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ABSTRACT. Herein, a novel strategy to overcome the influence of π−π stacking on the rod-

coil copolymer organization of is reported. A diblock copolymer poly(3-hexylthiophene)-block-

poly(ethylene glycol methylether methacrylate) P3HT-b-PEGMA was synthesized by a Huisgen 

cyclo-addition, so-called “Click chemistry”, combining the P3HT and PEGMA blocks 

synthesized by Atom Transfer Radical Polymerization (ATRP) and Kumada Catalyst Transfer 

Polymerization (KCTP), respectively. Using a dip-coating process, the original film organization 

of the diblock copolymer was controlled by the crystallization of the P3HT block via π−π 

stacking. The morphology of the P3HT-b-PEGMA films was influenced by the incorporation of 

gold nanoparticles GNPs coated by Poly(EthyleneGlycol) ligands. Indeed, the crystalline 

structuration of the P3HT sequence was counterbalanced by the addition in the film of gold 

nanoparticles finely localized within the copolymer PEGMA matrix. Transmission Electron 

Microscopy (TEM) and ToF-SIMS analysis validated the GNPs homogeneous localization into 

the compatible PEGMA phase. Differential Scanning Calorimetry (DSC) showed the rod block 

crystallization disruption. A morphological transition of the self-assembly is observed by Atomic 

Force Microscopy (AFM) from P3HT fibrils into out of plane cylinders-like driven by the 

nanophase segregation.  
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Introduction 

Future applications for photovoltaic1, microelectronic2,3, or photonic4 will require the 

development of new materials with novel and complex properties that pure organic or inorganic 

materials, will not be able to reach. However, hybrid organic/inorganic materials are more likely 

to present new specificities that will meet the needs. In this context, the elaboration of new hybrid 

materials with fine control of their chemical composition and morphology by self-assembly, is 

critical to the development of next-generation materials. 

Within the soft matter field, block copolymers (BCPs) is a very interesting class of 

materials due to their ability to self-assemble in different nano-phases dictated by the interaction 

between the two blocks but also easy and fast bottom-up processes. This specificity makes them 

promising candidates for emerging nanotechnologies such as nanotemplating5, nanoporous 

membrane6 or anti-reflection coating7. Meanwhile, the elaboration of copolymers based on a 

semi-conducting block has been developed in order to better control the nano-organization of  

conjugated polymers, especially for photovoltaics application8. Conjugated polymers are rigid 

molecules due to the (fused) aromatic rings making up the backbone of the chains. Three 

parameters influence the organization of a BCP; f the volume fraction of the blocks, χ the Flory-

Huggins interaction parameter and N number of repetitive units.9,10 Nevertheless, for rigid rod–

coil copolymers, an additional component, μ the Maier-Saupe interaction parameter, needs to be 

taken into consideration.11,12 Indeed, the π-π stacking occurring in the rod-phase will largely 

affect the organization of the macromolecules.9,13 When the π−π interactions are strong and μ > 

χ, the self-assembly will be dictated by the rod block and nano-fibrils will be formed instead of 

the typical lamellae, cylinders or spheres. Among the semi-conducting polymers, the Poly(3-

hexylthiophene) (P3HT) based polymers are extensively studied for organic electronics 

applications. Many strategies are used to synthesize block copolymers from regioregular poly(3-

hexylthiophene) to produce electronical materials with variable conductivities14,15. Poly(3-

hexylthiophene) P3HT-based copolymers films are often composed of fibrils and long range 

order structuration is difficult to obtain, which is limiting their use for lithography16–18.  
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To overcome the influence of π−π stacking over the organization of P3HT based 

copolymer, different strategies have been followed. Lee et al. have synthesized several poly(3-

hexyl thiophene-b-vinylpyridine) (P3HT-b-P2VP) copolymers to vary the size of the coil block. 

The authors proved by atomic force microscopy (AFM) and X-ray scattering that spherical and 

cylindrical phases could be obtained when the P2VP block was long enough19,20. On the contrary, 

Lin and coworkers played with the rod block chemical structure to decrease the π-π interaction.21 

They replaced the hexyl side chain of P3HT by longer or branched alkyl group to increase the 

bulkiness around the aromatic backbone of the chain and hinder crystallization. With this 

strategy the copolymer, with poly(methylmethacrylate) as the coil block, led to films with 

cylindrical domains. In a recent paper, our group also reported the formation of ordered 

structuration of an ionizable “clicked” P3HT-b-PMMA introducing a single cationic charge at 

the junction of the two blocks. X-ray scattering, DSC and AFM were used to reveal the decrease 

of the π−π stacking together with the disappearance of the fibrils22,23.  

The incorporation of nanoparticles within block polymers BCPs has evolved into an area 

of considerable research24–30, and comprehensive reviews are available31–34. These studies have 

established that the spatial distribution of the nanoparticles is sensitive to factors such as 

selectivity35–37 and size38–40. For example, Chiu et al.25 used surface modification of gold 

nanoparticles to drive their assembly when dispersed on symmetric coil-coil polystyrene-block-

poly(2-vinylpyridine) PS-b-P2VP. PS-thiol coated gold nanoparticles are located near the center 

of the PS block phase of the lamellae structure, whereas P2VP-thiol coated gold nanoparticles 

were located in the P2VP domains. Particles coated with a specific polymer will lower their 

enthalpy by segregating into the corresponding domain of the block copolymer. When the same 

gold nanoparticles were grafted with a composite brush made of both PS and P2VP thiols they 

were found at the block interfaces in the resulting film. Yeh and coworkers showed the 

incorporation of acid-modified CdS nanoparticles NPs into the poly(4-vinylpyridine) P4VP 

block via hydrogen interaction in a PS-b-P4VP film41. Moreover, they proved the morphological 

transformation of the PS-b-P4VP self-assembly from the original hexagonal-close-packed hcp 

cylinders to lamellar structure when the NPs were added. 

 In the present work, we study the incorporation of functionalized gold nanoparticles 

(GNPs) into a diblock copolymer designed with a semi-conducting P3HT rod block and a coil 
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poly(ethylene glycol) methyl ether methacrylate PEGMA, which presents interesting properties 

for bio-applications42–44. Synthesis of the diblock copolymer and surface functionalization of 

NPs are thoroughly described. For the first time, the controlled localization of grafted GNPs was 

reported to influence the self-assembly of a rod-coil copolymer made up of a conjugated rod 

block and thus counteract the π−π interactions. The impact of grafted GNPs on rod-coil diblock 

copolymer self-assembly and the film morphology changes were characterized by AFM, TEM, 

DSC and surface analysis techniques. X-ray Photoelectron Spectroscopy (XPS) was used to 

quantify gold nanoparticles at the surface of the hybrid film (HF) and Time-of-Flight Secondary 

Ion Mass Spectrometry (ToF-SIMS) allowed to precisely locate the functionalized gold 

nanoparticles inside the hybrid film. 

 

Experimental section 

Materials. All chemicals were purchased from Sigma Aldrich.  CuBr was stirred with acetic 

acid during 16 hrs, washed with acetic acid, absolute ethanol, and finally diethyl ether to remove 

impurities. The commercial solution of 2,5-dibromo-3-hexyl thiophene in THF was stirred in a 

dried Schlenk and degazed for a few seconds to remove oxygen. 

Characterization.  

Diffusion order spectroscopy (DOSY) and 1H NMR experiments were performed on a 

Bruker 400 MHz spectrometer in CDCl3 at 27 °C. All spectra were recorded on a Bruker 

AVANCE 400 MHz spectrometer. Chemical shifts are reported as ppm downfield from 

Tetramethyl silane (TMS).  

Size exclusion chromatography (SEC) was carried out in THF with a flow rate of 1.0 

mL.min-1. One pre-column and two columns (Styragels HR 5E and 4E (7.8 ´ 300 mm)) were 

used for the analysis. Four detectors were combined; a  UV-visible spectrophotometer (Viscotek 

VE 3210), Multi-Angle Light Scattering (Wyatt Heleos II), viscosimeter (Wyatt Viscostar II) 

and refractive index detector (Viscotek VE 3580). A Polystyrene calibration was used to 

calculate dispersities.   

UV-Vis spectroscopy measurements were carried out in spectrum mode using a 

SHIMADZU UV-2450 spectrophotometer controlled by a software. The sample was solubilized 

before analysis in an appropriate solvent and inserted in a quartz cell having an optical path 

length of 1 cm. 
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Differential scanning calorimetry (DSC) was performed using a Q100 from TA 

instruments under N2 atmosphere. For each sample, the temperature was increased from 40 to 

240 °C with a ramp of 10 °C/min, then cooled to -65 °C at the same ramp. This was repeated 

during a second cycle.  

XPS measurements were performed on a Thermo K-alpha spectrometer with a 

hemispherical analyzer and a microfocused (400 µm diameter microspot) monochromated 

radiation (Al Kα, 1486.6 eV) operating at 72 W under a residual pressure of 1.10−9 mbar. The 

pass energy was set to 20 eV. Charge effects, currently important for hybrid sample, were 

compensated by the use of a dual beam charge neutralization system (low energy electrons and 

Ar+ ions) which had the unique ability to provide consistent charge compensation. All spectra 

were energy calibrated by using the hydrocarbon peak at a binding energy of 285.0 eV. Spectra 

were mathematically fitted with Casa XPS software© using a least squares algorithm and a 

nonlinear Shirley-type background. The fitting peaks of the experimental curves were defined 

by a combination of Gaussian (70%) and Lorentzian (30%) distributions. Quantification was 

performed on the basis of Scofield’s relative sensitivity factors45 

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analyses were performed 

using a TRIFT V nanoToF II (Physical Electronics, US) equipped with a 30kV Au LMIG 

primary ion gun. All mass spectra were acquired in the positive polarity with the same 

experimental conditions, so that to perform semi-quantitative analysis (comparing the ratio of 

peaks intensities). For surface analysis, the LMIG gun was tuned to deliver Au3
++ gold clusters 

primary ions with a DC current of 7 nA over a 10 µm raster size, the mass range was fixed 

between 0 and 1850 uma and the number of frames was set to 50 (dose: 3.7x1011ions/cm2). Depth 

profile experiments (series of 20 cycles “analysis/sputtering”) were carried out using Au3
++ 

primary ions over 10x10µm2 raster size for analysis and a 1 kV Ar+ gas gun for etching (with a 

sputtering time of 20 seconds for each cycle, a DC current of 50 nA and a sputtered area of 

100x100 µm2). For 2D imaging, a resolution of 512x512 pixels with a time per channel of 256, 

over 100x100 µm2 raster size was used. Note that dual charge (e-/Ar+) compensation was used 

for all analyses and the sodium peak, which appears with a high intensity, has been blanked 

during the experiments so that to detect better smaller peaks. Data processing was performed 

using ToF-DR software provided by Physical Electronics. All positive polarity mass spectra 

were calibrated using CH+(m/z 13), CH2
+ (m.z 14) and C2H+ (m/z 25) peaks.  
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Atomic force microscopic (AFM) was carried out on a MultiMode® 8 Atomic Force 

Microscope (AFM) from Bruker in the PeakForce Quantitative NanoMechanics mode. 

Transmission Electron Microscopy images of gold nanoparticles were performed on a 

Philips CM 200 (200 kV) TEM microscope equipped with a LaB6 source. The particles 

dispersed in water or chloroform were dropped onto a carbon-coated copper grid and dried before 

analysis.  

Transmission Electron Microscopy pictures of hybrid films were performed on a Talos 

F200S G2 Thermofisher – Eindhoven -Transmission Electron Microscope at 200kV, equipped 

with a Camera ONE VIEW – Gatan – Paris for image acquisition. Before observation, the films 

were dip-coated on Thermanox substrates and cross cut using a Cryo-ultramicrotome UC-7 FC7 

– Leica Microsystems. The use of this substrate allows the elaboration of thin cross-section slices 

using an ultramicrotome. TEM images have been performed after film treatment with ruthenium 

tetraoxide to enhance electronic contrast. This chemical reacts with thiophene moities, colors the 

P3HT domains (dark zones) and thus increases the contrast with PEGMA environments (clear 

areas). Cross sections were performed at -90°C using a Cryo-knife 35°. Polymer’s samples were 

contrasted with Ruthenium Tetraoxide aqueous solution (0.5%). 

Synthesis  

Synthesis of ethynyl-terminated P3HT. P3HT was synthesized according to the 

procedure described in a previous work.46 In a dried Schlenk flask, 2,5-dibromo-3-hexyl 

thiophene (6.13 mmol) was degazed under vacuum for 3 seconds. Then 10 mL of dried THF 

were introduced as the solvent. Isopropyl magnesium chloride (6.13 mmol) was added and the 

media was stirred for two hours at 20°C under nitrogen atmosphere. Dried THF (40 mL) 

containing Ni(dppp)Cl2 (0.34 mmol) was then added to the solution and reacted during ten min.   

Eventually, of ethynyl magnesium chloride (1.84 mmol) was inserted in the media for an 

additional 2 min. The mixture was precipitated twice in methanol and the obtained polymer was 

characterized by SEC (Mn = 6 500 g mol-1; Ð = 1.3) and 1H NMR (400 MHz, CDCl3): δ = 0.91 

(t, 3 H), 1.34 (m, 6 H), 1.69 (t, 2 H), 2.80 (t, 2 H), 3.53 (s, 1 H), 6.97 (s, 1 H). 

Synthesis of azido functionalized PEGMA (PEGMA-N3). P(EGMA-stat-MEO2MA) was 

prepared by Atom Transfer Radical Polymerization initiated by 2-azidoethyl 2-

bromoisobutyrate. Copper bromide (26 mg, 0.18 mmol) and N,N,N′,N′′,N′′-

PentaMethylDiEthyleneTriAmine (PMDETA) (62.4 mg, 0.36 mmol) were added to a Schlenk 
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flask sealed with a septum. Next, a degassed mixture of both monomers oligo (ethylene glycol) 

methacrylate (0.9 g, 1.8 mmol) and 2-(2-methoxyethoxy)ethyl methacrylate (3 g, 16.2 mmol) 

and 3 mL of dioxane were added through the septum with a degassed syringe. The flask was put 

in an ice bath and purged with nitrogen for 30 minutes. Then the initiator, 2-azidoethyl 2-

bromoisobutyrate (14.1 mg, 0.06 mmol) was added with a microliter syringe. The mixture was 

heated at 75 °C in an oil bath and stopped 30 minutes later. The experiment was stopped by 

opening the flask to expose the catalyst to air. Dialysis was used to remove free monomers and 

purify the azido-terminated PEGMA-N3. The mixture was diluted with ethanol and dialyzed with 

deionized water using a regenerated cellulose membrane RC (weight cut off: 3.5 kDa) for one 

week. Water was removed by putting the polymer solution in a crystallizer glass to let water 

evaporate itself at room temperature for 3 days. The pure polymer appeared as a colorless viscous 

oil. The polymer was characterized by NMR, and SEC (Mn=18 000 g.mol-1; Ð = 1.2)   after 

drying it under vacuum.  1H NMR (400 MHz, CDCl3): δ ppm = 0.83 (s, 3 H), 1.81 (m, 2 H), 3.46 

(t, 2 H), 3.59 (m, 3 H), 3.76 (m, 3 H), 4.11 (m, 2 H). 

Synthesis of P3HT-b-PEGMA copolymer (Scheme S1).   P3HT (1 eq), PEGMA-N3 (1.2 

eq) and CuBr (10 eq) were dissolved in THF (40 mL) and submitted to three freeze-vacuum 

cycle to remove oxygen. PMDETA (10 eq) was then added and the media was stirred at 50 ºC 

for 2 days. The solution was then purified through a basic alumina column to remove copper 

bromide precipitated in methanol. The obtained polymer was washed by Soxhlet extraction with 

methanol, cyclohexane, and chloroform. Acetone and cyclohexane washing were performed to 

remove residual homo PEGMA and homo P3HT respectively. 

Synthesis of gold nanoparticles and functionalization with PEG-thiol ligand. Small 

citrate-capped gold nanoparticles were first synthesized according to the protocol reported by 

Jana and Murphy47 to obtain small gold nanoparticles (3-5 nm). Briefly, HAuCl4 and trisodium 

citrate were solubilized in 20 mL of deionized water at a concentration of 2.5 mM for both 

reagents. 0.6 mL of a 0.1M NaBH4 solution was then added at once in the gold solution under a 

constant and strong stirring. The solution turned from yellow to a wine-red color. After 15 

minutes stirring, 2.5 mM of PEG800-SH was added and the reaction was left for 4 hours to 

complete the exchange of ligands, stopped and dialyzed against deionized water using a 

regenerated cellulose membrane RC (weight cutoff: 8 kDa) for 3 days (Scheme SI2). 
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Film preparation 

The hybrid films were prepared through a dip-coating process. Silicon wafers or 

Thermanox® substrates were vertically withdrawn at 10 µm/s from a 1 mL chloroform 

suspension of gold nanoparticles containing 3 mg of P3HT6.5-b-PEGMA18. The concentration of 

the gold suspension in chloroform was set so that the hybrid film will contain 0, 2, 5 or 10 vol%. 

 

Results and Discussion 

Synthesis of the diblock copolymer P3HT-b-PEGMA. A P3HT-b-PEGMA block copolymer 

was synthesized in 3 steps, ATRP of a mixture of MEO2MA and OEGMA monomers using 2-

azidoethyl-2-bromoisobutyrate as an initiator, GRIM polymerization of 3-hexylthiophene and 

the click reaction of both homopolymers. The purification of the ethynyl-terminated P3HT was 

performed as described previously in the experimental section to avoid the denaturation of the 

alkyne end-chain. Using the integration of the methylene proton at 2.8 ppm by 1H NMR, a P3HT 

degree of polymerization of 35 units was estimated (Figure S1). This value was in agreement 

with the molecular mass determined by SEC (Mn = 6 500 g.mol-1). The alkyne end-chain 

functionalization was calculated to be efficient at 92% by integration of the signal at 3.5 ppm. 

The azido end-capped PEGMA was synthesized using 2-azidoethyl-2-bromoisobutyrate as 

initiator to introduce an azide moiety at the end of the chains from the initiator avoiding post-

modification.48 Due to the high molecular weight of the synthesized PEGMA-N3, we were not 

able to calculate the degree of polymerization by 1H NMR since the CH2 in alpha or beta position 

of the azide group has the same chemical shift with the repeat units; the methylene group in alpha 

position of the methacrylate (4.15 ppm) (Figure S2). The molecular weight determined by SEC 

using PS standard is Mn = 18 000 g.mol-1. The ratio of the integration values of the CH2 in alpha 

position of the methacrylate group with the other CH2 is 1.0 : 4.3 for a theoretical value of 1.0 : 

4.4.  The final composition of the thermo-responsive homopolymer is then 90 and 10% of 

MEO2MA and OEGMA, respectively. 

P3HT-b-PEGMA was prepared using a click reaction between the ethynyl-P3HT and the azido-

terminated PEGMA as described in Scheme SI1. Since it is easier to remove free PEGMA than 

to remove free P3HT due to versatile solubility, an excess of PEGMA-N3 was used to perform 

the click reaction with the ethynyl-P3HT.48 Since P3HT shows a maximum light absorption at 

460 nm, we were able to control and monitor the cyclo-addition reaction via SEC using UV-
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visible detector (Figure S3). A shift of the molecular weight was observed compared to the homo 

P3HT, showing an increase of the diblock copolymer molecular weight (Figure S4). A single 

and narrow peak was observed with a dispersity value Ð of 1.2, confirming the successful 

purification of the diblock copolymer. The Diffusion Ordered SpectroscopY (DOSY) NMR 

analysis of the P3HT-b-PEGMA also confirmed the success of the click reaction since all 1H 

signals belonged to the same macromolecule (Figure 1).  

 

 

Figure 1. DOSY NMR of the P3HT-b-PEGMA copolymer and its building blocks. 

 

The two parent homopolymers ethynyl-P3HT and PEGMA-N3 showed higher diffusion 

coefficients values than the one from the diblock copolymer. The ethynyl-P3HT with the 

smallest molecular weight of 6 500 g.mol-1 showed the highest diffusion coefficient value around 

110 µm2/s in comparison with the lowest diffusion coefficient value of 42 µm2/s for the final 

P3HT-b-PEGMA (Mn = 24 500 g.mol-1). 

The integration of the area under the 1H NMR peak at 2.8 ppm corresponding to the methylene 

protons of the thiophene and the methylene units in alpha position of the methacrylate group, 

allowed to calculate a molar composition P3HT/PEGMA of 1/2 (Figure S5). Since ��� of the 
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P3HT block was equal to 35, the PEGMA block had a ��� of 70, which was consistent with a 

molecular weight of 18 000 g.mol-1 (Table 1).  

Table 1.  Summary of the polymers’ characteristics. 

 

a 

calculated by 1H NMR b Calculated from SEC via PS calibration. c The P3HT volume fraction 

was calculated by using Mn provided by 1H NMR and the polymer densities: ρP3HT = 1.11 g/mL 

and ρPEGMA = 1.19 g/mL  

 

Synthesis and characterization of gold nanoparticles.  

UV-Vis analyses in water of both of citrate and PEG-thiol capped nanoparticles show a red-shift 

of the gold nanoparticles absorption from 515 nm to 530 nm (Figure 2a) after functionalization. 

This confirms the ligand exchange during the functionalization step where citrate was replaced 

by the PEG-thiol (Scheme SI2).  

TEM image of gold nanoparticles after functionalization by the PEG-thiol ligand is shown in 

Figure 2b. The TEM photo exhibits spherical NPs with an average diameter around 5 nm without 

aggregation indicating their efficient stabilization by PEG corona.   

 

 
Figure 2. UV spectra of gold nanoparticles before and after ligands exchange with PEO (a) and 
TEM micrograph of the synthesized PEO800-capped gold nanoparticles (b). 

Polymer Mn
 a (g.mol-1) 

 

DPn
 a 

 

Mn b (g.mol-1) Ð b f c 
P3HT 

Ethynyl-P3HT 6 000 35 6 500 1.31 1 

PEGMA-N3 -- 72 18 000 1.20 0 

P3HT-b-PEGMA 22 000 -- 24 000 1.20 0.33 

PEG-SH    NP ligand 750 17 800 1.1 -- 
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XPS surface analyses of the nanoparticles confirm these previous UV-Vis observations. 

C1s spectrum of citrate-capped gold nanoparticles is depicted in Figure 3a. Three components 

are clearly observable at 285, 286.5 and 288.8 eV corresponding to C−C, C−OH and COO bonds, 

respectively.49,50 The C−C and C−OH components can be attributed to alkyl and alcohol groups 

in citrate. On the other hand, the COO component is attributed to the carboxylate function of 

citrate. The intensity ratio between COO and C−OH was calculated to be 3.3, close to 3 as it is 

in the composition of citrate (-OOC−CH2−C(OH)COO-−CH2−COO-). The O1s spectrum of 

citrate-capped gold nanoparticles has been fitted in two peaks (Figure 3b). The first peak at 531.7 

eV was attributed to the oxygen atoms in COO environment and the one at 536 eV to the oxygen 

atom of the alcohol group50–53. The atomic ratio of oxygen between the carboxylate group and 

the alcohol was equal to 5.9, in agreement with the citrate formula (6.0).  

The C1s spectrum of PEG-thiol-capped gold nanoparticles was similar to the C1s 

spectrum of the commercial PEG-thiol used for the functionalization of gold nanoparticles, only 

two components at 285 and 286.5 eV are observed (Figure 3c).  Indeed, the contribution of 

carboxylate environment at higher energy (288.8 eV) has disappeared indicating the replacement 

of citrate ligand by PEG-thiol. In addition, the contribution at 286.5 eV can be attributed to the 

C−O bond from the PEG ligand and C−S bond linked to the surface of gold. The latter cannot 

be discriminate from the former.  The component at 285 eV is from the C−C bonds. The O1s 

spectrum of PEG-capped nanoparticles showed only one component at 532.7 eV (Figure 3d). 

This is typical of the C−O environment in PEG. Most importantly, the oxygen contribution at 

higher energy (536 eV) from the alcohol in citrate-capped nanoparticles has completely 

disappeared, indicating that the citrate ligand is no longer present.  

Note that for all spectra, the C1s component located at 285 eV is attributed to the C−C 

bonds of the molecules probed but also to adventitious carbon (C−C and C−H species), always 

present at the surface analyzed by XPS. 
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Figure 3. C1s XPS spectra of citrate-capped GNPs (a) and PEG800-capped GNPs (c). b) and d) 
are O1s spectra of citrate-capped GNPs and PEG800-capped GNPs respectively. 
 

Diblock copolymer Self-assembly. Thin films of the diblock copolymer, i.e. without gold 

nanoparticles, were dip-coated from a chloroform solution at 3 g.L-1 onto silicon wafer. The 

thickness of the films was evaluated to be around 200 nm by the TEM observation of the film 

cross section. AFM images of the top surface of the films and XPS analysis are shown in Figure 

4.  The deconvolution of C1s spectrum of P3HT-b-PEGMA film without any amount of gold 

nanoparticles shows 4 components (Figure 4 a). The first peak at 285 eV is from the C−C bonds 

from both P3HT and PEGMA homopolymers. The second peak at 286.7 eV is related to the C-

O bonds in the PEGMA bloc and the C−S bonds from P3HT. The small intensity peak at 287.7 

eV is due to the π-π* shake-up transition in the thiophene cycle54. The peak at higher energy can 

be attributed to the COO bond from the methacrylate group.   

 

The height and adhesion images show a random organization of nanofibrils of 10 nm in 

width and several hundred nanometers in length (Figure 4 b-c). This morphology is typical of 

rod-coil diblock copolymer when the rod block crystallization dominates over the block 
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copolymer self-assembly.19 Phase diagram of coil- coil BCPs with equivalent composition, i.e. 

fvP3HT = 0.33 for a P3HT6.5k-b-PEGMA18k would normally lead to a structure of P3HT cylinders 

in a PEGMA matrix.55 In that case, BCPs self-assembly is governed by the volume fraction f of 

the blocks and the χN product.9 For the P3HT6.5k-b-PEGMA18k the rigidity and the π-π 

interactions coming from the P3HT aromatic structures control the macromolecular interactions, 

which are dominated by the strong rod regime where µ >χ. 

PEG-decorated gold nanoparticles GNP@PEG were then added at 2, 3, 5 and 10 vol % 

to the copolymer solution and films were dip-coated onto silicon wafer. AFM images and XPS 

of the hybrid films are depicted in Figure 4. C1s spectra of the hybrid films obtained after the 

incorporation of PEG-thiol-capped gold nanoparticles show an increase of the intensity of the 

peak at 286.7 eV with the amount GNP@PEG added. When the amount of GNP@PEG 

incorporated inside the film was increased (2 v%, 5 v% and 10 v%), the intensity of the C-O 

component increased as well (Figure 4 d, 4g and 4j). This is increase of the intensity of the C-O 

peak is due to the fact that the incorporated gold nanoparticles are PEG-capped and the C-O 

bond from –(CH2–CH2–O)– PEG units appears at 286.5 eV56. A slight decrease of the intensity 

of the COO peak from the methacrylate (289 eV) was observed. This is probably due to the 

diminution of its ratio as the global concentration of carbon increases with the amount of PEG-

capped nanoparticles added. 

Both height and adhesion images showed that fibrils organization gradually disappeared 

with the increase of the gold nanoparticles. Indeed, for the lowest volume fraction, P3HT fibrils 

were observed in the top surface of the thin film (Figure 4 d-f). Then for 5 vol% of GNP@PEG, 

the surface is equally partitioned in both nano-domains in a PEGMA matrix with the remaining 

presence of fibrils and new out-of-the-plane P3HT cylinders-like (Figure 4 g-i). With the 

introduction of 10 vol % of GNP@PEG, the fibrils are almost completely erased and the out-of-

the-plane cylindrical-like morphology is observed on the whole surface (Figure 4 j-l).   
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Figure 4. C1s XPS spectra of the hybrid films with a volume fraction of 0%, 2%, 5% and 10% 
in gold nanoparticles for a), d), g) and j), respectively. PeakForce QNM-mode AFM images of 
the hybrid films with a volume fraction of 0%, 2%, 5% and 10% in gold nanoparticles b-c), e-f), 
h-i) and k-l), respectively. 

 

The spatial distribution of the incorporated GNPs inside the hybrid film was then 

investigated by ToF-SIMS (Figure 5). First of all, pure films based P3HT or PEGMA 

homopolymers, P3HT-b-PEGMA copolymer or GNPs@PEG were separately analyzed in order 

to establish a database with the main specific peaks of each species (Table 2). 

 

Table 2.  Main secondary ions detected by ToF-SIMS for P3HT, PEGMA, P3HT-b-PEGMA, 
GNPs@PEG and P3HT-b-PEGMA + GNPs@PEG films over a 0-200 mass range in the positive 
polarity. 
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Samples m/z Ions 

PEGMA 71 
139 

141 

C4H7O+ 

C7H7O3
+ 

C7H9O3
+ 

P3HT 81 
117  

147 

C4HS+ 

C6H13S+ 

C9H7S+ 
GNPs@PEG 45 

197 

C2H5O+ 

Au+ 

P3HT-b-PEGMA 81 
115 

139 
141 

C4HS+
 

C6H11S+ 

C7H7O3
+

 

C7H9O3
+ 

P3HT-b-PEGMA  
+ GNPs@PEG 

45 
81 

139 
141 

197 

C2H5O+ 

C4HS+
 

C7H7O3
+ 

C7H9O3
+ 

Au+ 

 

Figure 5a presents the positive ion mass spectra of P3HT-b-PEGMA + 10 vol% GNPs@PEG 

hybrid film over m/z 50-250 (top spectrum) and m/z 280-440 (bottom spectrum) mass ranges. 

Characteristic peaks of the PEGMA methacrylate polymer backbone 57,58 homopolymer are 

detected at m/z =139 (C7H7O3
+), 141 (C7H9O3

+) and 143 (C7H11O3
+), as well as a fragment 

characteristic of the sulfur containing ring of P3HT block at m/z = 81 (C4HS+), and the Au+ peak 

at m/z=197 specific of GNPs. Moreover, polymer structure patterns, composed of a main peak 

surrounded by smaller peaks resulting of the loss or the gain of 2 protons, are also detected at 

bigger masses: from m/z = 313 to m/z =319, from m/z = 371 to m/z =377 or from m/z = 429 to 

m/z =435 (Figure 5a bottom spectrum). Note that the fragmentation patterns of the two 

homopolymers appear to be slightly different after their incorporation in the block copolymer 

macromolecular structure with and without GNPs (see Table 2). For example, for the P3HT 

homopolymer, the positive ion peaks at m/z=147 and m/z=149 attributed to C9H7S+ and C9H9S+ 

respectively are not detected anymore for the block copolymer. The 2D chemical mapping of 

C7H7O3
+ ions (characteristics of the copolymer, in green) and Au+ ions (characteristics of GNPs, 

in red) over a 100x100µm field of view in positive polarity (Figure 5b) shows a homogeneous 

distribution of GNPs at the surface of the hybrid film. Moreover, richer areas of the copolymer 
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fragment (in bright green) are distinguishable, maybe due to topography effects. In order to 

obtain information about the GNPs spatial distribution more deeply in the copolymer bulk 

material, ToF-SIMS depth profile experiments (series of 20 cycles “analysis/sputtering”) were 

performed on the hybrid film containing 10 vol% of GNPs. Figure 5c presents the concentration 

depth profiles of C7H7O3
+ (representing the copolymer, in green), Au+ (specific to GNPs, in 

yellow) and total secondary ions detected (in blue) obtained in the positive polarity over 380 

seconds of etching. Concerning C7H7O3
+ and Au+ profiles, they remain constant from 25s to the 

end of the sputtering. A 3D image has been reconstructed from the depth-profiles where the 

signal intensities of C7H7O3
+ (in green) and Au+ (in yellow) are plotted over the analyzed area 

(10µmx10µm = x and y dimensions) versus the etching time (the z axis, 280s); for a better 

visibility, the z axis is over-dimensioned compared to the other two axes. Note that it is difficult 

to determine precisely the sputtered depth due to the unknown sputtering ion yield of the hybrid 

organic-inorganic material. However, it is reasonable to say that only few tens of nanometers 

have been removed, regarding the very smooth etching conditions used (1kV, 50nA). The 3D 

image clearly shows that the spatial distribution of GNPs follows the one of the copolymer in 

the analyzed volume. The two species are well connected and they are homogenously present in 

the bulk of the material due the strong interaction of the GNPs@PEG with the PEGMA domains. 

This ToF-SIMS study confirms that the self-assembly of the hybrid film occurs without any 

macro segregation between the gold functionalized GNPs and the diblock copolymer. 
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Figure 5. a) TOF-SIMS positive ion mass spectra of P3HT-b-PEGMA + GNPs (10 v%) hybrid 
film over m/z 50-250 (top spectrum) and m/z 280-440 (bottom spectrum) mass ranges, b) TOF-
SIMS 2D chemical mapping of C7H7O3

+ and Au+ ions over a 100x100µm field of view in 
positive polarity c) TOF-SIMS depth-profile experiment over 380s etching time of C7H7O3

+ 
(green) and Au+ (yellow) ions in positive polarity and 3D image reconstruction from the depth-
profile showing the spatial distribution over 10x10µm2 raster size and 380s etching time of 
C7H7O3

+ (green) and Au+ (yellow) ions at the surface of P3HT-b-PEGMA + GNPs (10 v%) 
hybrid film. For a better visibility, the z axis is over-dimensioned compared to the other axes. 
   

The role of GNPs in the structural modification from fibrils to cylinder like morphology 

was then investigated. First, TEM experiment was performed on cross-section transversal slices 

of hybrid films dip-coated on a polymer substrate (Thermanox®) to study the location of the 

GNPs within the films. TEM images of the hybrid film showed a clear segregation between the 

two polymer areas, pictured by light and dark grey domains corresponding to PEGMA and P3HT 

domains, respectively (Figure 6a).  
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Figure 6. (a) TEM micrographs of a cross section the diblock copolymer-GNP@PEG (5 vol%) 
hybrid film contrasted with ruthenium oxide RuO4 for 90 min. (b) is the magnification picture 
of (a).   

As it can be clearly observed on the high magnification picture (Figure 6b), GNPs (black 

spots) are preferentially localized in the light grey PEGMA domains, due to their 

functionalization with PEG ligand and their hydrophilic affinity. Additional image where GNPs 

are clearly visible inside the block copolymer film is available in supporting information (SI7). 

As a consequence of the GNP@PEG insertion in the PEGMA block, the volume fraction of the 

corresponding phase increases and then influences the diblock copolymer self-assembly. In the 

literature, other strategies were followed to reduce the predominance of π−π interactions over 

the morphology of P3HT-based copolymer films. Lee et al.19 perfomed the synthesis of various 

P3HT-b-P2VP copolymers in which the P2VP degree of polymerization was changed. Fibrils 

were obtained for coil block fraction under 68 vol%. When the coil fraction was further 

increased, cylindrical and spherical phases were observed by AFM. The authors attributed such 

a variation to the chain twist generated for the bulkiness of the coil block which impeded π-π 

stacking. Herein, the copolymer has P3HT and PEGMA volume fraction of 0.33 and 0.67 

respectively. After the addition of 10 vol% of GNP@PEG, the resulting P3HT volume fraction 

dropped at a maximum of 0.3. Although the difference in the P3HT content seems low, it is high 

enough to break the fibrils diblock copolymer self-assembly. To follow this trend, we 

investigated the morphology of a P3HT-b-PEGMA/PEGMA homopolymer blend with a volume 

ratio of 90/10 to reach a P3HT volume fraction of 0.3. AFM images show that the surface is 

composed of randomly aligned nano-fibrils without neither in-the-plane nor out-the-plane 
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cylindrical morphologies (Figure S6). It is worth noting that we observed an increase of the 

volume fraction of the PEGMA matrix, in which P3HT fibrils appeared more diluted. 

Therefore, the increase in the volume fraction is not the only factor leading to the 

morphology transformation. Indeed the rigidity caused by the incorporation of hard metallic 

nanoparticles in the PEGMA phase could also impede the creation of π−π stacking and therefore 

the crystallization of the P3HT. DSC of the composite blend (90/10 copolymer/particle in 

volume) was performed and compared to the pure diblock copolymer and to the parent P3HT 

homopolymer to check the influence of the NPs addition on the P3HT block crystallization. 

P3HT exhibited an endothermic peak at 210 °C corresponding to P3HT crystals melting 

temperature Tm (Figure 7a). This value is almost the same in P3HT-b-PEGMA thermogram, i.e. 

Tm = 220 °C, but with a weaker intensity due to the decrease of P3HT content and a possible 

decrease of the crystallization rate. Since PEGMA glass transition temperature is below -50°C, 

the crystallization of P3HT blocks is more affected by the size of the PEGMA block than by its 

rigidity. The heating scan of the blend containing gold nanoparticles present a lower endothermic 

peak at 195 °C with a weak intensity. This behavior may mean a significant reduction in the 

crystallinity of P3HT leading to the cylindrical microstructures observed by AFM. 

In the cooling ramp, a similar trend was observed in the crystallization temperature Tc of 

the P3HT, P3HT-b-PEGMA and the hybrid blend, at 160, 125 and 95 °C respectively. This 

behavior indicates that the crystallization of the P3HT moieties is hindered by the addition of, 

first a large volume fraction of soft PEGMA, and then a small addition of hard nanoparticles. 

This kind of behavior has already been described by Dai et al.59 when they studied the transition 

temperatures of different P3HT-b-P2VP with several coil block lengths. Indeed, the melting 

temperature Tc decreases from 200°C to 140°C with the decrease of the volume fraction of the 

P2VP block from 0.29 to 0.57. Above a volume fraction of 0.57 in the coil polymer, no 

crystallization was observed.  
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Figure 7. Thermogramms of the heating a) and the cooling of P3HT, P3HT-b-PEGMA and the 
hybrid film with 10 v % in gold nanoparticles b). 
 

Thus, a morphological transition from P3HT fibrils into out-of-the-plane cylinders-like can be 

driven by introducing GNP@PEG during the nanophase segregation of the P3HT-b-PEGMA by 

self-assembly.  

Conclusion 

Herein is described the change of a diblock rod-coil copolymer film morphology driven by the 

addition of metallic nanoparticles NPs. The precise location of a small amount of gold NPS in 

the coil phase hindered the crystallization of the rod block. AFM images of the diblock 

copolymer shows the transition from a random organization of P3HT nanofibrils, as a typical 

organization of rod-coil block copolymers, where the crystallization of the rod block takes over 

the block copolymer self-assembly. From such a behavior, out-of-the-plane rod polymer 

cylinders-like in a coil polymer matrix are then observed. TEM of film cross sections shows the 

GNP@PEG embedded in the PEGMA regions thanks to the physical affinity brought by their 

surface functionalization with PEG chain corona. DSC revealed that the thermal transitions 

pertaining to the P3HT rod crystals disappeared after the addition of the GNPs. Such a 

morphological change triggers by the elaboration of a hybrid composite is of great interest for 

many applications. In this specific case, the use of a thermosensitive block PEGMA in which 

lower critical solubility temperature was tuned to be 37°C (Figure S8) by the introduction of a 

precise ratio of both OE2MA and OEGMA monomers, 60,61 can allow very interesting biological 
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applications in the field of cellular culture and bioelectronic especially.62–64 Further applicative 

works are in progress with these films using the light absorbing properties of both P3HT and 

GNPs into a thermosensitive biocompatible PEGMA matrix. 
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The supporting information provides synthetic scheme and chemical characterization (SEC, 

NMR) of the materials used in this study. Moreover, additional microscopy images can be found 

in the file.  
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