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Synthesis and Investigation of Cobalt Chalcogenide 

Clusters with Thienyl Phosphine Ligands as New 

Acceptor Materials for P3HT 
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, and B. M. Boardman
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,  

Cobalt selenide clusters with 2-bromo-5-diethylphosphinothiophene (1) and 2-bromo-5-

diphenylphosphinothiophene (2) ligands are described. The phosphine ligands are obtained via lithium 

halogen exchange of 2,5-dibromothiophene followed by addition of chlorodiethylphosphine and 

chlorodiphenylphosphine, respectively. The prepared phosphine ligands are then sequentially reacted 

with elemental selenium followed by dicobalt octacarbonyl to yield Co6Se8(P(Et)2(C4H2SBr))6 (3) or 

Co6Se8(P(Ph)2(C4H2SBr))6 (4), respectively. The two new cobalt selenide clusters were characterized by 

UV-visible spectroscopy, Fourier-transform infared spectroscopy, cyclic voltammetry, and elemental 

analysis. Emission spectra were recorded for the addition of, Co6Se8(PEt3)6 (5), 3, and 4 to a 0.004 wt% 

solution of poly-3-hexyl thiophene (P3HT) in toluene to investigate the charge transport of the system. 

The quenching of the polymers’ emission follows first-order like decay for each cluster. Clusters 3 and 4 

are approximately twice as efficient at quenching the emission than cluster 5 with 4 being slightly more 

efficient than 3. Simple mixtures of 3, 4 or 5 and P3HT were spun cast from toluene into thin films and 

atomic force microscopy displayed relatively uniform dispersion of 3 and network-like formation of 4 in 

contrast to the phase separation of 5 in the polymer films. 

 

 

Introduction 

The bulk hetero-junction (BHJ) photovoltaic architecture is 

applicable to a wide variety of materials and recently conjugated 

polymers and inorganic semiconductor nanoparticle systems have 

been developed to obtain hybrid structures.1,2,3,4,5 These types of 

hybrid materials have also found applications in many areas of 

technology such as memory devices,6,7 light-emitting diodes,8,9 and 

catalysis.10 Additionally, they are advantageous for organic 

photovoltaic (OPV) applications because they combine the strong 

light harvesting capabilities of the inorganic component with the 

ability to solution process well-ordered structures for efficient 

charge separation and migration of the organic component. Colloidal 

semi-conducting nanocrystals or nanoparticles are often used as the 

inorganic component in these types of devices. Nanoparticles are of 

interest in energy conversion and light harvesting applications 

because of their size-tunable IR band gaps and solution 

processability.  
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Hybrid materials formed by incorporating nanoparticles into organic 

conjugated molecules often display interesting properties. For 

example many hybrid structures are made with poly-3-

hexylthiophene (P3HT) and inorganic nanoparticles.3,11,12,13 

Incorporation of gold nanoparticles into polypyrrole,14 polyaniline,15 

and polythiophene16 films have displayed an increase of two orders 

of magnitude in the conductivity when compared to the pure 

polymer films. While there has been some success with these 

materials, they are plagued by a few fundamental problems.  It has 

been previously reported that the efficiency of these types of devices 

depends heavily on the percolation of the network of inorganic and 

organic material for electron and hole extraction.17,18 Generally, 

mixing leads to an aggregation of the inorganic particles rather than 

the preferred dispersion throughout the polymer. In a few cases, 

dispersion of inorganic particles has been achieved; however, a 

coating on the inorganic particle was necessary to achieve increased 

solubility and stability for favorable interaction.19,20,21,22 In these 

cases, the coating makes it difficult to understand the direct chemical 

interactions between the two materials.23Additionally, it is often 

difficult to prepare nanoparticles with a narrow distribution of 

particle size. This is important when dealing with BHJ devices 

because of the exciton diffusion length (10nm)24,25; if the particles 

are too large, or there are large aggregates of nanoparticles, it is 

difficult to get enough donor/acceptor interfacial interactions.  
 

There has been considerable interest in phosphine chalcogenides for 

their uses as sulfur and selenium transfer agents as well as building 

blocks to understand the formation of bulk metal 

chalcogenides.26,27,28 These studies have allowed for a better 

understanding of the growth of extended metal chalcogenide 
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semiconducting solids,27,28 as well as understanding the role of 

phosphine chalcogenides in the synthesis and properties of colloidal 

quantum dots.29,30 Functionalized phosphines have exhibited 

increasing potential for use in a number of applications ranging from 

catalysis to biomedical.31,32,33  

 

Recently, thiophene-containing phosphines have been synthesized 

and incorporated into tungsten sulfide clusters through ligand 

exchange reactions.34 The thienyl moieties provide an interesting 

opportunity to covalently link metal chalcogenide clusters to 

conjugated polymers reducing the non-favorable interactions 

between the organic and inorganic materials. Unfortunately to date 

the electropolymerization of the attached thiophene moieties have 

proven unsuccessful due to over oxidation of the metal core.34 

Additionally, trialkyl phosphine chalcogenides have been used to 

isolate cobalt chalcogenide clusters with the formula type 

Co6Q8(PR3)6 (Q= S, Se, or Te, R= ethyl, butyl).27,28 This direct 

synthesis can be used to obtain new clusters with functionalized 

ligands. The resulting clusters are relatively robust to ambient 

conditions, soluble in common organic solvents, and have previously 

been shown to be conductive.35 In addition to a broad absorption 

range, these properties give them the potential for use in a variety of 

materials applications.  

In an effort to achieve a covalently linked organic-inorganic 

structure, two new ligands were developed. Herein we describe the 

synthesis of 2-bromo-5-diethylphosphinothiophene (1) and 2-bromo-

5-diphenylphosphinothiophene (2). The synthesis of two cobalt 

selenide clusters Co6Se8(P(Et)2(C4H2SBr))6 (3) and 

Co6Se8(P(Et)2(C4H2SBr))6 (4) is also detailed. Unlike previous 

attempts, the bromine at the 2-position of the thiophene moiety 

provides options for milder polymerization conditions such as 

Grignard metathesis or palladium catalyzed polymerization.36 

Furthermore, we describe the spectroscopic study of the interactions 

between Co6Se8(PEt3)6 (5), 3, and 4 and P3HT. The charge transfer 

from the polymer donor to the cluster acceptor is observed in 

solution via photoluminescence quenching of P3HT. We also report 

on the importance of R-group substituents on the clusters 

interactions with the polymer and the morphology of the thin films 

by atomic force microscopy (AFM) analysis to understand the role 

of π-conjugated thiophene containing clusters in donor/acceptor 

applications.  

Experimental  

Materials and Instrumentation 

All manipulations were performed under inert atmosphere using 

standard glovebox and Schlenk techniques, unless otherwise noted. 

Chlorodiethylphosphine (90%), chlorodiphenylphosphine (99%), 

2,5-dibromothiophene (95%), and n-butyllithium (2.5 M in hexanes) 

were used as received from Sigma-Aldrich. Dicobalt octacarbonyl 

(stabilized in 1-5% hexanes) and selenium powder (99.5%) were 

used as received from Strem Chemical. The ligands 2-bromo-5-

diethylphosphinothiophene (1) and 2-bromo-5-

diphenylphosphinothiophene (2) were synthesized using a modified 

literature procedure and details can be found in the supplementary 

information.38 The cluster Co6Se8(PEt3)6 (5) and P3HT were 

synthesized according to literature procedures.35,37 All solvents were 

obtained from an Innovative Technology Solvent Purification 

System and were degassed before use. Nuclear magnetic resonance 

(1H NMR and 31P NMR) spectra were obtained using a Bruker 

Advance DPX-400 or 300 NMR spectrometer; chemical shifts are 

reported in ppm downfield from tetramethylsilane (δ scale) and 85 % 

H3PO4 respectively. FT-IR spectra were obtained using an Thermo 

Nicolet 380 FT-IR with SMART Golden Gate using EZ OMNIC 

6.1a. UV-Visible spectra were taken in toluene and recorded using 

an HP 8453 Diode Array. Photoluminescence spectra were obtained 

on a Jasco FP-8500 spectrofluorometer using an excitation 

wavelength of 413 nm. Galbraith Laboratories performed elemental 

analysis. Microwave reactions were performed in a Biotage 

Initiator+ microwave synthesizer. AFM was performed on a 

Nanoscience Instruments Nanosurf AFM in tapping mode. Powder 

X-Ray diffraction data was collected on a PANalytical X’Pert PRO 

MPD theta-theta Diffractometer. Cyclic Voltammetry was 

performed on a CH Instruments CHI700D Electrochemical 

Analyzer. Polymer and polymer:cluster films were spun cast using a 

Best Tools Smart Coater SC100 

Preparation of Co6Se8(P(Et)2(C4H2SBr))6 (3)  

Elemental selenium (0.313 g, 3.966 mmol) was added to a solution 

of 2-bromo-5-diethylphosphinothiophene (0.498 g, 1.983 mmol) in 

toluene (4 mL) and heated to 160 ºC for 10 minutes in the 

microwave. The reaction mixture was allowed to cool to room 

temperature and was subsequently filtered into a round bottom flask 

to remove excess selenium. Dicobalt octacarbonyl (0.156 g, 0.456 

mmol) was dissolved in toluene (20 mL) and cannula transferred 

into the solution. The reaction turned a dark red/brown immediately 

and was allowed to stir at room temperature for 30 minutes and then 

heated to reflux overnight. The resulting dark red/black solution was 

cooled to room temperature, Schlenk filtered and concentrated to ~ 

1mL. The solution was stored in a freezer (-13 oC) over several days 

to afford deep red needles. The mother liquor was removed and the 

crystals were washed with cold diethyl ether and dried under 

vacuum to yield a very dark black/red solid (0.179 g, 47.2%). NMR 
31P (d-toluene): 60.6 (br). λAbs=366, 442, 502 nm. IR (KBr, cm-1): 

2951, 2953, 2919, 2864 (C-H), 1727 (aromatic C=C) Anal. Calc for 

Co6Se8P6C48H72S6Br6: C, 23.13; H, 2.91; P, 7.46. Found: C, 23.56; 

H, 3.14; P, 7.12%.  

Preparation of Co6Se8(P(Ph)2(C4H2SBr))6 (4)  

Elemental selenium (0.227 g, 0.2.88 mmol) was added to a solution 

of 2-bromo-5-diphenylphosphinothiophene (0.500 g, 1.44 mmol) in 

toluene (4 mL) and allowed to react at 160 ºC for 10 minutes in the 

microwave. The reaction mixture was cooled to room temperature 

and solution was filtered into a round bottom flask to remove excess 

selenium. Dicobalt octacarbonyl (0.114 g, .332 mmol) in 20 mL of 

toluene was subsequently cannula transferred into the reaction 

mixture. Rapid color change to dark red brown was observed, in 

addition to evolution of CO. The reaction mixture was allowed to 

stir at room temperature for 30 minutes followed by reflux 

overnight. The resulting deep red brown solution was Schlenk 

filtered and excess toluene was reduced to 1 mL in vacuo and stored 

in a freezer overnight (-13 oC). The mother liquor was removed and 

the resulting solid was washed with cold diethyl ether to yield a very 

dark black/red solid (0.113 g, 33%). NMR 31P (d-toluene): 57.9 (br). 

λAbs=366, 447, 514 nm. IR (KBr, cm-1): 3054, 3045, 2972, 2849 (C-

H), 1807, 1760 (aromatic C=C) Anal. Calc for Co6Se8P6C96H72S6Br6: 

C, 37.58; H, 2.36; P, 6.05. Found: C, 37.13; H, 2.37; P, 5.87%.  

Quenching Experiments 

The emission quenching experiments were performed by the 

addition of 1.0 mg increments of 3, 4, or 5 to a 0.004 wt% solution 

of P3HT in toluene. The addition of each cluster was continued until 

negligible emission from the polymer was observed. The molecular 

Page 2 of 8Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

weight of P3HT (~13,000) was determined on a Polymer Labs GPC-

50 Plus in THF using polystyrene standards. 

AFM 

Cluster:P3HT films were spun-cast on untreated glass substrates 

from a toluene solution of 0.02 wt % P3HT and 0.12 wt% cluster at 

1500 rpm and dried under vacuum. AFM images were recorded in 

tapping mode. The films were then annealed at 150 OC for 5 minutes 

and cooled rapidly to room temperature, AFM experiments were 

then repeated. 

Results and discussion  

The tertiary thienyl phosphine ligands were synthesized by means of 

a modified literature procedure.38 In each case, dibromothiophene 

was lithiated and then quenched with chlorodiethylphosphine or 

chlorodiphenylphosphine, to afford 2-bromo-5-

diethylphosphinothiophene (1) and 2-bromo-5-

diphenylphosphinothiophene (2), respectively (Scheme 1). Despite 

taking precautions to remove moisture and oxygen, a small amount 

of the phosphine oxide formed but was easily removed by column 

chromatography to afford the ligands in good yield.  

 
Scheme 1. Synthesis of ligands 1 and 2.  

Clusters 3 and 4 were synthesized by reaction of a freshly prepared 

phosphine selenide with dicobalt octacarbonyl (Scheme 2). This 

reaction can be performed as a one pot synthesis by refluxing the 

phosphine ligand with excess selenium powder for 5 hours and then 

adding the dicobalt octacarbonyl via cannula. The phosphine 

selenide can also be isolated and combined with a solution of 

dicobalt octacarbonyl; however, the formation of the phosphine 

selenide in a microwave reactor is considerably more rapid, and 

hence the preferred method.   

Scheme 2. Synthesis of clusters 3 and 4 via the in situ formation of 

the tertiary phosphine chalcogenide using microwave assisted 

synthesis and subsequent reaction with dicobalt octacarbonyl. 

The 31P NMR of 3 and 4 show broad peaks at 60.6 ppm and 57.9 

ppm respectively. The shifts are downfield from ligands 1 and 2 (-

21.8 ppm and -17.9 ppm) and are in agreement with previously 

published clusters with similar structures.39 Characterization by UV-

visible spectroscopy revealed three strong absorption bands for each 

cluster. The absorption spectra of the new clusters compare well 

with previous clusters as they share the three characteristic 

absorption bands of a cobalt chalcogenide cluster with the formula 

type Co6Q8(PR3)6 (Q= S, Se, or Te, R= ethyl, butyl) (Figure 1).27,28 

Co6Se8(PEt3)6 (5) was synthesized according to the literature for 

comparison.35,39 Interestingly, the first bands are comparable, while 

the second and third bands of the new clusters are slightly red 

shifted. This can likely be attributed to the increased conjugation of 

the thiophene-containing ligands. Infrared spectroscopy confirmed 

the absence of residual carbonyl, which indicates the consumption of 

the starting material (Co2CO8). 

  

 

Figure 1. UV-visible absorption spectral overlay of the alkyl 

phosphine containing cluster and the thienyl phosphine containing 

clusters. Ligand 1=PEt3 (blue), Ligand 2=PEt2ThBr (red), Ligand 

3=PPh2ThBr (green). 

To date, neither the telluride or sulfide clusters have been 

synthesized with the thienyl phosphine ligands. In order to 

understand this, many attempts were made to isolate the phosphine 

tellurides with no success. Mechanistically, in order for the cluster 

reaction to proceed, the phosphine chalcogenide must form first. In 

the case of the sulfide cluster, the phosphine sulfide forms rapidly 

and can be isolated with ease. However, due to the strength of the 

phosphine sulfide bond, when reacted with dicobalt octacarbonyl, it 

is likely that the oxidative addition of the bromothiophene moiety is 

the preferred reaction rather than the formation of the cluster. We 

recently reported the synthesis of thienyl phosphines with isopropyl 

R groups. Attempts to incorporate these ligands into cobalt 

chalcogenide clusters have also proven challenging. This is 

potentially due to the steric hindrance of the isopropyl groups. 

Unfortunately, NMR did not provide insight as to the structure of the 

products that were formed and single crystals have yet to be isolated 

from the above stated reactions. The UV-visible spectra were 

inconsistent with the spectra of previous clusters.  

It is interesting to note that the ligands fluoresce similarly to 

thiophene itself, while the clusters that contain these ligands do not 

exhibit any significant fluorescence. For example, 1 has a λAbs at 293 

nm with a red shifted λEm at 366 nm and 527 nm, while 3 does not 

exhibit any fluorescence (Figures S3 and S4). This suggests that 

cluster 3 is behaving as an acceptor and quenching the fluorescence 

of the thiophene moiety; 4 exhibits the same effect.  
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Considering the observed quenching, these clusters have 

considerable potential as acceptors to thiophene-containing donors 

such as P3HT. To further investigate this, cyclic voltammetry (CV) 

was performed for each of the clusters. The CV for 3 shows one 

reversible oxidation and two non-reversible reduction peaks while 4 

has one reversible oxidation peak and two reversible reduction peaks 

(Figure S1 and S2). The oxidation potential from the CV can be used 

to calculate the energy of highest occupied molecular orbital 

(HOMO) of the clusters using the formula HOMO= - (Eox-ERef)-4.80 

with ferrocene/ferrocenium oxidation as the reference. The 

calculated HOMO levels are in agreement with previously published 

clusters (Figure 2).35,39 The onset of absorption can be used to 

determine the energy gap between the HOMO and lowest 

unoccupied molecular orbital (LUMO) of the cluster. The energy 

levels are very important when considering these materials as 

acceptors in organic inorganic devices. Optimal energy level overlap 

of the polymer donor and the acceptor requires the LUMO of the 

acceptor to be lower in energy than the LUMO of the donor as 

depicted for P3HT and phenyl-C61-butyric acid methyl ester 

(PCBM) (Figure 2). While two of the clusters (3 and 5) exhibit 

LUMO energy levels slightly above that of P3HT, 4 has a slightly 

lower LUMO level of 2.79 eV giving it the greatest possibility to act 

as an acceptor with P3HT (Figure 2). Additionally all three clusters 

have a LUMO energy level that are significantly higher than that of 

PCBM. This increase is a key advantage of these materials because 

the maximum open circuit voltage (Voc) of devices is measured by 

the energy difference of the HOMO of the donor and the LUMO of 

the acceptor. For example a 4:P3HT device could exhibit a Voc as 

high as 1.97 eV where as a PCBM:P3HT device would only have a 

Voc of 0.85 eV according to this energy diagram (Figure 2). 

 

Figure 2. HOMO and LUMO energy levels of the clusters compared 

to those of P3HT40,41 and PCBM40,42.  

 

Solutions of each cluster and P3HT were prepared in a 1:7.5 P3HT 

to cluster ratio. The absorption of the cluster-polymer blends lie 

between the absorption of the pure cluster and polymer, indicating 

that there is mixing of the two materials. A donor-acceptor type 

relationship between the clusters and the polymer is indicated by the 

combination of the two pure absorption spectra (Figure 3-top). Slight 

differences can be observed in the blend absorption spectra, which 

implies subtle difference in interactions between 3, 4, and 5 with 

P3HT based on the difference in R groups between the three 

clusters. To investigate the electronic interactions of the clusters and 

P3HT, fluorescence quenching experiments were performed. P3HT 

(0.004 wt % in toluene) was excited at 413 nm and an emission peak 

was observed at 555 nm. In separate experiments, each cluster (3, 4, 

and 5) were added in 1.0 mg increments to the polymer solution. The 

mixtures were sonicated to ensure completely homogeneous 

solutions and a fluorescence spectrum was taken after each addition. 

The data collected for P3HT with each cluster indicates charge 

transfer from the polymer donor to the cluster acceptor (Figure 3-

bottom). In each experiment a significant reduction in the emission 

of the P3HT is observed after only 1.0 mg addition of 3, 4, or 5 

(Figure S5). 

 

Figure 3: Top: UV-Vis absorption spectra of a) P3HT, 5, and  

P3HT:5, b) P3HT, 3, and  P3HT:3 and c) P3HT, 4, and  P3HT:4. All 

solutions were made in toluene with a 1:7.5 P3HT to cluster ratio. 

Bottom: Photoluminescence spectra of P3HT with addition of 

clusters 5 (a), 3 (b), and 4 (c).  All solutions were prepared in 

toluene. (Normalized emission of P3HT was removed for clarity, full 

data including these spectra can be found in Figure S5.) 

This reduction of the fluorescence indicates a transfer of the excited 

electron in the LUMO of the polymer to the LUMO of the cluster, 

suggesting accepter-donor type interactions between the two 

materials. However, there is a clear difference in the ability of 4 to 

quench the polymer emission versus 5 (Figure 3a and c). Nearly 

complete reduction of the polymers fluorescence is observed after 

0.05 wt% 4 has been added were as 0.13 wt % 5 is required before 

complete quenching is observed.  

 

A first-order like decay of the polymer’s fluorescence was observed 

for each polymer-cluster quenching experiment. A plot of the 

Ln(Emission Intensity) vs weight % cluster shows a clear linear 

trend (Figure 4). P3HT’s fluorescence was quenched efficiently with 

3, 4, or 5 with decay values of 41.3 (Ln(EmInt)/wt% 5), 73.2 

(Ln(EmInt)/wt% 3), and 94.1 (Ln(EmInt)/wt% 4) respectively. 

Cluster 5 had the least efficient electron transfer by a factor of two 

compared to 3 or 4. The increased LUMO energy of Clusters 5 

(LUMO: 2.30 eV) and 3 (LUMO: 2.36 eV) could contribute to the 

lower efficiency of electron transfer from the polymer. As expected 
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from the lower LUMO energy with respect to P3HT, Cluster 4, 

shows the most efficient electron transfer. (Figure 2). 

 

 

 

 

 

 

 

Figure 4: First-order type emission decay plots of 0.004 wt% P3HT 

in toluene with 5(�), 3 (�), and 4(▲). 

It has been well documented that these types of donor-acceptor 

interactions depend heavily on the interfacial interaction of the 

organic and inorganic components.13,17 Cluster 5 has 

triethylphosphine ligands on the axial positions which should have 

minimal favorable interactions with the polymer. Clusters 3 and 4 

each contain thienyl substituents on the axial phosphines and they 

both have very similar quenching efficiencies for P3HT. This 

observation suggests that the thienyl ligands on the cluster facilitate 

favorable interactions between the polymer backbone and the 

cluster. Cluster 3 contains two ethyl groups whereas 4 has two 

phenyl groups in addition to the thienyl moiety. The increased 

fluorescence decay rate observed with 4 could be attributed to 

increased π-π interactions from the phenyl groups on the cluster with 

the P3HT backbone. 

In addition to optimal orbital overlap, donor-acceptor interactions 

are very important in bulk heterojunction (BHJ) device 

architectures.43,44 These interactions are very difficult to obtain due 

to the orthogonal solubility of most organic polymers and inorganic 

particles. In the case of these clusters and P3HT, there is a common 

solubility in tetrahydrofuran as well as toluene. Additionally, the 

thiophene moiety supplies an extra opportunity for interaction with 

polymers like P3HT through π-π stacking. To illustrate this 

interaction with P3HT, AFM images of P3HT:3 and P3HT:4 were 

obtained (Figure 5: C and D).AFM images of P3HT and P3HT:5 are 

shown for comparison to the new clusters (Figure 5: A and B). 

P3HT:5  exhibits random phase separation of the cluster and 

polymer due to the non-complimentary interactions of the organic 

and inorganic components similar to those observed with traditional 

nanoparticles in polymer films. Visual comparison illustrates that 3 

displays good dispersion throughout the polymer film. This can be 

attributed to the thienyl moiety, which leads to more π-π stacking 

with P3HT and an increase in the interaction between the cluster and 

the polymer. 

Favorable interaction between P3HT and 3 also contribute to the 

decreased surface roughness (RMS = 0.94 nm) compared to P3HT:5 

which displayed a much higher a RMS value of 1.4 nm when 

compared to pure P3HT (RMS =0.73). P3HT:4 does not exhibit the 

same dispersion through the polymer film as is observed for P3HT:3, 

instead the as cast film has a network-like structure. The increased 

intermolecular interactions between the clusters also contribute to 

the slightly higher RMS value of 1.2 nm as opposed to 3. 

 

Figure 5. Topographical AFM images of (A): pure P3HT film; (B): 

P3HT:5 film; (C): P3HT: 3  film; (D): P3HT: 4  film. 

The ability of the axial ligands of 3 and 4 to facilitate the formation 

of ordered structures was further probed by AFM by collecting the 

phase image of both the as cast films and films that were annealed at 

150 OC for 5 minutes. The phase images of the as cast films of 

P3HT:5 and P3HT:3 (Figure 6: A and B) show a clear difference in 

phase separation between the two films.  

Large aggregates of 5 are observed while 3 displays even dispersion 

throughout the film. Similarly to P3HT:3, P3HT:4 shows an even 

dispersion of 4 throughout the film (Figure 6: B and C), this 

correlates well with the fluoresce decay data indicating that the most 

favorable interactions and the most efficient electron transfer occurs 

between P3HT and 4. After thermal annealing, minimal changes are 

observed for the P3HT:5 (Figure 6: A and D) film however, a drastic 

difference is observed between P3HT:3 (Figure 6  E) and P3HT:4 

(Figure 6 F). The annealed P3HT:4 (Figure 6 F) film shows the 

formation of highly ordered network-like structures. The network-

like structure of the film can be attributed to the phenyl rings of the 

ligand, inducing π-π stacking between the clusters themselves as 

well as with the P3HT backbone. These results indicate 4 has the 

ability to not only act as an acceptor but also to form ordered 

structures, increasing the ability for hole transport in BHJ devices by 

combining both the π-π stacking of the thienyl moiety which 

increases the interaction with the polymer and the π-π stacking of the 

phenyl ligands.45  
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Figure 6: 1 µm × 1 µm tapping mode AFM phase images of as cast 

(left) and annealed (right) of P3HT:5 (A and D ), P3HT: 3 (B and E), 

and P3HT:4 (C and F). Films were spun cast from a toluene solution 

of 0.02 wt % P3HT and 0.12 wt% cluster. 

Conclusions 
 

Two new thiophene-containing phosphine ligands have been 

synthesized and isolated in good yields. In addition to the new 

ligands, two new cobalt selenide clusters containing the 

functionalized ligands have been synthesized and isolated. The 

formation of the sulfide and telluride clusters has proven 

unsuccessful to date due to the potential for oxidative addition of the 

bromothiophene moiety. Cyclic voltammetry suggests that these new 

clusters have good potential as inorganic acceptors to polymer 

donors because of their HOMO-LUMO levels when compared to the 

donor polymer P3HT. Additionally the increased energy of the 

LUMO levels provides the opportunity for a significant increase in 

the Voc compared to that of PCBM, which would lead to 

significantly higher power conversion efficiency in bulk 

heterojunction devices.  

Quenching experiments performed with cobalt clusters 3, 4, and  5 

indicate that these well-defined inorganic particles can be used as 

acceptor materials for the P3HT donor. Clusters 3 and 4 showed 

improved quenching ability over 5 due to their thienyl moiety 

increasing interfacial interactions between the polymer and the 

clusters. AFM shows improved interaction between the thienyl 

ligand containing clusters (3 and 4) and P3HT is observed when 

compared to 5. The improved interaction between the clusters and 

P3HT compared to traditional nanoparticles can be attributed to the 

incorporation of the thienyl moiety on the cluster. Increasing the 

number of aromatic groups on the phosphine also increases the 

intermolecular interactions of the cluster, which provide the clusters 

with the ability to form ordered networks throughout the polymer 

film.  

The combination of optimal orbital overlap and network formation 

make these clusters exciting materials for new organic-inorganic 

hybrid applications. The functionalized ligands in the cluster open 

the possibility of polymerization directly from the metal cluster, 

which could lay the foundation for covalently linked organic-

inorganic hybrid systems. Continuing work includes the exploration 

of solution processed BHJ devices as well as developing 

copolymerization conditions for these clusters and 3-hexylthiophene. 
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In progress towards a covalently linked organic-inorganic structure, cobalt chalcogenide clusters were synthesized with 
thienyl phosphines ligands. Results indicate the clusters have potential as new acceptor materials for P3HT.  
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