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ABSTRACT: Three new, closely similar Pb-based organic frameworks synthesized
using a simple and optimized dissolution−crystallization method with benzene-1,3,5-
tricarboxylic acid (H3BTC) are reported along with their structural characterizations
and photoluminescent properties. Compound 1, Pb(HBTC)(1,4-dioxane)0.5, crystal-
lizes in the C2/c space group (a = 17.239(2) Å, b = 7.0225(8) Å, c = 19.911(2) Å, β =
104.735(10)°); compound 2, Pb2(HBTC)2(H2O)5, crystallizes in the P1̅ space group
(a = 7.3989(4) Å, b = 8.2196(4) Å, c = 10.1437(5) Å, α = 94.336(4)°, β =
104.943(4)°, γ = 108.270(3)°); and compound 3, Pb(HBTC)(DMF), crystallizes in
the P21/n space group (a = 10.5004(3) Å, b = 7.1398(3) Å, c = 17.1285(5) Å, β =
102.160(2)°). All three compounds are built from a slightly different one-dimensional
(1D) structure interconnected into three-dimensional metal−organic frameworks by
HBTC− ligands forming different pore sizes, in which the 1D moieties and pore sizes
are governed by the solvent used during synthesis. Among the three compounds,
compounds 1 and 2 exhibit solid state photoluminescence with 2 showcasing an interesting, near white-light emission, single-
component phosphor with CIE coordinates of (0.33, 0.36).

■ INTRODUCTION

Hydro- and solvothermal synthetic methods are convenient
techniques for preparing metal−organic frameworks (MOFs)
using aromatic dicarboxylic acid based ligands and transition
elements, in particular, post-transition elements, with reported
applications such as gas storage,1−5 magnetic,1,2,6,7 and
luminescent applications.1,2,8−10 The dissolution−crystalliza-
tion method, a rather less popular technique and yet requires
less synthetic equipment, could potentially produce a new,
kinetically stable MOF that may merit its own structural library
and applications.11−41 By a similar token of a facile
dissolution−(re)-crystallization technique, postsynthetic mod-
ification of MOFs exploits the relatively weak coordination
bond of certain metal centers to synthesize new compounds
with tunable properties that are not possible through
conventional synthetic pathways.42,43

Benzene-1,3,5-tricarboxylic acid (H3BTC) ligand, with or
without a coligand, is one of the most frequently used ligands
to construct MOFs, including the world-famous HKUST-1,
Cu3(BTC)2(H2O)3. To date, HKUST-1 has been reported for
catalytic, photocatalytic, enzyme encapsulation, and semi-
conducting applications.44−48

The lead(II) cation, one of the main group cations with lone
pair electrons, inherits several advantages, including being
tolerant to defects and hence has the possibility of tunable
electronic properties; it is one of the borderline acids, thus

adaptable to a variety of coordination environments, having
variable coordination numbers (2−10) due to its large ionic
radii.49−56 Thus far, there are only five reports about Pb-based
BTC, with four disclosed crystal structures.57−61 Our interest
lies in discovering new, lead-based MOFs with exotic
properties using a less preferred, but facile, dissolution−
crystallization method.
In recent years, there is an immense interest in discovering

white-light single phosphors from Pb-based compounds due to
its intrinsic broadband emission originated from self-trapping
exciton and defects.62,63 Several white-emitting Pb-based
frameworks and coordination polymers (MOCP) have also
been reported.64−66 Enriching the library of single-component,
near white-emission Pb frameworks, herein we report three
new BTC-containing Pb frameworks, in which compound 2
displays near white-light emission. The compounds are made
using a facile dissolution−crystallization method, exploiting the
use of the hard−soft acid base (HSAB) principle to find a
suitable modulator to yield a phase pure product.
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■ EXPERIMENTAL SECTION
All reagents are commercially available and used without further
purification. Pb(NO3)2 (≥99.0%), benzene-1,3,5-tricarboxylic acid
(95.0%), aniline (≥99.5%), and imidazole (≥99.0%) were purchased
from Sigma-Aldrich. Solid-state UV−vis and photoluminescent
spectra were recorded on UV−vis-NIR Lambda 950, PerkinElmer
spectrophotometer and FLS920 Edinburgh instruments, respectively.
Attenuated total reflectance Fourier-transform infrared (ATR-FTIR)
spectra were recorded on a PerkinElmer FTIR-Spectrum 400. TGA
analysis was conducted using PerkinElmer SII Pyris Diamond TG/
DTA thermogravimetric/differential thermal analyzers. Elemental
analyses were performed using a PerkinElmer CHNS/O 2400 Series
II. Electron microscopy images were obtained using a Hitachi SU8220
scanning electron microscope-energy dispersive spectrometry (SEM-
EDS).
Synthesis of Pb(HBTC)(1,4-dioxane)0.5 (1). Pb(NO3)2 (0.0331

g, 0.1 mmol) dissolved in 4 mL of distilled water was carefully layered
on top of H3BTC (0.021 g, 0.1 mmol) dissolved in 8 mL of 1,4-
dioxane, with careful addition of aniline (0.0272 g, 0.4 mmol). White
ribbon-like crystals were formed after ca. 3 days with a nearly
quantitative yield. The final products were washed thoroughly with
fresh DI water, isolated by vacuum filtration, and dried at room
temperature. A quantitative analysis of the crystals obtained was
performed by CHN analysis. Anal. calcd (Found) for C13H13O9Pb: C,
29.99 (30.02); H, 2.52 (2.49).
Synthesis of Pb2(HBTC)2(H2O)5(2). Pb(NO3)2 (0.0331 g, 0.1

mmol) dissolved in 4 mL of distilled water was carefully layered on
top of H3BTC (0.021 g, 0.1 mmol) dissolved in 4 mL of methanol,
with careful addition of imidazole (0.0345 g, 0.4 mmol). White block
crystals with near quantitative yield were formed after ca. 1 day. The
final products were washed thoroughly with fresh DI water, isolated
by vacuum filtration, and dried at room temperature. A quantitative
analysis of the crystals obtained was performed by CHN analysis.

Anal. calcd (found) for C18H8O17Pb2: C, 23.74 (23.65); H, 0.89
(0.90).

Synthesis of Pb(HBTC)(DMF) (3). Pb(NO3)2 (0.0331 g, 0.1
mmol) dissolved in 4 mL of distilled water was carefully layered on
top of H3BTC (0.021 g, 0.1 mmol) dissolved in 2 mL of DMF. White
plate-like crystals were formed in close to quantitative yield after ca. 1
day. The final products were either kept as they are in mother liquor
or washed thoroughly with fresh DI water, isolated by vacuum
filtration, and dried at room temperature. A quantitative analysis of
the crystals was not performed due to decomposition of the product
outside of the mother liquor.

X-ray Crystallography. X-ray intensity data from colorless
crystals (1−3) were measured between 203(2) to 296(2) K using a
Bruker SMART APEX diffractometer (Mo Kα radiation, λ = 0.71073
Å). Direct methods structure solution, difference Fourier calculations,
and full-matrix least-squares refinement against F2 were performed
with SHELXTL.67

Powder X-ray Diffraction. Ground mixtures of polycrystalline
powders and/or single crystals of the samples were used to collect
powder X-ray diffraction patterns using a PanAlytical X’Pert Pro
powder diffractometer (Cu Kα radiation λ = 1.5418 Å) over the 2θ
range of 5−50°, 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.

■ RESULTS AND DISCUSSION
Syntheses. Air-stable compounds 1 and 2 with nearly

quantitative yield were identified by the reaction of aqueous-
based Pb(NO3)2 with 1,4-dioxane and methanol solution of
H3BTC in the presence of aniline and imidazole for
compounds 1 and 2, respectively, under dissolution−
crystallization with optimized condition. Compound 3, on
the other hand, was found to be relatively unstable at ambient
conditions; fresh batch with the use of mother liquor is

Table 1. Crystal Data and Structure Refinement Details for 1, 2, and 3a

compound 1 compound 2 compound 3

empirical formula C13H13O9Pb C18H8O17Pb2 C12H11NO7Pb
formula weight 520.42 910.62 488.41
temperature (K) 293(2) 203(2) 296(2)
wavelength 0.71073 Å
crystal system monoclinic triclinic monoclinic
space group C2/c P1̅ P21/n
unit cell dimensions a = 17.239(2) Å, α = 90.00° a = 7.3989(4) Å, α = 94.336(4)° a = 10.5004(3) Å, α = 90°

b = 7.0225(8) Å, β = 104.735(10)° b = 8.2196(4) Å, β = 104.943(4)° b = 7.1398(3) Å, β = 102.160(2)°
c = 19.911(2) Å, γ = 90.00° c = 10.1437(5) Å, γ = 108.270(3)° c = 17.1285(5) Å, γ = 90°

volume (Å3) 2331.2(5) 557.70(5) 1255.32(7)
Z 6 1 4
density (calculated) (g/cm3) 2.224 2.711 2.584
absorption coefficient (mm−1) 10.900 15.163 13.476
F(000) 1470 416 912
crystal size (mm3) 0.12 × 0.032 × 0.024 0.13 × 0.068 × 0.022 0.127 × 0.032 × 0.026
θ range for data collection (°) 2.12−28.26 2.648−28.35 2.433−27.099
index ranges −22 ≤ h ≤ 21, −9 ≤ k ≤ 9, −25 ≤ l ≤ 26 −8 ≤ h ≤ 9, −10 ≤ k ≤ 10, −13 ≤ l ≤ 13 −13 ≤ h ≤ 13, −9 ≤ k ≤ 9, −21 ≤ l ≤ 21
reflections collected 14566 9327 10151
independent reflections 2857 [Rint = 0.0910] 2752 [Rint = 0.0683] 2686 [Rint = 0.0719]
completeness to θ = 27.56°
(%)

98.4 99.5 97.8

refinement method full-matrix least-squares on F2

data/restraints/parameters 2857/0/174 2752/122/169 2686/0/190
goodness-of-fit 1.000 1.006 1.029
final R indices [I > 2σ(I)] Robs = 0.0389, wRobs = 0.0737 Robs = 0.0471, wRobs = 0.1125 Robs = 0.0371, wRobs = 0.0683
R indices [all data] Rall = 0.0635, wRall = 0.0819 Rall = 0.0616, wRall = 0.1207 Rall = 0.0567, wRall = 0.0767
largest diff = peak and hole 1.523 and −1.321 e·Å−3 3.343 and −2.571 e·Å−3 1.384 and −1.087 e·Å−3

aR = ∑ ||F0| − |FC|| / ∑ ||F0||. wR2 = {∑ [w(F0
2 − FC

2)2]/∑ [w(F0
2)2]}1/2.
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required for structural characterizations. The structure was
determined by single-crystal X-ray diffraction, and its single
phase purity was examined by bulk sample measurements
using powder X-ray diffraction coupled with TGA and CHN
analysis. Prior to this discovery, we attempted several synthetic
conditions to obtain quantitative yields, which involved
combinations of the following variables, such as (a) molar
ratio of Pb(NO3)2 and H3BTC, (b) variety of solvent or
mixture of solvents. All three compounds were found to
change their structures during storage, even in the presence of
mother liquors.
The use of modulator, such as monoprotic acid or

monocarboxylic acid, is often adopted to produce an air-stable
transition metal (TM)-based MOFs with quantitative
yield.68−71 Further, Li et. al clarified that the use of an
appropriate modulator, in some cases without being present in
the structure, can modify the surface structure of TM-based
MOFs, and thus it greatly enhances the stability and
performance of the resulting MOF.72 On the basis of our
previous report, a borderline organic base is a suitable

modulator for a borderline acid of Pb-based MOCP resulting
in a stable and phase pure compound,41 in accordance to
Pearson’s hard−soft acid base (HSAB) concept.73,74 Adopting
the above, we found that the use of aniline and imidazole, after
several trials using other N-containing ligands, was required to
make stable compounds of 1 and 2, respectively. The
unidentified peaks gradually disappeared as the suitable N-
donor ligand was added during reaction that eventually, after
optimizing the synthetic conditions, reached a phase pure with
close to quantitative yields. At the moment, using the above-
mentioned synthetic conditions for 1 and 2, we could not
detect the presence of aniline nor imidazole within the
structures crystallographically nor by TGA nor CHN analysis,
which supports the role of modulator for aniline and imidazole
in these cases. Further investigations to examine the role of the
modulator during synthesis, reaction mechanism, and resulting
structural defect vs performance are currently ongoing.
Unfortunately, attempts to make an air-stable compound 3

were unsuccessful. Attempts to obtain these three phases by
simple solvent exchange were unfruitful either. Activation

Table 2. Representative Bond Lengths (Å) and Bond Angles (deg) of Compound 1a

Pb(1)−O(2) 2.414(6) O(3)#2−Pb(1)−O(3) 114.74(13)
Pb(1)−O(4)#1 2.580(6) O(2)−Pb(1)−O(1) 51.26(18)
Pb(1)−O(3)#2 2.639(6) O(4)#1−Pb(1)−O(1) 91.36(17)
Pb(1)−O(3) 2.644(5) O(3)#2−Pb(1)−O(1) 79.49(17)
Pb(1)−O(1) 2.651(5) O(3)−Pb(1)−O(1) 142.61(18)
Pb(1)−O(4) 2.674(5) O(2)−Pb(1)−O(4) 84.02(19)
O(2)−Pb(1)−O(4)#1 78.03(19) O(4)#1−Pb(1)−O(4) 112.93(15)
O(2)−Pb(1)−O(3)#2 89.8(2) O(3)#2−Pb(1)−O(4) 66.89(17)
O(4)#1−Pb(1)−O(3)#2 167.73(18) O(3)−Pb(1)−O(4) 48.72(17)
O(2)−Pb(1)−O(3) 92.82(19) O(1)−Pb(1)−O(4) 123.89(17)

aSymmetry transformations used to generate equivalent atoms: (1) −x + 1/2, y + 1/2, −z + 1/2 (2) −x + 1/2, y − 1/2, −z + 1/2 (3) x, −y + 1, z
− 1/2 (4) x, −y + 1, z + 1/2 (5) −x, y, −z + 1/2.

Table 3. Representative Bond Lengths (Å) and Bond Angles (deg) of Compound 2a

O(1)−Pb(1) 2.580(7) O(1)−Pb(1)−O(2) 49.1(2)
O(2)−Pb(1) 2.713(7) O(4)#3−Pb(1)−O(2) 121.6(2)
O(3)−Pb(1)#1 2.661(7) O(7)−Pb(1)−O(2) 73.8(2)
O(4)−Pb(1)#1 2.628(7) O(3)#3−Pb(1)−O(2) 149.4(2)
O(4)−Pb(1)#2 2.738(7) O(1)−Pb(1)−O(4)#2 71.1(2)
O(1)−Pb(1) 2.580(7) O(4)#3−Pb(1)−O(4)#2 73.7(2)
O(7)−Pb(1) 2.633(9) O(7)−Pb(1)−O(4)#2 138.6(2)
Pb(1)#1−O(4)−Pb(1)#2 106.3(2) O(3)#3−Pb(1)−O(4)#2 110.1(2)
O(1)−Pb(1)−O(4)#3 72.7(2) O(2)−Pb(1)−O(4)#2 90.5(2)
O(1)−Pb(1)−O(7) 69.7(2) O(4)#3−Pb(1)−O(3)#3 49.4(2)
O(4)#3−Pb(1)−O(7) 82.3(2) O(7)−Pb(1)−O(3)#3 75.9(2)
O(1)−Pb(1)−O(3)#3 115.4(2)

aSymmetry transformations used to generate equivalent atoms: (1) x, y, z-1 (2) −x + 1, −y, −z+1 (3) x, y, z + 1.

Table 4. Representative Bond Lengths (Å) and Bond Angles (deg) of Compound 3a

O(1)−Pb(1) 2.415(6) O(1)−Pb(1)−O(4)#3 89.12(18)
O(3)−Pb(1)#1 2.535(5) O(1)−Pb(1)−O(3)#4 72.55(18)
O(4)−Pb(1)#2 2.423(5) O(4)#3−Pb(1)−O(3)#4 81.60(16)
O(7)−Pb(1) 2.720(5) O(1)−Pb(1)−O(7) 71.02(18)
C(10)−N(1) 1.323(11) O(4)#3−Pb(1)−O(7) 75.62(18)
C(11)−N(1) 1.462(11) O(3)#4−Pb(1)−O(7) 136.89(17)
C(12)−N(1) 1.434(11) C(10)−N(1)−C(12) 124.1(8)
C(9)−O(3) 1.264(9) C(10)−N(1)−C(11) 118.0(8)

aSymmetry transformations used to generate equivalent atoms: (1) −x + 1/2, y + 1/2, −z + 1/2 (2) x + 1, y, z (3) x − 1, y, z (4) −x + 1/2, y − 1/
2, −z + 1/2.
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attempts for 1 and 2, starting from rather harsh thermal
activation to relatively milder supercritical CO2 as well as
solvent exchange activations, were unsuccessful.
Structural Description. The single-crystal structure

refinements with their relevant crystallographic data for 1−3
are found in Table 1. Tables 2, 3, and 4 show representative
bond distances and angles of compounds 1−3, respectively.
Figure S1A depicts the asymmetric unit of 1, which consists of
one lead atom site, one monoprotonated ligand (HBTC−), and
a half molecule of uncoordinated 1,4-dioxane. The oxygen
atoms of the HBTC− ligand complete the coordination sphere
around the lead cation, forming a distorted pentagonal
bipyramid, PbO7, Figure S1B. The asymmetric units of
compounds 2 and 3, also comprised of one lead cation, one
monoprotonated BTC (HBTC−) ligand, with additional five

uncoordinated molecular waters for 2 and one coordinated
DMF for 3. A distorted bicapped pentagonal bipyramid, PbO9,
is observed for both 2 and 3 with coordinated oxygen atoms
solely from HBTC− ligand for 2, Figure S2 whereas 3 has an
additional coordinated oxygen from DMF, Figure S3. Such a
distorted polyhedral has also been observed in other lead-
based coordination compounds.75−80 The Pb−O bond length
falls into the range of 2.415(6)−2.738(7) Å, typically observed
in Pb-based coordination polymers.75−80 All coordination
modes of HBTC− ligand around the Pb center for 1−3 show
O,O-chelation, oxygen bridging, monodentate, as well as
uncoordinated oxygen atoms, which includes oxygen bridging
from DMF in 3, Figures S1−S3.
The three compounds are built from slightly different 1D

structures, in which PbOx (x = 7 for 1, and 9 for 2 and 3)

Figure 1. Three-dimensional MOF structures of (A) 1 viewed along the b-axis, (B) 2 viewed along the a-axis, (C) 3 viewed along the b-axis, with
insets show the corresponding optical microscopy image of each crystal.
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polyhedra are linked by oxygen bridging in a zigzag manner to
form 1D structures of (Pb2O12)n, (Pb2O16)n, and (Pb2O15)n
moieties for 1−3, respectively, Figure S4. (Pb2O12)n and
(Pb2O15)n moieties extend along the b-axis, whereas (Pb2O16)n
stretches along the a-direction. Double oxygen bridges with a
zigzag pattern were observed for 1 (Figure S4) exhibiting a
nearly straight O−Pb−O angle (167.8°), whereas 2 and 3
exhibit slightly bent zigzag patterns (O−Pb−O angle of 150.8°
for 2 and 136.8° for 3). Additional bridging oxygen (from
DMF) is observed for 3, Figure S4. Unlike the 1D moieties of
1 and 2 which comprise alternate polyhedral related by 21
screw axis, an inversion center relates the alternate polyhedral
in 3 forming the 1D building block of the compound, Figure
S4. Such distinct 1D building blocks, templated by a different
solvent, determine their final 3D structures with slightly
different frameworks and pore sizes to accommodate their
corresponding solvent in their infinite 1D channel, Figure 1.
In compound 1, the HBTC− ligands connect the 1D

(Pb2O12)n moieties in both a- and c-directions to form a
porous 3D framework in which each 1D moiety is related by a
glide plane along the c-directions, Figure 1. The HBTC−

ligands also link the 1D (Pb2O16)n in b- and c-directions
forming a porous 3D framework of 2, in which an ac mirror
plane relates each (Pb2O16)n moiety, Figure 1. As shown in
Figure 1, the 1D (Pb2O15)n moieties, related by a glide plane
along the c-axis, are connected in a- and c-directions through
HBTC− ligands to construct a 3D framework of 3.
Compounds 1 and 2 have a rather similar pore size (∼7.50
Å) and are bigger than that of compound 3 (∼3.05 Å pore
size).
The topological analysis81 of the three 3D structures reveals

a 5-c uninodal net with a topological symbol of {46.64} for both
1 and 2, whereas a topological symbol of {46.52.62}{46.56.63}
simplified as a 5,6-c 2 nodal net is observed for compound 3.
Another common feature of the three compounds that may

contribute to structural rigidity is the monoprotonated
dicarboxylic acid with Lewis base oxygen atoms (O(5) atoms
of HBTC− ligand) located within the chains. There are weak
hydrogen bonds, bond distances of 1.79 and 1.89 Å, between
O(2) atoms of HBTC− ligand and H(5) atoms of the
monoprotonated dicarboxylic acid as shown in dashed blue
bonds for 2 and 3, respectively, Figure S5. For compound 1,
the weak hydrogen bond with a bond length of 1.85 Å, forms
between O(1) atoms of HBTC− ligand and H(5) atoms of the
monoprotonated dicarboxylic acid. The presence of a Lewis
base in these compounds is confirmed by attenuated total
reflectance Fourier-transform infrared (ATR FTIR) spectra
from the observation of a peak around 3575 cm−1, indicating
the existence of weakly hydrogen-bonded hydroxyl groups,
Figure S6, confirming the observation in the crystal structure.
Reduction of proton exchange due to relatively long hydrogen
bonds leads to a relatively sharp O−H stretch. A sharper peak,
for a comparison, would be observed at 3600 cm−1 for a fully
free O−H group of carboxylic acid in MOCP.82

Powder X-ray diffraction was used to confirm the purity of
all compounds as it can provide phase purity information and
also reveal the presence or absence of polymorphs. PXRD
patterns of the products obtained after optimized synthetic
conditions are shown in Figure 2, showing a pure phase of 1
and 2 and that no additional polymorph is present in the
sample used for further PL study. Washed and dried
compound 3, however, was found to coexist with an unknown
impurity, Figure S7, even after several optimization attempts;

therefore, no further property is reported besides structural
characterizations. The bulk phase purity of 1 and 2 is further
confirmed by TGA analysis in which the observed weight
losses of the corresponding solvent and the ligand are closely
matched with the expected values calculated from formulas
obtained from crystallographic refinements, Figure S8. This
may also support that, within the synthetic conditions used in
here, neither of the modulator is present in the structure, in
conjunction with crystallographic refinement results as well as
CHN analysis. The bulk crystal morphologies show the
corresponding ribbon-like crystals for 1 and block-like crystals
for 2 as shown in optical images, Figure 1, and SEM images,
Figure 3.

Photoluminescence (PL). The use of luminescing ligand
in luminescing MOF is advantageous in two ways: increasing
PL intensity and/or shifting emission maxima for tunable PL
color. The latter phenomena has been reported to relate to
white emission reported in several MOFs.64−66

The room temperature, solid state emission spectra of the
as-received H3BTC ligand, and compounds 1 and 2, including
their digital images representing their PL colors, are shown in
Figure 4. Compound 1, when excited at 350 nm, emits a pale
greenish yellow color with a broad peak covering 530−570 nm,
Figure 4. Contrasting the UV−vis spectrum 1 to that of
H3BTC, both intraligand (ILCT) and ligand-to-metal charge
transfers (LMCT) may be responsible for the observed
emission spectrum. ILCT is corroborated by a similar
absorption band that appears in both 1 and H3BTC at a
maximum of 302 nm. The disappearance of the broad
absorption shoulder of the ligand in 1 at 330 nm validates
the LMCT, Figure S9.
A bluish-white luminescence is observed for as-received

H3BTC with a broad emission spectrum covering almost the
entire visible range (420−620 nm) with several maxima at 490,
544, and 615 nm when excited at 350 nm, Figure 4. Such
emission is typically due to n → π* and/or π → π*
transition.64−66 A more pronounced “white” luminescent is
emitted from compound 2 with a rather broad emission
spectrum also at the 420−620 nm range, Figure 4. An
additional feature of a shoulder band in the yellow range
(560−580 nm) is clearly observed for 2 compared to that of
ligand, which can be partly ascribed to metal-to-ligand charge
transfer, MLCT.64−66

Overall, the observed near-white light emission of 2 could be
attributed to LMCT and/or MLCT as well as ligand-centered
transitions (ILCT), which correspond well to UV−vis spectra
study, Figure S9. Compared to the spectrum of the as-received
H3BTC ligand, the disappearance of a broad shoulder at 330
nm in 2 may indicate the presence of LMCT, and the

Figure 2. Powder X-ray diffraction patterns of (left) simulated, A, and
observed, B, patterns of 1; (right) simulated, A, and observed, B,
patterns of 2.
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emergence of new maxima at 228 nm in 2 signals the existence
of MLCT. Further, a similar maxima at 302 nm indicates ILCT
also occurring in 2. All of these transitions are represented by a
broad emission spectrum that leads to near-white PL color
emitted from 2. Such a broad, white emission spectrum is not
only observed in Pb-based MOFs but also is reported in other
Pb-based compounds, such as Pb-based perovskite halides, in
which such a broad spectrum signature may stem from excition
self-trapping.62,63

The quantified colors of the emissions of all compounds are
plotted in the Commission Internationale l’Eclairage (CIE)
chromaticity diagram, Figure 4. The as-received H3BTC has
CIE coordinates of (0.30, 0.34), giving a white with blue tinge
gamut, in accordance to the observed PL image, when excited
at 350 nm. Compound 2 exhibits a near-white color gamut,
when excited at 350 nm, with CIE coordinates of (0.33, 0.36),
showing the potential for a single-component white LED
application. Several Pb-based MOFs were also reported as a
near-white light single-component phosphor with CIE
coordinates very close to ideal (0.33, 0.33). The white light
emission in these papers were likely due to a combination of
ILCT, LMCT, and/or MLCT as well.64−66 As expected,
compound 1 gives greenish yellow CIE coordinates of (0.34,
0.44) under 350 nm excitation.

■ CONCLUSION
In summary, we have synthesized three new lead frameworks
based on the H3BTC ligand using a simple dissolution−

crystallization method. Utilizing the HSAB principle, further,
we have successfully changed the unstable compounds of 1 and
2 to be their air-stable versions by adding an amount of aniline
and imidazole, respectively, and therefore they can be used for
further bulk applications. The two compounds show PL colors
different from that of the H3BTC ligand, indicating a successful
charge transfer. Compound 1 was found to luminesce pale
greenish yellow under 350 nm excitation, while an interesting
near-white emission was observed for 2 when excited at 350
nm. The latter has a potential for a single-phase, white-light
emitting compound for solid-state lighting applications.
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Figure 3. SEM images of (A) ribbon-like crystals of compound 1, (B) block-like crystals of compound 2.

Figure 4. (Left) Solid-state emission spectra and the corresponding PL color images of (A) H3BTC, (B) 1, and (C) 2; (right) corresponding CIE
chromaticity diagram for H3BTC (A), compounds 1 (B) and 2 (C).
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