. Mater. Inter-
faces 2020, 12, 58277-58286.

Zhang, J.; Wang, J.; Wei, C.; Wang, Y.; Xie, G.; Li, Y.; Li, M.
Rapidly sequence-controlled electrosynthesis of organome-
tallic polymers. Nat. Commun. 2020, 11, 2530.

Takada, K.; Sakamoto, R.; Yi, S.-T.; Katagiri, S.; Kambe, T;
Nishihara, H. Electrochromic Bis(terpyridine)metal Com-
plex Nanosheets. J. Am. Chem. Soc. 2015, 137, 4681-4689.
Mondal, P. C.; Singh, V.; Zharnikov, M. Nanometric Assem-
bly of Functional Terpyridyl Complexes on Transparent and
Conductive Oxide Substrates: Structure, Properties, and
Applications. Acc. Chem. Res. 2017, 50, 2128-2138.

Schott, M.; Szczerba, W.; Kurth, D. G. Detailed Study of
Layer-by-Layer Self-Assembled and Dip-Coated Electro-
chromic Thin Films Based on Metallo-Supramolecular Pol-
ymers. Langmuir 2014, 30, 10721-10727.

Cui, B. -B.; Tang, J. -H.; Yao, J.; Zhong, Y. -W. A Molecular
Platform for Multistate Near-Infrared Electrochromism
and Flip-Flop, Flip-Flap-Flop, and Ternary Memory. Angew.
Chem. Int. Ed. 2015, 54, 9192-9197.

Malik, N.; Lahav, M.; van der Boom, M. E. Electrochromic
Metallo-Organic Nanoscale Films: a Molecular Mix and
Match Approach to Thermally Robust and Multistate Solid-
State Devices. Adv. Electron. Mater. 2020, 6, 2000407.
Laschuk, N. O.; Ahmad, R.; Ebralidze, 1. 1.; Poisson, J.;
Easton, E. B.; Zenkina, O. V. Multichromic Monolayer Ter-
pyridine-Based Electrochromic Materials. ACS Appl. Mater.
Interfaces 2020, 12, 41749-41757.

Malik, N.; Dov, N. E.; de Ruiter, G.; Lahav, M.; van der
Boom, M. E. On-Surface Self-Assembly of Stimuli-Response



35-

36.

37-

38.

39-

40.

41.

42.

Metallo-Organic Films: Automated Ultrasonic Spray-Coat-
ing and Electrochromic Devices. ACS Appl. Mater. Inter-
faces 2019, 11, 22858-22868.

Lahav, M.; van der Boom, M. E. Polypyridyl Metallo-Or-
ganic Assemblies for Electrochromic Applications. Adv.
Mater. 2018, 30, 1706641.

Beves, J. E.; Constable, E. C.; Housecroft, C. E.; Neuburger,
M.; Schaffner, S. A one-dimensional copper(ii) coordina-
tion polymer containing [Fe(pytpy).]** (pytpy = 4'-(4-
pyridyl)-2,2":6',2"-terpyridine) as an expanded 4,4'-bipyri-
dineligand: a hydrogen-bonded network penetrated by rod-
like polymers. CrystEngComm, 2008, 10, 344-348.

Gupta, T.; Mondal, P. C.; Kumar, A.; Jeyachandran, Y. L.;
Zharnikov, M. Surface-Confined Heterometallic Molecular
Dyads: Merging the Optical and Electronic Properties of Fe,
Ru, and Os Terpyridyl Complexes. Adv. Funct. Mater. 2013,
23, 4227-4235.

Arslan, H. K.; Shekhah, O.; Wohlgemuth, ].; Franzreb, M;
Fischer, R. A.; Woll, C. High-Throughput Fabrication of
Uniform and Homogenous MOF Coatings. Adv. Funct. Ma-
ter. 2011, 21, 4228-4231.

Chernikova, V.; Shekhah, O.; Eddaoudi, M. Advanced Fab-
rication Method for the Preparation of MOF Thin Films:
Liquid-Phase Epitaxy Approach Meets Spin Coating
Method. ACS Appl. Mater. Interfaces 2016, 8, 20459-20464.
Wen, Q.; Tenenholtz, S.; Shimon, L.; Bar-Elli, O.; Neeman,
L.; Houben, L.; Cohen, S.; Feldman, Y.; Oron D.; Lahav, M.;
van der Boom, M. E. Chiral and SHG-Active Metal-Organic
Frameworks Formed in Solution and on Surfaces: Uni-
formity, Morphology Control, Oriented Growth and Post-
assembly Functionalization. /. Am. Chem. Soc. 2020, 142,
1410-1422.

Fan, Q.; Luy J-. N.; Liebold, M.; Greulich, K.; Zugermeier,
M.; Sundermeyer, J.; Tonner, R.; Gottfried, J. M. Template-
controlled on-surface synthesis of a lanthanide supernaph-
thalocyanine and its open-chain polycyanine counterpart.
Nat. comm. 2019, 10, 5049.

Schoedel, A.; Wojtas, L.; Kelley, S. P.; Rogers, R. D.; Ed-
daoudi, M.; Zaworotko, M. J. Network Diversity through
Decoration of Trigonal-Prismatic Nodes: Two-Step Crystal
Engineering of Cationic Metal-Organic Materials. Angew.
Chem. Int. Ed. 2011, 50, 11421-11424.

43.

44.

45.

46.

47.

48.

49.

50.

51

Xu, H-.S.; Luo, Y,; See, P. Z.; Li, X.; Chen, Z.; Zhou, Y.; Zhao,
X.; Leng, K.; Park, I-. H.; Li, R; Liu, C.; Chen, F.; Xi, S.; Sun,
J.; Loh, K. P. Divergent Chemistry Paths for 3D and 1D
Metallo-Covalent Organic Frameworks (COFs). Angew.
Chem. Int. Ed. 2020, 59, 11527 -11532.

Schifer, B.; Greisch, J-. F.; Faus, I.; Bodenstein, T.; Salitros,
L; Fuhr, O.; Fink, K.; Schiinemann, V.; Kappes, M. M.; Ru-
ben, M. Divergent Coordination Chemistry: Parallel Syn-
thesis of [2x2] Iron(II) Grid-Complex Tauto-Conformers.
Angew. Chem. Int. Ed. 2016, 55, 10881-10885.

Ecija, D.; Urgel, J.; Seitsonen, A. P.; Auwarter, W.; Barth, J.
V. Lanthanide-Directed Assembly of Interfacial Coordina-
tion Architectures—-From Complex Networks to Functional
Nanosystems. Acc. Chem. Res. 2018, 51, 2, 365-375.
Aizenberg, ].; Black, A. J.; Whitesides, G. M. Control of crys-
tal nucleation by patterned self-assembled monolayers. Na-
ture 1999, 398, 495-498.

Shekhah, O.; Wang, H.; Paradinas, M.; Ocal, C.; Schiipbach,
B.; Terfort, A.; Zacher, D.; Fischer, R. A.; W6l C. Controlling
interpenetration in metal-organic frameworks by liquid-
phase epitaxy. Nat. Mater, 2009, 8, 481-484.

Hwang, J.; Yan, R.; Oschatz, M.; Schmidt, B. V. K. J. Solvent
mediated morphology control of zinc MOFs as carbon tem-
plates for application in supercapacitors. J. Mater. Chem. A,
2018, 6, 23521-23530.

Geersing, A.; Ségaud, N.; van der Wijst, M. G. P.; Rots, M.
G.; Roelfes, G. Importance of Metal-lon Exchange for the
Biological Activity of Coordination Complexes of the Bio-
mimetic Ligand N4Py. Inorg. Chem. 2018, 57, 7748-7756.
Crist, B. V. A Review of XPS Data-Banks. XPS Rep. 2007, 1,
1-5.

Mukkatt, I.; Anjana, P. M.; Nirmala, A.; Rakhi, R. B.; Shan-
kar, Ajayaghosh, S. A. Metal ion-induced capacitance mod-
ulation in near-isostructural complexes-derived electro-
chromic coordination polymers. Mater. Today Chem. 2020,
16,100260.



L RN
Cu salt (&)
Cu + Fe 9 ()
+ —p 8y 9
Q
D
. J \_ ) ;4 /n

FTO Q 9 /
Fe complex

MOF Electrochromic film




