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ABSTRACT: Luminescent trans-[Pb(DMTU-S),Cl,] (DMTU:

100
N,N’-dimethylthiourea) was designed and prepared via either PLQY = 91% @
mechanochemical or solvothermal methods, and the structures of 80
DMTU and trans-[Pb(DMTU-S),Cl,] have been resolved using X- S > 60 z
ray single-crystal diffraction. Upon excitation over broadband & 40 Excitation 2
covering the range from 450 to 250 nm, trans-[Pb(DMTU- . spectrum =
S)4CL] shows yellow-green emission peaking at 549 nm with a

spectral width of 110 nm, which is assigned to the triplet—singlet
transition of Pb** ions within distorted heterogeneous S,Cl,
octahedra. The broadband excitation comprised singlet—singlet
transitions of Pb>" ions and energy transfer from orbitals involving those of organic ligands. Simultaneous analysis of the luminescent
bandwidth and Stokes shift gives for Pb*>" ions in S,Cl, octahedra the value of the Huang—Rhys parameter S = 4.25 and the energy of
phonon involved in the formation of the luminescence spectrum of the order of 90 meV. Quantum yield as high as 91% is detected
for excitation at 365 nm. This high quantum yield indicates the absence of noticeable concentration quenching at an average distance
of 9.4 A between the Pb** ions within the structure of trans-[Pb(DMTU),CL,]. The weak spin—orbit intersystem crossing is deduced
from a high photoluminescence quantum yield (PLQY) value. Time dependent-density functional theory (TD-DFT) calculations of
the nanocluster indicate the red shift of absorption bands in Pb(DMTU),Cl, with respect to parent DMTU. The high-performance
photoluminescence and stability demonstrated promising applications in photonics.
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B INTRODUCTION inorganic hybrid metal halides may strongly affect the optical
properties of organic ligands, e.g., to modify the energy level
system of the ligand and to produce an additional absorption of
exciting radiation.

Recently, one more role of organic ligands was pointed out,
namely, it was shown that the introduction of organic ligands
with different geometries allows controlling the distance
between manganese ions in the structure of metal—organic
phosphor,'*'* and when large enough distance is attained, the
concentration quenching is suppressed, while PLQYs close to
100% become attainable. For other metal ions, including, e.g.,
lead, no data on the role of ligand geometry in the nanostructure
on PLQY are available up to date.

In the current work, the heterogeneous local environment of
Pb composed of chlorine and sulfur was chosen to be

The luminescence of metal—organic frameworks is extensively
investigated for several decades. It involves at least seven
different mechanisms, including main ones such as organic
ligand-centered luminescence and metal-centered ones.' More
recently, 0D organic—inorganic hybrid metal halides attracted
the attention of researchers.”® A comparative study of different
luminescent materials based on s** ions in both organic and
inorganic matrices is recently published.””"* The photo-
luminescence quantum yield or PLQY up to 100% was obtained
from a variety of 0D hybrid metal halides (see, e.g.,’). Both the
absorption of exciting radiation and the luminescence in these
nanostructured materials are mainly centered at the molecular
orbitals contributing by electronic states of metal ions, while the
role of organic ligands is, to the first approximation, solicited to
the formation of a controllable environment of the ns** metal
ions. However, more detailedly, the properties of organic ligands
may influence the properties of metallic luminescence centers
within the metal—organic molecule."> Employing the energy
transfer processes between organic ligands and the metal ions
may extend the requirements to the wavelengths of exciting
radiation. On the other hand, the formation of organic—
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Table 1. Crystal Structure Parameters of DMTU (1) and trans-[Pb(DMTU),CL,] (2)

compound DMTU (1)

chemical formula C;HgN,S

molecular weight 104.17

temperature (K) 296

crystal size, mm 0.5x0.4x0.3

space group, Z P2,/n, 16

a(A) 13.2614 (4)

b (A) 12.3000 (4)

c(A) 13.8767 (4)

B (deg) 92.1529 (8)

v (A%) 2261.90 (12)

Peac (g/cm?) 1.224

u (mm™") 0.432

reflections measured 42625

reflections independent 10030

reflections with F > 46(F) 5636

20 0y (deg) 70.23

h, k, I - limits —-21<h<2l;
—-19<k<19;
-22<1<22

Ry, 0.0846

trans-[Pb(DMTU),CL,] (2)
C1,H3,CLNGPbS,
694.78

296

03X 02 x0.1
P2,/n,2
11.0612 (9)
10.6615 (9)
11.2502 (10)
91.644 (2)
13262 (2)
1.740

6.892

26769

6396

4218

72.58
-18<h<18;
-17<k<17;
-18<1<18
0.0503

Refinement Results

The weighed refinement of P
P =max(F,> +2F2)/3

number of refinement parameters 217
R1 [F, > 40(F,)] 0.1353
wR2 0.3562
Goof 1.066
AP (e/A%) 1.99
Ap,in (e/A3) —0.87
(A/6) max <0.001
extinction coefficient none
(SHELXL 2014/7)

w = 1/[6*(F,>) + (0.148P)* + 4.72P], where

w=1/[6*(F,?) + (0.066P)* + 0.493P], where
P =max(F,? +2F2)/3

124
0.0437
0.1118
1.029
3.0
—1.45
<0.001

none

constructed. N,N'-Dimethylthiourea was taken as a sulfur(-2)-
containing ligand. The interaction of thiourea (TU) and its
derivatives with metal ions has been the subject of several
investigations because of the relevance of their binding sites to
those in living systems.'®”>® Thiourea derivatives may
coordinate to a metal ion with a variety of coordination
modes, and they may exist in syn—syn, syn—anti, and anti—anti
conformations.”* They are widely used in crystal engineering as
tectons because of the reliability of the hydrogen bonding
patterns that they define.”>*® Thiourea forms noncentrosym-
metric complexes when combined with inorganic salts resulting
in enhanced NLO activity.””~*" The photoluminescence (PL)
spectra showed that emission is in the blue region for some
synthesized crystals of the thiourea metal complexes with a little
Stokes shift.”” "' Alternatively, the red-colored PL emission
with single peak maxima centered at 607 nm in the K(TU)Cl
crystal’” and two emission bands at 358 and $47 nm in
Zn(TU),(CH;C0O0),”” were detected. However, the pa-
pers”’~** do not report PLQY and do not discuss the
mechanisms of emission. Another coordination polymer
[(CuCN),(TU)], excited by UV radiation displayed two
emission bands at 398 and 465 nm with PLQY <1%.>' The
five compounds [(CuCN),(MTU),],,
[(CuCN),;(MTU),],{MTU = N-methylthiourea}, [CuCN-
(PTU)], {PTU = N-phenylthiourea}, [CuCN(DPTU)],
{DPTU = N,N'-diphenylthiourea}, and [(CuCN);(FPTU),],
{FPTU = 2,4-difluorophenylthiourea} showed emission quan-
tum yield in excellent values ranging from 3.0 to 20%, with
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significant Stokes shifts.”® Thiourea derivatives are used as
ancillary ligands, for instance, in luminescent complexes with
Pt(I1)** and Ru(II).” The coordination chemistry of thiourea
derivatives with p-block elements is less well studied than that of
transition metals and, therefore, this could be a matter of
research interest. According to our knowledge, the studies of the
luminescence of mixed thiourea-halide complexes of Pb(II) are
absent. At the same time, the singlet- and triplet-bound excitons,
as well as emission from defects, were observed at low
temperatures, for instance, in PbCL,*® and PbBr,.*” To obtain
a luminescent compound with emission in the visible region, we
combined PbCl, with N,N'-dimethylthiourea (DMTU).***

The new luminescent nanostructured complex that is under
study in the present work has been achieved by directly grinding
PbCl, together with N,N’-dimethylthiourea, as well as by the
solvothermal method. This metal—organic compound exhibits
broadband luminescence at room temperature (RT) upon
excitation by violet and UV radiation with a significant emission
quantum yield close to 100%.

B EXPERIMENTAL SECTION

Synthesis of DMTU (1). PbCl, (Acros) were purchased and used
without further purifications. N,N’-Dimethylthiourea (Aldrich) formed
supersaturated solutions in water and 95% ethanol, which was stable for
several weeks. Its recrystallization was carried out by the evaporation of
2 mL of water—ethanol (1:1 volumes) solution containing 2 g of
DMTU to a volume of 0.5 mL at room temperature, followed by the
seeding of a small crystalline reactive DMTU. Single crystals of DMTU
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Figure 1. Crystal structure of DMTU (a), all hydrogen atoms were deleted for clarity. The crystal structure of trans-[Pb(DMTU),Cl,] (d). The atoms
in the asymmetric part of the unit cells DMTU (b) and trans-[Pb(DMTU),CL,] (e) are labeled, symmetry equivalent atoms are represented as empty
ellipsoids, and the hydrogen bonds are presented as dashed lines. The thermal ellipsoids are drawn at the 50% probability level. Difference X-ray
powder patterns of DMTU (1) (c) and trans-[Pb(DMTU),CL] (2) (f). Three different orientations of two imposed average DMTU molecules
obtained from structures: DMTU (1), a red-colored molecule of DMTU; trans-[Pb(DMTU),CL] (2), a blue-colored molecule of DMTU (g).
Photoluminescence of trans-[Pb(DMTU),Cl,] under 400 nm excitation: square quartz sample holder (h); a silicic round flat sample holder used for X-

ray measurements (i).

(1) suitable for X-ray diffraction were selected from the total mass of the
precipitate formed.

Synthesis of trans-[Pb(DMTU),Cl,] (2). The compound trans-
[Pb(DMTU),CL] (2) was obtained employing both solvothermal and
solvent-free (mechanochemistry) methods. The latter is a reliable
alternative with several advantages inherent to the higher reaction yield
achieved and to the more environmentally friendly approach. The
samples of 2 were obtained via kneading (Figure S1), i.e., grinding with
a small quantity (0.2—2 mL) of water and 95% ethanol. The
hydrothermal technique was also successfully applied. The micro-
crystals were obtained from mechanochemistry by mixing a
stoichiometric amount of the reagents using agate mortar and pestle.
The PbCl, is only sparingly soluble in water; therefore, its solubility was
increased due to complexation (PbCly(s) + nCl™ < PbCl,,,"”, n =
1,2)* by the additional introduction of chloride ions in the form of
alkali metal chlorides (Li, Na, K, Cs) and ammonium. To obtain 2 by
crystallization from water, a large excess of DMTU was required since
Pb(II) ions form unstable complexes with thiourea and its alkyl
derivatives.”® Below, we used three methods leading to single-phase
polycrystalline powders (Figure S1) and single crystals, which turned
out to be air-stable.

Quantitative white powdered trans-[Pb(DMTU),Cl,] was obtained
via kneading (500 uL of 95% ethanol) PbCl, (50.0 mg) and DMTU
(74.9 mg) in a stoichiometric ratio 1:4 at room temperature for 30 min
with a mortar and pestle.

Polycrystals trans-[Pb(DMTU),CL,] (Figure S1) were also obtained
by crystallization from an aqueous solution, 0.050 g (0.18 mmol) of
PbCl, was added to 2 mL of 0.4 M HC], then the mixture was kept at 90
°C for S min. Then, 0.50 mL of a solution containing 0.40 g (3.84
mmol) of N,N’-dimethylthiourea was added to the hot solution with a
small amount of insoluble PbCl,. Pale yellow crystals were formed from
the resulting light yellow solution by slowly cooling, which were finally
filtered after 3 days, yielding (2) 0.073 g or 58% (relative to PbCL,). The
powder appeared to be very pure.

Single crystals trans-[Pb(DMTU),Cl,] were obtained by reacting
N,N’-dimethylthiourea and PbCl, in a 95% ethanol solution. The 0.40 g
(3.84 mmol) of N,N'-dimethylthiourea was dissolved in 2 mL of
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C,H;OH, then 0.050 g (0.18 mmol) of PbCl, was added and heated
until it was completely dissolved, after which the solution was slowly
cooled. After 30—40 min, the formation of a small number of light
yellow crystals of (2), as well as colorless PbCl, crystals, was observed.
After a day, the precipitate was filtered off and single crystals (2) were
manually selected from the total mass of the precipitate.

Characterization. The intensities from single-crystal DTMU (1)
and trans-[Pb(DMTU),CL] (2) were collected at 296 K using the
SMART APEX II X-ray single-crystal diffractometer (Bruker AXS,
analytical equipment of Krasnoyarsk Center of collective use of SB
RAS) equipped with a CCD-detector Photon2, graphite monochro-
mator, and Mo Ka radiation source. The orientation matrix and cell
parameters were defined and refined for a set of 42625 and 26769
reflections for (1) and (2), respectively. Both unit cells correspond to
monoclinic symmetry. Space group P2,/n was determined from the
statistical analysis of the intensities of all of the reflections. The
absorption corrections were applied using the SADABS program. The
structure was solved by the direct methods using the SHELXS package
and refined by the anisotropic approach for nonhydrogen atoms using
the SHELXL program.*® All of the hydrogen atoms of the DMTU
ligand were positioned geometrically as riding on their parent atoms
with d(C—H) = 0.97 A for the C—H bonds and d(N—H) = 0.89 A for
all other N—H bonds and U,,,(H) = 1.2Ueq(C,N). The structural tests
for the presence of missing symmetry elements and possible voids were
produced using the PLATON program.*" The main crystal data are
shown in Table 1. The crystallographic data were deposited in the
Cambridge Crystallographic Data Center (CCDC # 2043053—
2043054). The data can be downloaded from the site (www.ccdc.
cam.ac.uk/data_request/ cif). The main bond lengths are shown in
Table S1. The DIAMOND program is used for the crystal structure
plotting (Figure 1).*

Powder X-ray diffraction data of (1) and (2) were obtained using a
D8 ADVANCE diffractometer (Bruker, analytical equipment of
Krasnoyarsk Center of collective use of SB RAS) equipped by a
VANTEC detector with a Ni filter. The measurements were made using
Cu Ko radiation. The structural parameters defined by single-crystal
analysis were used as a basic in powder pattern Rietveld refinement. The
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refinement was produced using the TOPAS 4.2 program.”> Low R-
factors and good refinement results shown in Figure 1c,f indicate the
crystal structures of the powder samples to be the representative one of
the (1) and (2) bulk structures.

Spectroscopic Measurements. The absorption spectra of trans-
[Pb(DMTU),CL,] particles deposited on a quartz substrate were
recorded using a spectrophotometer Lambda 35 (PerkinElmer). To do
this measurement, a small amount of 2 was deposited at the surface of
the quartz substrate.

A spectrofluorometer Fluorolog 3-22 (Horiba Jobin Yvon) was used
to measure the photoluminescence (PL) spectra of trans-[Pb-
(DMTU),CL,] powder and particles deposited on a quartz substrate
as well as the decays on the microsecond time scale. The PL spectra
were obtained under different excitation wavelengths of 250—450 nm.
The decays of PL were registered at the wavelength of the spectral
maximum of 549 nm with a time interval of 1 ys. The PL spectra were
corrected to the following distorting factors: spectral sensitivity of
PMT, different intensities of excitation, and the background. All
spectral measurements were performed at room temperature using the
front face geometry.

The photoluminescence quantum yield (PLQY) was measured using
the integrating sphere RTC-060-SF (Newport), spectrometer with
fiber-optic input Maya2000 (Ocean Optics), and three LEDs: L365A,
L385A, and L40SA (Ocean Optics).

B COMPUTATIONAL METHODOLOGY

All calculations for crystal structures were performed within the
linear combination of the atomic orbital approach, as
implemented in the CRYSTAL17 package.** The initial atomic
coordinates for finding the equilibrium crystal structure were
obtained from experimental XRD data. The B3LYP*’ functional
has been used for all calculations. In the hybrid functional
calculations, the Kohn—Sham orbitals are expanded in
Gaussian-type orbitals, as implemented in the CRYSTAL17
code with the basis sets H: H_pob DZVP_rev2,*** C:
C_pob_DZVP_rev2,*® N: N_pob DZVP rev2,*® S:
S pob DZVP_rev2,* Cl: Cl jpob_DZVP_rev2,46 and Pb:
Pb_ECP60MDF_doll 2011.***" Cut-off limits in the evalua-
tion of Coulomb and exchange series appearing in the self-
consistent field (SCF) equation for periodic systems were set to
1077 for Coulomb overlap tolerance, 10~ for Coulomb
penetration tolerance, 1077 for exchange overlap tolerance,
1077 for exchange pseudo-overlap in the direct space, and 1074
for exchange pseudo-overlap in the reciprocal space. The
condition for the SCF convergence was set to 107 a.u. on the
total energy difference between two subsequent cycles.”” The
gradients with respect to atomic coordinates are evaluated
analytically. The equilibrium structure is determined using a
quasi-Newton algorithm with a Broyden—Fletcher—Goldfarb—
Shanno Hessian updating scheme.”® The trans-[Pb(DMTU-
S),CL] crystal structure with 30 irreducible atoms in the
conventional cell was optimized in P2,/c symmetry (Figure S2).
These calculations are in good agreement with experiment
(experiment: a = 11.06120, b = 10.66150, ¢ = 15.54920, § =
133.7°; calculation: a = 11.28762, b = 10.86574, ¢ = 15.72438, 3
= 134.0°; more details in the Supporting Information).

The model for the absorption spectra simulation was initially
the cluster containing one lead atom, two chlorine atoms, and
four DMTU molecules connected with lead. Coordinates of
atoms within the cluster used for the calculation were derived
from CRYSTAL17 calculations. In the course of optimization,
the instability of the primary cluster was revealed, and for the
stabilization of chlorine atoms, four additional DMTU
molecules were added that were connected to chlorine atoms
by hydrogen bonds (Table S2). The equilibrium structure was
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found using hybrid density functional theory (B3LYP) using the
GAMESS package with the def2-SVP basis set. These
calculations were performed either for dielectric permittivity
of ambience ¢ = 1 for the (DMTU)gPbCl, cluster and in water
solution (¢ = 78.39) using solvation model based on density
(SMD) for describing solvent effects for the DMTU molecule.”
Water ambience was assumed for DMTU since the correspond-
ing absorption spectra were recorded in water solution. The
absorption spectra have been predicted using a rigorous time-
dependent hybrid DFT scheme (TD/B3LYP/def2-SVP)
implemented in the GAMESS package.

B RESULTS AND DISCUSSION

Crystal Structure of DMTU. The asymmetric part of the
(1) unit cell contains four molecules of C;HgN,S (Figure 1b),
and the total unit cell contains 16 molecules of DMTU (Figure
1a). Bond lengths d(S—C1), d(N1-C1), d(N1-C2), d(N2—
C1), and d(N2—C3) of three independent molecules labeled
“A”, “B”, and “C” are in the narrow ranges of 1.709(4)—
1.721(6), 1.317(6)—1.344(6), 1.433(6)—1.459(7), 1.306(5)—
1.330(6), and 1.415(8)—1.464(5) A, respectively (Table S1).
However, the last molecule labeled “D” has a noticeable
difference from these values (Table S1). The probable geometry
of this molecule was obtained with low precision due to the high
thermal oscillation of this molecule. During refinement, it was
found that the thermal parameters of atoms in molecule D were
high; therefore, it was suggested to apply soft constraints on
bond lengths and thermal parameters of this molecule. The
molecules of DMTU are syn—anti conformations, which is in
good agreement with the fact that N,N’-dialkylthioureas are
present predominantly in the syn—anti conformation.”*

Crystal structure (1) is stabilized by eight N—H--S hydrogen
bonds (Table S2), which joint the molecules C;HgN,S with each
other forming a 3D net. Each DMTU molecule has three
hydrogen bonds with the closest DMTU molecules, and the
main fragment of the hydrogen-bond pattern is presented in the
figure (Figure S4).

Crystal Structure of trans-[Pb(DMTU-S),Cl,]. The
asymmetric part of the (2) unit cell contains two molecules of
C;H;N,S, a half Pb** ion, and one CI™ ion (Figure le). The Pb**
ion is coordinated by two CI™ ions and four DMTU through S
atoms forming octahedron (Figure 1d). This octahedron is
almost ideal because the bond length d(Pb—Cl) is in the very
narrow range of 2.9612(11)—2.9667(13) A and d(Pb-S) is
close to the values —2.9798(11) A (Table S1). The distortion
index of a polyhedron was calculated using the equation
described in the manuscript,33 and it has a really small value, D =
0.00235. Bond lengths d(S—C1), d(N1-C1), d(N1-C2),
d(N2—C1), and d(N2—C3) of two independent molecules
labeled “A” and “B” are in the narrow ranges of 1.701(4)—
1.711(4), 1.331(5)—1.331(5), 1.440(6)—1.443(6), 1.322(4)—
1.350(5), and 1.447(5)—1.444(6) A, respectively (Table S1).
These values are close to relevant bond lengths of DMTU in (1)
compound, and DMTU molecules in (1) and (2) are very
similar. The C—S bond length is characteristic of a double bond
(typical bond lengths 1.69 A for C=S bonds). The average N1—
C1/N2—C1 bond length is shorter than the normal Cy;—Nj,,
bond length (1.47 A), indicating a partial double bond character,
whereas the N1—-C2/N2—C3 bonds are typical single C—N
bonds. To visualize the similarity, it was decided to calculate the
average DMTU molecule using A, B, and C in (1) (Figure 1g,
the red-colored molecule) and average DMTU molecule using A
and B in (2) (Figure 1g, the blue-colored molecule). After that,
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Figure 2. Optical properties of trans-[Pb(DMTU),CL,]. The excitation spectrum (a) and PL spectra obtained at different excitations in the range of
250—450 nm labeled 1—9 (b). The values of PL spectra maxima (1—9) are imposed onto the excitation spectrum as circles and have very good fitting
(a). Absorption spectrum of trans-[Pb(DMTU),Cl,] particles deposited at the surface of the quartz substrate (red) and DMTU in water (blue) (c).
The decay of photoluminescence observed at 4,,, = 550 nm, which can be fitted by three exponents: two (0.020 ms and 3.8 ms decay times) with a
significant contribution (66% and 29%, respectively) and one (0.38 ms) with a small contribution (5%) (d). CIE coordinates, CCT, and CRI values
obtained from the PL spectrum at A, = 350 nm excitation (e). The excitation spectrum and dependence of photoluminescence quantum yield (PLQY)

per different excitation wavelength (f).

these molecules were imposed one on another and S atoms were
coincided. It was proved that the geometries of molecules are
almost the same; the main difference is associated with a small
deviation of one terminal CH; group (Figure 1g). The
molecules of DMTU are in the syn—anti conformation.

There are two intramolecular and two intermolecular N—H--
Cl hydrogen bonds in the structure (Table S2), which forms a
3D net (Figure S4). Each trans-[Pb(DMTU),Cl,] cluster is
coordinated by eight closest similar clusters (Figure 1d) and
linked with them by hydrogen bonds only (Figure S4). Such
coordination is similar to the open body-centered-cubic-type
structure (bcc), assuming trans-[Pb(DMTU),CL,] clusters as
elemental units (Figure 1d). It should be noted that each Cl™ ion
is involved in all four N—H:--Cl hydrogen bonds: two
intramolecular and two intermolecular (Figure S4).

Absorption and Photoluminescence Properties of
DMTU and trans-[Pb(DMTU),Cl,]. The absorption spectrum
of DMTU dissolved in water is presented in Figure 2c (blue
line). Two intense absorption bands are peaked at 207 and 232
nm; after 275 nm, absorption is not observed. The absorption
spectrum of trans-[Pb(DMTU),Cl,] particles deposited at the
surface of the quartz substrate (Figure 1h) is presented in Figure
2c¢ by the red line. Two peaks are detectable in the spectrum of
(2) at 246 and 213 nm, and the long-wavelength structureless
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wing that stretches up to 460 nm is probably formed by the
contributions from both scattering and absorption.

The photoluminescence of DMTU was found to be below the
detection limit at the excitation both in the main absorption
bands in the deep UV and in other wavelengths in the UV within
the 220—400 nm range. This absence of luminescence from
DMTU is likely due to intersystem crossing that transfers
excitation to a long-lived triplet state, and the latter experiencing
nonradiative decay. In contrast, the photoluminescence spectra
of trans-[Pb(DMTU),Cl,] recorded at different excitation
wavelengths in the range of 250—4S0 nm (Figure 2b)
demonstrate an intense broad luminescence band in the green
peaking approximately at 549 nm with a bandwidth of 110 nm
and with no significant dependence of the peak position and the
widths on the excitation wavelength. The CIE coordinates
(0.374, 0.536), correlated color temperature CCT = 4802.6 K,
and color rendering index CRI = 45.17 were calculated from one
representative luminescence spectrum at 350 nm excitation
(Figure 2e). The excitation spectrum (Figure 2a) of this
luminescence demonstrates nonmonotonic behavior with the
prominent growth at a shorter-wavelength boundary of the
investigated excitation wavelength range. This behavior is
somehow unique both for inorganic phosphors as well as for
metal—organic frameworks extensively studied in the past few
years.z_8 The photoluminescence excitation (PLE) spectrum
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can be concerned as formed by the superposition of several
excited states, one at 250 nm being likely to be ascribed to the
excited state of DMTU, while lower-lying states are absent in the
free DMTU molecule. However, all of these excited states
experience relaxation to lower excited states that is the source of
a single emission band. This feature distinguishes the trans-
[Pb(DMTU),CL,] metal—organic compound from such a Pb-
based compound like two-dimensional organic—inorganic
hybrid metal halide perovskite CgH;,N,PbBr,, where the
excitation is well interpretable within the interband transition
model, while emission is dominated by the decay of self-trapped
exciton.” However, close similarity can be found in our results
with 0D butyl-methyl-piperidinium lead bromide.” Based on the
analysis of the latter study, we assign the luminescence of trans-
[Pb(DMTU),CL] as formed mainly by the transitions from self-
trapped exciton states comprising triplet states °P,,, of Pb**
ions to the ground state singlet 'Sy. The excitation spectrum in
the range of 2.7—4.5 eV (460—275 nm) is formed mainly by the
contribution from allowed 'S;—'P; transition split by the low-
symmetry crystal field acting on Pb*' ions with local first
coordination sphere symmetry C;; within PbCL,S, octahedra.
After excitation, the population of 'P, is evidently efficiently
transferred to 3P0‘1‘2 via an intersystem crossing. However, a
more intense part of the excitation spectrum above 4.5 eV must
be associated with the strong absorption by the organic ligands
that is further transferred to Pb*" ions due to spatial proximity of
excited molecular orbitals of the DMTU ligand with the Pb** ion
and due to intersystem crossing between the DMTU ligand and
the Pb** ion.

It is well-known that wide enough luminescent bands and PLE
dependences owe their broadening to the vibronic nature of
corresponding transitions. E.g., the shape of the vibronic
luminescent band in the simplest case of a single phonon can
be described by the formula

[s0)

Sn
I(Ey) ~ X exp(=8)—-
n=0 :
_ (Eph — Ezp + n'gphonon)z 1

e
P 262

€bhonon
exp [kB_T] -1
where S is the Huang—Rhys parameter, n is the number of
phonons with the energy €,,,n0n Ezp1 is the energy of the zero-
phonon line, and T is the temperature.

The width of these bands is determined by the Huang—Rhys
parameter S and the energy of phonon involved in vibronic
transition: I' = 2 X (2In2 X 8)"/? X €ygn0n X €Oth(Epponon/ksT),
where S is the Huang—Rhys parameter, €,,0n0n is the phonon
energy, kg is the Boltzmann constant, and T is the temperature.
The Stokes shift between peaks in the PLE spectrum and the PL
spectrum can be estimated via the formula Ag.. = (25 — 1) X
€phonon T Azpy, where Azp is the energy gap between the lowest
levels of absorbing and emitting energy states. In the case when §
values for absorbing and emitting transitions differ, A,p; must be
considered as an effective one since it will include possible
correction due to variation of the shapes of these transitions. For
the lowest sub-band in the excitation spectrum of trans-
[Pb(DMTU),CL], the value Age; = 0.79 eV. Numerical
analysis shows that for our experimental value of I" = 0.48 eV and
a rather small Stokes shift specified above the Huang—Rhys
parameter cannot be higher than 4.77. The corresponding value
of € necessary to satisfy both the observed luminescence

phonon

bandwidth and Stokes shift is of the order of 90 meV. The
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modeling of the shape of the trans-[Pb(DMTU),Cl,]
luminescence spectrum was performed using the multiphonon
model assuming a single zero-phonon line and single effective
phonon energy, while values of S and €0n0, Were fitted in the
vicinity of initial values specified above. Satisfactory fit with the
0.6% residual discrepancy was found for the Huang—Rhys
parameter value S = 4.25, zero-phonon energy of 2.63 eV, and
effective phonon energy of 87 meV. The difference between
energies of zero-phonon levels of first absorbing and emitting
states corresponding to these values is 0.138 eV. The value of the
Huang—Rhys parameter obtained for Pb*" ions in S,Cl,
octahedra is much lower than recently found for Sb*" ions in
the chlorine environment;** nevertheless, the extremely high
role of vibronic interaction in the formation of the spectral
profile of trans-[Pb(DMTU),Cl,] luminescence is retained. A
considerable difference between S values in two cases must be
ascribed to the specific environment of the Pb*" ion in trans-
[Pb(DMTU),CL,] that is featured by a large difference of
electronegativity of two different kinds of atoms forming the
local environment of the former.

The decay curve of the photoluminescence of trans-
[Pb(DMTU),CL,] (Figures 2d, S5, and Table S3) shows mainly
biexponential behavior with the fast decay time of 0.02 ms and
long decay time of the order of 4 ms. A number of compounds
with organic ligand-originating luminescence exhibit decay
times in the nanosecond temporal range. Alternatively, some
organic—inorganic hybrid metal halides exist with extremely
large ligand luminescence decay times up to 0.47 s.”> When
luminescence of rare-earth-based or transition-metal-doped
materials occurs through the metal ion luminescing center,
then decay times are determined by the lifetime of the lowest
excited state of the metal ion and can lie in the millisecond range
like in the case of the Mn?* doping ion. In our case, the observed
fast decay time of 0.02 ms admits that luminescence of trans-
[Pb(DMTU),CL,] is not due to the organic ligand, and one can
suggest that this fast decay time is the lifetime of the main
luminescing center Pb?*. At the same time, one more state exists
with a radiative lifetime of the order of several milliseconds. This
state must be ascribed to *Py, which is weakly luminescing due to
the doubly forbidden nature of the *Py—'S transition. However,
P, thermally transfers its population to the °P; state that
luminesces with a lifetime of 0.02 ms at room temperature. One
may note that the luminescence lifetime in trans-[Pb-
(DMTU),Cl,] (20 ms) is considerably larger than the lifetime
in such an efficient 0D hybrid halide phosphor like Bmpip,PbBr,
(66 ns) and slightly larger than the lifetime for similar complexes
with another s* ion, Ge?*, and Sn** (4 and 2.6 ms,
correspondingly).” The preserving of high PLQY found for
trans-[Pb(DMTU),Cl,] means that nonradiative losses charac-
teristic for trans-[Pb(DMTU),Cl,] are considerably weaker
than, e.g,, in materials based on piperidinium.

The sample showed PLQY equal to 91, 85, and 79% under
365, 385, and 40S nm excitation, respectively (Figure 2f). Due to
the possible involvement of interaction between vibronic
systems of the organic ligand and of the metal ion, the PLQY
may be dependent on the excitation wavelength, in contrast to
some organic dyes that demonstrate uniformity of PLQY on the
excitation wavelength. The maximum PLQY = 91% is measured
in the region of direct excitation of Pb** singlet—singlet
transition within the PbCL,S, complex. ie., in the vicinity of
365 nm (Figure 2f). High PLQY indicates that the
concentration quenching of the luminescence in the system of
Pb(1I) ions is practically absent at the characteristic distance of
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9.4 A. Another well-known condition for achieving high PLQY is
the absence of intersystem crossing transitions, which usually
promote the population of extremely long-living triplet states
originating from the organic ligand. The addition of heavy ions
with a high spin—orbit coupling constant often stimulates
intersystem crossing transitions and decreases PLQY that is
commonly referred to as a heavy-ion effect. The lead ion is
teatured by a high spin—orbit coupling constant of the order of
7000 cm ™. Therefore, we deduce that in our material, the heavy-
ion effect is not pronounced that promotes achieving high
PLQY.

The remote phosphor light source based on the trans-
[Pb(DMTU),Cl,] compound showed remarkable stability
under continuous pumping in the ambient conditions (Figure
3). After 1 day of continuous irradiation at 405 nm, no signs of its

@

O_-_—JI T T T T T T T
350 400 450 500 550 600 650 700 750
Wavelength, nm

Figure 3. Lamp with remote construction and color characteristics. The
lamp with remote construction (a) uses four 3 W LEDs (b) with
spectrum maxima at 405 nm (1). The phosphor remote lamp using
trans-[Pb(DMTU),CL,] (c) shows the spectrum with two maxima (405
and 550 nm) (2) resulting in near-white light emission with CIE
coordinates (0.309, 0.391) (d), color rendering index CRI = 58.8 and
correlated color temperature CCT = 6370 K.

photodegradation were detected (Figure S6). The ratio Iso_7so/
Lo _4s0 of the integral intensity of the photoluminescence
spectrum in the range of 450—750 nm (I,5_7s0) to the integral
intensity in the range of 370—450 nm (I37o_450) of excitation
blue light changed from 92 to 88% after 24 h, i.e., less than 5%
change (Figure S7). The spectrum of a remote phosphor lamp
constructed of 405 nm LED with a total electrical power of 12 W
and the trans-[Pb(DMTU),Cl,] layer positioned at 1 cm from
the LED showed two maxima (405 and 550 nm) (Figure S6),
resulting in near-white light emission with CIE coordinates
(0.309, 0.391), color rendering index CRI = 58.8, and correlated
color temperature CCT = 6370 K (Figure 3). Thermal stability
investigation of trans-[Pb(DMTU),Cl,] shows that the
compound melts without decomposition at 109.6 °C and
begins to decompose at 195.9 °C (Figure S8).

Time Dependent-Density Functional Theory (TD-DFT)
Simulation of DMTU and trans-[Pb(DMTU),Cl,]. TD-DFT
calculations of the DMTU molecule require the introduction of
five different transitions, two of them being nearly degenerate, to
describe the absorption spectra in the 200—300 nm range
(Figure 4a, see for details Figure S9 and Table S4). The
wavelength of Sy—S, electronic excitation, which corresponds to
the HOMO—-LUMO electron transition, is 289 nm in a vacuum
and is blue-shifted to approximately 270 nm in water. The
oscillator strength of S;—S; excitation is very small (see Figure
S9). The most prominent transitions, according to calculation,
denoted as Sy—S; , ;4 belong to the 200—290 nm range. The
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Figure 4. Experimental and calculated absorption spectra for DMTU
and trans-[Pb(DMTU),CL]. (a) Experimental absorption (green
curve) and TD-DFT calculated absorption spectra in water (red
curve and red bars) for DMTU. Black bars for DMTU are given in a
vacuum. Inset: calculated absorption of DMTU in the vicinity of S. (b)
Experimental absorption (1), experimental excitation (2,3), and TD-
DFT absorption (4) spectra of trans-[Pb(DMTU),CL]: 1, 2, particles
deposited at the surface of quartz substrate; 3, powder; and 4, vacuum.
TD-DFT absorption transitions are shown in the graph (red lines).
Excitation spectra were measured at 4., = 550 nm. Inset: calculated
absorption of trans-[Pb(DMTU),CL] in the vicinity of HOMO—
LUMO transition.

molecular orbitals that contribute to these transitions are from
HOMO —1to LUMO + 2, and are shown in Figure S10. In TD-
DFT spectra, no low-energy electronic states were found, which
correspond to the absorption wavelengths above 290 nm, in an
excellent agreement with the experiment (Figure 4a).

Simulation of TD-DFT spectra of the (DMTU)PbCl, cluster
is computationally complex due to a very large electronic system.
To cover the same spectral range, 150 electronic states were
used in the calculation. The computed absorption spectrum of
(DMTU)4PbCl, is presented in Figure 4b as a red line.

A prominent feature of the calculated spectrum is the
prediction of the appearance of the absorption well above the
limit characteristic for pure DMTU, ie., above 290 nm, in
qualitative agreement with the experiment. The characteristic
energy of transition between HOMO and LUMO equals to 3.4
eV that is noticeably lower than the absorption range of DMTU
(4.28 eV, or, to be more realistic, above 5.3 V) in qualitative
agreement with the excitation spectrum of trans-[Pb-
(DMTU),Cl,] (Figure 4b). The lowest-energy electronic
excitation at 363 nm is dominated by the HOMO—-LUMO
transition of the complex. The contributions for the high-energy
excitations are presented in Figure S11 and Table S4. According
to the calculation, HOMO and HOMO-1 orbitals are composed
of 3p orbitals of the chlorine ion, while LUMO and LUMO+1
are mainly contributed by 6p orbitals of the lead ion. Therefore,
the transition enabling long-wavelength excitation is supposedly
the one corresponding to the electron transfer from the chlorine
ion orbitals to the excited state of the Pb** ion. TD-DFT
calculations indicate a rather unique scheme of the formation of
a sequence of absorption bands, namely, due to the transitions
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from a variety of lower occupied orbitals to the same unoccupied
ones.

B CONCLUSIONS

A metal—organic compound, trans-[Pb(DMTU-S),CL ], with a
heterogeneous local environment of the Pb** ion, was
synthesized. XRD analysis identified this new material as
belonging to the class of 0D metal—organic nanostructure
frameworks. The compound is featured by a wide luminescent
band peaking at 549 nm with 110 nm width, by the wide
excitation band from 450 nm down to 260 nm at least, by 20
microsecond lifetime, and by high quantum yield achieving 91%
at 365 nm. Luminescence is assigned to Pb** ions within S,Cl,
octahedra, and its lineshape is described by the vibronic model
with the Huang—Rhys parameter S = 4.25 and effective phonon
energy of the order of 90 meV. The excitation spectrum is
formed by the contributions from direct excitation of Pb** ions
and by energy transfer from the orbitals originating from organic
ligands that were modified after the formation of the trans-
[Pb(DMTU-S),Cl,]-nanostructured complex. No considerable
influence of concentration quenching in the system of Pb** ions
is detected at a characteristic distance of 9.4 A. The new
compound is featured by low-energy consumption upon
production in comparison with inorganic materials and high-
performance stability comparable with the latter, which is
promising for a number of applications in photonics.
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Difference X-ray powder patterns of trans-[Pb(DMTU)-
4Cl2] obtained by kneading and crystallization from an
aqueous solution (Figure S1); main geometric parameters
(A, °) of (1) and (2) (Table S1); trans-[Pb(DMTU-
S$)4Cl2] crystal structure with 30 irreducible atoms in the
conventional cell optimized in P21/c symmetry via the
CRYSTAL17 code with the B3LYP functional and basis
sets (Figure S2); model of the Pb(DMTU),Cl, cluster for
absorption spectra simulation (Figure S3); hydrogen-
bond geometry in (1) and (2) structures (A, °) (Table
S2); hydrogen-bond pattern of DMTU and trans-
[Pb(DMTU),CL] (F) (Figure S4); fitting of trans-
[Pb(DMTU),Cl,] photoluminescence decay (Figure
SS); parameters of PL decay of trans-[Pb(DMTU),Cl,]
(Table S3); time-dependent change of the spectrum of
the remote phosphor light source based on the trans-
[Pb(DMTU),Cl,] compound and 405 nm LED with a
total electrical power of 12 W (Figure S6); time
dependent ratio 1450-750/1370-450 of integral intensity
of photoluminescence spectrum (Figure S7); TG/DSC
curves of trans-[Pb(DMTU),Cl,] (Figure S8); calculated
absorption spectrum of DMTU in gas phase (Figure S9);
TD-DFT absorption transitions* of trans-[Pb-
(DMTU),CL,](DMTU), (Table S4); molecular orbitals
of DMTU at B3LYP/def2-SVP level of theory (Figure
$10); and calculated absorption spectrum of trans-
[Pb(DMTU),CL] in gas phase (Figure S11) (PDF)

Crystal structure of DMTU (CIF)
Crystal structure of PbCl,(DMTU), (CIF)
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