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An Elastomeric Poly(Thiophene-EDOT) Composite with 
a Dynamically Variable Permeability Towards Organic 
and Water Vapors
 An interpenetrating polymer network (IPN) material with controllable nano-
porosity is developed for applications such as chemical protection. The IPN 
material is based on a conducting polymer backbone consisting of thiophene 
and 3,4 ethylenedioxythiophene (EDOT) repeat units–poly(thiophene-EDOT)–
formed within a soft polyurethane support. The IPN demonstrates reversible, 
electrochemically switchable nanoporosity in the absence of standard liquid 
electrolyte, with the oxidized state being the open (high porosity) state and 
the reduced state being the closed (low porosity) state. The switching of the 
IPN between its oxidized (open) and reduced (closed) states is actuated using 
application of  ± 1.0 V. The variability in the IPN porosity, induced by the elec-
trochemical switching, is revealed by large changes in water vapor diffusivity, 
as well as changes in the diffusivities of the chemical agent simulants chlo-
roethyl ethyl sulfi de (CEES) and methyl salicylate (MeS). The closed state of 
the IPN is able to decrease CEES diffusivity by  ≈ 99% compared to expanded 
Tefl on (ePTFE), while the open state allows high MVT rates comparable to 
ePTFE. The IPN’s ability to allow high MVT under non-threat conditions 
(open state) and high protection from agents under threat conditions (closed 
state) is a unique and desirable characteristic of this novel IPN material. 
  1. Introduction 

 New materials with nanoscale porosities that can be revers-
ibly changed between permeable and impermeable states on 
demand are of great interest in a variety of applications. They 
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are expected to be useful in areas such as 
controlled release, [  1–3  ]  breathable protec-
tive clothing, [  4  ]  and intelligent sensing/
fi ltration and separations processes. [  5  ,  6  ]  
Thus far, such materials under devel-
opment exhibit permeability changes 
commonly triggered by stimuli such as 
electric fi elds, [  6  ]  redox, [  7  ,  8  ]  pH, [  9–11  ]  light, [  12  ]  
and temperature [  3  ]  and are generally per-
formed under aqueous conditions. The 
physical mechanism underlying such 
changes in permeability is often based 
on the reversible swelling and shrinking 
of solvated polymer networks, the coiling 
and uncoiling of polymer chains (polymer 
brushes) or the association and disas-
sociation of polymer chains attached to 
porous surfaces. [  5  ]   

 Fu and colleagues reported control over 
the pore sizes of mesoporous silica parti-
cles modifi ed with a stimuli-responsive 
polymer, poly(N-isopropyl acrylamide) 
(PINPAAm). [  3  ]  The thermoresponsive 
poly mer was used to demonstrate con-
trolled release of rhodamine dye from 
the silica particles. Stimuli-responsive polymers that use pH 
for control over the gating mechanism have also been investi-
gated, where gating relies on charge repulsion between poly-
ionic tethers. [  10  ,  11  ]  In these experiments the authors covalently 
attached amine-containing tethers to the surface of a meso-
porous substrate, silica MCM-41. Protonation of the amines 
resulted in like-charge repulsion, causing the polyionic tethers 
to extend over the mesopore openings, blocking them and 
inhibiting the transport of dye across the mesoporous silica. 
Amine deprotonation reversed the process, opening the meso-
pores. Similar types of reversible gating mechanisms that use 
grafted polymer brushes of mixed types have been explored as 
well. [  13  ]  Approaches such as these have the limitation of relying 
on a specifi c solution property (such as pH, ionic strength and 
temperature) for the gating action to occur. 

 The bulk transport characteristics of conducting polymers 
can often be changed by applying a small voltage, which alters 
the redox state of the polymer. [  4  ,  14–16  ]  In some cases, this can 
cause large variations in the diffusion coeffi cients of solutes [  4  ]  
or colloidal particles. [  16  ]  For example, selective transport and 
gating of nanopores using vertically aligned carbon nanofi ber 
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(VACNF) membranes coated with electropolymerized polypyr-
role (PPy) has been demonstrated. [  16  ]  Electrochemical reduc-
tion of the conducting polymer led to swelling of the VACNF 
nanofi bers, resulting in a decrease in the membrane pore size. 
The large dopant anion, dodecylbenzyene sulfonate (DBS), 
was entrapped within the polymer matrix during polymeriza-
tion, and acted to balance the positive charge of the oxidized 
polymer. When the conducting polymer was reduced, cations 
rapidly diffused in to balance the excess negative charge (DBS) 
in the polymer, resulting in swelling. The pore size in the 
membrane was shown to decrease from 250 to 350 nm to  ∼ 50 
to 250 nm after swelling. Various applications of such a nano-
porous membrane were cited by the authors to include separa-
tions, molecular sensing and drug delivery. A major challenge 
identifi ed in this work was the construction and integration of 
the nanoporous membranes within multiscale systems, while 
simultaneously and precisely controlling the selectivity of the 
membrane and the transport of small particles. 

 A number of studies demonstrating controlled release of 
small molecules from conducting polymer matrices have been 
reported, including the development of electrically actuatable 
nanoporous membranes for drug release. [  17  ,  18  ]  Jeon and col-
leagues fabricated an actuatable porous membrane by electro-
chemical polymerization of polypyrrole (PPy) doped with DBS 
anion on a porous anodized aluminium oxide membrane. [  17  ]  
The pore size was actuated by the large volume changes expe-
rienced by PPy/DBS during electrochemical switching. Using 
atomic force microscopy (AFM), the average pore diameters 
of the oxidized and reduced states were found to be 190 and 
140 nm, respectively. This redox-controlled swelling and con-
traction behavior of polypyrrole has previously been described 
by Smela and colleagues. [  19  ]  As much as a 35% increase in the 
volume of DBS-doped PPy was observed and was attributed to 
the movement of solvated ions into the polymer upon reduc-
tion. In another study, Abidian and colleagues used electropoly-
merized poly(3,4 ethylenedioxythiophene) (PEDOT) nanotubes 
to demonstrate controlled release of dexamethasone. [  18  ]   

 Apart from the volume changes described by Smela, Jeon 
and others, evidence suggests that surface effects may also play 
a role in the electrochemical actuation of diffusion processes in 
conducting polymers. Halldorsson and colleagues described the 
controlled transport of dichloromethane through DBS-doped 
polypyrrole (PPy-DBS) polymerized on a platinum mesh. [  14  ]  
The ability of dichloromethane droplets to pass through the 
conducting polymer membrane upon electrochemical switching 
(reduction) was thought to arise from the release of the sur-
factant dopant into the dichloromethane and the change in the 
surface energy/wettability of the conducting polymer material. 
In the oxidized polymer state, the dichloromethane droplets 
had contact angles of about 120 ° . In the reduced state, the con-
tact angle was 150 ° . A number of other chlorinated solvents, 
including trichloroethane, chloroform, and dichloromethane 
demonstrated similar contact angle changes upon electrochem-
ical switching of PPy-DBS (oxidizing and reducing potentials 
of  + 0.6 V and  − 0.8 V vs. Ag/AgCl, respectively). The release of 
the surfactant from the reduced polymer decreased the surface 
tension of the solvent droplet, reducing the capillary effects that 
prevent the drop from penetrating the porous membrane. Due 
to the fact that solvent penetration occurred almost immediately 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3116–3127
upon reduction, well before surfactant could be released from 
the surface of the conducting polymer, it was suggested that 
changes in the PPy surface energy were also a contributing 
factor to the dichloromethane transport. 

 Thus far, the vast majority of nanoporous membranes with 
electrically switchable permeability are able to infl uence trans-
port in the liquid phase only. The signifi cance of our work 
described here is that we have developed a conducting polymer 
composite material that demonstrates desirable mechanical 
properties such as high strength and fl exibility, while also dem-
onstrating electrically switchable permeability, in a macroscopi-
cally “dry” state, to species in the gaseous phase. To the best of 
our knowledge, it represents the fi rst switchable material able 
to reversibly control the diffusion of a vapor-phase species. 

 An important goal of this work was to support the develop-
ment of a dynamic material that could be used in protective 
clothing. The fabric should be capable of “switching” from an 
open “breathable” state that is comfortable to wear to a closed, 
protective state that can block transport of toxic vapors such 
as chemical warfare agents. The development of the mate-
rial began with the synthesis of a tether-containing thiophene 
monomer with a charged terminus, and its electrochemical 
polymerization on gold surfaces. [  4  ]  In this earlier work, we syn-
thesized and characterized the tether-containing polythiophene 
conducting polymer poly(3-{2-[2-(2-{2-[(thiophene-3-carbonyl)-
amino]-ethoxy}-ethoxy)-ethoxy]-ethoxy}-ethane-1-sulfonic acid), 
or poly(TP-CAE 5 -SO 3 ). Electrochemical studies showed that this 
conducting polymer strongly infl uenced the diffusivities of elec-
trolyte ions as its redox states were electrochemically switched. 
The mechanism of infl uence on ion diffusivity was thought to 
result from mechanical obstruction and clearance by the sul-
fonate-terminated tethers and mediated by “self-doped” (oxidized 
state) and “de-doped” (reduced state) confi gurations. Control 
experiments using a simple methyl-substituted polythiophene 
without tethers showed no similar effects on ion diffusion. 

 We report here a novel conducting polymer composite mate-
rial that is based on the tether-containing thiophene described 
above. The composite is able to control the diffusivities of 
vapor-phase species through an electrical switching process per-
formed in the macroscopically dry state - that is, in the absence 
of conventional liquid electrolyte. The composite is an interpen-
etrating network (IPN) material composed of soft polyurethane 
interspersed with a crosslinked poly(thiophene-EDOT)-based 
conducting polymer. The tether functionality is attached to the 
thiophene repeat units. The IPN is formed in a mechanically 
strong fabric support. 

   2. Composite Formulation 

 The composite material was designed to be reversibly “switch-
able” between its oxidized and reduced states by the application 
of a small voltage. When the network is “switched”, in our para-
digm the moveable tethers respond by forming ion-pairing com-
plexes that either increase or decrease the material’s meso- and 
nanoscale porosity. The material thus has an “open” state that 
has a high porosity, and a “closed” state with a lowered porosity. 
Most importantly, 1) the material can be “switched” between 
its redox states in the absence of a bulk liquid electrolyte, and 
3117wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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2) both the “open” and “closed” states are maintained indefi -
nitely without the continued application of voltage. 

 The composite architecture comprises a number of com-
ponents that, in our view, are essential for manifestation of 
the open-close (nanogating) behavior, and the mechanical 
strength/coherence of the material: 1) electrically conducting 
poly(thiophene-EDOT) main chains; 2) oligoethylene glycol 
(OEG) side chains each bearing a sulfonate terminus (tethered 
counterion); 3) EDOT-ODA-EDOT crosslinker (ODA refers to the 
octanedioate bridge between the two EDOT moieties); 4) poly-
urethane scaffold; 5) room temperature ionic liquid (RTIL); 
6) conducting carbon fi bers, and 7) the support fabric. The IPN 
precursors are shown in  Figure    1  a–d, and the fi nal IPN constit-
uents are depicted in the boxed Figure  1 e–g. The crosslinked 
conducting polymer (CP) portion (Figure  1 e) is formed as a sta-
tistical terpolymer, in the presence of the polyurethane support 
(Figure  1 f). The relative amounts (wt%) of each component in 
the fi nal, fabric-supported composite are shown in Figure  1 h. 
The weight ratio of IPN to support fabric is  ∼ 40:60. A suggested 
redox switching mechanism is depicted in Figure  1 i, where the 
tethered sulfonate participates in an intramolecular “self-doping” 
charge balance as the polymer enters its oxidized form. Similar 
redox behavior of CPs such as polythiophenes and PEDOT has 
been described in previous literature. [  19  ]  

   We chose polythiophene derivatives for the conducting 
poly mer because they have been shown to be environmentally 
stable over long time periods (i.e. months) in various applica-
tions such as fi eld-effect transistors, in the presence of oxygen 
and water vapor. [  20  ]  The derivative 3,4 ethylenedioxythiophene 
has been shown to be suitable in copolymerization schemes 
with thiophene and closely-related compounds. [  21  ,  22  ]   

 The selection of the OEG moiety (see Figure  1 a) to serve 
as the tether was made because of several unusual attributes. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Figure  1 .     a–g) IPN components. IPN precursors (a–d); components of 
thiophene, f) room-temperature ionic liquid Emim-Tf 2 , g) polyurethane sup
the conducting polymer backbone (i). “R 1 ” denotes tether side-chain and “
These include its high fl exibility as a molecular chain, which 
gives it a large confi gurational entropy that allows it to adopt 
many chain confi gurations. In the tether-containing monomer 
3-{2-[2-(2-{2-[(thiophene-3-carbonyl)-amino]-ethoxy}-ethoxy)-
ethoxy]-ethoxy}-propane-1-sulfonic acid (“TP-CAE 4 P-SO 3 ” ,  
Figure  1 a), a propyl group links the sulfonate moiety to the 
OEG portion. Polymers such as poly(TP-CAE 5 -SO 3 ) and 
poly(TP-CAE 4 P-SO 3 ) are expected to have characteristically 
large chain entropies. [  23  ]  This should enhance the self-doping 
ability of the anionic terminus and the ability of the chain to 
block diffusing guest molecules. Also, there is a growing body 
of literature describing the behavior of comb polymers based 
on poly(OEG-methacrylate). [  24  ]  They often show unusual 
aggregation/dissociation behaviors that arise from the inter-
play between hydrophilic (OEG-mediated) and hydrophobic 
(methacrylate-mediated) forces. Related processes may assist in 
mechanisms underlying the dynamically variable nanoporosity 
in the IPN described here. Also, it has been convincingly dem-
onstrated that glycols and related compounds can enhance the 
conductivities of oxidized PEDOT. [  25  ,  26  ]  Finally, it is known that 
asymmetrically substituted OEG chains can facilitate cation 
transport, [  27  ]  another effect that may contribute to the conduc-
tivity of the IPN polymer. A sulfonate was selected as the OEG 
terminus since it is a classical dopant anion choice for many 
types of CPs,  [  28  ]  and has been used in self-doping schemes for 
polythiophenes and PEDOTs. [  29  ]   

 The purpose of the EDOT-ODA-EDOT crosslinker (Figure  1 b) 
was to contribute to the mechanical strength of the polymer and 
prevent liquid-phase dissolution of the poly(TP-CAE 4 P-SO 3 ) 
chains. The crosslinker was designed with two considerations 
in mind. First, the alkane crosslinking chain was made short 
enough so that the two EDOT moieties would not be able to 
easily couple with one another during polymerization. Second, 
GmbH & Co. KGaA, Weinheim

the fi nal IPN (e–g). e) Poly(thiophene-EDOT) with TP-CAE 4 P-SO 3  tether-
port. h–i) IPN composition by weight (h) and proposed redox switching of 
R 2 ” denotes alkyl chain crosslinker or hydrogen atom, omitted for clarity.  
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     Figure  2 .     a) Bode impedance plots of the IPN in its reduced (putative 
closed, high impedance) and oxidized (putative open, low impedance) 
states. b) Nyquist plots of the IPN in its oxidized and reduced states.  
it was made to have roughly the same length as both the TP-
CAE 4 P-SO 3  tether-thiophene as well as the “hard” crosslinking 
segment of the polyurethane component (the methylene-
bridged bis-benzamide, Figures  1 d,g). It was thought that the 
similarities in length would lead to a greater degree of homo-
geneity in the fi nal IPN molecular structure. The density of 
the crosslinker was chosen so that the number of EDOT repeat 
units equaled the number of thiophene repeat units in the fi n-
ished IPN (Figure  1 e), an attribute that was also thought to 
enhance the homogeneity of the fi nal IPN molecular structure. 
To obtain this ratio, underivatized EDOT was also included 
(Figure  1 c). 

 The polyurethane support (Figure  1 d,g) was chosen for its 
innate ability to transport water vapor, and its observed com-
patibility with the tether-containing conducting polymer. Water 
vapor transport rates are an important consideration in the 
design of breathable protective clothing. The polyurethane com-
ponent contributes to the elasticity and mechanical strength of 
the IPN. Its chemical composition and “free volume” (intercon-
nected nanoporosity) allow it to have relatively high moisture 
vapor transport capabilities. [  30  ]  It is a thermoplastic polymer 
based on aromatic and ether repeat units, and is compatible 
with the CP polymerization and redox chemistries. During the 
oxidative polymerization of the CP, it slowly precipitates as the 
polymerization solvent evaporates, encasing the polymerized 
CP and forming the IPN. 

 Our end goal was to develop an IPN that could be switched 
between high- and low-permeability states while in a macro-
scopically “dry” (solvent-free) condition. In the absence of liquid 
phase electrolyte, electrochemical switching of conducting poly-
mers is very diffi cult. To facilitate the switching process, a small 
volume ( ∼ 6 wt% of the IPN) of room temperature ionic liquid 
was introduced into the material after synthesis (Figure  1 f). 
This corresponds to about a 1:1 molar ratio with the OEG-sul-
fonate tether. The ionic liquid, 1-ethyl-3-methyl imidazolium-
bis-(perfl uoroethylsulfonyl) imide (Emim-Tf 2 ), was introduced 
as a 30 wt% solution in ethanol. Emim-Tf 2  has an extremely low 
vapor pressure, and essentially only the ethanol evaporates from 
the IPN, leaving the Emim-Tf 2  behind as a long-term compo-
nent of the IPN. Ionic liquids have previously been incorporated 
into conducting polymers such as PEDOT [  31  ,  32  ]  and have been 
shown to improve their properties, including switchable con-
ductivity and wettability. They have also been shown to improve 
the conductivity of elastomeric conducting polymers. [  33  ]   

 Micrometer-scale conducting carbon fi bers ( ∼ 50/5  μ m length/
diameter) were added to the IPN polymerization solution, and 
comprise  ∼ 10% of the weight of the fi nished IPN. They are 
included to improve charge percolation, and are also thought to 
increase the electric fi eld strength and distribution in the IPN 
when the switching voltages are applied. Their presence in the 
polymerization solution causes its viscosity to increase slightly, 
which we have found improves its processability. 

 Non-woven nylon (pore size of 0.1  μ m) was chosen as a sup-
port fabric for the IPN. The nylon is mechanically strong and 
does not appear to be degraded by the polymerization solvent 
or the iron (III) oxidant. It is also not thought to be involved in 
the IPN switching (open-close) process. We are currently inves-
tigating other support fabrics as well, including wool and poly-
ester, which are both suitable as support fabrics. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 3116–3127
   3. Results and Discussion 

  3.1. Electrical Impedance Spectroscopy 

 Electrochemical impedance spectroscopy (EIS) was performed 
on the composite material in both its putative open (oxidized) 
and closed (reduced) states to verify electrochemical switching 
of the IPN. The material generated profoundly different EIS 
responses between the two redox states of the conducting 
poly mer. EIS was conducted within a frequency range of 10 5  to 
10  − 2  Hz with an applied peak to peak potential (V pp ) of 10 mV. 
The material was switched to its reduced state by application of 
a  − 1.0 V potential to the working electrode, for an appropriate 
period of time until a charge of  ∼ 0.1 C had been passed. The 
switching was performed in this way since it is desirable in the 
fi nal application (protective clothing) to create a system where 
the material can be switched between open and closed states 
using a simple electrode confi guration. We performed initial 
EIS measurements on the synthesized, fully polymerized oxi-
dized IPN, followed by measurements on the material in its 
reduced state. The results showed impedances that were about 
one order of magnitude lower in the oxidized vs. the reduced 
states. Impedance values of 500  Ω   − 1k Ω  were recorded for 
the former state, while higher values ( ∼ 7 k Ω ) were recorded 
for the latter. The Bode impedance plots ( | Z |  vs. frequency) 
for each of the two states demonstrate very nearly frequency-
independent behavior across the entire frequency range inter-
rogated ( Figure    2  a). The Nyquist plot for the oxidized state 
3119wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     TEM images of the IPN in its a) oxidized (open) and b) reduced (closed) states.  

   Table  1.     Mesopore surface areas for the oxidized (open) and reduced 
(closed) states of the IPN, as measured by nitrogen adsorption. 

                    IPN pore surface areas

 Oxidized, open a)  state Reduced, closed state

Single point surface area at 

p/p °   =  0.220

3.44 [m 2 /g] 0.970 [m 2 /g]

BET Surface Area: 3.82 [m 2 /g] 0.961 [m 2 /g]

Langmuir Surface Area: 5.63 [m 2 /g] 1.21 [m 2 /g]

    a) as-synthesized   
demonstrates almost pure resistive behavior (Z ″   ∼  0) across 
all frequencies. However, the plot reveals that a signifi cant 
increase in both the real (resistive) and imaginary (reactive) 
components of the impedance occurs when the material is 
switched from its oxidized to its reduced form. An equivalent 
circuit of the IPN material connected on opposite sides by 
the working and counter electrodes can be approximated as a 
resistor in parallel with a capacitor, with Z ′  and Z ″  described 
by the following equations:

 Z′ = Rp

1 + ω2 R2
pC2

p
  (1)  

  Z = −ωR2
pCp

1 + ω2 R2
pC2

p
  (2)   

   where  Z’  and  Z”  are the real (resistive) and imaginary 
(reactive) components of impedance,  ω  is the angular fre-
quency, and  R p   and  C p   are the resistance and capacitance of 
the material, respectively. Using current measurements with 
Ohm’s Law, values of  R p   were determined. For the oxidized 
state of the material,  R p   was found to be 570  ±  90  Ω , whereas 
for the reduced state  R p   was found to be 1714  ±  255  Ω . From 
 Equation 1,   2 , at a frequency of 1 Hz , C p   was found to be 14.4 
 ±  2.3 mF/gram composite for the oxidized state and 0.165  ±  
0.025 mF/gram composite for the reduced form. Since con-
ducting polymers such as PEDOT and poly(thiophene) are 
more conducting in their oxidized vs. reduced states, it was 
reasonable to assume that the same would be observed for our 
material. As expected, when the IPN polymer was switched 
from its oxidized to its reduced state,  R p   increased. As a con-
sequence,  Z ′   became more positive (via  Equation 1 ). Also, 
 Z ′ ’  became more negative (via  Equation 2 ), as is observed in 
Figure  2 b. The higher  C p   of the oxidized state may arise from 
the polyionic nature of the conducting polymer backbone, 
combined with an inherently higher nanoporosity, which 
could allow easier charge movement. The EIS results support 
the hypothesis that the oxidized state has an “open” nature 
(higher nanoporosity), while the reduced state has a “closed” 
one (lower nanoporosity). 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We
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   3.2. Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) 
was used as a direct means of visualizing the 
oxidized and reduced states of the IPN mate-
rial, in expectation of discernable “open” and 
“closed” states. Suitable material samples 
were prepared by casting the IPN onto copper 
TEM grids or copper wire, and introducing 
the proportionate amount of the Emim-Tf 2  
room temperature ionic liquid (RTIL). Sam-
ples were switched to their reduced state by 
carefully attaching the working, counter, 
and reference electrodes in the manner 
described above and subjecting them to a 
reducing voltage of  − 1.0 volts. EIS was rou-
tinely employed to verify whether this state 
had actually been attained. The TEM image of 
the oxidized as-synthesized state is shown in 
 Figure    3  a, and that of the reduced state is shown in Figure  3 b. 
The oxidized state clearly has what appears to be regions of 
high and low porosity–large areas of light and dark regions, 
which represent electron-defi cient and electron-rich regions, 
respectively. Together, they form an image resembling a sponge-
like porous structure. The oxidized state poresize distribution 
may be in the meso- and nanoscale range. The reduced state 
(Figure  3 b) is morphologically very distinct from the oxidized 
state. It does not show the sponge-like characteristics of the 
latter, but instead resembles a dense homogeneous phase with 
no evidence of porosity. The images of the two states are con-
sistent with the model introduced above, and further discussed 
below. Because of this visual evidence and the EIS results, from 
this point onwards we will refer to the oxidized state as “open” 
and the reduced state as “closed”.    

 3.3. Nitrogen Absorption Studies 

 To further characterize the open and closed states of the IPN, 
mesopore area measurements were undertaken using BET 
nitrogen adsorption techniques. The results are given in  Table    1  , 
which shows that the average pore surface areas are  ∼ 3.5 to 4.5-
fold higher in the open vs. closed states of the material. This is an 
indication that the former state has larger average mesopore sizes 
than the latter, and likely provides diffusion pathways that are 
accessible and will allow rapid transport of small compounds.  
inheim Adv. Funct. Mater. 2012, 22, 3116–3127
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     Figure  4 .     Time lapse photography of water droplets absorbed by fabric-supported IPN samples 
in their oxidized, open (top) and reduced, closed (bottom) states. In its open state, the IPN 
absorbed the water droplet at a rate of 1.5 ( ± 0.3)  μ L s  − 1 , while in its closed state, the rate of 
absorption was 1.1 ( ± 0.3)  μ L s  − 1 .  
   3.4. Liquid Water Absorption Rates 

 Next, we wished to quantify surface hydrophilicity effects that 
may be associated with the two IPN states. Conducting poly-
mers are sometimes known to undergo reversible changes in 
wettability as they are switched between redox states. This has 
been attributed to effects of the counteranions as they ion-pair 
with the CP main chain during charge-compensation. The wet-
tability of conducting polymers has been shown to be largely 
affected by the type of dopant anion used. [  34  ]  For example, 
polypyrrole (PPy) fi lms with large perfl uorinated dopant anions 
were shown to demonstrate high hydrophobicity (water contact 
angle  >  90 ° ) while perchlorate (ClO 4    −  ) doped PPy was shown to 
be hydrophilic. [  35  ]  However, it is also known that poly(3-methyl-
thiophene) can be switched between a hydrophilic conducting 
(oxidized) state and hydrophobic neutral (reduced) one using 
perchlorate as the dopant anion, and the two states were used to 
either absorb or repel charged micelles in aqueous solution. [  36  ]  
Thus, both the nature of the dopant anion and the intrinsic 
hydrophilicity of the conducting polymer itself can strongly 
infl uence the bulk hydrophilicity of the surface. 

 To obtain information regarding the hydrophilicity/hydropho-
bicity of the open (oxidized) and (closed) reduced states of the 
material, we used time lapse video to record the absorption of 
water by the IPN material, supported by fabric. Since a known 
volume of liquid was applied to the surface, the rate of absorp-
tion could be calculated (volume/time). A hydrophilic material 
will be expected to absorb the water droplet faster than a more 
hydrophobic one. It was found that the material absorbed the 
water droplet much more rapidly in its open than in its closed 
state ( Figure    4  ). In the open state, the rate of absorption was 
about 1.5 ( ±  0.3)  μ L s  − 1 , while for the closed state, the absorption 
rate was 1.1 ( ±  0.3)  μ L s  − 1 . Although there is some uncertainty 
arising from the experimental error, these results do support 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 3116–3127
the expectation that the conducting polymer 
is more hydrophilic in its oxidized open state, 
favoring better wettability of the IPN and con-
sequently more rapid water absorption, than 
in the reduced closed state. This may also be 
a direct consequence of the larger pore areas 
in the open vs. closed state, and furthermore 
may be related to CP chain rearrangements 
(packing) that occur during redox switching. 
These are known to occur in PEDOT-type 
CPs, [  37  ]  a point which will be discussed later. 
Finally, gradual migration of lower-MW mate-
rial components may affect the water absorp-
tion rates through the surface, a possibility 
that we are continuing to investigate.

     3.5. Synthesis of Control IPN 

 To allow comparison of the tether-containing 
IPN (“Tether-IPN”) to a similar material 
without tethers, we synthesized a “Control-
IPN” wherein the TP-CAE 4 P-SO 3  and EDOT 
repeat units were replaced with 3 ′  4 ′ -dime-
thyl-[2, 2 ′ ; 5 ′ , 2 ″ ]-terthiophene (DMTP) and 
crosslinked with EDOT-ODA-EDOT. The Control-IPN was syn-
thesized in a manner similar to that for the tether-containing 
IPN, and was formed in a nylon support. The Emim-Tf 2  RTIL 
was added in a manner identical to that for the Tether-IPN. We 
were thus able to attempt a dry-state redox switching of the 
material, as was done with the Tether-IPN. The distribution of 
IPN components corresponded to that for the Tether-IPN, which 
is depicted in Figure  1 h. The structure of the DMPT-based con-
ducting polymer and the Control-IPN polymer composition is 
illustrated in  Figure    5   

     3.6. Moisture Vapor Transport Rates 

 As mentioned previously, for the material to be useful in even-
tual applications involving protective clothing, it must be com-
fortable to wear in its open state. One of the key determinants 
of fabric comfort is “breathability”, which is strongly associated 
with a high water (moisture) vapor transport rate. We began 
characterization of the nylon-supported Tether-IPN in terms of 
its moisture vapor transport (MVT) ability, as well as its ability 
to inhibit organic vapor diffusion. For both characterizations, 
diffusion is reported as a dimensionless parameter (ratio versus 
a suitable control) rather than actual mass fl uxes (mass per unit 
area per unit time). 

 MVT measurements were performed across each nylon-
supported IPN sample (Tether-IPN oxidized, Tether-IPN 
reduced, Control-IPN oxidized, Control-IPN reduced) secured 
in a two-chambered diffusion cell (see Supporting Informa-
tion Figure S1). Using fl ow controllers, the relative humidity 
(RH) in the right-hand chamber was adjusted to 25%, 50%, and 
80% at 40  ° C while the RH in the left-hand second chamber 
was recorded. This allowed us to determine the amount of 
water vapor passing through the sample as a function of time. 
3121wileyonlinelibrary.comheim



FU
LL

 P
A
P
ER

3122

www.afm-journal.de
www.MaterialsViews.com

     Figure  5 .     Control IPN polymer components. a) DMTP crosslinked with 
EDOT-ODA-EDOT and b) polyurethane support.  
The ratio of MVT for each IPN sample vs. expanded Tefl on 
(ePTFE) (MVT of IPN/MVT of ePTFE) is shown as a function 
of RH (25, 50 and 80%) in  Figure    6  . ePTFE transports water 
vapor at very high rates compared to other clothing materials. [  38  ]  
The open IPN allows MVT at nearly the same rate as that of 
the ePTFE. For this set of experiments, the standard deviation 
ranged from  ±  9% to 13%. The closed IPN allows signifi cantly 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Figure  6 .     Comparison of moisture vapor transport (MVT) rates. The 
IPNs in their oxidized and reduced states are compared, versus expanded 
Tefl on. T  =  40  ° C. Error bars are  ± 9-13%.  
( ∼ 70%) less MVT, indicating that it can hinder transport of mol-
ecules as small as water. This result is consistent with the TEM 
images that indicate large differences in pore sizes between 
the open and closed states. It is also interesting that for both 
the open and closed states, MVT rates are nearly independent 
of RH. This is in contrast to the MVT characteristics observed 
for other types of breathable fabrics. [  39  ]  MVT through the Con-
trol IPN in its oxidized state was signifi cantly lower than the 
Tether IPN, and appeared to have some dependence on relative 
humidity. MVT through the Control IPN in its reduced state 
was comparable to the Tether-IPN in its reduced state and did 
not demonstrate RH dependence. These results suggest that 
the presence of the tether facilitates the desirable characteristic 
of high MVT in the Tether-IPN open state. However, MVT is 
signifi cantly diminished in its closed state. The high MVT of 
the oxidized state of the Tether-IPN compared to the Control 
IPN, and the comparable MVT in both reduced states suggests 
that the tether plays an important role in creating a pore struc-
ture that is conducive to high MVT through the Tether-IPN 
open state. The MVT through the closed state of the Tether-IPN 
is nearly identical to that through the reduced Control-IPN. 
Therefore, in the closed state of the Tether-IPN, the tether itself 
appears to play a minimal role in MVT.

     3.7. Simulant Diffusion 

 We tested the Control-IPN and Tether-IPN materials using 
vaporized chloroethyl ethyl sulfi de (CEES), which is a standard 
simulant for CW mustard agent. We used a continuous fl ow 
apparatus with fl ame ionization detection (Supporting Informa-
tion Figure S1). This enclosed, temperature-controlled compu-
terized test apparatus allowed us to perform diffusivity studies 
on the IPN composite membrane materials that involve the 
simultaneous presence of simulant vapor and water vapor. To 
begin the diffusion tests, the IPN was placed and sealed into 
the vapor diffusion chamber, made of glass. A small volume of 
liquid CEES was then injected through a septum into the left-
hand chamber, which was held in a quiescent state (no convec-
tive airfl ow was present). During the course of the experiment, 
the CEES droplet rested on the end of the injection needle until 
it completely evaporated. A convective airfl ow with 50% relative 
humidity was passed through the right-hand chamber at a rate 
of 75 cm 3 /min. The CEES vaporized and a portion of it passed 
through the IPN. The fl owing air quickly carried this portion 
away from the membrane, preventing any backward diffusion. 
The airfl ow entered a fl ame-ionization detector (FID), and the 
amount of CEES present was detected as a time-dependent 
peak. The portion of CEES that passed through the mem-
brane entered the FID detector and was combusted/quantifi ed 
and any amount remaining in the feed chamber was removed 
before any succeeding injection was made. In  Figure    7  a,b, the 
FID sensor responses are given, showing CEES vapor transport 
through a) the Control-IPN a) and b) the Tether-IPN. The redox 
state of the IPNs are indicated along with the CEES challenge 
amounts in  μ L (liquid droplet volume).

   The FID traces for the Control IPN shows signifi cant, but 
not dramatic (order-of magnitude or more), differences in 
CEES diffusion rates through the oxidized and reduced states 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3116–3127
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     Figure  7 .     FID sensor responses showing CEES vapor transport through the a) Control-IPN 
and b) Tether-IPN. The redox state of the IPNs are indicated along with the CEES challenge 
amounts in  μ L liquid vaporized. c) Dependence of FID response (in terms of integrated areas 
under the traces) on CEES challenge amount. Error bars are  ± 8% to 12%. d) Ratio of CEES 
passage through the reduced vs. oxidized states of the IPNs. T  =  40  ° C, relative humidity  =  
50%. Error bars are  ± 14%.  

     Figure  8 .     a) CEES vapor passage through the open, closed, and re-opened 
Tether-IPNs expressed as ratios vs. an expanded Tefl on membrane. T  =  
40  ° C, relative humidity  =  50%. Error bars are  ± 14%. b) Nyquist plot 
of the impedance responses of the open (initial state) and re-opened 
Tether-IPNs.  
of the material. The differences are not surprising since con-
ducting polymers such as polythiophenes are being studied for 
use as actuators (see Introduction). The change in redox state 
leads to differences in polymer chain rigidity and packing den-
sity, which results in a moderately expanded oxidized form and 
a more densely packed reduced form. At the challenge level of 
0.5  μ L CEES, the reduced form of the Control IPN is able to 
block most of the CEES passage. 

 The FID traces for the Tether-IPN show an enormous (greater 
than one order of magnitude) difference in the diffusion rates 
through the two redox states of the material. The difference is 
the most pronounced for the lower challenge level of 0.5  μ L 
CEES, where virtually none of the simulant passes through the 
Tether-IPN closed (reduced) state. Note also the ordinate scale 
change between Figure  7 a,b. The amount of CEES permitted 
to pass by the closed state Tether-IPN is slightly less that the 
amount permitted by the Control-IPN reduced state. However, 
the oxidized (open) Tether-IPN allows much more simulant 
passage than the oxidized Control-IPN. This is consistent with 
its much higher MVT rate vs. the oxidized Control-IPN. These 
comparisons show that the Tether-IPN material is superior to 
the Control-IPN, both in terms of CEES blockage when reduced 
and in terms of MVT when oxidized. They also reveal the versa-
tile importance of the tether, which probably plays key roles in 
the switching of the material, the blocking of CEES transport, 
and the transport of water vapor through the material. 

 Figure  7 c was constructed for the Tether-IPN, and shows 
the dependence of FID response (in terms of integrated areas 
under the traces, up to time  =  100 minutes) on CEES challenge 
amount, in the range 0.5  μ L to 5  μ L. During data collection, 
each data point was collected in triplicate, with an experimental 
error of  ±  8% to 12%.The amount of CEES transport allowed 
by the nylon support by itself is shown in comparison with 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 3116–3127
the amounts allowed by the open and closed 
IPN states. It is striking that the relationship 
between CEES challenge amount and vapor 
detection amount is nearly perfectly linear 
for both the open and closed states. This 
indicates that CEES diffusion in the material 
is likely not cooperative in nature–in other 
words, individual CEES molecules probably 
do not interact with each other in ways that 
increase or decrease their bulk transport 
rates. The linearity also shows that 1) CEES 
probably does not react, either with itself or 
the IPN, as it diffuses through the IPN, and 
2) the nature of the barrier to CEES diffusion 
is best described as mechanical obstruction 
by the IPN polymers, rather than by specifi c 
chemisorptive bonding interactions at chemi-
cally distinct sites which would become 
saturated at higher CEES doses and permit 
relatively faster diffusion at those dose levels. 
Finally, repeated exposure to the CEES during 
testing evidently did not cause the Tether-IPN 
to change its properties in any way to affect 
CEES diffusion. 

 In Figure  7 d, the ratios of CEES vapor 
fl uxes through the reduced vs. oxidized states 
of the open vs. closed IPNs are shown. At the challenge level 
of 0.5  μ L, the ratio is 0.007 (0.7%) for the Tether-IPN. Thus 
its closed state permits  ∼ 140-fold less CEES passage than its 
open state. As the challenge level is increased to 5  μ L, this ratio 
remains near 2% to 3%. In contrast, the ratio for the Control-
IPN steadily increases to  ∼ 0.5. This suggests that fundamentally 
different mechanisms govern CEES diffusion in the Tether-IPN 
vs. the Control-IPN. 

   Figure 8  a shows CEES vapor passage through the open, 
closed, and re-opened Tether-IPNs expressed as ratios vs. an 
expanded Tefl on membrane, ePTFE (T  =  40  ° C and 50% rela-
tive humidity). ePTFE is used in breathable sport clothing and 
has a relatively high MVT. The initial open state is the IPN in 
its as-synthesized form. The sample was closed as described 
previously using an applied  − 1.0 V potential. After the closed 
sample was exposed to the CEES vapor, it was re-opened using 
an applied  + 1.0 V potential. It was clearly possible to re-open 
the Tether-IPN, and revert it nearly completely back to its initial 
3123wileyonlinelibrary.comeim
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open state. This was demonstrated using both levels of the 
CEES challenge (0.5 and 2  μ L). Both the open state materials 
retard simulant diffusion more effectively than ePTFE. At the 
0.5  μ L challenge level, the open states passed only  ∼ 30% to 37% 
of the CEES that the ePTFE was able to pass. At the higher chal-
lenge level of 2.0  μ L, the amount passed was reduced to  ∼ 20%. 
In the closed state, at both challenge levels the Tether-IPN per-
mitted less than 1% of the amount that the ePTFE could pass. 
Figure  8 b is the Nyquist plot of the impedance responses of the 
open (initial state) and re-opened Tether-IPNs. Both open states 
give very similar impedances, indicating that the IPN is mostly - 
but not completely - transformed back into its initial open state 
following the oxidizing voltage application.

     Figure 9   shows the diffusion of a different simulant, methyl 
salicylate (MeS), through the Tether-IPN. MeS has been used to 
simulate V-series nerve agents as well as mustard gas. The top, 
blue trace shows the passage through an ePTFE membrane 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  9 .     a) FID sensor responses showing MeS vapor transport through 
ePTFE (top, blue trace) and the Tether-IPN oxidized, open state (black 
trace) and reduced, closed state (violet trace). The chemical structure of 
MeS is shown as an inset. T  =  40  ° C, relative humidity  =  50%. b) Enlarge-
ment of the lower two traces in (a). The chemical structure of MeS is 
shown as an inset. T  =  40  ° C, relative humidity  =  50%.  
and the two lower traces show passage through the oxidized, 
open state (black trace) and the reduced, closed state (violet 
trace) of the Tether-IPN. If the integrated area of the open IPN 
state is divided by that of the ePTFE, a ratio of 0.04 is obtained. 
Thus the open IPN permits far less MeS to permeate than the 
ePTFE. No integration could be performed for the reduced 
state because the very small signal is practically in background 
(noise) levels. Also, far less MeS passes through the open 
IPN than CEES. This may be related to the vapor pressure of 
the compounds, with the former much lower than the latter 
(0.2 mm Hg vs 3.4 mm Hg at 25  ° C). The difference in MW 
(220 vs. 153) also may contribute. Also, CEES passes through 
much more rapidly than MeS, with a transit time of  ∼  100 min-
utes vs.  ∼ 500 minutes. The low vapor pressure of the MeS or 
attractive forces between the polar OEG tethers and the phe-
nolic hydroxyl group/ester function of the MeS may act to slow 
the transit of MeS through the Tether-IPN.

     3.8. Composite Durability 

 We have found that the fabric-supported composite is mechani-
cally strong and quite durable. The nylon support does not 
appear to experience any degradation during the oxidative 
polymerization. As mentioned above, we are presently inves-
tigating wool as a support fabric and have found that it, too, 
forms a very durable homogeneous composite with the IPN. It 
is possible that other relevant fabrics such as Kevlar may also 
be well-suited as a support. 

   3.9. Open-Close Mechanism 

 The Tether-IPN is able to adopt open and closed states that are 
dramatically different, much more so than those of the Con-
trol-IPN. For this effect to occur, the tethers are clearly neces-
sary. We propose a model wherein the CP component of the 
Tether-IPN experiences a collapse phenomenon when reduced, 
a behavior very much like that of other poly(thiophenes) and 
PEDOTs. This collapse process is reversible. In our model, the 
tethers block the interstitial spaces between the CP and poly-
urethane chains. In a second part of our model, the RTIL is a 
key component of the switching process that allows the IPN to 
be transformed from an open to a closed state, and vice-versa. 
Here, when the RTIL is absorbed into the IPN, it is dispersed 
among the tether chains and water molecules that are naturally 
present in the IPN. These assist in the partial dissociation of 
the RTIL, allowing it to participate in the redox processes nec-
essary for IPN switching. 

 It is known that when PEDOT is in its reduced state, the aro-
matic repeat units experience van der Waals attraction, causing 
neighboring chains to pack together in dense aggregates. [  37  ]  In 
our model of the Tether-IPN actuation, when the sulfonated 
tether side chains are oriented by the oxidized CP state in self-
doping confi gurations, neighboring CP main chains are largely 
masked from one another. Thus they do not aggregate. The IPN 
is in its open state. Since the tethers are anchored at both ends, 
their confi gurational entropy is relatively low. This may impede 
their ability to block diffusion of small molecules. When the CP 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3116–3127



FU
LL P

A
P
ER

www.afm-journal.de

www.MaterialsViews.com

is switched into its reduced state, the CP main chain becomes 
electrically neutral, and the charged termini of the tethers are 
released. The CP main chains become exposed to one another, 
and they begin to pi-stack and aggregate. The freed tethers have 
a higher confi gurational entropy and block the interstitial spaces 
between the CP chains and the polyurethane chains. Their 
high entropy also may allow them to become more effective in 
impeding diffusion of small molecules. The CP now resembles 
a classical polymer “brush”. Also, the termini may experience 
mutual repulsion because of their like negative charges. This 
would cause them to distribute themselves through the nanos-
cale spaces in a relatively homogeneous manner, improving the 
ability of the IPN to block transport of small molecules. This 
scenario is consistent with what is seen in the TEM images of 
Figure  3 a,b. Finally, the aromatic regions of the CP main chain 
may aggregate with the aromatic bis-benzamides of the poly-
urethane chains, enhancing the collapse process of the entire 
IPN. This phenomenon is depicted in  Figure    10  . The denser 
nature of the closed vs. open IPN is also quantifi ed by the 
nitrogen absorption studies summarized in Table  1 , and the 
water absorption studies described above.

   For the switching to occur, the RTIL component of the 
IPN is important. It is present at levels of  ∼ 6 wt%, which cor-
responds to about a 1:1 molar ratio with the OEG-sulfonate 
tether. Ionic liquids such as Emim-Tf 2  have very low vapor 
© 2012 WILEY-VCH Verlag Gm

     Figure  10 .     Proposed open-close mechanism showing IPN collapse in both t

Adv. Funct. Mater. 2012, 22, 3116–3127
pressures, and thus have extremely low evaporation rates. For 
our application, it appeared to be an excellent choice for at 
least two reasons. First, the cationic imidazolium is known to 
form complexes with the ( σ   −  ) oxygens of polyethylene glycol 
or OEG, [  40–42  ]  which would help localize the RTIL molecules in 
the regions around the tethers and in close proximity to the CP 
main chains. Second, the Tf 2  anion can readily exist as a free 
ion. This allows the Emim cation to provide charge compensa-
tion for the freed sulfonate tethers when the IPN is in its closed 
state. The large size of the Tf 2  anion and the presence of the 
electron-withdrawing fl uorination contribute to delocalization 
of the electron density, and consequently high polarizability. 
Electrical conductivity data gathered for ionic liquids with the 
Tf 2  anion show pronounced ion dissociation, with ionic con-
ductivities similar to electrolyte solutions used in electrochem-
istry. [  43–46  ]  These RTILs have recently been found to dissociate 
to an additional degree when diluted by addition of 10% v/v 
water, demonstrating  ∼ 14% dissociation at 25  ° C. [  46  ]  Because of 
the hydrophilic nature of the sulfonated OEG tether chains, the 
IPN contains a small fraction of water, determined to be 5 to 
7 wt% by thermogravimetric analysis (data not shown). Simula-
tions and spectroscopic studies have shown that Tf 2  interacts 
strongly with water solute, forming Tf 2  … HOH … Tf 2  hydrogen-
bonding complexes that stabilize the lone anion. [  47  ]  Therefore, 
the presence of small quantities of water within the IPN fabric 
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would permit this interaction and facilitate anion stabilizia-
tion. Finally, surface tension studies on Tf 2 -containing ILs show 
that dispersion forces between all species are strong enough to 
allow the fl uid to behave thermodynamically like an ionic solu-
tion, allowing the appearance of free ions. [  43  ]  We suggest that 
the ability of the Emim-Tf 2  RTIL to readily dissociate in this 
manner enables the IPN to be switchable as a macroscopically 
“dry” material, in the absence of bulk liquid electrolyte. 

    4. Conclusions 

 In conclusion, we have developed a switchable IPN material 
composed of polyurethane and a poly(thiophene-EDOT)-type 
conducting polymer. The material can be switched between 
an open, breathable state that rapidly transports water vapor 
and a closed, protective state that blocks diffusion of chemical 
agent simulants. Diffusion of CEES simulant was up to 140-
fold slower through the closed vs. open states of the IPN. The 
switching, actuated by application of a small voltage, does not 
require that conventional liquid electrolyte be present, but is 
instead facilitated by the presence of a room-temperature ionic 
liquid with very low volatility. The tether plays an essential role 
in ensuring a high moisture vapor transport rate (breathability) 
in the open state material and blocking simulant diffusion, but 
plays a minimal role in closed state moisture vapor transport. 
The material could be used in many applications, including 
breathable, comfortable clothing designed to protect against 
chemical warfare agents. 

   5. Experimental Section 

  5.1. Materials and Instrumentation 

 MVT75 polyurethane was purchased from Lubrizol Advanced Materials 
(Wickliffe, OH). This polyurethane (Figure  1 d) was originally formulated 
by BF Goodrich. Support fi lters were purchased from Fisher Scientifi c 
(Pittsburgh, PA). Filter manufacturers were Sterilitech (Kent, WA; 
polyethersulfone), General Electric Water and Process Technologies 
(Trevose, PA; Magna Nylon), and Millipore (Billerica, MA; Tefl on). 
Graphite fi bers were purchased from Nippon Graphite Fiber Corp. 
(Tokyo, Japan). Synthesis of TP-CAE 4 P-SO 3 , and the crosslinker, 
octanedioic acid bis-(2,3-dihydro-thieno[3,4-b][1,4]dioxin-2-ylmethyl) 
ester (referred to as EDOT-ODA-EDOT), were performed as described 
in Supporting Information. Unless specifi ed, all reagents and solvents 
were purchased from Aldrich Chemical (Milwaukee, WI) and used as 
supplied. Analytical thin layer chromatography was performed on glass 
silica plates (E. Merck silica gel 60-F254 with a thickness of 0.25 mm), 
using the solvent mixture indicated. Preparative chromatographic 
purifi cations were performed by employing fl ash chromatography on 
E. Merck 40-63  μ m normal phase silica gel. Tetraethyleneglycol mono-
amine was obtained from Molecular BioSciences, Inc. (Colorado). The 
alcohol precursor, 2,3-dihydrothienol[3,4-b][1,4]dioxin-2-yl methanol 
(EDOT-CH 2 OH), and 3,4 ethylenedioxythiophene (EDOT) were 
purchased from Sigma-Aldrich (St Louis, MO).  1 H NMR spectra were 
recorded on a Bruker DRX-400 spectrometer in CDCl 3  or D 2 O solutions. 
Two-chambered diffusion cells were purchased from Permeagear 
(Bethlehem, PA). Humidity indicators were purchased from Testo Inc. 
(Sparta, NJ). Potentiostats (Model 760 D) were purchased from CH 
Instruments (Austin, TX). The Thermogravimetric Analyzer (Model 
2950) was purchased from TA Instruments (New Castle, DE). The GC 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
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oven and FID apparatus (Model 2010) was purchased from Shimadzu 
Scientifi c Instruments (Columbia, MD). TEM images were obtained 
using a 200 keV JEOL 2200FS transmission electron microscope. 
Nitrogen adsorption experiments were performed on a Micromeritics 
ASAP 2010 porosimeter at 77 K (Micromeritics Instrument Corporation, 
Norcross, GA). Samples were degassed to 1 mm Hg at 70  ° C prior to 
analysis. 

   5.2. Chemical Syntheses 

  Synthesis of IPN Precursors : The synthesis procedures for TP-CAE 4 P-SO 3 , 
EDOT-ODA-EDOT, and DMTP are given in ´the Supporting Information. 

  IPN Synthesis in Filter Supports : The fi lter-supported IPN was 
synthesized by blending a polyurethane-containing solvent with a 
second solvent containing EDOT-ODA-EDOT, EDOT, and carbon 
fi bers. This mixture was then blended with a third solvent containing 
TP-CAE 4 P-SO 3 , and iron (III) tosylate oxidant. The fi nal mixture was 
then cast into a support fi lter, which was then heated to polymerize 
the thienyl termonomers in an oxidative, statistical terpolymerization. 
The procedure is a variation of that reported for IPN synthesis using 
underivatized EDOT and polyurethane. [  48  ]  Adherent IPNs were formed 
in fi lters composed of nylon (0.1  μ m pore size). The nylon fi lters were 
originally circular in shape (4.7 cm diameter), and prior to use were 
cut into quadrants of equal area (4.3 cm 2  each), weighing  ∼ 24 mg. In 
a typical synthesis, 240  μ L of THF containing 10 wt% polyurethane 
was added to 160  μ L anisole containing 6 mg EDOT-ODA-EDOT, 4  μ L 
EDOT, and 10 mg carbon fi bers (Granoc, 50 micron avg. length, Nippon 
Graphite Fiber Corp.) forming solution “1”. The mixing was performed 
in a 1-cm diameter 2.5 ml vial. Next, 140  μ L ethanol containing 24 mg 
TP-CAE 4 P-SO 3  was added to 200  μ L ethanol containing 120 mg iron 
(III) tosylate hexahydrate oxidant, forming solution “2”, again in a 1-cm 
diameter 2.5 ml vial. Solutions 1 and 2 were then mixed vigorously (2 was 
added to 1). To permit full solubility of the polyurethane component, an 
additional 160  μ L THF was added. The mixing was performed for an 
additional 30 minutes at 35  ° C, at 1200 RPM using a small magnetic stir 
bar. Finally, four 150 to170  μ L aliquots of the blended solution were then 
separately deposited onto 4 cut fi lter supports (the sections were resting 
on a glass microscope slide, both the sections and the slide were pre-
heated in the oven at 70  ° C). The deposition was done by pipette, and 
the solution was deposited in a manner allowing complete and uniform 
coverage of the fi lter, without solution runoff. The polymerization was 
allowed to proceed overnight at 70–75  ° C. The IPN formed in the fi lter 
support and was dark blue in color because of the oxidized poly((TP-
CAE 4 -SO 3 )/EDOT-ODA-EDOT/EDOT). The samples were carefully 
removed from the glass slide and immersed in hot water for 30 seconds 
(stirring, 80–85  ° C) to extract the iron (II) reaction byproduct as well 
as any unreacted iron (III). Thermogravimetric analysis was performed 
using a TA Instruments Model 2950 Thermogravimetric Analyzer with 
a temperature ramp of 10  ° C/min in the range 25  ° C to 600  ° C. The 
results showed that the extraction procedure removed  ∼ 98% of the 
iron salts from the samples. The samples were then air-dried and 
stored at room temperature. Each fi lter section was found to contain 
 ∼ 13.5 mg of the IPN. Finally, the ionic liquid component was introduced 
by pipetting a 30 wt% solution of 1-ethyl-3-methyl imidazolium-bis-
(perfl uoroethylsulfonyl) imide ionic liquid in ethanol to the fi lter section, 
and the solution was permitted to dry at 25  ° C. For the IPN synthesis, 
the overall wt% yield was 86%–87%. 

   5.3. Electrochemical Impedance Spectroscopy 

 Electrochemical switching and EIS measurements were performed using 
a two-electrode confi guration, with the working and counter electrodes 
attached to opposite ends of the IPN sample, which had a typical size of 
1.5 cm  ×  1.5 cm. The reference and counter electrodes were shorted as is 
typically done for two-electrode impedance measurements. The working 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 3116–3127
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and counter electrodes were interfaced onto the surface of the sample 
through thin strips of highly conductive copper metal (sheet resistance  ∼  
1 Ohm), dimensions 3 mm  ×  10 mm  ×  0.1 mm. 

   5.4. Water Absorption Studies 

 An 8  μ L ( + / − 0.25  μ L) droplet of water was carefully applied to the 
surface of an IPN in its oxidized and reduced state. Video acquisition 
was made at a frame rate of 15.2 frames per s (0.066 s per frame) and 
was begun before the droplet made contact with the surface of the IPN. 
Video acquisition was completed once the water droplet was completely 
absorbed by the material. Based on the time stamp for each frame, an 
absorption rate was calculated for the oxidized and reduced states of the 
IPN. Video acquisition was performed using a VCA contact angle system 
2500 (VCA2500, ASC Products, USA). 

    Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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