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A luminescent three-dimensional coordination polymer (CP) of
[Cd"(pmdKAg'(CN),},] (1; pmd = pyrimidine) comprising two different
coordination modes of Ag* ions was synthesised herein. 1 exhibited
thermochromic luminescence, accompanied by positive thermal elon-
gation of the Ag: - -Ag distance. Moreover, 1 showed a bright phosphor-
escence with the highest photoluminescence quantum yield (®.,),
approximately 60% at room temperature, among previously reported
phosphorescent Ag-based CPs or metal—organic frameworks.

Emission-switchable luminescent materials are at the forefront
of technological innovations owing to their potential applica-
tions in sensitive sensors, image displays, and fluorescent
thermometers.'™ However, the practical application of emis-
sion materials requires the fulfilment of multiple criteria,
including structural stability, facile and cost-effective fabrica-
tion, and high quantum efficiency. Notably, Ag-based lumines-
cent materials have received considerable attention because of
their attractive characteristics: (i) affordability, (ii) low toxicity
and biocompatibility, (iii) outstanding luminescence proper-
ties, and (iv) sensing abilities.®*° For instance, an Ag cluster-
assembled material (SCAM) of [Agy,(StBu)s(CF;COO)s(CPPP),
(dimethylacetamide);,], (CPPP = 2,5-bis(4-cyanophenyl)-1,4-bis(4-
(pyridine-4-yl)-phenyl)-1,4-dihydropyrrolo[3,2-b]pyrrole) exhibited an
enhancement of luminescence efficiency compared with that of the
CPPP ligand owing to rigidifying methodology through matrix
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coordination induced emission effects."* More recently, the devel-
opment of highly emissive Ag-thermally activated delayed fluores-
cence (TADF) complexes was demonstrated, which was attributed to
the narrow singlet (S,)-triplet (T,) energy gaps, hybrid local excita-
tion and charge transfer (CT) characters facilitating inverse inter-
system crossing, and molecular rigidity.'”> Hence, Ag-based
compounds are promising candidates for fabricating sustainable
and high-performance luminescent materials.

Luminescent coordination polymers (CPs) and metal-
organic frameworks (MOFs), a new class of crystalline porous
and functional materials, are being extensively developed in the
field of materials science.'®>* In particular, Ag-CPs/MOFs have
great potential as platforms for novel photofunctional materi-
als. For example, a study reported the advantages of MOFs in
device applications such as light-emitting diodes, including the
facile preparation and highly designability of the frameworks.>*
However, Ag-CPs/MOFs still have an unresolved challenge of
low photoluminescence quantum yield (®.,) at RT, which
hinders their wide applications at this stage. Therefore, devel-
opment of high-performance Ag-based emission materials is
required to improve luminescence efficiency.

Herein, we report a novel phosphorescent Ag-CP that exhi-
bits an intense light-blue emission with the highest &., value
of 60% at RT. The luminescence features of the resultant CP
were studied by variable-temperature (VT) X-ray diffraction,
photoluminescence measurements, and density functional the-
ory (DFT) calculations.

[Cd"(pmd)[Ag'(CN),], (1; pmd = pyrimidine) was synthesised
by a slow-diffusion method using an aqueous solution of
Cd(NO3),-4H,0, pmd, and K[Ag(CN),], yielding colourless sin-
gle crystals (Fig. S1(d)-(f), ESIt). A detailed synthesis of 1 is
provided in the ESL{ Single-crystal X-ray diffraction (SCXRD)
analysis revealed that compound 1 crystallised in the mono-
clinic space group C2/c, and the crystal parameters are listed in
Table S1 (ESIt). The framework of 1 contains Cd-CN-Ag lin-
kages, which are bridged by bidentate pmd ligands and Ag"
ions, forming a highly dense 3D structure (Fig. 1, Table S1 and
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Fig. 1 Crystal structure of 1 at 300 K. (a) The view is along the a-axis.
(b) Coordination environment of Ag sites in 1. Atomic code: Cd, orange;
Ag, light grey; C, grey; N, blue. H atoms are omitted for clarity.

Fig. S1, ESIf). The Cd*" ions in 1 are hexa-coordinated with
octahedral geometry, where two pmd ligands coordinated to the
axial sites of Cd**, and the other four were bridged by the
cyanides of the [Ag(CN),]” species (Fig. Si(a), ESIf). More
specifically, half of the Ag" ions in 1 adopt a linear geometry
(labelled as Ag1 in Fig. 1(b)), whereas the others have tetrahedral
structures (labelled as Ag2). Furthermore, the distance between
the Agl- - -Ag2 atoms (dag:...ag2) at 300 K is 3.0033(5) A, which is
shorter than twice the van der Waals radius of the Ag'
(3.44 A), indicating the presence of argentophilic interactions in
the framework.>*** The chemical formula and phase purity of 1
were confirmed by elemental analysis, powder X-ray diffraction
(PXRD) patterns (Fig. S2(a), ESIt), and thermogravimetric ana-
lysis (TGA) (Fig. S2(c), ESIT). Infrared (IR) spectra showed the
two stretching modes of bridging CN~ ligands at 2126 cm™ " and
2160 cm ™ * (Fig. S2(b), ESIY), corresponding to the two different
cyanide coordination modes in 1 (Fig. 1(b)).

The thermal expansion (TE) of 1 was investigated using VI-
SCXRD (Fig. 2 and Table S1, ESIf) and VT-synchrotron PXRD
measurements (Fig. S3, ESIT) because the luminescent proper-
ties of the d*® and d® systems (Au', Ag', Cu', and Pt") tend to be
closely related to changes in the metallophilicity of their emis-
sion centres with temperature variation.>**> The obtained TE
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Fig. 2 Thermal variation of cell parameters and thermal expansion con-
stants (MK™* = 107® K™% with standard deviation (SD): (a) a-, (b) b-, and
(c) c-axis and (d) volume calculated using VT-SCXRD results (100-300 K).
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coefficients with standard deviation (SD) for the respective axes
and volumes are summarised in Fig. 2. 1 displays anisotropic
TE behaviour, which comprises positive TE and negative TE
with coefficients of o, = +12.5(2.4) MK * (MK ' = 107° K1),
ap = +53.5(3.6) MK, a. = —23.1(7.6) MK, and ayopume =
+44.9(8.2) MK ™', where the coefficient of thermal expansion

= dl/IdT (I = lattice parameter). Such an anisotropic TE
behaviour is often observed in cyanide-bridged CPs/MOFs due
to relatively weak interactions, framework topologies, and
various external stimuli.>*"*° It is noted that the TE coefficient
in the b axis related to dyg;...ag2 is the largest of the values in
these three axes. Additionally, the dpg...sg value systematically
decreased from 3.0033(5) A at 300 K to 2.9877(4) A at 100 K
during cooling (Fig. S4, ESIf).

Photophysical measurements of 1 were conducted to explore
the relationship between its structure and luminescence char-
acteristics. Fig. 3(a) shows the VT-emission spectra. At 300 K, 1
exhibited a broad emission with a maximum of /., = 481 nm
upon excitation at A, = 330 nm. In addition, the VT-emission
spectra gradually red-shifted from 481 to 501 nm, accompanied
by the enhancement of the luminescence intensity with cool-
ing. As shown in Fig. 3(b), the VT-excitation spectra measured
at Aem = 481-501 nm were similar in shape and rapidly fell
around 340 nm, indicating the same luminescence origin in all
temperature ranges. The VT-emission decay curves display
exponential behaviour with lifetimes in the order of microse-
conds of 14.1 ps (300 K), 22.1 ps (250 K), 26.5 ps (200 K), 28.7 ps
(150 K), 29.6 pus (100 K) and 30.1 ps (77 K) (Fig. 3(c)). These
results imply that the resultant emission profiles have a spin-
forbidden triplet origin, in which the nonradiative decay process
was diminished with cooling.*"** Moreover, the emission max-
imum energy of 1 exhibited a good relationship with dag;...ag
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Fig. 3 (a) VT-emission spectra (Lex = 330 nm). Photographs of 1 at 100 K

and 300 K are shown in the inset. (b) VT-excitation spectra (lem, = 481-
501 nm) of 1. (c) VT-emission decay curves (lex = 350 nm) of 1. (d) Plot of
emission maximum energy (cm™) vs. dagt. - .Ag2 (A).
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(Fig. 3(d)), indicating the contribution of Ag-Ag sites to the
luminescence properties.

Surprisingly, the emission intensity of 1 was quite strong
even at RT, and the photoluminescence quantum yield (@e,)
was approximately 60%. To the best of our knowledge, the
resultant ®.p, of 1 is the highest value at RT for phosphorescent
Ag-based CPs or MOFs. To further investigate the deeper
insights into the emission properties of 1, we carried out DFT
calculations using the SCXRD data at 300 K as a structural
model (details of the DFT calculations are summarized in the
ESIT). The optimised infinite structure of 1 at the ground state
(So) provided reasonable cell parameters compared to the
SCXRD data of 1 at 300 K (Fig. 4(a)); a discrete model structure
cut from the optimised infinite form, where the pmd ligands
were terminated by hydrogen atoms, was used for the S,
calculation (Fig. 4(b) and Table S2, ESIt). The calculated
molecular orbitals (MOs) related to the electronic transitions
suggest that the luminescent feature of 1 is derived from both
the Ag- - -Ag units and pmd ligands, where, for the S, state, the
highest occupied MO (HOMO) possesses a clear o, ,, char-

acter formed by Ag d orbitals, and the lowest unoccupied MO
(LUMO) is the m* orbital of the pmd ligands (Fig. 4(b)). More-
over, a roughly calculated T, state also agreed with this orbital
configuration along with a contraction of the M- - -M distance at
the excited state (Fig. S5 and Table S2, ESI}), although the
incorporation of the effects from surrounding charges and the
resulting electric field through the charge embedding method
should be required to discuss properly the relaxation of the T
states.*’ Thus, the luminescence origin of 1 can be ascribed to
metal-metal-to-ligand charge transfer (MMLCT) transitions,
which are sometimes observed in d'° or d* multinuclear lumi-
nescence compounds.**™*® Generally, MMLCT-based emissions
are driven by the collaboration of close metallophilic interac-
tions and ligands with appropriate ©* orbitals.*’°° Hence, the
resultant computational analysis indicated that 1 also exhibited
a similar trend to the previously reported MMLCT character.
Finally, we studied the effect of MMLCT on the lumines-
cence efficiency of 1. Compound 1 shows a significantly
high @, value of approximately 60% at RT compared with
the previous highest &, of 22% for the recently reported
phosphorescent Ag-MOF of type {[Ag,L,(CH3CN),](BF,),}, (2;
L = diphenyl(2-pyrazyl)phosphine) with the previous highest
@, of 22% at RT.>! Compound 2 is a 3D framework involving
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Fig. 4 (a) Infinite optimised structure and cell parameters of 1 at the
ground Sy state by DFT calculations. (b) Calculated MOs of the model for 1
at the Sq state.
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Table 1 Comparison of photophysical properties for 1 and
{[Ag,L5(CHZCN),1(BF )2}, (2)°F in the solid state at 300 K

1 (300 K) 2 (300 K)**
Jem’/Mm 487 545
Der? 0.596 0.22
Tem /1S 14.1 139
kst 4.23 x 10* 1.58 x 10°
kals™t 2.87 x 10* 5.61 x 10°
kelknr 1.48 0.282

“ Emission maximum. ? Photoluminescence quantum yields. ¢ Emis-
sion lifetime. ¢ Radiative decay rate constants (k) were estimated using
the equation: ®¢p/Ten. ¢ Nonradiative decay rate constants (k) were
estimated using the equation: k(1 — Pep)/Pemn.

[Ag,L,(MeCN),] building units (Fig. S6, ESIf), in which the
emission mechanism of 2 was assigned to intraligand phos-
phorescence (*IL). By employing 2, we discuss the effects of
different emission mechanisms on the photoluminescence
quantum yield. Photophysical parameters such as ®.p,, emis-
sion lifetimes (7.m), radiative decay rate constants (k.), and
nonradiative decay rate constants (k) of 1 and 2 at 300 K are
summarised in Table 1.

Notably, the 7., value of 1 was significantly smaller than
that of 2, indicating that, due to heavy-atom effects, the
radiative deactivation of 1, including intersystem crossing, is
more efficient (Table 1). Moreover, the k; and k,, values of 1
were approximately 26 and 5 times larger than those of 2, respec-
tively. The relatively small &, of 1 might be attributed to the
coordination environment of the Ag ions, as well as the kind of
Ag-surrounding ligands and the rigidity of the framework. Impor-
tantly, d'° metal ions with a closed-shell electronic configuration
can form a variety of coordination geometries,'®>> which signifi-
cantly influences the emission properties as demonstrated in an
Au'-based complex.” Thus, the Ag: - -Ag-related emission path and
structural rigidity of the tetrahedral Ag2 ions in 1 would be key
factors for the highest @, value.

In summary, we have reported a new phosphorescent Ag-CP
of type [Cd"(pmd)}{Ag'(CN),},] (1; pmd = pyrimidine) with
an intensive phosphorescence originating from MMLCT
transitions. The high luminescence quantum efficiency
(Pem = 59.6%) of Ag-based CPs at RT might be due to the
effective luminescent path involving Ag-Ag contacts and the
structural rigidity of the framework, including the coordination
mode of Ag" ions. We highlight that luminescent CPs with the
*MMLCT character can be promising for novel photofunctional
materials because of their attractive possibilities such as highly
efficient luminescence and favourable emission lifetimes.

H. Y. designed the project and performed all lab experi-
ments and VT-synchrotron PXRD at SAGA-LS. M. S., K. M., and
K. O. carried out photoluminescence lifetime measurements.
J.P. and Y. H. performed the computational analysis. W. K.
assisted in VT-emission and excitation spectroscopy measure-
ments. H. Y. and H. M. edited the manuscript.
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