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Electronic materials are of great interest for use in photovoltaics, sensors, light-

emitting diodes, and molecular electronics.  Hybrid Inorganic/Organic materials have 

been studied for device application due to their unique electronic properties.  These 

properties result from the formation of bulk heterojunctions between inorganic (n-type) 

and organic (p-type) materials. However, due to incomplete pathways for charge 

transport and poor interfaces between materials, charge trapping and exciton 

recombination is often high.  In an effort to alleviate these problems, we have developed 

an approach to fabricate bulk heterojunction materials via a seeded growth process.  

Electropolymerizable Schiff base complexes have been designed, synthesized, and 

utilized as precursors for conducting metallopolymers. The embedded metal centers are 

used as seed points for direct growth of size-controllable semiconductor nanoparticles 

within the polymer film leading to direct electronic communication between the two 

materials.   The synthesis of CdS, CdSe, Ga2S3, CuInS2, CuInSe2, CuGaS2, CuGaSe2, 

CuGaxInx-1S2, and CuGaxInx-1Se2 has been seen through TEM and EDX.  Devices have 



 vii 

been fabricated and current studies have focused on the photovoltaic characterization of 

these materials which have a PCE of 0.11%.    

As a second but closely related area, polymers have also been studied as organic 

semiconductors for device applications.  However they are hard to process from solution 

and their polymeric structure can vary.  Both of these problems can be solved by using 

well-defined solution processable oligomers.  Thiophene oligomers have been 

synthesized and characterized through Single Crystal X-Ray Crystallography, Four Point 

Probe Conductivity, and Powder Diffraction.  These oligomers have a well-defined 

structure and are solution processable from a variety of solvents which can then be used 

as models to predict and study the properties of polythiophene.   
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Chapter 1:  Synthesis, Characterization, and Applications of Polymer-
Nanoparticle Hybrid Materials 

INTRODUCTION 

The search for new materials has led research to focus on hybrid organic-

inorganic materials.  Combination of the two components yields a new class of materials 

with unique electronic properties which have been explored for use in various opto-

electronic devices.  At the interface between the two materials, bulk heterojunctions are 

formed, which leads to an increase in the separation of charge in the hybrid materials.  By 

incorporating an organic material with an inorganic material, the properties of the two 

materials can be utilized in the final material.1  The organic material will act as the hole 

transport material while the inorganic material will act as the electron transport  

material.2,3   

In order to achieve efficient charge transport, the interface between the two 

materials is very important.  High interfacial areas improve the overall function of the 

material, and incorporation of nanoparticles (NPs) into an organic material yields a 

material with high interfacial area.  Along with high interfacial area, the use of 

nanoparticles allows for easy tuning of the bandgap by varying the size or composition of 

the NP.3  Incorporating NPs into a polymer matrix has been done using various synthetic 

pathways including the use of end functionalized polymers, polymerizable surfactants, 

layer by layer deposition, coevaporation, and post-synthesis mixing of the two materials.3  

These methods allows for ease of synthesis as well as ease in nanoparticle loading.  By 

changing the nanoparticle composition or size, the bandgap of the nanoparticle is altered 

and can therefore be aligned with the bandgap of the polymer ensuring efficient exciton 

dissociation.  Altering the bandgap of the material also leads to changes in the absorption 
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of the material, for example by changing the composition of the nanoparticles from CdS 

to PbS, there is an increase in absorbance from <800 to ~1600 nm.   

Using polymers as the organic component in hybrid materials especially 

conjugated polymers has been researched due to their high conductivities, 

electroluminescence, chemosensitivity, and electrochromism.4  Conjugated polymers 

have an extended π-conjugated system which upon doping exhibit high electrical 

conductivities.  While some polymers may be insoluble, synthetic variations have been 

made to conducting polymers in an effort to increase solubility and processability.4  

Conjugated polymers have also been synthetically modified with end groups that will act 

as capping ligands for nanoparticles introduced into the polymer matrix.  Further 

synthetic modification to conjugated polymers has lead to nanoparticles attached to side-

groups giving a conducting polymer with pendant nanoparticles.   

Herein we will report the synthesis, characterization, and application of polymer 

nanoparticle hybrid materials.  Specifically this report will focus on semiconducting and 

metal nanoparticles combined with polymeric organic materials. 

SOLAR CELLS 

Hybrid materials have been researched for the use in photovoltaic devices for over 

a decade.  Hybrid polymer-nanoparticle materials form bulk heterojunctions at the 

interface of the two materials and upon exciton formation, excitons will travel to the 

interface of the two materials where dissociation occurs.2  Once the excitons dissociate, 

the NPs will transport the electrons through the device while the polymer will transport 

the holes.  By having two materials present, one that will act as the electron transport 

layer and one that will serve as the hole transport layer, a decrease in recombination and 

an increase in device function is observed.  Although these materials can increase device 
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performance, in order for exciton separation to occur, the exciton must be formed within 

the diffusion length, 10 nm from the interface of the two materials.5  Excitons are formed 

in both materials, they then diffuse to the interface between the two materials, where they 

are separated, then transported through the material.    

Alivisatos’ group reported the fabrication of CdSe/P3HT films by mixing pyridine 

treated NPs with P3HT in a mixture of 4 volume% to 12 volume% pyridine in 

chloroform to give a uniform film of dispersed NPs in a polymer film when spin casted.  

The amount of pyridine (Py) present is critical to the mixture, too much pyridine results 

in precipitation of the polymer, and not enough results in precipitation of the NPs, both 

result in phase separation.  AFM was used to study the topology of the films cast from 

different Py concentrations, yielding rough films at low concentrations, and increasing 

smoothness with an increase in pyridine concentration.  External quantum efficiency 

(EQE) measurements reveal a decrease in EQE with increase in surface roughness, 

confirming that large-scale surface separation negatively affects PV performance.  

Heating of the samples results in the removal of Py from the films, resulting in enhanced 

device performance.  Removal of pyridine from the material allows for the nanorods to 

pack closer together, bringing the two materials in closer contact of each other.  

Maximum EQE of 59% was reached under 450 nm wavelength illumination, for devices 

made with optimized Py-chloroform mixture followed by removal of pyridine by thermal 

treatment.6  In 2002, the group reported that use of nanorods measuring 7 nm by 60 nm in 

size performed best in devices with a maxiumum EQE of 55%.  Nanorods act as more 

efficient e- transport materials when compared to NPs due to band conduction as opposed 

to hopping which occurs in the smaller NPs.5,7  The shape of the NPs were further studied 

by Alivisatos resulting in hybrid devices made of hyberbranched NPs blended with 

P3HT.  The use of hyberbranched NPs yields a hybrid material in which the inorganic 
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component is dispersed throughout the polymer, resulting in large distributed surface area 

between the two materials.  The hyberbranched materials span the thickness of the film, 

therefore there is a direct pathway for electron transport to the anode.  Devices were 

prepared by spin casting a mixture of the two and the VOC was measured at 0.6 V.  The 

VOC increases steadily with an increase in the concentration of NPs present in the film.  

The hyberbranched NP devices had an efficiency of 2.2% under AM0.  The NPs 

embedded within the polymer act as individual solar cells that are linked in parallel to 

give a fully functional device.8  

P3HT and CdSe nanorods (65 nm x 5 nm) were blended then spin-coated from 

various solvents (1,2,4-trichlorobenzene (TCB), thiophene, and chloroform) onto ITO 

coated glass with a layer of PEDOT:PSS.  P3HT forms fibrils in the presence of Py and 

CdSe NPs as determined by TEM.  AFM samples were prepared by spin coating and 

revealed no major phase separation between the two materials, however the roughness of 

the film was affected by the solvent used.  Devices prepared with TCB had an EQE of 

70% at 480 nm, which was an increase from those made with chloroform which had an 

EQE of 39% at 515 nm.  The PCE for TCB devices was 2.9% which was higher than 

devices prepared with thiophene and chloroform which measured 1.8% and 2.4% 

respectively.  Use of a high boiling point solvent during device fabrication leads to an 

increase in device performance which can be attributed to longer drying time, which 

results in larger-scale self-organized features.9 

Greenham reported the synthesis of branched CdSe NPs that were prepared by 

mixing CdO with octylphosphic acid, and tri-n-octylphosphine oxide followed by 

addition of Se and tributylphosphine in toluene.  The resulting tetrapods had limbs that 

were 50 nm long and 5 nm thick with a total height of 78 nm.  A mixture of CdSe and 

poly(2-methoxy-5-(3’,7’-dimethyl-octyloxy)-p-phenylenevinylene) (OC1C10-PPV) was 
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spin coated onto PEDOT:PSS with a film thickness of 160-180 nm, then heated to 

remove residual solvent.  The devices were ~ 86% NP by weight and were encapsulated 

in epoxy resin,  an EQE of 45% was obtained at 0.38 mW cm-2 at 480 nm, which is two-

fold increase in EQE when compared to devices made from nanorods.  AFM of the 

materials reveal NP aggregates ranging from 40-100 nm, however the morphology of the 

film can be easily changed based on whether or not the OPA ligands are removed from 

the CdSe NPs.  The Isc, Voc, FF, and PCE are -0.069 mA cm-2, 0.53 V, 0.49, and 4.5% 

respectively at 0.39 mW cm-2.  Under AM1.5, these devices measure 0.65 V, -7.30 mA 

cm-2, and 0.35, and 1.8% for Voc, Isc, FF, and PCE.  These devices have a PCE slightly 

higher than reported devices made with nanorods, which is attributed to the tetrapods 

which enable electron transport perpendicular to the plane of the film.10 

The synthesis of CdSe NPs was carried out by mixing Me2Cd and TOPSe in TOP 

followed by heating at 350 ˚C to yield TOP/TOPO -capped CdSe NPs. The size of the 

NPs was controlled by controlling the concentration of the Cd and Se precursors added to 

the reaction and ranged from 2.4-5.5 nm as determined by TEM and XRD.  Further 

characterization of the NPs by UV-Vis and fluorescence resulted in a red shift upon 

increase in NP size.  CdSe NPs were then mixed with MEH-PPV to yield 

nanocomposites with charge transfer from the polymer to the CdSe NP.  In order to 

increase interactions between the two materials, the TOP/TOPO ligands were exchanged 

for pyridine ligands.  Nanocomposites were made with MEH-PPV and P3HT as the 

polymer and NPs coated with either TOPO/TOP or pyridine.  TEM images revealed 

aggregation in all of the samples, however the pyridine coated NP composites show 

higher aggregation due to Van der Waals interactions.  SEM and EDX experiments 

revealed CdSe present in polymer, with aggregation of the two materials.  Photovoltaic 

devices were prepared by spin coating the blends onto ITO coated glass yielding a thin 
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film of 100 nm.  After heat treating the films under vacuum, Al top electrodes were 

deposited and I-V measurements were taken.  A maximum PCE of 0.05% was measured 

for the devices with a Voc of 1.00 V and FF of 0.20 for devices made of P3HT with 90% 

CdSe.11 

Hybrid solar cells were also prepared by the mixing of P3HT with ZnO in 

chloroform followed by spin casting.  A blue-shift in the absorbance spectra is observed 

which is attributed to disorder caused by the ZnO NPs in the polymer matrix.  The PL 

spectra increases in intensity with addition of ZnO, however at 26 vol% ZnO, the 

intensity drops below that seen for pristine P3HT.  PL lifetimes for P3HT was measured 

at 850 ps, and upon addition of ZnO to the polymer film, multiple short-lived components 

become important, including quenching of the polymer film.  A significant amount of the 

P3HT peak is still visible at high concentrations of ZnO which indicates poor interaction 

between the polymer and the NPs.  Photoinduced absorption spectroscopy was done on 

the blends to confirm photoinduced charge separation between P3HT and ZnO.  The 

spectrum of the blends revealed photobleaching of the neutral P3HT band as well as the 

presence of a radical cation both which are higher in intensity.  The increase in intensity 

is due to injection of an electron from the ZnO NPs.  A peak at lower energy is due to the 

triplet-triplet absorption band of P3HT, which is consistent with partial PL quenching as 

well as the presence of large P3HT domains.  Devices were prepared by spin-casting onto 

ITO coated glass followed by thermal deposition of Al, and annealing under N2.  PV 

behavior was seen when devices were exposed to oxygen which may be due to oxygen 

vacancy content of stoichiometry in ZnO.  Device performance is dependent on ZnO 

concentration and annealing, the highest device performance was measured at 26 vol% 

ZnO, and a decrease in performance is observed upon increase in ZnO concentration.  For 

all devices measured, annealing the films increased device performance.  AFM confirmed 
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the presence of agglomerates upon addition of ZnO and an increase in roughness which 

further creates shunts in the device when 42 vol% ZnO films are tested.12 

TiO2 nanotubes were prepared by heating TiO2 NPs in a tube furnace yielding 

TiO2 nanotubes that were 10 nm in length as determined by TEM.  The nanotubes were 

mixed with P3HT then spin coated onto PEDOT:PSS.  Devices were prepared using 

P3HT, P3HT/TiO2 NPs, and P3HT/TiO2 nanorods.  The devices with TiO2 present show 

an increase in device performance, and devices prepared with nanorods (PCE = 0.06%) 

perform better than those made with NPs (PCE = 0.04%).  The increase in PCE is due to 

an increase in VOC or ISC for devices prepared with nanotubes.13 

P3HT has been mixed with PbS for photovoltaic devices by first spin coating PbS 

NPs onto ITO coated glass from ethyl acetate followed by annealing and dropcasting of 1 

wt% of P3HT in chlorobenzene.  AFM revealed NP agglomerates before annealing and 

after annealing, the PbS film is smoothened.  I-V curves reveal a ISC of 0.3 mA/cm2 and a 

VOC of 350 mV with a fill factor of 0.35 and PCE of 0.04%.14 

CdSe NPs functionalized with [(4-bromophenyl)methyl]dioctylphosphone oxide 

(DOPO-Br) were coupled with vinyl-terminated P3HT.  TGA analysis determined 22 

P3HT chains were grafted onto the 3.5 nm NPs.  Films were then prepared using the 

Langmuir-Blodgett (LB) method onto ITO coated glass.  The resulting nanocomposite 

has a diameter of approximately 29.5 nm as determined by the Langmuir isotherm plot.  

AFM determined no long term fiber-like morphology, but instead spherical 

nanocomposites.  A 5-layer device was made on ITO coated glass followed by a silicon 

coated Al top contact.  I-V curves resulted in a ISC = 1.95 mA/cm2 and VOC = 0.141 V.  

The PCE was measured to be 0.08% with a fill factor of 27%.  The low PCE is due to 

imperfections in the contact between the Al contact and the active layer, a thin active 

layer, or contact between CdSe NPs and the ITO layer.15 



 8 

PbS/MEH-PPV composites were prepared by mixing of MEH-PPV with lead 

acetate followed by injection of sulfur to yield a nanocomposite with 50-60% NPs by 

weight.  PbS NPs were 4 nm in size as determined by TEM.  The growth of NPs was also 

tracked by UV-Vis, where a band appears in the near IR region as the reaction proceeds.  

Fluorescence lifetime measurements show a decrease in lifetime for the composites when 

compared to the polymer due to quenching of longer living states in the MEH-PPV by the 

NPs.  An increase in device performance is seen upon addition of PbS NPs into the 

polymer, with a PCE of 0.7% for the composite and 0.0003% for MEH-PPV.  An 

increase in EQE is noted when applying a forward bias, and IPCE measured at 500 nm 

was 21%.16 

PbS/PbSe NPs were also used for the fabrication of devices in a P3HT matrix.  

PbS NPs were prepared by reaction of lead(II)oleate (PbO heated with oleaic acid (OA)) 

with bis(trimethylsilyl)sulfide in 1-octadecene (ODE).  Variation in the temperature and 

molar ratios of Pb:S:OA resulted in different size NPs.  PbSe NPs were prepared by 

reaction of PbO with Se powder, OA, and ODE in TOP.  The NPs were then isolated with 

ethyl acetate which helps in the removal of oleate ligands from the surface of the NP.  

The NPs were spin-casted onto ITO coated glass and after annealing to remove organics, 

1 wt% P3HT was drop casted onto the films.  Photovoltaic testing was done on these 

materials, and an increase in device performance was seen upon post fabrication 

annealing.  Annealing leads to an increase in crystallinity in the material, which therefore 

increase hole mobility and interaction between the NP and the polymer.17          

A hybrid film was made of CdS nanorods and MEH-PPV by first cathodically 

depositing CdS onto an electrode.  Deposition was done in an aqueous solution of CdSO4 

and Na2S2O3 at a potential of -0.8 V onto anodic aluminum oxide (AAO) coated Ti 

electrode.  Removal of AAO yielded pores which were filled with MEH-PPV by spin 
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coating out of chloroform. The material was then vacuum annealed under forming gas 

followed by deposition of Au top electrodes.    The absorption spectra of the NP/polymer 

composite is consistent with peaks seen for the pure polymer and pure nanorod samples.  

PL intensity of the composite is reduced to 0.02 times the intensity of the MEH-PPV; this 

indicates exciton dissociation in the film.  A decrease in PL lifetime from 92 to 52.4 ps 

for the MEH-PPV film when compared to the composite is due to exciton dissociation at 

the NP/polymer interface.  PV testing of the composite resulted in an increased PCE of 

0.60% when compared to the pure MEH-PPV device which was 0.0012%.18  

Wang et al used a layer-by-layer assembly method to make CdSe/PPV composites 

for photovoltaic applications.  PPV functionalized with amines and pentafluorophenyl 

esters were prepared, while TOPO capped CdSe NPs were treated with 11-

mercaptoundecanoic acid followed by reaction with pentafluorophenol and 1-ethyl-3-

(dimethylaminopropyl)carbodiimide (EDC).  The functionalized polymers and NPs will 

form a covalently crosslinked matrix between the polymer and the NPs.  Alternating 

layers of PPV and NPs were deposited, then dried onto ITO coated glass and monitored 

by UV-Vis.  UV-Vis absorption shows an increase absorbance with each layer, therefore 

an equal amount of CdSe/polymer is deposited during each cycle.  XPS reveals the 

presence of Cd peaks after deposition of CdSe NPs on the polymer film, along with a C1s 

peak which is attributed to an amide peak that suggests covalent bonding of the two 

layers.  SEM and AFM show a rough surface when the NPs are at the topmost layer 

which is due to aggregation of NPs at the surface, however upon deposition of PPV, a flat 

continuous surface is revealed.  Devices made with 10 bilayers of CdSe-PPV show a 

steady increase in photocurrent with increase in light intensity.  Thickness dependence 

resulted in an increase photocurrent density (Jsc) up to 20 bilayers, followed by leveling 
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off and a decrease.  An optical-to-electrical power conversion efficiency of 0.71%, which 

is comparable to other LbL PV devices. 19 

LIGHT EMITTING DIODES 

Polymer/NPcomposite light-emitting diodes are dependent on the energy transfer 

processes that can occur between the two components.  The energy transfer process can 

occur through either direct injection into the nanoparticle or energy transfer from the 

excited state of the polymer to the nanoparticle.20   

NPs with an average size of 5-6 nm were mixed with a polymer blend made up of 

4:1 PMMA:MEH-PPV.  Thin films can then be prepared by spin casting or dip-coating 

onto glass substrates.  It was observed that changes in the polymer matrix and in the NP 

density can lead to tuning of the fundamental transition.  An increase in NP density leads 

to an increase in NP-NP interactions.  Emission properties of three films were studied, 

two films were made with the same polymer concentration, but with different NP density 

(18 mg/ml and 25 mg/ml) and the third was prepared with a lower concentration of 

polymer.  The films were studied using a broadband incandescent source and a narrow 

higher intensity LED source.  The films made with different NP densities have distinct 

peaks at 1616 nm for samples made with 18 mg/ml and 1555 nm for samples prepared 

with 25 mg/ml.  Changes in NP density results in changes in the emission, proving that 

the emission can be tuned by altering the NP density.  A second feature is also present at 

1280 nm for 18 mg/ml sample and 1230 nm for the 25 mg/ml sample which corresponds 

to energy transfer from the polymer to the NP.  When examined using the narrow-band 

LED source, the 18 mg/ml sample has one peak at 1548 nm.  The second peak at        

1280 nm is absent, under the broadband light.  Under the narrow LED source, the 

polymer is not efficiently excited since the wavelength is at the absorption minimum of 
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the polymer.  With an increase in NP concentration, two peaks are still present, one at 

1282 nm and another at 1575 nm, due to energy transfer between NPs which is mediated 

by the polymer in an excited state.  These composites can be used for light-emitting 

diodes, and by changing the NP density, emission can be easily tuned.21 

Further studies have also shown that the addition of silver NPs to an organic light-

emmitting diode increases hole mobility in the hole injection layer which results in 

increased emission.  Nanocomposites were prepared by sonnication of 30 nm Ag NPs 

with PEDOT:PSS.  Once sonnicated, the solutions were filtered to remove larger NPs, 

then spin coated onto ITO coated glass followed by heating to 100 ˚C for 30 minutes.  

The device was completed by evaporation of the electron transport layer and emitting 

layer followed by deposition of the aluminum electrode.   Devices prepared with 

varying NP concentrations: 0.25, 0.10, and 0.05 wt% were tested to measure current 

density-voltage and voltage-luminance.  All three devices emitted green light, and show 

improved performance when Ag NPs are present vs. the absence of Ag NPs.  The 

maximum EQE increased from 0.83% for the pure polymer devices up to 0.94% for 

devices made with 0.25 wt% Ag NPs.  The device made with 0.25 wt% Ag NPs also 

show an increase in maximum current by 3 and an increase in maximum luminescence by 

2.5 over devices made with pure PEDOT:PSS.22 

Metal NPs were prepared on the surface of polystyrene particles with 

poly(methylphenylsilane) (PS/PMPS) by miniemulsion polymerization.  UV irradiation 

of PS/PMPS in the presence of Na2PdCl4, HAuCl4·4H20, and AgNO3 yielded MNPs on 

the polymer surface.  UV-Vis absorption spectrum shows the increase of absorbance with 

increase irradiation time for Ag and Au nanocomposites.  TEM experiments revealed the 

presence of Au NPs that were 10-20 nm in size.  PS/PMPS was functionalized to study 

charge and functional group affects on NP formation.  Surface charge did not affect the 
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growth of Au NPs, however Ag NPs were not formed in the presence of cationic    

groups.23   

CdS and CdS:Mn composites were prepared by initially reacting cadmium ions 

and magnesium ions (cadmium acetate and magnesium acetate) with a solution of S2- or 

RS- (sodium sulfide and p-thiocresol respectively).  The CdS:Mn NPs were blended with 

m-LPPP to make devices with 50 wt% CdS:Mn and 5 wt% CdS:Mn NPs.  Photocurrent 

measurements were taken showing once again an increase in photocurrent in the 

polymer/NP blends, and an increase in the photocurrent with increasing NP density in the 

blend.24 

CdS/polymer nanocomposites were synthesized by mixing of dendritic 

polyfluorene (PF) with thiophenol capped CdS (S-CdS) of varying sizes: 3, 4, and 7 nm.  

PL spectra of the CdS NPs have maximum peaks at 546 (3 nm), 590 (4 nm), 655 (7 nm) 

nm when excited at 360, 410, and 460 nm respectively.  PL spectra of PF and PF-GX, 

where X corresponds to the number of generations of the Dendron (x=0,1,2).  PF, PF-G0, 

and PF-G1 have similar PL intensities indicating that the fluorophores are well-separated 

in solution, PF-G2 has twice the intensity due to high conjugation in the dendritic 

structure.  Full characterization of PF-G1 films were studied with NPs of each size and 

films had vibronic features at 425, 445, 472, 508, 544, and 598 nm for which the first 

three vibronic features overlap with exciton absorption peaks of CdS4nm and CdS7nm.  PL 

studies of PF-G1 films show an increase in intensity at 425 nm with addition of CdS NPs.  

An increase in NP concentration results in increased PL intensity, the same trend is 

observed upon increase in NP size.  The PL spectrum does not have any peaks that 

correspond to the emission of CdS NPs which is due to the low concentration of NPs in 

the polymer matrix.  Composites made up of CdS7nm/PF-G2 result in an increase of 

intensity by more than three times when compared to PF-G2 polymer.  The CdS NPs emit 
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little, if at all in the nanocomposites which was also observed in PF-G0 and PMMA.  PL 

enhancement can be explained by either steric hindrance or electronic phenomena 

between the two materials.  Increasing the CdS concentration in the composite results in 

an increase of interchain distance when compared to the native polymer, as determined 

by X-ray diffraction spectra.  An increase in interchain distance upon increase in CdS 

concentration could be attributed to disruption of the dendritic region by the NPs.  

Current density vs. voltage was measured resulting in a 50% increase of current density 

of 8 V with the addition of 8% CdS to PF-G1.  TEM experiments determined no 

aggregates were formed in the CdS/PF-G1 composites.  Due to the low concentration of 

CdS NPs present PL enhancement can be attributed to steric interactions and not to 

energy transfer from PF-G1 to CdS NPs.  An increase in quantum yield was also 

observed for CdS/PF-G1 and CdS/PF-G2 by 2 and 1.7-fold respectively when compared 

to the pure polymers.  LED devices were fabricated onto ITO coated glass with a layer of 

PEDOT:PSS as a hole-injection layer, followed by deposition of the composites, and 

finally a Ca cathode with an Al layer  The emission layer measured 80 nm, and similar 

EL and PL spectra were observed for PF-G1 and CdS/PF-G1 devices.  The PF-G1 

devices emit blue light at 426 nm and weak green light from 465-550 nm.  Upon addition 

of 8% CdS to PF-G1, the green emission from 465-550 nm decreases and the peak at 426 

nm sharpens and becomes the major peak.  The FWHM of the peak decrease in the 

CdS/PF-G1 composites to 49 nm when compared to FWHM of PF-G1 which is 112 nm 

meaning higher color purity in the nanocomposites.  A fourfold increase in maximum 

brightness is observed when compared to PF-G1, which could be due to a lower degree of 

aggregation of PF-G1 upon incorporation of CdS into PF-G1.25 

Hybrid materials emitting white light have been research in hopes of fabricating a 

full color display using red, green, and blue light-emitting materials.  Synthesis of white-
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light emitting materials can be done by either layering three different emitting materials, 

or by co-depositing the three materials as one layer.  Park et al. reported the fabrication of 

white emitting hybrid materials composed of a blue-emitting polymer and CdSe NP of 2 

different sizes.  Poly(9,9’-dihexylfluorene-2,7-divinylene-m-phenylenevinylene-stat-p-

phenylenevinylene), PHDHFPPV was prepared and mixed with CdSe yielding an 

emitting layer which was deposited onto ITO coated glass that had a layer of PEDOT.  A 

Li:Al alloy was then deposited as the cathode under high vacuum.  Tuning the size of the 

NP results in a change in NP emissions, therefore NPs with an average size of ~ 3 nm and 

~ 7 nm were used as green-emitting and red-emitting NPs respectively.  NPs were 

monodispersed throughout the polymer as determined by UV-Vis, PL-spectra, and TEM.  

Spectral overlap between the emission of PHDHFPPV and absorbance of CdSe NPs 

chosen meets conditions for Fӧrster-type energy transfer, therefore, energy transfer from 

the polymer to the CdSe NPs is expected to occur in the composites.  Nanocomposites 

made up of 6:1 polymer to 7 nm CdSe NPs resulted in two colors corresponding to the 

polymer (blue) and the NPs (red-orange).  Doping in of 3 nm CdSe NPs which emit green 

light results in a broad spectrum over the visible wavelength range when excited at 380 

nm.  Tuning of the 3 nm CdSe doping ratio lead to white light with enhanced color purity 

with a 1:4:5 polymer:3 nm CdSe:7 nm CdSe composition.  PL spectra were also obtained 

at 475, 530, and 590 nm corresponding to the emission peak wavelengths of the polymer, 

3 nm CdSe, and 7 nm CdSe NPs respectively.  Spectra measured at 530 and 590 nm show 

emission of the CdSe NPs, therefore the CdSe NPs are directly excited by the light at 380 

nm in addition to energy transfer from the polymer.  Therefore, energy transfer between 

the 3 nm and 7 nm CdSe NPs does not occur, and the green and red-orange emission can 

be easily tuned by tuning the ratio of the CdSe NPs present in the nanocomposite.  By 
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simple blending of a polymer with CdSe NPs of two different sizes, white light can be 

obtained in high purity.26 

CdSe NP/polymer composites were investigated to study whether or not CdSe 

aggregates in a polymer matrix enhance or impede EL properties.  CdSe NPs were 

synthesized by dissolving Cd(OH)2 and SeSO3
2- in sodium dioctyl sulfosuccinate (AOT) 

in heptane.  NP size was controlled by controlling Cd2+ concentration, SeSO3 

concentration, or [H20]/AOT ratio.  The nanocomposites were prepared by either mixing 

of the CdSe NPs with MEH-PPV in benzene, or by exchanging surfactant with pyridine, 

followed by mixing with MEH-PPV in benzene.  The second method yielded poorly 

dispersed CdSe NPs in the polymer as observed by TEM.  Composites were spin casted 

onto ITO coated glass followed by baking in a vacuum oven at 60 ˚C for 1 hour in order 

to remove residual solvent.  The homogeneous composite yielded devices with a decrease 

in PL due to quenching of the polymer PL by CdSe NPs.  EL spectra of the blended 

polymers are similar to the PL spectra, suggesting EL emission is due to the polymer.  

Devices made with aggregated CdSe/polymer (20-60 nm) have an increase in PL 

intensity which could be due to decrease in interfacial area between the two materials.  

For all devices tested, the forward current increases with an increase in the forward bias 

voltage.  The turn-on voltage, VON decreases as CdSe concentration increases from 0 wt% 

to 10 wt%.  A MEH-PPV device had a VON device of 6 V, where the homogeneous 

CdSe/polymer device decreased to 5 V.  The luminance also increased from 6 cd/m2 at 

9.3 V for the polymer device up to 22 cd/m2 at 10 V for the CdSe/polymer device.  The 

aggregated nanocomposite device with 10% CdSe had an operating voltage that 

decreased by 30% compared to the polymer device.  Light intensity of the homogeneous 

devices are several time stronger than the polymer devices, however EL characteristics 

are reduced due to separation of the e-/h0 on different materials.  This property is key for 
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the solar cell applications, however detrimental to PLED applications.  The aggregate 

CdSe/polymer device has an increased luminance as well as a reduction in VON.  An 

increase in efficiency is observed due to the morphology of the film which reduces 

exciton quenching.  During device fabrication, aggregated NPs are separated from the 

polymer and located on the polymer film, resulting in a CdSe layer that will block direct 

contact between excitons and the Al cathode.  Furthermore, injected holes and electrons 

are confined between the polymer layer and CdSe layer where more excitons are formed.  

Tapping mode AFM confirmed the presence of CdSe on the polymer film with a diameter 

of 60 nm and a vertical thickness of 10 nm.  Aggregation of CdSe NPs yield efficient 

PLEDs, while CdSe NPs dispersed within the polymer matrix results in a decrease in 

device performance.27 

The fabrication of CdSe/polymer nanocomposites was also carried out by the 

growth of CdSe NPs in a phenyl bromide-functionalized phosphine oxide ligand reacted 

with Cd(OAc)2 and Se(0) at 270 ˚C.  The phosphine coated CdSe NPs were then reacted 

with 1,4-di-n-octyl-2,5-divinylbenzene and 1,4-dibromo-2,5-di-n-octylbenzene in THF 

using Pd(0) resulting in PPV-CdSe.  Polymerization was determined by NMR 

spectroscopy as wells as MALDI-TOF which confirmed the formation of oliogmers, 

primarily trimers and tetramers.  Pyridine coated CdSe and phosphine coated CdSe NPs 

blended with PPV formed aggregates, while the PPV-CdSe composites resulted in well-

dispersed NPs throughout the PPV film.  Unique optical properties were also present in 

the PPV-CdSe composites when compared to the blends.  The solution spectra of both the 

blends and the composites have an emission at 440 nm with little fluorescence 

contribution from the CdSe NPs.  In the solid state, a similar result is observed for the 

blends, however for the nanocomposite, PPV emission is quenched and only NP emission 

is present, which is also observed at low NP loading (2-5 wt%).  The PPV quenching can 
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be attributed to an increase in PPV-CdSe contact in the solid state when compared to the 

composites in solution.  The increase in contact between the two materials leads to the 

transfer of holes generated in the PPV to the CdSe NP where recombination occurs in the 

NP core resulting in emission.  High NP loading in blends results in NP aggregation and 

self-quenching, while PPV emission is still dominant.28 

Cadmium methacrylates (Cd(MA)2) have been used as precursors to CdS NPs as 

well as monomers for photopolymerization in which dipentaerythritol hexaacrylate 

(DEP-6A) is used as the cross-linker, benzyl as the photoinitiator, and 2-benyl-2-

(dimethylamino)-4’-morpholinobutyrophenone as a photsensitizer.  Photopolymerized 

films were exposed to H2S to yield CdS-polymer nanocomposite films and NP size could 

be controlled by altering crosslinker concentration.  Average particle size of 4.93 nm was 

observed in the absence of crosslinker, and size decreased to 2.20 nm with 48.7 %wt 

crosslinker.  PL spectra was easily tuned from green to blue by increasing DEP-6A 

content from 0 - 48.7 wt%, and an almost  linear blue shift in the main emission band is 

observed.  An increase in crosslinker leads to a tight polymer network which results in 

tuning of NP size and PL properties.29 

ZnS/polymer composites were prepared by reaction of ZnO with methacrylate 

(MA) to give Zn(MA)2.  Copolymerization of Zn(MA)2 with styrene (St) in the presence 

of AIBN in THF yielded a cross-linked Zn2+ containing microgel.  The Zn2+ microgels 

were then dissolved in chloroform and reacted with H2S gas in a 1:1 molar ratio.  

Absorption spectrum of the ZnS NPs in the polymer matrix shows a slight shoulder at 

290 nm corresponding to a bandgap of 4.28 eV.  NP size is calculated to be ~ 3.0 nm with 

narrow size distribution which corresponds to data obtained by SAXS.  

Electroluminescent (EL) devices were fabricated by spin coating a 100 nm thick ZnS 

NP/polymer composite film onto ITO coated glass followed by evaporation of 300 nm of 
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Al as the cathode.  Electroluminescence and photoluminescent spectra were obtained , 

and a peak at 415 nm with an excitation wavelength of 350 nm in the PL spectra and a 

peak at 435 nm for the EL spectra was observed.  The red shifted EL is attributed to 

recombination of e-/h0 at Al defects that are present in the polymer.  PL and EL spectra 

are the same shape and have the same half-width therefore the EL and PL are from the 

same NP state, deep traps luminescence results in low EQE.  I-V curves have a VON of 4 

V and blue light is visible just below 5 V when a forward bias is applied.  No light is 

observed when a reverse bias is applied.30 

Poly(fluoresceinyl terephthalyl benzoate-co-bisphenol A terephthalate) (FTBT) 

was mixed with zinc acetate to give Zn nucleation sites which upon further reaction 

yielded FTBT-ZnO hybrid materials.  The concentration of ZnO NPs could be changed 

by altering the amount Zn(OAc)2 mixed with FTBT.  XRD and TGA identified the 

presence of both materials in the nanocomposite.  A shift in absorption from 435 nm for 

FTBT to 545 nm is observed for FTBT-ZnO composites, broadening of the spectra is 

seen upon increase in ZnO concentration.  An increase in PL emission is also observed 

with increasing ZnO content, which is due to higher PL quantum yield.  SEM and TEM 

determined the morphology of FTBT to be smooth and spherical in shape and upon 

deposition of ZnO NPs, the surface is roughened and the nanocomposites are irregular in 

shape.  Luminescence converter (LUCO) LEDs were fabricated by encapsulating GaN 

blue LED in FTBT or FTBT-ZnO in epoxy to give white organic LEDs (WLEDs).  Near 

white emission was achieved using 10 wt% FTBT, however only 2 wt% FTBT-ZnO was 

necessary for near white emission with increased brightness.  Total luminance flux (TLF) 

and radiometric power (RP) were measured resulting in improvement of both with 2 wt% 

FTBT-ZnO when compared to 10% wt FTBT.  Samples prepared with 20 wt% ZnO gave 
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the best results, and devices made with FTBT-ZnO had longer lifetime and stability when 

compard to FTBT devices.31 

Composites made up of 2,3-dibutoxy-1,4-poly(phenylenevinylene), DBPPV, was 

mixed with ZnO nanorods (diameter = 30-50 nm, length = 1µm) in 4:1, 3:1, and 2:1 wt% 

DBPPV:ZnO.  Devices were made on ITO coated glass with a PEDOT:PSS hole 

injection layer followed by Ca/Al cathodes.  Devices with ZnO NPs have an increase in 

current at low voltage and increase in current density at the same voltage when compared 

to pure DBPPV devices.  Luminescence efficiency vs. current density and EL emission 

also increase with addition of ZnO NPs to DBPPV.  Annealing experiments were carried 

out and an increase in brightness and luminescence efficiency is seen after annealing as 

well as a slight red shift in EL intensity.155 

Mixing of MEH-PPV with ZnO or Si NPs (diameter ~ 70 nm) yielded 

nanocomposites that were deposited onto glass substrates resulting in films with even 

distribution of NPs.  Absorption spectra of ZnO composites were broad and shifted to 

515 nm when compared to MEH-PPV and Si/MEH-PPV.  PL spectra and absorption 

spectra decrease with increasing ZnO concentrations which can be attributed to 

interactions between aromatic polymer chromophores and ZnO NPs, which create 

exciplex states.  I-V plots of ZnO/MEH-PPV resemble curves for PPV films created by 

space charge limited current.  Strong electric field quenching is seen for the PL line at 

380 nm.  PL spectrum of ZnO/MEH-PPV have an intense red emission and a weak 

emission from ~400-530 nm.  Composites made with Si NPs have PL peaks shifted 

toward the red region.  Electric field dependence of EL is more pronounced from 600-

830 nm where PL is weak.32 

Synthesis of a block copolymer with a semiconducting block made of para-

methylated vinyltriphenylamine (TPA) and pentalfluorophenol acrylate was carried out 
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using RAFT polymerization and monitored by GPC and NMR.  Further reaction with 

cysteamine yielded poly(para-methyl triphenylamine-b-cysteamine acrylamide) (PTPA-

b-CAA) the thiol groups are used to bind CdSe/ZnS NPs using ligand exchange 

chemistry.  The resulting nanocomposite were analyzed by TGA, revealing coverage of 

the NP surface by the block copolymer.  PL spectrum shows 80% intensity remains after 

surface modification of NPs with block copolymer.  AFM and dynamic light scattering 

also reveals individual NPs in the film with some small aggregates that were 18 nm in 

size compared to 6 nm for the pristine NPs.  The roughness of films was determined by 

AFM, copolymer concentration leads to changes in roughness.  Devices were prepared 

with a PEDOT:PSS hole injection layer, ITO anode, and Al cathode, then tested to show 

improved device performance when compared to devices made of pristine NPs due to the 

polymer which facilitates hole injection into the NP from PEDOT:PSS.  An increase in 

EL intensity as well as EQE was observed.  33 

MEH-PPV was dissolved in p-xylene and then mixed with NPs (TiO2, SiO2, and 

Al2O3) in concentration varying from 1:4 to 1:2 weight ratios of NP: polymer with NP 

size ranging from 30-80 nm.  The NP-polymer composites were spun cast onto ITO 

coated glass that were coated with a polyaniline anode.  Once the solvent was evaporated 

off, Ca electrodes were deposited by thermal evaporation, followed by device testing.  

NP/polymer composites as well as devices made of MEH-PPV were tested.  Devices 

composed of MEH-PPV had a thickness of 110 nm, and had a VON of 1.8 V, EQE of 1%, 

current density of 0.1 A/cm2 and luminances above 1000 cd/m2 at 5 V. For the 

NP/polymer composites, the same VON is observed, however an increase in luminance is 

seen, at 4 V luminance exceeds 1000 cd/m2 and by 5 V luminances of 10,000 cd/m2 were  

observed at current densities of 1 A/cm2.  Above 5 V, the diodes begin to rapidly decay.  

EQE for the NP/polymer devices were slightly higher and a high peak power efficiency 



 21 

was observed.  The devices with NPs also resulted in an increase in light output and 

luminance by an order of magnitude.  The effect of NPs on PLED lifetime was 

determined by measuring the decay of current and radiance as a function of time with a 

constant driving voltage of 3.5 V.  Diodes with NPs decay at slower rate than diodes 

made up of only MEH-PPV.  Therefore, the short term decay of the NP containing diodes 

is much slower, while long term decay is worse than the MEH-PPV polymers.  The long 

term performance of NP containing devices could be attributed to the presence of residual 

oxygen and water present at the surface of the NPs which in turn causes the 

photooxidation of the polymer and decay of the calcium cathode.  It was also observed 

that the increase in diode decay is observed in films that have NP agglomerates.  When 

the NPs are evenly dispersed throughout the film, the resulting diode should have an 

increase lifetime.  Previous results determined that the increase in device performance 

could be due to stimulated emission, in order to test this hypothesis, the luminance 

spectrum was measured with a grating spectrometer as a function of voltage.  No change 

in line shape is observed, therefore the increase in device performance is not due to 

stimulated emission.  A more plausible explanation for improved device performance can 

be a change in device morphology due to the incorporation of NPs into the solution.  

During the spin-casting process, the NPs will stick to the anode and to themselves due to 

high electrostatic forces and capillary forces that then force MEH-PPV to form cavities 

around the NPs.  The formation of cavities around the NPs results in the absence of 

pinholes throughout the polymer film, resulting in a rough surface upon which the Ca 

electrode can be evaporated onto resulting in large interfacial area between the two.  A 

steep rise in the I-V curve at low voltage suggests more efficient injection of charge at the 

cathode due to the rough surface. At high voltage, transport is space-charge limited and 

an increase in current density and light output is observed.  The addition of NPs in the 
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film eliminates shorts throughout the polymer film and increase charge injection, 

resulting in an increase in optoelectronic performance.34 

A random copolymer of 2,5-bischloromethyl-4-methozy-1-(3,7-

dimethyloctyloxy)-1,1’-biphenyl was added to a concentrated solution of SiO2 in toluene 

(10% w/w).  The resulting nanocomposites had a 2:1 weight ratio of polymer:NP with a 

polymer concentration of 0.4 %-0.55 %.  Thin films of the composites were prepared 

onto ITO coated glass followed by evaporation of Ca as the cathode.  J-V experiments 

were done on devices made of the NP/polymer composites  that measured 200 nm thick.  

In accordance with  previously reported PLEDs devices, presence of SiO2 NPs results in 

little increase in the EQE, however an increase by an order of magnitude of both the 

radiance and the current is observed.  Addition of NPs increases the magnitude of current 

and voltage dependence, therefore resulting in a more efficient device with a thinner 

active layer.  Thickness studies were done on devices made up of SiO2/PPV composites 

as a bottom layer and PPV as a top layer yielding a total thickness of 200 nm.  The 

thickness of the nanocomposite layer was varied from 0-200 nm in 50 nm increments.  

Devices made with a 200 nm thick layer of the SiO2/PPV behave similarly to devices that 

are 80 nm.  By including an extra PPV layer, the morphology of the device is altered and 

therefore a smooth layer results.  The enhancement of nanocomposites was determined to 

be a result of the effective layer thickness.35 

Si NPs were prepared by electron impact dissociation of silane gas to yield a 

powder with no photoluminescence due to incomplete surface passivation.  A 1 nm oxide 

shell was grown around the Si NPs by UV assisted photo-oxidation resulting in Si/SiO2 

NPs with emission at 650 nm.  The NPs were then mixed with PVK to yield composites 

with 1.0, 0.5 and 0.1 % mass loading in PVK that were then spin-coated onto ITO coated 

glass,  and annealed, followed by thermal evaporation of Mg followed by Ag as the 
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cathode.  No difference between PVK and NP/PVK films.  Peaks present at 415 and 640 

nm correspond to excimer EL emission from PVK and NP PL emission.  EL properties 

were characterized as a function of current density showing an increase in light with the 

presence of NPs.  At high current densities, emission shift is NP dominated, which was 

exaggerated for thick films of PVK suggesting charge injection from PVK to NPs.  VON is 

also decreased with the presence of NPs suggesting no affect of carrier transport at lower 

fields, but at high fields, NPs do affect carrier transport.36 

Use of TiO2 NPs as an electron transport material in a sandwich-type LED has 

also been studied.  A layer of TiO2 was coated with poly(9,9-dioctylfluorene-co-

benzothiadiazole) (F8BT) followed by poly(9,9-dioctylfluorene) (PFO) which will act as 

a hole transport material.  I-V result in a current density of 1500 mA cm-2 at -16 V, a VON 

of -5 V and a maximum luminance of 55 Cd m2 at -8 V.  The EL and PL spectrum for 

this device is consistent with the spectra of F8BT confirming that emission is attributed to 

F8BT only.  A second device was prepared without F8BT, making PFO the hole transport 

layer and the emitting layer.  This device showed no EL at forward biases up to -15 V, 

and no PFO EL was present in the first device, suggesting that the energy barrier between 

TiO2/PFO prevents exciton formation.  Addition of F8BT reduces the energy barrier 

resulting in exciton generation.  The presence of high surface area TiO2 injection layer 

leads to a decrease in VON from -6 V to -3.5 V when compared to a single layer of TiO2.31  

In 2004, PLEDs were fabricated from poly(9,9’-dioctylfluorence) (PDOF)/Au NP 

composites.  The Au NPs were prepared by reduction of AuCl4 in a tetraoctylammonium 

bromide solution in toluene by NaBH4.  NP size ranged from 5-10 nm as determined by 

TEM.  Nanocomposites were formed by sonnicating PDOF with Au NPs in 

chlorobenzene for 3 hours, followed by stirring for 12 hours.  Devices were then 

fabricated by spin casting from chlorobenzene onto PEDOT/PSS coated ITO glass 
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substrates yielding films ranging from 80-100 nm thick.  Au NPs with an average size of 

5-10 nm were chosen due to interaction between the excited states of the polymer and 

NPs.  Addition of Au NPs to the polymer matrix does not affect the EL spectra of the 

polymer,  and decay of devices was decreased with the introduction of Au NPs.  The Au 

NPs have an excitation lifetime of only a few picoseconds, therefore their donor-acceptor 

interaction with the long-lived triplet exciton of PDOF is quenched.  Device degradation 

is attributed to the formation of carbonyl groups at the end of the polymer chains which 

then act as exciton quenchers for emitting polymers.  Chemical changes were monitored 

by FTIR and peaks appear at 1717 and 1606 cm-1 which correspond to CO aromatic 

ketone or ester and the stretching mode of an asymmetrically substituted benzene ring 

respectively.  I-V curves were taken for both nanocomposites and a PDOF device and an 

increase in current is observed upon addition of Au NPs suggesting an increase in carrier 

injection or mobility.  An increase in NP doping levels results in a decrease in current 

density which can be attributed to hole trapping due to the energy alignment of the 

materials.  At low doping levels of Au NPs enhanced electron injection rather than a hole 

blocking effect is seen.  Therefore, a volume fraction of 1.0 x 10-5 is the maximum before 

a hole blocking effect is observed.  The composites exhibit an increase in EQE and a 

decrease in light output at 3.0 x 10-5.  Addition of Au NPs to PDOF enhances PLEDs 

characteristics, however the amount of Au NPs must be optimized in order to ensure 

improved luminescent lifetime and quantum efficiency.37 

Au NPs with size ranging from 5-10 nm as determined by TEM were added to a 

solution of poly(para-phenylene vinylene) copolymer (HY-PPV) to yield NP/polymer 

composites which were spin-casted onto PEDOT:PSS coated ITO glass.  After annealing, 

top contacts made of Al or Ca were evaporated onto the devices.  Al cathode devices with 

and without Au NPs have the same VON of 1.55 V, introduction of NPs into the polymer 
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film doesn’t affect the interface between PEDOT:PSS and HY-PPV, however 

introduction of NPs increases hole trapping sites resulting in a decrease in current density 

and increase in light VON when compared to HY-PPV devices.  Impedance studies reveal 

that at voltages below VON devices act as pure capacitors, however at voltages greater 

than VON, the behavior is typical of a PLED.  AFM studies show no difference between 

the two materials implying evenly distributed Au NPs throughout the polymer matrix.  

EL efficiency is increased from 0.39 cd A-1 to 4.93 cd A-1 at 50 mA cm-2 when Au NPs 

are present.  A Cu cathode results in further increase of EL efficiency and luminescence 

intensity with the presence of NPs. EL and PL spectra also result in a slight blue shift 

when compared to HY-PPV devices.38 

Poly(9,9-dioctylfluorene-alt-thiophene) (PDOFT) and Poly(9,9-dioctylfluorene-

alt-thiophene)-bis-4-thiol were synthesized (PDOFT-bis-4-thiol) as polymers for the 

synthesis of Au NP containing hybrid materials.  (PDOFT-bis-4-thiol) was chemically 

adsorbed onto Au NPS.  XPS was used to determine binding of PDOFT-bis-4-thiol to Au 

NPs.  Both polymers were about 60,000 g mol-1 with a PDI between 2.4 and 2.7 as 

determined by GPC.  Td was measures at 414.07 and 410.81 ˚C for PDOFT and PDOF-

bis-4-thiol, and adsorption of Au NPs reduced decomposition temperature to 402.47 ˚C.  

TEM experiments were carried out to compare PDOFT-Au composites with blends of 

PDOFT with commercially available Au NPs (30-40 nm).  Blends showed no 

aggregation of the 0-20 nm size Au NPs in the polymer, due to the dispersing agent 

coating Au NPs.  UV-Vis absorption of PDOFT/Au blend and PDOFT-Au are identical, 

and all samples emit blue-green fluorescence in THF.  PL quantum efficiencies were 

higher for the adsorbed samples versus the blends and PDOFT.  PLED devices were 

prepared on PEDOT:PSS coated ITO  with Ca/Al cathodes.  The EL spectra were 

identical to PL spectra of the thin-films, therefore EL characteristics of PLED devices are 
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similar to the PL characteristics of the thin-film sample.  A blue-shift of 1 nm for blends 

and 5 nm for PDOFT-Au when compared to PL spectra is seen which is due to efficient 

energy transfer between Au NPs and polymer.  J-V and L-V plots reveal a lower VON for 

samples containing adsorbed Au NPs.  The luminescence of the adsorbed sample was 

five times higher than the blended devices, and ten times higher than PDOFT.  This has 

been attributed to surface roughness of the composite onto ITO coated glass as well as 

increase of interfacial area between the active layer and the cathode.33,39 

SENSORS 

Au NPs and conjugated polyeelectrolytes (CPEs) have been studied as both 

chemical and biosensors including the detection of aspartic acid (Asp) and glutamic acid 

(Glu).  Poly(1H-imidazolium-1-methyl-3-{2[(4-methyl-3-thienyl)-oxy]ethyl})chloride 

(PIT) was mixed with Au NPs that were synthesized by citrate reduction of HAuCl4.  The 

addition of Au NPs results in fluorescence quenching of the PIT due to complexation of 

the NPs to the polymer.  The nanocomposite was then added to solutions of various 

amino acids resulting in disappearance of the precipitate, however the fluorescence 

returns only in the presence of Asp and Glu.  Asp and Glu release hydrion in solution, 

which can then bind to the Au NPs, releasing the polymer which will emit.  Increasing 

the concentration of Au NPs required an increase in Asp or Glu concentration in order to 

recover emission, and a decrease in Au NP concentration led to higher background signal 

due to strong emission from free fluorophores.40 

Poly(9,9-bis(4’sulunoatobutyl)fluorine-co-alt-1,4-phenylene) sodium salt, PFS, 

was mixed with HAuCl4 which was further reduced to yield Au NPs.  The resulting NPs 

were spherical in shape with an average particle size of 5.1 nm as determined by TEM.  

PFS has a strong emission at 420 nm with two shoulders at 450 and 475 nm when excited 
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at 370 nm.  Upon complexation with Au NPs, the PFS fluorescence is quenched due to 

energy transfer from the polymer to the Au NPs.  Addition of cysteine to the system 

results in PFS emission which is attributed to the displacement of PFS from the Au NP 

surface by the thiol end group of cysteine.  The limit of detection for cysteine is 25 nM, 

and can be quantified based on increase of fluorescence intensity.  When used to detect 

the other 19 amino acids, an increase in fluorescence by 5% relative to cysteine was 

observed.41 

A PPy film was electropolymerized to yield a thin film which was then covered 

by streptavidin labeled Fe2O3 NPs (200 nm) using a controlled magnetic field.  The cyclic 

voltammogram of PPy shows a decrease in conductivity when compared to the gold 

electrode, a further decrease is seen with the addition of the NPs due to insulating 

properties of the film.  The same results are seen with the addition of the antibody biotin-

Fab fragment K47 and a BSA blocking layer.  Impedance spectroscopy confirmed the CV 

measurements showing an increase in resistance with addition of NPs, antibody, and the 

BSA blocking layer.  SEM and AFM were used to determine a cauliflower morphology 

with high roughness.  The detection of atrazine, a commonly used toxic herbicide was 

carried out using the streptavidin labeled NPs.  The binding of biotin Fab47 led to a 

decrease in impedance, when atrazine was added to the system.42 

A humidity sensor was fabricated by embedding SnO2 NPs a PVA matrix.  SnO2 

NPs   (~5 nm) were synthesized by stirring SnCl4·5H2O with ammonia in H2O, followed 

by heating at 400 ̊ C.  The NPs were then added to a solution of PVA yielding NPs with a 

PVA:SnO2 ratio ranging from 1:1 to 1:5.  TEM and FTIR show NPs that were evenly 

disbursed throughout the polymer film.  Devices were fabricated by first making thin 

films of the nanocomposite, followed by the addition of silver paste and copper wires.  

Devices were placed in a humidity chamber and exposed to 11% and 92% humidity.  



 28 

Measurements revealed a decrease in current and resistance, with the optimum material 

composed of 1:3 PVA:SnO2.43 

A chemiluminescence sensor was prepared by the polymerization of 3-

thiopheneacetic acid by KMnO4 in the presence of magnemite γ-Fe2O3 NPs that were 

previously prepared by the thermal decomposition of Fe(CO)5 with dodecylamine.  The 

NPs were spherical in shape and ~10 nm in diameter as confirmed by TEM.  Thin films 

were fabricated by placing a magnet on the end of Pt electrode yielding a NP/polymer 

film in less than 20 minutes, which was then treated with a solution of Ru(bpy)3
2+ which 

bind to the carboxylate groups of the polymer matrix.  This electrogenerated 

chemiluminescence sensor (ECL) was then tested for the analyte binding of 

tripropylamine (TPA); the presence of TPA causes an increase in oxidation current, while 

a decrease in reduction current is observed.  The amount of NP/polymer present in the 

electrode affects the ECL intensity as well as the reproducibility of the ECL sensor, an 

increase in the nanocomposite led to a decrease in ECL intensity.44 

 Molecularly imprinted polymers (MIP) have been widely used in chemical 

sensing due to the tailor-made affinity and specificity for the model analyte.  By 

incorporating Au NPs into a MIP, an highly sensitive electrochemical sensor is achieved.  

ITO coated glass was treated with 3-mercaptopropyltrimethoxysilane (MPMSi) in 

ethanol which is then dipped in a solution of Au NPs.  Once the NPs are in place, the film 

is treated with a MIP sensitive towards selectivity and sensitivity of impipramine, an 

antidepressant.  The MIP was made of tetraethoxysilane, phenyl trimethoxysilane, and 

polyethylene glycol, which was then stirred with imipramine hydrochloride.  Au NPs 

with an average NP size of     3.5 nm were used.  Surface roughness was measured by 

AFM revealing an increase in surface roughness when the Au NPs are added.  The 

increase in roughness suggests successful self assembly of the Au NPs on the film 



 29 

surface.  Removal of the imipramine by EtOH yielded a template which was then tested 

for its rebinding ability in the presence of 1.0 mM imipramine.  The binding was 

monitored by DPV and showed a higher current response with the presence of the Au 

NPs.  The nanocomposites were used to detect the amount of imipramine in tablets with 

recovery of 97.6-101.3% and a detection limit of 1.0 x 10-9 mol L-1.45 

MIP technology was also used for DNA recognition.  CdS NPs were prepared by 

mixing Cd(OAc)2·5H2O with Na2S in EtOH, then mixed with 

methacrylolyamindocysteine (MAC) which act as a capping agent yielding spheres that 

were ~35 nm. The capped NPs were then reacted with methacryloylamidohistidine Pt(II)-

guanosine (MAH-Pt(II)-Gu), as well as ethylene glycol dimethacrylate (EDMA) which 

acts as a cross-linking monomer, and azobisisobutyronitrile (AIBN) which serves as an 

initiator, yielding CdS-MIP with an average size of 46 nm.  The MAH-Pt complex will 

act as the receptor for binding of guanosine and analogues, while the CdS nanoshell will 

act as a sensor.  CdS-MIP was studied in the selective binding and detection of 

guanosine, guanine, ss-DNA, ds-DNA, and adenosine by fluorescence spectroscopy.  A 

significant increase in fluorescence intensity was seen in the presence of guanosine, 

guanine, and ss-DNA due to induced photoluminescence emission from CdS NPs through 

the specific binding to recognition sites of the cross-linked nanoshell polymer matrix, and 

enhancement of fluorescence intensity is proportional to guanosine concentration.  

Adenosine was also tested as a standard, and no change in fluorescent was observed, 

therefore, this sensor can be used for the detection of guanine and guanine analogues as 

well as DNA.46 

Electropolymerization of Au NPs has been prepared for use as an electrochemical 

TNT sensor.  Au NPs with average size of 3.5 nm were prepared by the reduction of 

HAuCl4 by NaBH4 in the presence of 2-mercaptoethane sulfonic acid and p-
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aminothiophenol.  A gold plate was immersed in a solution of p-aminothiophenol in 

EtOH.  The surface-tethered p-aminothiophenol groups were electropolymerized in the 

presence of the p-aminothiophenol Au NPs to yield oligoaniline π-donor-bridged Au NP 

aggregates.  Enhanced detection of TNT should be seen due to the content of π-donor 

oligoaniline units as well as a conductive roughened array due to the Au NPs.  TNT 

sensing was seen at 460 ppt (2 nM) for electrodes with Au NPs present.  A p-

aminothiophenol-functionalized electrode was tested for the detection of TNT by π-

donor-acceptor interactions and detection was seen at 17 ppb (74 nM) which is higher 

than that seen for the Au NP electrodes.  The detection of 2,4-dinitrotoluene (DNT) and 

4-nitrotoluene (NT) was also explored was detected at 1.1 ppm (5 μM) and 9.2 ppm (40 

μM) respectively.  The lower sensitivity can be attributed to a decrease in π-acceptor 

properties of DNT and NT.  Further studies were done using nanoimprinted NPs, picric 

acid was used as the imprinting molecule and amperometric responses higher than those 

of nonimprinted NPs were observed.  Using template Au-NPs/polymer composites results 

in an increase in sensitivity for the detection of TNT.47 

A pH sensor was also fabricated from the polymerization of thiophene in the 

presence of Au NPs.  TEM images reveal the growth of spherical Au NPs with a size of 

5-10 nm embedded in the polymer matrix.  UV-Vis and selected area electron diffraction 

(SAED) confirmed the presence of Au NPs.  FTIR spectra confirmed the presence of 2,5-

disubstituted thiophene derivatives, and MS revealed the same results at pH 1.9 and 6.88 

revealing no changes in the polymer under basic or acidic conditions.  Changes in the 

emission spectra were observed from a pH 3-6.0 with the addition of NaOH or HCl.  At 

low pH, there is a single peak at emission 435 nm, as the pH of the solution is increased, 

the peak shifts to a higher wavelength, with the appearance of a new peak at lower 

wavelength.  The changes in emissions is due mainly to the protonation and 
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deprotonation of the polythiophene, however this shift is due to the presence of Au     

NPs.48                      

Au NPs coated with mixed monolayers of alkanethiolate (non-linker ligands) and 

ω-carboxyalkanethiolate (linker ligands) were linked together by carboxylate-Cu2+-

carboxylate coordinative couplings.  Au NPs were coated by mixing of AuCl4
- and 

alkanethiol followed by reduction by NaBH4, ligand exchange reaction in the presence of 

the linking ligands resulted in Au NPs with a core of 1.6 nm.  Interdigitated array 

electrodes were treated to yield a monolayer of SiO2 which was then coordinated to 

Cu(II)carboxylate followed by dipping into a solution of NP/polymer film.  Electronic 

properties of the film are affected by both alkanethiolate chain length and the medium 

bathing the films, vapor or liquid as determined by I-V curves.  Therefore, sensitivity of 

this sensor is due to flexibility in the linker ligand structure as well as solvent swelling of 

the network film.  In samples that are air-dried, the linker ligand is folded, therefore e- 

hopping between NPs occurs through nonbonding contacts with nonlinker ligands.  A 

decrease in electronic conductivity is seen with solvation or swelling of the polymer film 

by organic liquid of vapors, which is reversible.49 

Vapor sensing using Au NP based nanocomposites was also studied by 

Vossmeyer et al.  Dodecylamine capped Au NPs with an average size of 4 nm were 

exposed to dendrimers with a tetraphenylmethane core that has 12 hydrophobic 2,3,4,5-

tetraphenylbenzene repeat units and capped with a shell of thioctic acid.  Ligand 

exchange of the dodecylamine with the disulfide-functionalized ligands yields dendrimer 

coated Au NPs.  Films were prepared by layer-by-layer deposition of the two materials 

onto interdigitated microelectrodes and an increase in film thickness results in an increase 

in absorbance as well as conductivity.  AFM measurements determine that the material is 

a porous grainy material with a film thickness of 60.4 nm after 14 cycles and a 
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conductivity of 5.5x10-6 Ω-1cm-1 at room temperature. These films were then exposed to 

various solvent vapors and their change in relative electrical resistance was measured.  In 

the presence of toluene vapor, the sensors responded immediately, reaching 90% total 

signal within 5 s, and by switching between air and solvent vapor, on/off switching was 

seen until a negative signal was seen.  The negative signal was seen mostly at higher 

vapor concentrations, and attributed to a change in the films dielectric properties due to 

analyte sorption.  Sensitivity of the sensors was also tested for tetrachloroethylene (TCE), 

1-propanol, and water at concentration from 30-5000 ppm resulting in higher sensitivity 

for non-polar solvents while the sensitivity for water is negligible.50 

A metal center bound to a polymer, followed by in situ reduction has been studied 

as a method to produce polymer/NP hybrid materials.  The hybrid material was prepared 

by mixing PtCl4 with polyvinyl chloride (PVC) and polysulfone (PS),  which was then 

electrochemically reduced by applying a constant potential of -1.6 V.  TEM determined 

the NP size to range from 5-20 nm, typically small spheres of 5 nm were formed, 

however on occasion clusters up to 30 nm were seen.  A color change in the polymer 

matrix was observed upon reduction of the Pt(IV) metal center to Pt(0) NPs.  Electrodes 

were prepared with various compositions: Pt NPs/PVC, Pt NPs/PS, Pt NPs/PVC-PS, and 

PVS.  The electrodes made up of Pt NPs/PVC-PS show an increase in electrical 

conductivity and mass transfer when compared to Pt NPs/PVC materials; however its 

mass transfer properties are still low.  These materials were also made by a phase-

inversion technique; yielding a highly porous material which can be used for sensing 

applications.51            

Pd NP/polymer composites were prepared by stirring palladium acetate in a 

solution of poly(vinyl)butyral in EtOH.  The catalyst was then mixed with graphite 

powder to yield a carbon coated Pd/Poly composite which was further heated to yield Pd 
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NP/polymer composites.  These composites will be used for amperometric sensing of 

glucose using cyclic voltammetric and amerometric measurements of H2O2.  The sensor 

was finalized by mixing the nanocomposites with glucose oxidase (GOx) and Nafion 

yielding an ink that was screen-printed onto a glassy carbon electrode.  TEM revealed the 

presence of Pd NPs disbursed throughout the polymer film which was also confirmed by 

3-D AFM of catalyzed and activated PET.  Electrochemical characterization was carried 

out in a solution of 20 mM glucose using the Pd NP/polymer-GOx electrode, revealing an 

oxidation-reduction peak which corresponds to the oxidation/reduction of H2O2.  An 

electrode was also prepared without GOx and a redox peak was present which 

corresponds to the oxidation/reduction of glucose.  The presence of Nafion in the sensor 

ensures no interference with oxygen, uric acid and ascorbic acid which will interfere with 

glucose detection.52  

Nanocomposites made of MNPs and polystyrene (PS) were synthesized by 

etching and sensitization of the PS surface followed by treatment with solutions of either 

Ag, Ni, or Co salts.  The PS surface reduces the metal salts to the appropriate metal 

which deposits on the PS surface.  SEM was used to determine NP size,  which was 140 

nm for Ni on PS spheres, 200 nm for Ni NPs on PS pellets, and 170 nm for Ni NPs on a 

fractured side of PS pellet.  Ag NPs were spherical in shape and had an average particle 

size of 6 nm, with diameter ranging from 2-20 nm.  The Co-PS composites are made up 

of Co islands that are spherical in shape and evenly distributed over the PS sphere.  

Electrode behavior of each nanocomposite was tested by measuring the emf of an 

electrochemical circuit.  Electrodes were conditioned in the appropriate metal salts, then 

used to show 10-7 mol/l detection of Ag(I) and Co(II) for the Ag-PS and Co-PS 

electrodes, and 10-5 mol/l for the Ni-PS electrode.  These nanocomposites can be used as 

potentiometric sensors for the detection of metal ions in solution.23 
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Fluorescence resonance energy transfer, (FRET) based nanoprobes were 

synthesized to study analyte binding.  CdSe/ZnS NPs with a TOPO passivation layer 

were coated with a dye containing polymer by intercalation of the hydrophobic polymer 

side chains with the hydrophobic surfactanct molecules on the NP surface.  Composites 

with the dye molecule (ATTO590) incorporated into the polymer and composites with 

dye linked to the polymer shell were studied.  Emission spectra were identical for the 

ATTO dye and for the empty micelle with the embedded dye.  Upon incorporation of 

NPs into the micelle, two emission peaks are present, one corresponding to the NP donor 

and the other to the ATTO dye, which emits following FRET.  The emission intensity is 

five times higher than the free dye; therefore acceptor fluorescence is attributed to FRET.  

Decay times for polymer coated NPs were 10 ns, however with incorporation of the dye 

into the polymer shell the lifetime decreases to 2 ns and an increase in the number of dye 

molecules in the polymer shell decreases the lifetime further.  For nanocomposites with 

dye molecules attached to the surface of the polymer shell,  the fluorescence emission 

peak was comparable to those inside the polymer shell, however it was red shifted 10 nm.  

While both composites preformed similarly, the dye embedded sample was advantageous 

due to efficient acceptor binding, incorporation of hydrophobic dyes due to synthesis in 

organic solvent, and colloidal stability.53 

Magnetic NPs were encapsulated in a polystyrene matrix for use in biomedical 

sensing by a miniemulsification process.  The magnetite NPs were mixed with oleoyl 

sarcosine acid and oleic acid in order to ensure dispersion in the polystyrene matrix.  

Once encapsulated in the surfactant, the NPs were miniemulsified in water by sodium 

dodecylsulfate (SDS) which was then added to a styrene miniemulsion.  The monomer 

encapsulated magnetite NPs were slowly heated which resulted in polymerization of the 

monomer yielding polystyrene coated magnetite.  The composites were 100 nm in size as 
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determined by TEM and 15% magnetite as determined by TGA.  In order to increase the 

amount of magnetite in the polymer particles, magnetite NPs of about 10 nm each were 

formed into aggregates of 40-200 nm.  The aggregates were then encapsulated in a 

monomer by miniemulsification and polymerized.  These styrene encapsulated magnetite 

composites act as model systems for the synthesis of biocompatible coated magnetite 

NPs.  The composites will be composed of cholic acid or lecithin which are both non-

toxic.  After encapsulation, 60% of the magnetization is preserved ensuring 

nanocomposites that can be used for biomedical applications.54 

Nanosensors have been fabricated by coating QDs with proteins which can then 

be used as luminescent probes in biological labeling studies. Cysteine-capped CdTe QDs 

were crosslinked with bovine serum albumin (BSA), the luminescence of the protein was 

quenched, however that of the QD is enhanced due to resonance energy transfer.  These 

nanocomposites can be used as assays for antibody-antigen binding, nucleic acid 

hybridization, or enzyme-substrate interaction.  CdSe-ZnS core-shell QDs were stabilized 

with dihydrolipoic acid ligands that were coated with a recombinant variant of maltose-

binding protein (MBP) which contained a petahistidine segment at its C-terminus and a 

single Cy3 fluorophore that is covalently attached to a distinct cysteine residue.  There 

were about 10 MBP molecules per QD which were occupied by β-cyclodextrin-Cy3.5 (β-

CD-Cy3.5), in which Cy3.5 acts as a bridging ligand for the energy transfer between the 

QD and the maltose-displacable β-CD-Cy3.5.  Upon addition of maltose, β-CD-Cy3.5 is 

displaced from the surface and Cy3 emission increases.  Maltose can be detected down to 

~ 0.1 μM maltose.  A similar system was fabricated using β-CD-QSY9, where QSY9 acts 

as a nonfluorescent dye that efficiently quenches QD emission.  Further studies have 

focused on complexation of CdS with chaperonin proteins, the chaperonin proteins, 

GroEL and T. th will encapsulate the NPs and therefore quench the luminescence.  The 
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encapsulated proteins are released with changes in the cavity size because of ATP.  

Addition of ATP to the complex in the presence of Mg2+ or K+ resulted in the immediate 

release of inorganic species.  This material is a highly specific biological mechanism 

which can be used for bioresponsive materials.55 

Magnetic NPs, Fe3O4, were characterized by TEM and had an average size of 

16.2 ± 2.9 nm with a cubic spinel crystalline structure as determined by powder X-ray 

diffraction.  They were coated with 3-mercaptopropyltrimethoxysilane (MPTMS) by a 

silanization reaction, followed by grafting of poly(poly(ethylene glycol) 

monomethacrylate (poly(PEGMA)) brushes by mixing the coated NPs with PEGMA, and 

AIBN in DMF.  The PEG coated NPs were then treated with succine anhydride to yield 

carboxyl functionalized NPs, PEG-COOH NPs.  The final product was obtained by 

reaction of PEG-COOH NPs with S-(2-aminoethylthio)-2-thiopyridine hydrochloride 

(AE-S-S-Py) in the presence of 1,3-dicyclohexylcarbodiimide (DCC) to give pyridylthio 

functionalized NPs, PEG-PDT NPs.  TEM images of PEG-PDT NPs revealed an average 

size of 17.1 ± 3.4 nm.  The final polymer was synthesized by mixing PEG-PDT NPs with 

2,4-diamino-6-mercaptopyrimidine (DMP) which yields a polymer with stimuli-

responsive disulfide linkages.  The polymer has an absorbance at 343 nm, and after 

addition of glutathione, the disulfide bond is reduced and a new absorbance is present at 

287 nm which is attributed to the release of DMP.  The cleavage efficiency of the stimuli-

responsive disulfide linkages increases with an increase in glutathione concentration.56 

MEMORY DEVICES 

Embedding magnetic NPs into a polymer matrix has been researched for their 

potential in data storage media, microwave filters, and magnetic resonance imaging. 
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Using a polymer matrix to embedded magnetic nanoparticles leads to enhanced 

properties as well as increased stability. 

Divinylbenzene (DVB)-based polymer microspheres with carboxylic acid groups 

which can bind Ni ions, which were further reduced in the presence of H2 to yield 

polymer embedded Ni NP microspheres.  The NP size was determined to range from 3.5-

8.0 nm depending on initial Ni loading, the greater the Ni loading the smaller the NP size.  

XPS determined the Ni NPs were not oxidized during synthesis and further SEM studies 

show a decrease in sphere diameter with increase in heating treatment, however Ni NP 

size remains the same.  This method of NP growth in a polymer microsphere can be 

further applied for the fabrication of microstructures for photonic devices.  Chem. Mater 

2008 

Conducting polymer/Au NPs have also been studied as alternatives to writing, 

reading, storing, and processing data at the nanoscale. PANI was deposited onto ITO 

coated glass under galvanostatic conditions, followed by deposition of citrate coated Au 

NPs by dip coating.  Two devices were prepared, one with a top layer of PANI and one 

without.  Absorbance spectra shows two peaks, one at 500-550 nm corresponding to the 

Au NPs adsorbed onto the PANI film and the other from 700-900 nm corresponding to 

the PANI film in its oxidized state.  AFM revealed new topological features in the PANI-

Au NP film which is due to the adsorption of the NPs onto the film surface, grains 

between 20 and 100 nm correspond to aggregation of the Au NPs.  Electrochemical 

switching between the oxidized and reduced states makes it possible to modulate 

localized surface plasmon resonance (LSPR) but mainly promotes aggregation between 

NPs deposited on the film.  The device that had a second layer of PANI was then tested 

for LSPR, since the NPs will be covered with a layer of PANI, aggregation should be 

minimized.  An increase in LSPR response is seen upon addition of a top layer of PANI, 
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upon cycling between the oxidized and reduced states there is no change in the 

absorbance revealing no aggregation of the Au NPs.  Electrochemical switching of the 

conducting polymer controls the optical properties of the Au NPs exhibiting LSPR.57 

ZnO and Si NPs were prepared with an average size of 50-70 nm.  The NPs were 

suspended in chloroform, then mixed with poly({[2-[2’,5’-bis(2”-ethylhexyloxy)phenyl]-

1,4-phenylenevinylene]-co-[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylenevinylene]}  

(BEHP-co-MEH-PPV)] and [poly[9,9-bis-(2-ethylhexyl)-9H-fluorene-2,7-diyl] (PFO).  

The solutions were deposited onto PEDOT:PSS and dried at 100 ˚C followed by 

deposition of Al or Au as the top contact.  AFM images revealed uniform distribution of 

ZnO NPs in the polymer matrix for composites made up of ZnO/PFO.  I-V curves of the 

composites show hysteresis in the I-V characteristics when compared to the native 

polymer.  The measured J(V) has a sevenfold difference upon increasing V, a decrease of 

the voltage and a negative differential resistance in devices with NPs.  Composites made 

with ZnO/BEHP-co-MEH-PPV revealed no negative differential resistance which can be 

attributed to small hopping distances in MEH-PPV.  By incorporating ZnO in the 

polymer matrix, a transition from low conductivity to high conductivity is observed 

which results in memory effects.35 

P3HT/Au NPs were prepared by electrochemical methods.  Au NPs were initially 

prepared by mixing 3-(11-mercapto-1-undecanoxyl)thiophene (MT) with HAuCl4 

followed by reduction using NaBH4.  The nanocomposite was then mixed with 3HT and 

electropolymerized to yield composite films with thicknesses of 240 and 280 nm.  TEM 

revealed the presence of 3-5 nm size Au NPs incorporated into the polymer matrix 

without phase segregation and aggregation.  The films were studied by AFM revealing 

granular morphology with grain size of 30-50 nm.  The coated NPs act as crosslinkers in 

the polymer matrix, and as a result the NPs are stationary in the polymer matrix.  TGA 
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revealed a higher weight of Au NPs present when compared to films prepared with 1-

dodecanethiol (DT) coated Au NPs, which is attributed to the copolymerization of the 

thiophene coated Au NPs with 3HT.  Devices were prepared by electropolymerization 

onto etched ITO coated glass followed by Al deposition.  I-V curves were obtained for 

devices with the MT coated AuNPs/P3HT, DT coated Au NPs/P3HT, and P3HT and 

device prepared with MT coated NPs had a slight current jump around 2-3 V and a 

transition from low to high conductivity with a higher current (~ 2 orders of magnitude) 

response at 1 V, as well as a negative differential resistance (NDR).  The second device 

had a lower on/off ratio than the first which was attributed to the difference in Au NPs in 

the active layer.  The final device made up of P3HT, showed no switching or NDR 

behavior.  Devices prepared with MT coated Au NPs (~ 9 wt %) have the ability to write-

read-erase, 5 V to write, 1 V to read and -10 V to erase and 1 V to read.58 

Aniline was polymerized in the presence of Bi(NO3)3 and Fe(NO3)3 yielding 

bismuth ferrite, BFO NPs attached to the polyaniline chain.  Variations in the 

concentrations of Bi(NO3)3 and Fe(NO3)3 gave composites with different compositions.  

In order to determine NP size, XRD patterns were taken and revealed NP size of 40.5 nm 

and 37 nm for two samples.  SEM determined rough morphology of the polymer 

nanocomposites.  A shift in the characteristic FTIR peaks of PANI is due to a strong 

interaction between the NPs and the PANI matrix.  Magnetic studies were carried out on 

the composites and resulted in the alignment of the BFO NPs when a magnetic field is 

applied.  An increase in magnetization is observed with increase in the field without 

saturation due to the distribution of NP size.  The composites exhibit super paramagnetic 

behavior and the magnetic properties are controlled by the amount of oxidant present.24 
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CATALYSIS 

Nanoparticles have been studied as catalysts due to their high number of active 

site, a result of having a high surface area.  Traditional catalysts used in organic 

transformations are considered precatalysts, throughout the course of the reaction, the 

activated species is created in situ, and used in the organic transformation.  Following the 

reaction, it is important to separate the catalyst from the reaction mixture in order to 

attempt to reuse the catalyst with little to no loss of catalytic activity.  Incorporation of 

NPs into a polymer matrix has lead to interesting catalytic properties.  NPs have been 

incorporated into a variety of polymer matrices including homopolymers, 

blockcopolymers, and biopolymers that have been used for various catalytic applications 

including hydrogenation reactions, methanol fuel cells, and C-C coupling reactions.  

Hydrogenation 

The use of Pd nanoparticles in a polymer matrix has been studied as catalysts for 

a variety of hydrogenation reactions.  By incorporating them into a polymer matrix, the 

catalyst can be recycled and reused, some problems with these polymer encapsulated NPs 

include metal leaching, low reactivity, and difficult synthetic pathways which lead to 

lower yields.59   

Palladium NPs with an average size of 2 nm were prepared for in poly-

(ethyleneoxide)-block-poly-2-vinylpyridine (PEO-b-P2VP) for the hydrogenation of 2-

butyl-1,4-diol.  These composites were prepared by incorporation of K2PdCl4 into PEO-

b-P2VP, followed by reduction of the metal centers using NaBH4.  Pd NPs were formed 

and incorporated into the block polymer, where it is stabilized by the P2VP core. The 

specific surface area of the Pd nanocomposites was determined by pulse adsorption of 

CO.  Further studies investigated the immobilization of the nanocomposite onto γ-Al2O3, 
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these materials showed no difference in nanoparticles size or agglomeration, showing that 

the nanoparticles are still embedded in the P2VP core.60 

Palladium nanoparticles were also synthesized as the core of a copolymer 

nanosphere made up of hydroxylated polyisoprene (PHI) corona, cross-linked poly(2-

cinnamoyloxyethyl methacrylate) (PCEMA) shells, and poly(acrylic acid) (PAA) cores.  

Nanospheres were prepared by anionic polymerization of polyisoprene-block-poly-(2-

cinnamoyloxyethyl methacrylate)-block-poly(tert-butyl acrylate) (PI-b-PCEMA-b-PtBA).  

The block polymer was then formed into micelle in a solution of THF/hexane (65% 

hexane by volume), then photo-cross-linking of PCEMA.  The core of the nanosphere 

measure 16 nm and the corona measures ~89 nm.  Upon introduction of PdCl2 to 

nanosphere, the AA groups in the PAA core complex Pd2+ which was then reduced to Pd0 

using hydrazine.  TEM pictures revealed NP size of ~15 nm in the nanosphere core and 

0.17 g/g of Pd in the nanocomposite.  These Pd loaded nanospheres where then tested for 

the hydrogenation of triethylallylammonium bromide (TEAA), vinylacetic acid (VAA), 

methyl methacrylate (MMA), and ethylene glycol dimethylacrylate (EGDMA).  The 

hydrogenation of these materials was also determined at varying pH levels, at low pH, the 

AA groups of the core are protonated while at high pH the cores are deprotonated.  The 

changes in pH affect the structure of the nanosphere core and therefore the catalytic 

activity of the nanospheres can be altered.  At pH 10, the hydrogenation of TEAA 

increased while that of VAA decreased due to repelling of VAA by the deprotonated 

PAA chains.  In the presence of MMA and EDGMA, the nanospheres act as nanofilters 

and MMA is hydrogenated while the bigger EDGMA is left unreacted.61 

A diblock copolymer of polystyrene-block-poly-4-vinylpyridine (PS-b-P4VP) was 

prepared and used as a micelle for metallic and bimetallic NPs.  The block polymer was 

dissolved in toluene followed by addition of metal salts, HAuCl4·3H2O, Pd(OAc)2, 
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Zn(OAC)2, and K[Pt(C2H4)Cl3]·H2O in order to prepare polymer/NP composites made 

with Pd, Pd/Au, Pd/Pt, Pd/Zn NPs.  The metal salts are then reduced to give metallic NPs 

by adding an excess of super-hydride.  TEM images show dark diffuse circles with dark 

spots which correspond to the NPs that are ~1.5 nm in size.  These nanocomposites were 

then adsorbed onto Al2O3 yielding a heterogeneous catalyst and TEM images reveal no 

change in size or morphology after heterogenization.  XPS studies reveal that presence of 

a second metal will affect the Pd making it more electron-deficient in the presence of Au 

or Pt and making it electron-rich in the presence of Zn.  The binding energy for the 

bimetallic NPs is higher than that for Pd NPs meaning that the Pd in the bimetallic 

systems has a higher oxidation state and that in the Pd NPs corresponds to Pd0.  The 

alumina affects the electronic structure of the polymer/NP composite, upon adsorption of 

the nanocomposite to the alumina, XPS shows an increase in the oxidized species for Pd, 

Pd-Zn, and Pd-Au composites, and no change for the Pd-Zn.  Adsorption of the block 

polymer occurs through the polar micelle core while the shell PS chains move away from 

the alumina.  The micellar catalysts where studied for the hydrogenation of 

dehydrolinalool (3,7-dimethyloctaen-6-yne-1-ol-3, DHL) to linalool (3,7-

dimethyloctadiene-1,6-ol-3, LN).  The catalyst was pretreated with hydrogen gas for 60 

minutes at 90 ˚C, then used in the hydrogenation of DHL done in toluene at various 

temperatures ranging from 50-95 ˚C.  The activity of each catalyst is determined by 

moles of LN made per second and per mole of Pd.  Adsorption of the NPs onto the 

alumina support decreases the activation energy and also decreases the amount of 

catalytic sites therefore decreasing the catalytic activity for Pd, Pd-Pt, and Pd-Au 

systems.  The Pd-Zn system however shows no change in activation energy and an 

increase in the catalytic activity of the catalyst.  When compared to commercially 

available Pd/Al2O3 catalysts, the micelle/NP composites adsorbed onto alumina show 
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higher catalytic activity due to a decrease in activation energy or increase in the number 

of catalytic sites.62 

A poly/NP composite comprised of Pd nanoparticles with poly-5-amono-ortho-

cresol (PAOC) was synthesized by oxidation of 5-amono-ortho-cresol with 

palladium(II)acetate to give a fiber-like polymer with dark spots dispersed evenly.  

Further characterization of the dark spots by EDS shows that the dark spots are Pd, 

proving that the Pd particles are dispersed throughout the polymer.  The distribution of 

the Pd NPs was further confirmed by EELs mapping.  The Pd NPs act as oxidizing agents 

and catalyze the directional growth of polymer nanofibers by forming oligomers in the 

presence of Pd(OAc)2.  These oligomers will then catalyze the oxidation of the remaining 

monomers leading to fiberlike polymers with embedded Pd NPs.  These fiber-like 

composites were studied for the hydrogenation of ethylene, above 70 ˚C, percent 

conversion increases as the temperature increases, hitting a max at 115 ˚C with 

conversion of 12.5 %.  Further heating of the sample leads to a decrease in conversion 

which was attributed to deactivation of the material due to deposition of carbonaceous 

material or blockage of the active sites due to the polymer.  DSC studies resulted in two 

endothermic peaks, one at 68-97 ˚C and one at 113-155 ˚C.  The first is attributed to the 

glass transition temperature of the composite, and the second corresponds to the removal 

of –OH and –CH3 molecules from the benzene rings of the PAOC.  Removal of these 

groups leads to cross-linking of the material which in turn stabilizes the NPs leading to a 

compact, rigid structure.  Reactivity studies were also done to study the effect of time, the 

maximum conversion was seen at 110 ˚C for 60 minutes where the sample had 37% 

conversion.60 

Park et al, reported the hydrogenation of alkynes and alkenes showing high yields 

for most reactions with the exception of cholesterol which had an 11% yield.  The Pd 
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NPs were synthesized from Pd(PPh3)4 in the presence of oxygen, butan-1-ol, and THF at      

90 ˚C, with the monomers present in the reaction mixture.  Once the nanoparticles were 

synthesized, polymerization of the monomers was done using AIBN.  The presence of 

oxygen in essential for the oxidation of Pd(PPh3)4 to give Pd NPs and triphenylphosphine 

oxide while the presence of butan-1-ol was necessary to keep NPs from aggregating.  

Analysis by TEM shows the presence of dark spots in the polymer which corresponds to 

Pd NPs that measure 8 nm in diameter.  Initial catalytic studies began with the 

hydrogenation of trans-stilbene in a variety of solvents, resulting in the reaction going 

fastest in THF and the slowest reaction rate when run in DMF.  The composite could be 

easily recovered by filtration, and was reused 16 times with no loss of catalytic activity.  

The hydrogenation of various alkenes and alkynes was done in the presence of 0.5 mol% 

of Pd.  The hydrogenation of benzalacetone and trans-chalcone also resulted in the 

hydrogenation of C=O double bonds.  Sterically hindered alkenes including oleic acid, 

trisubstituted cyclic alkenes, and cholesterol require much longer reaction times.  The 

yields of all these reactions using the poly/NP composite were high, with the exception of 

cholesterol which had a yield of 11%.63 

Synthesis of poly (anthranilic acid)-Pd NP composite was carried out by oxidative 

polymerization of anthranilic acid by palladium acetate.  While anthranilic acid was 

oxidized to yield a polymer, reduction of the palladium acetate yielded Pd NPs with an 

average size of 2 nm.  Characterization of the material by IR and Raman show that the 

polymer is the polymeric form of anthranilic acid.  In order to determine the presence of 

the Pd NPs, TEM studies were done showing small agglomerated polymer units in a 

chain-like structure with dark spots throughout.  The dark spots were characterized by 

EDS, XPS, and XRD and determined to be Pd NPs evenly distributed throughout the 

material as determined by EELs mapping.  The nanocomposite was used as a catalyst for 
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the hydrogenation of ethylene over a range of temperatures.  Results show that this 

catalyst had 100% selectivity for the hydrogenation of ethylene and an increase in the 

yield of the reaction from 4% to 30% when the temperature is increased from 100 ˚C to 

150 ˚C.  TEM images after the catalyst was used, show migration and aggregation of the 

Pd NPs in the polymer.  The Tg of polymer is 85 ˚C, which is when the NP-polymer 

binding is weakened and the NPs can move to the surface of the polymer.64 

Rhodium NPs were also prepared by reduction of RhCl3 in H2O under hydrogen 

pressure for 1 hour in the presence of the appropriate polyacrylate polymer.      These 

hybrid materials were tested for the hydrogenation of ethyl pyruvate hydrogenation.  

Three different composites were tested, two of which were colloidal suspension (Rh-VIII 

and Rh-X) and one heterogeneous catalyst (Rh-IX).  The colloids were active in 

hydrogenation of ethyl pyruvate to ethyl lactate.  Both colloids had 100% conversion 

after 1 hour.  The heterogeneous catalyst, Rh-IX was slower and only a 70% conversion 

was seen after 2 hours.  TEM pictures of Rh-X before and after catalysis were done, 

showing agglomeration of NPs after catalysis.64 

Electrocatalysis 

A stable catalyst made up of Pt NPs supported on a V2O5/polyaniline matrix has 

been synthesized and characterized.  Synthesis was prepared by mixing of aniline with 

V2O5 Xerogel which acts as the oxidizer for polymerization of aniline to form polyaniline 

(PANI).  The PANI-V2O5 nanocomposites were refluxed with K2PtCl6 followed by 

reduction to Pt NPs using formalin.  The composites were characterized by XRD, 

showing a difference in 1̊ when the V 2O5 was incorporated into the polymer versus the 

mixing of V2O5 with PANI.  Incorporation of Pt NPs into the PANI-V2O5 nanocomposite 

was determined by HRTEM, in which the nanoparticles are dispersed through the 
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nanocomposite.  XPS studies also determined the presence of Pt in the PANI-V2O5 

Xerogel.  Electrochemistry studies were carried out in order to determine the current 

density as well as the current density vs. Pt loading.  The Pt loaded Xerogel was cycled 

between -0.2 V and +0.8 V in 1 M H2SO4 for 3 h.  Two peaks were present in the first 

scan, an anodic peak at +0.5 V in the forward scan and a cathodic peak at +0.1 V in the 

reverse scan.  After 2 h the scan looked the same, exhibiting both peaks.  

Chronoamperometric measurements were taken using the Pt loaded Xerogel in the 

presence of 1 M H2SO4 and 1 M CH3OH.  After 2 h, there was a decrease of 29% of the 

oxidation of MeOH.  When compared to Pt loaded on Vulcan, a commercially available 

carbon support, the Pt Xerogel exhibited higher oxidation activity as well as lower 

decrease in activity.65 

Electrodeposition of 3,4-ethylenedioxythiophene gave a thin polymer film on the 

electrode which was then placed in a solution of H2PtCl6 in H2SO4 to which a potential 

of 0.10 V was applied.  This potential yields Pt NPs that are well-dispersed throughout 

the polymer film.  The NPs ranged in size from 2-3 nm and were characterized by SEM, 

TEM, XRD, and XPS.  The Pt aggregates were made up of smaller Pt particles as 

observed by SEM.  Further studies of TEM images show that the lattice fringes had a 

separation of 1.24 Å corresponding to the (3 1 1) plane of fcc lattice of Pt.  XRD patterns 

also correspond to the fcc unit cell of Pt.  Other groups who have reported the 

electrodeposition of Pt NPs reported the synthesis of agglomerates ranging from 25-100 

nm which are made up of Pt NPs of 6-7 nm in size.  XPS studies also determined the 

presence of Pt(0).  `Electrochemical studies were carried out in 1M H2SO4 in the 

presence of 1M CH3OH, with two peaks are present in the CV, one at 0.60 V in the 

forward direction attributed to the oxidation of MeOH and another peak in the backward 

direction at 0.50 V attributed to the oxidation of adsorbed species on the electrode.  When 
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compared to a Pt electrode without PEDOT present, the oxidation peak of the later is 

50% of the PEDOT containing electrode, due to smaller aggregates of Pt formed in the 

polymer.  Electrochemical studies also showed that the Pt-PEDOT/C is electrochemically 

stable up to 6 hours.56 

The preparation of direct methanol fuel cells has been researched as a new power 

source.  Bensebaa et al has reported the synthesis of DMFC using Pt-Ru NPs that are 

dispersed in a polypyrrole di(2-ethylhexyl) sulfosuccinate, PPyDEHS.  The hybrid 

material is synthesized by microwave synthesis, the polymer was prepared by mixing of 

pyrolle, di(2-ehylhexyl) sulfosuccinate sodium salt, and ammonium peroxydisulfate in 

water.  Once dry, the polymer was dissolved in methanol and mixed with ruthenium 

chloride and hexachloroplatinic acid then heated to 163 ˚C in a microwave oven for 3 

minutes.  XRD patterns confirm the presence of Pt-Ru NPs with an average size of 2 nm 

in a 66:34 Pt:Ru ratio.  The lower amount of Ru could be due to nonalloyed Ru present in 

the sample, EDX spectra shows the Pt:Ru ratio is 50:50.  The particles are granular-

shaped particulates that are uniform in shape as determined by TEM with an average size 

of 2.8 nm determined for over 65 NPs.  NP composition was determined by EDX in 

which a 1:1 ratio of Pt:Ru was seen over three areas.  Elemental analysis was also 

compared between the reactants and the products of two materials, one with a 1:1 ratio of 

polymer to Pt:Ru, NP-PPyDEHS, and the other with a 5:1 polymer to Pt:Ru, NP-DEHS2.  

The results show a similar ratio before and after the reaction therefore this reaction is a 

high yield reaction.  The electrocatalytic activity of these materials was tested by 

measuring the current-voltage (I-V curves) at room temperature.  The three samples were 

tested made up of NP-PPyDEHS1 and NP-PPyDEHS2 with 50 µg of Pt and the third 

made of NP-PPyDEHS1 with 16 µg loading.  NP-PPyDESH1 with 50 µg had the highest 

catalytic activity for the three samples.  The NP-PPyDESH1 with lower Pt loading of 16 
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µg had a decrease in catalytic activity by 10.  The decrease in catalytic activity is 

attributed to site blocking since there is a higher concentration of polymer compared to 

the NPs present.  The final samples prepared with NP-PPtDESH2 had a final Pt loading 

of 50 µg, however there is 5 times less Pt when compared to the NP-PPtDESH1 50 mg 

sampled due to high concentration of polymer present.  The catalytic activity of this 

sample is the lowest of the three which again can be attributed to catalyst blocking by the 

polymer as well as catalyst poisoning by the sulfur present in the polymer.55    

 C-C Coupling Reactions 

The Pd catalyst made by Park et al was initially tested for use in hydrogenation of 

various alkenes and alkynes but its catalytic activity was further extended to carbon-

carbon cross-coupling reactions including Suzuki-Miyuara, Heck-Mizoroki, Sonogashira, 

and allylation reactions.  In comparison to other Pd nanospheres, palladium clusters, and 

‘polymer-incarcerated palladium’ this polymer/NP composite has higher activity.  When 

used as a catalyst in the Suzuki coupling of an aryl halide with a phenyl boronic acid the 

reaction yielded 99% product, with a decrease to 38% on the 3rd reuse of the catalyst.  

When used in the Heck-Mizoroki reaction, an 80% yield when using the iodo substituted 

aryl halide is reported, and a 87% yield when using the bromo substituted.  A 82% yield 

was seen when used in the Sonagashira coupling of a terminal alkyne with an aryl halide.  

Pd/poly catalyst was also used in the allylation of several aryl alcohols with yields 

ranging from 95-99%.63 

Faviar et al synthesized ten different polymers that were derivatives of Gantrez, 

poly(methyl vinyl ether-co-maleic anhydride) and polyacrylate.  The polyacrylate 

polymers were prepared in order to prepare hydrosoluble polymers that can stabilize 

catalytic precursors in water.  Commercially available copolymer Gantrez AN-139 was 
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reacted with various substitients giving polymers with different functionality.  

Nanocomposites were then prepared by mixing of the polymer with either Pd2(dba)3 or 

Pt2(dba)3 in THF in a Fischer-Porter bottle.  The reaction mixture was pressurized at 3 bar 

of hydrogen and stirred for 1 hour at room temperature.  TEM determined NP size to be 

22 nm for the Pd NPs and 100 nm for the Pt NPs.  The influence of solvent, metal 

concentration, and monomer/metal ratio on NP size was also studied.  When prepared in 

toluene, the NPs formed agglomerates, and a change in metal concentration made no 

difference on the Pd system, however for the Pt system as the concentration increased so 

did the NP size.  Nanocomposites made up of Pd or Pt mixed with polymer III (Pd-III, Pt-

III) where studied for the catalysis of C-C Suzuki reactions as well as hydrogenation of 

ethyl pyruvate hydrogenation however no catalytic activity was seen.64 

Yang reported using Pd NP catalysts protected with an ionic imadolium-based 

polymer that is immobilized in a functionalized ionic liquid.  This nanocomposite is 

stable toward aggregation and can be used in C-C coupling reactions at low catalysts 

loadings.  The polymer matrix is comprised of poly(3-(4-vinylbenzyl)-1-

methylimidazolium bis(trifluoromethylsulfonyl)imide), IP1 which is synthesized by 

anion exchange from the parent polymer chloride with lithium 

bis(trifluoromethylsulfonyl)imide (LiTf2N).  IP1 is insoluble in water, however it is 

soluble in most ionic liquids especially those made up of 

bis(trifluoromethylsulfonyl)imide (Tf2N) anion as wells as in polar organic solvents such 

as acetonitrile and acetone.  A mixture of IP1 with an ionic liquid in aceotnitrile followed 

by removal of acetonitrile yields a viscous solution in which PdCl2 readily dissolves.  

PdCl2 is then reduced by NaBH4 yielding NPs with an average size of 5 nm.  This NP-IP-

IL composite was studied for use in C-C cross coupling reactions including Stille, 

Suzuki, and Heck reactions.  Suzuki reactions were carried out using 1.0 mol% NP-IP-IL 
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giving excellent yields of many biphenyl products, when the reaction is run with NP-IL, 

the reaction proceeds with a low yield.  A similar result is seen when the PdCl2 is not 

reduced in the IP, a less active catalyst is used in the reactions resulting in a lower yield.  

The catalyst was the studied in the coupling of benzoic acid derivatives with 

phenylboronic acid in water.  This reaction proceeded with lower Pd loading and at 

ambient temperature.  Another catalyst, NP-IP-IL-2 was prepared using the same 

methods but with NPs ranging from 10-22 nm in diameter.  After used as a catalyst in a 

reaction, the size of the NPs decreased to 5 nm, which was attributed to rapid formation 

of the homogeneous catalyst from the NP reservoir.66 

Heck reactions have also been extensively studied including the coupling of aryl 

iodides and ethyl acrylate using NP-IP-IL, the coupling of activated aryliodides with 

ethyl acrylate resulting in quantitative yields within 2 hours.  Stille cross-coupling 

reactions were also investigated using NP-IP-IL, resulting in higher yields than reactions 

done with pyridinium based ionic liquids.  Quantitative yields were also recorded for the 

coupling of aryl iodide and activated aryl bromides.  After using the catalyst in Stille 

coupling, the nanocomposite remained intact, after 5 cycles there was no loss in 

activity.66 

Gold catalysts have been researched for the use in various organic reactions 

including Suzuki-Miyaura Cross Coupling Reactions.  The catalyst was made by a one-

pot redox reaction of HAuCl4 and 2-aminothiophenol resulting in poly(2-

aminothiophenol) (ATP) coated Au NPs.  The resulting polymer acts as a stabilizing 

agent for the Au NPs.  TEM experiments reveal NPs averaging 1 nm in size.  XPS, XRD, 

UV-Vis, and FTIR experiments all prove the presence of polymer coated Au NPs.  These 

nanocomposites were used for the coupling of less reactive aryl chlorides and 

phenylboronic acid, the coupling of chlorobenzene and phenylboronic acid to yield 
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biphenyl was carried out in water and an 87% yield during the first run was seen.  The 

catalyst was recycled 6 times and showed little change in activity.  When the NP size is 

increased for 1-2 nm to 5 nm a decrease in yield from 86%-76% to 10% is seen.  The 

catalyst was then tested for the aryl coupling of both bromides and iodides, which had 

higher reactivity when compared to the chloro derivatives.  Reactions carried out with the 

phenyl iodides gave up to 99% yield and these reactions can be scaled up with no loss in 

yield.  Further studies were done to test the catalyst for reactions of substituted aryl 

halides and substituted arylboronic acids all of which had high yields.66 

Another method of incorporating NPs into a support is to mix NPs with 

biomolecules.  In 2009, Primo et al reported the synthesis of Pd/Alignate nanocomposites 

for Suzuki reactions.  Alignate is a naturally occurring block polymer made up of 

mannuronic and guluronic acids.  The metal ions bind to the carboxyl and hydroxyl 

groups of the guluronate monomers.  The Pd/Alignate nanocomposite was synthesized by 

mixing of sodium alignate with Na2PdCl4 dropwise at room temperature.  After 2 hours 

of gelling, the nanocomposites are filtered, then dehydrated by washing with ethanol-

water successively slowly increasing the ethanol concentration from 10% to 100%.  

During the ethanol washing, the Na2PdCl4 is reduced to Pd NPs.    The nanoparticles 

were 10-11 nm in size as determined by TEM.  The Pd/Alignate nanocomposite had 

17.6% Pd as determined by elemental anaylsis.  Suzuki coupling of bromobenzene with 

phenylboronic acid yielded total conversion on the first run when 0.4 mol% Pd was 

present at 70 ˚C.  The catalyst was recycled, a decrease to 30% conversion followed by 

decomposition of the material was observed.  This catalyst did in fact work for the Suzuki 

coupling, however the NP size and the distribution of NPs throughout the Alignate is not 

the best.  In order to prepare a more promising catalyst, catalysts were also prepared with 

two metals, calcium and palladium.  The calcium will act as a gelling cation for the 
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polymer, which can then be exchange with Pd at different loadings to yield NPs in the 

composite.  The bimetallic system were prepared by first stirring CaCl2 with sodium 

alignate at room temperature followed by washing then immersion in a solution of Pd at 

different concentrations.  The composites were then treated with ethanol to give Pd NPs 

in the matrix.  The surface area of the Ca/Pd nanocomposites resulted in materials with 

390-700 m2 g-1 and mesoporous volumes from 1.8-4.8 cm3 g-1.  The Ca-Pd Alignate 

material has an increase in textural properties when compared to the material made with 

Pd, resulting in a more porous material.  EDX was used to determine the radial 

distribution of calcium and palladium cations.  Elemental composition also determined an 

increase in Pd content resulted in a decrease in calcium content, therefore Pd does 

exchange with Ca in the polymer.  As the concentration of Pd increased, the 

agglomeration of Pd NPs occurs. The Ca-Pd/alignate was tested for use in C-C Suzuki 

coupling reaction with bromobenzene and phenylboronic acid.  A sample prepared with 

2.5 wt % Pd yielded 95.4% conversion with 100% selectivity.  This catalyst was the best 

and was used in the Suzuki coupling reactions of bromo- and iodo-aryls with 

phenylboronic acid, all reactions had a 100% selectivity with the lowest % conversion of 

70 %, but most reactions had % conversion of above 90%.  The catalyst was recycled for 

the bromobenzene reaction and after 3 cycles, the catalyst remained unchanged, with no 

aggregation and no metallic Pd present.  Catalyst poisoning was seen after recycling, 

resulting in a decrease in yield from 95 to 70%.  It was also determined through a three-

phase test that there is no leaching of the Pd NPs into the reaction mixture.67 

Oxidation reactions 

The oxidation of alcohols to the corresponding aldehyde or ester was tested using 

Park’s Pd/polymer catalyst.  When used to oxidize benzyl alcohols, the catalyst was 
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recycled four times, during the first use, the reaction yielded 99% of the product which 

decreased to 35% in its 4th use.  When used for secondary alcohols, the reaction yield was 

low, at 6%, and only trace amounts of product were present during oxidation of aliphatic 

alcohols.63  

The oxidation of carbon monoxide was carried out using PtO2 NPs dispersed in a 

polyaniline matrix.  The catalyst was prepared by mixing a suspension of polyaniline in 

Na2CO3 with H2PtCl6 at 363 K for 15 minutes.  A solution of formaldehyde and NaOH 

was then added and stirred for 20 minutes.  The PtO2 NPs will coordinate to the nitrogen 

atoms of the PANI backbone giving direct interaction between the PtO2 and the polymer 

which was confirmed by XPS.  The catalyst was characterized by TEM in which the NPs 

were determined to be clusters of an average size of 1.9 nm. The catalyst was used in the 

oxidation of CO in a fixed bed reactor.  The CO was diluted with nitrogen and the 

reaction was carried out starting at 353 K, however no reaction was seen at this 

temperature.  When heated to 388 K, the oxidation of CO was initialized, by 393 K, the 

reaction reached full conversion.  The reactivity of this catalyst is superior to 

commercially available catalysts which show no activity in this temperature range.  The 

oxidation of CO was also tested in the presence of C3H8 and oxygen.  At room 

temperature, there is 10% conversion of CO and T50 is 372 K.  Addition of NO and SO3 

increases the T50 temperature, however the activity of the catalyst is still greater than that 

of the commercially available one.  Even after addition of H2O, the catalyst yields 10% 

conversion at 324 K and 50% at 396 K.  TEM experiments no change in the dispersion on 

PtO2 NPs, proving that the NPs have a strong interaction with the polymer backbone.68 

Platinum and rhodium metals have also been incorporated into PANI and PPy by 

reduction of the metal centers in the presence of the polymer.  These composites are then 

tested for the conversion of isopropanol to acetone, propene, or diethyl ether.  The 
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polymers were formed by oxidative polymerization of pyrrole or aniline by 

peroxydisulfate in HCl yielding PPy doped with chloride ions and PANI hydrochloride.  

Incorporation of the metal centers was then incorporated by adding RhCl3 or PtCl4 in 

water, Rh composites were made using PPy while Pt composites were made using both 

polymers.  Once the metal centers were in place, NaBH4 was used as a reducing agent 

yielding NPs in the polymer matrix.  XPS studies showed the presence of Rh and Pt in 

their metallic state which was confirmed by XRD studies in which patterns corresponding 

to metallic Rh and Pt are present.  NP size was determined using Scherrer’s equation, Rh 

NPs were 4-9 nm dispersed in PPy doped with chlorine and Pt NPs were 5-7 nm for Pt 

dispersed in PPy doped with chlorine and PANI matrices.  However, SEM images 

showed the formation of aggregates ranging from 40 nm-0.2 µm for the Rh composites 

and 60 nm-1.1 µm for Pt composites.  There are three processes isopropanol can undergo: 

the conversion to propene by an acid-base reaction, conversion to acetone by a redox 

reaction, or conversion to diethyl ether through a intermolecular dehydration reaction.  

The presence of acetone and propene was observed when these nanocomposites were 

used in the conversion of isopropanol.  When considering that both reactions take place at 

once, it is determined that the catalyst is ten times more active in the redox process over 

the acid-base process.  In all experiments, the composites were selective towards the 

formation of acetone over propene giving more than 90% conversion in most cases.  It 

was also determined that higher activity was seen with the Pt catalyst in PANI when 

compared to the Rh catalyst in PPy.  Comparison of the Pt PANI catalyst and Pt PPy 

catalyst determined that PPy was a more active composite than PANI.  Temperature 

studies also show that the selectivity of PPy-Rh increases with an increase in temperature, 

while the PANI-Pt composite shows a decrease in selectivity.  It was also observed that 

composites with low Pt loading have higher activity than those with a higher Pt loading.69 
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 Hydrogen generation  

Hydrogen generation has been the focus of research for many years.  The 

generation of hydrogen from alkaline-earth metal has recently become the focus of many 

groups, mainly the use of sodium borohydride, NaBH4.  NaBH4 has been selected due to 

the high hydrogen content, chemical stability in alkaline solutions, environmentally safe 

byproducts, and ability to control the hydrolysis reaction.  It is also commercially 

available and inexpensive when compared to other metal hydrides.  Since 1950, the use 

of metal oxides and metal alloys has been studied for the hydrolysis of NaBH4.  These 

catalysts have been coated on substrates however they have small surface area, and 

therefore lower catalytic activity.  By making catalysts in the nanometer range, there is a 

higher surface area, and therefore more active sites can be accessed, coupled with a 

polymer support, these catalysts are known to be stable and therefore less likely to be 

affected by oxidizing or reducing agents.   

Chen and coworkers reported the synthesis of Ru-immobilized polymer-supported 

catalysts using a commercially available ion-exchange resin which yielded a Ru/IR-120 

composite catalyst with 1 weight% Ru.  The catalytic activity of this composite was very 

low due to low specific area of the resin as well as the large size distribution of the resin.  

In order to address these problems, a new method for the synthesis of Ru-immobilized 

polymer-supported catalyst was proposed by Chen.  A polystyrene (PSt) microsphere was 

prepared along with 2-methylacrylic acid 3-(bis-carboxymethylamino)-2-hydroxy-propyl 

ester (GMA-IDA) which acts as a chelating vinyl monomer.  The chelating monomer was 

copolymerized with divinylbenzene which was initiated by sodium lauryl sulfate/sodium 

formaldehyde sulfoxylate (SLS/SFS).  The microspheres have N(CH2COO-)2 groups 

which act as chelating groups for the coordination of Ru3+ ions.  The microspheres were 

mixed with a solution of RuCl3·x H2O which was then chemically reduced to give Ru 
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NPs.  The PSt microspheres were determined 2.65 nm in diameter with a smooth surface 

as determined by SEM.  Once copolymerized with the chelating monomer, SEM photos 

show a textured surface.  Extraction of the microsphere with THF followed by FTIR 

experiments resulted in the characteristic peaks for the chelating monomer on the surface.  

Once the Ru NPs were in place, the composites were characterized by TEM and SEM.  

The amount of Ru present was determined by TGA as well as by atomic absorption 

spectrophotometry (AA) to be ~4 wt%.  The composite was then treated with a solution 

of NaBH4 (0.01 wt%) to give Ru(0) in the microsphere.  FE-SEM images were used to 

determine an average cluster size of 16 nm.  Microsphere prepared with 0.01 wt% NaBH4 

resulted in the highest catalytic activity, due to higher surface area.  When treated with 1 

wt% NaBH4, the resulting microspheres formed aggregates and therefore a decrease in 

catalytic activity is observed.  Recycling of the catalyst resulted in a slight decrease in 

catalytic activity which is due to loss of Ru nanocluster during recycling.  In order to 

minimize the loss of Ru nanoclusters, it is important to increase cross-linker 

concentration and the thickness of the skin layer in order to ensure stronger bonding of 

the Ru to the shell of the microsphere.  By using the GMA-IDA chelating monomer, a 

variety of metals can be introduced into the microsphere, resulting in various metal NPs 

supported on a polymer matrix.69 

CONCLUSION 

Hybrid materials have been researched for many applications due to their unique 

electronic properties.  By combining inorganic materials with organic materials, the 

properties of both materials can be used.  As described herein, the use of hybrid 

polymer/nanoparticle materials is of great interest due to easy tuning of the bandgap, ease 

of synthesis, and application in many fields.  
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Chapter 2: Synthesis and characterization of alkylated oligothiophenes 
for photovoltaic applications 

INTRODUCTION 

Conjugated Polymers 

Conjugated polymers have been extensively studied due to their unique electronic 

and structural properties.  In 2000 the Nobel Prize in Chemistry was awarded to Alan J. 

Heeger, Alan G. MacDiarmid, and Hideki Shirakawa for the discovery of electronically 

conductive polymers.1  Conjugated polymers have an extended π-network along the 

polymer backbone resulting in high electrical conductivities when doped, high charge 

carrier mobility, electroluminescence, and electrochromism.1  Due to their high 

conductivity and chemical stability, conducting polymers have been used in solar cells, 

light-emitting diodes, biosensors, memory devices and batteries.2         

Polythiophenes (PTs) are a type of conducting polymer that show high thermal 

(42% weight loss at 900 ̊ C) and electrical stability as well as high conductivity (3.4x10 -4 

to 1.0x10-1 S/cm when doped with iodine) and carrier mobility.1  Polythiophenes have 

been investigated due to their unique conductivity which upon structural variations show 

no change, therefore they have been used in solar cells, light emitting sensors, and opto-

electronic devices.3-5 
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Scheme 1.  Synthesis of PT from various synthetic routes. 

The synthesis of PT (Scheme 1) was reported in 1980 by two different, but 

similar synthetic pathways.1  Yamamoto reported the synthesis of PT by treatment of 

dibromothiophene with magnesium in the presence of Ni(bipy)Cl2.  This reaction yields 

low molecular weight insoluble, non-processable PTs in 78% yield.  Elemental analysis 

revealed 1-3% of magnesium present in the resulting polymer.  Lin and Dudek reported a 

similar synthesis in which 2,5-dibromothiophene was polymerized with Mg in the 

presence of M(acac)n where M=Pd, Ni, Co, or Fe.1,6  Once again, low molecular weight 

PTs were reported and a low concentration of metal impurity was observed by elemental 

analysis.1,6  Other synthetic methods include Grignard-type reactions using either a Ni(II) 

or Ni(0) catalyst, elemental analysis of these polymers were 3% low in sulfur due to 

desulfurization.  PT has also been synthesized using FeCl3 which was reported by 

Sugimoto.1,6  These synthetic procedures give high quality PT with high stability and 
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high conductivity, however due to low solubility, they are low molecular weight non-

processable polymers.   

Figure 1.  a. Regioirregular 3-alkylthiophene and b. regioregular 3-alkylthiophene. 

In order to achieve high molecular weight PTs that are soluble and processable, 

alkyl substituted thiophenes have been synthesized.  Polymerization of butyl substituted 

thiophene yields soluble, processable polyalkylthiophenes (PATs) with high conductivity.  

Synthesis of polyalkylthiophenes was carried out similarly to that of polythiophene, using 

Ni(dpp)Cl2 or FeCl3.1,7-11  These methods yield high molecular weight polymers with 

random regiospecificity that are soluble in most organic solvents.   Controlling the 

regiospecificity (Figure 1) of PATs is important in order to maintain high conductivity, 

regioirregular PATs have electrical conductivities of 0.1-10 S/cm when doped with iodine 

where regioregular PATs have an electrical conductivity up to 40 ± 5 S/cm when doped 
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with iodine.1  An increase in the torsion angle between adjacent thiophene rings is 

observed and attributed to steric interactions between the alkyl chains.  These interactions 

lead to further twisting, and a break in conjugation which results in a decrease in 

conductivity.  The synthesis of regioregular polythiophene is key to ensure a soluble 

substituted polythiophene polymer with properties similar to that of polythiophene.12  

Scheme 2.  Synthesis of PAT by various synthetic routes. 

The synthesis of PATs in commonly carried out by three methods: the 

McCullough, Rieke, and GRIM methods (Scheme 2).  The McCullough method reported 

in 1992, generates regiospecific 2-bromo-5-bromomagnesio-3-alkylthiophene which is 

then coupled using the Kumada method, in the presence of Ni(dpp)Cl2 to give PAT in a 

44-66% yield and 98-100% regioregularity.   The Rieke method reacts 2,5-dibromo-3-
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alkylthiophene with Rieke zinc giving two isomers, 2-bromo-3-alkyl-5--

bromozinciothiophene and 2-bromozincio-3-alkyl-5-bromothiophene which are then 

coupled in the presence of Ni(dpp)Cl2 or Pd(PPh3)4.1,6  When the nickel catalyst is used, 

the resulting PAT is regioregular head-to-tail coupled in 75% yield, whereas use of the 

palladium catalyst yields a regioirregular polymer.1,6  In 1999 polymerization of 

alkylthiophene was done using a Grignard metathesis method, GRIM.1,6  Reaction of 2,5-

dibromo-3-alkylthiophene with a Grignard reagent gave 2-bromo-5-bromomagnesio-3-

alkylthiophene and 2-bromomagnesio-5-bromo-3-alkylthiophene in 15:85 ratio 

respectively.  Further coupling in the presence of Ni(dpp)Cl2 yielded head-to-tail PAT in  

95% regioregularity.       

Thiophene has also been functionalized with various substituents at the 3 position 

which upon polymerization yields a substituted polythiophene is given.  Substitution of 

an electron withdrawing group results in oligothiophenes that can be used as n-channel 

materials, where normally oligothiopenes are considered p-channel materials.13-14  By 

varying substituents, the final properties of the polymer can be altered, however exact 

structure/property relationships cannot be determined due to varying chain lengths, 

mislinkages, lack of crystallinity, and defects in the polymer.15 Oligothiophenes have 

been synthesized as model compounds to study how different substituents will affect the 

properties of the resulting polymer,  well-defined oligothiophenes can be synthesized with 

precise control over regioregularity and chain length. 8, 16, 17  Substituted oligomers can be 

synthesized in high purity using common organic reactions and have been used to study 

structure/property relationships which can then be extrapolated to a hypothetical chain 

length.8  Oligothiophenes have been used in electronics and optoelectronics due to their 

optical, redox, and electronic properties as well as their increase solubility and 

processability.18  These oligomers give highly ordered thin films, when compared to thin 
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films made of PT and because the incorporation of alkyl chains leads to stronger 

intramolecular interactions between π-conjugated systems an increase in hole mobility is 

observed.7, 18         

Figure 2.  Target oligomer, 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene. 

Due to the ease of synthesis and unique electronic properties, we have chosen to 

synthesis 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene shown  in Figure 2 which will act as a 

hole transport layer in triblock terpolymer photovoltaic devices.  Further studies will 

focus on synthesizing of sexithiophene oligomers with various substituents in order to 

explore structure/property relationships as well as interfacial interactions of substituted 

sexithiophene with n-type materials.    

Block Polymer Photovoltaic Devices 

Optoelectronic devices including LEDs, photovoltaics, and sensors are based on 

p-n junctions formed by inorganic semiconductors or organic materials.  Organic devices 

are made using conjugated polymers, chromophores, charge transport molecules, or 

functionalized polymers, these materials can then be blended and spin-coated to give 

organic devices, however separation and crystallization of materials into different phases 

is observed.  Separation into different phases leads to disruption in charge transport and 
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therefore a decrease in device function.19  Diblock copolymers have been synthesized in 

order to achieve devices with control over morphology.  The use of polymers eliminates 

small molecules from moving through the devices and forming separate crystalline 

domains.  By incorporating two polymers one functionalized with an electron transport 

material and one that will act as a hole transport material, bulk heterojunctions are 

formed.20  The use of block polymers allows for control over phase domain size and 

morphology by varying the concentration of each polymer, therefore optimization for 

various device applications can be done.20-22 

Figure 3.  Block polymer morphology: a. bilayer, b. aligned block polymer, c. blend, and 
d. non-aligned block polymer. 

Combination of two materials leads to p-n junctions which therefore allows for an 

increase in exciton separation and transport.  The use of a third polymer as a light 

absorber gives rise to a triblock terpolymer which can be used for photovoltaics.22  

Introduction of a thin absorber layers ensures that when an exciton is formed it will travel 

to p-n junction where separation of the exciton will occur followed by transport to the 

electrodes.22  The morphology can be controlled and varied by changing the 

concentrations of the three blocks to give various morphologies as seen in Figure 3.  We 

propose using ROMP polymerization in order to synthesize a triblock terpolymer.  Once 

functionalized, 4 will be coupled to a substituted norbornene combined with two other 

blocks as seen in Figure 4.  The oligothiophene block will act as a hole transport layer 
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while a perylene diimide polymer will act as the electron transport layer and the 

Ruthenium containing block will serve as the absorber layer. 

 

 

Figure 4.  Triblock terpolymer made up of a hole transport layer, an absorping layer, and 
an electron transport layer.   
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Figure 5.  Ideal morphology for triblock terpolymer photovoltaic devices. 

The morphology seen in Figure 5 is the ideal morphology for photovoltaic 

application, the hole transport layer and the electron transport layer are located near a thin 

layer of B which will act as the absorption layer.  Upon absorption of light, an excitons 

will be formed and diffuse to the interface.  Here, the excitons are separated into 

electrons which will be transported by the perylene diimide functionalized block and 

holes that will be transported by the oligothiophene block.  Control over the morphology 

of the film is important and can be easily controlled in this system due to the living 

polymerization of the three monomers. 

RESULTS AND DISCUSSION 

By using basic organic reactions, we have synthesized 4 in moderate yield, which 

is highly soluble and symmetric; therefore regiospecificity of thiophene oligomer is not a 

concern.  Previous studies have also shown that sexithiophene has increased electronic 

properties when compared to other oligothiophenes.7, 16  Herein we will discuss the 

synthesis and characterization of 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene, 4 along with its 

solid state structure and electronic properties. 
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Synthesis of 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene   

Scheme 3.  Synthesis of 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene, 4. 

The synthesis of 4 as shown in Scheme 3 was synthesized by reacting 3,4-

dibromothiophene with octylmagnesium bromide to yield 3,4-dioctylthiophene (1)  in a 

90% yield.  This product was then reacted with N-bromosuccinimide (NBS) in DMF to 

give 2,5-dibromo-3,4-dioctylthiophene (2), in a 98% yield.  Stille coupling of this product 

with tributyltinthiophene gave 2,5-bis(2’-thienyl)-3,4-dioctylthiophene (3) as a green oil 

in 95% yield.   Terthiophene was then coupled in the presence of Fe(acac)3 in THF to 

give 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene (4) in a 50% yield.  The resulting oligomer 

was soluble in most organic solvents, including methylene chloride, chloroform, hexanes, 

THF, ether, and toluene.   

Characterization of 3’,3’’’’,4’,4’’’’-tetraoctylsexithiophene.   

X-ray quality crystals were obtained from the slow evaporation of hexanes.  The 

crystal structure shown in Figure 6a is planar with the exception of the end thiophene 
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groups which is twisted out of the plane by 25˚.  The twist of the terminal thiophene 

group is consistent with a reported structure for the tetrabutyl derivative which has a twist 

angle of 19̊  (Figure 6b).7  Figure 6c shows the packing of 4, which is a pseudo-

herringbone structure similar to previously reported oligothiophenes.  The unit cell shows 

three sexithiophene molecules stacked on top of each other forming π-stacks, these stacks 

are then arranged in a staggered formation due to the long alkyl chains.   

Figure 6.  a. ORTEP diagram of 4 showing the labeling scheme of selected atoms at 50% 
probability level.  Hydrogen atoms and solvent molecules are omitted for 
clarity.  b. Side-on view of 4, and  c. unit cell showing packing of 4. 

The optical properties of 4 were investigated by UV-Vis and fluorescence 

spectroscopy and a maximum absorption is seen at 408 nm with an absorption coefficient 

of 49806 M-1cm-1.  At room temperature, the excitation spectrum is a single peak with a 

maxima at 410 nm (Figure 7).  However, at 77 K, the excitation peak is structured and 

red shifted with maxima at 454 nm.  The emission spectrum at room temperature is less 

structured than that taken at 77 K which has increased vibronic structure.  The increase in 

definition of the emission peak upon cooling has been reported for previously reported 

 



 72 

oligothiophenes and corresponds to planarization of the oligomer.23  While the excitation 

spectra show a red-shift, there is no red shift in the emission spectra which agrees with 

previously published spectra for alkyl substituted oligothiophenes.24  The quantum yield 

of 4 was determined to be 28.2% and it’s fluorescent lifetime was 0.926 ns which is 

similar to that reported for α-sexithiophene of 0.97 ns.24 

 

 

 

 

 

 

 

Figure 7.  Absorption and emission spectra of 4. 

Electrochemical studies shown in Figure 8 were carried out in a methylene 

chloride solution of 0.10 M tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] 

(TBAPF6) as the electrolyte.  The experiment was carried out at 100 mV/s, and two redox 

waves are present, one centered at 0.312 V and the other at 0.463 V corresponding to the 

formation of the cation followed by the dication.8, 23  Differential pulse voltammetry 

studies determine the same number of electrons involved in each redox couple.     
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Figure 8.  a. Cyclic voltamogram of 4 in TBAPF6 in DCM.  b. Differential pulse 
voltammetry of 4 in DCM. 

Chemical oxidation of 4 was carried out by titration of                                    

tris(4-bromophenyl)ammoniumyl hexachloroantimonate((BrC6H4)3N·[SbCl6]-) into a 

solution of 4 in DCM.  Formation of the cation and dication was observed through UV-

Vis (Figure 9) by stepwise addition of the oxidant.  The neutral complex has a λmax at     

414 nm which decreases upon addition of the oxidant.  Along with a decrease of the peak 

at     414 nm, two peaks grow in and steadily increase with addition of up to 2 equivalents 

of the oxidant.  The peaks at 785 and 1494 nm correspond to the formation of a polaron 

along the oligomeric backbone and these peaks are expected to increase upon addition of 
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1 equivalent of the oxidant.  Further addition of the oxidant should result in formation of 

a bipolaron, however upon addition of an additional equivalent (2 equivalents total), the 

peaks continue to increase which corresponds to the formation of a second polaron as 

seen in Scheme 1.  Addition of two more equivalents leads to the formation of two 

bipolarons which results in the appearance of a peak at 992 nm.  The bipolaron peak 

appears and slowly increases with addition of equivalents 2-4 of the oxidant, while the 

peaks corresponding to the polarons decrease.   

 

 

 

 

 

 

Figure 9.  UV-Vis of 4 oxidized stepwise by the addition of (BrC6H4)3N•[SbCl6]-. 
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Scheme 4.  Chemical oxidation of 4 using (BrC6H4)3N•[SbCl6]- showing formation of a 
polaron, two polarons, and finally two bipolarons. 

Formation of a polaron followed by a bipolaron was verified by EPR of 4 (Figure 

10).  EPR experiments were carried out with an internal standard and upon addition of 

one equivalent of the oxidant; the cationic species appears with a g value of 2.007.  

Further addition of one equivalent of the oxidant results in an increase in the EPR signal, 

which corresponds to the formation of a second polaron, a second radical cation on the 

oligomer (Scheme 4).  Upon addition of a third equivalent, the EPR signal decreases and 

then disappears with the addition of 4 equivalents of the oxidant.  The EPR signal does 

not disappear until 4.0 equivalents of the oxidant are added which corresponds to 

formation of two bipolarons on the oligomer forming a spinless, EPR silent state.  The 

formation of a polaron followed by two polarons and eventually the formation of two 

bipolarons is seen by EPR and is in accordance with results seen in the UV-Vis titration 

experiments.    
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Figure 10.  EPR spectra of 4 taken at different concentrations of oxidant. 

Films were made by spin-casting 4 out of toluene onto glass cover slips that were 

pre-treated by sonnication in 10% NaOH solution for 15 minutes. Films were prepared 

from solutions with concentration of 10, 20, 40, and 60 mg/ml and film thickness was 

determined by profilometry.  Figure 11shows thickness vs. concentration plot, showing 

an increase in film thickness with an increase in concentration.  The thinnest film was 

prepared from a solution of 10 mg/mL in toluene and had an average thickness of 168 

nm.  A film prepared from 60 mg/mL of sexithiophene in toluene yielded an average film 

thickness of 746 nm.   
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Figure 11.  a. Plot of concentration vs. film thickness for films of 4 prepared on glass 
slides. b. Table of average film thickness and standard deviation. 

 

 

 

 

 

 

 

Figure 12.  Concentration vs. Conductivity Plot. 

Conductivity of the films was calculated by measuring the resisitivity using Lucas 

Lab 302 Resistivity Stand.  An increase in the conductivity of the films is seen with 

increasing concentration contrary to what was expected (Figure 12).  Since 

oligothiophenes are typically p-type materials, it was expected that with increasing 
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thickness the conductivity would decrease, however the opposite trend is observed 

revealing that this oligomer can serve as an efficient hole transport material. 

Synthesis of Functionalized Sexithiophene 

Scheme 5.  Synthesis of norbornene backbone for ROMP synthesis of triblock 
terpolymer. a.) AcOH, closed vessel, 24 h, 180 ̊ C; b.) K2CO3, MeOH, 
12 h, rt;  c.) 1. Na, THF, 12 h, reflux, 2. 6-chlorohexyl p-
toluenesulfonate, THF, 12 h, reflux. d.) 1. Potassium phth 

In order to incorporate 4 into a triblock terpolymer device, functionalized 

sexithiophene can be reacted with a functionalized norbornene (Scheme 5) yielding a 

monomer that can be polymerized using ring opening metathesis polymerization, ROMP.  

Sexithiophene was functionalized with a carboxylic acid by treatment of sexithiophene 

with n-butyl lithium (n-BuLi) at -78 ˚C followed by bubbling of carbon dioxide through 

the reaction mixture, Scheme 6.  The final product was characterized by NMR, IR, and 

MS and recovered in a 55% yield.  The carboxylic acid functionalized sexithiophene was 

then reacted with an amine functionalized norbornene, however the reaction yielded 

starting material.   
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Scheme 6.  Synthesis of carboxylic acid functionalized 4 followed by coupling to a 
norbornene backbone for ROMP synthesis of triblock terpolymer. 

Further functionalization of 4 with an aldehyde was carried out as seen in Scheme 

7.  The aldehyde was synthesized by reaction of 4 with a solution of DMF and 

phosphorus oxychloride (POCl3) at 0 ˚C.  The solution was stirred for 30 minutes at room 

temperature followed by further heating at reflux for 12 hours.  The final product was 

recovered in 30% yield by column chromatography.  Reaction with the amine 

functionalized norbornene through a condensation should yield the electropolymerizable 

oligothiophene monomer, however this has not been observed.  Various reaction 

conditions were used and each reaction yielded starting materials.     

 



 80 

Scheme 7.  Synthesis of aldehyde functionalized 4 which is further coupled with a 
norbornene backbone for ROMP synthesis of triblock terpolymer. 

FUTURE STUDIES 

Once synthesize, the thiophene monomer will be polymerized by living radical 

polymerization and will act as a hole transport layer when combined with two other 

polymers to give triblock terpolymer solar cells.  Future studies will focus on morphology 

of the triblock terpolymer, by varying the ratio of the polymer blocks, which will be 

studied by AFM and TEM.  Variations in monomer concentration and the affect on 

morphology and device function will be studied. 
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Figure 13.  Stacking  diagram of substituted oligothiophenes. 

The easy and straightforward synthesis of 4 has also lead to the synthesis of 

tetrasubstituted sexithiophene with various substituents.  By establishing a library of 

substituted oligothiophenes, the structure/property relationship of these materials can be 

explored.  The morphology of the films will be studied in order to examine the interfacial 

interactions between oligothiophenes and an n-type material (Figure 13). 

By altering the substituents on the oligomer, the stacking of the oligomer on a 

substrate can be altered and therefore optimized for various electronic devices and can 

serve as a model for the in depth study of interfaces between n-type and p-type materials 
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CONCLUSION 

A thiophene oligomer has been synthesized and characterized by UV-Vis, 

fluorescence, single crystal X-ray crystallography, four point probe conductivity, and 

EPR.  These materials are of great interest for use as a hole transport material in 

optoelectronic devices.  The oligothiophene is also of great interest for use in triblock 

terpolymer solar cells as well as structure/property relationship studies, projects that are 

ongoing in the Holliday Lab.   

EXPERIMENTAL 

General Methods 

  The following chemicals were used as received:  3,4-dibromothiophene 

(Oakwood) and  2-(tributylstannyl)thiophene (Aldrich).  All solvents were dried using an 

Innovative Technology, Pure Solv solvent purifier with a double purifying column. All 

reactions were performed using standard Schlenk techniques. 

Crystal Structure Determination   

Data were collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. Absorption corrections were 

applied using GAUSSIAN. The structures were solved by direct methods and refined 

anisotropically using full-matrix least-squares methods with the SHELX 97 program 

package.25 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber.26 The 

crystallographic data and structure refinement for complex 1 are listed in Table 1. 

Selected bond lengths and angles for 1 are given in Table 2, respectively.  



 83 

Electrochemistry 

Electrochemical polymerizations were all done under a nitrogen atmosphere in a 

dry-box using a GPES system from Eco. Chemie B. V..  The electrolyte used was 0.10 M 

tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] (TBAPF6) which was 

purified through recrystallization three times from hot ethanol then dried for 3 days at 

100 ˚C.  Electrochemical experiments were carried out in a three-electrode cell with a 

Ag/AgNO3 reference electrode, a Pt button working electrode, and a Pt wire counter 

electrode.  To calibrate the reference electrode Ferrocene was used as an external 

reference to which potentials were corrected.   

Synthesis of 3,4-dioctyl thiophene, 1 

3,4-dibromo thiophene (20.15 g, 83.3 mmol) and Ni(dpp)Cl2 (0.315g, 0.6 mmol) 

were added to a round bottom flask and dissolved in ether.  The reaction mixture was 

cooled to 0 ºC, followed by addition of octyl magnesium bromide dropwise over 2 hours, 

then stirred at 0 ºC for an additional 30 minutes, and allowed to warm to room 

temperature for 1 hour.  The reaction was warmed to 45 ºC and stirred for 16 hours.  

Once cooled to room temperature, the reaction was placed in an ice bath and 50 mL of 

water with 10 drops of concentrated HCl was added.  The reaction mixtured was vacuum 

filtered and the filtrate was washed with ether and water (3 x 50 mL).  The organic phase 

was dried with magnesium sulfate and reduced in vacuo.  Vacuum distillation was used 

to purify product giving a yellow oil (24.468 g, 95%) at 165 ºC.  1H NMR (CDCl3): 6.93 

(s, 2H), 2.56 (t, J = 7.8, 4H), 1.68 (m, 4H), 1.38 (m, 23H), 0.95 (m, 6H).  13C{H} NMR 

(CDCl3): 141, 107, 32, 29, 29, 29, 29, 22, 14.  LRMS (CI+ m/z): 309.40,  found 309.  

HRMS (CI) m/z  calculated for C20H36S 309.2616, Found 309.2618.        
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Synthesis of 2,5-dibromo-3,4-dioctyl thiophene, 2 

 In 50 mL of DMF, 1 (5.001 g, 15.0 mmol) was dissolved and cooled to 0 ºC 

under the absence of light.  NBS (5.693 g, 32 mmol) was dissolved in 75 mL of DMF, 

and added to the reaction mixture dropwise for 1 hour in the absence of light.  Once 

added, the reaction was stirred for 20 minutes at 0 ºC, then warmed to room temperature 

overnight.  The reaction mixture was extracted with hexanes, then washed with water and 

hexanes to give a yellow oil (6.749g, 96%).    1H NMR (CD2Cl2): 7.37 (dd, J = 5.4, J = 

1.2, 2H), 7.24 (dd, J = 3.6, J = 1.2, 2H), 7.13 (dd, J = 3.6, J = 5.1, 2H), 2.82 (t, J = 8.1, 

4H), 1.70 (m, 4H), 1.41 (m, 20H), 1.03 (m, 6H).  13C{1H} NMR (100 MHz, CD2Cl2): 

140, 136, 130, 127, 126, 125, 32, 31, 30, 29, 28, 23, 14. LRMS (CI+ m/z): 466.07, found 

467.  HRMS (CI) m/z 467.0804 [M+
 + H]+.   

Synthesis of 2,5-bis(2’-thienyl)-3,4-dioctylthiophene, 3 

To an 80 mL microwave vessel was added 2 (5.00 g, 10.58 mmol), LiCl (2.27 g, 

53 mmol), 2-(tributylstannyl)thiophene (9.80 g, 29.6 mmol), PdCl2(PPh3)2 (400 mg, 0.57 

mmol), and 30 mL of DMF.  The reaction was run in the microwave reactor for              

45 minutes, 300 W at 105 ºC.  Reaction mixture was washed with hexanes and water (3 x 

100 mL), then dried with Na2SO4.  Solvent was removed to give an oil which was 

purified by vacuum distillation to give a green oil (4.98 g, 98%).  1H NMR (CD2Cl2
1H 

NMR (CD2Cl2): 7.37 (dd, J = 5.4, J = 1.2, 2H), 7.24 (dd, J = 3.6, J = 1.2, 2H), 7.13 (dd, J 

= 3.6, J = 5.1, 2H), 2.82 (t, J = 8.1, 4H), 1.70 (m, 4H), 1.41 (m, 20H), 1.03 (m, 6H). 
13C{1H} NMR (100 MHz, CD2Cl2): 140, 136, 130, 127, 126, 125, 32, 31, 30, 30, 29, 23, 

15.  HRMS (CI) m/z for C28H41S3 473.2370, found 473.2365.   
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Synthesis of 3’,3’’’’,4’,4’’’’-tetraoctyl-2,2’:5’,2’’:5”,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-
sexithiophene, 4 

Under Argon, 3 (2.51 g, 0.38 mmol) was dissolved in THF and cooled to -78 ºC.  

n-BuLi (1.6 M in hexanes, 3.20 mL, 0.383 mmol) was added in dropwise and stirred for 1 

hour, then allowed to warm to 0 ºC.  Once warmed to 0 ºC, the reaction was transferred 

by cannula to a solution of Fe(acac)3 (1.35 g, 0.38 mmol) in THF.  The reaction was 

refluxed for 19 hours, then allowed to cool to room temperature.  Red precipitate was 

removed by vacuum filtration followed by washing with DCM.  A column was run in 

pure hexanes to give an orange powder (1.22 g, 49%).  1H NMR (CD2Cl2): 7.27 (dd, J = 

5.1, J = 1.2, 2H), 7.07-7.09 (m, 4H), 6.99-7.02 (m, 4H), 2.67 (t, J = 7.8, 8H), 1.50 (m, 

8H), 1.22 (m, 40H), 0.81 (m, 12H).  13C{1H} NMR (100 MHz, CD2Cl2): 140, 136, 136, 

135, 129, 129. 127, 126, 125, 125, 123, 31, 30, 29, 29, 28, 22, 14.  HRMS (CI) m/z 

calculated for C56H78S6 942.4398, found 942.44.  Elemental analysis calculated (found):  

C, 71.28(71.23); H, 8.33(8.58); S, 20.39(20.14). UV-Vis: (CH2Cl2) 410 nm (49772 cm-

1M-1). 

Synthesis of 3’,3’’’’,4’,4’’’’-tetraoctyl-2,2’:5’,2’’:5”,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-
sexithiophene-5-carboxylic acid, 5 

A solution of 4 (0.875 g, 93 mmol) in THF was cooled to -78 ºC and n-BuLi (1.7 

mL, 107 mmol) was added dropwise.  The solution was stirred for 30 minutes and then 

allowed to warm to room temperature.  The reaction was then cooled to -78 ºC, and CO2 

was bubbled through the solution for 30 minutes.  The solution was then removed from 

the bath, and CO2 was bubbled through for an additional 2 hours.  After 2 hours, 3% 

KOH was added to the reaction, then the reaction was washed with ether and water.  The 

aqueous layer was then acidified with 10% HCl, and filtered through a celite plug.  The 

solid was then dissolved with THF, and solvent was removed to give a red solid (0.499 g, 
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54.4%).  1H NMR (CD2Cl2): 7.76 (s, 1H), 7.27-6.91 (m, 9H), 2.76-2.55 (m, 8H), 1.50-

1.217 (m, 40H), 0.82 (s, 12H).  MS (CI) m/z calculated for C56H78S6O2 986.43, found 

987. 

Synthesis of 3’,3’’’’,4’,4’’’’-tetraoctyl-2,2’:5’,2’’:5”,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-
sexithiophene-5-carbaldehyde, 6 

POCl3 (0.033 g, 0.02 mL) was added to DMF (2 mL) at 0 ˚C and stirred for 30 

minutes.  This solution was then added to a suspension of 4 (0.200 g) in DMF and stirred 

at room temperature for 30 minutes.  The reaction mixture was then heated to 50 ˚C for 

12 hours.  The reaction was allowed to warm up to room temperature and 20% HCl was 

added.  The reaction mixture was washed with hexanes (3x), the organic layers were 

combined, dried with Mg2SO4, and filtered.  The filtrate was concentrated in vacuo and 

purified via column  in 1:1 DCM:hexanes to give a red oil (0.062g, 30%).  1H NMR 

(CD2Cl2): 9.89 (s, 1H), 7.73 (d, J = 4.0, 1H), 7.37 (dd, J = 1.2, J = 5.2, 1H), 7.27 (d, J = 

4.0, 1H), 7.18 (d, J = 3.6, 3H), 7.08-7.13 (m, 3H), 2.71-2.82 (m, 8H), 1.55-1.61 (m, 8H), 

1.22-1.48 (m, 40H), 0.89-0.94 (m, 12H).  13C{1H} NMR (100 MHz, CD2Cl2):182, 145, 

142.9, 142.3, 140.9, 140.5, 140.4, 137.3, 136.8, 136.3, 136, 135.5, 134.5, 131.8, 130, 

129.4, 128.8, 127.4, 126.9, 126.3, 126.1, 125.8, 125.4, 124.1, 123.9, 31.9, 30.7, 30.6, 

30.5, 30.3, 29.8, 29.3, 28.3, 28.2, 28.1, 28., 22.7, 13.9.  HRMS (CI) m/z calculated for 

C57H78O1S6 971.45, found 971.44.  
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CRYSTALLOGRAPHIC DATA 

Table 1.  Crystal data and structure refinement for 4. 

 

Empirical formula  C56 H78 S6 

Formula weight  943.54 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 19.430(4) Å α= 90°. 

 b = 7.0877(14) Å β= 104.78(3)°. 

 c = 20.538(4) Å γ = 90°. 

Volume 2734.6(9) Å3 

Z 2 

Density (calculated) 1.146 Mg/m3 

Absorption coefficient 0.284 mm-1 

F(000) 1020 

Crystal size .1 x .01 x .02 mm3 

Theta range for data collection 2.99 to 27.50°. 

Index ranges -25<=h<=25, -9<=k<=9, -26<=l<=26 

Reflections collected 11307 

Independent reflections 6261 [R(int) = 0.0274] 

Completeness to theta = 27.50° 99.6 %  

Absorption correction Multiscan 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6261 / 0 / 280 

Goodness-of-fit on F2 1.032 

Final R indices [I>2sigma(I)] R1 = 0.0510, wR2 = 0.1350 

R indices (all data) R1 = 0.0754, wR2 = 0.1495 

Largest diff. peak and hole 0.687 and -0.435 e.Å-3 
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Table 2.  Bond lengths [Å] and angles [°] for 4. 

_____________________________________________________ 

S(1)-C(1)  1.690(3) 

S(1)-C(4)  1.712(2) 

S(2)-C(5)  1.731(2) 

S(2)-C(8)  1.733(2) 

S(3)-C(12)  1.732(2) 

S(3)-C(9)  1.737(2) 

C(1)-S(1)-C(4) 92.85(12) 

C(2)-C(1)-S(1) 112.7(2) 

S(1)-C(1)-H(1A) 123.6 

C(5)-S(2)-C(8) 92.29(10) 

C(12)-S(3)-C(9) 92.44(10) 

C(3)-C(4)-S(1) 110.65(15) 

C(5)-C(4)-S(1) 123.64(17) 

C(7)-C(8)-S(2) 111.34(16) 

C(9)-C(8)-S(2) 116.74(16) 

C(10)-C(9)-C(8) 126.4(2) 

C(10)-C(9)-S(3) 109.93(16) 

C(8)-C(9)-S(3) 123.66(16) 

_____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+2,-y+1,-z+1  
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Chapter 3:  Cadmium Schiff Base Complexes as Precursors for Seeded 
Growth of Semiconductor Nanoparticles 

INTRODUCTION 

Organic/inorganic hybrid materials are useful for a wide range of applications, 

including:  tissue repair, drug delivery, light-emitting materials, photovoltaics, nonlinear 

optics, sensors, energy harvesting/storage, and coatings.1  In each application the 

complimentary properties of the organic and inorganic components can be exploited to 

achieve functional materials with enhanced properties.2  One area of intense interest in 

recent years has been the development of electronic materials incorporating 

nanostructured components, particularly for sensors, optoelectronics, and solar cell 

applications.3  The incorporation of both organic and inorganic components aims to take 

advantage of the complimentary band gaps of each.  The inherent redox properties and 

material stabilities typically lead to the use of organic materials as the p-type component 

with the inorganic material as the n-type constituent.   

One specific class of materials which shows particular promise for a variety of 

electronic applications is composites of organic conjugated polymers and inorganic 

semiconducting nanoparticles (NPs). Polymer/NP composites take advantage of the rich 

optoelectronic properties of conjugated polymers4 as well as the size and shape dependent 

band gaps of NPs.5 As a result, polymer-nanoparticle blends exhibit high carrier 

mobilities as well as an increase in the range of light absorption which is important for 

optoelectronic applications.6,7  In fact, composites absorb a larger region of the 

electromagnetic spectrum than either material individually.8  In addition, these materials 

are relatively inexpensive to produce and can be cast onto flexible substrates.   
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Scheme 8.  Seeded growth approach to the preparation of hybrid electronic materials. 

Polymer/NP composites are currently synthesized by various methods including 

post-synthesis mixing of the two materials, attaching metal atoms as pendants to a 

polymer, impregnating polymers electrochemically with metal centers, and utilizing one-

pot syntheses.6, 9-11  Many of these techniques lead to a large size distribution of particles, 

uneven particle dispersion, passivation of the particle surfaces by surfactants or oxide 

coatings, and difficulty in controlling the homogeneity of the polymer- nanoparticle 

blend.8  Of particular interest when considering these materials for applications in 

electronic devices is the observation that charge transport increases in these materials 

with an increase in the physical and electronic interface between the two components.  

One way this can be achieved is by good dispersion of the nanoparticles throughout the 

polymer matrix.12  The use of surfactants/capping agents in the synthesis of nanoparticles 

has made dispersion throughout the polymer matrix difficult and incorporates an inherent 

physical barrier to charge transport.  However, the use of high aspect ratio nanorods has 

 



 93 

increased the efficiency of nanoparticle-polymer blends by decreasing the number of 

particle interfaces in the pathway of electron transport.7 

With these issues in mind, we have developed a novel approach to synthesize 

conducting polymer/semiconductor NP hybrid materials which is based on the seeded 

growth of NPs within conducting metallopolymers.13  In this synthetic strategy, we first 

prepare metal complexes that can be polymerized to form conducting metallopolymers 

with well-defined structures in which metal centers are embedded directly in the polymer 

backbone.  We then utilize the preorganized seed points, or nucleation sites, to initiate the 

growth of semiconducting NPs directly on the conducting polymer backbone.  Through 

this process we are assured of direct physical and electronic contact between the two 

active components of the material.  Our approach is depicted schematically in Scheme 8.      

RESULTS AND DISCUSSION 

Conducting metallopolymers are a relatively new class of materials that are being 

studied due to their unique electronic properties as well as the possible applications in 

photovoltaics, light-emitting diodes, and chemical sensors.1  Synthesis of these materials 

has been shown using a variety of ligand systems to bind the metal directly into the 

polymer backbone as well as using substituents to yield a polymer with a pendant metal 

center.2  Incorporation of the metal center directly into or onto the polymer backbone 

leads to enhanced electronic communication center between the metal and the organic 

polymer.  We have focused our synthetic strategy on using Schiff base complexes as a 

way to incorporate metal centers into a conducting polymer backbone.  Schiff base 

complexes are easily synthesized, bind a variety of metals, and can be functionalized with 

electropolymerizable groups to prepare precursors to conducting metallopolymers.3  By 

incorporating a Schiff base into the monomer, the composition of the resulting 
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conducting metallopolymer can be easily tuned by changing the metal center as needed.  

The coordination chemistry of these ligands has been studied for decades and 

incorporation of them into polymers yields stable metallopolymers that can be used for a 

variety of applications. 

A Schiff base complex with thiophene end groups has been synthesized which can 

then be used as precursors for hybrid materials.4  Upon electropolymerization, the 

monomers give a polymer film with metal seed points disbursed throughout.  Further 

treatment of the film leads to nanoparticle growth at the embedded metal center seed 

points.  Along with growth of the nanoparticles directly in the film, control of 

nanoparticle size has also been demonstrated, allowing us to tune the bandgaps of the 

incorporated nanoparticle.4  Synthesis of the materials from a seeded growth method 

leads to an increase in interfacial areas between the two which is key to exciton 

separation and transport through this class of materials.  By incorporating different metal 

centers in our Schiff base we have access to a wide range of materials that can be easily 

synthesized and screened for various applications including photovoltaic devices.   

 

Synthesis of Cadmium Schiff Base Complex   

Synthesis of the electropolymerizable ligand was carried out as shown in Scheme 

9.  Stille coupling of 2-(tributylstannyl)bithiophene with 5-bromosalcylaldehyde in the 

presence of palladium(II).  Recrystallization yielded a yellow powder in 80% yield as 

confirmed by NMR, mass spectrometry, elemental analysis, and UV-Vis spectroscopy.  

Condensation of this product with a diamine (1,3-diamino-2,2’-dimethylpropane, 1,2-

phenylenediamine, and 2,2’-(ethylene dioxy)-bis(ethylamine)) yielded the final ligands, 

L1, L2, and L3 respectively.  These ligands were purified by recrystallization out of 
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methylene chloride with hexanes to give powders that were characterized by NMR, UV-

Vis, EA, and MS.  The studies present herein will focus on the neopentyldiamine salen 

ligand, L2.   

Scheme 9.  Synthesis of electropolymerizable Schiff base ligand. 

The cadmium monomer was synthesized by reaction of the neopentyl ligand with 

cadmium acetate (Cd(OAc)2·2H2O) in methylene chloride under reflux for 12 hours 

(Scheme 10).  The monomer, contains polymerizable bithiophene end groups, as well as a 

salen type ligand.  The salen backbone serves as the binding site for cadmium(II) ions 

that will act as the seed points for CdS nanoparticle growth (vide infra).  The solution and 

gas phase structure and composition of the monomer complex were elucidated by 1H 

NMR spectroscopy and mass spectrometry, respectively. This data is consistent with a 

mononuclear cadmium complex with a metal to ligand ratio of 1:1.   
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Scheme 10.  Synthesis of cadmium Schiff base complex, 1. 

The solid-state structure was determined by single-crystal X-ray diffraction and 

bulk powder elemental composition was established by X-ray photoelectron spectroscopy 

(XPS). In the solid-state, the structure is a trinuclear complex with a metal to ligand ratio 

of 3:2, Figure 14.  The Cd(II) ions are in two coordination environments in the solid state 

(Figure 14b).  The two outer Cd(II) ions have square pyramidal coordination geometries 

with the salen ligand occupying the four base coordination sites and a bridging acetate 

occupying the apical site.  The central Cd(II) ion lies in a slightly distorted octahedral 

coordination environment with the oxygen atoms from the salen ligands occupying the 

four pseudo-equatorial sites and the bridging acetate ligands binding in the two pseudo-

axial positions.  The bond distances and angles are consistent with the data of an 

isostructural complex lacking the polymerizable groups.14  Dissolution of this trinuclear 

complex results in the formation of two equivalents of the mononuclear complex and one 

equivalent of cadmium(II) acetate.      
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Figure 14.  a. A view of the molecular structure of 1.  H atoms and solvent molecules 
have been omitted for clarity and thermal ellipsoids are drawn at 50 % 
probability level. b. View of the coordination around the Cd metal centers in 
1. 
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Electrochemistry of Cadmium Schiff Base Complex 

Scheme 11.  Synthesis of poly-1 and CP by electropolymerization. 

Electropolymerization of 1 yielded conducting metallopolymer films of poly-1 

(Scheme 11) on various working electrodes such as platinum button, stainless steel, ITO 

coated glass, and gold transmission electron microscopy (TEM) grids.  The films were 

characterized using XPS and electrochemistry.  The electrochemical analysis of the 

electrode- confined polymer films exhibits a linear dependence of observed current on 

applied scan rate within the range of 10-500 mV/s (Figure 15). This behavior is 

consistent with a strongly absorbed electroactive thin film which is not limited by the 

diffusion of charge compensating counter ions.  The ionic porosity demonstrated by the 

linear scan rate dependence is particularly critical when considering the growth of 

semiconducting NPs within the polymer film from ionic and gaseous reagents which 

must diffuse into the film (vide infra). Random alternating copolymers of 1 and BT were 

prepared by electropolymerization from solutions containing a 1:50 ratio mixture of 

1:BT, CP50 (Figure 16).   
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Figure 15.  a. Electropolymerization from a 2 × 10–4 M CH2Cl2 solution poly-1, 0.1 M 
TBAPF6, Pt button electrode (1.6 mm diameter). b. The oxidative (black) 
and reductive (red) peak current versus the number of scans.  c. Scan rate 
dependence study of poly-1 grown on Pt button electrode (1.6 mm 
diameter). d. The oxidative (black) and reductive (red) peak current versus 
scan rate.   
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Figure 16.  a. Electrocopolymerization from a 2 × 10–4 M CH2Cl2 solution CP50, 0.1 M 
TBAPF6, Pt button electrode (1.6 mm diameter). b. The oxidative (black) 
and reductive (red) peak current versus the number of scans.  c. Scan rate 
dependence study of CP50 grown on Pt button electrode (1.6 mm diameter). 
d. The oxidative (black) and reductive (red) peak current versus scan rate.   

Polymerization of 1 on stainless steel yielded poly-1, which was characterized by 

XPS showing a Cd(3d 5/2): S(2p) ratio of 1:2.68 which is slightly higher than the 

monomer (1:1.99).  As previously reported, by copolymerizing bithiophene (BT) with 1 

(Figure 17), the cadmium seed points are spread out in the metallopolymer resulting in 

decrease in the density of nanoparticles in the polymer film.  Copolymerized films were 
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prepared with varying BT:1 ratios (25:1 (CP25), 50:1 (CP50), 100:1 (CP100)), these 

films were then characterized by XPS which resulted in a decrease in the amount of 

cadmium present and an increase in the amount of sulfur in the metallopolymer as the 

BT:1 ratio was increased as seen in Figure 17.  As expected, the polymer composition 

can be altered by copolymerization.  The bar graph shows the 1/Cd:S vs. BT:1, the red 

shows the experimental results while the blue bars represent the theoretical numbers 

(Figure 17b).  The experimental numbers increase with an increase in CP ratio as 

expected.    The Cd:S ratio for CP25 is 1:19, for CP50 1:36.01, and for CP100 1:68.97 

(Figure 17c).  The ratios for CP25 and CP50 are higher than expected, however that of 

CP100 is lower than the theoretical value, but the general trend is still present.  

Therefore, by electrocopolymerization the composition of the conducting metallopolymer 

film and the density of the seed points (Cd(II) ions) can be altered.          
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Figure 17.  a. XPS spectra of films made from 1 and BT:1 in varying ratios, b. Bar graph 
of BT:1 vs 1/Cd:S showing theoretical and actual plots. b. Ratio of Cd:S 
with varying ratios of 1:BT. 

Films of poly-1 range from 61 nm to 354 nm for films prepared with 10 and 100 

scans, respectively.  Figure 3a shows the thickness vs. number of scans plot for poly-1, 

resulting in a linear dependence, as the number of scans is increased, the thickness of the 

film increases steadily.  The thickness of CP25 films increased from 309 nm to 787 nm 

for the thickest, 100 scans.  A steady increase in the thickness of the film is seen as 

shown in Figure 3b.  CP50 films have a thickness of 200 nm (10 scans) and increase to 

611 nm (100 scans), and a linear dependence between the thickness and the number of 

scans was observed.  The same result is seen for CP100, the film thickness increases from 

98 nm for 10 scans and 704 nm for 100 scans.  An increase in film thickness as the 

number of scans is increased is seen for all 4 metallopolymers, therefore film thickness 
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can be easily controlled by controlling the number of scans the monomer is cycled 

through.   

Films of poly-1, CP25, CP50, and CP100 were prepared with increasing 

thickness on ITO coated glass.   By varying the number of scans during the 

electropolymerization, the film thickness can be controlled, films were prepared with 10, 

25, 50, and 100 scans.  An increase in the thickness of the film with an increase in the 

number of scans is observed (Figure 18).   

Figure 18.  Number of scans vs. thickness plots for a. poly-1, b. CP25, c. CP50, and d. 
CP100. 
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Semiconductor nanoparticle growth 

Electropolymerization yielded thin polymer films with embedded cadmium metal 

centers.  These metal centers act as nucleation sites for the growth of semiconductor 

nanoparticles directly in the polymer film.  Nanoparticle growth was done by treating the 

film with a methylene chloride solution saturated with hydrogen sulfide (H2S).  Reaction 

of iron sulfide with hydrogen chloride yielded H2S which was then bubbled through 

methylene chloride.  This solution was then used to treat the metallopolymer thin films 

that were grown on carbon coated TEM grids, however no NPS were present in the film.  

Studies were then done using sodium sulfide in DCM as a sulfide precursor.  A solution 

of sodium sulfide in DCM was used, and once again no NPs were present as confirmed 

by TEM.   

Figure 19.  a. Size distribution of CdS NPs grown in poly-1, b. TEM image of CdS NPs 
grown 2x in poly-1, c. size distribution of CdS NPs grown in CP50, and d. 
TEM images of CdS NPs grown in CP50. 

To achieve the growth of CdS NPs, the films were then treated sequentially with a 

saturated solution of hydrogen sulfide (H2S) in methylene chloride, a solution of Cd(II) 

 

b. 
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ions in methylene chloride/methanol, and then the same H2S solution all at room 

temperature. The metal centers of the conducting metallopolymers act as seed points for 

crystalline nanoparticle growth directly in the polymer film without high temperature 

annealing.  There is no visible change in the color, thickness, or mechanical stability of 

the polymer film, but the presence and composition of NPs was confirmed through TEM 

and energy dispersive X-ray spectroscopy, respectively (Figure 19). CdS NPs with an 

average size of 4.73 nm were observed after two growth cycles and this average size can 

be increased to 5.70 nm by doubling the growth cycles (2x and 4x, respectively, Figure 

19).  Films of CP50 were also treated with NP growth process to reveal CdS NPs that 

were 3.98 nm after 2 cycles and 5.13 nm after 4 cycles (Figure 20).   

 

Figure 20.  a. Size distribution of CdS NPs grown in CP50, b. TEM image of CdS NPs 
grown 2x in CP50. 

In order to show that the metal centers in the conducting metallopolymers are 

acting as seed points for CdS NP growth, a film of polybithiophene (polyBT) was 

prepared by electropolymerization onto a TEM grid using conditions identical to the 
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preparation of poly-1. The polyBT film was treated with the same NP growth procedure 

described above and TEM experiments showed no NPs present throughout the film 

confirming that the metal centers in the metallopolymers are acting as the seed points for 

nanoparticle growth (Figure 21). 

 

 

 

 

 

 

Figure 21.  Control TEM experiment. Polybithiophene film (no Cd(II) seed points) 
treated with two CdS NP growth cycles (2x).  Representative picture of six 
total taken at various locations across the film surface (none showing CdS 
NPs). 

 

Characterization of Hybrid Polymer/CdS Materials  

The size-controlled growth of CdS nanoparticles was previously reported and 

further characterization of the hybrid material was done by spectroelectrochemistry, SEM 

and EDX mapping experiments.  Spectroelectrochemistry was done on CP50 that was 

grown 25 cycles on ITO coated glass.  The film was then treated with 6 cycles of NP 
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treatment to yield the poly/CdS hybrid material.  The resulting film was oxidized then 

reduced stepwise by 0.10 V.  At each step a UV-Vis spectrum was taken to determine the 

behavior of the film while changing the oxidation state of the film.  The same experiment 

was done on the metallopolymer before nanoparticle growth.  The spectra shown in 

Figure 22 shows the same results, as the films are oxidized, there is an increase in the 

amount of the solar spectrum that is absorbed by the material, the maximum seen at 1.25 

V for the metallopolymer, and 0.95 V for the hybrid material.  The spectra are the same, 

with the exception of the spectra at 1.25 V, the hybrid material has a decrease in the 

absorbance which is due to delamination of the film from the electrode.  In the neutral 

state, the π-π* transition is seen at 502 nm.  Upon oxidation of the film, the absorption 

shifts and broadens ranging from 600-1600 nm.  The oxidation of the film shows the 

metallic behavior of the film, resulting in the reduction of the bandgap.   
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Figure 22.  a. Spectroelectrochemistry of CP50 metallopolymer. b. Cyclic voltammogram 
of CP50 metallopolymer, points on graph correspond to the spectra shown 
in A.  c. Spectroelectrochemistry of CP50 CdS/Polymer. d. Cyclic 
voltammogram of CP50 metallopolymer, points on graph correspond to the 
spectra shown in A. 

In order to further study the properties of the copolymerized films in comparison 

to poly-1, samples were prepared on carbon coated gold TEM grids and examined by 

SEM.  A mapping experiment was done using EDX to determine the distribution of NPs 

throughout the polymer film.  These images show the presence of Cd in the polymer as 

the green spots while S is represented by red spots.  The mapping images (Figure 23 and 

Figure 24) show the presence of Cd and S spread throughout the film.  Since the polymer 
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is thiophene based, S should be spread through the sample, with some Cd spots spread 

throughout the polymer, corresponding to the Cd metal center.  As the polymer is 

changed from poly-1 to CP50, the density of Cd throughout the film should decrease.  

Figure 23 shows SEM images for samples prepared with 6x CdS NPs in a film of poly-1.  

EDX mapping reveals S spread throughout the sample, with Cd in some areas.  As 

expected, there are areas where only S is observed due to the thiophene polymer.  A film 

of CP50 was also treated with 6 NP growth cycles and the EDX mapping is shown in 

Figure 24.  The concentration of S in the polymer is comparable to that seen in the poly-1 

sample, however there is a decrease in the amount of Cd present.  The decrease in Cd is 

in agreement with XPS results which show a decrease in Cd when BT is introduced to the 

film due to a decrease in nucleation sites in the polymer.          
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Figure 23.  a. SEM image of poly-1 with 6x CdS NPs, b. EDX mapping showing Cd and 
S spread throughout the polymer matrix, c. EDX mapping showing the 
presence of S in the polymer matrix, and d. EDX mapping of Cd in the 
polymer matrix.   
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Figure 24.  a. SEM image of CP50 with 6x CdS NPs, b. EDX mapping showing Cd 
spread throughout the polymer matrix, c. EDX mapping showing the 
presence of S in the polymer matrix, and d. the overlapping EDX of Cd and 
S in the polymer matrix. 

Synthesis of CdSe/Polymer Hybrid Materials 

Poly-1 was used as a precursor for the seeded growth of size controllable CdS 

NPs and copolymerization lead to the control over the NP density in the polymer film.  

By using a seeded growth process, the control of the NP composition can be easily 

controlled by altering the NP growth treatment, therefore the synthesis of CdSe 

nanoparticles in the polymer was studied.  CdSe has been extensively researched for the 

use in hybrid materials due to their low bandgap and tunable emission in the visible 

range.  Hybrid polymer/nanoparticle materials with CdSe nanoparticles have been 

 



 112 

prepared using poly-1.  The metallopolymer was treated with a solution of Na2SeSO3 in 

water followed by treatment with a solution of Cd2+ in a 1:1 solution of DCM:MeOH 

followed by another cycle of Na2SeSO3.   Once again an increase in the size of the 

nanoparticles was seen when increasing the number of cycles the film is treated with.  

The nanoparticles have an average size of 3.75 nm when treated with four cycles and 

increase to 5.50 nm when treated with six cycles (Figure 25).  The composition of the 

nanoparticles was determined by EDX which shows the presence of selenium.  The 

Cd:Se atomic% ratio for films with 4x NP growth is 1:1.2 and for 6x NP growth it is 

1:1.25, both of which agree with the theoretical Cd:Se ratio of 1:1.   

Figure 25.  a. Size distribution on CdSe NPs in poly-1. b. TEM image of CdSe NPs 
grown 4x in poly-1. 

Next, the growth of NPs in CP50 was studied by TEM.  TEM studies show the 

presence of CdSe nanoparticles with an average nanoparticle size of 5.11 nm when 

treated with four cycles.  The size of the nanoparticles increases to 6.50 nm when treated 

with six cycles showing once again control over the size of the nanoparticles.  EDX 

 

b. 
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experiments show a Cd:Se atomic% ratio of 1:4.2 for NPs grown after 4 cycles and a 

ratio of 1:1.91 for films treated with 6 cycles (Figure 26).  

Figure 26.  a. Size distribution on CdSe NPs in CP50. b. TEM image of CdSe NPs grown 
in CP50. 

CONCLUSION 

An electropolymerizable Schiff base ligand was synthesized and upon reaction 

with cadmium(II) acetate yielded a cadmium complex which acts as a precursor for the 

synthesis of hybrid polymer-nanoparticle materials.  Electropolymerization yielded a 

conducting metallopolymer, and upon further treatment with H2S or Na2SeSO3 

semiconductor nanoparticles were grown directly in the polymer.  The cadmium metal 

centers act as nucleation sites for the growth of size-controllable semiconducting 

nanoparticles directly in the polymer backbone.  Control over the size of the 

nanoparticles enables tuning of the material bandgap in order to optimize the properties 

of the materials.  Along with control over particle size, the composition of the material 

can be altered by introducing selenium in the nanoparticle growth process.  This allows 

for further tuning of the bandgap ensuring optimal device properties.   
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Studies have also shown that by copolymerizing the cadmium salen with 

bithiophene leads to polymer films with a decrease in cadmium concentration when 

increasing the ratio of bithiophene to cadmium salen ratio as seen by XPS, therefore 

altering the nanoparticle loading of the material.    These materials can be used to 

fabricate photovoltaics in a easy, efficient manner.  The ability to tune NP composition, 

size and loading, a variety of materials can be screened and tested for electronic device 

applications.   

EXPERIMENTAL 

General Methods 

The following chemicals were used as received:  5-bromosalicyladehyde (Alfa),  

2,2’-bithiophene (Aldrich), tributyltin chloride (Alfa), 2,2-dimethyl-1,3-propanediamine 

(TCI).  All solvents were dried using an Innovative Technology, Pure Solv solvent 

purifier with a double purifying column. All reactions were performed using standard 

Schlenk techniques.  NMR spectra were recorded on a Mercury 400 MHz spectrometer 

(1H, 400 MHz) and/or a Varian 300 Unity Plus spectrometer (1H, 300 MHz).  1H NMR 

signals are reported relative to residual solvent peaks.  All NMR peaks are reported in 

ppm and coupling constants are reported in Hz.  Elemental analyses were performed by 

QTI, Whitehouse, NJ (www.qtionline.com).  Chemical ionization (CI) mass spectra were 

collected on a Micromass Autospec Ultima mass spectrometer. Infrared spectra were 

recorded using a Nicolet IR 200 FTIR spectrometer.  X-ray photoelectron spectroscopy 

(XPS) was carried out on a PHI 5700 XPS system equipped with a dual Mg X-ray source 

and monochromatic Al X-ray source complete with depth profile and angle-resolved 

capabilities. 
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Synthesis of ligand precursor, ligand, and 1 
 

 

5-(2,2’-bithiophene-5-yl)-2-hydroxybenzaldehyde.   

To a mixture of 5-bromosalicylaldehyde (3.5 g, 17.4 mmol), and Pd(PPh3)2Cl2 

(0.613 g, 0.88 mmol) in 40 mL of dry toluene was added 2-(tributylstannyl)bithiophene1 

(9.56 g, 21 mmol).  The reaction mixture was heated to 80 °C for 48 hours under argon.  

The reaction was cooled and dried in vacuo to give a yellow solid.  The solid was 

dissolved in CH2Cl2, then filtered through a silica gel plug.  The filtrate was washed with 

dilute NH4Cl(aq) (3 times, 150 mL), then dried over MgSO4.  Solvent was removed in 

vacuo to give a yellow solid that was then washed with hexanes.  The yellow solid was 

recrystallized from CH2Cl2/hexanes, then dried in vacuo to give the target compound 

(3.96 g, 79%).  m.p. 155-157 °C.  FTIR (film on KBr disk): 1666 (m, C=O), 1282 (m, C-

O), 796 (s, =C-H) cm-1.  1H NMR (DMSO-d6): 10.97 (s, 1H), 10.30 (s, 1H), 7.85-7.88 

(m, 2H), 7.53 (dd, J = 6.0, J = 1.2, 1H), 7.42 (d, J = 3.9, 1H), 7.35 (dd, J = 6.0, J = 1.2, 

1H), 7.30 (d, J = 3.9, 1H), 7.07-7.13 (m, 2H).  13C{1H} NMR (100 MHz, CD2Cl2): 196, 

161, 141, 137, 136, 134, 130, 128, 126, 125, 124, 124, 123, 121, 118.  UV-Vis (λmax (ε), 

CH2Cl2): 352 nm (36,000 cm-1M-1). HRMS (CI) m/z calculated for C15H11O2S2 287.0122 

[M + H]+, found 287.0200.  Elemental analysis calculated (found):  C, 62.91(62.29); H, 

3.46(3.40).     
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 L1 

N,N’-((2,2’-dimethyl)propyl)bis(5-(2,2’-bithiophene-5-yl)salcylidenimine (L1)   

To a solution of 5-(2,2’-bithiophene-5-yl)-2-hydroxybenzaldehyde (1.00 g, 3.49 

mmol) in CH2Cl2 (200 mL) was added EtOH (200 mL), and 1,3-diamino-2,2’-

dimethylpropane (0.1784 g, 1.75 mmol).  The reaction mixture was stirred at room 

temperature for 8 hours, then the CH2Cl2 was removed in vacuo resulting in an orange 

suspension in EtOH.  The reaction mixture was filtered to give an orange solid that was 

then dried to give the desired product (0.954 g, 86%).  m.p. 136-138 °C. FTIR (film on 

KBr disk): 3600-3250 (s, O-H), 1634 (s, C=N), 1500 (m, CH2), 1300 (w, CH3), 796 (s, 

=C-H), 700 (m, =C-H) cm-1.  1H NMR (CD2Cl2): 13.64 (s, 2H), 8.40 (s, 2H), 7.58 (dd, J 

= 2.4, J = 9.0, 2H), 7.51 (d, J = 2.1, 2H), 7.24 (dd, J = 1.2, J = 3.0,  2H), 7.19 (dd, J = 

1.2, J =  3.0, 2H), 7.12 (s, 4H), 7.03 (dd, J = 3.9, J = 6.0, 2H), 6.98 (d, J = 8.7, 2H), 3.54 

(s, 4H), 1.11 (s, 6H).  13C{1H} NMR: compound was not sufficiently soluble in any 

common solvent to obtain a spectrum.  UV-Vis (λmax (ε), CH2Cl2):  349 nm (24,000 cm-

1M-1).  HRMS (CI) m/z calculated for C35H30N2O2S4 638.1190 [M+], found 638.1188.  

Elemental analysis calculated (found):  C, 65.79 (65.48); H, 4.73 (4.50); N 4.38 (4.30); S, 

20.07 (20.03).      
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L2 

N,N’-(2,2’-(ethylenedioxy)bis(ethyl))bis(5-(2,2’-bithiophene-5-yl)salcylidenimine (L2) 

To a solution of 5-(2,2’-bithiophene-5-yl)-2-hydroxybenzaldehyde (1.00g, 3.49 

mmol) dissolved in CH2Cl2 (200 mL) was added EtOH (200 mL), and 2,2’-(ethylene 

dioxy)-bis(ethylamine) (0.282 mL, 1.75 mmol). The reaction mixture was stirred at rt for 

8 h, then CH2Cl2 was removed in vacuo. The reaction mixture was filtered to give an 

orange solid that was then dried in vacuo to give L2 (0.900 g, 80%).  m.p. 131-135°C. 1H 

NMR (CD2Cl2): 13.58 (s, 2H), 8.36 (s, 2H), 7.54 (dd, J = 8.4, 2H), 7.48 (d, J = 2.4, 2H), 

7.23 (dd, J = 5.4, 2H), 7.18 (dd, J = 3.45, 2H), 7.11 (m, , 2H), 7.02 (m, 2H), 6.936                 

(d, J = 8.4, 2H). UV-Vis (λmax (ε), CH2Cl2): 349 nm 81588 cm-1M-1.  HRMS m/z 

calculated: 684.1245, found: 684.1249 (M+).  Elemental analysis calculated (found):  C, 

63.13 (62.66); H, 4.71 (4.50); N 4.09 (3.95).      
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 L3  

N,N’-phenylenebis(5-(2,2’-bithiophene-5-yl)salcylidenimine (L3) 
To a solution of 5-(2,2’-bithiophene-5-yl)-2-hydroxybenzaldehyde (1.00g, 3.49 mmol) 

dissolved in CH2Cl2 (200 mL) was added EtOH (200 mL), and 1,2-phenylenediamine 

(0.188 g, 1.75 mmol). The reaction mixture was stirred at rt for 8 h, then CH2Cl2 was 

removed in vacuo. The reaction mixture was filtered to give an brown solid that was then 

dried in vacuo to give L3 (1.02 g, 85%).  m.p. 204-208 °C. 1H NMR δ13.19 (s, 2H), 

δ8.73 (s, 2H), δ7.66 (m, 4H), δ7.42 (m, 2H), δ7.32 (m, 2H), δ7.20 (m, 8H), δ7.05 (m, 

4H).  UV-Vis (λmax (ε), CH2Cl2): 350 nm 48664 cm-1M-1.  HRMS (CI+) m/z  calculated:  

644.0721, found: 644.0722  (M+). Elemental analysis calculated (found):  C, 67.05 

(65.39); H, 3.75 (3.59); N 4.35 (4.14).      

 

 

 



 119 

 

1 

N,N’-((2,2’-dimethyl)propyl)bis(5-(2,2’bithiophene-5-yl)salcylideniminato cadmium(II) 
(1) 

To a solution of L1 (0.064 g, 0.1 mmol) in CH2Cl2 (10.0 mL) was added 

Cd(O2CCH3)2∙2H2O (0.027 g, 0.1 mmol) in 1 mL of methanol.  The mixture was stirred 

under reflux for 12 hours.  After cooling to room temperature, the mixture was filtered.  

The filtrate was concentrated to ~2 mL under vacuum, and diethyl ether was added to 

precipitate a yellow solid.  The solid was isolated by vacuum filtration then further dried 

under vacuum to give 1 (0.125 g, 72%).  Orange-red crystals of 1 suitable for X-ray 

diffraction were obtained by subjecting the filtrate to slow vapor diffusion of diethyl 

ether.  m.p. 300-304 °C, dec. 328-330 °C. FTIR (film on KBr disk):  3619-3215 (C-H), 

2246-1924, 1625 (C=N), 845-416 (=C-H) cm-1.  1H NMR (CD2Cl2): 8.40 (s, 2H), 7.59 

(dd, J = 2.4, J = 9.0, 2H), 7.51 (d, J = 2.4, 2H), 7.24 (dd, J = 1.1, J = 3.0,  2H), 7.19 (dd, J 

= 1.2, J = 3.0, 2H), 7.12 (s, 4H), 7.03 (dd, J = 3.6, J = 6.0, 2H), 6.98 (d, J = 8.4, 2H), 3.54 

(s, 4H), 1.11 (s, 6H).  UV-Vis (λmax (ε), CH2Cl2): 363 nm (15,400 cm-1M-1).  HRMS (CI) 

m/z calculated for C35H28CdN2O2S4 751.0146 [M+], found 751.0145. MS (CI) m/z 

calculated for Cd(OAc)2 231.9, found 231.3.  
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CdS Nanoparticle Growth 

The electropolymerized thin films (vide infra) were treated with a saturated 

solution of H2S in CH2Cl2 for two minutes then rinsed thoroughly with dry CH2Cl2.  The 

film was then treated with a solution of Cd(NO3)2 in CH2Cl2/MeOH (2.02x10-3 M) for 

two minutes followed by rinsing with CH2Cl2.  The film was then treated once more with 

a saturated solution of H2S in CH2Cl2 for two minutes, followed by rinsing.  This process 

constitutes one iteration of the growth process that was repeated up to four times.   

CdSe Nanoparticle Growth 

The electropolymerized thin films were treated with a solution of Na2SeSO3 in 

H2O for two minutes followed by rinsing with MeOH.  The film was then treated with a 

solution of Cd(NO3)2 in CH2Cl2/MeOH (2.02x10-3 M) for two minutes.  The film was 

rinsed with CH2Cl2, then once more treated with a solution of Na2SeSO3 in H2O for two 

minutes followed by rinsing with MeOH.  This represents one cycle, and was repeated up 

to six times. 

Film thickness  

Film thickness was determined using a Veeco Dektak Profilomter.  Films were 

prepared on ITO coated glass that was first treated by successive sonnication in deionized 

water, ethanol, acetone, and methylene chloride.  Electropolymerization was done as 

previously described for 10, 25, 50, and 100 cycles at a scan rate of 100 mV/s.  Thickness 

measurements are reported as an average of twelve measurements taken on two films.   

Transmission Electron Microscopy 

TEM experiments were carried out on a JEOL 2010F microscope.  Films were 

grown electrochemically onto carbon coated gold grids purchased from Electron 

Microscopy Sciences.  Films were made by electropolymerization of 1 or 
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electrocopolymerization of CP50 by cycling between -0.5 V and 1.5 V ten times.  Films 

were kept in an air free environment and nanoparticles were grown directly within the 

resulting polymer film.  Analysis of the nanoparticles was done using Gatan Digital 

Micrograph software.  Size distribution statistics are reported for at least 100-115 

particles per growth experiment. 

Scanning Electron Microscopy 

SEM experiments were carried out on a Hitachi S-5500 SEM equipped with 

STEM.  Films were electropolymerized onto carbon coated TEM grids purchased from 

Electron Microscopy Science.  Films of 1 and CP50 were made by cycling between         

-0.50 V and 1.50 V 2 times.  Nanoparticles were grown directly in the polymer film 

under an air free environment, and then dried at 70 ˚C for 48 hours.  

Crystal Structure Determination 

Data was collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. Absorption corrections were 

applied using GAUSSIAN. The structures were solved by direct methods and refined 

anisotropically using full-matrix least-squares methods with the SHELX 97 program 

package.15 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber.16 The 

crystallographic data and structure refinement details for complex 1 are listed in Table 3. 

Selected bond lengths and angles for 1 are given in Table 4.  

Electrochemistry 

Electrochemical polymerizations were all done under a nitrogen atmosphere in a 

dry-box using a GPES system from Eco. Chemie B. V..  The electrolyte used was 0.1 M 
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tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] (TBAPF6) which was 

purified through recrystallization three times from hot ethanol then dried for 3 days at 

100 ºC under active vacuum.  Electrochemical experiments were carried out in a three-

electrode cell with a Ag/AgNO3 non-aqueous reference electrode, a Pt button working 

electrode (1.6 mm diameter), and a Pt wire coil counter electrode.  To calibrate the 

reference electrode Ferrocene was used as an external reference to which potentials were 

corrected.  Films were electropolymerized with a 2 × 10–4 M monomer solution by 

cycling between -0.5 V and 1.5 V at  v = 100 mV s–1.     
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CRYSTALLOGRAPHIC DATA 

Table 3.  Crystal data and structure refinement of 1. 

 
 Formula  C76H66Cd3Cl4N4O8S8  
 Fw  1898.81   
                     T (K)                                  153(2) 
                     Crystal system  Triclinic    
 Space group  P-1   
 a (Å)   9.4519(19)    
 b (Å)   14.714(3)     
 c (Å)   15.772(3)    
 α (deg)  62.46(3)     
 β (deg)   78.78(2)    
 γ (deg)  82.10(3)   
 V (Å3)   1905.0(8)    

          Z              1    
 ρ (g/cm-3)  1.655   
 μ (mm-1)  1.247    
 F(000)  954 
                     Crystal size (mm)                                  0.10 × 0.12 × 0.15 
 θ (deg)   2.95 to 25.00    
 Index ranges                                           -11 ≤ h ≤ 10 
                                                                                    -17 ≤ k ≤ 17 
                                                                                    -18 ≤ l ≤ 18 
                      Absorption correction                            Gaussian 
                      Max. and min. transmission                   0.8854 and 0.8350 
                      GOF on F2                                                  1.048 
  R1, wR2 [I > 2σ(I)]    0.0455, 0.1161      
                 R1, wR2 [all data]    0.0649, 0.1351     
  Largest diff. peak and hole (e Å-3)   1.260 and -1.021   
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Table 4.  Selected Bond Lengths (Å) and Angles (°) for 1. Symmetry operator (2 - x, - y, 
- z) generates equivalent atoms marked with “#”. 

 
Cd(1)-O(4)#          2.166(4)  O(2)-Cd(1)-N(1)      137.11(15)  
Cd(1)-O(2)           2.233(4)  O(1)-Cd(1)-N(1)      83.23(15)  
Cd(1)-O(1)           2.234(4)  O(4)#-Cd(1)-N(2)     108.36(16)  
Cd(1)-N(1)           2.239(4)  O(2)-Cd(1)-N(2)      83.42(15)  
Cd(1)-N(2)           2.265(4)  O(1)-Cd(1)-N(2)      143.39(15) 
Cd(2)-O(3)           2.256(4)  N(1)-Cd(1)-N(2)      87.53(16)  
Cd(2)-O(3)#          2.256(4)  O(3)-Cd(2)-O(3)#     180.0  
Cd(2)-O(2)           2.291(4)  O(3)-Cd(2)-O(2)      94.46(14)  
Cd(2)-O(2)#          2.291(4)  O(3)#-Cd(2)-O(2)     85.54(14)  
Cd(2)-O(1)#          2.301(4)  O(2)-Cd(2)-O(2)#     180.00(11)  
Cd(2)-O(1)           2.301(4)  O(3)-Cd(2)-O(1)      94.14(14)  
O(4)#-Cd(1)-O(2)     97.68(15)  O(3)#1-Cd(2)-O(1)    85.86(14)  
O(4)#-Cd(1)-O(1)     105.95(14)  O(2)-Cd(2)-O(1)      77.14(13) 
O(2)-Cd(1)-O(1)      79.71(14)  O(2)#-Cd(2)-O(1)     102.86(13)  
O(4)#-Cd(1)-N(1)     124.88(16)  O(1)#-Cd(2)-O(1)     180.0  
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Chapter 4:  Gallium-containing conducting metallopolymers which 
display chemically tunable reactivity for the growth of Ga2S3 

semiconducting nanoparticles 

INTRODUCTION 

Hybrid inorganic-organic materials have been extensively researched for 

applications in electronic materials and devices such as sensors, photovoltaics, and light-

emitting diodes.1  Combination of an inorganic (n-type) material and an organic (p-type) 

material yields hybrid materials with enhanced electronic properties.2  In the case of 

photovoltaics, excitons are formed in one or both of the materials, which then migrate to 

the interface where they are separated into electrons (e-) and holes (h0).  By tuning the 

relative bandgaps of the two materials, efficient separation of the e-/h0 pairs and transport 

of the resulting charges can occur.  The use of polymer/nanoparticle (NP) composites has 

been researched for years due to the increased interfacial area as well as the ability to 

easily tune the bandgap of the NPs by altering NP composition and/or size.  Various 

fabrication methods of these materials have been reported including blending, layer-by-

layer deposition, one-pot reactions, and co-evaporation.3-8  Often these methods yield 

hybrid materials with charge trapping sites, agglomeration of NPs, and insufficient 

interface interactions due to surfactant or oxide coatings.9  In order to take full advantage 

of combining inorganic materials with organic materials these issues must be addressed.   

RESULTS AND DISCUSSION 

As we previously reported, polymerizable metal complexes can be used to prepare 

conducting metallopolymers which in turn provide the nucleation sites for the seeded 

growth of size-controlled cadmium sulfide (CdS) NPs in a conducting polymer matrix.10  

The seeded growth of NPs in a polymer matrix, leads to direct electronic contact between 
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the inorganic and organic material and provides a hybrid material with high interfacial 

area.11 NP loading in polymer films was controlled by copolymerization of the metal-

containing monomer with bithiophene yielding a conducting metallopolymer with fewer 

Cd(II) ions spread throughout the polymer film and therefore fewer seed points for NP 

growth.   

For this, and previous studies, a salpen moiety was chosen as the metal binding 

site in the ligand because of the established precedent that salen-type ligands can easily 

bind to many different metal centers.  Taking advantage of this reactivity, we have 

investigated the possibility of reacting the ligand with different metals giving monomers 

which can be electropolymerized then treated to give hybrid materials with varying 

compositions.  Herein we report the synthesis of two polymerizable gallium salpen 

complexes one of which acts as a precursor to hybrid materials comprised of gallium 

sulfide (Ga2S3) NPs in a conducting polymer matrix.  We also report the corresponding 

model complexes used for reactivity studies.  Gallium sulfide NPs are of particular 

interest due to their wide bandgap of ~3.4 eV.12 The work reported here is of particular 

importance because it demonstrates the generality of our seeded growth approach to the 

preparation of hybrid electronic materials with respect to semiconductor composition. 
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SYNTHESIS OF GALLIUM SALEN COMPLEX.   

 

 

 

 

 

 

 

Scheme 12.  Synthesis of monomers, 2 and 6 and corresponding conducting 
metallopolymers. a. THF, NaH, GaCl3, b. KB(ArF)4, ACN/DCM. 

The ligand was synthesized as previously reported10, and was then reacted with 

GaCl3 in tetrahydrofuran (THF) as seen in Scheme 12 to give monomer 2, as confirmed 

through 1H NMR spectroscopy, mass spectrometry (MS), and elemental analysis 

(Scheme 12.  Synthesis of monomers, 2 and 6 and corresponding conducting 

metallopolymers. a. THF, NaH, GaCl3, b. KB(ArF)4, ACN/DCM.).  X-ray quality 

crystals were isolated through slow diffusion of hexanes into a dichloromethane (DCM) 

solution of 2.  The X-ray diffraction analysis reveals a gallium/salpen complex which 

contains a five-coordinate gallium metal center (Figure 27).  The ligand is tetradentate 

and a chloride is bound at the apical site, giving a distorted square pyramidal geometry 

around the gallium metal center (Figure 28).  The average Ga-O bond distance is 1.885 Å 

which is similar to that previously reported for gallium salen complexes (1.867 Å).14  The 

 



 129 

average Ga-N bond distance, 2.012 Å, is also in agreement with the previously reported 

distance of  2.016 Å.14  The Ga-Cl bond length of 2.444 Å is consistent with, but slightly 

longer than, the Ga-Cl bond length of 2.214 Å of a previously reported GaCl salen 

complex.14   

Figure 27.  ORTEP diagram of 2 showing the labeling scheme of selected atoms with 
thermal ellipsoids drawn at 50% probability level.  Hydrogen atoms and 
solvent molecules are omitted for clarity. 

 

 

 

 

 

 

Figure 28.  ORTEP diagram of coordination environment of 2 showing the labeling 
scheme of selected atoms with thermal ellipsoids drawn at 50% probability 
level.  Hydrogen atoms and solvent molecules are omitted for clarity. 
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Electrochemistry of Gallium Salen Complex 

Figure 29.    a. Electropolymerization of a 2 × 10–4 M CH2Cl2 solution of 2, 0.1 M 
TBAPF6, Pt button (1.6 mm) electrode. b. The oxidative (black) and 
reductive (red) peak current versus the number of scans.  c. Scan rate 
dependence study of 2 grown on Pt button electrode (1.6 mm diameter).      
d. The oxidative (black) and reductive (red) peak current versus scan rate. 
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The monomer, 2, was electropolymerized onto various working electrodes 

including carbon coated gold Transmission Electron Microscopy (TEM) grids, ITO 

coated glass, stainless steel, and platinum buttons yielding a conducting metallopolymer, 

poly-2 (Figure 29).  Electrochemical analysis of the electrode confined film reveals a 

linear dependence of the observed current on the applied scan rate, which is characteristic 

of an electroactive porous film.  Film porosity is important for the growth of the NPs 

directly in the polymer film as this requires diffusion of the reactants into the film (vide 

infra).  

The poly-2 films were treated similarly to the Cd metallopolymer previously 

reported,10  initially with a saturated solution of hydrogen sulfide (H2S) in DCM, 

followed by treatment with a solution of Ga(NO3)3 in methanol.  Then once again with 

the H2S solution.  This three step process represents one NP growth cycle.  The films 

were treated with two and four cycles (2x and 4x) then examined thoroughly by TEM 

which resulted in the absence of NPs in the polymer.    

 

Model gallium Schiff Base Complex 

The absence of NPs in the poly-2 film after application of the NP growth 

procedure led to the synthesis and characterization of model complex, 4, shown in 

Scheme 13, in order to explore the reactivity of the gallium metal centers.  The model 

complex was prepared with tert-butyl end groups in order to increase the solubility in 

common organic solvents therefore facilitating the synthesis and allowing full 

spectroscopic studies of the reactivity of the gallium metal center.13  Reaction of the 

known salpen ligand 3 with Ga(III) chloride resulted in complex 4 and X-ray quality 

crystals were obtained by slow diffusion of hexanes into a concentrated solution of 4 in 

c. d. 
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CHCl3.  The model complex (4) crystal structure is isostructural with the polymerizable 

monomer (2).  The gallium metal center is square pyramidal with a chloride in the apical 

position.  The average Ga-O and Ga-N bonds distances are 1.877 and 2.032 Å 

respectively which is similar to previously reported distances.14  The Ga-Cl distance, 

2.213 Å is also in agreement with the Ga-Cl distance reported for a similar complex,    

2.214 Å.14  

Scheme 13.  Synthesis and crystal structure of 4 and synthesis of abstracted complex, 5. 
ORTEP diagram of 4 showing the labeling scheme of selected atoms 
with thermal ellipsoids drawn at 50% probability level.  Hydrogen atoms 
and solvent molecules are omitted for clarity. 
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Figure 30.  a. 71Ga NMR of complex 4 and b. 71Ga NMR of complex 2. 

Complex 4 was also characterized through NMR spectroscopy, MS, and 

elemental analysis.  The use of tert-butyl end groups provides greatly enhanced solubility 

of 4 relative to 2 and therefore we were able to obtain a 71Ga NMR spectra of the chloride 

species to compare to the polymerizable complex.  Using a Ga(NO3)3 standard in water, 

we observe a 71Ga chemical shift for complex 4 at 250 ppm.  This chemical shift is  

consistent with the 71Ga NMR shift recorded for complex 2, 248 ppm (Figure 30).   

Gallium cation metallopolymer 

Group 13 complexes are more reactive as the coordination number decreases,15,16 

therefore since treatment of a film of poly-2 with H2S yielded no NPs (vide supra), the 

chloride ligand was abstracted from 4 with potassium tetrakis(pentafluorophenyl)borate 

(KB(ArF)4) in a mixture of DCM and acetonitrile (ACN).13  The byproduct, potassium 

chloride (KCl), was removed by filtration and the filtrate was dried and characterized by 

NMR spectroscopy, elemental analysis and MS.  Following the reaction procedures 

established with model complex  4 to prepare a coordinatively unsaturated cationic 

gallium complex (5, Scheme 13), abstraction of the chloride ligand from complex 2 was 

 



 134 

carried out to give 6 as a dark red solid which was characterized through NMR 

spectroscopy, elemental analysis and MS.  It was anticipated that the gallium cation 

would be more reactive, and therefore electropolymerization followed by treatment with 

the NP growth process should yield NPs embedded in the conducting metallopolymer.  

Figure 31.  a. Electropolymerization of a 2 × 10–4 M CH2Cl2 solution of 6, 0.1 M 
TBAPF6, Pt button (1.6 mm) electrode. b. The oxidative (black) and 
reductive (red) peak current versus the number of scans. c. Scan rate 
dependence study of 6 grown on Pt button electrode (1.6 mm diameter).     
d. The oxidative (black) and reductive (red) peak current versus scan rate. 
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Figure 32.  A. Size distribution of Ga2S3 NPs taken for 100-115 NPs per sample.  B.  
TEM picture showing the presence of Ga2S3 NPs in the polymer matrix. 

Complex 6 was electropolymerized to yield poly-6, a conducting polymer with 

embedded gallium cations (Figure 31).  Electropolymerization yielded a thin polymer 

film on various working electrodes.  During the electrochemical growth of the polymer 

film a linear dependence of the current on the number of scans indicates a high amount of 

control of the deposited film thickness (e.g., 20 scans, t = 934 ± 23 nm).  After film 

deposition, a linear dependence of the current on scan rate confirms presence of an 

electroactive porous film, poly-6.  The metallopolymer, poly-6, was treated with the NP 

growth process described above and characterized by TEM which revealed the presence 

of Ga2S3 NPs in the polymer film (Figure 32).  The abstraction of the chloride gives a 

more reactive gallium center within the conducting metallopolymer and therefore the 

reaction with H2S results in the growth of NPs in the film, Scheme 14. 

.   
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Scheme 14.  Synthesis of Ga2S3 NPs grown in a conducting polymer backbone with Ga 
cation metal centers.    

Gallium sulfide nanoparticle growth 

As previously reported, by using the metal centers as nucleation sites for the 

growth of NPs directly in the polymer matrix, NP size can be easily varied and 

controlled.  The films were treated with either two or four cycles and show an increase in 

the size of NP with an increase in the number of cycles.  When treated with two cycles, 

the average NP size is 2.99 nm while the average NP size in films treated with four cycles 

was 3.41 nm (Figure 32).  The ability to control NP size in the polymer allows for tuning 

and matching of the bandgap of the two materials, providing a means to optimize hybrid 

materials for efficient exciton separation and transport. 

CONCLUSIONS 

Herein we report the synthesis of hybrid Ga2S3 NP/conducting polymer materials 

from a gallium-containing conducting metallopolymer.  Synthesis of NPs within poly-2, 

a conducting metallopolymer containing coordinatively saturated gallium metal centers, 

was not observed.  However, upon abstraction of the chloride ligand from the monomer 

and formation of a conducting metallopolymer with coordinatively unsaturated cationic 
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gallium metal centers (poly-6) the growth of Ga2S3 NPs directly in the polymer film was 

demonstrated.  In this case the reactive gallium cations act as seed or nucleation points 

for the growth of crystalline NPs under mild solution based conditions. We previously 

reported the synthesis of CdS NPs in a conducting metallopolymer matrix, and now 

demonstrate the ability to use the same approach to access materials with various 

semiconducting NP compositions.  Specifically, by reacting polymerizable Schiff base 

ligands with different metal centers, the electropolymerizable precursors can be easily 

altered and therefore yield different conducting metallopolymers.  Along with direct 

interaction between the two materials, the seeded growth process also allows for control 

of NP size by controlling the number of growth cycles.  Control over NP size allows for 

tuning of the NP bandgap and therefore facile optimization of NP/conducting polymer 

hybrids.  

EXPERIMENTAL 

The ligands 11 and 32 were synthesized by following previously published 

synthetic routes.  All solvents were dried using an Innovative Technology, Pure Solv 

solvent purifier with a double purifying column. All reactions were performed using 

standard Schlenk techniques.  NMR spectra were recorded on a Mercury 400 MHz 

spectrometer (1H, 400 MHz) and/or a Varian 300 Unity Plus spectrometer (1H, 300 

MHz).  1H NMR signals are reported relative to residual solvent peaks.  All NMR peaks 

are reported in ppm and coupling constants are reported in Hz.  Elemental analyses were 

performed by QTI, Whitehouse, NJ (www.qtionline.com).  Chemical ionization (CI) 

mass spectra were collected on a Micromass Autospec Ultima mass spectrometer. 

Infrared spectra were recorded using a Nicolet IR 200 FTIR spectrophotometer.  X-ray 

photoelectron spectroscopy (XPS) was carried out on a PHI 5700 XPS system equipped 
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with a dual Mg X-ray source and monochromatic Al X-ray source complete with depth 

profile and angle-resolved capabilities. 

Synthesis of 2, 4, 5, and 6.  

        (2) 

 (2) A solution of the 1 (0.250 g, 0.32 mmol) in THF (20 mL) was added to a 

slurry of NaH (0.019 g, 0.78 mmol) in THF. The mixture was stirred at room temperature 

for 12 h. Filtration through Celite gave a clear yellow solution, which was then added 

slowly to a solution of GaCl3 (0.069 g, 0.32 mmol) in THF (10 mL). After stirring 

overnight, the mixture was once more filtered through Celite and all volatiles were 

removed under reduced pressure to afford the crude material as a yellow powder (0.230 

g, 0.30 mmol, 97%). Recrystallization from CH2Cl2 / n-hexane by slow diffusion resulted 

in a crop of orange block crystals which were suitable for X-ray diffraction studies. dec. 

268-271 °C.  1H NMR (CDCl3): 8.28 (s, 2H), 7.69 (d, J = 2.1, 2H), 7.53  (d, J = 2.1, 2H), 

7.28 (m, 2H), 7.23 (m, 2H), 7.17 (m, 4H), 7.06-7.09 (m, 4H), 4.06 (d, J = 12.9, 2H), 3.40 

(d, J = 12.9, 2H), 1.22 (s, 3H), 1.09 (s, 3H).  13C{1H} NMR is not reported due to 

solubility.  UV-Vis (λmax (ε), CH2Cl2): 354 nm (74,200 cm-1M-1). MS (CI+ m/z): 741 

[M+], HRMS (CI+ CH4) calcd. for C35H28GaN2O2S4Cl 741.0056, found 741.0054. 

Elemental analysis calculated (found):  C, 56.65 (56.13); H, 3.80 (3.76); N 3.78 (3.56).   
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(4) 

(4)  To a solution of 3 (1.00 g, 1.87 mmol) in THF (50 mL) was added a 

suspension of KH (0.150 g, 3.74 mmol) in THF (50 mL) at room temperature.  The 

reaction mixture was allowed to stir for 12 h, then transferred into a solution of GaCl3 in 

THF.  This reaction was stirred for 12 h at room temperature, the solvent was then 

removed to give a pale yellow powder (1.04 g, 90%).  dec. 274-277 °C.  1H NMR 

(CDCl3): 8.17 (s, 2H), 7.51 (d, J = 2.7, 2H), 6.98 (d, J = 2.4, 2H), 3.66 (d, J = 12.6, 2H), 

3.35 (d, J = 12.3, 2H), 1.50 (s, 18H), 1.28 (s, 18H), 1.08 (s, 3H), 1.03 (s, 3H).  13C{1H} 

NMR (100 MHz, CD2Cl2): 170, 163, 139, 136, 129, 127, 114, 65, 34, 33, 32, 28, 27, 23.  

UV-Vis (λmax (ε), CH2Cl2): 289 nm (20,500 cm-1M-1). MS (CI+ m/z): 637 [M+H].  HRMS 

(CI+ CH4): calcd. For C35H52GaN2O2Cl: 636.2973. Found: 636.2976.  Elemental analysis 

calculated (found):  C, 62.70(62.91); H, 8.69(8.06); N, 3.18(4.37).     
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(5) 

(5)  To a solution of 4 (1.00 g, 1.87 mmol) in DCM:ACN (1:1) was added one 

portion of KB(ArF)4.  The reaction mixture was stirred at room temperature for 12 hr, 

then filtered.  The solution was removed in vacuo to give a yellow solid (0.94 g, 80%).  
1H NMR (CDCl3): 8.54 (s, 2H), 7.66 (d, J = 2.4, 2H), 7.42 (d, J = 2.4, 2H), 3.76 (s, 4H), 

1.47 (s, 18H), 1.36 (s, 18H), 1.24 (s, 6H).  13C{1H} NMR (100 MHz, CD2Cl2): 170, 157, 

143, 137, 132, 131, 129, 116, 64, 36, 34, 30, 29, 23.  MS (CI+, CH4): m/z 602 (M+H).  

HRMS (CI) m/z calculated for C35H52O2S2N2Ga 601.3285, found 601.3283.  Elemental 

analysis calculated (found):  C, 52.91(52.33); H, 4.08(4.12); N, 2.99(2.10).     
 

 

 

(6) 

(6) In an amber vial inside a glove box, 2 (0.20 g, 0.27 mmol) was dissolved in 

the minimum amount of methylene chloride and acetonitrile (25 mL, 1:1). To this 

solution was added KB(ArF)4 (0.194 g, 0.27 mmol) and the resulting mixture was stirred 

overnight, filtered through Celite and all volatiles removed under reduced pressure, 

giving the product as a red powder (0.233 g, 0.048 mmol, 96%).  1H NMR (CDCl3): 8.45 

(s, 2H), 8.01 (d, J = 8.1, 2H), 7.74 (s, 2H), 7.05-7.31 (m, 8H), 7.07 (m, 4H), 3.87 (s, 4H), 
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1.22 (s, 3H), 1.40 (s, 3H).  13C{1H} NMR is not reported due to solubility.  MS (CI+ m/z) 

(%): 705 (MH+).  HRMS (CI+ CH4) calcd. for C35H28GaN2O2S4 705.0289, found 

705.0284. Elemental analysis calculated (found):  C, 45.68 (45.16); H, 2.31 (2.43); N 

1.69 (1.59). 

Ga2S3 Nanoparticle Growth 

The electropolymerized thin films were treated with a saturated solution of H2S in 

DCM for two minutes then rinsed thoroughly with dry DCM.  The film was then treated 

with a solution of Ga(NO3)3 in MeOH (2.02x10-3 M) for two minutes followed by rinsing 

with DCM.  The film is once again treated with a solution of H2S in DCM followed by 

rinsing once more with DCM.  This process constitutes one iteration of the growth 

process that was repeated up to four times.   

Transmission Electron Microscopy 

TEM experiments were carried out on JEOL 2010F microscope.  Films were 

grown electrochemically onto carbon coated gold grids purchased from Electron 

Microscopy Sciences.  Films were made by electropolymerization of 2 and 6 by cycling 

between -0.5 V and 1.5 V ten times.  Films were kept in an air free environment and 

nanoparticles were grown directly onto the grid.  After rinsing the film with DCM, the 

films were observed under the microscope.  Analysis of the nanoparticles was done using 

Gatan Digital Micrograph software.  Size distribution data is reported for 100-115 

particles per size.   

Crystal Structure Determination 

Data were collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. Absorption corrections were 
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applied using GAUSSIAN. The structures were solved by direct methods and refined 

anisotropically using full-matrix least-squares methods with the SHELX 97 program 

package.18 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber.19 The 

crystallographic data and structure refinement for complex 2 are listed in Table 5. 

Selected bond lengths and angles for 2 are given in Table 6.  The crystallographic data 

and structure refinement for complex 4 are listed in Table 7. Selected bond lengths and 

angles for 4 are given in Table 8. 

Electrochemistry 

Electrochemical polymerizations were all done under a nitrogen atmosphere in a 

dry-box using a GPES system from Eco. Chemie B. V..  The electrolyte used was 0.1 M 

tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] (TBAPF6) which was 

purified through recrystallization three times from hot ethanol then dried for 3 days at 

100 ºC under active vacuum.  Electrochemical experiments were carried out in a three-

electrode cell with a Ag/AgNO3 non-aqueous reference electrode, a Pt button working 

electrode (1.6 mm diameter), and a Pt wire coil counter electrode.  To calibrate the 

reference electrode, Ferrocene was used as an external reference to which potentials were 

corrected.  Films were electropolymerized with a 2 × 10–4 M monomer solution by 

cycling between -0.5 V and 1.5 V at  v = 100 mV s–1.     
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Film thickness  

Film thickness was determined using a Veeco Dektak Profilomter.  Films were 

prepared on ITO coated glass that was first treated by successive sonnication in deionized 

water, ethanol, acetone, and methylene chloride.  Electropolymerization was done as 

previously described for 20 cycles at a scan rate of 100 mV/s.  Thickness measurements 

are reported as an average of twelve measurements taken on two films.   
 

 
 
 

 # of scans Thickness (t) 

Poly-2 20 1703 ± 41 nm 

Poly-6 20 934 ± 23 nm 
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CRYSTALLOGRAPHIC DATA 
 

Table 5.  Crystal data and structure refinement of 2. 

Empirical formula  C37H32Cl5GaN2O2S4 

Formula weight  911.86 

Temperature  153(2) K 

Wavelength  0.71069 Å 

Crystal system  Triclinic 

Space group  p-1 

Unit cell dimensions a = 9.418(5) Å α= 92.035(5)°. 

 b = 13.039(5) Å β= 97.726(5)°. 

 c = 17.289(5) Å γ = 97.726(5)°. 

Volume 2081.6(15) Å3 
Z                2 
Density (calculated) 1.455 Mg/m3 

Absorption coefficient 1.217 mm-1 

F(000) 928 

Crystal size 0.20 x 0.15 x 0.08 mm3 

Theta range for data collection 1.92 to 27.50°. 

Index ranges -11<=h<=12, -16<=k<=15, -22<=l<=21 

Reflections collected 12554 

Independent reflections 8199 [R(int) = 0.0288] 

Completeness to theta = 27.50° 85.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.907 and 0.803 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8199 / 0 / 469 

Goodness-of-fit on F2 1.020 

Final R indices [I>2sigma(I)] R1 = 0.0480, wR2 = 0.1145 

R indices (all data) R1 = 0.0762, wR2 = 0.1326 

Largest diff. peak and hole 0.649 and -0.818 e.Å-3 
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Table 6.  Selected bond lengths (Å) and angles (˚) of 2. 

 

Bond distances (Å) 
N(1)-Ga(1) 2.031(3)   

N(2)-Ga(1) 1.994(3)    

O(1)-Ga(1) 1.841(2)   

O(2)-Ga(1) 1.937(2)   

Cl(1)-Ga(1)  2.4436(13)   

    

Bond angles (º)    

C(6)-N(1)-Ga(1) 126.3(2) O(2)-Ga(1)-N(2)
  

80.41(10) 

C(2)-N(1)-Ga(1) 114.1(2) O(1)-Ga(1)-N(1) 90.64(11) 

C(13)-N(2)-Ga(1) 127.4(2) O(2)-Ga(1)-N(1) 170.40(11) 

C(3)-N(2)-Ga(1) 115.0(3) N(2)-Ga(1)-N(1) 92.80(11) 

C(8)-O(1)-Ga(1) 130.7(2) O(1)-Ga(1)-Cl(1) 118.78(9) 

C(15)-O(2)-Ga(1) 126.7(2) O(2)-Ga(1)-Cl(1) 104.35(8) 

O(1)-Ga(1)-O(2) 87.65(10) N(2)-Ga(1)-Cl(1) 116.92(9) 

O(1)-Ga(1)-N(2) 124.27(12) N(1)-Ga(1)-Cl(1) 84.74(9) 
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Table 7.  Crystal data and structure refinement for 4. 

 

Empirical formula  C35H52ClGaN2O2 
Formula weight  637.96 
Temperature  153(2) K 
Wavelength  0.71069 Å 
Crystal system  Orthorhombic 
Space group  P b c a 
Unit cell dimensions a = 12.1280(2) Å a= 90°. 
 b = 22.6490(3) Å b= 90°. 
 c = 25.8340(5) Å g = 90°. 
Volume 7096.3(2) Å3 
Z 8 
Density (calculated) 1.194 Mg/m3 
Absorption coefficient 0.881 mm-1 
F(000) 2720 
Crystal size 0.21 x 0.18 x 0.18 mm3 
Theta range for data collection 2.30 to 27.46°. 
Index ranges -15<=h<=15, -29<=k<=29, -33<=l<=33 
Reflections collected 15270 
Independent reflections 8090 [R(int) = 0.0466] 
Completeness to theta = 27.46° 99.6 %  
Max. and min. transmission 0.8575 and 0.8366 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8090 / 246 / 384 
Goodness-of-fit on F2 0.740 
Final R indices [I>2sigma(I)] R1 = 0.0437, wR2 = 0.1051 
R indices (all data) R1 = 0.0864, wR2 = 0.1396 
Largest diff. peak and hole 0.587 and -0.728 e.Å-3 

 

 

 



 148 

Table 8.  Bond lengths (Å) and angles (°) for 4. 

_____________________________________________________ 

C(21)-N(2)  1.295(4) 
C(27)-O(2)  1.321(3) 
N(1)-Ga(1)  2.063(2) 
N(2)-Ga(1)  2.001(2) 
O(1)-Ga(1)  1.844(2) 
O(2)-Ga(1)  1.9103(18) 
Cl(1)-Ga(1)  2.2135(8) 
 
C(6)-N(1)-C(4) 120.4(2) 
C(6)-N(1)-Ga(1) 125.14(18) 
C(4)-N(1)-Ga(1) 114.41(18) 
C(21)-N(2)-C(5) 119.0(2) 
C(21)-N(2)-Ga(1) 121.38(18) 
C(5)-N(2)-Ga(1) 119.61(18) 
C(12)-O(1)-Ga(1) 132.85(18) 
C(27)-O(2)-Ga(1) 122.21(16) 
O(1)-Ga(1)-O(2) 86.92(8) 
O(1)-Ga(1)-N(2) 126.36(10) 
O(2)-Ga(1)-N(2) 88.95(8) 
O(1)-Ga(1)-N(1) 89.41(9) 
O(2)-Ga(1)-N(1) 169.67(9) 
N(2)-Ga(1)-N(1) 85.46(9) 
O(1)-Ga(1)-Cl(1) 120.75(7) 
O(2)-Ga(1)-Cl(1) 96.16(6) 
N(2)-Ga(1)-Cl(1) 112.87(7) 
N(1)-Ga(1)-Cl(1) 94.01(7) 
_____________________________________________________________ 
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Chapter 5:  Synthesis and Characterization of CIGS Hybrid Materials 

INTRODUCTION 

Ternary Systems 

Semiconducting nanoparticles are of great interest due to their use in a variety of 

applications including solar cells1, light-emitting diodes2, photocatalysts3, and spintronic 

devices4.  Recent research has focused on the use of ternary semiconductors made with    

I-III-IV2 composition due to their tunable bandgap which can range from 1.0 eV to 2.5 

eV.1d  The bandgap of these materials can be tuned by changing the size of the 

nanoparticles, as well as by varying the composition of the material.  Copper indium 

sulfide/selenide (CuInS2/CuInSe2) and copper gallium sulfide/selenide 

(CuGaS2/CuGaSe2) have the appropriate band gap for the absorption of the AM0 solar 

spectrum.5,6  Solar cell efficiencies up to 12.5% have been reported for these materials.7 

Current synthetic methods include chemical vapor deposition, sputtering, colloidal 

synthesis, spray pyrolysis, coevaporation, and electrodeposition.1e,7-11  Many of these 

synthetic methods lead to large size distribution of nanoparticles (NPs), agglomeration of 

NPs, and difficulty controlling composition of films made.   

Our research has focused on the synthesis of hybrid polymer-nanoparticle 

materials for solar cell applications.  As previously reported, we have shown the growth 

of size-controlled semiconductor nanoparticles directly in a conducting metallopolymer 

by a seeded growth process.  By changing the precursor, we can easily control the 

composition of the hybrid material.  Hybrid materials exhibit unique electronic properties 

due to the interaction of the two components; an increase in light absorption as well as an 

increase in carrier mobilities is  observed.12  Current synthetic pathways include blending, 

one-pot synthesis, metals as pendants on a polymer, and post-synthesis mixing of the two 
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materials, however these methods lead to hybrid materials with electron traps, 

nanoparticles with an oxide/surfactant layer, and large size distribution of nanoparticles 

in the polymer.13  Upon exciton formation, they are transported to the interface between 

the two materials where they are separated into electrons and holes.  The NPs will act as 

an electron transport material in the polymer due to its high e- mobility and the polymer 

will serve as the hole transport material.  Use of a conducting metallopolymer as seed 

points for the direct growth of nanoparticles, ensure that the two materials are in direct 

contact, yielding a material with increased exciton separation.   

CIGS 

Copper indium gallium selenide and copper indium gallium sulfide (CIGS) 

materials have been synthesized and characterized for use in photovoltaic devices 

showing efficiencies up to 19.9%.14,15  CIGS are of great interest due to their tunable 

bandgap which can range from 1.0-3.5 eV, which lies in the AM0 solar spectrum and 

which is optimum for solar cell applications.16  While these materials have high 

efficiencies, commercialization has been limited due to high production cost, synthetic 

processes that are not scalable, and difficulty in controlling thin film composition.14-16 

Current synthetic methods include electrodeposition, co-evaporation/co-sputtering of 

materials, ball milling of powdered precursors, sol-gel and spray deposition.17-21 

We previously reported the synthesis of cadmium sulfide (CdS) and gallium 

sulfide nanoparticles (Ga2S3) directly in a conducting polymer.22,23  The metallopolymer 

films are synthesized through electropolymerization of a thiophene containing salen 

monomer.  By reacting the monomer with a variety metals, we have access to 

metallopolymers with various compositions which will then act as precursors to hybrid 

materials made up of a thiophene based conducting polymer with embedded 
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semiconductor nanoparticles.  This process has been applied to ternary systems, by 

introducing a second metal in the nanoparticle growth process ternary nanoparticles 

(CuInS2, CuInSe2, CuGaS2, and CuGaSe2) were grown.24  The growth of ternary NPs in a 

conducting polymer matrix has lead to the growth of copper indium gallium selenide and 

copper indium gallium sulfide nanoparticle (CIGS).   

An electropolymerizable salen ligand has been synthesized, characterized, and 

used as a precursor to hybrid polymer-nanoparticle materials.  The use of a salen ligand 

allows for easy access to a variety of metal complexes which can then be used as 

precursors to hybrid materials with varying compositions.   

RESULTS AND DISCUSSION 

As previously reported, an electropolymerizable salen ligand has been synthesized 

and characterized as a precursor for hybrid polymer-nanoparticle materials.  Thiophene 

end groups are used to form a conducting metallopolymer, the precursor for hybrid 

polymer-nanoparticle materials.  The use of a salen ligand allows for easy access to a 

variety of metal complexes which can then be used as precursors to hybrid materials with 

varying compositions and electronic properties.     

Synthesis of Copper Salen Complex   

Scheme 15.  Synthesis of Cu Salen complex, 1. 

Synthesis of ternary semiconductors: CuInS2, CuInSe2, CuGaS2, and CuGaSe2, 

was done using a copper salen precursor, Scheme 15.  The salen ligand was reacted with 
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copper(II)acetate (Cu(OAc)2)  in DCM and methanol to give 1 which was characterized 

by MS and 1H NMR.  Green crystals suitable for single crystal X-ray analysis were 

obtained by slow vapor diffusion of ether into methanol.  The crystal structure shown in 

Figure 33 is a monomeric species with a four coordinate copper metal center in a 

distorted square planar geometry.  The bond lengths are in agreement with previously 

reported copper salen complexes, however the bond angles are larger which could be due 

to the flexibility of the neopentyl backbone which causes a twist out of the plane.25       

Figure 33.  a. A view of the molecular structure of 1. H atoms and solvent molecules have 
been omitted for clarity and thermal ellipsoids drawn at the 25% probability 
level. b. View of the coordination around the Cu center in 1. 
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Electrochemistry of Copper Salen Complex 

Electropolymerization of 1 onto various electrodes including platinum buttons, 

stainless steel, ITO coated glass, and gold transmission electron microscopy (TEM) grids 

yielded a conducting polymer with embedded metal centers, poly-1 (Figure 34).  The 

metallopolymer was characterized by electrochemistry, XPS, and profilometry.  

Electrochemical analysis of the electrode-confined metallopolymer shows a linear 

dependence of the current versus the scan rate, which is consistent with a thin 

electroactive film which is not limited by diffusion of charge compensation counter ions 

similar to the materials we previously reported.  The porosity of the film is key to the 

seeded growth of the nanoparticles directly in the metallopolymer.  Quantitative XPS 

studies were done to determine the Cu:S ratio of 1 and poly-1.   XPS studies revealed the 

atomic ratio of Cu(2p): S(2p) for poly-1 to be 1:6.1 which is consistent with XPS of 1 

(1:8.7).  The molar ratios differ from the theoretical value of 1:4, however these 

deviations have been previously reported.26 
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Figure 34.  a. Electropolymerization of a 2 × 10–4 M CH2Cl2 solution of 1, 0.1 M 
TBAPF6, Pt button (1.6 mm) electrode. b. The oxidative (black) and 
reductive (red) peak current versus the number of scans.  c. Scan rate 
dependence study of 1 grown on Pt button electrode (1.6 mm diameter).      
d. The oxidative (black) and reductive (red) peak current versus scan rate. 

Ternary Semiconductor Nanoparticle Growth and Characterization 

The growth of ternary semiconductors was carried out by using the copper metal 

centers as nucleation sites.  The thin film was treated with a saturated solution of 

hydrogen sulfide (H2S) in dichloromethane (DCM).  After two minutes, the solution was 

removed and the film was rinsed with DCM then treated with a 1:1 solution of indium 

nitrate (In(NO3)3) in MeOH and copper nitrate (Cu(NO3)2) in MeOH.  This cycle was 
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followed by rinsing with DCM and a then treatment with H2S saturated DCM.  This 

constitutes one full cycle, and films were treated with either 4 or 6 cycles.    

Thin films were prepared on TEM grids followed by nanoparticle growth to give 

CuInS2 nanoparticles (Figure 35).  Film treated four times has an average nanoparticle 

size of 4.54 nm and in increase in size to 5.30 nm when treated 6 times (Figure 36).  An 

increase in the size of the nanoparticles was observed with an increase in the number of 

cycles the film was treated with.  By introducing a second metal center during the growth 

process, synthesis of ternary semiconductors at ambient temperature and pressure is 

possible.  Using the same precursor, poly-1, we explored the possibility of growing 

CuInSe2 nanoparticles using a Na2SeSO3 as Se precursor instead of H2S during the 

growth process (Scheme 16).   
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Figure 35.  TEM pictures of ternary semiconductor NPs grown in poly-1 matrix: a. 
CuGaSe2, b. CuGaS2, c. CuInSe2, and d. CuInS2. 

 

 

c.  d.  c.  d.  
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Figure 36.  Size distribution data for a. CuGaSe2, b. CuGaS2, c. CuInSe2, and d.CuInSe2. 

 

 

 

 

 

 



 158 

Scheme 16.  Synthesis of ternary semiconductors in poly-1. 

Films prepared with CuInSe2 NPs were rinsed in between cycles with methanol, 

and then dried under vacuum for two days.  The films were examined through TEM and 

the presence of NPs was observed.  The composition of the NPs was determined by EDX, 

as shown in Table 9.  NP size increased with the number of cycles the films were treated 

with, resulting in NPs with an average size of 4.34 nm after 4 cycles and 5.51 nm after 6 

cycles. 

The composition of the NPs was further altered by treating a metallopolymer film 

with a 1:1 solution of Cu(NO3)2 and Ga(NO3)3 in place of a 1:1 solution of Cu:In.  

Sulfide and selenium NPs were synthesized as described previously and the growth and 

composition of the nanoparticles was determined by TEM and EDX respectively.  The 

CuGaS2 nanoparticles have an average size of 4.25 nm (2x) and 6.05 nm (4x), while the 
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CuGaSe2 NPs averaging 2.75 nm (2x) and 3.91 nm (4x).  Once again, an increase in NP 

size with an increase in the number of cycles was observed as expected.  

EDX studies were done on each of the hybrid materials to determine NP 

composition (Table 9).  The NP systems had a higher concentration of copper than either 

indium or gallium, with an average copper concentration of 46.90 compared to indium 

and gallium which measured 12.05 and 14.71 respectively.  Also, the selenium 

concentration in the CuInSe2 NPs was higher than in the CuGaSe2 NPs averaging 43.75 

for CuInSe2 NPs and 16.98 for CuGaSe2 NPs.  
 

 

 

 

 

Table 9.  Table of EDX results showing the composition of Cu, Ga, In, S, and Se present 
in the hybrid ternary NP/polymer material. 

CIGS Nanoparticle Growth 

The growth of CIGS NPs in a conducting polymer matrix was also studied.  NPs 

were grown in a similar method to that used for the growth of ternary NPs.  A conducting 

metallopolymer with Cu metal centers (poly-1) was synthesized by electropolymerization 

 Cu Ga In S Se 

CuInS2 (4x) 44.74 -- 9.30 38.72 -- 

CuInS2 (6x) 24.17 -- 17.17 58.67 -- 

CuInSe2(4x) 46.54 -- 13.10 -- 40.37 

CuInSe2(6x) 44.19 -- 8.63 -- 47.13 

CuGaS2(2x) 33.10 16.95 -- 49.94 -- 

CuGaS2(4x) 40.44 22.69 -- 47.89 -- 

CuGaSe2(2x) 74.45 14.80 -- -- 10.75 

CuGaSe2(4x) 67.60 4.38 -- -- 23.21 
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of 1 as previously reported on various electrodes.  The polymer was then treated in order 

to grow CIGS NPs directly in the metallopolymer.  Initial studies focused on the growth 

of CuInxGax-1S2 NPs by treatment of H2S in DCM followed by treatment of a 1:1:1 

solution of Ga(NO3)3, Cu(NO3)3, and In(NO3)3 and finally treated once again with the 

H2S solution (Figure 37). 

Figure 37.  TEM of a. CuInxGax-1S2 (poly-1), b. CuInxGax-1Se2 (poly-1),                           
c. CuInxGax-1S2 (poly-2), d. CuInxGax-1Se2 (poly-2). 
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Figure 38.  Size distribution of a. CuInxGax-1S2 (poly-1), b. CuInxGax-1Se2 (poly-1),        
c. CuInxGax-1S2 (poly-2), d. CuInxGax-1Se2 (poly-2). 

In order to determine the presence of NPs in the polymer film, poly-1 was 

electropolymerized onto a carbon coated gold TEM grid.  The metallopolymer was then 

treated with 4 and 6 cycles (4x and 6x).  An average particle size of 3.88 and 4.98 nm 

was determined for films treated 4x and 6x (Figure 38a).  CIGS NPs were also grown 

using a selenium precursor, Na2SeSO3 yielding NPs with an average size of 4.08 nm (4x) 

and 5.06 nm (6x) as seen in Figure 38b.   
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Scheme 17.  Synthesis of Ga cation metallopolymer, poly-2. 

The growth of CIGS NPs was also explored using a gallium cation 

metallopolymer, poly-2 (Scheme 17).  Following the same growth process, CIGS NPs 

were treated 4x and 6x resulting in particles averaging 4.08 and 5.06 nm respectively 

(Figure 38c) for the S and 3.03 nm (4x) and 5.20 nm (6x) for the Se NPs (Figure 38). The 

composition of the NPs was determined by EDX (Table 10), and use of either polymer 

yields CuInxGax-1Y2 NPs that are embedded in the polymer film, Scheme 18. 

Scheme 18.  Synthesis of CIGs NPs in poly-1 and poly-2. 

CIGS NPs were confirmed by EDX and TEM.  EDX revealed the presence of Cu, 

In, Ga, and either S or Se in varying concentrations.  In samples prepared with poly-1, the 

average Cu concentration was higher than the Cu concentration present in samples 

prepared from poly-2.  The same is true for the Ga concentration of the samples, samples 

 

 



 163 

prepared from the poly-2 have a high concentration of Ga than those prepared with    

poly-2.  For S NPs, the average concentration of S was 54.5 atomic% which is higher 

than Se concentration present in Se NPs (30.6 atomic%).  The average concentration of In 

present in samples prepared from poly-1 and poly-2 is ~ 9 atomic%.  Variations to the 

NP growth process results in changes in the NP composition as determined by EDX. 

 

Table 10.  EDX of CIGS NPs grown in poly-1 and poly-2. 

CONCLUSIONS 

By using the same precursor, but modifying the nanoparticle growth process, we 

are able to change the composition of the film accordingly as confirmed by EDX.  Slight 

changes to the NP growth process results in control of the size and composition of the 

nanoparticles grown in the conducting metallopolymer and therefore control the 

electronic properties of the hybrid material.    The growth of ternary and CIGS NPs was 

 Cu In Ga S Se 

CuInxGax-1S2 (poly-1) 4x 17.5 5.9 16.6 60.0 -- 

CuInxGax-1S2 (poly-1) 6x 17.4 6.6 22.4 53.7 -- 

CuInxGax-1Se2 (poly-1) 4x 54.2 15.5 10.7 -- 19.7 

CuInxGax-1Se2 (poly-1) 6x 43.7 8.7 13.7 -- 34.1 

CuInxGax-1S2 (poly-2) 4x 13.3 7.2 31.3 48.2 -- 

CuInxGax-1S2 (poly-2) 6x 8.8 6.2 28.8 56.2 -- 

CuInxGax-1Se2 (poly-2) 4x 27.3 13.9 26.9 -- 26.1 

CuInxGax-1Se2 (poly-2) 6x 17.1 8.5 31.7 -- 42.3 
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done at room temperature and atmospheric pressure, and the ability to grow these NPs by 

the seeded growth process in a polymer matrix, results in materials that are easy to make 

and cost effective.  Future work will focus on the fabrication of devices and photovoltaic 

testing.   

EXPERIMENTAL 

General Methods 

The ligand backbones, 1 and 3 were synthesized by following previously 

published synthetic routes.22,28  All solvents were dried using an Innovative Technology, 

Pure Solv solvent purifier with a double purifying column. All reactions were performed 

using standard Schlenk techniques.  NMR spectra were recorded on a Mercury 400 MHz 

spectrometer (1H, 400 MHz) and/or a Varian 300 Unity Plus spectrometer (1H, 300 

MHz).  1H NMR signals are reported relative to residual solvent peaks.  All NMR peaks 

are reported in ppm and coupling constants are reported in Hz.  Elemental analyses were 

performed by QTI, Whitehouse, NJ (www.qtionline.com).  Chemical ionization (CI) 

mass spectra were collected on a Micromass Autospec Ultima mass spectrometer. 

Infrared spectra were recorded using a Nicolet IR 200 FTIR spectrometer.  X-ray 

photoelectron spectroscopy (XPS) was carried out on a PHI 5700 XPS system equipped 

with a dual Mg X-ray source and monochromatic Al X-ray source complete with depth 

profile and angle-resolved capabilities. 

Crystal Structure Determination   

Data were collected on a Nonius Kappa CCD diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å) at 153 K. Absorption corrections were 

applied using GAUSSIAN. The structures were solved by direct methods and refined 

anisotropically using full-matrix least-squares methods with the SHELX 97 program 
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package.29 The coordinates of the non-hydrogen atoms were refined anisotropically, 

while hydrogen atoms were included in the calculation isotropically but not refined. 

Neutral atom scattering factors were taken from Cromer and Waber.30 The 

crystallographic data and structure refinement for complex 1 are listed in Table 11. 

Selected bond lengths and angles for 1 are given in Table 12, respectively.  

Electrochemistry 

Electrochemical polymerizations were all done under a nitrogen atmosphere in a 

dry-box using a GPES system from Eco. Chemie B. V..  The electrolyte used was 0.1 M 

tetrabutylammonium hexafluorophosphate [(n-Bu)4N][PF6] (TBAPF6) which was 

purified through recrystallization three times from hot ethanol then dried for 3 days at 

100 ˚C.  Electrochemical experiments were carried out in a three-electrode cell with a 

Ag/AgNO3 reference electrode, a Pt button working electrode, and a Pt wire counter 

electrode.  To calibrate the reference electrode Ferrocene was used as an external 

reference to which potentials were corrected.  Films were electropolymerized with a 2 ×

10–4 M monomer solution by cycling between -0.5V and 1.5 V at  v = 100 mV s–1.     
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Film thickness 

 Film thickness was determined using a Veeco Dektak Profilometer.  Films were 

prepared on ITO coated glass that was first treated by successive sonnication in deionized 

water, ethanol, acetone, and methylene chloride.  Electropolymerization was done as 

previously described for 20 cycles at a scan rate of 100 mV/s.  Thickness measurements 

are reported as an average of twelve measurements taken on two films.   
 

 

   

            

 2 

N,N’-((2,2’-dimethyl)propyl)bis(5-(2,2’bithiophene-5-yl)salcylideniminato copper(II) 
(2) 

To a solution of the ligand 1 (0.064 g, 0.1 mmol) in dichloromethane (10 mL) was 

added Cu(OAc)2·H2O (0.020 g, 0.1 mmol) in methanol (1 mL).  The mixture was stirred 

under reflux for 12 h.  After cooling to room temperature, the mixture was filtered to give 

2 as a green solid in 78% yield (0.055 g).  Dark green crystals suitable for X-ray 

diffraction were obtained by subjecting the filtrate to slow vapor diffusion in diethyl 

ether.  m.p. 184-188 °C. FTIR (Nujol):  3023 (C-H), 2974 (C-H), 2924 (C-H), 1625 

(C=N), 1523 (N-H), 1474 (m), 1416 (m), 1261 (s), 1044 (s), 926 (m), 873 (=C-H), 775 

 Thickness (nm) 

Poly-2 1427±33 
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(=C-H), 669 (=C-H) cm-1.  1H NMR (CDCl3): 8.18 (s, 2H), 7.30-6.78 (m, 16H), 5.24 (s, 

2H), 3.61 (s, 4H), 1.35 (s, 6H).  UV-Vis (λmax (ε), CH2Cl2): 368 nm (38394 cm-1M-1).  

HRMS (CI) m/z calculated for C35H29CdN2O4S4 700.0408 [M+], found 700.0408. 

Ternary Sulfide Nanoparticle Growth 

The electropolymerized thin films were treated with a saturated solution of H2S in 

DCM for two minutes then rinsed thoroughly with dry DCM.  The film was then treated 

with a solution of MeOH solution containing a 1:1 ratio of Cu(NO3)2:In(NO3)3 or 

Cu(NO3)2:Ga(NO3)2 for two minutes followed by rinsing with DCM.  This process 

constitutes one iteration of the growth process that was repeated up to six times.   

Ternary Selenide Nanoparticle Growth 

The electropolymerized thin films were treated with a solution of sodium selenite 

(Na2SeSO3) in H2O for two minutes then rinsed thoroughly with MeOH.27 The film was 

then treated with a solution of MeOH solution containing a 1:1 ratio of 

Cu(NO3)2:In(NO3)3 or Cu(NO3)2:Ga(NO3)2 for two minutes followed by rinsing with 

MeOH.  This process constitutes one iteration of the growth process that was repeated up 

to six times.   

 

CuInxGax-1S2  Nanoparticle Growth 

The electropolymerized thin films were treated with a saturated solution of H2S in 

DCM for two minutes then rinsed thoroughly with dry DCM.  The film was then treated 

with a solution of MeOH solution containing a 1:1: ratio of Cu(NO3)2:In(NO3)3:Ga(NO3)2 

for two minutes followed by rinsing with DCM.  Followed by treatment with H2S in 
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DCM for two minutes.  This process constitutes one iteration of the growth process that 

was repeated up to six times.   
 

CuInxGax-1Se2  Nanoparticle Growth 

The electropolymerized thin films were treated with a solution of sodium selenite 

(Na2SeSO3) in H2O for two minutes then rinsed thoroughly with MeOH.3  The film was 

then treated with a solution of MeOH solution containing a 1:1 ratio of 

Cu(NO3)2:In(NO3)3:Ga(NO3)2 for two minutes followed by rinsing with MeOH.  The film 

was treated once more with Na2SeSO3 for two minutes and rinsed with DCM.  This 

process constitutes one iteration of the growth process that was repeated up to six times.   

Transmission Electron Microscopy 

TEM experiments were carried out on JEOL 2010F microscope.  Films were 

grown electrochemically onto carbon coated gold grids purchased from Electron 

Microscopy Sciences.  Films were made by electropolymerization of 2 by cycling 

between -0.5 V and 1.5 V ten times.  Films were kept in an air free environment and 

nanoparticles were grown directly onto the grid.  After rinsing the film with DCM and 

drying for 48 hours under vacuum the films were looked at under the microscope.  

Analysis of the nanoparticles was done using Gatan Digital Micrograph software.  Size 

distribution data is reported for 100-115 particles.  
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CRYSTALLOGRAPHIC DATA 

Table 11.  Crystal data and structure refinement of 2. 

      
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
a R1 = Σ|Fo| – |Fc|Σ|Fo|. wR2 = [Σw[(Fo

2 – Fc
2)2]/Σ|[w(Fo

2)2]]1/2. w=1/[σ2(Fo
2)+(0.075P)2], 

where P = [max(Fo
2,0)+2Fc

2]/3. 
 

  

Formula C36H30Cl2N2O2S4Cu   

Fw 785.30    

Cryst syst. triclinic   

Space group P1 

a, Å  10.282(2)  

b, Å  13.176(3)   

c, Å  13.204(3)    

α, deg 107.65(3)           

β, deg  97.12(3)  

γ, deg 90.65(3)         

V, Å3  1689.1(6)   

Z  2   

Dcalc, g cm-3  1.544 

temp, K  153(1)   

F(000) 806    

μ, mm-1  1.089   

θ rang, deg  3.12-27.52   
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Table 12.  Selected bond lengths (Å) and angles (deg) of 2. 

 

Bond distances (Å) 
Cu(1)-O(1) 1.892(2)   

Cu(1)-O(2) 1.90945(19)    

Cu(1)-N(2) 1.941(2)   

Cu(1)-N(1) 1.944(2)   

    

Bond angles (º)    

O(1)-Cu(1)-O(2) 91.46(9) O(1)-Cu(1)-N(1)
  

94.81(9) 

O(1)-Cu(1)-N(2) 152.07(9) O(2)-Cu(1)-N(1) 153.44(9) 

O(2)-Cu(1)-N(2) 94.71(9) N(2)-Cu(1)-N(1) 91.74(9) 
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Chapter 6:  Device Fabrication and Characterization 

INTRODUCTION 

An increase in the world population has lead to a 16-fold increase in energy needs 

worldwide which will lead to the depletion of fossil fuels.  By 2050, an additional 10 TW 

of energy will be needed in order to sustain life for the world’s population, an increase 

from 13 TW which is currently needed.1  The use of fossil fuels results in an increase in 

CO2 emission, pollution, and global warming worldwide, therefore a clean renewable 

source of energy is needed.1,2  The US Department of Energy (DOE) has focused on 

obtaining renewable energy that will decrease pollution, decrease the US dependence on 

foreign fossil fuels, and help the US economy.3  Utilization of resources such as water, 

wind, and sun allow for new technologies with a decrease in pollution.  However, use of 

renewable energy is still low, as of 2008 only 7% of energy consumed in the US came 

from renewable resources (Figure 39).  While energy production and consumption is still 

dominated by fossil fuel sources, continued research will result in an increase in energy 

from renewable sources.  While many options are available, much research has focused 

on the fabrication of solar cells.   

Solar cells have been an area of great interest in order to meet the rapidly growing 

energy needs.4-8  Both organic and inorganic materials have been studied for use in the 

fabrication of solar cells.  Inorganic materials, such as silicon wafers, are expensive to 

make in bulk and exhibit low efficiencies, but they can absorb a broad range of the solar 

spectrum.9,10  While organic materials are attractive because of their low manufacturing 

cost, flexible substrate compatibility, and strong absorptivity, their overall efficiency is 

still low.7, 11, 12   
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Figure 39.  Renewable 
Energy as Share of total 
primary energy 
consumption, 2008. 

 

 

 

 

 

 

 

 

 

 

Solar Cell Function and Fabrication 

Upon absorption of sunlight, charges are formed in the active layer of solar cells   

(Figure 40).  In inorganic cells, free electrons are formed with bound excitons are formed 

in organic based solar cells.  The charges are then transported to the anode and cathode 

resulting in electric current.  Solar cells with high efficiencies have high charge mobility 

and high separation of excitons.  Low efficiency is due to charge recombination, charge 

traps, and back transfer of charges.  Solar cells are generally comprised of an active layer, 

the p-n junction.  Two materials, a p-type and an n-type material are in direct contact and 

form a p-n junction.  The formation of p-n junctions leads to an increase in charge 

diffusion and separation and therefore an increase in solar cell performance.   
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Figure 40.  Solar cell 
configuration. 

 

 

 

 

 

 

Silicon Solar Cells 

Silicon solar cells have been researched for many years and efficiencies up to 

22% for crystalline silicon solar cells have been reported by NREL.4  Monocrystalline 

silicon, c-Si is doped with boron to yield a p-type material, followed by diffusion of 

phosphorus impurities into the wafer yielding a p-n junction in the wafer.  Silver top 

contacts are screen printed onto the surface, followed by use of an aluminum paste as the 

bottom contact, further annealing yields a p doped region and n doped region.  

Monocrystalline silicon is prepared by the Czochralski method, which is a long expensive 

process.  In order to obtain silicon solar cells at a lower cost, multicrystalline silicon solar 

cells have been prepared.  Cooling of molten silicon results in silicon ingots with a 

diameter of approximately 0.3 mm.  The grain boundaries are passivated by incorporating 

hydrogen into the devices during fabrication.  Efficiencies of multicrystalline solar cells 

are about 2-3% lower than c-Si, however they cost 20% less.4  Silicon solar cells can also 

be prepared from amorphous silicon, which is fabricated by CVD onto various substrates.  

These solar cells have an efficiency of about 12% in lab, and a decrease to 4-5% when 

used.  In order to improve device efficiency, double and triple junction solar cells are 
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being used in order to increase absorption from the solar spectrum and improve cell 

stability.4   

While silicon solar cells have been greatly researched and show efficiencies up to 

~20%, they are brittle, expensive, and difficult to fabricate, therefore new materials and 

fabrication methods are being studied.4 

Organic Solar Cells 

Organic solar cells are solar cells with an active layer that can be made of 

conjugated polymers such as polythiophene or small molecules such as C60.  Organic 

solar cells have been prepared with various morphologies including single layer organic 

solar cells, two layer organic solar cells, and bulk heterojunctions.  Organic solar cells are 

different from inorganic solar cells in that the excitons that are formed have a higher 

binding energy than those formed in the inorganic solar cells.  Therefore, solar cells made 

up of a single layer as shown in Figure 41a have low power conversion efficiencies as 

well as low external quantum efficiencies.6,13  The single layer devices absorb a large 

fraction of photons, however due to high recombination a low PCE is observed.  

Conjugated polymers also have low carrier mobilities, ranging from 10-1 to   10-7 cm2 V-1 

s-1 for holes and 10-4 to 10-9 cm2 V-1 s-1 for electrons and this also affects overall 

efficiency of the device.6     
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Figure 41.  Device architecture of organic solar cells a. single layer organic solar cells, b. 
bilayer organic solar cells, c. disordered bulk heterojunction solar cells, and 
d. ordered bulk heterojunction solar cells. 

For charge separation to occur, donor/acceptor interfaces can be formed by 

introducing an electron accepting material which will facilitate dissociation of bound 

excitons and decrease charge recombination (Figure 41b).  When introducing a second 

material, it is important to match up the bandgaps of the two materials in order to enables 

exciton dissociation and transportation: the LUMO of the electron donating materials 

should be higher than that of the electron accepting material.  Once excitons are formed 

in the device, they are transported to the interface between the two materials.  At the 

interface between the two, the excitons are separated and the conjugated polymer will act 

as the hole transport layer while the electron acceptor will act as the electron transport 

material.6  By introducing a second material, recombination of excitons is decreased due 

to the transport of charge by two different materials.  One disadvantage to using a double 

layer architecture is that the excitons must be formed near the interface, otherwise the 

excitons will recombine or be trapped in the material.6   
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In order to ensure that the excitons are formed near the interfacial areas bulk 

heterojunctions are formed in the device.  This can be accomplished by either randomly 

mixing a donor and acceptor material together yielding a disordered bulk heterojunction 

device as seen in Figure 41c or an ordered bulk heterojunction device (Figure 41d).  Bulk 

heterojunction devices have higher interfacial areas between the two materials and 

therefore excitons are formed near an interface and therefore increase efficiency of the 

device is observed.      

The use of purely organic materials for solar cells is not ideal because only a 

fraction of the spectrum is absorbed.  In addition, organic materials are plagued by short 

exciton diffusion lengths which results in higher recombination.6 In an effort to increase 

efficiency and fabricate low cost solar cells, the combination of organic and inorganic 

materials has been studied, particularly the study of polymer/NP materials.7,9,14-18   

Hybrid polymer/nanoparticles solar cells 

Recent research has shown that nanoparticle-polymer blends exhibit high carrier 

mobilities as well as an increase in the range of absorption.19  When utilizing a 

combination of conjugated polymer and nanoparticles, both absorb a larger region of the 

spectrum than either material individually, the conjugated polymer acts as the hole 

transport material, while the nanoparticles serve as the electron transport material.4, 11  In 

addition, these materials are inexpensive and can be cast onto flexible substrates.  Use of 

NPs as the inorganic component of hybrid materials is due to the tunabilility of the NP 

bandgap by altering the NP composition or size.  Introduction of NPs also results in high 

interfacial area between the two materials, a decrease in recombination and an increase in 

device efficiency.  Alivisatos et al has reported the fabrication of bulk heterojunction 

solar cells from blending P3HT with CdSe NPs (Figure 42).9  By introducing the CdSe 
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NPs with high electron mobility, an increase in PCE is observed for the easy to synthesis, 

lower cost solar cell.   

Figure 42.  Device 
architecture for 
CdSe/P3HT bulk 
heterojunction solar cell. 

 

 

 

 

 

 

 

Current synthetic methods yield materials in which interfacial interactions are 

affected due to an oxide layer or surfactant layer on the nanoparticles which keeps the 

two materials from interacting, or electron traps in the film due to defects in the material.  

Therefore, the seeded growth of NPs in a conducting polymer matrix will yield hybrid 

materials with high interfacial interactions as well as tunable properties. 

Device Characterization 

Current-voltage measurements, J-V curves are the standard characterization 

method for solar cells (Figure 43).  These measurements are usually done under standard 

illumination conditions AM 1.5 spectrum at 25 ˚C and parameters such as VOC, JSC, FF, 

and efficiency can be determined.13, 20  VOC is the open circuit voltage, JSC is the short 
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circuit current density, and FF is the fill factor.  VOC is determined by the difference 

between the quasi Fermi levels of the two charge carriers, the n-type and p-type 

materials.  VOC is affected by the nanomorphology of the two materials, and can be 

altered by tuning the energy levels of the materials used for device fabrication.20  Plasma 

etching of the ITO coated glass anode, or coating with a hole transport layer results in 

better matching between the materials, and can increase VOC.20    Addition of an electron 

injection layer such as LiF will also allow for efficient and increased charge injection 

yielding an increase in VOC.    VOC is the voltage that is measured when the current of the 

devices is 0.  JSC, the short circuit current density is affected by nanoscale morphology 

and is the current density measured when V = 0.  JSC is a product of the photoinduced 

charge carrier density and the carrier charge mobility.20  The JSC is affected by charge 

mobility in the material, and an increase in interfacial area will increase JSC.  FF is the 

amount of charge carriers that reach the electrodes when the device is reaching VOC.   

Series resistances influence FF and should be minimized.   J-V measurements are taken 

in both the dark and light, In the dark, there is no current flowing through the solar cell 

until the voltage is higher than VOC.  The power conversion efficiency (ηe), the percent of 

absorbed light converted to electrical energy, can be calculated once VOC, JSC, and FF 

have been determined.20 
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Figure 43.  Equations for fill factor and power conversion efficiency. 

 

DEVICE FABRICATION 

In order to overcome electron traps as well as poor interfacial interactions 

between the polymer and nanoparticles, we have used a seeded growth process in order to 

synthesize hybrid polymer/nanoparticle solar cells (Figure 44).  By growing the 

semiconducting NPs directly in the polymer matrix, there is an increase in the interfacial 

area between the two materials and the absence of oxide or surfactant layers passivating 

the NP surface, both of these factors will contribute to higher PCE.   

  

𝐹𝐹 = 𝑉𝑀𝐴𝑋× 𝐼𝑀𝐴𝑋
𝐼𝑆𝐶 × 𝑉𝑂𝐶

𝜂𝑒 = 𝑉𝑂𝐶×𝐼𝑆𝐶 ×𝐹𝐹
𝑃𝑖𝑛
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Figure 44.  Device architecture of 
hybrid polymer/NP solar cells. 

 

 

 

 

 

First generation devices 

 

Figure 45.  First generation device fabrication: a. electropolymerization of Cd monomer, 
b. CdS NP growth, and  c. deposition of Al top contact. 

Initial devices were prepared on 25 mm by 25 mm ITO coated glass by 

electropolymerization of the Cd monomer in the presence of a stainless steel counter 

electrode and a Ag/AgCl reference electrode.  The film was then treated with the NP 

growth process to grow CdS NPs directly in the polymer film, followed by thermal 
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deposition of an Al cathode to yield a sandwich type device (Figure 45).  Devices were 

then characterized by J-V measurements to determine solar cell function.  By matching 

up the energy levels between the polymer and embedded NPs, exciton separation and 

charge transport can be enhanced leading to enhanced device performance.  The polymer 

used has a bandgap of 1.59 eV and the CdS NPs have a bandgap of 2.53 eV (Figure 46) 

electron transfer by the NP and hole transport by the polymer.   

Figure 46.  Energy level diagram for CdS 
hybrid material. 

 

 

 

 

 

 

J-V Curves 

J-V curves of the devices revealed a majority of the devices fabricated acted as 

“shorts”.  Devices were prepared by either cycling 25 or 50 times, and varied from either 

a film made of pure Cd metallopolymer, or made in a 50:1 ratio of BT:Cd.  Devices made 

with the pure metallopolymer were less likely to act as diodes, whereas devices 

copolymerized with BT showed diode behavior.  Addition of BT to the film results in a 

decrease in the number of pinholes and therefore devices that function as diodes.  In the 

dark, there is no current flowing through the device until the VON of 0.0 V where a slight 

increase in current is observed.  When illuminated, the device shows a steady increase in 
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current upon an increase in applied voltage, showing a photoresponsive material    

(Figure 47).   

 

 

 

 

 

 

 

Figure 47.  J-V curve of device made with CP50 with 6x CdS NP growth. 

Second generation devices 

In order to increase devices performance, and increase the number of working 

devices, the ITO coated glass was plasma etched in order to remove ITO from either side 

of the device (Figure 48).  By doing so, the Al contact will be in direct contact with the 

glass and will decrease the chance of shorts due to pinholes. 
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Figure 48.  Second generation device fabrication: a. ITO plasma etching, b. 
electropolymerization, c. NP growth, and d. Al deposition. 

J-V Curves 

Devices prepared in this manner show photovoltaic behavior and also have an 

increase in the number of working devices is observed.  A thickness study was done 

showing an increase in the number of working devices as the thickness of the material 

decreases (Table 13).  As the film increases, it is expected to see a decrease in PCE due to 

a thicker active layer in which recombination is more likely to occur.   
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Table 13.  Thickness dependence on device performance for films made with 100, 25, 
and 10 scans and 6x CdS NPs. 

 

Table 14.  Device performance before and after annealing. 

 

 

 

 

Further testing revealed an increase in the number of working devices as well as 

an increase in device performance upon annealing (Table 14).  Annealing of the film can 

help reduce pinholes in the film by enhancing polymer alignment which also allows for 

better charge transfer and transport do to ordered films.   

 

Based on these results, devices were prepared with CP25 with a thickness of 25 

scans and 3 cycles of CdS NP growth.  Once the top contact was deposited, devices were 

annealed and an increase in device performance is observed, with a PCE = 0.11%, FF = 

0.443, VOC = 0.513 V, and JSC = -0.486 mA/cm2 (Figure 49).  To date this is the highest 

recorded PCE for the seeded growth systems.  Future work will focus on varying 

composition, copolymerization, and NP size, all of which allow for easy tuning of the 

materials. 

 VOC (V) JSC (mA/cm2) FF PCE (%) % working devices 

100 scans 0.511 -0.039 0.383 0.008 15 

25 scans 0.472 -0.079 0.419 0.016 88 

10 scans 0.0639 -0.343 0.387 0.084 -- 

 PCE VOC (V) JSC (mA/cm2) FF 

Average before annealing 0.011 0.437 -0.062 0.417 

Average after annealing 0.014 0.454 -0.066 0.479 
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Figure 49.  J-V curve for 
devices fabricated on etched 
ITO with CP25, 3x CdS, 
annealed. 

 

 

 

 

 

THIRD GENERATION DEVICES 

Figure 50.  Device fabrication  of third generation devices: a. ITO etching, b. 
PEDOT:PSS deposition, c. electropolymerization, d. NP growth, and e. Al 
deposition. 
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Further device testing was carried out on devices prepared with a hole transport 

layer, PEDOT:PSS (Figure 50).  The PEDOT:PSS layer was spin coated onto etched ITO 

coated glass, the polymer was then electropolymerized onto the PEDOT:PSS layer.  

Following electropolymerization, NPs were grown in the film and an Al top contact was 

deposited.  The PEDOT:PSS will act as a hole transport layer in order to aid transport of 

charge through the active layer to the electrodes (Figure 51).  Addition of an electron 

transport layer such as LiF has also been done to help transport electrons from the active 

layer to the electrode.   

Figure 51.  Energy 
level diagram for 3rd 
generation devices. 

 

 

 

 

 

 

J-V Curves 

Device prepared with PEDOT:PSS were tested and a PCE of 0.038 was measured 

(Figure 52).  Addition of the hole transport layer will enable efficient charge transfer 

from the active material to the anode.  Further fabrication of devices with a LiF electron 

transport layer yielded devices with a PCE of 0.074 (Figure 52).  Addition of LiF changes 

the work function of the Al electrode, enhancing electron transport from the active layer. 
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Figure 52.  J-V curves for a. CP25, 10 scans, 3x CdS with PEDOT:PSS and b. CP10, 10 
scans, 3x CdS with a LiF layer. 

Table 15.  Summary of device performance with the addition of a HTL (PEDOT:PSS) 
or an ETL (LiF). 

 

CONCLUSIONS 

Devices have been fabricated with a maximum PCE of 0.11 %, although this 

efficiency is low, there are many factors than can be altered in order to optimize device 

performance.  Present studies have revealed that devices that are ~200 nm thick and 

annealed perform the best and have the most number of working devices.  In order to 

further enhance device performance, altering the NP composition and size will be 

explored as well as possible alterations to the monomer.  A monomer has been 

synthesized with dioctyl terthiophene end groups, upon polymerization these end groups 

 

 

 PCE VOC (V) JSC (mA/cm2) FF 

PEDOT:PSS 0.038 0.64 -0.16 0.38 

LiF 0.074 0.70 -0.35 0.304 
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will yield a thiophene based material which will result in a well ordered polymer chains 

which may result in a decrease in pinholes as well as increased hole mobility due to 

increased π-stacking (Scheme 19).  

Scheme 19.  Synthesis of Cd terthiophene salen complex: a. n-BuLi, SnBu3Cl, THF,        
-78 ˚C  0 ˚C, b. 5-bromosalicylaldehyde, PdCl2(PPh3)2, toluene, 80 ˚C, 
c.  1,3-diamino-2,2’-dimethylpropane, MeOH/DCM, rt,                          
d.  Cd(OAc)2·2 H2O, MeOH/DCM, reflux.   
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