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ABSTRACT

The influence of graphene oxide (GO) and its surface oxidized debris (OD) on the cure
chemistry of an amine cured epoxy resin has been investigated by Fourier Transform Infrared
Emission Spectroscopy (FT-IES) and Differential Scanning Calorimetry (DSC). Spectral
analysis of IR radiation emitted at the cure temperature from thin films of diglycidyl ether of
bisphenol A epoxy resin (DGEBA) and 4,4'-diaminodiphenylmethane (DDM) curing agent with
and without GO allowed the cure kinetics of the interphase between the bulk resin and GO to be
monitored in real time, by measuring both the consumption of primary (1°) amine and epoxy
groups, formation of ether groups as well as computing the profiles for formation of secondary
(2°) and tertiary (3°) amines. OD was isolated from as-produced GO (aGO) by a simple
autoclave method to give OD-free autoclaved GO (acGO). It has been found that the presence of
OD on the GO prevents active sites on GO surfaces fully catalysing and participating in the
reaction of DGEBA with DDM, which results in slower reaction and a lower crosslink density of
the three-dimensional networks in the aGO-resin interphase compared to the acGO-resin
interphase. We also determined that OD itself promoted DGEBA homopolymerization. A DSC
study further confirmed that the aGO nanocomposite exhibited lower T4 while acGO
nanocomposite showed higher Ty compared to neat resin because of the difference in crosslink

densities of the matrix around the different GOs.
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GRAPHICAL ABSTRACT

high crosslink density

1. INTRODUCTION

Graphene oxide (GO) is a graphene derivative containing covalently attached oxygen-
containing surface groups such as hydroxyl, carbonyl, carboxyl and epoxy groups. In general, it
is accepted that hydroxyl and epoxy groups are bonded to the surface of graphene sheets and
carboxyl groups are bound to the edges of the basal planes [1]. These functional groups can
facilitate better exfoliation and dispersion in solvents and further surface functionalization [1].
Importantly, GO has an ideal surface for interacting with polymer matrices and several polymer
nanocomposites with significantly improved mechanical properties have been developed [2-6].
However, it has been recently reported that as-produced GO (aGO) is a mixture, containing
lightly oxidized graphene sheets and heavily oxidised low molecular weight material. This
oxidised low molecular weight material, called oxidative debris (OD) resembles the complex
aromatic fulvic acid that is strongly bonded to aGO surface but can be removed by washing with
alkaline solutions [7]. The majority of the oxygen-containing groups found in bulk aGO are
actually in OD and it is considered responsible for the observed excellent suspension in aqueous
solutions as well as the fluorescence of graphene oxide [7,8]. Further, some studies reported that

OD is accountable for some inherent properties of bulk GO such as electroactivity [9].

Epoxy resins are thermosetting materials possessing high stiffness, dimensional stability
and chemical resistance [10]. Understanding the curing behaviour of epoxy systems is essential
because the thermal and mechanical properties of the epoxy composites depends on the

formation of the cross-linked molecular network in the system and the structure of the interphase



region between the continuous phase (resin) and the discontinuous phase (reinforcement). The
interphase region plays a critical role in determining those properties of the composites that
depend on the interfacial load transfer between resin and nanofiller. It has been shown that the
dimensions of the interphase in carbon-fiber epoxy composites is 118 nm [11] so that a simple
calculation shows that if the GO is fully exfoliated with a (hypothetical) surface area of 2630
m?/g, 100% of the resin is potentially in the GO interphase region at loadings as low as 0.5wt%.
Mc Allister et al.[12] in their detailed study of the expansion and exfoliation of graphite oxide to
produce single-sheet GO have noted that the real surface area reduces to values of 1850m?%/g
when suspended in solution (determined by methylene blue adsorption) and 600-900 m?/g in the
solid state due to aggregation (as measured by the BET isotherm). These values will be even
further reduced if the GO is only partially exfoliated since it has been noted for expanded
graphite oxide the surface area is <100m?/g. In an epoxy resin-GO nanocomposite the effective
interphase volume will depend on the method of sample preparation since exfoliation is a pre-
cursor to interpenetration of the GO by the resin-hardener mix. Solution preparation involving
ultrasonication [13,14] is the simplest way to achieve this. A feature of these epoxy-GO
nanocomposites is that very low loadings only are required to achieve significant changes in
properties, including fracture toughness[6,15-19] which implies that the structure of the
interphase may be responsible for these changes. Putz et al.[20] have noted that the high surface
area means that the interphase may percolate the entire volume of the nanocomposite, so

dominating the usual bulk properties such as glass transition temperature (T).

The final properties of the cured bulk resin are also determined by the chemical structure of
both the resin and the curing agent. Epoxy resins contain at least two terminal epoxide groups
which can be cured by various types of curing agents such as diamines, anhydrides or
isocyanates [21]. Amine curing process of epoxy generally involves three major reactions ie; 1°
amine-epoxy, 2° amine-epoxy and hydroxyl-epoxy addition reactions as schematically shown in
Fig. 1 [22,23].
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Fig. 1. Schematic representation of three major reactions during the amine curing of epoxy resin
and empirical equations for the rate of these reactions. Note that there are two epoxide and two
1° amine groups per molecule in the DGEBA-DDM system (see Fig. 2).

The amine curing processes and reaction mechanisms of several epoxy resin systems
have been widely investigated by means of differential scanning calorimetry (DSC)[10,15,24],
dynamic mechanical analysis (DMA)[25] raman spectroscopy [26,27], near-infrared (NIR)
spectroscopy [28], infrared emission spectroscopy (IES)[22], etc. DSC is the most widely used of
these techniques due to its simplicity but it cannot provide explicit information on the chemical
reactions during cure [29,30]. Analysis provides information including cure enthalpy (AHcyre),
glass transition temperature (Tg), reaction exotherm (onset temperature: Tonser, Pe2K temperature:
Tp) and (with some assumptions) activation energy (Ea). Several research studies reported that
curing reaction in epoxy matrix can be influenced by the addition of filler materials. It has been
noticed that metal oxides such as zinc, aluminium and iron oxides exhibit a catalytic effect on the
epoxy curing consistent with adsorption of curing agent on to the metal particle surfaces [31,32].
Moreover, interfacial effect of nanoparticles is generally higher than with micron-sized filler
particles due to the much higher surface area of nanoparticles. The functional groups on the
surface of GO are able to both react with the components of the epoxy resin and potentially
catalyse the cure reactions. XPS and IR spectroscopy have identified oxirane, carboxylic acid

and alcohol groups on GO surface [1].



Table 1

Comparison of previously reported work on effect of graphene/GO on amine-epoxy curing

Graphene Technique Findings Reference
derivative
GO Non-isothermal * Retardation effect Ryu et al.[10]
: DSC (Kissinger- i
GO-amine Friedman  Acceleration effect
modified i
analysis) - Neutralization of NH, by COOH-GO
GO DSC (AH, T, * Acceleration effect Bortz et al.[15]
Tonset) . .
« Catalytic effect on epoxy ring
opening reaction by ‘O’ groups on
GO
GO Non-isothermal » Acceleration effect Qui et al.[33]
DSC
Graphene/GO DSC (Ty) + Catalytic effect on both 1° and 2° Mauro et al.[34]
amine- epoxy reactions
Graphene DSC (AH, Tp) * Retardation effect Teng et al.[35]
+ Steric hindrance
Graphene DSC (Ty)  Catalytic effect Park et al.[17]

Catalytic effect of OH on epoxy-

amine reaction

As seen in Table 1, several studies focused on the effect of graphene materials on the

cure behaviour of epoxy resins. It is clear from the table that all these studies have been carried

out based on DSC technique. Nevertheless, it can be seen that there are discrepancies in

outcomes among different research groups. Similarly, both accelerating and retardation effect of

carbon nanotubes (CNTSs) on different epoxy systems have been reported [24,36-38]. The

disparity in results suggests that the epoxy-GO; epoxy-graphene or epoxy-CNT reactions are

sensitive to the detailed chemistry of the epoxy resin system (especially the nature of the curing

agent) as well as the functional groups on the surface of the carbon nanoparticles. A



rationalization of these contradictory results may possibly be found in the work of Putz et al.[20]
on carbon nanotube-epoxy composites. They found that two opposing effects may be seen:
network disruption at the nanotube-polymer interface lowering Ty and formation of an interphase
in which chain dynamics were retarded leading to a higher T4. However, the conflicts may reflect
the limitations of the DSC technique itself.

Although the kinetics of cure reaction has been widely studied by DSC, the technique
does not generally provide chemical information and detailed mechanism of the cure process and
in particular the chemistry of the interphase region between resin and reinforcement [39]. One of
the major limitations of DSC is that it is a bulk measurement and if the graphene or GO sheets
are not fully exfoliated then changes in the heat flow due to reaction of the functional groups in
the interphase with the bulk epoxy resin and curing agent are going to be small. If the system is
exfoliated and has a high surface area then DSC is a useful method for studying changes in cure
exotherm and Ty, but an assumed order of reaction is required to generate kinetic data with non-
isothermal studies at different heating rates being particularly problematic. Isothermal studies are

therefore preferred when cure reactions are studied.

The FT-IES method described here offers an alternative analytical approach to monitor
the chemical reactions and mechanisms throughout the curing process. Emission of infrared
radiation occurs from all bodies at ambient temperature and may be imaged with IR cameras, but
in most cases the spectral information is lost due to reabsorption of the radiation and temperature
gradients within the body. When the emitter is a thin film, reabsorption and temperature
gradients are minimized and IR emission spectra equivalent to IR absorption may be obtained
[22]. The emission intensity is weak at room temperature due to the low population of the higher
vibrational states, but at the cure temperatures of many resin-hardener systems (> 100°C) there is
a significant intensity in the “fingerprint” region of the IR spectrum so that the cure chemistry
may be followed in real time. Use of the technique on very thin film samples gives an added
advantage of offering the information on the interphase region where molecular chemical
reactions occur during the curing process. Because of the specialized nature of the technique,
limited investigation of amine curing of epoxy resin based on IR emission has been reported.
George et al.[22] reported a detailed kinetic study on the curing of TGDDM/DDS epoxy mixture
transferred as a thin film from the surface of carbon fibre-epoxy prepregs. They observed the

spectral changes during cure which were used to monitor the chemical changes and to study the



cure kinetics. For example; decrease in both the 1° amine bending band at 1652 cm™ and epoxy
cyclic ether band at 906 cm™ and increase and broadening of ether group at 1085 to 1140 cm™
and hydroxyl group at 1000 to 1100 cm™ were observed with the progress of cure. These
observations are consistent with the sequence of reactions occurring during the cure (Fig. 1).
Calculated activation energies (from Arrhenius plots) showed that homopolymerization is
dominant in catalysed resin from epoxy prepregs compared to a model system where auto-

catalysed 1° amine-epoxy reaction is favoured.

In this article, we wish to evaluate the influence of GO on the curing process and also to
understand the chemical reaction mechanisms at the interphase of epoxy resin and GO during the
curing process based on the FT-IES method. We further study the effect of OD on cure Kinetics
of epoxy. DSC studies were also conducted in parallel with the IR emission experiments for an
independent measure of extent of reaction with time of cure and also the Ty of the system at
different extents of reaction. We believe that this opens up a new approach to evaluate and

understand curing behaviour and structure of epoxy nanocomposites, especially at the interphase.

2. EXPERIMENTAL
2.1. Materials and characterization

The materials used in this study were the commercial DGEBA resin (Diglycidyl ether of
bisphenol A) and curing agent DDM (4, 4’-diamino-diphenylmethane). Typical structures of
DGEBA and DDM are presented in Fig. 2.
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Fig. 2. Structures of DGEBA (typically, n=0.1) and DDM.
GO was prepared, following a modified Hummers method (supporting information) [40].

As produced GO (aGO) was purified and OD was isolated by an autoclave method which



avoided the complications of base washing. Autoclaved GO is called acGO hereafter. More
details on synthesis and characterization of aGO, acGO and OD can be found in supporting
information for this paper. aGO, acGO and OD were characterized by different microscopic
methods such as SEM, TEM, AFM and spectroscopic methods: FTIR, Raman, (see supporting
information). X-ray photoelectron spectroscopy (XPS) analysis was employed to detect oxygen
contents and micro-chemical environment of aGO and acGO. XPS measurements were
performed with a Kratos Axis ULTRA X-ray photoelectron spectrometer using monochromatic
Al-ko radiation (kv = 1486.6 eV). CasaXPS v 2.3.16 software was used to perform curve fitting
and to calculate the atomic concentrations. The surface area of the aGO was estimated by the
methylene blue (MB) method reported by Navajas et al.[41] as detailed in supporting

information.
2.2. IR emission study

To achieve thin films on the FT-IR emission hotplate, solutions of known concentration
were deposited from dimethylformamide (DMF). The resin mixture was prepared by dissolving
the required amounts of DGEBA and DDM (weight ratio of 2:1) in a small amount of DMF at
room temperature. Resin mixture with GOs (aGO or acGO) was prepared by firstly exfoliating
and suspending GO in the DMF (1mg/ml) by sonicating for 1 h and then adding the required
amount of GO solution into the resin mixture at room temperature. GO content used in this
study was 0.3 wt% in the total resin mixture which was chosen since it provides a homogeneous
dispersion and most of previous work reported that the maximum property enhancement was
achieved with a graphene or GO loading of 0.1 — 0.5 wt%.[6,15,16,18,19,42] In the case of OD,
powdered OD isolated from the water after autoclave treatment of GO was dissolved in water
and then added into DGEBA-DDM mixture in DMF. Water and DMF are completely miscible

and gave a clear solution.

FT-IR emission analysis was performed with a Nicolet Nexus spectrometer equipped with
a liquid N cooled mercury cadmium telluride detector and an external graphite furnace emission
accessory, described elsewhere [43]. The graphite furnace was fitted with either a platinum
hotplate of 6 mm diameter or a graphite reference plate. 1 ul of uncured epoxy mixture in DMF
was transferred by a micro-syringe on to the platinum plate, pre-heated to 100°C to get a very

thin film of the sample on the plate. The solvent evaporated immediately after putting the



sample on the platinum plate so there was no solvent interference in the sample spectra. IR
emission spectra were collected under dry air immediately the sample was deposited and the
solvent evaporated [22]. The average spectrum of 128 scans was obtained at spectral resolution
of 4 cm™. Successive single beam spectra were collected at every 2 minutes for an initial 16

minutes and then every 5 minutes for a total cure time of 30 minutes.

To linearise the spectra with respect to concentration, equivalent absorbance spectra were
calculated by exploiting the relationship between absorbance and emittance, A = —log (1-¢),
where ¢ is the ratio of the sample signal to the graphite signal after accounting for the
contribution of the clean Pt substrate and instrument background contributions. Spectra of
different concentrations of DGEBA resin (10, 5, 2.5 and 1 mg/ml) were obtained to get the

relationship between concentration and peak intensity.

2.3.DSC study

DSC study was conducted with a TA instruments Q100 differential scanning calorimetry.
Samples were prepared following the similar procedure as described above using acetone as the
solvent. This is because the lower boiling point of acetone facilitates the faster evaporation of the
solvent at lower temperature, so avoiding premature cure of the resin-hardener mixture. Acetone
was evaporated by stirring the epoxy resin at 40°C for few hours on a hot plate with a magnetic
stirrer. Then the hardener was mixed and the mixture was placed under vacuum at the same
temperature for further 1 hour for the complete removal of solvent. A series of DSC samples
were prepared by adding ~5 mg into the hermetic type DSC aluminium pans which were
thermally equilibrated in an oven at 100°C. Each sample was partially cured by removing them
from the oven at different time intervals (0, 5, 10, 15, 20, 25 and 30 minutes). The heated
samples were immediately put in the deep-freezer to stop the reaction. Then, the heat flow curves
were obtained for each sample at a scanning rate of 10°C/min from 20 to 200°C under nitrogen
atmosphere. The total heat of reaction (AH,) was calculated using the heat flow curve for the

system before curing at 100°C and the conversion of the cure reaction (o) was determined at each

time, t, as(l _ AHe
AH,

); where AH; is the heat of reaction after cure for time t at 100°C.

o



3. RESULTS AND DISCUSSION

3.1.Characterization of aGO and acGO

aGO, acGO and OD prepared in this study were characterized by several spectroscopic
and microscopic techniques prior to fabricating the nanocomposites. Estimated surface area of
aGO is 719 m%/g as determined by methylene blue binding (supporting information, Fig 5s)

which is comparable to values reported in literature [12,41].
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Fig. 3. XPS survey spectra of (a) aGO (b) acGO; C 1s XPS multiplex spectra of (c) aGO and (d)
acGO. Note the large decrease in oxygen content after autoclaving and OD removal.

XPS analysis was employed to detect oxygen content and surface chemical environment
of aGO and acGO. The atomic composition of aGO and acGO was obtained from survey spectra
(Fig 3(a) and (b)) and revealed that aGO contains 66.6 atom% of carbon and 30.4 atom% of
oxygen. The remaining elements in aGO are nitrogen (0.55%) sulphur (2.2%) and phosphorus
(0.25%) which arise from the original graphite and the Hummer’s method of synthesis. The

oxygen content decreased to 14.2 atom% and carbon increased up to 85.2 atom% in acGO after
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autoclave treatment, giving O/C ratio of 0.46 for aGO and 0.17 for acGO in good agreement
with earlier work on base washing of GO [7,44-47]. This confirms the removal of oxygen
functional groups during the autoclave cleaning process, but the question remains as to whether
the aGO has been chemically reduced or the surface has just been cleaned. Deconvolution of
XPS multiplex spectra and assignment of bands requires first the determination of a reference
band which is usually chosen to be sp® carbon 1s at 285eV. However in the case of graphite and
graphene with predominantly sp? hybridisation, the band shifts to 284.3eV and there is an
asymmetric band shape tailing to higher binding energy as seen in the spectrum of the starting

graphite material used in this study (supporting information, Figure 1s).

The multiplex C1s spectrum of aGO was deconvoluted by using five peaks assigned to
non-oxygenated C (sp®, 284.6 eV and sp®, 285.3 eV), C attached to COO (C*-COO, 286.1 ev)
epoxy, hydroxyl and carbonyl groups (C—O and C=0 ~287.5 eV), and carboxylate groups
(COO, 289.1 eV) (Fig 3 (c). In contrast the XPS spectrum of acGO shows one main peak at
284.5 eV (C=C, sp?), and four small peaks at 286.2 eV, 287.4 eV, 288.5 eV and 290.3 eV. These
peaks can be assigned to C-O, C=0, O-C=0 and a n-n shake-up band, respectively (Fig 3(d))
[45]. However, the oxidation peaks are considerably smaller compared to those of aGO which
indicate that the quantity of oxygen moieties in aGO decreases after the removal of OD. In
comparison, a similar reduction of degree of oxidative functionality was reported for bwGO
[7,48,49]. Rourke et al., found that O/C ratio reduced from 0.5 in aGO to 0.25 in bwGO [7]. In
summary, our XPS data on acGO is comparatively close to that reported for bwGO except that
the removal of OD appears to be more efficient, as given by the appearance of the n-n shakeup
band which is a characteristic feature of graphene that is not seen in aGO. It has been suggested
in one other study that reduction has occurred [50] on an autoclave treatment in water but it is
generally regarded that chemical reduction by high temperature treatment with hydrogen or
hydrazine is necessary to restore characteristic graphene properties such as conductivity[51].
This study of acGO clearly shows that there are some graphene-like properties eg. The return of
a black colour indicating higher conjugation; the failure of the acGO to disperse in water; the
reduction of the interlayer spacing from 0.82 nm in aGO to 0.35 nm in acGO (XRD data,
supporting information Figure 2s) as well as the evidence for sp? hybridisation in the C1s XPS
band. However there are sufficient oxidized groups still retained on the surface to allow
dispersion of acGO in DMF, unlike pure graphene.
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The dispersibility of acGO (as well as aGO and OD) in DMF allows the intimate mixing
with epoxy resin (DGEBA) and curing agent (DDM) and deposition of thin films for infrared
emission studies of the change in functional group concentration during cure of DGEBA with
DDM at 100°C.

3.2. IR emission study

The raw emission spectra, all collected at 100°C, necessary to determine the equivalent
absorbance spectrum of DGEBA-DDM are shown in the Fig. 4. These are, from top to bottom:
1. A graphite black body
2. A thin film of uncured DGEBA-DDM on the platinum hotplate
3. The clean platinum hotplate
The lowest (green) curve in Fig. 3 represents the emission spectrum of DGEBA-DDM at 0 min

cure, shown in calculated absorbance units.
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Fig. 4. IR emission spectra at 100 °C of (from the top): graphite reference plate; the DGEBA-
DDM sample on the platinum plate; the clean platinum plate and the equivalent absorbance
spectrum of the sample (right axis), calculated from these emissivity curves.

As an illustration of the quantitative aspects of the FT-IES analysis, different layers have
been deposited of DGEBA resin without curing agent but at different concentrations in DMF. In
each case 1l of solution was deposited and as shown in Fig. 5, the peak heights scale as
expected for films of thickness corresponding to 0.5, 0.25, and 0.1 times the original thickness.

Further, this also indicates that the calculated absorbance scale is quantitative with respect to

12



concentration so can be used for kinetic studies of cure. The calculated thicknesses range from
1150 nm to 115 nm which illustrates the sensitivity of the technique for studying the cure
chemistry of the interphase with even partial exfoliation. It should be noted that in some runs
there are unavoidable traces of water vapour in the sample compartment that result in underlying
bands that may appear positive or negative after ratioing to the platinum reference spectrum in

the region from 1800cm™ to 1500 cm™. These do not affect the quantitative analysis of the resin

components.
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Fig. 5. FT-IR emission spectra of thin films of DGEBA at 100 °C after deposition of 1l of
DMF solution of concentration (from top to bottom curves); 10 mg/ml; 5 mg/ml; 2.5 mg/ml and
1 mg/ml.

Table 2

List of functional and reference bands (used to normalize functional bands) of the DGEBA-
DDM system used for the cure study

Functional band Wavenumber (cm'l) Reference band Wavenumber (cm'l)
(Used for Normalization)

N-H bend 1621 C-H bend/ 1511

( 1°amine) Benzene ring stretch

N-H wag 768 C-H wag 1180

(1° & 2° amine)

Epoxy ring stretch 914 C-H wag 1180

Ether 1100 C-H wag 1180
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IR emission spectra of DDM, DGEBA and DGEBA-DDM are shown in Fig. 6 and the
functional group and reference bands that have been used for the cure study are tabulated in
Table 2.

0.6+

——DDM
—— DGEBA
—— DGEBA-DDM

§ M

1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Calculated absorbance (arbitrary units)

Fig. 6. IR emission spectra (from top to bottom curves) of DDM, DGEBA and DGEBA-DDM
(at the weight ratio of 2:1) at 100°C

3.2.1. Emission spectral changes during cure of DGEBA-DDM

Fig. 7 shows a series of 12 successive spectra obtained continuously during the curing of
neat epoxy resin at 100°C under dry air for 30 minutes. The spectrum at 0 min. represents the
different functional groups of both epoxy resin and curing agent at the start of curing. The
subsequent spectra show the emission curves at different stages of curing. The first spectrum is
noisier in the region 2000 cm™ to 1400 cm™ compared to rest of the spectra. This is due to the
effect of atmospheric moisture which may flow into the testing chamber on opening of the
chamber for sample insertion. The moisture effect disappeared in the following spectra with
continued flushing of dry air into the chamber. The spectral changes during the curing can be

clearly seen from the stacked spectra.
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Fig. 7. Stack plot of successive spectra of DGEBA-DDM at 100 °C for cure up to 30 minutes.
The bands labelled (a), (b) and (c) are shown expanded in Fig. 8.

The sharp peak (a) at 1621cm™ is due to NH bending of the 1° amine band of DDM. This
peak decreased rapidly with heating as it can be seen in the expansion plots of spectra in Fig. 8
(a). Similarly, epoxy peak at 914 cm™ and NH wag band at 768 cm™ diminished significantly
with the progress of curing (Fig. 8b). Decrease of peak intensities indicates the consumption of
the amine and epoxy functional groups to form the 3D network structure during the curing
process but more detailed analysis is required to separate the individual reactions 1 to 3 in Fig.
1. Further, we observed the increase and broadening of peak at around 1100 cm™ (Fig. 8c)
which is consistent with the formation of ether groups by etherification reaction between
hydroxyl and epoxy (Fig. 1, reaction 3) and homopolymerization. Table 2 shows the peaks that
change during cure and the band assignments. Similar spectral changes during the amine curing

of epoxy systems have been reported in literature [22,52].
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Fig. 8. Expanded and reoriented stack plot of successive spectra of Fig 7., showing (a)
consumption of 1° amine as change of N-H bend band (b) consumption of epoxy and N-H wag
of 1°and 2° amine band (c) growth of ether band.

To investigate the influence on epoxy resin cure chemistry of as-prepared and autoclaved
GOs (aGO and acGO, respectively) and the OD obtained after autoclaving, the cure kinetics of
DGEBA-DDM nanocomposites were studied using the same experimental conditions at GOs or
OD loading of 0.3wt%. Similar spectra and spectral changes were observed as shown in the
supporting information, Fig. 6s, but it was apparent that the rates of the reactions of the species
responsible for the spectra have changed when compared to the bulk resin. These changes are
attributed to the influence of GOs on the detailed cure chemistry. Since the emission intensity
bands when converted to absorbance are proportional to the concentration of the species, spectral
manipulation allows the time-dependent concentration profiles of epoxide, 1° amine and 2°

amine to be monitored with time of cure and instantaneous reaction rates determined.
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3.2.2. Influence of GOs on the cure reactions of DGEBA-DDM from IR emission spectra

The cure kinetics and the effect of GOs and OD addition on the curing process were

determined by analysis of the spectral changes in different nanocomposite systems. Figs. 9 and

10 display the change of band intensities due to the epoxy group from normalized spectral peak

area at 914 cm™, amine groups determined by normalized spectral peak area at 1621cm™ (N-H

bend) and 768cm™ (N-H wag) and the ether group from normalized spectral peak area at 1100

cm™ in the epoxy resin and its nanocomposites. Peak normalization was done by dividing those

bands with the reference bands given in Table 2 at the same curing time. The band intensity

changes arise from the chemical reactions shown in Fig. 1 and the instantaneous slopes of the

lines in Figs. 9 and 10 reflect the rate of these reactions during cure. It is clear that 1" amine and

epoxy groups gradually decrease in concentration during resin cure, due to epoxy-amine addition

(Fig. 1, reaction 1), which has been reported as the dominant reaction up to gelation [22,23].

3.2.2.1. Epoxy consumption including etherification reaction
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Fig. 9. (a) Consumption rate of epoxy group at 914 cm™ and (b) formation rate of ether group at
1100 cm™ during cure at 100 °C of DGEBA-DDM (-x-/red), DGEBA-DDM-aGO (-¢-/blue),
DGEBA-DDM-acGO (-a-/green) and DGEBA-DDM-OD (-+-/pink). All data were normalized
with initial value of DGEBA-DDM for comparison. Dashed lines represent the trendline of the
individual curves. SD values show standard deviation for each system.

The rate of epoxy consumption by the reactions with amine shown in Fig. 1, reaction 1 to

3 is given by equation 5.
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It is important to note in Fig. 9(a) that compared to neat DGEBA-DDM, aGO-epoxy
nanocomposite shows a slower rate of epoxy group consumption whereas acGO-epoxy and OD-

epoxy systems exhibit faster rate of epoxy consumption. The consumption of epoxy is
autocatalytic in both the neat DGEBA-DDM resin and the nanocomposite with aGO (as seen by
the slower initial rate) but this is not seen from samples containing either OD or acGO. This

suggests that both of these contain catalytic sites that enhance the ring-opening of the epoxy.

The rate of epoxy consumption with amine is given by equation 5. The initial epoxide

consumption rates, -d[&]/dt(inmao, calculated from data before normalization are given in Table
3 and are 0.037 Amin™and 0.022 Amin™ for acGO nanocomposite and OD system respectively,
where A is the peak area ratio in Fig. 9(a) which is proportional to epoxy concentration. These
values may be compared to 0.01 Amin™ from the neat DGEBA-DDM system indicating that
there is a clear change in reaction mechanism in the presence of acGO and OD.

Table 3

Initial rates of epoxy and 1°A amine consumption from FT-IES band areas

Q H o . H
M AN\ Wty Recen Ve AL A/ Ree, Ve
Amin DDM DDM
DGEBA-DDM __ 0.01 1.0 0.049 1.0
acGO 0.037 3.7 0.079 1.61
aGO 0.01 1.0 0.043 0.88
oD 0.022 2.2 0.029 0.50

As shown in Fig. 1, during each epoxy ring-opening reaction, a hydroxyl group is
formed. Another epoxide group may then react with this hydroxyl group (equation 4) to form an
ether group. A further epoxide reaction is homopolymerization which also creates ether linkages
and is catalysed by tertiary amines or Lewis acids [22,53]. However, it is reported that in the

absence of catalyst, hydroxyl-epoxide reaction or homopolymerization are less likely to occur at
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the early stage of curing [22]. However, etherification is occurring as seen from the growth in
the band at 1100cm™ as plotted in Fig. 9(b).

Etherification results (Fig. 9b) showed a faster reaction of acGO and a slower reaction of
aGO nanocomposites compared to neat DGEBA-DDM resin. Importantly, the OD-system has a
faster rate of formation and a higher concentration of ether groups than that of neat DGEBA-
DDM resin which is consistent with the epoxy consumption rates being due in part to a higher
extent of etherification in the presence of oxidized debris. Further support for etherification
enhancement in OD system is found later in the slower rate of epoxy-amine reaction compared to
neat resin (Table 3 and Section 3.2.2.2) where the competing reactions are discussed in more
detail.

3.2.2.2. 1° amine - epoxy reaction
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Fig. 10. Consumption rate of (a) 1° amine (N-H bend) at 1621 cm™ (b) 1°/2° amines (N-H wag)
at 768 cm™ during cure at 100 °C for 30 minutes of DGEBA-DDM (-x-/red), DGEBA-DDM-
aGO (--/blue), DGEBA-DDM-acGO (-a-/green) and DGEBA-DDM-0OD (-+-/pink) All data
were normalized with initial value of DGEBA-DDM for comparison. Dash lines represent the
trendline of the individual curves. SD values show standard deviation for each system.

The change in the normalized peak area of 1" amine N-H bending at 1621cm™ is similar for
both neat epoxy resin and aGO nanocomposite throughout the curing process (Fig. 10a). In
contrast, acGO nanocomposites show significantly faster decrease in 1621cm™ band while the

OD system shows a slightly slower decrease compared to the neat DGEBA-DDM during cure.
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The initial rate of 1°amine consumption of DGEBA-DDM-aGO is very similar to that from
DGEBA-DDM, so this suggests there is no contribution from reactive groups on the aGO such as
surface epoxides. From the initial change of 1° amine from Fig. 10(a), the initial rates (as —
d[1°Alinitia/dt) values can be calculated and are shown in Table 3. A is the normalized 1° amine
band area from the FT-IES spectrum which is proportional to [1°A]. An important result in Table
3 is that the rate of reaction of 1° amine in the presence of OD is only 59% of that of the neat
resin which suggests that it is the oxidative debris that is suppressing the reactivity of the aGO.
The ratio of rates: rucco)/@aco) is 1.84 which means that removal of OD increases the 1° amine
consumption rate by 84% which may reflect the recovery of a catalytic effect of the “clean”
surface of acGO on removal of OD. The catalysis is apparent since as shown in Table 3,

I'acco)/(oceBA-DDM) 1S 1.61.

From Table 3, OD shows a faster initial rate of epoxy consumption compared to the neat
DGEBA-DDM in spite of the slower rate of amine consumption noted above. This suggests that
OD may induce the ring opening reaction of epoxide in the system i.e. homopolymerization is
favoured. Proposed ring opening reaction and homopolymerization are schematically shown in
Fig. 11. It is believed that acGO is not favouring homopolymerization since there is faster
consumption of 1° amine than aGO and also the 2° amine reaction is not suppressed to the extent
that it is in aGO (Fig. 10b), which is discussed in more detail in Section 3.2.2.3.
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Fig. 11. Schematic of effect of OD on epoxy homopolymerization
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OD represents about 14-30% of total mass of aGO and is strongly adhered to the
graphene oxide surface [7,8]. This adhered OD can physically cover the active sites (eg; bound
epoxide groups, hydroxyl groups, defects etc.) on GO surface which would act as reactants or
catalysts of epoxide-amine reaction. As shown in the XPS studies (Section 3.1) removal of OD
exposed these active groups which can actively participate in catalysing epoxide-amine reactions
or reacting directly with amines, resulting in faster epoxide-amine reaction and consequently,
higher consumption of 1° amine. Mauro and co-workers performed a DSC-based investigation to
elucidate the catalytic activity of graphene based nanofillers on epoxy curing reaction [34]. They
observed that graphene or GO is able to catalyse the epoxide-amine reaction and catalytic effect
can be on both reactions between 1°amine and epoxide as well as reactions between 2°amine and
epoxide groups. It is also well known that graphene and GO have catalytic effects on several
other organic reactions [47,54,55]. In those studies the catalytic effect of base washed (OD-free)
GO on aerobic oxidative coupling of 1° amines was evaluated and compared with as-produced
GO and OD [47]. It was shown that OD-free GO has significant catalytic activity with oxidative
coupling product of 89% compared to lower catalytic effect of controlled aGO and OD samples
(44% and <2% yield, respectively). It was suggested that the synergistic catalytic effect
originates from combination of greater access to the catalytic sites by the reactants including
exposed carboxylic acid groups and unpaired electrons at the edge defects with the removal of
OD [47].

3.2.2.3. 2° amine formation and reaction

As noted above in Section 3.2.2 and Fig. 8(b), the peak at 768cm™ is due to N-H wag of
both 1° and 2° amines [53]. The contributions of the concentration of the 1° amine to the band
intensity (from the 1° amine bend band at 1621 cm™) may be subtracted and the change in

concentration of 2° amine during cure determined from equation 6:

Ann wag™ aANH bend = b[2°A] (6)
Where;
AnHwag = Normalized peak area ratio of NH wag band

Ann bend = Normalized peak area ratio of NH bend band
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[2°A] = Concentration of 2° amine

a, b = Constants related to the molar absorptivity of the bands analysed

NH wag

a is determined from the spectrum at 0 minute. At 0 min, [2°A] = 0, Therefore, a = :
NH bend

012 | o « DGEBA-DDM a=0.645
. . « DGEBA-DDM-aGO  a=0.627
+ DGEBA-DDM-acGO a=0.564
01 ; e ‘.4 +DGEBA-DDM-OD a=0.75
’ ‘ PEAAEEL IR IS S
e RN
e IR
0084 /7 RN
I 1’ s < “x - R
? &/r ‘e e __"
20061 7 .
[ .
0.04 4 ¢/ e~
/! TRl
0.02 {4/
)
W
¥
v
0

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time (minutes)

Fig. 12. Calculated 2° amine concentration from emission spectra during the cure of DGEBA-
DDM (-x-/red), DGEBA-DDM-aGO (-¢-/blue), DGEBA-DDM-acGO (-a-/green) and DGEBA-
DDM-OD (-+-/pink) at 100 °C for 30 minutes. Dash lines represent the trendline of the individual
curves. The calculated values of the parameter “a” for each system are shown in the plot.

The calculated parameter b[2°A] has been plotted against the curing time for the 4
different systems in Fig. 12. The formation of 2° amine occurs from the onset of cure due to the
reaction of epoxide with 1° amine group and this concentration increased rapidly at early stages
of curing (Fig. 1, reaction 1). The 2 amines can further react with epoxide groups forming 3°
amine (Fig. 1, reaction 2) which results in formation of the 3D network structure in the resin
matrix. Therefore there is a consecutive reaction of creation and consumption of 2° amine as seen
by the growth to a maximum in Fig. 12. Then, depending on the relative magnitude of the rate

coefficients for 2° and 3° amine formation this profile will change.

d[2°4]

For consecutive second order reactions, at the maximum [2°A] at time t, then - = 0

So, from Fig. 1- equation 2, k,[1°A4] [A] =k, [2°A][&]
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Hence, at this point: e 14

and in principle the ratio of rate coefficients of 1° and 2° amine reaction with epoxide, ki/k>,
could be determined from the data in Figs. 10(a) and 12. However, as may be seen from Figure
12, the plot is of b[2°A] against time so there is an unknown constant, b, due to the unknown
molar absorptivity of the species being measured in the FT-IES spectra. In spite of this limitation
it is possible to calculate the rate coefficient, ks, for each system relative to the neat epoxy resin
in the way shown below to give an empirical value Koqey. Table 4 shows the calculated ratios
bka/k, for four systems from the data in Figs. 10(a) and 12 taken at the maxima of the curves in
Fig. 12 together with the calculated ky(ery using these results plus the relative rate of 1° amine

consumption compared to neat DGEBA-DDM in Table 3.
Table 4

Calculated ratio bki/k, and the rate coefficient ko) Of 2° amine reaction in the system relative to
that in neat DGEBA-DDM resin

System bki/k, Ko(rer)
DGEBA-DDM 1.33 1.00
DGEBA-DDM-aGO 2.13 0.55
DGEBA-DDM-acGO 1.15 1.40
DGEBA-DDM-0OD 1.21 0.49

A sample calculation of Ky is given below for the system DGEBA-DDM-aGO.

bkl(DGEBA—DDM—aGO)/kZ(DGEBA—DDM—aGO) _ 2.13 _ _ bk (pgeBA-DDM-ac0) % k2ceBA-DDM)

bkl(DGEBA—DDM)/kZ(DGEBA—DDM) 1.33 bk (pgeBA-DDM) k2pGEBA-DDM-aG0)

Since the ratio of the 1° amine consumption rate for DGEBA-DDM-aGO to that for DGEBA-
DDM is given in Table 3 as 0.88 then:

kaweesa-pomy  1.60

= =182=1/k
kZ(DGEBA—DDM—aGo) 0.88 2(rel)
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Therefore the rate coefficient of 2° amine reaction in aGO nanocomposite compared to neat resin

is 0.55. The other values of kaly in Table 4 may be determined in the same way.

It was hypothesised that the slower consumption of 2° amine in aGO could be attributed
to two factors ie; covering of reactive sites by OD and steric hindrance arising from the GO
sheets themselves. The steric hindrance can occur when aGO, after reaction with one 1° amine
group will be sterically hindered for reaction of the formed 2° amine with another epoxy group
owing to the bulky structure of aGO. However, considering the close similarity of the kol
values for the DGEBA-DDM-OD system and the DGEBA-DDM-aGO nanocomposite (Table 4)
the difference in the rate of 2° amine reaction is mainly accounted for by physical covering of
epoxy groups in aGO by adhered OD in a similar way as for the 1° amine-epoxide reaction. In
addition if steric hindrance was a factor, slower consumption of 2° amine would be expected in
DGEBA-DDM-acGO nanocomposite as well but we actually observed faster consumption in
that system. So, it tells us that the steric hindrance effect is not dominant and greater effect

would have arisen from the hiding of active sites by OD.

Of importance in this discussion is the point at which the resin gels since the 2° amine-
epoxide reaction may then become diffusion controlled. The gel time for DGEBA-DDM at the
amine to epoxy ratio used here is reported to be 20 min at 100°C [56]. The considerable slowing
in 2° amine reactivity seen in Fig. 12 from all systems is occurring before the time for the onset
of gelation and is considered to arise from the chemical differences between the systems rather

than diffusion control.
2.3.2.4. 3° amine formation

The comparative reactivity of the 2° amine groups (Fig. 1, reaction 2) in the bulk resin
and the interphase may be assessed by computing the concentration-time profiles of 3° amine
arising from the difference between the concentrations of 1° amine and 2° amine at each time

during cure using equation 7.
a[3°A] = [1°Ao - [1°A]: -b[2°Al (7)

It is noted that the results presented in Figs. 9 and 11, the emitted IR radiation will be

occurring from both the resin that is within the interphase region as well as from any “bulk” resin
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away from the interphase. We have calculated the interphase fraction of aGO-epoxy
nanocomposite based on the aGO addition of 0.3 wt% and an interphase thickness of 118 nm
[11]. The interphase fraction is calculated as 30% (based on a cured resin density of 1.16

g/cm®and the measured surface area of 719 m%/g, given in supporting information).
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Fig. 13. Calculated 3° amine concentration during the cure at 100°C for 30 minutes of DGEBA.-
DDM (-x-), DGEBA-DDM-aGO (-¢-) and the interphase DGEBA-DDM-aGO based on 30%
interphase contribution from surface area measurements (-+-). Dashed lines represent the
trendline of the individual curves.

Fig. 13 shows the 3° amine profiles for the two systems DGEBA-DDM and DGEBA-
DDM-aGO computed from the FT-IR emission intensities in Figs. 10(a) and 12. As discussed
above, the profile measured for the DGEBA-DDM-aGO system comprises 70% from the bulk
and 30% from the interphase. By allowing for this “bulk” contribution the 3° amine profile from
the interphase region may be computed using equation 8 as shown below and is also shown in
Fig. 13.

a[3°Alinterphase = a[3°Alpcesa-oom — 0.7 (a[3°A]bcesA-DDM-3G0) (8)

This profile is particularly interesting as it shows that the 2° amine reaction to produce 3°
amine in the aGO-epoxy resin interphase is significantly retarded compared to the bulk resin
with the reaction significantly slowing after the first 10 minutes of cure. This will result in a

much lower crosslink density of the network in the interphase region since it is the 2° amine
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reaction to produce 3° amine that results in the final reactivity and complete cure of the network.
This will have consequences for the structure of the interphase since lower crosslink density will
affect both Ty and the micromechanics, particularly toughness. Since diffusion control is

occurring in both the neat resin and the interphase reactions only after 20 min of cure, this effect

IS in addition to any physical effects on the cure rate.

3.3.  DSC study of extent of cure and T
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Fig. 14. (a)DSC thermograms of DGEBA-DDM-aGO at different partially cured time intervals
showing the appearance of the glass transition temperature, Ty (Small arrows) as well as the
decrease in the heat evolution with increased time of cure (starting from top curves) (b)
Comparison of reaction conversion by DSC of DGEBA-DDM (-x-), DGEBA -DDM-aGO (-¢-)
and DGEBA -DDM-acGO (-4-) at different curing times, showing a lower extent of cure in the
presence of aGO and a higher extent of cure in the presence acGO for the same time of cure.
Dash lines represent the trendline of the individual curves.

The dynamic DSC heat flow curves of the DGEBA -DDM, DGEBA -DDM-aGO and
DGEBA -DDM-acGO systems which are partially cured at different time intervals were
obtained. Fig. 14(a) represents the DSC heat flow curves of DGEBA -DDM-aGO (The heat
flow curves of other two systems are given in Fig 7s, supporting information). We have noticed
that onset of the cure reaction (Tonset) increased in aGO-epoxy system (~ 108 °C) whereas it
decreased slightly in acGO-epoxy system (~102 °C) compared to neat epoxy (103 °C). This
indicates the acceleration effect in acGO and retardant effect by aGO on cure reaction as

described at length in Section 3.2. However, AHc,re and the peak heat flow (Tp), ie., the
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temperature of maximum heat flow during the cure reaction, remained largely unaffected.
Significantly, we observed the heat capacity change corresponding to the appearance of T of the
epoxy resin with the partial curing for 10-15 min or longer at 100°C (arrowed in Fig. 14a). The
effect of aGO and acGO on the network structure and Ty is discussed further below.

We have calculated the extent of conversion of the cure reaction (o) as a function of
initial curing time using these heat flow curves and Fig. 14(b) shows the calculated data for
DGEBA-DDM, DGEBA-DDM-aGO and DGEBA-DDM-acGO nanocomposites. It can be
observed that values of o for DGEBA-DDM-aGO at all curing time intervals are lower than
those of DGEBA-DDM. This suggests that curing reaction of epoxy was slowed down with
incorporation of aGO into the epoxy matrix, consistent with the FT-IES results of Section 3.2. In
contrast, addition of acGO into the epoxy matrix sped up the cure reaction producing higher
values for o at the same cure time. These results further confirmed the FT-IES result that acGO
can accelerate the curing reactions. Therefore, it can be seen that the presence (or absence) of
OD on the GO surface greatly influences associated Kinetic processes. A recent study reported
the influence of OD on the kinetic process of nucleation and growth of Ag nanoparticles
(AgNPs) on graphene oxide. They found that the formation of larger AgQNPs on OD-free GO
surface compared to smaller AgNPs on as-prepared GO. This indicates that OD plays a key role

in the energetic stabilization process that allows the formation of small nanoparticles [57].

Tgand reaction conversion of epoxy and its nanocomposites at different curing time
interval are shown in Table 5. In addition, T4 of cured neat resin and the composites was
obtained from the 2" heat flow curve of heat-cool-heat cycles up to 230°C under same
experimental conditions as in section 3.2. This is shown for DGEBA-DDM-acGO in Fig 8s,
supporting Information. Ty of completely cured neat epoxy, aGO-epoxy and acGO epoxy
nanocomposites were measured as ~ 94°C, ~ 85°C and 105°C, respectively. It is clear that T, of
the aGO nanocomposite is significantly lower than that of neat epoxy matrix whereas the acGO
nanocomposite has significantly higher T4. Lower Ty is attributable to the lower cross-link
density of the epoxy matrix structure in as-prepared GO nanocomposites. As discussed earlier,
aGO can slow down the formation of the 3D network structure in epoxy matrix, especially near
the interphase region between epoxy and aGO. This results in the presence of more linear
polymer chains (Fig. 1, reaction 1) which have a higher polymer chain mobility compared to
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cross-linked structures (Fig. 1, reaction 2) from reaction of the 2° amine. The higher chain
mobility in the polymer matrix results in a decreased T, of the epoxy matrix. It should be noted
that as discussed above in the FT-IES study, the fraction of the resin that is in the interphase
region is 30% of the total volume of resin so the effect on the lower crosslink density of the resin
in this region on the overall Ty is significant. This again shows the less brittle structure of epoxy
matrix in aGO nanocomposite. Furthermore, presence of OD in aGO can speed up the
homopolymerization which also contribute to the formation of more linear polymer chains. On
the other hand, acGO accelerates the cure, particularly the 2° amine reaction, resulting in a higher

crosslink density network and consequently, more brittle structure and higher Tj,.

An increase in T4 between the sample after 30 minutes reaction at 100°C and after heating
to 230°C (Figure 8s) occurs only for acGO. From the FT-IES data for acGO there are few epoxy
groups present to react and the heat evolved on further heating to 230°C is only 1% of the total
heat evolved (Table 5 and supporting information, Figure 7s(b)). It has been shown by Zukas
[56] that DGEBA-DDM systems with amine concentrations above stoichiometry with epoxy, as
in the case here, show only small further increase in Ty on heating to elevated temperatures, in
contrast to systems that have a high residual epoxy content after cure. It is possible that the
surface of acGO can catalyse further reaction to increase the local crosslink density and thus Tj.
This reaction is not possible in the case of aGO since the catalytic sites are not accessible.
Alternatively it is possible that heating above the cure temperature may achieve a more stable

glassy structure for the resin and thus a higher Tg in the interphase of the acGO.

Of more significance to the mechanical properties of GO nanocomposites is the lower Ty
of the interphase of aGO due to OD and the fact that heating above T did not change this.
Therefore, we believe that in the presence of aGO, formation of three dimensional network
structures in the epoxy matrix slows down, particularly near the aGO-epoxy interphase region.
So the region immediately around the aGO (interphase) will have a lower crosslink density and
thus a higher toughness. As a result, aGO nanocomposite shows significantly higher toughness
than neat epoxy. Increase of toughness with addition of aGO into epoxy matrix has been reported
in literature [15,18,58,59]. Removal of OD from aGO by autoclaving (to give acGO) reversed
the overall effect of aGO by accelerating cure process, giving a more cross-linked matrix

structure, lower toughness and higher Tq. The OD clearly has a major role to play in the
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performance of nanocomposites by acting as a compatibilizing surfactant which is beneficial in
producing nanocomposites with a good dispersion and a toughened interface between GO and a
polymer matrix [60]. It is well known in carbon fibre composite technology that maximizing the
reaction between the graphite surface and epoxy resin, while increasing the modulus, does not
lead to the highest fracture toughness[61]. The modification of the epoxy-GO interphase by the
OD to lower the crosslink density could contribute to the reported higher nanocomposite
toughness. It is unlikely that the fortuitous formation of OD during preparation of GO has
produced the optimum properties and this provides an area worthy of further exploration in a

wider range of resins and surface treatment conditions.

Table 5

Change of Ty and reaction conversion rate at different curing time interval of DGEBA —DDM,
DGEBA -DDM-aGO and DGEBA -DDM-acGO.

Time (t, min) DGEBA-DDM DGEBA-DDM-aGO DGEBA-DDM-acGO
o T4 (°C) a T4(°C) a T4 (°C)
0 0 - 0 - 0 -
5 0.23 - 0.17 - 0.34 -
10 0.47 - 0.39 - 0.61 45
15 0.68 515 0.60 42 0.79 57.5
20 0.89 73 0.80 54 0.92 73.6
25 0.94 81.3 0.92 73 0.98 87.6
30 0.98 94 0.99 84.6 0.99 91.7

4. CONCLUSIONS

We have reported a simple and quick FT-IES method to monitor the cure kinetics of epoxy
curing and to evaluate the influence of aGO and removal of OD on the network formation and
the rate of reaction. The technique offers an immediate assessment of the chemical changes
occurring in the matrix while curing progresses. Emission spectra clearly showed the gradual
decrease of peak intensities of epoxide, 1° and 2° amine bands with the time of curing as well as

the increase and broadening of ether bands. This indicates the consumption of epoxide and amine
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groups to form the cross-linked resin matrix. Further, the comparison studies revealed the
retardant effect of aGO on the epoxy curing, principally on the reaction of the formed 2°amine
with further epoxide. The retardant effect of aGO on 2° amine reactions has been linked to this
oxidative debris which also enhances etherification reactions such as homopolymerization,
which also lowers the crosslink density in the interphase. Removal of OD from aGO sped up the
overall cure process, including 2° amine reactions, so increasing the crosslink density in the
epoxy matrix. It was evident that OD significantly covered the available reactive and catalytic
sites in aGO surfaces and greatly influenced the catalytic behaviour of GO. FT-IES data have
been confirmed by DSC studies where aGO-epoxy nanocomposite exhibited considerably lower
Tgand slower reaction conversion compared to neat DGEBA-DDM resin. Removal of OD
caused an increase of the cross-link density in the DGEBA-DDM matrix, consequently higher T,

and a more brittle interphase. Fig. 15 summarizes these findings.

Epoxy - Interphase

low crosslink density

— S 3

linear polymer

high crosslink density

Fig. 15. lllustration of the effect of autoclave treatment to remove OD from the as-produced GO
surface on the interphase structure of the cured epoxy resin due to changes in cure chemistry and
crosslink density.

Therefore, it can be concluded that these chemical changes in the interphase compared to bulk
are consistent with the result that low addition of aGO (commonly used as GO in polymer
nanocomposites) can effectively improve the toughness of epoxy matrix. This work highlights
the importance of oxidized debris in affecting the chemistry of the cure reactions leading to a

novel interphase structure.
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SUPPORTING INFORMATION

Preparation and characterization of GO, Isolation of oxidative debris by autoclave

method, characterization and comparison of autoclaved GO with base-washed GO. This also

contains further spectra and thermograms of DGEBA-DDM-aGO at 100°C during cure.
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Supporting information

Preparation of GO

GO was prepared by oxidation of graphite flakes according to the modified Hummers
method [1]. In brief, a mixture of graphite and KMnO, (Ratio of 1:6) was added into a beaker
containing mixture of H,SO4:H3PO,4 (9:1) acids. Then the reaction mixture was stirred while
heating at 50°C for 12 h. The reaction mixture was cooled down to room temperature and poured
onto ice cubes with 3 ml of 30% H,0,. Then the mixture was sieved through a metal US
standard testing sieve (250 um). The filtrate was centrifuged at 4000 rpm for 30 minutes. The
precipitate was washed with DI water, HCI and ethanol. For each wash, the mixture was sieved
through US standard testing sieve followed by centrifuging at 4000 rpm for 30 min. The final
precipitate was dissolved in DI water and sonicated for 1 h. Finally, the GO aqueous dispersion
was freeze for 24h followed by freeze drying at -51°C under vacuum condition for 72 h. The

final product is called as aGO.

Preparation of acGO and isolation of OD

1 mg/mL aGO aqueous solution (Sonicate for 1h)

Autoclave at 180°C for 12 h

Black solids + supernatant

l l

Solid Supernatant
Lyophilize Vacuum distillation
Lyophilize
acGO OD

Scheme 1s. Preparation of acGO and recovery of OD from aGO
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Autoclaved GO(acGO) was prepared from aGO and separated from the Oxidative Debris
(OD) as shown in Fig. 1s and were collected and named as Oxidative debris (OD). We
produced base washed GO (bwGO) following the procedure reported elsewhere [2-5] to compare
with acGO.

Characterization of aGO and acGO

X-ray diffraction (XRD) powder patterns were taken on a conventional X-ray
diffractometer (XRD, PANalytical Cu MPD) using Cu ko radiation. Raman spectra of samples
were recorded from 1250 to 3000 cm™ on a Renishaw inVia Raman Microscope using a 532 nm
edge filter laser beam. IR spectra were obtained using FTIR 5700 Nicolet Diamond ATR
spectrometer. The spectrum resolution was 4 cm™ in the range from 800 to 4000 cm™. 64 scans
were performed to get the average spectrum. The microstructural characterizations were
performed using a JEOL-7001F field-emission scanning electron microscope (FESEM) operated
at 15 kV and a JEOL 1400 transmission emission microscope (TEM) operated at 120 kV. Dry
aGO powder was used for the FESEM analysis. Clear solution of aGO in DMF was dropped cast
onto carbon coated copper TEM grid for TEM analysis. Samples for atomic force microscope
(AFM) imaging were prepared by depositing clear solution of aGO (in DMF) on freshly cleaved
mica surface. AFM images were taken using a BMT multi-scan AFM with silicon tip. Tapping
mode was applied to get the topography of the GO flakes at the scan rate of 1.2 Hz with surface

area of 5 x Sum’.

Surface area of aGO was measured, by the Methylene Blue (MB) method reported by
Navajas et al.[6] starting from an aqueous dispersion of a known weight of aGO to which
increasing amounts of MB were added, following the evolution of the visible transmittance
spectra. Concentrations of aGO dispersions were 0.043 and 0.085 pg/ul and concentration of
stock aqueous solution of MB was 0.3 pg/ul. Transmittance spectra were recorded by placing 2
ml of aGO aqueous solution in lcm path length quartz cuvette and adding small aliquots (5 pl
initially and 1 pl near end point) of MB stock aqueous solution of 0.3 pg/ul under continuous
magnetic stirring, using an Ocean USB4000 Fibre Optics spectrometer. The baselines of the
spectra were corrected by subtracting the initial aGO transmittance and then transmittance

spectra were converted to absorbance. The addition of MB was continued up to blue

36



precipitation. The value of the amount of MB corresponding to the maximum intensity of the 580

nm band was taken as indicative of complete surface coverage of aGO [6].

Results
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Figure 2s. XPS survey spectrum and C 1s XPS multiplex spectrum of graphite
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Figure 2s. (a) XRD of aGO, acGO and bwGO (b) Raman of aGO, acGO, bwGO and OD

To analyse the effect of purification processes on the interlayer structure, we obtained the

XRD pattern of the samples, Fig. 2s (a). aGO diffractogram presents a peak around 11°. This
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peak is characteristic of 002 plane of graphite compounds and the interlayer distance calculated
is ~0.93 nm. This value is similar to graphene oxide reported in literature [7,8]. The purification
process leads to a shift towards higher angle value of the (002) diffraction peak. The interlayer
distance values for acGO and bwGO were 0.36 and 0.37 nm, respectively indicating that the
purification process decreases the interlayer distance. This could be due to the elimination of the
OD located at the interlayer [9]. It also confirmed that both purification processes resulted in a

product that is structurally similar.

The spectra in Fig. 2s (b) show the two characteristic raman bands of graphene
derivatives, centred at 1597 cm™ (G band) and 1350 cm™ (D band) respectively. The value of
Io/lc ratio was almost identical for all three samples, ie. aGO, acGO and bwGO (~0.77)
suggesting that the graphene sheets are not altered themselves by purification [2,9]. The raman
spectra of OD does not show any evidence of G or D bands [3] consistent with it not being
graphene-like.

100 +

Transmittance (%}

; ’/ N N

T T T 74 T T T T T ]
3500 3000 2000 1600 1200 800
Wavenumber (cm™)

Figure 3s. FTIR of aGO, acGO and OD

As shown in Fig 3s, the FTIR transmittance spectrum of aGO shows a broad peak at
3800-2500 cm™ (OH and H,0) and several peaks between 1800 and 800 cm™. These peaks can
be assigned to carboxyl, ketone, hydroxyl, epoxide and C=C bonding as labelled in the figure
[2,3,9,10]. The FTIR spectra of both ODs (from autoclaved and base washed) are similar to that

of aGO, even as the spectrum of acGO is comparatively featureless. Therefore, we conclude that
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OD is heavily oxidized with similar functionalized groups to aGO and degree of

functionalization is decreased with purification processes.

(c)

Figure 4s. (a) SEM (b) TEM (c) AFM images of aGO

Fig. 4s illustrates typical SEM, TEM and AFM micrographs of aGO [1,11]. Generally,
morphology of graphene sheets is not affected by purification process. But there should be some
changes in layer thickness of the sheets in purified GO which would be able to be observed by
AFM topography [4].

Surface area measurements of aGO

Volume in pl
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Figure 5s. Visible absorption spectra of aqueous dispersion of aGO (a) 0.043 ug/ul upon
addition of increasing volume of a MB stock solution (0.3 pg/ul). The baseline of the spectra has

been corrected subtracting the initial aGO absorption.
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Surface area of GO was calculated using the changes in UV Visible absorption spectra of
an aqueous aGO solution upon the addition of MB. We observed identical spectra and spectral
changes with MB addition as reported by Navajas et al.[6] At low MB concentration, two peaks
were observed at 667 nm and 615 nm which are attributed to aGO and MB = clouds overlapping
and interactions between MB molecules adsorbed on aGO. With increasing MB concentration a
new peak appeared at 580 nm, which is attributed to close packing of MB on upper and lower
surfaces of aGO. Further addition of MB, increased the intensity of latter peak and the maximum
intensity was observed just before the formation of a blue colour precipitate suggesting complete
surface coverage of aGO by MB adsorption (Figure 5s). The amount of MB used up at maximum
intensity is 79 pl and the estimated surface area of aGO is 719 m%g considering 2.54 m? as the
area covered by 1 mg of MB [6,12]. Calculated surface area of aGO is comparable to values
reported in literature [6,12].

Calculated absorbance (arbitrary units)

0.00 . — — — .
2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 6s. Stack plot of successive spectra of DGEBA-DDM-aGO at 100 °C for cure up to 30

minutes.

Fig. 6s illustrates the spectra of DGEBA-DDM-aGO at 100 °C for cure up to 30 minutes.
Similar spectra were observed for DGEBA-DDM-acGO and DGEBA-DDM-OD.
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Fig. 7s. DSC thermograms of (a) DGEBA-DDM (b) DGEBA-DDM-acGO at different partially
cured time intervals showing the appearance of the glass transition temperature, T4 (small
arrows) as well as the decrease in the heat evolution with increased time of cure (starting from

top curves).
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Fig. 8s. DSC thermograms of DGEBA-DDM-acGO partially cured at 100°C for 30 min showing
the initial T4 of 91.7°C and the second run after the sample was heated to 230°C at 10°C/min and
cooled to 25°C before reheating. It is seen that T, then increased to 105°C. Neither DGEBA-
DDM nor DGEBA-DDM-aGO showed any increase in T after heating to 230°C.
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