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ABSTRACT: We report the synthesis and characterization of (Ph4P)2SbCl5, a novel ionically bonded organic metal halide hybrid 
with a zero-dimensional (0D) structure at the molecular level. By co-crystallization of tetraphenylphosphonium (Ph4P+) and antimony 
(Sb3+) chloride salts, (Ph4P)2SbCl5 bulk single crystals can be prepared in high yield, which exhibit a highly efficient broadband red 
emission peaked at 648 nm with a photoluminescence quantum efficiency (PLQE) of around 87 %. Density functional theory (DFT) 
calculations reveal the origin of emission as phosphorescence from the excitons localized at SbCl5

2- with strong excited-state structural 
distortion. Interestingly, (Ph4P)2SbCl5 bulk crystals with a PLQE of around 100 % can be prepared via a rapid crystal growth process 
within minutes, followed by a spontaneous structural transformation. It was found that the rapid growth process yielded a yellow 
emitting kinetically favored metastable product containing solvent molecules, which turned into the red emitting thermodynamically 
stable product slowly at room temperature or quickly upon thermal treatment. 

Light emitting materials have attracted tremendous research 
interest for their wide range of applications in display, lighting, 
bioimaging, etc.1-5 As one of the most important classes of light 
emitting materials, phosphorescent metal complexes have 
achieved great successes in organic light emitting diodes with 
nearly 100% internal quantum efficiency.6 However, most of 
the highly efficient phosphorescent complexes are based on 
either iridium or platinum, which are neither earth abundant nor 
cost-effective. Also, their preparations often involve multiple 
steps of syntheses. Main group metal halides, e.g. 
germanium(II), tin(II), lead(II), antimony(III), and bismuth(III), 
have been previously reported to exhibit phosphorescence from 
metal-centered s-p transitions in fluid solution.7-10 However, 
their room-temperature PLQEs are extremely low, which limits 
their potential applications in practical devices.  

Recently, our group has developed several highly 
luminescent 0D organic metal halide hybrid crystals with near-
unity PLQEs.11, 12 In these bulk crystals, distinct anionic metal 
halide species, such as SnBr6

4- and SbCl5
2-, are completely 

isolated from each other and surrounded by large wide-band-
gap organic cations. The site isolation eliminates electronic 
band formation between individual metal halide species, 
allowing bulk crystals to exhibit intrinsic properties of 
molecular metal halide species, with strongly Stokes shifted 

broadband emission due to significant excited state structural 
reorganization. These results prove that trapping luminescent 
metal halide species in an ionically bonded solid-state matrix to 
form an organic-inorganic hybrid material is an effective 
approach to preparing highly efficient light-emitting crystals. 
The key to realizing such 0D hybrid materials is to choose 
appropriate organic and inorganic salts that can co-crystallize to 
form crystalline structures.12, 13 The organic cations should have 
a large enough bandgap and size to ensure complete electronic 
site isolation of the photoactive inorganic species. 

Here we report the use of tetraphenylphosphonium cation 
(Ph4P+) to assemble 0D organic antimony chloride (Ph4P)2SbCl5 

single crystals. Tetraphenylphosphonium salts were chosen for 
this investigation as they are well-known to readily form 
crystalline organic-inorganic hybrids.14 Two facile synthetic 
routes have been established to prepare (Ph4P)2SbCl5 single 
crystals in high yields: one by a slow solvent inter-diffusion 
process, and the other involving the rapid growth of a 
metastable product followed by spontaneous transformation to 
form the thermodynamically stable product. Photophysical 
properties of both metastable and stable (Ph4P)2SbCl5 prepared 
by different methods were fully characterized. The metastable 
product, which is believed to contain solvent molecules, 
exhibits yellow emission, peaked at 605 nm, and the stable 



 

product has red emission, peaked at 648 nm with a near-unity 
PLQE. 

 

Figure 1. a) View of the structure of (Ph4P)2SbCl5 (red spheres: 
antimony atoms; blue spheres: chloride atoms; orange spheres: 
nitrogen atoms; gray spheres: carbon atoms; red polyhedra: SbCl52-

; hydrogen atoms are hidden for clarity). b) View of an individual 
SbCl52- anion and nearest neighbor Ph4P+ cations. 

Light yellow single crystals of (Ph4P)2SbCl5 were prepared 
overnight in a 65% yield by diffusing the anti-solvent diethyl 
ether into an undisturbed dimethylformamide (DMF) precursor 
solution of antimony chloride (SbCl3) and 
tetraphenylphosphonium chloride (Ph4PCl) at room 
temperature in the N2-filled glove box.  The ionic structure 
determined using single crystal X-ray diffraction (SCXRD) 
(Table S1, S2) adopts a triclinic space group P-1 where 
individual SbCl5

2- pyramids are surrounded by the large 
tetrahedral Ph4P+ cations (Figure 1a). A SbCl5

2- anion wrapped 
by several Ph4P+ cations is shown in Figure 1b. The bond 
distance between the Sb atom and the apical Cl atom in SbCl5

2- 
in (Ph4P)2SbCl5 is 2.20 Å, which is noticeably shorter than 
distances of previously reported pyramidal SbCl5 structures, 

such as (Bmim)2SbCl5 (2.37 Å)15 and (C9NH20)2SbCl5 (2.38 
Å)12. Meanwhile, the bond lengths beween Sb atom and the 
other four Cl atoms are all between 2.61 Å and 2.63 Å, which 
are comparable to those in other SbCl5 structures. The smaller 
pyramidal size suggests that the crystal structure of 
(Ph4P)2SbCl5 is more compacted, which is not surprising 
considering the rigid phenyl groups facilitating molecular 
packing. The uniformity of the as-prepared crystals was 
confirmed by powder X-ray diffraction (PXRD) (Figure S1). 
The consistency of PXRD patterns also suggests that there is no 
phase transition between 150K and room temperature. The 
compositions of the crystals were further verified by elemental 
analysis. Details of synthesis and characterization can be found 
in the Supporting Information. 
Bulk (Ph4P)2SbCl5 crystals display bright red luminescence 
under UV irradiation (365 nm) (Figure 2a). The photophysical 
properties of (Ph4P)2SbCl5 samples were further characterized, 
details of experiments can be found in the Supporting 
Information. The excitation spectrum of (Ph4P)2SbCl5 has a 
maximum of 375 nm (Figure 2b). The broadband red emission 
peaked at 648 nm has a full width at half-maximum (FWHM) 
of 136 nm (Figure 2b), and a characteristic phosphorescent 
lifetime of 4.57±0.09 μs (Figure 2c). Luminescence from 
(Ph4P)2SbCl5 is significantly lower in energy than emission 
from (C9NH20)2SbCl5 (λmax = 590 nm)10 and has a Stokes shift 
of 273 nm (1.41 eV). The large Stokes shift indicates 
(Ph4P)2SbCl5 undergoes a larger structural distortion in the 
excited state than (C9NH20)2SbCl5. The photoluminescent 
efficiency of the bulk crystals (PLQE = 87±2 %) is considerably 
high for red emitting materials (Figure S2). The (Ph4P)2SbCl5 
crystals also display high thermostability, as revealed by 
thermogravimetric analysis, with no degradation until 300 °C 
(Figure S3) and excellent photostability under continuous high-
power mercury lamp irradiation (150 mW/cm2) (Figure S4). 

 

Figure 2. a) Images of bulk crystals produced via antisolvent vapor diffusion method under ambient light (top) and UV light (365 nm, 
bottom). b) Excitation and emission spectra of bulk (Ph4P)2SbCl5 crystals. c) Luminescence decay profile of bulk (Ph4P)2SbCl5 
crystals.

Density functional theory (DFT) calculations were performed 
to shed light on the photophysical properties of (Ph4P)2SbCl5. 
The calculated electronic structure of (Ph4P)2SbCl5 shows a 
SbCl5-derived valence band and a Ph4P-derived conduction 
band (Figure S5). The strong hybridization between the 
occupied Sb-5s oritital and the Cl-3p orbital that points to the 
Sb ion creates an antibonding orbital of Sb-5s and Cl-3p, which 
is higher in energy than the other Cl-3p orbitals. This results in 
the top valence band that is split off from the rest of the valence 
band as seen in Fig. S5. This band is nearly dispersionless due 

to the long Sn-Sn distance. The conduction band is mainly made 
up of the anti-bonding π states on Ph4P molecular cations. The 
empty Sb-5p band is located within  the Ph4P -dominated 
conduction band as shown in Fig. S5(b). Although the Sb-5p 
level is above the conduction band minimum at the ground state, 
we find that the excited electron prefers to be localized at SbCl5 

due to the strong Coulomb binding between the electron and the 
hole. We tested two types of excitons, one localized at SbCl5 
(EX1) and the other of the charge transfer type (EX2) with the 
hole localized at the SbCl5 cluster and the electron at the 



 

adjacent Ph4P molecule. Table S3 compares the energies of the 
spin-triplet and spin-singlet EX1 and EX2. The most stable 
exciton is the spin-triplet EX1 localized at SbCl5; the partial 
charge density contours of the electron and the hole 
wavefunctions of this exciton are plotted in Figure 3. The 
calculated emission energy of the spin-triplet EX1 is 1.91 eV, 
matching perfectly with the experimentally measured emission 
peak at 1.91 eV (648 nm). The spin-triplet exciton emission is 
also consistent with the observed lifetime of the emission on the 
order of microsecond. The calculated excitation energy is 3.68 
eV, within the experimentally measured excitation band, and 
calculated Stokes shift is 1.77 eV. Such a large Stokes shift is 
largely due to structural reorganization in the excited state, 
which lowers the exciton energy by 0.96 eV. The exciton 
relaxation involves the shortening of the four Sb-Cl bonds on 
the SbCl4 plane and the elongation of the Sb-Cl bond 
perpendicular to the four shortened bonds. The significant 
elongation of the vertical Sb-Cl bond during the exciton 
relaxation may hold the key to the understanding of the different 
Stokes shifts observed in (Ph4P)2SbCl5 and (C9NH20)2SbCl5, 
which have different vertical Sb-Cl bond lengths of 2.20 Å and 
2.38 Å, respectively, at the ground state. As the Stokes shift is 
caused by the excited state structural distortion, the larger 
Stokes shift for (Ph4P)2SbCl5 than (C9NH20)2SbCl5 is likely due 
to a stronger excited state distortion from a shorter Sb-Cl bond.  

 

Figure 3. Partial charge density contours of (a) the hole and (b) 
the electron wavefunctions of the most stable exciton in 
(Ph4P)2SbCl5. 

The extremely high PLQEs of (Ph4P)2SbCl5 and many other 0D 
organic metal halide hybrids make them highly promising 
emitters for a variety of applications. However, the relatively 
slow crystal growth process for their preparation presents a 
drawback. It is therefore of great interest to develop quicker 
processes to grow bulk metal halide hybrid crystals. 
Considering the ease of crystallization for the PPh4

+ salts, we 
attempted to prepare (Ph4P)2SbCl5 in an accelerated crystal 
growth process. By directly injecting a fixed amount of diethyl 
ether into the DMF precursor solution at room temperature, 
plate-like crystals quickly grew out of the solution within 
minutes as shown in the video (see Supporting Information). 
Increasing the amount of diethyl ether resulted in faster 
crystallization of plate-like crystals with reduced crystal size. 

Interestingly, the crystals produced by this rapid growth method 
exhibited yellow emission peaked at around 600 nm upon UV 
excitation (365 nm). The intensity of broadband emission 
increases without change of line spectral shape during the 
crystal growth process, as revealed by the in-situ 
photoluminescence measurements (Figure 4a). After these 
yellow emitting crystals were collected and stored in the N2-
filled glove box, their emission was found to gradually shift 
from yellow (λmax = 600 nm) to red (λmax = 648 nm) (Figure 4b). 
It should be pointed out that the optical properties of fully 
converted crystals from rapid growth are almost identical to the 
crystals prepared by slow vapor diffusion method. An even 
higher PLQE of 99±1 % was achieved for converted crystals 
from rapid growth, which is possibly due to fewer defects in 
these crystals. 
The distinct optical properties of crystals prepared by slow and 
rapid processes suggested that a metastable phase was likely a 
kinetically favored product formed during the latter growth 
process, which subsequently undergoes structural 
transformation to the thermodynamically stable phase. To 
support our hypothesis, we have prepared a (Ph4P)2SbCl5 thin 
film by spin casting DMF precursor solution, followed by heat 
treatment in a N2-filled glovebox. As shown in Figure 4c, the 
as-cast thin film exhibits yellow emission, exactly the same as 
that of rapid grown crystals in solution, which become red 
emitting upon thermal treatment, suggesting the transformation 
from a kinetically favored product into a thermodynamically 
stable product. The structural difference between the two 
phases was characterized using PXRD and is shown in Figure 
4d. The PXRD patterns of thin films show that peaks at 8° and 
11.1° vanished while a peak at 9.8° increased over time, 
confirming the formation of the thermodynamically stable 
product. Therefore, the crystal growth mechanisms can be 
depicted in Figure 4e, i.e. rapid growth forms a kinetically 
favored metastable product and slow diffusion process results 
in a thermodynamically stable product. As solvent effects on 
the electronic spectra of molecules in solution have been well 
established,16 it is reasonable to suspect that the variation of 
emission can be attributed to the removal of solvent molecules 
in crystals and thin films. In the rapid crystal growth process, 
polar solvent molecules (i.e. DMF) can co-crystallize with 
Ph4P+ and SbCl5

2- to form a metastable structure, as confirmed 
by 1H NMR spectra (Figure S6), which turns into a 
thermodynamically stable phase without solvent molecules. 
Upon heat treatment, this structural transformation process can 
be expedited. TGA measurements of the fresh and converted 
metastable crystals (Figure S3), clearly show a sizable weight 
loss for the metastable crystal at around 100 °C, corresponding 
to the removal of DMF molecues. In contrast, there is little-to-
no weight loss for the converted crystal and the crystal prepared 
by a slow diffusion method stable up to 300 °C.



 

 

Figure 4. a) In situ photoluminescence spectra of bulk crystals during rapid crystal growth. b) Photoluminescence spectra change of 
bulk crystals after removal of the precursor solution. c) Photoluminescence spectra of thin films upon different heat treatment time. 
d) PXRD patterns of metastable crystals and thin films upon different heat treatment time. e) Schematic description of crystal growth 
pathways of (Ph4P)2SbCl5. 

In summary, we have established facile synthetic approaches 
for the preparation of single crystalline organic antimony halide 
hybrid, (Ph4P)2SbCl5, which exhibits strongly Stokes shifted red 
emission with a near-unity quantum efficiency, as a result of the 
localized molecular transition in SbCl5 with pronounced excited 
state structural distortion. Besides a conventional slow solvent 
vapor diffusion process, a rapid crystal growth approach was 
developed to prepare these light-emitting crystals in high yield, 
by taking advantage of the easy crystallization of 
tetraphenylphosphonium salts. Both kinetically favored 
metastable and thermodynamically stable crystals have been 
identified and characterized. Our discovery of facile preparation 
of low cost, ecofriendly, high performance light emitting 
crystals represents a major breakthrough in the field of light 
emitting materials, which is both scientifically and practically 
meaningful. 
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