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ABSTRACT: Solubility parameters play an important role in predicting
compatibility between components. The current study on solubility parameters
of carbon materials (graphene, carbon nanotubes, and fullerene, etc.) is
unsatisfactory and stagnant due to experimental limitations, especially the lack of
a quantitative relationship between functional groups and solubility parameters.
Fundamental understanding of the high-performance nanocomposites obtained by
carbon material modification is scarce. Therefore, in the past, the trial and error
method was often used for the modification of carbon materials, and no theory has
been formed to guide the experiment. In this work, the effect of defects, size, and
the number of walls on the Hildebrand solubility parameter (δT) of carbon
nanotubes (CNTs) was investigated by molecular dynamics (MD) simulation.
Besides, three-component Hansen solubility parameters (δD, δp, δH) were
transformed into two-component solubility parameters (δvdW, δelec). The
quantitative relation between functional groups and two-component solubility
parameters of single-walled carbon nanotubes (SWCNTs) was then given. An important finding is that the δT and δvdW of SWCNTs
first decrease, reach a minimum, and then increase with increasing grafting ratio. The thermodynamic compatibility between
functionalized SWCNTs and six typical polymers was investigated by the Flory−Huggins mixing model. Two-component solubility
parameters were proven to be able to effectively predict their compatibility. Importantly, we theoretically gave the optimum grafting
ratio at which the compatibility between functionalized SWCNTs and polymers is the best. The functionalization principle of
SWCNTs toward good compatibility between SWCNTs and polymers was also given. This study gives a new insight into the
solubility parameters of functionalized SWCNTs and provides theoretical guidance for the preparation of high-performance
SWCNTs/polymers composites.

■ INTRODUCTION

Carbon nanotubes (CNTs) have been widely used in polymer
composites, sensing, catalytic and energy fields due to its
intriguing and excellent mechanical, thermal, electrical, optical
and chemical properties.1−4 In the field of polymer nano-
composites (PNCs), a small amount of CNTs can endow
polymers excellent dielectric, thermal, electromagnetic shield-
ing, and other functional properties due to the large aspect
ratio and high specific surface area of CNTs.5−7 It is generally
known that CNT−polymer interactions and CNT dispersion
are two principal factors determining the resulting properties of
the composites. From the view of thermodynamics, the
compatibility between the matrix and filler plays a crucial
role in matrix−filler interactions and filler dispersion. There-
fore, the compatibility is one of the focuses in the field of
PNCs. Previous studies indicated that the pristine CNTs
without any defects have poor compatibility with the polymeric
matrix so that only the functionalization of CNTs can obtain

high-performance CNTs/polymers composites.8−10 For exam-
ple, the introduction of oxygen-containing groups into the
surface of CNTs by strong oxidation treatment has been
proven to be an effective method for improving the
compatibility between CNTs and polymers.8 Meanwhile, the
introduction of defects is ineluctable in the process of strong
oxidation treatment, which will cause significant changes in the
physical and chemical properties of CNTs.11,12

The common way to predict the compatibility between two
components is to compare their solubility parameters.13,14 The
two most commonly used solubility parameters were proposed
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by Hildebrand and Hansen.15,16 The Hildebrand solubility
parameter (δT) is the square root of cohesive energy density
(CED), and the CED is simply the cohesive energy (Ecoh) per
unit of volume (V):17

δ = =
E
V

CEDT
coh

(1)

The intermolecular interactions are composed of dispersive
(Ecoh,D), polar (Ecoh,P), and hydrogen bonding (Ecoh,H)
interactions, so the Hansen solubility parameters (δi, i = D,
P, H) were proposed as follows:18

δ δ δ= = =
E

V

E

V

E

V
, ,D

coh,D
P

coh,P
H

coh,H

(2)

Then the relation between Hansen and Hildebrand solubility
parameters as follows:

δ δ δ δ= + +DT
2 2

P
2

H
2

(3)

Generally, the Hildebrand solubility parameter can predict the
compatibility of nonpolar polymer and nonpolar solvent well,
while Hansen solubility parameters are considered to be more
effective in predicting the compatibility of polar polymers.18 In
the past, most studies focused on the solubility parameters of
polymers and small molecules, as well as their compati-
bility.19−21 In recent years, many studies have reported
Hildebrand and Hansen solubility parameters of some carbon
materials (graphene,22 CNTs,23−26 fullerene,27 and carbon
fiber,28 etc.). Additionally, great progress has been made in the
compatibility and their properties prediction of PNCs filled
with carbon materials based on solubility parameters.23,27,29

For example, Bergin et al.24 found that the Hildebrand
solubility parameter of high-pressure CO conversion single-
walled carbon nanotubes (HiPCO-SWCNTs) is δT = 20.8
MPa1/2 and the Hansen solubility parameters are δD = 17.8
MPa1/2, δP = 7.5 MPa1/2, and δH = 7.6 MPa1/2. Ata et al.23

found that the matching solubility parameters between CNTs
and rubbers are important to obtain higher electrical
conductivity of CNTs/rubbers composites. It was also found
that the matching solubility parameters are crucial to achieve a
higher mechanical property and lower percolation threshold of
CNTs/polysulfone composites.29 To the best of our knowl-
edge, most current studies focus on the solubility parameters of
pristine CNTs as well as the compatibility between pristine
CNTs and polymers. Although a few experiments have
attempted to measure the solubility parameters of function-
alized CNTs,30,31 the quantitative relation between functional
groups and solubility parameters of CNTs is still lacking so
that there is no theoretical guidance for the functionalization of
CNTs for high-performance CNTs/composites. This may be
because it is difficult to realize the quantitative control and
characterization of functional groups on the surface of CNTs
by current experimental means. Besides, a large number of
solvents are needed to measure the solubility parameters by the
experimental method, which not only takes a lot of time but
also causes environmental pollution.
Alternatively, molecular dynamics (MD) simulation based

on force field methods has been proven to be a powerful
technique for predicting the relationship between the structure
and properties of materials.32−34 Especially with the develop-
ment of accurate ab initio force fields, MD simulation has been
successfully employed to give a molecular-level insight into the
microstructure, thermodynamic, thermal conductivity, and

mechanical properties of polymers (e.g., polyethylene,35

epoxy,36 natural rubber,37 polyamide,38 poly(methyl meth-
acrylate),36 and polyacrylonitrile39) composites filled with
CNTs. At present, the solubility parameters of many small
molecules and polymers, as well as their compatibility, have
been studied through MD simulation.16,40 Gupta et al.40

calculated the electrostatic and van der Waals components of
solubility parameters of indomethacin drug and polymeric
carriers through MD simulation and effectively predicted the
miscibility of pharmaceutical compounds. Although a small
amount of literature has reported the solubility parameters of
CNTs by MD simulation,34,41 it mainly focuses on that of the
pristine CNTs, and the solubility parameters of functionalized
CNTs have not been reported. Maiti et al.41 first employed
different force fields to calculate the δT of pristine SWCNTs as
a function of tube diameter and explored the CNTs dispersion
in the polymer matrix from a Flory−Huggins theory point of
view. On the basis of Maiti’s work, Lee et al.34 reported the
electrostatic and van der Waals components of solubility
parameters of pristine SWCNTs and pristine double-walled
carbon nanotubes (DWCNTs) as a function of tube length and
diameter by using a finite-length model. The unique
advantages of MD simulation in quantification can make up
for the disadvantage of the experimental method for studying
the solubility parameters of functionalized CNTs to a certain
extent. Therefore, MD simulation can be expected to give the
quantitative relation between functional groups and solubility
parameters of CNTs and be an effective method for exploring
the compatibility between functionalized CNTs and polymers.
In this work, the effect of defects, size, the number of walls

and functional groups including hydroxyl (−OH), amino
(−NH2), methyl (−CH3), carboxyl (−COOH), and epoxy
(−CH(O)CH−) groups on solubility parameters of CNTs was
explored. Three-component Hansen solubility parameters were
transformed into two-component solubility parameters. Six
typical polymers including polyethylene (PE), polystyrene
(PS), polyvinyl chloride (PVC), natural rubber (NR), nitrile
butadiene rubber (NBR), and bisphenol A epoxy resin (EP)
were selected to investigate whether two-component solubility
parameters can predict effectively the compatibility between
functionalized SWCNTs and polymers. Additionally, the
optimum grafting ratio for the best compatibility between
functionalized SWCNTs and polymers was investigated. At
last, the functionalization principle of SWCNTs toward good
compatibility was explored.

■ METHODOLOGY

Transformation of Hansen Solubility Parameters. At
present, the most common force field for all-atom MD
simulation of polymer and carbon materials systems is an ab
initio Condensed-phase Optimized Molecular Potentials for
Atomistic Simulation Studies (COMPASS) force field due to
its accurate and simultaneous prediction of condensed-phase
properties.42,43 The potential energy (Etotal) of a system can be
expressed as a sum of valence (Evalence), crossterm (Ecrossterm),
and nonbond (Enonbond) interactions in COMAPSS force field:

= + +E E E Etotal valence crossterm nonbond (4)

The Evalence is the sum of bond stretching, valence angle
bending, dihedral angle torsion, out-of-plane interactions, and
the Ecrossterm is included to achieve higher accuracy by
accounting for such factors as bond or angle distortions
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caused by nearby atoms. The Enonbond is the sum of van der
Waals (EvdW) and electrostatic (Eelec) interactions:

= +E E Enonbond vdW elec (5)

The COMPASS force field cannot be used to calculate the
Ecoh,H and Ecoh,P separately, but includes the two interactions in
the Eelec as follows:

= +E E Eelec coh,P coh,H (6)

In fact, to improve the calculation accuracy, most high-
precision ab initio force fields do not have a separate hydrogen
bond term. Only some old force field expressions such as
Dreiding give a separate hydrogen bond term based on
empirical and semiempirical force field parameters.44 Then the
solubility parameters can be given based on eqs 5 and 6:

δ δ δ= +T
2

vdW
2

elec
2

(7)

δ δ δ= +elec
2

P
2

H
2

(8)

Therefore, three-component Hansen solubility parameters (δD,
δP, δH) are transformed into two-component solubility
parameters (δvdW, δelec). In the work of Gupta41 and Lee,34

similar two-component solubility parameters were involved. In
this work, we calculated two-component solubility parameters
of SWCNTs and polymers and investigated whether the two-
component solubility parameters can predict their compati-
bility.

Model and Simulation Details. To explore the general
rule of the relation between two-component solubility
parameters and compatibility, six typical polymers were
selected: PE, PS, PVC, NR, NBR, and EP. Their chemical
formulas are shown in Figure 1. The mass fraction of
acrylonitrile and butadiene in NBR is 41% and 59%,
respectively. This simulated mass fraction is consistent with
that of a commercial NBR product (N220S, Japan Synthetic

Figure 1. Chemical formulas of (a) PE, (b) PS, (c) PVC, (d) NR, (e) NBR, and (f) EP. In the simulation, the degree of polymerization, n, is 50.
The mass fraction of acrylonitrile and butadiene in NBR is 41% and 59%, respectively.

Figure 2. Amorphous cells of (a) PE, (b) PS, (c) PVC, (d) NR, (e) NBR, and (f) EP (gray, white, red, blue, and green balls represent C, H, O, N,
and Cl atoms, respectively).
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Rubber Co., Ltd.).45 Each polymer chain model consists of 50
repeat units, i.e., the degree of polymerization, n, of 50. The
amorphous cells containing 10 polymer chains were con-

structed to calculate the solubility parameters of polymers, as
shown in Figure 2. The model of SWCNTs with a length of
40.64 Å and a diameter of 7.47 Å was constructed and the

Figure 3. Amorphous cell consists of five SWCNTs and mixtures consist of polymeric chains as matrix and SWCNTs or functionalized SWCNTs as
filler (gray, white, red, and blue balls represent C, H, O, and N atoms, respectively).

Figure 4. (a) Temperature, (b) energy, and (c) density as a function of time.
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unsaturated carbon atoms at the boundary were neutralized by
hydrogenation. The size of CNTs in simulation is far less than
the real size, and the unsaturated boundary effect is not
ignorable in simulation. Therefore, the hydrotreating at the
edge of CNTs is essential to maintain an electrically neutral
system. A nanotube is formed by rolling a graphene sheet into
a cylinder. Its structure can be uniquely characterized by
defining the indices N and M of the chiral vector. N controls
the overall size of the nanotube, and M controls the chiral

angle, or twist, of the graphite sheet used to construct the
nanotube. The chirality vector (N,M) of pristine SWCNTs is
(6,5). The −OH, −NH2, −CH3, −COOH, and −CH(O)-
CH− groups were introduced into SWCNTs randomly to
obtain the functionalized SWCNTs. Then the amorphous cells
containing five SWCNTs or functionalized SWCNTs were
constructed to calculate their solubility parameter. The models
of functionalized SWCNTs and the amorphous cell of
SWCNTs are shown in Figure 3.

Figure 5. Solubility parameters of PE, PS, PVC, EP, NR, and NBR as a function of degree of polymerization.
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In the calculation of solubility parameters, three-dimensional
periodic boundary conditions were employed, and the initial
densities of amorphous cells of polymers and SWCNTs were
set to 1.0 and 0.6 g/cm3, respectively. The geometry
optimization procedure with a Smart algorithm and energy
convergence tolerance of 10−4 kcal/mol was first applied to the
amorphous cell. The annealing procedure with five annealing
cycles and 10 heating ramps per cycle from an initial
temperature of 300 K to midcycle temperature of 800 K was
then performed. After annealing, the geometry optimization
procedure was performed once again. Finally, the amorphous
cell was subjected to 1 ns of NVT (constant number of atoms,
volume, and temperature) ensemble with 298 K and 1 ns of
NPT (constant number of atoms, volume, and energy)
ensemble with 298 K and one bar pressure to obtain
equilibrium state. The solubility parameters of polymers and
SWCNTs were calculated based on the results of the NPT
ensemble. In all the simulations, the temperature was adjusted
by Nose ́ thermostat, and the pressure was controlled by
Berendsen barostat. The van der Waals interactions were
calculated by Lennard−Jones (9−6) potential with a cutoff
distance of 12.5 Å and the electrostatic interactions were
calculated by the Ewald summation method with an Ewald
accuracy of 10−4 kcal/mol. Newton’s equation of motion was
solved by Verlet velocity integration method with a time step
of 1 fs.
The compatibility between SWCNTs and polymers was

predicted by the Flory−Huggins model which is the best-
known theory of the thermodynamics of mixing and phase
separation in binary systems.46 The Flory−Huggins model
expression is given in the section on Compatibility between
Functionalized SWCNTs and Polymers. The Flory−Huggins
parameter, χ, was calculated to describe the compatibility by
the model of SWCNTs/polymers mixtures (see Figure 3). All
modeling and simulation were performed using Materials
Studio 7.0 software with COMPASS force field.
To prove that the system reaches the equilibrium state after

1 ns of NPT, the temperature, energy, and density as a
function of time are given in Figure 4. These parameters are
stable at 1 ns indicating that the system reaches the equilibrium
state.
Besides, to verify the validity of the polymer models, we

investigated the δT of polymers as a function of the degree of
polymerization, as shown in Figure 5. All these results show
that as the degree of polymerization increases, the δT of
polymer first increases rapidly and then remains stable at a
certain degree of polymerization. In general, the degree of
polymerization corresponding to the stable δT can be used to
describe the real polymer chain.19,47 Therefore, the degree of
polymerization was set to 50. Table 1 lists the simulated and
experimental δT and density (ρ) of polymers as well as the

simulated δT of SWCNTs. The experimental solubility
parameters of SWCNTs from some literature are presented
in Table 2. It is found that the simulated δT and ρ of polymers

are in good agreement with the experimental values, which
indicates the reliability of the simulation. However, the
SWCNTs prepared by different methods have different
solubility parameters, and the simulated δT of 26.0 MPa1/2 is
different from the experimental values. Note that the pristine
finite-length SWCNTs without any defects and functional
groups were constructed in the simulation. But the real
experimental CNTs are not guaranteed to be completely
single-walled, and functional groups and defects are
inevitable.30 The previous experiment also indicated that the
length and diameter of SWCNTs can affect the solubility
parameter.23 Therefore, the factors affecting the solubility
parameter of CNTs and the reason for the difference between
the simulated and experimental solubility parameters are
considered to be mainly the following four aspects: (1) defect,
(2) aspect ratio, (3) the number of walls, and (4) functional
group.

■ RESULTS AND DISCUSSION
Effect of the SWCNTs Agglomeration on the

Solubility Parameters. Here the effect of the SWCNTs
agglomeration on the solubility parameters was studied.
Because there are five SWCNTs in the amorphous cell, we
considered two types of agglomeration: (a) two SWCNTs
agglomerated to form two aggregates and (b) three SWCNTs
agglomerated to form three aggregates. Two types of
agglomeration and four amorphous cells with different
agglomerated morphologies are shown in Figure 6. Therefore,
four amorphous cells with different agglomerated morpholo-
gies were constructed: (c) Aggregate 1: three aggregates + two
aggregates, (d) Aggregates 2: three aggregates, (e) Aggregates

Table 1. Simulated and Experimental δT and ρ of Polymers As Well As the Simulated δT of SWCNTsa

δT (MPa1/2)s δvdW (MPa1/2)s δelec (MPa1/2)s δT (MPa1/2)e ρ (g/cm3)s ρ (g/cm3)e ref.

PE 16.6 16.2 0.6 16.3 0.91 0.89−0.93 18
PS 17.7 16.7 3.4 17.6 1.05 1.04−1.08 18
PVC 19.1 17.9 6.7 19.5 1.27 1.19−1.35 18
EP 21.5 18.1 8.3 22.1 1.32 1.10−1.40 18
NR 16.3 15.8 1.1 16.5 0.93 0.92−0.95 18
NBR 20.8 18.5 8.0 21.1 1.04 1.06 45
Pristine SWCNTs 26.0 25.6 0.4

aSubscript s represents the simulated value and e represents the experimental value.

Table 2. Experimental Solubility Parameters of SWCNTs
from Literaturea

preparation
methods

δT
(MPa1/2)

δD
(MPa1/2)

δP
(MPa1/2)

δH
(MPa1/2) ref.

WCVD 18.1 16.4 7.5 4.0 23
HiPCO 20.8 17.8 7.5 7.6 24
CCVD (24.9)a 17.4 13.7 11.3 48
CCVD (26.8)a 19.4 10.4 15.2 49
WCVD 26.5 22.1 11.3 9.1 31
CCVD (21.0)a 19.5 6.5 4.5 50
HiPCO (20.6)a 18.0 7.4 6.8 51

aNot presented, but calculated from eq 3. WCVD (water-assisted
chemical vapor deposition), CCVD (combustion chemical vapor
deposition), and HiPCO (high-pressure CO conversion).
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3: two aggregates+two aggregates, and (f) Aggregates 4: two
aggregates. As shown in Figure 7, the more serious the
agglomeration, the smaller the solubility parameter.

Solubility Parameters of Defective SWCNTs. The
vacancy and Thrower−Stone−Wales (TSW) defects in
graphite lattice of CNTs are the two most concerned
defects.11,12 The graphite lattice misses one carbon atom to
form the monovacancy defect and misses two adjacent carbon
atoms to form the divacancy defect, as shown in Figure 8.
Besides, the hexagonal graphite lattice can be reconstructed
under external conditions (e.g., high temperature or electric
field).52 Such as, four hexagons are transformed into two
pentagons and two heptagons by rotating a C−C bond by 90°
without the miss of carbon atoms, which is TSW (55−77)
defect (see Figure 8d). The reconstruction of monovacancy
can form a pentagon and a nonagon (monovacancy 5−9) and

the reconstruction of bivacancy can form three pentagons and
three heptagons (divacancy 555−777), as shown in Figure 8b1
and c1.
The nonbond energies of pristine SWCNTs and SWCNTs

with different types of defects are listed in Table 3. The
decrease of EvdW and the increase of Eele with increase of the
number of missing carbon atom are found. The increase of Eele
is attributed to the formation of dangling bond by missing
carbon atom. However, the decrease effect is larger than the

Figure 6. Two types of agglomeration, (a) two aggregates and (b) three aggregates, and four amorphous cells with different agglomerated
morphologies, (c) Aggregate 1: three aggregates + two aggregates, (d) Aggregate 2: three aggregates, (e) Aggregate 3: two aggregates+two
aggregates, and (f) Aggregate 4: two aggregates.

Figure 7. Effect of the SWCNTs agglomeration on the solubility
parameters.

Figure 8. Type of defects: (a) pristine CNTs, (b) monovacancy, (c)
divacancy, and (d) TSW (55−77). Reconstructed (b1) monovacancy
(5−9) and (c1) divacancy (555−777) defects.

Table 3. Non-Bond Energies of SWCNTs with Different
Types of Defects

types of defects
EvdW

(kcal/mol)
Eele

(kcal/mol)
Enonbond

(kcal/mol)

pristine SWCNTs 1096.407 135.669 1232.076
monovacancy 1083.513 124.185 1207.698
divacancy 1017.311 125.916 1142.637
TSW 1105.589 132.326 1237.915
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increase effect, leading to the decrease of Enonbond. The
SWCNTs with TSW defect from lattice reconstruction has a
similar Enonbond with the pristine SWCNTs.
The effect of defect type and reconstruction on the solubility

parameter of SWCNTs is shown in Figure 9. The solubility
parameters of SWCNTs with monovacancy and divacancy
defects are nearly identical at the same number of missing
carbon atoms. As the number of missing carbon atoms
increases, the solubility parameter decreases significantly. Such
as when the number of missing carbon atoms is 20, the
solubility parameter decreases from 26.0 to 20.0 MPa1/2, a
decrease of 23.1%. From Figure 9b, the reconstruction has
little effect on the solubility parameter of SWCNTs. In
conclusion, the defect has a great effect on the solubility
parameter of SWCNTs, and the solubility parameter is only
related to the number of missing carbon atoms.
Effect of the Size and Chirality of SWCNTs on

Solubility Parameters. We constructed 10 SWCNTs with
different lengths and diameters to investigate the effect of the
size on the solubility parameter, as listed in Table 4. The
samples no. 1−7 keep constant diameter and the samples no.
8−12 keep constant length. It is found that as the length
increases, the solubility parameter changes little, but as the
diameter increases, the solubility parameter decreases

obviously (see Figure 10). Understandably, an increase in
diameter will result in a reduction in the number of carbon

atoms per unit volume, which will reduce the intermolecular
interactions or CED and thus the solubility parameter.34

To explore the effect of the chirality on solubility parameters
of SWCNTs, we constructed four kinds of finite-length models
of SWCNTs with different chirality: (a) (6,5), (b) (9,1), (c)
(10,0) zigzag, and (d) (5,5) armchair, as shown in Figure 11.
Their diameter, length, and solubility parameters are listed in
Table 5. It is found that the δT values of (6,5) and (9,1)
SWCNTs are the same, which is attributed to the same length
and diameter. Besides the δT of (10,0) zigzag SWCNT is lower
than that of (5,5) armchair SWCNT.

Effect of the Number of Walls on Solubility
Parameters of CNTs. The solubility parameters of CNTs
with the number of walls from 1 to 10 were investigated. The
model of CNTs with 10 walls is shown in Figure 12a, and the
wall separation is d = 3.347 Å. This result is presented in
Figure 12b. As the number of walls increases, the solubility
parameter within 3 or 4 walls increases dramatically, and then
increases slowly. Lee et al.34 investigated the solubility
parameters of SWCNTs and double-walled carbon nanotubes
(DWCNTs) and found that the solubility parameter of

Figure 9. Effect of (a) missing carbon atoms and (b) defect reconstruction on the solubility parameter.

Table 4. Solubility Parameter for SWCNTs as a Function of
Length and Diametera

sample no.
length
(Å)

diameter
(Å)

aspect ratio
(length/diameter)

δT
(MPa1/2)

1 14.94 7.47 2.0 26.7
2 22.41 7.47 3.0 27.1
3 29.88 7.47 4.0 26.2
4 37.35 7.47 5.0 26.3
5 44.82 7.47 6.0 26.5
6 52.29 7.47 7.0 26.2
7 59.76 7.47 8.0 26.1
8 40.63 5.13 7.9 28.3
9 40.63 5.65 7.2 27.4
10 40.63 6.21 6.5 26.8
11 40.63 6.83 5.9 26.5
12 40.63 7.47 5.4 26.0

aSamples No. 1−7 keep constant diameter and samples No. 8−12
keep constant length.

Figure 10. Solubility parameters of SWCNTs as a function of
diameter.
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DWCNTs is greater than that of SWCNTs. Besides, they
guessed that increasing the number of walls will increase the
solubility parameter of CNTs. Our study here confirms their
guess. Lee et al.34 believed that the effect of the number of
walls on the solubility parameter is related to the cutoff
distance of van der Waals interactions. The cutoff distance of
12.5 Å in this simulation shows that when the distance
between atoms exceeds 12.5 Å, the pair interactions are
negligible. For another, the wall separation of 3.347 Å suggests
that only the first three or four outer walls actually participate
in the intermolecular interactions (3 × 3.347 Å < 12.5 Å < 4 ×
3.347 Å). Therefore, the number of walls has a significant
effect on the solubility parameters within 3 or 4 walls, while as
the number of walls continues to increase, the effect of the
number of walls is slight.

Solubility Parameters of Functionalized SWCNTs. We
systematically investigated Hildebrand and two-component
solubility parameters of −OH, −CH(O)CH−, −NH2,
−COOH, and −CH3 functionalized SWCNTs as a function
of grafting ratio, as shown in Figure 13. The grafting ratio of
functional groups is defined as follows:

= ×n
N

grafting ratio 100
(9)

where n is the number of functional groups and N = 364 is the
number of carbon atoms in SWCNTs. In the simulation, the
maximum grafting ratio is set to 25.0%. Interestingly, no matter
which group is grafted, the δT and δvdW have the same change
trend. That is, as the grafting ratio increases, the δT and δvdW
decrease first, reach a minimum at a certain grafting ratio, and
then increase. Our previous study on the solubility parameter
of graphene as a function of grafting ratio also found the same
law and the reason for this law was explored.53 Briefly, in the
initial stage, as the grafting ratio increases, the increasing effect
of van der Waals and electrostatic interactions is less than the
decreasing effect of π−π stacking interactions, resulting in a
decrease in δT and δvdW. The increasing effect exactly offsets
the decreasing effect at a certain grafting ratio, so the solubility
parameter has a minimum. As the grafting ratio continues to
increase, the increasing effect exceeds the decreasing effect so
that the solubility parameter increases. Therefore, the
competitive effect of π−π stacking, van der Waals and
electrostatic interactions are the reason for a minimum δT or
δvdW at a certain grafting ratio. Besides the solubility paramters
of SWCNTs and graphene are compared in Supporting
Information (SI). The δelec first increases rapidly and then
slowly with grafting ratio. The magnitude of δelec of
functionalized SWCNTs with different functional groups is
−COOH > −OH > −NH2 > −CH(O)CH− > −CH3. The
δelec has been proven to be related to the charge per unit
volume, that is, charge density.53

It is worth noting that the minimum δT or δvdW is very
crucial for the functionalization of SWCNTs, which determines
the degree of compatibility between functionalized SWCNTs
and polymers. The minimum δT and the corresponding
grafting ratio are presented in Figure 14. The minimum δT
values of −OH, −NH2, −CH3, −COOH, and −CH(O)CH−

Figure 11. Finite-length model of SWCNTs with different chirality:
(a) (6,5), (b) (9,1), (c) (10,0) zigzag, and (d) (5,5) armchair. The
hydrogen atoms are omitted for display.

Table 5. Solubility Parameters of SWCNTs with Different
Chirality

(N,M) diameter (Å) length (Å) δT (MPa1/2)

(6,5) 7.47 40.64 26.0
(9,1) 7.47 40.64 26.0
(10,0) 7.83 42.60 25.4
(5,5) 6.78 41.81 26.8

Figure 12. (a) The model of CNTs with 10 walls and (b) the δT of CNTs with the number of walls from 1 to 10.
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functionalized SWCNTs decrease by 33.4%, 41.4%, 46.9%,
38.8%, and 29.9%, respectively, compared with the δT of
pristine SWCNTs. This shows that the functional groups have
a significant effect on the solubility parameters. In addition, the
minimum δT of functionalized SWCNTs and the δT of
polymers are sorted as follows: EP > NBR > PVC >
−CH(O)CH− > PS > −OH > PE > NR > −COOH >
−NH2 > −CH3. To facilitate the display, we employ functional
groups to express the functionalized SWCNTs here. The order
of solubility parameters will make the polymers and function-
alized SWCNTs exhibit different compatible behaviors. This
will be elaborated in the section on Compatibility between
functionalized SWCNTs and Polymers.
Returning to Tables 1 and 2, the simulated and the

experimental δT values have some differences. The studies

above show that the solubility parameter of CNTs will be
reduced by increasing defects, functional groups, and
diameters, while the solubility parameter will be increased by
increasing the number of walls. Therefore, we speculate that
the competitive effect of these factors may result in the
difference between the simulated and the experimental δT.

Compatibility between Functionalized SWCNTs and
Polymers. Two-component solubility parameters of polymers
and functionalized SWCNTs have been obtained in the above
sections. Then whether two-component solubility parameters
can be used to predict their compatibility effectively is the
focus here. In the theory of mixing thermodynamic, the Gibbs
free energy of mixing (ΔGmix) composed of enthalpy (ΔHmix)
and entropy (ΔSmix) of mixing determines the compatible
behavior of two components.18

Δ = Δ − ΔG H T Sm m m (10)

where T is the absolute temperature. The negative ΔGmix
indicates a good spontaneous compatibility between compo-
nents A and B. When two components are mixed, ΔSmix is
commonly positive. So to ensure that ΔGmix is negative, ΔHmix
needs to be as small as possible. The best-known theory of the
thermodynamics of mixing and phase separation in binary
systems is the Flory−Huggins model in which ΔHmix can be
expressed by the following:44

χφ φ
Δ =H

kT

Vm
A B

0 (11)

where φA and φB are volume fraction of component A as
solvent and component B as a solute, k is the Boltzmann
constant, and V0 is the molecular volume (lattice site volume in
the lattice theory) of component A. Besides, Hildebrand and
Scratchard also proposed the ΔHmix expression as follows:54

φ φ δ δΔ = −H V( )m A B T,A T,B
2

M (12)

Figure 13. Solubility parameters of −OH, −CH(O)CH−, −NH2, −COOH and −CH3 functionalized SWCNTs as a function of grafting ratio: (a)
Hildebrand solubility parameters (δT) and two-component solubility parameters including (b) van der Waals (δvdW) and (c) electrostatic (δele)
components.

Figure 14. Minimum δT and corresponding grafting ratio (the
minimum δT is presented in brackets). To facilitate the display, we
employ functional groups to express the functionalized SWCNTs
here.
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where VM is the total volume after mixing, and δT,A and δT,B are
the Hildebrand solubility parameters of components A and B,
respectively. According to eqs 11 and 12, the relationship
between χ and δ is as follows:

χ δ δ= −
V V

kT
( )0 M

T,A T,B
2

(13)

Therefore, only when the δ is close or the χ value is small, can
ΔHmix be as small as possible to ensure a negative ΔGmix value

and a good compatibility. On the basis of eq 13, Hansen
further replaced the Hildebrand solubility parameter with the
Hansen solubility parameters as follows:18

χ δ δ δ δ δ δ= [ − + − + − ]
V V

kT
( ) ( ) ( )0 M

D,A D,B
2

P,A P,B
2

H,A H,B
2

(14)

Then a simple parameter, R0, was proposed to describe the
proximity of the solubility parameters of component A and B
as follows:

Figure 15. R and χ as a function of grafting ratio in −OH functionalized SWCNTs/polymers mixtures: (a) PE, (b) PS, (c) PVC, (d) EP, (e) NR,
and (f) NBR.
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δ δ δ δ δ δ= [ − + − + − ]R ( ) ( ) ( )0 D,A D,B
2

P,A P,B
2

H,A H,B
2 1/2 (15)

The smaller R0 denotes the closer Hansen solubility
parameters. Similarly, we replaced Hansen solubility parame-
ters with two-component solubility parameters of SWCNTs
and polymers, and a parameter, R, is given by the following:

δ δ δ δ= [ − + − ]R ( ) ( )vdW,polymer vdW,SWCNTs
2

elec,polymer elec,SWCNTs
2 1/2

(16)

where δpolymer and δSWCNTs are the solubility parameters of
polymer and SWCNTs, respectively. Therefore, to know
whether two-component solubility parameters can describe the
compatibility between SWCNTs and polymers, the R and χ
values need to be compared. If R is proportional to χ, then it
turns out that two-component solubility parameters can
describe effectively the compatibility, but the opposite is not.
The χ value of binary systems can be obtained by the Flory−
Huggins model as follows:54

= + − −E Z E E E E
1
2

( )mix bs sb bb ss (17)

χ =
E
R T

mix

u (18)

where Emix is the mixing energy of binary systems, Eij (i,j = s or
b) is the binding energy between a unit of component i and a
unit of component j, and Ru is the universal gas constant.
The R and χ values of 30 mixture systems (six polymers and

five functional groups) were calculated and as an example, R
and χ as a function of grafting ratio in −OH functionalized
SWCNTs/polymers mixtures are presented in Figure 15.
Other groups functionalized SWCNTs/polymers mixtures are
presented in the SI. These results show that R is proportional
to χ for each mixture. That is, two-component solubility
parameters are proven to be able to effectively predict the
compatibility between SWCNTs and polymers. Besides, two
types of compatibility behaviors between functionalized
SWCNTs and polymers are found. One is that as the grafting
ratio increases, R or χ first decreases, reaches a minimum, and
then increases. This type of curve is V-shaped, such as for
−OH functionalized SWCNTs/PE mixture (see Figure 15a).
The other is that the variation of R along the grafting ratio is of
W-shape, such as for −NH2 functionalized SWCNTs/PE
mixture (see Figure S1a). The order of the δT of polymers and
the minimum δT of functionalized SWCNTs determine the
above results. For example, the minimum δT (17.3 MPa1/2) of
−OH functionalized SWCNTs is larger than the δT (16.6
MPa1/2) of PE, so there is a minimum R with increasing
grafting ratio. For another, the minimum δT (15.2 MPa1/2) of
−NH2 functionalized SWCNTs is lower than the δT of PE, so
R has two minima (W-shape). In some mixtures such as −OH
functionalized SWCNTs/PVC mixture, the W-shape is not
complete. We speculate that this is because the grafting ratio is
not high enough. When the grafting ratio continues to increase,
the curve will show a complete W-shape. Therefore the
incomplete W-shape is also classified as W-shape. The
compatibility behavior, i.e., the shape of the curve for R with
grafting ratio is listed in Table 6. It is found that the curves for
polymer systems with high polarity (PVC, EP, and NR) are of
W-shape. This is because these polar polymers have high
solubility parameters. The solubility parameters of polymers
with low polarity (PE, PS, and NR) are not high, so the curve
may be V-shaped or W-shaped.

Another important aspect is that the grafting ratio
corresponding to the minimum R or χ is the so-called
optimum grafting ratio at which the compatibility is the best.
The optimum grafting ratios for different mixtures are listed in
Table 7. We find that different mixtures have different
optimum grafting ratios and the optimum grafting ratios for
PVC, EP, and NR mixtures are relatively high. Some
experiments have also shown that there is an optimum
modification content for CNTs at which the CNTs dispersion
is the best and the properties of CNTs/polymer composites
are the optimum.10 Our study provides a theoretical insight
into these experimental phenomena.

Functionalization Principle of SWCNTs. From the view
of thermodynamics, the intrinsic properties of SWCNTs and
SBR as well as their compatibility determine the properties of
SWCNTs/polymers composites. The above study has shown
that the functionalization of SWCNTs can improve the
compatibility with polymers, but the introduction of functional
groups also causes the properties of SWCNTs to decline due
to the destruction of the graphite lattice.11,12 Therefore the
functionalization principle of SWCNTs should be to improve
the compatibility with polymers while maintaining the intrinsic
properties of SWCNTs as much as possible. That is, the R or χ
has a low value at a low grafting ratio. The R values of different
functional groups with the grafting ratio for (a) PE and (b)
PVC are presented in Figure 16. The R values for PS, EP, NR,
and NBR systems are shown in Figure S5. Then the priority of
the introduction of the functional group into SWCNTs is as
follows from the view of compatibility between SWCNTs and
PE: −CH3 > −CH(O)CH− > −NH2 > −OH > −COOH.
However, the priority of the introduction of the functional
group into SWCNTs for PVC with high polarity is different
from that for PE with low polarity. The −CH3 group has the
last priority for PVC. In summary, different polymers show
different functionalization principles. Polymers with low
polarity should preferentially introduce the group that makes
SWCNTs have low δelec, while polymers with high polarity
should preferentially introduce the groups with makes
SWCNTs have high δelec.

■ CONCLUSIONS
The effect of defects, size, the number of walls, and functional
groups on Hildebrand and two-component solubility param-
eters of CNTs is investigated at the molecular level. The
compatibility between functionalized SWCNTs and six typical
polymers is elaborated by the Flory−Huggins model. The main
conclusions are summarized in the following section. All the
conclusions will provide helpful ideas to the understanding of
basic physical properties of CNTs, the functionalization of
SWCNTs, and the preparation of high-performance
SWCNTs/polymers composites.

Table 6. Compatibility Behavior of Functionalized
SWCNTs and Polymersa

PE PS PVC EP NR NBR

−OH V V W W V W
−NH2 W W W W W W
−CH3 W W W W W W
−COOH V W W W V W
−CH(O)CH− V V W W V W

aV and W represent the curves of R with grafting ratio are V- and W-
shaped, respectively.
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(i) Three-component Hansen solubility parameters are
transformed into two-component solubility parameters
based on the force field method. The δT of CNTs will be
decreased by increasing defects and diameters, while the
δT will be increased by increasing the number of walls.
Two-component solubility parameters of polymers and
functionalized SWCNTs were calculated. It is found for
each functional group that as the grafting ratio increases,
the δT and δvdW of SWCNTs decrease first, reach a
minimum at a certain grafting ratio, and then increase.
Additionally, the δelec of SWCNTs first increases rapidly
and then slowly with grafting ratio.

(ii) Two-component solubility parameters are proven to be
able to predict effectively the compatibility between
SWCNTs and polymers. There is an optimum grafting
ratio at which the χ is the smallest, and the compatibility
between SWCNTs and polymers is the best. Different
mixtures have different optimum grafting ratios and the
optimum grafting ratios for PVC, EP, and NR mixtures
are relatively high.

(iii) Two types of compatibility behaviors between function-
alized SWCNTs and polymers are found. One is that as
the grafting ratio increases, χ first decreases, reaches a
minimum, and then increases. This type of curve is V-
shaped. The other is that the variation of χ along the
grafting ratio is of W-shape. From the view of
thermodynamic compatibility, six polymers show differ-
ent functionalization principles (the priority of the
introduction of the functional group into SWCNTs).
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Table 7. Optimum Grafting Ratios of Different SWCNTs/Polymers Mixtures
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Figure 16. R values of different functional groups with grafting ratio for (a) PE and (b) PVC.
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