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ABSTRACT

Here we contrast the molecular dynamics of epoxy nanocomposites filled with

three different types of silica-based nanoparticles with different architectures,

namely solid core, core–shell and hollow and with varying degree of crys-

tallinity. The samples are characterised by Fourier transform infrared spec-

troscopy, differential scanning calorimetry, broadband dielectric spectroscopy

and dynamic mechanical analysis (DMA). Widely known relaxations such as a,
b, c, normal mode and interfacial polarisation are observed and discussed. An

additional relaxation named omega (x) is also observed, whose dielectric

strength is inversely correlated to the crystallinity of the nanoparticles. We

suggest that this may be attributed to the polarizing interaction of the hydroxyl

groups of silanols with the hydroxy ether groups of the polymer chain. The x is

absent in DMA confirming it as a polarisation phenomenon. At lower concen-

tration of silanols, the x largely overlaps with b, effectively becoming an integral

part of it. Finally, two interfacial polarisation relaxations are observed in the case

of core–shell structures, originating from the core–shell and shell–polymer

interface but, due to the similar real permittivity values of the core, shell and the

polymer, their dielectric strength is weak.

Introduction

Many studies have reported substantial improve-

ments in the thermal [1], mechanical [2] and electrical

properties [3] of epoxy-based systems as a result of

the judicious addition of nanoparticles. The origin of

these effects has been explored by investigating dif-

ferent factors, such as filler size and shape [4], con-

centration [5], chemical structure [6], synthesis

method and surface modifications [7], and is com-

monly attributed to interfacial phenomena, molecular
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dynamics, or both. Consequently, various hypotheses

have been proposed, including the intensity model

[8], the interphase volume model [9], the multicore

model [10] and loosely–tightly bound layer model

[11], which commonly explain the above effects in

terms of the formation of a local interaction zone

within the polymer as a result of interfacial interac-

tions. However, most of these ideas do not consider

the architecture of the nanoparticles and treat the

nanoparticles as isotropic and homogeneous and

consequentially, and much emphasis has been given

to the polymer–shell (p–s interface) and matrix–

nanoparticle interactions, that is, to processes adjacent

to the nanoparticles. Conversely, relatively less

attention has been focused on processes within

nanoparticles. Specifically, in the case of core–shell

nanoparticles, the effect of the interface between core

and shell (c–s interface) is sparsely studied.

Despite many studies reporting enhanced

nanocomposite properties, numerous other pub-

lished studies have described contrary results. Con-

sider, for example, the effect of nanotitania (TiO2),

which has been considered in earlier studies [12].

Singha et al. investigated the dielectric properties of

epoxy-based nanocomposites containing 10 wt% of a

TiO2 filler. That work reported that the real part of

the relative permittivity (e’) at frequencies lower than

103 Hz for this system was higher than unfilled epoxy,

an effect that was attributed to the dominant role

played by this high permittivity filler. Elsewhere

Nelson and Fothergill [13] reported contrary results

for a similar system and filler loading level; in this

case, e’ of the epoxy nanocomposite is reported to be

lower than that of the unfilled epoxy. This behaviour

is attributed to the restriction of end-chain and side-

chain movement of the polymer due to the addition

of the fillers. A possible explanation for this incon-

sistency is that different interfacial areas are formed

in the two systems, even at the same weight per-

centage, since different nanoparticle systems will

generally differ in size, specific surface area, struc-

ture, etc. Thus, when polymers are filled with

nanoparticles based on volume or weight percentage,

the interfacial areas that form may, nevertheless, be

significantly different. Since interfaces play a vital

role in bulk nanocomposite properties, it is crucial to

adopt a controlled approach when seeking to develop

a sound understanding of the role of interfacial pro-

cesses. Due to the complexity of molecular dynamics,

understanding the underlying mechanisms is

challenging even for an unfilled epoxy system—this

complexity is further enhanced by the addition of

fillers.

In this paper, we report on the molecular dynamics

of epoxy nanocomposite systems filled with three

different nanoparticles, while maintaining a similar

interfacial surface area: silica (SiO2), referred to as

‘‘core’’ only; core–shell silica–silica (SiO2–SiO2) and

hollow silica (h-SiO2). Further, the degree of crys-

tallinity is different for different nanoparticle archi-

tecture, SiO2 is calcined and therefore crystalline [14],

SiO2–SiO2 has a crystalline core similar to SiO2 but

the shell is amorphous, whereas h-SiO2 is entirely

amorphous. The primary focus is to investigate the

origins of observed dielectric phenomena occurring

both within the bulk of the matrix, in the polymeric

shell surrounding each nanoparticle and additional

interfacial phenomena originating from the core–

shell interfaces present within relevant systems.

Experimental

Materials

A diglycidyl ether of bisphenol A-type epoxy resin

(DER 332) was obtained from Sigma-Aldrich (epox-

ide equivalent molar mass 172–176 g mol-1), and the

amine hardener Jeffamine D-230 was obtained from

Huntsman (hydrogen equivalent mass of

60 g mol-1). A constant stoichiometry was used

throughout, namely 1000:344 parts (resin: hardener).

Silica (SiO2) nanoparticles with a specific surface area

of 590–690 m2 g-1 equating to a size 5–20 nm (di-

ameter) were obtained from Sigma-Aldrich and used

directly and for the production of core–shell struc-

tures. The reagents used for the synthesis of core–

shell and hollow silica (h-SiO2) nanoparticles, namely

tetraethyl orthosilicate (C 90%, TEOS), hexade-

cyltrimethylammonium bromide (CTAB), ammo-

nium oxide andpoly (acrylic acid sodium salt)

(PAA—Na, M.W. * 5100 g mol-1), were also

obtained from Sigma-Aldrich.

Sample preparation

Core–shell nanoparticles (SiO2–SiO2) and hollow

nanoparticles (h-SiO2) were synthesised using the

Stöber method [15]. In this, 3 g of CTAB was dis-

solved in 300 ml of deionized water and stirred to
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form a homogeneous solution. Separately, 2.5 g of

SiO2 was dispersed in 200 ml of deionised water and

continuously stirred for 6 h using a magnetic stirrer

before being probe sonicated (UP 200S) for 1 h to

break up any agglomerates. The CTAB solution was

then added to the aqueous nanosilica dispersion,

mixed and stirred for 24 h at 20 �C to ensure com-

plete CTAB film formation on the nanoparticles’

surface. The resulting suspension was then cen-

trifuged at 8000 rpm for 10 min (Heraeus Megafuse 8

centrifuge) to precipitate the CTAB-coated silica, and

the supernatant liquid containing unabsorbed CTAB

was removed. The nanoparticles were next re-dis-

persed in deionised water, and the washing process

repeated three times before, finally, being dispersed

in a mixture of 100 ml deionised water and 400 ml

ethanol. To this suspension, 5 ml of aqueous ammo-

nia was added and stirred for 2 min, after which 5 ml

of TEOS was added to the solution. This mixture was

stirred for 16 h at 20 �C, followed by one centrifu-

gation washing cycle with ethanol and two with

deionised water. Finally, the obtained particulate was

vacuum-dried at 60 �C for 12 h to obtain core–shell

SiO2–SiO2 nanoparticles.

A similar process was used to synthesise the hol-

low structures, but using PAA-Na to form template

particles [16–18]. 0.09 g of PAA-Na powder (molar

mass * 5100 g mol-1) and 25% ammonia solution

were mixed using a magnetic stirrer until completely

dissolved. Then 30 ml of ethanol was then added to

the solution and stirred for 2 h. Further, 0.15 ml of

TEOS was added, followed by stirring for a total

reaction time of 16 h. The suspensions were then

washed with ethanol and deionised water, cen-

trifuged and dried at 60 �C for 12 h to obtain h-SiO2

nanoparticles.

All the samples used here (nanocomposite and

unfilled systems) were prepared using the same

standard solvent method. First, the resin was heated

at 50 �C for at least 1 h to reduce its viscosity before it

was added to acetone and stirred for 1 h. Separately,

the required mass of nanoparticles was dispersed in

acetone at a loading level of 5 mg/mL, the mixture

was stirred for 2 h, and then probe sonicated for

60 min. The nanoparticle dispersion and the epoxy/

acetone solution were then mixed and stirred for 2 h,

before the solvent was removed, initially, using a

rotary evaporator and, then, by placing the product

in a vacuum oven for 12 h at 20 �C. Finally, the

epoxy/nanoparticle system was heated to 50 �C, with

stirring, and weighed periodically to ensure maximal

removal of solvent. When no further mass loss was

detected, the hardener was added to the

epoxy/nanoparticle mixture, stirred for 20 min and

degassed for 20 min before, finally, being introduced

into moulds of the required dimensions. Samples

were cured at 80 �C for 2 h and then post-cured at

125 �C for 3 h before being left in the oven to cool to

room temperature, in accordance with following the

manufactures recommendation and prior study [19].

From the resulting sheets, specimens 200 lm in

thickness were selected for study. The samples were

then stored under vacuum inside a desiccator until

further use. For all nanocomposites, the loading ratio

of nanoparticles was chosen such that the total

interfacial area with the host polymer would be

comparable, regardless of the different silica struc-

tures, as described elsewhere [20].

Table 1 provides information regarding the aver-

age sample size, particle weight used, the corre-

sponding weight percentage and the density of the

different nanoparticles for the three selected surface

areas of 1.16 m2, 5.80 m2 and 11.6 m2. Furthermore, it

can be observed in Table 1 that the thickness of the

shell in case of h-SiO2 in the present study is notice-

ably higher than that in the literature, potentially due

to the following reasons:

(a) The molecular weight used in the reference for

poly acrylic acid (PAA) is 5000. In present

study, this is slightly higher, i.e. * 5100. Fol-

lowing the exact procedure as presented in the

reference led to a high concentration of

nanoparticles with incomplete shell formation.

During the centrifuge process with low con-

centration of ammonia, the shell collapsed due

to mechanical strain. One of the factors to

dominate the shell thickness is the concentra-

tion of ammonia. It can be varied to control the

thickness of the shell from several tens to

hundreds nm [17]. Therefore, the amount

ammonia, which acts as a nucleating agent,

was varied to get complete formation of the

shells and has better mechanical stability;

hence, a higher molar ratio of ammonia was

used.

(b) Secondly, the stirring time in the reference is a

maximum of 14 h; however, in the present

study the mixture was stirred for 16 h which
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lead to higher deposition of SiO2 from the TEOS

forming a thicker and stable shell.

In a prior study, it was demonstrated that even

after careful preparation * 1% of h-SiO2 nanoparti-

cle still had incomplete shell formation [21].

Methodology

Transmission electron microscopy (TEM) was con-

ducted using a Hitachi H 7000 TEM operated under

high-resolution bright-field mode. To prepare the

required samples, a quantity of nanoparticles was

added to ethanol and sonicated and a small drop of

the resulting dispersion placed onto a carbon-coated

TEM grid. To determine the particle size distribution

present in a given system, multiple TEM images were

obtained from different areas of the above grids, with

40 nanoparticles being chosen at random from these

multiple images for analysis using the ImageJ image

analysis software package. Attenuated total reflection

Fourier transform infrared (ATR-FTIR) spectra were

obtained using an iD7 Nicolet iS5 spectrometer from

ThermoFisher. All the epoxy nanocomposites data

shown were baseline-corrected and normalised using

the 1509 cm-1 absorbance peak [22]. In case of pow-

der nanoparticles, the normalisation was done on a

0–1 basis. A Mettler Toledo DSC820 differential

scanning calorimetry (DSC) was used to evaluate

glass transition temperatures (Tg) after calibration of

the instrument using high-purity indium, as well as

zinc. In all cases, a * 4.5 mg in mass was employed

using a two-step heating cycle, where the first cycle

was used to erase the thermal history of the sample

and the second cycle was used to determine the

reported Tg, which was taken as the inflexion point in

the heat flow curve. Throughout the heating/cool-

ing/heating programme, a constant rate of

10 �C min-1 was used. Three samples were mea-

sured per material; the Tg was calculated by the mean

value and the experimental uncertainty by standard

deviation. The dielectric response of the samples was

measured via broadband dielectric spectroscopy

(BDS) using a Solartron 1296 dielectric interface and a

Schlumberger SI 1260 impedance/phase gain anal-

yser. Samples were sputter-coated with 20-mm-di-

ameter gold electrodes prior to analysis and then

mounted in a Janis Research STVP 200 XG system for

measurement over the temperature range of - 160 to

160 �C. An AC voltage of 7 V was used from 10-1 to

105 Hz; an integration time of 10 s was used above

1 Hz; below 1 Hz acquired data were averaged over

10 cycles. A Mettler Toledo DMA/SDTA861 was

used for dynamic mechanical analysis (DMA). It was

operated in tension mode with a maximum force of

10 N or 3 lm maximum level with an auto offset of

150%. Measurements were carried out in isothermal

steps of 10 �C for a temperature range of - 100 �C to

160 �C and a frequency sweep of 10–3 to 100 Hz.

Result and discussion

Transmission electron microscopy

Figure 1 shows TEM images obtained for the three

different types of nanoparticles, i.e. SiO2 (Fig. 1a) and

SiO2–SiO2 core–shell nanoparticles (Fig. 1b) and

h-SiO2 hollow nanoparticles (Fig. 1c). In the case of

the SiO2–SiO2 core–shell nanoparticles, no clear con-

trast is evident between the core and the shell, since

Table 1 Calculated values for the weight percentage to maintain the same surface area across all samples based on the nanoparticle

average size and their density

Sample Weight percentage (wt%) Particle weight (mg) Density (g/cm3) Average size (nm) Surface area (m2)

SiO2—1 0.03 2.98 2.2 15 (5–20) 1.16

SiO2—5 0.15 14.9 5.80

SiO2—10 0.30 29.8 11.6

SiO2–SiO2—1 0.20 14.21 2.1 35 (30–45) 1.16

SiO2–SiO2—5 1 71.05 5.80

SiO2–SiO2—10 2 142.1 5.80

h-SiO2—1 0.21 15.31 1.32 60 (57–72) 1.16

h-SiO2—5 1.05 76.5 5.80

h-SiO2—10 2.1 153.1 11.6
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the material is equivalent in both regions. Con-

versely, in Fig. 1c, a distinct contrast between the core

and the shell can be observed, due to the hollow core,

leading to structures composed of a darker circular

region surrounding a lighter central core (example

arrowed). An example of such a structure but where

the formation of the SiO2 shell appears incomplete is

shown in Fig. 2. Only few nanoparticles with

incomplete structures were found as such we assume

that the effect of this on the particle surface area is

negligible. This may be a result of shell collapse due

to mechanical weakness [23] or inadequate deposi-

tion of SiO2 on the PAA-Na template. Nevertheless,

in this image, three different grey levels are evident

corresponding to the carbon support film (lightest

region); the h-SiO2 shell (darkest, approximately

annular region); intermediate grey level, corre-

sponding to transmission via the hollow nanoparticle

core and periphery. While the precise details of the

contrast will depend the nanoparticle geometry, the

general appearance evident in Figs. 1c and 2 is con-

sistent with thickness contrast arising from a hollow

structure deposited on a support film. The median

nanoparticle size and their size distribution are pre-

sented in Fig. 3. For SiO2–SiO2, the average

nanoparticle size is * 35 nm, but with a sizable

fraction of the distribution falling within broader size

range of * 25–45 nm, as illustrated in Fig. 3a. This

size variation has been accounted for when calculat-

ing the nanoparticle loading level required to main-

tain a comparable similar interfacial area in all the

systems studied. The size of the SiO2 nanoparticles

quoted by the manufacturer is * 5–20 nm, with an

average size of * 10 nm, implying that the chemical

treatment used to produce the SiO2–SiO2 resulted in a

shell 20–25 nm in thickness. For h-SiO2, the average

nanoparticle size is * 60 nm, and the average pore

size is * 30 nm, leading to the conclusion that, in

this case, the shell is * 15 nm thick.

Fourier transform infrared spectroscopy

Nanoparticle powders

In their idealised crystalline form, silica (SiO2)

nanoparticles contain, in terms of mass percentage,

46.63% silicon and 53.33% oxygen [24], arranged with

tetrahedral coordination [25]. Deviations from this

coordination increase the ionic character of the con-

stituent Si–O bonds and lead to microstructural dif-

ferences and an amorphous structure [26]. Since there

are no peaks which can be used as reference, where

the concentration of the involved groups is constant

Figure 1 Transmission electron microscopy images of different nanoparticle architecture types a SiO2, b SiO2–SiO2 (core–shell), c h-

SiO2 (hollow).

Figure 2 TEM micrograph showing an isolated h-SiO2

nanoparticle with an incomplete shell.
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across all systems, normalising the FTIR data of the

nanoparticles would be complex and inaccurate.

Therefore, the data were only baseline-corrected.

However, acknowledging this, to achieve certain

level of comparability between these samples, the

amount of nanoparticle by weight homogenously

spread onto the crystal was kept the same at 4 mg.

Measured FTIR spectra of the three nanoparticle

types measured in their powder form are presented

in Fig. 4a; consider, first, the four absorption peaks

at * 1170 cm-1, 1100–1068 cm-1, 950 cm-1 and

800 cm-1, all of which are related to the vibrations of

Si–O–Si. The dominant peak spanning

1100–1068 cm-1 is attributed to the asymmetric

stretching (mas) of the Si–O–Si bonds in the SiO4

tetrahedron structure in transversal optical (mas–TO)

mode, while the shoulder at * 1170 cm-1 arises

from asymmetric Si–O–Si bond stretching (Si–O–Si

mas–LO) in the longitudinal optic mode [27]. For the

same weight of these nanoparticles, significant vari-

ation in the concentration of the Si–O–Si bonds is

observed. From Fig. 4a, it is evident that the position

of the TO absorbance peak varies from system to

system, being located at 1100 cm-1 in the core SiO2

nanoparticles, at 1084 cm-1 in the SiO2–SiO2 core–

shell system and at 1068 cm-1 in the h-SiO2

nanoparticles. Such variations in the position of this

spectral peak are a consequence of changes in local

ordering and variations in bonding character [28–35].

Specifically, the data presented in Fig. 4a indicate

increased degrees of disorder in the core–shell and

hollow nanoparticles compared with core SiO2

system.

Consider, now, the absorbance around 950 cm-1,

which stems from the silanol (Si–OH) groups present

in each nanoparticle system [36]. From Fig. 4a, it is

observed that absorbance in this spectral region is

lowest for SiO2 and highest for h-SiO2. However, the

concentration of –OH group for SiO2–SiO2 is incon-

clusive due to the inverted absorbance peak. This

inverted peak is still visible after several reruns and is

assumed to be the consequence of an equipment

error. However, other peaks’ reported trends or

behaviours are not significantly influenced when

similar percentages of error are taken into account.

Nevertheless, certain inferences can be drawn by

analysing the knows simultaneously to establish a

trend. Firstly, SiO2 has the highest density followed

by SiO2–SiO2 and h-SiO2. Therefore, SiO2 should

ideal have the highest concentration of ordered Si–O–

Si bonds. This is further evidenced by the fact that

SiO2 is calcined at 800 �C (as received from the

manufacturer), whereas the synthesised nanoparti-

cles were only vacuum dried at 60 �C. Higher-tem-

perature treatment leads to further condensation and

formation of silanol bridges. Secondly, even though

the surface area of the nanoparticles is theoretically

the same, the volume is significantly different. Vol-

ume of SiO2 shell in SiO2–SiO2 is * 30 mm3 and for

h-SiO2 is * 49 mm3. The temperature treatment in

both the case is the same. A similar condensation rate

would lead to higher concentration of Si–OH bonds

Figure 3 Illustration of the nanoparticle size distribution number

count percentage, distribution curve and the average nanoparticle

size, obtained after image analysis of TEM graphs of the two

synthesised nanoparticle architecture types i.e. a SiO2–SiO2 (core–

shell), b h-SiO2 (hollow).
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remaining in h-SiO2 as compared to SiO2–SiO2 due to

this difference in shell volume. It is expected that

some of these Si–OH would be present on the internal

surface of the h-SiO2; however, due to a small pore

size (30 nm) leading to steric hindrance, majority are

likely to be either in the volume or on the external

surface. Therefore, as compared to SiO2–SiO2 is likely

that the concentration of Si–OH on the surface of

h-SiO2 is higher. That is, the concentration of silanol

groups increases with increasing structural disorder.

This suggests that silanol groups are not only present

at surfaces, but also within the bulk of the nanopar-

ticles and are related to structural defects, albeit that

in the case of the hollow nanoparticles, the additional

internal surface is a further contributory factor. For

example, if one Si atom in a tetrahedral SiO4 unit

were missing, then four silanol groups would be

required to maintain the stoichiometry, being

hydrogen-bonded to form a so-called silanol nest

[37]. Furthermore, disordered SiO2 networks may

also contain SiOx–Si–(OH)y groups, where the sum of

x and y is equal to 4 and x C 1. Such defects have

been ascribed to incomplete dehydration or the lack

of an available adjacent Si bonding site [37, 38]

Nevertheless, the previous assertion of increased

disorder in the core–shell and hollow nanoparticles is

supported by the increased silanol absorption seen in

these systems.

The absorbance band intensity is directly propor-

tional to the respective functional group concentra-

tion [39]. However, h-SiO2 nanoparticles with the

lowest density and the least concentration of Si–O–Si

bonds have the strongest absorbance peak; this is

attributed to the presence of the mentioned hydrogen

bonds. The higher the concentration of these hydro-

xyl groups (Si–OH), the greater the possibility of

forming hydrogen-bonded bridges, leading to

noticeable shifts and an increase in the intensity of Si–

O–Si absorbance bands. SiO2–SiO2 and h-SiO2

underwent a similar drying procedure, yet h-SiO2 has

a higher hydroxyl group concentration; this is likely

due to either lack of higher drying temperature or the

additional internal surface area where surface Si–OH

could exist. Hence, h-SiO2 with the lowest density,

highest OH and Si–O–Si (mas–LO) peak intensities,

lowest wavenumber peak location for Si–O–Si (mas–
TO) represent a highly amorphous structure and the

strongest influence of hydrogen bonding followed by

SiO2–SiO2. Finally, the absorbance band at 800 cm-1

is attributed to the symmetric stretching vibration (vs)

of Si–O bonds [40]. Figure 5 gives an approximate

visual perception of the different architecture of the

Figure 4 a FTIR spectra of the nanoparticle powders presented

for the three different nanoparticle types, namely SiO2 (core),

SiO2–SiO2 (core–shell) and h-SiO2 (hollow) in the

1300–600 cm-1 wavenumber range. b FTIR spectra of reference

unfilled epoxy system along with the epoxy nanocomposite

systems, filled with SiO2, SiO2–SiO2 and h-SiO2 nanoparticles.

Illustrating the absorbance peaks in five different regions, i.e.

3500–3200 cm-1 (hydroxyl), 3000–2800 cm-1 (hydrocarbon

stretching), 1550–1450 cm-1 (aromatic–calibration peak),

1050–1000 cm-1 (diethylene ether) and 1000–900 cm-1

(epoxide ring vibration) starting from high wavenumber towards

lower.
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nanoparticles, concentration of the silanol nests and

the varying crystallinity of the nanoparticles.

Unfilled epoxy and epoxy nanocomposites

FTIR data obtained from the reference unfilled epoxy

and related nanocomposites filled with 10 rel. wt%

(11.6 m2) are presented in Fig. 4b. In these spectra, the

absorbance band at 1509 cm-1 is attributed to the

stretching vibration of aromatic carbons, the concen-

tration of which is known in all samples. As such, this

absorbance band was used as an internal calibrant to

scale the spectra, as described elsewhere [41, 42].

These spectra are consistent with published data

obtained from comparable materials whereby the

absorbance bands at * 3408 cm-1 and * 1033 cm-1

can be attributed to hydroxyl and ether groups

[43, 44].

The differences in the intensity of the absorbance

band for ether groups are due to the contribution

from the Si–O–Si (mas–TO). Unlike the h-SiO2-filled

epoxy, the Si–O–Si (mas–TO) does not contribute to the

ether absorbance band in the unfilled epoxy sample.

Given the constant optimal stoichiometric ratio

maintained across all samples, the minimum con-

centration of ether groups in h-SiO2 filled sample

should be similar to unfilled epoxy, which is not

observed. Therefore, the noticeable difference in the

intensity could also be due to a difference in ether

concentration from changes in curing kinetics (which

is not the case with referring to the DSC data below).

Noticeably higher intensity of hydroxyl absorbance

band (* 3408 cm-1) is observed compared to other

samples for h-SiO2 filled sample. Ideally, these

hydroxyl groups are produced during the curing

reaction (EOH). However, the increase in intensity

could also be due to an overlapping band which is

attributed to the stretching vibration contributions

from the hydroxyl groups (SiOH) of the silanols

Figure 5 Illustration of different silanol groups that could be

present on the nanoparticle surface i.e. a Isolated, b geminal and

c hydrogen bonded. Due to condensation during calcination these

groups form siloxane bridges on the surface of the nanoparticle.

Internally, the nanoparticle could be either a amorphous,

b crystalline or c a combination of both amorphous and

crystalline depending upon the heat treatment. Without

condensation at sufficiently high temperature not all silicic acid

molecules dehydrate and form the networked crystalline structure

which introduces defects in form of silanol nests. The diagram of

nanoparticle architecture in the top right corner approximately

represents the concentration and combination of defects along with

the varying level of crystallinity of the nanoparticles used in this

study.
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(mSiOH-isolated, terminal and geminal) and their

interfacial interactions with the hydroxyl groups of

other functional groups [40, 45]. mSiOH was not

observed in the spectra of any nanopowder. Hence,

the absorbance band is most likely originating from

the interfacial interaction of SiOH and EOH. The two

absorbance peaks of the hydroxyl groups: one from

curing and the other from silanols, cannot be easily

deconvoluted without knowing their specific con-

centration. Therefore, a hard conclusion cannot be

drawn. This notion will be further analysed in the

following section in terms of glass transition tem-

perature (Tg).

Even in stoichiometrically balanced systems, about

1–2% of epoxides remain unreacted due to steric

hindrance [46]. The weak 930–915 cm-1 absorbance

region is attributed to their ring vibrations [47],

where no significant changes are observed, which

complies with the balanced stoichiometry of those

samples.

Significant changes in the intensity of absorbance

bands related to the stretching vibrations of CH3

groups (2964—vas and 2869—vs) can also be observed

in case of SiO2 and SiO2–SiO2. Residual TEOS or

CTAB as micelles formation could affect their con-

centration. However, no such peaks were observed in

the nanopowder spectra neither for CH2 nor CH3

(2800–3000 cm-1), confirming the complete removal

of unreacted TEOS and adsorbed CTAB. Therefore,

observed variations are potentially due to the change

in the dipole moment of CH3 of the epoxy resin due

to the addition of nanofillers; this requires further

investigation in the framework of a separate study.

Differential scanning calorimetry

The glass transition is related to long-chain motions

of the polymer, a transition from a rigid glassy state

to a rubbery state, and is commonly related to the

dielectric alpha (a) relaxation [48]. Figure 6 presents

DSC Tg values for the unfilled epoxy and epoxy

nanocomposite samples filled with three different

total surface area-based loading levels. The mean Tg

of the reference unfilled epoxy is 84 �C, in line with

published literature [49]. The mean Tg for all the

epoxy nanocomposite samples, irrespective of the

loading level, lies in the range of 81–86 �C. These

variations are minor and are commensurate with the

experimental uncertainties (standard deviation–error

bar), with the implication that within the composition

range considered here, neither the loading level nor

the nanoparticle architecture significantly affects the

measured Tg.

The Tg is a function of many parameters; the

degree of cross-linking is one of the parameters

which correlates well, in direct proportion [50, 51]. As

the Tg does not vary between samples, it can be

inferred that their degree of cross-linking is also

similar. Referring to the FTIR spectra, the increase in

hydroxy ether band intensity is therefore justifiably

due to the overlapping band and not cause of

increased cross-linking.

Broadband dielectric spectroscopy

Dielectric spectroscopy is a widely used method to

study polarisation behaviour, molecular dynamics

and the effect of the electric stimulus on nanocom-

posite systems. The complex dielectric permittivity

can be written as follows: e* = e’ - ie’, where e’ is the
real part and e’’ represents the imaginary part of the

complex permittivity [22]. Dielectric spectra are

generally a superposition of different relaxation and

dispersion phenomena. Under an applied AC field,

changes in the polarisation behaviour of the system

and the composing polar groups alter the e’ and e’’
spectra. These alterations could be associated with

different relaxations such as the alpha (a), beta (b),
gamma (c) and interfacial polarisation phenomena.

Figure 6 Glass transition temperature of unfilled epoxy along

with three different total surface area loading ratio for a SiO2,

b SiO2–SiO2 and c h-SiO2 epoxy nanocomposites.
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In order to separate the dielectric phenomena from

the ionic conduction or low-frequency dispersion, a

first-order approximation of the Kramers–Kronig

relation was used, described by the following equa-

tion [52]:

e00derived ¼ � p
2

oe0 xð Þ
o logx

� e00 ð1Þ

Equation 1 approximately converts the real part of

the permittivity e0 into the imaginary part e00, elimi-

nating the direct current conduction contributions.

Figure 7 shows the variation of e0 (Fig. 7a, c) and

e00derived (Fig. 7b, d) with respect to temperature at 1 Hz

and 10 Hz. These frequencies show all the observed

phenomena and relaxations for the reference unfilled

epoxy and all the filled samples. These plots give an

overview of the following sections where all the

phenomena are discussed in detail. As expected, with

an increase in the frequency the respective

relaxations shift towards higher temperature. The

alpha (a), beta (b) and gamma (c) are common across

all the plots in both e0 and e00derived, visible distinctly.

Similarly, the normal mode (n-mode) relaxation and

interfacial polarisation phenomena are also observed

in all the plots; except in Fig. 7d where the interfacial

polarisation peaks have moved out of the measured

temperature range (towards higher temperature).

The gamma (c) relaxation can be observed in the

e00derived plots towards the lower temperatures (- 160

to - 130 �C). Moreover, the filled epoxy systems

display an additional relaxation located between the

a and the b modes with varying intensity that

inversely aligns with the degree of silica surface

crystallinity.

To quantify the relaxation characteristics and study

the effect of nanoparticle architecture and concen-

tration on the molecular dynamics of epoxy

nanocomposite systems, an empirical Havriliak–

Figure 7 e0 (a and c) and e00-derived (b and d) dielectric spectra

for unfilled epoxy and all the filled epoxy systems at a 1 Hz,

b 100 Hz for a temperature range of - 160 to 160 �C presenting

the gamma (c), beta (b), omega (x), alpha (a), normal (n) mode

relaxations and interfacial polarisation phenomena.
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Negami (HN) formalism is applied to describe the

relaxation processes in the frequency domain, where

the complex permittivity is defined as follows [22]:

e� fð Þ ¼ e1 þ De

1þ i f
fHN

� �bHN

� �cHN
ð2Þ

The De describes the temperature-dependent

intensity of the relaxation and can be determined by

the following equation:

De ¼
Xk

i¼1

1

e0
g
l2

kBT

N

V
ð3Þ

where e0 is the permittivity in the vacuum, T is the

temperature, l is the dipole moment, N=V is the

number density of the dipoles involved and g is the

Kirkwood–Fröhlich factor. The summation is used to

determine the total dielectric strength if a number of

different types of dipoles contribute to the relaxation

process [22].

Alpha (a), normal mode (n-mode), interfacial relaxations

and gamma (c) relaxations

Figure 8A illustrates the measured frequency

dependence of e’ at 100 �C for the unfilled epoxy

system. The measured e’ appears to have consider-

able contributions from charge transport, where the

slope on logarithmic axes is - 1 [52]. Similar beha-

viour can be observed for all other systems; the plots

are not included for brevity.

Figure 8a, b depicts the e00derived for all the epoxy

systems at 100 �C and 160 �C, respectively. These

dielectric spectra reveal three relaxation processes: a,
n-mode relaxations and interfacial polarisation. All

these relaxation processes shift towards higher fre-

quencies with an increase in temperature.

The a relaxation is associated with the cooperative

motions of the polymer backbone [53] and is dis-

tinctly observed at 100 �C in all the samples at similar

frequencies. As expected, no significant changes are

observed in terms of a; as mentioned earlier, no Tg

variations were observed.

An additional low-frequency process is observed at

lower frequencies (unfilled epoxy and SiO2); this

process is associated with the normal mode relax-

ation process and is attributed to the long-range end-

to-end dipole vector along the polymer chain [52].

The n-mode is observed in all samples at 160 �C.
Finally, another low-frequency relaxation process

enters the observed window at 160 �C and is likely

attributed to interfacial polarisation phenomena

[12, 54]. A distinct additional interfacial relaxation

peak is observed in the SiO2 filled system which is

not observed in the sample filled with h-SiO2. Two

additional interfacial polarisation peaks are observed

in the case of SiO2–SiO2 filled systems, potentially

originating from the polymer–shell interface at higher

frequency and core (crystalline)–shell (amorphous)

interface at low frequency. At temperatures above

120 �C, additional features are observed, which may

be due to the electrode polarisation [52].

Figure 8 e00 (measured–unfilled epoxy) and e00 (derived) dielectric spectra for all the epoxy systems at a 100 �C presenting the a relaxation
and b 160 �C presenting the n-mode relaxation and interfacial polarisation phenomena.
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The HN deconvolution of the n-mode and interfa-

cial peaks could not be accurately performed to attain

any meaningful data as the permittivity of the fillers

and that of the host are similar, resulting in closely

overlapping peaks. In order to investigate these fea-

tures, different nanofillers with significant permit-

tivity difference with respect to unfilled epoxy will be

studied.

Figure 9a shows the e00 data acquired at - 130 �C,
presenting the c relaxation [55]. Deconvolution of the

spectra at - 150 �C reveals two gamma relaxation

peaks in all samples, namely c1 at lower frequencies

and c2 at higher frequencies (illustrated only for

h-SiO2 in Fig. 9b for brevity). In a recent study by

Vryonis et al. [22], these two c peaks are extensively

characterised for epoxy resin composites prepared

with different stoichiometric ratios. In that study, the

c1 is attributed to methylene sequences [56, 57] and c2
is assigned to the terminal unreacted epoxide groups

[58, 59]. Under optimal stoichiometry, that study

reported similar behaviour as in the present study for

the unfilled epoxy sample. The dielectric strength

(De) of the unreacted epoxides in all the filled epoxy

nanocomposite systems is approximately the same

(0.006 ± 0.002) and marginally smaller in unfilled

epoxy (0.0004 ± 0.0001). Therefore, along with the Tg

and FTIR results, it is conclusive that the degree of

cross-linking in all the nanocomposite systems is

similar, if not equivalent.

Beta (b) and omega (x) relaxations

Figure 10 shows e00 data obtained for all samples

between - 70 and - 30 �C, where b relaxation peak

can be observed along with the respective HN fitting.

The peak progressively moves to high frequencies

with increasing temperature. The b relaxation has

been extensively studied after being first reported in

1965 by Kaelble [60], initially proposed to be origi-

nating from transitions of diglycidyl segments [61].

Depending upon the structure of the investigated

systems, it has also been characterised by features

claimed to be attributed to: the rotation of phenyl

rings [62]; diphenyl propane segments [63]; absorbed

moisture [64]; phase transition of fillers [18, 65]; sec-

ondary or tertiary amines or increasing molecular

lengths [66]. Such features are not universally

observed owing to the different possible structural

configurations. The widely accepted interpretation of

its physical mechanism comes from a study by

Dammont and Kwei [67], attributing the relaxation to

the motion of flexible hydroxyl-ether segments

formed during the curing. Since then, this relaxation

is commonly associated with the degree of cross-

linking.

Figure 11 shows the e00 data obtained at - 30 �C,
where the deconvolution reveals three relaxations,

across different samples, namely b, b0 and x relax-

ation. In the unfilled epoxy sample, two overlapping

relaxation processes are observed, i.e. the onset of b
and the b0. Pangrle et al. attributed the b0 relaxation to

Figure 9 a e00 dielectric spectra presenting the gamma (c)
relaxation for unfilled epoxy, SiO2 epoxy nanocomposite, SiO2–

SiO2 epoxy nanocomposite and h-SiO2 epoxy nanocomposite at a

temperature of - 130 �C. b Deconvoluted HN gamma peaks for

h-SiO2 at - 150 �C: c1 (at lower frequency) and c2 (at higher

frequency).
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the cross-link junctions [68], such as the diethylene

ether polar groups in nodular domains with higher

cross-link density. The diethylene ether groups are

produced during the curing reaction as part of the

etherification reaction [69]. Alternatively, a recent

interpretation related such effects to structural alter-

ations caused by the dehydration reaction (during

post-curing at elevated temperatures) leading to the

formation of C=C backbone bonds [70]. A similar b0

relaxation is observed in SiO2 filled sample. The peak

is broader and stronger in SiO2–SiO2 and h-SiO2. The

b0 relaxation shows no correlation with any particular

dipolar group in this study and appears to be an

arbitrary feature possibly arising as a consequence of

post-curing, as mentioned above. Deconvoluted b’
modes of the unfilled-, SiO2- and SiO2–SiO2-filled

epoxies can be seen in Fig. 11a–c, respectively.

In the SiO2–SiO2 filled, as well as h-SiO2 samples,

an additional peak (x, omega) is observed (Fig. 11c,

d). Pangrle et al. [68] attributed the origins of a sim-

ilar process to the distribution of molecular chain

segments and preferential absorption of moisture in

low-density cross-link regions. Keenan et al. [64]

reported a transition largely affected by moisture,

called x relaxation. The x relaxation in that study

was observed in DMA thermographs, ascribed to a

bound nature of water molecules in form of hydrogen

bonds with the host polymer. However, such is not

entirely the case in our nanocomposite systems as it is

observed only as a polarisation phenomenon which is

highlighted by the fact that the x relaxation peak,

here, is observed only in dielectric spectra and not in

the DMA thermographs (Fig. 12a). A detailed inves-

tigation of DMA measurements is beyond the scope

of present study and needs a separate study with in-

depth analysis. Therefore, for brevity only the DMA

thermograph for h-SiO2 is presented. The key take-

away here is that the epoxy nanocomposite sample

Figure 10 e00 dielectric spectra presenting the beta (b) relaxation
for a unfilled epoxy, b SiO2 epoxy nanocomposite, c SiO2–SiO2

epoxy nanocomposite and d h-SiO2 epoxy nanocomposite for a

temperature range of - 70 to - 30 �C along with their

corresponding Havriliak–Negami fitting curves.
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filled with h-SiO2, having the highest concentration of

silanols, does not show a corresponding so-called

omega (x) peak in DMA thermograph as is observed

in the BDS, similar to all other samples.

Unlike the previous studies, we assume that the x
relaxation, here, is attributed to hydrogen bonding

interactions between the nanofillers and the polymer

host, as opposed to hydrogen bonding with water

molecules, which aligns well with our FTIR results.

Since the x relaxation is located nearby the b relax-

ation in every case, it is assumed that the hydrogen

bonding interactions occur between the silica surface

silanols (SiOH) and the epoxy host’s hydroxyl-ether

segments. The degree of cross-linking is the same in

all samples; therefore, the concentration of hydroxyl

ethers is also equivalent. Therefore, the De of x
relaxation is proportional to the concentration of

SiOH. As a consequence, SiO2 with the lowest con-

centration of SiOH results in the weakest x relaxation.

As SiOH concentration increases in the SiO2–SiO2

particles, the strength of x relaxation also increases

and a related peak can be observed distinctly after

deconvolution. The h-SiO2 nanoparticles with a

completely amorphous structure and the highest

concentration of SiOH result in the strongest x relax-

ation peak that is largely segregated from the b
relaxation and is visible even without peak decon-

volution. Figure 12b visually illustrates the effect of

overlapping of the x and b relaxation via HN

deconvolution.

Figure 13a presents the temperature variation of De
for the three relaxations, and Fig. 13b illustrates their

corresponding Arrhenius plots. The respective

Figure 11 e00 dielectric spectra presenting the deconvoluted beta

(b), beta’ (b0), omega (x) and alpha (a) relaxations for a unfilled

epoxy, b SiO2 epoxy nanocomposite, c SiO2–SiO2 epoxy

nanocomposite and d h-SiO2 epoxy nanocomposite for a

temperature range of 30 �C along with their corresponding HN

fitting curves.
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activation energies could be calculated from the

Arrhenius equation as follows [22]:

fmax ¼ f0e
� EA

kBT ð4Þ

where fmax is the peak location, f0 is the pre-expo-

nential factor, kB is the Boltzmann constant and EA is

the activation energy of the relaxation. In Fig. 13a, it

can be observed that the De of b relaxation increases

with increasing temperature. This behaviour is simi-

lar to and in line with various published studies [22].

In Fig. 13b, the Arrhenius behaviour of b relaxation

in the h-SiO2 sample is parallel to its x relaxation

which suggests these mechanisms involve a similar

dipole type (hydroxyl-ether groups). However, this is

only observed in case of h-SiO2 filled epoxy sample.

This is most likely due to the significant difference in

concertation of the hydroxyl-ether groups between

h-SiO2-, SiO2–SiO2- and SiO2-filled samples. There-

fore, in case of SiO2-filled epoxy sample having the

least concentration of these groups, deconvolution of

Figure 12 a Plot for temperature variation of e00 at 10 Hz for

h-SiO2 and SiO2–SiO2 illustrating the overlapping and segregated

nature of x relaxation in case of SiO2–SiO2 and h-SiO2,

respectively, along with a plot of variation of loss modulus (E00)

with respect to temperature from DMA for h-SiO2 filled epoxy

nanocomposite and b Deconvoluted b and x relaxation peaks

illustrating that the strength of the b relaxation is heavily affected

by the x peak in h-SiO2.

Figure 13 Dielectric data pertaining to the b, b0 and x relaxations for all the systems: a temperature variation of De and b loss peak

position as a function of frequency and temperature (Arrhenius plot).
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the peaks at multiple temperatures to calculate the

activation energy was not possible and not shown.

Conclusion

Three types of epoxy nanocomposites with different

silica architectures, i.e. SiO2, SiO2–SiO2 (core shell

structures) and h-SiO2 (hollow structure), were

investigated in this study. Significant changes are

observed in the temperature range of - 90 to 50 �C,
where the deconvolution reveals three relaxations b,
b0 and x. The b relaxation is attributed to the

hydroxyl-ether groups formed during curing, b0 is

assigned to structural alterations caused at post-cur-

ing temperatures, and x is attributed to the hydrogen

bond interactions between the silanol groups on the

silica surfaces and the hydroxyl-ether groups of the

host network. The overlapping of the x with b and b0

increases their De and activation energy (- 70 to -

30 �C), as observed in the SiO2–SiO2 sample. In the

physical sense, the formation of hydrogen bonds

increases the amount of energy required to overcome

the motion energy barrier. The strength of x relax-

ation increases with an increase in Si–OH concen-

tration and also gradually segregates from b. The

h-SiO2 sample with the highest concentration dis-

plays completely segregated b and x peaks. As the

Si–OH concentration increases with amorphous con-

tent, the FTIR absorbance band intensity of Si–O–Si

also increases; this is due to the formation of hydro-

gen bonds resulting in a dipole change. The x
relaxation is not observed in DMA results and only

appears in the dielectric spectra, confirming it as a

polarisation phenomenon. Two interfacial polarisa-

tion peaks are reported for SiO2–SiO2 attributed to be

originating from the two interfaces, core–shell and

shell–polymer.
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