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Enhancement of Crosslink Density, Glass Transition Temperature, 
and Strength of Epoxy Resin by Using Functionalized Graphene 
Oxide Co‐curing Agents† 

Jin Won Yu,a,b,‡ Jin Jung,a,‡ Yong‐Mun Choi,a Jae Hun Choi,a Jaesang Yu,a Jae‐Kwan Lee,b Nam‐Ho 
You,a Munju Goh,a,* 

We  synthesized  diamine‐functionalized  graphene  oxide—DDS‐GO  and HMDA‐GO—by  introducing  4,4′‐diaminodiphenyl 

sulfone (DDS) or hexamethylenediamine (HMDA) into the carboxylic acid groups on graphene oxide (GO) via amide bonds. 

The  introduction  of  diamines  was  confirmed  by  analytical  methods  such  as  FT‐IR,  TG‐DTA,  XPS,  AFM,  and  optical 

microscopy.  Then, we  applied  DDS‐GO  and  HMDA‐GO  as  co‐curing  agents  for  epoxy  (EP)  nanocomposites  that were 

prepared by mixing bisphenol‐A type EP and DDS curing agent (ca. 21 wt%). Interestingly, when 1.0 wt% of DDS‐GO was 

added to the EP/DDS mixture, crosslink density (CD) increased from 0.028 to 0.069 mol/cm3. Due to the higher CD, both 

glass  transition  temperature  and  tensile  strength  of  the  EP/DDS/DDS‐GO  nanocomposite  effectively  improved  from 

160.7 °C for EP to 183.4 C and from 87.4 MPa for EP to 110.3 MPa, respectively.  

Introduction 

Epoxy resin (EP), the most common thermosetting resin, forms 
a three-dimensional cross-linked network structure when 
subjected to exothermic curing. Epoxy resin has been used in 
various industrial applications because of its good adhesion, 
chemical resistance, thermal resistance, and mechanical 
properties. However, despite its good properties, there has been 
a persistent demand for more functional EP that can be used in 
potential applications such as in automotive, aerospace, 
construction, and electronic industries. For example, various 
structure-modified EPs such as novolac1, phenoxy2, crystalline3, 
and rubber-modified EPs4 have been developed. Another 
attempt to improve the properties of cured EP has been to 
change curing agents and/or co-curing agents, which 
dramatically affect the thermal and mechanical properties of 
cured EP. 

The use of carbon nanomaterials like carbon black5, carbon 
nanotube6–7, carbon nanofiber8, and graphene9–12 as fillers to 
prepare EP nanocomposites has been attracting attention owing 
to their unique properties. In addition to these nanomaterials, 
graphene oxide (GO) has been considered a promising 
nanomaterial for the improvement of the mechanical and 

thermal properties of polymer nanocomposites such as 
poly(methyl methacrylate), polystyrene, polyurethane, and 
poly(vinylidene fluoride) nanocomposites13–14. Various neat 
and functionalized GOs have also been adapted for enhancing 
the glass transition temperature (Tg) and/or mechanical strength 
of EP nanocomposites15–20. The crosslink density (CD) is 
generally recognized as a critical factor influencing the 
thermal21–22 and mechanical23–24 properties of EP 
nanocomposites. If the interfacial strength between the GO and 
EP is low, the CD of nanocomposites will be low, and because 
of the low CD value, improvements in the thermal and 
mechanical properties of EP nanocomposites can be not 
sufficient and, in some cases, these properties can worsen. In 
order to improve the interfacial strength between GO and EP, 
some studies focused on the preparation of functionalized GOs 
with epoxide terminal groups15–17 and with amine terminal 
groups18–20. In these studies, slight improvements in the Tg and 
tensile strength of cured EP nanocomposites compared to those 
of neat cured EPs were realized. Further, it has been mentioned 
that incorporation of nanomaterials into EP could slightly 
increase the CD of EP nanocomposites25–30, but there have been 
few studies that calculated the CD of EP nanocomposites, made 
an effort to increase the CD of EP nanocomposite, and 
discussed an effect of the nanomaterials on the CD of EP 
nanocomposite. 

In this work, we report a novel technique to improve the CD 
of GO-incorporated EP nanocomposites. We synthesized two 
diamine-functionalized GO—DDS-GO, HMDA-GO—by 
introducing 4,4′-diaminodiphenyl sulfone (DDS) or 
hexamethylenediamine (HMDA) into the carboxylic acid 
groups on GO via amide bonds. We prepared two kinds of 
mixtures, EP/DDS/DDS-GO and EP/DDS/HMDA-GO, by 
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adding each diamine-functionalized GO as the co-curing agent 
into the mixture of diglycidyl ether of bisphenol-A (DGEBA)-
type EP and 4,4′-diaminodiphenyl sulfone (DDS) curing agent 
(ca. 21 wt%). By increasing the amounts of DDS-GO from 0 to 
1 wt%, the CD of EP/DDS/DDS-GO nanocomposite increased, 
and thus, we could effectively increase the Tg and tensile 
strength of EP nanocomposite. 

Experimental 

Materials 

Graphite powder (average particle size < 30 m), potassium 
permanganate (KMnO4), hexamethylenediamine (HMDA), and 
N,N′-dicyclohexylcarbodiimide (DCC) were purchased from Sigma-
Aldrich Co. (USA). Sulfuric acid (H2SO4; 98%), hydrogen peroxide 
(H2O2; 30% in water), hydrochloric acid (HCl; 35% in water), and 
dichloromethane (DCM; 99.5%) were purchased by Daejung 
Chemical Co. (Korea). 4,4′-diaminodiphenyl sulfone (DDS) and 4-
dimethylaminopyridine (DMAP) were obtained from TCI Co. 
(Japan). Diglycidyl ether of bisphenol-A (DGEBA)-type EP resin 
(YD-128) was purchased from Kukdo Chemical Co. (Korea).  

General procedure for synthesis of graphene oxide (GO) 

GO was synthesized using the modified Hummer’s method31. A 
round-bottom flask containing 98% H2SO4 (80 mL) was chilled to 0 
C. Graphite powder (2 g) was added into the flask and stirred until 
mixed. KMnO4 (10 g) was slowly added to the chilled graphite 
solution, and the resulting mixture was kept at 0 C. The mixture 
was then taken from the ice bath and stirred at 35 C for 6 h. 
Deionized water (DI-water, 0.5 L) was slowly added, and the 
mixture was further stirred for 2 h. Subsequently, additional DI-
water (1.5 L) was added followed by dropwise addition of 30% H2O2 
(30 mL). The mixture was left undisturbed for 3 days for the 
precipitation to complete. The clear supernatant was decanted. The 
precipitate was repeatedly washed with DI-water followed by 
centrifugation with 20 ml of HCl solution (1 N), at least five times to 
remove residual metal oxides. The resulting GO dispersion was 
subjected to ultrasonication for 30 min, with occasional agitation at

regular intervals of 10 min) for monolayer exfoliation. Dialysis was 
performed with a sealed membrane tube (Spectra/Por 1 Dialysis 
Tubing, MWCO 6-8,000) in DI-water with constant stirring for 7 
days. The DI-water was continuously exchanged every 3 h. After 
dialysis, the clear supernatant was removed by centrifugation at 
10000 rpm for 30 min. After freeze-drying, deep-brown GO powder 
was obtained. 

General procedure for synthesis of diamine-functionalized GO 
(diamine-GO) 

A schematic representation of this process is shown in Fig. 1. All 
experiments were performed in an argon atmosphere. DCM was 
distilled prior to use. GO (0.1 g) and the diamine derivative (0.1 g) 
was added to DCM (200 mL) in a 500 mL flask, followed by 
ultrasonication for 60 min. After that, DCC and DMAP were added 
into the flask and ultrasonication was performed for 60 min. The 
number of moles of DCC and DMAP were the same as that of the 
diamine derivative. The reaction mixture was taken from the 
ultrasonicator and stirred at room temperature for 24 h. After the 
reaction, the mixture was washed with DCM, DI-water, and acetone, 
and filtered to remove excess diamine. The product was finally dried 
at 60 C in vacuum for 24 h. 

General procedure for fabrication of epoxy nanocomposite 

We calculated the approximately stoichiometric quantities of curing 
agent required for realizing optimum properties. The EP resin used 
in this study (DGEBA-type) has an epoxide equivalent weight 
(EEW) of about 185 g/eq. The viscosity is about 12,000 cP at 25 C. 
The curing agent used in this study, DDS, has an amine hydrogen 
equivalent weight (AHEW) of 62 g/eq. Stoichiometric amounts of 
the EP resin (E) and curing agent (C) were calculated according to 
the following formula because one N-H group reacts with one 
epoxide group.  

 

(1) 

 

For example, the stoichiometric amount of DDS for 100 g of YD-

Fig.  1  Synthetic routes for diamine‐GO derivatives 
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128 was calculated to be 33 g. When diamine-GO was added in the 
nanocomposite, the mixing amount of curing agent reduced to 80% 
of the stoichiometric amount of DDS, because the amine groups on 
DDS-GO could also react with epoxide groups as a curing agent. 
The content of diamine-GO was calculated based on the entire 
amount of the EP resin and curing agent. EP/DDS/diamine-GO 
nanocomposites were prepared with different weight fractions of the 
diamine-GO (0.1 wt%, 0.5 wt%, and 1 wt%). More details on the 
mixing ratios for obtaining EP nanocomposites are shown in 
Supplementary Information (Table S1). The fabrication procedure 
for EP nanocomposites is as follows. Stoichiometric amounts of 
diamine-GO and EP resin were mixed using a planetary mixer with 
mixing speed of 2000 rpm for 10 min. After adding stoichiometric 
amount of DDS to the mixture of EP/amine-GO, the mixture was 
further mixed by stirring at 155 C for 20 min. Then, the mixture 
was placed in vacuum to remove trapped air bubbles and poured into 
a mold, followed by precuring it in an oven at 170C for 4 h and 
curing at 230 C for 2 h. 

Material characterization 

The structural divergence of the GO and diamine-GO were 
confirmed by Fourier-transformation infrared spectroscopy (FT-IR; 
Nicolet iS 10, Thermo Scientific, USA). Thermogravimetric 
differential thermal analysis (TG-DTA) of the GO and diamine-GO 
were carried out with TA Q50 (TA Instrument, USA) under nitrogen 
gas flow at a heating rate of 10 C per minute. X-ray photoelectron 
microscopy (XPS; AXIS-NOVA, Kratos Inc., USA) was employed 
to discern chemical changes on the surface of GO and diamine-GO. 
Al Kα (1485.6 eV) was used as the X-ray source at 14.9 keV anode 
voltage. 4.6 A and 20 mA were applied as the filament current and 
mission current, respectively. Atomic forced microscopy (AFM; 
Veeco-Digital Instruments, USA) images of the GO and diamine-
GO were recorded to study morphologies. Optical microscopy (OM; 
Eclipse Ni, Nikon Inc, Japan) images of the GO and diamine-GO 
were used to evaluate the dispersion stability of DDS-GO in the EP

nanocomposites. To investigate the thermal properties of EP 
nanocomposites, a differential scanning calorimeter (DSC; Q20, TA 
Instrument, USA) and a dynamic mechanical analyzer (DMA; Q800, 
TA Instrument, USA) were used. The DSC scanning temperature 
range was from 25 to 350 C under nitrogen gas flow with a heating 
rate of 10 C per minute. The DMA scanning temperature range was 
from 30 to 260 °C with a scanning rate of 3 °C/min. The mechanical 
properties of nanocomposites were measured by using a universal 
testing machine (UTM; Instron, USA). The samples for UTM 
measurement were prepared with 1.5 mm thickness, 0.5 cm width, 
and 2.5 cm length, and the tensile strength test was performed at a 
testing speed of 5 mm/min. 

Result and discussion 

The carboxylic acid groups on GO and the amine groups were 
connected via amide covalent groups formed by the Steglich 
reaction.32 Steglich esterification is the most common reaction for 
condensation of carboxylic acid and alcohol groups to form an ester 
group, and it is also very powerful to form an amide group from a 
carboxylic acid group and an amine group, which is more 
nucleophilic than the alcohol group. Successful condensation was 
confirmed by the appearance of amide groups determined via several 
analyses, as presented in Fig. 2. 

FT-IR analysis is an important technique to study the 
structural change in diamine-GO. Representative FT-IR spectra 
of DDS-GO are presented in Fig. 2a to provide the proof of the 
successful synthesis of DDS-GO. FT-IR spectra of HMDA-GO 
are in Supplementary Information (Fig. S1). There are three 
characteristic absorption bands in the FT-IR spectra of DDS-
GO. First, an absorption band at 3450 cm-1 attributed to the O-
H stretching vibration derived from O-H groups on GO.33 This 
absorption band was quite broad, because the absorption band 
at about 3350 cm-1 assigned to N-H vibration of the amine 
group on DDS34 combined with the O-H stretching vibration

Fig.  2  (a) FT‐IR spectra of GO, DDS, and DDS‐GO. (b) TG‐DTA curves of GO and DDS‐GO during heating up to 900 C in a N2 atmosphere.
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band of GO. Absorption bands corresponding to C=C skeletal 
vibration at 1630 cm-1 and C=O stretching vibration in the 
spectra of GO33 and absorption bands of sulfone O=S=O 
stretching vibration at 1140–1325 cm-1 in the spectrum of 
DDS34 also appeared in the FT-IR spectrum of DDS-GO. 
Meanwhile, a strong absorption band newly appeared at 1647 
cm-1 in the spectrum of DDS-GO. We assigned it to the 
stretching vibration of the amide group created by condensation 
of the carboxylic acid group at the GO edge with the amine 
group of DDS.19 These FT-IR analysis results are strong 
evidences of GO functionalization with the diamine derivatives. 

Fig. 2b shows the TG-DTA curves of GO and DDS-GO 
under a N2 atmosphere (for the curves of HMDA-GO, see Fig. 
S2 in the Supplementary Information). In the TG-DTA curve of 
GO, the small weight loss peak at 80 C was due to the loss of 
residual water in GO, and the main weight loss peak that 
appeared around 210 C is assigned to the pyrolysis of the 
labile oxygen functional groups, yielding CO, CO2, and 
steam35–36. On the other hand, we could observe two different 
major loss peaks from the TG-DTA curve of DDS-GO. The 
peak near 160 C could be ascribed to the loss of the remaining 
oxygen functional groups on GO, which slightly shifted to a 
temperature lower than that of non-functionalized GO. The 
peak around 270 C corresponds to the decomposition of 
DDS.34 From the decomposed weight, we calculated the 
substituted amount of DDS in DDS-GO as 7 wt%. With this 
method, the substituted amount of HMDA in HMDA-GO was 
also evaluated as 7 wt%. These results of TG-DTA analysis 
also indicate that diamine derivatives were successfully 
introduced to GOs.  

Further investigation by XPS analysis was performed to 
characterize diamine-GOs, and the resulting deconvoluted XPS 
C1s spectra of GO and DDS-GO are shown in Fig. 3 (for the 
spectra of HMDA-GO, see Fig. S3 in the Supplementary 
Information). In Fig. 3a, five characteristic peaks were

observed at 284.4, 285.2, 286.3, 287.0, and 290.7 eV, which 
correspond to C-C, C-OH, C-O-C, C=O, and C(=O)-O, 
respectively. Further, an additional peak at 288.4 eV was 
observed in Fig. 3b, and it could be assigned to O=C-NH 
moieties.37 Integrated areas of the peaks corresponding to each 
chemical bond are listed in Table S2. From the existences of the 
O=C-NH peak in the XPS results, we found that amide groups 
were newly formed in the functionalized GO. 

Thus, the results of FT-IR, TG-DTA, and XPS analyses 
confirmed that diamine derivatives were successfully 
introduced to GOs via amide chemical bonds. 

AFM analysis was employed to study morphologies of GO 
and diamine-GOs, and their images are in Fig. 4. From these 
images, the presence of the nanolayer-type GO is clearly 
observed. The width and thickness of GO and diamine-GO 
were determined by the analysis results. The image of GO 
showed 2.0 nm of average thickness and 300–1100 nm width 
range. Further, images of DDS-GO and HMDA-GO revealed 
an average thickness of 1.0 nm and a width ranging from 100–
500 nm. It is considered that the additional ultrasonication 
process in the case of the functionalized GO would shatter the 
GO into smaller pieces. 

Good dispersion of nanomaterials greatly influences and 
improves the properties of the EP nanocomposites. Therefore, 
in order to investigate the dispersion state, EP/DDS/DDS-GO 
nanocomposites were observed by optical microscopy. The 
results are shown in the Fig. 5, and they indicated that the DDS-
GO dispersion in the EP nanocomposites was very 
homogeneous when the concentration was increased to 1.0 wt%. 
The presence of many polar moieties such as carboxylic acid, 
amide, and amine groups was thought to facilitate the 
dispersion of DDS-GO in the EP nanocomposite because they 
actively interact with EP via hydrogen or covalent bonding. 

Addition of nanomaterials into the EP had a significant effect 
on the resulting thermal properties. As described in the

Fig.  3  XPS C1s spectra of (a) GO and (b) DDS‐GO. Deconvoluted curves represent the theoretical XPS spectra for different chemical bonds.
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Experimental section, diamine-GOs were used as co-curing 
agents of EP nanocomposites and their amount was controlled 
from 0.0 to 1.5 wt%. Curing temperatures were estimated 
fromthe temperatures of exothermic peaks in the first heating 
DSC curves of the EP/DDS/GO and EP/DDS/diamine-GO 
mixtures (for the DSC curves, see Fig. S4-6 in the 
Supplementary Information), and are presented in Table S3. Tg 
of the cured EP/DDS/GO and EP/DDS/diamine-GO 
nanocomposites were determined based on endothermic peaks 
of their second heating DSC curves (Fig. 6, Table S4) (for the 
DSC curves, see Fig. S7–9 in the Supplementary Information). 
When the GO was added to 1.0 wt% to the EP/DDS, the Tg of 
the EP/DDS/DDS-GO nanocomposite decreased from 160.7 to 
136.8 C. It has been reported that the non-functionalized GOs 
decrease Tg of EP nanocomposites because of the tendency of 
GO to agglomerate in the polymer matrix and disturb polymer 
heat flow, but this tendency has not been investigated 
sufficiently.38 In contrast, when 1.0 wt% of HMDA-GO or 
DDS-GO was added to the mixture of EP/DDS, the Tg of 
EP/DDS/diamine-GO nanocomposites remarkably increased to

 
170.5 or 183.4 C, respectively; these high values of obtained 
by adding HMDA-GO or DDS-GO are 125 and 135% of those 
for EP/DDS/GO nanocomposite, respectively. This is because 
the amine moieties functionalized on GO could improve the 
interfacial affinity by reacting with the epoxide groups of the 
EP resin. Subsequently, the disturbance of the interface 
between GO and EP could be reduced. If terminal amine groups 
on GO react with the epoxide groups of EP, diamine-GO could 
participate in the formation of a polymer crosslink network like 
curing agent, and EP/DDS/diamine-GO nanocomposites would 
show higher CD than the EP/DDS/GO nanocomposite. Further, 
it is known that the CD of EP nanocomposites is closely related 
to their thermal properties.21–22  

DMA measurements of EP/DDS/GO nanocomposites and 
EP/DDS/DDS-GO nanocomposites were performed to estimate 
the CD of EP nanocomposites. Storage modulus and tanδ of 
EP/DDS/DDS-GO nanocomposites are shown in Fig. 7a-b (for 
the DMA results of the EP/DDS/GO nanocomposite, see Fig. 
S10 in the Supplementary Information). Based on the storage 
modulus and tan in the rubber region, CD of EP

Fig.  4  AFM images of (a) GO, (b) DDS‐GO, and (c) HMDA‐GO.

Fig.  5  Optical microscope photographs of EP/DDS/DDS‐GO nanocomposites as a function of weight percentage of DDS‐GO. (a), (b), (c), and
and (d) correspond to 0, 0.1, 0.5, and 1.0 wt% of DDS‐GO into the mixture of EP/DDS, respectively. 
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nanocomposites were calculated according to the following 
formula:30 

 
                           (2) 

 
where  is the CD in mol/cm3, G’ is the shear modulus 
calculated from the storage modulus measured in the rubbery 
region of EP nanocomposites, R is a universal gas constant 
(8.314472 J/K∙mol), and T is the absolute temperature at which 
G’ was determined. The results of calculated crosslink densities 
are shown in Fig. 7c and Table S5. The CD of EP/DDS/GO and 
EP/DDS/HMDA-GO nanocomposites did not changed much 
from that of neat EP. However, the CD of EP/DDS/DDS-GO 
nanocomposite showed significant enhancement as the contents 
of DDS-GO increased. In particular, when 1.0 wt% of DDS-GO 
was incorporated, the CD of EP/DDS/DDS-GO 
nanocomposites was 0.069 mol/cm3, and this is 240% of the 
CD of cured EP (0.028 mol/cm3). Amine terminal groups

attached to the DDS-GO could react with the epoxide groups of 
the EP and construct the crosslink network through covalent 
bonds on the interface between GO and EP. Therefore, the CD 
of EP/DDS/DDS-GO nanocomposite became higher than that 
of the EP/DDS/GO nanocomposite, and the former showed 
superior thermal properties. 

It has been also known that CD is not only related to the 
thermal properties of EP nanocomposite, but also related to the 
mechanical properties.23–24 In order to investigate the effect of 
CD on the mechanical properties of EP nanocomposite, the 
tensile strength of EP/DDS/diamine-GO nanocomposites was 
evaluated by UTM analysis; an analysis result is shown in Fig. 
8 (for all results of UTM analysis, see Figures S11–13 in the 
Supplementary Information). Similar to the Tg, the tensile 
strength of EP/DDS/DDS-GO nanocomposite was higher 
(110.3 MPa) than those of neat EP (87.4 MPa) and the 
EP/DDS/GO nanocomposite (74.3 MPa) when 0.1 wt% of 
DDS-GO or GO was added. When 0.1 wt% of HMDA-GO was 
added, the EP/DDS/HMDA-GO nanocomposite also showed 
the higher tensile strength (90.4 MPa) compared to those of 
neat EP and the EP/DDS/GO nanocomposite, but the tensile 
strength is relatively smaller than that of EP/DDS/DDS-GO 
nanocomposite (110.3 MPa) with 0.1 wt% of DDS-GO. In the 
EP/DDS/diamine-GO nanocomposites, diamine-GOs could 
have strong interactions with EP through covalent bonds 
between diamine-GOs and EP, and this is considered to be the 
reason for the improvement in the tensile strength of the 
EP/DDS/diamine-GO nanocomposite. 

Meanwhile, both EP/DDS/HMDA-GO and EP/DDS/DDS-
GO nanocomposites showed higher Tg and tensile strength 
values than the EP/DDS/GO nanocomposite, but the 
EP/DDS/DDS-GO nanocomposite exhibited superior properties 
to the EP/DDS/HMDA-GO nanocomposite. We thought that 
this result was due to the structural difference between HMDA, 
which has a flexible aliphatic structure, and DDS, which has a 
rigid aromatic sulfone structure. In the case of HMDA-GO, 
terminal amine groups are connected with GO through a 
flexible alkyl chains, and these may affect the lower Tg and 
tensile strength of EP/DDS/HMDA-GO nanocomposite than

Fig.    6   Glass  transition  temperatures  (Tg) of  EP/DDS/diamine‐GO
nanocomposites.  Tg was  estimated  from  the  second  heating DSC
results of EP/DDS/diamine‐GO mixture.. 

Fig.    7    DMA  results  of  EP/DDS/diamine‐GO  nanocomposites.  (a)  Storage  modulus,  (b)  tan,  and  (c)  crosslink  density  of  the
EP/DDS/diamine‐GO nanocomposites. Samples were  tested  in a  temperature range of 30  to 260 °C at a scanning rate of 3 °C/min. The
crosslink density was calculated using storage modulus and tan in the rubbery region of EP/DDS/diamine‐GO nanocomposites. 
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those of EP/DDS/DDS-GO nanocomposite. In addition, 
terminal amine groups with different nucleophilicity exist. 
These terminal amine groups act as curing sites and are 
considered to be major factors that affect the thermal and 
mechanical properties of EP nanocomposites. HMDA has 
electron-rich aliphatic amine groups which can make the curing 
temperature of HMDA-GO lower than that of the main curing 
agent DDS. Consequently, a spatially heterogeneous curing 
reaction will take place in the nanocomposite, and this could 
negatively affect the thermal properties of EP/DDS/HMDA-GO. 
In contrast, DDS-GO starts to participate in curing at a similar 
temperature as DDS. Therefore, the curing reaction would 
occur more homogeneously in the EP/DDS/DDS-GO 
nanocomposite, and the thermal properties would be better. 
This hypothesis about the difference between HMDA-GO and 
DDS-GO was supported by the CD of EP/DDS/HMDA-GO, 
which was much lower than that of EP/DDS/DDS-GO. 
Moreover, the EP/DDS/DDS-GO nanocomposite showed 
increasing CD when the more DDS-GO was added, while the 
CD of EP/DDS/HMDA-GO nanocomposite did not changed 
much despite the high contents of HMDA-GO. 

Conclusions 

We successfully prepared diamine-functionalized graphene 
oxides (diamine-GOs), by introducing diamine derivatives at 
GO edge. The formation of amide groups was confirmed by 
several analyses such as FT-IR, TG-DTA, and XPS. EP 
nanocomposites obtained using diamine-GOs as co-curing 
agents of commercially available EP showed significantly 
improved thermal and mechanical properties compared to those 
of neat EP. In particular, 4,4′-diaminodiphenyl sulfone-
functionalized GO (DDS-GO) was the most effective additive: 
0.1 wt% content of DDS-GO enhanced the Tg of EP/DDS/DDS-

GO nanocomposite from 160.7 °C for EP to 183.4 C and the 
tensile strength from 87.4 MPa for EP to 110.3 MPa. The 
improvement in properties was considered to be due to the good 
dispersion of DDS-GO in the EP/DDS/DDS-GO 
nanocomposite and the increase in the crosslink density (CD) of 
the EP/DDS/DDS-GO nanocomposite. Thus, we can improve 
the CD value of EP/DDS from 0.028 to 0.069 mol/cm3 by 
adding 1.0 wt% of DDS-GO. Higher CD value was achieved 
for EP/DDS/DDS-GO because DDS-GO has terminal amine 
groups that tend to participate in the formation of crosslink 
network via direct covalent bonding with epoxide groups of EP. 
It is expected that the high-performance EP nanocomposite 
could be prepared by improving the CD of EP nanocomposites, 
and the method in this study could provide great potential to 
future industrial applications. 
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