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ABSTRACT

To effectively and simply characterize the macroscale dispersion of nanoparti-

cles was vital for understanding the intrinsic connection between the properties

and the structure of composites. In this study, fluorescent MWCNTs–FITC was

successfully synthesized via grafting fluorescein isothiocyanate on the

MWCNTs with protection of polyglycidyl methacrylate, which opened new

avenues to in situ visualize the dispersion of carbon-based materials under

confocal laser scanning microscopy. With the aid of this noninvasive method,

macroscale 3D spatial dispersion of MWCNTs–FITC in both matrix and inter-

facial phases of quartz fibers/epoxy (QFs/EP) composites was quantitatively

evaluated by integrating Morisita’s index, particle spacing probability density

theory, 2D fractal dimension and Einstein’s Stokes theory. The results showed

that the threshold for uniform dispersion of MWCNTs–FITC was 0.05 wt% due

to the interactions of inter-particle van der Waals forces and physical entan-

glement. The highest particle spacing coefficient of MWCNTs–FITC (x=s = 1.69)

was achieved curing at 25 �C, which indicated that MWCNTs–FITC was well

dispersed in matrix, while for the dispersion in QFs/EP interface, the optimal

curing temperature was 40 �C where the actual average diffusion distance (lm)

was as high as 6.3 lm. The purpose of the established quantification method in

this study was to provide viable opportunities and inspirations for quantita-

tively evaluating the dispersion of nanoparticles.
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GRAPHICAL ABSTRACT

Introduction

Due to the excellent physical and chemical proper-

ties, such as high tensile and compressive strengths,

great dielectric property, thermal and size stability

and corrosion resistance, polymer-based nanocom-

posites filled with nanoparticles have been widely

used in various advanced application fields like

aerospace, marine, energy, construction and auto-

mobile industries [1–5]. As extensively recognized by

both academic and engineering communities [6–10],

the efficient achievement in all these excellent prop-

erties was strongly dependent on the dispersion state

of nanoparticles in the polymer-based composites

[11]. However, the actual dispersion of nanoparticles

in the polymer matrix of composites was in a

dynamic mode instead of a static status, which

globally evolved during the whole processing stage

of composites. For instance, at thermally induced

curing process of polymer composites, the global

sediment and aggregation of nanoparticles like car-

bon nanotubes (CNTs) always took place as a result

of the combining functions of nanoparticle interac-

tions, thermally driven microscale Brown motion and

thermodynamic environment changing [12–14].

Thus, to effectively characterize the actual spatial

dispersion of nanoparticles within the composites

was very vital for understanding the structure–

property relationships of composites and further

controlling the optimal processing conditions to

prepare the high-quality composites.

To date, the conventional observation methods for

the dispersion of nanoparticles mainly included

scanning electron microscopy (SEM) [15–17], trans-

mission electron microscopy (TEM), three-dimen-

sional (3D)-TEM tomography [10, 18], atomic-force

microscopy (AFM) [12, 18, 19], element mapping

[20–22], Raman mapping [23, 24] and contrast varia-

tion small-angle neutron scattering (CV-SANS)

[25, 26]. In spite of obtaining a large amount of

information on the dispersion of nanoparticles, these

reported methods suffered from a degree of intrinsic

limitations. Firstly, in most of these methods, the

preparation of the testing sample was complicated

and time-consuming, normally along with the sample

damaging [27–29]. The quality of prepared sample

was much affected by the professional level of tech-

nicians, which caused the frequent inconsistence of

the final testing results. Secondly, the testing window

was usually limited in a small domain area less than

micrometers, which was only available for examining
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nanoscale dispersion of nanoparticles [28–30]. The

acquired results from most of these methods were the

only representative of the feature information from a

two-dimensional (2D) view [27–30], other than

reflecting the actual spatial dispersion of nanoparti-

cles in the 3D space at a wide macroscale. Therefore,

it was crucial to develop an alternative and simple

methodology to realize precise and integrated eval-

uation for macroscale 3D spatial dispersion of

nanoparticles in the composites.

Luckily, with the outstanding functions in visual-

izing internal structure of samples confocal laser

scanning microscopy (CLSM) has become an attract-

ing and powerful tool through combining fluores-

cence display technology with optical microscopy in

biochemical research and material science in recent

years [27–31]. On the premise of the stable light

emission caused by fluorescent nanoparticles, CLSM

could acquire the 3D visualization on samples in an

ultrafast and noninvasive manner from a macroscale

domain comprising hundreds of micrometers.

Despite its advantages and convenience in charac-

terizing dispersion of fluorescent nanoparticles,

CLSM technology was hard to visualize the carbon-

based nanoparticles (such as CNTs and graphene) in

the composites even if the fluorescent dyes were

directly loaded on their surfaces [32]. That’s because,

carbon materials with highly electrically conductive

characteristics acted as electron acceptors of fluores-

cent dyes, leading to fluorescence quenching and

invalidity of CLSM technology [33, 34]. To break this

bottleneck, surface chemical-functionalization on

carbon-based nanoparticles has been proposed to be

effective in endowing them with stable fluorescence

imaging capability by preventing direct contact

between carbon material and fluorescein, along with

enhancing their compatibility with polymer matrix

simultaneously [35–37]. For instance, after surface

modification with polystyrene and subsequent cova-

lent labeling with benzo thioxanthene fluorescent

dye, CNTs showed fluorescent feature in poly-

styrene-block-polyisoprene-block-polystyrene tri-

block copolymer rather than fluorescence quenching

in their original state [38]. Nevertheless, the correla-

tion between surface functionalization and fluores-

cent performance was inherently complex for

nanoparticles. To the present, the fluorescence

quenching mechanism of carbon-based nanoparticles

was a relatively unexplored area of research. For this

purpose, it would be quite helpful to look into the

light emission effect derived from the nanoscale

interfacial interactions between carbon-based

nanoparticles and surface functionalization layer.

Herein, in the present study, a facile approach was

proposed to prepare fluorescent multi-walled CNTs

(MWCNTs) by selecting fluorescein isothiocyanate

(FITC) with good fluorescence stability and long

fluorescence lifetime as an effective dye. As

schematically shown in Fig. 1a, MWCNTs were

firstly surface-grafted with polyglycidyl methacrylate

(PGMA) via in situ surface-initiated atom transfer

radical polymerization (ATRP) and then connected

with ethylenediamine via ring-opening reaction to

produce aminated MWCNTs. The final product

MWCNTs–FITC were successfully obtained by

covalent labeling of aminated MWCNTs with FITC

via addition reaction. After characterizing their

physicochemical features with Fourier transform

infrared spectroscope (FTIR), X-ray photoelectron

spectroscopy (XPS), thermogravimetric analyzer

(TGA), scanning electron microscopy (SEM) and

transmission electron microscopy (TEM), the fluo-

rescent performance and fluorescence emitting

mechanism of MWCNTs–FITC were analyzed using

ultraviolet–visible spectrophotometer (UV–Vis) and

fluorescence spectrometer (FS). Then, the different

samples of MWCNTs–FITC/epoxy (EP) composites

and MWCNTs–FITC loaded quartz fibers

(MWCNTs–FITC@QFs)/EP composites were pre-

pared by changing MWCNTs–FITC content and

curing temperature. Based on green fluorescent

labeling observed in 3D CLSM images, the macro-

scale 3D spatial dispersion of MWCNTs–FITC in EP

matrix phase was quantitatively evaluated using

Morisita’s index and particle spacing probability

density theory. Moreover, the macroscale 3D spatial

dispersion of MWCNTs–FITC in interfacial phase of

MWCNTs–FITC@QFs/EP composites was also

observed directly, and the corresponding diffusion of

MWCNTs–FITC was examined using 2D fractal

dimension and Einstein’s Stokes theory. The reason-

able mechanisms for the dispersion and diffusion of

MWCNTs–FITC in MWCNTs–FITC@QFs/EP com-

posites were proposed in concerning the affecting

factor of curing temperature.
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Experimental

Materials

Carboxylated MWCNTs (MWCNTs–COOH, purity

C 95%, diameter 40–80 nm, length 10–20 lm) were

purchased from Chengdu Organic Chemicals Co.

Ltd. (China). Glycidyl methacrylate (GMA, purity

C 97%) monomer, fluorescein isothiocyanate (FITC)

and 2-bromo-2-methylpropionyl bromide (BIBB,

purity C 98%) were obtained from Sigma-Aldrich

Co. Silane coupling agent (KH550, purity C 97%) and

cuprous bromide (CuBr) were obtained from Alfa-

Aesar Co. N, N, N0, N00, N00-Pentamethyldiethylene-

triamine (PMDETA) was obtained from TCI Shang-

hai Co. Ltd. (China). Ethylenediamine (EN) and

triethylamine were both purchased from Beijing Tong

Guang Fine Chemical Co. (China). Quartz fibers

(QFs) coated with a modified-epoxy sizing agent

(diameter * 20 lm) were obtained from Shandong

Glassfiber Co., Ltd. (China). The resin matrix, digly-

cidyl ether of bisphenol A (DGEBA) type epoxy resin

(EP value, 0.51) and the diluter, 1,4-butanediol

diglycidyl ether (EP value, 0.65–0.75) were purchased

from Shanghai Huayi resin Co. Ltd. (China). The

curing agent, triethylenetetramine (TETA), was

obtained from Lonza (Switzerland). All other chem-

icals and reagents were purchased from Beijing

Chemical Works (China) and used directly.

Preparation of fluorescent MWCNTs–FITC

The schematic for the preparation of FITC covalently

labeled MWCNTs (MWCNTs–FITC) is shown in

Fig. 1a. MWCNTs–COOH were strictly purified by

washing with deionized water repeatedly to remove

any possible impurities before use. In referring to our

previous works [39, 40], MWCNTs–PGMA were

prepared via in situ surface-initiated atom transfer

radical polymerization (ATRP) through the three-

step reactions of MWCNTs–COOH with KH550,

BIBB and GMA in sequence. The prepared

MWCNTs–PGMA were redispersed in a mixture of

ethanol and EN by bath sonication for 30 min, and

the subsequent reaction lasted for 24 h with magnetic

stirring at 50 �C. Afterward, the aminated MWCNTs

(MWCNTs–NH2) were successfully obtained by

washing with absolute ethanol for several times and

Figure 1 Schematic for the

preparation of (a) MWCNTs–

FITC and wp-MWCNTs–

FITC as well as

(b) MWCNTs–FITC/EP and

MWCNTs–FITC@QFs/EP.
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drying in vacuum. The resulting MWCNTs–NH2

were redispersed into the mixture of buffer solution

(composed of NaCl, Na2CO3, NaHCO3) and deion-

ized water by bath sonication for 30 min. Then, the

FITC solution in dimethyl sulfoxide (DMSO) was

dropwise added into the MWCNTs–NH2 suspension

under mechanical stirring. The mixture was reacted

in the dark at room temperature for 8 h to avoid

photo-bleaching. The final product, MWCNTs–FITC,

were obtained by centrifugation, washing with

deionized water for several times and drying in

vacuum.

For comparison, MWCNTs–FITC without PGMA

grafting (wp-MWCNTs–FITC) were prepared to

explore the role of PGMA component in preventing

fluorescence quenching of FITC grafted on electric-

conductive carbon nanotubes. The schematic for the

preparation of wp-MWCNTs–FITC is also shown in

Fig. 1a. In detail, wp-MWCNTs–FITC were directly

obtained by mixing FITC/DMSO solution into

MWCNTs–KH550/DMSO suspension under

mechanical stirring, followed by reacting in dark

place at room temperature for 8 h and purifying in

the end. The same conditions of centrifugation,

washing with deionized water and drying in vacuum

were also used in the purifying treatment.

Composite preparation

The schematic for the preparation of MWCNTs–

FITC/EP composites is shown in Fig. 1b. The

MWCNTs–FITC were dispersed into diluter by son-

ication for 30 min to form suspension batch. Then, EP

mixtures were obtained by mixing EP resin, TETA,

diluter/MWCNTs–FITC batch. The MWCNTs–

FITC/EP composites were prepared by pouring EP

mixtures into molds and curing for 8 h. To guarantee

the uniformity of the obtained MWCNTs–FITC/EP

composites, the weight ratio of EP resin, diluter and

curing agent was set as 60:40:22 to ensure a low

system viscosity. The contents of MWCNTs–FITC in

EP composites were adjusted to be 0.01, 0.05 or

0.10 wt% of the total weight of EP matrix. The curing

temperature was set to be 25, 40, 80 �C, respectively.
The schematic for the preparation of MWCNTs–

FITC loaded QFs (MWCNTs–FITC@QFs)/EP com-

posites is also illustrated in Fig. 1b. Firstly, the QFs

were desized in acetone for 48 h at 75 �C to remove

the sizing agent and subsequently dried after repe-

ated washing. Then DGEBA was dissolved in DMF at

weight ratio of 1:50 to fabricate the sizing agent. The

MWCNTs–FITC were dispersed into the EP sizing

agent at weight concentrations of 0.01, 0.05 and 0.10

wt%, respectively. Afterward, MWCNTs–FITC@QFs

was obtained by immersing the desized QFs (d-QFs)

into the mixture of MWCNTs–FITC and sizing agent

for 12 h at room temperature, followed by drying at

80 �C for 2 h. Finally, MWCNTs–FITC@QFs/EP

composites were prepared by coating the mixed EP

on the fiber bundle and soaking it thoroughly, then

curing in a stainless-steel mold for 8 h at different

temperatures of 25, 40 and 80 �C, accordingly.

Dispersion index

Morisita’s index

The concept of the overall dispersion degree was

proposed by Masaaki Morisitaand. Morisita’s Index

was applied to the application of dispersion and

distribution models, which was defined as Eq. (1)

[41, 42].

I ¼ Q

P
i miðmi � 1Þ
MðM� 1Þ ð1Þ

where Q is the total section number, M is the total

inclusion number and mi is the inclusion number in

section i. It is smaller than 1 for random and dis-

persed system while larger than 1 for agglomerated

system.

Particle spacing probability density theory

Particle spacing probability density was used to

evaluate the dispersion of MWCNTs–FITC quantita-

tively (Supplementary Information displays the

details). In the actual statistical calculation, the aver-

age particle spacing was x, which could be calculated

from Eq. (2) [42, 43]. Also, the standard deviation was

s, and its calculation was based on Eq. (3) [42, 43].

x ¼
P

i xi
N

ð2Þ

s ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P

i ðxi � xÞ2

N � 1

s

: ð3Þ

Nanoparticle diffusion theory

Based on the theory of single-particle tracer (SPT), the

diffusion mechanism of nanoparticles was studied.
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The relationship between the particle diffusion coef-

ficient and the mean square displacement was

expressed as Eq. (4) [44, 45].

l2t ¼ 2DNPDt ð4Þ
where DNP is the diffusion coefficient of the particles,

Dt is the observation time interval in the experiment,

and l2t is the mean square displacement referring to

the displacement distance of the particles in the Dt
time. DNP could be derived from resistance formula

of Einstein’s Stokes theory as Eq. (5) [45–47].

DNP ¼ kT

3pg/
ð5Þ

where k is the Boltzmann constant, T is the abso-

lute temperature, g is the viscosity of the fluid (con-

taining particles), and / is the diameter of the

particles. The actual average diffusion distance was

lm, which could be calculated from Eq. (6).

lm ¼
P

i li
N

ð6Þ

Characterizations

Changes of the functional groups on the surface of

MWCNTs were detected by Fourier transform infra-

red spectroscope (FTIR, Nexus670, Nicolet). Element

analysis on different MWCNTs prepared at various

stages was conducted on X-ray photoelectron spec-

troscopy (XPS, ESCALAB 250, Thermo Scientific)

using mono chromicized Al Ka X-ray source at a

constant analyzer. Thermal stability was measured

on thermogravimetric analyzer (TGA, Q500, TA) at a

heating rate of 10 �C/min from 30 to 600 �C under

nitrogen atmosphere. Morphological observations

were performed on scanning electron microscope

(SEM, S4700, Hitachi) and transmission electron

microscope (TEM, JEM100CX, Leica). Before SEM

examination, samples were coated with a thin layer

of a gold alloy. The elements in selected regions were

analyzed under energy disperse X-ray spectroscopy

(EDS, ESCALAB 250, Thermo Scientific). Typical

tapping-mode atomic-force microscope (AFM) mea-

surements were performed using Dimension Fast

Scan from Bruker. The fluorescent properties of

MWCNTs–FITC were detected by using ultraviolet–

visible spectrophotometer (UV–Vis, UV-3600, Shi-

madzu), fluorescence spectrometer (FS, F-7000,

Techcomp) and confocal laser scanning microscope

(CLSM, SP8, Leica). Before CLSM observation, sam-

ples were prepared by dispersing MWCNTs–FITC

into ethanol at a concentration of 2 � 10–5 g/mL. The

average size and size distribution of MWCNTs–FITC

were calculated with contrast-treated CLSM images

by using ImageJ software to measure at least 1000

particles, as well as they were directly tested with

dynamic light scattering (DLS, ZEN1600, Zetasizer

Nano). The area size (A) of MWCNTs–FITC aggre-

gate and the maximum length (L) of aggregate area

were also determined from contrast-treated CLSM

images using ImageJ. The gel time of EP matrix was

determined using around 100 mg of sample accord-

ing to ASTM 2471 [48].

Results and discussion

The analysis of MWCNTs–FITC

The different MWCNTs prepared at various stages

were characterized by FTIR, XPS, TGA, SEM and

TEM. In referring to our previous works [39, 40],

MWCNTs–PGMA were prepared via ATRP through

the three-step reactions of MWCNTs–COOH with

KH550, BIBB and GMA in a proper sequence. As

shown in Fig. 2a, the resulting MWCNTs–PGMA

clearly displayed characteristic adsorption of C=O

stretching vibrations at 1629 and 1728 cm-1, which

apparently came from carboxyl and ester groups

contained in GMA component, respectively. Addi-

tionally, in the FTIR spectrum of MWCNTs–PGMA,

the adsorption peaks at 1149 and 1256 cm-1 were

originated from the asymmetrical and symmetrical

stretching vibrations of –CH3 group in GMA com-

ponent, respectively, as well as the absorption peak at

906 cm-1 was also ascribed to epoxide groups in

GMA component [39, 49]. Compared to MWCNTs–

PGMA, a new peak at 1553 cm-1 appeared in the

spectrum of MWCNTs–NH2, which corresponded to

the –N–H stretching vibration. After the reactions

between epoxide groups in GMA and –NH2 groups

in ethylenediamine, the absorption peak of epoxide

groups at 906 cm-1 in GMA disappeared in the

spectrum of MWCNTs–NH2. Together with the

presence of characteristic peak for C=S group at

1465 cm-1, the chemical structure features of FITC

were obviously detected in MWCNTs–FITC.

Also, these chemical changes on different

MWCNTs were confirmed from XPS testing, as
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shown in Fig. 2b, and the atom contents of different

elements in these MWCNTs are listed in Table S1.

The characteristic peaks of C1s and O1s were observed

at 285.2 and 533.1 eV in the XPS spectrum of

MWCNTs–COOH (Fig. 2b1), respectively. After

grafting KH550, two new peaks appeared at 400.2

and 102.4 eV in the spectrum of MWCNTs–KH550,

respectively, which were attributed to the N1s and

Si2p in KH550 [50, 51]. The corresponding atomic

contents of element N and Si were 0.32 and 0.63%.

Compared to MWCNTs–KH550, an additional char-

acteristic peak at 68 eV in the spectrum of MWCNTs–

Br corresponded to the Br3d and the atomic content of

element Br was 0.52%. It was seen that the intensity in

the characteristic peak of O1s at 533.1 eV was

increased a lot in XPS spectrum of MWCNTs–PGMA

and the content of element O was increased to

10.04%, which was apparently due to the introduc-

tion of epoxide groups after comparing with the

spectrum of MWCNTs–Br (Fig. 2b4). The character-

istic peak of N1s at 400.2 eV was also intensified as

observed in the XPS spectrum of MWCNTs–NH2

along with the atomic content of element N increas-

ing to 5.84% from 0.56% for MWCNTs–PGMA,

Figure 2 a FTIR, b XPS spectra and c TGA curves of MWCNTs–COOH, MWCNTs–KH550, MWCNTs–Br, MWCNTs–PGMA,

MWCNTs–NH2 and MWCNTs–FITC.
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indicating the successful introduction of the –NH2

groups (Fig. 2 b5). More importantly, the unique peak

of S2p at 165.2 eV from isothiocyanate group in FITC

was found in the XPS spectrum of MWCNTs–FITC

(Fig. 2b6). Thus, the FTIR and XPS data proved the

successful grafting of FITC onto MWCNTs.

Then, the thermal stabilities of different MWCNTs

at various preparation stages were measured using

TGA. As shown in Fig. 2c, compared with the value

of * 1.8 wt% for MWCNTs–COOH, the weight loss

at 600 �C increased gradually in values of * 3.6, *
5.5, * 31.9, * 52.7 and * 56.6 wt% for MWCNTs–

KH550, MWCNTs–Br, MWCNTs–PGMA, MWCNTs–

NH2 and MWCNTs–FITC, respectively, verifying the

success in each step of modification. Specifically, the

three samples of MWCNTs–PGMA, MWCNTs–NH2

and MWCNTs–FITC showed the significant weight

loss over * 300 �C, as a result of the thermal

decomposition of the grafted organic components.

The weight content of FITC in MWCNTs could be

calculated using the equation of

fMWCNTs�FITC � fMWCNTs�NH2
¼ ð1� fMWCNTs�FITCÞ � x,

where fMWCNTs�FITC and fMWCNTs�NH2
meant the weight

loss percentage of MWCNTs–FITC and MWCNTs–

NH2, respectively, and x denoted the weight content

of FITC in MWCNTs–FITC. Finally, the weight con-

tent of FITC in MWCNTs–FITC was calculated to

be * 8.9 wt%. Among them, most of the FITC and

MWCNTs were covalently connected, and there was

also a few non-covalent boning that could not be

ignored [52].

Additionally, the morphologies of MWCNTs–

COOH, MWCNTs–FITC and wp-MWCNTs–FITC

were observed by both SEM and TEM. As shown in

Fig. 3a1, the typical hollow and rod-like structure was

seen for MWCNTs–COOH. Different from the

smooth surface of MWCNTs–COOH, MWCNTs–

FITC looked rough with a coating shell on the sur-

face. The shell was distributed uniformly at a thick-

ness of * 5.7 nm from the wrapped edge (Fig. 3a2,

b2), confirming the successful grafting of PGMA and

FITC onto MWCNTs. As expected, wp-MWCNTs–

FITC showed the similar rough surface with coating

shells, but possessed a thinner shell thickness of *
1.5 nm compared with MWCNTs–FITC, as shown in

Fig. 3a3. This observed morphology was similar to

the reported results in the literature [53] and our

previous works [39, 40]. Moreover, it was found from

the SEM image in Fig. 3b1 that MWCNTs–COOH

showed a sort of aggregated state. In contrast,

MWCNTs–FITC and wp- MWCNTs–FITC seemed to

exist in a uniform state due to their better dispersion

capabilities in ethanol.

The absorption, excitation and emission perfor-

mance of FITC, MWCNTs–NH2 and MWCNTs–FITC

were evaluated with UV–Vis and FS. It could be seen

from Fig. 4a1–a3 that the maximum absorption, exci-

tation and emission for FITC were at the peak

wavelengths of 478, 487 and 516 nm, respectively.

This was the typical green fluorescent characteristics

of FITC as reported in the literature [54]. And as

expected, there was no any peak in the absorption,

excitation and emission spectra of MWCNTs–NH2

(Fig. 4b1–b3). It was known that MWCNTs normally

manifested the quenching effect on the fluorescent

light due to the high electrical conductivity of carbon

structure [49]. Differently, MWCNTs–FITC showed

the strong absorption, excitation and emission abili-

ties at peak wavelengths of 500, 490 and 519 nm,

accordingly, proving the success in grafting FITC

onto MWCNTs–NH2. Noticeably, the wavelength

values of absorption, excitation and emission peaks

in the spectra of MWCNTs–FITC were higher than

those in the spectra of FITC. The phenomenon should

be attributed to a redshift in the peak wavelength due

to the existence of the –NH2 group in the grafting

layers of MWCNTs–FITC [54, 55]. The above results

demonstrated that it was effective to protect FITC

from the direct contact with MWCNTs by grafting

PGMA onto MWCNTs, which guaranteed the tracer

role of MWCNTs–FITC with displaying the fluores-

cent feature.

The direct fluorescent feature of wp-MWCNTs–

FITC and MWCNTs–FITC was observed by CLSM.

Clearly, there was almost no fluorescence observed

for wp-MWCNTs–FITC in 2D CLSM image (Fig. 5a)

and 3D CLSM image (Fig. S3a1), even though FITC

with green fluorescence had been grafted onto them.

But it could be seen that MWCNTs–FITC emitted

strong green fluorescent light as shown in 2D CLSM

image of Fig. 5b. This confirmed that wp-MWCNTs–

FITC displayed the quenching morphology without

fluorescence due to the high electrical conductivity of

carbon structure in MWCNTs as well as the possible

existence of the residual catalyst metals used in

preparing MWCNTs [49, 56–58]. The microscale

structure and distribution state of MWCNTs–FITC in

a 3D large-scale volume could be clearly character-

ized from their 3D CLSM images (Fig. S3a2). The
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Figure 3 TEM and SEM images of a1, b1 MWCNTs–COOH, a2, b2 MWCNTs–FITC and a3, b3 wp- MWCNTs–FITC.

Figure 4 a1, b1 UV–Vis, a2, b2 fluorescence excitation and a3, b3 fluorescence emission spectra of FITC, MWCNTs–NH2, wp-

MWCNTs–FITC and MWCNTs–FITC.
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fluorescence imaging provided a direct way to

observe macroscale special dispersion of MWCNTs

from the 3D directions. In order to directly measure

the particle size of MWCNTs–FITC, their 2D CLSM

image (Fig. 5b) was binarized using the software

ImageJ, and the exact boundary contours of all

MWCNTs–FITC were extracted as presented in

Fig. S3b1. Then, the particle size of MWCNTs–FITC

could be directly measured, and the obtained particle

size distribution histogram based on statistical results

is shown in Fig. 5c. It was found that particle size of

MWCNTs–FITC was close to the normal distribution.

And the average particle size of MWCNTs–FITC

was * 1.9 lm, which was much close to the value

of * 1.1 lmmeasured by using the technique of DLS

as an auxiliary characterization (Fig. S3b2). Notedly,

the measured size value implied that the uniformly

dispersed MWCNTs–FITC were not the individual

MWCNTs, but the MWCNTs aggregates. This find-

ing was due to the intrinsic interactions between

CNTs-based nanomaterials, such as inter-particle van

der Waals forces, physical entanglement and physical

stacking, which was consistent with the reported

results in the literatures [59, 60] and our previous

works [39, 40]. Thus, to quantitatively describe the

microstructure feature of MWCNTs–FITC, the 2D

fractal dimension (D2) was applied (Fig. 5d) [61, 62].

D2 was obtained by the slop measured through the

relationship between areas (A) and maximum lengths

(L) by the definition of A / LD2 , where A and L are the

area size of MWCNTs–FITC aggregates and the

maximum length of such area. Log A was plotted

versus log L as shown in Fig. 5d. The fractal dimen-

sion was an evaluation of the space filling efficiency

of the aggregate structures, and the D2 value of 2D

objects with regular circular shape was 2 theoreti-

cally. Lower D2 value meant the formation of irreg-

ular-shaped aggregates with loose structure,

corresponding to larger area proportion of aggregates

in unit area. The D2 value of MWCNTs–FITC was

calculated to be 1.75, indicating that the aggregated

structure of MWCNTs–FITC was relatively dense.

The dense structure of MWCNTs–FITC aggregates

was favorable for their dispersion in EP matrix in the

following study.

Fluorescence emitting mechanism
of MWCNTs–FITC

According to the literatures [33, 38, 57], the carbon-

based nanostructures like CNTs would result in the

big possibility in fluorescence quenching due to the

high electrical conductivity of carbon materials as

Figure 5 a 2D CLSM images

of (a) wp-MWCNTs–FITC

and b MWCNTs–FITC, as

well as (c) particle size

distribution histogram of

MWCNTs–FITC by practical

statistics, and (d) log A versus

log L curve of MWCNTs–

FITC.
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well as the possible existence of the residual catalyst

metals used in preparing the nanostructures. In

considering all the above results, the prepared

MWCNTs–FITC had shown different surface mor-

phology and chemical feature from initial MWCNTs–

COOH, which evoked our keen interest in studying

its fluorescence emitting mechanism upon the graft-

ing layer on MWCNTs–FITC. For comparison,

MWCNTs–FITC without PGMA in the grafting layer

(wp-MWCNTs–FITC) were prepared. As observed

from TEM and SEM images in Fig. 3a2–a3, b2–b3, both

wp-MWCNTs–FITC and MWCNTs–FITC showed

the similar rough surfaces with coating shells. As

expected, wp- MWCNTs–FITC possessed a thinner

shell thickness of * 1.5 nm compared with

MWCNTs–FITC. Furthermore, the differences in the

excitation and emission performance of both wp-

MWCNTs–FITC and MWCNTs–FITC were examined

with UV–Vis and FS. Compared with MWCNTs–

FITC, the absorption peak of wp-MWCNTs–FITC

decreased to a very weak level as shown in Fig. 4b1.

As seen in Fig. 4b2, b3, completely different from the

strong excitation and emission abilities with high

peak intensities for MWCNTs–FITC, the excitation

and emission peaks were detected at rather low

intensities in the spectra of wp-MWCNTs–FITC. The

results of UV–Vis and FS measurements manifested

the quenching phenomenon of fluorescent light on

wp-MWCNTs–FITC, which was consistent with the

reported results for CNTs or GO [33, 62]. In addition,

such phenomenon could be directly observed from

2D CLSM image as shown in Fig. 5a, b. It was found

that wp-MWCNTs–FITC clearly displayed the

quenching morphology almost without the green

fluorescence as observed for MWCNTs–FITC. These

findings suggested that the PGMA component in the

grafting layer played a decisive role in endowing the

fluorescent feature to MWCNTs.

Based on the above findings, the mechanisms for

fluorescence quenching of wp-MWCNTs–FITC and

fluorescence emitting of MWCNTs–FITC were pro-

posed as presented in Fig. 6. Normally, the fluores-

cence quenching or emitting was primarily

dependent on the charge transfer path inside the

materials. Under the action of excitation light, the

electrons inside the fluorescent dyes were exited and

transition from the highest occupied molecular orbi-

tal (HOMO) to the lowest unoccupied molecular

orbital (LUMO). When the excited electrons under-

went a radiative transition from the LUMO to HOMO

and returned to the ground state, the excess energy

was released in the form of a photon, and the fluo-

rescent light was synchronously emitted by the

materials [63]. In the present study, since the fluo-

rescent dye FITC was introduced onto the surfaces of

MWCNTs, FITC would act as a donor of electrons

[57, 64]. In the case of wp-MWCNTs–FITC as shown

in Fig. 6a, the electrons in FITC were initially excited

by excitation light and transferred from HOMO to

LUMO. However, the LUMO energy level of

MWCNTs–KH550 located between HOMO and

LUMO energy levels of FITC [64, 65]. Due to the high

electrical conductivity of regular hexagon carbon

nanostructure in walls of MWCNTs, MWCNTs–

KH550 inside wp-MWCNTs–FITC should as the

acceptor of electrons. Thus, before undergoing a

radiative transition, the excited electrons from FITC

were more inclined to transfer to the LUMO of the

acceptor MWCNTs–KH550 instead of returning to

the HOMO of FITC. Subsequently, these electrons

were conductive away by hexagon carbon nanos-

tructure of MWCNTs, resulting in fluorescence

quenching on wp-MWCNTs–FITC. In contrast, after

coating the insulator PGMA onto MWCNTs–KH550

as shown in Fig. 6b, the LUMO energy level of

MWCNTs–PGMA was increased, since the LUMO

energy level of PGMA was higher than that of FITC

[66]. At this condition, the excited electrons could not

transfer from LUMO of FITC to LUMO of MWCNTs–

PGMA, but return back to HOMO of FITC along with

emitting the fluorescent light. This was the exact

mechanism for decisive role of the PGMA component

in endowing the fluorescent feature to MWCNTs.

Observation of MWCNTs–FITC in EP

Based on the fluorescent feature of MWCNTs–FITC,

3D CLSM images were firstly taken to evaluate the

variation of macroscale spatial dispersion state and

particle size of MWCNTs–FITC dispersed in the EP

resin phase before and after curing. As shown in

Fig. 7, it was difficult for MWCNTs–FITC to achieve

monodispersed morphology in the EP resin, but in a

state of aggregates, also due to the interactions of

inter-particle van der Waals forces, physical entan-

glement, physical stacking, etc. MWCNTs–FITC

aggregates with bigger size exhibited much stronger

green fluorescent light with bigger fluorescent area in

3D space of EP resin. It could be seen in both cases

before and after curing that the size and number of
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aggregates increased with MWCNTs–FITC content

from Fig. 7a1–a3, c1–c3. In detail, when the

MWCNTs–FITC content was as high as 0.10 wt%, the

size and number of aggregates increased sharply.

What’s more, such phenomena became more obvious

after the EP resin was cured. This implied that, as the

curing process progressed, the evolutions in the EP

viscosity and the thermodynamic environment

around MWCNTs–FITC might cause the secondary

aggregation of MWCNTs–FITC. In order to charac-

terize the dispersion state of MWCNTs–FITC in the

EP resin phase quantitatively, the Morisita’s index (I)

was used here and the calculated results are listed in

Table 1. Normally, the closer the I value was to 1, the

better the dispersion of particles [41, 42]. It was found

that the I value increased with MWCNTs–FITC con-

tent in both cases before and after curing, which was

consistent with the detected results from CLSM

images. At the same content of MWCNTs–FITC, the I

value for the sample after curing was higher than that

for the sample before curing, reflecting the worsening

in the dispersion of MWCNTs–FITC during the

curing process. Besides, another method, the particle

spacing probability density theory, was chosen to

further characterize and compare the dispersion state

of MWCNTs–FITC in the EP resin phase before and

after curing. Firstly, the 3D CLSM images were lay-

ered and contrasted to obtain a series of 2D images.

Secondly, the software ImageJ was used to binarize

the 2D images and extract the exact boundary con-

tour of all MWCNTs–FITC aggregates in the whole

image. Finally, the spacing x between MWCNTs–

FITC could be directly measured from the binarized

2D images and the statistical results are shown in

Fig. 7b1–b3, d1–d3. Usually, the x=s value could be

considered to be proportional to the dispersion

coefficient of particles, which thus was a quantitative

description on the dispersion state of particles in the

dispersion system. The larger the x=s value, the more

uniform the dispersion. Logically, as listed in Table 1,

the x and x=s values decreased with MWCNTs–FITC

content in both cases before and after curing, indi-

cating that the dispersion of MWCNTs–FITC was

gradually worsened. It illustrated that the content of

Figure 6 Mechanisms for

(a) fluorescence quenching of

wp-MWCNTs–FITC and

(b) fluorescence emitting of

MWCNTs–FITC.
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MWCNTs was detrimental to the dispersion degree

in the dispersion system as reported in the literatures

[42, 43]. Moreover, the x and x=s values for samples

after curing were apparently lower than those for

samples before curing when MWCNTs–FITC were

controlled in the same content. This comparison

demonstrated that the dispersion uniformity and

stability of MWCNTs were greatly affected by the

global evolutions in the microstructure of EP resin

and in the thermodynamic environment around

MWCNTs–FITC along with the curing process.

As widely reported in the literatures [67, 68], the

temperature was the critical factor affecting the evo-

lutions in the thermodynamic environment and

microstructure of thermosetting polymers like EP

resin during the curing process. It was possible that

the fluorescence performance of MWCNTs–FITC

would disappear at the high temperature over 100 �C
due to the cleavage of chemical bonds linking FITC

and MWCNTs [69, 70]. Here, EP system with 0.05

wt% content of MWCNTs–FITC was cured at 25, 40

and 80 �C, respectively, and the corresponding 3D

CLSM images of MWCNTs–FITC are shown in

Fig. 8a1–a3. Also as predicted, the size and number of

MWCNTs–FITC aggregates increased with the curing

temperature. And all these values were higher than

those for the case before curing. The Morisita’s index

(I) and particle spacing probability density theory

Figure 7 a1–a3, c1–c3 3D CLSM images and b1–b3, d1–d3 particle spacing distribution of MWCNTs–FITC in EP at contents of 0.01,

0.05 and 0.10 wt% before and after curing.
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were used again. The particle spacing distribution of

MWCNTs–FITC in EP is shown in Fig. 8b1–b3 and all

calculated results are listed in Table 2. With the cur-

ing temperature increasing, the I value increased a

bit, while the x and x=s values decreased clearly.

These verified that the dispersion uniformity and

stability of MWCNTs–FITC in EP were worsened

with the curing temperature as observed in Fig. 8. In

fact, the temperature gradient always exited from the

outside to the inside in the polymer/particle mixing

system when it was thermally heated from the out-

side. And with the curing temperature increasing,

this temperature gradient would become sharper

inside the system. The thermodynamic environment

Table 1 Morisita’s index, average particle distance and x=s value

for MWCNTs–FITC in EP at contents of 0.01, 0.05 and 0.10 wt.%

before and after curing

Sample Index I x (lm) s (lm) x=s

0.01 wt%

Before 1.03 79.7 46.1 1.73

After 1.05 75.3 44.6 1.69

0.05 wt%

Before 1.00 73.2 43.1 1.70

After 1.01 68.3 41.4 1.65

0.10 wt%

Before 1.03 64.5 42.6 1.51

After 1.07 55.6 39.2 1.42

Figure 8 a1–a3 3D CLSM

images and b1–b3 particle

spacing distribution of

MWCNTs–FITC in EP after

curing at 25, 40 and 80 �C.

Table 2 Morisita’s index, average particle distance and x=s value

for MWCNTs–FITC dispersed in EP after curing at 25, 40 and

80 �C

Sample (0.05 wt%) (�C) Index I x (lm) s (lm) x=s

25 1.00 75.3 44.6 1.69

40 1.01 62.0 37.5 1.65

80 1.02 57.5 38.7 1.49
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unbalance derived from the temperature gradient

gave the driving force for the intense thermal motion

of MWCNTs–FITC during the cuing process. Besides,

the temperature gradient resulted in the local vis-

cosity difference around MWCNTs–FITC in different

areas of EP, which made the viscosity-induced

motion of MWCNTs–FITC possible. The combina-

tions of all these factors might accelerate the aggre-

gation of MWCNTs–FITC through the Brown

movement. Meanwhile, with the EP chemical

microstructure changing from the linear pattern to

the 3D crosslinked network, the uneven spatial dis-

tribution of MWCNTs–FITC was gradually fixed in

EP matrix phase.

Observation of MWCNTs–FITC@QFs/EP

The surface morphologies of desized QFs (d-QFs)

and MWCNTs–FITC@QFs were examined by SEM

and AFM. Here, MWCNTs–FITC@QFs containing

0.05 wt% MWCNTs–FITC in the EP sizing agent were

used as the typical example. As shown in Fig. 9a1, the

d-QFs represented a smooth surface with some

superficial grooves, indicating that the commercial

sizing agent has been removed from QFs. And it

could be observed much clearer from 3D AFM

topographical image that these grooves were paral-

lelly distributed along the longitudinal direction of d-

QFs (Fig. 9b1). For the SEM image of MWCNTs–

FITC@QFs in Fig. 9a2, it was seen that these grooves

were filled and a layer of MWCNTs–FITC/EP was

evenly coated on the surface of d-QFs, in which a

large number of MWCNTs–FITC were scattered

uniformly in different angles. In contrast, the surface

roughness (Ra) was 72.3 nm for MWCNTs–

FITC@QFs, which was increased by 58.2% compared

with 45.7 nm for d-QFs. Normally, the enhancement

in surface roughness could improve the interfacial

adhesion through providing more contact points and

increasing mechanical interlocking between QFs and

polymer matrix in composites. Additionally, the TGA

measurement in Fig. S4 manifested that the weight

content of MWCNTs–FITC/EP sizing agent onto

MWCNTs–FITC@QFs has been controlled to be *
1.9 wt%, which accorded with the value range of

1.0–2.0 wt% for the weight content of sizing agent on

the commercial fibers [71, 72].

Moreover, the cross sections of MWCNTs–

FITC@QFs/EP composites were observed by both

SEM and TEM. As shown in Fig. 10a1, the region in

circular shape represented QFs and the other section

around it was the region of EP matrix. Nevertheless,

the existence of MWCNTs–FITC onto QFs could not

be clearly seen from SEM image. The signals for

element C and Si were detected using EDS analysis

along the yellow line on the cross section of

MWCNTs–FITC@QFs/EP composites as shown in

Fig. 10a1. The yellow line started from EP matrix and

went through the interfacial phase of MWCNTs–

FITC@QFs/EP to reach the bulk region of QFs. As

Figure 9 SEM and AFM

images of a1, b1 d-QFs and a2,

b2 MWCNTs–FITC@QFs.
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shown in Fig. 10a2, the intensity of element Si sig-

nificantly increased and kept at a high value level,

confirming the main composition of QFs. Interest-

ingly, the intensity of element C suddenly ascended

in the interfacial phase of the composites and then

descended in the bulk region of QFs to the level as in

the EP region. This ascending in the intensity of ele-

ment C proved the exact existence of MWCNTs–FITC

in the interfacial phase of the composites. From TEM

images of MWCNTs–FITC@QFs/EP composites in

Fig. 10b1, QFs and EP matrix were observed as the

dark and light sections, respectively. MWCNTs–FITC

were obviously found in the interfacial phase as

denoted in the red circle. MWCNTs–FITC were seen

exiting in the form of aggregates from the magnified

TEM image of local area in Fig. 10b2. However, the

actual diffusion and macroscale spatial distribution

of MWCNTs–FITC in the interfacial phase around

QFs could not be in situ observed by TEM from the

3D view.

Based on the fluorescent feature of MWCNTs–

FITC, it was assumed that MWCNTs–FITC could be

directly observed in the interfacial phase of

MWCNTs–FITC@QFs/EP composites by using

CLSM. The 2D and 3D CLSM images of MWCNTs–

FITC@QFs/EP composites are shown in Fig. 11. The

contents of MWCNTs–FITC in the EP sizing agent

were controlled to be 0.01, 0.05 and 0.10 wt,

respectively. As shown in Fig. 11a1, at the content of

0.01 wt%, MWCNTs–FITC were widely scattering on

the surfaces of QFs. And some blank spots without

MWCNTs–FITC were found, proving that the sur-

faces of QFs were not fully covered by MWCNTs–

FITC at this low content. With MWCNTs–FITC con-

tent increasing to 0.05 wt%, the surfaces of QFs were

fully covered by MWCNTs–FITC, emitting the green

fluorescent light (Fig. 11a2). It seemed that

MWCNTs–FITC gradually diffused into the EP

matrix from the surfaces of QFs as indicated from the

CLSM image inset in Fig. 11a2. When the MWCNTs–

FITC content was as high as 0.10 wt%, both fluores-

cence-emitting MWCNTs–FITC and the blank spots

were obviously detected on the surfaces of QFs as

shown in Fig. 11a3 and its inset. These blank spots

should be derived from the aggregations of

MWCNTs–FITC with high content value. Noticeably,

the actual diffusion trend and spatial distribution of

MWCNTs–FITC in the interfacial phase of

MWCNTs–FITC@QFs/EP could be captured more

clearly basing on the 3D CLSM images, which gave

the direct information for the actual macro-dispersion

state in a large-scale volume. As found from 3D

CLSM images in Fig. 11b1–b3, MWCNTs–FITC dif-

fused in form of aggregates instead of individual one,

and such diffusion took place at the same time in a

3D space around QFs. And as found in Fig. 11b1–b3,

Figure 10 a1 SEM and b1

TEM images of the cross

sections of MWCNTs–

FITC@QFs/EP composites, as

well as (a2) EDS line profiles

of element Si and C along the

yellow line in panel a1 and b2

the corresponding high

magnification of the local area

in the red circle in panel b1.
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the size of MWCNTs–FITC aggregates apparently

increased with their content, thereby leading to the

formation of aggregate block with much bigger size

at 0.10 wt% content. The aggregated state of

MWCNTs–FITC could be also characterized with 2D

fractal dimension D2. As shown in Fig. 11c1–c3, the

D2 values of MWCNTs–FITC were calculated to be

1.72, 1.68 and 1.56 for the cases with contents of 0.01,

0.05 and 0.10 wt% in the sizing agent, respectively.

The lower D2 value meant that the aggregated

structure of MWCNTs–FITC was not much dense,

which would generate adverse effect on the diffusion

of MWCNTs–FITC in the interfacial phase between

QFs and EP. It was found in Fig. 11 that such diffu-

sion in a 3D large-scale space was more obvious for

the case with 0.05 wt% MWCNTs–FITC in the sizing

agent. Thus, MWCNTs–FITC@QFs containing 0.05

wt% MWCNTs–FITC in the EP sizing agent were

selected in the following study.

The effect of the curing temperature on the diffu-

sion state of MWCNTs–FITC in the interfacial phase

between MWCNTs–FITC@QFs and EP was also

evaluated here. As shown in Fig. 12, with the curing

temperature increasing, more and more MWCNTs–

FITC diffused into EP matrix through a longer dis-

tance from QFs. The actual macro-dispersion and

diffusion state in a large-scale volume around QFs

were seen more clearly from 3D CLSM images

(Fig. 12b1–b3). The ascending in the curing tempera-

ture provided more driving force for MWCNTs–FITC

to move from their high content region in the inter-

facial phase of MWCNTs–FITC@QFs/EP to the blank

region in EP matrix. Besides, the size and

microstructure of MWCNTs–FITC aggregates also

evoluted with the curing temperature. The D2 values

of MWCNTs–FITC were calculated to be 1.70, 1.68

and 1.63, respectively, at the curing temperatures of

25, 40 and 80 �C. The lower D2 value meant that the

aggregated structure of MWCNTs–FITC was not

Figure 11 a1–a3 2D and b1–b3 3D CLSM images of MWCNTs–

FITC@QFs/EP composites along with c1–c3 log A versus log

L curve for MWCNTs–FITC. The contents of MWCNTs–FITC in

the sizing agent were controlled to be 0.01, 0.05 and 0.10 wt%,

respectively. The insets in panel a1–a3 are the corresponding high-

magnification CSLM images.
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dense, which would limit the diffusion of MWCNTs–

FITC into EP matrix. It was obvious that the high

curing temperature would promote the self-assembly

and aggregation of MWCNTs–FITC. According to

Eqs. (4) and (5), the theoretical diffusion coefficient

DNP of MWCNTs–FITC and mean square displace-

ment among MWCNTs–FITC in the interfacial phase

of MWCNTs–FITC@QFs/EP composites at different

curing temperatures were calculated by measuring

the viscosity and gel time (Labeled as Dt) of EP

matrix and hydrodynamic size (labeled as /) of

MWCNTs–FITC aggregates. Here, the hydrodynamic

size of MWCNTs–FITC was measured by DLS. As

listed in Table 3, the value of theoretical average

diffusion distance lt was highest at 40 �C. And the

value range of theoretical average diffusion distance

was basically consistent with that of the actual

average diffusion distance measured from CLSM

images. This proved that the diffusion coefficient DNP

and diffusion distance of MWCNTs–FITC from the

interfacial phase into EP matrix at different curing

temperatures could be well described by SPT and

Einstein’s Stokes theories on basis of fluorescence

imaging characterization.

The aforementioned results revealed that the

macroscale 3D diffusion and spatial distribution of

MWCNTs–FITC in the interfacial phase of

MWCNTs–FITC@QFs/EP composites could be

directly observed by CLSM due to the fluorescent

feature of MWCNTs–FITC. After concluding these

visual results, the morphological diffusion mecha-

nism of MWCNTs–FITC in the interfacial phase of

MWCNTs–FITC@QFs/EP composites is illustrated in

Fig. 13. Under the thermal condition, the heat was

Figure 12 a1–a3 2D and b1–b3 3D CLSM images of MWCNTs–

FITC@QFs along with c1–c3 log A versus log L curve for

MWCNTs–FITC. The curing temperatures of MWCNTs–

FITC@QFs/EP were controlled to be 25, 40 and 80 �C,
respectively. The insets in panel a1–a3 are the corresponding

high-magnification CSLM images.
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gradually conducted from the outside to the inside of

MWCNTs–FITC@QFs/EP composites. The tempera-

ture gradient would definitely exist in the compos-

ites, which could be mainly divided into three

regions including EP matrix phase with high tem-

perature, MWCNTs–FITC@QFs/EP interfacial phase

with moderate temperature and QFs bulk phase with

relatively lower temperature as indicated in Fig. 13.

Noticeably, since MWCNTs were a kind of excellent

conductor in transferring heat, it could be predicted

that the distribution state of MWCNTs–FITC in the

interfacial phase would affect the temperature gra-

dient at this local area. In detail, at the low curing

temperature of 25 �C, the size of MWCNTs–FITC

aggregates was small and the gel time of EP matrix

was long due to its low reactivity, which provided

long enough time window for MWCNTs–FITC to

diffuse from the QFs surface into the interfacial phase

as driven by their content gradient. Reasonably,

limited by the high viscosity of EP matrix and low

thermally driven Brown motion, it was difficult for

MWCNTs–FITC to diffuse into EP matrix. In this

case, the temperature gradient difference between EP

matrix and QFs bulk was relatively small (Fig. 13a),

as a result of the relatively uniform distributed

MWCNTs–FITC in the interfacial phase as observed

in Fig. 12a1. As the curing temperature increasing to

40 �C along with the EP viscosity decreasing,

MWCNTs–FITC could diffuse from their high con-

tent region on QFs surfaces into the interfacial phase

and then into the blank region in EP matrix phase,

upon the combining functions of nanoparticle inter-

actions, thermally driven microscale Brown motion

and thermodynamic environment changing. A better

thermally conducting network of MWCNTs–FITC

was formed in the interfacial phase, which much

contributed to the further reduction in the tempera-

ture gradient difference between EP matrix and QFs

bulk (Fig. 13b). Simultaneously, this temperature

gradient difference would promote the continuous

diffusion and uniform distribution of MWCNTs–

FITC in the interfacial phase and in EP matrix phase.

However, when the curing temperature was elevated

to as high as 80 �C, the size and number of

MWCNTs–FITC aggregates increased sharply as seen

in Fig. 12a3–b3, due to the thermally induced self-

assembly and the intensified interactions among

MWCNTs–FITC. The big-sized MWCNTs–FITC

aggregates gathered in the interfacial phase and

formed large blocks against their diffusion into EP

matrix phase. Even though the viscosity of EP matrix

was reduced a lot, the uneven spatial distribution of

MWCNTs–FITC was quickly fixed in the interfacial

phase along with 3D crosslinked microstructure for-

mation of cured EP, due to the high reactivity and

Table 3 The diffusion coefficient DNP, theoretical average diffusion distance lt and measured average diffusion distance lm of MWCNTs–

FITC away from QFs at curing temperatures of 25, 40 and 80 �C

T (�C) / (lm) g (Pa s) Dt (min) DNP (m2/s) lt (lm) lm (lm)

25 1.2 0.35 180 1.04 9 10–15 4.7 4.2

40 1.5 0.20 145 1.53 9 10–15 5.2 6.3

80 2.3 0.12 40 1.87 9 10–15 3.0 3.5

Figure 13 Mechanism for the diffusion and distribution of

MWCNTs–FITC in the interfacial phase of MWCNTs–

FITC@QFs/EP composites at curing temperatures of 25, 40 and

80 �C.
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short gel time of EP resin at the high temperature.

Therefore, the temperature gradient difference from

EP matrix phase to QFs bulk phase was obvious as

presented in Fig. 13c, which was attributed to the

nonuniform thermally conducting network of

MWCNTs–FITC aggregates in the interfacial phase.

Conclusions

In this study, fluorescein isothiocyanate covalently

labeled MWCNTs (MWCNTs–FITC) were success-

fully synthesized through sequent reactions of the

intermediate product MWCNTs–PGMA with

ethylenediamine and then with FITC. Through in-

depth research on the dispersion mechanism of

MWCNTs–FITC in the EP matrix and QFs/EP inter-

facial phases, the following conclusions were

obtained: First of all, the PGMA component in the

grafting layer played a decisive role in endowing the

green fluorescent feature to MWCNTs by protecting

FITC from the direct contact with highly electrically

conductive carbon nano tubes. Based on this, the

macroscale 3D spatial dispersion of MWCNTs–FITC

in the EP matrix and in the interfacial phases of QFs/

EP composites was in situ observed via fluorescent

imaging in a noninvasive way. Secondly, in consid-

ering the affecting factors of MWCNTs–FITC content

and curing temperature, the dispersion state of

MWCNTs–FITC in the EP matrix phase was quanti-

tatively evaluated using Morisita’s index (I) and

particle spacing probability density theory, while the

diffusion behavior of MWCNTs–FITC in the interfa-

cial phase was examined using 2D fractal dimension

and Einstein’s Stokes theory. Due to the interactions

of inter-particle van der Waals forces and physical

entanglement, the content of 0.05 wt% was the

threshold for uniform dispersion of MWCNTs–FITC.

The particle spacing coefficient of MWCNTs–FITC as

high as 1.69 was achieved curing at 25 �C, corre-

sponding to the well dispersion of MWCNTs–FITC in

the matrix, while for the dispersion at QFs/EP

interface, the optimal curing temperature was 40 �C
where the actual average diffusion distance (lm) was

as high as 6.3 lm. Finally, the generality of the

established quantification method in the present

study provided potential realistic feasibility to in situ

characterize macroscale 3D spatial dispersion of

inorganic nanofillers in polymer-based composites

via fluorescence imaging.
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