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Abstract 

Graphene oxide (GO) was reduced (rGO) and then functionalised with an amino terminated 

thiol molecule (cysteamine) via a thiol-ene click chemistry reaction to produce reduced 

graphene oxide-cysteamine (rGO-cyst). The presence of the C-S bond in the X-ray 

photoelectron spectrum (XPS) confirmed the reaction between the thiol in cysteamine and 

both the double bonds present on the rGO surface and the pyrazolic structures formed due to 

reduction. The rGO-cysyteamine was reacted with polypropylene-graft-maleic anhydride 

(PP-g-MA) to produce PP-g-MA-rGO-cysteamine, where the free amino group present on the 

rGO-cysteamine reacts with the maleic anhydride group of PP-g-MA. This was confirmed 

from solid state 13C Magic-Angle-Spinning, Nuclear Magnetic Resonance (MAS NMR), 

Fourier transform infrared (FTIR) and XPS studies which demonstrated that a mixture of 

open and closed ring structures based on amides, imides and imines were formed. Growth of 



2 

 

the PP chain on the rGO surface was observed from electron microscopy imaging. 

Cysteamine acts like a ‘cross-linker’ between the rGO and PP-g-MA, increasing interfacial 

interaction between the two phases resulting in increased thermal stability and altering the 

crystallization behaviour of the maleated PP. The approach described could be used to 

compatabilise graphene oxide and a range of polymers to produce functional composite 

materials. 

1. Introduction 

The exceptional properties of the graphene family of materials continues to attract intense 

research interest and when combined with a large surface area (>2600 m2 g-1)[1], can have a 

thermal conductivity  up to ~5300 W m-1 K-1[2], Young’s modulus of 1 TPa [3-5], electrical 

conductivity  in the order of 2 x 103 S cm-1)[6] and very high optical transparency (97.7%)[7]. 

The graphene single 2D layer of sp2 hybridised carbon atoms are packed in a hexagonal 

structure[8] but are flexible enough to be wrapped or stacked into different 0D/1D/3D 

stuctures[9]. Few layer graphene, graphene/graphite nanoplatelets and graphene oxide also 

have useful properties, not as impressive as single layer graphene, but all can be used as a 

functional filler for polymers. The technical challenge is to translate these advantageous 

properties of graphene and its derivatives to polymers to produce functional composite 

materials. The translation of properties can only be achieved by uniform dispersion  and 

distribution of the graphenic material throughout the polymer matrix and promoting the 

interfacial interactions between the components. However, due to high surface area of 

graphene(s), agglomerations can be formed within the polymer matrix. Therefore, to 

minimise agglomerations, graphene(s) must be modified with appropriate functional groups 

to promote compatability with the desired polymer[10, 11].   
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Recently, click chemistry has been successfully used for functiolalisation of graphene(s) due 

to the use of readily available reagents and ease of synthesis. Thiol-ene click reactions allows 

targeted addition to the C=C bond using a thiol reagent via heat (thermally) or light 

(photochemically)[12]. This then enables the desired functional group to be attached to the 

sp2 carbons of the graphene[13]. Three different chemical routes were explored by Horacio J. 

Salavagione[14] to graft graphene with low molecular weight thiol-terminated poly(ethylene) 

(PE). For the copper catalysed azide-alkyne cycloaddition (CuAAC) route, the graphene must 

to be functionalised with an azide or an alkyne functional group, but CuI was utilised, which 

is toxic. For the thiol-yne reaction, an alkyne bond was required, which meant further 

functionalisation. Whereas, for the thiol-ene click reaction, it could directly react with the 

graphene, however, the reactivity of thiol groups decrease with increasing size of the thiol 

containing compound causing a low yield. In a recent study by Hu et al.[15], thiol-ene click 

chemistry was employed on different carbon nano-materials such as graphene, carbon 

nanotubes (CNTs) and fullerenes to functionalise with different groups, including –COOH, 

NH2, NH3Cl-Si(OCH3)3, alkyl and furyl groups. This was done via microwave radiation and 

used various thiol precursors such as cysteamine hydrochloride, L-cysteine hydrochloride, n-

octadecyl mercaptan and cyseteamine. Yagci et al.[16] also modified fullerene with thiol 

functionalised polystyrene (PS-SH). Luong et al.[17] used cysteamine hydrochloride as the 

thiol precursor to functionalise graphene oxide via thiol-ene click chemistry using AIBN as 

the initiator. Using cysteamine as the thiol precursor proved advantageous as the thiol could 

be covalently bonded to the double bond of the graphene oxide and the amine at the terminal 

end was used for anchoring sites to adsorb nanoparticles. This precursor was also used in 

another study to functionalise fullerenes by Xu et al.[18]. Through this modification further 

functionalisation was allowed with biodegradable polymers. For this reason, cysteamine 

hydrochloride was used in this study to functionalise reduced graphene oxide. The thiol end 
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can react with the double bonds of the reduced graphene oxide and the free amino group is 

used to react with the maleic anhydride group of a polypropylene-graft-maleic anhydride (PP-

g-MA). By doing so, the polymer would be covalently bonded to the reduced graphene oxide 

(rGO) via the thiol precursor. The PP chains of PP-g-MA are then available to co-crystallise 

when blended with PP.  

Reaction between primary amine groups and the maleic anhydride group has been reported in 

many studies and is a fast process to make amic acid and/or imid bonds. Vazquez-Rodriquez 

et al.[19] studied the effects of different chain lengths of aliphatic diamines with PP-g-MA 

via an in-situ melt reaction. Through various techniques, amine and imide groups had been 

verified and diamines with low molecular weight had better adhesion between PP and 

poly(carbonate) (PC) when they were pressed together into two-layer films. In a more recent 

study[20], PP-g-MA was reacted with aniline, (C6H5NH2) to make (PP-g-NHC6H5) which 

was used to compatibilize PP and carbon nanotubes. An increase in modulus was observed 

due to the π-π interactions between the C6H5 and the aromaticity of the CNTs. A similar 

finding was reported by Jin et al[21], who studied PP/CNT composites, using PP-g-MA as 

the compatibilizer and modified CNTs with diaminodecane, and Petrie et al.[22], who 

modified PP-g-MA with pyridine. As well as CNTs, graphene derivatives have also been 

functionalised with diamines[23], dianiline[24] and aminopropyltriethoxysilen (APTES)[25] 

for further reaction with PP-g-MA in an attempt to enhance compatibility with PP. 

In this study, rGO was functionalised to make rGO-cysteamine (rGO-cyst). This was done 

via a thiol-click reaction using AIBN as a thermal initiator. Due to the low quantity of 

cysteamine used, it was characterised after the PP-g-MA was added and amine of the 

cysteamine reacted with the maleic anhydride to make PP-g-MA-rGOcyst. Furthermore, for 

comparison, rGO was also added to PP-g-MA without any cysteamine functionalization, 
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labelled PP-g-MA-rGO. This was done to aid characterisation and show how cysteamine 

functionalization of rGO allows compatibilisation with PP-g-MA via covalent bonding.  

2. Experimental   

2.1 Materials  

Graphene oxide (GO) (1 nm thick/size of flakes 2-20 μm) was purchased from Abalonyx,  

polypropylene-graft-maleic anhydride (PP-g-MA) (average Mw ~9,100 by GPC and maleic 

anhydride 8-10 wt%), cysteamine hydrochloride (>97.0%) and 2,2’-Azobis (2-

methylpropionitrile) (AIBN) (98%) were purchased from Sigma Aldrich. Sodium hydroxide 

pellets (>97%), dimethylformamide (DMF), methanol, ethanol, toluene and ammonia were 

obtained from Fisher, and hydrazine hydrate (78-82%) was purchased from Honeywell Fluka.   

 

Synthesis of reduced graphene oxide (rGO) 

GO was dispersed in water with a mixture of hydrazine hydrate and ammonia and heated at 

90°C under reflux for 24 hours. This mixture was then filtered using vacuum filtration and 

washed with excess water, until the sample had neutral pH. The product was then dried in a 

vacuum oven at 60°C.  

 

Synthesis of reduced graphene oxide-cysteamine (rGO-cyst) 

The as prepared rGO was sonicated in an ultrasonic bath for 30 minutes in DMF. In the mean 

time a solution of AIBN and cysteamine was dissolved in DMF. After sonication, the rGO 

suspension was pre-purged with nitrogen. The AIBN cysteamine solution in DMF was then 

added to the rGO suspension and heated up to 70°C for 24 hours under nitrogen. The mixture 

was then cooled to room temperature (RT) and a solution of NaOH (1M) prepared in 

ethanol/water, which was then added to the rGO suspension and stirred. This mixture was 
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then filtered using vacuum filtration and washed with ethanol (2 times) and then with water 

(3 times). The product was dried in a vacuum oven at 60°C.  

 

Grafting of polypropylene-graft-maleic anhydride with reduced graphene oxide-cysteamine 

(PP-g-MA-rGO-cyt) 

PP-g-MA was dissolved in toluene at reflux temperature under N2 to form a yellow solution. 

rGO-cyst was added to this solution (weight ratio calculated to be maleic anhydride: rGO-

cyst 1:1) and stirred for 24 hours under N2 at reflux temperature. This mixture was then 

washed with methanol repeatedly by hot filtration using a 0.2 µm polytetrafluoroethylene 

(PTFE) membrane. The product was dried in a vacuum oven at 80°C overnight to yield PP-g-

MA-rGO-cyst. 

 

2.2 Characterisation  

All 13C solid state MAS NMR measurements were performed at 9.4 T using a Bruker Avance 

400 MHz spectrometer operating at 13C Larmor frequency (νo) of 100.58 MHz. These 

experiments were performed using a Bruker 4 mm HX probe which enabled a MAS 

frequency of 12 KHz to be implemented. All 13C data were acquired using single pulse/direct 

detection experiments using a π/2 nutation angle along with a relaxation delay between pulses 

of 30 s. During the data/FID acquisition period of these experiments strong 1H decoupling 

(100 kHz in strength) was applied. The reported 13C chemical shifts were externally 

referenced against the IUPAC recommended primary reference of Me4Si (1 % in CDCl3, δiso 

= 0.0 ppm), via the secondary solid alanine reference (δiso = 20.5 ppm) [26]. 

X-ray Photoelectron Spectroscopy (XPS) was carried out using a Kratos Axis Ultra DLD 

Spectrometer at RT and with a base pressure of 2 x 10-10 mbar, using a monochromated Al kα 

X-ray source. In order to prevent surface charging, the data was collected while the sample 
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was exposed to a flux of low energy electrons from the charge neutralizer built in to the 

hemispherical analyser entrance, with the binding energy scale retrospectively calibrated to 

the sp3 C-C peak at 284.6 eV. The data was analyzed with the CasaXPS software package, 

using Shirley backgrounds and mixed Gaussian-Lorentzian (Voigt) line shapes and 

asymmetry parameters where appropriate. For compositional analysis, the analyser 

transmission function was determined using clean metallic foils to determine the detection 

efficiency across the full binding energy range. 

Fourier-transform infrared (FTIR) spectra were recorded on a Bruker Tensor 27 Spectrometer 

equipped with an attenuated total reflectance (ATR) crystal and powder samples were 

measured with a scan range from 500 cm-1 to 4000 cm-1 with 4 cm-1 resolution.  

Raman Spectra were recorded on a Renishaw inVia Reflex Raman Microscope with a 532 nm 

solid state laser and x5, x20, x50 objectectives. The laser (10 mW) was spot focused on the 

samples (powders made into pellets) with an exposure time of 2 mintues and a minimum of 5 

collections  

Scanning Electron Microscopy (SEM) micrographs were obtained using a Zeiss Sigma using 

InLens detector at 5kV. The samples imaged were sputter coated using an Au/Pd target. 

Transmission Electron Microscopy (TEM) micrographs were obtained using a Jeol 2100 

TEM fitted with a Gatan Ultrascan 1000 camera. Samples for TEM analysis were prepared 

via drop-casting a few milliliters of sample dispersions after ultrasonication onto holey 

carbon grids, allowing the solvent to evaporate and leaving the sample to rest for 24 hours at 

RT. 

X-ray Diffraction (XRD) measurements were completed on a Panalytical Empyrean 

instrument in Bragg-Brentano geometry with Co-Kα radiation (1.7903 Å) and a solid state 

Pixcel detector for fast data collection. A variable divergence slit was used to control the size 
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of the beam on the sample to be 6mm parallel to the beam and a beam mask of 15mm. 20 

minute scans were collected in the range 4 – 40° 2θ with a step size of ~ 0.026 ° 2θ. 

Differential Scanning Calorimetry (DSC) was performed using a Mettler Toledo (DSC1, 

model 700, 400W) and the data collected evaluated using a STARe Version 15.01 software 

package. The samples were measured between 25°C and 200°C at a heating and cooling rate 

of 10 K/min for two cycles. The thermograms were used to determine the melt temperature 

(Tm), crystallisation temperature (Tc), enthalpy of melting (ΔHm), enthalpy of crystallisation 

(ΔHc) and the percentage crystallinity (Xc) of PP. The crystallinity was calculated by dividing 

the ΔHm or ΔHc for the sample by the theoretical 100% crystalline value for PP, (ΔHf: 209 

J/g) [27]. 

Thermogravimetric Analysis (TGA) was carried out using a Mettler Toledo thermal analyzer 

in the temperature range 25°C to 800°C using a heating rate of 10 °K/min under nitrogen. 

 

3. Results and Discussion 
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Figure 1. Step 1 illustrates the functionalisation of rGO with cysteamine to make rGO-cyst. 

Step 2 illustrates the solution blending process to mix rGO-cysteamine and PP-g-MA to make 

PP-g-MA-rGOcyst. 

The cysteamine functionalisation of rGO (step 1) and reaction with PP-g-MA (step 2) is 

shown in Figure 1. In step 1, the reaction is thermally initiated by AIBN with the thiol-end of 

cysteamine reacting with the double bonds of the rGO. By doing so, the amine on the 

terminal end of the cysteamine is free to react in Step 2 (see Figure 1). Furthermore, 

cysteamine hydrochloride was used instead of cysteamine because the hydrochloride 

protected the free terminal amine group from reacting with any other functionalities on 

reduced graphene oxide. Although, the GO is reduced there are still some carbonyl 

functionalities present and to avoid a reaction between the carbonyls and the amine, 

cysteamine hydrochloride was used. However, after successfully making rGO-cyst, an excess 
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amount of base was added to remove the hydrochloride so that the amine is ready for the 

nucleophillic substitution reaction with the PP-g-MA [17].  

In Step 2, the amino end of the cysteamine attached to the rGO reacts with the maleic 

anhydride group of the PP-g-MA to make a maleimide and give PP-g-MA-rGOcyst, thus 

enabling covalent attachment between the polymer, PP and the rGO via the cysteamine-

maleic anhydride attachment. This happens in a two step condensation reaction. In the first 

step, PP-g-MA is dissolved in toluene in which it reacts with the primary amine to produce an 

open ring cycle, see Figure 2. The second step was carried out at an elevated temperature 

(120°C) and the intermediate process goes through a dehydration step for ring closure to 

yield N-substituted maleimide[28]. However due to high temperature and time, several by-

products can also be formed, lowering the yield for the maleimide and therefore forming by-

products, as illustrated in Figure 3. The secondary amide formed as the intermediate exists as 

a resonic structure. The lone pairs on nitrogen resonate between the nitrogen and carbonyl 

groups itself forming a cationic structure. This structure also equilibrates to form an imine as 

the carbonyl turns to a hydroxyl and an amide to a C=N. The presence of these resonic 

structures were verified using XPS and FTIR [29]. 

 

Figure 2. Two-step mechanism to synthesis PP-g-MA-rGOcyst. 
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F

igure 4. Solid state 13C MAS NMR data from a) GO and b) rGO. 

 

Figure 3. By-products formed via resonic structures. 
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Figure 5. Mechanism for a) the formation of pyrazole by the attack of hydrazine with 

diketone and b) the formation of hydrazone by the attack of hydrazine with ketone[30, 31]. 

Before cysteamine functionalisation, GO was reduced using hydrazine hydrate and ammonia 

at 90°C in water. Use of hydrazine as a reducing agent is very common due to its ability to 

achieve a high degree of GO reduction without further reactions[32, 33]. Additionally, the 

presence of ammonia minimises aggregation of the rGO sheets produced[34]. Due to the 

presence of hydrazine, a large fraction of the oxygen containing functionalities on GO are 

removed, however, a small amount of N atoms are introduced. The 13C MAS NMR of GO 

shows two carbonyl peaks for hydroxyl (-COH) and 1,2-epoxide functionalities at δiso = 68.45 

ppm and δiso = 58.23 ppm, respectively, see Figure 4. There are two peaks corresponding to 

the bulk sp2 hybridized graphene, one narrower resonance at δiso = 131.7 ppm and a broad 
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resonance at δiso = 121.4 ppm[35]. After reduction, the presence of the broader sp2 peak  in 

rGO at δiso = 126.3 ppm suggests that the sp2 network was reformed by the 

hydrazine/ammonia treatment. Futhermore, the disappearance of the carbonyl peaks shows 

that the hydroxyl groups and the 1,2-epoxide groups located at the basal planes were 

completely removed by the reduction of hydrazine and the sp2 networks reformed. However, 

a new peak emerged at δiso = 165.8 ppm for the rGO. This peak can be assigned to C=N bond 

formed in both pyrazole and/or hydrazine, from reaction of hydrazine with a ketone or an 

aldehyde[36, 37]. Formation of a five membered aromatic ring, pyrazole, with two adjacent 

nitrogen atoms can be formed if the hydrazine reacts with a diketone and shows 13C MAS 

NMR signals between δiso = 150 ppm and δiso = 160 ppm[38] as seen in Figure 5a). 

Alternatively, hydrazine can also react with ketones to form a non-aromatic C=N to form 

hydrazone, as illustrated in Figure 5b). Either reactions take place due to the hydrazine acting 

as a nucleophile and reacting with the carbonyls on ketones, or diketones to form pyrazole or 

hydrazone giving rise to the peak at δiso = 163 ppm for C=N bond. This result has also been 

reported in other studies[30]. 
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Figure 6. Solid state 13C MAS NMR data from a) rGO-cyst, b) PP-g-MA, c) PP-g-MA-

rGOcyst and d) PP-g-MA-rGO. 

The solid state 13C MAS NMR data for rGO-cyst, PP-g-MA, PP-g-MA-rGOcyst and PP-g-

MA-rGO are shown in Figure 6. For neat PP-g-MA, the three intense resonances at δiso = 21.6 

ppm, δiso = 26.1 ppm and δiso = 44.0 ppm are assigned to methylene, methine and methyl 

carbon species [39]. The CH and CH2 group present in the maleic anhydride group of PP-g-

MA exhibit partially resolved resonances at δiso = 46.8 ppm and δiso = 27.4 ppm, 

respectively[40]. For rGO-cyst, due to the low concentration of cysteamine added and the 

high abundance of rGO, any resonance associated with functionalisation would be masked in 

the MAS NMR spectrum. Therefore, no new resonances were observed in the 13C MAS 

NMR spectra of rGO-cyst. To confirm bonding of cysteamine to rGO, 13C MAS NMR data 

from PP-g-MA-rGOcyst was compared to that from PP-g-MA-rGO. If cysteamine wasn’t 

grafted to rGO via the thiol bond, the amine wouldn’t have reacted with the maleic anhydride 

group of the PP-g-MA; this is precisely what is observed from the 13C MAS NMR data for 
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PP-g-MA-rGO in Figure  6). The sp2 species is still present at δiso = 125.7 ppm and a less 

intense resonance at δiso = 26.5 ppm and δiso = 22.0 ppm can be observed for the methyl and 

methine carbons of the PP chain, respectively. However, the intensity of these resonances 

relative to the intensity of the resonances present in PP-g-MA-rGOcyst is insignificant. For 

PP-g-MA-rGOcyst system of Figure 6 c) there is a sp2 resonance at δiso = 125.0 ppm, and four 

other resonances present at δiso = 21.8 ppm, δiso = 26.1 ppm, δiso = 43.6 ppm and δiso = 47.4 

ppm corresponding to the methylene, methine and methyl of the PP chains, and the CH of the 

maleic anhydride group, respectively. This confirms the presence of cysteamine in the PP-g-

MA-rGOcyst system, as there is a higher grafting of the polymer as seen from the difference 

in intensity in the 20-50 ppm region. Formation of an amide or maleimide due to the reaction 

between the amine in cysteamine with the maleic anhydride should exhibit a resonance at 

~160 ppm, but due to the resonance observed at δiso = 165.6 ppm for pyrazole/hydrazone 

formation on the rGO surface this resonance must be unresolved with the existing peak (see 

Figure 6). 

 XPS measurements were performed to further validate the reduction of GO, synthesis 

of rGO-cyst and the grafting of PP-g-MA onto the rGO-cyst to make PP-g-MA-rGOcyst. 

From the survey spectra in Figure 7 a) and the results listed in Table 1, the reduction was 

successful as the O/% content decreased from 32.76% for GO to 9.80% for rGO. 

Additionally, the carbon-to-oxygen (C/O) atomic ratio increased for rGO relative to GO from 

2.0 to 8.8 verifying the decrease in O content and that the reduction reaction was successful. 

Furthermore, a new peak evolved at ~399 eV for the nitrogen present on the rGO. As 

discussed in the 13C MAS NMR section above, the presence of nitrogen is a result of the 

reaction between the carbonyls present at the basal edges of GO with hydrazine forming 

pyrazole and/or hydrazone structures on rGO edges. Furthermore, all graphene derivatives 

studied showed peaks for C1s and O1s, but one new peak evolved for PP-g-MArGO-cyst and 
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rGO-cyst at 163 eV for S2p. This is associated with the presence of cysteamine covalently 

attached to the rGO surface via thiol attachment and the polymer grafted via the free amine of 

the cysteamine. 

 

Figure 7. XPS survey for a) GO and rGO and b) rGO-cyst, PP-g-MA, PP-g-MA-rGO, and 

PP-g-MA-rGOcyst. 

Table 1. XPS elemental composition of for GO, rGO, rGO-cyst, PP-g-MA, PP-g-MA-rGO 

and PP-g-MA-rGOcyst. 

Sample name C /%  O /%  N /%  S /% C/O C/N 

GO 65.84 32.76 0 0.97 2.0 - 

rGO 86.59 9.80 2.67 0.10 8.8 32.4 

rGO-cyst 85.51 9.79 3.22 1.11 8.7 26.6 

PP-g-MA 93.06 6.94 0 0 13.4 - 

PP-g-MA-rGO 94.98 5.02 0 0 18.9 - 

PP-g-MA-rGOcyst 93.61 5.53 0.75 0.11 16.9 128.8 
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Figure 8. C1s spectra for a): GO, b): rGO, c): rGO-cyst, d): PP-g-MA, e): PP-g-MA-rGO and 

f): PP-g-MA-rGOcyst. 

Due to the successful reduction of rGO, most of the oxygen related functional groups were 

removed so only a small amount of carbonyl peaks are present, see the C1s spectra for rGO-
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cyst in Figure , showing binding energies for C-C/C-H (284.8 eV), C-O (286.15 eV), C=O 

(287.5 eV), O=C-O (288.7 eV) and sp2 C shake up (291.13 eV). In the C1s spectra of PP-g-

MA, the two main peaks were for C-C/C-H and C-O due to the PP chain and maleic 

anhydride group present, respectively. The same peaks are seen for PP-g-MA-rGO in the C1s 

spectra, as well as additional peaks for the rGO present. For PP-g-MA-rGOcyst and rGO-

cyst, a new peak emerged in the C1s spectra for the C-N bond of the cysteamine group at 

285.6 eV which wasn’t present in rGO. The presence of this peak confirms the presence of 

cysteamine on rGO. Furthermore, for PP-g-MA-rGOcyst, the C-C (285 eV) and C-O (286 

eV) bonds significantly increase due to the PP chain and the maleic anhydride groups present 

relative to rGO-cyst.  

 

Figure 9. S2p spectra for a): rGO-cyst and b): PP-g-MA-rGOcyst. 
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Table 2. Deconvulated XPS data for S2p for rGO-cyst and PP-g-MA-rGOcyst. 

Sample name Binding 

energy /eV 

Atomic /%  Bonding 

environment 

rGO-cyst 163.65 

164.83 

41.01 

40.15 

S 2p3/2-S-C 

S 2p1/2- S-C 

PP-g-MA-rGOcyst 163.38 

164.56 

50.53 

49.47 

S 2p1/2-S-C 

 

Due to the binding energy of C-S overlapping with the binding energy of C-C (sp3), it is not 

possible from the C1s spectra to accurately determine the presence of low atomic percentage  

S moieties present in rGO-cyst. Therefore, the S2p spectrum is used for further validation of 

the formation of the C-S bond, see Figure  and Table 2. For rGO-cyst, in the S2p spectrum, 

two main peaks were observed at 163.65 eV and 164.83 eV assigned to the 2p3/2 of C-S-C 

and 2p1/2 S-C bond, respectively. The evolution of these two new peaks verify covalent 

attachment between cysteamine and the double bonds present on the rGO via the thiol. These 

peaks are also present in the S2p spectrum for PP-g-MA-rGOcyst, again confirming the 

cysteamine functionalised rGO attached to the PP-g-MA. In contrast, the PP-g-MA-rGO 

spectrum showed there was no sulphur or nitrogen present and, therefore no covalent 

attachment between the rGO and the PP-g-MA, see also Table 1.  
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Figure 10. N1s spectra for a) rGO, b) rGO-cyst and c) PP-g-MA-rGOcyst.  

Table 3. Deconvulated data for N1s of rGO, rGO-cyst and PP-g-MA-rGOcyst. 

Sample name 
Binding 

Energy /eV 
Atomic/ % 

Bonding 

environment 

rGO 

398.95 

400.19 

401.77 

45.42 

45.16 

9.42 

N=C 

N-C 

(NR
4
)+ 

rGO-cyst 

398.65 

399.86 

401.6 

9.2 

73.57 

14.11 

N=C 

N-C 

(NR
4
)+ 
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403.65 3.12 N-O 

PP-g-MA-rGOcyst 

398.78 

399.99 

401.73 

25.75 

50.96 

23.29 

N=C 

N-C 

(NR
4
)+ 

 

For rGO, three main peaks were seen in the N1s spectra at 398.65 eV, 399.86 eV and 401.6 

eV for N=C, N-C and NR4
+, respectively. This suggests that pyrazoles were formed at the 

basal plane of rGO surface as there are equal amounts of N=C (45.42 %) and N-C (45.16 %) 

bonds. However, when cysteamine is added to rGO, the ratio of these bonds changes from 

45.42% (N=C) and 45.16 % (N-C) to 9.2 % (N=C) and 73.57 % (N-C), respectively. This is 

due to the addition of a primary amine, increasing the C-N bond [41]. Furthermore, the thiol 

end of cysteamine, can also react with the C=N bond in pyrazole to form a single C-N bond, 

thereby increasing the amount of C-N bonding and decreasing the C=N bonding[42]. 

Whereas when reacted with PP-g-MA, the 9.2% of N=C changed to 25.75% at 398.78 eV and 

N-C changed from 73.57% to 50.96% at 399.99 eV. These results show that most of the 

primary amine of the cysteamine group of rGO-cyst, reacted with the maleic anhydride group 

to form imine (C=N) and imide (N-C) bonds which results in a mixture of open and closed 

ring structures, as seen in Figure 3 above. The binding energy at 401.73 eV corresponds to 

the cationic structure as a resonic structure in Figure 3, at 23.29%. The N1s XPS data for PP-

g-MA-rGOcyst shows that there were a mixture of both open and closed ring structures due 

to the amine reacting with the maleic anhydride group.  

 The FTIR spectrum of GO shown in Figure 1 a) shows a broad band associated 

with the hydroxyl groups present between 2877 cm-1 and 3678 cm-1 and carbonyl and epoxide 
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peaks at 1720 cm-1 and 1620 cm-1, respectively [35]. After reduction to rGO, no hydroxyl 

peaks can be seen and most of the carbonyls and epoxide peaks are supressed due to 

successful reduction by the hydrazine treatment. Even though the majority of rGO consists of 

C=C bonds, the νC=C signal is very weak, due to the symmetrical environment of these bonds 

causing only a small change in the dipole moment [42]. For rGO-cyst, new peaks evolve at 

1554 cm-1, 1439 cm-1 and ~864 cm-1 that were not present for rGO, corresponding to the 

stretching vibrations of amine and C-S vibrations. Sulphur containing moieties usually absorp 

at low frequencies in the infrared region of the spectrum[33]. The peaks present for amine 

and C-S bonds in FTIR spectrum confirm the presence of cysteamine grafted to rGO via the 

thiol[43].  

 For PP-g-MA, the characteristic FTIR peaks can be seen at 2952 cm-1 for 

symmetrical –CH stretching from the methyl groups of the PP chain, Figure 11 b). Whereas, 

the peaks at 2914 cm-1, 1458 cm-1 and 1377 cm-1 are attributed to the asymmetrical –CH 

stretching, asymmetrical and symmetrical bending modes from the methyl –CH bonds, 

respectively. The peak at 1300 cm-1, is derived from various bending modes of the methylene 

group (scissoring, rocking, wagging and twisting)[44]. The FTIR spectrum of PP-g-MA also 

shows peaks at 1780 cm-1 and 1710 cm-1 that are attributed to the carbonyls of the maleic 

anhydride groups. These peaks are significantly reduced in intensity when grafted to rGO-

cyst and the broad peak at 1568 cm-1 confirms the presence and formation of the amide 

linkages between PP-g-MA and rGO-cyst. Formation of an amide from maleic anhydride and 

primary amine is a fast reaction however, imide formation requires the removal of water and 

is a much slower reaction that needs high temperature to proceed [19]. The two peaks at 1710 

cm-1 and 1780 cm-1 for the carbonyls present result in overlap of the absorption peaks of 

amide and imide bonds but zooming in on this region of the spectrum ( see circled region in 

Figure 11 b), another peak can be observed at 1743.63 cm-1, attributed to the imide bond [45]. 
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From the FTIR, it can be seen that mixtures of amides and imides were formed,  in agreement 

with the XPS measurements. The reaction itself did not go to completion and formed 

mixtures of amides, imides and imines. To confirm this, the interfacial melt reaction is 

estimated by comparing the relative intensity of the imide C=O stretching band (I1739) and 

amide N-H bending (I1566) with respect to a band in the fingerprint region (I1110, C-C 

stretching), which does not change for both PP-g-MA-rGO and PP-g-MA-rGOcyst. From the 

values listed in Table 4, there is an apparent increase in the amide and imide bonds in PP-g-

MA-rGOcyst relative to PP-g-MA-rGO. Due to the presence of rGO-cysteamine in PP-g-

MA-rGOcyst a higher degree of melt-interfacial interaction is observed due to the higher 

concentration of amines present to react with the anhydride groups associated with PP-g-MA. 

The presence of amide and imide bonds in PP-g-MA-rGO is due to small quantity of 

pyrazoles still present on the rGO surface reacting with PP-g-MA. 

Furthermore, similar peaks can be seen for PP-g-MA-rGO, but this is associated with the low 

concentration of pyrazoles still present on the rGO surface. Furthermore, doublets were 

present for PP-g-MA at 2952 cm-1
 and 2914 cm-1 assigned to C=C and C-H stretching in the 

PP chains, which was also present for the PP-g-MA-rGOcyst. This also further validates the 

grafting of PP-g-MA-rGOcyst [23, 24]. 
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Figure 11. FTIR spectra for a) GO, rGO and rGO-cyst and b) PP-g-MA-rGO, PP-g-MA-

rGOcyst and PP-g-MA. Inset in the red circle shows the expanded region between 1500-1800 

cm-1
. 
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Table 4. Ratio of the intensity of the imide/amide peak to the peak at 1110 cm-1 

for PP-g-MA-rGO and PP-g-MA-rGOcyst. 

 PP-g-MA-rGO PP-g-MA-rGOcyst 

Imide (I1739/I1110) 0.61 11.86 

Amide (I1543/I1110) 0.59 6.17 

 

 

 

Figure 12. Raman spectra of a) GO, rGO, rGO-cyst, and b) PP-g-MA-rGO and PP-g-MA-

rGOcyst. 
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Table 5. D and G band wavenumbers and the intensity ratio, ID/G for GO, rGO, rGO-cyst, PP-

g-MA-rGOcyst and PP-g-MA-rGO. 

Sample 

name 

D band 

(cm
-1

) 

G band 

(cm
-1

) 

I
D/G

 

GO 1345 1595 0.91 

rGO 1339 1582 1.17 

rGO-cyst 1349 1589 1.22 

PP-g-MA-

rGOcyst 

1349 1582 1.01 

PP-g-MA-

rGO 

1345 1582 1.01 

 

Figure 12 shows the Raman spectra for rGO, rGO-cyst, PP-g-MA-rGOcyst and PP-g-MA-

rGO and the two characteristic peaks at ~1340 cm-1 and ~1580 cm-1 are assigned to the D and 

G bands, see values listed in Table 5. The D band correlates to the defects and the disorder 

present in the graphitic structure, whereas the G band is related to the in-plane bond-

stretching motion of sp2 carbon to sp3 hybridized carbon caused by the destruction of the sp2 

structure of graphite by covalent grafting[46-48]. The ratio between the intensity of the D to 

G bands (ID/G) is a measure of the degree of defects on the GO surface caused by covalent 

attachment of functional groups. When GO was reduced to rGO the G band shifted from 

1595 cm-1 to 1582 cm-1, similar to that reported in the literature for GNPs [35], confirming 

the sp2 network was restored. A slight increase in the G band for the rGO-cyst was obtained 

relative to that for rGO. The change in G band is derived from the dopants grafted onto the 
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GO, electron donors shifting the G band to lower frequency and electron acceptors shifting 

the G band to higher frequency[49]. For example, in a previous study [50], GO was grafted 

with long chain alkylamine which induced a positive inductive effect on the amine group 

attached to the GO therefore downshifting the G band relative to that for non-grafted GO. In 

this current study cysteamine was used which has a thiol and an amine attached at either end 

of the molecule, causing an inductive effect on both ends. This results in an increase in the G 

band relative to that for rGO. Furthermore, ID/G increases from 0.91 to 1.17 on reduction of 

GO to rGO showing an increase in defect density on the surface of rGO due to the removal of 

oxygen functional groups and the introduction of pyrazolic groups on the basal planes of rGO 

[51]. ID/G increased further when functionalised with cysteamine to 1.22, showing a higher 

degree of disorder on the rGO sheets due to the anchoring of cysteamine on the rGO surface. 

However, for the PP-g-MA-rGOcyst ID/G decreasd to 1.01 relative to rGO and rGO-cyst. For 

rGO and rGO-cyst, the carbon double bonds are breaking on the surface of rGO to form new 

covalent bonds which is causing the disorder. Whereas, for PP-g-MA-rGOcyst, the maleic 

anhydride is reacting with the amino groups of the cysteamine attached rather than directly 

reacting with the surface of rGO. Thus, causing no further defects or disorder on the surface 

of rGO and showing a lower shift for the D band and lower ID/G [52].  
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Figure 13. SEM images of a) PP-g-MA, b) rGO-cyst, c)-d) PP-g-MA-rGOcyst. (area in red 

circles expanded and shown in e) and f))  

The morphology of the samples was examined using SEM imaging and the images obtained 

for PP-g-MA and rGO-cyst compared with those of solution blended PP-g-MA-rGOcyst, 

Figure . The functionalisation of rGO with cysteamine resulted in a coating of the rGO layers, 

Figure  b). When rGO-cyst was solution blended with PP-g-MA, Figure  c), spherical like 

layers of polymer growth formed on the rGO-cyst layers. Magnification of this spherical 

polymer growth is shown in Figure  e), where it appears the rGO-cyst layers provided a 

surface for the polymer to grow from due to the covalent attachment of the maleic anhydride 

groups with the cysteamine. The PP-g-MA polymerizes on the edges of the rGO-cyst and 

aids exfoliation of the layers, see Figure  c) and 13 f).  
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Figure 14. SEM images of a)-b) PP-g-MA-rGOcyst and c)-d) PP-g-MA-rGO.  

Figure  shows SEM images comparing PP-g-MA-rGOcyst and PP-g-MA-rGO. Both have 

polymer coating  on the surface of rGO. However, for PP-g-MA-rGOcyst, the polymer seems 

to be attached to the rGO surface and is growing from it. Whereas for PP-g-MA-rGO, the 

surface of rGO is covered with ‘rod-like’ polymer, Figure 14 c). From these images it can be 

seen that the coating of PP-g-MA on neat rGO is scattered and only present on the surface but 

the growth of PP-g-MA on rGO-cyst is more uniform and on the edges of rGO-cyst forming 

spherical growth patterns and exfoliating the layers of rGO-cyst. The difference in the coating 

of the polymer on each shows that covalent bonding between the PP-g-MA and rGO-cyst 

plays a vital role in the dispersion of the nanofiller within the polymer matrix.  
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Figure 15. TEM images of a) PP-g-MA, b) rGO-cyst, c)-f) PP-g-MA-rGOcyst. 

This observation is further verified by TEM imaging as seen in Figure 15. The TEM image of 

rGO-cyst ((Figure 15 b)) shows a wrinkled and folded surface suggesting functionalisation 

causes the layers to fold. The TEM image for PP-g-MA-rGOcyst shows even more wrinkles 

and folds within layers. Figure 15 c) shows that within these wrinkles and folds are clusters 

of spherical polymer particules, as seen in the SEM images. As the PP-g-MA crystallizes and 

entangles on the rGO-cyst surface, the surface puckers and therefore alters the rGO-cyst 

morphology[25]. Furthermore, from the TEM it is clear the high level of rGO-cyst dispersion 

in the PP-g-MA (Figure 15e) - 15 f)). 

The XRD curves for GO, rGO and rGO-cyst are shown in Figure 16 a). For GO, a 

sharp peak at 2θ = 12.20° corresponds to an interlayer spacing of 0.84 nm,  a value greater 

than that normally reported for graphite (0.38 nm) due to the presence of the oxygen 
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functional groups between layers, increasing the interlayer spacing. After the reduction 

process, this sharp peak disappears and a broad peak at 2θ = 28.25° evolves, associated with 

the (002) basal plane which has an interlayer spacing of 0.37 nm close to that again for 

graphite. This is futher evidence for successful reduction of GO. Furthermore, the appearance 

of this new peak and the disappearance of the peak at ~12° shows that the rGO layers re-stack 

due to van der Waals forces and the conjugated network is restored by eliminating the 

oxygen-containing groups. Additionally, rGO also has a shoulder peak at 2θ = 25.15° derived 

from the bimodal or multimodal nature of the interlayer spacing of rGO. For rGO-cyst, any 

increase in the interlayer spacing caused by functionalisation with cysteamine cannot be 

determined as the corresponding peaks overlap.  

 

Figure 16. XRD curves for a) GO, rGO and rGO-cyst and b) PP-g-MA-rGOcyst, PP-g-MA-

rGO and PP-g-MA. 

After cysteamine functionalisation of rGO, the peak associated with the (002) basal 

planes for the graphitic structure broadened to between  ~25 and 32° which can be attributed 

to the random order of the stacking of the rGO sheets [52]. This broad peak was also seen for 

the two composite materials, PP-g-MA-rGO and PP-g-MA-rGOcyst confirming the presence 

of rGO within the composite. Furthermore, PP-g-MA-rGOcyst shows additional 
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characteristic peaks at 2θ = 16.20°, 19.53°, 21.37° and 25.18° corresponding to the (110), 

(040), (130), (111) and (131) + (041) crystalline planes for the α-form of PP, similar to PP-g-

MA-rGO[53]. Whereas for neat PP-g-MA, there was an extra peak at 2θ= 18.46° for the 

(300) plane of the β crystal [54]. This peak was absent for the composites, perhaps due to the 

increased amorphous phase caused by the presence of rGO and overlapping of the associated 

peaks.  

 

 

Figure 17. DSC curves of a) melting and b) crystallization of neat PP-g-MA, PP-g-MA-

rGOcyst and PP-g-MA-rGO.  
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Table 6. Values for melting transition enthalpies (ΔHm/ J g-1), crystallization transition 

enthalpy (ΔHc/ J g-1), melting temperature(Tm/ °C), crystallization temperature (Tc/ °C) and 

crystalline content for (Xc/%) of PP-g-MA, PP-g-MA-rGO and PP-g-MA-rGOcyst.  

Sample ΔH
m
/ J g

-1
 ΔH

c
/ J g

-1
 T

m
/ °C T

c
/ °C X

c
/% 

PP-g-MA 83.66 80.15 
α: 155.61 

β: 148.43 
110.27 35 

PP-g-MA-rGO 67.56 58.92 
α: 156.61 

β: 148.43 
118.64 23 

PP-g-MA-

rGOcyst 
75.58 74.27 

α: 157.12 

β: 149.43 
119.48 28 

 

From the DSC thermograms shown in Figure 17 and the thermal parameters listed in Table , 

as PP-g-MA is heated, a double melting peak emerges at 148.4°C and 156.5°C, which is also 

seen for PP-g-MA-rGOcyst and PP-g-MA-rGO samples. The peak at lower temperature is 

attributed to the β-polymorph of PP, and the one at higher temperature the α-polymorph for 

PP [55]. Inclusion of rGO in both, PP-g-MA-rGO and PP-g-MA-rGOcyst, resulted in a 

decrease in Xc (also ΔHc and ΔHm). The interfacial interactions with the rGO hinders polymer 

chain dynamics and formation of regular crystalline structure and therefore contributes to 

increased amorphous fraction resulting in decreased enthalpies and crystalline content [56]. 

Furthermore, rGO acts as a β-nucleating agent, the intensity of the β-peak in increased 

relative to the α-peak. Furthermore, for composites of rGO or rGO-cyst and PP-g-MA the 

crystallization temperature (Tc) increased from 110°C to 119°C relative to unreacted PP-g-

MA,  behaviour associated with strong heterogeneous nucleation by the nano-filler for the 

polymer [57]. 2D nanomaterials are known to be efficient nucleating agents for polymers 
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increasing the rate of  crystallization by introducing abundant nucleating sites [44]. 

Furthermore, due to the decrease in crystallinity (increase in the amorphous phase content), 

the crystallization peak becomes more broad. In the crystallization exotherm, only one peak 

is seen in spite of the formation of both α- and β-polymorphs as their formation occurs 

simultaneously when crystallized [58].  

It is critical for industrial application that the cysteamine functionalised rGO is stable 

at the temperatures required for melt mixing with polymers.   To this end, the thermal 

stability of cysteamine, rGO, rGO-cyst, PP-g-MA, PP-g-MA, PP-g-MA-rGO and PP-g-MA-

rGOcyst was studied by TGA, Figure 18. Three main degradation pathways for GO can be 

highlighted, zones 1 through 3 (Z1, Z2 and Z3). Z1 corresponds to a 15% weight loss due to 

physically adsorbed water molecules within layers at < 50° C, Z2 correlates to a 30% weight 

loss and is associated with labile oxygen functional groups at ~210° C. Finally, in Z3 

degradation a futher ~10% weight loss from the removal of more stable oxygen 

functionalities. Additionally, after cysteamine functionalisation, rGO-cyst exhibited similar 

thermal stability as rGO having only 27% weight loss over the temperature range studied. 

Furthermore, neat cysteamine starts to degrade at ~215°C in a one step process. For rGO-cyst 

there is a slight mass loss at that temperature relative to rGO. In the temperature range 215 to 

350°C, rGO has a mass loss of ~1 wt%, whereas rGO-cyst has a mass loss ~5 wt%. This 

shows that the grafted cysteamine is present in rGO-cyst and it degrades during that 

temperature range. The thermal degradation of cysteamine is a one step-process with an onset 

temperature of ~ 220°C. From Figure 18 a), rGO has a weight loss of 11% between 100 and 

800°C, whereas when grafted with cysteamine, this weight loss increased to 25% in the same 

temperature range. The degradation of PP-g-MA happens in one process with a peak at 

364.5°C (Figure 18 b)) and is typical of that reported for the thermal degradation of PP [59]. 

However, the thermal degradation of PP-g-MA-rGOcyst was a two step process, with an 
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initial slightly lower onset at 200°C due to the degradation of cysteamine, but from ~400°C 

and above PP-g-MA-rGOcyst was more thermally stable than PP-g-MA-rGO and PP-g-MA, 

presumably due to the covalent bonding between cysteamine modified rGO an the maleic 

anhydride groups on PP-g-MA requiring higher energy to break bonds. 

 

Figure 18. TGA curves (weight loss as a function of temperature) for a) cysteamine, GO, 

rGO, rGO-cyst and b) for PP-g-MA, PP-g-MA-rGO and PP-g-MA-rGOcyst. 

 

4. Conclusions 

GO was successfully reduced to rGO using hydrazine and ammonia as reducing agent. In 

removing oxygen functionalities, this reductant also introduced nitrogen functionalities by 

reacting with the carbonyls present on the basal plane of rGO. From NMR and XPS 

experiments, it was verified that pyrazolic structures were formed through reactions of 

hydrazine with diketones, creating amino groups on the surface of rGO for further reactions. 

Additionally, rGO-cyst was successfully functionalised using thiol-ene click chemistry. 

Detailed XPS analysis showed thiol reaction with both the double bonds of the rGO, and the 

pyrazolic structures, formed from the hydrazine treatment. This was confirmed by the 

evolution of a new peak at ~163 eV in the XPS showing the C-S bond and decreasing C=N to 
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C-N after cysteamine treatment. The amino group of the rGO-cyst was then further reacted 

with PP-g-MA to make PP-g-MA-rGOcyst. Through a combined 13C MAS NMR, XPS and 

FTIR study, the reaction between the amine and the maleic anhydride was established and a 

mixture of open and closed ring structures proposed with amide, imine and imide 

functionalities. Comparison of SEM and TEM images of PP-g-MA-rGOcyst and PP-g-MA-

rGO showed different polymer growth on the rGO surface. For PP-g-MA-rGOcyst growth 

appears to be associated with the polymer nucleating on the rGO surfaces and edges and 

therefore exfoliating the rGO layers, whereas, for PP-g-MA-rGO the growth of polymer was 

only on the rGO surface. From thermal studies PP-g-MA-rGOcyst was more crystalline than 

PP-g-MA-rGO and the Tc of PP-g-MA increased by 9°C on reaction with rGO-cyst. Inclusion 

of rGO nucleated PP-g-MA and induced the formation of the β-polymorphy of PP. PP-g-MA-

rGOcyst was more thermally stable than PP-g-MA-rGO due to a covalent attachment 

between rGO and PP-g-MA via cysteamine bonding.  
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Highlights 

 

• Cysteamine functionalised rGO reacted with PP-g-MA 
• Reaction confirmed from MAS NMR, FTIR and XPS studies 
• Cysteamine acts like a ‘cross-linker’ between rGO and PP-g-MA  
• Crystallisation behaviour of PP-g-MA altered on reaction with rGO-cyst 
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