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Abstract Blend based polymer nanocomposites, comprising Janus nanoparticles at their polymer/polymer interface, were
analytically/experimentally evaluated. The modeling procedure was performed in two stages: first, modeling of polymer/polymer interface
region comprising Janus nanoparticles and second, modeling of the entire systems as a function of the variation of the blend morphology.
In the first stage, the modeling procedure was performed based on the development of the model proposed by Ji et al. and in the second
stage, the fundamental of Kolarik’s model was used in order to propose a developed and more practical model. It was shown that Janus
nanoparticles may form dual polymer/particle interphase at polymer/polymer interface which can drastically affect the final mechanical
properties of the system. Comparing the results of tensile tests imposed on different prepared samples with the predictions of the model

proved its accuracy and reliability (error < 9%).
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INTRODUCTION

Enhancing the mechanical or physical properties of a polymer
material has always been considered as a very important and
interesting aspect of investigation.['l Applying nanoparticles
or other polymers to a polymer base is one of the well-known
methods to manipulate its properties.> 12! Considering many
parameters associated with the enhancement of mechanical/
physical properties of a polymer base in a nanocomposite
(e.g. the type and shape of nanoparticle, filler/polymer
interaction, adequate dispersion/distribution of nanoparticles,
etc.) or a polymer blend (e.g. polymer/polymer interaction,
content of the dispersed phase, efc.), precise control of its
final properties is quite challenging.[>¢11-13:14] Nevertheless,
it is proved that the simultaneous application of these two
methods is a very practical approach to design the final
desirable mechanical or physical properties of a polymer
base.l'>1%] In such blend-based nanocomposites (BBNs),
besides the blend morphology, the placement site of
nanoparticles (in major/minor phase or at the polymer/poly-
mer interface of immiscible polymer) significantly affects
their reinforcing performance.l'’-'8] The spontaneous migra-
tion of common nanofillers (e.g. CNT, silica, clay) toward
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polymer/polymer interface in a BBN system requires specific
arrangement (such as specific surface chemical modifica-
tion), which limits the production of such systems.[!>!%-20]

Janus nanoparticles are a special type of nanoparticles
whose surface has two or more distinct chemical properties
that make them more compatible with the phase interface (of
specific systems) compared to common nanoparticles.[20-26]
Recently, there have been significant advances in preparing
such nanomaterials as monodispersed nano-objects, and it is
now the matter of tailoring their properties via surface modi-
fication,[?7:28] which has led to nanoparticles with isotropic
surficial chemistry.[2%1 Accordingly, these special nanopar-
ticles are the best choice for producing BBN systems com-
prising nanoparticles at their polymer/polymer interface.

On the other hand, applying analytical models has always
been considered as a reliable method to predict the character-
istics of different systems such as polymer nanocomposites
and blends.[39737] Nevertheless, the number of such models
that are capable of predicting the final mechanical or physic-
al properties of a BBN is not significant, which can be attrib-
uted to the complexity caused by the abundance of effective
parameters such as the effects of polymer/particle interphase,
polymer/polymer interface, blend morphology and random
orientation of nanoparticles on the final properties.38742] In
our previous work, considering the placement of nanoparti-
cles in major/minor phase, knotted approximation (KA)
model was proposed for predicting the tensile modulus of
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BBNs.381 KA model had a three-step procedure: first, to pre-
dict the tensile modulus of the nanoparticle-containing phase
using numerical approximation system (NAS) model (a de-
veloped form of the model proposed by Ji et al.[#31);B1]
second, to consider the BBN system as a simple polymer
blend comprising a polymer phase (minor/major) and the
nanoparticle-containing phase; and the final step, to predict
the tensile modulus of the final polymer blend using direct
and independent approximation model (DIA)B30 (combina-
tion of Maxwell-Euckenl* and Kolarik model*3!) or sym-
metrical approximation system (SAS)B2! (developed form of
KISS model proposed by Wang et al.l*¥). However, it
should be mentioned that KA model is not applicable in the
case of BBN systems comprising nanoparticles at polymer/
polymer interface while it provides acceptably accurate pre-
dictions in other cases. A comprehensive description of KA
model is represented in the electronic supplementary inform-
ation (ESI, section S1).

Accordingly, in this work, a developed form of KA model
is proposed to predict the tensile modulus of a BBN system
comprising Janus nanoparticles at their polymer/polymer in-
terface which is referred to as KAd. Generally, KAd applies
the fundamentals of the models proposed by Kolarik et al.,
Maxwell-Eucken and also Wang ef al. As mentioned before,
the placement of common nanoparticles at the polymer/poly-
mer interface in a BBN system is quite challenging and this
definitely makes Janus nanoparticles as a perfect choice for
such systems. Accordingly, a combination of methods pro-
posed in our previous works was used in order to prepare
spherical silica Janus nanoparticles which were proved to be
capable of migrating toward PS/PMMA interface.[20:40] In
another work, an analytical/experimental method was pro-
posed in order to investigate the adsorption of different-sized
spherical silica particles at the oil/water interface in a Picker-
ing emulsion system.[*’! This method could help us to simu-
late the surface chemical structure of the produced Janus
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nanoparticles (three-phase contact angle), which is a key
parameter to characterize the polymer/nanoparticle inter-
phase of the nanoparticles placed at the polymer/polymer in-
terface in a BBN system.

Moreover, KAd was expanded to cover all possible poly-
mer/nanoparticle interphase structures as well as blend mor-
phology in a BBN system. In order to compare the results of
KAd with experimental data, many samples including
PS/PMMA/Janus BBN with different contents of Janus nan-
oparticles, PA/PMMA/Janus BBN with different contents of
PMMA and neat PS/PMMA blend with different contents of
PMMA were prepared and subjected to tensile test (all
samples were prepared via solution mixing). The surface
chemical structure of the produced Janus nanoparticles was
simulated using the mentioned method and the resultant
three-phase contact angle was directly used in KAd. All
BBN, PS/PMMA and nanocomposite samples were pro-
duced via solution mixing. It was found that KAd was com-
pletely capable of providing reliable results in the case of
BBN samples comprising low contents of Janus nanopar-
ticle (error < 7%) while the polymer phase content variation
(PS or PMMA) did not significantly affect its performance.

MODELING

Modeling of Polymer/Polymer Interface Region

Generally, the production of Janus nanoparticles via desy-
mmetrization process involves the migration of primary
hydrophilic (or hydrophobic) nanoparticles toward oil/water
interface in Pickering emulsion.!?>#%] Reducing the system
temperature, after stabilization of the Pickering emulsion
(containing melted paraffin as the oil phase), makes the migr-
ated nanoparticles trapped at the oil/water interface (Fig. 1a).
Therefore, the buried surface of nanoparticles is completely
unavailable in the first surface modification process, while
after dissolving the solidified paraffin droplets it is possible

Produced Janus
nanoparticle

Instant solidification
in cold water bath (5 °C)
+
dispersion in methanol
media containing first
modification agent (5 °C)

covered with non-uniformly modified
silica nanoparticles

Schematic of synthesizing process of Janus nanoparticles using Pickering emulsions:

(a) migration of hydrophilic silica nanoparticles toward oil/water interface and their primary
modification stagel*®); (b) parameter  which defines the share of surface sections A and B
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to apply second surface modification process on the intact
buried surface.*] The product of this process is Janus
nanoparticles with dissymmetrical surface chemistry on
which the share of each surface section can be determined
using three-phase contact angle (5) (Fig. 1b).

In our previous work, we proposed a method for predict-
ing B using surface and interfacial tension parameters:[47]
y(WA)cosl—y(OA)cosa 0

P(OW)
where y(WA) and y(OA) are the surface tension of water and
oil, respectively, y(OW) denotes the oil/water interfacial
tension, 4 and a are the contact angles of water and oil
droplets on a silica coated-surface, respectively.

Considering a polymer blend of two phases (I and II) and
the presence of their corresponding chemical agents tailored
to either surface section of a spherical Janus nanoparticle, it
is possible to simulate Janus nanoparticles at the phase
(I)/phase (II) interface using parameter S (Fig. 2a). As a res-
ult, a BBN system can be assumed as a structure consisting
of two polymer phases plus one interface region (Fig. 2b).

Modeling the mechanical properties of the interface re-

cosf =

(a)

Phase (1)

Polymer/polymer
interface region

Fig. 2 (a) Penetration depth of Janus nanoparticles in phase
(I)/phase (II) interface as a function of parameter f; (b) Schematic
of polymer/polymer interface region (Yellow and orange sections
represent involved parts of phases (I) and (II) in polymer/polymer
interface region, respectively.)

(@]
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gion requires careful consideration of some parameters such
as the difference between the thickness of polymer/nano-
particle interphases in phase (I) and phase (II), the effects of
polymer/nanoparticle interphase on the arrangement of equi-
valent box models (EBM), the closest possible geometrical
similarity between the model structure and the actual base,
determination of model parameters based on actual value,
etc. To this end, we used the fundamentals of the model pro-
posed by Ji et al. in order to model the mechanical proper-
ties of the polymer/polymer interface region. The hypothetic-
al structure of the model is represented in Fig. 3.

As clearly shown, this geometrical structure implies that
the polymer/particle interphase in phase (II) is thicker than
the polymer/particle interphase in phase (I) (k, > k) and the
whole structure is encircled with a sphere of unit radius.
Also, it is assumed that the whole polymer/polymer inter-
face is covered with a monolayer of Janus nanoparticles (not
aggregated) (Fig. 2). It should be mentioned that the presen-
ted model is a developed form of NAS model and therefore it
applies the fundamentals of the model proposed by Ji et al.l*3]
Fig. 3(a) illustrates EBM model corresponding to the as-
sumed geometrical structure. Each EBM box represents an
element of the geometrical structure (Fig. 3c) and also has a
numerical value equal to the volume fraction of its corres-
ponding element. As shown in Fig. 4, the thickness of poly-
mer/nanoparticle interphases (k;—z) is a function of ﬂ;.l =125
which makes it possible to correlate them using parameter f:

Blj=12 = arccos (i cos ,b’) (2a)
kj j=12

B’ = arccos(zcosf) (2b)
where k; and z are model parameters (Fig. 4).
As a result, the volume of EBM boxes located in part (I)
can be calculated as follows:

_m(z(1 —cosﬁ))2

VNH - 3 (3Z—Z(1 _Cosﬁ)) (3)

(©)

> Phase (I)/nanoparticl
\ interphase

(a) Equivalent box model (EBM) corresponding to the governing geometrical structure; (b)

Hypothetical geometrical structure corresponding to phase (I)/phase (II) interface region (the whole structure
is surrounded by a sphere of unit radius), and (c) model components
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Fig. 4 Schematic of correlation between parameters k; and f;.
Parameter 7; = k; —z indicates the thickness of polymer/particle
interphase.
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1 —si ki))?
Voo = X Sm(;‘cos DY 04 sinacosk)  (11d)
h = sin(acosk;) —cos " (11e)
Pl
VMc, = VMC[I =
4 2\3 Pl
4n-3 §n(1—z ) + Vg + Vg + Vi + Vi + Vay
(12)

6
4 s (4 2\3
VMg, = gn(l -2 ) - §TE(1 =1 ) + VMg + Vig + Vig |
I=kysing’
13)

4
Vi, = 5n(l—lz)—vM“, [ =kysinf’ (14)

where k1 and z are model parameters. Parameters P1 in “V;P1”
denotes the volume of EBM boxes located in part (II) but
their volumes are calculated using parameter & instead of k.

Consequently, the volume of EBM boxes located in part
(II) can be calculated as follows:

P1
Vin = Viglp=rto)  ki—ks (15)
Vi :V.l.)l . I/ -V (16)
| iy +ip 18" =f(k2) , k1 —k2 1
Vmy = VP1M11|k1—>k2 (17)
P2
VMC[I = VMCI =
4 N3 P2 P2
4n—3(§n(1 -z )2 + VN + Vg + Viil + Vi, + Va[
6 (18)
Vili? = Viitlk; =k,
where
P2 P2
Val = ViiI = Viiy
n(l - cos[)”’)2 )
VMg = —————— (2+cosp”)

3

= (Vay + Vi + Vit + Viig + Vg ) (19)

where k> is model parameter. Parameters P2 in “V;*>” denotes

https://doi.org/10.1007/s10118-019-2178-3


https://doi.org/10.1007/s10118-019-2178-3

168 Sharifzadeh, E. | Chinese J. Polym. Sci. 2019, 37, 164—177

the volume of EBM boxes located in part (I) but their values
are calculated using parameter k2 instead of 4.

Therefore, the volume fraction of EBM boxes located in
part (I) can be calculated as follows:

V;

il j=Mpyi; = Volor , VBlp1 = VMmp + Vi) (20)
(lej:MCI,iiI,NI,aI = Frpl ) VClPl = VMCI + ViiI + VNI + VaI
(21)
3Vm

dalp1 = ! (22)

A - (n(l —cosp’) 2+ cosﬁ"))
" 3 (Vg + Vaag, + Vi) o)

Pl =
B 4n— (n(] —cosp’) 2+ cosﬂ"))
3 VNI + VMCI + ViiI + VaI

dclpr = ( ) (24)

- (n(l —cosp’)(2+ cosﬁ”))

and the volume fraction of EBM boxes located in part (II):

¢/|j=MBII,in Vi | » VBlp2 = VMg, + Vi (25)

V;

¢j|j=MCII,iiII,NII Vo | . Velpz = Vmey + Viig + Wiy (26)

3 VMg

27
n(1=cosf’)* (2 +cosp”) @7)

¢A|P2 =

3 (VIH + VMBII) 73
#ole2 = (1 =cosf”)* (2 +cosp”) 28)

3(Vny + Vi + VM
¢c|P2 _ ( il . 1y cn)” (29)
(1 —cosf ) (2+cosp”)
Considering Egs. (20)—(24), it is possible to calculate the
tensile modulus (£]p;) of part (I) in EBM model using Egs.
(30)—(35):

Elp1 = 2Glp1 (1 +v¢o.lp1) (30)

where G|p1 and ov.lp; are the shear modulus and Poisson’s
ratio of part (I), respectively, which can be calculated using
Egs. (31)—(35):

lp1
Glpy = (¢A +

Galp1

-1
$plp1 N gclei 31)
Gglp1  Gclpi

where Galp1, Gslpi, and Gclp1 are the shear moduli of
sections A, B, and C of part (I) in EBM model, respectively.

Emlp
_ 32
2(1+omlp1) (32)

where Em|p1 and vmlp; are the modulus and the Poisson’s
ratio of the polymer phase occupying part (I), respectively.
Gplp; can be calculated using Egs. (33a)—(33e¢) as follows:

Galp1 =

Eglp;
Gplpt = —— (33a)
2(1+oglp1)
-1
[ @5
Eglp1 = ( Yoo, T ) (33b)
Emlpr  Eilpt
EB|P1
vBlp1 = 05" b1 (33¢)
B Egans.|Pl
Eg"™Ip1 = oy, Emlpt + 95 Eilp1 (33d)
o™ lp1 = 401\/[Bllﬁffmg Ip1 + @5, 0; 0" |py;
(Assumptlon : Dtrans lp1 = omlp; and Dtrans lp1 = Ui|P1)
(33e)

where Eglp1 and ovplp; are the tensile modulus and the
Poisson’s ratio of the section B of EBM model, respectively.
Also, E;ilp; and vj|p; are the tensile modulus and Poisson’s
ratio of the polymer/particle interphase in part (1),
respectively. The term “frans.” denotes transverse direction.
Gclp1 can be calculated in the same way:

Eclp1

Gelpy = ——CPL__
clet = > T ocle)

(34a)

PMc Pii;
Emlp1  Eilpr

-1
¢N1+a1
Eclp1 = ,

ENI+a1

p _ VNI +Va[
Ni+ap VClPl (34]3)

ENy+a; = 9N, En + @y, Eilpi

trans. Eclpi

velpr =o¢ et Firns | (34c)
C P1

EE™ et = ouc Emler +0n o ENpeay + 05 Eiler (34d)

trans trans. frans. trans.
P1=0MOM  IPUFON aON+a; T Pii 05 IPI

(Assumptions :op™lp1 = vmlpr and o™ |py = vi|p1>
(34e)
trans.
trans. Ni+ap
DNI"'HI DNI+€II (34f)
Nj+ag
¢ 90\
trans. _ Ni + a
Ny+by En Eitrans.|P1 ’
(Assumption : E{™™|p; = Ejlp; ) (34g)
UNj+ag = @N,Un + @, ilp1 (34h)

where Eclpi and oclp; are the tensile modulus and the
Poisson’s ratio of the section C of EBM model, respectively.
E, and v, denote the tensile modulus and Poisson’s ration of
the applied Janus nanoparticles, respectively.
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co.lP1 = Gran P10 + Bing IP10ilP1 + Pporym [P1OMIPT  (352)
in(k 3 ) (VPI VPI)
ERAN ip * i
Pinc IP1 = " (35b)
4 (1 =cosp”) .
3T f(2+cosﬂ )
4 3 Pl Pl Pl
p | §n(1_kl )_(VMII+VMBII * VM +Vb1)
polym.IP1 = 77\2
4 1-
gn—(W(Z—kcosﬂ"))
(35¢)
VN,
PnanlP1 = (35d)
e (1 —cosp’)? ”
30" f(2+cosﬂ )

Considering Egs. (25)—(29), it is possible to calculate the
tensile modulus of part (I) (£|p,) of EBM model using Egs.
(36)—(41):

Elpz = 2Glp2 (1 + vco.lp2) (36)

where Glp2 and v.|py are the shear modulus and Poisson’s
ratio of the part (II), respectively, which can be calculated
using Egs. (37)—(40):

lp2
Glpr = (¢A +

Galp2

dclpa |
Gcelp2

#glp2
Gglp2

(37

where Galp2, GBlp2, and Gclp2 are the shear modulus of
sections A, B, and C of part (II) of EBM model, respectively.

Emlp2
G == 38
Ale2 2(1 +omlp2) %)

where Em|pz and vplpy are the modulus and the Poisson’s
ratio of the polymer phase occupying part (II), respectively.
Gplp, can be calculated using Eqgs. (39a)—(39¢) as follows:

Eglp2

Gelp = =+ (3%9a)

2(1 +ovglp2)

-1

Piy PMpy
EB|p2=(—+— 39
Eilpy  Emlp2 (396)

Eglp

__ ,.trans.
vBlp2 = vg" 2 Es s (39¢)
Eg"™Ip2 = gy, Emle2 + 95 Eilpa (39d)
trdns |P2 q)MBIID;\I}F.nb |P2 + (le trdns |P2,
(Assumptlon : oy ™ Ip2 = vmlp2 and Dtrans lp2 = l)ilpz)

(39¢)

where Eg|p2 and vglp; are the tensile modulus and the
Poisson’s ratio of the section B of EBM model, respectively.
Also, Eilpp and vj|p, are the tensile modulus and Poisson’s
ratio of the polymer/particle interphase in part (II),
respectively. The term “frans.” denotes transverse direction.
Consequently, G¢|pz can be calculated as follows:

Eclp2
Gelpp = - (40a)
2(1+oclp2)
-1
M i N
Eclpy = —% 4 20 1 (40b)
Emlp2  Eil;2  Eq
ans Eclp2
vclp2 = 0™ 2 — (40c)
EG™ [pa
trans.
EZ™ b2 = oy Emlp2 + on En + 05 Eilp2 (40d)
trans trans. trans trans.
P2 =@m Om P2+ 0N 05,00 P2
(Assumptlons : op™ Ip2 = mlp2 and 0™ [py = vilpa )
and v = vn)
(40e)

where Ec|pz and oclp; are the tensile modulus and the
Poisson’s ratio of the section C of EBM model, respectively.

Z)CO.|PZ = ¢nanA|PZDH + ¢1n[|P201|P2 + ¢polym|P20M|P2 (413)
4 3 P2 , /P2, /P2
. §”(k2 —z) (V + Vil +Va )
int.[P2 = s
1 _ 44
—n( csosﬁ ) (2+cosp”)
P2 P2
Va, V111 Viin (41b)
4
(1)~ (ViR VR V)
Ppotym P2 = n(1-cosp”) ’
— = (2+cosp”)
2 2
VP = Vll\)/lBI VMgy
(41c¢)
W~
Pran IP2 = a ﬁ”)z” (41d)
noZeoP ) (2+cosp”)

3

Finally, combination of Egs. (30) and (36) results in Eq.

(42a) which predicts the tensile modulus of polymer/poly-
mer interface region (£p,.):

Ep = (¢pan o, Bpart (1) )] (422)

" Ep) Ep>
Boar @y = 1-0.25((1 = cosp”)* (2+cos ")) (42b)
Bourt amy = 0.25((1 — cos ) (2+cos p”)) (42¢)

Parameters z, k;, and k, can be calculated by applying
NAS model to nanocomposite comprising phase (I) and nan-
oparticles with similar surface chemistry to Janus surface
section (A) (Fig. 1b) and nanocomposite comprising phase
(II) and nanoparticles with similar surface chemistry to Janus
surface section (B) as follows:

z= i/@ (43)
w

\/¢d ((r+rT1)3_1))

(44a)
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3
ks = i/%(ni(%—l)) (44b)

8w

where r is the radius of an individual spherical Janus nano-
particle, 7; and 7, are the thicknesses of polymer/particle
interphases, respectively, w indicates the numerical
correlation between the model and actual system, ¢, is the
actual volume fraction of Janus nanoparticles in the
polymer/polymer interface region.3!! Furthermore, Eilp1 and
Eilp2 should be calculated based on the linear variation of the
modulus in polymer/particle interphase in 7 direction:

E -E;©O
Ei@in = O + PP gy s
1 k1 2
= 23 f @’ da (45b)
Eilpr  (k*-722)J; Ei(@lp1
E = A
Ei@l = B+ M2 2O ) a6
L2
1 _ 23 f a~da (46b)
Eilpz (k-7 J; Ei(@lp,2

where Fi(0)|; is the modulus of polymer/particle interphase
on the surface of Janus nanoparticles. Parameters 7;, 7o, and
Ei(0); should be necessarily determined using the
combination of NAS model and the results of tensile test
(which will be discussed later).*!! It should be noted that the
modeling procedures regarding to the cases k1 > k2 and k1 =
k> are presented in ESI (S2 and S3).

Modeling of BBN System (KAd Model)

In this step, the whole BBN system is simulated as a
developed geometrical structure based on the model
proposed by Kolarik et al.3>*] The volume fraction range of
dispersed polymer phase (4,) is divided into four separated
intervals based on the percolation thresholds of phase (I)
(¢er1)» phase (II) (4,»), and also phases inversion point (¢ ).
Consequently, the modeling procedure should be performed
in the following intervals and also at phase inversion point:

1. First interval: (0 < ¢, < ¢;p)

2. Second interval: (¢, < ¢, < $pi)

3. Phase inversion point: ¢, = Doi.

4. Third interval: (¢,; < ¢y <1=¢1)

5. Fourth interval: (1 — ¢, < @, < 1)

It is notable that the actual blend morphology in the first
and fourth intervals is droplet-matrix, in the second and third
intervals is a combination of droplet-matrix and co-continu-
ous (caused by the interconnection of droplets) morpholo-
gies, and at the phase inversion point is completely co-con-
tinuous.[*4] As illustrated in Fig. 5, this concept is fully con-
sidered in designing the structure of KAd model based on the
model proposed by Wang et al.l[*]

Modeling at phase inversion point

The hypothetical geometrical structure is of KAd model at
phase inversion point depicted in Fig. 6 which is corre-
sponding to the co-continuous morphology.[*+4¢]

Accordingly, the tensile modulus of BBN system at phase
inversion point can be calculated using Eqs. (47a)—(47g):

Eggxlpi = (¢2pEmlp2 + ¢1pEmlpt + 1o pEnn)

st
(Fo v 22

$a, = 2mrp” —2(16 - V128)rp? (47b)

41, =4(R-R*) - (3nR*-2(16 - V128)R°) (47¢)

Bins = 2nR” —2(16 - V128)R® - g5, (47d)

$op =P (47¢)

bin.p = (R = 1p?) (47f)

bip=1- (bt b1+ P +dop+dmp) (@72

where Ey, can be calculated using Eq. (42a), parameters 7p
and R are model parameters (Fig. 6b).
It is very important to determine the share of each poly-

0 Pz Dy

Droplet-matrix Droplet-matrix
morphology +
co-continuous

morphology

Co-continuous
morphology +

Pert

Droplet-matrix Droplet-matrix
morphology
Co-continuous

morphology

Fig. 5 Geometrical structure of KAd model corresponding to the actual blend morphology in different intervals plus phase

inversion point
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Fig. 6

Phase (I)

Polymer/polymer
interface region

(a) Geometrical structure of KAd model at phase inversion point and (b) the side view

of the structure. The whole structure is surrounded by a cube of unite side length.

mer phase in polymer/polymer interface region (section
Modeling of polymer/polymer interface region) in which
Janus nanoparticles are placed at polymer/polymer interface
(Fig. 2). This leads to determination of the thickness of poly-
mer/polymer interface region as well as parameters 7, and R.
Therefore, it is considered that a percentage of the volume
fraction of each polymer phase (y,) participates in the inter-

face region, so:
2= 2% (48)

#1= 1%y (49)
where @] and ¢, are the volume fractions of the participant
portions of phase (I) and phase (II) in the interface region,
respectively, ¢, and ¢, denote the actual (experimental)
volume fractions of phases (I) and (II), respectively.
Applying Egs. (47b) and (47e), it is now possible to calculate
parameter 7 as follows:

(o) = 6. (1= (3p)) = 3nrp +2(16+ VI28)r,* = 0

(50)
F(rp) = rp

where ¢,; is the volume fraction of phase (II) corresponding
to phase inversion point.
Similarly, parameter R can be calculated using Eq. (51):

f(R’rP) = ¢In.s+¢ln.p_(§3,1 +($,2+‘Zn) =0
f(R,rp) —R

where, ¢, is the actual (experimental) volume fraction of the
applied Janus nanoparticles.

As illustrated in Fig. 6, the thickness of polymer/polymer
interface region (7) is equal to R—r, which is constant and
independent of the volume fraction of polymer phases.
Modeling in the 2" and 3" intervals
The hypothetical geometrical structure of KAd model in the
second and third intervals is illustrated in Fig. 7. As shown
clearly, the model represents both droplet-matrix and co-
continuous morphologies corresponding to the actual BBN
morphology in the 2% and 3" intervals.[*4]

The tensile modulus of BBN system in the 2" and 3t in-
tervals can be calculated using Egs. (52a)—(52h).

(51)

Phase (I)

Polymer/polymer
interface region

Fig. 7 (a) Geometrical structure of KAd model in the second and third intervals and (b) the
side view of the structure. The whole structure is surrounded by a cube of unite side length.
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3Emlp1
2 Emlp1éc + Emlpadoa s
+ o +
EBBN|2,3 _ (¢2 Ewmlpa +¢In EIn.)+ (¢ls ¢2s ¢In.s) Foun 2EwMmlp1 + Emlp2 (52&)
P P P15 P25 Pns 3Emlp1
—_—t =+ et
Emlpt  Emlp2z En. 2Emlp1 + Emlp2
¢2p =73 (52b)
Binp =1 (R* = r23%) (52¢)
4 (Rs cos (arcsin (erT )))
¢ = 2| mra3’ — JRs + T)} —2nh|(Rs+T)* - 3 u -3 (52d)
nh?
P = 4(2(r23 +T)(0.5-h)- % - TB (Rs +T)—h))
T (52¢)
where h = (Rs+T) (1 —cos (arcsin(&)))
R+ T
h? hy?
bin s = 2| m(raz + T2 = (200 (Rg + T) = = = (ry3 + T) + 2nhy (Ry + T)? = —=— — 133
In.s 3 3

T
hy =(Rs+T)cos (arcsin ( st )) (521)

R +T

where
_ . 3
hy = (Rs+T)cos (arcsm (Rs T ))
4 3

$ra = §n(RS2 —(r3+T)%)? (52g)
prc=1 _(¢2d+¢ln.s+¢ls+¢25 +¢In.p+¢2p) (52h)

where T is the thickness of polymer/polymer interface region
which is calculated in section Modeling at phase inversion
point, 723 and Rs are the model parameters at the 2" and 3™
intervals (Fig. 7b). Parameter r23 can be calculated using 7p
(Eq. 50) as follows:

@2 - (§Z,2 + ¢cr2)

¢pi. (1 - (}’p)) —Per

where R(D) is a developed form of the parameter used by
Wang et al. in order to make correlation between their
proposed model structures for the 2"4/3™ interval and phase

r3 =1, XR(D) ; R(D) =

(53)

(a)

Fig. 8

inversion point.[**] Considering constant 7, it is possible to
determine Rs using Egs. (52b), (52d), and (52g):

{f(Rs,m) == 2~ ($ap+ 625+ $20) =0

f(Rs,123) = Ry

(54)

Modeling in the 1°' and 4™ intervals

The hypothetical geometrical structure of KAd model in the
first and fourth intervals is depicted in Fig. 8. As shown
clearly, the model structure in these two intervals is a
developed form of Maxwell-Eucken model which includes

(b) 1

Phase (I)

IPolymer/polymer
interface region

(a) Geometrical structure of KAd model in the first and fourth intervals and (b) the

side view of the structure. The whole structure is surrounded by a cube of unite side length.
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added polymer/polymer interface region (Fig. 8b) and
upgraded governing equations.[*4]
Accordingly, model parameter R, can be determined us-
ing Eq. (55):
- ., 4
§2- 1 = nRS (55)
As a result, the tensile modulus of BBN system in the 15
and 4™ intervals can be calculated using Egs. (562)—(56g):

3Enmlp1

Enlpi14] + Eh%m
EgpNlia = 3Bl M (56a)
/7 + 4 _ Ty
¢1 ¢2 2EM|p1 + Ell\/[
¢ =1 (1- () (56b)
8= b1 + 62 (1 () (56¢)
i = gn((RS +T)° - R) (56d)
$1=1-(¢2-¢mm) (56¢)
b= 3R] (56)
-1
Z (1 B (yp)) 1
E, = + = 56
2 Ewmlpz Emn (56¢)
EXPERIMENTAL
Materials

Paraffin (Dr. Mojallali Industrial Chemical Complex Co.,
Laboratory grade) was used as oil phase (in Pickering
emulsions) with a very narrow range of melting temperature
from 56 °C to 58 °C and density of 0.9 g/cm?®. (3-Amino-
propyDtriethoxysilane (APTES, Aldrich, 99%), methanol
(Dr. Mojallali Industrial Chemical Complex Co., > 99%),
chloroform (Dr. Mojallali Industrial Chemical Complex Co.,
> 99%), ethanol (Merck, 99.9%), hexadecyltrimethoxysilane
(HDTMS, Aldrich, > 85%), and dichloromethane (Merck,
99.9%) were used as received. Solid-stabilized emulsions
(Pickering emulsions) were obtained using hydrophilic silica
nanoparticles (Aerosil fumed silica, P1 (OX-50): d = 40 nm)
provided kindly by Degussa. Their characteristics are
reported in ESI (Section S4: Table S4-1 and Fig. S4-1).
Polystyrene (PS) (Grade 1160 GPPS) was purchased from
Tabriz Petrochemical Corporation and poly(methyl methacry-
late) (Grade EG920) was purchased from LG Corporation.

Preparation of Janus Nanoparticles

The applied Janus nanoparticles in this investigation were
prepared based on the method described in our previous
work.[*l P1 silica nanoparticles (4 g) were dispersed in
deionized water (4 L) using a mixer at 2500 r/min for 20 min
and heated to 65 °C. Paraffin (450 g) was added to the
mixture and allowed to completely melt down. Thereafter,
the system was stirred by an industrial mixer (at 2800 r/min

for 1 h). After mixing stage, emulsions were immediately
poured into a cold water bath (5 °C) to form a stabilized
suspension containing solidified paraffin droplets (SPDs).
Primary modification stage

The stabilized suspension containing SPDs (covered with
silica nanoparticles) was exposed to a modification process
in order to functionalize the unprotected surface of silica
nanoparticles. To this end, SPDs were primarily washed
several times with deionized water (5 °C) to remove unatt-
ached nanoparticles as well as weakly attached ones. There-
after, paraffin droplets were dispersed in (3-aminopropyl)
triethoxysilane (APTES)/ethanol (4 L) solution for 24 h at
room temperature under stirring. Thereafter, SPDs were
filtrated and washed several times with methanol to remove
unreacted APTES molecules. Then, SPDs were dissolved in
chloroform to remove paraffin. Finally, Janus nanoparticles
were collected by centrifugation and dried under vacuum for
24 h.

Secondary modification stage

In this stage, the collected Janus nanoparticles from primary
modification stage ("Primary modification stage" section)
were dispersed in a mixture of 0.2 vol% HDTMS in ethanol.
The system was stirred at 500 r/min for 24 h at 25 °C. The
final produced Janus nanoparticles were washed several
times with methanol to remove unattached HDTMS
molecules and then collected by centrifugation. The drying
process was also performed under vacuum for 24 h.

Preparation of Uniformly Modified Nanoparticles

P1 nanoparticles were added to mixtures of ethanol (100 mL)/
APTES (4 mL) and ethanol (100 mL)/HDTMS (4 mL) under
stirring for 24 h. The uniformly modified nanoparticles (non-
Janus) of each system were then washed several times with
methanol and collected by centrifugation. It should be noted
that P1 nanoparticles uniformly modified with APTES and
HDTMS are referred to as UAP1 sand UHP1 nanoparticles,
respectively.

Preparation of BBN and PS/PMMA Blend Samples
PS/PMMA (85/15, 60/40, 40/60, and 50/50 V/V) blend
samples were prepared via solution mixing. For preparing
blend samples containing Janus and UAP1 nanoparticles, at
the first step, PMMA (15 vol% of PS/PMMA blend) was
dissolved in dichloromethane till complete dissolution,
nanoparticles (1 vol%, 2 vol%, 3 vol%, and 4 vol%) were
added under agitation. Similarly, UHP1 nanoparticles (1 vol%,
2 vol%, 3 vol%, and 4 vol%) were added into PS (85 vol% of
PS/PMMA blend)/dichloromethane solution. After 45 min,
the second polymer phase was added and completely
dissolution-mixed for 45 min. Thereafter, the samples were
casted in a glass petri dish for 7 days at room temperature
and then they were held under vacuum at 60 °C for 48 h in
order to evaporate the remaining solvent.

Preparation of PS and PMMA Nanocomposites

Primarily, PS was dissolved in dichloromethane and then
UAPI1 nanoparticles (1 vol%, 2 vol%, 3 vol%, and 4 vol%)
were added into it. The same process was performed for
PMMA/UHPI1 nanoparticles. The solution samples were
mixed for 1 h and then casted in glass petri dish for 7 days at
room temperature and then they were held under vacuum at
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60 °C for 48 h in order to evaporate the remaining solvent.
These samples were used to determine the thicknesses of
polymer/particle interphases (in PS and PMMA phases)
based on the results of NAS model.

Mechanical Properties

All prepared samples were compression molded into suitable
pieces for tensile tests. Molding was carried out at 180 °C
followed by slow water-cooling under 10 MPa. Tensile tests
were conducted on a Zwick/Roell tensile testing machine (Z
010) at a fixed crosshead speed of 5 mm/min at room
temperature according to ISO 527. At least five specimens
were tested for each composition and the resulting tensile
properties were averaged.

RESULTS AND DISCUSSION

Fig. 9 presents a flowchart expressing the procedure of KAd
model for predicting the tensile modulus of a BBN system.
At the first step, it is essential to determine parameter
(Eq. 1) which drastically affects all parts of KAd model. In
our previous work, f was precisely measured for P1 nano-
particles, which was reported as 35.72°.[47] Tt was also
proved that in a PS/PMMA blend samples, UAP1 and UHP1
nanoparticles tend to migrate toward PS and PMMA phases,
respectively, while Janus nanoparticles fix at polymer/poly-
mer interface.29) Accordingly, it is assumed that each sur-
face section of the synthesized Janus nanoparticles (on which

Determining parameter f using Eq. (1)

i

Determining the thickness of polymer/particle
interphases (7, and z,) using NAS model using
Egs. (45) and (46)

!

Determining the tensile modulus of
polymer/polymer interface region using
Eq. (42a)

!

Determining parameter y using Egs. (50) and (51)

!

Applying the results of previous step for determining

the tensile modulus of BBN systems as a function of

the volume fraction of dispersed polymer phase using
Eqgs. (47a), (52a), and (56a)

!

Comparing the model results with actual
(experimental) data obtained from tensile
tests applied to the prepared samples

Fig. 9 The flowchart summarizing different stages of KAd model

APTES or HDTMS molecules are bonded) (Fig. 1b) tends to
accommodate with its corresponding polymer phase and
therefore the three-phase contact angle (f) at polymer/poly-
mer interface (Fig. 2a) is equal to the predicted £ using Eq. (1)
(Fig. 1b).

The second step involves determining the thicknesses of
polymer/particle interphases (z; and 1) (Fig. 4). To this end,
PMMA/UHPI and PS/UAP1 nanocomposites were prepared
based on the method described in section Preparation of PS
and PMMA nanocomposites and the molded samples were
exposed to tensile tests (section Mechanical properties).
Consequently, it was possible to determine the thicknesses of
polymer/particle interphases in PS and PMMA using the
combination of NAS model and results of tensile tests
(Table 1).381 NAS model was also used to calculate the mod-
ulus of polymer/particle interphases on the surface of UHP1
and UAP1 nanoparticles (£;(0)) which are required to define
the linear variation of interphase moduli (Eq. 45a—46b) (Ta-
ble 1). The tensile modulus of PMMA and PS phases were
also measured based on the method described in section
Mechanical properties (Table 1).

The results of the tensile test and also the predictions of
KAd model for BBN samples comprising PS/PMMA (85/15
V/V) and Janus nanoparticles (1 vol%, 2 vol%, 3 vol%, and
4 vol%) are depicted in Fig. 10. As expected, the tensile
modulus of BBN samples increases with the content of Janus
nanoparticles up to 3 vol% and the modulus drop at 4 vol%
maybe attributed to the negative effects of Janus nanopar-
ticle agglomeration. Besides, the model predictions up to
3 vol% of Janus nanoparticles are acceptably close to the ex-
perimental results (predicting error < 8.5%), which verifies

1.8
25
S 2 B Experimental result
3 $ KAd prediction
Sist
1.6 "5 0l n
: Ee
& ~
= 0
Tz l4r 0 002 004 u
h.}m Volume fraction of
Janus nanoparticles B [ 3
]
121 3 2
1.0 L L L L
0.01 0.02 0.03 0.04

o

Fig. 10 Experimental results versus predictions of KAd model for
BBN samples comprising PS/PMMA (85/15 V/V) and Janus
nanoparticles (1 vol%, 2 vol%, 3 vol%, and 4 vol%). @i , §» and
1 — @, are considered to be 0.5, 0.17 and 0.83 (vol%), respectively,
and parameter yp = 0.48% (Eqs. 48 and 49). The prediction errors of
the model corresponding to each test result are also presented.

Table 1 Thickness of polymer/particle interphases in PS and PMMA phases, modulus of polymer/particle interphases on the surface of
UAPI1 and UAP1 nanoparticles (£i(0)), the measured tensile modulus for PS and PMMA phases
7 (m) Ei(0)/Em
PMMA/UHP1 (1.82+0.11)x 1077 73
PS/UAPI (1.97 £0.08) x 1078 6.2

Eps =2.73 (Gpa), vps = 0.325-0.33, Epmma = 3.11 (Gpa), vps = 0.34—0.4
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the capability of KAd model to predict the tensile moduli of
BBN systems comprising low contents of nanoparticles.

As described in section Preparation of BBN and PS/
PMMA blend samples, some PS/PMMA blend samples
(60/40, 40/60, 50/50 V/V) were also prepared in order to per-
form a comparison with BBN samples comprising the simil-
ar content of PS/PMMA phases and 1 vol% of Janus nano-
particles. This comparison was a good benchmark to invest-
igate the effects of Janus nanoparticles’ presence at polymer/
polymer interface on PS/PMMA blend and also the model
performance as a function of volume fraction of the dis-
persed polymer phase. As depicted in Fig. 11, the tensile
modulus of BBN samples increases with the content of
PMMA phase.

Besides, the presence of Janus nanoparticles at polymer/
polymer interface increases the tensile modulus of BBN
samples compared to their corresponding blend samples.
Fig. 12 depicts the results of KAd model for simultaneous
variation of the contents of dispersed polymer phase and
Janus nanoparticles in PS/PMMA/Janus BBN system.
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Fig. 11 Comparison of the tensile modulus of PS/PMMA samples
comprising different contents of PMMA with similar BBN samples
comprising 1 vol% of Janus nanoparticles. The results of KAd
model for the different contents of dispersed polymer phase
(PMMA) are also presented. @, @y, o and 1—g. are
considered to be 0.1, 0.5, 0.17 and 0.83 (vol%), respectively, and
parameter yp = 0.48% (Eqgs. 48 and 49). The prediction errors of the
model corresponding to each test result are also presented.
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(a) 3D plot of KAd result pattern for simultaneous variation of the contents of dispersed

polymer phase and Janus nanoparticles in PS/PMMA/Janus BBN system, (b) contour plot. ¢pi', P
and 1 — ¢, are considered to be 0.5, 0.17 and 0.83 (vol%), respectively, and parameter y = 0.48%

(Egs. 48 and 49).

CONCLUSIONS

A specific type of blend based polymer nanocomposites
(BBNs), as systems comprising polymer/polymer and dual
polymer/particle interfaces, were analytically investigated.
Synthesized Janus nanoparticles were used in order to ensure
their migration toward polymer/polymer interface. It was
assumed that the three-phase contact angle (f) of Janus
nanoparticles at oil/water interface in Pickering emulsions
was similar to that at polymer/polymer interface in BBN
systems due to their specific surface chemistry after
secondary surface modification stage (Fig. 1b). Accordingly,
the modeling procedure was founded on two stages: first,
modeling of polymer/polymer interface region via
developing to the model proposed by Ji et al., and second,
modeling of the whole BBN system via developing the
model proposed by Wang et al. as a function of the variation

of polymer blend morphology. In the first stage, all possible
states of polymer/nanoparticle dual interphase around Janus
nanoparticles in polymer/polymer interface region were
considered and their corresponding geometrical structures
were presented. In the second stage, the variation of blend
morphology was investigated in four intervals plus phase
inversion point and the corresponding geometrical structures
were also presented. Consequently, the combination of stages
one and two resulted in a comprehensive model which could
cover all states of polymer/particle dual interphases as well
as the morphology of blend base. Several different samples
were prepared and subjected to tensile test in order to
compare their measured tensile moduli with the predictions
of the proposed model. The thicknesses of polymer/particles
interphases were determined using NAS model and tensile
results of PS/UAP1 and PMMA/UHPI1 nanocomposites. It
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was revealed that the model is acceptably capable of
predicting the tensile modulus of BBN systems comprising
low contents of Janus nanoparticles (< 3 vol%), while at
higher contents, the possible agglomeration of nanoparticles
resulted in deviation between the actual and predicted values.
Moreover, it was also proved that the model accuracy was
not significantly affected by the morphology variation of the
blend base. As a result, it can be claimed that the proposed
model, as one of the first attempts to analytically investigate
BBN systems comprising nanoparticles at polymer/polymer
interface, is completely practical and can be definitely
considered as a start point for further developments.
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