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ABSTRACT: A new solid polymer electrolyte film fabricated by layer-by-layer (LbL) ) -

assembly is presented. The electrolyte film consists of four interbonding layers per
deposition cycle, which combines electrostatic and hydrogen bonding in the same
structure. Linear poly(ethylene imine) (LPEI) and poly(ethylene oxide) (PEO) are used
to enhance the dissolution of lithium salt and the ionic transport through segmental
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incorporation of electrostatic and hydrogen bonding, because of the versatile control of vl

the ionization of poly(acrylic acid) (PAA), which serves as a bridging molecule. Ionic

conductivity values, as described by the Vogel—Fulcher—Tammann equation, are found to be above 10> S/cm for the dried
electrolyte at room temperature and moderate humidity (52%RH). Thermal analysis reveals two competing processes, namely,
cross-linking of LPEI and PAA to form an amide compound and segregation of PEO crystalline phase, which results in a moderate
reduction of conductivity in the electrolyte after heating. Demonstration of solid electrochromic devices using the LbL-assembled
polymer electrolyte is presented in both transmission and reflection mode with a modulation of 30%—40% in the visible and near-
infrared range. The successful fabrication of the LbL-assembled electrolytes enables the realization of completely flexible, polymeric,

and solid electrochromic devices.
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B INTRODUCTION

Layer-by-layer (LbL) assembly has recently attracted great
attention as a promising method to form defect-free and highly
conformal coatings."” The technique has advantages in chemically
controlling the nanoscale local structure, film morphology, and
thickness and incorporating a wide range of functional materials.
LbL assembly can be driven by either electrostatic or hydrogen
bonding. In the first case, the multilayer coating is created by
alternatively dipping the substrate into solutions of oppositely
charged polyelectrolytes. Assembly by hydrogen bond is applied
for compounds of which hydrogen-donor and hydrogen-acceptor
groups are available. Control of film growth can be obtained
through adjustment of the assembling parameters, such as solution
pH for “weak” polyelectrolytes® or solution ionic strength for
“strong” polyelectrolytes,” and deposition temperature.” A wide
range of applications utilizing LbL assembly as a fabrication
technique has been reported, such as electrochromic devices,®
solid-state ionic electrolytes,”'® proton-exchange membranes for
fuel cells,'' loading/delivery vehicles for biological comp-

unds,'>"* adhesive layers for cells,"* humidity sensors,”> and
other nanostructure and microstructure materials.'®'” Of these
applications, electrochromic (EC) devices can benefit most from
the LbL assembly, because both electrochromic and electrolyte
layers have been successfully formed via this method.* '* Cur-
rently, high-performance electrochromic devices have been de-
pendent on the use of gel or liquid electrolytes. Although a great
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number of achievements have been obtained for different types of
solid electrolytes, the EC device performance has still been inferior
to that with gel or liquid electrolytes."®'® The main cause usually
has been attributed to the lower ionic conductivity of the solid
electrolytes. As a result, achieving good ionic conductivity and
better interfacing between solid electrolyte and electrochromic
layer is critical to improve device performance.

Polyelectrolytes formed by LbL assembly can be fabricated by
both electrostatic and hydrogen bonding. For electrostatic
bonding, the choice of polyion pair is deemed important, because
it directly affects the number of mobile ions that can be retained,
as well as the ionic mobility, which is dependent on the cross-
linking density in the assembled films. The combination of water-
soluble linear poly(ethylene imine) and poly(acrylic acid) (LPEL/
PAA) has been found to offer some advantages in addressing
these problems. The hard Lewis base of the hydrophilic ethylene
imine molecules helps to increase the dissolution of alkali metal
cations, while the weak polyelectrolyte PAA provides a high
amount of mobile counterions under acidic conditions. In the
LPEI/PAA system, the pH of the assembling solutions plays an
important role in the ionic conductivity, with an increase of one
order of magnitude when the pH was increased from 2 to S. The
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addition of ionic salt after the bilayer film formation increased the
conductivity at medium humidity range (52%RH).” In the case
of hydrogen-bonded poly(ethylene oxide)/poly(acrylic acid)
(PEO/PAA) system, the addition of ionic salt to the assembly
solutions substantially increased the ionic conductivity in the
medium humidity range. The reported improvement was up to
two orders of magnitude and could tentatively reach above 10~*
S/cm for samples measured at 100%RH."* Efforts to increase the
ionic conductivity with post-assembly treatment, including sub-
mersion in a lithium hexafluorophosphate/propylene carbonate
solution®® for PEO/PAA films, in highly acidic solutions,*' and in
oligoethylene glycol (OEG) solution”* for LPEI/PAA film,
showed drastic improvements (up to 9.5 X 10> S/cm, as
reported in the latter case). It is interesting to note that the
treatment of LPEI/PAA film with OEG solution resulted in the
increasing plasticization by water and benefited from the inter-
calation of flexible ethylene glycol molecules into the matrix of
the electrostatically bonded bilayer. Reviews of these electrolytes
are available in refs 2 and 23 for further reference.

In this report, we explore a new approach using LbL
assembly to fabricate a solid polymer electrolyte, which com-
bines electrostatic and hydrogen bonding to obtain high ionic
conductivity. The electrolyte consists of four interbonded
polymeric layers (and, hence, is termed “tetralayer”). Linear
poly(ethylene imine) (LPEI) was used in the electrostatic
bonding pair with poly(acrylic acid) (PAA), while poly(ethylene
oxide) (PEO) was paired with PAA via hydrogen bonding.
LPEI with its heteroatomic hydrophilic backbone has been
reported to be favorable for ionic transport in the electro-
statically bonded bilayer,” while PEO is well-known for its
good solubility of lithium salts. The use of PAA is critical,
because it serves to bridge the two types of bonding. Char-
acterization of the ionization behavior of PAA has been well-
documented,** which allows us to derive a suitable combina-
tion of assembly parameters, in terms of solution pH and ionic
strength. The electrostatically bonded LPEI/PAA could be
assembled in the pH range of 2—35, with the best result being
obtained at pH 4. Because of the weak interaction, this
assembly is unaffected by the presence of ions in the solutions.’
The assembly of the hydrogen-bonded PEO/PAA was criti-
cally dependent on both solution pH and ionic strength. The
optimized condition was reported for a pH range of 2—3.5 and
salt concentrations of <0.5 M.'® Although we have attempted
deposition with solutions of various pH values (e.g., LPEI/
PAA at pH 4 combined with PEO/PAA at pH 2.5) and varied
salt concentration (e.g., 0.01—0.5 M), the obtained samples
were unstable, in terms of growth and ionic conductivity
performance. This was probably due to the mismatched effects
of pH and ionic strength to the electrostatic and hydrogen-
bond formation. Based on the literature information and our
experimental results, we chose a pH value of 3 and an ionic
strength of 0.1 M for all of the polyelectrolyte and rinse
solutions in the LbL assembly process. Upon establishing the
understanding of the tetralayer LbL film in terms of structure,
growth, thermal properties, and ionic conductivity perfor-
mance, we demonstrate the application of this solid electrolyte
for electrochromic devices. Designs for transmissive
and reflective devices are presented for electrochromic mod-
ulation in both the visible and near-infrared (near-IR)
wavelength range.

B EXPERIMENTAL SECTION

Materials. Polycation LPEI (M, ~ 250000, Polysciences,
Inc.) was used as received, as were the polyanion PAA (25
wt% in water, M,, &~ 200000, Polysciences, Inc.) and PEO
(M,, ~ 20000 (20K) and 300000 (300K), Sigma—Aldrich).
All of the polyelectrolytes were dissolved in deionized water
(Milli-Q_system, Millipore Corp.) at a concentration of 0.02 M
(with respect to repeating units). Lithium trifluorosulfonate
(LiCF3SO; or LiTF) (96% pure, Sigma—Aldrich) was dissolved
in the polyelectrolytes and rinse solutions at concentration of 0.1
M. The pH was adjusted using dilute perchloric acid (HCIO,)
(0.1 M) to pH 3 for all the polyelectrolytes and aqueous rinse
solutions, unless specified. All the substrates used in the study were
cleaned by sonication in series of solutions consisting of acetone,
methanol, and deionized water. Right before assembly, the sub-
strates were exposed in a Harrick PCD plasma cleaner for 2 min.

Layer-by-Layer Assembly and Characterization. The layer-
by-layer deposition was performed using Carl Zeiss Model
HMS?70 slide stainer, of which the submerging durations in the
polyelectrolyte and rinse baths were preprogrammed to be 15
and 2.5 min, respectively. After deposition was completed, the
samples were allowed to dry in ambient (25 °C, ~52%RH) for at
least 3 days before characterization, denoted as “dry state”. The
“wet state” samples were obtained after exposing the dried ones
to an ambient environment of 90%RH in a humidity-controlled
chamber at room temperature for 1 h with no liquid being visibly
detected on the sample surface.

Tetralayer films were investigated by Fourier transform infra-
red (FTIR) spectroscopy, using a Perkin —Elmer spectrometer in
reflectance mode. The film thickness was measured by surface
profilometry using a Tencor-Alpha profilometer. Thick tetralayer
films (up to 100 deposition cycles) were deposited on cleaned
glass substrates and gently peeled off after drying. These stand-
alone films were employed for studying of their thermal char-
acteristics, using modulated differential scanning calorimetry
(MDSC). The samples were first equilibrated at —S0 °C,
followed by heating to 180 °C, and then cooled back to
—50 °C at a fixed rate of 10 °C/min, a period of 60 s, and an
amplitude of 1.592 °C. This process was repeated for two
measurement cycles. For ionic conductivity characterization,
both in-plane and through-plane measurements were performed.
For through-plane measurement, films were deposited on a
patterned indium-doped tin oxide (ITO) glass substrate, fol-
lowed by top gold electrode metallization to form cross-bar cells.
The in-plane measurement was done using a pair of parallel
platinum wires (100 #m in diameter) at a distance of 1 cm.
Impedance spectra were obtained using a Solartron Model 1216
system (frequency ~ 1 MHz—0.1 Hz, V,,, & 10—100 mV) and
fitted with Zplot/ZView software. Ionic conductivity measure-
ment, versus temperature, was done in a humidity-controlled
chamber with in situ heating via a hot plate.

Electrochromic Device Fabrication. For solid electrochro-
mic device fabrication, LbL electrolyte films were deposited on a
transparent ITO—PET substrate (Sigma Aldrich) in transmit-
tance mode. After the samples were dried, a gold grid electrode
(0.5 mm in width, with a spacing of 0.5 mm) was formed on top
of the LbL film via sputtering. A conducting polymer (polyaniline
with dodecylbenzene sulfonic acid (PANI-DBSA)) was used as
the active electrochromic layer and drop-cast onto the LBL film
that was partially covered by the grid electrode. For reflective
devices, the tetralayer electrolyte was first assembled on a
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Figure 1. Schematic structure of the tetralayer electrolyte LPEI/PAA/
PEO/PAA.

polycarbonate membrane (pore size of ~10 ym, Whatman),
followed by drying in an ambient environment. The gold grid
electrode was then deposited on one side of the membrane, as
described above. The PANI-DBSA solution was cast on the side
with the grid electrode. In the last step, poly(3,4-ethylene
dioxythiophene) —poly(4-styrene sulfonic acid) (PEDOT-PSS)
was drop-cast on the other side, immediately followed by its
attachment to a piece of cleaned aluminum foil, which served as a
counter-electrode, and drying in a desiccator for at least 2 h. The
electrochromic modulation was measured in the visible to near-
IR range (300—2000 nm), using a Perkin—Elmer UV—vis—NIR
spectrometer, and applying constant bias accordingly, using an
Autolab potentiostat.

B RESULTS AND DISCUSSION

Film Growth and Thickness Profile. Figure 1 shows the
schematic structure of the tetralayer electrolyte LPEI/PAA/
PEO/PAA. The proposed structure started with the LPEI and
first PAA layers that were attached to each other via electrostatic
bonding between the amine and ionized carboxylic groups.
Because of the partial ionization and protonation of this PAA
layer, it allowed the protonated carboxylic acid groups COOH to
contribute to the hydrogen bonding with the ether oxygen in the
next PEO layer. This PEO layer again participated in the
hydrogen bonding with the second PAA layer, of which the
partial ionization of COO groups enabled the electrostatic bond
with the subsequent LPEI layer to start a new assembly cycle.

The growth behavior of the dried tetralayer films is shown in
Figure 2. While films with PEO300K grew linearly throughout
the examined thickness range, films with PEO20K showed
nonlinear growth up to 24 tetralayers, followed by a more-linear
manner. The thickness of each tetralayer for linear growth was
115 &£ 8 nm and 112 % 7 nm for tetralayers with PEO20K and
PEO300K, respectively, which was slightly lower than the
thickness of the PAA/PEO bilayer (as mentioned above). On
the other hand, if one considered the reported thickness for the
single bilayer LPEI/PAA (25 nm, H 3)*°) and PEO/PAA
(80 nm, pH 3, 0.1 M LiCF;S03)*° in films with 20 or more
deposition cycles, it could be seen that the tetralayer thickness
here was in the same range as the total thickness of both of these
bilayers combined. Note that the appearance of ions from LiTF
salt during the tetralayer assembly could affect the deposition of
the LPEI/PAA portion in which the polyions assumed “a loopier
and less-extended surface conformation” due to screening-en-
hanced adsorption.'®*® This conformation subsequently abated
the number of the protonated COOH groups on the assembled

—O— Tetralayer with PEO 20K
—&— Tetralayer with PEO 300K

Thickness (um)

6 12 18 24 30 36 42
No of tetralayers

Figure 2. Growth curve for LBL tetralayer films with PEO of molecular
weight M,, = 20K and M, = 300K. Lines are added only as a guide to
the eyes.

PAA layers that were available for hydrogen bonding with the
PEO molecules. Overall, it could be expected that the LPEI/PAA
portion was slightly thicker, while the PEO/PAA portion was
thinner in the tetralayer, compared to each of the bilayers alone.
The bonding between Li" cations and PAA and PEO molecules,
shown in the FTIR characterization, could also reduce both
electrostatic and hydrogen bonding in the tetralayer film forma-
tion. Therefore, the growth profile suggested that these behaviors
exerted a more obvious impact during the early stage of
the tetralayer films, with PEO20K showing a superlinear char-
acteristic. On the other hand, films with PEO300K only exhibited
linear growth, with only subtle influence by the chain
conformation.

FTIR Analysis. To understand the combined formation of
electrostatic and hydrogen bonding in the tetralayer electrolyte,
we have examined the characteristics of each single bond in
bilayer structure, namely, LPEI/PAA and PEO/PAA. The infra-
red spectroscopic data showed clear differences in the bonding
characteristics of the two bilayer structures. For the PEO/PAA
bilayer, the absence of the ionized carboxylic group COO at
1554 cm™ ' and strong interaction signal of the carboxylic
acid—ether oxygen at 1732 cm™ ' indicated the successful
formation of hydrogen bonding. Besides, free CF,S0; ions were
also detected by the symmetric stretching of SOz group at
1032 cm™ . On the other hand, strong COO (1558 cm™ )
and weak amine (1606 cm ™ ') bands were observed for the LPEI/
PAA bilayer even at pH 3. This confirmed the existence of
electrostatic bonding, despite the low level of ionization of PAA
molecules at low pH values. More information of these results is
available in the Supporting Information (see Figure S1). The
existence of the electrostatic and hydrogen bonding in LbL-
assembled bilayer films under unified conditions of pH 3 and a
salt concentration of 0.1 M in solution enabled the combination
of both of these bonds into a single structure via the LbL method.

Infrared spectra for tetralayer samples in dry and wet state are
presented in Figure 3. The hydroxyl stretching region (3800—
2200 cm ™', Supporting Information, Figure S2) of the dry-state
samples indicated a mixture of various modes such as noncyclic
single or multiple hydrogen bonds, cyclic dimers, and free
hydroxyl groups, which is similar to a previous report.”” For
the wet-state samples, the hydroxyl bands showed the dominant
existence of noncyclic single or multiple hydrogen bonds and
cyclic dimers, compared to the free hydroxyl groups. This was

2144 dx.doi.org/10.1021/cm103572q |Chem. Mater. 2011, 23, 2142-2149



Chemistry of Materials

Absorbance

(i

I

(iv

18IOO 16l00 ' 14I00 ' 12100 10I00 ' 860
Wavenumber (cm™)
Figure 3. FTIR data for tetralayer LBL films with PEO a molecular

weight of 20K (spectra i, iii) and 300K (spectra ii, iv) in the wet state
(spectra i, i) and the dry state (spectra iii, iv).

caused by the higher moisture content in the samples, which is
due to the exposure humidity (90%RH for 2 h); this led to more
flexibility in the polymer chains and weakening of the intermo-
lecular hydrogen bond.

In the 1800—800 cm ' region, significant changes in the
carbonyl stretching (1750—1700 cm ') and the PEO-LITF com-
plex (1100—800 cm ™ ") could be seen for the dry-state and wet-
state samples. For the former, possible convolution of the car-
boxylic-ether oxygen (1732 cm™ ') and carboxylic dimer
(1699 cm™ '), as discussed earlier for the PAA/PEO bilayer,
resulted in the broad composite bands centered above
1700 cm ™. For the dry-state samples, the carbonyl bands were
broader and centered toward lower wave numbers (~1700 cm ™).
The broad COO ™ bands (~1556 cm ™) similarly observed in the
two LPEI/PAA bilayer samples also became more visible in the
dried tetralayer samples. The existence of intermolecular hydrogen
bonding and the lower carbonyl absorption bands could be
explained by neutralization of the COO™ groups and formation
of the Li"-COO™ compound. It has been reported that the phase
separation in the PAA/PEO blend occurs with the increased
neutralization of the acrylic acid groups. This is reflected by the
shift to lower wave numbers for the carbonyl band and to higher
wave numbers for the COO™ band, signifying the larger fraction of
the acid dimers and the stronger Li"-COO™ dipoles in the
microphase-separated aggregates.”” For the dry-state samples in
our study, the COO™ bands were unchanged at ~1556 cm™ ' as
compared to ~1554 cm ™' of the wet-state. Hence, it is believed
that phase separation between PEO and LPEI/PAA could have
taken place in the dry tetralayer, because of the formation of more
carboxylic dimers, and the Li" ions were only loosely bound by the
COO™ groups, forming complex compounds with the separated
PEO chains.

The three sharp bands at 1267, 1236, and 1193 cm™ ! arose
from the superimposing of signals contributed from both LPEI
and PEO molecules in the region of 1340—1130 cm™ . The
strong bands at 1057 (tetralayer 300K) and 1063 (with a
shoulder band at 1043) cm ™" (tetralayer 20K) corresponded
to a mixture of COC stretching and CH, rocking, which is close
to the bands observed for pure PEO.*** These vibrational
signals, which were also characterized by the 950 and
840 cm ™' bands, appeared in the wet-state sample but not in
the dry-state samples. This corroborated the above observation

of the phase separation of PEO, which is due to the decrease in
intermolecular hydrogen bonding and the formation of Li-ether
oxygen compounds. For the dry-state samples, bands at
1029 cm ™" were attributed to the SO5 symmetric stretching that
corresponds to the “free” state of the triflate ions.’**" The
disappearance of the vibrational bands of COC stretching and
CH, rocking at 950 and 840 cm™ ', which is characteristic to a
pure PEO backbone, further underlined the dissolution of the
ionic salt into the tetralayer structure, even in the dry state.
However, note that the structure of polymer assembly and the
binding of Li" ions might not be the only mechanisms that
governed the ionic transport. The medium through which these
Li" ions are transported also could have a major impact. There-
fore, the difference between the wet and dry states observed here
might not be only due to the solubility differences of lithium, but
also due to the interaction between lithium cations and the water
content or the polymer matrix. To examine this hypothesis, the
dry-state samples were heated to 180 °C for 15 min and the IR
spectroscopic data were collected once the samples were cooled
to room temperature (data are available in the Supporting
Information (see Figure $3)). Clear evidence of amide formation
via thermal cross-linking between the amine and carboxylic
groups (LPEI and PAA) appeared for both of the tetralayer
samples (with PEO20K and PEO300K). Furthermore, a stronger
signal of CH,, twisting mode from PEO could be observed, which
was possibly indicative of structural change of this polymer. It will
be shown in the subsequent sections that these changes were
related to the reduced ionic conductivity of the tetralayer
electrolyte, which was due to changes in structural formation.
Thermal Analysis. The thermal properties of the LBL tetra-
layer films, characterized by modulated DSC, are shown in
Figure 4 for two measurement cycles. During the first heating
cycle, broad endothermic peaks that had nonreversing character-
istics dominated the thermal process. The peak temperatures
were 94 °C and 107 °C for tetralayer films with PEO20K and
PEO300K, respectively, while heat-enthalpy values were 279.6 &
0.2 J/g for both samples determined from the nonreversing
curves (see Figure 4a). Similar strong and broad peaks existing
only in the first heating cycle have been observed in the poly-
(sodium  4-styrene sulfonate) /poly(diallyldimethylammonium
chloride) (PSS/PDAC) blended polyelectrolyte system and
attributed to the evaporation of water residue after freeze-
drying.>* On the other hand, thermal study of a PEO/LiTF
blend also showed a broad transition in the range of 70—180 °C,
which was due to the melting of the Li—O complex (with a
cation:oxygen ratio of ~1:20).” Since both of the samples were
fabricated using identical processes, the similar enthalpy values here
possibly suggest the dominance of moisture evaporation from the
samples. Despite not being observed by the DSC results, the
thermal cross-linking process should also be included in the broad
nonreversing curves. The existence of the very broad transition in
the range of 60—100 °C on the reversing curves during the first
heating cycle indicated the presence of the unbound PEO mol-
ecules that formed microcrystalline sites and a complex compound
with the Li™ cations. The existence of the polymer-salt compounds
was previously confirmed by the detection of the “free” triflate ions
in both samples, as described by the FTIR data above.
Glass-transition temperatures of 2 °C (tetralayer PEO20K)
and 9 °C (tetralayer PEO300K) were observed from the rever-
sing curves for both samples (see Figure 4al). The reported
glass-transition temperature of a PEO/PAA bilayer with LiTF
was ~50 °C, compared to ~30 °C for the neat bilayer.'® Both of
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Figure 4. Modulated DSC data for tetralayer of PEO20K and
PEO300K during (a) the first heating cycle (with panel al showing
the enlarged region of the reversing and total heat flow curve
(from —10 °C to 20 °C), and (b) second heating cycle.

these values resided between the glass-transition temperatures of
PEO (Ty~ —56 °C) and PAA (T~ 99 °C), and their difference
was suggested to be indicative of the reduction of PEO content in
the presence of ionic strength.*® On the other hand, determina-
tion of the glass transition for the LPEI/PAA bilayer alone has
been reported to be rather difficult, because LPEI is a highly
crystalline polymer. Since the bilayer existed as a polyionic
complex homogeneous blend, the glass-transition behavior of
the LPEI/PAA matrix was considered to be governed by the
upper bound of the PAA glass-transition temperature for films
with a low absorbed moisture content.*® The detection of much-
lower T, values for the dried tetralayer films in our study
indicated a homogeneous assembly of hydrogen-bonded PEO/
PAA and electrostatically bonded LPEI/PAA in the film matrix,
with possibly more-dominant effect of the former.

Figure 4b presents the second heating cycles of the same
tetralayer samples. The thermal analysis data were dominated by
a single sharp endothermic peak at ~55—56 °C for both
tetralayer films. These values were exactly the same as the melting
temperature of PEO from the blend with LiTF, which was
measured separately. The melting enthalpy for tetralayer with
PEO300K is 6.81 J/g, almost doubling the value for tetralayer
with PEO20K, ~3.85 J/g. Small exothermic features were also
seen before the melting peaks in both curves, which were fully
reflected in the nonreversing curve; this is attributed to cold
crystallization and crystal perfection of the PEO phase and the
complex compounds. From the analysis of the growth curves, the
tetralayer PEO300K samples should consist of a more-regulated
and more-homogeneous assembly of the molecular layers, based
on the observed linear profile. Therefore, more bonding forma-
tion of the electrostatic (between imine and ionized carboxylic
groups) and hydrogen (between ether oxygens and protonated
carboxylic groups on the same PAA molecules) type could be
expected in this sample. The larger melting enthalpy obtained in
the second heating cycle for tetralayers with the PEO300K
sample indicated that more PEO crystalline phase was formed,
because of the longer polymer chains. As a result, this possibly
signified the breaking of bonds between the hydrogen do-
nor—acceptor layers, especially PEO/PAA, during the first
heating cycle and followed by the rearranging of polymer chains
during the cooling phase. For the tetralayer with the PEO20K
sample, the “loopier and less-extended surface conformation” of
the deposited polyionic layers in the early growing stage possibly
reduced the extent of bonding formation. This allowed the PEO
chains to be confined to groups of unbound molecules, which
formed small-size crystallites after the first heating cycle. The
obtained thermal results suggested that the crystalline PEO
phase should exist in a lower equilibrium energy state and is
more thermodynamically favorable than the bonded state be-
tween PEO and PAA molecules. The activation energy for the
association of PAA and PEO molecules in aqueous media has
been reported to be 3.7 kcal/mol, while the value for dissociation
was 2.8 kcal/mol. The entropy value for dissociation was also
found to be more negative, compared to that of association.>*
Hence, it could be suggested that the hydrogen bonding between
PAA and PEO was not fully stable and could be broken during
the heating cycle.

Electrical Characterization. To elucidate the application of
the tetralayer films as solid polymer electrolytes, electrical
characterizations were performed, as shown in Figure S. Ionic
conductivity values were extracted from both wet-state and dry-
state samples, as summarized in Table 1. Tetralayers with
PEO20K films showed slightly higher conductivity values, com-
pared to those with PEO300K in the similar state. Overall, the
similar ionic conductivity for both in-plane and through-plane
measurement in each sample indicated isotropic conducting
characteristics and good intermixing of the participating polymer,
rather than stratified layer formation. The increment of one order
of magnitude when the samples were exposed to high relative
humidity (90%RH) indicated the critical effect of water plastici-
zation in the LBL-assembled film to the ionic conduction.
Detailed characterizations of ionic conductivity behavior for
LPEI/PAA and PAA/PEO bilayers have showed similar depen-
dence of conductivity values on the relative humidity.”'**%*'
The higher values for the samples with PEO20K in both states
further supported the structural difference of the tetralayer films,
as discussed above. Since the hydrogen bonding between
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ionic conductivity measured against temperature.

Table 1. Ionic Conductivity of Tetralayer LBL Films in Wet
and Dry State

sample wet state (90% RH) dry state (S2%RH)
Tetralayer with PEO20K
in-plane 9.1 x 107*S/cm 53 x 107° S/cm
through-plane 8.5 x 107*S/cm 4.8 x 107° $/cm
Tetralayer with PEO300K
in-plane 6.8 x 10°*S/cm 1.7 x 107> S/cm
through-plane 1.7 x 107*S/cm 1.3 x 107° S/cm

PEO300K and PAA was more homogeneous, the amount of
ether oxygen available to dissolve LiTF salt was reduced. This led
to less-dissociated mobile ions in the tetralayer matrix. In
contrast, because of the assembly of loopier polymer layers, the
shorter PEO molecules had a tendency to accumulate at loca-
tions that were rich in unbound ether oxygen, which helped to
enhance the dissolution of the ionic salt.

Ionic conductivity data of the tetralayer samples measured
against temperature are shown in Figure Sb. The decrease in
ionic conductivity from room temperature (denoted as “pristine
sample” in Figure Sb) to 50 °C was caused by the removal of
moisture traces in the sample. In situ measurement by hygro-
meter showed less than 10%RH existed in the test ambient from
50 °C onward. Therefore, the increment of conductivity values at
higher temperatures was deemed independent of the moisture
content in the LBL sample. The conductivity in both samples
increased as the temperature increased up to 110 °C, then

Table 2. Fitting Parameters for the Vo-
gel—Fulcher—Tammann (VFT) Equation

0o (S/cm) B T, (K)
tetralayer with PEO20K L1x10°° 648.78 224
tetralayer with PEO300K 17 x10°° 280.39 433

exhibited a slight reduction. Similar conductivity behavior has
been reported for the electrostatically bonded PSS/PDAC
system, which was mainly attributed to the loss of moisture trace
in the prepared samples. Data obtained from the second mea-
surement of these same samples showed a three-order-of-mag-
nitude reduction in the conductivity for the entire temperature
range of testing.”> Another explanation for the decrease in
conductivity values has been linked to the thermal cross-linking
between the amine and carboxylic groups to form amide
products in the poly(allylamine hydrochloride)/poly(acrylic acid)
(PAH/PAA) system. This process resulted in more-rigid bond-
ing and repressed motion of polymer chains, leading to an
increment in the film resistance of three orders of magnitude.”
In our experiment, the conductivity at room temperature ob-
tained in the second measurement only exhibited a one-order-of-
magnitude reduction, while the high-temperature data closely
followed the data obtained in the first measurement. This
indicates that the thermal cross-linking in the tetralayer LbL
samples was of lesser extent, compared to the reported PAH/
PAA bilayer. Based on the characteristics of conductivity data
observed here, some conclusions can be drawn. First, the
increment of conductivity in the early stage of heating was mainly
facilitated by the softening of the polymer chains and was
independent of the moisture in the samples. Thermal cross-
linking between LPEI and PAA possibly occurred, starting from
100 °C, but was limited by the breaking of PEO/PAA bond and
the crystallization of PEO. Lastly, the ionic conductivity of the
heat-treated samples was limited by the rigid cross-linked net-
work of polymer chains in the subsequent measurement.

The Vogel—Fulcher—Tammann (VFT) equation was used to
fit the conductivity data shown in Figure Sb, following the
method reported in ref 36. In the VFT equation shown below,
0Oy is the pre-exponential factor or the conductivity at infinitely
high temperature, B has the dimension of energy and is related to
the activation of ionic conduction, and T is the temperature at
which 0 approaches a value of zero. The fitting parameters are
presented in Table 2.

B
0 = Op exp —T T
— 4o

The intrinsic conductivity (0,) values were found to be similar
for both samples, which possibly underlined the effect of LPEI/
PAA ionic cross-linking to charge transport in the tetralayer
polyelectrolyte. On the other hand, the T, values reflected the
difference in the structure of the tetralayer samples. For the
tetralayer with PEO20K, T, &~ —49 °C is close to the PEO glass-
transition temperature, whereas a value of Ty ~ 160 °C for
tetralayers with PEO300K indicates more influence by PAA and
possibly greater interaction of both electrostatic and hydrogen
bonding between the polyionic layers, as discussed above.

Electrochromic Device Fabrication and Characterization.
Figure 6 presents two different device designs for the application
of the LbL electrolyte film for electrochromics. For both types of
devices, as negative bias was applied to the working (gold grid)
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Figure 6. (a) Schematic of the electrochromic device structures. (b) Performance of a transmissive device with a tetralayer polyelectrolyte comprised of
PEO20K. (c) Performance of a reflective device with a tetralayer polyelectrolyte comprised of PEO20K.

electrode, the electrochromic PANI-DBSA layer was oxidized
and became transparent to the incoming light. This allowed the
light beam to pass through the transparent ITO-PET substrate in
the transmission mode, while the light beam was reflected by the
grid electrode in the reflection mode (see Figure 6a). In the
reversed reaction upon applying positive bias, the PANI-DBSA
layer became absorptive to the incoming light. The electrochro-
mic behavior was driven by the transport of mobile ions between
the PANI-DBSA and the solid LBL electrolyte. The highest
obtained modulation is ~38% at a wavelength of 670 nm for the
transmissive and reflective devices. The values are slightly smaller
(~35%) in the near-IR region (1100—2000 nm), as shown in
Figures 6b and 6c. The reported modulation values for transmis-
sive devices comprised of transparent electrodes and semisolid
polymer electrolyte were in the range of 25%—50%."® A similar
device structure, using a porous membrane but with an unin-
terrupted electrode, has been reported to yield up to 40%
modulation in the near-IR range.">"” Based on these available
reported data, it is believed that the solid electrochromic devices
using LbL-assembled electrolytes can achieve comparable per-
formance with room for further improvement. Optimization of
the interface between the electrolyte and the electrochromic
layer is one of the possible strategies. The use of LbL assembly
indeed has a great advantage in obtaining this. The method can
provide a continuous formation of the electrolyte and the
electrochromic device, which can enhance the ion exchange
during the electrochromic modulating process.

B CONCLUSION

We have examined a new type of polyelectrolyte that com-
bines electrostatic and hydrogen bonding into multilayer struc-
ture formed via layer-by-layer (LbL) assembly. The polyelectro-
lytes showed improvements in ionic conductivity, because of the
hydrophilic linear poly(ethylene imine) (LPEI) backbones,
which allow better ionic transport, because of the flexible chains
and the enhancement of Li'-ion dissolubility by incorporating
poly(ethylene oxide) (PEO). The molecular weight of PEO had
a direct effect on the structure of the tetralayer, with the longer
molecules having more homogeneous hydrogen bonding to the
electrostatic linear poly(ethylene imine)/poly(acrylic acid)
(LPEI/PAA) layer. Shorter PEO molecules had limited hydro-
gen bonding and loopier formation, which provide more ether
oxygen locations for the dissolution of Li salt. Thermal study of
the tetralayer samples showed ionic transport through segmental
motions governed by the Vogel—Fulcher—Tammann (VFT)
equation. Thermal cross-linking to form amide product and
breaking of the hydrogen bond that leads to separated crystalline
PEO phase were observed. However, because of the competition
between these two processes, the ionic conductivity did not
suffer critical depression, as observed in the reported bilayer
structure. Designs for electrochromic devices using the tetralayer
electrolyte were demonstrated for both the transmissive and
reflective modes. The performance in the visible and near-
infrared range was comparative to devices that use polymer
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electrolytes in the semisolid state. This, hence, enables the
realization of complete solid-state electrochromic devices using
polymeric materials.

B ASSOCIATED CONTENT

© Ssupporting Information. FTIR data for various sample
of LbL-assembled bilayer and tetralayer structures. This material
is available free of charge via the Internet at http://pubs.acs.org.
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