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Abstract 

     Graphene, a two-dimensional carbon sheet with single-atom thickness, has recently 

attracted significant interest due to its unique mechanical and electrical properties. It has 

been reported that incorporation of graphene in polymers can efficiently improve the 

materials’ electrical and mechanical properties. For reliable integration of graphene into 

practical graphene/polymer nanocomposites, it is essential to have a simple, reproducible 

and controllable technique to produce graphene on a large scale. We successfully 

developed a novel, fast, hydrazine-free, high-yield method for producing single-layered 

graphene. Graphene sheets were formed from graphite oxide by reduction with de-ionized 

water at 130 ºC. Over 65% of the sheets are single graphene layers. A dehydration reaction 

of exfoliated graphene oxide was utilized to reduce oxygen and transform C-C bonds from 

sp
3
 to sp

2
. The reduction appears to occur in large uniform interconnected oxygen-free 

patches so that despite the presence of residual oxygen the sp
2
 carbon bonds formed on the 

sheets are sufficient to provide electronic properties comparable to reduced graphene 

sheets obtained using other methods.  

     Cytotoxicity of aqueous graphene was investigated with Dr. Yu-Shen Lin by 

measuring mitochondrial activity in adherent human skin fibroblasts using two assays. The 

methyl-thiazolyl-diphenyl-tetrazolium bromide (MTT) assay, a typical nanotoxicity assay, 

fails to predict the toxicity of graphene oxide and graphene toxicity because of the 

spontaneous reduction of MTT by graphene and graphene oxide, resulting in a false 

positive signal. An appropriate alternate assessment, using the water soluble tetrazolium 

salt (WST-8) assay, reveals that the compacted graphene sheets are more damaging to 

mammalian fibroblasts than the less densely packed graphene oxide. Clearly, the toxicity 
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of graphene and graphene oxide depends on the exposure environment (i.e. whether or not 

aggregation occurs) and mode of interaction with cells (i.e. suspension versus adherent cell 

types). 

     Ultralow percolation concentration of 0.15 wt% graphene, as determined by surface 

resistance and modulus, was observed from in situ polymerized thermally reduced 

graphene (TRG)/ poly-urethane-acrylate (PUA) nanocomposite. A homogeneous 

dispersion of TRG in PUA was revealed by TEM images. The aspect ratio of dispersed 

TRG, calculated from percolation concentration and modulus, was found to be equivalent 

to the reported aspect ratio of single-layered free standing TRG. This indicates TRG is 

mono-layer-dispersed in the matrix polymer. 

     How graphene/polymer nanocomposite glass transition temperatures (Tg) vary was 

investigated in this study. First we surveyed the literature. No changes in Tg were observed 

for graphene/polymer nanocomposites synthesized via physical blending processes such as 

solvent or melt blending, except aqueous blending. In contrast, chemical blending 

processes such as in situ polymerization or chemically modified fillers yielded significant 

Tg increases in graphene/polymer nanocomposites. We attribute these results to bonding 

interactions at the interfaces between matrix polymers and fillers. Physical blending 

processes cannot provide enough interaction at the interfaces, whereas chemical blending 

processes can yield strong interaction such as covalent bonds. Aqueous blending of 

graphene or graphene oxide nanocomposites with water soluble matrix polymers also 

cause Tg increases, even though the blending processes involve no chemical reactions. The 

reason for this exception is that hydrogen bonding forms between fillers (graphene oxide or 

reduced graphene) and water soluble matrix polymers. We then measured Tg in PMMA. 
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We used isotactic PMMA (i-PMMA) and syndiotactic-rich atactic PMMA (a-PMMA) to 

make TRG/PMMA nanocomposites using solvent blending and in situ polymerization in 

order to investigate the stereo-regularity and processing effects on the Tg. A Tg increase 

was found in i-PMMA and in situ PMMA but not in a-PMMA. The results can be 

explained by the thin film confinement effect of polymer. We attribute the Tg increase to 

both a higher interaction density and a stronger hydrogen bonding at the interfaces. 

     We have studied the elastic modulus of graphene oxide with various oxygen content. 

We used in situ AFM nano-indentation to measure the influence of oxygen on the elastic 

modulus of graphene oxide with various carbon/oxygen (C/O) ratios. The results show that 

chemical reduction (lower oxygen contents) decreases the elastic modulus of graphene 

oxide. We speculate that chemical reduction of oxygen atoms of epoxy groups on graphene 

oxide surface removes the bridging effect between carbon atoms, which leads to more 

flexible sheets. 
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Chapter 1. Introduction 

1-1 Graphene & Graphene Oxide 

     Graphite is a naturally abundant material composed by stacked graphene layers. 

Graphene, a single atomic layer of sp
2
-hybridized carbon covalently bonded in a 

hexagonal lattice, is the thinnest material in the world. Graphene can be considered as 

the mother material of buckyballs, carbon nanotubes and graphite[1] as shown in 

Figure 1-1. Due to its single-atom-layer sp
2
 structure, graphene has attracted much 

interests for its potential applications in electronics,[2], [3] and nanocomposites.[4] 

Geim and Novoselov, the receivers of the Nobel Prize in Physics 2010, first discovered 

a top-down method to obtain graphene by exfoliation of graphite using Scotch tape in 

2004.[3] Meyer and coworkers[5] in 2007 demonstrated that a single atomic layer 

graphene 2D crystal is thermodynamically stable. For reliable integration of graphene 

into practical electronic devices it is essential to have a simple, reproducible and 

controllable technique to produce large-area graphene sheets on a large scale. 

Micromechanical cleaving[3], exfoliation of individual graphene sheets via sonication 

in a solvent,[2], [6] and growth of graphene on SiC or nickel substrates[7–9] have been 

reported as possible techniques to produce graphene. 

     One method to massively produce graphene is to use graphite oxide (GO) as a 

precursor to synthesize graphene.[10–13] GO was successfully synthesized in 1958 by 

Hummers[14] and it was also reported by Jeong and co-workers[15] that the oxidation 

reaction to synthesize GO requires at least 60 min under acid environment to complete. 

Oxygen atoms mainly exist on GO as hydroxyl, epoxy and carbonyl groups.[16], [17] 

Due to oxygen functional groups, layered-structure graphite is intercalated and 
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becomes hydrophilic after Hummers' method.[18] The inter-layer distance of GO is 

approximately 1 nm, whereas for graphite it is 0.34 nm.[17–19] Therefore, it is easier 

to exfoliate GO into single-atom-layer sheet via simple colloidal dispersion 

process.[18], [19]
 
 

 

 

Figure 1-1. Graphene can be considered as the mother material of buckycalls, 

carbon-nanotubes and graphite.[1] (The figure was modified from Novoselov et 

al.'s article[1]) 

 

1-2 Graphene/Polymer Nanocomposites 

     Clay reinforced polymer nanocomposites have been used in the automobile 
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industry by Toyota since 1991.[20] This class of materials offers large improvements 

in mechanical properties with low filler loading.[21] The reinforcement of polymers 

with stiff filler material depends on three criteria: (1) high aspect ratio, (2) high 

mechanical properties, and (3) good adhesion between the polymer and filler. 

Exfoliated clay individual layers fit two of the three criteria (high aspect ratio and 

mechanical properties), whereas the adhesion between polymer and clay depends not 

only on the clay itself but also on polymer properties. Oblate graphene can be used in 

place of clay to reinforce polymers due to its high aspect ratio[22] and high elastic 

modulus (~1TPa).[23–27] Furthermore, graphene is an especially unique conductor 

with single atomic layer thickness and the high electrical conductivity of graphene 

(~10
6
 S/cm),[3], [28], [29] so a significant change in electrical conductivity of 

polymers can be achieved with little incorporation of graphene. Graphite/polymer 

composites are also electrically conductive; however, the low aspect ratio of graphite 

makes this material not as desirable as graphene/polymer nanocomposites. This is 

because the low aspect ratio of graphite provides a smaller number of effective 

particles than graphene for the reinforcement of polymers.[21] From the reasons above, 

production of graphene/polymer nanocomposite materials is our ultimate goal. 

 

1.3 Overview of Thesis 

     This thesis addresses (1) synthesis and properties of graphene and (2) processing 

and properties of graphene/polymer nanocomposites. 

     In Chapter 2, a novel graphene synthesis process is reported. It is important to 

produce graphene using a low-cost, environmentally friendly process for use in 

graphene/polymer nanocomposites. The graphene synthesis process utilizes a 
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dehydration reaction with no hazardous chemicals, which is expected to be 

economical and environmentally friendly. 

     In Chapter 3, cytotoxicity of graphene oxide with different particle sizes is 

studied. Toxicity is a crucial property for certain nanocomposite applications, for 

example, food packaging materials. Both water-soluble tetrazolium (WST-8) and 

methylthiazolyldiphenyl-tetrazolium bromide (MTT) assays are used to investigate 

cytotoxicity of graphene & graphene oxide. 

     In Chapter 4, dispersion of aqueous reduced graphene (ARG; Chapter 2) in 

thermoplastic polyurethane (TPU) is investigated. ARG/TPU nanocomposites are 

prepared by a novel co-solvent blending process and are compared to thermally 

reduced graphene (TRG)/TPU nanocomposites prepared by the typical solvent 

blending process. 

     In Chapter 5, processing, structure, and properties of thermoset 

graphene/polyurethane-acrylate (PUA) nanocomposites are presented. TRG is 

dispersed into un-polymerized urethane-acrylate oligomers, followed by in situ 

polymerization to synthesize TRG/PUA nanocomposites. Percolation concentration of 

dispersed TRG is determined by several techniques. 

     In Chapter 6, the effects of stereo-regularity and processing on the glass transition 

temperature (Tg) of TRG/PMMA nanocomposites will be reported. TRG/PMMA 

nanocomposites are prepared by the solvent blending process and in situ 

polymerization. Differing stereo-regularities of PMMA are also used as the matrix 

polymer to investigate the effect of tacticity on nanocomposite Tg. 

     In Chapter 7, Tg of various kinds of graphene/polymer nanocomposites is studied. 

We survey the literature to summarize how nanocomposite Tgs change with different 

processing and matrix polymers. 
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     In Chapter 8, the oxygen effect on elastic modulus of graphene oxide is studied. 

We use "in situ" AFM nano-indentation to measure the modulus change of the same 

single-layer graphene oxide sheet before and after chemical reduction reaction. 

Several difficulties encountered are discussed. 

     Finally, Chapter 9 summarizes all key results of the graphene & 

graphene/polymer nanocomposite and suggests future research directions. 
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Chapter 2. Graphene Synthesis1 

2-1  Introduction 

Graphene has zero band gap and high carrier concentrations and mobilities and, 

as a result, exhibits remarkable electronic properties.[28], [30] For reliable integration 

of graphene into practical electronic devices it is essential to have a simple, 

reproducible and controllable technique to produce large-area graphene sheets on a 

large scale. Micromechanical cleaving,[31] exfoliation of individual graphene sheets 

via sonication in solvent,[2], [6] and growth of graphene on SiC or nickel 

substrates[7–9] have been reported as possible techniques to produce graphene. 

However, reduction of graphene from exfoliated graphite oxide/graphene oxide (XGO) 

appears to be the most promising approach for large-scale production.[4], [32–35]
 

XGO can be obtained with a range of O:C stoichiometries depending on the 

details of the particular synthesis. In XGO sheets the oxygen is bound to the carbon in 

the form of hydroxyl and epoxy functional group[36], [37] and some carbonyl.[38] 

Several reports suggest that XGO can be reduced to graphene either chemically by 

exposing XGO to hydrazine (as a hydrate, as anhydrous hydrazine, or as 

dimethylhydrazine vapor)[32], [39–41], or by rapid heating to high temperature[34] or, 

alternatively, a combination of both.[33], [35], [38], [41]
 
Toxicity of hydrazine and the 

necessity of extreme temperatures, ~1000C for the thermal route, make it desirable to 

seek other reduction methods. Here we describe a new hydrazine-free and aqueous 

only route for reduction of graphene from XGO at atmospheric pressure and moderate 

temperature. Other water-based reduction of graphene has been reported previously by 

Zhou et al.,[42] Chen et al.[43] and Chen et al.[43]
 

                                                 
1
 This chapter appears in: Liao K-H, Mittal A, Bose S, Leighton C, Mkhoyan KA, Macosko CW ACS Nano 2011;5:1253. 
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2-2  Experiments & Characterization 

2-2.1  Graphene & Graphene Oxide Synthesis 

Graphite oxide was synthesized using modified Hummer’s method.[14] A 

solution of 10 g of graphite (SP-1 graphite, from Bay Carbon) with average particle 

size of 30 μm, 200 mL of concentrated sulfuric acid (H2SO4 98%), and 5 g sodium 

nitrate (NaNO3) was prepared. 40 g of potassium permanganate (KMnO4) was then 

slowly added to the solution, while keeping the mixture in an ice bath to maintain a 

temperature of 35C. The solution was continuously stirred using a standard 

magnetic stirrer. After an hour the solution became quite viscous and could not be 

stirred any longer. The solution was held in ice bath till it reached 10C. The solution 

was then transferred into a bigger container and was diluted with 2L deionized (DI) 

water. The solution was dark brown at this point. Hydrogen peroxide (H2O2 30%) 

was then slowly added until the solution turned green. 

To aid filtration, 100 mL concentrated hydrochloric acid (HCl 37.5%) was 

added to the mixture, and the whole solution was stirred for 30 min. Graphite oxide 

was recovered from the solution after a four-step-wash procedure: (i) filtering 

through a polytetrafluoroethylene (PTFE) membrane with 5 μm pore size, and after 

filtration washing in 2 L DI-water with 30 min stirring followed by sonicating for 15 

min, (ii) filtering through a PTFE membrane with 2 μm pore size, washing in 2 L 

ethanol/100 mL HCl with 30 min stirring followed by sonicating for 15 min, (iii) 

filtering through a PTFE membrane with 2 μm pore size, washing in 500 mL ether 

with 30 min with stirring and again sonicating for 15 min, and finally, (iv) filtering 

through a PTFE membrane with 2 μm pore size followed by washing with 500 mL 
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ether. The final product (graphite oxide) was air dried after the final filtration for 30 

min.  The order of ether was still present. 

To obtain exfoliated graphite oxide/graphene oxide (XGO), 0.45 g graphite 

oxide was dispersed in 500 mL DI water (pH~3) and sonicated (Branson 2510; 100 

W) for 60 min at room temperature. Graphene sheets (GS) were obtained from XGO 

by heating at 95C in the lightly capped jar shown in Figure 2-1. DI water was added 

periodically to replace that lost by evaporation. A sealed pressure cooker (PRESTO, 

6-Quart) was used to heat DI water to 120C. The transformation of XGO into GS is 

illustrated in Figure 2-1 by series of images of the vial with solution at different 

times. 

 

Figure 2-1. Dispersions during reduction (XGO/DI-water, pH3): (a) before 

reduction; (b) after 12 h (inset is a magnification of the top surface); (c) after 24 h; 

(d) after 36 h; (e) after 48 h of heating. 

 

GS film was prepared as following steps. After the reduction process described 

above, the clear water (Figure 2-1(e)) was removed and the black precipitation was 

re-dispersed in 500 mL dimethylformamide (DMF). The solution was then sonicated 

for 5 min (Branson 2510; 100 W) and was slowly filtrated through a PTFE 
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membrane. The black filtrate cake was dried in a vacuum oven (<0.05 bar) at 80
o
C 

for 24 h. The produced dry filtrate cake (GS film; Figure 2-2) with metallic 

appearance was the GS film used in the following electrical resistivity measurement.  

 

Figure 2-2. (a) Regular camera photo of the produced GS film with 

highly-reflected "metallic-like" appearance, and (b) SEM image of the top 

surface.  

 

2-2.2   Characterization 

2-2.2.1  Atomic Force Microscopy (AFM) 

     A drop of dispersed GS in dimethylformamide (DMF) was dropped on 

silicon wafer substrate and air-dried at room temperature. A Digital Instrument, 

Nanoscope III Multimode AFM at the Institute of Technology Characterization 

Facility of the University of Minnesota was used in noncontact mode
 

for 

measurements. Random lengths of GS sheets (N=300) were measured from several 

AFM images. Examples of such AFM images are presented in Figure 2-3.  
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Figure 2-3. AFM images of several GS on mica obtained in noncontact mode. 

 

2-2.2.2  X-Ray Photoelectron Spectroscopy (XPS) 

     Standard XPS measurements were conducted on XGO and GS powders using 

Surface Science SSX-100 spectrometer housed at Characterization Facility of the 

University of Minnesota. The compositions obtained from these XPS measurements 

are listed in Table 2-1.  

2-2.2.3  Elemental Analysis (EA) 

     EA was conducted at Atlantic Microlab, Inc. The samples of XGO and GS 

were initially dried in vacuum oven at 25C for 5 h. The results of analysis are listed 

in Table 2-1.   

Table 2-1. Compositions of XGO and GS 

 

 

 

 

 XPS (mol.%) EA (mol.%) 

XGO 

O: 39% 

C: 61% 

O:  30% 

C:  59% 

H:  8%  

GS 

O: 16% 

C: 84% 

O:  13% 

C:  81% 

H:  5% 
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2-2.2.4  Electrical Resistivity Measurements.  

     We measured electrical resistivity of XGO and GS films with different 

thicknesses using Van der Pauw method. All samples were measured in a 4-wire Van 

der Pauw configuration with indium metal contacts. Measurements were made using 

an LR-700 AC resistance bridge at an excitation frequency of 20 Hz. All contacts 

were found to be Ohmic down to the lowest temperature of measurement, and 

anisotropies were small. The results of the measurement for GS films of different 

thicknesses are presented in Figure 2-4. These measurements indicate non-bulk 

behavior and therefore cannot be used as a direct measure of resistivity of single GS. 

However, they can be used to estimate the changes in resistivity from XGO to GS. 

The ratio of the resistivity measured at room temperature from similarly prepared 

thin films of GS and XGO (both with thickness of about 40m) was found to be 
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Figure 2-4. Electrical resistance of GS films of different thicknesses as a function 

of temperature measured using Van der Pauw method. 
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2-2.2.5  Transmission Electron Microscopy (TEM) 

     Samples for TEM study were prepared by a dropping a solution of GS 

dissolved in DMF onto standard holey-carbon-film-covered Cu grid, which was left 

for air-dry before loading into microscope. For these experiments, FEI Tecnai F30 

300 keV (S)TEM at the University of Minnesota was used. The microscope is 

equipped with Schottky field emission gun, a high-resolution pole piece with 

spherical aberration coefficient of Cs=1.3 mm. For quantitative analysis of the 

diffraction patterns obtained from single GS, each pattern was calibrated to same 

incident beam by using the maximum intensity point in each pattern as a reference. 

The intensity of diffracted spot is computed by averaging the intensities of 25 pixels 

forming the spot. A slight decrease in intensities (as a function of time) due to beam 

damage was observed and corresponding linear correction was applied. 

2-2.2.6  Fourier Transform Infrared Spectroscopy (FTIR)  

     Nicolet Macna - IR760 Spectrometer was used to measure FTIR spectra from 

XGO and GS. Both XGO and GS were dried in vacuum at 45C for 24 h and were 

individually ground together with potassium bromide (KBr) at a mass ratio of 

XGO(GS):KBr = 1:10. Ground powders were compressed into transparent pellets for 

the FTIR measurements.  

 

2-3  Results and Discussion 

Large exfoliated individual graphene sheets (GS) were obtained following a 

three-step process: (i) transition from graphite into graphite oxide (GO), (ii) 

intercalation of GO with water to form XGO and, finally, (iii) exfoliation with 
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conversion of XGO into GS. In the first step, GO was synthesized from graphite, with 

an average particle size of 30 μm, using a modified Hummer’s method[14] (the details 

can be found in Supporting Information). Wide-angle X-ray diffraction (WXRD) 

measurements were performed on the original graphite and the obtained GO, Figure 

2-5. The measurements confirm the expected shift in the main peak: the 2θ Bragg 

angle moved from 26.5, corresponding to d0001= 0.34 nm spacing between atomic 

planes in graphite, to 10.1 in GO, which corresponds to an interplane distance of 

d0001= 0.94 nm.[44], [45]
 

 

Figure 2-5. WXRD measurements from graphite, graphite oxide (GO), 

exfoliated graphite oxide (XGO), and graphene sheets (GS) obtained at different 

stages of graphite to graphene transition. 

 

In the second step, GO particles were dispersed in DI water at a concentration 

of about 0.9 mg/mL (pH3) then sonicated for about 1 h at room temperature[46] (at 

40 kHz with power of 100W). The WXRD measurement from the XGO in Figure 2-5 

shows further position reduction and broadening of the Bragg peak to 2θ=8 (d = 1.12 
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nm).  We speculate that the 0.22 nm increase in distance between exfoliated layers is 

due to water swelling of GO during sonication.  The increase in d-spacing is slightly 

less than the size of a water molecule, ~0.28 nm. XGO layers are not perfectly flat. A 

roughness of ~0.6 nm[16] has been measured which may provide space to 

accommodate water molecules.   

X-ray photoelectron spectroscopy (XPS) and elemental analysis (EA) were 

performed on these XGO sheets.  Figure 2-6(a) shows that the C
1s

 spectrum is a 

superposition of two strong peaks at 286.2 eV and 284.4 eV that are fingerprints of 

C-O (including epoxy and hydroxyl groups) and C-C bonds.[38], [47], [48] 

Decomposition of the C
1s

 XPS spectrum into these main components indicates that the 

fractions of C-O and C-C bonds in XGO are 70% and 30% respectively. Although 

some C=O and C(=O)-(OH) bonds (with corresponding peaks at 287.5 and 289.2 eV) 

are also expected to be present in XGO,[39] no visible amounts are detected in these 

samples. Analysis of the XPS measurements indicates that the oxygen to carbon ratio 

in XGO is close to O:C=1:2. The same ratio is also found from the standard EA 

measurements (see SI). Since it is energetically favorable for oxygen to be bonded to 

two carbon atoms,[16] the XPS and EA measurements indicate that at this stage the 

XGO sheets are heavily oxidized, which is in good agreement with previous 

reports.[28], [38], [47]
 

To obtain GS from these XGO, the sample was heated in DI water at 95ºC for 

more than 70 h. XPS measurements performed on the final material show a 

significant drop in C-O relative to C-C bonds (see Figure 2-6(b)). Decomposition of 

the C
1s

 XPS spectrum obtained from GS into components indicates that the fractions 

of C-O and C-C bonds now are 31% and 69% respectively. The ratio of oxygen to 

carbon is reduced to about O:C=1:6, a value confirmed by EA. 
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Figure 2-6. C
1s

 XPS spectra and a simple molecular model describing the 

structures (inset in left-hand side) of (a) XGO and (b) GS showing reduction of 

C-O bonds from XGO to GS.  The insets in upper-right corners are suspensions 

of XGO and GS in DI water (pH3) correspondingly.   
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Figure 2-7 shows that at 95ºC the XGO to GS transformation is completed 

within 48 h. The appearance of black “fluffy” precipitates at the end of 

transformation, indicative of a dramatic increase of non-polar C-C bonds and thus 

reduction. Using the same procedure at 80ºC did not produce the XGO to GS 

transformation even after 5 days. At 120ºC (See SI) GS with the same characteristics 

as at 95ºC was obtained after 12 h. 

 

 

Figure 2-7. Transformation of XGO to GS in DI water (pH3) at 95ºC as a 

function of time. Initial XGO suspension (left vial). After 48h black and “fluffy” 

precipitates with non-polar C-C bonds are observed (right vial). 

 

Despite this considerable amount of oxygen still present in the GS, the sheets 

have very low electrical resistance. The ratio of the resistance measured with the van 

der Pauw method at room temperature from similarly prepared thin films of GS as 

XGO (both with thickness of about 40m) was found to be 



RGS

RXGO
 4 105

(Figure 

2-4). An SEM image of a typical GS film is presented in Figure 2-8(a). Such five 

order of magnitude reduction in resistance going from XGO to GS is in agreement 

with previously reported data.[33], [38], [49] The resistance of XGO and GS are 
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highly sensitive to the fractions of the sp
2
 and sp

3
 bonds of carbon atoms in the 

sheets and concentration of oxygen atoms, which act as scattering centers. While 

reduction of oxygen in XGO is essential for minimizing the density of scattering 

centers, its effects on sp
3
 to sp

2
 transitions of carbon bonds are not clear. Our 

measurements indicate that, despite the relatively large fraction of oxygen still 

remaining in the GS, the oxygen reduction method described here provides sheets 

that contain large interconnected patches of oxygen-free graphene with sp
2
 bonds. 

 

 

Figure 2-8. GS reduced from XGO after 48 h at 95 ºC in DI water (pH=3) (a) 

SEM image of GS film of many GS sheets. (b) AFM image of a single GS sheet 

(top) with thickness profile across the flake (bottom).  (c) Histogram of number 

of layers per particle and (d) sheet sizes of GS. 

 

Thicknesses of 300 individual GS were measured using atomic force 

microscopy (AFM) (Figure 2-8). The thickness of individual GS is about 1 nm, 

which is smaller than 1.6 nm, the reported thickness of XGO,[47] consistent with 

thickness measurements of graphene.[50], [51] The statistical analysis of AFM 

measurements indicates that approximately 65% of the sheets are single layers (with 

a thicknesses ranging from 0.6 nm to 1.2 nm), 27% are double layered (1.2-2.4 nm), 

and the remaining 8% are multi-layered (>2.4 nm; Figure 2-8(c)). The average 

diameter of GS is ~300nm (see Figure 2-8(d)). 
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Transmission electron microscopy (TEM) was used to further analyze oxygen 

reduced GS. A FEI Tecnai F30 300 keV (S)TEM at the University of Minnesota 

equipped with a Schottky field emission gun and a high-resolution pole piece with 

spherical aberration coefficient of Cs=1.3 mm was used. Figure 2-9(a) shows a low 

magnification image of a typical GS suspended over the holey-carbon-film covering a 

standard TEM copper grid. All expected characteristics of the single sheet, including 

numerous wrinkles, can be seen. Detailed examination of high-resolution images of 

individual sheets (see Figure 2-9(b)) suggest that the sheet consists of two regions: (i) 

large uniform regions of minimum contrast variation and hexagonal symmetry, which 

can be seen in the fast fourier transform (FFT) pattern shown in Figure 2-9(c), and, (ii) 

amorphous-like regions in between with strong contrast variation. The uniform areas 

in the sheets are characteristic of oxygen free regions
34

 and the fact that they are 

connected is consistent with resistance measurements. These regions make up ~50% 

of the area in the high resolution image. If we assume that the area appearing 

amorphous is due to oxidation, and that the O:C ratio in these areas is 1:2, then based 

on the area ratios the total sheets should have O:C ratio of 1:6. This is in agreement 

with our XPS and EA result.   
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Figure 2-9. (a) Low magnification TEM image of GS suspended over 

holey-carbon film showing typical wrinkles occuring in most sheets. (b) High 

magnification TEM image of GS showing amorphous and crystalline regions.  (c) 

FFT from crystalline regions of the image in (b) showing hexagonal symmetry. (d) 

Schemetic of (b) where hexagons represent crystalline regions and gray 

represents amorphous. (e) Electron diffraction pattern from GS.  (f) Change in 

intensity of -1010 spot as the GS is tilted relative to incident beam.   

 

To confirm that the layers studied here are indeed single layers of GS, we 

analyzed the change in intensity of the (-1010) diffraction spot as the sample was tilted 

with respect to the incident beam over a range of 30 degrees.  For an infinitely thin 

sample, the intensity should remain constant as the sample is tilted. A 

single-atomic-layer-thin graphene, to a good approximation, satisfies this condition 

and the intensity of the (-1010) diffraction spot should remain constant over a large 
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range of tilt. Meyer et al.[5] have shown that this approach can be used to distinguish 

between single and bilayer graphene (in the case of bilayer graphene four order of 

magnitude changes in diffracted spot intensity are expected). Figure 2-9(e) shows a 

diffraction pattern from GS supported by an amorphous carbon film.  Figure 2-9(f) 

shows the changes in intensity for the (-1010) diffraction spot as a function of tilt angle, 

confirming that the GS is indeed a single layer. The fact that the intensity of the (-2110) 

diffracted spot is considerably lower than that of the (-1010) spot provides additional 

confirmation of a single layer.[2]
 

 

 

Figure 2-10. Schematic diagrams for reduction of hydrxyl and epoxy groups for 

XGO to GS transformation. 

 

 The oxygen reduction and simultaneous transformation of the carbon sp
3
 

bonds into sp
2
 can be explained by dehydration of XGO in DI water. If hydroxyl 
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groups and hydrogen atoms are attached to two neighboring carbons, in an acidic 

environment they can combine through dehydration reaction resulting in H2O and GS 

with sp
2
 bonded carbon atoms. For epoxy groups, the reduction is a two-step process. 

If an epoxy group is attached to carbon atoms of GS with two hydrogen atoms 

attached to the neighboring carbons, in an acidic environment the system will first 

hydrate transforming the epoxy group (-O-) to two hydroxyl groups (-OH), which 

then reduce to H2O and GS with sp
2
 bonded carbon atoms. Schematic diagrams for 

both reactions are presented in Figure 2-10. Since presence of hydrogen atoms next 

to hydroxyl groups is needed for oxygen reduction, their availability will set the limit 

of oxygen reduction in the XGO to GS transformation, which can explain the 

presence of residual oxygen in the GS. Fourier transform infrared spectroscopy 

(FTIR) performed on XGO and GS specimens before and after transformation 

(Figure 2-11, for details see SI) supports dehydration as the main mechanism for 

oxygen reduction. Figure 2-11 shows significant reduction of the hydroxyl group[52] 

(2900-3600 cm
-1

) and some reduction of epoxy groups.  

To achieve reduction of XGO sheets in water a low pH environment and 

moderately high temperature are needed. H
+
 catalyst is essential for a dehydration 

reaction, where the kinetics of the reaction are governed by temperature (we 

observed a four-fold reaction rate increase going from 95ºC to 120ºC). It should be 

noted that the reduction of XGO sheets can also take place in a basic environment 

with HO
-
 acting as a catalyst. Fan et al.,[53]

 
have reported deoxydation of graphene 

oxide sheets in alkaline water. In either case, the amount of hydrogen atoms bonded 

to carbon next to hydroxyl groups sets the limit of oxygen reduction. The role of H
+
 

catalyst in dehydration of XGO is the critical difference between oxygen removal 

processes in water and in air. Unlike reduction in water, extreme high temperatures 
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(> 600ºC) are needed to observe any considerable oxygen reduction in air due to 

direct thermal excitations.[34], [38] In addition thermal reduction generates CO2, 

removing carbon from the sheets resulting in defect formation and size reduction .      

 

 

Figure 2-11. Fourier transform infrared spectra from XGO and GS. The spectra 

were recorded in transmission mode. 

 

2-4  Conclusions 

In conclusion, we successfully developed a hydrazine-free, high-yield method 

to produce single-layer graphene with high sp
2
 fraction and conductivity at 

atmospheric pressure. Graphene sheets are reduced from exfoliated graphite 

oxide/graphene oxide in DI water at pH3 within 48 hours at temperature of 95ºC. 

The graphene sheets produced according to this method have a resistivity comparable 

to graphene sheets produced using other methods. These measurements, combined 

with TEM observations, indicate that while these sheets are not fully reduced, the 
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presence of large uniform interconnected oxygen-free patches with sp
2
 carbon bonds 

is sufficient to provide sheets with electronic properties comparable to other reduced 

graphene sheets. We speculate that heating XGO for extended time in water provides 

enough energy for dehydration and transformation of C-C bonds from sp
3
 to sp

2
. 
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Chapter 3.  

Cytotoxicity of Graphene Oxide and Graphene2 

3-1 Introduction 

     Graphene, a two-dimensional carbon sheet with single-atom thickness, has 

recently attracted significant interest due to its unique mechanical and electrical 

properties.[1] This newly discovered material has a wide range of potential 

applications including transistors,[2] transparent conductors,[3] surfactants,[54] 

polymer reinforcement,[4] and biodevices.[55] Recently, similar to carbon nanotubes 

(CNTs), biological applications of graphene sheets (GS) and graphene oxide (GO) 

have attracted attention in the scientific community based on their great potential for 

bacterial inhibition,[56] drug delivery,[57] and photothermal therapy.[10] Graphene 

morphology is distinct from that of CNTs; for example, the length of CNTs influence 

their toxicity but GS and GO don't have a "length". One similarity between the 

materials is that both GO/GS[4] and CNT[58] structures vary according to the 

synthetic processes employed, which can also change their physical properties, such as 

dispersity, surface functionality, and their toxicity.[59] Several methods have been 

reported to produce graphene economically.[18], [51] The method employed herein 

starts with exfoliation of graphite oxide to single-layered GO followed by reduction of 

the GO to GS. GO can be chemically reduced without changing the sheet size because 

hydroxyl and epoxy groups are converted into carbon-carbon double bonds by 

dehydration or other reactions.[18], [60]  

                                                 
2
 This chapter appears in: Liao K-H, Lin Y-S, Macosko CW, Haynes C. ACS Applied Materials & Interfaces 2011;3:2607. 
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     Even with the aforementioned promise of graphene-based materials, there are 

only a few studies investigating the in vitro cytotoxicity of GO and GS to baterial or 

mammalian cells, all published in 2010 and 2011.[11–13], [57], [60], [61] For toxicity 

of graphene and its derivatives to bateria, Hu et al. reported that GO and reduced GO 

(rGO) inhibit bacterial growth with minimal toxicity to human alveolar epithelial 

A549 cells.[57] Akhaven et al. compared the toxicity of GO and rGO on Escherichia 

and Staphylococcus bacteria and found (1) that GO and rGO caused bacterial 

membrane damage and (2) that the hydrazine-reduced GO was more toxic than 

untreated GO.[60] They attributed the toxicity of their reduced GO to sharper 

nanowalls. In the case of cytotoxicity of GO and GS to adherent mammalian cells, 

Biris and co-workers demonstrated that both GS and CNTs induce cytotoxic effects on 

phaeochromocytoma (PC-12) cells; they also concluded that the CNTs are more toxic 

than graphene and that the shape of these carbon-based nanomaterials plays an 

important role in their cytotoxicity.[61] In very recent work, Wang et al. demonstrated 

that GO has dose-dependent toxicity to human fibroblast cells with the GO causing 

obvious toxicity when the  dose is higher than 50 µg/mL.[11]
 
On the contrary, two 

other very recent reports show high biocompatibility of GO or GS.[12], [13] Ryoo et al. 

reported that GO and GS substrates were highly biocompatible and improved gene 

transfection efficacy in NIH-3T3 fibroblasts.[12] Chang et al. suggested GO will not 

enter A549 cells and showed no obvious toxicity to A549 cells, regardless of the size 

or dose of GO.[13] To summarize, the limited published work indicates that both GO 

and GS have high bacterial toxicity but there is no consensus on cellular toxicity. One 

likely source of this apparent disagreement is that the physicochemical properties of 

GO or GS, such as size, surface charge, particulate state, surface functional groups, 

and residual precursors, are not always well controlled though they likely have 
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significant influence on biological/toxicological activity.[62] Another possibility is 

that the most commonly used viability assay, the MTT assay, is not appropriate for 

work with carbon-based nanomaterials like carbon black and CNTs.[63], [64]  

     To date, the reported literature only probes the in vitro toxicity of GO and GS in 

bacterial, adherent mammalian, or cancerous cells. Likely due to the recent discovery 

and progress on graphene, none of this work has investigated and compared the effect 

of particulate state of GO and GS on the response of suspended cells like red blood 

cells and adherent cells like human skin fibroblast cells. In this work, we aim to 

systematically study the effects of GO exfoliation, size, oxygen content, and 

particulate state on red blood cells (RBCs), a likely site of interaction for biomedical 

applications that require intravenous injection, as well as human skin fibroblasts, a 

likely target upon dermal interaction. RBC toxicity is assessed by tracking hemolysis, 

or the release of hemoglobin upon cell lysis, under various nanomaterial exposure 

conditions while fibroblast toxicity is assessed with a comparison between the 

well-established methylthiazolyldiphenyl-tetrazolium bromide (MTT) and water 

soluble tetrazolium salt (WST-8) assays. Together, these data reveal some critical 

chemical and physical parameters that determine the biocompatibility and promise of 

these exciting new materials. Based on likely broad future use of GO and GS in a 

variety of products, it is critical to consider cytotoxicity of well-characterized 

graphene materials on cell types that are most populous in the body and likely to 

interact with foreign materials. 
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3-2 Experiments & Characterization.  

3-2.1 Synthesis of Graphene and Graphene Oxide 

     A graphite oxide particle suspension was synthesized using Hummers’ 

method;[14] and a detailed process has been reported in our previous paper.[65] We 

chose this simple, hydrazine-free method to synthesize graphene oxide and graphene 

sheets to avoid any unintentional toxicity from the highly-toxic hydrazine species. 

Graphite oxide was dialyzed (Spectrum Laboratories; 5 nm pore size) against 

deionized (D.I.) water for 48 hours. The D.I. water was changed every 4 hours. To 

obtain graphene oxide (GO), graphite oxide was redispersed in D.I. water at 1 wt% 

concentration and sonicated with a bath-sonicator (Branson 2510; 100 W) or 

probe-sonicator (Cole Parmer; CPX750, 750W) for various sonication times as 

described in the Characterization section. GS was produced from pGO-5 using the 

dehydration process reported in our previous paper.[65]  To provide an acid 

environment for dehydration of hydroxyl groups
8
 on pGO-5, HCl was added into the 

pGO-5/D.I. water solution (1 wt%; yellow solution) until the pH reached ~3. A sealed 

pressure cooker (PRESTO, 12-Quart) was used to heat the solution to 130 C for 20 

hours.  The solution turned from homogeneous yellow to a layered suspension with 

clear water on the top and fluffy black precipitate on the bottom. All the GO and GS 

samples used for cytotoxicity experiments were dialyzed in regenerated cellulose 

tubing (with a molecular weight cut off, of 12,000-14,000, Fisherbrand, Pittsburgh, PA) 

against two liters of D.I. water for at least 6 days. The pH of GO and GS suspensions 

after dialysis was around 5. 
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3-2.2 Characterization 

3-2.2.1 Wide-angle Powder X-ray Diffraction (WXRD) 

     GO and GS powders were obtained after drying the aqueous GO and GS 

suspensions using a rotary evaporator (IKA RV10, Wilmington, NC) equipped with a 

self-cleaning dry vacuum system (WELCH, Niles, IL).  The WXRD measurements 

for GO and GS were performed on a Bruker-AXS D-5005 (Siemens) with filtered Cu 

Kα source (2.2 kW) at 45 kV and 40 mA. Data were recorded by step scanning with a 

step size of 0.040° and a step time of 1.0 second. 

 

3-2.2.2 Atomic Force Microscopy (AFM)  

     A single drop of GO, bGO, pGO-5, and pGO-30 aqueous suspensions were 

spin-coated onto separate mica substrates (Ted Pella, Redding, CA) at 4000 rpm for 30 

seconds and air-dried at 45 °C for 3 hours.  A drop of dispersed GS in co-solvent (10 

wt% D.I. water and 90 wt% dimethylformamide) was dropped onto a mica substrate 

and air-dried at 65 °C for 3 hours.  Non-contact mode AFM (Digital Instrument, 

Nanoscope III Multimode AFM) was used for measurements.  

 

3-2.2.3 X-ray Photoelectron Spectroscopy (XPS) 

     GO, bGO, pGO-5, pGO-30 and GS were dried in a vacuum oven at 65 °C for 3 

hours before the XPS measurements. The XPS spectra were recorded on a Surface 

Science SSX-100 spectrometer equipped with a monochromatic Al Kα radiation 

source. 
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3-2.2.4 Dynamic Light Scattering (DLS) 

     The hydrodynamic diameter of GO, bGO, pGO-5, pGO-30 and GS was 

determined using a 90Plus/BI-MAS particle size analyzer (Brookhaven Instruments 

Corporation, Holtsville, NY). All the particles were suspended in D.I. water and PBS 

at a concentration of 50 μg mL
-1

. Three runs and one minute run duration were set for 

each measurement. Each measurement was repeated on three cuvettes taken from the 

same solution.  

 

3-2.2.5 ζ-Potential Measurements  

     All GO and GS samples were prepared in D.I. water, PBS, and cell culture 

medium at a concentration of 50 μg mL
-1

. The ζ-potential was determined using a 

ZetaPALS  Zeta-Potential Analyzer (Brookhaven Instruments Corporation, Holtsville, 

NY) equipped with a 35 mW red diode laser (660 nm). Five runs and ten cycles were 

set for each measurement. Each sample was measured at least three times.  

 

3-2.2.6 Optical Microscopy 

     Following 3-hour exposure to pGO-5, pGO-30, and GS sheets (25 μg mL
-1

) at 37 

o
C with agitation, washed RBCs were transferred to a 35 x 10 mm Petri dish (Falcon, 

Franklin Lakes, NJ) and observed under a Nikon Eclipse TE 2000-U inverted 

microscope (Nikon USA, Melville, NY). The optical images were recorded using a 

QUANTEM: 512SC camera (Photometrics, Tucson, AZ) with MetaMorph imaging 

software (Molecular Devices, Downingtown, PA).  
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3-2.2.7 Hemolysis Assay 

     Fresh ethylenediamine tetraacetic acid (EDTA)-stabilized human whole blood 

samples were purchased from Memorial Blood Center (St. Paul, MN). Typically, 5 mL 

of whole blood was added to 10 mL of calcium- and magnesium-free Dulbecco’s 

phosphate buffered saline (PBS, Grand Island, NY) and centrifuged at 500 g for 10 

minutes to isolate RBCs from serum. This purification step was repeated five times, 

and then the washed RBCs were diluted to 50 mL in PBS. To test the hemolytic 

activity of GO and GS samples, 0.2 mL of diluted RBC suspension (around 4.5 x 10
8
 

cells mL
-1

)  was added to 0.8 mL of GO and GS suspension solutions in PBS at 

different concentrations. The 250 μg mL
-1

 of GO or GS stock solutions in PBS were 

prepared by adding  0.8 mL of 500 μg mL
-1

 of GO or GS particle solutions in D.I. 

water to 0.8 mL of 2X PBS solutions.  The final concentration of GO and GS ranges 

from 3.125 to 200 μg mL
-1

. D.I. water (+RBCs) and PBS (+RBCs) were used as the 

positive control and negative control, respectively. All the samples were placed on a 

rocking shaker in an incubator at 37 
o
C for 3 hours. After incubation, the samples were 

centrifuged at 10,016 g for 3 minutes. The hemoglobin absorbance in the supernatant 

was measured at 540 nm, with 655 nm as a reference, using an iMark microplate 

reader (Bio-Rad, Hercules, CA). Percent hemolysis was calculated using equation 3-1.  

   (3-1) 

 

3-2.2.8 MTT Viability Assay 

     Human skin fibroblast cells (CRL-2522) were purchased from American Type 

Culture Center (Manassas, VA). Typically, 6×10
4
 cells were seeded in 96-well plates 
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and cultured in Minimum Essential Medium Eagle (MEM, Hyclone, Logan, UT) with 

Earle’s balance salt and L-glutamine,  supplemented with 10% fetal bovine serum 

(FBS, Invitrogen, Grand Island, NY) and 1% penicillin/streptomycin (PS, Invitrogen, 

Grand Island, NY) at 37 
o
C under 5% CO2. After 24 hours, the cells were washed with 

100 μL of serum-free MEM (1% PS) twice and incubated with 100 μL of different 

concentrations of pGO-5 and GS suspensions in serum-free MEM (1% PS). The 

pGO-5 and GS particles used for viability assays were washed with serum-free MEM 

(1% PS) five times. After 24-hour exposure, the cells were washed twice with 100 μL 

of serum-free MEM and incubated with 100 μL of 0.5 mg/mL 

methylthiazolyldiphenyl-tetrazolium bromide (MTT, Invitrogen, Eugene, OR) 

containing media for 2 hours at 37 
o
C under 5% CO2. Finally, the MTT containing 

media was removed and the insoluble purple formazan crystals produced by live cells 

were dissolved in 100 μL of dimethyl sulfoxide (DMSO, Sigma-Aldrich, Milwaukee, 

WI). The plate was placed on a rocking shaker for at least 20 minutes and then 80 μL of 

the purple DMSO solution in each well was transferred to a new 96-well plate, because 

residual pGO-5 or GS can affect the absorbance values at 570 nm. Optical density of 

the produced stain was monitored at 570 nm, with 655 nm as a reference, using an 

iMark microplate reader (Bio-Rad, Hercules, CA). The cell viability was determined 

by mitochondrial activity which was calculated using equation 2. Cells without 

particle exposure were used as control. In addition, cell-free control experiments were 

performed to see if the GO and GS react directly with the MTT reagents. Typically, 

pGO-5 and GS particles with different concentration (3.125 -200 µg/mL) were 

suspended in 1 mL of 0.5 mg/mL of MTT solution (in MEM). After two-hour 

incubation at 37 
o
C under 5% CO2, the pGO-5 and GS particles were centrifuged and 

washed with PBS one time. To see if any insoluble formazan formed during incubation, 
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1 mL of DMSO was added to redisperse the pelleted particles. The suspended pGO-5 

and GS particles were centrifuged again and the optical density of DMSO supernatant 

at 570 nm (655 nm as reference) was used to see if the MTT reagent reacted with 

pGO-5 and GS particles. 

             (3-2) 

 

3-2.2.9 WST-8 Viability Assay 

     In addition to the MTT assay, cell viability was measured using a cell counting 

kit-8 (CCK-8, Dojindo, Rockville, MD). Typically, 6×10
4
 cells were seeded in a 

96-well plate and cultured in MEM supplemented with 10% FBS and 1% PS at 37 
o
C 

under 5% CO2. After 24 hours, the cells were washed with 100 μL of serum-free MEM 

(1% PS) two times and incubated with 100 μL of different concentrations of pGO-5 

and GS suspensions in serum-free MEM (1% PS). After 24-hour exposure, the cells 

were washed twice with serum-free MEM and 15 μL of CCK-8 solution was added to 

each well containing 100 μL of serum-free MEM. After one hour incubation at 37 
o
C 

under 5% CO2, 80 μL of the mixture was transferred to another 96-well plate, because 

residual pGO-5 or GS can affect the absorbance values at 450 nm. The absorbance of 

the mixture solutions was measured at 450 nm with 655 nm as a reference, using an 

iMark microplate reader. The viability was calculated using equation 3. The cell-free 

control experiments were performed to see if the GO and GS react directly with the 

WST-8 reagents. Typically, 100 µL of pGO-5 and GS particles with different 

concentration (3.125-200 µg/mL) were added to a 96-well plate and 10 µL of WST-8 

reagent solution was added to each well; the mixture solution was incubated at 37 
o
C 

under 5% CO2 for one hour. After incubation, the pGO-5 and GS particles were 
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centrifuged and 50 µL of supernatant was transferred to another 96-well plate. The 

optical density at 450 nm (655 nm as reference) of each control was used to see if the 

pGO-5 and GS particles react with WST-8 reagents.  

 (3-3) 

 

3-3 Results and Discussion 

3-3.1 Synthesis and Characterization of GO and GS.  

     High yields of GO (by Hummers’ method[14]) and GS with various sizes, extent 

of exfoliation and oxygen content were synthesized using a simple aqueous and 

hydrazine-free hydrothermal route accompanied by different sonication treatments.[18] 

The sample preparation flowchart is summarized in Scheme 3-1. The following 

samples were characterized by WXRD as dried powders: (1) graphite oxide colloidal 

suspension obtained directly from Hummers’ method[14]  (GO);
 
(2) graphene oxide 

obtained after 5-hour bath-sonication of GO (bGO), (3) graphene oxide obtained after 

5-minute probe-sonication of GO (pGO-5), (4) graphene oxide obtained after 

30-minute probe-sonication of GO (pGO-30), (5) and graphene sheets  obtained after 

hydrothermal processing of pGO-5 in D.I. water for 20 hours at 130 °C and pH~3 (GS). 

Both bath- and probe-sonication were employed because the differing sonication 

intensities allowed access to a broad range of material sizes, since the size of GO 

sheets can be decreased by sonication[4] without influencing the chemical reduction 

process. To investigate the morphology of the graphene-related materials, wide angle 

X-ray diffraction (WXRD) was used.  The WXRD (Figure 3-1) gives the spacing 

between atomic planes in the main peak: 2θ (Bragg angle) = 10.1 in GO, which 
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corresponds to an interplane distance of d0001= 0.94 nm.[45] In contrast to the WXRD 

spectrum of GO, the WXRD spectra of bGO, pGO-5 and pGO-30 show much weaker 

peaks at 2θ = 10.1, due to the exfoliation of the sheets, a result of long bath-sonication 

times and powerful probe-sonication.  For GS, no peak is observed at 2θ = 10.1 in 

the WXRD spectrum. The weak broad peak at 23° indicates some stacking of GS. 

 

Scheme 3-1. Sample preparation flowchart of graphene oxide and graphene sheets: 

GO, bGO, pGO-5, pGO-30, and GS.  

 

 

 

Figure 3-1. WXRD spectra of (from top) graphite (precursor of GO; gray) as 

received, graphite oxide (GO; red) as synthesized; graphene oxide (bGO; blue) 

following 5-hour bath-sonication from GO; graphene oxide (pGO-5; green) 

following 5-min probe-sonication from GO;  graphene oxide (pGO-30; purple) 

following 30-min probe-sonication from GO; and graphene sheets (GS; black) 

following hydrothermal processing of pGO-5 in D.I. H2O for 20 h at 130 °C and 

pH=3. 
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Figure 3-2. AFM topography images of (a) GO, (b) bGO, (c) pGO-5, (d) pGO-30, 

(e) GS, and (f) cross-section topography of the white line in (c). The 

cross-sectional topography shows step features of ~1 nm thickness indicating that 

pGO-5 is mostly single-layered.   
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Figure 3-3. AFM images of GO, bGO, pGO-30, and GS with cross-sectional 

topography. 
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     Atomic force microscopy (AFM) was used to measure the particle size of GO, 

bGO, pGO-5, pGO-30, and GS.  Figure 3-2a shows GO can reach 10 µm in lateral 

size and tens of nanometers in thickness (see Figure 3-3).  In contrast to GO, 

micrographs of bGO show that the 5-hour bath-sonication significantly exfoliates GO 

and decreases the particle size (Figure 3-2b), but multi-layer structures are still 

observed in the AFM images and cross-sectional topography (see Figure 3-3).  Figure 

3-2c shows that pGO-5 sheets are smaller than either bGO or GO.  The white dotted 

line in Figure 3-2f is a line scan showing that most of the pGO-5 sheets are 

approximately 1 nm in thickness, indicating single-layer structures.[16] The AFM 

images of pGO-30, shown in Figure 3-2d, reveal that 30-min probe-sonication has 

broken GO into even smaller pieces than pGO-5, as expected with the longer 

sonication time.  GS was produced via dehydration in an acidic environment[18] 

from pGO-5 (Scheme 3-1), and Figure 3-2e (see Figure 3-3) shows that most of the GS 

sheets are single-layer with similar size to pGO-5, demonstrating that the 

hydrothermal process does not significantly affect the particle size. The images in 

Figure 3-2 (also see Figure 3-3) reveal that GS is mostly single-layer after the 

dehydration reaction; these results are in agreement with previously characterized 

morphology. In addition, the hydrodynamic diameters of GO, bGO, pGO-5, pGO-30, 

and GS in D.I. water and PBS as determined by dynamic light scattering (DLS) are 

listed in Table 3-1. Although the DLS characterization can not reveal the exact size of 

these GO and GS particles in aqueous solution because of the anisotropic morphology 

of GO and GS, the results still show that the hydrodynamic size of GO decreases in 

either D.I. water or PBS after intense probe-sonication. Compared to the 

hydrodynamic diameter of pGO-5, the GS has much larger hydrodynamic diameter, 

indicating the formation of irreversible aggregates in aqueous solution.  
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Figure 3-4. XPS C1s spectra and fitted curves of (a) GO and (b) GS.  GS show a 

significant drop in C-O (285.6 eV; red) character relative to C-C (283.5 eV; blue). 

The XPS spectra show that there is significant reduction of oxygen from GO 

(C/O=2/1) to GS (C/O=7/1). The purple curve is the fitted baseline. 

 

     X-ray photoelectron spectroscopy (XPS) was used to measure the chemical 

composition of GO and GS.  Figure 3-4a shows that the C1s spectrum of GO is an 

overlap of three peaks at 287.3, 285.6 and 283.5 eV, fingerprints of C=O, C-O and C-C 

bonds, respectively.[38] XPS measurements performed on GS show a significant drop 
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in C-O character relative to C-C (see Figure 3-4b).  The atomic ratio of oxygen to 

carbon is reduced from C/O = 2/1 to about C/O = 7/1, which explains the hydrophobic 

nature of GS and the hydrophilicity of GO sheets. In addition, the oxygen amount in 

GO and GS also affects their surface charge and dispersity in aqueous solutions.  

     As mentioned previously, the surface charge[66] and aggregation state[67] of 

nanomaterials critically influence their in vitro cytotoxicity. The surface charge of 

nanoparticles plays an especially important role in cell-nanoparticle interactions 

because cell membranes themselves are charged. In fact, prior to cytotoxicity 

experiments, characterization of the surface charge and particulate state of the GO and 

GS samples in biological media is paramount. As shown in Table 3-1, the zeta 

(ζ)-potentials of all GO and GS used in this work were negative. The GO samples have 

similar ζ-potentials in both D.I. water, PBS, and cell culture medium indicating similar 

oxygen content. Compared to GO, GS has a lower ζ-potential, which is also consistent 

with the decreased oxygen amount in the XPS data and poor aqueous dispersity.  

 

Table 3-1. GO and GS characteristics, values presented mean ± standard deviation 

from triplicate measurements 

samples hydrodynamic 

diameter in 

D.I. water 

(nm) 

hydrodynamic 

diameter in 

PBS (nm) 

ζ-potential 

in D.I. 

water 

(mV) 

ζ-potential 

in PBS 

(mV) 

ζ-potential 

in MEM 

(mV) 

GO 765±19 1678±190 - 40.6±2.9
 

- 33.1±1.6
 

- 22.7±0.5
 

bGO 748±13 1574±160 - 40.6±2.2
 

- 31.1±0.8
 

- 23.9±1.7
 

pGO-5 672±13 1254±143 - 41.2±1.3
 

- 31.1±1.9
 

- 23.9±3.3
 

pGO-30 342±17 861±115 - 42.4±2.7
 

- 34.6±1.7
 

- 22.6±0.7
 

GS 3018±36 4312±206 - 37.2±1.6
 

- 24.7±2.6
 

- 17.1±1.4
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     Although ζ-potential plays a key role in colloidal stability, it does not show the 

true particulate state in various environments. To estimate the aggregation behavior of 

GO and GS samples under different aging conditions, we simply used visual evidence 

of settling. The concentration of GO and GS samples used for particle stability in D.I. 

water and PBS was 50 μg/mL. All the GO samples show excellent colloidal dispersity 

and stability in D.I. water (see Figure 3-5 a, b, c, and d) even after 24 hours at 37 
o
C. 

We attribute this to their high negative surface charge (electrostatic stabilization). 

However, even though the surface charge of GS was negative in D.I. water, GS formed 

observable aggregates and came completely out of suspension after 24-hour static 

aging at 37 
o
C (see Figure 3-5d), probably due to more π-π stacking interactions 

between the deoxygenated surfaces.[68] To study the cytotoxicity of nanomaterials, in 

most cases, particles will be suspended in highly salted solutions, like phosphate 

buffered saline (PBS). Accordingly, the colloidal stability of GO and GS was also 

evaluated in PBS because the results will more accurately model their actual 

particulate state in toxicity assays and biological environments. In PBS, the GO 

samples are still homogenously dispersed after 3-hour agitation at 37 
o
C (see Figure 

3-5f). However, all the GO samples aggregated after 3-hour static aging and 

completely settled out after 24-hour static aging at 37 
o
C (see Figure 3-5g and h) 

because of charge neutralization of surface oxygen groups by ionic salt species. In the 

case of GS, the particles aggregate and settle down to the vial bottom faster in the PBS 

solution than in D.I. water (see Figure 3-5c and g). In short, GO is highly stable in D.I. 

water but aggregates in highly salted environments. Importantly, the aggregation of 

GO can be reversed using external agitation such as mixing and sonication. Compared 

to the irreversible aggregation of GS, the particulate behavior of GO in highly salted 

solution is called reversible aggregation in this study.  
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Figure 3-5. Photographs of GO, bGO, pGO-5, pGO-30, and GS sheets dispersed 

at 50 μg mL
-1

 in D.I. water (a, b, c, d) and in PBS (e, f, g, h) after various time 

points: samples right after preparation (0 hour) (a, e), after 3-hour mixing 

agitation, (b,f), after 3-hour static aging (c, g), and after 24-hour static aging (d, h). 

All samples were held at 37 
o
C.  

 

3-3.2 In Vitro Hemolytic Activity of GO and GS 

     First, the hemolysis assay was employed to evaluate the in vitro blood 

compatibility of GO and GS because these materials have recently been used for 

biomedical applications, including injectable graphene-related particles.[10], [57] 

Here, a universal method for testing in vitro nanoparticle hemolysis proposed by 
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McNeil et al.[69] was employed to investigate the hemolytic activity of GO and GS. 

As shown in Figure 3-6a and b, the membrane of RBCs was compromised by GO and 

GS in a dose-dependent manner, leading to observable free hemoglobin in the 

supernatant. The concentrations of GO and GS leading to 50% lysis of RBCs (the TC50) 

are listed in Table 3-2. It is apparent that the hemolytic activity of GO increases after 

sonication, especially for intensely (probe) sonicated GO, like the pGO-5 and pGO-30 

samples. The higher hemolytic activity of sonicated GO may be due to the greater 

extent of exfoliation and smaller GO particle size. The size-dependent cytotoxicity in 

human RBCs and mammalian cells has also been demonstrated using other types of 

nanoparticles, such as silica[70], [71] and latex.[72] Because GS, compared to all the 

GO samples, has the lowest oxygen content, it has the lowest hemolytic activity and is 

also more likely to form aqueous aggregations, yielding fewer cell-contactable 

reactive oxygen groups on the GS surface. This result is similar to work recently 

published by Chen and co-workers where the authors found individually dispersed 

carbon nanotubes were more toxic than aggregated carbon nanotubes.[67] To further 

study the possible reasons why GO and GS cause hemolysis, hemolysis experiments 

were performed using graphite (the precursor material for GO and GS). Compared to 

the high hemolytic activity of GO particles, graphite induces a very low percent 

hemolysis, even at 200 μg/mL (~3%, see Figure 3-7), most likely due to much lower 

surface area and hydrophobic surface. This result indicates that the disruption of the 

RBC membrane is likely attributed to the strong electrostatic interactions between 

negatively charged oxygen groups on the GO/GS surface and positively charged 

phosphatidylcholine lipids which are present on the RBC outer membrane. 
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Table 2. Concentrations of GO and GS Leading to a 50% Lysis of RBCs 

 GO bGO pGO-5 pGO-30 GS 

TC50
 
(μg mL

-1
)
a
 142 49.6 30.5 20.2 >200 

a
TC50 was determined using ED50plus v1.0 free software to fit the data in Figure 3-6a. 

 

 

 

 

Figure 3-6. (a) Percent hemolysis of RBCs incubated with different 

concentrations (3.125 to 200 μg mL
-1

) of GO (red), bGO (blue), pGO-5 (green), 

pGO-30 (purple), and GS (black) for 3 hours at 37 
o
C with agitation. Data 

represent mean ± SD from at least five independent experiments. Percent 

hemolysis of RBCs incubated with pGO-30/chitosan at 100 μg mL
-1

 for 3 hours at 

37 
o
C with agitation. (b) Photographs of RBCs after 3-hour exposure to GO, bGO, 

pGO-5, pGO-30, and GS at different concentrations (3.125 to 200 μg mL
-1

). The 

presence of red hemoglobin in the supernatant indicates RBCs with membrance 

damage. (+) and (-) symbols represent positive control and negative control, 

respectively. 
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Figure 3-7. Percent hemolysis of RBCs incubated with different concentrations 

(3.125 to 200 μg mL
-1

) of graphite for 3 hours at 37 
o
C with agitation. Data 

represent mean ± SD, n=3. Inset: photographs of RBCs after 3-hour exposure to 

graphite with negative and positive controls. (+) and (-) symbols represent 

positive control and negative control, respectively. 

 

     To confirm that the presence of GO and GS do not interfere the hemolysis 

measurement method, all particle samples were incubated directly with cell-free 

hemoglobin (absorbance ~0.88 at 540 nm) for 3 hours at 37 
o
C. The absorbance of 

supernatant was compared to a control prepared by high speed centrifugation of pure 

hemoglobin (see Figure 3-8). The result showed no significant amount of adsorbed 

hemoglobin on the GO and GS. Additionally, to ensure the Uv-vis absorption by GO 

and GS do not cause overestimation of hemoglobin concentration in the supernatant, 

all particles suspended in PBS at 100 μg/mL were centrifuged, and the optical density 

of the supernatant was measured at 540 nm, using 655 nm as reference. The optical 

densities of all supernatants were very close to background signal, revealing that light 

absorption by GO and GS is not a significant issue in the hemolysis assay.  
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Figure 3-8. None of the five GO and GS samples adsorb significant amounts of 

hemoglobin. Hemoglobin was mixed with GO, bGO, pGO-5, pGO-30, and GS 

(100 μg mL
-1

 in PBS) and incubated for 3 hours at 37 
o
C. Each data point is the 

average of three measurements of optical density of the supernatant. 

 

     Morphological changes and significant lysis of RBCs after GO and GS exposure 

can be observed by optical microscopy. Compared to the normal biconcave shape of 

untreated RBCs in PBS (Figure 3-9a), pGO-5 and pGO-30 treated RBCs (at 25 μg 

mL
-1

)  appeared in much lower numbers and demonstrate both aberrant morphology 

and recently lysed RBCs (arrows and circles in the insets of Figure 3-9b and c, 

respectively). While the GS-treated RBCs did not result in significant lysis of RBCs, 

hemagglutination was observed (arrows in Figure 3-9d) surrounding the GS 

aggregates. This data is the first of its kind, systematically studying the hemolytic 

activity of graphene oxide and graphene sheets toward human RBCs, and it is clear 

that both particle size and surface charge/oxygen content influence apparent blood 

compatibility.  
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Figure 3-9. Optical microscopy images of RBCs in the presence of (a) PBS 

(control), (b) pGO-5, (c) pGO-30, and (d) GS at 25 μg mL
-1

 for 3 hours at 37 
o
C 

with agitation. Inset images are magnified RBCs. Scale bars in the inset images 

represent 10 μm. The arrows in (b) and (c) show lysed RBCs. The arrows in (d) 

represent the hemagglutination caused by GS aggregates. 

 

     To further confirm that the hemolytic activity of these graphene-related particles 

is attributed to an interaction between RBCs and GO/GS particle surface, the GO 

particle with greatest hemolytic activity, pGO-30, was coated with a biocompatible 

polymer, chitosan, using electrostatic adsorption.[73] The zeta potential of 

pGO-30/chitosan in acidic water (pH~4.8) was 24.8±1.8 mV, compared to the zeta 

potential of pGO-5 in acidic water (-38.3±2.3 mV), indicating that chitosan was 

successfully coated on pGO-30 surface. However, upon dispersion in PBS (pH~7.4), 

pGO-30/chitosan aggregates form rapidly due to a pH-dependent chitosan 

conformational change.[73] Compared to the high hemolytic activity of pGO-30, no 
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apparent hemolysis was observed from pGO-30/chitosan (see Figure 3-6a and Figure 

3-10), revealing that chitosan either serves as a protective layer, masking the 

electrostatic interactions between RBCs and oxygen groups on the pGO-30 surface, or 

aggregates the particles to decrease the cell-contactable surface area.  

 

 

 

Figure 3-10. Percent hemolysis of RBCs incubated with 100 μg mL
-1

 of pGO-30 

and pGO-30/chitosan for 3 hours at 37 
o
C with agitation. Data represent mean ± 

SD from three independent experiments. Inset: photographs of RBCs after 3-hour 

exposure to pGO-30 and pGO-30/chitosan with negative and positive controls. (+) 

and (-) symbols represent positive control and negative control, respectively. 

 

3-3.3 In Vitro Fibroblast Cytotoxicity of GO and GS  

     To further explore the cytotoxicity of GO and GS, two methods, the MTT and 

WST-8 assay, were employed to investigate how these carbon-based nanomaterials 

interact with adherent cells. In this case, we compare only the cytotoxicity of pGO-5 

and GS on mitochondrial activity of human skin fibroblast cells, to focus on the role of 

oxygen content. The MTT results for both pGO-5 and GS showed no dose-dependent 
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effects on the mitochondrial activity of human skin fibroblast cells (Figure 3-11), 

indicating that the adherent fibroblast cells were unaffected by either nanomaterial at 

any of the employed concentrations. A second mitochondrial activity-based assay, 

WST-8, was employed to verify the MTT result. The WST-8 assay operates on the 

same principle but uses a negatively charged, water soluble tetrazolium dye. 

Compared to the MTT results, WST-8 data showed that both pGO-5 and GS have a 

dose-dependent effect on the viability of human skin fibroblast cells. There has been 

previous work done by Monteiro-Riviere et al.[63] and Wörle-Knirsch et al.[64]
 

demonstrating interference by carbon-based materials with the viability marker, MTT 

reagent, yielding inflated viability results. To rationalize the contradictory results of 

these two mitochondrial assays with GO and GS particles, control experiments were 

performed to see if the GO and GS react directly with the MTT or WST-8 reagents, 

regardless of the state of any cells in the dish. We found that both GO and GS react 

with MTT to form purple formazan (see Figure 3-12), a result that would indicate 

viable cells even though there were no cells in this control sample. Marques et al.[74] 

reported a detailed reaction mechanism whereby the [MTT]+ cation can be reduced by 

electrons and protons, which are present in GS or GO particles (see Figure 3-12). 

Accordingly, we conclude that the MTT assay is not appropriate for cytotoxicity tests 

of GO or GS particles. GO and GS particles cause a false positive measure of viability, 

generating an overestimation of the viability of human skin fibroblasts, especially at 

high GS and GO doses.  
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Figure 3-11. Cell viability of human skin fibroblast cells determined from MTT 

and WST-8 assay after 24-hour exposure to different concentrations of pGO-5 

and GS. Data represent mean ± SD. 

 

Figure 3-12. Photographs of MTT formazan (in the DMSO supernatant) 

produced by pGO-5 and GS particles. [MTT]+ will react with the conjugated 
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electrons from GS to form the radical intermediate [MTT]
●
. Then [MTT]

●
 will 

react with the protons to form a protonated cation [MTTH]+ under at least pH<13 

environment. [MTTH]+ will then react with another electrons from GS to form 

[FORMH], followed by a further protonated reaction with another proton mainly 

from GS to form [FORMH2]+. 

 

 

 

Figure 3-13. Cell viability of human skin fibroblast cells determined from trypan 

blue exclusion assay after exposure to different concentrations of pGO-5 and GS. 

Data represent mean ± SD, n=3.  

 

 

 

Figure 3-14. Optical microscopy images of human skin fibroblasts after 24-hour 

incubation at 37 
o
C (5% CO2) in the presence of (a) medium (control), (b) 50 μg 

mL
-1

 of pGO-5, and (c) 50 μg mL
-1

 of GS particles.  
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     Compared to the MTT control experiment, the WST-8 was not reactive either 

with GO or GS particles. No detectable reduction of WST-8 (WST-8 formazan 

formation) occurred after one hour incubation with cell-free GO or GS particles within 

a wide concentration range (3.125-200 μg mL
-1

). In addition to the failure of MTT on 

determining the cytotoxicity of GO and GS, we further found the GO and GS particles 

adsorbed lactate dehydrogenase (LDH) and generated underestimation of the LDH 

results. To validate the results of the WST-8 assay, another common viability assay 

based on trypan blue exclusion was performed. The trypan blue dye exclusion assay 

shows similar results to those from the WST-8 assay (see Figure 3-13), which confirms 

the validity of WST-8 assay. In addition, it is clear to see from optical microscopy 

images (see Figure 3-14) that the fibroblast cell density decreases after 24-hour GS 

exposure at 50 μg mL
-1

, compared to control and pGO-5 treated cells. These data 

further confirm the WST-8 results. Accordingly, adherent cell toxicity conclusions will 

be based on the WST-8 assay results only, indicating that GS is more toxic to adherent 

cells than pGO-5. This is likely due to the faster sedimentation and formation of more 

compact aggregates of GS, as compared pGO-5, during 24-hour static aging (see 

Figure 3-5 g and h), which greatly inhibits nutrient availability to and growth of human 

skin fibroblasts. Unlike the hemolysis assay, the human skin fibroblast cells were 

grown on the bottom of the assay wells, making factors such as the sedimentation rate, 

thickness and compactness of GO or GS aggregates on the top of adherent cells more 

likely to affect the viability of fibroblasts. Additionally, the generation of reactive 

oxygen species (ROS) is a common toxic mechanism of carbon-based and other 

nanoscale materials.[75] To investigate this possibility, we performed a reactive 

oxygen species (ROS) assay to measure the oxidative stress generated by pGO-5 or 

GS particles in or near the human skin fibroblast cells. The results show that the 
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generation of ROS in cells is concentration-dependent after pGO-5 or GS exposure 

(see Figure 3-15). After 24-hour exposure, the aggregated GS at 25 μg mL
-1

 induced 

approximately a 9-fold increase in ROS in fibroblast cells compared to untreated cells 

(control). The aggregated GS induced an even higher level of ROS (indicating more 

oxidative stress) in human skin fibroblast cells compared to reversibly aggregated 

pGO-5 (see Figure 3-15), revealing a likely mechanism for larger GS toxic effects 

compared to pGO-5. This work clearly demonstrates that the particulate state (extent 

of aggregation, irreversible or reversible aggregation) of GO and GS and the cell types 

(membrane composition and suspended/adherent nature of cells) used for cytotoxicity 

evaluation have a great impact on the biological/toxicological responses.  

 

 

 

Figure 3-15. Effect of pGO-5 and GS on the generation of ROS in human skin 

fibroblast cells. 

 

3-4 Conclusions 

     In this first study of the blood compatibility of graphene-based materials, the 

blood compatibility and cytotoxicity of graphene oxide (GO) and graphene sheets (GS) 
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of various sizes and oxygen content have been investigated in suspended human RBCs 

and adherent skin fibroblasts using in vitro hemolysis and WST-8 viability assays. All 

the GO and GS show dose-dependent hemolytic activity on RBCs. In the case of GO 

samples, extent of exfoliation and particle size play a critical role in extent of 

hemolysis. Sonicated (smaller) GO exhibited higher hemolytic activity than untreated 

(larger) GO. Compared to individually dispersed GO sheets having higher surface 

oxygen content, the aggregated GS showed lower hemolytic activity. Covering the GO 

sheets with chitosan eliminated their hemolytic activity. 

     The spontaneous formation of MTT formazan by cell-free GO and GS indicates 

the failure of MTT assay in predicting the cytotoxicity of graphene-related materials. 

The MTT data indicate a false high biocompatibility of GO and GS with adherent 

fibroblasts. However, the valid WST-8, trypan blue exclusion, and ROS data 

demonstrate that aggregated GS particles are more cytotoxic than reversibly 

aggregated GO on human skin fibroblast cells. Moreover, compared to reversibly 

aggregated GO, the aggregated GS generated more reactive oxygen species in human 

skin fibroblast cells and strongly associated to the cell surface. Based on the hemolysis 

and WST-8 viability assay results, this is the first work to show that the particulate 

state of graphene-based particles has a profound impact on their toxicity to suspended 

erythrocytes and adherent human skin fibroblasts.  



 

54 
 

Chapter 4. 

Reducing Graphene Aggregation in Preparing 

Nanocomposites 

 

4-1  Introduction 

 As described in Chapter 2, the aqueous reduction process for synthesis of 

graphene was motivated by producing graphene at a large scale with lower cost and by 

a more environmentally friendly approach for graphene/polymer nanocomposites. In 

this chapter, dispersion of the aqueous reduced graphene (ARG) in polymers is studied 

for further applications in nanocomposites. Different from thermally reduced graphene 

(TRG)[34] which is exfoliated in inert gas, ARG is exfoliated and reduced in water. 

Removing water from ARG can cause aggregation and stacking of single sheets, 

making dried ARG powder difficult to re-disperse into solvents or molten polymers. 

Liquid phase reduced graphene are usually blended into polymers via in situ 

polymerization to avoid aggregation of graphene caused by drying processes.[76], [77] 

Not only liquid phase reduced graphene, but TRG also has the same aggregation 

problem after vacuum drying if dispersed in solvents. Kim et al. reported that TRG can 

be densified by dispersing TRG into acetone followed by filtration and drying by 

vacuum drying. [78] A poorer dispersion of the densified TRG in polyethylene was 

observed compared to the normal non-densified TRG. 

 In this chapter, we report a dispersion method to resolve the problem of 

aggregation during the drying process of ARG. Since the majority of aggregation 
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occurs during the drying process, we must avoid complete drying. We replace >90% of 

water from ARG/water suspension and leave 10% of water in order to avoid 

aggregation. Then we add organic aqueous miscible organic solvent, for example 

dimethylforamide (DMF), to make ARG/water/DMF solution. Because the sample 

was not totally dried, there was no significant aggregation. Then we can dissolve 

polymers into ARG/water/DMF solutions to make nanocomposites. Thermoplastic 

polyurethane (TPU) was used as the matrix polymer in this chapter since TRG/TPU 

nanocomposites were studied previously in our group. Kim et al.[79] reported that 

solvent blending process gives the highest TRG dispersion level in TPU compared to 

melt blended or in situ polymerized samples. Hence, in this chapter, ARG/TPU 

nanocomposites prepared by two different solvent blending processes are compared 

with the TRG/TPU nanocomposites prepared by the same procedure as reported by 

Kim et al.'s. [79] 

 

4-2  Experimental Section 

4-2.1 Materials 

 The composites were prepared using Avalon 70AE thermoplastic polyurethane 

(TPU) provided by Huntsman. ARG was prepared as described in Chapter 2, and was 

kept in water after reduction.  TRGs were provided by Vorbeck Materials (TRG-V) 

and by Professor Abdahla, Petroleum Institute, UAE (TRG-P). TRG-V and TRG-P 

were prepared from Hummers' graphite oxide[14] by rapid heating process.[34] TPU, 

TRG-V and TRG-P were vacuum dried at 70 °C overnight before using. Carbon 

oxygen ratios of TRG-V, TRG-P and ARG, were measured by XPS measurements 

using Surface Science SSX-100 spectrometer housed at the Characterization Facility 
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of the University of Minnesota and are shown in Figure 4-1. The results shows that 

both TRG-V and TRG-P have a similar C/O ratio (C/O = 9/1), whereas ARG has a 

lower value (C/O = 7/1). The BET results are 512 m
2
/g for TRG-V, 500 m

2
/g for 

TRG-P and 400 m
2
/g for ARG. The dried TRG-V and TRG-P was also tested by XRD 

(Siemens; X-ray Diffraction & Scattering Wide Angle Bruker-AXS D5005) Using 

AFM on similar samples McAllister et al reported that lateral size of TRG is ~750, and 

80 % of TRG particles are single-layer. [81]  Give dimensions of ARG ref Liao 
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Figure 4-4. C
1s

 XPS spectra of (a) TRG-V, (b) TRG-P and (c) ARG. The results 

shows that both TRG-V and TRG-P have a C/O ratio (C/O) of 9/1, whereas ARG 

has a lower C/O of 7/1. 

(a) 

(b) 

(c) 
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4-2.2 Fabrication of Graphene/TPU Nanocomposites 

 Nanocomposites were prepared from three types of graphene's: ARG, TRG-V, 

and TRG-P. The nanocomposites were prepared by solvent blending. Graphene (1.3 – 

40 mg) was added to DMF (5 mL) and stirred for 2 days using a magnetic stirrer.  

Dried TPU pellets (~500 mg) were then added to the solution at room temperature and 

the solution was stirred for an additional 5 days. The composites were then cast as a 

film (with thickness 50~100 m) on a glass plate at 55 °C for 24 h. The film was then 

dried in a vacuum oven at room temperature for 2 days. ARG/water suspension was 

frozen and freeze dried at -70 °C under vacuum for 5 h to produce a low-density clump 

of ARG. The rest steps of blending process are the same as TRG-V and TRG-P. The 

process is illustrated in Figure 4-2a. Both TRG-V and TRG-P were received as dried 

powder, so the preparation process of TRG/TPU systems were started after "Freeze 

Drying" in Figure 4-2a. The TRG-V/TPU nanocomposites prepared for this work are 

compared with the results in Kim et al.'s[79] report in Figure 4-3, which shows similar 

mechanical properties improvement and percolation concentration (~0.5 wt%). 
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Figure 4-2. Illustration of (a) the single solvent blending process to synthesize 

and (b) the co-solvent blending process to make ARG/TPU nanocomposites. (c) 

The slime phase separation of ARG/TPU nanocomposites. 

(a) 

(b) 

(c) 
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 The single solvent blended ARG/TPU nanocomposites shows a poor dispersion 

of ARG. (More details are in the Results and Discussion part.) Hence, ARG/TPU 

nanocomposites were also fabricated using a co-solvent dispersion process as 

illustrated in Figure 4-2b. The water left over from the aqueous reduction process (see 

Chapter 2) was decanted until the water level reached black ARG precipitation, and 

then DMF was added with a DMF/water weight ratio ~ 8/1. The ARG/DMF/water 

suspensions were magnetically stirred for 24 h, and TPU pellets with certain weight 

were then added into the suspension. The ARG/DMF/water/TPU suspensions 

(DMF/water/TPU solution as the control group) were then magnetically stirred for 2 

days at room temperature. Phase separation occurred after 2 days of stirring. All the 

ARG went into the slime-like (black; high viscosity) phase, while the other phase only 

contains a slightly yellow liquid with water-like viscosity (Figure 4-2c). Phase 

separation also occurred in the control group (without ARG), but the "slime" phase 

was white and the liquid phase appeared light yellow. The liquid phase was decanted 

and the slime phase was picked up from the vials and was dried in a vacuum oven at 70 

°C for 4 days. The dried products were heat compressed into 50~100 m thick films 

for further characterizations. 
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Figure 4-3. Comparison of TRG-V/TPU nanocomposites prepared in this work 

and the results in Kim et al.'s report. [79] The results show similar mechanical 

properties improvement and percolation concentration (~0.5 wt%). 
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4-2.3 Characterization of Nanocomposites 

 ARG/TPU nanocomposites were heat pressed to films (50~100 μm) at 70 °C for 

10 min, while TRG/TPU nanocomposites were made as film. Surface resistance was 

measured using an 11-point DC surface resistance meter (PRS-801, Prostat) and was 

measured at three points on top of the film and three points on the bottom (glass side) 

of the film and the average is reported.  

 Modulus measurement and dynamic mechanical analysis were performed on a 

Rheometrics Solids Analyzer (RSA-II). The samples were cut in regtangular-shape. 

Modulus was measured at a temperature of 15 °C and strain rate of 10
-3

 s
-1

. Dynamic 

mechanical analysis (DMA) was carried out from -100 °C to 130 °C with a 0.25 % 

strain.  

 Differential scanning calorimetry (DSC) was used to investigate thermal 

properties of nanocomposites. The samples were tested over a temperature range from 

-100 °C to 200 °C with a heating rate of 10 °C/min. The film-shape samples were cut 

into small pieces for the test. 
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4-3  Results and Discussion 

 ARG is hydrophobic (see Chapter 2&3), so all ARG merges into the "slime-like" 

DMF/TPU phase but not water/DMF phase as shown in Figure 4-2c. This “slime-like” 

black phase is a soft, deformable solid. The electrical resistance curves with various 

graphene loads for graphene/TPU nanocomposites synthesized from the same solvent 

blending process are shown in Figure 4-4a. Electrical resistance of the nanocomposites 

provides a measure of the percolation concentration. We define electrical percolation 

when the surface resistance of the nanocomposites  drops ten folds. With the same 

solvent blending process, ARG/TPU nanocomposite shows the highest percolation 

concentration and the highest surface resistance at 3 wt% graphene. TRG-V/TPU and 

TRG-P/TPU nanocomposites have lower percolation concentrations and surface 

resistances than ARG/TPU nanocomposites. The results can be explained by the 

process to produce ARG creates aggregation after drying the water left over from the 

aqueous reduction process. TRG is exfoliated and reduced in the air, but ARG is 

exfoliated and reduced in water. Normal solvent blending process disperses dried 

ARG powder into TPU. However, after removing the water left over from the aqueous 

reduction process, significant aggregation of ARG forms no matter whether normal or 

freeze drying is used. Similar results were also observed by Kim et al.[78] They 

dispersed dried TRG in water and removed water to make 

densified-TRG/polyethylene nanocomposites, and the results show a poor dispersion 

of densified-TRG.  

In order to avoid aggregation of ARG, the co-solvent blending process (Figure 

4-2b) which does not completely dry out ARG in the water before blending was used. 

Figure 4-4a shows that the percolation concentration of dispersed ARG reaches 0.5 
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wt% if dispersed via the co-solvent process, compared to 1.0 wt% via the normal 

solvent blending. The results indicate that the dispersion of ARG in TPU has been 

significantly improved by the co-solvent blending process.  
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Figure 4-4. (a) Normalized tensile modulus of nanocomposites. (b) Surface 

resistance of ARG/TPU nanocomposites. 

 

 The elastic modulus of the nanocomposites (Figure 4-4b) exhibit similar trends to 

the surface resistance. TRG-V/TPU nanocomposite has the highest elastic modulus, 

with the modulus increasing by 815 % at 3 wt%, and TRG-P/TPU nanocomposite 

elastic modulus increased by 515 % at 3 wt%.  As for ARG/TPU nanocomposite, the 

co-solvent blended samples shows a modulus increase of 668%, whereas the normal 

solvent blended sample increased by 354 % at 3 wt%. The results supports the 

(a) 

(b) 
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electrical resistance data saying that dispersion of ARG can be improved to the TRG 

dispersion level via the new co-solvent blending process.  

     TRG-V/TPU nanocomposite system shows a higher modulus improvement and 

lower electrical resistance than TRG-P/TPU nanocomposite system. The results can be 

explained by the exfoliation level of the two TRGs measured by XRD as shown in 

Figure 4-5. TRG-P shows a sharp peak at 2 = 25° but not TRG-V, indicating 

restacking of TRG-P occurs during the rapid heating process.[18] The reason for the 

difference is likely because that the precursor GO was not completely dried. 

 

 

Figure 4-5. XRD spectra of ARG, TRG-V and TRG-P. TRG-P shows a sharp 

peak at 2 = 25° but not TRG-V. 

 

  Both DMA and DSC were used to identify the glass transition temperature of the 

composites, Figure 4-6, 4-7 and Table 4-1. No change in the glass transition 

temperature was observed by either method.  The results support the conclusion that 

Tg is not  increased via solvent blended graphene. The effect of graphene on Tg is 

discussed in Chapter 6 & 7. DMA, in Figures 4-6, showed an increase in elastic 

modulus with increasing graphene load. The elastic modulus increased less in the 

glassy region. This can be explained by the lower filler/matrix polymer modulus 
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ratios.[93]  

 

Figure 4-6. DMA for regular solvent blended ARG/TPU nanocomposites 

composites. 

 

 
 

Figure 4-7. DSC traces for co-solvent blended ARG/TPU nanocomposites 

composites. 
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Table 4-1. Physical properties of graphene/TPU nanocomposites. 

 

 Tg by DMA 

(°C) 

Tg by DSC 

(°C) 

Elastic 

Modulus (MPa) 

Resistance 

() 

Co-solvent blended ARG/TPU nanocomposites 

Neat TPU -31 -35 10.06±1.6 6.6±2.3×10
10

 

0.25 wt% -31 -35 -- 6.4±2.1×10
10

 

0.5 wt% -32 -34 12.59±2.1 1.1±0.3×10
10

 

1.0 wt% -31 -34 17.64±1.8 5.0±0.3×10
7
 

3.0 wt% -30 -35 66.50±8.2 3.0±0.2×10
4
 

TRG-P/TPU nanocomposites 

Neat TPU -31 -36 9.96±2.3 6.6±2.6×10
10

 

0.25 wt% -31 -36 9.00±1.6 5.8±0.6×10
10

 

0.5 wt% -29 -38 9.35±2.0 2.3±0.2×10
10

 

1.0 wt% -31 -35 18.64±1.9 1.1±1.4×10
8
 

3.0 wt% -34 -34 51.32±1.9 1.8±0.1×10
5
 

TRG-V/TPU 

Neat TPU -31 -36 9.96±2.3 6.6±2.6×10
10

 

0.25 wt% -- -- -- 6.7±1.0×10
10

 

0.5 wt% -31 -39 14.44±2.3 9.0±2.0×10
9
 

1.0 wt% -33 -38 15.50±1.6 1.4±0.4×10
6
 

3.0 wt% -31 -32 81.15±9.3 1.4±0.8×10
2
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4-4  Conclusions  

  It was shown that ARG can be dispersed in TPU as well as TRG using a 

modified co-solvent blending process. ARG is exfoliated and reduced in aqueous 

solution, so the product is suspended in water. Severe aggregation of ARG occurs 

when removing the water to obtain dry ARG powder as demonstrated by XRD. The 

co-solvent blending process prevents aggregation of ARG caused by the removal of 

the water by avoiding completely drying the ARG. Dispersion of graphene fillers 

improved significantly by changing the blending process with the same ARG filler. 

The results showed that not only the intrinsic properties of graphene fillers, but also 

blending process can affect graphene/polymer nanocomposites. Similar results were  

observed by Kim et al.[78]: with the same TRG, densified TRG cannot be dispersed in 

PE as well as a non-densified one. The electrical percolation concentration of 

ARG/TPU nanocomposites synthesized using the co-solvent blending process is 0.5 

wt%, which is as good as TRG/TPU nanocomposites prepared via the single solvent 

blending process. Elastic modulus improvement of ARG/TPU nanocomposites can 

reach 668% compare to 354% obtained from the normal solvent blended systems. Tg 

of all nanocomposites stay constant for both TRG and ARG systems. 
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Chapter 5.  

Graphene/Polyurethane Acrylate Nanocomposites3 

5-1.  Introduction 

     Graphene has recently attracted wide interest[1] because of its 2-D structure[30] 

and outstanding electrical[28] and mechanical properties.[80] Several methods to 

produce graphene in large amounts have been reported, such as epitaxial growth[7] 

from carbon atom and thermally reduced graphene (TRG)[34], [81]  or chemically 

reduced graphene (CRG)[18], [32], [51], [65], [82], [83]  with graphite oxide (GO) as 

precursor. TRG is produced by rapidly heating dry GO under an argon gas purge at a 

high temperature (1000 °C).[34]  The process exfoliates and reduces GO to 

single-layer graphene in ~ 60 s. Reported average dimensions of TRG are ~ 750 nm in 

diameter.[81] Due to the high surface area and aspect ratio of graphene,[34], [81] 

incorporation of graphene into polymers for graphene/polymer nanocomposites has 

been reported to improve mechanical properties, decrease gas permeability and 

increase electrical conductivity.[4], [78], [79], [84], [85] In this work, we use TRG as 

graphene filler to make TRG/polymer nanocomposites. 

     Dispersion of nano-layered disk-like structured fillers, such as clay and graphene, 

is the primary challenge of preparing nanocomposites.[85], [86] Homogeneous 

dispersion in nanocomposites with GO filler prepared by in-situ solution 

polymerization have been previously reported.[76], [77] Jang et al. suggested that GO 

can be intercalated with a macroazo-initiator (oligomer initiator), and that free radical 

polymerization of PMMA monomers in the presence of GO can exfoliate the 

                                                 
3
 This chapter appears in: Liao K-H, Qian Y, Macosko CW Polymer 2012;53:3756. 
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platelets.[76] Potts et al. reported good dispersion of CRG in PMMA using in-situ 

free-radical polymerization.[77] Motivated by these results, we sought to make 

nanocomposites using in-situ polymerization to achieve homogeneous dispersion of 

TRG in thermoset polyurethane acrylate (PUA).  

     PUA was selected as the polymer matrix in this study since 

urethane-acrylate-based materials have a wide variety of applications in the coatings 

industries[87], [88] and can be polymerized by light or thermal energy.  PUA was 

polymerized from our synthesized urethane acrylate oligomer (UAO) with addition of 

diluent monomer, tripropyleneglycol diacrylate (TPGDA).  The mixture of UAO and 

TPGDA will be referred to as UA henceforth.  We blended TRG into UA and prepared 

nanocomposites of PUA by in-situ polymerization. Percolation of both 

un-polymerized TRG/UA uncured liquids and polymerized TRG/PUA 

nanocomposites were studied by rheology and surface resistance.  The modulus of 

TRG/PUA nanocomposites at low (glassy) and high (rubbery) temperature was 

measured via dynamic mechanical analysis (DMA). 

 

5-2  Experiments & Characterization 

5-2.1  Materials 

     TRG[34], [81] (functionalized graphene; Vorbeck) was used as received. This 

TRG is from the same batch used by Kim and coworkers.[78], [79], [84] Propylene 

oxide tri-functional polyol (PPO; Mn = 700; FX31-240, Huntsman), was vacuum dried 

at 100 °C for 5 h before use.  Methylene diphenyl diisocyanate (MDI; Aldrich, 

powder), tripropyleneglycol diacrylate (TPGDA; Aldrich), 

hydroxyl-ethyl-methacrylate (HEMA; Aldrich, 97%), tetrahydrofuran (THF; Fisher 
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Scientific), azobisisobutyronitrile (AIBN; Aldrich, powder), and 

N,N-dimethylcyclohexylamine (Polycat
®
8, AirProducts, CAS 98-94-2) were used as 

received. 

Scheme 5-1. Synthesis of urethane-acrylate oligomer (UAO): (i) Reaction of 

HEMA and MDI (1:1.05 by mole) to form HEMA-isocyanate; (ii) reaction of 

tri-functional polyol and HEMA-isocyanate (1:3.15 by mol) to name UAO; (iii) 

UAO plus TPGDA diluent monomer were polymerized at 70 °C with AIBN 

initiator to form polyurethane-acrylate, PUA. 
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5-2.2  Synthesis of UAO and TPGDA solution (UA) 

     In the synthetic reaction shown in Scheme 5-1, HEMA was slowly added (one 

drop every 10 min) into vigorously stirred melted MDI at 70 °C to attain a molar ratio 

of 1:1.05 (HEMA:MDI) and stirred an additional 48 h to form HEMA-isocyanate,[89] 

as shown in Scheme 3-1 (i). Next, the HEMA-isocyanate was added into 70 °C PPO at 

a molar ratio of 3.15:1 (HEMA-isocyanate:PPO), with 1 wt% of Polycat
®
8 to catalyze 

the urethane reaction.  The reactants became viscous after 2 h, at which time the 

TPGDA at 70 °C was added to obtain a weight ratio of 4:6 

(TPGDA:[HEMA-isocyanate + PPO]). The mixture was stirred for another 48 h to 

form UA as shown in Scheme 3-1 (ii).  TPGDA was used as a diluent monomer. No 

reaction occurred with TPGDA in the UA synthesis process. All reactions were purged 

with N2 gas. 

 

5-2.3  Fabrication of TRG/PUA Nanocomposites 

     First, UA/THF solutions were prepared by dissolving UA in THF at an 1:10 

(UA:THF) weight ratio.  Next, the desired amounts of TRG were added to UA/THF 

solutions, and mixtures were bath-sonicated (Model 2510, Branson) for 5 min and 

magnetically stirred for 5 days.  Next, solution vials were opened to air and 

magnetically stirred in a fume hood for 2 days to remove ~ 99% of the THF.  During 

the last 2 hours in the fume hood, 4 wt% AIBN was added.  Finally, solutions were 

cast on a TEFLON plate and placed in a vacuum oven at 25 °C for 24 h to remove all 

remaining THF.  The black, viscous liquid residue was then covered by another 

TEFLON plate and cured for three hours in an oven at 105 °C for 3 h.  The solid films 

(~200 m thick) were TRG/PUA nanocomposites. Neat PUA was prepared by the 

same procedure without incorporation of TRG. 
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5-2.4  Rheology and Polymerization of TRG/UA Uncured Liquids 

     The TRG/UA uncured liquid samples for rheological testing were prepared as 

described previously, but without the addition of AIBN in order to avoid slow curing 

of UA during tests.  Viscoelastic properties of TRG/UA uncured liquids were 

investigated with a 25 mm parallel plate rheometer (ARES).  Critical strain (γc), 

defined as the strain when G' drops to 90 % of its limiting low strain value, was 

determined by dynamic strain sweep at a frequency of 1 rad/s. Percolation 

concentration of TRG was determined by dynamic frequency sweep at a strain of 0.1 

%, which was within the linear viscoelastic range for all samples. Tests were 

conducted at 25 °C. 

     Differential scanning calorimetry (DSC) at a temperature ramp of 10 °C/min was 

used to monitor the polymerization of TRG/UA uncured liquid.  Polymerization 

temperature (Tp) and heat (Hp) were determined in the first scan, and glass transition 

temperature was found in a subsequent scan. 

 

5-2.5  Characterization of TRG/PUA Nanocomposites 

     Surface resistance of the TRG/PUA nanocomposites was measured using an 

11-probe DC resistance meter (Prostat-801), which was previously applied[4], [78], 

[79] to find the electrical percolation. The probe was applied to the surfaces of the 

polymerized TRG/PUA nanocomposites or submerged in TRG/UA uncured liquid to 

measure the electrical resistance. TRG/UA uncured liquids appeared wax-like when 

the TRG load reached 1.0 wt% or higher, making it difficult to prepare TRG/PUA 

nanocomposite thin films at 1.0 wt% or higher TRG loading. Electrical conductivity of 

cured TRG/PUA nanocomposites was measured using Desert Cryogenics (Lakeshore, 
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Inc.) vacuum probe station in a nitrogen filled glove box with Keithley 236 and 6517 

electrometers. Cured TRG/PUA nanocomposites of known dimensions were coated 

with a layer of nano silver particle (Leitsilber 200 silver paint, Ted Pella, Inc.) on each 

end for DC measurement. A linear current-voltage (I-V) curve for 2 wt% TRG/PUA 

nanocomposites sample is shown in Figure 5-1. Transmission electron microscopy 

(TEM) images were obtained on a FEI Tecnai T12 microscope using an accelerating 

voltage of 120 kV.  Samples for TEM were microtomed (Leica) with a glass knife at 

room temperature into 100 nm sections before being picked up on carbon-coated Cu 

grids.  Dynamic mechanical analysis (DMA) was conducted on a Rheometrics Solid 

Analyzer, RSA-2.  Samples for DMA were cut into strips measuring 3 mm x 30 mm x 

0.2 mm.  Dynamic measurements were performed from -100 °C to 150 °C at a 

frequency of 1 rad/s under a dynamic strain of 0.5 % with a pretension of 0.01 % 

strain. 

 
 

Figure 5-1. Current-Voltage (I-V) curve for cured 2 wt% TRG/PUA 

nanocomposite. 

 

5-3  Results and Discussion 

     Linear viscoelastic properties of TRG/UA uncured liquids with various TRG 

loadings were studied at room temperature. The critical strain (Figure 5-2) decreased 
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from 5% to 0.5% at higher TRG loadings, in agreement with the previously reported 

results based on melt rheology of TRG/linear-polymer nanocomposites.[78], [84] 

Linear rheological behavior of TRG/UA uncured (un-polymerized) liquids was 

measured by dynamic frequency sweeps as shown in Figure 5-3.  As shown by Figure 

5-3, samples with 0.5 wt% or higher TRG loadings reach a plateau in G' at lower 

frequencies, indicating that the percolation concentration for un-polymerized 

TRG/UA uncured liquids is ~0.5 wt%.  

 

Figure 5-2. Rheology of un-cured TRG/UA uncured liquids. Dynamic strain 

sweeps were run at room temperature. 

 

 

Figure 5-3. Rheology of un-cured TRG/UA uncured liquids. Dynamic frequency 

sweeps were run at room temperature. 
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 TEM images of polymerized TRG/PUA nanocomposites with 0.25 wt% TRG are 

shown in Figure 5-4 at low and high magnification. These TEM images indicate that 

we achieved dispersion similar to  Potts et al., who reported an elastic modulus 

improvement of PMMA composites by 28% at 1 wt% CRG loading.[85] We also used 

X-ray diffraction (XRD) patterns to check the dispersity of TRG. As shown in Figure 

5-5, all the XRD results shows no aggregation curves. However, XRD alone cannot 

prove good dispersion of TRG in PUA since the TRG loads are low. Percolation 

concentration is a better indicator of dispersion. It can be measured directly by 

electrical resistance.[4] Normalized electrical resistances R/Ro (resistance of TRG 

loaded samples divided by resistance of pure PUA or UA) of TRG/PUA 

nanocomposites and TRG/UA uncured liquids are given in Figure 5-6(a). Kim et al. 

report that percolation occurs at R/Ro drops 10 fold.[79] The electrical conductivity of 

composites, c, above percolation concentration follows a simple power law:  

c = f (-perc)
t
                                                                (5-1)                                                                                                                         

where f is electrical conductivity of the filler, perc the percolation concentration 

(vol%),  the volume fraction of the filler, and t is the universal critical exponent.[39]
 

Electrical conductivities of cured TRG/graphene nanocomposites are shown in Figure 

5-6(b).The line calculated using Equation (5-1), gives the f as 0.23 S/cm, and the t as 

5.17. The percolation concentration, perc, is 0.07 vol% (0.15 wt%). For the TRG/UA 

uncured liquid percolation occurs at 0.23 vol% (0.5 wt%). The results show that 

electrical percolation of TRG was improved via radical polymerization of UA, which 

may due to the volume shrinkage during polymerization. The TRG/UA uncured liquid 

results are in agreement with the G' results in Figure 5-3.  
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Figure 5-4. TEM images of polymerized PUA with 0.25 wt% TRG at lower and 

high resolution. 

 

 

Figure 5-5. XRD patterns for cured TRG/PUA nanocomposites. 

 

 The aspect ratio of dispersed TRG, which serves as an indicator for dispersion 

quality, can be estimated from the percolation concentration using Equation (5-2):[78], 

[84], [90]                                                                                                  

                                                        (5-2) 

where d and h are diameter and thickness of particles, respectively,  ϕsphere = 0.29 

(interpenetrating randomly packed spheres),[78], [84] and Af is aspect ratio of the 

dispersed graphene in nanocomposites. The percolation concentration of TRG/UA 
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uncured liquid (0.5 wt%) yields an aspect ratio of ~ 210, which is lower than the 

reported aspect ratio of 750 of free-standing TRG.[81] This lower aspect ratio may 

indicate aggregation of TRG in uncured liquid UA. For polymerized TRG/PUA 

nanocomposites, an Af of 750 was obtained from 0.15 wt% percolation concentration 

via eq. (5-2). This result indicates TRG is nearly single-layer-dispersed in PUA. The 

results are also supported by the TEM image in Figure 5-4b. 

     AIBN was selected as the thermal initiator for free-radical polymerization of the 

acrylate functional groups in UAO and TPGDA.  Benzyl-peroxide was also 

considered for use as an initiator, but on addition to the TRG/UA uncured liquids and 

removal of THF, the mixture polymerized at room temperature. The thermal 

polymerization reaction with AIBN and thermal properties of the polymerized 

TRG/PUA nanocomposites were monitored by DSC.  The first DSC heating scan of 

the un-polymerized TRG/UA uncured liquids gave the peak temperature (TP) and heat 

of polymerization (HP), shown in Figure 5-7(a).  The DSC traces from the first scan in 

Figure 5-7(a) indicate that TP increases by approximately 10 °C with incorporation of 

TRG, but no significant trend emerges upon varying TRG loadings. We speculated the 

increase in TP is due to adsorption of AIBN by high surface area TRG sheets. The 

extent of polymerization, HP, is independent of TRG concentration. The second DSC 

heating scan of the cured TRG/PUA nanocomposites yielded the glass transition 

temperature (Tg) in Figure 5-7(b). Similar to the Hp results, no significant change in Tg 

was observed for PUA incorporated with TRG. Measured values of Tp, Hp, and Tg are 

listed in Table 5-1. The Tg of TRG/PUA nanocomposites is independant from 

incorporation of TRG, which will be discussed in Chapter 6 & 7. 

 

 



 

81 
 

 

 

Figure 5-6. (a) Normalized electrical resistance (R/Ro) of un-cured TRG/UA 

liquids (●) and polymerized TRG/PUA nanocomposites (■) with various TRG 

concentrations, measured using the 11-probe electrical resistance measurement. 

The percolation concentration before polymerization is 0.5 wt% and ~0.15 wt% 

after polymerization. (b) Electrical conductivity of cured TRG/PUA 

nanocomposites measured by DC measurement; log c plotted against 

Log(-perc), where perc is the percolation concentration (0.07 vol%), c the 

electrical conductivity, and  the volume fraction (vol%) of cured 

nanocomposites. The solid line was calculated based on Equation (1), gives f = 

0.23 S/cm, and t = 5.17. 

(a) (b) 
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Figure 5-7. DSC scans of TRG/UA uncured liquids: (a) first scan: monitoring 

polymerization reaction for polymerization heat (Hp) and peak polymerization 

temperature (Tp); (b) second scan: glass transition temperature (Tg; indicated by 

arrows) of polymerized TRG/PUA nanocomposites. Both Hp and Tg show no 

dependence on TRG concentrations. Tp increases with incorporation of TRG but 

no change with various TRG concentrations (see Table 3-1). 
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Table 5-1. DSC polymerization results: 

 

TRG Load (wt%) Tp (°C)
a
 Hp (J/g)

b
 Tg (°C)

c
 

0 77 245 14±4 

0.10 94 244 14±4 

0.25 89 256 14±4 

0.50 89 243 14±4 

a. peak temperature 

b. heat of polymerization 

c. glass transition after polymerization 

 

     DMA was used to probe the effects of TRG on the mechanical properties of 

TRG/PUA nanocomposites. Figure 5-8(a) shows that TRG does not reinforce the 

nanocomposites in glassy regions, but it does significantly reinforce PUA in the 

rubbery region.  Within the glassy region, TRG does not effectively improve the 

nanocomposite modulus since the elastic modulus of the polymer matrix is 3.5 GPa, 

corresponding to a ratio Ef/Ep on the order ~ 70 (TRG modulus was assumed as 

reported 250 GPa for chemically reduced graphene.)[91], [92] However, in the 

rubbery region, the elastic modulus of PUA decreases to 25 MPa, which increases 

Ef/Ep to 10
4
.  

     The results can be compared to prediction of the Mori-Tanaka model:[93]                                                                   

                       (5-3) 

where ϕ is the concentration of filler, Ec, Ef, and Ep are the Young's modulus of the 

nanocomposite,  filler, and polymer, respectively, and vm is Poisson's ratio of the 

polymer matrix. A and Ai are functions of Eshelby's tensor.[78], [89]  Here we used 

0.006 and 0.5 as the Poisson’s ratio of TRG and PUA, respectively.[91] The 

reinforcement curves with Ef/Ep ~70 and ~10
4
 estimated by the Mori-Tanaka model 
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were plotted as dashed lines in Figure 5-8(b). By fitting the Mori-Tanaka model to the 

experimental data with Ef/Ep ~70 in the glassy region and Ef/Ep ~10
4
 in the rubbery 

region, we obtained an approximate aspect ratio of 750. Loss modulus E" curves of 

TRG/UA uncured liquids are shown in Figure 5-9. Glass transitions based on the peak 

in E" (shown in Figure 5-9) for all cured TRG/PUA nanocomposites were in 

agreement with the second run DSC results in Figure 5-7(b).   

 

 

 

Figure 5-8. (a) Thermomechanical properties of TRG/PUA nanocomposites by 

DMA at several TRG concentrations. (b) Mori-Tanaka model fit assuming that 

the aspect ratio of TRG is 750 and Ef=250 GPa. TRG/PUA nanocomposites show 

almost no reinforcement in glassy region due to the low Ef/Ep ~70 but show large 

reinforcement in rubbery region due to the high Ef/Ep ~10
4
. 

 

(a) 

(b) 
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Figure 5-9. Loss modulus (E") of cured TRG/PUA nanocomposites by DMA. 

 

5-4  Conclusions 

 We have successfully produced TRG/PUA nanocomposites by in-situ radical 

polymerization with an ultralow percolation concentration of 0.15 wt% (0.07 vol%), 

which is the lowest electrical percolation concentration among all the TRG/polymer 

nanocomposites reported previously (Figure 5-10).[78], [79], [84], [94–98] The 

calculations of Af , the aspect ratio, of dispersed TRG nanoplatelets in polymerized 

composites from the modulus data using the Mori-Tanaka model agree with Af 

calculated from resistance percolation. The percolation concentration of cured 

nanocomposites is lower than the 0.5 wt% obtained for TRG/UA uncured liquids by 

both resistance and rheology. We speculate that volume shrinkage during free radical 

polymerization of UA is a possible reason to improve the dispersion of TRG in PUA, 

and further work in this area is needed. TEM images taken of the cross sections of 

cured TRG/PUA nanocomposites showed a homogeneous distribution of TRG. The 

polymerization temperature (90 °C), polymerization heat (240 J/g) and glass transition 

temperature (14 °C) of the nanocomposites were found to be independent of TRG 

loading, but incorporation of TRG caused polymerization temperature of UA to 
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increase by 10 °C. Modulus results suggest an effective mechanical reinforcement of 

TRG/PUA nanocomposites in the rubbery state. Although a good dispersion of 

graphene in polymer was achieved, no significant reinforcement was observed in the 

glassy state. This result can be explained by Mori-Tanaka model since the modulus 

ratio of filler and matrix polymer is low. 

 

Figure 5-10. Summary of reported electrical percolation concentrations of TRG 

polymers nanocomposites with different dispersion process.[78], [79], [84], 

[94–98] TRG/PUA nanocomposites shows the lowest percolation concentration. 
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Chapter 6. 

Stereo-regularity and Processing Effect on Glass Transition 

Temperature of Graphene/PMMA Nanocomposites 

6-1. Introduction 

 Graphene has recently attracted much interest[1] because of its 2-D structure,[30] 

outstanding electrical[28] and mechanical properties.[80]  Due to its high surface area 

and aspect ratio,[99] graphene is capable of improving the mechanical properties, gas 

impermeability and electrical conductivity of polymers.[4], [100–102] Several studies 

reported that incorporation of graphene into polymers showed an increase over the 

matrix polymer glass transition temperature (Tg).[77], [103–106] In contrast, many 

other reports did not observe significant Tg change.[107–112] We review these studies 

in Chapter 7. Unfortunately, there is still no conclusion for the Tg of graphene/polymer 

nanocomposites. These various Tg results leave an open question to researchers: how 

does graphene affect the Tg of matrix polymers?  

 Several studies in the literature have sought to predict the Tg of polymer 

nanocomposites by applying concepts from polymer nanoconfinement.[113–116] 

Ellison et al. [114] reported that Tg was distributed near the interfaces between fillers 

and matrix polymers. Rittigstein and coworkers successfully used a silica/poly-methyl 

methacrylate (PMMA)-thin-film/silica sandwich "model structure" to predict the Tg 

change of silica/PMMA nanocomposites.[116] Grohens et al. reported that (1) 

polymer stereo-regularity, (2) polymer-substrate interfacial interactions, and (3) 

polymer conformations determine the Tg change of nano-confined polymer thin films 

on substrates.[117] Grohens et al.[118] reported that thin film confinement effects in 
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PMMA depends on stereo-regularity. The Tg of syndiotactic-rich PMMA decreased by 

confinement on Al2O3 and SiO2 substrates, in contrast to a significant Tg increase for 

isotactic PMMA on the same substrates.[118] Keddie et al.[119] reported that the Tg of 

atactic PMMA thin films increased on an attractive surface but decreased on a 

low-adhesive surface, indicating that a strong interaction between polymer and 

substrate can cause Tg to increase locally. Rittigstein et al.[116] suggested that the 

depression of Tg is due to the voids created at the poorly adhesive polymer/filler 

interfaces, and the polymer can be considered as free standing thin film. Motivated by 

this previous work, we investigated two factors: (1) matrix polymer stereo-regularity, 

and (2) polymer-graphene interaction effects on Tg of graphene/polymer 

nanocomposites. As far as we know, no literature exists that discusses the effect of 

matrix polymer stereo-regularity effect on graphene/polymer nanocomposites. 

 To study the effect of matrix polymer stereo-regularity, we used isotactic-PMMA 

(i-PMMA) and syndiotactic-rich atactic-PMMA (a-PMMA) as matrix polymers to 

prepare nanocomposites by two methods: solvent blending and in situ polymerization. 

Thermally reduced graphene[34] (TRG; also referred to in the literature as 

functionalized graphene sheets; FGS) has been widely used to reinforce polymers.[4], 

[78], [79], [84], [98], [99], [120–124] Recent studies have reported that TRG can 

enhance the tensile modulus of glassy polymers by 32~92% with a 1.9~3.1 vol% 

loading using solvent-blending.[98], [99] Therefore, we used TRG as one of the 

graphenes for this study.  

Kan et al.[125] have shown that free radical polymerization of vinyl monomers in 

the presence of graphene oxide (GO) can cause covalent bonds to form between 

carbon atoms in the polymers and graphene. The phenomenon was explained by the 

free radicals on the propagating chain attacking carbon-carbon double bonds (C=C) 
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from the graphene sheets. These C=C are more reactive than those in pristine graphite 

due to the loss of conjugacy caused by oxidation and reduction reactions from 

graphene oxide to graphene. Hence, we prepared TRG/PMMA nanocomposites via 

solvent blending and in situ polymerization in order to study the process effect on Tg. 

We expected that Tg of in situ polymerized TRG/PMMA nanocomposites will be 

increased by TRG incorporation due to the strong covalent bonding between TRG and 

PMMA. Also, to further study the effect of interfacial interactions between the matrix 

polymer and the filler, we dispersed nearly pristine graphene (PG) with much lower 

oxygen levels than the TRG in i-PMMA for comparison to the TRG system. PG with 

significantly lower oxygen level should provide weaker interactions at the interfaces 

with PMMA due to the lack of oxygen functional groups such as hydroxyl or epoxy 

groups. 

 

6-2. Experimental Section 

6-2.1 Materials 

 The syndiotactic-rich atactic PMMA (a-PMMA) used here was purchased from 

Polysciences (atactic beads, Mw = 350,000, PDI = 2.7, lot. 528266). Additives in the 

as-received a-PMMA were removed by solvent extraction as described in Appendix 

A. Methyl-methacrylate monomer (MMA; Sigma-Aldrich, 99%), isotactic PMMA 

(i-PMMA, Sigma Aldrich; Mw = 64,000 PDI= 2.9), N,N-dimethylformamide (DMF; 

Aldrich), tetrahydrofuran (THF; J.T.Baker), methanol (Macron) and 

2,2'-azobis(2-methylpropionitrile (AIBN; Sigma-Aldrich) were used as received.  

Stereo-regularity of syndiotactic-rich a-PMMA and i-PMMA were confirmed 

using H
1
NMR (Figure 6-1), which shows that a-PMMA has mm:mr:rr = 6:38:56 and 
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i-PMMA has mm:mr:rr = 96:3:1. Stereo-regularity of the in situ polymerized 

(H
1
NMR not shown) control PMMA and TRG/PMMA nanocomposites are 

approximately mm:mr:rr = 7:37:58, which is similar to a-PMMA. 

Thermally reduced graphene sheets (TRG; Vorbeck Materials) and pristine 

graphene (PG; N002-PDR, Angstron Materials) were dried at 70 °C under vacuum 

for 24 h before use. Figure 6-2 shows the XPS results of TRG and PG. Carbon/oxygen 

atomic ratios (C/O) are 9/1 for TRG and 49/1 for PG. Zhamu and Jang[126] exfoliated 

graphite to PG via direct ultra-sonication in organic solvents without oxidation or 

acid-involved processes, which leads to no oxygen being modified onto PG 

(Angstron Materials). Standard XPS measurements were conducted on TRG and PG 

powders using Surface Science SSX-100 spectrometer housed at Characterization 

Facility of the University of Minnesota. The powders were dried at 70 °C overnight 

before the test.  

 

 

Figure 6-1. 
1
H NMR spectra of syndiotactic-rich atactic PMMA (a-PMMA; 

mm:mr:rr=6:38:56) and isotactic PMMA (i-PMMA; mm:mr:rr=96:3:1).  
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Figure 6-2. XPS (a) TRG, and (b) PG. Carbon/oxygen atomic ratios (C/O) are 9/1 

for TRG and 49/1 for PG, fitting by Shirley-Gaussian distribution. 

 

 

6-2.2 Preparation of Nanocomposites via Solvent Blending: 

The solvent blended TRG/a-PMMA and TRG/i-PMMA nanocomposites were 

prepared using the procedure reported by Ramanathan et al.[123]  Briefly, TRG was 

dispersed in 10 mL THF using a bath sonicator (Branson 2510, 100W) at room 

temperature for 5 h to form TRG/THF solution. The a-PMMA and i-PMMA were 

dried under vacuum at 80 °C overnight, dissolved in THF at a concentration of 10 wt% 

(a) 

(b) 



 

92 
 

using a magnetic stirrer, and then the solution was stirred until a clear PMMA/THF 

solution formed (>2 h).  The TRG/THF solutions were mixed with the PMMA/THF 

solution in varying ratios to yield approximately 1 g of total mass of TRG/PMMA at 

compositions of 0.05, 0.1, 0.25, 0.5 and 1.0 wt% in THF.  All the TRG/PMMA/THF 

solutions were magnetically stirred for one more hour in an ice water bath.  Each 

solution was precipitated in 300 mL of methanol and then the precipitate was 

collected by suction filtration through a polytetrafluoroethylene (PTFE) membrane. 

The filter cakes were then dried in a vacuum oven at 80 °C for 10 h. The samples for 

thermomechanical and surface resistance tests were prepared from the dried filter 

cakes by pressing at 210 °C at 2 MPa for 5 min.  PG/i-PMMA nanocomposites were 

produced via the same process as the TRG system. As a control, the as-received 

PMMAs were subjected to the same THF solution processing. PMMA/THF solutions 

(10 g of PMMA in 100 mL THF) were directly poured into 300 mL of methanol to 

precipitate the polymer.  

 

6-2.3 Preparation of Nanocomposites via in situ Polymerization: 

MMA/THF solutions was prepared with a weight ratio of MMA/THF = 2/3. A 

certain amount of TRG was then added into the 10 mL MMA/THF solutions and was 

probe-sonicated (Cole Parmer; CPX750, 750W) for 5 min (1 second of sonication and 

1 second of pause; totally 10 minute) followed by magnetically stirring for 24 hours at 

room temperature. The TRG/MMA/THF suspensions were then purged by N2 for 20 

min prior to polymerization. AIBN was added into the purged suspensions with a 

weight ratio of MMA/AIBN = 1000/3. Then polymerization was carried out at 65 °C 

for 24 hours under N2 purging. The product was dried after polymerization, and the 
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remaining monomer (< 1 wt% of total nanocomposite) was removed in hood at 80 °C 

for 24 hours and then heat pressed into films. The films were further dried in a vacuum 

oven at 120 °C for another 24 h for further tests. The control group without 

incorporation of TRG was prepared via the same procedure. 

The matrix PMMA of in situ polymerized TRG/PMMA samples was extracted. 

First the TRG/PMMA nanocomposites were dissolved in THF with a concentration of 

10 wt%, and the black TRG/PMMA/THF solutions were filtered through PTFE filter 

(0.2 m; Acrodisc CR13) to remove the dispersed TRG. The filtered liquids appear 

clear and were dried in fume hood at 80 °C for 4 hours and in a vacuum oven at 120 °C 

for 24 h. More than 98 wt% by weight of matrix PMMA was collected. A clear 

polymer film was obtained for tests. The filter cake was also collected for further 

studies. The TRG loaded filter cake was washed with THF three times and was 

re-dispersed in THF for further tests. The filtered TRG tends to stick on the filter, so 

we cut the filter into small pieces followed by dipping them in vigorous stirred THF. 

Atomic force microscopy (AFM) was used to investigate the morphology of the 

extracted TRG. A drop of the extracted TRG/THF solution was spin coated on a mica 

substrate and air-dried at room temperature for 2 h before test. A Digital Instrument, 

Nanoscope III Multimode AFM at the Institute of Technology Characterization 

Facility of the University of Minnesota was used in noncontact mode
 

for 

measurements. (refer to Ch 2) 

 

6-2.4 Molecular and Nanocomposite Characterization: 

 Mw was determined on a Hewlett-Packard 1100 series liquid chromatograph 

fitted with a Hewlett-Packard 1047A refractive index detector and three PL gel 
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columns (Jordi Gel columns of 500, 103, and 104 Å pore sizes) with chloroform as 

the eluent at a flow rate of 1 mL/min at 35 °C.  All the columns were calibrated 

with polystyrene standards (Polymer Laboratories). 
1
H NMR was recorded on a 

Varian INOVA-500 spectrometer at room temperature with  CDCl3 as the solvent.  

DSC measurements were performed using a TA Instruments Q1000 at a rate of 10 

°C/min.  Surface resistance of nanocomposite films was measured using an 11-probe 

DC resistance meter (Prostat-801).  DMA and tensile moduli were tested using the 

RSA-G2, TA Instruments.  

 

6-3. Results and Discussion 

 Conductivity and modulus were used to verify that all the TRG/PMMA 

nanocomposite systems are at the same dispersion level. Surface electrical resistance 

are shown in Figure 6-3. The resistances of all three systems drops by 2 orders of 

magnitude at 1.0 wt% of TRG loading, indicating a similar dispersion level of TRG 

was achieved. An aspect ratio of ~200 for the dispersed TRG can be calculated using 

Equation 5-1 (in Chapter 5). 

                                                         

(5-1) 

We can use the Mori-Tanaka model[93] to estimate the aspect ratio of the dispersed 

TRG, another indicator of the dispersion level besides electrical resistance. Figure 6-4 

shows the normalized storage modulus (E') at 25 °C measured by DMA of all samples 

at various TRG loadings. E' is one order of magnitude larger than loss modulus (E"), 

so E' approximately equals to tensile modulus (E*). A summary of E' in the glassy 

state and Mori-Tanaka calculated results (solid lines) were plotted in Figure 6-4, all of 
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which give aspect ratios of approximately 200, similar to the values estimated from 

conductivity percolation. These results indicate that all TRG/i-PMMA, 

TRG/a-PMMA and in situ TRG/PMMA nanocomposites are at similar dispersion 

levels. Dispersion of TRG and PG in i-PMMA were not compared here since the 

dimensions and polarity of the two fillers are different.  

 

 

 

Figure 6-3. Electrical resistance of TRG/i-PMMA, TRG/a-PMMA and in situ 

TRG/PMMA nanocomposites. The resistances of all systems drop significantly at 

1.0 wt% of TRG loading, indicating a similar dispersion level (Af ~ 200) of TRG 

was achieved. 
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Figure 6-4. Normalized storage modulus of TRG/i-PMMA, TRG/a-PMMA and 

in situ TRG/PMMA nanocomposites measured by DMA at several TRG 

concentrations. Assuming filler modulus Ef = 250 GPa, Mori-Tanaka model 

fitting (lines) gives an aspect ratios of ~200 for all. The results show a similar 

dispersion level of TRG in i-PMMA and a-PMMA. 
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Figure 6-5. DMA results (tan) of (a) TRG/a-PMMA, (b) TRG/i-PMMA, (c) 

PG/i-PMMA and (d) in situ TRG/PMMA nanocomposites. 

 

 DMA results (tan) of the three PMMA nanocomposites prepared via solvent 

blending: (1) TRG/a-PMMA, (2) TRG/i-PMMA, and (3) PG/i-PMMA are shown in 

Figure 6-5a,b and c. Tg of TRG/a-PMMA nanocomposites changed little with 

incorporation of TRG, whereas TRG/i-PMMA increased by ~ 5 °C, PG/i-PMMA 

increased by ~3 °C, and in situ TRG/PMMA increased by ~ 6 °C. The detailed values 

are listed in Table 6-1. Loss modulus (E") and storage modulus (E') of all the samples 

are shown in Figure 6-6 and Figure 6-7. DSC curves of all the nanocomposites are 

shown in Figure 6-8, which are consistent to our DMA conclusions. Summary of the 

Tg results measured by DMA and DSC are as shown in Figure 6-9. 

     Grohens et al.[117] reported that stereo-regularity of PMMA has a significant 

(a) (b) 

(c) (d) 
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effect on thin film nanoconfinement. In Grohens' report, the Tg of isotactic-rich 

PMMA thin films can be increased significantly when supported by an aluminum or 

silica substrate with hydrogen bonding at the interfaces, whereas a Tg change for 

syndiotactic-rich PMMA was not observed. Grohen and coworkers speculated that the 

reason for this is that i-PMMA has a higher interaction density (i.e., higher number of 

active interaction sites per chain) at the interfaces between PMMA and substrates 

compared to a-PMMA.[118] These nanoconfinement results predict that the Tg of 

i-PMMA can be increased by incorporation of TRG but not a-PMMA.  

     Besides TRG/a-PMMA and TRG/i-PMMA nanocomposites, the Tg of 

PG/i-PMMA nanocomposites were also studied in order to verify that interfacial 

interactions are important for Tg increase. PG has a much higher C/O ratio (49/1) than 

TRG (9/1) as shown in Figure 6-2, indicating less oxygen functional groups for 

i-PMMA molecules to interact with. Here we propose a possible reason to explain the 

stereo-regularity effect on Tg. It has been reported that PMMA can form strong 

hydrogen bonds with TRG.[123] It is well known that hydrogen-bonds are highly 

temperature-dependent. Noro and Lodge reported[127] that Poly(2-vinylpyridine) has 

only ~40 % of number of active hydrogen bonds remained at 125 °C compared to that 

of 65 °C.[127] In our case, since that i-PMMA has a Tg at 64 °C, which is a 

temperature that number of hydrogen bonds is higher than a-PMMA's Tg of 125 °C. 

Hence the different PMMA stereo-regularity not only increases the interaction density 

as Grohen et al. described[117], but also increases the hydrogen bonding interactions 

between graphene and PMMA.  

     DMA results of in situ TRG/PMMA nanocomposites (Figure 6-5d) shows a 

larger Tg increase than the solvent blended TRG/i-PMMA system. The results can be 

explained by interfacial covalent bonding for in situ polymerized system than the 
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solvent blended i-PMMA nanocomposites' hydrogen bonding. Similar results were 

also observed by other in situ polymerized graphene/PMMA or GO/PMMA 

nanocomposites.[77]
,
[128]

,
[129]

,
[76] Kan et al. showed that free radical polymerization 

of vinyl monomers in the presence of GO causes polymer chains covalently bonded on 

GO surfaces.[125] They speculate that the loss of conjugate structure of graphene by 

oxidation can actually improve the chemical reactivity of the C=C on the sheets, hence 

the free radical can attack GO or reduced GO more easily than pristine 

(dislocation-free) graphene with perfectly conjugated structure. As shown 

schematically in Figure 6-10, besides the reaction of free radicals on propagating 

chains and C=C on GO sheets (#3 in Figure 6-10) that Kan et al. proposed,[125] 

radicals might also be generated on the surface of GO or reduced grapheme by 

hydrogen abstraction (e.g., allyl position, olefin hydrogen). This would then be 

followed by (1) coupling with radicals of propagating polymer chains, or (2) initiation 

of monomer polymerization.  

     All the three reactions proposed above can provide strong covalent bonds to the 

surface. Besides strong covalent bonds, we speculate that a polymer chain initiated 

from the free radical on GO or reduced graphene wets the interface better than by the 

solvent blending process. Rittigstein and Torkelson[130] reported that a well wetted 

matrix polymer/filler interface can lead to a stronger interaction to increase Tg, 

whereas a poor or non-wetted interface creates voids at the interface and leads to a Tg 

depression. They showed that Tg of clay/polymer nanocomposites increase or decrease 

can be controlled by choice of solvent for the nanocomposite solvent blending 

process.[130]  

     In Figure 6-11 We compared Tg by DSC of the PMMA extracted from the 1.0 

wt% in situ polymerized nanocomposites to the in situ TG/PMMA. The results show 
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that after removing the dispersed TRG, Tg decreased by ~ 7 °C, i.e. back to the Tg value 

of the control group. As described in 6-2.3, the extracted matrix polymer occupies > 98 

wt% of the original nanocomposites, indicating only small amount of PMMA is 

covalently bonded to TRG. The dispersed TRG of 1.0 wt% in situ TRG/PMMA 

nanocomposites was also extracted, and two Tg’s were observed using DSC. Figure 

6-12a shows that the higher Tg (142.8 °C) is ~32 °C more than the lower Tg (110.6 °C), 

which is same within standard deviation of the Tg of 1.0 wt% in situ TRG/PMMA 

nanocomposites (110.9 °C). The results can be explained by that the constrained 

chains mobility of the PMMA covalently bonded to TRG, as shown in Figure 6-10. 

The lower Tg is the free in situ matrix PMMA left over after washing. From the AFM 

images in Figure 6-12b it appears that the surface of the extracted TRG is covered by 

small spheres, which are the covalently bonded PMMA chains. Similar AFM or TEM 

results were also reported by Kan et al. [125] and Fang et al.[131] Kan et al. [125] 

chemically grafted  poly-glycidylmethacrylat (PGMA) on GO surface and found 

spheres on GO which increased in size with longer polymerization time. Fang et 

al.[131] grafted polystyrene (PS) on GO and graphene using ATRP and observed 

similar spheres on GO sheets.  
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Figure 6-6. DMA results (loss modulus, E") of (a) TRG/a-PMMA, (b) 

TRG/i-PMMA, (c) PG/i-PMMA and (d) in situ TRG/PMMA nanocomposites. 

(a) (b) 

(c) (d) 



 

102 
 

 

   

  

 

Figure 6-7. DMA results (storage modulus, E') of (a) TRG/a-PMMA, (b) 

TRG/i-PMMA, (c) PG/i-PMMA and (d) in situ TRG/PMMA nanocomposites. 

 

(a) (b) 

(c) (d) 
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Figure 6-8. DSC curves of TRG/a-PMMA, TRG/i-PMMA, PG/i-PMMA and in 

situ TRG/PMMA nanocomposites. 
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Figure 6-9. Summary of Tg change (Tg) measured by (a) DMA tan and (b) DSC. 

Significant Tg changes were observed in TRG/i-PMMA, PG/i-PMMA and in situ 

TRG/PMMA nanocomposites, while Tg of a-PMMA shows no significant change with 

incorporation of TRG. Tg increase.  

(a) 

(b) 
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Figure 6-10. Three possible reactions during in situ polymerization with 

presence of reduced graphene or GO. Hydrogen atom abstraction from GO or 

reduced graphene followed by (1) coupling with radicals of propagating polymer 

chains, or (2) initiation of polymerization. (3) A free radical of a propagating 

polymer chain attacks the C=C on GO or reduced graphene sheets. 

 

(3) 

(1) (2) 
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Figure 6-11. Tg measured by DSC of in situ TRG/PMMA nanocomposites and 

their extracted matrix PMMA. 

 

Table 6-1. Summary of properties of all PMMA nanocomposites. 

 Filler 

Load 

(wt%) 

Tg DSC 

(°C) 

Tg DMA 

by E" 

(°C) 

Tg DMA 

by tan 

(°C) 

Modulus 

(GPa) 

Resistance 

(G) 

Mn 

(kg/mol

) 

PDI 

TRG/ 

a-PMMA 

0 124.6±1.1 119.6±0.8 130.1±1.4 1.93±0.06 460±13 186    2.66 

0.25 124.5±0.1 117.6±0.9 129.4±1.9 2.26±0.05 530±21 

0.5 125.3±1.1 120.6±0.9 129.9±1.7 2.26±0.08 470±15 

1.0 124.5±0.4 117.6±0.3 128.8±1.5 2.62±0.07 0.6±0.01 

TRG/ 

i-PMMA 

0 55.7±1.1 45.4±0.6 62.2±0.8 2.98±0.08 490±14 6.4 2.9 

0.25 57.7±1.6 55.1±0.4 65.8±1.6 3.28±0.10 380±11 

0.5 57.8±1.7 57.0±0.9 67.5±1.9 3.43±0.09 400±12 

1.0 58.4±1.9 56.3±0.7 67.6±1.0 4.16±0.05 0.3±0.01 

PG/ 

i-PMMA 

0 55.7±1.1 45.4±0.6 62.2±0.8 2.98±0.08 490±14 

0.25 57.5±0.2 52.7±0.6 65.0±0.7 3.84±0.06 380±31 

0.5 57.1±0.1 55.7±1.2 65.0±0.2 3.82±0.03 430±12 

1.0 57.5±0.2 54.2±0.4 64.6±0.9 3.82±0.06 0.06±0.001 

in situ 

TRG/ 

PMMA 

0 110.9±2.4 95.3±1.3 111.7±0.2 2.80±0.3 510±23 50  1.97 

0.25 117.2±2.6 100.6±0.5 116.3±0.5 2.93±0.7 430±21 52  1.86 

0.5 118.3±0.5 101.8±0.8 117.7±0.3 3.54±0.04 480±13 47  1.91 

1.0 120.1±0.4 103.8±1.4 117.9±0.5 3.78±0.03 2.1±1.1 53  1.81 
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Figure 6-12. (a) DSC curves of extracted TRG, matrix in situ PMMA and in situ 

TRG/PMMA nanocomposites (1.0 wt%). (b) AFM height images of the extracted 

TRG. (The inset is the DSC curve of Extracted TRG.) 

 

 All the measured properties of TRG/a-PMMA, TRG/i-PMMA, PG/i-PMMA and 

in situ TRG/PMMA nanocomposites are summarized in Table 6-1. It is necessary to 

address how the Tg changes with various loadings of graphene. In Figure 6-10, we 

(b) 

(a) 
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have showssubstantial Tg increases relative to neat matrix polymers were found at very 

low filler loadings (0.25 wt%), but only small increases were found in Tg beyond this 

level. The phenomenon can be explained by Grohen's report,[117] which stated that 

the nanoconfinement effect on Tg can extend as far as 8 times of Rg from the interface 

between substrates and polymers. Assuming 1 g of single-layer graphene dispersed in 

PMMA with an obtained aspect ratio of 200 in round disk shape with a thickness of ~1 

nm, then the surface area for the dispersed graphene is ~64,000 nm
2
/sheet. With 8 Rg 

(~50 nm; assuming Rg of a matrix polymer is 6.3 nm)[78] of Tg affected distance, the 

average immobilized volume is ~3×10
6
 nm

3
 per graphene sheet. Assuming the density 

of graphene sheet is 2.28 g/cm
3
,[78] the average mass of one graphene sheet is 

~2×10
-17

 g. For a 0.05 wt% graphene /PMMA nanocomposites in Potts' report,[77] 1 g 

of nanocomposite contains 0.5 mg of graphene, which is ~10
15

 graphene sheets. The 

number of graphene sheets leads to a 1 cm
3
 immobilized volume, which is 3 times of 

the volume of 1 g nanocomposites, assuming a density of 1 g/cm
3
. The rough 

calculation above indicates that even at a graphene loading as low as 0.015 wt% with 

Af ~200, the Tg affected volume can be as large as 1 cm
3
. Hence, only a small Tg 

increase can be observed beyond this concentration, which is confirmed with Potts' 

report.[77] This trend is also observed in our TRG/i-PMMA nanocomposites results, 

which is discussed previously, hence we speculate that it can be a general case for a 

variety of graphene/polymer nanocomposites. 

 As for Ramanathan et al.'s report[123], our TRG/a-PMMA nanocomposite 

systems were synthesized by the same process and used the same materials as given in 

their report. Tg for our TRG/a-PMMA nanocomposites were consistent with 

Ramanathan et al.[123] and the PMMA nanocomposites Tg results in Table 7-1. Thus, 

the 30 °C increase in Tg reported by Ramanathan et al.[123] is suspect since they 
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obtained the same reported Tg results for nanocomposites (~125 °C) as other published 

results.[77], [118], [128], [129], [132] Their increase can be explained by the unfilled 

PMMA they used as the control. Our control PMMA and all the others in the literature 

show a Tg ~125 °C, 30 °C higher than Ramanathan et al.’s reported number was ~95 

°C.  The Tg and mechanical properties improvements[4] in Ramanathan et al.’s 

report[123] were systematically studied and reported in detail in the Appendix A. 
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6-4. Conclusions 

 The influence of graphene/GO on Tg was investigated in this chapter. We used 

isotactic PMMA (i-PMMA) and syndiotactic-rich atactic PMMA (a-PMMA) to make 

thermally reduced graphene (TRG)/PMMA nanocomposites using solvent blending in 

order to investigate the stereo-regularity and in situ polymerization process effect on 

the Tg. A Tg increase was found in i-PMMA and in situ PMMA but not in a-PMMA. 

The results can be explained by the thin film confinement effect of polymer. We 

attribute the Tg increase of TRG/i-PMMA nanocomposites to both a higher interaction 

density and a stronger hydrogen bonding at the interfaces. Nearly pristine graphene 

(PG) with extremely low oxygen level was also used as filler to make PG/i-PMMA 

nanocomposites. The results show that the Tg increase of PG/i-PMMA 

nanocomposites was observed but not as significant as TRG/i-PMMA system. We 

attribute the results to less active site (oxygen functional groups) on PG to provide 

interfacial interactions with i-PMMA.  

 We also prepared thermally reduced graphene (TRG)/PMMA nanocomposites 

using in situ polymerization. In contrast to no Tg change in TRG/a-PMMA system, in 

situ polymerized TRG/PMMA nanocomposites show a significant Tg increase. We 

attribute the results to covalent bonding formation on GO surface at the interfaces 

between matrix polymers and fillers combined with possibly better wetting by the 

combination of MMA monomer and THF. 
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Chapter 7. 

Glass Transition Temperature of Graphene/Polymer 

Nanocomposites 

 

7-1. Introduction 

 In this chapter, we review graphene/polymer nanocomposites literature 

mentioning thermal properties and discovered  that Tg is highly related to the (1) 

preparation processes of nanocomposites and the (2) hydrophobicity of matrix 

polymers. Moreover, the letter by Ramanathan et al.[123] reported an unprecedented 

shift in glass transition temperature of ~30 C for a-PMMA at 0.05 wt% of TRG. We 

have not been able to find such large increases in Tg elsewhere in the literature or in our 

own results. Ramanathan et al. attributed their unusually high Tg increase to strong 

hydrogen bonding interactions between hydroxyl groups on the TRG surface and 

carbonyl groups of PMMA, as well as the restriction of PMMA segment mobilities by 

mechanical interlocking of the wrinkled surface of TRG. 

 

7-2. Literature Summary 

 In order to determine rules for how Tg changes with respect to various factors, we 

did a broad literature review for thermal properties of graphene/polymer 

nanocomposites. The results are classified as (1) Table 7-1: physical blending 

processes (no chemical reaction involved, such as solvent or melt blending,) (2) Table 

7-2: chemical blending process (chemical reaction involved), such as in situ 
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polymerization or chemically modified filler and (3) Table 7-3: aqueous blending 

processes (solvent blending but using water as solvent for water-soluble matrix 

polymers). In Table 7-1, all graphene/polymer nanocomposites synthesized via 

solvent or melt blending show no significant Tg change as measured by DMA or DSC. 

It indicates that solvent and melt blending processes do not provide enough interaction 

between matrix polymers and graphene or graphene oxide (GO) fillers, leading to a no 

Tg change for nanocomposites. Generally, a fixed supporting substrate with strong 

interaction at interfaces (such as covalent or hydrogen bonds) can immobilize the 

polymer chains, which leads to Tg increase within 8Rg from interfaces.[117] Table 7-2 

shows all the graphene/polymer nanocomposites synthesized via in situ 

polymerization or blending with chemically modified graphene or graphene oxide 

(CRG). In contrast to the solvent/melt blended nanocomposites in Table 7-1, most of 

the reports in Table 7-2 exhibit significant Tg increases. Several studies in Table 7-2 

involve covalently bonding short chains on the fillers' surfaces prior to the blending 

process to enhance compatibility, hence even solvent-blending modified graphene or 

GO in polymers can cause significant Tg increase. The literature confirms our 

expectation that such strong interactions from covalent bonds can actually raise the Tg 

of nanocomposites, but not the weak van der Waals forces from 

non-chemical-involved blending processes. Keddie et al.[119] found that van der 

Waals interactions between a polymer thin film, and substrate could only lead to a Tg 

change as large as 0.003K. In contrast to in situ polymerization in GO or reduced 

graphene, if the nanocomposite filler is instead pristine graphene, it will still contain 

graphite’s stable conjugate structures. We speculate that the pristine graphene’s 

conjugate C=C is too stable to react with the propagating free radical, hence providing 

no covalent bonding between graphene and the matrix polymer. This can explain why 
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pristine graphene /PBI[133] or NIPAA[134] nanocomposites have no Tg increases, as 

observed in Table 2. Furthermore, even though the Tg has no change with graphene 

incorporation in Table 7-1, significant mechanical properties improvements of the 

nanocomposites were commonly observed. 

 Within the same conclusion, however, Table 7-3 shows that aqueous blended 

(solvent blending but using water or acid aqueous solution as solvents) 

GO/water-soluble polymers do show a significant Tg increase even if the 

nanocomposites were synthesized via non-chemical-reaction-blending processes. It is 

well known that water-soluble polymers can form strong hydrogen bonding with water. 

Hence, we speculate that strong hydrogen bonding was formed between polymers and 

GO (or TRG, CRG) after the simple aqueous blending process. This interesting 

phenomenon further proves our previous conclusion that interaction between matrix 

polymers and graphene is the primary cause of Tg increase. A critical point though is 

that hydrogen bonds will be weakened at temperatures higher than 100 °C, as such, 

any reports with a matrix polymer's Tg much higher than 100 °C should not attribute 

the Tg increase to hydrogen bonds. For example, as for GO/chitosan nanocomposites 

with a matrix polymer Tg at 175.4 °C, not only weak hydrogen bonding but also 

electrostatic attraction immobilizes the chitosan polymer chains, resulting in a small Tg 

increase of only 5 °C.[135–137] Another possible reason for Tg increase in Table 3 

will be wetting ability of water for GO. Water is a good dispersion solvent for GO 

compared to other organic solvents for graphene. Hence, we speculate that water 

soluble polymers can be wetted onto GO more easily than other organic solvent 

blending processes, leading to strong interfacial interactions. With all the results we 

reviewed and found, however, no report has ever addressed the molecular weight of 

the covalently bonded chains, which might significantly affect the entanglement 
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density or morphology of the nearby free matrix polymers. What is the morphology of 

the polymer chains at the interfaces? More work needs to be addressed in the future. 

 

7-3. Conclusions 

 Combine the experimental results (in Chapter 6) and literature summary have 

proved that the Tg of graphene or GO/polymer nanocomposites can be increased only 

if strong interactions are formed between matrix polymers and fillers. 

Non-chemical-reaction involved blending processes, such as solvent and melt 

blending, are incapable of providing enough interactions between the matrix 

polymers and fillers. Hence, the Tg of nanocomposites are independent of graphene 

or GO incorporation.  However, aqueous-soluble polymers can easily form strong 

hydrogen bonding with TRG, CRG and GO, and the Tg increase of such 

nanocomposites were commonly observed. Chemical-reaction involved blending 

processes, such as chemically modified graphene or in situ polymerization of 

monomers in the presence of TRG, CRG, or GO, are capable of providing strong 

covalent bonds between matrix polymers and fillers, which cause an increase of the 

Tg. One exception is to in situ polymerize monomers in the presence of pristine 

graphene, which causes no Tg change of nanocomposites. It is because no oxidized 

functional groups or reactive C=C exist on pristine graphene surface for monomer to 

chemically react with. 
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Table 7-1. Physical blending processes, including solvent and melt blending. 

Solvent Blending 

Matrix Polymer ∆Tg (°C) Filler Technique Filler Load 

PVDF[98] 0 TRG DSC 4 wt% 

PBS[138] 0 CRG DMA 2 wt% 

LLDPE[139] 0 EG DMA 20 wt% 

PVDF[140] 3.5 TRG DMA 0.5 wt% 

TPU[122] -2  TRG DSC 7 wt% 

PαMSAN/PMMA[141

] 

0 TRG DMA 1 wt% 

Rubber[142] 0 GO DSC 10 wt% 

TPU[143] -5 EG DSC 10 vol% 

TPU[144]  0 (soft segment) TRG DMA 6 wt% 

PS[108] 0 CRG DMA 1.94 vol% 

PI[107] 2.6 -ABA-GO DMA 0.4 wt% 

PVA[132] -4.5  

TRG 

 

 

DSC 

 

1 wt% 

PMMA[132] 0.3 0.2 wt% 

PEI[132] 0 0.1 wt% 

TPU[145] 0 TRG DMA 4.4 wt% 

Melt Blending 

PE[146] 0 CRG DMA 2 wt% 

PA12[147] 0 GS (XG-Science) DSC 2 wt% 

PET[148] < 2 TRG DMA 7 wt% 

PTT[149] 0 TRG DSC 7 wt% 

PC[111] 0 GO DMA 3 wt% 

PP[110] 0 GO DMA 5 wt% 
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Table 7-2. Chemical blending processes (in situ polymerization or chemically 

modified fillers) 

In situ Polymerization 

Matrix Polymer ∆Tg (°C) Filler Technique Filler load 

PBI[133] 1.8 Pristine graphene DMA 0.2 wt% 

NIPAA[134] 0 Pristine graphene DSC 0.13 wt% 

PEO[150] 0 GO DSC 2 wt% 

Epoxy[151] <2 TRG DSC 0.1 wt% 

Epoxy[112] 3 GO DSC 0.5 wt% 

Epoxy[152] 7 TRG DSC 0.05 wt% 

Epoxy[153] 

40  

TRG 

DSC 

1.5 wt% 
37 DMA 

Epoxy[154] 

10 (DDS) 

Expanded graphite DMA 1.988 vol% 
5 (J230) 

PMMA[77] 20 CRG DMA 4 wt% 

PMMA[128] 9 CRG DMA 1 wt% 

PMMA[129] 

3 GO 

DMA 1 wt% 
8 CRG 

PMMA[76] 

 

14 

GO 

DSC 
6 wt% 

 

19 DMA 

7 Micro-AIBN-initiator 

& GO 

DSC & DMA 

Vinyl Ester[155] 7 TRG -- 0.2 phr 

PUA[156] 

4 GO 

DSC 

0.5 wt% 

3.4 Isocyanate-GO 1 wt% 

PUA[157] 0 TRG DSC & DMA 0.5 wt% 

PUA[158] 7 CRG DMA 1 wt% 

PS[159] 8 PS-modified CRG DSC 2.5 wt% 

TPU[160] -4 TRG DMA 0.3 wt% 

TPU[161] 16 CRG DMA 0.3 wt% 

PBI: polybenzimidazole; NIPAA: poly(N-isopropylacrylamide) 
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Table 7-2. Cont' Chemical blending processes (in situ polymerization or chemically 

modified fillers) 

 

Modified GS 

Matrix 

Polymer ∆Tg (°C) Filler Technique Filler load Process 

-- 0.7 PDMAEMA-graft-TRG[162] DSC -- -- 

PVDF[163] 8 PMMA-graft-CRG DSC 5 wt% SB 

Epoxy[164] 8 PEO/PPO-modified GS DMA 0.489 vol% In Situ 

PMMA[165] 12 methacryloyl chloride-GO DMA 0.5 wt% In Situ 

-- 15 PS-grafted CRG[166] DSC -- -- 

ABS[167] 9 Octadecyl-amine-graft-GO DSC 1 wt% SB 

-- 

17 PMMA-graft-TRG[168] 

DSC -- -- 0 PMMA-adsorb-TRG [168] 

PS[109] 6 

Phenyl isocyanate-modified 

GO/CRG end DMA 0.5 wt% SB 

PVC[169] 

 

25 PVC-graft-CRG 

DSC 

 

1.4 wt% 

SB 

 3 

CRG (no modification, pure 

SB) 5 wt% 

-- 15 PS-graft-CRG[131] DSC -- -- 

-- 7 PGMA-graft-GO[125] DSC -- -- 
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Table 7-3. Aqueous blended processes (solvent blending but using water as solvent 

for water-soluble matrix polymers) 

 

Aqueous Blending (solvent blending with water as the solvent) 

Matrix Polymer ∆Tg (°C) Filler Technique Filler load 

PVA[104] 12 CRG DSC 7.5 wt% 

PVA[170] 4 CRG DSC 0.5 wt% 

PVA[105] 14 CRG DSC 3.5 wt% 

PVA[171] 9 GO DSC 0.72 vol% 

PVA[172] 4 GO DSC 0.7 wt% 

Chitosan[135] 5 GO DSC 1 wt% 

Gelatin[173] 10 GO DSC 2 wt% 

PEO[174] 9 TRG DMA 4 wt% 
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Chapter 8. Oxygen Effect of Stiffness of Graphene Oxide 

8-1  Introduction 

     Improvement of mechanical properties is one of the main reasons for creating 

graphene/polymer nanocomposites. As mentioned in Chapter 1, a filler with high 

mechanical properties is one of the three criteria for reinforcement of polymers. The 

high elastic modulus of graphene makes it very attractive as a filler. A value of 1 TPa 

is often given[80], however, lower values have been reported in the literature. Ruoff 

and co-workers reported that the elastic modulus of graphene oxide (GO) paper is 

approximately ~32 GPa.[175] In 2007, Frank et al.[176] reported an elastic modulus of 

0.5 TPa of multi-layer pristine graphene with a 2-8 nm thickness using AFM 

nano-indentation. Gomez-Navarro et al.[91] reported that chemically reduced 

graphene (CRG) has an elastic modulus of 0.25 TPa. Suk et al.[92] reported that the 

elastic modulus of single-layer graphene oxide is 0.21 TPa. Moreover, nearly all 

graphene/polymer nanocomposites reported to date have been reinforced with 

graphene reduced from GO. According to the diverse results above, how the elastic 

modulus changes with various oxygen levels on reduced GO remains an open 

question. 

     As described in Chapter 2, we realized that the large interconnected oxygen-free 

patches on GO can increase the electrical conductivity dramatically even with low C/O 

ratio (6/1). Hence, there might be a specific C/O ratio of GS for oxygen-free patches to 

reach a 2-D percolation. If our assumption is true, the elastic modulus and electrical 

conductivity of our GS increases significantly at the C/O ratio of percolation of 

oxygen-free patches. We will study the elastic modulus of single layer GO and GS 
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with different C/O ratios.  

 

 

Figure 8-1. "In situ" GO modulus measurement flowchart via AFM 

nano-indentation. 
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8-2  Experiments & Results 

     The experiment process is illustrated in Figure 8-1. Single-layer GO sheet is the 

same batch of GO used in Chapter 3 & 4. A silicon wafer with patterned holes for 

Phase I was provided by the Nano Fabrication Center at the University of Minnesota. 

TEM grids (Quantifoil; R2/2) with patterned holes were used for Phase II. We 

measured the modulus of a single-layer GO sheet suspended on holes followed by 

chemical reduction by hydrazine. Chemical reduction was conducted using 

dimethyl-hydrazine (Aldrich; used as received). Dimethyl-hydrazine aqueous solution 

with a concentration of 1 wt% was prepared. Next, the solution was contained in an 

opened small glass container, which was left in a sealed bigger glass container for 

reduction. GO suspended holey silicon wafer or TEM grids were also left in the same 

sealed container. Next the sealed container with dimethyl-hydrazine aqueous solution 

and GO grid or wafer was left in the oven at 80 °C for certain time periods. We then 

measured the same suspended GO sheet after a total reduction time of 1 hour and 4 

hours. The "in situ" AFM nano-indentation allows us to understand how the GO elastic 

modulus changes with various oxygen levels. 

     A drop of dilute GO aqueous solution was dropped on silicon wafer substrate or 

the grid with patterned holes and air-dried at room temperature. A Digital Instrument, 

Nanoscope III Multimode AFM at the Institute of Technology Characterization 

Facility of the University of Minnesota was used in tapping mode
 
for measurements.  

 

8-2.1  Phase I: Silicon Wafer Substrate 

     We measured the same GO (or GS) sheet before and after chemical reduction. A 

silicon wafer with patterned micro-holes 0.5 m in diameter was prepared as the 
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substrate by the Nano Fabrication Center of University of Minnesota. Aqueous GO 

solution was obtained from the same lot (pGO-5; 5 min probe sonicated) as in Chapter 

3 and was spin-coated onto the holey silicon wafer for further AFM nano-indentation 

measurements. We expected that a silicon wafer with patterned holes is an ideal 

substrate because it is strong enough to support suspended GO sheets and very flat. 

However, as shown in Figure 8-2, it was observed that all the suspended GO sheets 

were broken after the drying process followed by spin coating. We speculate that a 

reason for the frustrating results is that the holes are blind (the holes were not drilled 

through the wafer), which might cause the trapped water molecules to break the 

covered GO sheet during evaporation. This phenomenon was observed during every 

experiment. Hence, we decided that the patterned blind holey substrate is not 

appropriate for our AFM measurement. Figure 8-3 is a multi-layer GO covered hole 

poked through by the cantilever, the shape of cantilever tip is clearly observed. 

  

     

 

Figure 8-2. AFM images of patterned holes covered by broken single-layer GO 

sheet. All the holes have the same diameter of 0.5 m and less than 1 m thick. 
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Figure 8-3. AFM image of a multi-layer GO covered hole (left) poked through by 

the cantilever (right). 

 

8-2.2  Phase II: TEM Grid Substrate 

     In order to resolve the problem described in 8-2-1, we used a TEM grid carbon 

thin film with patterned holes for AFM nano-indentation instead of a silicon wafer. 

The grid was purchased from Quantifoil Inc, and the diameter of carbon thin film holes 

was 2.5 m. The same grid was used by Suk et al.'s[92] report on AFM 

nano-indentation measurement on the elastic modulus of GO. The AFM sample grid 

was mounted on a TEM holder as shown in Figure 8-4. Although the holey carbon film 

worked well for Suk et al.'s report, it did not work for us. The reason is the poor 

thermal stability of the holey carbon film. After 1 h of hydrazine vapor reduction at 80 

°C, we found that the stretched holey carbon film became loose from the copper grid 

and was too soft to support the GO. In order to improve the thermal stability of the 

holey carbon film, a 20 nm thick layer of chromium was coated on the both side of the 

film to prevent the carbon thin film from being softened during chemical reduction 

process. Aqueous GO solution described in 8-2-1 was dropped onto the TEM grid to 

deposit GO on the holes. Unlike the silicon wafer, the chromium coated TEM grid 
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holey carbon film is not able to measure the thickness via height imaging as shown in 

Figure 8-5. 

 

Figure 8-4. The AFM sample grid was mounted on a TEM holder. 

 

  

 

Figure 8-5. AFM images of patterned holey carbon film covered by GO sheet. 

All the holes have the same diameter of 2.5 m. 
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Figure 8-6. An example of locating the same GO sheet under TEM and AFM. 

The arrows point out the feature to locate the GO sheet. The upper left insert 

picture in the lower resolution TEM image is ED to check that the GO sheet 

which covers the hole is single-layer. As mentioned in Chapter 2, six electron 

diffraction patterns in hexagonal manner indicates single-layer structure of GO. 

 

     Due to the difficulty of measuring the thickness of covered GO sheets, TEM was 

used to check if the covered GO sheets are single-layer or multi-layer. We used TEM 

electron diffraction (ED) to locate single-layer GO sheets covering holes of the holey 

carbon film; the same GO sheet was then located again under AFM to measure the 

modulus. In order to locate the same GO sheet from TEM, small features to point the 

GO sheet out are needed. Figure 8-6 is an example how to locate the same GO sheets 

under TEM and AFM. The red arrows point out the feature used to locate the GO sheet. 

The upper left insert image in the lower resolution TEM image is ED to show that the 

GO sheet which covers the hole is single-layer. As mentioned in Chapter 2, six 

TEM: 

AFM: 
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electron diffraction patterns in a hexagonal manner indicates single-layer structure of 

GO. 

     Tapping mode AFM nano-indentation was operated after successful location of 

the appropriate GO sheet. AFM works by moving the sample along Z-directions to let 

the sample interact with the cantilever. The CCD sensor will then detect the position of 

the light reflected by cantilever, which is illustrated in Figure 8-7:  

 

 

 

 

Figure 8-7. Illustration how an AFM work. By moving the sample in Z-direction, 

the sensor can detect the light position change to report the sample surface. 

 

As illustrated in Figure 8-7, the AFM is not capable of direct measuring the force the 

cantilever applies to the sample since there is no force sensor. Raw AFM data provides 

only (1) Sample stage displacement and (2) cantilever deflection, as shown in Figure 

8-8: (Cantilever deflection is calculated from a voltage change in sensor.) 
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Figure 8-8. (a) Illustration of deflection and stage displacement (

raw traction and (c) retraction AFM deflection as  curves for two different 

runs. 

 

(a) 

(b) 

(c) 
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From Figure 8-8, we can tell that the force applied to the sample equals the force to 

bend the cantilever, which causes cantilever deflection. The applied force will then be 

the deflection multiplied by the spring constant of cantilever. Also, Figure 8-8 shows 

that the AFM sample stage displacement Z does not equal the cantilever real 

indented depth. The real indented depth should be Z subtracted by the cantilever 

deflection. 

     The calibrated AFM deflection-indented depth curves of the same GO sheet with 

different reduction times are shown in Figure 8-9. It can be observed that the stiffness 

decreases with longer reduction time, which indicates higher C/O ratios. The results 

can be explained by two possible reasons: (1) oxygen atom bridge removal after 

reduction,[173] and (2) dislocation formation after reduction. As mentioned in 

Chapter 2, oxygen atoms on GO mainly exist as epoxy and hydroxyl groups. As shown 

in Figure 8-10, one oxygen atom of the epoxy group forms a bridge between two 

neighbor carbon atoms, which can eliminate the rotation ability of the carbon-carbon 

bond. According to Incze et al.'s[177] report, reduction of the epoxy oxygen removes 

the oxygen bridges, which leads to a lower stiffness of GO. 
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Figure 8-9. Deflection-indentation depth curves of the same GO sheet with 

different reduction times. 

 

 

 

Figure 8-10. Epoxy oxygen atoms form bridges between two neighboring carbon 

atoms. The bridge is removed after reduction, leading to a lower stiffness of GO. 

(The figure is modified from Mkhoyan et al.[16]) 

 

8-3  Future works  

     According to the results in 8-2, the stiffness of GO will decrease with lower 

oxygen levels. However, more studies need to be done. It is important to understand if 
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oxygen bridge or dislocation or both are the reason for lower stiffness. Furthermore, 

absolute numbers of elastic modulus need to be reported. Lee et al.[80] reported a 

cubic parabolic equation to fit force-displacement curves to obtain a 2D modulus: 

                                 (8-1) 

where F is the applied force, o
2D

 is the 2D pretension, a is the membrane diameter,  

is the indented depth at the center point, E
2D

 is the 2D elastic modulus, q is a dimension 

less constant. The elastic modulus will be E
2D

 divided by the thickness of the GO sheet. 

However, comparison of Lee et al.'s[80] report to our results in Figure 8-9 shows that 

our indentation depth is too low to fit equation 8-1. Deeper indentation will be 

necessary for the next measurement for calculation of the elastic modulus. 

     Polymer molecular nanoconfinement at the interfaces between filler and matrix 

polymers is still unclear to date.[4] We propose to investigate modifications of 

polymer matrix morphology at interfaces between matrix polymer and graphene using 

AFM. As described in Chapter 6, DSC of bulk PMMA-graphene nanocomposites 

suggest that the PMMA Tg is elevated due to the inclusion of graphene flakes. We wish 

to locally measure Tg on variable-size patches of PMMA adsorbed or covalently 

bonded to graphene surfaces to model the interfacial system. 
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Chapter 9. Results & Future Works 

9-1  Summary of Results 

     We have discovered a new, simple, hydrazine-free, high-yield method for 

producing single-layer graphene sheets. Graphene sheets were formed from graphite 

oxide by reduction with simple D.I. water at 95 ºC under atmospheric pressure. Over 

65 % of the sheets are single graphene layers; the average sheet diameter is 300 nm. 

We speculate that dehydration of GO is the main mechanism for oxygen reduction and 

transformation of C-C bonds from sp
3
 to sp

2
. The reduction appears to occur in large 

uniform interconnected oxygen-free patches so that despite the presence of residual 

oxygen the sp
2
 carbon bonds formed on the sheets are sufficient to provide electronic 

properties comparable to reduced graphene sheets obtained using other methods. The 

size and extent of exfoliation of graphene oxide sheets was varied by sonication 

intensity and time. Graphene sheets were obtained from graphene oxide by a simple 

(hydrazine-free) hydrothermal route. The particle size, morphology, exfoliation extent, 

oxygen content, and surface charge of graphene oxide and graphene were 

characterized by wide-angle powder X-ray diffraction, atomic force microscopy, 

X-ray photoelectron spectroscopy, dynamic light scattering, and zeta-potential.  

     One method of toxicity assessment was based on measurement of the efflux of 

hemoglobin from suspended red blood cells. At the smallest size, graphene oxide 

showed the greatest hemolytic activity while aggregated graphene sheets exhibited the 

lowest hemolytic activity. Coating graphene oxide with chitosan nearly eliminated 

hemolytic activity. Together, these results demonstrate that particle size, particulate 

state, and oxygen content/surface charge of graphene have a strong impact on 

biological/toxicological responses to red blood cells. In addition, the cytotoxicity of 
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graphene oxide and graphene sheets was investigated by measuring mitochondrial 

activity in adherent human skin fibroblasts using two assays. The 

methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay, a typical nanotoxicity 

assay, fails to predict the toxicity of graphene oxide and graphene toxicity due to the 

spontaneous reduction of MTT by graphene and graphene oxide, resulting in a false 

positive signal. However, an appropriate alternate assessment, using the water soluble 

tetrazolium salt (WST-8) assay, reveals that the compacted graphene sheets are more 

damaging to mammalian fibroblasts than the less densely packed graphene oxide.  

Clearly, the toxicity of graphene and graphene oxide depends on whether or not 

aggregation occurs and mode of interaction with cells (i.e. suspension versus adherent 

cell types). 

     Using thermally reduced graphene (TRG) and in-situ polymerization we have 

created PUA nanocomposites with an ultralow percolation concentration of 0.15 wt% 

(0.07 vol%) graphene. Urethane-acrylate oligomer (UAO) was synthesized and 

diluted by tripropyleneglycol diacrylate (TPGDA) to form flowable UAO/TPGDA 

mixture (UA). TRG was solvent-blended in UA to form uncured TRG/UA liquids and 

were polymerized by free radical polymerization with azobisisobutyronitrile (AIBN) 

initiator. Percolation concentrations of polymerized TRG/PUA nanocomposites 

occurred at 0.15 wt% (0.07 vol%), as determined by surface resistance measurements, 

bulk electrical conductivity, and modulus. TEM images revealed a homogeneous 

dispersion of TRG in PUA. Differential scanning calorimetry (DSC) was used to 

monitor the polymerization of TRG/UA uncured liquids and thermal properties of 

polymerized TRG/PUA nanocomposites. Polymerization heat, glass transition 

temperature, and polymerization temperature are independent of TRG loading, though 

polymerization temperature is ~ 10 °C lower in the absence of TRG. 
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     How graphene/polymer nanocomposite glass transition temperatures (Tg) vary 

was investigated in this study. We first surveyed the literature to summarize the rule of 

Tg change with graphene incorporation. No changes in Tg were observed for 

graphene/polymer nanocomposites synthesized via physical blending processes such 

as solvent or melt blending, except aqueous blending. In contrast, chemical blending 

processes such as in situ polymerization or chemically modified fillers yielded 

significant Tg increases in graphene/polymer nanocomposites. We attribute these 

results to bonding interactions at the interfaces between matrix polymers and fillers. 

Physical blending processes cannot provide enough interaction at the interfaces, 

whereas chemical blending processes can yield strong interaction such as covalent 

bonds. Aqueous blending of oxygen barriers graphene nanocomposites with water 

soluble matrix polymers also cause Tg increases, even though the blending processes 

involve no chemical reactions. The reason for this exception is that hydrogen bonding 

forms between fillers (graphene oxide or reduced graphene) and water soluble matrix 

polymers. Besides the literature review, we used isotactic PMMA (i-PMMA) and 

syndiotactic-rich atactic PMMA (a-PMMA) to make thermally reduced graphene 

(TRG)/PMMA nanocomposites using solvent blending in order to investigate the 

stereo-regularity effect on the Tg. A Tg increase was found in i-PMMA and in situ 

PMMA but not in a-PMMA. The results can be explained by the thin film confinement 

effect of polymer. We attribute the Tg increase to both a higher interaction density and 

a stronger hydrogen bonding at the interfaces.  
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9-2  Future Directions 

9-2.1 Dispersion of Aqueous Reduced Graphene in Polymers 

     As described in Chapter 2, the aqueous reduction method for graphene was 

motivated by mass production of graphene in a low cost, environmental-friendly 

manners. However, dispersion of aqueous reduced graphene (ARG) in polymers has 

not been fully developed. In Chapter 4, we have already successfully dispersed ARG 

in TPU via the novel co-solvent blending process. In contrast to thermally reduced 

graphene (TRG), which is exfoliated in the air, ARG is exfoliated and reduced in water. 

Hence, removing water from ARG might cause aggregation and make dried ARG 

difficult to redispersed into solvents or melt polymers. Besides the co-solvent blending 

process reported in Chapter 4, other graphene dispersion processes should be studied 

to improve dispersion of ARG in various matrix polymers. In Chapter 6, we have 

successfully dispersed TRG in PMMA using in situ polymerization. ARG/PMMA 

nanocomposites prepared via in situ polymerization should be studied in the future. 

Water soluble polymers, for example poly-vinylalcohol or poly-ethyleneoxide, can be 

used as matrix polymer. These water soluble polymers can be dissolved in water prior 

to the aqueous reduction process for better dispersion of ARG. 

 

9-2.2 Dispersion of Graphene in Solvents 

     Dispersion of graphene sheets in solvents is important for applications such as 

graphene/polymer composites. As reported previously, solvent blending can facilitate 

dispersion of graphene. If we plan to use solvent blending for graphene/polymer 

composite materials, we will need to study the dispersion of graphene in various 

solvents. Dispersion of graphene particles in solvents in dilute solutions can be 

evaluated by measuring the relative viscosity, which will increase with better 
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dispersion. Competition between Brownian motion and shear stress (orientation) of 

graphene oblate particles will occur. At low shear stress, Brownian motion will 

dominate the system and increase the viscosity. On the other hand, when shear stress 

dominates, the particles become oriented, and shear thinning will occur. Shear 

thinning results from oriented non-spherical particles which decreases the viscosity. 

Hence, we can disperse like amounts of graphene in different solvents and measure the 

viscosities to understand the dispersion. Higher viscosities will correspond to better 

dispersion. 

9-2.3 Glass Transition of Graphene/Polymer Nanocomposites 

     According to 9-1, we understand that the interfacial interaction between graphene 

and matrix polymers is the key of Tg change. However, there are still several open 

questions for glass transition of nanocomposites: (1) Why are some Tg changes of 

graphene/polymer nanocomposites observed using DSC not as obvious as measured 

using DMA? (2) What is the morphology of polymer coils at the interfaces between 

fillers and matrix polymers? (3) What is the detailed chemical reaction mechanism of 

monomers that are undergo free radical polymerization in the presence of graphene or 

graphene oxide? These fundamental questions need to be resolved for a deeper 

understanding of graphene/polymer nanocomposites. 

 

9-2.4 Graphene/Polymer Nanocomposites 

     One of the ultimate goals of graphene/polymer nanocomposites is to make 

flexible transparent electrical conductive film (FTCF). However, even well dispersed 

0.1 wt% of TRG/TPU nanocomposite reaching percolation concentration, as described 
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in Chapter 4, appears to be opaque. This result tells us that a heterogeneous dispersion 

system is required for FTCF graphene/polymer nanocomposites. The main issue with 

homogeneous graphene/polymer nanocomposites is that they require a certain 

graphene loading to form an interconnected graphene network (percolation), at the 

cost of transparency of the materials. Hence, heterogeneous dispersed graphene is 

necessary for graphene/polymer FTCF. More details are in Appendix B. 

 

9-2.5 Solvothermal Graphene Synthesis 

     Solvothermal reduction of GO for ARG has been reported in Chapter 2 with 

water as the solvent media. Here we proposed to use other solvents as media to reduce 

GO. Water is not a perfect solvent media because it cannot well disperse ARG after 

aqueous reduction. A solvent which is capable to well disperse both GO and reduced 

GO can be an ideal candidate. N,N-dimethylforamide (DMF) or N-methylpyrrolidone 

(NMP) are desirable to prevent aggregation of reduced GO after solvothermal 

reduction since they are good solvent for both GO and reduced GO. Furthermore, 

DMF and NMP have high boiling points, a higher reduction temperature can be 

applied to accelerate the reaction without increasing pressure. Reduced GO/DMF or 

NMP can be used directly for solvent blending process for making graphene/polymer 

nanocomposites. 
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Appendix A  

Glass Transition Temperature of PMMA with 

Incorporation of Graphene via Solvent Blending4 

A-1 Introduction 

 Recent studies reported that TRG can enhance 32~92% of tensile modulus of 

glassy polymers with 1.9~3.1 vol% load using solvent-blending.[98], [99] As 

described in Chapter 6, the letter by Ramanathan et al.[123] reported an unprecedented 

shift in glass transition temperature (Tg) of 29 C for PMMA at 0.05 wt% of TRG. A 

33% increase in modulus with 0.01 wt% TRG loading was also reported. We have not 

been able to find such large increases in modulus in other published graphene/polymer 

nanocomposites (Chapter 6).[4] This value is higher than the Voigt upper bound 

prediction, [4] which is estimated by using fully aligned particles with infinite aspect 

ratio. The authors attributed their very high modulus value to strong hydrogen bonding 

interactions of hydroxyl groups on the TRG surface with the carbonyl groups of 

PMMA and the restriction of PMMA segment mobilities by mechanical interlocking 

of the wrinkled surface of TRG. In order to understand the reasons for these surprising 

results, we repeated the experiments reported in the letter. The PMMA used here was 

purchased from the same source, Polysciences (atactic beads, Mw = 350,000, PDI = 

2.7, lot. 528266). TRG was obtained from Vorbeck Materials, which uses the same 

thermal method to make TRG.[34], [81], [178]
 

                                                 
4
 This chapter was submitted as a Correspondence to Nature Nanotechnology 2011 as "Functionalized Graphene Sheets have a 

Small Influence on the Glass Transition of Polymer Nanocomposites." with authors: Liao K-H, Kobayashi S, Kim H, Abdala A, 

Macosko C.  
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A-2 Results and Discussion 

 Glass transition temperatures (Tg) of PMMA as-received (R-PMMA), PMMA as 

precipitated (PMMA; the same material as a-PMMA in the main article) and 

TRG/PMMA nanocomposites (TRG/PMMA-NC) with various TRG loadings were 

determined using DSC and DMA [Figure A-1(a)].  Different from the results in the 

letter, the Tg of PMMA does not change with TRG loading ~125 C.  However, the Tg 

of R-PMMA is ~105 C by DSC and ~95 C by DMA (Figure A-1) which is consistent 

with the values reported for the control sample in the letter.  These results suggest 

that the Tg value of PMMA in Ramanathan et al.'s[123] report are from R-PMMA 

instead of PMMA.  The tensile modulus of R-PMMA, PMMA and TRG/PMMA-NC 

in Figure S2 did increase with TRG loading as Ramanathan et al. reported. [123]  

However, the modulus of TRG/PMMA-NC with 1 wt% TRG (~2.2 GPa) increased 

only ~30% from PMMA (~1.8 GPa), significantly less than the 80% increment stated 

in Ramanathan et al.'s report. [123] 

 Ramanathan et al. [123] state that the increase in Tg resulted from: (1) 

interlocking of the polymer chains by the nanoscale surface roughness of TRG, and (2) 

hydrogen bonds between the carbonyl group in PMMA and the hydroxyl group on the 

TRG surface.  If the first explanation of the Tg increase stated above is true, we should 

expect the DSC curves will show another Tg at higher temperature since the volume 

fraction of TRG is so low.  PMMA coils close to the TRG surface could have another 

higher Tg, while coils further from TRG should have the Tg of neat PMMA.  However, 

the DSC traces in Figure A-1(b) have no second Tg from 130 C to 200 C.  

 According to the results above, we found the Tg of PMMA is ~20 C higher than 

R-PMMA.  In order to understand the reason for the discrepancy between the two Tgs, 

we analyzed the remaining filtrate from the precipitation process described in 
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Ramanathan et al.[123] and obtained a solid extract (EXC) by concentration of the 

filtrate.  The EXC is a pale yellowish solid which foamed on shaking in water and is 

~4 wt% of the total R-PMMA.  GPC chromatograms of EXC, PMMA and R-PMMA 

in Figure A-3 indicate that the weight average molecular weight (MW) of PMMA 

(MW=436,000 g/mol; PDI=2.92) is slightly higher than R-PMMA (MW=398,000 g/mol; 

PDI=2.93).  GPC indicates that EXC is mainly composed of (1) structures with very 

low MW (~500 g/mol), and (2) polymer (or oligomer) also with much lower MW 

(MW=7,000 g/mol; PDI=1.25) than both PMMA and R-PMMA.  It was reported that 

PMMA with a molecular weight lower than 10 kg/mol is soluble in methanol.[179], 

[180]  

A significant amount of additives are generally used in suspension and 

emulsion polymerization.  Surfactants are used to stabilize MMA droplets in the 

emulsion during the polymerization process.[181–184] To obtain pure PMMA the 

surfactant has to be removed by washing the product (typically using methanol). 

[182–184] The inset in Figure A-3 shows that the as-received PMMA is small 

spherical beads indicating an emulsion polymerization product.  We can reasonably 

speculate that the very low molecular weight structures in EXC are (1) surfactant for 

emulsion polymerization of MMA and (2) PMMA oligomer formed during the 

polymerization process.  These two compounds were extracted using THF/methanol 

procedure described in the letter. [123]  The low molecular weight additives can act 

as plasticizers and decrease the Tg of PMMA.[180], [185]  Hence, the removal of 

PMMA oligomer and additives should be the reason for the ~20 C increase in Tg 

between R-PMMA and PMMA.   

To further characterize R-PMMA and the precipitation process we used NMR. 

1
H NMR results (Figure A-4) show that the spectrum of R-PMMA [Figure A-4(a)] has 
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nonnegligible minor signals compared to PMMA [Figure A-4(b)], and part of these 

peaks are from the remaining MMA monomer [blue arrowed in Figure A-4(a)].  

Comparison of 
1
H NMR spectrum of EXC [Figure A-4(c)] with R-PMMA [Figure 

A-4(a)] shows that the extra signals in R-PMMA are from EXC.  The chemical 

structure of EXC contains −O−CnH2n+1 [n=18-19, e.g., stearyl alcohol (n=18), is a 

surfactant], mono-substituted benzene and small amount of PMMA oligomer.  These 

1
H NMR results agree with the speculation of the EXC composition based on GPC 

data.  The tacticity of PMMA was estimated from 
1
H NMR [Figure A-4(b)]. The diad 

sequences, mm(isotactic):mr(heterotactic):rr(syndiotactic) = 6:38:56, show that 

PMMA is highly syndiotactic, a result expected for emulsion polymerization. This 

explains why the Tg of PMMA is ~20 C higher than the commonly reported value for 

atactic PMMA (Tg≈105 C).[186]  The Tg for syndiotactic rich PMMA is ≈ 115~125 

C.[183], [184], [186–188] The difference in tensile modulus may also due to the 

plasticizing effect of the small molecules.   

 According to the Kim et al.'s review,[4] all the studies of graphene/polymer 

nanocomposites reported percolation concentrations of graphene from 0.2 to 6.2 wt%, 

which are at least three times higher than the reported 0.05 wt% in Ramanathan et al.'s 

report.[123] Our surface resistance measurements in Figure A-2 indicate the 

percolation concentration is ~0.8 wt%.   

 

A-3 Conclusions 

 This study indicates that the significant increment of Tg reported by Ramanathan 

et al.[123]. did not resulted from the addition of TRG. Instead, the improvement of Tg 

is because the ~4 wt% additive (emulsifier) in the original PMMA had been extracted 

during the precipitation process.  An 80% increase of tensile modulus of PMMA is 
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contributed by both addition of TRG and removal of emulsifier, and only ~30% 

improvement of tensile modulus can be obtained by loading 1 wt% TRG into PMMA. 

 

 

Figure A-1. (a) Glass transition temperature (Tg) and (b) DSC traces of 

as-received PMMA (R-PMMA), as-precipitated (PMMA) and all TRG/PMMA 

nanocomposites.  
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Figure A-2. Surface resistance and tensile modulus of as-received PMMA 

(R-PMMA) as-precipitated PMMA (PMMA) and TRG/PMMA nanocomposites. 

 

 

 

 

Figure A-3. GPC chromatograms of as-received PMMA (R-PMMA), 

as-precipitated (PMMA) and extractive content (EXC). Inset: optical micrograph 

of R-PMMA. 
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Figure A-4. 

1
H NMR spectra of (a) as-received PMMA (R-PMMA), (b) 

as-precipitated (PMMA), and (c) extract (EXC). Signals from MMA (blue) and 

EXC (red) are arrowed in figures (a) and (b). Expanded spectra with the portion 

of EXC signals are also added as insets to clarify the removal of EXC. 

 


