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Abstract: Self-assembly plays a fundamental role to determine thermodynamic
properties of polymer systems, e.g., resulting in the formation of dynamically
cross-linked networks with varied elasticity. However, the working principle of
chemo-mechanical coupling between the self-assembly and elasticity of polymers is
complex and has not been well understood. In this study, a non-Euclidean geometry
model incorporating thermodynamics of microphase separation is proposed to
understand the chemo-mechanical coupling in self-assembled triblock polymers. The
thermodynamic separation of microphases, which is resulted from the self-assembly
of polymeric molecules, is formulated using a non-Euclidean geometry equation, of
which the geometrical parameters are applied to characterize the topologies of
self-assembled and cross-linked networks. The non-Euclidean geometry model is

further employed to describe chemo-mechanical coupling between the self-assembled
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network and dynamic elasticity of the triblock polymers, based on the rubber
elasticity theory. Effectiveness of the proposed model is verified using both
finite-element analysis and experimental results reported in literature. This study
provides a new geometrical approach to understand the mechanochemistry and
thermodynamics of self-assembled block polymers.
Keywords: hydrogel; self-assembled; Non-Euclidean geometry
1. Introduction

The unique performance of many biological matters in nature comes from their
self-assembly properties [1-3]. Inspired from self-assembly, many artificial polymers
have been developed with superior structure-property performance, achieving good
mechanical, optical and thermodynamic properties [4-9]. Self-assembled polymers
have been widely used in stretchable sensors [10], chemical fuels [11], living cells
[12], nanoarchitectonics and biometallohydrogels [13,14], mainly attributed to their
high designabilities and compatibilities. Many of these polymers have excellent
mechanical properties of both high stretchability and strength [15-19]. However, their
working principles and constitutive relationships between chemical self-assembly and
mechanical elasticity have not been well understood owing to the complexly
chemo-mechanical coupling effects.

Polymers can be easily tailored to achieve desirable physical properties by grafting
various types of molecules onto their main/side chains or functional groups [20-25].
However, self-assembly of molecules often results in microphase separation

[15-19,26,27], which is determined by the self-assembled network. Meanwhile,



thermodynamics of microphase separation plays an essential role to influence the
mechanical performance of self-assembled polymers [4,28,29], and there is a complex
thermo-mechano-chemical coupling among their microphase separation, mechanical
behavior and self-assembly. It is critical to explore the working principle and
constitutive relationship between self-assembly and microphase separation in order to
fully understand the thermo-mechano-chemical coupling effect of the self-assembled
polymers [29-31].

Self-assembled polymers are composed of different molecular segments [32-35],
which enable them with unique thermodynamics of microphase separations for
application in self-assembly [27,36]. Small angle neutron scattering experiments have
revealed that there are many micelles in these block polymers undergoing microphase
separations due to the hydrophilic properties of the molecular segments [37-39]. Take
an example of PNIPAmM-PDMA (PNIPAm: poly(N-isopropylacrylamide); PDMA:
poly(N,N-dimethylacrylamide)) block polymer, it undergoes a microphase separation
between the PNIPAm and PDMA phases, which is mainly resulted from the increased
hydrogen bond strength [40]. Due to the microphase separation, experimental results
[40] revealed that the shear elastic moduli of the PNIPAm-PDMA hydrogels were
significantly increased from 0.96 kPa to 11.22 kPa with an increase in the temperature
from 310 K to 329 K, whereas the shear loss moduli were increased from 0.076 kPa to
1.07 kPa. With the further increase in the degree of microphase separation, the moduli
were increased significantly, thus resulting in an enhancement in the mechanical

properties of the PNIPAmM-PDMA block polymer [40]. However, so far, few



theoretical studies have been done to understand this coupling effect and explore the
design principles for self-assembly of molecules.

In this study, a free-energy function is firstly formulated to describe the working
principle of self-assembly for polymers during their microphase separation processes
[27,41-43], based on the self-consistent field model [41,42]. A non-Euclidean
geometry model, incorporating the thermodynamics of microphase separation, is
proposed to understand the chemo-mechanical coupling between the chemical
self-assembly and the mechanical elasticity, based on the non-Euclidean geometry
equation [44] and rubber elasticity theory [45-47]. The non-Euclidean geometry
parameters for a p-sided polygon and junction functionality (q) for the self-assembled
networks, as well as radius (Rq) for microphases are applied and examined. Finally,
effectiveness of the proposed model is verified using both finite-element analysis
(FEA) and experimental results reported in literature.

2. Theoretical framework
2.1 Thermodynamics of microphase separation in self-assembly

As reported in Refs. [4,15-19,29,48,49], triblock PMMA-PDMS-PMMA polymer
system has many advantages, i.e., good biocompatibility and mechanical performance.
They have been found in jellyfish, iliac artery and muscle fiber [48]. They are
non-toxic to human body and easily obtained [15-19,29,48,49]. They have highly
designable mechanical properties with a modulus range from 3.4 to 77.4 kPa
[15-19,29,48,49] and excellent mechanochromic and electrical properties [29,48,49],

enabling it with great practical and potential applications.



As reported in Ref. [29], triblock PMMA-PDMS-PMMA polymer (in which
PMMA: poly(methylmethacrylate) works as a bottlebrush backbone, and
PDMS: polydimethylsiloxane acts as the bottlebrush side chain) can be
synthesized via self-assembly of triblock copolymers. Experimental results [29]
revealed that the size of PMMA microphases, which undergo separations with
PDMS microphases, played an essential role to determine the mechanical
property of PMMA-PDMS-PMMA polymers.

Based on a self-consistent field theory [41,42], the ordered free-energy (Ford) IS
employed to describe the thermodynamics in microphase separation of polymers,
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where Fe is the free energy of elasticity, Fint is the interfacial free energy,
ke=1.38x102% J/K is the Boltzmann constant, T is the temperature, N is the number
of polymer chains, r is the position vector in interface, s is the degree of segment
participation (s=1 if all segments are involved), ¢, and ¢, represent the
distribution functions of components A and B in the block polymer, respectively. y is
the Flory-Huggins interaction parameter, 2N is the number of A and B segments in a
polymer chain, and & is a pressure constant that ensures a local incompressibility
[41,42]. q(r,s) is the distribution function and represents the probability of segment
participation degree (s) at position r.

The distribution function q(r,s) is governed by the diffusion equation owing to

mass conservation during the microphase separation [41-43],
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where b is the length of a polymer segment. w is either wa or ws, where wa and ws
represent for the components A and B, respectively [41,42].

Here, non-coupling effect between the parameters of r and s has been considered,
and it is expected that the degree of segment participation (s) has not been influenced
by the position vector in interface (r). When the parameters of r and s are not linked
with each other, equation (2) can be simplified as,

q(r,s) =q,(r)q(s) ©)
where qr(r) and gs(s) are the distribution functions related to r and s, respectively.

Due to the asymptotic rule of infinite polymerization, the solutions to the modified

diffusion equation can be written as [42,43],
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where graand qrs are the distribution functions of components A and B, respectively.

&o is the initial pressure and & is the local incompressibility.



Substituting equation (7) into (1), the ordered free energy of polymers can be

rewritten as,
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If the volume change of microphase separation is very small, i.e., £~ 0 [42,43], the

ordered free energy can be expressed as,

Ford
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According to the continuum mechanics [20,21], the vector r presents the end-to-end
distance of a polymer chain, which can be described by the elongation ratio A as,
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where A1, 2 and A3 represent the elongation ratios along three directions. ro is initial

(10)
h(4=4 and 4,=4,=2")

position vector. The relationships of 41=A and A.=1s=A"2 are used for the uniaxial
tensile stretching, and the volume invariance of isotropic polymer is 111243=1.

Combining equations (9) and (10), the constitutive relationship of true stress (o) as
a function of elongation ratio (1) can be obtained as,
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where p; is the hydrostatic pressure and foro qradr = 1, if the length of chain is

infinite [41-43].



To verify the effectiveness of equation (11), true stresses of self-assembled
polymers undergoing microphase separations as a function of elongation ratio are
obtained using FEA simulations. The obtained results are plotted in Figure 1, where
the microphase separation undergoes a non-Euclidean geometry transition from
spheroid (coin) to cylinder (lamellar). Here, the Poisson's ratio of the polymer is
chosen as 0.45 [45-47]. The radii of all four coin-shaped phases are 2 mm, as shown
in Figure 1(b). The width and length of lamellar/cylindrical phase are 2.5 mm and 20
mm, whereas the area of the four coins is equal to that of the lamellar vertical strip.
The 8-node hexahedron element, C3D8R, is used to perform the FEA. 8000 elements
are used to model the unit with a size of 20x20 mm?, as shown in Figures 1(a), 1(b)
and 1(c). The moduli of the homogenous polymer and microphase separation
inclusion are chosen as 1 MPa and 2 MPa, respectively. Figure 1(d) shows the FEA
simulation results, which reveal that the stresses reach their maximum values of 0.50
MPa, 0.54 MPa to 0.57 MPa for the homogeneous, coin shaped and cylindrical/strip
microphase separations, and their strain energy values are increased from 0.100 J,
0.108 J to 0.113 J. These analytical results clearly indicate that the morphology of
microphase separation influences the mechanical performance of the polymer. Given
the same volume fraction (e.g., 4xmx22 mm?=2.5x20 mm?), mechanical optimization
may occur owing to different geometries of microphase separations in polymer.

Moreover, as can be seen from the curves shown in Figure 1(e), different volume
fractions (i.e., the number of spheres) of microphases in the self-assembled polymer

have been compared with the FEA results as presented in Figure 1(f). The stresses



reach their maximum values of 0.50 MPa, 0.52 MPa, 0.54 MPa, 0.56 MPa to 0.59
MPa for the number of spheres of 0, 2, 4, 6 and 8 (with their corresponding volume
fractions of 0%, 6.28%, 12.56%, 18.85% and 25.13%), respectively. These analytical
results support that the volume fraction of microphase significantly influences the
mechanical performance of self-assembled polymer. With an increase in the contents
of self-assembled molecules, the volume fraction of microphase is then increased in

the polymer, of which the mechanical property is therefore reinforced.
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Figure 1. Finite-element analysis of stress-strain in the polymer with coin shaped and lamellar

microphases. (a) For homogenous polymer without microphase separation. (b) For polymer with

coin shaped interface of microphase separation. (¢) For polymer with lamellar interfaces of

microphase separation. (d) Resultant stress-strain curves. (e) The stress-strain of different volume

fraction (i.e., 0, 6.28%, 12.56%, 18.85% and 25.13%) of microphase in self-assembled polymer. (f)

FEA simulations of different volume fractions of microphases self-assembled polymer.



2.2 Non-Euclidean geometry model of microphase separation

Microphase separation is determined by the cross-linked networks [44-47], which
are originated from the self-assembly of the molecules in the polymer. It can be found
that only regular triangles, regular quadrilaterals and regular hexagons are chosen to
fill into the space. However in fact, there must be a lot of defects in the network, and
pentagons (p-sided polygon) are also widespread, which is not a single unit to form a
network. In the real polymer network [45-47], these objective factors all lead to the
formation of the network chains in a non-Euclidean geometry way, which is due to
the large cross-linking junction functionality (q) of the network self-assembly, and the
aggregation of multiple units at a cross-linking point will trigger the non-planar nature
of the network. The non-Euclidean geometric properties of the network are described
by the tangent circle radius (Rq) of the surface. The larger the area of the in plane
polygon (A:) is, the fewer the irregular patterns and the flatter the plane will be.
Therefore, it is necessary to employ the non-Euclidean geometry model [44] to
describe the self-assembled networks, and then to formulate their microphase
separations. Figure 2 show four types of such hypothesized self-assembled networks
with chains emanating from cross-linking points. These chains have the same length
and form a p-sided polygons.

In a regular polygon, the number of chains (N¢) is proportional to px2tan(180°/p)/p,
and the area of regular polygon is proportional to p/[4tan(180°/p)]. As can be seen
from the p-sided regular polygon shown in Figure 2, it can be divided into p isosceles

triangles with a vertex angles of 360°/p. The area of p-sided regular polygon is



considered as that of p isosceles triangles, e.g., p/[4tan(180°/p)]. When the area of the
network is kept a constant, the number of chains (N¢) can be then obtained, i.e.,
px2tan(180°/p)/p. According to the rubber elasticity theory [47], the number of chain
(N¢) plays a critical role to determine the mechanical elasticity property of the
polymer. FEA simulation is carried out to study the effect of regular polygons on the
mechanical performance under a constant strain of 50%. Here, the applied FEA model
and design method are the same with the previous ones. The Poisson's ratio and
modulus of the polymer are chosen as 0.45 and 1 MPa, respectively. The 8-node
hexahedron element, C3D8R, is used to perform the FEA simulation. 8000 elements
are used to model the unit with a size of 20x20 mm? and the width of each line is 1
mm. In a 20x20 mm? cell, the chain lengths of all four types of regular polygons are
assumed to be 10 mm. Poisson's ratios and moduli of all chains are chosen as 0.45 and

1 MPa, respectively.

p=3

IR :
b4
0.0
#
180°/p 0.02
0.00
12

Figure 2. Schematic illustrations of self-assembled networks by non-Euclidean geometry in terms
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of p-sided polygons and their stress-strain curves.



The simulation results show that the strain energy values are decreased from
10.6x1073 J, 7.7x102 J, 6.5x102 J to 5.5x107 J with an increase of the p values from
3, 4, 5 to 6 for the p-sided polygons, and the stress is decreased from 0.102 MPa,
0.074 MPa, 0.063 MPa to 0.053 MPa (at the same strain of ¢=0.5 and the stress was
reduced by 48%), with an increase in the p values from 3, 4, 5 to 6 for the p-sided
polygon, respectively. Due to the same length of polymer chain, the triangle polygon
has 6 complete units, the square polygon has 4 complete units, whereas the pentagon
and hexagon ones have only one complete unit. According to the rubber elastic theory
[45-47], the crosslinking density per volume is decreased with the increase of p, thus
causing the decreases of both strain energy and stress. On the other hand, effect of
junction functionality (g) on the p-sided polygon is investigated, and the obtained
results are shown in Figure 3. In this case, the non-Euclidean geometry equation can
be written as 1/Rq=-pz(1-2/p-2/q)/Ar, where Rq is the radius of ellipsoid (or spheroid)
and Ay is the area of polygon [44].

The first row of Figure 3 shows the effect of junction functionality (q) on the
self-assembled polymer network, of which the geometry is described using the
increased number of self-assembled molecule chains. The second row shows the
effect of junction functionality (g) on self-assembled polymer network, of which the
non-Euclidean geometry will be gradually increased with an increase in the junction
functionality (q). The third row shows the effects of junction functionality (q) and Rq
on self-assembled polymer network, of which the non-Euclidean geometry will be

gradually increased with increases in the junction functionality (q) and Rq. The fourth



row shows the effect of junction functionality (q) on microphase, in which the
non-Euclidean geometry is increased with increases in q and Rgq, resulting in an
ellipsoid shape. The areas of spheroid and ellipsoid are kept constants during
simulations, i.e., mx2x2 mm? and nx1x4 mm?, respectively. The simulation results
show that the strain energies are 0.112 J and 0.115 J for the spheroid and ellipsoid
microphases, respectively. These simulation results support that the transition
between spheroid and ellipsoid microphases is determined by the junction
functionality (g), which plays a critical role to determine the strain energy. Therefore,
the constitutive relationship between the microphase separation and non-Euclidean

geometry equation should be investigated.
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Figure 3. Schematic illustrations of self-assembled networks and spheroid/ellipsoid microphase by
junction functionality (q) and the ellipsoid radius (Rq), where g and Rq are ruled by the

non-Euclidean geometry equation of 1/R4=-px(1-2/p-2/q)/A:.



One advantage of using the non-Euclidean geometry to simulate the polymer
network is that it provides a geometrical manner to characterize the microphase
separation and simulate the mechanical properties by p-side polygons and junction
functionality (q) using FEA analysis. Furthermore, the mathematical equation can be
used to describe the chemo-mechanical coupling in the self-assembled polymers in
terms of geometrical shape transition of polymer network. Another advantage of the
non-Euclidean geometry is to describe the microphase, of which the morphological
transition is originated from the self-assembly of polymer network and the externally
mechanical loading.

Here, the rubber elastic theory [45,46] and phantom model [46,47] have been
introduced to explore the constitutive relationship of non-Euclidean geometry
parameters and elasticity of the self-assembled network. Combining equations (10)
and (11), the true stress as a function of elongation ratio can be written as,

o =20—2ytan BUN K T{p, —[1+exp(-2/6 7 D)2
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To verify the equation (12), analytical results of the proposed model are obtained
and plotted in Figure 4, in which the non-Euclidean geometry of p-sided polygon
network and junction functionality (¢) are varied. Parameters used in the equation (12)
for calculations of these values are p;,=3.4, ¢g=4, y=0.11, r=0.2b, N=100 and

NcksT=0.2 MPa for Figure 4(a); pi=3.4, p=4, y=0.11, r0=0.2b, N=100 and NksT=0.2



MPa for Figure 4(b). Results show that the stress is decreased from 5.79 MPa to 1.61
MPa at the same elongation ratio of /=6, with an increase in the p from 3 to 7. Based
on the rubber elastic theory [45-47], the cross-linking density is gradually decreased
with an increase in the non-Euclidean geometry of p-sided polygons, thus resulting in

a decreased stress.
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Figure 4. Analytical results of equation (12) for the effects of non-Euclidean geometries on the
stress-elongation ratio behaviors. (a) Effect of non-Euclidean geometry of p-sided polygon
network on the stress-elongation ratio behavior, where p=3, 4, 5, 6 and 7. (b) Effect of
non-Euclidean geometry of junction functionality (q) on the stress-elongation ratio behavior,
where =3, 4,5,6 and 7.

Analytical results of the effects of non-Euclidean geometry of junction
functionality (g) on stress-elongation ratio are plotted in Figure 4(b). With an increase
in the junction functionality (g) from 3, 4, 5, 6 to 7, the stress is gradually increased
from 2.23 MPa, 3.35 MPa, 4.01 MPa, 4.46 MPa to 4.78 MPa at the same elongation
ratio of /=6. These analytical results can also be explained by the rubber elasticity

theory [45-47]. With an increase in the junction functionality (q), the cross-linking



density is increased in the self-assembled network, thus causing the increases of both
stress and elasticity at the same elongation ratio.
3. Experimental verification

Experimental data reported in Refs. [29,48,49] for the triblock
PMMA-PDMS-PMMA polymers are used to verify the analytical results generated
from the proposed model. Levenberg-Marquardt optimization algorithm is adopted for
all the calculation parameters. The corresponding termination condition is that the
value of residual sum of squares does not decay for at least 100 times, at a given p=4
and ¢g=6 based on the rubber elasticity theory [45-47]. Here, N. is the number of
chains, kg=1.38x10"* J/K is the Boltzmann constant, 7=298.15 K is temperature, pj is
the hydrostatic pressure which is used for the initial boundary condition, 2N=2000 is
the number of 4 and B segments in a copolymer chain [28,48,49], b=1 nm is the
length of a segment [41-46], r0=0.15 nm is the initial position vector which is similar
to the length of covalent bonds [41-43]. For the PMMA-PDMS-PMMA system of
self-assembled block copolymer with the microphase separation. y, the Flory-Huggins

interaction parameter can be estimated being less than 0.2 [45,46]. This results in that
I
the range of \/;EO is from 0 to 0.07, and yN is ranged from 10.5 to 200 [41-43].

Here the N.kgT is used for the modulus of polymer network [47]. These parameters
are determined by the experimental results, and can be well fitted using the existing
experimental data reported in literature. In order to obtain a realistic network structure,
we have checked the reported experimental results [29,48,49]. These papers reported

that the non-Euclidean geometry [44] can simultaneously characterize the deformation



characteristics of 3-sided and 4-sided polygon networks, and therefore based on these
references, g=6 is selected.

To experimentally verify the proposed model of equation (12), the analytical results
have been obtained and then plotted to predict the relationship between mechanical
stress-elongation ratio of the PMMA-PDMS-PMMA polymers [29]. The effects of
volume fraction of PMMA (f) have been investigated and the results with the same
number of PDMS segment (Np) are shown in Figure 5. The analytical results of
classical Mooney-Rivlin (M-R) model (6=(2C1+2C2/A)(A-1/2%), where C; and C, are
material constants [46,47], are also plotted for comparisons. All the parameters used
in the equation (12) are listed in Table 1. With an increase in the PMMA volume
fraction from f=0.07, /=0.09 to f=0.16, the maximum stress is increased from
2.06x10° Pa, 3.78x10° Pa to 3.88x10° Pa as shown in Figure 5(a). It is revealed that
the analytical results obtained from the proposed model are close to the experimental
results, in comparison with those obtained from of the M-R model [46,47]. In Figure
5(b), the correlation index R’ between analytical and experimental results are
calculated to be 98.28%, 99.77% and 99.48% for the PMMA-PDMS-PMMA
polymers of /=0.07, /=0.09 and f=0.16, respectively. It can be clearly seen that the
analytical results agree well with the experimental data (|Ag|<0.25%x10° Pa).

Table 1. Values of parameters used in equation (12) for PMMA-PDMS-PMMA polymer.

f NcksT (10°Pa) Dh XN Ci(10°Pa) | C> (10°Pa) )(%0
0.07 1.91 17.25 | 64.48 0.17 -0.31
0.09 3.06 19.48 | 73.36 0.31 -0.52 0.035
0.16 4.41 27.57 | 106.08 0.51 -0.84
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Figure 5. Effect of PMMA volume fraction (f) on the mechanical stress-elongation ratio behavior

of PMMA-PDMS-PMMA polymer, where /~=0.07, /=0.09 and /=0.16. (a) Comparisons among

analytical results using equation (12), M-R model [46,47] and experimental data [29] for

PMMA-PDMS-PMMA polymers. (b) Divergences of analytical and experimental results of stress.

Furthermore, analytical results of stress-elongation ratio obtained using the

equation (12) are plotted in Figure 6(a), which has also included the experimental data

of PMMA-PDMS-PMMA polymers with various volume fractions (f) of PMMA

reported in Ref. [48]. All the parameters used in the equation (12) are listed in Table 2.

Table 2. Values of parameters used

triblock polymer.

in equation (12) for PMMA-PDMS-PMMA

f N.ksT(10° Pa) 2 AN )(%0
0.03 0.75 4.01 10.83
0.11 2.98 18.14 68.36 0.049
0.14 4.12 17.29 64.84
Both the analytical and experimental results show that the stress of

PMMA-PDMS-PMMA polymer is significantly increased from 0.04x10° Pa,

0.48x10° Pa to 0.72x10° Pa at the same elongation ratio of =2, with an increase



in the volume fraction of PMMA (f) from 0.03, 0.11 to 0.14. The analytical
curves fit well with those from the experimental data. On the other hand, the
divergences between the analytical and experimental results are calculated
using the correlation index (R?), which are 99.12%, 98.93% and 99.14% for

f=0.03, f=0.11 and f=0.14, respectively, as shown in Figure 6(b).
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Figure 6. Analytical results from current model and experimental data [48] of mechanical
stress-elongation ratio behaviors of PMMA-PDMS-PMMA polymers, at given Ng=884 and
various PMMA volume fraction (f) of 0.03, 0.11 and 0.14. (a) The stress-elongation ratio
curves. (b) Divergences of analytical and experimental results of stress. (c) Schematic
illustration of the morphology transformation of microphase separation with respect to

non-Euclidean geometry of junction functionality (q).



Figure 6(c) illustrates the working principle of the effect of PMMA volume
fraction on microphase separation in the PMMA-PDMS-PMMA polymer. With
an increase in the PMMA volume fraction, the junction functionality (q) is
Increased, resulting in the microphase separation, of which the morphology is
transformed from spheroid to ellipsoid. According to the thermodynamics of
microphase separation, the stiffness of the self-assembled polymer is therefore
enhanced with an increase in the junction functionality (q).

To verify the effect of segment number of PMMA on the mechanical behavior,
equation (12) is applied to predict the mechanical stress-elongation ratio of
PMMA-PDMS-PMMA polymer [49]. The obtained results are shown in Figure 7(a)
for the polymers with various numbers of PMMA segment of N4=200, 300, 700 and
1200. Values of parameters used in equation (12) in the calculations are listed in Table
3. With the increased numbers of PMMA segments (N4) from 300, 700 to 1200, the
stress of the PMMA-PDMS-PMMA polymer is increased from 0.68x10° Pa, 1.23x10°
Pa to 3.57x10° Pa at the same elongation ratio of 2=3. Meanwhile, the divergences
between the analytical and experimental results have been calculated based on
correlation index (R?), which are 98.55%, 99.90%, 99.89% and 98.05% for the
numbers of PMMA segment of N,=200, 300, 700 and 1200, respectively, as shown in
Figure 7(b). Figure 7(c) shows the working principles of the effect of PMMA segment
length on microphase separation. The stress of the polymer is enhanced with an

increase in the number of PMMA segment, which increases the non-Euclidean



geometry of junction functionality (g), causing the morphology of microphase
transformed from the spheroid one into the ellipsoid one.

Table 3. Values of parameters used in equation (12) for PMMA-PDMS-PMMA polymer.

T
Ny N.ksT(10° Pa) i AN X EO
200 0.65 18.98 | 73.12
300 1.29 19.74 | 76.55
0.056
700 2.17 22.11 85.32
1200 6.82 20.54 | 78.04
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Figure 7. Analytical results from equation 12 and experimental data [49] of mechanical

-

stress-elongation ratios of PMMA-PDMS-PMMA polymers, at given Np=900 and various
numbers of PMMA segment of N4=200, 300, 700 and 1200. (a) The stress-elongation ratio curves.
(b) Divergences of analytical and experimental results of stress. (¢) Schematic illustration of the

morphology of microphase by non-Euclidean geometry of junction functionality (g).



Furthermore, effects of volume fraction (f) of PMMA on the mechanical
stress-elongation ratios of PMMA-PDMS-PMMA polymer have been evaluated and
the obtained data are plotted in Figure 8(a). All the parameters used in the equation
(12) are listed in Table 4. With an increase in the PMMA volume fraction from f=0.03,
0.06, 0.11 to 0.19, the stress is increased from 0.17x10° Pa, 0.17x10° Pa, 0.37x10° Pa
to 2.99x10° Pa at the same elongation ratio of A=2. These analytical results fit well
with the experimental data [29] of PMMA-PDMS-PMMA polymers with an error
|Ac|<0.2x10° Pa, as shown in Figure 8(b). The divergences between the analytical and
experimental results have been compared based on the data of correlation index (R?),
which are R*=98.66%, 99.94%, 99.69% and 99.08% for £=0.03, 0.06, 0.11 and 0.19,
respectively. Figure 8(c) illustrates the working principle for the increased PMMA
volume  fraction on the mechanical stress-elongation behavior of
PMMA-PDMS-PMMA polymers. Results show that the length of PMMA chain is
gradually increased with an increase in the PMMA volume fraction in the
PMMA-PDMS-PMMA polymer. Based on the thermodynamics in microphase
separation, the PMMA chain length determines the interfacial thickness (7oN) of the
microphase separation, resulting in the increase of both the radius
(1/Ri=-pr(1-2/p-2/q)/A;) of ellipsoid (or spheroid) and strain energy. Therefore, a
larger mechanical stress is then needed at the same elongation ratio.

In this study, both the free energy of elasticity (Fei) and interfacial free energy (Fint)
are employed to formulate the thermodynamics of microphase separation. However,

the interfacial free energy (Fint) shows a much larger error at the low elongation ratios,



because the interface between microphase and matrix has not been involved to resist
to the external loading. Thus, the mechanical energy is lost because the interfacial free
energy (Fint) shows high errors at low elongation ratios in Figure 5 to Figure 8.

Table 4. Values of parameters used in equation (12) for PMMA-PDMS-PMMA polymer.

T
f N.ksT(10° Pa) i AN X EO
0.03 1.05 20.45 78.28
0.06 1.65 24.09 93.12
0.044
0.11 2.40 29.98 116.24
0.19 7.17 35.01 135.99
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— f 0.03 006 011 019 - oo e
6.04- : :
<
‘_9-4.5
2
©304d
51.5-' 77777777777777777777777777777777777777777777777777
A ——R2=00.60%
0.04- | ——R=09.08% (b) '

2 3 2 3
Elongation ratio A Elongation ratio A

Self-assembly o - p=4
2303 A —

Same volume fraction

—

2 q7 -~ =4
Nyl Self-assembly G R _ ‘§=6
rNT v (©)

Figure 8. Analytical and experimental results [29] of the stress-elongation ratio, at given Nz=938

and various PMMA volume fraction of /=0.03, 0.06, 0.11 and 0.19. (a) The stress-elongation ratio

curves. (b) Divergences of analytical and experimental results of stress. (¢) Schematic illustration

of the effect of PMMA volume fraction on microphase separation by the non-Euclidean geometry

of ellipsoid radius (Ry).



4. Conclusions

A new non-Euclidean geometry model is proposed to represent the mechanics of
the chemo-mechanical coupling in the self-assembled polymer. The geometrical
parameters, p-sided polygons and junction functionality (g), are applied to estimate
the mechanical elasticity of self-assembled and cross-linked network. Meanwhile, the
radius (Rs) of microphase is also characterized using the geometrical parameters of p
and ¢, to describe the thermodynamic microphase separation and morphology
transformation. This non-Euclidean geometry framework is able to combine with the
chemical self-assembly of microphase separation and mechanical elasticity of
cross-linked network, to explore the working principle of chemo-mechanical coupling
in self-assembled polymer. The geometrical parameters of p and ¢ are helpful to
characterize the rubber elasticity of polymer network, which is originated from the
self-assembly of molecule chains and determined by the thermodynamics of
microphase separation. Therefore, the proposed model provides a fundamental
approach to explore the working principle in self-assembly, in combination of rubber
elasticity theory and thermodynamics of microphase separation. However, it should
be noted that the non-Euclidean geometry morphology and its transformation should
be formulated for the constitutive relationship of microphase separation and
mechanical property of self-assembled polymer systems.
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