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Characterization  

 

The composition of block copolymer precursors was determined by elemental 

analysis and 1H NMR. The molecular weight distribution of block copolymer precursors 

was measured by gel permeation chromatography (GPC). The diameter of SCK 

nanoparticles was measured by dynamic light scattering (DLS) using High Performance 

Particle Sizer, Model HPP5001, Malvern Instruments. The morphologies of nanoparticles 

were characterized by tapping mode atomic force microscopy. The progress of PAN 

carbonization was also monitored with an FTIR-NIR Spectrometer (Mattson ATI Affinity 

60AR) and Raman scattering spectroscopy. 

 GPC analysis of block copolymer was employed using N,N-dimethylformamide 

(DMF) as eluent. The system consisted of a Waters 510 HPLC pump, three Waters 

Ultrastyragel columns (500, 103, and 105Å), and a Waters 410 DRI detector, with a DMF 

flow rate of 1.0 ml/min; polystyrene was used as standard. Elemental analysis of C, H 

and N was performed by Midwest Microlab, LLC. It involved combustion of the sample 

in ultra-pure oxygen at 990-1000 °C in a closed system. The products of combustion 

were then swept with helium through a copper reduction tube at 640 °C. A 300 MHz 

Bruker NMR spectrometer was used for 1H NMR analysis. Spectra were recorded in 

deuterated DMF. 

Tapping mode AFM studies of nanoparticles were carried out with the aid of a 

NanoScope III-M system (Digital Instruments, Santa Barbara, CA), equipped with the J-

type vertical engage scanner. The AFM observations were performed at room 

temperature in air using silicon cantilevers with nominal spring constant of 50 N/m and 

nominal resonance frequency of 300 kHz (standard silicon TESP probes). Typically, the 
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cantilever was oscillated at the frequency at which the oscillation amplitude was equal to 

10-20 % of amplitude on resonance. In many instances, such mode of operation assures 

higher stability of AFM images and facilitates faster scanning at higher integral gain 

settings[1]. Typical value AFM detector signal corresponding to r.m.s. cantilever 

oscillation amplitude was equal to 1000~3000 mV and the images were acquired in (1-4) 

x (1-4) µm scanning at scan frequency 3 Hz. 

Raman scattering experiments were carried out with the aid of laser Raman 

microprobe consisting of a fiber-optically coupled microscope-spectrometer-detector 

system from Kaiser Optical in Ann Arbor, Michigan. The system was configured with a 

532-nm frequency-doubled NdYAG laser, an f/1.8 holographic spectrograph, a 2048-

channel CCD array detector, and a research-grade Leica polarized-light microscope. The 

laser was focused to 1 micrometer with an 80x objective, and the laser power at the 

sample surface was 1 milliWatt. Each sample was analyzed in at least 10 different spots 

and was reproducible. Thus, the spectra are representative of the samples. 

 
ATRP of PtBA-b-PAN 
 
(1) Preparation of Poly(t-butyl acrylate) (PtBA) Macroinitiator by ATRP. 

5 ml t-BA (3.45×10-2 mol), 7.6×10-2 ml PMDETA (3.62×10-4 mol), 7.6×10-2 ml 

MBP (6.90×10-4 mol), 0.004g CuBr2 (1.73×10-5mol), 1.25 ml acetone and 3.0×10-1 ml 

anisole (GC standard for conversion measurement) were mixed in a 25 ml Schlenk flask 

equipped with a magnetic stirring bar.  The flask was subjected to three freeze-pump-

thaw (FPT) cycles. Then, 4.95×10-2 g CuBr (3.45×10-4 mol) was added to the flask while 

the contents were at a solid state and deoxygenated by vacuum followed by back-filling 

with nitrogen three times. The flask was placed in an oil bath set at 70 °C for 2h. The 

reaction was terminated by the addition of aerated THF and passing through a column of 

alumina to remove the catalyst followed by evaporation. The solid products were dried in 

a vacuum oven providing the desired polymer PtBA (Mn = 4200, Mw/Mn = 1.07).  

(2) Chain Extension to Prepare a PtBA-b-PAN Block Copolymer by ATRP.  

1.54 g the above PtBA macroinitiator (3.7 ×10-4 mol), 9.9 ml AN (1.49×10-1 mol), 1.0 

ml DMF and 9.9 ml EC were mixed in a 25 ml Schlenk flask equipped with a magnetic 

stirring bar. The flask was subjected to three FPT cycles. Then, 0.037 g CuCl (3.7×10-4 
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mol) and 0.1155 g bpy (7.40 ×10-4 mol) were added to the flask, as above, and purged by 

back-filling with nitrogen. The flask was then placed in an oil bath set at 70 °C for 1h. At 

the end of this time the reaction mixture was dissolved in DMF and the polymer was 

precipitated by adding into 50% aqueous methanol solution. The solid products were 

dried in vacuum yielding the desired block copolymer PtBA-b-PAN (Mn = 6500, Mw/Mn 

= 1.18). GPC traces of PtBA-b-PAN are shown in Figure 1. 
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Figure 1. GPC traces of PtBA-b-PAN 

 

Preparation of PAA-b-PAN by Hydrolysis of PtBA-b-PAN 

0.4 g the above PtBA-b-PAN block copolymer (6.15 ×10-5 mol), 2.17 g trifluoroacetic 

acid (1.90×10-2 mol) and 4 ml ethylene carbonate were mixed in a 10 ml round flask 

equipped with a magnetic stirring bar. The flask was then placed in an oil bath set at 65 

°C overnight. Excess reagents and reaction byproduct were removed by a few cycles of 

centrifugation and then the products were precipitated in methanol to yield purified block 

copolymer PAA-b-PAN. 1H NMR spectra (Figure 2) indicated that the hydrolysis was 

about 98.9% (Peaks in the 2.0-2.5 ppm range correspond to CH2 and CH protons in t-

butyl acrylate or acrylic acid units and CH2 protons in acrylonitrile units whereas those in 

the 1.2-1.6 ppm range are due to CH3 protons in t-butyl acrylate units. The extent of 

hydrolysis was calculated as below: 

Hydrolysis % = 1 – (Area of 1.2 -1.6 ppm range/ Area of 2.0-2.5 ppm range in PAA-

b-PAN) / (Area of 1.2 -1.6 ppm range/ Area of 2.0-2.5 ppm range in PtBA-b-PAN)) 
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Figure 2 1H NMR of PtBA-b-PAN and PAA-b-PAN 

 

Micellization and Cross-linking of PAA-b-PAN to Yield SCKs 

0.06 g PAA-b-PAN block copolymer was dissolved in 50 ml DMF in flask with 

stirring. 50 ml nanopure water was added into the above solution in about 3 hours using a 

syringe pump at room temperature. After adding all water, the mixture was stirred for 2 

hours to yield micelle suspensions. The micelle suspensions were then transferred into a 

Spectra/por membrane tubing, placed in a 4 L beaker filled with DI water and dialyzed 

for about 2 days under gentle stirring. After dialysis, the micelle suspensions were 

transferred to a ground flask.  Appropriate amount (depending on the cross-linking 

extent) of 2,2’-(ethylenedioxy)bis(ethylamine) and 1-[3-(dimethylamino)propyl]-3-

ethylcarbodimine methiodide was added into the flask to induce the shell cross-linking 

reaction and kept at R.T. for 12 h to yield SCK suspensions, which were then dialyzed in 

nanopure water for 4 days to remove all remaining reagents.  
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Dynamic Light Scattering 

The particle size was measured using dynamic light scattering (High Performance 

Particle Sizer, Model HPP5001, Malvern Instruments). The number average of particle 

size was equal to 34 ± 2 nm with narrow distribution based on the ratio of weight and 

number average diameters Dw/Dn = 1.11 (Figure 3). 
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Figure 3 DLS of SCK Nanoparticles 

Pyrolysis Procedure 

Pyrolysis of thin or ultrathin films of nanoparticles was carried out with the aid of a 

DuPont TGA 951 thermogravimetric analysis (TGA) system. Freshly cleaved mica or 

silicon wafers coated on one side with nanoparticle samples were placed in the quartz 

tube of the TGA furnace, heated at 20 oC/min to target temperature under constant flow 

of nitrogen and cooled to room temperature. Tapping mode AFM image of a multilayer 

of carbon nanoparticles obtained by 900 °C pyrolysis of thermally stabilized SCKs 

deposited on a silicon wafer is shown in Figure 4. 
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Figure 4. Tapping mode AFM image of a multilayer of carbon nanoparticles obtained by 

900 °C  pyrolysis of thermally stabilized SCKs deposited on a silicon wafer. 
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