
Major goal of materials science is property improve-

ment. Modification of thermosets with fillers and re-

inforcements of micro- and macroscale appearance is

considered as one the right tools for property tailoring.

In the meantime, the related knowledge and know-

how gained is successfully transferred to nanoscale

resulting in numerous thermosetting nanocompos-

ites. Toughening of highly crosslinked resins has been

under focus of interest all the time. Common aspect

of toughening strategies is the creation of micro- and

nanoheterogeneous systems in which cavitation/

debonding-induced shear deformation of the matrix

resin prevails. It is widely accepted that the molecu-

lar network of the crosslinked resin itself is homo-

geneous. This is not obvious since resins and harden-

ers are multifunctional compounds, and thus the

reactivity of primary and secondary functionalities are

different. Depending on reaction conditions, this can

influence the compatibility of growing chains during

cure. Therefore, kinetically driven phase separation

or nanostructuring could occur. Several experimental

and theoretical reports suggest formation of a nano -

heterogenous structure of thermosets. This may be ex-

pected when intra- and intermolecluar crosslinking

occur separately which may happen during co-cross -

linking (e.g styrene crosslinked vinylester (DOI:

10.3144/expresspolymlett.2013.38)), formation of in-

terpenetrating networks, and different chemical path-

ways in hybrid resins. However, the frequently ob-

served nanoscale nodular morphology in epoxy

resins (DOI: 10.1016/j.matlet.2015.12.066) may be an

experimental artifact (DOI: 10.1016/j.polymer.2014.

06.030). Unfortunately, the range of the experimental

techniques for morphology detection of thermosets

is limited. Moreover, no physical etching techniques

proved to be artifact-free. There are several possibil-

ities for network architecturing. The easiest and

widely practiced way, is to control the network den-

sity. This, however, still yields a quasi-homogenous

morphology. Can we introduce some regular inhomo-

geneity in the network structure in order to improve

toughness and other mechanical parameters? Recent

strategies focus on the creation of ‘partially reacted

substructures’ (DOI: 10.1021/acs.macromol.5b00677),

build-up of dangling chains in the network (DOI:

10.1177/1045389X13478275), controlled topological

structuring (DOI: 10.1016/j.polymer.2016.07.038),

also via vitrimer chemistry (DOI: 10.1039/

C5SC02223A). The outcome may be comparable

with that of tougheners incorporated via reaction in-

duced phase separation. Further possibilities for net-

work tailoring can be expected from molecular dy-

namics simulation studies (e.g. DOI: 10.1021/acs.

macromol.5b01183). So, there is still ‘plenty room

at the bottom’ (R. Feynman, 1959) for thermosets -

why not explore it?
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1. Introduction

Recently, cellulose nanocrystals (CNs) with various

morphologies (rod-like or spherical) isolated from

the most abundant cellulosic materials have gained

increasing attention in some fields such as antimi-

crobial packagings [1, 2], template for metallic nano -

particles [3], aerogels for wastewater treatment [4],

drug delivery [5], and protein immobilization [6] due

to their excellent properties, including easily modified

functional groups, high specific area, aspect ratios,

and outstanding stiffness. As the nanofillers, the re-

quirement of CNs surface group varies with the dif-

ferent applications. The traditional methods like acid

hydrolysis [4, 7], enzyme-assisted hydrolysis [8] and

mechanical treatments [9] can extract the CNs with

hydroxyl groups, which are usually modified into

other functional groups for further applications. Re-

cently, CNs with functional groups (carboxyl or alde-

hyde groups) have been developed by 2,2,6,6-tetra -

methylpiperidinyl-1-oxyl (TEMPO) [10, 11], ammo-

nium persulfate (APS) [12], two-step approach com-

bined acid hydrolysis and NaIO4 oxidations [13–15],

and one-step NaIO4 oxidation [16]. The TEMPO and

APS oxidations consume for a long time and the ox-

idizing agents are toxic [10, 12]. So that, there are

growing interests in the preparation of dialdehyde
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cellulose nanocrystal (DACN) by two-step approach

NaIO4 oxidation, in which DACN with 50–376 nm

in length and 3–18 nm in diameter were prepared by

the sulfuric acid hydrolysis of fibers (cotton fibers

and bleached softwood pulp) and then NaIO4 oxida-

tion [13–15]. However, the two-step approach NaIO4

oxidation was complicated and needed environmen-

tal unfriendly acid hydrolysis process that leads to

the low yield of DACN. More recently, one-step

NaIO4 oxidation was used to fabricate DACN effi-

ciently [16]. Theoretically, the NaIO4 oxidation can

selectively convert hydroxyl groups on the cellulose

into aldehyde groups and form CNs by oxidative

cleavage between at C2 and C3 bonds of the glucose

repeat units [17, 18]. The aldehyde groups on the

DACN surfaces can be used as the binding site for

the fluorescent bioimaging [19] and nanohybrid tem-

plates [1, 2, 20]. Yang et al. [16] obtained the rod-

like DACN with length of 100–200 nm and diameter

of 5 nm by NaIO4 oxidation of sheet from kraft soft-

wood pulp after soaking in the water for 2 days, but

the oxidation process needed long reaction time of

96 h with stirring speed of 105 rpm. From above,

these mentioned oxidation methods were inefficient

and the influence model of reaction conditions on the

morphology, yield and aldehyde content of DACN

has not been established.

In this work, a novel double response surface model

on yield and aldehyde content was established to op-

timize the regioselective extraction of spherical and

rod-like DACN from microcrystalline cellulose by a

one-step NaIO4 oxidation method without additives

within a shorter reaction time. The morphologies, mi-

crostructures and properties of the resultant DACN

were investigated, and their potential application as

a template for nanohybrids was also evaluated.

2. Experimental

2.1. Materials

Commercial microcrystalline cellulose (MCC, rubby-

shaped fragments with particle size of 15–30 μm)

was purchased from Shanghai Chemical Reagents

(Shanghai, China). Sodium periodate (NaIO4), silver

nitrate (AgNO3), hydrochloric acid (HCl), formic

acid (HCOOH), sulfuric acid (H2SO4), ammonia so-

lution (NH3·H2O) and hydroxylamine-hydrochloride

(NH2OH·HCl) were purchased from Hangzhou Mike

Chemical Agents Co. Ltd., China. All the chemical

reagents and materials were in used as-received with-

out further purification, and the water used in exper-

imental procedures was deionized water (Millipore

Milli-Q purification system).

2.2. Preparation of DACN

It is well known that the NaIO4 oxidation can selec-

tively convert hydroxyl groups on the cellulose into

aldehyde groups and formed CNs by oxidative cleav-

age between at C2 and C3 bonds of the glucose repeat

units. The yield and the aldehyde content of DACN

are considered as the important criteria to judge the

effectiveness of this method. Thus, a novel double re-

sponse surface models and an orthogonal experiment

with four factors and three levels (L16 (3)4 array) were

carried out to optimize the preparation for DACN.

In detail, the DACN was fabricated by NaIO4 oxida-

tion under different conditions (solid-liquid ratio

range of 1:25-1:100 [g/mL], NaIO4 solution concen-

tration of 0.1–0.5 M, time of 0.5–1.5 h, and temper-

ature of 30–60 °C, shown in Table 1). The detailed

process was as follows: 1 g of MCC was put into

NaIO4 solution in 100 mL flask with continuous stir-

ring. After desired reaction time, the product was

collected by centrifugation and freeze-dried for 48 h.
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Table 1. The factorial experiments of solid-liquid ratio, NaIO4 concentration, reaction time and temperature

(A: solid-liquid ratio; B: NaIO4 concentration; C: reaction time; D: temperature; Y: yield; ADC: aldehyde group

content; DO: degree of oxidation; Xc: crystallinity)

Sample NO.
A

[g/mL]

B

[M]

C

[h]

D

[°C]

Y

[%]

ADC

[mmol/g]
DO

Xc

[%]

1 1:100 0.1 0.5 30 93.2 0.5 0.04 72

2 1:100 0.25 1 45 74.3 3.2 0.26 81

3 1:100 0.5 1.5 60 68.4 9.8 0.80 79

4 1:50 0.1 1 60 84.1 3.0 0.24 80

5 1:50 0.25 1.5 30 78.4 1.6 0.13 72

6 1:50 0.5 0.5 45 97.7 3.8 0.31 60

7 1:25 0.1 1.5 45 86.0 1.2 0.10 67

8 1:25 0.25 0.5 60 90.8 0.7 0.06 74

9 1:25 0.5 1 30 91.5 2.5 0.20 72



For comparison, cellulose nanocrystals were pre-

pared by acid hydrolysis from MCC using 64 wt%

H2SO4 (CN-S) and HCI/HCOOH mixture (CN-M),

respectively, as previously reported [1, 2, 7].

2.3. Determination of the aldehyde group

content and degree of oxidation

The aldehyde content was determined by pH titration

of forming HCl obtained from oxime reaction be-

tween the NH2OH·HCl and aldehyde groups of

DACN [21]. Firstly, 0.01 M HCl was added to 20 mL

NH2OH·HCl solution (0.3 M), and a pH meter was

used to monitor the pH of the solution simultaneous-

ly, then a curve for pH vs. HCl volume (VHCl) was

plotted. Next, dried samples (approx. 0.1 g) were

added to the same solution which was described

above, and the mixture was sufficiently stirred for

24 h at the room temperature, then the pH of the mix-

ture was measured by the pH meter at the room tem-

perature. Finally, the VHCl [mL] of the reaction was

determined from the pH vs. VHCl curve, and the alde-

hyde group content of the sample [mmol/g] was cal-

culated as shown in Equation (1):

(1)

where [CHO] is the aldehyde content [mmol/g], VHCl

is the HCl volume, cHCl is the concentration of the HCl

aqueous solution, m0 is the mass of dried DACNs [g].

The degree of oxidation (DO) of DACNs refers to

the average number of hydroxyls oxidized by NaIO4

on the anhydrous glucose unit (AGU) and was de-

termined by Equation (2):

(2)

where DO is the degree of oxidation, m0 is the mass

of dried DACNs [g], 162 is the molar mass [g/mol]

of AGU, and the value of 2 is the theoretical DO

value.

2.4. Preparation of CN-Ag nanoparticles

The synthesized procedures of CN-Ag nanohybrids

were according to the previously described method

[1, 2]. In general, the aqueous solution of silver am-

monia (silver ammonia aqueous solution was pre-

pared by adding 1 mL of 25% ammonia to 100 mL

AgNO3 (0.85 g) solution. The final stage of ammo-

nia addition was performed dropwise to give a clear

solution [1, 2, 22]) was mixed with the CNs suspen-

sions (approx. 1.0 g dry sample), and then heated to

90 °C for about 20 min. After cooling to the room

temperature, the precipitates were washed with deion-

ized water by successive centrifugation to remove the

residual silver ammonia and the reaction byproducts.

Moreover, the CN-M with formate esters, RDACN

and SDACN with aldehyde groups were selected to

synthesize CN-Ag nanohybrids. The samples were

dried and denoted as CN-M-Ag-0.85, SDACN-Ag-

0.85 and RDACN-Ag-0.85, respectively, and the

FE-SEM photos were shown below (Figures 7a, 7b

and 7c).

2.5. Characterization

The morphologies of the CNs were observed using

field-emission scanning electron microscopy (FE-

SEM, JSM-5610; JEOL, Japan) at an acceleration

voltage of 1.0 kV at room temperature. Chemical

structure of samples was measured on a Nicolet 5700

Fourier transform infrared (FT-IR) spectra and the

crystal structure was performed on an X-ray powder

diffractometer (XRD, ARL X’RA; Thermo Electron

Corp.). The thermal stability test was conducted on

samples by using a thermogravimetric analyzer (TGA,

Pyris Diamond I; PerkinElmer Corp.) under a nitro-

gen atmosphere with a heating rate of 20 °C/min

from room temperature to 600 °C. Particle size of

aqueous CN suspension was tested by the Nano ZS

Malvern Zetasizer. E. coli as the model Gram-nega-

tive bacteria and S. aureus as the model Gram-posi-

tive bacteria were chosen to investigate the antimi-

crobial activities of CN-M-Ag-0.85, SDACN-Ag-

0.85 and RDACN-Ag-0.85 nanohybrids as reported

in previous literatures [1, 2, 20].

3. Results and discussion

3.1. Model fitting and optimization

The orthogonal experiment (L16 (3)4 array) was car-

ried out with four factors (Table 1), ‘A’, ‘B’, ‘C’, and

‘D’ stand for the solid-liquid ratio, NaIO4 concentra-

tion, reaction time and temperature, respectively.

From range analysis results of Table 2 and Table 3,

it is found that the influencing order of the factors

on the yield is C>D>A>B, while that on the alde-

hyde content is B>A>D>C. It suggests that the re-

V m
c

CHO
0

HCl
HCl$=! $

m

162
2DO
CHO

0$
=

! $
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action time plays an important role in the yield of

DACN, while NaIO4 concentration has a significant

effect on the formation of aldehyde groups. Accord-

ing to the results of the factorial experiments, the op-

timal combination A3B2C2D2 was obtained for max-

imum yields of 97.7% (the DACN with rod-like

shape (see below in Figure 3c) in this condition was

denoted as RDACN). Similarly, the optimal combi-

nation A1B3C3D3 was the oxidization conditions for

the highest content of aldehyde groups of 9.8 mmol/g

with the highest DO value (about 0.8) (the DACN

with spherical shape (see below in Figure 3b) in this

condition was denoted as SDACN). However, when

the NaIO4 concentration was increased (over 0.5 M),

the obtained product was becoming completely amor-

phous (without crystalline region), the XRD spec-

trum was shown in Figure 4c, which was similar to

previous work [23]. In addition, in order to confirm

the complete conversion of DACN, the sample 1

(shortest reaction time of 0.5 h, lowest aldehyde con-

tent of 0.5 mmol/g) was tested in Figure 3d. The re-

sults of FE-SEM image and particle size distribution

indicated the nanoscale sizes of DACN were achieved

even under a short reaction time (0.5 h).

The mathematical model representing the yield and

aldehyde content of DACN against the function of

the independent variables within the range under in-

vestigation is expressed Equations (3) and (4):
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Table 2. Analyses of the factorial experiments for yields [%]

(A: solid-liquid ratio; B: NaIO4 concentration; C:

reaction time; D: temperature)

Priority factor              C>D>A>B

Optimal combination   A3B2C2D2

K = (∑ yield after oxidation of single-factor)/3.

R = Kmax – Kmin.

Table 3. Analyses of the factorial experiments for aldehyde

group contents [mmol/g] (A: solid-liquid ratio; B:

NaIO4 concentration; C: reaction time; D: temper-

ature)

Priority factor              B>A>D>C

Optimal combination   A1B3C3D3

K = (∑aldehyde content after oxidation of single-factor)/3.

R = Kmax – Kmin.

A

[g/mL]

B

[M]

C

[h]

D

[°C]

K1 78.7 81.5 87.7 81.4

K2 86.7 87.5 89.6 92.3

K3 89.4 85.9 77.6 81.1

R 10.7 6.0 12.0 11.2

A

[g/mL]

B

[M]

C

[h]

D

[°C]

K1 10.3 1.6 1.7 1.6

K2 2.8 1.9 2.9 2.8

K3 1.5 11.2 10.1 10.3

R 8.8 9.6 8.4 8.7

Figure 1. Response surface plots for maximum yield and aldehyde content of DACN: effects of temperature and reaction

time on the yield [%] (a), effects of NaIO4 concentration and solid-liquid ratio on the aldehyde content [mmol/g]

of DACN (b)



Y1 = 135.81 – 12.97X1 – 0.88X2 – 41.20X3 –

– 1.30X4 – 8.88·10–13X1X2 + 3.70·10–14X1X3 + 

+ 2.46·10–1X1X4 –2.22·10–14X2X3 – 

– 8.88·10–16X2X4 –0.25X3X4 + 259.30X1
2 + 

+ 1.46X2
2 + 18.93X3

2 + 0.02X4
2 (3)

Y2 =2.80 + 40.15X1 + 17.60X2 – 3.67X3 – 0.18X4 –

– 666.67X1X2 – 1.48·10–14X1X3 – 

– 2.96·10–15X1X4 – 1.27·10–1X2X3 – 

– 2.83·10–16X2X4 – 4.44·10–17X3X4 + 

+ 1648.15X1
2 + 14.90X2

2 + 1.83X3
2 + 

+ 2.04·10–3X4
2 (4) 

where Y1 and Y2 are the yield and aldehyde content

of DACN, whereas X1, X2, X3 and X4 are the coded

variables for solid-liquid ratio, NaIO4 concentration,

reaction time and temperature, respectively. In gen-

eral, poor or misleading results may be produced by

the exploration and optimization of a fitted response

surface unless the model exhibited good fitness [24,

25]. Since the P-value of the model was less than

0.0001, the model’s fitness was good. The effects of

the variables on the yield and aldehyde content of

DACN are shown in Figure 1. Based on the predic-

tion of the computing program and taking the prac-

tical operating condition into consideration, the op-

timal conditions to obtain the highest yields are solid-

liquid ratio of 1: 50, NaIO4 concentration of 0.5 M,

reaction time of 0.5 h, and temperature of 45 °C,

while the optimal conditions to obtain the highest

aldehyde contents are solid-liquid ratio of 1:100,

NaIO4 concentration of 0.5 M, reaction time of 1.5 h

and temperature of 60 °C. Thus, the experimental

conditions should be chosen moderately according to

the double response surface model, and the RDACN

and SDACN could be obtained using this model

under controllable conditions.

3.2. Morphology of DACN

In order to observe the morphologies of SDACN and

RDACN, their FE-SEM images are clearly shown in

Figure 2, in which the morphologies for different

kinds of CNs are compared. MCC displayed rubby-

shaped fragments with particle size of 15–30 μm

(Figure 2a). The CN-M (Figure 2b) and CN-S (Fig-

ure 3a) both exhibited rod-like shape with average
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Figure 2. FE-SEM images of MCC (a), CN-M (b), rod-like DACN and the particle size distribution (a’, b’)
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Figure 3. FE-SEM images of CN-S (a), RDACN (b), SDACN (c), rod-like DACN (d) and the particle size distribution (a’,

b’, c’, d’)



length of 270.5±5.6, 250.6±4.9 nm, respectively,

while the width for both samples was about 8 nm.

The similar dimension agreed well with previously

reported work [7]. In particular, a good dispersion of

CN-S was found due to electrostatic repulsion of sul-

fate groups after the hydrolysis of sulfuric acid. In

Figure 3b, SDACN showed spherical nanoparticles

with a diameter of 25–35 nm, while RDACN showed

rod-like shape with average length of 230.5±2.3 nm

and width of 9 nm, respectively (Figure 3c). Further-

more, the particle sizes (freshly dispersed and kept

in the room temperature for 3 days) of SDACN (in-

sert in Figure 3b) and RDACN (insert in Figure 3c)

were tested by the Nano ZS Malvern Zetasizer, and

the results indicated the nanoscale size of SDACN

and RDACN were obtained. Thus, the above men-

tioned results indicated that with the help of the ox-

idizing agent (NaIO4), rod-like or spherical DACN

can be regioselectively prepared by modulating the

degree of oxidation. The NaIO4 oxidation as acid-

free method showed great potential to prepare the

CNs, which can replace common acid-hydrolyzed

approach.

3.3. Chemical structure of DACN

FT-IR measurement was performed to determine the

variation of surface chemical groups of different

kinds of CN samples, and the FT-IR spectra are

shown in Figure 4a. Some characteristic peaks of cel-

lulose at 3414, 2909, 1639, 1032–1056 and 895 cm–1

were assigned to O–H, symmetric C–H, absorbed

moisture, C–O–C stretching vibration and β-glycosil-

ic linkages between the sugar units, respectively [14,

18, 26, 27]. For CN-S, a unique absorption band at

1205 cm–1 corresponded to S=O stretching from sul-

fate groups was observed [7]. Because of the esteri-

fication reaction between hydroxyl groups on the

surface of commercial MCC and HCOOH, an obvi-

ous carbonyl (C=O) peak at 1719 cm–1 was found

for CN-M due to its surface formate groups (each

formate group contained an aldehyde structure) [2,

20], while the DACN samples show new C=O peak

at 1725 cm–1 assigned to their aldehyde groups. Fur-

ther, compared to CN-M, the DACN exhibited high-

er normalized intensity of C=O peak, indicating more

aldehyde groups were introduced into DACNs by

NaIO4 oxidation than mixed acid hydrolysis. Similar
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Figure 4. FT-IR spectra (normalization intensity of carbonyl peak at 1719 and 1725 cm–1) of CNs and MCC (a), FT-IR spec-

tra (b) of nine orthogonal experiment groups (c), and XRD patterns of CNs and MCC



phenomenon was observed in NaIO4 oxidation of

CNs (natural cellulose fibers) [14]. When the skeleton

band of cellulose at 800–900 cm–1 was fixed, normal-

ization intensity of aldehyde C=O peak for DACNs

can be used to qualitatively comparison analysis.

Moreover, the SDACN showed the higher normal-

ized intensity for C=O peak than that of RDACN,

suggesting that spherical nanoparticles with high

specific surface area were more susceptible to be at-

tacked by NaIO4, leading to the formation of more

aldehyde groups. Meanwhile, the FT-IR spectra, nor-

malized intensity for C=O peak at 1725 cm–1 and cor-

responding OD values of DACNs (9 samples from or-

thogonal experiment groups) prepared by NaIO4

oxidation were shown in Figure 4b. The results of

normalized intensity for C=O peak for CNs can sup-

port above results. Additionally, the DACNs pre-

pared by NaIO4 oxidation exhibited as good suspen-

sion stability as CN-M and CN-S samples (insert in

Figure 4a).

3.4. Crystal structure and crystallinity of

DACN

The XRD spectra for MCC and CN samples were

presented in Figure 4c. MCC and the other CNs pos-

sessed typical peaks of cellulose I with main peaks

at 2θ = 14.5, 16.5, and 22.6°, which assigned to the

crystalline planes of (11
–
0), (110) and (200), respec-

tively [1, 2, 14, 18]. By using Segal’s method [28],

the crystallinity of MCC, CN-S and CN-M were 76,

84 and 88%, respectively. Compared to CN-S and

CN-M, a slight reduction in crystallinity (82%) was

found for RDACN and SDACN (79%). The results

showed that all CNs have higher crystallinity than

MCC, which indicating that parts of MCC residual

amorphous phase have been dissolved by various

treatments (mixed acid (HCl/HCOOH), sulfuric acid,

NaIO4 oxidation). For acid hydrolysis, the fabricating

process for CNs was aimed at breaking the β-1, 4-gly-

cosidic bonds on the amorphous region of MCC,

while the oxidation process would open glucopyra-

nose chains in crystalline or amorphous regions and

increase the solubility (Figure 5), which resulting in

lower degree of crystallinity than acid hydrolysis

process. The decreased crystallinity was ascribed to

the higher opened glucopyranose rings (higher DO

values) and the higher destruction of ordered CNs

structure, under violent condition of NaIO4 oxida-

tion, and the nanocrystals with the selective orienta-

tion causing a reduction in diffraction peak intensity

from some Bragg planes [18]. Generally, the higher

the DO value was, the lower the crystallinity was.

Moreover, the higher crystallinity of CN-M was at-

tributed to only amorphous regions of cellulose ma-

terials attacked by acid hydrolysis and esterification

reactions, without opened glucopyranose rings in

crystalline regions.

3.5. Thermal stability of DACN

TGA and DTG curves (Figure 6) revealed the ther-

mal stability for MCC and CN samples. Comparing

with MCC (onset degradation temperature (T0) of

325.3°C), the CN-M owned the higher T0 of 346.9°C,

the other CNs samples had lower T0 values. Espe-

cially, CN-S showed very low T0 value of 208.1 °C

because of the existence of sulfate groups on cellu-

lose surface [7, 28], while the RDACN and SDACN

had higher T0 value of 281.6 and 222.1 °C, respec-
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Figure 5. NaIO4 oxidation and acid hydrolysis mechanism schema of CNs



tively. A similar trend was found for maximum

degradation temperature (Tmax) of the samples. For

clear observation, the thermal stability data (T0, Tmax,

Tf (complete degradation temperature)) were shown

in Table 4. In addition, the first derivative of the

weight loss curve with respect to temperature (DTG)

was shown in Figure 6b. It can be observed that MCC,

CN-M and RDACN owned the single step maximum

degradation peaks at 357.3, 377.8 and 344.7 °C, re-

spectively. However, CN-S and SDACN started to

degrade at lower temperature and exhibited with two

main peaks. For CN-S with sulfate groups, the degra-

dation occurred within a wider temperature range

and showed three well separated pyrolysis processes:

the first one appeared around 196.9–275.0 °C, the

second one was around 277.0–324.7°C, and the other

occurred around 325.0–443.9°C. The multiple degra-

dation peaks exhibited in CN-S curve were attributed

to the wide size distribution and the introduction of

sulfate groups during sulfuric acid hydrolysis of

MCC with possible different sulfonation degrees [7,

28]. On the other hand, SDACN showed two degra-

dation peaks at 235.3 and 267.2 °C. This was due to

that the dialdehyde modified SDACNs chains did

not form the hemiacetal linkage during the first

(195.5–259.8 °C) degradation process. The second

degradation process (259.8–411.4°C) was ascribed to

the degradation of cellulose skeleton for the SDACN.

Therefore, the CNs prepared by NaIO4 oxidation had

better thermal stability than that for H2SO4 hy-

drolyzed one, but poorer than that of CN-M. In addi-

tion, RDACN showed the higher degradation temper-

ature than that of SDACN, probably resulting from

low degree of oxidation, surface morphology and

crystallinity.

3.6. Properties for CN-Ag nanohybrids

In general, the more aldehyde groups on the CNs sur-

face is beneficial to anchor more metal nanoparticles

via redox reaction, thus the SDACN with highest

aldehyde content, RDACN and CN-M with low

aldehyde content were selected to investigate the

morphology and antibacterial activity for resulting

CN-Ag nanohybrids. It is found that more Ag nano -

particles (29.6%) with diameter of 30±4 nm on the

SDACN-Ag-0.85 are observed, whereas the less Ag

nanoparticles with diameter of 33±4 and 35±5 nm

were fixed on the RDACN-Ag-0.85 (23.9%) and CN-

M-Ag-0.85 (21.6%) surfaces, respectively, shown in

Figure 7d. The XRD patterns (Figure 7e) of CN-M-

Ag-0.85, RDACN-Ag-0.85 and SDACN-Ag-0.85

showed four diffraction peaks at 2θ = 38.3, 44.3,

64.5 and 77.5° assigning to the (111), (200), (220)

and (311) planes of cubic Ag nanoparticles [1, 20].

Further, the antibacterial activities for CN-Ag nano -

hybrids against S. aureus and E. coli by formation of

zone of inhibitions are shown in Figure 7f. All the

nanohybrids gave extremely strong activities against

both the Gram-positive (S. aureus) and Gram-nega-

tive (E. coli) species. Moreover, the SDACN-Ag-0.85
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Figure 6. TGA (a) and DTG (b) curve of CN-S, CN-M, RDACN, SDACN and MCC

Table 4. Thermal stability data (T0, Tmax, Tf) of MCC, CN-M, CN-S, RDACN and SDACN

MCC CN-M CN-S RDACN SDACN

T0       [°C] 325.3 346.9 208.1 281.6 222.1

Tmax    [°C] 357.3 377.8 245.3/294.1/374.6 344.7 235.3/267.2

Tf        [°C] 373.4 390.3 363.9 367.1 341.5
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Figure 7. FE-SEM images of CN-M-Ag-0.85 (a), SDACN-Ag-0.85 (b), RDACN-Ag-0.85 nanohybrids (c) and their TGA

curves (d), XRD patterns (e), antibacterial abilities against S. aureus and E. coli (f)



presented the largest inhibition zone against S. aureus
and E. coli (4.6 and 2.8 mm) than RDACN-Ag-0.85

(3.2 and 2.3 mm) and CN-M-Ag-0.85 (2.1 and

2.0 mm), suggesting that the large amount of alde-

hyde groups on SDACN reduced more Ag+ into Ag0

nanoparticles, leading to the high antibacterial activ-

ity [1, 2, 20].

4. Conclusions

Spherical and rod-like DACN can be optimized and

regioselectively extracted from MCC via one-step

NaIO4 oxidation using a novel double response sur-

face model. Both SDACN with the high aldehyde

content of 9.8 mmol/g and RDACN with relatively

low aldehyde content of 3.8 mmol/g possessed cel-

lulose I crystal structure. Moreover, RDACN and

SDACN showed the better thermal stability than

CN-S (H2SO4 hydrolysis), but lower than CN-M

(hydrochloric/formic hydrolysis) due to less destruc-

tion of the ordered cellulose structure. In addition,

SDACN can act as the reductant for anchoring more

Ag nanoparticles, and thus the resultant SDACN-

Ag-0.85 nanohybrids demonstrated the highest anti-

bacterial activity against both Gram-negative E. coil
and Gram-positive S. aureus. Thus, one-step NaIO4

oxidation in this study as acid-free route showed

more advantages than acid hydrolysis methods, and

the DACN may have potential applications in func-

tional papers, sensors, and bioimaging for large-scale

production of cellulose-based nanocomposites.
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1. Introduction

Polymeric foams are nowadays extensively used in

automotive, aerospace, construction and in packag-

ing sectors due to their low density. In fact, a signifi-

cant reduction in the weight of the components can be

reached with polymer foams thus leading to substan-

tial fuel savings in transports with noticeable eco-

nomic and environmental advantages. Furthermore,

a low material density implies natural resources sav-

ings, since less material is required for the manufac-

turing of consumer goods [1]. Due to their elevated

thermal insulation power, an important application of

polymer foams is represented by insulation of build-

ing constructions [2]. From a technological point of

view, porous plastics are commonly produced with

processing routes involving physical blowing by low

boiling hydrocarbons or their halogenated deriva-

tives. Considering that about fifteen billion kilograms

of solvents are produced every year worldwide, their

usage represents a critical environmental problem

because of the noticeable emission of toxic com-

pounds and of polluted waste water production [3].

Therefore, traditional blowing agents (such as pen-

tane, butane, chlorofluoro hydrocarbons) have been

withdrawn and replaced by gases like argon, nitro-

gen and carbon dioxide [1, 4]. Recently, the usage of

supercritical fluids (SFCs) has been considered as a

valuable path to produce polymer foams [5–13]. SCFs

possess physical properties intermediate between

those of gases and fluids. In fact, their density is close
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to that of the liquids and their viscosity is similar to

that of gases. At the same time they possess a greater

diffusion coefficient with respect to liquids [14]. In

addition, close to the critical point, small changes in

pressure or temperature result in large changes in

density. Polymer matrix foaming with supercritical

fluids allows avoiding organic solvents and presents

several advantages from a chemical, physical and

toxicological points of view. Because of its easy

processability, cheapness, non-toxicity and non-flam-

mability, carbon dioxide is the most considered

among supercritical fluids [15, 16]. The usage of car-

bon dioxide as a solvent could lead to several advan-

tages from a manufacturing, economical and safety

points of view.

In the last years, the synthesis of thermoplastic poly-

mers through metallocene-based catalysis attracted

the attention of various research groups [17–20].

Particular interest has been devoted to cycloolefin

copolymers (COCs) that are amorphous thermoplas-

tics obtained by the copolymerization of norbornene

and ethylene. COCs manifest remarkable properties

in terms of stiffness, high chemical resistance, good

moisture barrier properties, low moisture absorption,

and low density. Therefore, COCs are often applied

in the production of transparent products (optical data

storage, lenses, and sensors), medical and diagnostic

devices, food containers, packaging of drugs etc. Con-

sidering that the glass-transition temperature (Tg) of

COCs can be tailored by varying the percentage of

norbornene [21], various COC grades suitable for

specific applications are available on the market. Also

polyolefin/COC blends, especially polypropylene/

COC blends [22] and polyethylene/COC blends, have

been extensively investigated [23].

It is also well known that the incorporation of nano -

fillers at concentrations of 5–10 wt% into a polymer

matrix can significantly affect its mechanical behav-

iour, dimensional stability, thermal degradation and

chemical resistance and also gas and solvents imper-

meability [24]. Moreover, the typical drawbacks re-

lated to the use of traditional inorganic microfillers

(i.e. embrittlement, loss of transparency, loss of light-

ness) [25] can be avoided. Some attention has been

also devoted to the investigation of COC-based nano -

composites [18, 26].

In the last years, several papers have been published

in the open scientific literature on polymer nanocom-

posites filled with carbonaceous plate-like nanofillers,

such as exfoliated graphite nanoplatelets (xGnP)

[27–33]. xGnP nanofiller is constituted by very thin

crystalline graphite stacked layers. Due to the hon-

eycomb arrangement of the carbon atoms in the crys-

tal lattice, xGnP is endowed with exceptional prop-

erties in terms of stiffness and strength [34] and it

can be therefore used to improve the mechanical prop-

erties of a wide range of polymeric materials [27,

33]. The avoidance of xGnP agglomeration is an es-

sential condition for xGnP based nanocomposites,

because most of the above cited advantages are due

to an homogeneous distribution of the nanofiller with-

in the matrix [35, 36]. Moreover, xGnP has been suc-

cessfully used to improve barrier properties as well

as electrical properties of polymeric materials at low

percolation threshold [27]. In fact, its graphitic struc-

ture makes it an excellent electrical conductor [37].

In the open literature a few papers can be found on

the preparation and physical properties of polymer

nanocomposites foamed through supercritical car-

bon dioxide (scCO2) [9, 10]. For instance, Bhat-

tacharya et al. [5] studied the effect of the foaming

parameters (i.e. saturation pressure and temperature,

foaming temperature, foaming time and quench tem-

perature) on the physical properties of polypropy-

lene/clay nanocomposites of the prepared materials.

In another work of Strauss and D’Souza [12] on su-

percritical CO2 processed polystyrene nanocompos-

ite foams, it was demonstrated how the foaming

process affected both the thermal and morphological

behaviour of the prepared materials. Chen et al. [38]

performed an experimental and theoretical investi-

gation of the compressive properties of multi-walled

carbon nanotubes (MWNTs)/poly (methyl methacry-

late) nano composite foams, finding that the addition

of MWNTs increased both the Young’s modulus and

the compressive properties of polymer foams.

Quite surprisingly, only marginal attention has been

devoted to xGnP based nanocomposites foamed

through supercritical carbon dioxide. The thermal sta-

bility of polycarbonate/xGnP nanocomposite foams

was studied by Gedler et al. [39], while in another

work the dependency of the cellular structure of

these nanocomposite foams on the processing param-

eters (i.e. saturation and foaming temperature) was

investigated [40]. Antunes et al. [41] devoted their at-

tention on the microstructural features and the ther-
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mo-mechanical behaviour of polypropylene foams

containing xGnP and expanded through scCO2. A

similar topic was presented in the paper of Yeh et al.
[42] about the effect of dispersion method and process

variables on the properties of supercritical CO2

foamed polystyrene/graphite nanocomposite foams.

To the best of our knowledge, no papers dealing with

the physical properties of COC/exfoliated graphite

nanoplatelets foamed through scCO2 can be found

in the open literature.

Starting from the above considerations, the objective

of the present work is to prepare and characterize

COC/xGnP nanocomposites at various filler concen-

trations and to foam them by scCO2. A comparison

between bulk and foamed samples will be then per-

formed, in order to assess the real effectiveness of

xGnP nanoparticles in improving the mechanical

properties of the foams. A detailed analysis of the in-

fluence of the foaming processing parameters on the

physical properties of the produced materials will be

reported.

2. Experimental part 

2.1. Materials

A cycloolefin copolymer (COC) Topas 8007 (melt

flow index at 2.16 kg, 190°C = 2.17 g/10 min, den-

sity = 1020 g/dm3) was supplied by Ticona (Florence,

Kentucky, USA) in the form of polymer chips. Ex-

foliated graphite nanoplatelets xGnP-M-5, (specific

surface area of 120 m2/g, mean diameter of 5 μm and

thickness of 6–8 nm [29]) were provided by XG Sci-

ences Inc. (East Lansing, Michigan, USA). Both ma-

terials were used as received.

2.2. Samples preparation

2.2.1. Bulk samples preparation

The filler was melt compounded with COC in a Ther-

mo Haake internal mixer operating at 190°C, apply-

ing a rotors speed of 90 rpm. In order to prevent their

agglomeration, the nanoparticles were added slowly

in the mixer chamber immediately after the complete

melting of the COC. The mixing time was set at

15 minutes, enough to promote a complete and ho-

mogeneous mixing. This procedure was already re-

ported in our previous paper on COC-fumed silica

nanocomposites [18]. In that case, the mixing time

was selected after a preliminary characterization of

the microstructural properties of the prepared nano -

composites. The resulting materials were then hot

pressed at 0.2 kPa for 10 minutes at a temperature of

190°C in a Carver press, in order to prepare 0.8 mm

thick square sheets.

In this study, COC/xGnP bulk nanocomposites were

prepared with a filler weight percentage of 1, 2, 5 and

10 wt%. Each sample was designated indicating the

matrix, the nanofiller type and its weight concentra-

tion. For instance, COC-xGnP-1 denotes the nanocom-

posite bulk sample with a xGnP content of 1 wt%.

2.2.2. Foaming process

Polymer foams were prepared through a supercritical

carbon dioxide treatment at the BIOtech Center of

the University of Trento. In Figure 1a, a representa-

tion of the scCO2 foaming plant is reported. The

equipment is composed by a CO2 tank, a cryostat, a

pump and a reaction chamber. The carbon dioxide

with a gas purity higher than 99.5 vol% in liquid/

vapor equilibrium state was supplied in a pressure

vessel (60 bar at room temperature) by Messer Italia

S.r.l. (Padova, Italy).

Foamed samples were prepared starting from bulk

rectangular specimens 5 mm wide and 20 mm long.

Neat COC copolymer and COC/xGnP bulk nanocom-

posites at various filler contents were placed within

a high-pressure reaction vessel (BR-300, Berghof

Products + Instruments, Eningen, Germany), consist-

ing of a stainless steel 316Ti vessel with an internal

polytetrafluoroethylene (PTFE) liner. The PTFE

cylinder with a capacity of 700 ml had a diameter of

60 mm and a height of 250 mm, with a maximum

pressure and temperature services of 200 bar and

260°C, respectively. The reactor cap was equipped

with fluid inlet valve, pressure relief valve and safety

valve set at 250 bar. The reactor was also equipped

with a submersion thermocouple and a pressure sen-

sor connected to a computer. In order to cool the CO2

lines and pump head, a cryostatic bath with a tem-

perature of –9 °C (Model M408-BC, MPM Instru-

ments s.r.l., Bernareggio, MB, Italy) was used.

Once the system was sealed, liquid CO2 was pumped

into the reactor and pressurized through a high-per-

formance liquid chromatography (HPLC) pump

(Model 426, Alltech, Deerfield, IL, USA) till the su-

percritical conditions at desired working pressure

were reached. The temperature of the reactor was

imposed by an electrical heating jacket (BHM 700,
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Berghof) run by a BDL-3000 temperature controller

(Berghof). In this study, neat COC copolymer and

composite samples were exposed to scCO2 at four dif-

ferent pressures (90, 110, 130 and 150 bar) for 30 min.

A constant temperature was set at 95°C (i.e. about

15°C higher than COC glass transition temperature).

Foaming was obtained upon fast depressurization

from supercritical to ambient conditions. It is worth-

while to note that the above parameters were opti-

mized in a previous work of this group regarding the

preparation and characterization of COC/fumed sil-

ica nanocomposite foams [43].

The plot in Figure 1b outlines the experimental con-

ditions at which the composite materials were sub-

jected during the foaming process in the reactor.

During stage (1) bulk composite specimens were in-

troduced into the reactor at RT and the inlet valve was

open to place the reactor vessel in communication

with the pressurized storage vessel. After the reactor

reached an equilibrium state (60 bar at RT), CO2

pressure and reactor temperature were progressively

increased to establish supercritical conditions (Tc =

31.1°C, pc = 73.8 bar) and then to meet the desired

treatment conditions (namely, Ptreat equal to 90, 110,

130 and 150 bar and Ttreat = 95°C). During stage (2)

composite samples were exposed to scCO2 under

constant temperature and pressure for 30 min to allow

for supercritical fluid diffusion into the material.

Later in stage (3), the outlet valve was open and CO2

was abruptly released (depressurization rate

50 bar/min) to trigger the foaming of the samples.

The structure of the foams was then stabilized with

the temperature drop from Ttreat to ambient condi-

tions.

Foamed samples were designated indicating the ma-

trix, the filler type, the filler content and the foaming

pressure. As an example, COC-xGnP-5_e90 indicates
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Figure 1. (a) Plant scheme of the foaming process through scCO2, (b) plot of temperature and CO2 pressure conditions in

the reactor chamber during the foaming process: stage (1), setup of the treatment conditions; stage (2), 30 min in-

cubation at constant temperature and pressure in scCO2; stage (3), fast depressurization and consequent foaming

of the samples

Table 1. List of the prepared samples

Abbreviation
xGnP content

[wt%]

Foaming pressure

[bar]

COC – –

COC-xGnP-1 1 –

COC-xGnP-2 2 –

COC-xGnP-5 5 –

COC-xGnP-10 10 –

COC-xGnP-15 15 –

COC-xGnP-20 20 –

COC_e90 – 90

COC-xGnP-1_e90 1 90

COC-xGnP-2_e90 2 90

COC-xGnP-5_e90 5 90

COC-xGnP-10_e90 10 90

COC_e110 – 110

COC-xGnP-1_e110 1 110

COC-xGnP-2_e110 2 110

COC-xGnP-5_e110 5 110

COC-xGnP-10_e110 10 110

COC_e130 – 130

COC-xGnP-1_e130 1 130

COC-xGnP-2_e130 2 130

COC-xGnP-5_e130 5 130

COC-xGnP-10_e130 10 130

COC_e150 – 150

COC-xGnP-1_e150 1 150

COC-xGnP-2_e150 2 150

COC-xGnP-5_e150 5 150

COC-xGnP-10_e150 10 150

COC-xGnP-15_e150 15 150

COC-xGnP-20_e150 20 150



nanocomposite foams with a filler amount of 5 wt%,

expanded with depressurization from 90 bar. Table 1

summarizes the list of the prepared samples.

2.3. Experimental methodologies 

2.3.1. Microstructure

Density measurements were carried out by a Giber-

tini E42 hydrostatic balance, through the displace-

ment method in acetone (density at 20 °C of

0.792 g/cm3).

The distribution of the cell size was measured through

a Heerbrugg Wild M3Z optical microscope, and a

statistical analysis was then performed to determine

the mean cell diameter and the relative standard de-

viation values. The microstructural features of the

foam cells were observed through a Carl Zeiss AG

Supra 40 FESEM microscope, operating at an accel-

eration voltage of 5 kV. Samples were cryofractured

in liquid nitrogen before observations. A Tecnai G2

Spirit Twin FEI TEM microscope operating at an ac-

celerating voltage of 120 kV was used to investigate

the silica dispersion within the polymeric matrix of

both bulk and foamed materials in bright field (BF)

imaging mode. Ultrathin specimens (thickness of

about 50 nm) were prepared at room temperature by

using an Ultracut UCT Leica ultramicrotome.

2.3.2. Mechanical properties

Quasi-static tensile tests on the bulk samples were

performed through an Instron 4502 tensile testing ma-

chine, equipped with a load cell of 1 kN. ISO 527

1BA specimens were tested. Elastic modulus was

evaluated at 1 mm/min, through a resistance exten-

someter with a gage length of 12.5 mm, while tensile

tests at break were carried out without the extensome-

ter at a crosshead speed of 5 mm/min. Mechanical

properties of the foamed samples were evaluated at

1 mm/min in compression mode on square specimens

with a lateral dimension of about 10 mm and a height

of about 3 mm. The Young’s modulus (E) of the

foamed materials was determined by fitting the stress-

strain curves in the initial linear region. All the tests

were performed at ambient temperature and at least

five specimens were tested for each composition.

Creep tests were carried out by a DMA Q800 ma-

chine (TA Instruments, USA) at a testing tempera-

ture of 30°C for 60 minutes under a constant stress

of 10% of the ultimate tensile strength of the neat

matrix. Rectangular specimens 5 mm wide and

1 mm thick with a gage length of 10 mm were used

to test both bulk samples and polymer foams.

3. Results and discussion

3.1. Morphology

Density values of the neat COC and bulk nanocom-

posites are reported in Table 2. The progressive in-

crease of the density with the nanofiller amount can

be explained considering the higher density of xGnP

with respect to the neat matrix. It is also important to

evaluate the effect of xGnP addition on the morpho-

logical properties of the prepared foams. Therefore,

density measurements were performed also on the

foams. In Figure 2 the foams density as a function of

the nanofiller content is represented. A systematic
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Table 2. Density, elastic modulus (E), stress at break (σb), strain at break (εb) and values of the creep compliance at 3600 s

of bulk samples of neat COC and relative nanocomposites

Sample
Density

[g/cm3]

E
[GPa]

σb

[MPa]

εb
[%]

D(t = 3600)

[MPa–1]

COC 1.008±0.001 2.17±0.14 59.4±1.1 5.75±0.21 1.09

COC-xGnP-1 1.012±0.001 2.39±0.07 51.2±2.5 4.92±0.33 0.83

COC-xGnP-2 1.017±0.001 2.37±0.10 51.2±0.8 5.12±0.18 0.68

COC-xGnP-5 1.029±0.002 2.75±0.21 44.9±1.4 4.40±0.23 0.66

COC-xGnP-10 1.054±0.001 3.36±0.07 37.7±1.6 3.22±0.25 0.60

Figure 2. Foams density as a function of the nanofiller con-

tent for different foaming pressures



increase of density with the nanofiller amount can be

observed over the whole range of applied pressures.

Considering the density variation due to nanofiller

addition in bulk samples (see Table 2), it is clear that

the density increase in the nanocomposite foams can-

not be simply explained by the higher density of

xGnP, but also by a morphological change within the

foam microstructure (i.e. cell density and cell size).

In fact, as the foaming pressure increases, a density

reduction can be observed for all the compositions.

This could be due to the fact that at elevated pres-

sures, the diffusion of the scCO2 within the matrix is

favoured and the foaming process is more efficient.

To fully understand the density increment of the
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Figure 3. FESEM micrographs of the cryofractured surfaces of the foamed samples: (a) COC_e90, (b) COC-xGnP-1_e90,

(c) COC-xGnP-10_e90 and (d) COC_e150, (e) COC-xGnP-1_e150, (f) COC-xGnP-10_e150



foams and the real contribution played by xGnP ad-

dition on the morphology of the prepared cellular

solids, FESEM analysis was carried out. In Figure 3,

low magnification FESEM micrographs of the

foamed nanocomposite materials COC_e90, COC-

xGnP-1_e90, COC-xGnP-10_e90 (Figure 3a, 3b, and

3c respectively) and COC_e150, COC-xGnP-1_e150,

COC-xGnP-10_e150 (Figure 3d, 3e and 3f respec-

tively) are compared. All foams present closed cell

morphology with a narrow statistical distribution of

the cell sizes around an average value. Similar mor-

phological features were observed in a previous work

of this group on COC foams filled with nano silica

[43]. From these micrographs, it is immediately ev-

ident the role played by the xGnP content and of the

foaming pressure on the morphology of the samples.

An increase of the nanofiller amount promotes a re-

duction of the cell size and a consequent increase of

the cell density, while opposite effects can be ob-

tained increasing the foaming pressure. A quantita-

tive evaluation of the cell size distribution was per-

formed by using ImageJ software (U. S. National In-

stitutes of Health, Bethesda, Maryland, USA) [44].

Average cell diameter and cell density [cells/mm2]

as a function of the nanofiller content for foams ex-

panded at 90 and 150 bar are reported in Figure 4.

The nanofiller introduction hinders the cell growth

during the expansion process, thus reducing the cell

diameter both at 90 and 150 bar. At the same time, it

promotes cell nucleation, increasing the cell density.

In previous works of our group it was demonstrated

how the nanofiller addition promotes a strong in-

crease of the polymer viscosity in the molten state

[45, 46]. It is therefore reasonable to assume that

xGnP can enhance the matrix viscosity above the

glass transition temperature, thus hindering the ex-

pansion process. Moreover, the foaming pressure

seems to act in the opposite way. In fact, when scCO2

pressure increases, the cell size increases while the

cell density decreases. Therefore, it can be hypothe-

sized that at higher pressure cell growth is favoured

over cell nucleation.

A more detailed analysis at higher magnification lev-

els was performed with FESEM equipment, in order

to investigate possible exfoliation and/or orientation

effects of xGnP nanoplatelets as a consequence of

the foaming process. A FESEM micrograph of COC-

xGnP-10 bulk sample is reported in Figure 5a. It is

possible to observe that xGnP nanoplatelets are ran-

domly oriented within the matrix, with the presence

of agglomerates of stacked lamellae. Moreover, the

fracture surface is irregular and jagged. Similar mor-

phological features were also observed by Shadlou

et al. [46] and Kalaitzidou et al. [33] on other xGnP-

based nanocomposite systems. In Figure 5b and 5c

the fracture surfaces of COC-xGnP-10_e90 and COC-

xGnP-10_e150 are reported. An alignment of xGnP

nanoplatelets along the cell walls can be noticed, and

this effect is more pronounced at higher foaming

pressures, where thinner cell walls can be detected.

It is possible that under the selected foaming condi-

tions the xGnP exfoliation process and alignment

along the cell wall was promoted. The evident align-

ment of xGnP nanoplatelets at high foaming pres-

sures can be better visualized in FESEM micro-

graphs on COC-xGnP-10_e150 sample at high mag-

nification (see Figure 5d).

In order to perform a deeper investigation of the dis-

persion level of xGnP in both bulk and foamed sam-

ples, TEM analysis was carried out. In Figure 6, TEM

micrographs of bulk and foamed samples are report-

ed. Figures 6a and 6b respectively show COC-xGnP-

1 and COC-xGnP-10 bulk samples, while Figures 6c

and 6d show the corresponding foamed samples at

150 bar. In Figure 6a it is clear that bulk samples at

low filler amounts are characterized by stacks of

xGnP lamellae with a lateral dimension of less than

50 nm and a length of about 1 μm. As already seen

in other nanocomposite systems, an increase of the

filler loading promotes a strong aggregation of the
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Figure 4. Cell diameter (open symbols) and cell density (full

symbols) as a function of the nanofiller content for

nanocomposite foams expanded at 90 bar and at

150 bar



nanoplatelets [18] (see Figure 6b). It is interesting to

observe that the foaming process leads to an im-

proved exfoliation of xGnP nanoplatelets. In fact,

comparing Figure 6a and 6c it is clear that in the

foamed samples the agglomeration of the xGnP

stacks is reduced. The same effect can be detected at

higher filler loadings (see Figures 6b and 6d).

3.2. Mechanical behaviour

The effect of the nanofiller loading on the quasi-sta-

tic tensile properties of the bulk samples was inves-

tigated and the most important results are summa-

rized in Table 2. As frequently observed in nanofilled

samples, the xGnP introduction leads to a noticeable

increase of the elastic modulus [33]. In fact, com-

posites with an xGnP content of 10 wt% show a 55%

increase in the tensile modulus. The stiffening effect

reported in our previous work for the same COC ma-

trix reinforced with silica nanoparticles was less pro-

nounced [18, 43]. This discrepancy is probably due

to the higher stiffness of the xGnP with respect to sil-

ica and to its high aspect ratio which favours the load

transfer. As a drawback, the presence of the nano -

filler causes an embrittlement of the bulk samples,

revealed by the decrease of both the stress and strain

at break values (σb and εb) as the xGnP content in-

creases. Most likely the nanofiller aggregation ob-

served at higher filler loadings plays a negative effect

on the ultimate properties of the resulting materials.

The effect of xGnP introduction on the mechanical

behaviour of the prepared foams under compression

has been also investigated. Representative stress-

strain curves from quasi-static compression tests on

neat COC and relative nanocomposites foams at

110 bar are reported in Figure 7. In all the samples,

a linear elastic region followed by the yielding of the

samples and the plastic deformation of the material

is observed. In the third region, a sharp increase of

the stress can be detected. A quantitative evaluation

of the elastic properties of the foams as a function of
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Figure 5. FESEM micrographs of the cryofractured surfaces of the samples: (a) COC-xGnP-10, (b) COC-xGnP-10_e90,

(c) and (d) COC-xGnP-10_e150 at different magnifications



the nanofiller loading is reported in Figure 8a and 8b,

where the trends of the modulus and of the specific

modulus (i.e. the ratio between the elastic modulus

and density) are respectively represented. It is inter-

esting to observe how the nanofiller introduction

leads to a remarkable increase of the elastic modulus

of the foams, over the whole range of applied foam-

ing pressures. It is worthwhile to observe that the in-

crease of the elastic modulus displayed by the nano -

filled foams is noticeably higher than that of the cor-

responding bulk materials. In fact, with an applied

pressure of 150 bar, the COC-xGnP-10_e150 sample

manifests an elastic modulus about 10 times higher

than the corresponding unfilled foam (see Figure 8a).

Even in the case of specific modulus (Figure 8b) the

stiffening effect due to nanofiller introduction is ev-

ident, especially at higher filler loadings. With an ap-

plied pressure of 150 bar, the COC-xGnP-10_e150

sample presents a specific elastic modulus almost

6 times higher than the corresponding unfilled foam.

From this example, it is clear that the enhancement

of the foams stiffness is partially due to a change in

the foams density, but the greater contribution is due

to the xGnP addition. As already observed in the pre-
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Figure 6. TEM micrographs of the bulk and foamed samples. (a) COC-xGnP-1, (b) COC-xGnP-10, (c) COC-xGnP-1_e150

and (d) COC-xGnP-10_e150.



vious paragraph, the occurrence of xGnP exfoliation

and orientation given by the foaming pressure can

increase the mechanical properties of the matrix it-

self. However, a more detailed morphological analy-

sis is required to achieve a complete description of

the role played by nanofiller morphology on the elas-

tic properties of the nanocomposite foams. The en-

hancement in the mechanical properties of foams

with the nanofiller amount was also observed by Jo

et al. [47] in their study about HDPE/clay nanocom-

posite foams.

In order to confirm the positive effect played by

xGnP nanoplatelets on the mechanical behaviour of

bulk and foamed nanocomposites, creep tests were

performed. From Table 2 it can be observed how the

stabilizing effect due to nanofiller introduction in the

bulk materials leads to an interesting decrease of the

creep compliance with respect to the neat COC. For

instance, with a nanofiller amount of 10 wt%, the

creep compliance at 3600 s is reduced of about 45%

with respect of the neat COC. This effect is even

more pronounced for foamed materials. In Figure 9a

creep compliance curves of neat COC and relative

nanocomposite foams expanded at 110 bar are re-

ported, while Figure 9b shows the creep compliance

values at 3600 s. In accordance with elastic modulus

results, it can be concluded that the creep stability

increases due to nanofiller introduction along the

whole range of applied pressures. For instance, con-

sidering a pressure of 150 bar, the creep compliance

at 3600 s is reduced of about 2.5 times with a nano -

filler amount of 10 wt%. Even in this case, the ob-

served stabilizing effect is partly due to a change in

the foam density, and a key role is played by xGnP

exfoliation and orientation effects.

4. Conclusions 

Cycloolefin copolymer/exfoliated graphite nano -

platelets (xGnP) composites were prepared at differ-

ent filler amounts through a melt compounding

process. The resulting materials were foamed through

a supercritical carbon dioxide based process by vary-

ing the foaming pressure. Bulk and foamed materials

were then characterized from a morphological and a

mechanical points of view, in order to understand the

role of the nanofiller amount and of the foaming

pressure on their physical properties. It was observed

how the xGnP introduction systematically increased

both bulk (from 1.01 up to 1.05 g/cm3 with a xGnP
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Figure 7. Representative stress-strain curves from quasi-sta-

tic compression tests on neat COC and relative

nanocomposites foamed at 110 bar

Figure 8. (a) Elastic modulus (E), (b) normalized elastic modulus over density (E/ρ) of the foamed samples



amount of 10 wt%) and foam density (from 0.15 up

to 0.24 g/cm3 with a xGnP amount of 10 wt% at

90 bar), while elevated foaming pressures promoted

a consistent density reduction. Microstructural analy-

sis on the resulting foams highlighted a progressive

increase of the mean cell size with the foaming pres-

sure, accompanied by an evident exfoliation and ori-

entation of the nanoplatelets along the cell walls di-

rection. These microstructural effects were respon-

sible for an important improvement of the mechani-

cal properties of the foams, with a progressive en-

hancement of the elastic properties with xGnP amount

(with a pressure of 150 bar, the COC-xGnP-10_e150

sample has an elastic modulus about 10 times higher

than the corresponding unfilled foam), and also the

creep stability was noticeably improved. Concluding,

foaming process of COC nanocomposites through

supercritical carbon dioxide could represent an ef-

fective way to prepare low density polymeric foams

characterized by higher mechanical stability with re-

spect to the corresponding neat COC copolymer.
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1. Introduction

During the last decade, intense efforts have been un-

dertaken to miniaturize optical and electronic de-

vices while increasing their efficiency [1–3]. Nowa-

days, the development of nano and quantum devices

for high tech applications is close to go beyond the

fundamental conceptual stage. From this point of

view an attractive and still unexplored domain is re-

lated to systems were inorganic nanoparticles inter-

act with organic molecules or polymers having spe-

cific optoelectronic properties [4–6]. The variety of

particles and polymers having exciting optical and/or

electronic properties continuously grows, and sever-

al of them seem to have the necessary potential to-

ward new developments [7–10]. This work aims at

showing the interesting optical properties that could

be obtained when both the inorganic nanoparticles

and polymer are silicon-based structures.

Quantum dots are promising materials for a wide

range of applications related to quantum electronics

[11–14]. Silicon itself represents a special case

amongst the semiconductive materials used to obtain

quantum dots. An important advantage of silicon

quantum dots (SiQDs) is that, unlike other elements,

silicon is biocompatible. Consequently, SiQDs can

be used in hot research fields of nanomedicine, such

as fluorescent sensing, labelling and dynamic thera-

py [15–18]. On the other hand, SiQDs still undergo

intensive research, since their fundamental photo-

physics is less understood than the photophysics of

particles made from direct gap semiconductors [19].

In addition, obtaining SiQDs in a controlled manner

is still a challenge.

Within the class of silicon-based conjugated poly-

mers, polysilanes present interesting optoelectronic

properties owing to their σ conjugated chains [20,

21]. An increase in the substitution of the silicon
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chain in polysilanes with aromatic moieties leads to

further enhancement of their optoelectronical prop-

erties, owing to the intermingling of σ and σ–π con-

jugation. This extended conjugation also makes poly -

silanes sensitive towards light, but this disadvantage

could be turned into an advantage in applications such

as micro- and nanolithography [22–24]. In addition,

polysilanes have interesting non-linear optical (NLO)

properties, and they possess intrinsic semiconduc-

tivity [25–31].

Polyhydrosilanes are a distinct class of polyorgano -

silane polymers containing hydrosilyl moieties [32].

The properties of these functional silicon-based

macromolecular structures are different from those

of poly(diorganosilylene)s [33, 34]. Due to the reac-

tive methylhydrosilyl segments, such materials have

been used to generate in situ important amounts of

silicon nanoparticles [35]. Steady-state fluorescence

analysis showed that the presence of the silicon

nanoparticles within the polysilane matrix leads to

characteristic modifications in the emission spec-

trum profile [36].

The current study describes a one-pot synthetic

method and the optical properties of silicon quantum

dots–polysilane nanocomposites (NQD). Subsequent-

ly, the dual channel fluorescence of NQD in the pres-

ence of the antitumoral agent 2-(4-chlorophenyl)-6-

(thiophen-2-yl)pyridine (CTP) is studied. Such ma-

terials have a high potential for applications in the

field of nanomedicine as molecular contrasting agents

in imaging and therapy of tumours.

2. Experimental

2.1. Materials

Dichlorodiphenylsilane, (C6H5)2SiCl2, (>98%, 42930)

and dichloromethylsilane (>98%, 440248),

(CH3)HSiCl2, were purchased from Sigma-Aldrich

Chemie GmbH, Germany and distilled prior to use.

Toluene (244511) and tetrahydrofuran (THF, 401757)

were purchased from Aldrich and used after distilla-

tion over sodium wire under nitrogen atmosphere.

2-Acetylthiophene (W503509), paraformaldehyde

(P6148), dimethylamine hydrochloride (38960), 2-

bromo-1-(4-chlorophenyl)ethanone (101273), am-

monium acetate (A7330), pyridine (270970) and the

solvents required for the synthesis of CTP were ob-

tained from Sigma-Aldrich Chemie GmbH, Germany

and were used as such. 3-Dimetylamino-1-(thiophen-

2-yl)propan-1-one hydrochloride  and 1-(2-(4-chloro -

phenyl)-2-oxoethyl)pyridinium bromide  were pre-

pared as already described in a previously published

article [37].

Poly[diphenyl-co-methyl(H)]silane copolymer, molar

ratio (C6H5)2Si/CH3(H)Si 1:1, was obtained in a

closed reaction system using a Discover Labmate

microwave reactor (CEM Corporation, USA)

equipped with an infrared temperature probe and a

magnetic stirrer [38]. The reactor was operated in

standard conditions under the control of its Synergy

software, by employing temperature as main param-

eter.

2.2. Synthesis of NQD

A simple, one-pot method to obtain soluble polysi-

lane–silicon nanoparticles composite has been de-

scribed previously [39]. This approach is based on

the Wurtz coupling of methyldichlorosilane with var-

ious organodichlorosilanes in heterogeneous condi-

tions. Thus, beside the polyhydrosilane copolymer,

silicon nanoparticles are present in the final reaction

product. In order to increase the content in silicon

nanoparticles within the polymer matrix, a modified

synthetic procedure is presented in this work. This

time the coupling reaction is performed under mi-

crowaves irradiation.

A 10 mL microwave vial containing a magnetic stir-

ring bar was flushed with dry nitrogen at 80°C for

30 min, then a mixture of diphenyldichlorosilane

(1.5 g, 6 mmol) and methyl(H)dichlorosilane (0.7 g,

6 mmol) in 2 mL dry toluene was added. Next, a dis-

persion of sodium (0.5 g) in toluene (2 mL) was

carefully added, and then the reaction mixture was

degassed by ultrasonication under dry nitrogen. The

microwave reactor setup was in standard mode, close

vessel conditions, with the following parameters:

power = 50 W; temperature = 120°C; time = 10 min.

The exothermal coupling reaction started almost in-

stantly, and the temperature rose quickly to approx.

100°C. At the end of the reaction time, the dark pur-

ple mixture was cooled to room temperature before

it was transferred into a 50 mL flask. Dry toluene

(10 mL) was added, and the unreacted sodium was

quenched carefully, under efficient stirring, using

10 mL of ethanol. The organic layer was washed with

distilled water until neutral pH and subsequently

dried over anhydrous MgSO4. Toluene was removed
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under reduced pressure, and then THF (1 mL) was

added to dissolve the solid material. The solution was

poured onto 100 mL methanol, and the resulting white

precipitate was filtered and vacuum dried at 50 °C

overnight to afford NQD as a powder (1.7 g, 75%).
1H-NMR (400 MHz, CDCl3, δ): 0.48 (Si–CH3), 4.7

(Si–H), 7.28 (Si–C6H5). FTIR (KBr, cm–1): 3064 and

3045 (C–Harom), 2953 and 2893 (C–Haliph), 2100

(Si–H), 1424 and 1096 ( Si–C6H5), 1243 (Si–CH3),

695 (Si–C), 461 (Si–Si). GPC (SLS-MALS, 1 mg/mL

in THF): Mw = 4495 mol·g–1; Mw/Mn = 1.5.

2.3. Synthesis of 2-(4-chlorophenyl)-6-

(thiophen-2-yl)pyridine (CTP)

CTP was synthesized using a previously reported

procedure through the condensation of 3-dimety-

lamino-1-(thiophen-2-yl)propan-1-one hydrochlo-

ride 1, 1-(4-chlorophenacyl) pyridinium bromide 2

and ammonium acetate, and obtained as colorless

crystals, mp 88–89°C. 1H-NMR (400 MHz, CDCl3,

δ): 7.13 (dd, J = 3.8 and 5.0 Hz, 1H), 7.42 (dd, J =

1.0 and 5.0 Hz, 1H), 7.46 (d, J = 8.8 Hz, 2H), 7.54–

7.61 (m, 2H), 7.65 (dd, J = 1.0 and 3.8 Hz, 1H), 7.74

(t, J = 8.0 Hz, 1H), 8.06 (d, J = 8.8 Hz, 2H).
13C-NMR (400 MHz, CDCl3, δ): 117.3, 118.1, 124.8,

127.9, 128.1, 128.3, 129.0, 135.3, 137.5, 137.7, 145.4,

152.5, 155.6. Anal. calcd. for C15H10ClNS: C 66.29,

H 3.71, N 5.15; found: C 66.41, H 3.62, N 5.27 [37].

3. Measurements
1H- and 13C-NMR spectra were recorded at room

temperature using a Bruker DRX 400 MHz NMR in-

strument (Bruker Corporation, Germany). In the case

of CTP, the signals owing to the residual protons in

CDCl3 were used as internal standard for the 1H-NMR

spectrum, while the chemical shifts for the carbon

atoms in the 13C-NMR spectrum are given relative

to residual CHCl3 (δ = 77.16 ppm). Gel permeation

chromatography (GPC) analysis was performed in

THF solution at 25°C and at a flow rate of 1 mL/min

using a WGE SEC/GPC  multidetection chromato-

graph (WGE Dr Bures GmbH&Co KG, Germany)

equipped with two Agilent PLgel 5 μm MIXED

columns (103 and 500 Å). Transmission electron mi-

croscopy (TEM) analysis was performed with a Hi-

tachi HT7700 microscope (Hitachi High-Technolo-

gies Corporation, Japan) operated in high-contrast

mode at 100 kV accelerating voltage. The microscope

was used to examine the samples in High Resolu-

tion/High Contrast, Diffraction and STEM-EDX

modes. The samples were prepared by drop casting

the solution directly on the TEM grids (Ted Pella,

300 mesh, carbon layer) and they were subsequently

kept in a box saturated with solvent vapors for 24 h.

Finally, the box was slowly flushed with nitrogen for

another 24 h, and the samples were dried under vac-

uum at room temperature for 60 h. TEM analysis

was performed at –190°C in order to avoid the ther-

mal destruction of the samples. Small-angle X-ray

scattering (SAXS) measurements were carried out

using a Bruker NanostarU instrument (Bruker Cor-

poration, Germany) equipped with a IμS microsource

with copper anode and a three-pinhole collimation

system. A highly sensitive 2D detector (Vantec-

2000), having 68 μm resolution, was used to record

the scattered intensity. The scattered intensity I(q) is

measured as a function of the momentum transfer

vector q = 4πsinθ/λ, where λ is the wavelength of the

X-rays (Cu Kα radiation, 1.54 Å), and θ is half the

scattering angle. The sample-to-detector distance

was 107 cm, allowing measurements with q values

between 0.008 and 0.3 Å–1. The angular scale was

calibrated by the scattering peaks of a silver behen-

ate standard. Solutions of the samples under study

were sealed in a quartz capillary and measured under

vacuum at constant temperature, 25 °C for 8000 s.

The raw data was normalized for the transmission

coefficient and the incoherent scattering due to the

capillary and solvent backgrounds were subtracted

in the data analysis using the SAXS–Bruker AXS

software. Data analysis was done using ATSAS 2.5.1

package and DIFFRACplus NanoFit [40]. Electronic

absorption spectra (UV-vis) were recorded using a

UV 7100 spectrophotometer (Shimadzu, Japan), while

fluorescence spectra were obtained on a Horiba Flu-

oroMax-4 spectrofluorometer (Horiba Scientific,

Japan). All spectroscopic measurements were per-

formed in solution at room temperature after the

samples were deaerated thoroughly with nitrogen for

20 min. Fluorescence spectra were recorded by ex-

citing the investigated materials at their correspon-

ding absorption maxima.
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4. Results and discussion

4.1. Morphologies and structures

The synthesis of NQD has been performed by the

heterogeneous Wurtz coupling of equimolar amounts

of diphenyldichlorosilane and methyl(H)dichlorosi-

lane using microwaves. The reaction takes place in

toluene solvent in the presence of dispersed sodium.

The process is complex and the influence of mi-

crowaves is reflected especially in the effects on the

reaction time, the yield and the content of silicon

particles in the nanocomposite. In the current ap-

proach microwaves were used at a considerably low

power. Thus, the action of microwaves was strong

enough to act upon the polar species present in the

reaction system, while being too weak to initiate sec-

ondary reactions. Figure 1 shows the mechanism

through which the main intermediates responsible

for the generation of SiQDs arise from the thermal

cleavage of the methylhydrosilyl segments. These

silylenes are prone to be affected by microwaves,

and they accelerate the chemo-restructuration process-

es that finally lead to formation of SiQDs (Figure 1).

This process runs in competition with the main

Wurtz coupling reaction and lead to scission of some

of polyhydrosilane chains into low molecular weight

species. These are soluble in methanol and are elim-

inated during purification. Through this approach,

relative large quantities of NQD could be obtained

easily in a sequence of experiments under perfectly

controlled conditions. While the microwave-assisted

method ensures a high reproducibility of the process,

it has always been difficult to obtain batches of com-

posites with similar characteristics using convention-

al heating [39]. Another important advantage of the

method is that it produces in situ a solid state pre-

cursor for colloidal SiQDs dispersions. Such col-

loidal dispersions can be obtained by simply dissolv-

ing NQD in common organic solvents (xylenes,

toluene, tetrahydrofuran). Due to the specific inter-

facial properties, polyhydrosilane acts like a stabi-

lizing agent for SiQDs, and these dispersions are

highly stable. For example, samples kept in the dark

at room temperature and under an inert atmosphere

preserve their properties and appearence unaltered,

and they can be used to produce thin films on various

supports.

The polymeric matrix resulted from this synthesis is

a polyhydrosilane copolymer with a statistical dis-

tribution of methylhydrosilyl and diphenylsilyl seg-

ments. The molar rate for these two structural units

was Mr = 1:0.8, as estimated by 1H-NMR. As shown

previously, the main characteristic of this material is

the presence of silicon nanoparticles that are dis-

persed within the solid polymer [35, 36, 39]. The ex-
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Figure 1. Synthesis of NQD showing formation of SiQDs



istence of these nanoparticles can be also inferred

from GPC analysis. Thus, beside the peak represent-

ing the polysilane molecular weight distribution, the

MALS (multi angle light scattering) detector clearly

evidenced another, unusual and low intensity peak

at 14 mL elution volume. It is important to note that

this peak is not detected by the refractive index (RI)

detector (Figure 2). The difference should be related

to the detection principle of the instruments. Since

the low intensity peak is present only in MALS trace

then the best guess is to assign it to the presence of

solid particles within the liquid sample flow. Further

investigations were meant to ascertain their specific

characteristics as SiQDs.

In this regard, the TEM images provided clarifying

details concerning the thin layer of the composite.

Thus, well-defined nanoparticles dispersed within

the bulk material can be noticed at high magnifica-

tion (Figure 3). The nanoparticles were spherical and

polydisperse, with average dimensions within the 3–

30 nm range (Figure 3b). STEM images showed that

the particles are compact, with an even distribution

of highly dense material in all directions (Figure 4).

Obviously, the particles are covered by a polysilane

layer. However, the EDX line profile analysis indi-

cates that, compared with the background, silicon is

the main constitutive element of the observed nano -

particles. Furthermore, in order to have insights con-

cerning the particle structure, the selected-area elec-

tron diffraction (SAED) pattern was investigated

(Figure 4b). Thus, there are three diffraction rings

that confirm the crystalline nature of the nanoparti-

cles.

The disadvantage of TEM imaging is that it shows

details on a very small fraction of the sample which

is deposed on the grid surface. In order to obtain more

reliable information the average dimensions and

shape of the SiQDs in NQD colloidal dispersion were

determined by SAXS analysis. Diluted samples of

NQD have been submitted to X-ray exposure.

The collected 2D patterns were further reduced by

azimuthal integration to 1D plots where the intensity

of the scattering, I, is printed versus the momentum

transfer vector, q (Figure 5). It is known that the scat-

tering intensity I(q) is related to the averaged ensem-

ble form of the particles. The intraparticle effects can

be described by the so called form factor P(q), while

the interparticle ones effects can be expressed by the

structure factor S(q).

In the case of diluted systems, S(q) could be neglect-

ed. Both P(q) and S(q) are interrelated and described

by the variation of scattering intensity with the mo-
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Figure 2. GPC comparison of MALS to RI traces that evi-
dence existence of the SiQDs peak

Figure 3. TEM high contrast image showing the presence of SiQD in polysilane (a); SiQDs size distribution histogram and
fitted curve showing the average diameter (b)



mentum transfer vector, q [41]. In the region of small

scattering angles, the form factor P(q) can be approx-

imated by a Gaussian curve. According to Guinier,

this particular part of the curve is related to the over-

all size of the particles and can be used to calculate

their radius of gyration (Rg) [42]. Thus, Rg is the

slope determined by the strait-line fitting in the

graphical representation of the ln(I) versus q2 (Fig-

ure 6) according to Equation (1):

(1)

Rg is the size parameter and it is model independent,

and ao is the extrapolated zero angle intensity. The

result obtained through this approach was Rg =

24.5 Å. Since the TEM-STEM analysis showed that

the particles are quite homogeneous and of spherical

shape, then the average diameter of the SiQDs in real

ln lnI q a
R q

30

2 2
g

= -Q V
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Figure 4. STEM image in bright field detection showing the compact structure of SiQD (a); SAED pattern showing the char-
acteristic three rings (b); EDX analysis, line profile comparison of the silicon content in SiQD versus background (c)

Figure 5. Scattering curve of NQD solution sample in loga-
rithmic plot

Figure 6. Guinier plot of the scattering intensity for NQD
samples in solution



space calculated using Equation (2) is Dmax =

6.3 nm.

(2)

Further interpretation of the SAXS results intended

to tentatively reveal the origin of the high stability of

the SiQDs colloidal solution. Such extremely stable

colloidal dispersions of nanoparticles are normally

obtained by using additional stabilizing agents. Be-

cause no stabilizing agents are necessary for the NQD

dispersions, it was hypothesized that part of the poly-

silane chains are physically adsorbed onto the SiQDs

surface, thus preventing their aggregation and sepa-

ration.

In order to verify this hypothesis by SAXS, the

model approach data analysis is usually done with

the appropriate software. DIFFRACplus NanoFit is

an interactive graphics-based, non-linear least-squares

data analysis program for one-dimensional SAXS

data. This data evaluation software attempts model-

ling of small-angle scattering data from systems

showing short-range order only and isotropic scat-

tering spectra, so that the scattering intensity is only

a function of the modulus of the scattering vector.

The 2D intensity distribution in reciprocal space is

further processed in order to obtain the correspon-

ding real-space structure. The model in which scat-

terers are spherical particles containing a dense core

and an envelope of polymeric chains is a perfect fit

for the aforementioned hypothesis. The mathemati-

cal expressions describing such a structure have been

derived by Pedersen [43] see Equation (3):

(3)

with Scc(q) described by Equation (4):

(4)

In this relation:

M = ρs + Ncρc is the scattering mass, where Nc is the

number of chains, ρs is the total excess scattering

length of the core and ρc is the total excess scattering

length of a corona chain. Non-penetration of the

chains into the core region is mimicked by d ≈ 1 for

R >> Rg; Rg is the root-mean-square radius of gyra-

tion; F1(q,R) is the form factor amplitude of a homo-

geneous sphere; PGP(q) is the form factor of a Gauss-

ian chain; ψ(q,Rg) = [1 – exp(–u)]/u; u = Rg
2q2.

A fitting of the experimental scattering curve with

the calculated plot (Figure 7) shows the perfect match

with the proposed model. In addition, further insight

on the internal structure of the scatterers has been

obtained. Thus, the radius of the dense core of SiQDs

was determined to be R = 2.8 nm. Also, the radius of

gyration corresponding to the polymeric chains ad-

sorbed onto solid surface is Rc = 1.6 nm, which con-

firms the presence of polysilane onto the particle sur-

face. Looking at the SiQDs diameter, as calculated

by this model, one should observe that this value is

quite similar to that obtained by the free model ap-

proach [Dmax(model) = 2·2.8 = 5.6 nm]. The difference

between the values obtained using each model comes

from the polydispersity of the nanoparticles, which

was not considered in the first method. In conclu-

sion, SAXS results indicate that both the thin films

and the solutions of NQD contain SiQDs as solid

nanoparticles of spherical shape and sizes with an av-

erage maximum around 6 nm. The SiQDs particles

are covered by a thin layer of polymer of about 2 nm

thick, which prevents SiQDs aggregation in solution

and leads to highly stable colloidal dispersions.

Further experiments investigated the fluorescence of

NQD in the presence of CTP.

Diaryl-substituted pyridine derivatives are bio -

isosteres of terpyridine that are known to exhibit a

strong cytotoxicity against several human cancer cell

lines through the inhibition of topoisomerase I [44–

48]. An analog of such diaryl-substituted pyridines

(CTP) was synthesized using 3-dimethylamino-1-

(thiophen-2-yl)-1-propanone hydrochloride 1 (a ke-
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Figure 7. Correlation of the scattering curve between exper-
imental and calculated (doted) showing the perfect
mach with the assumed theoretical model



tonic Mannich base), 4-chlorophenacylpyridinium

bromide 2 and ammonium acetate as starting mate-

rials in an one-pot approach (Figure 8). The reaction

sequence comprises the addition of the cycloimmo-

nium salt to the α,β-unsaturated ketone thermally

generated in situ from the ketonic Mannich base to

yield a 1,5-diketone, whose subsequent ring closure

in the presence of ammonium acetate leads to the de-

sired pyridine derivative [37]. Treatment of a chlo-

roform solution of the crude reaction product with

charcoal followed by recrystallization from ethanol

of the recovered solid afforded colourless 2-(4-

chlorophenyl)-6-(thiophen-2-yl)pyridine 3 (CTP).

4.2. Spectroscopy of CTP

The CTP structure features an electron-acceptor moi-

ety, namely the pyridine ring, linked to an electron-

donor moiety, i.e. the thiophene ring. Starting from

this prototype, similar molecules containing elec-

tron-donor and -acceptor units in their structure can

be further tailored with a view to obtain lower

bandgap, broader absorption, and higher mobility of

charges. As the number of reports dealing with the

florescence of CTP analogs is scarce, we first exam-

ined the photophysical properties of this compound.

The study was also required in order to understand

the origin of the electronic transitions involved in the

emission process.

The UV-vis absorption spectrum of CTP as 0.01%

solution in xylenes is shown in Figure 9. The com-

pound has a broad and intense absorption in the range

of 290 to 350 nm. The profile of the absorption pres-

ents a well-defined maximum at 321 nm, a barely

visible shoulder at 302 nm and finally a large wide

shoulder centered at 292 nm. The absorption maxi-

mum located at 302 nm could be assigned to the π–π*

electron transitions within the conjugated thiophene–

pyridine system. On the other hand, the 321 nm ab-

sorption band results from an intramolecular charge

transfer which is specific for fluorescent compounds

with electron-donor and -acceptor units in their

structure.

The emission spectrum of CTP was measured by ex-

citation around the determined absorption maxima.

Irrespective of the excitation wavelength, the corre-

sponding fluorescence (FL) spectrum showed only

a single emission band centered at 368 nm. The high-

est intensity was obtained for an excitation wave-

length of 321 nm, and this band was assigned to the

emission of the first singlet excited state, S1 (fluo-

rescence).

4.3. Spectroscopy of NQD

Polyhydrosilane presents in its structure numerous

phenyl rings that are linked directly to the silicon

backbone of the copolymer. The strong effects due

to interactions at the level of the excited states be-

tween these aromatic rings and the silicon-based

chain of the copolymer will determine the material’s

photophysical properties, which could be further ex-

ploited at molecular level. The UV-vis absorption

spectrum of NQD is presented in Figure 10. As ex-

pected, a large shoulder is noticeable at approximate-

ly 310 nm, and its presence in the spectrum has been
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Figure 8. Synthesis of 2-(4-chlorophenyl)-6-(thiophen-2-yl)pyridine 3 (CTP)

Figure 9. UV-vis absorption spectrum of CTP (a); FL spectrum of CTP. Excitation was done at 321 nm, (b)



associated with the transitions of the σ electrons in

the polyhydrosilane matrix. A characteristic feature

of polyhydrosilanes is the low resolution of the UV

absorption maximum compared with other polysi-

lanes structures. This specific profile is a consequence

of the additional segmentation of the linear conju-

gated chain induced by the more flexible methylhy-

drosilyl moieties [36, 40, 49].

Excitation around the absorption maximum wave-

length leads to the emission profile displayed in Fig-

ure 10b. The FL spectrum presented two emission

bands. First, there is an expected broad emission

band at 370 nm that was assigned to the σ–σ* elec-

trons relaxation specific for the σ conjugated poly-

silanes. Second, another narrow emission peak with

a much higher intensity is present at 410 nm. Ac-

cording to previous reports, this emission is charac-

teristic for the SiQDs with dimensions below 10 nm

[50, 51]. It is important to note that the highest in-

tensity of the SiQDs emission was obtained by ex-

citation at 330 nm, the same wavelength as for the

polysilane structure.

4.4. Effect of CTP on NQD

UV-vis analysis of colloidal NQD samples having

concentrations of CTP within 0.1–1% range has been

performed with a view to establish the working limit.

Thus, it was noted that for concentrations higher than

0.2%, the stronger absorption of CTP totally con-

ceals the absorption of NQD. Below this value, the

UV absorption spectrum shows elements common

to both NQD and CTP UV spectra (Figure 11). On

one hand, the overall aspect of the UV spectrum of

stained NQD is similar to that of the pristine NQD,

having just one large, barely noticeable shoulder. On

the other hand, the absorption maximum recorded

for stained NQD has shifted from 310 nm (as it was

in the case of NQD) to 321 nm (as it was recorded

for CTP). The probable cause of these modifications

is the overlapping of electron transitions having sim-

ilar energy gap for both NQD and CTP, which in turn

affects the corresponding excited states. Interaction

of polyhydrosilanes with the neighbouring electroac-

tive species is a consequence of the intramolecular

weak charge-transfer structures along the unshielded

methyhydrosilyl segments [52]. The presence of CTP

molecules in the immediate vicinity of polyhydrosi-

lane leads to an extension of the σ electrons conju-

gated system through coupling with the dual π con-

jugated system of CTP. In addition, the presence of

phenyl groups attached to the polysilane backbone

contributes to a lowering of the band gap energy

through σ–π conjugation. This also generates partic-

ular excited states, which are involved in electron
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Figure 10. UV-vis spectrum of NQD (a); FL spectra of NQD. Excitation at 330 nm, (b)

Figure 11. (a) Comparison between the UV absorption spectra of CTP (1), NQD (2) and stained NQD (3); (b) Comparison
between the FL emission spectra of CTP (1), NQD (2) and stained NQD (3)



transition processes at both intra- and intermolecular

levels [21].

The FL spectrum of stained NQD shows a single

emission band at 370 nm for excitation wavelengths

within the 310–330 nm range (Figure 11b). Interest-

ingly, the emission profile of stained NQD is similar

to that of pristine CTP, and not to the emission pro-

file of NQD.

Another important observation is that a very small

concentration of TCP (0.33·10–7 M) induced the sup-

pression of SiQDs fluorescence emission up to 29.7%,

meanwhile upon addition of 2.33·10–7 M the fluo-

rescence is quenched with 76.4% (Figure 12a).

Generally, the fluorescence quenching represents the

decrease of the quantum yield of fluorescence from

the fluorophore induced by different molecular in-

teractions with the quencher molecule (energy trans-

fer, excited-state reaction, molecules rearrangement,

ground state complex formation, collision quench-

ing) and also the quenching mechanism can be static

or dynamic. Here, in order to elucidate the mechanism

of quenching, we employed the well-known Stern-

Volmer Equation (5) and modified Stern-Volmer

Equation (6) [53]:

(5)

(6)

where I0 and I are the values of initial fluorescence

intensities and in the presence of a quencher, respec-

tively, [Q] is the quencher concentration, KSV is the

Stern-Volmer dynamic quenching constant, ka is the

fraction of accessible fluorescence and fa is the ef-

fected quenching constant for the accessible fluo-

rophores.

The Stern-Volmer plot of NQD in presence of TCP

is shown in Figure 12b. It could be noted that the plot

is linear, indicating that the quenching mechanism is

probably single quenching [53, 54]. Moreover, the

curve of I0/(I0 – I) versus 1/[Q] was also linear for the

TCP concentrations used in the study (Figure 12c).

Both these obviously represent characteristics of a

static quenching mechanism [53, 55].

A system exhibiting this behavior could be used to

build multi-channel sensing devices. Thus, the NQD-

based sensor will emit an intense signal at 370 nm

when in contact with trace amounts of CTP. In the

absence of CTP, a different signal will be emitted at

410 nm. Both signals can be generated using the

same excitation wavelength, namely 330 nm. In any

of these cases, the emission could be collected and

used to trigger a specific response. This approach
I
I

K Q10
SV= + " %

I I

I

f f k Q
1 1

0

0

a a a-
= +R W " %

Sacarescu et al. – eXPRESS Polymer Letters Vol.10, No.12 (2016) 990–1002

999

Figure 12. Influence of TCP on the fluorescence intensity of SiQDs (a); Stern-Volmer plot (b) and modified Stern-Volmer
plot (c) showing the concentration effect of TCP



opens new opportunities to develop complex, high

resolution imaging/sensing systems designed to in-

crease anticancer therapy efficiency.

5. Conclusions

This work describes the sensing properties of a nano -

composite obtained by microwaves-assisted Wurtz

coupling of methyldichlorosilane with diphenyl -

dichlorosilane. The material is a solid powder con-

taining SiQDs dispersed in a polysilane matrix sol-

uble in usual organic solvents. Upon dissolution, in-

definitely stable colloidal solutions of SiQDs are ob-

tained. Thin films cast from such solutions were an-

alyzed by TEM, and showed the presence of SiQDs

dispersed within the polysilane thin film. The remark-

able stability of the NQDs colloidal dispersion has

been explained using SAXS. Thus, it was found that

the spherical silicon nanoparticles are covered with

a thin layer of polymer that prevents their aggrega-

tion and sedimentation. Further experiments explored

the changes induced to the fluorescence of colloidal

SiQDs by the presence of CTP, a potential cytotoxic

agent. It was found that the SiQDs strong emission

is totally quenched if low amounts of CTP are pres-

ent. Since CTP has his own fluorescence, its combi-

nation with colloidal SiQDs results in a dual channel

sensing system activated by a single excitation

wavelength. The system could find application in tu-

mour imaging and therapy.
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1. Introduction

The control of material properties, and in particular

the development of functionally graded materials

(FGMs), is one of the frontiers of current design and

manufacturing [1, 2]. Nature, through the process of

evolution, normally selects materials that better fit

their application and frequently arrives at designs

that perform their task through grading. This, for ex-

ample, is how a soft-bodied squid can manipulate a

hard beak [3]. The use of FGMs in nature is more

the norm than the exception and is seen in practically

every system, such as in plant stems, shells, teeth,

and bone [4]. Similar advantages can be achieved in

manufactured parts if one can manufacture function-

ally designed graded properties. In mechanical sys-

tems, such as composites, grading can be used to re-

move discrete interfaces and  result in the distribu-

tion of stresses [5, 6]. This can help to reduce stress

concentration at critical locations and suppress the

onset of permanent (plastic) deformation, damage,

or cracking [7–10]. Smooth transitions in composi-

tion across an interface can also improve interfacial

bonding between dissimilar materials [4, 11–13]. To

design and manufacture FGM parts, one needs a

flexible platform to create controlled grading with-

out introducing discrete interfaces.

One way to control properties in a macromolecular

system is to use interpenetrating polymer networks
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(IPNs). IPNs have already been used in many appli-

cations [14–18]. IPNs are polymer systems that are

formed from two or more networks in close proxim-

ity in a manner to achieve modulation of their phys-

ical properties by interpenetration of their individual

networks [19, 20]. The same networks can produce

IPNs with different properties by changing the frac-

tion of each network in the system [14, 18]. Thus, a

spatial variation of the fraction of the networks in

IPNs can be used to create grading [1, 21, 22].

IPNs normally expresses characteristics that are be-

tween those of the individual constructing networks

[23]. By properly selecting the mixture (i.e., the ratio

and type) of the components constructing IPNs, one

can make different IPNs that can have properties

ranging from a soft rubber to a hard glassy material

[24, 25]. This suggests that one can get large grading

in IPNs by selecting appropriate networks and by

varying their ratio in space. One can achieve this, for

example, by selecting long acrylate and short epoxy

cross-linking oligomers to build the respective net-

works [26].

Polymer networks can be constructed by different

curing methods such as thermal and photo curing

[27]. Photo curing is typically fast and also control-

lable [28, 29], and has been the basis of numerous

conventional applications in coatings, adhesives,

inks, printing plates, optical wave guides, microelec-

tronics and 3D printing [30]. Many IPNs, including

acrylate/epoxy based IPNs, have been made by such

a process [31–33].

The main mechanisms for photo curing of polymers

are free-radical and ionic polymerization [30]. Typ-

ically, radical photo polymerization is fast and con-

trollable as the radicals can be rapidly initiated by

light and rapidly terminate in its absence. On the

other hand, ionic photo polymerization is a living

process that is slower and typically only terminates

with the lack of availability of the monomer/cross-

linker [34]. Acrylate is known to follow a radical

process and epoxy a cationic process [27, 32, 35] and

show a difference between their curing rates [36, 37].

A mixture containing acrylate and epoxy compo-

nents during photo polymerization will have the net-

works growing concurrently, which should give si-

multaneous IPNs that typically are a more homoge-

nous material and has better properties compared to

sequential IPNs [20, 33, 38, 39].

The cationic process during photo polymerization is

subject to continued curing after the termination of

light exposure (dark curing) and continues as long

as there is availability of the uncured component [40,

41]. The dark curing of a component that is follow-

ing cationic polymerization, such as that for epoxy,

can be controlled and terminated by changing the

availability of the uncured fraction by a process such

as washing with a solvent [42, 43]. The premature

termination of the network formation of the cationic

component in IPNs will result in a material with dif-

ferent properties [43, 44]. Spatial variation of the

time of termination of the cationic component may

result in one way to control the grading of IPNs.

An acrylate/epoxy system is considered for making

graded IPNs by photo polymerization in a printer.

The kinetics of IPNs formation are studied by Rapid-

Scan Fourier Transformation Infrared Spectroscopy

(RS-FTIR), and the characteristics of the IPNs are

evaluated by optical microscopy, Differential Scan-

ning Calorimetry (DSC), Atomic Force Microscopy

(AFM), and nano-indentation. A printing process for

making graded IPNs based on controlling the extent

of dark curing is designed and implemented in a 3D

printer, and the resulting grading is evaluated by

nano-indentation.

2. Materials and methods

IPNs were prepared using a mixture of two photo ini-

tiated cross-linking components. Bisphenol A ethoxy-

late dimethacrylate (acrylate) and the photo initiator

2-Hydroxy-2-methylpropiophenone formed the com-

ponent that follows radical polymerization. Bisphe-

nol A diglycidyl ether (BADGE) and Triarylsulfoni-

um hexafluoroantimonate salts, mixed 50 wt% in

propylene carbonate, as the photo initiator are the

component that follows cationic polymerization. All

components were supplied by Sigma-Aldrich Co.,

USA. Figure 1 presents the chemicals that form the

IPNs and their associated photo initiators. The acry-

late oligomer used in this study has the repetition

unit length of n = m = 15, and its molecular weight

is Mn ≈ 1700 g/mol.

The solution used for this study was made of 1 wt%

of cationic initiator in solvent (propylene carbonate),

0.25 wt% of radical initiator, 49.375 wt% each of

acrylate and BADGE. For simplicity, this is termed

the 50/50 acrylate/BADGE mixture as it contains
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equal part of the two monomers (oligomers). The

components were mixed together by mechanical stir-

ring (VWR, VMS C7 S1) at 2000 rpm for approxi-

mately 40 min under vacuum and kept under an inert

Argon environment at 50±1 °C before photo poly-

merization.

The light attenuation of the system was evaluated by

measuring the transmission of 322 nm light, pro-

duced by a tunable laser (Opotek, HE 355 LD, USA),

through different thicknesses of the sample. The sam-

ples were put in cylindrical rings of different thick-

ness that were set on a fused silica glass of 25 mm

thickness. The power transmission was measured by

a light power meter (Ophir thermal sensor, USA).

The curing kinetics of the mixtures was studied by

Rapid-Scan FTIR (Agilent technologies, Cary 670)

on a temperature-controlled Attenuated Total Re-

flectance (ATR; GladiATR, PIKE, USA) set, at

85±1°C. As shown in Figure 2, a cylindrical contain-

er ring was used to hold the sample, of approximate

film thickness of h = 200±5 µm, on the diamond sen-

sor of the ATR. Photo curing was initiated under a

controlled Argon atmosphere from the top of the

sample by a collimated light. The light was produced

by a tunable laser (Opotek, HE 355 LD, USA) set at

322 nm, which was connected by a UV optical fiber

to a collimator aligned perpendicular to the top of

the sample. The characteristic of the collimated beam

was evaluated with a power meter and beam profile

camera (Ophir thermal sensor, Ophir Spiricon cam-

era). The laser was connected to the system by a

fiber optic cable connected to a collimator that pro-

duced a uniform power distribution. The power dis-

tribution out of the collimator was measured by a
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Figure 1. Chemical structures of (a) Bisphenol A ethoxylate dimethacrylate (b) 2-Hydroxy-2-methylpropiophenone,

(c) Bisphenol A diglycidyl ether, and (d) Triarylsulfonium hexafluoroantimonate salts

Figure 2. Schematic illumination of sample on environmentally controlled ATR setup for FTIR evaluation of curing kinetics

at the bottom surface. The power of the collimated laser beam is I0 at the top of the sample and is attenuated to I
at the bottom where the measurement is done.



power meter (Ophir, USA). The FTIR used the MCT

detector to analyze the material at the bottom of the

sample (directly adjacent to the diamond of the ATR)

over the range of 400–4000 cm–1 at a rate of 0.5 or

1 spectra per second with a spectra resolution of

4 cm–1. The Beer-Lambert law was used to calculate

the attenuation of the light power through the sample

thickness to calculate the power intensity at the sur-

face of the diamond (bottom of the sample) where

the FTIR measurements were taken from.

The kinetics of curing for our system was evaluated

from the FTIR spectra measured at the bottom sam-

ple surface, as shown in Figure 2, by monitoring the

respective intensities of the different peaks. Typical

initial and intermediate FTIR spectra during the cur-

ing are shown in Figure 3. The variable peaks at

1638 cm–1 (C=C) and 778 cm–1 ( ) are, respectively,

associated with the conversion of acrylate and

BADGE [31]. Conversion of each component was

calculated using the peak-height method based on

the ratio of the height of the variable peak to the ref-

erence peak at 1607 cm–1. This peak is one of the

three reference peaks at 1510, 1580 and 1607 cm–1

of –C=C–H aromatic [45, 46].

Optical micrographs of the samples were taken using

a Nikon Optiphot-2 Polarized Optical Microscope

(POM) equipped with the Nikon Nis Elements D

software. The pictures were obtained in both reflec-

tion and transmission modes, allowing picturing ho-

mogeneity of the material from the surface to the

bulk.

Due to the small size of the samples prepared on the

Rapid-San FTIR, DSC was performed on the cured

samples using a twin-type power-compensation fast

scanning chip calorimeter (Flash DSC 1, Mettler-

Toledo, Switzerland). Micro-gram sized samples, in-

cluding the full cross section, were taken from the

center of the cured sample before post curing and

were analyzed on MultiSTAR UFS 1 MEMS chip

sensors. The positioning of the sample in the middle

of the sensor was ensured using a Leica® optical mi-

croscopy tool. A Huber TC100 immersion cooler was

used to cool samples to –80°C before any measure-

ment. Nitrogen purge gas (99.9% purity) was used

at a flow rate of 20 mL·min–1 to avoid condensation

of water from the environment. The Flash DSC analy-

ses were carried after conditioning of the sensor at a

heating rate βh = 1500 K·s–1 from –70 to 250°C.

The mechanical property of each sample after the cur-

ing process was evaluated using nano-indentation

(Hysitron, TI-950 Triboindenter, USA). The samples

made on the ATR during Rapid-Scan FTIR were each

evaluated at two points on the lower surface using

each time nine measurements on a 3×3 grid of di-

mensions 0.7 by 0.5 mm. For the printed samples,

50 µm of the surface was removed before testing to

avoid any surface-specific characteristics. This was

done by first using 600 Grit sandpaper to roughly

polish away around 50 µm (600 Grit ~30 µm), then

synthetic velvet cloth and de-agglomerated alumina

(300 nm) dispersion (BUEHLER) was applied to fine

polish the surface. For the printed samples, measure-

ments were taken on the centerline of the path of the

traveling beam. Four measurements were made in

each case on a 4×4 square grid of dimension 10 µm.

The results were analyzed using standard analysis

[47] for a conical tip (Ti-0093) in displacement con-

trol mode with maximum displacement of 500 nm.

AFM (Anasys instrument, USA) was used in contact

mode to study topology and phase angle in some

samples.

The graded sample was made in a 3D printer. In the

3D printing machine, the printing head was installed

with a focus lenses, which was connected with a sil-

ica UV optical fiber (1 mm diameter) to the same laser

source and settings. A thermal heater was used on

the sample platform to allowed vertical adjustment

under the printer head. The temperature of the mixture

on the platform was monitored by an IR beam ther-

mometer. The 3D printing machine was controlled

through G-code. The entire printing area was kept

under an Argon atmosphere. The details of the print-
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Figure 3. Typical initial and intermediate FTIR spectra from

700 to 1700 cm–1 of the acrylate/BADGE mixture



ing process are described in the grading design in-

cluded in the Discussion and Demonstration section.

3. Uniform curing results and discussion

Photo curing on the FTIR-ATR system and the later

demonstration of graded curing required knowledge

of the attenuation of light as it passes through the

mixture. The attenuation of light in a homogeneous

system is given by the Beer-Lambert law I =

I0·exp(–ξh) [48, 49], where I is the transmitted power,

I0 is the incident power, ξ is the attenuation coeffi-

cient, and h is the thickness of material the light is

transmitting through. The system used was a mixture

of monomers (oligomers) and photo initiators as de-

scribed above. For a homogeneous mixture, we can

calculate the attenuation coefficient from Equa-

tion (1):

(1)

where for n components, xi is the concentration of

component i, and ξi is its respective attenuation co-

efficient. The attenuation coefficients for the compo-

nents of our mixture were evaluated by direct power

transmission through a sequence of fixed thicknesses

for each pair of monomer (oligomer) and photo ini-

tiator. The results are shown in Figure 4. The initial

attenuation coefficients for the acrylate, radical photo

initiator, epoxy, and cationic initiator (including sol-

vent) where respectively evaluated as 0.12, 132.5,

0.09, and 1666 mm–1 by fitting linear regression lines

to the data. For the final mixture used (respectively

1 and 0.25 wt% cationic and radical initiators), this

gives the attenuation coefficient of the total system

as ξ = 17.1 mm–1. This attenuation increases with the

curing of the systems to about  ξ = 18.1 mm–1 after

60 s.

Before the start of this work, the characteristics of

the acrylate/BADGE system was studied by prepar-

ing and curing, under a polychromatic lamp, samples

with different concentrations of BADGE. The mod-

ulus for these concentrations was evaluated by nano-

indentation and indicated a lack of sensitivity of the

modulus to changes in the concentration of BADGE

above 50%, shown in Figure 5. This suggested use of

the 50/50 acrylate/BADGE system selected here as

it could provide both a high modulus and the modu-

lus would be sensitive to reduction in BADGE con-

tent.

The effect of the duration of light exposure was stud-

ied for the 50/50 acrylate/BADGE mixture on a tem-

perature controlled ATR attached to a rapid-scan

FTIR as shown in Figure 2. The samples were ex-

posed to light from 50 to 2400 s in an Argon atmos-

phere. Using the Beer-Lambert law, the power at the

bottom of the sample, where the FTIR spectra are

evaluated from, was calculated to initially be

0.245 mW/cm2, which decreases with curing. There

is an increase of attenuation during curing that was

directly measured for the two separate systems. A

rough estimate, based on curing of the individual sys-

tems, indicates that the power can reduce in the order

of 25% in the first 60 s. For each sample, in addition

to evaluating the curing under light, curing after the

end of light exposure (dark curing) was also evalu-

ated up to 2400 s. The results of this study are shown

in Figure 6. As can be seen, for these conditions the

conversion process of both the acrylate and BADGE

are unaffected by light exposures longer than 60 s.

x
1

i i
i

n

p p=
=

/
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Figure 4. Attenuation coefficient of light as a function of

concentration of initiators

Figure 5. The dependence of modulus on the concentration

of BADGE for a polychromatically cured system



Figure 6a indicates that the acrylate reaches the

plateau of full conversion after approximately 60 s

of light exposure. For exposures below this mini-

mum required exposure, the acrylate does not fully

cure. Figure 6b shows that the epoxy component con-

tinues to cure for over 40 min, but is not affected by

light exposure after the minimum light exposure

time for activation of all the cationic initiators, which

was approximately 60 s. As can be seen, full curing

of the BADGE still occurs for shorter exposer times

(e.g., 50 and 55 s), but the time to reach full curing is

longer. In these cases there is a possible change in

the final structure of the cross-linked polymer and its

properties [43, 44]. For the experimental conditions,

full initiation of the BADGE should happen between

55 and 60 s. As shown in the figure, light exposure

after 60 s did not have any effect on the curing process

as the acrylate was fully converted and the cationic

initiators for the BADGE monomer (oligomer) were

fully initiated. We denote this as a fully initiated sys-

tem, after which dark curing in the system (for the

BADGE component) occurs unaffected by light ex-

posure.

An experimental study of the effect of the extent of

dark curing was done to establish if the extent of dark

curing could be used to control final material proper-

ties. From Figure 6b, four curing times of 300, 700,

900, and 2400 s (fully cured) were selected for the

main study. Samples of the 50/50 acrylate/BADGE

system were prepared and allowed to cure to these

respectively selected curing times using the same

conditions described above, after which the samples

were removed and put in acetone [42] for 24 hours

to remove any uncured BADGE monomers (oligo -

mers). This was done to terminate any further curing
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Figure 6. Effect of different durations of light exposure fol-

lowed by dark curing for the 50/50 acrylate/

BADGE mixture: Conversion of (a) acrylate com-

ponent and (b) BADGE component.

Figure 7. Transmission optical microscopy of the top (left), middle (center), bottom (left) focus depths for the 300 s (top)

and 2400 s (bottom) cure times (200 µm scale shown)



of the BADGE network. For reference, samples of

pure acrylate and pure BADGE, using their respec-

tive initiators, were prepared and cured under the

same conditions.

Figure 7 shows transmission optical microscopy of

the 300 and 2400 s cured 50/50 acrylate/BADGE sys-

tem. The picture is focused on the top (front), middle,

and bottom (back) surfaces. Optical spectroscopy pro-

vides a picture of density variations in the samples.

The 300 s dark cured system shows micrometer sized

variations throughout the system, while the fully cured

system (2400 s curing) shows no noticeable varia-

tion on this scale. Figure 8 shows a comparison of

the different extents of curing in comparison to that

of pure acrylate and pure BADGE. As can be seen,

the pure acrylate shows density variations on the scale

of 20–30 micrometer, while the pure BADGE shows

variation at a scale of 3–5 micrometer. As can be seen

for the 50/50 mixtures, all show density variations that

are similar to that of pure acrylate. This variation is

showing more diffused characteristics with the in-

crease of the dark curing time, possibly an indication

of the increasing formation of the BADGE network.

Figure 9 shows Atomic-Force microscopy (AFM) of

the surface of the 50/50 fully cured acrylate/BADGE

system. As can be seen from Figure 9a, there is a pat-

tern of approximately 60 nanometer circular inden-

tations of 4 to 10 nanometer depth. The phase angle,
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Figure 8. Optical transmission microscopy focused in the center of the thickness for (a) pure acrylate, (b, c, d, e) for 50/50

acrylate/BADGE mixture with 300 to 2400 s of curing, and (f) pure epoxy (100 µm scale shown)

Figure 9. AFM micrographs for (a) height and (b) phase angle of the 50/50 fully cure acrylate/BADGE system



shown in Figure 9b, indicate a small phase difference

of less than 10 degrees between adjacent locations,

indicating similarity of material properties for the

holes and their surrounding material.

Figure 10 shows the change in mechanical properties

of the 50/50 mixture after different extents of curing.

The modulus was evaluated by nano-indentation on

the samples after post curing for 1 hour at 150 °C.

Shown is curing times starting from 160 to 2400 s that

correspond to dark curing times from 100 to 2340 s.

As above, in each case the conversion of the BADGE

component was terminated by washing the sample

after the dark curing. As can be seen, for curing times

below 400 s, the modulus of the system is identical

to pure acrylate, while after this time the modulus

gradually increases to that of pure BADGE.

Figure 11 shows the heat flow signal obtained by

Flash DSC for pure acrylate, pure epoxy, and the

50/50 acrylate/BADGE system for different amount

of curing time. As above, the 50/50 systems were ex-

posed with the laser for 60 s and then dark cured

until the indicated total curing times. This produced

circular samples under the laser spot of approximate-

ly 1–2 mg size with 200 µm thickness and approxi-

mately 2–3 mm diameter, which is smaller than the

5–10 mg sample size recommended for regular DSC.

From these, 0.5–10 µg samples were cut from the cen-

ter of the circular disk, including the full cross-sec-

tion, and placed at the center of the Flash DSC sen-

sor. For each sample, the figure includes an optical

picture of the segment cut from the central portion of

the circular sample and a strip cut from this and ro-

tated to show the cross section. The DSC sample was

cut from this strip. In each case, other than for pure

acrylate, the samples were post cured in the Flash

DSC for 5 minutes at 170°C. For pure acrylate, which

had a glass transition (Tg) around –30°C, the sample

was post cured at 70°C. In every case both the heat-

ing signal and the cooling signal after post curing

was repeatable, showing no further changes even

after multiple cycles of heating and cooling. The fig-

ure shows the heat flow during heating from –80°C

at a rate of 100°C/s. As the mass is not known for

the Flash DSC samples, the signals shown have been

scaled, shifted and rotated to allow clear observation

of the glass transition. As can be seen in Table 1, the

Tg of the 50/50 acrylate/BADGE system varies be-

tween that of pure acrylate and pure BADGE. We

observed a single Tg for the mixture with no other

observable transitions. A single observed Tg is evi-

dence of the formation of homogeneous IPNs [50,

51]. It should be noted that the Tg seen during Flash

DSC is typically 10–20°C higher than that seen in

regular DSC. This is due to the higher heating speeds

in the Flash DSC.
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Figure 10. Mechanical property of samples evaluated by

nano-indentation after the total time of curing in-

dicated. In each case, 60 s of initial light exposure

was followed by dark curing to the final curing

time indicated.

Figure 11. Flash DSC thermograms of the cured systems for

pure acrylate, pure BADGE and the 50/50 acry-

late/BADGE IPNs under different curing times

(300–2400 s). Heat flow is scaled and shifted to

visually separate the signals.

Table 1. Glass transition temperatures at 100 °C/s for pure

acrylate and BADGE and the partially dark cured

50/50 mixtures

Pure

acrylate

50/50 acrylate/BADGE mixture
Pure

BADGE300 s 700 s 900 s
Fully

cured

–17±2°C 5±2°C 46±2°C 57±2°C 74±2°C 140±5°C



Changing the properties of IPNs is typically achieved

by changing the ratio of the two or more components

that will construct the networks of the IPNs. As shown

in Figure 10, one can achieve two orders of magni-

tude variation in mechanical modulus even when

starting from the same 50/50 acrylate/BADGE mix-

ture by prematurely terminating the formation of the

BADGE network through controlling the extent of

dark curing. As shown in Figure 11, this premature

termination of network formation still produces ho-

mogenous IPNs, which is evidenced by a single ob-

served Tg and no other observed transitions [50, 51].

4. Graded printing design and demonstration

The main goal of this work is to demonstrate the abil-

ity to print graded IPNs entirely based on knowledge

of the curing kinetics and, in particular, to achieve

this from the same initial mixture. As was demon-

strated in the last section, properties can be changed

for the same initial mixture by controlling the extent

of the dark curing of the cationic (epoxy) component.

This information is used to design and demonstrate

a printing process for constructing graded IPNs.

A 3D printer was used to construct a graded sample

based on the observed kinetics for the 50/50 acry-

late/BADGE system. The printer was connected by

a fiber optic cable to the same laser source used for

the results shown in Figure 5–11. Unlike the condi-

tions on the ATR, shown in Figure 2, the printer head

produced a light beam that was focused in the curing

system. As a result, the beam was not collimated. In

addition, the beam spot in the printer moves so that

it produces a substantially more complex light expo-

sure (see [52]). In addition to light attenuation in the

solution, at least three other factors need to be con-

sidered to allow adaptation of the results obtained

from curing on the ATR, which is under a stationary

and columnar lighting source. In particular, the laser

beam in the printer is focused, the power distribution

in the cross section of the beam is not uniform, and

the beam moves, which makes the exposure at the

centerline of the beam path vastly different from its

outer edges. These facts are described in Figure 12.

The power distribution of the beam at the focal point

of the light is shown in Figure 12b, which when

moved produces an exposure distribution that resem-

ble that shown in Figure 12c, having a decreasing

exposure from the center line of the beam path to its

edges. For the conical power distribution measured

in Figure 12b, the exposer takes the form shown in

Figure 12e (normalized to the central intensity) for

the points identified in the beam profile shown in

Figure 12d, and results in the total energy exposures

shown in Figure 12f. As a result, the light exposure

varies substantially at different positions under the

moving light beam. To simplify the demonstration,

we focused our attention on the centerline of the

traveling beam line, which is exposed to a triangular

energy profile. In addition, we know that the kinetics

of radical curing of the acrylate changes with the

square root of the light power, while the initiation of

the cationic initiators are a linear function of power

[53, 54]. Therefore, over exposing a point will result

in faster formation of the acrylate network, while

will have only a small effect on the formation of the

BADGE network. Assuming the earlier formation of

the acrylate network relative to the BADGE network

will not have a substantial effect on the final proper-
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Figure 12. Schematic of laser beam profile, motion, and exposure for moving printer head



ties of the system, conditions were selected that

over-expose the system as the light source traveled

over the mixture.

The demonstration of grading was done by placing

the 50/50 acrylate/BADGE mixture in a sandwiched

mold that included 250 µm thick polycarbonate (PC)

container (spacer) that was placed on a 2 mm thick

PC slide and covered with a 1mm fused silica cover.

The sample and mold were put on the hot plate of the

3D printer and kept in an Argon controlled atmos-

phere at 85 °C. The laser beam from the printing

head was focused at 200 µm sample depth from the

top surface, with a light spot diameter of 2 mm. The

peak of the power intensity of the laser at this loca-

tion was 2.6 mW/cm2 taking into account the atten-

uation using the Beer-Lambert law. The printing head

was programmed to move 25 mm from the left to the

right in a straight line along the sample cavity with

a velocity of 0.01 mm/s. Immediately after scanning

the sample with the laser, the mold was immersed in

an acetone solution to separate the PC parts of the

mold and was left in the acetone for 24 hours to ex-

tract the uncured components from the sample [42].

The sample remained connected to the fused silica.

After this extraction, the sample was post cured for

one hour at 150°C. The sample was then polished to

remove about 50 µm from the bottom surface before

characterization by nano-indentation.

For the selected exposure conditions and sample

thickness of the curing system, as the traveling beam

passes over a point, the centerline of the traveling

beam should fully cure the acrylate and fully initiate

the cationic initiator to start curing the BADGE.

Thus, the elapsed time from when the beam passes

a point should approximately be the dark curing time

for the formation of the BADGE network.

The insert of Figure 13 shows the printed sample and

the graph shows the modulus measured along the

centerline of the beam using nano-indentation. In this

case, the beam travels from left to right, so the sam-

ple at the left was exposed first and thus had the

longest dark curing time. As the sample was washed

in acetone immediately after completing the expo-

sure, the dark curing time in the sample linearly de-

creased from left to right. As can be seen, in this

demonstration the modulus varies from 3,300 MPa

to 24 MPa over a distance of about 10 mm. In addi-

tion, the sample shows a color variation that goes

from a slight yellowish color, sometimes seen in

epoxy curing, on the left to being clear, characteristic

of acrylate, on the right. The printing was repeated

twice and both repetitions show similar grading. The

authors believe that this is the first time that grading

of the modulus has been demonstrated in IPNs that

are made by starting from a uniform mixture and for

which the dark curing time is used to achieve a two

order of magnitude change in properties.

5. Conclusions

IPNs have traditionally been used to get several or-

ders of magnitude change in mechanical properties

through varying the ratio of the components in the ini-

tial mixture used to obtain the IPNs. This is possible

when starting with components that have vastly dif-

ferent properties so that the ratio of the components

can results in behavior varying from a rubber to a

rigid glass by mixing different amounts of each com-

ponent and then curing the system. The current work

demonstrates that one can also obtain IPNs with sim-

ilar variations even when starting from a single ratio

of components. This was done for an acrylate/epoxy

system that was photo initiated. The acrylate in this

system follows a radical, while the epoxy followed a

cationic network formation. As a result, the epoxy

continued to form its network even after light expo-

sure had ended. Control of this dark curing time was

used to construct samples with vastly different prop-

erties, yet still obtaining IPNs. It is believed that this

is the first time that the dark curing time has been

demonstrated as a tool to obtain IPNs of vastly dif-

ferent properties from the same initial mixture.

In addition, it was demonstrated that the dark curing

time of the cationic component can be used to print
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Figure 13. Mechanical property of the printed IPNs meas-

ured by nano-indentation on the centerline of the

sample



a grading that gradually varies several orders of mag-

nitude in the modulus over the millimeter length scale.

Since the system is forming IPNs, the grading should

be scalable down to the nanometer length scale, and

may have potential in nano-printing of graded prop-

erties. It is believed that this is the first time that grad-

ed IPNs have been constructed from a single mixture

based on controlling the dark curing time.
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1. Introduction

Even in case of high performance thermosetting
polymer materials as cyanate esters and epoxy resins
the flame retardancy is still an issue to be solved,
particularly in advanced sectors with strict safety re-
quirements as electrical and aeronautical industry.
However, the addition of flame retardants usually
decreases the glass transition temperature and me-
chanical properties of the polymers [1]. One possi-
bility to minimize these effects is to apply reactive
flame retardants, which can be chemically incorpo-
rated into the polymer structure. This approach offers
further advantages: as the flame retardant does not

migrate to the surface of the matrix either during high
temperature processing or application, it provides
more stable effect compared to additive flame retar-
dants and lower ratio is sufficient to achieve the same
level of flame retardancy [2]. The increasing focus on
the health and environmental compatibility of flame
retardants also facilitated the headway of this reac-
tive approach, in particular many organophosphorus
reactive flame retardants were developed in the recent
years [3–6]. Another way to compensate the effect
of flame retardants is to form blends with another
polymer possessing high glass transition tempera-
ture, thermally stable backbone and outstanding me-
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chanical properties. Again, instead of simple blend
formation reactive blending resulting in primary
chemical bonds between the polymers is preferred.
For these reasons epoxy resins are often blended with
cyanate esters [7–10], which can be applied instead
of the commonly applied amine or anhydride type
hardeners. This way cyanate esters can be used as
multifunctional reactive modifiers increasing the
glass transition temperature, and improving the ther-
mal stability and mechanical properties of flame re-
tarded epoxy resins.
In CE/EP systems either the EP [11, 12] or the CE
component [13–15] can contain the phosphorus (P)
-containing flame retardant unit, but separate P-con-
taining reactive modifiers (mostly with –OH [16]
and –NH2 functions [17]) can be applied as well.
These articles studied the flame retardancy results of
P-containing CE/EP or CE, along with the effect on
glass transition temperature and in some cases on
modulus only in polymer matrices. To the extent of
our knowledge, no articles have been published yet
on the effects of phosphorus flame retardants on
glass transition temperature and mechanical proper-
ties in CE/EP fibre reinforced composites, therefore
our current study aims at filling in this gap.
In particular, in this work the EP component, DGEBA
was pre-reacted with DOPO in order to obtain an
epoxy functional reactive flame retardant, and a no-
volac type, high glass transition temperature CE was
blended with it. As the flame retardants generally de-
crease the glass transition temperature of EPs, the
hybrid system consisting of CE, EP and reactive
flame retardant was made in order to reach higher
glass transition temperature than in case of flame re-
tarded EP alone.
Based on flame retardancy results of these CE/EP sys-
tems (published previously by the authors [18]), the
best performing blends were chosen, and the effect
of CE and flame retardant ratio was determined on
viscosity, glass transition temperature (Tg) and dy-
namic mechanical properties. From these best per-
forming blends also reactively flame retarded CE/EP
carbon fibre reinforced composites were made and
their dynamic mechanical, tensile, bending, interlam-
inar shear strength and Charpy impact properties were
tested and compared to CE and EP benchmarks.

2. Materials and methods

2.1. Materials

Novolac type cyanate ester (Primaset PT-30) was ac-
quired from Lonza Ltd. (Basel, Switzerland).
Diglycidyl ether of bisphenol A (DGEBA, Ipox ER
1010) with 188 g/eq epoxy equivalent weight was
obtained from IPOX Chemicals Ltd. (Budapest, Hun-
gary).
As reactive flame retardant 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO, Struktol
Polydis 3710, properties: molecular mass:
216.17 g/mol, melting point: 116°C) was used sup-
plied by Struktol Gmbh (Hamburg, Germany).
In order to form a phosphorus-containing epoxy com-
ponent, DOPO was reacted with DGEBA in 1:1 molar
ratio. Before the reaction DOPO was kept at 85 °C
for 12 h, in order to eliminate the traces of moisture.
DGEBA was kept under vacuum at 110°C to remove
air and traces of moisture, and after adding DOPO,
the mixture was stirred at 160°C for 5 h. After cool-
ing to room temperature a solid adduct was obtained.
This synthesis, based on the method of Wang and
Lin [19], was published by the authors previously
[18]. The main advantage of the adduct formation is,
that this way the highly intensive reaction between
DOPO and PT-30, furthermore carbamate and con-
sequent CO2 formation from CE due to water traces
present in DOPO (despite careful drying) can be
avoided. Due to controlled reaction conditions and
stoichiometry, an oxirane functional adduct is formed,
which reacts the same way as DGEBA with PT-30
(main reactions: trimerization of cyanates, insertion
of oxiranes into the cyanurate, isomerization of alkyl-
substituted triazines and formation of oxalidinones
from isocyanurates and glycidyl ethers [20]).
As hardener methyl-tetrahydrophthalic-anhydride
(Aradur 917 – AR917) was applied with 1-methylim-
idazole (DY070) accelerator by Huntsman Advanced
Materials (Basel, Switzerland). The equivalent mass
of the anhydride type curing agent, calculated from
its molecular mass, was 160 g/eq. The accelerator was
applied in 2 mass% related to the mass of DGEBA.
The chemical structures of the used polymer com-
ponents are shown in Figure 1.
As fibre reinforcement Zoltek Panex 35 type unidi-
rectional carbon weave with 300 g/m2 areal weight
provided by Zoltek Ltd. (Nyergesújfalu, Hungary)
was applied.
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2.2. Methods

2.2.1. Sample preparation

Besides the reference CE, EP and CE/EP matrices,
flame retarded CE/EP matrices with 2 and 3 mass%
phosphorus were prepared using the synthesized
DGEBA – DOPO adduct. The composition of the
composite matrices is summarized in Table 1.
Polymer matrix specimens for the mechanical inves-
tigations were made by resin moulding with a verti-
cal moulding tool. For the preparation of matrix spec-
imens for flame retardancy testing heat resistant sil-
icone moulds were used of appropriate size. The
composite laminates were made by hand lamination
followed by press moulding. Each carbon weave layer
was separately impregnated, in case of high viscosity
matrices the polymer and the mould were heated to
80°C. The prepared laminates were put under com-
pression with 25 bar pressure in T30 type platen
press (Metal Fluid Engineering s. r. l., Verdello Zin-
gonia, Italy) to achieve high and uniform fibre con-
tent in the composites. For flame retardancy meas-

urements 4 mm thick specimens were made using
[0]10 of carbon weave, while for mechanical tests
2 mm thick laminates were made with [0]5 layup.
The heat treatment was carried out during pressing.
Samples containing PT-30 were cured 1 h at 150°C,
3 h at 200°C and 1 h 260°C according to the sugges-
tion of CE supplier. In case of DGEBA the heat treat-
ment consisted of a 1 h 80°C and 3 h 140°C isother-
mal step. The measured fibre content of the compos-
ites was in the range of 50–55 mass%.

2.2.2. Parallel plate rheometry

Viscosity was determined by parallel plate rheome-
try using AR2000 device from TA Instruments (New
Castle, DE, USA) in the range of 25–80 °C, with
5°C/min temperature ramp, applying 40 mm diam-
eter plate and 150 µm gap between the plates.

2.2.3. Flame retardant characterization

The fire behaviour of the reference and flame retard-
ed systems was characterized by limiting oxygen
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Figure 1. Chemical structures of the used polymer components

Table 1. Composition of the CE, EP and CE/EP composite matrices
Sample composition

[mass%]

PT-30 DGEBA DOPO AR917 DY070

Reference samples

PT-30 100 – – – –

DGEBA – 52.3 – 47.1 0.6

20% PT-30 - 80% DGEBA 20 80 – – –

40% PT-30 - 60% DGEBA 40 60 – – –

Flame retarded samples

40% PT-30 - DGEBA – DOPO 2% P 40 46.1 13.9 – –

40% PT-30 - DGEBA – DOPO 3% P 40 39.1 20.9 – –



index measurements (LOI, according to ASTM D-
2863). The LOI value expresses the minimum vol-
ume fraction of oxygen in a mixture of oxygen and
nitrogen that supports flaming combustion of a ma-
terial under specified test conditions.
Standard UL-94 flammability tests (according to
ASTM D3081 and ASTM D-635, respectively) were
also carried out in order to classify the samples based
on their flammability in horizontal and vertical test
setups.
Mass loss calorimeter tests were carried out by an
instrument made by FTT Inc. (East Grinstead, UK)
according to ISO 13927 standard method. Specimens
(100×100×4 mm) were exposed to a constant heat
flux of 50 kW/m2 and ignited. Heat release values
and mass reduction were continuously recorded dur-
ing burning.

2.2.4. Dynamic mechanical analysis (DMA)

For the investigations of the dynamic mechanical
properties and for the determination of the glass tran-
sition temperature (Tg) values DMA tests were car-
ried out in three point bending setup with TA Q800
device of TA Instruments (New Castle, DE, USA).
The temperature range was 0–260°C (in case of pure
CE samples 0–400°C) with 3 °C/min heat rate. The
frequency was 1 Hz. The size of the specimens was
55×10×2 mm (length × width × thickness), and the
support span was 50 mm. The amplitude was strain
controlled with 0.1% relative strain. From the results
glass transition temperature based on the tanδ peaks
(Tg) and storage modulus (E′) values at 25 and 75°C
were determined by the software of the DMA device
(TA Instruments Universal Analysis 2000 4.7A ver-
sion).

2.2.5. Tensile test

Tensile tests were carried out to determine the com-
posites tensile strength and tensile modulus values
(Em) by a Zwick Z250 (Ulm, Germany) type comput-
er controlled universal tester, equipped with a 20 kN
capacity load cell. Based on EN ISO 527 the speci-
men size was 140×10×2 mm (length × width × thick-
ness). The test speed was 2 mm/min, and the initial
test length was 80 mm. During the test, force and
displacement values were recorded and the tensile
parameters were calculated according to the stan-
dard. In each case 5 parallel tests were carried out.

2.2.6. Bending test

Bending tests were carried out in three point bending
setup to determine the composites flexural strength
and flexural modulus values by a Zwick Z250 (Ulm,
Germany) type computer controlled universal tester,
equipped with a 20 kN capacity load cell with stan-
dard three point bending fixtures. The size of the spec-
imens, based on EN ISO 14125 was 100×10×2 mm
(length × width × thickness). The test speed was
5 mm/min, and the span length was 80 mm. During
the test, force and deflection values were recorded and
the bending parameters were calculated according to
the standard. In each case 5 parallel tests were car-
ried out.

2.2.7. Interlaminar shear test

According to EN ISO 14130 interlaminar shear tests
were carried out on 5–5 specimens with 20×10×
2 mm size (length x width x thickness) by a Zwick
Z020 (Ulm, Germany) universal tester. The support
span was 10 mm and the test speed was 1 mm/min.
From the registered force-deflection results apparent
interlaminar shear strength was calculated and com-
pared.

2.2.8. Charpy impact test

Charpy impact tests were carried out according to
EN ISO 179-1 by a normal impact on unnotched spec-
imens of 80 mm length, 10 mm width and 2 mm thick
with a Ceast Resil Impactor Junior (Torino, Italy) in-
strumented pendulum equipped with a 2 J hammer
using 2.9 m/s impact velocity, with 150° starting angle
and 62 mm support span on 5–5 specimens from each
sample. The force–time curves were registered by a
Ceast DAS 8000 data acquisition unit and the Charpy
impact energy was calculated and compared.

3. Results and discussion

3.1. Viscosity of polymer matrices

One major aspect of the processing of resin systems
is their viscosity, therefore prior to composite prepa-
ration viscosity of the polymer matrices was deter-
mined in the function of temperature. According to
Hay [21] for resin injection 100–300 mPa·s, for pul-
trusion 400–800 mPa·s, while for filament winding
viscosity of 800–2000 mPa·s is recommended.
Cyanate esters are often processed by filament wind-
ing, where the filaments are immersed into a heat-
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able resin bath allowing the reduction of the matrix
viscosity by increasing its temperature. The viscosity
of the CE and EP references and CE/EP blends in the
temperature range of 25–80 °C can be seen in Fig-
ure 2.
By increasing the amount of CE in the blends, the
viscosity increased, as expected. Furthermore, the
addition of solid DOPO-DGEBA adduct significant-
ly increased the viscosity as well. By increasing the
temperature the viscosity of the matrices showed a
monotone decreasing tendency.
According to the viscosity values at 80°C (Table 2)
the samples containing 3 mass% phosphorus can be
rather processed by hot pressing, Blends containing
2 mass% phosphorus are suitable for filament wind-
ing as well.

Based on these results hand lamination followed by
hot pressing was chosen as composite preparation
method, as it provides high fibre content and excel-
lent reproducibility.

3.2. Flame retardancy of polymer matrices

and composites

In order to be able to judge the overall performance
of the CE/EP systems, their LOI, UL-94 and most
important mass loss calorimetry results were sum-
marized in Table 3. The flame retardancy results of
the CE/EP matrices itself along with the results of
polymer composites made thereof are discussed in
detail elsewhere [18].
The addition of CE to EP significantly increased the
LOI value, however it was not sufficient to improve
the HB UL-94 rate of the samples. All blends con-
sisting of EP, CE and phosphorus-containing flame
retardant reached the V-0 UL-94 classification and
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Figure 2. Viscosity of the CE and EP references and CE/EP
blends in the temperature range of 25–80°C

Table 2. Viscosity of the CE and EP references and CE/EP
blends at 80 °C

*at 60°C-on due to lower gel time

Sample
Viscosity

[mPa·s]

PT-30 400

DGEBA 233*

20% PT-30 - 80% DGEBA 107

40% PT-30 - 60% DGEBA 113

40% PT-30 - DGEBA – DOPO 2%P 1,623

40% PT-30 - DGEBA – DOPO 3%P 14,780

Table 3. LOI, UL-94 and mass loss calorimetry results of the composites made of CE and EP references and their blends

*in parenthesis the horizontal burning rate is showed, where measurable
LOI: limiting oxygen index, TTI: time to ignition, pHRR: peak of heat release rate, THR: total heat released
Flame retarded samples are highlighted in grey (2%P) and dark grey (3%P)

LOI

[V/V%]
UL-94* TTI

[s]

pHRR

[kW/m2]

THR

[MJ/m2]

Residue

[mass%]

Matrix sample

PT-30 30 HB 26 156 15.5 48

DGEBA 23 HB (17.1±2) 40 743 91.0 0

20% PT-30 - 80% DGEBA 33 HB 50 471 59.6 0

40% PT-30 - 60% DGEBA 28 HB 50 238 55.1 14

40% PT-30 - DGEBA – DOPO 2%P 43 V-0 53 195 36.3 23

40% PT-30 - DGEBA – DOPO 3%P 45 V-0 44 234 47.5 22

Composite sample

PT-30 58 V-0 80 84 9.8 81

DGEBA 33 HB 55 176 37.9 50

20% PT-30 - 80% DGEBA 41 HB 51 162 29.9 61

40% PT-30 - 60% DGEBA 42 V-0 87 134 21.8 70

40% PT-30 - DGEBA – DOPO 2%P 46 V-0 72 101 20.1 67

40% PT-30 - DGEBA – DOPO 3%P 48 V-0 70 84 18.7 67



exhibited intensive intumescent charring and in-
creased residual mass. Although the carbon fibre re-
inforcement plies hinder the solid phase intumescent
mechanism of the phosphorus flame retardant [22],
as the reinforcement itself is inflammable under the
conditions of the flame retardancy tests, the compos-
ite specimens showed even better flame retardant
properties than the polymer matrices alone. In com-
posite specimens 40 mass% of PT-30 alone was suf-
ficient to reach the V-0 UL-94 rate. By increasing the
amount of CE and DOPO, the LOI increased and the
pHRR values showed further decrease. The 40% PT-
30 - DGEBA – DOPO 3%P composite had the same
pHRR value, 84 kW/m2 as the PT-30 reference com-
posite.

3.3. Dynamic mechanical analysis of polymer

matrices and composites

Storage modulus curves of the CE and EP references
and CE/EP blends are displayed in Figure 3, while
that of the composites can be seen in Figure 4. Glass
transition temperature based on the tanδ peaks (Tg)

and storage modulus (E′) values at 25 and 75°C are
shown in Table 4.
In case of resin samples by increasing the tempera-
ture the storage moduli showed a decreasing tenden-
cy, while in case of composite samples it remained
in the same range at least up to 75 °C. As for the
CE/EP resin blends, the 20% PT-30 - 80% DGEBA
had higher storage modulus up to 115°C, while the
40% PT-30 - 60% DGEBA blend showed better prop-
erties than DGEBA only above 140°C, similarly to
its flame retarded version with 2%P. However, the
40% PT-30 - DGEBA – DOPO 3%P matrix sample
performed better than DGEBA in the whole temper-
ature range, and had even higher storage modulus
than CE up to 125 °C, which may be explained by
the relative stoichiometric excess of PT-30 (related
to the amount of oxirane groups present in DGEBA
and DOPO-DGEBA components in the sample). In
case of composite samples the 20% PT-30 - 80%
DGEBA blend had higher storage modulus than CE
up to 90 °C and higher than DGEBA up to 105 °C.
The 40% PT-30 - 60% DGEBA composite per-
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Table 4. Glass transition temperature (Tg) and storage modulus values at 25 and 75°C of CE/EP matrices and composites
determined by DMA

Glass transition temperature

[°C]

Storage modulus at 25°C

[MPa]

Storage modulus at 75°C

[MPa]

Sample Matrix Composite Matrix Composite Matrix Composite

PT-30 401 394 3572 72407 3196 71908

DGEBA 155 145 2585 69691 2343 69407

20% PT-30 - 80% DGEBA 172 145 3071 92311 2815 91420

40% PT-30 - 60% DGEBA 247 249 1932 73150 1686 73360

40% PT-30 - DGEBA – DOPO 2%P 188 187 1995 55967 1856 55537

40% PT-30 - DGEBA – DOPO 3%P 165 167 3784 65882 3534 65378

Figure 3. Storage modulus of the CE and EP references and
CE/EP blends in the temperature range of 25–
260°C (in case of pure CE 25–400°C)

Figure 4. Storage modulus of the CE and EP reference and
CE/EP blend composites in the temperature range
of 25–260°C (in case of pure CE 25–400°C)



formed similarly as CE up to 200 °C and outper-
formed DGEBA in the whole temperature range. The
flame retarded composites showed somewhat lower
storage modulus than DGEBA (except the 140–
165 °C range in case of 40% PT-30 - DGEBA –
DOPO 3%P composite, and the 140–190°C range in
case of 40% PT-30 - DGEBA – DOPO 2%P), most
probably due to lower fibre-matrix adhesion (see the
interlaminar shear properties in chapter 3.4.).
As for the glass transition temperatures (Table 4), in
case of resin samples the Tg of the blends increased
with increasing amount of CE. Compared to 40%
PT-30 - 60% DGEBA sample, the inclusion of flame
retardants decreased the Tg, most probably due to
lower crosslinking density, however it was still above
the Tg of DGEBA. In case of composite samples the
Tg decreased in CE and EP reference samples and in
20% PT-30 - 80% DGEBA sample, while in 40% PT-
30 containing composites, including the flame re-
tarded ones, practically it remained the same value as
in case of the matrix samples. Compared to DGEBA,
the 40% PT-30 - DGEBA – DOPO 2%P composite
showed 42 °C increase, while the 40% PT-30 -
DGEBA – DOPO 3%P composite had still 22 °C
higher Tg.

3.4. Tensile, bending, interlaminar shear and

Charpy impact properties of polymer

composites

Tensile properties of the CE and EP reference com-
posites and CE/EP blend composites are shown in

Table 5. According to the tensile test results, the in-
clusion of EP significantly increased the tensile
strength of the rigid CE. More surprisingly, by adding
DOPO-DGEBA adduct to the 40% PT-30 - 60%
DGEBA matrix, the tensile strength of the 2% P-con-
taining composite increased even further, and in case
of 3% P-containing sample it still remained over the
value of the CE reference. This amelioration may be
attributed to better fibre-matrix adhesion and to the
reactive nature of the flame retardant: by incorporat-
ing it by primary chemical bonds to the matrix itself,
it does not migrate to the matrix surface either during
high temperature processing or application. The strain
at break increased to some extent in all blends con-
taining DGEBA in comparison to the reference CE,
decreasing the rigidity of it. The highest tensile mod-
ulus was reached in case of 20% PT-30 - 80%
DGEBA, higher than the moduli of the blend com-
ponents themselves. By adding DOPO-DGEBA
adduct to the system, the tensile modulus slightly de-
creased.
Flexural properties of the CE and EP reference com-
posites and CE/EP blend composites are shown in
Table 6. According to the results the addition of EP
into CE resulted in slightly higher flexural strength
than in case of the reference CE and EP itself. The
inclusion of DOPO-DGEBA adduct decreased the
flexural strength and modulus, and increased the de-
formation at break, however taking into account the
standard deviation values, the flexural strength and
modulus of 40% PT-30 - DGEBA – DOPO 3% re-
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Table 5. Tensile properties of the CE and EP reference composites and CE/EP blend composites

Table 6. Flexural properties of the CE and EP reference composites and CE/EP blend composites

Composite sample
Tensile strength

[MPa]

Strain at break

[%]

Tensile modulus

[GPa]

PT-30 689.2±100.9 4.43±0.60 27.7±0.7

DGEBA 912.6±45.7 5.35±0.43 26.8±2.4

20% PT-30 - 80% DGEBA 1040.9±43.0 5.66±0.22 28.8±0.2

40% PT-30 - 60% DGEBA 844.1±40.3 5.06±0.16 25.1±2.1

40% PT-30 - DGEBA – DOPO 2%P 861.2±54.7 5.73±0.47 24.9±0.4

40% PT-30 - DGEBA – DOPO 3%P 715.2±32.4 5.06±0.19 23.4±0.2

Composite sample
Flexural strength

[MPa]

Deformation at break

[%]

Flexural modulus

[GPa]

PT-30 1227.0±271.1 1.36±0.03 103.2±19.5

DGEBA 1203.0±115.9 1.36±0.09 98.2±4.3

20% PT-30 - 80% DGEBA 1240.1±114.3 1.36±0.04 100.1±10.9

40% PT-30 - 60% DGEBA 1238.5±79.2 1.37±0.04 98.2±8.8

40% PT-30 - DGEBA – DOPO 2%P 1056.2±54.1 1.43±0.02 79.5±5.0

40% PT-30 - DGEBA – DOPO 3%P 1149.0±96.7 1.45±0.09 96.0±10.9



mained in the same range as in case of CE and EP
references.
In order to find an explanation for the tensile and
flexural properties, the interlaminar shear strength of
the composites was determined (Table 7). In accor-
dance with the tensile and bending properties, the in-
terlaminar shear strength values of the CE/EP blends
were higher than in case of the CE and EP refer-
ences. The inclusion of the polar phosphorus-contain-
ing flame retardant decreased the interlaminar shear
strength, however these values were still well above
the value of the reference CE composite.
Charpy impact test is suitable for comparing the im-
pact resistance of the composites. The results of the
instrumented Charpy unnotched impact measure-
ments are given in Table 8. The impact strength of
the 20% PT-30 - 80% DGEBA blend was practically
the same as in case of DGEBA, however, the 40%
PT-30 - 60% DGEBA blend had even higher impact
strength than CE. By increasing the amount of flame
retardants, the fracture toughness showed further in-

crease in comparison to CE, meaning that the flame
retarded composites are less brittle than the CE/EP
blends and CE, EP references.

4. Conclusions

Reactively flame retarded cyanate ester/epoxy resin
(CE/EP) carbon fibre reinforced composites consist-
ing of diglycidyl ether of bisphenol A (DGEBA), no-
volac type cyanate ester (CE) and an epoxy function-
al adduct of DGEBA and 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) were pre-
pared and tested. Influence of cyanate ester and
flame retardant addition was determined on matrix
viscosity, matrix and composite glass transition tem-
perature (Tg), as well as composite mechanical prop-
erties.
From the tested CE/EP composites, the overall per-
formance of V-0 UL-94 rated ones is summarized in
Table 9. As expected, the Tg of the CE composite
was the highest, however even the flame retarded
CE/EP blends had at least 22°C higher Tgg than the
benchmark DGEBA composite. As for the mechan-
ical properties, the CE/EP blends outperformed the
CE composite in most cases: The addition of EP con-
siderably increased the tensile strength of the rigid
CE, more unexpectedly, by adding DOPO-DGEBA
adduct to the 40% PT-30 - 60% DGEBA matrix, the
tensile strength of the 2% P-containing composite
reached a 25% increase compared to the CE com-
posite. The inclusion of EP into CE also resulted in
slightly higher flexural strength than in case of the
reference CE and EP itself, which was somewhat de-
creased by the DOPO-DGEBA adduct. These results
may be interpreted by the better fibre-matrix adhe-
sion: the interlaminar shear strength of the 40% PT-
30 - 60% DGEBA blend was 70% higher than in case
of the CE reference. Although the inclusion of the
polar phosphorus-containing flame retardant de-
creased the interlaminar shear strength, their values
were still high above the value of the CE composite.
The impact strength also increased in comparison to
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Table 7. Interlaminar shear strength of the CE and EP refer-
ence composites and CE/EP blend composites

Table 8. Charpy impact strength of the CE and EP reference
composites and CE/EP blend composites

Sample
Interlaminar shear strength

[MPa]

PT-30 40.0±1.3

DGEBA 61.3±1.9

20% PT-30 - 80% DGEBA 66.8±3.1

40% PT-30 - 60% DGEBA 68.3±3.6

40% PT-30 - DGEBA – DOPO 2%P 53.4±2.0

40% PT-30 - DGEBA – DOPO 3%P 47.9±2.1

Sample
Charpy impact strength

[J/mm2]

PT-30 90.1±8.0

DGEBA 84.3±5.2

20% PT-30 - 80% DGEBA 84.6±2.9

40% PT-30 - 60% DGEBA 98.3±32.0

40% PT-30 - DGEBA – DOPO 2%P 99.1±15.1

40% PT-30 - DGEBA – DOPO 3%P 113.7±14.0

Table 9. Overall performance of UL-94 V-0 rated CE/EP composite samples (best achieved values are highlighted in bold)

Composite sample

Glass transition

temperature

[°C]

Tensile strength

[MPa]

Flexural

strength

[MPa]

Interlaminar

shear strength

[MPa]

Charpy impact

strength

[J/mm2]

PT-30 394 689.2±100.9 1227.0±271.1 40.0±1.3 90.1±8.0

40% PT-30 - 60% DGEBA 249 844.1±40.3 1238.5±79.2 68.3±3.6 98.3±32.0

40% PT-30 - DGEBA – DOPO 2%P 187 861.2±54.7 1056.2±54.1 53.4±2.0 99.1±15.1

40% PT-30 - DGEBA – DOPO 3%P 167 715.2±32.4 1149.0±96.7 47.9±2.1 113.7±14.0



CE, from all composites the flame retarded ones
were the less brittle.
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1. Introduction

The synthesis of polyolefin with functional groups

was considered as an important and pioneering area,

due to the unique and excellent properties of the mod-

ified polymer superior to the traditional material [1].

The incorporation of polar groups into the polyolefin

chain is believed to provide a polymer with im-

proved surface properties [2]. Such material is de-

sired because it combines the polarity and non-po-

larity into an integral whole. It could be utilized ex-

tensively as the modifier of a polymer to improve the

property; furthermore, it could be hopefully used in

the areas of energy, information and environmental

protection [3]. Direct copolymerization of olefin

monomer with vinyl comonomer with a polar

group(s) by using Ziegler-Natta polymerization is

straightforward and efficient to obtain these func-

tional polyolefin materials. Polyethylene and poly -

propylene are the polyolefin resins with the largest

commercial scale. It follows then that most research-

es on the synthesis of the functional polyolefin con-

cern ethylene [4–13] and propylene [14–18] copoly-

merization. The investigation on the copolymeriza-

tion of higher α-olefin with functional monomer was

rather rare.

Studies on the polymerization of higher α-olefin

have drawn considerable attention for long years.

Polymerization of either linear or branched α-olefin

has been fully explored by using various catalyst sys-

tems, including the traditional Ziegler-Natta catalyst

[19, 20], metallocene catalyst [21–24], non-metal-

locene single-site catalyst [25] and later transition

metal catalyst [26, 27]. Properties of poly(α-olefin)

could be improved by incorporating the second

monomer with a functional group, but the successful

examples were limited so far [28, 29].

Previously, we reported the synthesis of the copoly-

mer of ethylene with the hydroxyl-ended vinyl mono -
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mers by using half titanocene catalysts [12, 13]. In

those works, we gave the detailed 13C-NMR (nuclear

magnetic resonance) analysis and the sequence dis-

tribution of the copolymer of ethylene with α,ω-

alkenols for the first time. Furthermore, we found

the influence of the functional group of the comono -

mer on the structure of the resulted copolymer could

be reduced by the methylene spacers between the

vinyl bond and the functional group. Because of the

lack of research on the copolymerization of higher

α-olefin and the functional comonomer, we have the

interest to set foot in this subject. In the present work,

we would introduce the copolymerization of 4-

methyl-1-pentene (4M1P) with 4-penten-1-ol (4P1O)

and 9-decen-1-ol (9D1O).

2. Experimental section

All experiments were carried out under a nitrogen

atmosphere in a Vacuum Atmospheres drybox or

using standard Schlenk techniques, unless otherwise

specified. All chemicals used were of reagent grade

and were purified by the standard purification pro-

cedures. Toluene was distilled in the presence of sodi-

um and benzophenone under a nitrogen atmosphere,

and was stored in a Schlenk tube in the drybox over

molecular sieves. Metallocene catalysts, rac-

Me2Si(2-Me-Ind)2ZrCl2 (99%) was purchased from

Boulder Scientific Company (CO, USA), and rac-

Me2Si(2-Me-4-Ph-Ind)2ZrCl2 (99%) from APAC

Pharmaceutical (MD, USA). MAO (Methylalumi-

noxane) solution in toluene (10 wt%) was purchased

from Albemarle (LA, USA), 4-methyl-1-pentene

(4M1P, 98+%), 9-decen-1-ol (9D1O, 99%) and 4-

penten-1-ol (4P1O, 99%) from TCI (Japan), and

were used as received.

Polymerization was conducted in toluene in a 100 mL

glass reactor with an oil bath. The glass reactor was

purged with nitrogen and charged with a nitrogen at-

mosphere. For example run 1 in Table 1, keeping the

oil bath at 25 °C, toluene (5 mL), 4M1P (3.0 mL,

23.7 mmol) were introduced. And then MAO solu-

tion (6 mL, 10 mmol) and rac-Me2Si(2-Me-

Ind)2ZrCl2 solution in toluene (1 mL, 10 µmol) were

injected to start the polymerization. The mixture was

stirred magnetically for 20 hours. Subsequently, the

mixture was poured into ethanol containing concen-

trated hydrochloric acid and stirred for 6 hours. The

resultant polymer was gathered on a filter paper by

filtration, and washed thoroughly with EtOH, and

was then dried in vacuo under 60 °C for 24 hours.

1.56 g of polymer was obtained.

The molecular weight was determined by using gel

permeation chromatography (GPC, polystyrene cal-

ibration) on a Waters Alliance GPCV2000 at 150°C

with 1, 2, 4-trichlorobenzene as the eluent, and the

infrared (IR) as the detector.

The melting temperature of the polymer was deter-

mined on TAQ 100. Approximately 2 mg of polymer

sample was heated from room temperature to 240°C

with a heating rate of 10°C per minute, under a nitro-

gen atmosphere. After keeping the temperature for

1 minute, the sample was cooled down to room tem-

perature, and kept the temperature for 1 minute again.

Then sample was heated to 240°C with a heating rate

of 10°C per minute and the data was recorded.

Solution 13C-NMR experiments were performed on

a Bruker AVANCEIII-400 MHz spectrometer with a

10 mm PASEX 13C-1H/D Z-GRD probe. Sample so-

lutions were prepared with approximately 250 mg of

the polymer material dissolved in 2.5 ml of d4-o-

dichrolobenzene (ODCB-d4) in a 10 mm tube at

130°C. All 13C-NMR experiments were carried out

at 125°C, 20 Hz spinning rate, 90° pulse angle, con-

tinuous Waltz-16 decoupling, 120 ppm spectral width,

5 s acquisition time, and 10 s relaxation delay.

Wide Angle X-ray Diffraction (WAXD) experiment

was carried out on a Bruker D8 DISCOVER 2D X-

ray diffractometer. The X-ray was generated using

IS micro Focus X-ray source incorporating a 50 W

sealed-tube X-ray generator with Cu target. The

wavelength was 0.1542 nm. The power of the gen-

erator used for measurement was 45 kV and 0.9 mA.

The X-ray intensities were recorded on a VÅNTEC-

500 2D detector system with a pixel size of

68×68 μm2. The distance from the sample to detector

was 198 mm. The spot size of the beam was 0.5 mm.

The exposure time was 2 min. Polymer powder was

used as generated without other treatment.

3. Results and discussion

Copolymerization of 4M1P with 9D1O or 4P1O

were conducted by using rac-Me2Si(2-Me-

Ind)2ZrCl2/MAO as the catalyst system, and the re-

sults were summarized in Table 1.

For both the homopolymerization and copolymer-

ization, the higher was the polymerization tempera-
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ture, the higher was the activity. Introduction of

9D1O into the polymerization system increased the

activity. Analogous result was often observed in the

olefin copolymerization [30]. The activity decreased

while the 9D1O feeding amount increased (run 5–7).

The so-called ‘comonomer effect’ has been observed

in several manners for the ethylene copolymerization

with α-olefin [30, 31]. The incorporation of 9D1O

into the polymer chain improved the solubility of the

resulteding polymer in the reaction mixture; there-

fore the resistance of the mass and heat transfer

would be reduced, leading to the increased activity.

On the other hand, because the lone pair electrons

on the oxygen atom would coordinate to the catalytic

centre and kill the active species, the higher concen-

tration of 9D1O would depress the activity, although

the effect of long chain monomer could be reduced

by the methylene spacers [13]. 4P1O possesses less

methylene spacers, with the consequence that the ac-

tivity was much lower than the homopolymerization

of 4M1P and the copolymerization of 4M1P and

9D1O.

All polymer samples were obtained with narrow mo-

lecular weight distribution. The molecular weight

was not high. It was lower at higher polymerization

temperature, because the chain transfer reaction

would be more drastic at high temperature. When the

comonomer feeding concentration increased, the

molecular weight of the resulted polymer also be-

came lower. The high concentration of comonomer

probably resulted in a larger probability of the ter-

minal reaction due to the coordination of the oxygen

atom to the active species, which followed by the

lowered molecular weight of the polymer.

The 13C-NMR spectrum of sample was shown in

Figure 1. Five main peaks were observed in δ = 46.2,

42.7, 31.5, 26.0, 23.7 ppm, corresponding to the five

carbon atoms of 4M1P [24]. 13C-NMR spectrum of

sample 4 was also shown in Figure 1. Besides the

similar peaks to that of sample 1, other some reso-

nances appeared in the spectrum. The peak at

63.0 ppm is the typical resonance of the carbon atom

adjacent to the hydroxyl group of 9D1O [9, 13]. Other

resonances, δ = 42.1, 35.5, 33.4, 30.7, 30.0, 29.8, 26.9,

26.3 ppm, are assigned to the other carbon atoms of

9D1O. Calculation according to the integrated inten-

sity showed that 8.8 mol% of 9D1O was incorporat-

ed into the copolymer. The incorporation of 9D1O in

samples 5 and 6 was calculated as 3.9 and 7.9 mol%,

respectively. By using the similar calculation method,

the incorporation of 4P1O of sample 8 was found as

1.2 mol%.

The melting point (Tm) of the homopolymer of

4M1P produced at 25°C was determined as 222°C,

and higher polymerization temperature gave a poly-
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Table 1. Copolymerization of 4M1P with 4P1O or 9D1Oa

aPolymerization conditions: catalyst rac-Me2Si(2-Me-Ind)2ZrCl2, MAO cocatalyst, 4M1P 23.7 mmol, in toluene, total volume 15 mL; bAc-
tivity in kg-polymer/mol-Zr/hr; cGPC data; dMelting temperature, determined by DSC; eComonomer incorporation, estimated by 13C-NMR;
fNo melting point; gNot determined.

Run
Cat

[µmol]
Al/Zr

Comono.

[mmol]

T
[°C]

t Act.b
Mw

c

[k]
pdic Tm

d

[°C]

Incorp.e

[mol%]

1 10 1000 – 25 20 hrs 7.8 17.1 2.2 222 –

2 10 1000 – 50 3 hrs 36.0 10.0 2.0 211 –

3 50 400 9D1O, 2.80 25 2 hrs 8.3 8.4 1.8 n.d.f –g

4 50 400 9D1O, 2.80 50 20 min 51.0 5.7 1.7 n.d.f 8.8

5 20 1000 9D1O, 0.56 50 20 min 96.0 8.2 1.8 183 3.9

6 20 1000 9D1O, 1.68 50 20 min 79.5 8.0 1.7 171 7.9

7 20 1000 9D1O, 2.80 50 20 min 57.0 7.3 1.6 n.d.f –g

8 20 750 4P1O, 1.94 25 20 hrs 1.8 18.5 2.1 223 1.2

Figure 1. 13C-NMR spectra of sample 1 and sample 4



mer with the lower Tm. The results tallied with the

previously reported values [24].

Tms of the copolymer of 4M1P with 9D1O were

lower than that of the homopolymer of 4M1P, and

when the feeding amount of 9D1O increased, Tm de-

creased (see Figure 2). Furthermore, whereas sam-

ple 1 displayed a single melting endotherm, sam-

ples 2, 5, and 6 exhibited a shoulder peak or multiple

melting endotherms in the DSC curves. This phenom-

enon was observed in the stereoregular polymer pro-

duced by the less stereospecific catalyst systems [32].

The broadened melting range of sample 2 indicated

that the isospecificity of the catalyst was weakened

under the higher polymerization temperature. On the

other hand, incorporation of comonomers would in-

terrupt the successive insertion of the crystallizable

monomer unit, resulting in the decreased melting

point and the inhomogeneity of the crystallizable

segment. The multiple melting endotherm in the DSC

curve could be attributed to the process of melting,

recrystallization and remelting: metastable crystal-

lites are recrystallized into a more perfect form fol-

lowing the initial melting [24, 32].

While the Tms of the copolymers of 4M1P and 9D1O

were lower than that of the homopolymer of 4M1P,

and decreased with the increase of the 9D1O incor-

poration, it was surprisingly found that the Tm of the

copolymer of 4M1P with 4P1O was almost equal to

or a little bit higher than that of the homopolymer of

4M1P.

To some extent, the comonomer 4P1O is different

from the other one 9D1O.  The chain length of 4P1O

is much shorter than 9D1O; more importantly, the

chain length is closer to that of 4M1P. It is attractive

enough to inspire us to explore more details of this

copolymerization.

Another metallocene, rac-Me2Si(2-Me-4-Ph-

Ind)2ZrCl2, was used as the catalyst for copolymer-

ization of 4M1P and 4P1O, and the results were

summarized in Table 2. The experiments were de-

signed for producing the copolymer with the high in-

corporation of 4P1O. Although the catalyst, rac-

Me2Si(2-Me-4-Ph-Ind)2ZrCl2, exhibited high activ-

ity and offered the polymer with the high molecular

weight in propylene polymerization [33], the activity

for the copolymerization of 4M1P was pretty low,

and the molecular weight of the resulted polymer

was also low.

The 13C-NMR spectrum of the copolymer of 4M1P

with 4P1O (sample 9) was given in Figure 3, in com-

parison to that of sample 1. The carbon atoms of

4M1P unit gave the nearly identical resonances with

the homopolymer. In addition, peaks at δ = 63.53 and

30.45 ppm were corresponding to the two carbon

atoms adjacent to the hydroxyl group of 4P1O. The

resonance of the branched carbon atom appeared at

33.05 ppm. The signals at the range of 41.3~42.7 ppm

would be assigned to the [αα] structure. The reso-

nance of the carbon atom closed to the branch should

be overlapped by the backbone carbon of 4M1P. All

assignments were depicted in Figure 3, as well as

summarized in Table 3. ‘P’ and ‘O’ are used to rep-

resent 4M1P and 4P1O monomer unit respectively.

The dyad sequence distributions for all copolymer

of 4M1P and 4P1O were presented in Table 4. The

products of the reactive ratios, rPrO, were calculated

as 1.22 and 1.38 for samples 9 and 10, respectively. It
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Figure 2. DSC curves of the copolymers of 4M1P with
9D1O

Table 2. Copolymerization of 4M1P with 4P1Oa

aPolymerization conditions: catalyst rac-Me2Si(2-Me-4-Ph-Ind)2ZrCl2, 20 µmol, MAO cocatalyst 10 mmol, Al/Zr = 500, in toluene, total
volume 15 mL, 25 °C, 24 hrs; bActivity in kg-polymer/mol-Zr/hr; cGPC data; dMelting temperature, determined by DSC; eComonomer in-
corporation, estimated by 13C-NMR.

Run
4M1P

[mmol]

4P1O

[mmol]
Act.b

Mw
c

[k]
pdic Tm

d

[°C]

Incorp.e

[mol%]

9 6.32 1.94 0.77 4.9 1.7 199 9.7

10 4.74 3.87 0.48 4.0 1.5 185 15.0



means that the structure of the copolymer is still ran-

dom. Another parameter RMD (Relative Monomer

Dispersity) [34], developed on the base of Hsieh and

Randall’s work [35], was also calculated. All RMD

for the three copolymer samples were obtained as

100% or thereabouts, indicating that the comonomer,

4P1O, is uniformly distributed in the polymer chain.

This coincides that we concluded from the analysis

of the products of reactive ratios.

It is worth noting that even in the copolymer (sam-

ple 10) containing a high 4P1O unit fraction of

15.0 mol%, the Tm of the polymer was still high as

185°C. The results echoed the high Tm of the sample

with the low 4P1O incorporation (sample 8). The per-

formance is distinct from the observation of the

copolymer of 4M1P with 9D1O. To search to the bot-

tom, the reason probably lies in the chain length of

the functional monomer.

As we can summarize the data in references, for

olefin copolymer, for example propylene copolymer

with higher α-olefin, the melting temperature is al-

ways lower than that of homopolypropylene. It is

natural because the incorporation of a comonomer

would interrupt the crystallization of the successive

propylene unit, therefore reduce the lamellar crystal.

However, if the chain length of the comonomer is

closer to the main monomer, the impact would be-

come weak. The change of the melting temperature

of the propylene copolymer with 1-butene [36], 1-

hexene [37, 38], 1-octene [37] and 1-decene [37]

showed that, the incorporation of the shorter comono -

mer would be less efficient to decrease the melting

temperature of the copolymer. Previous research re-

vealed that 1-butene was more inclined to be incor-

porated into the crystalline phase than ethylene, 1-

hexene and 1-octene for propylene copolymers [39].

It could be probably concluded that, if the length of

the comonomer was extremely close to the main

monomer, the melting temperature of the copolymer

would not decrease, without consideration of the po-

larity of the monomers.

It is difficult to find or design such a comonomer for

ethylene or propylene copolymerization, but is pos-

sible for the copolymerization of higher α-olefin.

The unusual melting temperature of the copolymer

of 4M1P with 4P1O, especially the example with the

high incorporation, gave evidence for the above-

mentioned deduction. Because of the parallel chain

lengths, the major monomer (4M1P) unit tolerates

the incorporation of the minor comonomer (4P1O)

into the lamella, although the loss of the lamellar

thickness is unavoidable. Apart from this, the addi-

tional adhesion provided by the hydrogen bond of

the hydroxyl group of 4P1O increases the thermal

consumption in the melting process; therefore in-

creases the melting temperature.

X-ray powder diffraction was used to characterize

the crystal structure of the polymer samples (see Fig-

ure 4). The homopolymer of 4M1P, sample 2, was

affirmed as crystalline form II, according to the lit-

erature [40]. Polymer sample with low 9D1O incor-

poration (sample 5, 9D1O 3.7 mol%) gave a similar

profile, implying that few changes occurred in the
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Figure 3. 13C-NMR spectra of sample 1 and sample 9

Table 3. 13C-NMR assignments of copolymer of 4M1P with
4P1O

Table 4. Sequence distributions of Poly(4M1P-co-4P1O)

Carbon Sequence Main Peak

B(–CH2–OH) [O] 63.53

3B(P) [P] 46.16

αPαP [PP] 42.67

αPαO [PO] 41.98

αOαO [OO] 41.31

CH(O) [O] 33.05

CH(P)+3B(O) [P]+[O] 31.49

2B(O) [O] 30.45

2B(P) [P] 25.94

1B(P) 2[P] 23.60

Run [P] [O] [PO] [PP] [OO] rPrO
RMD

[%]

8 98.8 1.2 2.4 97.6 0 0 101.2

9 90.3 9.7 17.2 81.7 1.1 1.22 98.4

10 85.0 15.0 24.3 72.9 2.8 1.38 95.4



crystal structure. High 9D1O incorporation brought

significant change to the crystal structure. When the

incorporation of 9D1O was 7.9 mol%, the X-ray pro-

file indicated that the crystalline was detected as

form I of poly(4M1P) [40]. Polymer sample 8, with

the low 4P1O incorporation, gave the small but im-

portant changes in the X-ray profile. The peaks be-

tween 12~14° had the tendency of splitting. The most

important is that a new peak appeared at 2θ = 7.9°,

which was never observed in all the five crystalline

forms of poly(4-methyl-1-pentene) found. [40, 41]

While the incorporation of 4P1O was high as

15.0 mol%, the new appeared  peak at 2θ = 7.9° was

distinctly observed, and the peak between 12~14° ev-

idently split at 2θ = 12.2 and 13.4°. Comparing the

patterns of samples 6 and 10, it could be found that

the pattern of the latter is similar to the former, be-

sides the peaks at 2θ = 7.9 and 12.2°. It is supposed

that there are the mixed crystal forms in sample 10,

including the form I of poly(4-methyl-1-pentene)

and an unidentified one. It may be concluded that the

high incorporation of α,ω-alkenol, either 9D1O or

4P1O, turns the crystalline from form II to form I.

Because all samples for WAXD were directly gen-

erated from the polymerization without any treat-

ment, it may be reasonably inferred that the high in-

corporation of α,ω-alkenol changed the crystalliza-

tion process of the copolymer. The reason for the

new peaks could be ascribed to the incorporation of

4P1O, no matter how much it was incorporated. Be-

cause such result could not be observed in the case

of copolymerization of 9D1O, the difference of the

chain length of the α,ω-alkenol may play the impor-

tant role.

4. Conclusions

We have described the copolymerization of 4M1P

with α,ω-alkenol, namely 9D1O and 4P1O, by using

the metallocene catalysts. Tm of polymer decreased

with the increase of the incorporation of comono -

mers. While Tm of the copolymer of 9D1O sharply

decreased with the incorporation of 9D1O, Tm of

4P1O maintained the high level, even the incorpo-

ration was high as 15.0 mol%. Results of WAXD in-

dicate the high incorporation of α,ω-alkenol would

result in the transformation of the crystalline of the

polymer from the form II to form I. Furthermore, the

incorporation of 4P1O led to the appearance of new

peaks in the X-ray diffraction patterns. The unique

observation may be ascribed to the comparable

length of 4M1P and 4P1O.
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1. Introduction

Damage due to corrosion is one of the most common

causes of metal component failures. The lack of mit-

igation protocols or methods of such electrochemical

reactions may result in serious losses in both econo-

my and industry. Although, total elimination of the

corrosion process is not possible, there are different

techniques that are utilized in various fields such as

marine equipment, pipelines and construction in

order to attenuate the intensity and severity of cor-

rosion. Anodic or cathodic protection [1], corrosion

inhibitors [2] and protective coatings [3] are exam-

ples of these techniques. Nevertheless, an increasing

number of research studies have been devoted to de-

velop more robust techniques to extend the life cycle

of metals in various environments. An effective ex-

ample of such technique is the use of nanocompos-

ites, hydrophobic and organic-inorganic hybrid ma-

terials as anti-corrosion coatings in various corrosive

environments [4–7].

Stainless steel already has remarkable corrosion re-

sistance and is expected to perform satisfactorily in

different environments. However, stainless steel is

susceptible to pitting corrosion in chloride ions rich

environments such as the marine atmospheric envi-

ronment. Pitting corrosion is a galvanic corrosion
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process where localized active areas are formed as a

result of localized inclusions or breakdown of the

protective passive film of chromium oxide. The pres-

ence of corrosion agents such as chloride, water and

oxygen initiates localized dissolution that penetrates

through the metal thickness. This penetration may

not be detected until severe damages has occurred

and therefore pitting corrosion is considered insidi-

ous and more difficult to detect, evaluate and miti-

gate compared to other more uniform corrosions.

Therefore, additional means of corrosion protection

are required to boost the life cycle of stainless steel

substrates in chloride ions rich environment. Poly-

mer based composites are perfect examples of pro-

tective coatings that can enhance various properties

of the coated metal substrates including but not lim-

ited to corrosion resistance. A number of polymeric

matrices have already been evaluated for corrosion

protection purposes; however, the lack of interface

adhesion foils the use of most of these polymeric

matrices as anticorrosion coatings [8, 9]. Epoxy is

an environmental friendly polymeric matrix that com-

bines various remarkable properties such as excep-

tional thermal stability and low thermal expansion

coefficient. These desirable properties in addition to

the noble interface adhesion of epoxy with various

metal substrates trigger the investigation of epoxy as

an anticorrosion coating on SS304 substrates.

The properties of the polymer matrix can be further

enhanced by the incorporation of nanofillers. Clay

and carbon nanotubes are examples of nanofillers that

are incorporated in epoxy matrix to enhance the re-

markable properties. However, the lower density, high

surface area, and the very high aspect ratio attracted

much attention to graphene [10] as a candidate for

enhancing the corrosion protection property of epoxy.

Graphene nanosheets, graphene nanoplatelets and

functionalized graphene are different forms of

graphene that have been utilized as fillers in various

polymeric matrices to enhance their mechanical, ther-

mal, dielectric, gas barrier, and corrosion resistance

properties [11–22]. The incorporation of graphene

into the epoxy matrix is expected to prolong the path-

way corrosive agents follow to reach the metal sub-

strate. This graphene barrier effect is expected to limit

the diffusion of ions and water molecules and con-

sequently extends the life cycle of the coated sub-

strates. To the best of our knowledge, there is no study

that investigates the application of epoxy/graphene

composites as anticorrosion coating for stainless

steel Type 304.

In this study, E/G nanocomposites are developed and

used as protective coating for stainless steel. The cor-

rosion protection property of the E/G nanocomposite

is evaluated by conducting electrochemical and

weight loss measurements in 3.5 wt% Sodium Chlo-

ride aqueous solution. The study also examines the

effect of graphene loading on the adhesion, impact

resistance and flexibility of E/G composite coatings.

Furthermore, the long-term performance of the pro-

tective coatings is also examined by conducting the

adhesion test after exposing the coated substrates to

the 3.5 wt % NaCl solution for 60 days. In addition,

the influences of the incorporation of graphene on

the thermal behavior as well as UV resistance of

epoxy are evaluated.

2. Experimental

2.1. Materials

Polished SS304 sheet 99.9% purity (3254K91, Mc-

MASTER-CARR, Ohio, USA) was used as sub-

strates., Bisphenol A diglycidyl ether (D3415,

BADGE, Sigma Aldrich, Ontario, Canada) and Poly

(propylene glycol) bis(2-aminopropyl ether) (406651,

B230, Sigma Aldrich, Ontario, Canada) were used as

received. Graphene nanosheets (GN1P0005, ACS

Material, Massachusetts, USA) were synthesized by

thermal exfoliation/reduction of graphite oxide, which

was prepared using the modified Hummer method

and it has a surface area of 400–1000 m2/g and elec-

trical resistivity of ≤0.3 Ω·cm, as per the supplier

specifications.

2.2. Composite preparation, coating, and

curing

E/G composites with graphene loading of 0.1 wt%

(E/G0.1), 0.5 wt% (E/G0.5) and 1 wt% (E/G1) were

prepared using in situ polymerization approach. The

prepolymer\graphene mixture was then spin coated

on SS304 substrate before thermal curing. Figure 1,

schematically depicts the overall composite prepa-

ration, coating and curing process.

As an example, to prepare E/G nanocomposite with

0.1 wt% graphene via situ prepolymerization,

graphene (2.1 mg) was dispersed in 0.5 g curing agent

(hardener) B230 by stirring and bath sonication
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(FS30H, Fisher Scientific, Ontario, Canada) for an

hour each. BADGE (1.5 g) was added to the graphene

suspension and the mixture was stirred for 1 h fol-

lowed by sonication for an additional hour. The mix-

ture was homogenized (125, Fisher Scientific, On-

tario, Canada) for 30 min, sonicated for 5 min and

spin coated (SC 100, Smart Coater, Missouri, USA)

at 400 RPM for 1 min on a clean SS304 substrate.

The composite was cured at 50°C for 4 h to obtain

124±2 µm thick E/G0.1 coated SS304 substrate. The

same procedure was followed to prepare (E/G0.5) and

(E/G1) using 10.1 and 20.3 mg of graphene, respec-

tively.

2.3. Composite characterization

The dispersion of graphene in the epoxy matrix was

examined using TEM (Philips CM-10 TEM, Gene-

va, Switzerland). Samples for the TEM study were

prepared by scraping the E/G coating with a sharp

knife and the collected E/G composite was dispersed

in methanol for 5 min. The sample was then fished

using TEM copper grid and allowed to dry under

vacuum at room temperature. FTIR (Tensor 27,

Bruker, Massachusetts, USA) was used to acquire

spectra of epoxy and E/G composites at room tem-

perature. XRD diffraction patterns of epoxy and E/G

composites are recorded in the range of 2θ = 3 to 90°

at 0.24°/min scan rate and 0.02° step size using

MiniFlex 600 (Rigaku, Beijing, China).

2.4. Adhesion test

The interfacial adhesion between the coating and the

SS304 substrate was measured according to the

ASTM-D3359 standard using an adhesion tape kit

(PA-2000, Paul N. Gardner Company Inc., Florida,

USA) with standard blade (11-teeth with teeth spac-

ing of 1 mm). The Interface adhesion was evaluated

before and after exposing the coating to the 3.5 wt%

NaCl solution for 60 days in order to examine the

long-term durability of the coatings. Post-adhesion

tests results were captured using SEM (Zeiss LEO

1550, New York, USA). SEM samples were placed

on carbon tape attached to the SEM holder and the

sample was further coated with gold via sputtering

for 120 s.

2.5. Gravimetric analysis

The weight loss measurements were conducted in

500 mL glass beaker placed in a temperature con-

trolled water bath. Coated and uncoated SS304 sub-

strates were weighted, placed in Teflon holders with

1 cm2 exposed surface area and immersed in a

3.5 wt% NaCl solution for 60 days at 25°C. At the

end of the exposure period, the samples were re-

moved and washed with double distilled water be-

fore a fine brush was used to strip off the corrosion

products. The samples were cleaned again by bath

sonication in a double distilled water for 10 min to

ensure the removal of corrosion residues, dried and

weighted. All mass loss measurements were carried

out in triplicate and the mean weight and the stan-

dard deviation are reported.

2.6. Electrochemical measurements

Electrochemical measurements were conducted at

25°C in a double-jacketed 1 L corrosion cell covered

with a drilled Teflon plate to allow electrodes im-

mersion. A three electrode configuration was used to

conduct the measurements, where a Silver/Silver

Chloride (Ag/AgCl) electrode was used as the refer-

ence electrode (RE), two graphite rods as the auxil-

iary electrodes (AE) and a 1 cm2 coated/uncoated

SS304 substrate as the working electrode (WE). The

WE was washed with acetone and double distilled

water, dried and then installed in the sample holder
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Figure 1. Schematic description of the process for the syn-

thesis of E/G composites using in situ polymeriza-

tion



before conducting the tests. 1 L temperature con-

trolled 3.5 wt% NaCl solution was used as the elec-

trolyte. EC-Lab software (Bio-Logic) and VSP-300

workstation (Uniscan instruments Ltd., Claix, France)

were used to conduct all electrochemical measure-

ments, where each measurement was repeated three

times in order to confirm the reproducibility of the

collected raw data.

The potential of the WE was allowed to stabilize for

30 min before conducting the EIS followed by the

potentiodynamic measurements. The EIS measure-

ments were conducted at frequency range from

200 kHz to 100 mHz to generate Bode and Nyquist

plots. Furthermore, an equivalent circuit was used to

fit the raw impedance data and EC-Lab software was

used to evaluate the different components of the

equivalent circuits. The potentiodynamic measure-

ments were conducted by scanning the potential of

the WE from –500 to 500 mV at a rate of 20 mV/min

to produce the Tafel plots. These plots were used to

extract the corrosion current (Icorr) using EC-Lab

software by extrapolating the linear portion of the

anodic and the cathodic curves.

2.7. Thermal behavior and UV degradation

The thermal stability of the nanocomposite coatings

was evaluated using thermal gravimetric analysis

(TGA) (TA instruments, Q500, Ontario, Canada) in

the temperature range 25–800 °C, while the glass

transition temperature was observed using differen-

tial scanning calorimetry (DSC) (TA instruments,

Q2000, Ontario, Canada) in the temperature range

25–200°C at 10°C/min heating rate.

The Resistance of the prepared Epoxy and E/G coat-

ings to UV degradation was assessed using an accel-

erated weathering tester (QUV, Q-LAB, Florida,

USA) according to ASTM-D4587 standard. Testing

specimens were continuously exposed to repeated

UV cycle at 60±2.5°C for 8 hours, followed by a con-

densation cycle at 50±2.5°C for 4 hours over 30 days

followed by SEM examination of the surface mor-

phology of the epoxy and E/G coatings.

2.8. Flexibility and impact resistance

Two different types of tests were carried out to illus-

trate the influences of graphene loading on the room

temperature flexibility and impact resistance of the

coatings. In the bending test, the coated substrate was

bent over a conical shaped mandrel (MN-301003,

Paul N. Gardner Company Inc., Florida, USA) with

a diameter ranges from 3.1 to 38 mm to assess the

flexibility of the coatings. The test was repeated three

times and the mean diameter at which the coatings

cracked were reported.

Impact resistance was performed to evaluate the re-

sistance of the prepared coatings to rapid deforma-

tion by a falling weight. The test was conducted

using a universal impact tester (IM-172RF, Paul N.

Gardner Company Inc., Florida, USA) with com-

bined 0.5 inch ball and 2 lb weight indenter accord-

ing to ASTM D2794 standard. The combined weight

and indenter were raised 1 inch in the testing tube

and released to drop on the coated substrate and the

falling weight test was repeated with 1 inch incre-

ments in height until a crack in the coating was ob-

served. The height at which the coating cracks was

recorded and the test was repeated slightly above,

slightly below and at the recorded height five times

each according to the ASTM standard. The elevation

at which the coating cracks in all five trials is report-

ed as the impact resistance limit of the coating to

rapid deformation.

3. Results and discussion

3.1. Characterization of the E/G composites

The dispersion of graphene in the polymeric matrix

for E/G0.1 and E/G0.5 composites was examined using

SEM and TEM as shown in Figure 2. The TEM im-

ages, clearly illustrate the influence of graphene load-

ing on the degree of dispersion, where graphene is

well dispersed as indicated by thin sheets in the E/G0.1

coating, while thick stack of graphene sheets were

observed in E/G0.5 coating. SEM images, depicts wide

degrees of dispersion in both E/G0.1 and E/G0.5 com-

posites.

FTIR was utilized to characterize both epoxy and

E/G composites as depicted in Figure 3. Different

characteristic peaks are identified, such as the peaks

at 1508 and 1609 cm–1 (C–C skeletal stretching),

915 cm–1 (epoxide ring) and 3380 cm–1 (–OH stretch-

ing), which confirms the curing of the epoxy resin.

Comparing the epoxy spectrum to the E/G compos-

ite spectra revealed that there were no clear dissim-

ilar absorption peaks indicating no chemical linkages

between graphene and the epoxy function groups.

Epoxy and E/G composites were also characterized
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using XRD and the diffraction spectrum are depicted

in Figure 4. All XRD patterns show broadly amor-

phous peak appearing around 2θ value between 10

and 30°, which ascribed to the homogeneously amor-

phous of epoxy. Moreover, the observed XRD pat-

terns indicate that the degree of crystallinity of epoxy

is retained after incorporation of graphene.

3.2. Adhesion test

Interface adhesion between the metal substrate and

the coating is a significant property that needs to be

examined before the coating can be considered pro-

tective. Poor interface adhesion may result in the for-

mation of voids between the metal substrate and the

coating, where corrosive agents may accumulate and

accelerate the corrosion process. Therefore, decent

interface adhesion is always desired. The adhesion

of E/G coatings to the SS304 substrates were exam-

ined and evaluated according to ASTM D3359 ad-

hesion tape standard test. The test was performed on

E/G0.1 and E/G0.5 coatings before and after 60 days

of exposure to the 3.5 wt% NaCl solution. The post

adhesion test results are presented in Figure 5, where

no peelings were observed in any of the coatings and

all coatings received 5B rating (0% peeling) accord-

ing to the ASTM standard.

Moreover, it was interesting to observe the short-

coming of increasing the load of graphene beyond
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Figure 2. SEM and TEM images for graphene dispersion in (a) E/G0.5 and (b) E/G0.1

Figure 3. FTIR spectra of neat epoxy and E/G composites

Figure 4. XRD patterns of neat epoxy and E/G composites



the percolation loading. The disadvantage of increas-

ing the graphene loading is clearly depicted in Fig-

ure 6a, where poor interface adhesion between the

E/G1 coating and SS304 substrate was observed and

the coating receives 0B rate (more than 65% peeling)

according to the ASTM standard. The observed un-

desirable influence of the load of graphene on the in-

terface adhesion can be attributed to accumulation

of graphene at the interface, which attenuates the

contact area between epoxy resin and SS304 sub-

strate as depicted in Figure 6b, where clear gaps can

be observed between E/G1 and the SS304 substrate.

3.3. Weight loss

Weight loss measurements for coated/uncoated SS304

substrate were reported after 60 days of immersion

in the 3.5 wt% NaCl solution at 25°C. These meas-

urements were used to calculate the corrosion rate

(Rcorr) and the protection efficiency (PEF) of the dif-

ferent coatings using Equtions (1) and (2):

(1)

(2)

R A t

W W0
corr $

=
-

%P
R

R
1 100EF

corr

corr $= - %U Z! $
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Figure 5. SEM images of post-adhesion tests of (1) E/G0.1 and (2) E/G0.5 coated SS304 substrates (a) before and (b) after

60 days of exposure to the corrosive medium

Figure 6. SEM image of (a) post-adhesion test and (b) cross section view of E/G1 coated SS304 substrate



where A is the exposed surface area (1 cm2), W0 and

W are the weight [mg] before and after exposure, re-

spectively, t is the immersion time (60 days), Rcorr

and R°corr are the corrosion rate of coated and bare

SS304 substrates, respectively. Furthermore, stan-

dard deviation of Rcorr (Rcorr, STD) was computed and

reported in Table 1 using triplicate weight loss meas-

urements for each sample.

The data reported in Table 1 illustrate that coating

SS304 with epoxy may prolong the life cycle of the

metal substrate as indicated by the decrease in the cor-

rosion rate. Furthermore, the results demonstrate that

the corrosion rate is attenuated and the protection ef-

ficiency of epoxy is enhanced by the incorporation of

graphene. Moreover, the low values of Rcorr, STD

demonstrate the excellent reproducibility of the re-

sults.

3.4. Electrochemical impedance

measurements

EIS is a widely used technique to investigate electro-

chemical activity on metal substrates. Here, EIS is

utilized to examine the corrosion behavior of bare

and coated SS304 substrates. In EIS, an alternating

current (AC) is forced through a circuit that may con-

tain insulators, resistors and capacitors or combina-

tions of items resulting in a complex output resistance

known as impedance. In corrosion studies, the AC is

fed to the system over a range of frequency and the

complex output at different frequencies are reported

as the impedance of the WE. Furthermore, impedance

can be modelled using an equivalent circuit that con-

tain a specific combination of different elements such

as resistors and capacitors.

The impedance behavior of bare and coated SS304

substrates is measured in temperature controlled

3.5 wt% NaCl electrolyte using the EC-Lab software

after allowing the potential of the WE to stabilize for

30 min. The EC-Lab software was also used to model

and fit the raw impedance data using equivalent cir-

cuits with specific combinations as shown in Fig-

ure 7. In the equivalent circuits, Rs and Rch represent

electrolyte and charge transfer resistances, respec-

tively, while C is a double layer capacitor. The mag-

nitudes of the various elements in the equivalent cir-

cuit and the frequency of the AC signal (ω) were

utilized to fit raw impedance data using Equation (3):

(3)

Figure 8, depicts Nyquist plots for bare and coated

SS304 substrate, where real and imaginary parts of

the impedance are presented. The Nyquist plot clear-

ly represents the corrosion protection by the epoxy

coating as demonstrated by the increase in the size

of the impedance semi-circleindicating annenhance-

mentt in corrosion mitigation and slower corrosion

rate for the epoxy coated sample compared to the

bare SS304. Nevertheless, this corrosion protection

enhancement is further improved by incorporating

graphene in the epoxy matrix, where the real resis-

tivity value at the high frequency end has increased
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Table 1. Weight loss measurements for bare SS304, epoxy,

E/G0.1 and E/G0.5 coated SS304 in a 3.5 wt% NaCl

solution

Sample
W0

[mg]

W
[mg]

Rcorr

[mg·cm–2·d–1]

Rcorr, STD

[mg·cm–2·d–1]

PEF

[%]

SS304 93.1 66.9 0.440 0.009 –

Epoxy 107.0 101.6 0.090 0.011 79.5

E/G0.1 115.9 113.5 0.040 0.008 90.9

E/G0.5 122.9 122.0 0.015 0.005 96.6

Figure 7. Equivalent circuits used to model the electrochem-

ical impedance data

Figure 8. Nyquist plots for bare SS304 (inset), epoxy, E/G0.1

and E/G0.5 coated SS304 substrates



from 1.0·106 Ω·cm2 for the epoxy coated sample to

3.8·106 Ω·cm2 for E/G0.1 coated sample and

7.8·106 Ω·cm2 for E/G0.5 coated sample.

In addition to the qualitative analysis, the computed

values of the different elements of the equivalent cir-

cuits shown in Figure 7 can be used to evaluate the

corrosion protection properties of the different coat-

ings. It should be noted that the unique combinations

of elements in the presented circuits resulted in the

best fitting of raw impedance data. Table 2, repre-

sents the values of the various elements in the equiv-

alent circuits and the repeatability of triplicate meas-

urements is illustrated by the small values of Rch, STD.

The results clearly illustrate the ability of the epoxy

coating to protect the SS304 substrate from corro-

sion as indicated by the increase in the charge trans-

fer resistance. Moreover, the results illustrate the ad-

vantages of incorporating graphene as implied by the

significant increase in the charge transfer resistance

for E/G0.1 and E/G0.5.

Bode plots are another representation of the corro-

sion protection ability of the coating. Figure 9a, de-

picts the Bode plots, where the real part of impedance

(Zreal) is plotted versus frequency, while Figure 9b

depicts the phase plots. Corrosion resistance can also

be represented by the Zreal values at the lowest record-

ed frequencies. From Figure 9a, logZreal at the lowest

frequencies for bare, epoxy, E/G0.1 and E/G0.5 coated

SS304 are 2.7, 6.0, 6.6 and 6.9 Ω·cm2, respectively.

EIS results illustrate that epoxy coatings may miti-

gate the corrosion process on SS304 substrate and

prolong the life cycle of the metal. However, the in-

corporation of graphene would further enhance such

a protection characteristic of the epoxy and the de-

gree of enhancement depends on graphene loading.

This variation in protection efficiencies can be at-

tributed to the noble barrier property of graphene

[16], which attenuate the corrosion rate by prolong-

ing the tortuosity pathway for the corrosive agents

to reach the SS304 substrate.
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Table 2. Electrochemical corrosion parameters obtained

from equivalent circuit for EIS raw measurements

for bare SS304, epoxy, E/G0.1 and E/G0.5 coated

SS304 in 3.5 wt% NaCl solution

Sample
RS

[Ω·cm2]

C
[F]

Rch

[Ω·cm2]

Rch, STD

[Ω·cm2]

SS304 18.5 8.5·10–6 450.5 10

Epoxy 18.0 1.4·10–10 8.7·105 190

E/G0.1 18.2 3.9·10–11 3.63·106 380

E/G0.5 18.1 3.9·10–11 7.55·106 260

Figure 9. (a) Bode and (b) phase plots for bare SS304, epoxy, E/G0.1 and E/G0.5 coated SS304 substrates



3.5. Potentiodynamic measurements

Cyclic Voltammetry is a widely utilized technique to

characterize electrochemical behavior of metal sub-

strates and coatings. In this study, a three-electrode

configuration was used to conduct cyclic voltamme-

try tests on bare and coated SS304 substrates. The

raw data were recorded using the EC-Lab software

and all measurements were obtained in 3.5 wt% NaCl

solution at 25 °C. Furthermore, the potential of the

testing sample was allowed to stabilize for 30 min

before conducting any experiment. Even though the

potential of the working electrode was scanned from

–500 to 500 mV, only the areas where the electrode

shifted from the anodic to cathodic behavior, which

is known as the Tafel plots, were presented as shown

in Figure 10. Important parameters such as Ecorr and

Icorr were extracted from the Tafel plots. Furthermore,

the extracted Ecorr and Icorr from triplicates measure-

ment for each sample were utilized to demonstrate

the reproducibility of the results by analysis of the

standard deviation of Ecorr (Ecorr, STD) and Icorr

(Icorr, STD), which are reported in Table 3.

These extracted parameters can be used to compute

the polarization resistances (Rp) of the protective

coatings using Equation (4), which is known as the

Stern-Geary equation:

(4)

where ba/bc are the anodic/cathodic Tafel slops

(dE/dlogI), respectively, and extrapolating the linear

portion of these curves determines Icorr at the inter-

section. Finally, Icorr values can be used to evaluate

the protection efficiencies of the different coatings

using Equation (5):

(5)

where I°corr and Icorr are corrosion currents of bare and

coated SS304, respectively. The variations in corro-

sion and computed parameters (Ecorr, Icorr, Rp), which

are reported in Table 3 may explain the influences of

the various protective coatings on the electrochemi-

cal behavior of the SS304 substrate. In general, a pos-

itive shift in Ecorr, Rp and PEF plus a drop in Icorr, rep-

resents an enhancement in corrosion mitigation.

The abilities of E/G coatings in mitigating corrosion

on SS304 substrates were confirmed by the results

presented in Figure 10 and Table 3. These results

demonstrate that the corrosion protection perform-

ance of epoxy coatings can be significantly enhanced

by the incorporation of graphene as illustrated by the

positive shifts in the Ecorr, Rp and PEF and the atten-

uation of the Icorr. Furthermore, it was interesting to

observe that the level of enhancement in PEF of E/G

can be positively influenced by increasing the

graphene loading as illustrated in Figure 10 and

Table 3, which is in agreement with the results ob-

tained from the gravimetric method. This enhance-

ment in corrosion mitigation properties of E/G coat-

ings can again be attributed to the barrier property

of graphene, which prolong the pathway that corro-

sive agents follow to reach the metal substrate.

3.6. Thermal behavior and UV degradation

The incorporation of graphene in polymeric matrix

has influenced the thermal stability of the resin. This

.
R

b b
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1 100EF
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Figure 10. Tafel plots for bare SS304, epoxy, E/G0.1 and

E/G0.5 coated SS304 substrates

Table 3. Electrochemical corrosion parameters obtained from cyclic voltammetry measurements for bare SS304, epoxy,

E/G0.1 and E/G0.5 coated SS304 in a 3.5 wt% NaCl solution

Sample
Ecorr

[mV vs Ag/AgCl]

Ecorr, STD

[V vs Ag/AgCl]

Icorr

[µA/cm2]

Icorr, STD

[µA/cm2]
ba bc

RP

[Ω·cm2]

PEF

[%]

SS304 –113.5 0.009 2.40 0.002 48.2 55.3 4.6 –

Epoxy –69.4 0.060 0.46 0.010 87.0 88.2 41.3 80.8

E/G0.1 –65.0 0.010 0.06 0.009 82.3 74.0 282.0 97.5

E/G0.5 –27.7 0.007 8.7·10–3 0.005 61.4 54.5 1441.0 99.6



can be observed as an upward shift in the glass tran-

sition temperature (Tg) as depicted in Figure 11. The

increase in Tg has been reported for other graphene

polymer nanocomposites and is attributed to the

strong interface between the filler and polymer ma-

trix, which restricts the polymer chains’ mobility [23].

Moreover, incorporation of graphene increases the

thermal stability of the epoxy composite as observed

by the increase in onset degradation temperature

(Tonset), which is the  temperature where 5% weight

loss is observed as depicted in Figure 12, inset has

increased from 352.8°C for the neat epoxy to 358.5

and 358.8°C for E/G0.1 and E/G0.5, respectively, con-

firming the strong interactions between graphene

and epoxy polymer possibility through the amine

groups on the polymer chains and the epoxy/hydrox-

yl groups on the reduced graphene surface.

Epoxy polymers are known to degrade when exposed

to UV radiation [24]. Therefore, the surface mor-

phology of the prepared coatings were observed after

30 days of exposure to UV and condensation cycles

using SEM and results are depicted in Figure 13.

Sever damages can be observed on the epoxy surface,

where the damages were manifested in forms of

micro-cracks and pits as illustrated in Figure 13a.

Surface cracking was also observed on E/G0.1 coating

as depicted in Figure 13b; however, no evidence of

pitting was observed. The capacity of graphene in en-

hancing the durability of the epoxy coating is well

illustrated in Figure 13c, where increasing the load

of graphene to 0.5%, E/G0.5, leads to prevention of

pitting as well as significant reduction in the number

of observed micro-cracks due to the enhanced UV

stability induced by graphene [25].

3.7. Flexibility and impact resistance

Mechanical properties such as elasticity and impact

resistance in addition to adhesion and corrosion mit-

igation are important characteristics of polymer coat-

ings. The bending and the impact resistance tests were

conducted on epoxy and E/G composites coatings in

order to evaluate the impact of graphene on the flex-

ibility and impact resistance. Figure 14 shows the

bending and impact resistance results for different

coatings, where the main bending diameters and the

elevations at which the coating fails for five times

are reported. These results illustrate that incorpora-

tion of graphene reduces the flexibility of the epoxy

coating and the degree of reduction increases with

graphene loading, which is attributed to the increase

in stiffness. In contrast, the addition of graphene en-

hances the impact resistance of epoxy and here too,

the degree of enhancement is proportional to the

graphene loading. The observed effects of graphene

on the bending and the impact resistance are attrib-

uted to the increase in stiffness and toughness of the

epoxy composite with graphene loading, which was

also reported [26–29], which enhances the resistance

to sudden deformation and reduces the elasticity of

the epoxy coating.

4. Conclusions

Epoxy/graphene composites were prepared using

situ prepolymerization approach, spin coated and ther-

mally cured on SS304 substrates. We demonstrated
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Figure 11. DSC thermograms of epoxy and E/G coatings.

The three arrow on each curve represent, from

left to right, the onset, mid, and end point of the

Tg transition.

Figure 12. TGA thermograms of epoxy and E/G composites



that the corrosion protection ability of the epoxy is

significantly enhanced by incorporation of  graphene

due to the barrier property of graphene, which shields

the corrosive agents from reaching the SS304 sub-

strate. Morover, incorporation of graphene enhances

the mechanical properties and impact the thermal

properties as well as the adhesion of the epoxy com-

posite to the SS304 substrate. Graphene loading and

the degree of dispersion have significant impact on

the thermal, and mechanical properties as well as ad-

hesion to the SS304 substrate, the corrosion protec-

tion characeteristics and UV stability. Indeed, it is

interesting to observe that increasing graphene load-

ing in the epoxy matrix beyond an optimum loading

of 0.5 wt% may attenuate the interface adhesion be-

tween coating and the SS304 substrate due to aggre-
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Figure 13. SEM images of post-UV degradation tests of (a) epoxy (b) E/G0.1 and (c) E/G0.5 coated SS304 substrates after

30 days of exposure to UV and condensation cycles

Figure 14. Bending and impact resistance test results for

epoxy, E/G0.1 and E/G0.5 coatings on SS304.



gation of graphene and reduction of the interface

area.
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