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Highly Flexible Electronic and Optical Films
Composed of Hydrophobic and Hydrophilic
Multilayersa
Sungwoo Kim, Bokyoung Lee, Sanghyo Kim, Joona Bang, Jinhan Cho*
We introduce a novel and efficient strategy for producing free-standing functional films via
photo-crosslinking and electrostatic layer-by-layer (LbL) assembly, which can allow the build-
up of hydrophilic multilayers onto hydrophobic surfaces. Hydrophobic multilayers were
deposited on ionic substrates by a photo-crosslinking LbL process using photo-crosslinkable
polymers. The photo-crosslinked surface
was converted to an anionic surface by
excess UV light irradiation. This treat-
ment allowed also the stable adhesion
between metal electrode or cationic poly-
electrolyte and hydrophobic multilayers.
After dissolving the ionic substrates in
water, the formed free-standing films
exhibited unique functionalities of
inserted components within hydrophobic
and/or hydrophilic multilayers.
Introduction

Free-standing functional films using solution processes

have attracted considerable attention for their many novel

applications, such as membranes,[1] mechanically rein-

forced nanocomposite films,[2] or wearable electronic
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systems[3] with simple and facile routes. Although various

approaches for the free-standing films, such as the sol–gel

process,[4] self-assembly of block copolymers,[5] or layer-by-

layer (LbL) assembly method,[1,2,6–9] have been introduced,

it is essential to develop novel strategies that allow a high

degree of control over the film/layer dimensions (from the

angstrom to the mm level), flexibility control and the facile

detachment of films while at the same time allowing the

incorporation of a different chemistry of the hydrophobic/

hydrophilic balance.

Among severalmethods, the LbL assemblymethodoffers

awide range of opportunities for preparing nanocomposite

films with a controlled thickness, composition, and

functionality through complementary interactions (i.e.,

electrostatic, hydrogen-bonding, or covalent interac-

tion).[10–14] However, the conventional LbL method itself

has inherent limitations on increasing the individual layer

thickness significantly in a single deposition step. For

example, in the caseof fabricating LbLmultilayerfilmswith

a micron-scale thickness for functional free-standing

films,[2,11] these films should have hundreds of layers
DOI: 10.1002/macp.201000104
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because the layer adsorbed froma single depositionprocess

has only a fewnanometer thickness after rinsing. Recently,

it was reported that hydrophobic polymers and/or nano-

particles containing photo-crosslinking units can be

deposited consecutively onto ionic substrates, allowing a

rangeof length-scales froma fewangstrom(Å) toahundred

nanometers (nm) thickness per layer. Moreover, these

hybrid nanocomposite multilayers could be separated by

dissolving the substrates in aqueousmedia.[15,16] Although

this approach has an important advantage in preparing

free-standing filmswithmicron-scale thickness andhydro-

phobic properties without physical/chemical damage,

there is considerable difficulty in assembling hydrophilic

components electrostatically ontohydrophobicmultilayer-

coated ionic substrates. Therefore, in order for our approach

to be generalized as an effective process for free-standing

functional films, the photo-crosslinking LbL process for

hydrophobic free-standing multilayers should be comple-

tely compatible with the conventional LbL process for

hydrophilic multilayers onto a defined or patterned area.

Herein, we introduce a novel process for depositing free-

standing nanocomposite films composed of hydrophobic

and hydrophilic multilayers. The strategy is based on the

conversion of a photo-crosslinked surface to a hydrophilic

surface by excess exposure to UV light irradiation. This

surface treatment allows electrostatically charged materi-

als to be assembled onto photo-crosslinked multilayers

without any dissolution of theNaCl substrates. In addition,

when electrochemical sensing components are incorpo-

rated into electrostatic multilayers, the resulting free-

standingfilms obtained after removing theNaCl substrates

exhibit electrochemical activities toward the probing

materials. Furthermore, it is shown that multi-functional

optical films can be prepared through combination of the

hydrophobic multilayers containing fluorescent quantum

dot (QD) and the hydrophilic multilayers with photochro-

mic dyes. These results also demonstrate the possibility of

selective LbL growth onto patterned regions based on

electrostatic interactions using a UV-photomask. Consider-

ing that a variety of hydrophobic and hydrophilic

components can be incorporated easily into electrostatic

LbL-assembled films with controllable flexibility and

tailored functionalities, it is believed that this approach

can provide a facile route to potential applications, such as

highly flexible displays or electronics.
Experimental Part

Materials

Photo-crosslinkable polystyrene, PS-N3 (Mn ¼ 28.0 kg �mol�1) with

approximately 10wt.-% UV-sensitive azide groups (�N3) was

synthesized via reversible addition fragmentation transfer (RAFT)

polymerization as reported in ref.[10,11] The thiol terminated
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random copolymers, PS�N3�SH (Mn ¼6.5 kg �mol�1), was synthe-

sized by the similar procedure as PS�N3. The only difference is the

reaction with AIBNwas replaced by the reaction with hexylamine

to convert the dithioester group to the thiol group (see Supporting

Information, Figure S1).

For thepreparationof photo-crosslinkableQDs(PS�N3�SH�QDs),

oleic acid-stabilized CdSe@ZnS with green emissive color was first

synthesized. For green emissive QDs of about 5.0nm size, 30mg of

CdO, 733mg of zinc acetate, 4mL of oleic acid, and 15mL of 1-

octadecene were put into a 310mL round flask. The mixture was

heated to 150 8Cwith N2 gas blowing, and further heated to 310 8C
to form a clear solution of Cd(OA)2 and Zn(OA)2. At this

temperature, 15.8mg of Se powder and 128.4mg of S powder

both dissolved in 3mL of trioctylphosphine were quickly injected

into the reaction flask. After the injection, the temperature of the

reaction flask was set to 300 8C for promoting the growth of QDs,

and itwas thencooled to roomtemperature tostopthegrowth.QDs

werepurifiedbyadding20mLof chloroformandanexcess amount

of acetone (three times). After this purification, PS�N3�SHof 2wt.-

% was added to QD solution of 15mL for the stabilizer exchange

from oleic acid to PS�N3�SH and then was heated at 40 8C for 2 h.

QDs were purified by adding 20mL of chloroform and an excess

amount of acetone (three times). After this purification, PS�N3�SH

of 2wt.-% was added to QD solution of 15mL for the stabilizer

exchange from oleic acid to PS�N3�SH and then was heated at

40 8C for 2h.

For the preparation of negatively charged PS61K-b-PAA4K

micelles in water, 100mg of PS61K-b-PAA4K block copolymer and

2mg ofwater-insoluble photochromic dyes (spiropyran) were first

dissolved in 4mL of N,N-dimethylformamide (DMF), which was

followed by the addition of 96mL of water (pH 10.0), resulting in

spherical block copolymer micelles (BCMs) composed of a

hydrophobic PS core and a negatively charged PAA corona shell.
PS�N3 and PS�N3–SH�QD:PS�N3 Multilayers

For thebuild-upofmultilayerfilms, thePS�N3solutionof4wt.-%or

mixed solution of PS�N3�SH�QD (1wt.-% for QD and 2wt.-% for

PS�N3�SH) and PS�N3 (2wt.-%)waswetted completely on quartz,

silicon, or NaCl substrates. The substrate was then rotated at

3 000 rpm for 20 s with a spinner, and the resulting films were

photo-crosslinked by UV irradiation (l¼ 254nm) for 60 s. The

subsequent layers were also deposited sequentially onto the

previous films using the same procedure. In the case of free-

standing films, multilayers were deposited sequentially onto NaCl

substrates with repetitive thermal cross-linking.
(PAH/spiropyran-BCM)n and (PAH/CAT)n onto PS�N3

or PS�N3�SH�QD:PS�N3 Multilayer-Coated NaCl

The (PS�N3)30 or (PS�N3�SH�QD:PS�N3)30 multilayer-coated

NaCl substrates were irradiated with UV radiation (l¼254nm)

for 120 s. After this photo-treatment, the surface of the PS�N3

multilayers was converted into a negatively charged surface. For

the build-up of (PAH/CAT)n multilayers, a positively charged PAH

solution (1mg �mL�1, pH 9) was wetted onto Pt-coated (PS�N3)30
multilayers. The substrate was then rotated with a spinner at
www.mcp-journal.de 1189
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3 000 rpm for 20 s and then spin-rinsedwith deionizedwater at the

same spinning speed and time. A negatively charged CAT solution

was also deposited sequentially onto the substrates using the

same procedure mentioned above. These processes were repeated

up to the formation of 30 bilayers, andwere identical to those used

for the preparation of (PAH/spiropyran-BCM)n multilayers onto

(PS�N3�SH�QD:PS�N3)30 multilayer-coated substrates.
Measurements

The Fourier UV–Vis spectra were obtained using a Perkin

Elmer Lambda 35 UV–Vis spectrometer. A QCM device (QCM200,

SRS) was used to examine the mass of material deposited after

each adsorption step. The resonance frequency of the QCM

electrodes was approximately 5MHz. The adsorbed mass of PAH

and spiropyran-BCM, Dm, can be calculated from the change

in QCM frequency, DF, using the Sauerbrey equation: DF (Hz)¼
–56.6�DmA,whereDmA is themass changeper quartz crystal unit

area, inmg � cm�2.[17] The size of BCMwith andwithout spiropyran

was measured by TEM (model: JEM-2000EXII). The FTIR spectra

were obtained using a FTIR-200 spectrometer (JASCO corporation).
Figure 1. (a) Schematics to prepare free-standing electrochemical
sensing films composed of hydrophobic PS�N3 and hydrophilic
PAH/CAT multilayers. (b) Water contact angles measured from
PS�N3 multilayers with increasing the irradiation time of excess
UV light from 0 to 120 s.
Results and Discussion

Electrochemical Films

Free-standing electrochemical filmswere deposited on (PS-

N3)30-coated NaCl substrates. Figure 1a shows a schematic

diagram of the process for preparing free-standing electro-

chemical sensing films composed of hydrophobic (PS�N3)n
and (PAH/CAT)n multilayers. The experimental details for

the preparation of photo-crosslinkable PS�N3was given in

Experimental Section and Supplementary Information

(Figure S1). First, for the preparation of hydrophobic

multilayers, a 4wt.-% PS�N3 solution containing 10wt.-

%azidegroupswasspin-depositedonto ionic substratesata

spin speed of 3 000 rpm and consecutively photo-cross-

linked under UV light irradiation at 254nm for 60 s. The

measured thickness of the PS�N3 per layer was approxi-

mately 200nm. In addition, it was reported that the

mechanical properties of PS�N3 measured from depth-

sensing indentation experiments was similar to those of a

pure PS layer (approximately 4.35 GPa for the elastic

modulus and 0.51GPa for hardness).[15] After consecutively

depositing the photo-crosslinked layers up to 30 layers, the

filmswere exposed to excessUV light for 120 s to generate a

range of oxygen-containing functional units, such as C�O,

C¼O, and COOH (or COO�) from hydrophobic styrene

groups.[18,19] In this case, the contact angles of the water

droplets onPS�N3multilayers decreased significantly from

928 to approximately 608 with increasing UV irradiation

time from 0 to 120 s, as shown in Figure 1b. After this UV

treatment, the Pt layer as a bottomelectrodewas deposited

preferentially onto PS-N3 multilayers using a conventional
Macromol. Chem. Phys. 2010, 211, 1188–1195
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sputtering process. Stable adhesion between the Pt

electrodes and photo-crosslinked multilayers was formed

due to the presence of nitrogen atoms within the multi-

layers[16] and furthermore theadditionalUVtreatmentwas

performed for the hydrophilic surface of Pt electrode. This

suggests that electrostatic charged multilayers showing

electrochemical sensing properties can be subsequently

deposited onto Pt-coated PS-N3 multilayers.
DOI: 10.1002/macp.201000104
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Generally, CAT is an efficient catalysts forH2O2 andbears

anoverallpositivechargeatpH< 5.6andnegativechargeat

pH> 5.6 (i.e. isoelectric point, pI� 5.6). Therefore, it was

envisioned that electrostatic multilayer films composed of

PAH and CAT could exhibit electrochemical behavior

toward H2O2.
[20–25] The amount of PAH and CAT adsorbed

ontoanionicQCMelectrodesduringLbLself-assemblyatpH

9/9 was first investigated. Under this pH, the amounts of

PAH and CAT adsorbed per bilayerwere approximately 360

ng � cm�2 (frequency change, DF� 20.4� 2Hz) and 397

ng � cm�2 (DF� 22.5� 2Hz), respectively (Figure 2a). More-

over, the uniform growth of adsorbed mass (or frequency

change) indicates that the amount of CAT adsorbed per

bilayer is regular. Based on these results, (PAH/CAT)10
multilayers were deposited onto a Pt-coated substrate, and

the subsequent dissolution of the NaCl substrate produced

highly flexible films allowing electrochemical sensing

toward hydrogen peroxide (H2O2), as shown in Figure 2b.

The curves in Figure 2c show the cyclic voltammograms
Figure 2. (a) Frequency changes as a function of layers for the assem
camera image of free-standing electrochemical sensing films (i.e., (P
substrates in aqueous medium. (c) CVs of free-standing (PAH/CAT)10-m
at a scan rate of 50 mV � s�1. (d) Calibration curves of the amperom
multilayers.
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(CVs) of free-standing PAH/CATmultilayer-coated films for

sensing H2O2 gas at scan rate of 50mV � s�1. The relatively

weak redox reaction shown in0mMH2O2 is due to the redox

processof theFe2þ/Fe3þ couple in the ironhemestructureof

CAT. On the other hand, the electrode modified with the

PAH/CAT multilayers showed a notable increase in the

reduction peak at approximately �0.3–0.37V, as well as a

slight increase in the oxidation peak potential at 0.2 Vwith

increasing H2O2 concentration from 5 to 15mM. This

suggests that CAT has catalytic activity toward H2O2. In

addition, the redox peak currents showed a linear

dependence on the H2O2 concentration (Figure 2c). These

phenomenaweremore evidently shown in two calibration

curves corresponding to amperometric responses (Figure2d).

Although the overall mechanism of the electrocatalytic

process was not revealed clearly, the proposed mechanism

is as follows.WhenH2O2 enters the iron heme group in CAT

(i.e., FeIII-CAT), a reactiveoxidantwithacationradicalonthe

heme porphyrin (i.e., O¼ FeIV-CAT � þ) is formed that sequen-
bly of PAH/CAT films on a PS�N3-coated QCM electrode. (b) Digital
AH/CAT)10/Pt/(PS�N3)30 multilayers) obtained after dissolving ionic
odified Pt electrode in pH 7.0 PBS containing 0, 5, 10, and 15 mM H2O2

etric responses of flexible Pt electrodes modified with (PAH/CAT)10

www.mcp-journal.de 1191
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tially accepts an electron from H2O2 to form a nonradical

compound (i.e., O¼FeIV-CAT), resulting in the oxidation

of H2O2. A nonradical compound can further accept a

second electron to regenerate FeIII-CAT, which causes the

reduction peak current.[25]

Free-standing film devices can be prepared easily with-

out adverse effects on the inherentproperties (i.e., optical or

electrochemical sensing properties) of the functional

multilayers, and a variety of components ranging from

hydrophilic to hydrophobic materials can be integrated

effectively into the nanostructured films. Furthermore, this

approach can allow the uniform growth of electrostatic

multilayer films on the selective domains of PS-N3 multi-

layer-coated substrates, which suggests almost complete

conformity with the typical LbL techniques developed thus

far (see Supporting Information, Figure S2).
Figure 3. Schematics to prepare free-standing optical films com-
posed of hydrophobic (PS�N3�SH�QD:PS�N3)n and hydrophilic
(PAH/spiropyran-BCM)n multilayers.
Optical Films

As shown in free-standing electrochemical films, photo-

crosslinking-induced hydrophobic multilayers were used

as only substrates. However, our approach is very effective

for preparing nanocomposite multilayers with multi-

functional properties, in that a variety of components

ranging from hydrophobic to hydrophilic materials can be

easily inserted within multilayers. For demonstrating this

possibility, the nanocomposite multilayer films with dual

optical propertieswere fabricatedusing photo-crosslinking

and electrostatic LbL assembly. Figure 3 shows a schematic

diagram of the process for preparing free-standing optical

films composed of photoluminescent QDs-incorporated

hydrophobic multilayers (i.e., (PS�N3�SH�QDs:PS�N3)n)

and photochromic dye-incorporated hydrophilic multi-

layers (i.e., (PAH/spiropyran-BCM)n). The experimental

details for the preparation of photo-crosslinkable

PS�N3�SH�QDs:PS�N3 and negatively charged siro-

pyran-BCMs were given in the Experimental Sections and

Supporting Information (Figure S3).

The deposition process for the build-up of (PS�N3�SH�
QDs:PS�N3)30 multilayers and the excess UV treatment

were identical to that used for (PS�N3�SH�QD:PS�N3)30
multilayer-coated substrates. In this case, positively

charged PAH, which was adjusted to a solution pH of 9,

was spin-assembled onto PS�N3 multilayers at a spinning

speed of 3 000 rpm and consecutively spin-rinsed with

deionized water at the same spinning speed. After

depositing the cationic PAH, the negatively charged

spiropyran-BCMs at pH 9 were deposited using the

abovementioned procedure [In this case, the diameter of

BCMwas increased fromapproximately86nm(BCMwithout

spiropyran dyes) to 118nm after incorporating the water-

insoluble spiropyran dyes into the hydrophobic PS core block

(Figure 4a)]. The consecutive spin-deposition and electro-

static interaction between�NHþ
3 (pKa� 10) of PAH and the
Macromol. Chem. Phys. 2010, 211, 1188–1195
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�COO� groups of the PAA corona chains (pKa� 4.5) in

spiropyran-BCMs at pH 9 can induce the build-up of

hydrophilic multilayers (see Supporting Information,

Figure S4).[26–29] Quartz crystal microgravimetry (QCM)

measurementswerecarriedout todeterminetheamountof

PAHandspiropyran-BCMsadsorbed in themultilayerfilms.

Based on the mass changes calculated from the frequency

changes,[17] the alternate deposition of PAH and spiro-

pyran-BCMs resulted in a – Dm of �263 ng � cm�2 (–DF of

15� 2) and �378 ng � cm�2 (–DF of 21� 2Hz), respectively

(Figure 4b). UV–Vis spectroscopy also confirmed that the

amounts adsorbedonto thePS�N3�SH�QD:PS�N3–coated

substrates were similar to those onto the bare substrates

except for a slight difference in the amount adsorbed in the

first layers (see Supporting Information, Figure S5).

Based on these results, we examined the photolumines-

cent (PL) behavior of PS�N3�SH�QD:PS�N3 multilayers

and the photochromic properties of PAH/spiropyran-BCM

multilayers including water-insoluble spiropyrans, which
DOI: 10.1002/macp.201000104
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Figure 4. (a) TEM images of BCMs without and with spiropyran
dyes. These water-insoluble dyes were incorporated into hydro-
phobic PS core block of BCMs. (b) Frequency changes as a function
of layers for the assembly of PAH/spiropyran-BCM films on a
PS�N3-coated QCM electrode. The mass changes calculated from
the frequency changes: DF (Hz)¼�56.6�DmA, where DmA is the
mass change per quartz crystal unit area, in mg � cm�2.

Figure 5. (a) PL and (b) UV–Vis spectra free-standing optical films
composed of hydrophobic (PS�N3�SH�QD:PS�N3)n and hydro-
philic (PAH/spiropyran-BCM)n multilayers. The insets of (a) and
(b) display the photographic images taken from digital camera.
The PL spectrum was measured at excitation wavelength of
350 nm and the change in UV–Vis spectra occurred from (PAH/
spiropyran-BCM)10 multilayer films UV irradiation at 365 nm.
have the QD-induced luminescence by UV irradiation and

the light-induced reversible isomerization between the

colorless spiropyran (aftervisible light)andcolored formsof

merocyanines (after UV light irradiation), respectively.[29,30]

Our approach using QDs and BCMs allows the production of

PL and photochromic intensity-tunable films loaded with

CdSe@ZnSandspiropyran.Figure5ashowsthephotographic

image and PL spectrum of about 3mm thick free-standing

multilayers composed of (PS�N3�SH�QD:PS�N3)30 and

(PAH/spiropyran-BCM)10 multilayers at excitation wave-

length of 350nm. In this case, the films displayed the PL

maximumpeak at lmax� 530nm, whichwas exactly same

as those of oleic acid-stabilized QD or PS�N3�SH�QD

dispersed in toluene (see Supporting Information, Figure

S6). In addition, the filmswere observed to emit fluorescent

light that is clearly detectable with the naked eye under

irradiationofa lowpowerhand-heldUVlamp.These results

also indicate that photo-crosslinking and excess UV

treatment for the preparation of hydrophobic/hydrophilic

multilayers do not cause the notable blue shift in the PL

bands and the strong quenching effect due to relatively

short UV exposure time. This approach is very simple and

efficient when compared to conventional LbL methods
Macromol. Chem. Phys. 2010, 211, 1188–1195
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basedonelectrostatic interactionwhich is complicatedbya

serious PL quenching and the solution stability (i.e., the

small ligands with thiol and carboxylic acid groups or the

control of solution pH).[31–33]

Figure 5b shows the change in the UV–Vis spectra

occurred from (PAH/spiropyran-BCM)10 multilayers before

and after UV irradiation. This means that upon irradiation

with 375nm UV light for 6min, the UV–Vis absorption

spectra of (PAH/spiropyran-BCM)10 films containing spir-

opyran showedadecrease in theabsorptionpeakat 367nm

(spiropyran form) and the growth of a new absorption

peak at 552nm (merocyanine form). After the build-up of
www.mcp-journal.de 1193
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(PAH/spiropyran-BCM)10 multilayers onto (PS�N3�SH�
QD:PS�N3)30-coated NaCl substrates, transparent free-

standing multilayers showing photochromic properties

under UV light irradiation can be produced by dissolving

the NaCl substrate in water, as shown in Figure 4b. The

photochromic intensity of these films can be significantly

increased by increasing the number of deposition cycles or

photochromic dye concentration within hydrophobic PS

core block of BCMs. Additionally, although the thickness of

the free-standing film formed from a PS�N3�SH�QD

(1wt.-% for QDs and 2wt.-% for PS�N3�SH): PS�N3

(2wt.-% for PS�N3) blending solution was approximately

4mm, these thicknesses could be decreased to approxi-

mately 1mmby decreasing the solution concentration and

layer number of PS�N3�SH�QD:PS�N3. Furthermore, the

build-up of electrostatic multilayers in aqueous medium

onto PS�N3�SH�QD:PS�N3 multilayer-coated NaCl sub-

strates clearly shows that PS�N3�SH�QD:PS�N3 multi-

layers can effectively prevent the infiltration of water

molecules into a NaCl substrate. As a result, our approach

produces the free-standing optical films with both the

highlyPLproperties by incorporatingQDs intohydrophobic

multilayers and the photochromic properties by inserting

spiropyran dyes within electrostatically charged BCM

multilayers.
Conclusion

A variety of free-standing functional films composed of

hydrophobicandhydrophilicmultilayers couldbeprepared

easily on sacrificial ionic substrates without physical or

chemical damage by photo-crosslinking and electrostatic

LbL assembly. The desired properties (i.e., flexibility control

and functionalities such as electrochemical or photolumi-

nescent/photochromic properties) of the free-standing

films could be controlled by the multilayer design and

functionality of the components inserted. Similar to the LbL

techniques developed thus far (i.e., LbL patterning using an

electrostatic interaction in aqueous media), this approach

based on photo-crosslinking and electrostatic interactions

highlights the possibility of electrostatically patterned

multilayers onto PS�N3 multilayer-coated substrates. As a

result, this approach is compatible with the typical LbL

techniques, and can provide amore facile route to potential

applications, such as free-standing electronic or optical

films than the conventional LbL process.
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