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ARTICLE INFO ABSTRACT
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Solid solution featuring mixed valence in metal-organic coordination polymer (MOCP) is rare. Inspired by the
flexibility of Pb%" to undergo cation exchange, and its ability to adopt a variety of coordination numbers (CN) and
chemical environments (CE), herein we report the first, to our knowledge, hetero-valent, single and multiple
substituted MOCP with cation vacancy featuring tunable photoluminescence, which may pave a way towards a
tunable, functional MOCP. The 3D Pb MOCP features 1D moiety which contains three unique Pb%* sites, each
with a different CN and CE, that can undergo cationic substitutions with exogenous divalent as well as aliovalent,
e.g. mono- or trivalent cations under appropriate conditions. The formation of solid solution is confirmed by
Single Crystal and Powder X-ray Diffractions, SEM-EDS, ICP-OES, as well as XPS. A tunable photoluminescent (PL)
color exhibiting good antennae effect and retention of original 3D Pb host color is observed using as little as 6 wt%
of Eu®" dopant. More importantly, the PL intensity of Eu>* substituted Pb MOCP increases as dopant amount
increases even up to 80 wt% doping, a rather rare case and the first, to our knowledge, in MOCP solid solution.

1. Introduction

Tunable physical or chemical functionalities in metal organic coor-
dination polymers (MOCPs), can be ascribed largely to its tailorable
chemical composition, flexibility, modular chemistry, high porosity or
surface area. The tunable functionalities enable a target application by
design, such as tunable light emission [1-4], luminescence sensors [3,
5-71, energy [8], decontamination of pollutants via adsorption in-
teractions [9-14]. In addition, the presence of defects in MOCPs and
systematic understanding of their nature yield impressive benefits in
controlling and manipulating their properties [15-20].

Defect engineering, through judicious control of structural defects
and any related heterogeneity, is of unparalleled importance in solid state
electronic materials, such as silicon, Group III/V semiconductor and its
derivatives [21,22]. Application of such concept in metal-organic
framework (MOF) or MOCP in general [15-17,20,23-36], would
realize MOF with tunable properties [18,37]. Despite being an exciting
concept to manipulate the structure and the resulting electronic

* Corresponding author.
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properties, defect engineering by design in MOCP remains elusive
[38-45]. In fact, based on recent reviews, it is reported that there is no
well-documented report on MOCP with fully characterized cation va-
cancy due to partial replacement of cationic host by aliovalent cationic
guest [18,19,27].

Compounds that contain main group element with lone pair are re-
ported to be tolerant to defects [46-48], that can also be easily ion
exchanged. Among frequently used cations for ion exchange in MOCP,
Pb2t possesses lowest electronegativity that gives labile ionic bonds,
which in turn allowing it to be exchanged faster [49]. In addition, Pb%Tis
one of the cations that are in borderline of Hard-Soft-Acid-Base (HSAB)
concept [50,51], hence can adopt a variety of CE [52,53], in addition to
having flexible CN (2-10) due to its large size [54-57]. Such features
motivate us to search for a Pb MOCP system having more than one cation
centres with different CN and CE from which each can undergo aliovalent
cationic substitution to realize mixed valent, hence cation vacancy cre-
ation, and multiple doping.

The search narrows down to our previously synthesized 1D Pb MOCP
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system that undergoes structural transformation into 3D MOCP that has
three Pb2" crystallographic sites with different CN and CE, fulfilling the
pre-requisites, Fig. 1 [58]. Using such system, herein we report a suc-
cessful synthesis of single and multiple doped MOCPs featuring
hetero-valences and cation vacancy, as our first step towards defect en-
gineering by design. Lithium substituted Pb>" MOCP (Lit/Pb) is syn-
thesized to demonstrate monovalent substitution. Divalent cation
substituted Pb>" MOCPs (M?*/Pb) featuring a variety of substituent’s
ionic radii (0.65-0.95 A) are successfully synthesized. Lanthanide (Ln®")
substituted Pb%>* MOCPs (Ln>*/Pb) with cation vacancy are also suc-
cessfully made featuring good antennae effect while preserving the 3D Pb
host’s original luminescent color, giving a dual color luminescence, with
dopant amount as little as 6 wt%. Notably, an increased dopant, up to
80 wt%, with increased PL intensity is observed in Eu>* doped Pb MOCP.

Further, a proof-of-concept compound is successfully orchestrated,
proving the ability of this system to accommodate both divalent and
trivalent exogenous cation dopants simultaneously, realizing, to our
knowledge, the first multiple substituted, hetero-valent solid solution
MOCP (M2+/M3+/Pb) with cation vacancy.

2. Experimental section

All reagents were purchased from Sigma-Aldrich and used without
further purification. Semi-Quantitative analyses (atomic percentage of
elements) were performed using Hitachi SU8220 Scanning Electron
Microscope-Energy Dispersive Spectrometry (SEM-EDS) using washed
and dried samples. Li*/Pb and some M>*/Pb stoichiometric ratio were
determined using an analytikjena PlasmaQuant PQ 9000 Inductively
Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) spectrometry,
using a washed and dried sample. Solid state photoluminescence mea-
surements were performed using a Horiba LabRam Evolution high-
resolution confocal Raman microscope spectrometer (600 g/mm
diffraction grating) equipped with a diode continuous wave laser
(473 nm, 25mW) and a Synapse charge-coupled device camera. The
maximum power output of the laser source was filtered to 1% of the
maximum power output. Variation of dopant amount samples were
measured using Edinburgh Instrument (FLS920). The solid state UV-Vis
was carried out using diffuse reflectance PerkinElmer Lambda 950.

2.1. Synthesis of Pb-host, PbyCly(Hpzdc)2(H20)2

A similar synthesis procedure reported by us [58,59] with further
optimizations was adopted. Based on the new optimized method, the
onset of the crystal formation time was greatly reduced to almost
immediately, the clear solution was filtered and crystallization pro-
ceeded to completion within two to 3h. A mixture of PbO (0.089 g,
0.4 mmol), Hypzdc (0.067 g, 0.4mmol), and piperazine (0.0215g,
0.25 mmol) in DI water (20 ml) was heated and stirred at 70 C. Subse-
quently, 10 drops of conc. HCl was added dropwise into the mixture

Ln3*or
Li*/Pb2* (2)
Li*/or
Ln3*/Pb2* (3)

Soaked in aq."’ ’

M1+, 2+ and/or 3+

QY.

(,;/ \

Ln = Lanthanides; Li*/or TM**/or
TM = Transition metals LN*"/Pb** (1)

Fig. 1. Structural transformation from 1D into 3D featuring multiple doping and
hetero-valences in Pb-based MOCP.
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resulting in a clear solution. The stirring and heating were continued for
5 min. Large, colorless, ribbon crystals were obtained in a quantitative
yield after 2-3 h of slow evaporation. The final products were isolated by
vacuum filtration, and dried at room temperature.

2.2. Synthesis of Li*/Pb doped MOCP

Pb host (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of different Li(I)X precursor, X = NO3, CH3COO, OH, I, and PFg
(0.066 mmol). The dissolution-recrystallization progress was examined
in-situ under an optical microscope as a function of soaking time at room
temperature. The obtained products with nearly quantitative yield (after
3d of soaking) were then washed thoroughly with fresh DI water and
dried at room temperature prior to further characterizations. A quanti-
tative analysis was performed by ICP-OES on some selected compounds.

2.3. Synthesis of M**/Pb doped product

Pb host (0.03 g, 0.035mmol) was immersed into a ~7 ml aqueous
solution of either nitrate and/or chloride precursor of M2+, M = Co, Ni,
Zn, or Cd (0.066 mmol). Washing and characterizations procedures were
done similar to those of monovalent soaking. A semi-quantitative anal-
ysis was performed by SEM-EDS. The products were collected after 3d of
soaking with nearly quantitative yield.

2.4. Rendering cation-exchanged product into a doped product

Cation-exchanged product was produced when Pb host (0.03g,
0.035 mmol) was immersed into a ~7 ml aqueous solution of FeCl, or
CuCl; (0.066 mmol). Rendering this into a doped product was success-
fully done by soaking Pb host (0.03 g, 0.035 mmol) into a ~7 ml DME/
H50 (1:1) solution of FeCly (0.066 mmol) or a ~7 ml DMF/H50/1,4-
dioxane (1:1:1) solution of Copper (II) acetate (0.066 mmol). Washing
and characterizations procedures were done similar to those of divalent
soaking. The products were collected in quantitative yields after 3d of
soaking.

2.5. Synthesis of M>*/Pb doped product

Pb host (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursor of Ln®*, In=1La, Eu, Gd, Tb, or Er
(0.066 mmol). Washing and characterizations procedures were done
similar to those of divalent soaking. The products were collected in
quantitative yields after 3d of soaking.

2.6. Synthesis of M>*/Pb (M = Eu, Tb) with dopant variations

Pb host (0.03 g, 0.035 mmol) was immersed into a: ~7 ml aqueous
solution, for condition (1) or ~7 ml H,O/Dioxane/DMF mixture with the
addition of 2 drops of pyridine, for condition (2) or same as (2) but with
heating at 60 °C for 24 h, for condition (3), of nitrate precursor of Ln3+,
Ln =Eu or Tb (0.066 mmol). Washing and characterizations procedures
were done similar to those of divalent soaking. All products were
collected in quantitative yields after 3d of soaking, except for condition

(3).

2.7. Synthesis of M>*/M?*/Pb doped product

Pb host (0.03 g, 0.035 mmol) was immersed into a ~7 ml aqueous
solution of nitrate precursors of a mixture of Eu®* (0.035 mmol) and Zn?*
(0.035 mmol). Washing and characterizations procedures were done
similar to those of divalent soaking. The products were collected in
quantitative yields after 3d of soaking.



A.M. Hamisu et al.

2.8. Soaking 3D Pb MOCP in a solution of divalent cation precursor at
room temperature

The 3D Pb MOCP, Pbs(pzdc)3(H20), was synthesized according to the
literature [59]. The resulting product (0.03g, 0.035mmol) was
immersed into a ~7 ml aqueous solution of either nitrate and/or chloride
precursor of Co?" (0.066 mmol). The dissolution-recrystallization prog-
ress was examined in-situ under an optical microscope as a function of
soaking time at room temperature. Two batches of products (after 3d and
nearly 1 month of soaking) were then washed thoroughly with fresh DI
water and dried at room temperature prior to further characterizations. A
semi-quantitative analysis was performed by SEM-EDS.

2.9. X-ray Crystallography

Single crystal X-ray diffraction was performed on a Bruker Kappa
APEX2 diffractometer with a MoKoa (A=0.71073 Z\) IuS microfocus
source at 100 K. Prior to data collections, the single crystal samples were
stored in a small amount of corresponding mother liquor in which each
dissolution-recrystallization occurred. Data collection, cell refinement,
and data reduction were carried out using the program APEX3 [60].
Numerical absorption corrections were performed with the program
SADABS. Using Olex2 [61], the structure was solved with the ShelXS [62]
structure solution program using Direct Methods and refined with the XL
(Sheldrick, 2008) [62] refinement package using Least Squares
minimization.

Most of the crystallographic contrast between the substituent and the
Pb atoms sharing the same site comes from the refinement of the partial
occupancy factor of the Pb atoms. Since the atomic structure factor of Pb
is very large, determination of the partial occupancy of Pb is very sen-
sitive to the amount of substitution. As the substituted members are
semiconductors, all crystallographic refinements were performed
assuming charge balance. Therefore, a soft constrain (SUMP command)
was used for imposing charge balance for all atoms that occupy partially
the Pb sites. Because the valence state of most substituents is different
(aliovalent) than that of Pb%*, as confirmed by X-ray Photoemission
measurements, a small amount of vacancies must be utilized in order to
have charge balance.

2.10. Powder X-ray diffraction

Ground single crystals of the samples were used to collect powder X-

(A)

Journal of Solid State Chemistry 279 (2019) 120948

ray diffraction patterns using a PanAlytical X'Pert Pro Powder Diffrac-
tometer (Cu Ka radiation A = 1.5418 f&) over the 20 range of 5 - 500, with
a step size of 0.02° and a scan speed of 0.25°/min. The measured patterns
were compared to the simulated diffraction patterns using the respective
single crystal data.

2.11. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron studies were performed using a Thermo Scien-
tific ESCALAB 250 Xi spectrometer equipped with a monochromatic Al
Ka X-ray source (1486.6eV) and operated at 300 W. Samples were
analyzed under vacuum (P < 10”8 mbar), whereas survey scans and high-
resolution scans were collected using pass energy of 50 eV. Binding en-
ergies were referred to the C 1s binding energy at 284.6 eV. A low-energy
electron flood gun was employed for charge neutralization and ion beam
etching for surface cleaning. Prior to XPS measurements, ground crystals
of each sample attached on copper foil and mounted on stubs and suc-
cessively put into the entry-load chamber to pump.

3. Results and discussion
3.1. Simultaneous structural transformation and partial cation exchange

In our quest to accomplishing defect engineering by design in MOCP,
our group judiciously search for an MOCP system that has multiple metal
cation centres with varied CE and CN in which the cation centre possesses
rather labile ionic bond. The choice is made to our previously reported
1D Pb MOCP that can undergo structural change into a 3D structure with
three distinctive Pb crystallographic sites fulfilling the prerequisites for
multiple cation exchanges using homo- and/or aliovalent cation [63].
The 1D structure of the Pb MOCP is built around centrosymmetric
Pb-dimers bridged by chloride ions. The monoprotonated ligand further
connects the dimers forming a ladder-like chain extended along the
b-axis, Fig. 1. The existence of labile chloride bridging leads to structural
transformation into a 3D structure through a dissolution-recrystallization
step [63]. Such a 3D compound feature three independent and crystal-
lographically unique Pb centres, each with different CN and CE. These
trinuclear independent crystallographic sites are further connected by
carboxylate oxygen atoms from the ligands to form an infinite rod-like
SBUs, Fig. 2, which are further linked into an extended three dimen-
sional structure, Fig. 3 [63]. The topological analysis of the 3D structure
[64] reveals a 6-nodal network with a 3,4,4,5,5,5-connected network and

Fig. 2. Pristine 3D MOCP showing Pb>* CN and CE (A), geometrical polyhedra (B), and rod-like moiety (C).



A.M. Hamisu et al.

Figure 3. 3D structure of cation doped Pb**
mer (view along the b-axis).

Brown = C, White = H.

metal-organic coordination poly-
Green=Pb, Blue=N, Red=0,

stoichiometry of (3-c)(4-c)(4-c)(5-c)(5-c)(5-c).

Soaking of pure 1D Pb into different aqueous-based solutions of
mono-, di-, or tri-valent cation (and their mixture), resulted in a solvent-
mediated structural transformation from 1D into the 3D structure having
three crystallographic distinct Pb* sites with different CN and CE, Figs. 1
and 2, that allows cationic substitutions. Similar results of dissolution-
recrystallization process was observed for all of the substituted MOCPs;
relatively slow (>2h) dissolution of the 1D Pb with emergences of new
crystals, the substituted MOCPs, on its surface after ~30 min of soaking
and the new crystals continue to grow for 3 days to reach phase purity as
confirmed by PXRD. Representative images of such processes are shown
in Fig. 4.

To gain insight into how the structural transformation and cationic
substitution occur, we have attempted to synthesize cation substituted
Pb?* MOCP directly from the known 3D structure of Pbz(pzdc)s(H20), 3D
Pb [65], by soaking it in similar solutions. Based on the SEM-EDS result
and PXRD pattern, Fig. S1, the exogenous cation failed to dope or sub-
stitute into the 3D structure even after soaking for one month. This
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suggests that, the substitutional solid solution and the 3D structure may
need to occur simultaneously which, in this case, can be done success-
fully using the dynamic, 1D Pb as starting material under suitable reac-
tion conditions.

Li substituted Pb MOCP, Li*/Pb, was successfully synthesized using a
variety of Li" precursors, with the largest resulting substituted crystals
obtained from LiNOgz precursors with the resulting formula of
Pby golig 11(pzdc)3(H20)p60, as refined by the single crystal X-ray
diffraction, and the presence of Li, ~3.6 wt%, was confirmed by ICP-OES,
Table 1, corresponding nicely to crystallographic refinement. Theoreti-
cally, monovalent substitution into divalent host, should create anion
vacancy [66], however, our crystallographic refinement did not detect
the presence of anion deficiency in the ligand. The PXRD pattern in-
dicates its phase purity, Fig. S2. In this case, Li" cations were found to
partially substitute all the three Pb2* sites with CN of 6, 7, and 9, for
Pb(1), (2), and (3), respectively, Fig. 1. The latter displays two longer,
hence weaker Li-O coordination bonds for O(2) and O(6), expected for
smaller Li*. Examples of Li-based compounds with such CNs have been
reported before [67,68].

As an extension of our Co®" substituted Pb MOCP, Pbs 67C00.33(pzd-
¢)3(H20) [58], other divalent cations with varying sizes (0.65-0.95 A)
have been successfully synthesized forming M>*/Pb products, M = Co,
Ni, Zn, Cd, albeit in the form of polycrystalline powders. Their PXRD
patterns prove their similar structure to that of Co*"/Pb and phase purity,
Fig. S3. Semi-quantitative analysis of these compounds using SEM-EDS
shows the presence of respective substituent in the range of 11-20
atomic %, Table 1. Due to the fact that these compounds were of similar
structure to that of Co®/Pb, and the presence of respective divalent
dopant was detected quantitatively, and their similar geometrical pref-
erence to that of Co®* [69], we then assumed that each divalent dopant
substituted at the Pb(1) sites with a similar small shift from the actual
Pb(1) sites, Fig. 1, analogous to that of Co?*/Pb we reported previously.

Such a shift may happen due to the absence of lone pair in these
transition metal (TM) dopants, therefore giving less distorted octahedral
compared to that of Pb?t with its pronounced lone pair effect, Fig. S4.
The preference for Pb(1) sites by exogenous TM dopants is likely due to
favourable CN (i.e., six) and CE (having N and O donors including co-
ordinated water), Fig. 2 (A) and Figure S4.

Among exogenous divalent TM cations used in here, only Cu?* and
Fe?* did not exhibit partial cation exchange in aqueous solution, instead
they both changed rapidly into known isostructures, [M(pzdc)(H20)2]-
2H,0; M =Cu?" or Fe*' [70,71], facilitated by replacing bridging
chloride in 1D Pb by coordinated water. Unlike the successful

Fig. 4. Representative microscopic images of dissolution-recrystallization process: pristine 1D Pb (A); after ~30 min soaking in the aqueous solution of: Co*" (B), Eu®*
(with or without Zn") (C); final single crystals appearance of: Co®>*/Pb (D), Eu>*/Pb and Eu®*/Zn?*/Pb, both have similar appearances, (E).



A.M. Hamisu et al.

Table 1
SEM-EDS (average atomic %) or ICP-OES (wt.%)* results of dopant in cation
doped Pb2+ metal organic coordination polymers.

Dopant Amount (atomic or wt.%)
Lit * 3.6
Co** 11

Ni%* 20
Zn** 17
cu?* 11

cd*! 12
Fe?tr * 11
La®* 2.0
Eu®! 6.0
Gd** 6.0
Tb** 6.0
Er* 5.0
Zn®"; Eu®t 4.0; 1.0
Condition (1); Eu®* or Tb®* 6.0
Condition (2); Eu®* * or Tb3* 35
Condition (3); Eu®* * or Tb>* 80

substitution, in these two cases the 1D Pb dissolved relatively fast
(<5 min) followed by the appearance of the new respective crystals in the
solution. Through careful solvent selection based on polarity, we have
successfully rendered the 1D Pb to undergo the anticipated 1D-to-3D
structural transformation with a partial exchange between Pb?" and
Fe2+, giving a doped Fe**/Pb product, Pby g7Feq 32(pzdc)3(H20)g 35, in
which Fe>™ went into Pb(1) sites as expected. This was done by using an
FeCly solution of DMF/H20 mixture (1:1 ratio), instead of a typical
aqueous solution only. Its phase purity is proven by PXRD patterns,
Fig. S5, with an average amount of 11 wt % of Fe?* substituted into the
structure, Table 1, obtained from ICP-OES. The substituted Cu®*/Pb
product was acquired by soaking the 1D Pb into a solution of Cu(II) ac-
etate in water/DMF/1,4-dioxane, and its phase purity is shown in the
PXRD pattern, Fig. S5. SEM-EDS, Table 1, confirms the presence of Cu?".
In these two cases, the typical dissolution-recrystallization processes for
successful doping as mentioned previously were observed.

Doping rare earth ion (Ln) into MOCPs typically endows them with
long-lived luminescence, large Stokes shift, intense and tunable color
emissions [72,73]. These materials are of particular importance due to
their promising applications for optical sensing or solid state lighting
luminescence materials [6,74,75]. Single-phase but multi-coloured
emitting materials are of great importance due to their potentials for
security and display applications [5,76,77]. Usually, multi-coloured
emitting materials are made by incorporating Ln into the framework to
form heterometallic structures which may undergo single excitation to
attain dual or multiple color emission.

One of our goals is to achieve mixed valent doping. Knowing the
fact that Ln3t are oxophilic [78,79] and Pb(3) site is surrounded by
oxygen atoms, soaking 1D Pb into Ln®*' aqueous solution resulted in
the mixed valent substituted Ln>*/Pb MOCP in which the Ln®** went into
Pb(3) oxophilic sites, in addition to Pb(1) sites. Remarkably, we found that
Pb2* in Pb(2) sites were fully exchanged by Ln3* (La, Eu, Gd, Tb, or Er
are used as representative here), Fig. 1, giving a total formula of
Pby g3Lap,05Vaco 02(pzdc)3(H20)0.60,  Pba.76Eu0.16Vace.0s(pzdc)3(H20)o 56,
Pby 73Gdo.18Vacy go(pzdc)3(H20)o.58, Pba.73Tbg 18Vacy go(pzdc)3(H20)0.60,
and Pby 76Erg 16Vacy og(pzdc)3(Ho0)g 59, respectively, featuring cation va-
cancy (Vac) on each compound. In this case, Ln are accommodated in all
three Pb sites, with preference on Pb(2) sites having 7 CNs comprising O
and N donors of the ligand. Due to the use of aliovalent cation substituent,
cation vacancy was refined in these cases to obtain charge balances. The
presence of Ln®' is further proven by SEM-EDS or ICP-OES analysis,
Table 1. Structural integrity of these compounds is further confirmed by
PXRD, Fig. S6. The result of all Pb" sites substitutions was expected as
Ln>* are flexible in terms of CN and examples of Ln-based compounds with
6, 7, and 9 CNs are available [80-82].

To vary the Ln>t amounts (Ln = Eu and Tb as representatives), a se-
ries of experiments were conducted by systematically exploring the effect
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of different synthetic conditions, considering hard soft acid base (HSAB)
principle, mole ratio, pH, temperature or the reaction time. Though the
details of the effects of these parameters on the structural transformation
and cation exchange are still ongoing in our lab, three different synthetic
conditions were applied to vary the dopant amounts: (1) an aqueous
solution; (2) a mixture of three solvents (HoO/Dioxane/DMF) with the
addition of 2 drops of pyridine, while (3) is the same as (2) but with
heating at 60 °C for 24 h.

In condition (1), only about 6 wt % of Ln>* exchanged the Pb?* ions.
This is anticipated as the starting reagent, 1D Pb, tends to dissolve faster
in protic solvents than aprotic ones, in addition to this, Ln®" are generally
hard acids and hydroxyl ions (OH") in water are hard base which, in
HSAB principle, will preferentially bind and prevent Ln>" ions from
undergoing substitution with the host Pb>*. While in conditions (2) and
(3), a mixture of solvents were used, which serve to slow the trans-
formation of 1D Pb to the 3D structure by suppressing the dissolution
process of the 1D Pb and the subsequent transformation to 3D. Based on
the generalized principle of HSAB, the Pb%", a borderline acid, will
preferentially bind with a borderline base. Addition of 2 drops of pyri-
dine, borderline base, into the system increases the solvation and binding
of the Pb?* ions by pyridine that brings it into the solution and prevents it
from going back to form the 3D compound, hence, paving a way for the
exogenous Ln>" into the 3D structure. Using these conditions, we sys-
tematically vary the dopant amounts: 6, 35 and 80 wt% for Eu®>" or Tb>*
using conditions (1), (2), and (3), respectively. Such results give a general
formula of Pbs.34LingyVacy(pzdc)3(H20) in which x = 0.08, 0.52, and 1.2
for 6, 35, and 80 wt% of Ln (Eu®* or Tb>"), respectively. Note that only
6 wt% samples have been confirmed their cation vacancy (Vac) stoichi-
ometry as refined crystallographically due to single crystallinity issue
observed for other wt.% samples. The cations relative percentages are
confirmed as shown in Table 1. Besides indicating phase purity and
structural integrity, their Rietveld analysis of the PXRD data further
shows a linear decrease in the lattice parameter a, with an increase in
Eu®* or Tb®* dopant amount, which obeys the Vegard’s law, Fig. 5.

A further proof-of-concept for this work was establishing hetero-
valent, multiple doped MOCP, Mt /M3t /Pb. Using the chosen system,
we have successfully made a hetero-valent MOCP with the resulting
formula of Pbjg4Zng 12Eug g2Vacy 02(pzdc)s(H20)g 47, featuring cation
vacancy, as refined using the single crystal X-ray diffraction data. The
presence of such mixed valence and multiple doping was further sup-
ported by SEM-EDS analysis, Table 1, including EDS elemental mapping
of Pb/Zn/Eu, Fig. S7. PXRD pattern, Fig. S8, shows its phase purity and
structural integrity. We found that Eu®* and Zn?* were substituted into
Pb(1) sites, with the latter occupies a slightly shifted position to that of
Pb(1) site as expected. Pb(2) and (3) sites were found unsubstituted. Zn?t
preference to exchange at Pb(1) is anticipated, consistent with its single
dopant counterpart (Zn2+/Pb). Eu®* choice of site, however, is rather
unexpected since its single dopant counterpart (Eu>*/Pb) preferred Pb(2)
site as it underwent full exchange, from Pb?* into Eu®?, in this site.
Understanding the substitution mechanism and site preferences as well
as the reason for deficient water stoichiometry that may have to do with
vacancy formation requires further investigations.

3.2. XPS results

Eu®*/Pb, Eu®*/Zn*t/Pb, Lit/Pb, and Fe?>'/Pb were characterized by
XPS as representative doped products to investigate their oxidation state
and CE, Fig. S9. The splitting of the binding energy of 4f orbitals in Pb and
the energies of the 3d orbitals for Eu are attributed to the strong spin-
orbit coupling. The binding energy of Pb 4f is assigned as 143.3 (4f5,2)
and 138.4 (4f;/2) eV which is consistent with +2 oxidation states of Pb
[83]. The very similar binding energies of Pb in these MOCPs are
indicative for their very similar CE. The binding energies of Eu in
Eu®*/Pb, and Zn**/Eu*t/Pb are at 1125.1 (3ds/3) and 1135.2 (3ds,3).
The binding energies at 1022.5eV and 710.2eV correspond to the Zn
(2ps,2) and Fe (2ps,2) orbitals in Eu>*/Zn?*t/Pb and Fe?* /Pb, respectively
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Fig. 5. PXRD patterns of: (A) Eu®*/Pb with 6, 35 and 80 wt % of Eu®*, and (B) Tb®*/Pb with 6, 35 and 80 wt % of Tb®*. (C) Rietveld refinements of powder X-ray
diffraction data with incorporation of smaller Eu®" or Tb®* (note that the stoichiometry, x, corresponds to 6, 35, and 80 wt% of the dopant).

[83].Li" in Li*/Pb was not detected by XPS because the Li concentration
was very low and below the detection limit. Presence of Li was deter-
mined indirectly by single crystal X-ray diffraction, where the occupancy
of Pb atoms which share the same site with Li was refined. The resulting
Li/Pb stoichiometric ratio was validated by ICP-OES.

3.3. Photoluminescence

Based on the Laporte selection rule, the low absorption and the
forbidden nature of the f-f transitions are inherent property of most Ln>*
ions which make them less efficient light energy absorbers [84]. To
overcome the poor light absorption, Ln®* are typically introduced into a
system with suitable organic chromophore that can efficiently absorb
energy and transfer to the Ln>" ions, the so-called antennae effect.

A photoluminescence evaluation was conducted on Ln substituted Pb
MOCP, namely Eu>*/Pb, Tb>*/Pb, and Eu®*/Zn* /Pb. At ~6 wt% of Eu>"
or Tb®" doping, was enough to tune its photoluminescence from weak
greenish yellow emission (original undoped Pb 3D) with CIE coordinate
of (0.38, 0.58), to bright yellowish red (Eu3+/Pb) that corresponds to CIE
coordinate of (0.35, 0.37); while adding extra dopant, Zn**, to make
Eu*t/Zn?*/Pb leads to yellowish orange luminescence color with CIE
coordinate of (0.36, 0.42). Bright greenish yellow was observed for T3t/
Pb with CIE coordinate of (0.38, 0.48), Fig. S10. Such results suggest a
good antennae effect, especially in the case of Eu®t/Pb where typical
Eu* fif transitions were observed [85]. Interestingly, the PL character of
original 3D Pb host, a broad emission peaked at greenish yellow, is
sustained within the background, making this compound as a dual color
luminescence under single-excitation wavelength (473 nm). However,
this may indicate the absorbed energy by the organic ligands was only

partly transferred to the Eu®* or Tb%*.

The efficiency of the energy transfer was improved, thus better
antennae effect, when the excitation wavelength was increased to
350 nm. The broad peak of the pristine 3D Pb-host disappeared indi-
cating a more efficient energy transfer within the framework. In this case,
only the characteristic peaks of Eu>* f-f transitions (°Dg — 'F »j=0-4)
and that of Tb®* (5D4 - 7Fj, j=3-6) were observed, Fig. 6(A) and (B),
respectively. Observation of LMCT, as indicated by blue-shifting of the
ligand’s 260 nm band in Eu>*/Pb and Tb>*/Pb in solid state UV-Vis
absorption Figures S11 (A) and (B), support the observed antennae effect.

A decrease of PL intensity is typically observed in a doping system
with 10-20% dopant, hindering the solid state lighting efficiency [86,
871. There are reports, however, that show an increase in PL intensity at
higher dopant amount (>20%) which depends on synthetic pathway
adopted that leads to the absence of dopant cluster formation, i.e. ho-
mogeneous dopant distribution, reducing PL quenching that occurs due
to cross relaxation [86,87].

Eyeing for enhancing the PL efficiency, we further investigate the
solid state PL emission of as synthesized 6, 35 and 80 wt % of Eu®" or
Tb%* doped compounds, successfully engineered using the three afore-
mentioned synthetic conditions. Excited at 350 nm, both Eu®* and Tb%*
doped compounds show only their expected characteristic f-f transition
peaks. Eu®" doped compounds show a remarkable increase in PL in-
tensity when the dopant amount increases, Fig. 6 (A), which may suggest
the lack of Eu®" clusters formation that can trigger cross relaxation
resulting in PL quenching [86,87].

The fact that partial cation substitutions in this system occurred onto
three crystallographically distinct Pb?t sites, well separated by the
ligand, may support the argument that such cluster formation of dopants
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may diminished or at least be minimized. However, in the case of Tb3T,
while displaying typical Tb®" characteristic peaks, the peak intensity
decreases as the dopant amount increases, Fig. 6 (B), interestingly,
without total PL quenching. This supports the argument above that the
dopant cluster formation, in the case of b3+, may at least be minimized,
hence total PL quenching is not observed. Figure S12 (A) and (B) shows
the corresponding digital images of the Eu>* and Tb®* doped with 6, 35
and 80 wt % under 365 nm UV lamp.

Intrigued by the fact that Eu®t/Pb system exhibited a PL intensity
increase up to 80 wt% doping as well as a dual color luminescence, at-
tempts to orchestrate multiple colours luminescence spanning from UV,
visible, to NIR are currently underway in our laboratory through judi-
cious selection of Ln dopant(s) with variable amount. PL color tuning to
achieve white emission, including theoretical investigations on PL
mechanism in this system are also under investigation.

4. Conclusion

In summary, Pb MOCP solid solutions featuring mixed valence, cation
vacancy and multiple substitutions have been successfully synthesized
using a 1D model MOCP that leads to a 3D system with crystallograph-
ically different Pb?" sites with different coordination numbers and
atomic environments that allow them to be substituted with variety of
cations of different valences and sizes, under appropriate conditions.
Simultaneous structural change (1D to 3D) and cationic substitution
seem to be the pathway for making the solid solutions. The photo-
luminescence study showed that this system has potential as a tunable
luminescent color material with increased intensity even up to 80 wt%
Eu®t doping, the first in luminescing MOCP, to the best of our knowl-
edge. Such a result is promising and deemed for further investigations to
achieve higher light efficiency in solid state lighting application.
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