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The thermal decomposition of AgNO3 is known to produce metallic Ag, but single-atomic dispersion is
hard to achieve instead of the aggregation state of nanoparticles. Herein, we develop an efficient ap-
proach to thermally generate and stabilize single Ag atoms via the coordination effect. Two desired Co-Ag
phosphonates [Ag!,Co™,(notpHs ),(NO3)]X [X = NO3~ (1) or ClO4~ (2)] were synthesized by solid-phase
grinding method or solution crystallization. Both crystal structures reveal slightly different packing ar-
rangements of various lattice anions and identical one-dimensional (1-D) coordination chains, formed in
each case by the coordination of Ag(I) to the metalloligand Co(notpH3;) and NO;~ anion. The number of
Ag(I) ions connected to each NO3~ anion reduces from 5 in bulk AgNOs; to 2 in compounds 1 and 2,
leading to the AgNO3; component stepwise decomposition at a lower temperature (<300 °C). During the
thermal decomposition, the changes of supermolecular structures and Ag oxidation states were moni-
tored by PXRD, IR and XAFS measurements. The most interesting finding is that 1 and 2 can retain chain
structures and harvest Ag(0) atoms in the chain by controlling decomposition temperatures (220 °C for 1

and 254 °C for 2).

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Coordination polymers (CPs) or metal-organic frameworks
(MOFs) are periodic structures containing metal entities linked by
organic ligands [1-3]. Due to the nature of metal centers’ monodis-
perse and volatile metal oxidation state tuned by ligand coordi-
nation, CPs or MOFs provide a promising platform for designing
single-atom materials (SAMs), applying in such as catalyst [4-11],
battery [12] and solar cell [13]. The active metal sites can be in-
troduced in pristine CPs or MOFs during a synthetic process or be
in-situ produced in their derived materials under suitable thermal
or chemical conversion processes [5,14,15]. In addition, isolated
monometallic active sites can be constructed and further immobi-
lized through the post-modification of metal nodes [4,16], organic
ligands [17], or guest spaces [8]. However, it is still challenging
to anchor single zero-valent metal atoms in CPs/MOFs and their
derivatives, concerning the aggregation of metal atoms to nanopar-
ticles and the optimal coordination geometry.

Metallic Ag nanoparticles (NPs) loaded materials have promis-
ing catalytic activities for photocatalytic water reduction and three-
phase alkyne hydrogenation [18]. To promote photocatalytic perfor-
mance, downsizing Ag NPs to Ag clusters or single-atom dispersion
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is expected to be a good strategy [10]. Recently, a few works were
reported to anchor single Ag atoms in inorganic supports such as
carbon nitride and MnOy by coordination and achieving high sta-
bilities and catalytic activities [18-23]. While the CPs/MOFs sup-
port can immobilize Ag NPs in a few cases [15,17], the observation
of isolated single atoms of metallic silver in them is still rare.

The thermal decomposition of silver nitrate is well known to
obtain metallic Ag, NO,, and O,. The resulting Ag(0) atoms usu-
ally aggregate and can be a precursor to synthesize the Ag NPs.
We conjecture that Ag(0) atoms would be trapped in coordina-
tion spheres and atomically dispersed when AgNO3 thermally de-
composes in CPs/MOFs. To obtain such a compound is trouble in
the combination of NO3~ and a ligand within the same coordi-
nation sphere of Ag(I). In our previous work, the neutral mono-
nuclear complex Co(notpHs3) [notpHg = 1,4,7-triazacyclononane-
1,4,7-triyl-tris(methylene-phosphonic acid)] can serve as a bi-, tri-
or tetra-dentate metalloligand to ligate various metal cations [24-
28]. Herein, we report two new Co(notpHs) based one-dimensional
Co-Ag coordination polymers [Ag',Co'™,(notpHs;),(NO3)](NO3) (1)
and [Ag',Colll;(notpH3),(N0O3)](Cl0O,4) (2). Compound 1 can be syn-
thesized by simply grinding the mixture of Co(notpHs) and AgNO;
solid (Fig. 1a). Each coordinated NO5~ anion bridges two Ag(I) ions
within the chains in both n2- and n!-forms.
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Fig. 1. (a) The synthetic route and decomposition of Co-Ag phosphonates. The diagrams show the asymmetric unit (b) and the coordination chain (c) of compound 1. The
disordered lattice NO3~ anion and all H atoms except bonding to 03, 06 and 09 atoms are omitted for clarity. Symmetric operation: A —x, 1-y, —z; B 1-x, 1-y, —z; C

-1+yvyz

Interestingly, the thermal decomposition of AgNO3 occurs in
both compounds under lower temperatures compared to bulk
AgNOs. Moreover, the stepwise mass losses agree with the succes-
sive release of O, and NO,. After heating at 220 °C for 1 and 254
°C for 2, the intermediates exhibit invariable PXRD patterns and
change from diamagnetism to two spin-1/2 paramagnetism. It in-
dicates that the generating Ag(0) atoms (spin-1/2) and NO, (spin-
1/2) molecules anchor in the coordination chains.

Single crystal X-ray structural analyses revealed that 1 crystal-
lizes in the monoclinic P2;/n space group. The asymmetric unit
consists of one Co(1II), one Ag(I), one notpH33~, a half coordination
NO3~, and a half lattice NO3~. As shown in Fig. 1b, the Co(IIl) ion
in the Co(notpHs3) adopts octahedral geometry, with three donor
N atoms and three donor O atoms [Co-O: 1.921(2)-1.939(2) A, Co-
N: 1.933(3)-1.947(3) A]. Each Ag(l) ion is coordinated by four O
atoms (01, 07, 02A, and 04A) from two Co(notpH3) and one or
two O atoms (0O12B or 010 and O11) from disordered NO3~ an-
ions [Ag-0: 2.375(2)—2.859(3) A]. The Ag1-04A and Ag1-07 bonds
show long distances of 2.770(3) and 2.859(3) A [29], but shorter
than the sum of the van der Waals radii of ~3.7A [30]. Three
O atoms (03, 06, and 09) are protonated in Co(notpHs), which
serves as a tetra-dentate neutral metalloligand binding two equiv-
alent Ag(l) ions [Agl-AglA, 3.2384(7) A] (Fig. 1c). The {Co,Ag,)
units are fused by NO5;~ through its three O atoms [Agl-AglB,
6.0822(9) A], forming a one-dimensional (1-D) infinite chain along
a-axis. Such an alternative chain structure bridged by two kinds
of ligands is also observed in some 1-D metal chains [31-33]. Fur-
thermore, the 1-D chain is stabilized through intrachain hydrogen-
bonding interactions [34,35]. Each Co(notpHs3) servers as not only
a hydrogen bond donor but also a hydrogen bond acceptor to con-
nect the other three Co(notpHs) within the chain [06-H--02A and
06A-H--02: 2.613(3) A; 09-H~05C and 09B-H--05: 2.541(3) A].
The 1-D chains are packed into a 3-D supramolecular network
through strong interchain hydrogen bonding [03-H--08D: 2.484(3)
A (symmetric code D, x, 0.5—y, —0.5 + z)] (Fig. S2a in Support-
ing information). The positive network is balanced by heavily dis-
ordered lattice NO3~ anions.

Like 1, compound 2 also crystallizes in the monoclinic P2¢/n
space group and has a similar asymmetric unit except that a
half lattice ClO4~ anion replaces a half lattice NOs;~ anion. ClO4~
anions in the lattice have minimal impact on the coordination
sphere, the chain’s structure, and the H-bonding interactions be-
tween chains (Table S2, Figs. S2b and S3 in Supporting informa-
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Fig. 2. Thermal stability of 1 and 2 under Ar atmosphere.

tion). The smaller Ag-Ag distances of 3.189(3) A within {Co,Ag,}
units and of 6.062(4) A between {Co,Ag,} units are observed in
2 probably due to the data collection at 173 K. The ClO4~ anion
in the lattice has a different shape from the NOs;~ anion, slightly
changing the placement of coordination chains along b and c di-
rections [B-angle: 96.196(3)° in 1 and 94.743(11)° in 2].

As expected, the AgNO3; component homogeneously dispersed
in hydrogen-bonded networks consist of cobalt phosphonates. The
thermal stability of compounds 1 and 2 was determined by ther-
mogravimetric (TG) analysis (Fig. 2). 1 was pre-dried under 120 °C
to remove the absorbed water molecules in agglomerated particles
of the wet-grinding synthesized sample. Both 1 and 2 have simi-
lar coordination chain structures and hydrogen-bonded networks.
However, various lattice anions (NO3~ in 1 and ClO4~ in 2) sig-
nificantly affect thermal stability showing the different decompo-
sition temperatures (Tyq). We speculate that the size and geom-
etry differences between NO;~ and ClO4~ could affect the ther-
mal stability of 1 and 2. The thermochemical radii of NO3~ and
ClO4~ are 179 and 240 pm [36], respectively. The large ClO4~ an-
ions can occupy more lattice space to make the framework denser,
exhibiting higher tolerance toward lattice collapse [37]. In addition,
compared to planar NO3~, the tetrahedral ClO4~ can involve more
C-H--0 hydrogen bonds (Table S3 in Supporting information) with
the chains, enhancing the chain-chain interactions. 1 undergoes a
two-step mass loss by heating to 500 °C. Two mass losses of 12.1%
and 8.0% come up at the ranges of 120-270 °C and 270-430 °C,
attributed to the nitrate anions or organic moieties’ degradation.
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Fig. 3. PXRD diffractograms of 1, 2 and the related thermal treatment samples.

There is no evident plateau in between, and the decomposition
continues above 430 °C. Compound 2 shows a stable mass up to
150 °C in agreement with the absence of lattice solvents. The de-
composition starts at 150 °C and follows a three-step process. A
slight mass loss of 1.1% occurs between 150 °C and 254 °C, fol-
lowed by two sharply declining mass losses of 3.8% and 12.9% at
254-295 °C and 295-350 °C. The first two mass losses (1.1% and
3.8%) correspond with the stepwise releases of O, (calcd. 1.2%)
and NO, (calcd. 3.5%) from the decomposition of the AgNO3; com-
ponent. Furthermore, the generation of NO, (m/z = 46) was con-
firmed by the thermogravimetric and mass spectrometric (TG-MS)
analyses for 1 and 2 (Fig. S5 in Supporting information). The simi-
lar total weight loss (~22.3%) at 500 °C for both 1 and 2 indicates
the homologous residual components.

TG analyses of bulk AgNOs; and the mononuclear complex
Co(notpH3)-3H,0 were also performed in the Ar atmosphere as a
comparison (Fig. S4 in Supporting information). The decomposition
of AgNO3 (Eq. 1) becomes appreciable around 330 °C and entirely
at 470 °C. The ligand decomposition in Co(notpHs)-3H,0 occurs at
around 287 °C and tends to be stable at 430 °C. The results of TG
analyses indicate that (1) the dispersion can reduce the thermal
stability of the AgNO3; component; (2) lattice ClO4~ anions com-
pared to NO3~ anions can promote the organic moieties’ thermal
stability.

A
2AgNO;=—=2Ag + 2NO; 1 +0; 1 (1)

Insights into the structural transformation during decomposi-
tion are provided by powder XRD measurements for selected sam-
ples annealing at different temperatures (220 and 270 °C for 1;
254 and 295 °C for 2) shown in Fig. 3. The PXRD patterns of 2-
254 remain almost when heating 2 to 254 °C, indicating that the
assembly of Co(notpHs3) units does not change and Ag atoms are
still embedding in the chains structures. The fitted cell parameters
of 2-254 are similar to those of 2 (Fig. S7 and Table S4 in Sup-
porting information). When the annealing temperature reaches 295
°C, 2 undergoes the secondary weight loss, and the resulting solid
2-295 becomes a crystalline-amorphous composite. All observed
diffraction peaks at 20 = 38.2°, 44.4° and 64.5° can be assigned
to crystalline Ag with cubic (Fm-3m) lattice (Fig. S6 and Table S1
in Supporting information). For 1, the diffraction peaks caused by
the crystalline H-bonded assembly are still evident after annealing
at 220 °C. Furthermore, the PXRD pattern of 1-270 confirms the
generation of crystalline Ag.

The above results indicate that the thermal decomposition reac-
tion of AgNO3 can occur in 1D Co-Ag coordination chains at a tem-
perature below T4 of bulk AgNOs. Also, the decomposition consists
of two stages, which are proposed in Fig. 1a. First, the product O,
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releases, and the product NO, retains in the coordination chain to
bridge two adjacent {Co,Ag;} units. Next, the bridged NO, releases
and the collapse of H-bonded networks accompanies the formation
of crystalline Ag. It is worth noting that Ag(0) atoms appear in the
{CoAg,} units at the first stage. The further magnetic and X-ray
absorption fine-structure (XAFS) studies reveal the valence change
of Ag atoms during the decomposition.

Magnetic susceptibilities, measured in the temperature range
1.8-300 K under an external field of 1 kOe, reveal a diamagnetic
nature for compounds 1 and 2, in agreement with the presence
of a low spin db Co(Ill) and d'® Ag(I) (Fig. S6 in Supporting in-
formation). After heating, the resulting samples 1-220, 1-270, 2-
254 and 2-295 become paramagnetic. The x T values (per Co,Ag,
unit) at 300 K are 1.17 cm3 K/mol for 1-220, 718 cm? K/mol for
1-270, 0.84 cm?® K/mol for 2-254, and 7.41 cm?® K/mol for 2-295.
The xmT value for 2-254 is compatible with the spin-only value
(0.75 cm? K/mol) for the 1/2 (Ag®)-1/2 (NO,) spin system. Further-
more, the yyT value for 2-295 agrees well with the presence of
two high spin octahedral Co(II) with a significant orbital contribu-
tion. It indicates NO, within the chain releases while an undefined
Co(Il) species produces. X-ray photoelectron spectroscopy (XPS) is
applied to analyze the Co(Il)/Co(Ill) on the particle’s surface of 2,
2-254 and 2-295 (Fig. S8 in Supporting information). The spectra
of 2 and 2-254 are almost the same, with two peaks at 780.7 and
795.7 eV. While the spectrum of 2-295 shows the observable satel-
lite features at around 784.1 and 802.2 eV (~3.4 and 6.5 eV above
the main peak), indicating the oxidation state of Co(Il) [38]. On ac-
count of no obvious turning point between the releases of O, and
NO, for 1, the y T value for 1-220 is larger than the spin-only
value (0.75 cm? K/mol) for the two separated spin-1/2 system. Af-
ter the release of NO,, the y T values for 1-270 and 2-295 are
almost identical.

The ex-situ Ag K-edge XANES spectra of 1 and the samples
heated at 100, 150, 180, 200, 220, 240 and 280 °C are given in
Fig. 4a, which also shows the spectra of Ag-foil and AgNO3 stan-
dards. Edge energy obtained at half-height of the normalized edge-
jump could be used to monitor changes in the oxidation state for
Ag qualitatively. The edge position of 1 is 25,514.0 eV, identical to
that of the AgNO;3 standard (25,513.5) and 2 eV lower than that of
the Ag-foil standard (25,516.0 eV). For the thermally treated sam-
ples of 1, the edge positions of 1-100, 1-150, 1-180 and 1-200
are almost the same at 25,514.3 eV, suggesting the Ag oxidation
state of +1. Furthermore, the edge positions of 1-240 and 1-280
are almost identical at 25,515.6 eV, suggesting the metallic form of
Ag. The edge position of 1-220 is at 25,514.8 eV between the posi-
tions of AgNO3; and Ag-foil standards, indicating the mixed-valence
(0 and +1) Ag centers.

The EXAFS data of those samples were also analyzed to realize
the changes in the coordination sphere of Ag centers after ther-
mal treatment. Shown in Fig. S8 and Fig. 4b are the Ag K-edge k3-
weight x (k) data and their Fourier-transformed (FT) data, respec-
tively. It is found that 1, 1-100, 1-150, 1-180 and 1-200 present
an FT peak located at the identical position of around 1.7 A, corre-
sponding to the nearest Ag-O coordination. While for 1-220, two
FT peaks at 1.7 and 2.0 A appear on the Ag-O region, indicating
two kinds of local atomic arrangements around the Ag centers.
This structural change might arise from the reducing half Ag(I) ions
to Ag(0) atoms in the chain. The additional structural parameters
fitting for two kinds of Ag coordination spheres are unsuccessful
due to too many variables. The FT peak at 2.5 A with significantly
increased intensity is observed for 1-240, 1-280 and the Ag-foil,
corresponding to the agglomeration of Ag atoms via Ag-Ag bonds.

In conclusion, we synthesized two 1-D Co-Ag phosphonates
containing the AgNO3; component. Under optimal temperature, as
expected, not only the thermal decomposition of AgNO3 can pro-
duce metallic Ag in CPs, but the single Ag atoms are stabilized in
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Fig. 4. (a) Ag K-edge XANES spectra and (b) Fourier transformed space (R space) at Ag K-edge of 1 and its thermally treated samples. The spectra of Ag-foil and AgNO; were

recorded as a comparison.

the chain via phosphonate-Ag coordination. However, the atomi-
cally dispersed metallic Ag is embedded in a dense structure and
inactive. Further work is trying to disperse single atoms of metallic
silver in porous CPs or CP nanosheets using this method.
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