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Abstract 

The preparation of luminescent semiconducting nanocomposites of crystalline and 

amorphous manganese phosphorus trisulfide (MnPS3), containing intercalated 

poly(phenylene vinylene) [PPV] is reported. The materials were characterized by 

thermogravimetric analysis, infrared and Raman spectroscopy and X-ray 

diffractometry. Scanning electron microscopy was used to monitor the crystallinity 

and morphology of the host materials. 

An average increase of 5.05 Å in the interlayer distance of MnPS3 was observed by 

XRD, as a result of the intercalation of PPV. The resulting composite materials 

presented more stable photoluminescent properties than unintercalated PPV, and 

with slightly blue-shifted emission; they exhibited significantly higher electronic 

conductivities than MnPS3 or the polymer alone. The effects of the intercalation host 

on the optical and electronic properties of the PPV guest are discussed.  

 

KEYWORDS:  A. Chalcogenides; A. Layered Compounds; A. Organic Compounds; 

B. Intercalation Reactions; B. Luminescence. 

 

 

Highlights: 

 First report of poly(phenylene vinylene) intercalation in layered MnPS3  

 Compares systems based on high- and low-temperature synthesized MnPS3  

 Structural and spectroscopic studies of the intercalates 

 The hybrid organic-inorganic materials show stable photoluminescence 

 Electronic conductivity is increased after the intercalation reaction 
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1. Introduction 

Poly(p-phenylene vinylene) (PPV) is one of the most-studied electroluminescent 

conjugated polymers. It exhibits bright yellow-green fluorescence with an emission 

maximum at 551 nm (2.25 eV), and that property made it a prototype polymer for 

light-emitting diodes. Its electrical conductivity is enhanced upon oxidation (or 

reduction), which creates mobile radical ions and makes it a p-type (or n-type) 

semiconductor. However, like all opto-electronic polymers, it can degrade in the 

presence of oxygen and moisture; this results in the formation of crosslinks between 

the polymer chains, loss of delocalization and decreased electronic conductivity [1-

3].  

A possible solution to such problems is to synthesize composites containing the 

emissive polymer inside a lamellar-structured inorganic host that can accommodate 

organic molecules between its layers.  The geometrical restrictions imposed by the 

inorganic host could result in better-organized polymer chains that would facilitate 

charge injection and transfer between the conducting units. Several research groups 

have reported the formation of composites of PPV and inorganic two-dimensional 

insulators [4-7]; however, intercalates of PPV between the layers of transparent 

semiconducting divalent metal thiohypophosphates (MIIPS3 or MII
2P2S6) and their 

luminescent properties have not been explored. In this paper, we report the 

synthesis and characterization of luminescent organic-inorganic composites 

containing PPV-intercalated MnPS3.  

The divalent metal thiohypophosphates are layer-structured compounds that have 

been studied by several research groups, mostly due to their ability to intercalate 

guest molecules, forming organic-inorganic materials with interesting magnetic and 

electronic properties [8-11]. In addition to their versatile intercalation chemistry, 

MIIPS3 materials are often quite transparent in the visible region, which makes them 

ideal hosts for luminescent polymers with optoelectronic applications [12]. 

MPS3 compounds are usually prepared as macroscopic crystals by high-temperature 

techniques [8-11]; however, they can also be produced as colloidal nanoparticles in 

aqueous solution at room temperature. This was first done by Foot et al [13] by 

mixing a source of thiohypophosphate (P2S6)
4- anions and a solution of M2+ cations. 

The process results in the production of large quantities of amorphous or 
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nanocrystalline MPS3 with analogous properties to those made by the inconvenient 

solid-state synthesis at high temperatures. Moreover, the crystallinity can be readily 

increased by annealing the products at about 300oC for 2 to 4 h [13].  This method 

permits the production of thin-film coatings suitable for photovoltaic or photo-

electrochemical applications.  

One of the sources of (P2S6)
4- used in the low-temperature route was the soluble 

sodium salt Na4P2S6, first prepared by Falius [14]. The stoichiometric equation for 

the synthetic reaction is: 

6Na2S + 2PCl3 + ½O2 + H2O                3Na4P2S6 + 6NaCl + 2NaOH 

Colloidal MPS3 compounds or amorphous precipitates are subsequently formed by 

reacting solutions of Na4P2S6 with solutions of the metal in the M2+ state, and the 

overall reaction can be written as follows:  

Na4P2S6 (aq) + 2M2+
(aq)                2MPS3  + 4Na+

(aq) 

The main aim of the present work was to synthesize and study manganese (II) 

thiohypophosphate (MnPS3 or Mn2P2S6) as a host material for the preparation of 

conjugated polymer/inorganic composites. Much previous investigation has been 

carried out on other MPS3 intercalates of simple molecules, but this work has 

focused on the intercalation of the luminescent semiconductor PPV into MnPS3. 

As well as synthesizing single crystals and polycrystalline samples of MnPS3 by the 

conventional high temperature method, we have used the alternative low-

temperature route to produce them from colloidal suspensions, and have studied the 

physical and spectroscopic properties of the resulting nanocomposite materials with 

PPV. 

 

2. Experimental 

The overall synthetic strategy is outlined in Scheme 1. 
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Scheme 1 

 

                                                                                               
 

 

 

Abbreviations: 

MnPS3: MnPS3 synthesized by a solid-state reaction at high temperature.  

MnPS3_LT: MnPS3 synthesized by solution chemistry at room temperature. 

K_MnPS3: K
+
-intercalated MnPS3 

PP_MnPS3:  PPV precursor polymer-intercalated MnPS3 

PPV_MnPS3:  PPV-intercalated MnPS3 

PPV_MnPS3_LT: PPV-intercalated MnPS3_LT 

 

2.1 Synthesis of intercalated composites  

Intercalation of MnPS3 (obtained by high-temperature synthesis) 

All chemicals were purchased from Sigma Aldrich Ltd., UK, and used without further 

purification. 

2.1.1 Synthesis of p-xylylene-bis(tetrahydrothiophenium chloride) (monomer) 

and poly(p-xylylene-bis(tetrahydrothiophenium chloride) (PPV precursor 

polymer)     

Both of the above salts were synthesized by following the route described by 

Wessling and Zimmerman [15]. 

2.1.2 Synthesis of MnPS3 

Stoichiometric amounts of sulfur (99.9 %) (2.12 g; 0.06 mol), red phosphorus 

(99.9%) (1.02 g; 0.03 mol) and manganese (II) sulfide (99.9%) (1.81 g, 0.02 mol) 

PPV_MnPS3 MnPS3 

PPV 
precursor 
monomer 
or polymer 
salt 

 

 - KCl 

 

 

 

K_MnPS3 PP_MnPS3 

K+   K+ 

 

K+   K+ 

KCl 

(aq) 
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were sealed in 20 cm long evacuated quartz tubes. The tubes were then heated at 

720oC with a linear temperature gradient to form crystalline products by sublimation 

at 680oC, in a 3-zone tube furnace for 4 weeks, according to established methods 

[8,11]. 

Green polycrystalline material and thin platelet crystals were obtained from the 

crystal growth ampoule. The single crystals were typically about 1.4 x 1.2 x 0.03 

mm3. ICP analysis of a sample (single crystal) after dissolution in aqua regia led to 

the approximate formula Mn0.93P1.0S3.3, but powder x-ray diffractometry (see below) 

only gave peaks in accordance with those for the stoichiometric compound, Mn2P2S6 

(JCPDS file #33-0903). Yield obtained: 4.38 g (73 %).   

2.1.3 Potassium ion intercalation: Single crystals of MnPS3 (0.04 g; 2.14 x10-4 

mol) were added to an aqueous solution of KCl (5.0 mL; 2M). The mixture was 

stirred for 2 h at ambient temperature. The solid was filtered off, washed with distilled 

water and dried under vacuum for 24 h at 80 0C. The product obtained (designated 

K_MnPS3) was K0.5Mn0.75 PS3. Yield: 0.020 g (44 %). 

2.1.4 PPV intercalation: K_MnPS3 crystals (0.06 g; 2.73 x10-4 mol) were added to a 

methanolic solution of the precursor monomer p-xylylene-bis(tetrahydrothiophenium 

chloride) (11 mL; 0.2 M). The mixture was left stirring for 24 h under nitrogen; then it 

was cooled to 0 oC and NaOH (11 mL; 0.2 M; 0 oC) was added, after which it was 

stirred for a further hour.  HCl (1M) was then added to neutralize it, and stirring was 

continued for two more hours, keeping the mixture at 0oC throughout the reaction.  A 

green-yellow suspension was formed, containing the intercalated crystals, and it was 

dialyzed against water (3 x 2 L) for 3 days to remove K+, Mn2+, Na+ and Cl- ions.  

After this, the intercalated crystals containing poly(p-xylylene-

bis(tetrahydrothiophenium chloride) (PPV precursor polymer) were filtered off, 

washed with methanol several times and then dried.  Finally, they were placed under 

a stream of nitrogen and heated to 230oC for 30 min to convert the precursor to PPV. 

2.2 Intercalation of MnPS3 (obtained by ambient-temperature solution route) 

Na4P2S6.6H2O was synthesized according to the literature method of Falius [14]. 

Two micellar solutions were prepared separately, using a similar approach to one in 

the literature [16,17]. One of them contained Brij-97 surfactant (3.2 g) in cyclohexane 
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(40 mL), aqueous MnCl2.4H2O (0.02 g in 1.5 mL H2O) and precursor polymer 

solution (5 mL, 0.2 M). The other solution contained Brij-97 (4.0 g) in cyclohexane 

(50 mL) and Na4P2S6.6H2O (0.03 g in 3 mL H2O). The two solutions were mixed and 

left stirring for 48 h, and ethanol (30 mL) was then added to break the emulsion; the 

precipitate formed was collected, washed several times with ethanol and dried in air 

for 24 h. The samples were heated under nitrogen for 1 h at 220 oC to convert the 

precursor to PPV.  

2.3 Characterization 

X-ray powder diffractometry (XRD) was carried out on a Bruker-AXS D8 Advance 

instrument, with Cu K radiation ( = 1.542 Å). All samples were finely powdered 

and were spread onto double-sided adhesive tape (Sellotape) to form thin films for 

XRD analysis. SEM images were obtained using a Zeiss EVO 50 with an Oxford 

Instruments INCA analytical suite.  Attenuated total reflection infrared (ATR-IR) 

spectroscopy was carried out using a Thermo Scientific Nicolet IS5 iD5 ATR, with 16 

scans, over the range 650-4000 cm-1. Raman spectroscopy was performed on a 

Renishaw inVia Raman Microscope, with WiRE 3.3 software and Renishaw MS20 

encoded mechanical stage. A He-Ne 633nm, 500mW laser (typically 8mW emission) 

was used.  

Photoluminescence studies using a Varian Cary Eclipse Spectrofluorimeter were 

carried out on single crystals mounted onto black substrates and on polymer films 

coated onto quartz slides. In both cases, the substrates were positioned at an angle 

of about 60o to the incident beam, to avoid the effects of direct specular reflection 

from the quartz slides.  

Electrical conductivity measurements were carried out on single crystals of MnPS3 

and of PPV-intercalated MnPS3. Sample holders were designed to fix the small 

crystals in position, and the conductivity was measured on the basal planes (parallel 

to the layers) using four-in-line gold electrodes. In the case of the polycrystalline and 

amorphous materials, the samples were powdered and pressed into disks (5 mm 

diameter). The disks were placed in a PTFE cell to make guarded two-probe 

measurements using spring-loaded silver-coated copper electrodes. Sample 

thicknesses were determined by means of a digital micrometer. A Keithley 195 
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current source and a Keithley 197 electrometer were used to make the electrical 

measurements under computer control.  

3. Results and Discussion   

3.1 High-Temperature (Crystalline) MnPS3   

3.1.1 Scanning Electron Microscopy (SEM) 

The morphology of the samples was studied by SEM. Clear lamellar structures were 

observed for the pristine crystalline MnPS3, indicating the regular stacking of the 

compound (Figure 1 a), but the morphology of the crystals was slightly affected by 

the intercalation process. After inclusion of the K+ ions and subsequently the 

polymer, the samples retained their lamellar structure, although more defects such 

as cracks and ragged edges were observed (Figure 1 b), due to the mechanical 

stress that the crystals underwent during the insertion of guest molecules.  

a.       b.  

Figure 1: SEM images of a. crystalline MnPS3   and b. PPV_MnPS3.  After intercalation of the 

polymer, the lamellar structure of MnPS3 was preserved. 

 

3.1.2  X-Ray Diffraction (XRD) 

The structure of MnPS3 was confirmed through the XRD pattern shown in Figure 

2(a). The first (001) reflection was observed at 13.58o (2θ) corresponding to the 

interlayer space (d) of 6.52 Å, followed by an 002 reflection at 27.52o, equivalent to 

3.24 Å. Other peaks present were all typical of the MnPS3 monoclinic space group, in 

agreement with values in the literature [8-10]. 
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After K+ intercalation, the product retained its lamellar structure and good 

crystallinity, as evidenced by the sharp, clear peaks observed in the XRD pattern 

[Figure 2(b)]. A new (0 0 l) peak was observed at 9.84o (2θ) indicating an interlayer 

spacing of 8.99 Å; i.e. an expansion of 2.47 Å. The crystallographic changes were 

consistent with literature data for MnPS3 intercalated by K+ ions  [8,18]. 

The achievement of organic cation exchange intercalation was confirmed by the x-

ray patterns shown in Figure 2(c). The diffraction peaks of neither K_MnPS3 nor 

pristine MnPS3 were observed; instead, new (0 0 l) peaks corresponding to an 

interlayer spacing of 11.58 Å were detected. The 5.13 Å increase in this spacing was 

attributed to intercalation of the precursor polymer chains within the van der Waals 

gap, but with the phenylene rings perpendicular rather than parallel to the host layers 

[19]. No other peaks were observed. The fact that the K+ ions were firstly exchanged 

by the monomer and that the polymer was subsequently formed in situ between the 

layers, permitted the formation of a single-phased product in which the polymer 

chains could be well organized. 

 

Figure 2:  X-ray diffractograms of polycrystalline MnPS3 (top), K
+
-intercalated MnPS3 

(middle) and PPV_MnPS3 (bottom). 
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3.1.3 Thermogravimetric Analysis (TGA) 

Figure 3 shows the TGA diagram for the precursor polymer-intercalated crystalline 

MnPS3. The initial (2.0%) decrease in mass, up to about 120oC, was attributed to the 

loss of water. A significant weight loss (13%) was then observed between 120o and 

380oC; this temperature range is associated with the loss of tetrahydrothiophene 

(THT) and hydrogen chloride, leading to the formation of the PPV intercalate.  On the 

basis of the TGA data, the approximate proportions of water and of phenylene-

vinylene units were respectively 0.22 and 0.20 per MnPS3 formula unit. 

 

Figure 3:  TGA curve of precursor polymer-intercalated MnPS3. 

 

3.1.4  IR and Raman Spectrometry  

The main vibrational features of the MPS3 compounds were found in the region 

below 600 cm-1. The apparent weak, broad IR band at higher wavenumber in Figure 

4 was sample-dependent, and attributable to scattering effects. For pure MnPS3 
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[Figure 4(a)], the IR spectrum showed the most prominent characteristic vibration of 

the MPS3 compounds at 572 cm-1, assigned to the P-S deformation of the P2S6 unit 

of the M2P2S6 lattice [19]. The internal modes of P2S6
4- were represented by the 

sharp lines at 275 and 383 cm-1 in the Raman spectrum. The first one (275 cm-1) was 

attributed to the S-P-S and S-P-P modes and the second one (383 cm-1) to the 

mixed symmetric P-P and P-S stretching modes [20]. The low-frequency Raman 

bands are usually metal-sensitive; hence the weak peak arising at about 154 cm-1 

was attributed to the M-S bond [20,21] [Figure 4(b)]. 

 

Figure 4a: Infrared absorption spectra of MnPS3 and K
+
 intercalated MnPS3. 
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Figure 4b: Raman spectrum of MnPS3 

 

The evidence for intercalation of K+  was the splitting of the asymmetric deformation 

band (PS3) that occurred at 572 cm-1 in the IR spectrum of pure MnPS3. The three 

peaks observed at 553, 572 and 607 cm-1 [Figure 4(a)] are characteristic of some 

intercalated MPS3 compounds [17]. The normal intercalation mechanism of MnPS3 

involves a cation-exchange reaction, wherein M2+ ions are released and cation 

vacancies are formed [17,20]. According to Lagadic et al [18], the splitting of the 

degeneracy of the (PS3) band is due to the presence of these vacancies, which 

produce a mixture of P-S bonds, either surrounded by vacancies or still bound to a 

Mn2+ ion. 

The IR spectrum of PP_MnPS3 [Figure 5(a)] indicates the presence of the polymer; 

the spectrum of pure PPV is shown for comparison. The intensity of the organic 

peaks is fairly low, because the polymer is intercalated inside the inorganic host. The 

elimination of sulfonium residues and the formation of PPV are indicated by the 

strong peak at 980 cm-1 due to the presence of the trans vinylene C-H out-of-plane 

vibration. A small peak around 3013 cm-1 is evident, which corresponds to a trans 

vinylene C-H stretch, characteristic of the conjugated PPV [4,22,23]. Small peaks 

around 2921 and 2850 cm-1 correspond to the sp3 C-H stretching of the sulfonium 

leaving-groups of the precursor polymer [4,22,23].  Peaks in the region between 

1450 and 1050 cm-1 are also characteristic of the sulfonium salt, indicating some 

persistent traces of the precursor. The split (PS3) peaks (607 & 553 cm-1) confirm 
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the presence of the metal vacancies throughout the whole process; no other 

changes were observed in the IR spectrum of the inorganic host. 

The Raman bands at 1551 and 1588 cm-1 in Figure 5(b) arise from the ring C-C 

stretching, and the vinylene C=C stretching vibration is observed at 1632 cm-1; the 

peak at 1325 cm-1 is assigned to the vinylene C=C-H bend, and the strong band 

around 1170cm-1, commonly found in aromatic compounds, is characteristic of the 

ring C-H bending vibrations [22, 24-26]. 
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(a) 

   

(b)  

Figure 5:   PPV-intercalated MnPS3 spectra: (a) infrared and (b) Raman. 

 

3.2 Low-Temperature Synthesis of MnPS3 Intercalates  

3.2.1 Scanning Electron Microscopy (SEM) 

The MnPS3 obtained from solution was initially amorphous, unlike the product of 

high-temperature synthesis. However, after annealing it in a sealed tube for 30 min 

at 350oC, the crystallinity was increased (Figure 6), and it was possible to see clear 
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lamellar features indicating the regular stacking of the compound, like that in the 

crystalline material. 

After the polymer intercalation, the samples retained their lamellar structure (Figure 

7). 

         

Figure 6: SEM photographs of MnPS3_LT before annealing (left) and after annealing (right). 

 

           

Figure 7: SEM micrographs of PPV-intercalated MnPS3_LT. 

 

3.2.2 X-Ray Diffractometry (XRD) 

The samples of MnPS3 obtained by the solution method presented similar structural 

features to those prepared by direct synthesis; however, the crystallinity of these 

samples was much lower than that of the high-temperature synthesized phase. 

XRD data are listed in the Appendix, Table A1. The main feature was the [0 0 l ] 

reflections, indicating the possible presence of turbostratic disorder; these peaks 

were used to estimate an interlayer distance of 6.46 Å, a value very similar to that of 

the high-temperature synthesized MnPS3 [18]. Other peaks at 29.6 and 32.1o, were 
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attributed to the 130 and 131 reflections respectively [16]. After annealing the 

sample, the crystallinity was slightly improved; the peaks became sharper and it was 

possible to observe the 001, 002 and 003 peaks more clearly (at about 13.9, 28.2 

and 41.4o respectively). The interlayer space was slightly smaller (6.40 Å), possibly 

due to better atomic organization permitting closer nesting of the M2P2S6 lamellae.  

The interlayer spacings of MnPS3_LT and its intercalates are given in Table 1. The 

insertion of the polymer into the van der Waals gap was indicated by a new peak at 

6.1o in the XRD pattern, corresponding to an interlayer expansion of almost 8 Å. This 

expansion might have been partly due to the insertion of water molecules as well as 

the polymer; however, the IR spectra did not show any sign of water being present in 

the final hybrid product. The formation of a double-layer of polymer parallel to the 

host matrix lamellae seems a more likely reason for such a large interlayer 

expansion. The other peaks corresponding to pristine amorphous MnPS3 all 

disappeared after intercalation and formation of PPV, indicating that the registry of 

the layers had been lost. 

  

Sample d001 (Å) 
Interlayer 

expansion (Å) 

MnPS3_LT 6.46 ------------ 

K_MnPS3_LT 9.21 2.75 

PPV_MnPS3_LT 14.23 7.77 

 

Table 1: Interlayer spacing expansion of MnPS3_LT upon intercalation of K
+ 

and PPV 

 

3.2.3 Thermogravimetric Analysis (TGA) 

TGA analysis of MnPS3_LT showed a weight loss of about 5% from 50o to 150oC. 

This can be attributed to the elimination of water molecules that were both weakly 

and strongly bound to the lattice. A subsequent 4.5% weight decrease was 

attributable to the loss of phosphorus and sulfur from a less-stable amorphous 

phase, while the more crystalline part only started to decompose above 350oC. 
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In the case of PPV-intercalated MnPS3_LT, a 10% weight loss was observed 

between 40o and 200oC, due to the removal of loosely-bound water molecules. 

Between 220o and 340oC, a 35% weight loss step was seen, probably due to the 

loss of HCl and tetrahydrothiophene from the precursor polymer; it corresponded to 

the presence of 0.67 monomer units per MnPS3, which is such a large proportion 

that some of the polymer was apparently present in between the MnPS3 crystallites. 

The final gravimetric step commenced at around 340oC, and was attributed to the 

onset of decomposition in the inorganic lattice.  

 

3.2.4  IR and Raman Spectrometry 

In the infrared spectrum shown in Figure 8, the strong peak at 2929 cm-1 is due to 

the sp3 C-H stretching of the sulfonium leaving groups of the precursor polymer, 

which suggests that only partial conversion had been achieved after heating the 

samples for 10 min. The bands between 1450 and 1050 cm-1 are also characteristic 

of the sulfonium salts. A small peak at 980 cm-1 started to appear, indicating the 

presence of the trans-vinylene C-H out of plane vibration of PPV. Additionally, a 

weak band around 1100 cm-1 was observed, a very sensitive indicator of the 

formation of phosphates during the intercalation process. The peaks corresponding 

to the inorganic phase were also present, with the typical (PS3) band split, which is 

a signature of intercalated MPS3 compounds.  

The Raman spectra of MnPS3_LT and PPV-intercalated MnPS3_LT are shown in 

Figure 9.  The characteristic PPV vibrations at 1174 and 1630 cm-1 are all present in 

Figure 9(b). The main peaks belonging to the host MnPS3_LT [Figure 9(a)] are all 

overshadowed by the intense peaks of the conjugated PPV, but it is still possible to 

see a small peak at 384 cm-1 due to the Vsym(PS3) mode. 
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 Figure 8:  Infrared spectra of MnPS3_LT and PPV-intercalated MnPS3_LT. 

 

(a)   (b)       

 

Figure 9: Raman spectra of (a) MnPS3_LT and (b) PPV-intercalated MnPS3_LT.  

 

3.3 Photoluminescence studies  

The emission spectra of PPV and PPV-intercalated MnPS3 are illustrated in Figure 

10. Both samples were excited at 400 nm. After chemical elimination of the 
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sulfonium residues, the extent of π–conjugation in the intercalated polymer 

increased, as shown by a red-shift of the emission with respect to the precursor 

polymer. Pure PPV emitted green fluorescence with a λmax (0-1 transition) around 

547 nm, and other vibronic bands at 515 nm and 587 nm assigned to the 0-0 and 0-2 

transitions respectively [27].  The emission spectrum of the intercalated PPV was 

very similar to that of the pure polymer, except that the intensity of the 0-0 band 

increased relative to that in pure PPV, whilst the 0-1 was reduced. The emission 

maximum was blue-shifted (to about 509 nm) relative to that of the un-intercalated 

polymer. The energy differences between the vibronic bands were approximately 

1185 and 1330 cm-1 for PPV, and 1330 cm-1 for the PPV-intercalated MnPS3 sample.  

These values are close to significant peaks observed in the Raman spectra, and 

correspond to the aromatic CC-H and vinylene CC-H bending modes. Our proposed 

band assignments for intercalated PPV were based on the observed energy 

differences; however, there is a small unexplained shoulder at 490nm, which may 

indicate an overlapping  process due to the presence of oligomeric species. 

Bathochromic (red) or hypsochromic (blue) shifts in emission spectra are usually 

related to changes in the conjugation length of the polymer chain. In this case, the 

blue-shift observed for intercalated PPV may indicate that shorter conjugated 

segments are responsible for the emission process. This could mean that the 

intercalated polymer inside the inorganic host had conformational defects such as 

kinks or twists, or more probably, that the elimination reaction forming PPV was 

incomplete, restricting the -overlap in the polymer. On the other hand, the changes 

in shape of the emission envelope are probably due to displacements in the 

configurational coordinate due to the presence of the inorganic crystal layers. It is 

known [27-29] that the relative intensities of the vibronic transitions vary with the 

configurational displacement (∆Q) of the  and * states of conjugated polymers; 

hence, if ∆Q decreases, the relative intensity of the 0-0 transition increases.[28,29]  

In this case, the inorganic matrix would be expected to decrease the conformational 

disorder of the polymer chains confined between the layers [27,28]. If the planarity of 

the polymer is enhanced, the configurational coordinate displacement (∆Q) is 

reduced, and the relative intensity of the 0-0 (509 nm) transition of the intercalated 

PPV is increased [24,29-30]. 
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The role of the inorganic host matrix was apparently a passive one, since no 

sensitized PPV luminescence was detected via excitation in the UV region, in which 

MnPS3 has strong absorptions. On the other hand, the characteristic polymer 

luminescence showed no sign of weakening over periods of many months in ambient 

conditions, so the host conferred strong protection against the typical 

photodegradation of conjugated polymers such as PPV.  This protection may not be 

simply due to the exclusion of atmospheric oxygen from the polymer, and the 

mechanism will require further investigation. 

  



21 
 

 

 

Figure 10: Photoemission spectra of (top) PPV and (bottom) PPV_MnPS3, showing vibronic 

structure. The corresponding configuration coordinate diagrams are shown on the right. 

 

3.4 Electrical Conductivity 

The conductivity of PPV-intercalated high temperature MnPS3 (Table 2) was found to 

be 25 times that of the pure crystalline host, and five orders of magnitude higher than 
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that of the un-intercalated polymer. PPV, although a fully conjugated polymer, is an 

intrinsic electrical insulator, and it requires the use of dopants such as iodine or 

sodium in order to produce appreciable conductivities [31]. Similarly, MnPS3 is 

categorized as a wide-gap semiconductor, and it is known to have a high resistivity 

at ambient temperature [32]. 

The increased conductivity of the intercalated sample may be attributable to better 

organization of the polymer chains, which would improve the charge mobility in the 

organic component of the intercalate. However, there is also the possibility of a small 

amount of charge-transfer from the comparatively electron-rich guest to the host, 

making the polymer slightly p-type and the MnPS3 weakly n-type, and enhancing the 

overall electrical conductivity.  

Sample Conductivity 

Sm-1) 

 
PPV 

10-13 

Refs. [26, 30] 

MnPS3 2.2 x 10-9 

 PPV_MnPS3 5.5 x 10-8 

 

Table 2: Conductivity of single crystals of MnPS3 and PPV-intercalated MnPS3 

The apparent conductivities measured on the uniaxially-pressed powder pellets 

(Table 3) were much lower than those of the single crystals. It seems likely that the 

powdered crystal platelets had a preferred alignment parallel to the flat surfaces of 

the uniaxially-pressed pellets. The measured values would therefore reflect the 

structural anisotropy of the intercalated materials, and the likelihood that the carrier 

mobility parallel to the layers is greater than the perpendicular mobility. The 

phenomenon is less marked for the low temperature-synthesized MnPS3 intercalate, 

in which the crystallites were much smaller and consequently harder to align.  

 
Sample 

 

Conductivity  
(Sm-1) 

 
PPV_MnPS3 

 
3.8 x 10-11  

 
PPV_MnPS3_LT 

 

1.6 x 10-10 

 

Table 3: Conductivity of pressed pellets of PPV intercalated in crystalline and amorphous MnPS3. 
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4. Conclusions  

This paper has reported work on a well-known luminescent polymer (PPV) intercalated 

into a stable and convenient lamellar thiophosphate host. For potential applications in 

light-emitting devices, the stability of such polymers can be improved by entrapment in 

an inorganic matrix such as clay [7]. Unlike such insulating hosts, MnPS3 was selected 

here because it is a wide-gap semiconductor with the ability to facilitate electron/hole 

transport to the polymer, while also being transparent in the spectral region emitted by 

PPV.  

 

We synthesized MnPS3 by direct elemental combination at high temperature and by a 

low temperature solution method. Novel nanocomposites with PPV were produced via 

ion-exchange and subsequent thermal treatment, and were characterized by 

IR/Raman spectroscopy, X-ray powder diffractometry, thermogravimetric analysis and 

scanning electron microscopy. The photoluminescence of the hybrid materials showed 

stable, slightly blue-shifted emission from the PPV. There was a significant increase in 

the electronic conductivity relative to the pure intercalant and host, which could be 

advantageous for OLED applications of PPV or similar luminescent polymers.  
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