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ne of the most important issues of

the 21st century is the looming fact

that the world will be faced with a
serious scarcity of energy."? To address the
fast-approaching energy crisis, the past dec-
ade has seen a large number of research
efforts that have struggled to develop re-
newable energy sources from natural re-
sources, such as sunlight, wind, rain, tides,
biomass, and geothermal heat."? Moreover,
current interest has been concentrated on
ways to effectively use our finite energy
resources by improving energy efficiency,
operating at lower rates of energy consump-
tion, storing energy, and conserving energy.>~>
Recently, in this context, smart windows,
which can tailor light transmittance in re-
sponse to environmental circumstance, are
particularly intriguing as a potential alter-
native to economizing on energy.®'* They
can lead to practical applications, such as
house roofs, skylights, architectural or vehi-
cle windows, and interior partitions. Since
smart windows can appropriately modulate
heat transfer from the transmitted sunlight
in a house, they can moderately suppress
unnecessary energy usage through air con-
ditioning or heating. For example, smart
windows can prevent the inside of a build-
ing from becoming overheated by reflect-
ing away a large fraction of the incident sun-
lightin summer. Alternatively, they can help
keep a room warm by absorbing the sun's
heat in winter. In principal, optical switching
of smart windows has been achieved to con-
trol light propagation or absorption either
by aligning liquid crystals, by dispersing
suspended particles, or by stimulating the
oxidation—reduction transduction of chro-
mophores in response to light irradiation,
electric charge, or temperature changes.®'°
However, until now, the numerous techno-
logies developed not only have been che-
mically unstable, prohibiting their use in
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ABSTRACT Smart windows that can reversibly alternate between extreme optical character-

istics via clicking counteranions of different hydration energies were developed on glass substrates

through the facile spray-casting of poly[2-(methacryloyloxy)ethyltrimethylammonium chloride-co-

3-(trimethoxysilyl)propyl methacrylate]. The optical transmittance was either 90.9% or 0% over the

whole spectral range when alternately immersed in solutions containing thiocyanate (SCN™) or

bis(trifluoromethane)sulfonimide (TFSI™) ions, respectively. The extreme optical transitions were

attributed to formation of microporous structures via the molecular aggregation of polyelectrolyte

chains bearing TFSI™ ions in methanol. Because the smart windows were either highly transparent

toward or completely blocking of incident light upon direct counterion exchange, this kind of

nanotechnology may provide a new platform for efficiently conserving on energy usage in the

interior of buildings.

KEYWORDS: polyelectrolytes - tunable transparency - smart windows - ion exchange -

functionality - saving on energy

long-term switching applications but have
been accompanied by the use of expensive
special equipment and complicated harsh
processing conditions.

In this study, we have developed a novel
smart window system with extremely tun-
able transparency, which conveys either the
high transmittance (T &~ 90.9%) or complete
blockage (T &~ 0%) of incident light via direct
counterion exchange. To our knowledge,
such extreme optical switching behavior is
unprecedented among established smart
windows. We have employed polyelectro-
lytes with quaternary ammonium (QA™)
groups as a building block, paying particular
attention to their aggregation and confor-
mational changes at the nanoscale as a
function of the hydration properties of the
diversified counteranions.'>'® Polyelectro-
lytes composed of hydrophobic nonionic
segments and hydrophilic ionic segments,
mounted on substrates, induce reversible
morphological changes due to molecular
reorganization as a function of polymer
chain solvation by appropriate selection
of the counteranion.''® An interesting
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Figure 1. (a) Reaction scheme for the polymerization of poly(METAC-co-TSPM). (b) Schematic representation for the
reversible morphological changes of poly(METAC-co-TSPM)-coated smart windows with switchable optical transmittance as a

result of direct counterion exchange.

property of polyelectrolytes is that their solvophobicity
(hydrophobicity) and solvophilicity (hydrophilicity) can
be easily tuned by exchanging the counterions.
Therefore, the surface architecture may be facilely
adjusted by specific organic solvents (or water),
leading to the extremely reversible optical switching
from transparent to opaque states via counterion-
induced molecular aggregation of polyelectrolyte brushes
at the nanoscale.

RESULTS AND DISCUSSION

To produce smart windows with extremely tunable
light transmittance, we synthesized poly[2-(methacry-
loyloxy)ethyltrimethylammonium chloride-co-3-(trimeth-
oxysilyl)propyl methacrylate] (poly(METAC-co-TSPM))
as a cross-linkable polyelectrolyte copolymer via free
radical copolymerization (Figure 1a)."® PolyMETAC was
selected as the polyelectrolyte for the molecular ag-
gregation and reorganization of the polymer chains in
response to organic solvents as a result of ion ex-
change, and TSPM was adopted as a sol—gel precursor
not only to anchor the polyelectrolytes on the sub-
strates but also to form a polymer network due to inter-
orintramolecular cross-linking between polymer chains.
The resulting polymers were dissolved in aqueous
methanol, followed by spray-casting to form optically
clear films several micrometers thick on glass substrates.°
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As expected, the transmittance of the as-prepared
glass, which coordinated with CI™ anions as counter-
ions, was ~91.3% over a broad range of wavelengths
due to its uniformly smooth surface morphology. It was
highly transparent to the naked eye. In particular, the
functionalized glass remained decidedly limpid evenin
the near-IR region.

Reversible optical switching of smart windows was
facilely achieved by exchanging counteranions se-
lected from a diverse array of hydration energies
(Movie S1). Upon soaking in a methanol solution
containing 2.5 mM lithium bis(trifluoromethane) sulfo-
nimide salt, the coordinated ClI™ ions that permeated
the polymer gels were progressively replaced with bis
(trifluoromethane)sulfonimide (TFSI™) ions. The poly-
(METAC-co-TSPM) grafted glass lost its optical trans-
parency (Figure 2a). This result was attributed to the
immense scattering of incident light off of surface
nanostructures.?’ In contrast with the polyelectro-
lytes-grafted film coordinated to TFSI™ ions, once the
opaque glass sheet was immersed in a 2.5 mM sodium
thiocyanate salt solution, the poly(METAC-co-TSPM)-
modified glass substrate became gradually pellucid,
and its transmittance reached 90.9% over a wide band-
width spanning the ultraviolet—visible—near IR spec-
trum (Figure 2b). The poly(METAC-co-TSPM) polyelec-
trolytes combined with the thiocyanate (SCN™) ions
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Figure 2. (a) Optical images of the poly(METAC-co-TSPM)-deposited glass overlaying a printed paper. The reversible
switching of transmittance from opaque (upper) to transparent (lower) corresponded to ion exchange from TFSI™ to SCN™
ions. (b) Transmittance spectra of the glass substrates at normal incident light via direct ion exchange. (c) Time-dependent
changes in optical transmittance of the glass films as a function of ion exchange between TFSI™ and SCN™ ions. The inset
shows the magnified transmittance spectra in the initial stage. (d) Reversible optical switching of the glass sheets at 550 nm

during 50 cycles as a result of ion exchange.

dissolved well in methanol, resulting in featureless uni-
form surface structures.

The observed extremely tunable optical behavior
may be explained by the phase separation of the
poly(METAC-co-TSPM) polymers coordinated with
TFSI™ ions in methanol as a result of ion exchange
(Figure 1b).? In principal, the molecular conformation
of a polyelectrolyte chain in solvent depends on the
balance of repulsive Coulomb and attractive solvopho-
bic interactions.”>~>> As shown in Figure 3a, optical
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microscopy (OM) images provided evidence that the
surface morphology presented hierarchical microporous
network structures. Scanning electron microscopy (SEM)
images also displayed several micropores 5—10 um in
diameter on the topmost surface, in agreement with
the results from OM images. Atomic force microscopy
(AFM) images showed that the window films with
SCN™ ions exhibited completely even surface morpho-
logies, whereas the glass sheet bearing TFSI™ ions
presented roughened surfaces due to nanostructures
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Figure 3. Morphological changes of the poly(METAC-co-TSPM)-coated glass films with ion exchange. (a) Optical microscopy
(OM), scanning electron microscopy (SEM), and tapping mode atomic force microscopy (AFM) height images of the glass
surfaces with TFSI™ (upper) and SCN ™ (lower) ions, respectively. (b) Cross-sectional SEM images of the glass sheets

coordinated to TFSI™ (left) and SCN™ (right) ions, respectively.

resulting from the molecular aggregation of polyelec-
trolytes. The peak-to-peak height, which is the height
difference between the highest and lowest pixels,
increased from almost zero for SCN™ ions to ~4.5 nm
for TFSI™ ions, as shown in the height profile AFM
images. This means that the microporous structures of
the smart windows originated in the molecular aggre-
gation of polymer chains at the nanoscale. Figure 3b
shows cross-sectional images of the polyelectrolytes-
deposited film, in which the inner structures were
composed of a hierarchically interconnected porous
network on the substrate. Several pores formed by the
phase separation of the polyelectrolytes are clearly
visible on the internal structures of the glass sheet.
The film thickness expanded by a factor of 2.5 to
accommodate the SCN™ ions due to the sponge-like
structure generated by the phase separation and mole-
cular aggregation of polymers. This is presumably due
to the fact that the polyelectrolytes-grafted film con-
taining TFSI™ ions have poor solubility in methanol, so
that phase separation in the thin polymer films tends to
result in porous net-like nanostructures with isolated
micrometer-sized pores. Consequently, the specific
interactions between the poly(METAC-co-TSPM) and sol-
vent are altered by the different counteranions, which
influences the molecular aggregation of polyelectrolytes,
allowing smart windows to display extremely tunable
optical properties. The use of the counterions with similar
hydration properties would exhibit an analogous optical
behavior in transmittance, resulting from a control of a
phase separation of polymer chains.

The management of light propagation through
these morphological changes originated at the nanoscale
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over the entire visible spectrum gives rise to the basic
concept of developing smart windows with extreme
optical switching capabilities that can obediently block
or allow heat transfer from transmitted sunlight into a
room. When the poly(METAC-co-TSPM) polyelectrolytes
were coordinated with TFSI™ ions, scattering by the
microporous surface textures reflected almost 100% of
the incident light, whereas substitution with SCN™ ions
made the window extensively transparent over the
spectrum from 350 to 1400 nm (Figure 2b). The smart
windows demonstrated absorption capabilities exceed-
ing 90% of the available sunlight.

We have also investigated the dynamics of the ion
exchange behavior through in situ measurements of
the UV—vis transmittance when the counteranions
coordinated to the polyelectrolytes were exchanged
between TFSI™ and SCN™ ions, or vice versa (Figure 2c).
The thickness of the dry film was about 10 um, as
shown in Figure 3b. It was found that the time required
to transition from coordination with TFSI™ to coordi-
nation with SCN™ ions was faster than the reverse
reaction. As TFSI™ ions were substituted with SCN™
ions, the optical transmittance at 550 nm increased
dramatically by up to 80% within 1.25 s of the ex-
change, followed by slow saturation to 90.3%. How-
ever, since the glass film was sufficiently transparent to
the human eye, even at 80% transmittance, it took less
than 2 s to substantially finish the ion exchange pro-
cess. In contrast, the optical properties suddenly wor-
sened upon replacing SCN™ with TFSI™ ions, but at
least 2.16 s were required to reach 30% transmittance,
which marked the change from a transparent to an
opaque state. This difference in transition times may be
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Figure 4. (a) FT-IR and (b) XPS spectra of the poly(METAC-
co-TSPM)-coated glass substrates via direct ion exchange
from TFSI™ to SCN™ ions.

attributed to the fact that the surface morphology for-
med in the presence of TFSI™ ions consisted of three-
dimensional micro/nanoporous structures, whereas
that formed upon coordination of SCN™ ions was
smooth, as shown in Figure 3a. Thus, the surface area
that contacted the solutions was larger when enclosing
TFSI™ ions than when containing SCN™ ions. The
smooth SCN™-coordinated surface significantly length-
ened the required time for ion exchange. In addition,
the changes in the optical transmittance were rever-
sible without incurring significant damages even after
50 exchange cycles (Figure 2d). This smart window still
exhibited extreme transmittance variations from
90.2% for SCN™ ions to almost 0% for TFSI™ ions.

The successful ion exchange behavior of the poly-
(METAC-co-TSPM) brush-modified glass substrates was
observed by measuring the FT-IR spectra (Figure 4a).'®
The existence of TFSI™ ions in the poly(METAC-co-TSPM)
brushes was confirmed by the appearance of a new
signal at 1356 cm™', which corresponded to the
stretching vibration of the CF3 groups. Once the TFSI™
ions were substituted with SCN™ ions, the peak at
1356 cm ™' disappeared and a new absorption peak
appeared at 2082 cm ', assigned to the SCN groups.
The reversible IR spectral changes indicate that the ion
exchange reaction successfully occurs upon soaking in
solutions with different counteranions. Similarly, the
F 1s,C1s,and N 1s peaks of the poly(METAC-co-TSPM)-
coated glass were evaluated by XPS measurements as
a function of ion exchange (Figure 4b).*® The F 1s
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Figure 5. (a) Transmittance spectra of the poly(METAC-co-
TSPM)-modified glass substrates coordinated to TFSI ™ ions
at normal incident light upon solvent exchange. (b) SEM
images of the glass sheet immersed in acetone (upper) and
methanol (lower), respectively.

spectra could be fit only to a single peak at a binding
energy of 687.5 eV, indicating the presence of fluorine
atoms; that s, the CI™ ions in the polymer brushes were
completely replaced with TFSI™ ions. The N 1s peak of
the glass substrates, after exchange of the TFSI™ ions,
could be fit to two peak components, at 399.7 and
403.3 eV, attributed to the neutral nitrogen atoms in
the TFSI™ ions and to the positively charged nitrogen
atoms in the QA" groups, respectively. These results
indicate that the ClI™-coordinated polyelectrolyte gels
were successfully converted into TFSI™-coordinated
gels. After the subsequent ion exchange with SCN™
ions, the F 1s peak at 687.5 eV and the S 2p peak at
169.0 eV, assigned to the sulfonyl groups of the TFSI™
ion, disappeared and a new S 2p peak at a binding
energy of 163.2 eV, corresponding to the SCN™ ions,
appeared, corroborating the subtraction of TFSI™ ions
and the introduction of SCN™ ions. Moreover, coordi-
nation of the poly(METAC-co-TSPM) to TFSI™ ions
created a hydrophobic surface due to the fluorine
atoms in the coordinated counteranion. The water
contact angle (CA) for this surface was 90 + 2°, and
the surface was smooth. Replacing TFSI™ with the
slightly hydrophilic SCN™ ions altered the water CA
to 65 + 1°. The wettability of the poly(METAC-co-
TSPM)-anchored smooth surface changed reversibly
depending on the hydration properties of the TFSI™
and SCN™ ions.'® These results indicate that extreme
optical switching in the smart windows originates from
the swapping of counteranions, which can be rever-
sibly exchanged with other anions of different hydration
energies without damaging the polyelectrolyte film.
Moreover, we found that immersion in acetone
increased the transmittance of the poly(METAC-co-
TSPM)-coated glass slides bearing TFSI™ ions by almost
90.1%, implying solubility-driven optical tunability of
the smart windows via solvent exchange (Figure 5).
Although the polyelectrolytes remained coordinated
to the TFSI™ ions, they tended to be highly transparent
to the human eye, similar to the films coordinated with
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SCN™ ions in methanol. The phase separation-induced
surface morphology was strongly affected by not only
the solubility of the polymers but also the evaporation
rate of the solvent. When the poly(METAC-co-TSPM)-
deposited glass sheet with TFSI™ ions was contacted
with 2-methoxyethanol, the sheet appeared hazy and
translucent because the surface was covered with
ruggedly embossed nanoprotuberances due to the
slow and irregular volatilization of 2-methoxyethanol
across the surface (Figure S2). However, soaking the
glass slide in acetone produced featureless surface
structures, because acetone tended not only to dis-
solve well the polyelectrolytes coordinated to TFSI™
ions but also to rapidly escape as vapor from the top
surface layer. Furthermore, immersion in ethyl acetate,
which features a relatively low vapor pressure, pro-
duced a transparency that was similar to that produced
in acetone. These results indicate that the use of a
rapidly volatile, good solvent makes the smart win-
dows optically transparent, and vice versa.

METHODS

Sample Preparation. Poly[2-(methacryloyloxy)ethyltrimethyl-
ammonium chloride-co-3-(trimethoxysilyl)propyl methacrylate]
(poly(METAC-co-TSPM)) as an alkoxysilane-cross-linkable poly-
electrolyte copolymer was synthesized through conventional
free radical copolymerization. All reagents and starting materi-
als were purchased from Aldrich Chemical Inc. 2-(Methacryloyloxy)
ethyltrimethylammonium chloride (METAC) was purified on
an alumina column after the evaporation of water, and 3-
(trimethoxysilyl)propyl methacrylate (TSPM) was used without
further purification. o,a’-Azobisisobutyronitrile (AIBN) was re-
crystallized from methanol. A mixture of METAC (16.56 g,
80 mmol), TSPM (4.96 g, 20 mmol), and AIBN (0.16 g, 0.1 mmol)
dissolved in anhydrous 2-methoxyethanol (150 g) was placed in
a round-bottom flask. The feed ratio of METAC, TSPM, and AIBN
was 800:200:1. The solution was degassed by the freeze—thaw
method, repeated three times. The sealed reaction bottle was
heated at 60 °C and maintained for 12 h. The polymerized
mixture was precipitated twice in a large volume of THF, then
vacuum-filtered. The solid powdery product was freeze-dried
for 24 h under vacuum, then stored in a desiccator. The co-
polymer contained TSPM monomers of 22 mol % (Figure S1).
The resulting polymers were dissolved in 80 wt % aqueous
methanol and then spray-cast to several micrometer thickness
onto clean glass substrates.

Characterization. The film morphologies were imaged by opti-
cal microscopy (SOMTECH |-MEGASCOPE), scanning electron
microscopy (JEOL JSM-6360), and atomic force microscopy
(Digital Instrument Nanoscope llla). Fourier transform infrared
(FT-IR) spectra were recorded on an FTIR-6300 (JASCO) spectro-
meter in transmittance mode with a resolution of 4 cm™".
Optical transmittance of glass was measured as functions of
wavelength with a UV—vis—NIR spectrophotometer (JASCO
V-670 spectrometer). Dynamic ion exchanging behavior was
characterized with a Shimadzu UV-3600. X-ray photoelectron
spectroscopy was performed at the 4B1 beamline at the Pohang
Accelerator Laboratory.
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CONCLUSION

We describe functional smart windows that exhi-
bit reversibly switchable optical characteristics by
converting between strongly opaque and highly
transparent states upon exchange of counteranions
with different hydration energies. The unprece-
dented extreme optical transitions were achieved
by formation of microporous structures attributed to
the nanophase separation of polyelectrolytes. We con-
sider two switches for the manipulation of light pro-
pagation in smart windows: (i) direct exchange of
counterions with diversified hydration energies and
(ii) control of the solvophobicity in polymers. This type
of light control system may provide a new option for
saving on heating, cooling, and lighting costs through
managing the light transmitted into the interior of a
house. The windows may be applied in a wide range of
fields such as roof tiles, automobiles, and architectural
windows.

Supporting Information Available: Additional characteriza-
tion data. This material is available free of charge via the Internet
at http://pubs.acs.org.
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