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Abstract: The direct covalent attachment of conducting polymers

(CP) to nanoparticles (NP) to form CP-NP nanohybrids is of great

interest for optoelectronic device applications. Hybrids formed by

covalently anchoring CP to NP, rather than traditional blending or bi-

layer approaches, is highly desirable. CP-NP nanohybrids have in-

creased interfacial surface area between the two components, facili-

tating rapid exciton diffusion at the p-n hetero-junction. These mate-

rials take advantage of the facile solution processability, lightweight

characteristics, flexibility, and mechanical strength associated with

CPs, and the broad spectral absorption, photostability, and high

charge carrier mobility of NPs. We demonstrate the ability to poly-

merize a hole transporting (HT) polymer utilizing reversible-addition

fragmentation chain transfer (RAFT) polymerization and its subse-

quent rapid aminolysis to yield a thiol-terminated HT polymer. Sub-

sequent facile attachment to gold (Au) and silver (Ag) NPs and

cadmium selenide (CdSe) quantum dots (QDs), to form a num-

ber of CP-NP systems is demonstrated and characterized. CP-

NP nanohybrids show broad spectral absorptions ranging from UV

through visible to the near IR, and their facile synthesis and purifi-

cation could allow for large scale industrial applications.

The direct covalent attachment of conducting polymers (CP) to

nanoparticles (NP) to form CP-NP nanohybrids (where ‘-’ indicates

direct covalent attachment) is of great interest for optoelectronic de-

vice applications. CP-NP nanohybrids increase the interfacial sur-

face area between the two components, facilitating rapid exciton

diffusion at the p-n hetero-junction, and take advantage of the in-

herent solution processability, flexibility and mechanical strength

associated with CPs, along with the broad spectral absorption, pho-

tostability and high charge carrier mobility of NPs. 1–7 To prevent

NPs from aggregating, leading to loss of their inherent optoelec-

tronic properties, a sufficient surface coating of solubilizing lig-

ands is paramount. 8,9 The use of conducting polymers as the sol-

ubilizing ligand opens up a range of potential applications in areas

such as field-effect transistors (FETs), organic light emitting diodes

(OLEDs) and photovoltaics. Through attachment in this manner

a p-n heterojunction is created between a p-type hole transporting

(HT) conducting polymer (CP) and a n-type electron transporting

(ET) NP. Creating such a p-n hetero-junction directly at the inter-

face between CPs and NPs allows for the rapid charge separation

of an exciton into corresponding holes and electrons, 10 on account

of the fact that hole mobilities in organic CPs far exceed electron

mobilities11 and the electron affinities of inorganic NPs are gener-

ally greater. 1,10 Traditionally, there are two methods for integrating

CPs and NPs, either blending or direct covalent attachment. Blend-

ing techniques give CP/NP nanohybrids (where ‘/’ denotes physi-

cal blending) by either constructing a CP/NP bilayer or a CP/NP

alternating multilayer. 12 In either case, blending of CPs and NPs

leads to low quantum efficiencies (QE)13 and device lifetimes on

account of poor interfacial surface contacts between the two com-

ponents, 1,13 macrophase separation and aggregation of NPs over

time, and the presence of insulating ligands on the NP surface,

which are not displaced during blending. 10,11,13 Better control over

the morphology of the CP/NP nanohybrids, and subsequently the p-

n hetero-junction, is critical in ensuring an interpenetrated network

of CPs and NPs on the order of the exciton diffusion length (ca. 5 -

10 nm).

Scheme 1. Facile functionalization of Au (3a), Ag (4a) and CdSe (5a)

nanoparticles (QD) with 2 to form CP-NP nanohybrids (3b, 4b and 5b, re-

spectively).
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Direct covalent tethering of CPs onto NPs allows for improved

control over the hybrid morphology, giving rise to greater interfa-

cial contacts between the two components, which is key to ensur-

ing the optimization of the p-n hetero-junctions. 14–16 The ability

to chemically anchor the CP to the NP gives a controlled, uniform

coating and displaces insulating ligands. Such an approach also

prevents macrophase separation but facilitates nanophase separa-

tion at the p-n hetero-junction on the order of the exciton diffusion

length. 17,18 Additionally, NPs also reduce the lifetime of triplet

exciton states reducing photo-oxidation of CPs. 4 All of the above

contribute greatly to enhanced charge transfer efficiencies and pro-

longed device lifetimes. CP-NP nanohybrids have been shown to

have several orders of magnitude better conductivity than their anal-

ogous CP/NP counterparts. 4 Herein, we report the facile synthesis

of a thiol-terminated HT meta-triphenylamine (m-TPA) homopoly-

mer (2) by a controlled radical polymerization technique, followed

by its subsequent attachment to gold (Au), silver (Ag) and cadmium

selenide (CdSe) NPs, affording broad spectral absorbent, monodis-

perse and well defined CP-NP nanohybrids.

There are two classes of CP available for optoelectronic de-

vice applications, namely main-chain and side-chain. Many re-

ports investigating the direct tethering of main-chain CPs onto NPs

have appeared in the literature and include ligand exchange, 11,19–25

direct growth from the NP surface, 4,8,13 electrostatic interac-

tions, 26,27 or molecular recognition of hydrogen bonding motifs, 28

to achieve CP-NP nanohybrids with controlled morphologies and
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charge transfer interfaces. Main-chain CPs have several funda-

mental advantages over side-chain CPs, including higher conduc-

tivity and better device efficiencies on account of chemical conju-

gation through the main polymer chain, rather than electron hop-

ping through the side chain. 29 Main-chain CPs, however, typically

display poor solution processability, require difficult and complex

synthetic routes and harsh polymerization procedures (i.e. oxidative

coupling), generally generating low MW polymers with high poly-

dispersities (PDI) giving rise to ill-defined morphologies, severely

limit their scalability and thus their applicability. 30 Additionally,

main-chain CPs may not possess an inherent functional end group

for direct tethering to NPs, therefore, further complex chemistries

are often necessary to functionalize main-chain CPs for covalent

tethering that often utilize a non-conjugated linker resulting in poor

exciton diffusion at the CP-NP interface. 4

In this study, for the preparation of broad spectral absorbent CP-

NP nanohybrids, thiol-terminated HT-CPs were first synthesized

via reversible-addition fragmentation chain transfer (RAFT) poly-

merization. RAFT is a controlled radical polymerization (CRP)

technique that has recently been utilized for the synthesis of side

chain conducting homopolymers and block copolymers contain-

ing one or more of the active components of optoelectronic de-

vices. 31,32 Achieving monodisperse CPs is key to eliminating low

molecular weight impurities, which can act as electron and hole

traps. 32 Another major advantage of RAFT is the facile synthe-

sis of chain transfer agents (CTA) allowing for a broad range of

functionality33,34 as well as affording the ability to modify the re-

sulting polymers post-polymerization to achieve varied end-group

functionality. 35,36 Importantly, reduction of the latent CTA leads

to thiol-functional polymers, which in the presence of gold, silver,

and platinum NPs can form organic-inorganic hybrid materials. 37

Preparation of 1 was achieved by the polymerization of m-TPA

with the analogous CTA and AIBN in dioxane and the polymer

was characterized by gel permeation chromatography (GPC) and

nuclear magnetic resonance (NMR) (Table S1). The HT-CP was

obtained with a targeted degree of polymerization (DP) of 42 (PDI

= 1.14), giving a polymer chain length coinciding with the exciton

diffusion length (ca. 5-10 nm) in order to minimize recombination

events.

In order to covalently attach HT-CP homopolymers to NPs to

achieve a CP-NP nanohybrid, a thiol-terminated functional poly-

mer was prepared from 1. This was achieved by the fast aminolysis

of a solution of 1 in DMF/THF with hydrazine, 38 a change in color,

from yellow to colorless, was observed indicating the formation of

2 after 10 minutes. Thiol-terminated polymer (2) was calculated

to have the same DP (42) as 1 but with a lower molecular weight

(11.3 kDa) due to the loss of the Z group, showing that the aminol-

ysis with hydrazine had occurred. The reaction was also confirmed

by GPC analysis, which showed that there had been a slight de-

crease in molecular weight (ca. 7.0 kDa for 1 and 6.7 kDa for 2) in-

dicative of Z group loss and is consistent with NMR interpretation,

with only a slight broadening in PDI (δppm = 1.14 for 1 and 1.19

for 2) (Table S1). The slight broadening in PDI can be accounted

for by comparing GPC traces of 1 and 2; the trace for 2 contained

a small high molecular weight shoulder, which is characteristic of

disulfide coupling between thiols (see supporting information). The

presence of disulfides is insignificant and has no effect on the sys-

tem as it has been demonstrated that disulfides still react with NPs

in a similar fashion as free thiols. 39

Au (3a) and Ag (4a) NPs were synthesized yielding NPs that

were soluble in toluene, 40 a good solvent for 2, and stabilized

with dodecylamine ligands. Thiol groups are well known to bind

strongly to both Au and Ag NPs and can easily replace the dode-

cylamine ligands. NPs with a diameter of ∼5 nm were selected

as this size offers a high degree of curvature allowing for max-

imum surface coverage of 2 and maximum exposure of the CP

to the solution. 41 Moreover, the size of NPs directly determines

their absorption and emission properties, which are typically tuned

to range from ultra violet (UV), through visible (Vis), to near in-

frared (IR). 10,42–45 These NPs also have broad spectral absorbances

within the visible region making them great candidates as exci-

ton sources for optoelectronic applications, as well as being on the

same order as the exciton diffusion length. The metal NPs were

simply mixed with 2 in solution and resulted in complete function-

alization after ∼48h. Excess 2 and dodecylamine were readily re-

moved by a hexane wash followed by centrifugation. This proce-

dure was repeated twice more to yield 3b and 4b. CdSe NPs (5a)

of a similar size and solubility to 3a and 4a were donated. 46 Like

metal NPs, CdSe NPs have been shown to react with thiols allow-

ing for 5b to be prepared from 5a using the same functionalization

procedure as above, highlighting the versatility of this method.

To fully characterize the formed CP-NP nanohybrids sev-

eral techniques were used, including thermogravimetric analysis

(TGA), dynamic light scattering (DLS), solution phase UV-Vis

spectroscopy, atomic force microscopy (AFM), transmission elec-

tron microscopy (TEM) and for the first time to the authors’ knowl-

edge for such CP-NP nanohybrids, GPC. Analysis of 2 by UV-vis

spectroscopy reveals a strong absorbance in the UV region centered

at 300 nm (see supporting information), while 5 nm Au and AgNPs

(3a and 4a) have absorbances centered at 521 and 421 nm, respec-

tively, with CdSe NPs 5a absorbing at 635 nm. The spectra of the
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Figure 1. a) UV-Vis Spectroscopy of CP-NP nanohybrids 3b, 4b and 5b.
b) GPC analyses of thiol-functional polymer 2 and CP-NP nanohybrid 3b

in THF. There is a perfect overlay of the absorbance from the polymer
(λmax = 243 and 301) and the NP (λmax = 521) in CP-NP nanohybrid 3b,
supporting covalent conjugation of the polymer to the NP.
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prepared CP-NP nanohybrids revealed no change in the character-

istic absorbances of any of the components of the hybrid systems,

showing that functionalization was achieved without causing ag-

gregation or altering the NP size or shape. A full UV-vis spectrum

of each system (3b, 4b and 5b; Figure 1a) highlights the inherent

broad spectral absorbances, which range from the UV through visi-

ble to near IR (ca. 200 - 650 nm) making them potentially intriguing

materials for optoelectronic device applications.

UV-vis spectroscopy, however, does not confirm the direct at-

tachment of 2 to the NPs, therefore, GPC in isocratic elution mode

over 40 min in THF was performed on all samples. Resulting chro-

matograms clearly show that a lower retention time is observed for

3b (8 mins) when compared to 2 (14 mins) (Figure 1b). Shorter

retention times indicate a large hydrodynamic volume ,and likely a

higher MW, thereby indicating 3b is a composite of 2 and 3a. This

is further verified from the UV signal showing that the characteristic

absorbance at 521 nm for Au-NPs is clearly present after function-

alization of 3a with 2 (blue trace), along with the absorbances for 2

(λmax = 243 and 301 nm), indicating that a complete coating of 3a

with 2 had occurred and that no free polymer remained. UV traces

of polymer 2 (red trace) show only absorbances characteristic of 2

(λmax = 243 and 301 nm) with no absorbance for Au-NP (λmax =

521 nm).

Determining the surface coverage of 2 on the NPs is important

to understand the potential properties of the CP-NP nanohybrids re-

lating to the distribution of the p-n heterojunctions. TGA is a com-

monly utilized technique for characterizing the surface coverage of

functionalized NPs by analyzing the mass loss at Tonset relative to

the remaining mass. TGA analysis of 2 showed complete mass

loss at Tonset > 400 oC. When 3b was analyzed using TGA a mass

loss of 66% was observed at Tonset > 400 oC accounting for the

loss of polymer, the remaining mass can be attributed to Au-NPs,

which have thermal stabilities at temperatures greater than 500 oC

(Figure S3b). Knowing the MW of both 2 (10.7 kDa) and 3a (cal-

culated to be ∼1000 kDa), the percentage weight loss data obtained

from TGA analyses showed that 3b consisted of approximately 110

polymer chains (2) per AuNP (3a).

To corroborate the data obtained from GPC analysis of CP-NP

nanohybrid systems, DLS was conducted on the nanohybrids pre-

and post-functionalization. It was observed that the hydrodynamic

diameter (dh) in each case increased upon functionalization of the

NPs with 2: Au (∆dh = 6 nm), Ag (∆dh = 15.5 nm) and CdSe

(∆dh = 7 nm).

Transmission electron microscopy (TEM) allows for structural

information of the formed CP-NP nanohybrids to be obtained.

Samples were drop cast onto holey carbon copper TEM grids from

THF and allowed to dry before imaging. It can be seen that no

change in the shape or size of the NPs occurs post functionalization

with 2 (Figure 2a - b and c - d). Interestingly, it can be seen that

upon drying, the polymer coated NPs 3b and 4b (see Figure 2b and

the supporting information) were shown to spontaneously assem-

ble into polymer films embedded with NPs, confirmed by scanning

electron microscopy (SEM) (see supporting information). In the

CdSe-CP-NP nanohybrid system it can be seen that the polymer

coated NPs (5b) assemble into spherical agglomerates (Figure 2d)

an observation that is confirmed by AFM (vide infra). These ef-

fects are not observed with unfunctionalized NPs, which are shown

to either aggregate or remain isolated from neighboring NPs (Fig-

ure 2a). Despite differences in the macroscale assembly of the CP-

NP nanohybrids it is important to note that on account of the direct

covalent attachment of 2 to the NPs macrophase separation of the

NPs from the CPs is never observed. These polymer coated NPs

can provide high interfacial surface areas between the two com-

ponents, leading to well-constructed p-n hetero-junctions allowing

for the rapid separation of excitons into holes and electrons, and po-

tentially yielding devices with high QEs, electronic pathways, and

long lifetimes.
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Figure 2. High resolution TEM images of a) Au-NP 3a, b) Au CP-NP
nanohybrid 3b, c) CdSe-NP 5a, and d) CdSe CP-NP nanohybrid 5b.
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Figure 3. AFM topographical measurements of a) Au-NP 3a, b) Au CP-
NP hybrid 3b, c) CdSe-NP 5a, d) CdSe CP-NP nanohybrid 5b.

Topographical measurements taken by AFM reveal more about

the macroscale assembly of the CP-NP nanohybrids. Prior to analy-

sis samples were drop-cast from either THF or toluene onto freshly

cleaved mica surfaces. Images were taken in either non-contact

mode, for CdSe QDs or contact mode for the Au and AgNPs, using

an 80 µm scanner. Comparing AFM images of 3a and 3b (Fig-

ure 3a and b, respectively), a clear change in assembly behavior can

be seen. While 3a shows discrete NPs, validated by TEM above,

3b shows a rough film, likely formed by close packing of the CP-

NP nanohyrids. A similar observation can be made for 4a and 4b,

however in the case of 4b the film appears much smoother than

that seen for 3b, with surface roughness of just 1.9 nm compared

to 4.9 nm for 3b (see supporting information). In agreement with

the TEM images of the CdSe CP-NP nanohybrids, 5a appears to

aggregate upon drying to give structures in the region of 77 nm in
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size (Figure 3c). The same behavior is observed for 5b (Figure 3d),

however, the aggregate size is significantly increased, confirming

the assembly of macroscale agglomerates of CdSe CP-NPs shown

in the TEM images (Figure 2d). In all cases, the CP-NP nanohy-

brids appear to form larger structures than the NPs alone, likely on

account of the propensity for CP self-assembly.

Utilizing RAFT polymerization, we have demonstrated the abil-

ity to synthesize a HT polymer and its subsequent rapid reduc-

tion with hydrazine to afford thiol-terminated Z group polymers,

which have been fully characterized by NMR and GPC. Post-

polymerization functionalization allows for the facile covalent teth-

ering of polymer 2 to Au, Ag and CdSe NPs to produce covalent

CP-NP nanohybrids. The formation of these CP-NP nanohybrids

was confirmed by UV-vis, DLS, TEM, AFM and GPC. The CP-

NP nanohybrids displayed broad spectral absorbances that ranged

from the UV through visible to the near-IR and their facile synthesis

and purification may allow for industrial scale up making them po-

tentially important materials for optoelectronic device applications.

Device fabrication, analyses and potential application is currently

being investigated.
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