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a b s t r a c t
Active materials are those capable of giving some physical reaction under external stimuli
coming from the environment such as temperature, pH, light, mechanical stress, etc. Reactive polymeric materials can be obtained through the introduction of switchable molecules
in their network, i.e. molecules having two distinct stable conformations: if properly linked
to the hosting polymer chains, the switching from one state to the other can promote a
mechanical reaction of the material, detectable at the macroscale, and thus enables us to
tune the response according to a desired functionality. In the present paper, the main
aspects of the mechanical behavior of polymeric materials with embedded switchable
molecules—properly linked to the polymer’s chains—are presented and discussed. Starting from the micro mechanisms occurring in such active material, a continuum model is
developed, providing a straightforward implementation in computational approaches. Finally, some experimental outcomes related to a switchable molecules (known as quinoxaline cavitands) added to an elastomeric PDMS under chemical stimuli, are presented and
quantitatively discussed through the use of the developed mechanical framework.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction
Polymeric materials, thanks to their availability, processability and wide range of mechanical properties, are now ubiquitous for engineering applications and are evolving into multifunctional systems. As a result, the in-depth study of their
physical characteristics and the related quantitative description is steadily increasing. Starting from their structure, several
macromolecular-based theories have been proposed, deﬁning the macroscopic behavior of the polymer through the mechanics of a single chain or chain network (Flory and Rehner, 1943; Treloar, 1943; Kuhn and Grün, 1946; Staudinger, 1970;
de Gennes, 1971; Treloar, 1973). Simpliﬁed models of the mechanical response of different polymeric chains arrangements
have been successfully developed (Wang and Guth, 1952; Treloar, 1946; Arruda and Boyce, 1993; Wu and Van Der Giessen,
1993; Edwards and Vilgis, 1988), as well as phenomenological models (suitable to be directly used in continuum me-
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Nomenclature
A
An
b
Cs , Cˆs
E
em
F, Fij
Fop
f m
fp
f˜
hN, op (F, Cs )
˜ op (F , Cs )
h
Jtot
Jop , Jsw
kA , kD
kB
L, L−1
lp , l0p



N̄
l¯0 p = b ·
lm , l0m
n
N, Nm
N̄, δ N2
ns
p(N)
r
P
Sr
T
Vm
Vs
vm, cl , vm, op
Wnet
Wmix
Wop
w

α
χ
δ GA0 , δ GD0
δ sm
φ
φ op
φ cl
λm
λp
λpm
λ0
λ˜
μ
ψ
Subscripts

rotation tensor
Avogadro’s constant
length of a chain’s segment
solvent’s concentration in the reference state and solvent concentration triggering the opening of all the
switchable molecules in the unit volume, respectively
Green–Lagrange deformation tensor
energy barrier between the two states of a single switchable molecule
deformation gradient tensor
deformation gradient tensor associated to the molecules opening mechanism
threshold force required to open a switchable molecule
force acting on a polymeric chain
average chain force value evaluated over all the chain lengths
ratio between the number of open and the number of switchable molecules joined to chains with a
given length
number fraction of the open molecules with respect to the total number of switchable molecules in the
polymer
total relative volume change
relative volume change due to the opening of the switchable molecules and to swelling, respectively
activation and deactivation reaction rates of the switchable molecules
Boltzmann’s constant
Langevin function and its inverse
end-to-end distance of a single polymer chain in the current and reference state, respectively
end-to-end distance of the polymer chain having the mean value N̄ of Kuhn’s segments
length of a switchable molecule in the current and reference state, respectively
number of chains per unit volume
number of segments in a polymer chain
mean value of the distribution of the number of Kuhn’s segments, and its variance, respectively
current number of solvent molecules available for one switchable molecule
probability density function of the number of Kuhn’s segments
end-to-end distance
ﬁrst Piola stress tensor
stoichiometric ratio necessary for the activation of the opening reaction
absolute temperature
molar volume of the switchable molecules
molar volume of the solvent molecules
volume of a switchable molecule in the close and in the open form, respectively
energy stored in the network
mixing energy
energy associated to opening of the switchable molecules
mechanical work necessary to open a single switchable molecule
relative size of the switchable molecule
Flory–Huggins parameter governing the swelling phenomenon
energies required for the opening and the closing transformation, respectively
size difference of the switchable molecule between the two states
volume fraction of the switchable molecules
volume fraction of the switchable molecules in the open state
volume fraction of the switchable molecules in the close state
stretch of a switchable molecule
stretch of a single polymer chain
stretch of the single polymer chain-switchable molecule system
stretch value referred to the mean chain length l¯0 p
average (mesoscopic) stretch value evaluated over all the chain lengths
shear modulus
deformation energy function
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A, D
cl
m
mix
N
net
op
p
s
sw

refers
refers
refers
refers
refers
refers
refers
refers
refers
refers

to
to
to
to
to
to
to
to
to
to
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activation/deactivation
closing of the switchable molecule
the switchable molecule
the solvent–polymer mixing during swelling
a polymer chain with N Kuhn’s segments
the polymer network undergoing a mechanical deformation
opening of the switchable molecule
the polymer chain
the solvent
the swelling phenomenon

chanics) mainly based on the observation of experimental outcomes (Boyce and Arruda, 20 0 0; Ogden, 1972; Yeoh, 1993;
Holzapfel, 20 0 0). A successful description of the covalent interactions between polymer chains, and cross linked carbon
nanotube (CNT) reinforced polymer matrix composites, has been obtained through the use of the so-called coarse-grained
(CG) approach; its main feature is the ability to capture the elastic properties of the polymer composites based on the mole
fraction of cross links, and the weight fraction and distribution of nanotube reinforcements. According to this approach, the
energy of the system is given by the sum of the monomers’ energy, obtained by adding up the contributions of the variation
of the bond length, the bond angle and the van der Waals interaction (Arash et al., 2015; Mousavi et al., 2016).
In the last decades, the introduction of functional moieties into the polymer backbone led to the development of highly
sophisticated materials usually referred to as ‘smart’, whereby intelligence relies on their responsiveness to different external stimuli. In particular, systems sensitive to temperature (Pucci et al., 2007), pH (Dai et al., 2008), mechanical stress
(Li et al., 2015), electric and magnetic ﬁelds (Manouras and Vamvakaki, 2017), light (Jochum and Theato, 2013), etc. have
been reported.
In the case of mechanoresponsive materials, the term ‘mechanophore’ has been coined to indicate a molecule undergoing
a predictable chemical modiﬁcation triggered by mechanical force. Most of the mechanophores reported so far are characterized by the presence of strategically weakened bonds, strained rings or isomerizable bonds, prone to react once tensile
solicitations are transferred to them through the polymer chains. Over the past few years, thanks to the sizable progress in
mechanophore design, a broad range of mechanically-triggered transformations has been attained, such as color/ﬂuorescence
change (Davis et al., 2009) accessing symmetry-forbidden electrocyclic ring-opening reactions via “non-conventional” reaction pathways (Hickenboth et al., 2007), isomerizations (Lenhardt et al., 2010), release of small molecules (Larsen and
Boydston, 2013) and activation of latent transition metal catalysts (Piermattei et al., 2009).
In the design of stimuli-responsive materials, researchers often took inspiration from Nature (Montero de Espinosa et al.,
2017): indeed, mechanochemical processes play an important role in many biological systems and are usually based on
the induction of conformational changes with a full recovery of the initial state once mechanical stress is withdrawn.
This approach, in which a complex system undergoes a speciﬁc conformational change, is called soft mechanochemistry
(Lavalle et al., 2016).
Among the wide class of active materials (Schneider and Kato, 2008; Wei et al., 2017; Roy et al., 2010; Cohen Stuart et al.,
2010; Früh et al., 2017), pH-responsive polymers have attracted great interest for their broad range of applications, including controlled drug delivery, personal care, industrial coating, biological and membrane science, viscosity modiﬁer, colloid
stabilization and water remediation (Dai et al., 2008).
In the present paper, a physics-based micromechanical model is developed to describe the behavior of elastomers in
which switchable molecules are covalently introduced into the main chain. These compounds are capable of signiﬁcantly
change their shape and size by switching between two stable conformations in response to a pH variation. This change in
conformation can also be triggered by the application of mechanical forces to the switchable molecules (Wanga et al., 2015;
Beiermann et al., 2014). Based on the statistics of the polymer chain network, a chemo-mechanical theoretical framework is
developed accounting for the effects of both mechanical and chemical stimuli. The developed theory, rooted in the micromechanics of the involved phenomena but suitable to be applied at the continuum level, represents a simple and useful tool for
the design of smart responsive materials. The theoretical model is then applied to the interpretation of an experimental case
involving the macroscopic mechanical expansion of silicone samples enriched with switchable molecules (namely quinoxaline cavitands). The advantage of our theoretical approach is its clear connection with the underlying micromechanics of the
cavitand and its suitability to describe the material at the continuum level. This combination makes it a potentially useful
tool for the design of smart responsive materials and smart devices spanning different length scales.
The paper is organized as follows: Section 2 brieﬂy presents the motivation of the present study by illustrating the switchable capability of a molecule having two distinct conformational stable states in a polymeric network;
Section 3 presents an overview of the mechanics of a polymer chain; Section 4 is devoted to the description of the deformation and to the mechanics of a polymer chain joined with a switchable molecule and of chemo-mechanically driven
conformational change of a switchable molecule. Section 5 proposes a statistically-based continuum approach for the mechanics of a polymeric material enriched with switchable molecules; Section 6 presents some parametric analyses regarding
the mechanical response of a polymeric switchable material to a pH stimulus or mechanical stress. The general developed
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Fig. 1. (a) Shape of the two states, close and open, of the switchable quinoxaline cavitands. (b) Graph illustrating the energy of the cavitand during the
transition between the two states; the vase (close) and the kite (open) conformations are the only stable ones and correspond to a minimum of the energy.
The transition from one stable state to the other one requires passing through an energetic potential barrier.

model has been applied to the speciﬁc case of an elastomeric PDMS containing switchable cavitands and compared with
the corresponding experimental results in the last part of Section 6.
2. Motivation of the study
The development of a suitable model to quantitatively describe the mechanical response of polymers containing conformationally switchable molecules is required to properly tune and design their functionality harnessing their use in
speciﬁc applications, such as smart nanostructured materials (Goldberg et al., 2007), microrobotics (Vernerey et al., 2017;
Vernerey and Shen, 2017), nanotechnology and tissue engineering (Bryant and Vernerey, 2017).
In the present section we brieﬂy outline the physical behavior of a real polymeric material containing switchable
molecules. The switchable molecules herein considered, known as quinoxaline cavitands, can be exploited to design materials capable of a smart response, obtained by harnessing the two distinct and energetically stable conformational states
of the molecule (named vase (close) and kite (open), Fig. 1a (Pochorovski and Diederich, 2014)), characterized by a large
size variation between the two conformations. The close and the open forms are the only stable conformations, since they
correspond to a minimum of the energy function; the transition from one state to another requires to overcome a potential barrier as shown in Fig. 1b (Pochorovski, 2013). The vase-kite transition for quinoxaline cavitands has been promoted
by different external stimuli, such as variation of temperature, solvent (Moran et al., 1991), or pH (Skinner et al., 2001),
and presence of coordinating metal cations (Frei et al., 2004). Quinoxaline cavitands are introduced in the polymeric chains
through a proper functionalization of their wings (Fig. 1a); in this way, the volume variation of the cavitand induces the
deformation of the polymeric chains, generating a macroscopically observable deformation of the polymeric material.
The effect at the nanoscale level of such a mechanism, can thus be exploited to get a desired deformation of the element
of interest.
In the experimental section (6.2), quinoxaline cavitands are polymerized in PDMS matrix, and the behavior of the resulting polymer is investigated in the case of pH changes induced by the adsorption (swelling) of an acid.
3. Mechanics of a polymer chain network
In contrast to most hard engineering materials, the mechanics of a rubberlike polymer networks is dominated by thermal
ﬂuctuations. The elasticity of the material therefore depends on (a) the entropy of a polymer chain, that typically increases
with temperature and the length of the chain and (b) the statistical distribution of the chains’ end-to-end distance within
the network, a feature that may eventually be used to measure the entropy and response of the material (Treloar, 1946).
The force fp (N) in a single chain can be determined through the deﬁnition of a potential function ψ (λp (N)) in the form:

f p (N ) =

∂ψ (λ p (N ))
∂ r p (N )

(1)

where r p = ||r p || is the chain’s end-to-end distance and λp (N) is the stretch occurring in the single polymeric chain made
of N Kuhn’s segments. For a polydisperse polymer, it is appropriate to invoke a length-dependent Langevin-chain model to
describe a chain’s response (Kuhn and Grün, 1942). The deformation energy and the corresponding force of the single chain
are therefore written:



ψ = N kB T ·
with

β=L

β
bN

−1

r + ln

 r 
bN

β



sinh β



=L

−1

,

λp

√

N

f p (N ) =



kB T
·β
b

(2)
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Fig. 2. Scheme of the switchable molecule joined in series with a polymeric chain. Stress-free state (a), loaded state before switching (b) and after switching
(c). The shown conformationally switchable molecule is the cavitand used in Section 6.2.

√
with kB and T being the Boltzmann constant and the absolute temperature, respectively, while r = λ p · r0 , r0 = b N are
the end-to-end chain distance in the deformed and in the stress-free state, respectively, and L(x ) is the Langevin function
deﬁned as: L(x ) = coth(x ) − x−1 . Its inverse, L−1 , is not easy to express but several approximations have been proposed
1539 7
5
such as the simple polynomial expression proposed in Darabi and Itskov (2015): L−1 (x ) ≈ 3x + 95 x3 + 297
175 x + 875 x + . . ., or
through the expression proposed by Jedynak (Jedynak, 2015), L−1 (x ) ≈ x(3 − 2.6x + 0.7x2 )/[(1 − x )(1 + 0.1x)].
The use of the inverse Langevin function allows us to model the mechanical response of chains deformed at a level close
to their maximum extension, i.e. in a situation in which all the Kuhn’s segments
are nearly aligned along a single direction.
√
In this case, the stretch of the chain tends to its maximum value, λmax = N. Since the Kuhn segments are assumed to be
rigid elements, the force in the chain tends to inﬁnity as λp → λmax , i.e.

1
fp = √
b N



∂ψ
kB T −1 λ p
=
L
, being lim f p = limL−1 (x ) = ∞
√
x→1
∂ λp
b
λ p →λmax
N

(3)

When a switchable molecule is linked to the polymer chain, the aforementioned force is also transmitted to the molecule
itself (Fig. 2), thus triggering the opening mechanism. Since the chain force is length-dependent, the opening mechanism of
the switchable molecules depends on the polydispersity of chain length (or equivalently, to the number of its chain’s Kuhn
segments) in the network.
In the next section, we discuss the underlying mechanics of switchable molecules whose opening mechanism is triggered
by both chemical and/or mechanical stimuli. Based on this analysis, a continuum model is derived for networks containing
responsive switchable molecules.
4. Modeling of the chemo-mechanically-driven switching
4.1. Deformation of a polymer chain joined with a switchable molecule
Let us consider a single polymeric chain joined with a switchable molecule: upon stretching, the chain elongates and the
force carried by the chain itself increases with the deformation. The end-to-end distance r0 = l0 p of the chain (whose composing Kuhn’s segments are assumed to be arranged according to the random walk theory (Helfand, 1975; Graessley, 1982)),
and the size l0m of the switchable molecule in its closed form is expressed as:

r0 = l0 p = b ·


√
N, l0m = b · Nm

(4)

It is clear that the switchable molecule is modeled as a polymer chain with an equivalent number of Nm Kuhn’s segments,
having the same length b of those of the polymer chains. When subjected to forces, the deformation of the polymer chainswitchable molecule system (Fig. 2) can then be measured by the stretch ratio:

λ pm =

λ p l0 p + λm l0m
l0 p + l0m

= λ p (1 − α ) + λm α

(5)

where

α=

l0m
1
=
,

l0 p + l0m
1 + N/Nm

λp =

lp
,
l0 p

λm =

lm
,
l0m

(6)

Here, λp and λm are interpreted as the stretch values of the polymeric chain and the switchable molecule, respectively.
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Due to the small size of the switchable molecule compared to the end-to-end distance of the polymer chain, in the
closed conformation (λm = 1), the stretch of the system corresponds to the one of the polymer chain, λpm ∼
=λp (i.e. α ∼
=0).
However, when the molecule undergoes its conformation change, the stretch λm has a well-deﬁned value given by:

λm = 1 +

δ sm
b·

√

(7)

Nm

where δ sm = lm − l0m is the size difference of the switchable molecule evaluated between its open and closed conformations
(Fig. 2).

N̄ is the undeformed end-to-end
Let us deﬁne a conventional polymer chain stretch as λ0 = l p /l¯0 p , where l¯0 p = b ·
distance of the chain containing the average number of Kuhn’s segments N̄ according to the assumed distribution. Moving
up to the scale of the polymer network—whose chain length is assumed to follow a statistical distribution through the
probability p(N) of the number of the Kuhn’s segments—and by assuming aﬃne deformation, the average (mesoscopic)
˜ , evaluated over all the chain lengths (Treloar, 1973), is given by
stretch value λ

 
λ˜ = 1 + (λ0 − 1 ) N̄

+∞
Nmin

p( N )
√ dN
N

(8)

where, for sake of simplicity, a standard Gaussian probability function can be adopted for the distribution of N, i.e. p(N ) =
1
√

δ N· 2π

2

N̄ )
exp[− (N−
], in which δ N2 is the variance of the number of Kuhn’s segments distribution in the polymer’s network.
2 ·δ N 2

For a generic polymer chain, whose end-to-end distance is characterized by the number N of Kuhn’s segments (see Eq. (4)),
undergoing a displacement equal to the one applied to the chain of length N̄ and by using (8), the corresponding stretch
value is given by



λ p (N ) = 1 + λ˜ − 1
N̄/N

(9)

By using the expression (7) for the stretch λm of the switchable molecule, the deformation of the single chain (9) can be
evaluated by accounting for the opening of the switchable molecule as follows:


λ p (N ) = 1 +

λ˜ − 1





˜ , N, ns
N̄ b − δ sm · H λ
√
N·b

(10)

˜ , N, ns ) is a function that deﬁnes the opening state of the molecule. By considering that the switching from
In (10) H (λ
˜ , N, ns ) has to depend
one state to the other can be triggered by both chemical (for example pH) and mechanical stimuli, H (λ
˜ , on the number of the Kuhn’s segments N and on acid concentration, expressed through the
on the macroscopic stretch λ
current number ns of solvent molecules available for one switchable unit (see below). The overall stretch λpm of the single
polymer chain connected to the open switchable molecule becomes





λ pm (N ) = λm · α + λ p · (1 − α ) = 1 + λ˜ − 1 √

N̄
√
N

Nm +

(11)

i.e. it is independent of the amount of opening δ sm (Fig. 2) of the switchable molecule. On the other hand, using expression
(5), the stretch of the polymer chain containing a number N of segments can be obtained as

λ p (N ) =

λ pm (N ) − αλm
1−α

(12)

where λpm (N) is evaluated according to (11).
˜ , N, ns ) assumes only the values 0 or 1, indicating the close and open state of the molecule,
In Eq. (10) the function H (λ
respectively; mathematically it can be expressed as



˜ , N, ns = H ( f p ) + H (ns ) − H ( f p ) · H (Sr )
H λ
H( fp) =

0

if f p < fm

1

if f p ≥ fm

,

H ( Sr ) =

0

if ns < Sr

1

if ns ≥ Sr

(13)

where H(fp ) is the Heaviside function deﬁned according to the threshold force f m required to open the switchable molecule,
and H(ns ) is the Heaviside function deﬁned according to the stoichiometric ratio Sr necessary for the activation of the conformational change. Details related to the mechanically-driven and the chemically-driven opening mechanisms are provided
in Section 4.3.
˜ , N ) represents the force in the polymer chain with N Kuhn’s segments
In the above relations, the quantity f p = f p (λ
˜ , and can be obtained through the use of
under the stretch λp (N) produced by the average deformation of the network λ
Eqs. (3) and (9).
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Fig. 3. Scheme of the force-stretch diagram for the conformationally switchable cavitand and for one single polymeric chain containing one switchable
cavitand.

Fig. 4. Schematic of the macroscopic average chain force-stretch behavior of a polymeric network having its chains linked in series to switchable molecules.

4.2. Mechanics of a single chain joined with a switchable molecule
˜ , N ) and of the corresponding threshold force f  is fundamenThe knowledge of the force in the polymeric chain f p (λ
m
tal to identify the close or open state of the switchable molecule, neglecting any further agent triggering the close-open
transition. A scheme of the force-stretch response of the chain-switchable molecule system (having a given number of
segments N), obtained according to the above discussion, is shown in Fig. 3. For sake of simplicity the mechanical response
of the switchable molecule has been assumed to be linear and the opening has been
assumed to lead to a drop of the force
of an amount δ fm , while the stretch in the molecule itself increases by δλm = δ sm /(b Nm ). The corresponding force–stretch
curve for the polymer chain-switchable molecule system shows a snap back-like behavior as shown by the graph (continuous line). In fact, the sudden opening of the switchable molecule can be seen as a molecular-scale mechanical instability,
leading to the global chain-molecule behavior illustrated in Fig. 2.
The work done by the applied force during the opening of the molecule represents the energy barrier to be overcome
in order to switch the molecular conformation from its closed to open state; this energy can be roughly estimated as w ∼
=
 · δλ (see ﬁlled area in Fig. 3). Once the force f (N) in the single chain for a given macroscopic stretch λ
˜ is known, the
fm
m
p
average force evaluated over all the chain lengths contained in the unit volume of the network can be determined as

f˜ =



∞
Nmin



˜ · p(N )dN
f p N, λ

(14)

˜ of the network is qualitatively
where Nmin ≤ N ≤ ∞. The resulting average chain force f˜ versus the macroscopic stretch λ
illustrated in Fig. 4, where a smooth transition during the opening of the switchable molecules (snap-through) can be observed. It can be seen that the shape of the curve depends on both the maximum force allowed by a chain before opening,
 , and on the standard deviation δ N of the distribution of N in the network.
fm
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 inﬂuences the value of the force f˜ at which the transition takes place, while the standard
The value of the chain force fm
deviation value inﬂuences when the switching phenomenon occurs in different chains under the same applied macroscopic
stretch. When δ N is low (small variability in the number of Kuhn segments), the molecular instability takes place quasisimultaneously in all chains at a critical stretch. As δ N increases, however, the transition is smoother since the threshold for
each chain is characterized by a high dispersion.

4.3. Chemo-mechanically driven molecule opening
Let us now discuss the situation in which the molecular switching is induced by a chemical stimulus, such as the variation of pH. In this case, the energy required to open a single molecule, em = δ GA0 − δ GD0 (see below), is provided by a
chemical reaction. From a mechanical viewpoint, this can be interpreted as the effect of reducing the energy barrier required for switching, i.e. the opening takes place without any mechanical action, if the pH reaches the threshold value for
opening the molecule. Since the case of pH-driven switchable molecules involves the presence of an acid, the physics of this
mechanism must consider the existence of a vapor/ﬂuid that penetrates the polymeric network; consequently, the swelling
phenomenon must be considered together with the deformation induced by the opening mechanism. Let us therefore consider the energy released per unit volume of the unswollen polymer associated with the molecule switching; the energy
variation Wop due to the opening mechanism can be expressed as (see Fig. 3):



Wop (F , Cs ) = −φop · δλm


˜ op (F , Cs ) · φ · w ·
= −h

fm −

An
Vm



δ fm
2

 
·

An
Vm



˜ op (F , Cs ) · φ ·
∼
= −h





δλm · fm ·

An
Vm



=

(15.1)

(15.2)

˜ op (F , Cs ) · φ and φ are the volume fraction of the open molecules and the one of the total number of
where φop (F , Cs ) = h
switchable molecules in the polymer, Vm is the molar volume of the switchable molecules and An is the Avogadro constant
˜ op (F , Cs ) (0 ≤ h
˜ op ≤ 1) is a scalar function
(the ratio An /Vm provides the number of switchable molecules per unit volume). h
of both the mechanical deformation (F) and the concentration of solvent (Cs ) that induces the change of pH. In other words,
˜ op can be seen as the fraction of open molecules over the total number of switchable molecules, irrespectively of the chain
h
˜ op (F , Cs ) = φop (F , Cs )/φ . Let us denote Jop as the volume varilength in which the switchable molecules are contained, i.e. h
ation associated with the opening mechanism of the switchable molecules present in the unit volume of polymer, deﬁned
as

˜ op (F , Cs ) · φ
Jop = 1 + ( Jm − 1 ) · h

(16)

where Jm = det Fm = det(  AT Fop Ad ) = [(λm1 + λm2 + λm3 )/3]3 is the volume change of an ideal 3-D material made of
randomly distributed switchable molecules (here the deformation tensor is Fop , the rotation matrix is A and the solid angle
). Correspondingly, the deformation gradient in the polymer associated to the opening mechanism of the molecules can
be written as
1/3
Fop = Jop
·I

(17)

where Fop is isotropic owing to the random distribution of switchable molecules. The opening mechanism provides in the
network a stress state which can be calculated via the knowledge of the tensor Fop . Indeed, the volumetric expansion of the
molecules entails a hydrostatic compressive stress in the polymer, whose nominal and Cauchy stress tensors are Pop and
σ op , respectively. On the other hand, since the material is incompressible under the effect of external forces, swelling and
molecular switching are the only responsible for its volume change: the solvent concentration Cs is thus readily related to
the volumetric deformation via:

Cs =

−1
JSW
−1
(det F − φ Jop )(1 − φ )−1
=
Vs
Vs

(18)

where we assumed that the volume increase produced by the opening of switchable molecules does not affect the amount
˜ op in (16) accounts for the contribution of all open molecules
of solvent entering the polymer. Furthermore, the function h
˜ op can be expressed as:
attached to polymer chains of all lengths. According to this deﬁnition, h

˜ op =
h



+∞

Nmin

hN,op (N ) · p(N )dN

(19)

where the function hN, op (F) is related to the polymer chain. In fact, for a given applied stretch, a different force value
develops in each chain, leading to a different amount of open molecules per unit volume of material.
According to the above statement, let us assume that—for a given chain length N—the switching between the close and
open conformation state must obey to an equilibrium reaction law; the following standard kinetic equation can be adopted
for the phenomenon under study (Hänggi et al., 1990):

dφN,op
= kA · φN,cl − kD · φN,op
dt

(20)
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where φN = φN,op + φN,cl is the volume fraction of the switchable molecules connected to the polymer’s chains with the
same number N of Kuhn’s segments, φN,cl = (1 − hN,op )φN is the volume fraction of the close switchable molecules and kA ,
kD are the force-dependent activation and deactivation reaction rates of the switchable fractions linked to the polymer chain,
respectively. The above relation can be rewritten by considering (15.2) as:

dhN,op (F , Cs )
= kA − (kA + kD ) · hN,op (F , Cs )
dt

(21)

The force-dependent activation and deactivation reaction rates depend on the deformation F(t) and on the solvent concentration Cs (t) (Eq. (18)) as is shown later, and the function hN, op (F, Cs ) provides the time evolution of the corresponding
fraction (with respect to all the switchable molecules contained in the reference volume) of activated switchable molecules.
The reaction rates kA , kD depend on the energy barrier between the two stable states, which is itself affected by the force
acting on the molecule. By using the Arrhenius equation (Hänggi et al., 1990) the reaction rates kA0 , kD0 —in absence of
external stimuli—can be expressed as:



kA0 = CA · exp −

δ GA0



kB T



,

kD0 = CD · exp −

δ GD0
kB T



(22)

where CA , CD are the so-called frequency factors (Kramers, 1940), δ GA0 and δ GD0 are the energies required for the opening
and the closing transformation of one molecule, respectively, in absence of any mechanical force and without the presence
of any triggering acid. The above-mentioned energy barriers δ GA0 and δ GD0 can be assessed, for instance, through experimental measurements by the nuclear magnetic resonance spectroscopy (NMR) (Moran et al., 1991) and molecular dynamics
simulations (Kim et al., 2009).
Since the opening transformation is favored by the presence of a mechanical stress and by the presence of the solvent
containing a proper number of molecules triggering the pH variation, the above mentioned energies must be rewritten as
follows:

δ GA = δ GA0 − f p · δ sm − δ GA0 ·

Cs
Cˆs

(23.1)

δ GD = δ GD0 + f p · δ sm + δ GD0 ·

Cs
Cˆs

(23.2)

The two equations can be adjusted to the three possible cases: for a mechanically-driven switching mechanism, the Cs
term must be disregarded, for a pH-driven switching mechanism, the term fp is absent, while when both effects are not
present it must be assumed δ GA = δ GA0 , δ GD = δ GD0 . Consequently, the reaction rates (22), rewritten by considering both
mechanical and chemical effects, are expressed as follows:



kA = kA0 · exp

f p · δ sm
kB · T





f p · δ sm
kD = kD0 · exp −
kB T



· exp



δ GA0 Cs
kB · T


· exp −

·



(24.1)

Cˆs

δ GD0 Cs
kB T

·

Cˆs


(24.2)

In the above relations, the inﬂuence of the chemical stimuli on molecular switch is not related to the chain’s length (i.e.
to N), while the inﬂuence of the mechanical action (produced by a macroscopic stretch) on kA , kD , depends on the chain
stiffness, i.e. on the number of its Kuhn’s segments N. If we assume that at the initial time both the deformation and the acid
concentration are zero, the fraction of the open molecules over all the switchable molecules vanishes, i.e. hN,op (t = 0 ) = 0. In
the particular case where the applied stretch and the acid concentration remain zero in time, the reaction rates are constant,
i.e. kA = kA0 , kD = kD0 , and the solution of Eq. (21) with the above initial condition becomes:

hN,op (t ) = hop (t ) =

kA
1 − e−(kA +kD )t
kA + kD

(25)

i.e. it is independent of the number of Kuhn’s segments, while the corresponding solution at the steady state is hN,op,∞ =
lim hN,op (t ) = kA /(kA + kD ). We note that in general, Eq. (21) cannot be solved analytically because of the awkward depen-

t→∞

dence on time of the terms kA , kD through the time-dependence of F(t) and Cs (t).
The present theoretical model has been developed for highly deformable polymers that do not oppose to the opening
of the switchable molecules. In the case of highly cross-linked polymers or in the case of polymers cooled at a temperature below the so-called glass transition temperature, Tg (Gibbs and Dimarzio, 1958), the polymer network becomes lowly
deformable because of its high stiffness; in such cases the opening of the switchable molecules cannot occur and the mechanical or chemical responsiveness of the polymer added with conformationally switchable molecules cannot be exploited.
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5. Mechanics of a switchable molecule added to a polymeric network
5.1. Continuum model of polymers containing switchable molecules
Let us now consider a network whose chains are linked together only through switchable molecules. The mechanical
energy per unit volume of polymer in the swollen state, accounting for the mechanical stress and for the opening of the
switchable molecules, is given by:

W = Wnet + Wmix + Wop

(26)

where Wnet is the mechanical energy of the stressed network, Wmix is the mixing energy related to swelling, while Wop is
the energy associated to the opening of the switchable molecules.
We summarize here the fundamental hypotheses adopted in the following: a) the dry polymer is uncompressible, b) an
applied stretch does not change the acid fraction, and so it cannot change the volume of the swollen polymer, c) at the
macro-scale the molecular switching process triggers a volumetric deformation of the polymer, but does not induce any
further acid adsorption. The equilibrium equations in the current (deformed) state
and in the reference (undeformed)
state 0 are given by:

div(σnet + σmix + σop ) + b = 0 in
Div(Pnet + Pmix + Pop ) + B = 0 in

0

and (σnet + σmix + σop ) · n = text on ∂
and (Pnet + Pmix + Pop ) · N = Text on ∂

(27)
0

with the proper boundary conditions; b and B are the volume forces referred to the two states.
Let us now consider a polymer gel containing switchable molecules that is prone to swelling in presence of a solvent;
the potential energy related to the osmotic pressure of the incoming solvent, Wmix Doi, 2009; Suo et al., 2010), written by
assuming that the switching process does not induce any solvent adsorption is ((16):

Wmix =

kB T

vs



·





−1
J · Jop
− 1 ln 1 −



1
−1
J · Jop

−



χ



(28)

−1
J · Jop

−1

where χ is the Flory-Huggins parameter, Jsw = 1 + Jtot − Jop (1 − φ ) , Jtot is the overall macroscopic volume ratio (accounting for swelling and molecular opening) and vs is the volume of a single solvent molecule. The volumetric expansion due to
−1
swelling entails that the polymer’s volume fraction φ p is related to the volume ratio by φ p = 1 − φ = Jsw
. In the absence of
switchable molecules and mechanical forces, at equilibrium, Jsw depends only on the Flory-Huggins parameter
χ ; the corre
1
1
sponding stationary condition of the energy (28), ∂ Wmix /∂ Jsw = 0, provides the classical equation ln 1 − Jsw
+ Jsw
+ χ2 = 0
Jsw

that can be solved for Jsw once χ is known. The ﬁrst Piola-Kirchhoff stress tensor, corresponding to the above mixing energy,
provides the stress state arising in the swollen network and is given by:

Pmix =

 

 1
∂ Wmix kB T
χ
1
=
· ln 1 −
+
+ 2 ·I
∂F
vs
Jsw
Jsw
Jsw

(29)

In the following section we consider the deformation arising in a polymeric material containing switchable molecules
prone to the opening mechanism under both mechanical and chemical stimuli.
5.2. Homogeneous deformation
We now examine the simple case of a volume element made of a polymer network enriched with switchable molecules,
subjected to a homogeneous internal stress state, due to both acid ﬂow and external forces Pext . The linear momentum
balance (27) is identically fulﬁlled, and the stress state is deﬁned only by the boundary conditions of the problem, corresponding to the equilibrium equation

Pnet + Pmix + Pop = Pext

(30)

In order to determine the stress state, it is necessary to associate the above equilibrium equation to a constitutive relation
for the network’s elasticity. In the following, we adopt the 8-chains model (Boyce & Arruda, 1993) within the Langevin
regime, i.e., we assume that the polymer energy density and the corresponding nominal stress tensor are expressed by
(Wanga et al., 2015):

Wnet = (1 − φ ) · n · kB T
Pnet =

∂ Wnet
∂ Fe



˜ βλ p + N
˜ ln
N

β

sin hβ



− p · (J p − 1 ) −

3

i=1



Pei · λei with

β = L−1

λ
p

˜
N



(31.1)
(31.2)

˜ is the number of segments of a representative chain of the
In (31.1) n is the number of chains per unit volume, N

−1
actual chains distribution p(N ), J p = 1 + Jtot − Jsw (1 − φ ) − φ 1 + Jop (1 − φ ) ∼
= 1 is the volume change due to external
mechanical actions-evaluated by neglecting both the opening of the switchable molecules and swelling—and p is the hydrostatic pressure introduced in (31.1) as a Lagrange multiplier to enforce the incompressibility condition. In (31.1) the terms

R. Brighenti et al. / Journal of the Mechanics and Physics of Solids 113 (2018) 65–81

75

Pei are the external applied Piola stress components, supposed to act only along the three principal directions 1, 2, 3, and
λei , i = 1, 2, 3 are the principal stretches corresponding to Jp . Upon the application of a stress Pi to the volume element, our
goal is to determine the corresponding stretches and the hydrostatic pressure according to the energy function (31.1). The
above stated problem, involving non-trivial mathematical functions, can be solved in an approximate way by linearizing the
stationary condition ∂ Wnet /∂ F − Pnet = 0. By introducing the Hessian of the energy function, Wnet , as Ki j = ∂ Wnet /∂ λei ∂ λe j ,
the stretches arising for a given value of the applied external stresses can be obtained by integrating in discrete steps the
linearized problem. The solution, expressed in term of the deformation gradient tensor, can be obtained using the following
iterative procedure at a given time instant t:



Fei+1 (t ) = Fei (t ) − Kei (t )

−1

·

i
∂ Wnet
(t )
∂ λe

(32)

i (t )/∂ λ is evaluated at the iteration i. The polymer volume change, produced only by swelling and
where the vector ∂ Wnet
e
molecule opening (keeping in mind that mechanical incompressibility is assumed), is given by

˜ op (F , Cs ) · φ · ( Jm − 1 )
J (t ) = 1 + vs An · Cs (t ) + h

(33)

˜ op (F , Cs ) has been previously deﬁned in (19). The effect of the
that corresponds to Eq. (18) and in which the function h
deformation due to swelling and to the molecules switching—whose opening mechanism is triggered by the presence of an
acid inducing a pH change and by a mechanical stress—must now be added to the deformation produced by the external
mechanical actions in order to get the total deformation experienced by the material.
Firstly, once the applied stress state P (t = 0 ) and the solvent concentration Cs (t = 0 ) are known at the initial instant
t = 0, the corresponding deformation tensor F (t = 0 ) can be determined through the linearized problem (32), and the force
fp in the polymer chain—with a number of Kuhn segments N—can be ﬁnally calculated with the help of (2) once the chain
stretch λp has been determined (for instance by adopting a simple model such as the standard eight-chain one (Boyce and
Arruda, 20 0 0) and the inverse Langevin function approximation according to Jedynak, (Jedynak, 2015)).
By making use of the current chain force and the solvent concentration, the reaction rates 24.1) are evaluated and the
actual value of the function hN, op (N) is determined for each chain length. The volumetric deformation due to the opening
of the switchable molecules, Jop , is evaluated through ((16) and that of the network, J, can be obtained using (33), while
the solvent concentration must be updated using (18). Finally, the deformation gradient tensor related to the switchable
molecules and to the swelling phenomenon can be evaluated by integrating the following differential over time:

dFop (t ) = dJ (t )1/3 · I

(34)

The current value of the deformation gradient tensor is provided by the following multiplicative decomposition of F,
˜ op (19) in time allows us to update the total volume fraction of open
i.e. F (t ) = Fe (t ) · Fop (t ). The evolution of the function h
molecules and, consequently, the volumetric deformation of the network can be accordingly modiﬁed. The described process
proceeds until the desired time interval of interest is covered.
6. Application of the model
The above theoretical model is herein applied to the simulation of two characteristic problems. We ﬁrst present a parametric study to show the inﬂuence of the model parameters on the material’s behavior. Second, experimental tests, together
with numerical simulations are presented in the speciﬁc case of the material’s chemo-sensitive response.
6.1. Parametric study
To explore the type of material’s response predicted by the model, we consider two cases. In the ﬁrst case, a polymeric incompressible material having shear modulus μ = 2 MPa, is assumed to contain switchable molecules characterized
by a volumetric expansion quantiﬁed by Jm = 4.66 and Jm = 1.83 (the properties of the switchable molecules have been
assumed to be those of the experimental test illustrated in Section 6.2). Because of the chemical equilibrium of the openingclosing transformation, the material evolves in time according to the kinetic law (21) and reaches a steady state given by
(25). In all cases herein examined the volumetric fraction of the switchable molecules is assumed to be φ = 0.0, 0.05, 0.2,
while the activation and deactivation energies are taken to be δ GA0 = 3.15 · 104 J/mol and δ GD0 = 2.81 · 104 J/mol. In this
context, Fig. 5 shows the time evolution of the open fraction of switchable molecules governed by chemical equilibrium,
˜ op (t ), as well as of the volumetric deformation induced by the opening mechanism of the switchable molecules. In Fig. 5a,
h
the frequency factors have been assumed to be CA = CD = 10−5 s−1 , while in Fig. 5b, the frequency factors have been assumed to be CA = 10−6 s−1 , CD = 10−5 s−1 in order to underline theirs effect. It can be noticed that, for the assumed parameters, the open fraction of switchable molecules reaches the steady state within 2 s and, correspondingly, the volumetric
deformation measured through J = Jop follows the same trend.
In the second case, the material is exposed to a chemical agent capable of triggering the opening of the switchable molecules. As a result, chemically driven swelling occurs over time according to an exponential law of the form
Jsw (t ) = Jsw,∞ · (1 − e−t/tsw ), where Jsw, ∞ is the volume change due to swelling for t → ∞. This result was derived by solving the mechanical equilibrium equation of the elastic material under the action of the solvent osmotic pressure and the
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Fig. 5. Evolution in time of the fraction of open switchable molecules for a polymer without any chemical or mechanical action determined according to
the chemical equilibrium reaction law. Case with CA = CD (a) and CA = 0.1 · CD (b).

Fig. 6. Evolution in time of the fraction of open switchable molecules for a polymer under the action of pH changing due to the absorption of the acid.
Case with Sr = 100 (a, c) and Sr = 10 0 0 (b, d).

network elasticity (Doi, 2009), and tsw is the characteristic time for swelling. In the present examples, tsw is assumed to be
equal to 2.5 s and all the involved time-dependent quantities are represented against a dimensionless time t/tsw . In order
to quantify the effectiveness of the chemical agent in triggering the molecular switch, two different stoichiometric ratios
were explored: Sr = 100 and Sr = 10 0 0, that is to say a different amount of chemical agent is required to open the same
quantity of switchable molecules; furthermore two different volumetric fractions of the switchable molecules have been
adopted φ = 20% and φ = 5%. The frequency factors have been assumed to be CA = 10−6 s−1 , CD = 10−5 s−1 . In Fig. 6, the
˜ op (t ), Jsw , Jop and J are presented for the two cases under study; the volumetric change due to molecules
time evolution of h
opening reaches soon the steady state for the lower value of Sr , while it requires a longer time for the higher value of the
considered stoichiometric ratio. The lower volume fraction amount of the switchable molecules φ corresponds to a quicker
time needed to reach the steady state; obviously the volumetric deformation due to the molecules opening Jop is lower for
φ = 5% than for φ = 20%.
In the third case, the polymer with switchable molecules is assumed to be under a linearly increasing external mechanical stress, in absence of any acid capable of inducing the molecules opening. The chains’ length is described by a Gaussian
distribution whose mean value is assumed to be N̄ = 100, while the standard deviation is taken as δ N = 5. The volumetric
expansion for φ = 5 − 20% and the open fraction of molecules are shown in Fig. 7a, while the dimensionless stress–stretch
curve (P1 /μ − λ1 ) and the stretch taking place in the direction normal to the direction 1 (λ2 ) are illustrated in Fig. 7b; the
case corresponding to φ = 0% is also considered for comparison. The stress–stretch curve denotes a more compliant behavior and the transversal deformation indicating that the material contracts less for the polymer with the higher switchable
molecule content, i.e. the Poisson’s ratio is also inﬂuenced by the molecules’ opening mechanism.
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Fig. 7. Evolution in time of the fraction of open switchable molecules and of the volumetric deformation for a polymer under the action of a mechanical
force (a). Stress–stretch curve and transversal stretch versus the longitudinal stretch for different content of switchable molecules (b).

Fig. 8. Evolution in time of the fraction of open switchable molecules and of the volumetric deformation for a polymer under the action of a cyclic
mechanical force (a). Longitudinal and transversal stretch versus time (b).

A ﬁnal example, involving non-monotonic load history applied to a polymeric material with switchable units, is illustrated in the following. The material’s parameters have been assumed to be the same as those adopted in the previous
examples, while the frequency factors have been assumed to be CA = 10−6 s−1 , CD = 10−4 s−1 and the switchable molecule
˜ op ,
volume fraction equal to φ = 20%. The total volume ratio of the material Jtot = Jop and the fraction of open molecules, h
versus the time variable are shown in Fig. 8. The graphs have been represented starting from the time t = 1s since it has
been assumed that in the period 0 ≤ t ≤ 1s the material is stress-free and the switchable molecules are allowed to evolve
by reaching the open-close equilibrium state (see detail in Fig. 8b); in this way the deformation evolution induced by the
mechanical stress can be appreciated with respect to such a steady equilibrium state reached by the switchable molecules
before the application of the load. The applied nominal stress has been assumed to reach a maximum (minimum) value
equal to 5μ in tension (compression).
˜ op increase during the application of the tensile stress (1 ≤ t ≤ 2s),
It can be observed that both the volume ratio Jtot and h
and they decrease when the stress is reduced up to zero (2 ≤ t ≤ 3s); during compression (3 ≤ t ≤ 4s), again a slight increase
of the volume ratio takes place, underlying the reduced effectiveness of the compressive stress that anyway entails positive stretches along the directions normal to the one of the applied stress. Finally, when the stress returns back to zero
(4 ≤ t ≤ 5s), the mechanically-induced opening of the molecules tends to vanish and the ﬁnal volume fraction of the open
molecules tends to reach the fraction occurring in absence of any mechanical stress, hop, ∞ (see Eq. (25), blue dashed line in
Fig. 8a, P = 0).
In Fig. 8b the response of the material in terms of stretches (measured along (λ1 ) and transversal to the load direction
(λ2 = λ3 )) versus time, is illustrated; the transversal contraction (expansion) during longitudinal tension (compression) can
be appreciated.
The material, in absence of any mechanical or chemical stimuli, naturally tends to reach the equilibrium, in terms of the
open fraction of switchable molecules; such an equilibrium is reached within a time interval, related to the characteristic
˜ op (t ) tends to lie on the equilibrium curve
time, given by k +1 k , of the opening/close equilibrium . Therefore, the function h
A0

D0

(see dashed line in Fig. 8a) once the external action is reduced or removed.
6.2. Experimental tests and relative simulations
In the present section we consider the case of real polymeric material, namely a silicon (PDMS) matrix containing switchable quinoxaline cavitands, under the action of an acid. After describing the kinematic of the switchable molecule, some
chemical aspects of the developed responsive polymer are given; the experimental response of the silicon matrix added
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Fig. 9. Dimensions of the switchable molecule (quinoxaline cavitand) in the two conformations: (a) close (vase) and (b) open (kite).

with switchable molecules, whose opening is triggered by a pH variation, is compared with that provided by the above
illustrated theory.
Let us consider a single quinoxaline cavitand molecule: we introduce an orthogonal frame of reference identiﬁed by the
axes 1, 2, 3 (Fig. 9a). The switching mechanism of the molecule takes place mainly on the 1-2 plane, i.e. the considered
switchable molecule has the ability to modify its geometrical conformation mainly on the 1-2 plane, while its effect on the
polymer network in the third direction (normal to the 1-2 plane) is negligible; therefore, the deformation of the network
mainly occurs locally on the 1-2 plane of the molecule. The sizes of the molecule in the closed (small) and in the open
(large) conﬁguration are reported in Fig. 9 (Lagugne-́Labarthet et al., 2005). By roughly approximating the molecular shape
with a parallelepiped, the volume occupied in the close conﬁguration is equal to vm,cl = 2.06 nm3 , while in the open conﬁguration the volume becomes vm,op = 2.85 nm3 . The Green-Lagrange deformation tensor of the switchable molecule assumes
a diagonal form, and the only non-zero terms are the three principal stretches Em1 , Em2 and Em3 . Using the dimensions
showed in Fig. 9 and by considering the real kinematic mechanism of the conformational change, these three values can
be estimated through FE analyses to be: Em1 = 2.489, Em2 = 1.316 and Em3 ∼
=0. We assume Em3 = 0 because the deformation taking place in direction 3 does not inﬂuence signiﬁcantly the deformation of the polymeric network in such a local
direction; in fact, the extremities of the four arms of the cavitand molecule are linked to the polymer chains and move
predominantly only in the 1-2 plane.
Denoting Fm as the deformation gradient tensor of one single switchable molecule, its volumetric deformation can be
quantiﬁed as:

Jm = detFm = λm1 λm2 λm3 =



2Em1 + 1 ·



2Em2 + 1 ·



2Em3 + 1 = 4.660

(35)

i.e. a volume increment equal to about ﬁve times the initial molecule’s volume takes place. Since the switchable molecules
are randomly dispersed throughout the polymer, it is reasonable to assume a uniform probability distribution for their
orientation in the 3D space. Consequently, the deformation gradient tensor Fm of an equivalent continuum made only of
randomly oriented dispersed switchable molecules, can be obtained through the integral over all the possible conformation
as:

Fm =

1
S



S

A · Fm · AT dS =


Jm = det Fm =

λm1 + λm2 + λm3

λm1 + λm2 + λm3
3

3

I

(36.1)

= 1.83

(36.2)

3

where S is the surface of the unit sphere, A is the three-dimensional rotation matrix and I is the identity matrix.
In the test we consider a PDMS polymer added with quinoxaline cavitands (Fig. 10); the polymer matrix (RTV 615),
used as polysiloxane substrate, is a two-part (prepolymer and curing agent, typically mixed in a 10:1 ratio) silicone elastomer comprising vinyl terminated poly(dimethylsiloxane), poly(methylhydrosiloxane-codimethylsiloxane) copolymer and a
platinum catalyst. The covalent incorporation of a molecule of interest into the resulting polymer network is achieved
through the introduction of an alkene functionalization suitable for hydrosilylation protocol. The preparation procedure can
be shortly described as follows: in a 15 mL Falcon tube RTV 615 Base (3.0 g) and a THF cavitand solution were homogenized
with a vortex. RTV 615 Curing Agent (0.3 g) was added and the tube was extensively shacked with a vortex. The homogenous mixture was degassed under vacuum and poured onto a PTFE plate. After a second degassing, the sample was cured
in an oven at 60 °C for 16 h. Once cured the ﬁlm was peeled away and cut into strips for testing.
H-PDMS acts as cross-linker in the system and the cross-liking percentage, measured via Soxhlet extraction, resulted
in being 92%. Cavitand used is a resorcinarene-based tetraquinoxaline cavitand functionalized at the upper rim with two

R. Brighenti et al. / Journal of the Mechanics and Physics of Solids 113 (2018) 65–81

79

Fig. 10. Scheme of the polymer components.

Fig. 11. Experimental volumetric deformation of sample without cavitands (control sample, a) and with switchable molecules subjected to triﬂuroacetic
acid (b). A comparison with results provided by the present model is also shown.

terminal double bonds suitable to react with the H-PDMS co-monomer and ensure a covalent incorporation into the polymer
matrix. Being di-functionalized, the cavitand in this case does not act as cross-linker. Acid exposure induces the opening of
the cavitand from the vase conformation to the kite one via protonation of quinoxaline nitrogens.
In the experimental test, unconstrained specimens with and without switchable molecules were exposed, at room temperature, to triﬂuoroacetic acid vapor. The fraction of switchable molecules is equal to 0.5% w/w, 0.41% v/v. The acid, adsorbed by the polymer, produced a volumetric expansion due to the swelling effect; as soon as the acid activates the cavitands (i.e. the switching from the vase to the kite conformation takes place), a further expansion occurs and the total
deformation of the material reﬂects both contributions (Fig. 11); in this case the stoichiometric ratio is equal to Sr = 4 . The
deformation of the samples in the experimental tests has been determined by using the Digital Image Correlation technique.
In Fig. 11a the measured volumetric expansion of the control sample, that quantiﬁes the swelling contribution to the expansion of the material is illustrated; according to the above theory, the deformation due only to the swelling phenomenon
is not affected by the presence of the switchable molecules, so the swelling volumetric expansion is the same for the control
sample and for the one with cavitands. However, the presence of the open switchable molecules further increases the volumetric expansion of the polymer; in Fig. 11b the total volume ratio Jtot (t), representing the contributions of both swelling and
opening processes versus time, is represented. Finally, in Fig. 11c the measured and calculated volumetric expansion Jop (t)
(i.e. the volumetric change due only to the molecule switching, Jop = Jtot − (1 − φ )(Jsw − 1 ) ) of the sample with cavitands is
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reported; at the steady state the volumetric expansion due only to the opening is equal to about 1.2%, which represents a
remarkable volume change by considering that the volume fraction of the switchable molecules is equal to only 0.41%.
Experimental tests involving the stress-driving of the switchable molecules have not been performed yet and will be the
object of a future research work.
7. Conclusions
In the present paper, the mechanical behavior of responsive materials has been considered. Responsive materials, also
identiﬁed as smart materials sensitive to environmental stimuli, can be usefully harnessed in modern and advanced applications such as in smart functional materials, microrobotics, nanotechnology and tissue engineering. A micromechanics-based
model, accounting for the deformation processes taking place in polymeric materials containing switchable molecules, has
been proposed and discussed. In particular, the mechanical response of this class of materials under mechanical loading or
chemical stimuli was considered and a continuum model was established. The proposed theory was then used to perform
a parametric study and emphasize the effects of several material’s parameters and quantify the macroscopic observable
effects.
Finally, experimental tests on PDMS specimens added with cavitands upon exposure to a permeating acid was presented
and discussed. Quantitative results provided by the present approach were then compared with experiments and discussed.
The proposed model has shown its suitability in describing materials added with responsive units, whose switching—
triggered by stimuli of different nature—provides a microscopic deformation to the system, enabling the quantitative description of smart materials to be used in advanced applications.
The presented framework therefore has the potential to be applied in the development of smart devices for advanced
technological applications spanning different length scales.
Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.jmps.2018.01.012.
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