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’ INTRODUCTION

Self-assembled monolayers (SAMs) are thin condensed layers
formed by amphiphilic organic molecules adsorbed directly onto
solid surfaces, and they provide an effective means for tailoring
the properties and functions of solid surfaces.1�3 SAM-forming
organic molecules contain functional groups that are reactive or
have a high affinity for the substrate surface onto which the SAM
is prepared. The SAM molecules isolate the substrate surface
from the air or fluid medium, and the surface properties of the
SAMs are determined by the chemical nature of the moieties
exposed to the air or fluid medium.4�6

SAMs can be prepared from small molecule or polymeric
amphiphiles. Polymeric self-assembled monolayers (PSAM)
offer a wide range of surface properties that cannot be obtained
from small molecule SAMs.7�10 Homo- or copolymerization of
monomers or combinations of monomers permits tuning of the
amphiphiles’ chemical structure and the nature of surface
attachment.11�14 Ultrathin PSAMs may be prepared that display
a variety of polymer physical properties: rigid or flexible con-
formations; crystalline, liquid-crystalline, rubbery, or amorphous
phases; copolymer architectures; and phase separation behavior.15�20

In particular, PSAMs exhibit stimuli-responsive properties if the
polymer conformations and organizing structures are responsive
to external stimuli such as temperature change,21�23 solvent
type,24�27 and pH change.28,29

A polymer chain can be grafted to the surface in various ways;
it can be end- or side-grafted at single or multiple sites of the
chain.7�10 If the end of a polymer chain is grafted onto a solid
surface and the polymer is then stretched planar to the surface, it
can cover a surface area as large as the projected area of the entire
chain. Although extension of coil-like polymer chains usually
incurs an entropic penalty, it is achieved at no energetic cost for
rodlike polymers. In our previous study,30,31 a SAM of planar
rodlike polymers was produced on a mica surface by grafting an
amphiphilic rod�coil block copolymer, poly(n-hexylisocyanate-
b-2-vinylpyridine) (PHIC-b-P2VP), in which the P2VP block is a
surface-active minority block and the PHIC block is a rodlike
polymer. The PHIC chains were tethered to the surface via
hydrogen bonding between the pyridine groups of the short
P2VP block and the hydroxyl groups of the mica substrate. The
PHIC chains formed a monolayer exhibiting a long-range
nematic liquid crystalline order.

It should be noted that the rodlike chains, such as PHIC, can
be regarded as one-dimensionally self-organized structures be-
cause their alkyl side groups are arranged along the rodlike
backbone on the substrate surface. On the substrate surface,
these rigid backbones are arranged parallel to one another,
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producing a PSAMof two-dimensionally arranged alkyl side groups.
Because the top surface of the resultant PSAM consists of alkyl
groups, the surface energy of the PSAMs is likely to be similar to that
of the SAMs prepared from alkylsilanes or alkane thiols.

However, the PSAM and small molecule SAM are distinct
by several measures. In PSAMs, numerous alkyl side groups
(as many as the degree of polymerization) are bound to a single
polymer chain that is tethered to the surface only at the chain
end. Because the end-grafted rodlike chains have rotational
degrees of freedom in the polar and azimuthal angles, the area
underneath the polymer chain may be exposed to the environ-
ment as the chain is desorbed from the surface. In contrast, in a
small molecule SAM, each alkyl group is permanently bonded to
the surface, and the surface beneath the SAM cannot be exposed
unless the covalent bonds between the SAM and surface are
cleaved. This distinction provides the PSAMs with unique
properties, such as stimuli-responsiveness, which make them
potentially useful for tailoring the properties of inorganic sub-
strate surfaces or organic/inorganic interfaces.

For the PSAMs to be utilized in practical applications, it is
essential that the thin monolayer must withstand thermal or
chemical treatment during processing. In this regard, we per-
formed a preliminary experiment with PHIC-b-P2VP that was
known to form PSAM on mica surfaces via strong hydrogen
bonding between the P2VP block and mica surfaces. Instead of
mica, we attempted to form the PSAM on the surface of silica-
based substrates (Si wafer or quartz) that are generally used in
various applications. However, the resultant polymeric layers
deposited on the silica surfaces were easily rinsed away by
solvents due to the weak hydrogen bonding interactions between
P2VP and silica. Covalent grafting is desired for the formation of
solvent-resistant PSAM.

Here, we synthesized a new rod�coil diblock copolymer
consisting of PHIC and poly[3-(trimethoxysilyl)propyl meth-
acrylate] (PTMSM) blocks and created a covalently bonded
monolayer on the silica substrates (Figure 1). Trimethoxysilyl
groups of the short PTMSM block reacted with the oxide
substrate surface to yield covalent PSAM of PHIC chains. The
structural responses of the PSAMs to solvent vapor were investi-
gated. Anew type ofmixed SAMwith nanoscopic heterogeneitywas
created by reaction of the PSAMswith an additional SAMagent.We
also demonstrated rapid photopatternability of the PSAMs and their
applicability as an interfacial layer in organic field-effect transistors.

’EXPERIMENTAL SECTION

Materials.N,N,N0,N00,N00-Pentamethyldiethylenetriamine (PMDETA;
>99%, Aldrich), 3-(trimethoxysilyl)propyl methacrylate (TMSM; 98%,
Aldrich), 2-bromoisobutanoyl bromide (2-BiB; 99%, Aldrich), and
n-hexyl isocyanate (HIC; 97%, Aldrich) were dried over CaH2 overnight
and distilled under reduced pressure. Copper(I) bromide (CuBr 98%,
Aldrich) was purified under nitrogen by stirring in glacial acetic acid,
filtered, and washed with absolute ethanol and ethyl ether, then dried
under vacuum. Anhydrous tetrahydrofuran (THF; DC Chemical
Company) was freshly distilled under nitrogen fromNa/benzophenone
ketyl prior to use. Anhydrous methanol (MeOH; DC Chemical
Company) was dried by refluxing in the presence of CaH2 and distilled
prior to use. Anhydrous toluene, 40-pentyl-4-biphenylcarbonitrile (5CB;
98%, Aldrich), and octadecyltrimethoxysilane (ODTMS; 90%, Aldrich)
were used as received.
Synthesis of PHIC-Br. Polymerization ofHIC (3.115 g, 24.53mmol)

was carried out with activated sodium biphenyl amide (0.0248 g, 0.13mmol)
in THF in a break-seal glass apparatus under high vacuum at�98 �C for 70
min.32 The polymerwas end-capped by adding 2-BiB (0.1260 g, 0.76mmol).
The reaction mixture was poured into a large amount of hexane and meth-
anol. The precipitated polymer was filtered and dried. 1H NMR poly(n-
hexylisocyanate) macroinitiator (300 MHz, CDCl3): δ 3.66 (br, 2H; �
CH2�N), 1.29 (s, 8H; (CH2)4), 0.88 (s, 3H; CH3).
Synthesis of PHIC-b-PTMSM. A typical ATRP procedure was as

follows. PHIC-Br (0.1067 g, 0.0042 mmol), CuBr (0.0006 g, 0.0042
mmol), one droplet of PMDETA, and anhydrous toluene (2 mL) were
transferred into a flame-dried Schlenk flask with a magnetic stir bar and a
rubber septum under a stream of dry nitrogen gas. The mixture was
stirred until a homogeneous solution (green color) was obtained. The
TMSM monomer (0.1250 g, 0.5040 mmol), having previously been
bubbled with nitrogen gas for 1 h, was then added via a gastight syringe.
The flask was degassed by three freeze�pump�thaw cycles. The flask
was then immersed in an oil bath thermostatted at 35 �C. After 60 h, the
flask was removed from the bath, the reaction mixture was cooled, and
anhydrous THF was added to dilute the polymer solution. The solution
was transferred to a basic alumina column by syringe to remove the
catalyst. The polymer was then precipitated in anhydrous methanol. The
solids (0.1130 g) were isolated by filtration and dried in a vacuum
desiccator at room temperature. 1H NMR (300 MHz, CDCl3): δ PHIC
block: 3.66 (br, 2H; �CH2�N), 1.29 (s, 8H; (CH2)4), 0.88 (s, 3H;
CH3). PTMSM block: 3.88 (t, 2H; �COOCH2�), 3.58 (s, 9H;
Si(OMe)3), 1.72�1.89 (s, 4H; in main chain CH2 and side chain propyl
C�CH2�C, 1.12, 1.02, 0.86 (s, 3H; isotactic, atactic, and syndiotactic
C�CH3 in methacryl unit), 0.68 (s, 2H; Si-CH2�C).33

Preparation of PSAMon the Silica Substrate. The PSAMwas
prepared on the silica substrate by dissolving PHIC-b-PTMSM in
anhydrous toluene to a concentration of 0.1 w/v%. The block copolymer
solution was filtered through a 0.2 μm Teflon membrane filter. Oxygen
plasma-treated silica substrates were immersed in the copolymer solu-
tion for 24 h at room temperature. The substrates were repeatedly rinsed
with anhydrous toluene and dried under vacuum at room temperature.
Solvent Vapor annealing. The PSAM-coated substrates were

placed near a vial filled with solvent in a closed chamber for 24 h. The
plates were then dried by exposure to the atmosphere.
Fabrication of the LC Cell. The LC cells were fabricated by

pairing two PSAM-coated substrates. Mylar films (thickness: 3.5 μm)
were sandwiched between the two substrates. The cells were then sealed
using epoxy glue, except at two edges. The nematic LC 40-pentyl-4-
biphenylcarbonitrile (5CB, [Cryst-(24 �C)-N-(36 �C)-I]) and the cells
were heated to 40 �C on a heating plate. 5CB was then introduced at an
opened edge and reached the substrate by capillary action, and the LC
cell was sealed with glue. The cell was removed from the heating plate
and cooled to room temperature.

Figure 1. Schematic representation of the polymeric self-assembled
monolayer (PSAM) prepared by grafting a rod�coil polymer consisting
of a long rodlike block (with alkyl side groups) and a short sticky coil
block (with a surface-reactive trimethoxysilyl groups).



3519 dx.doi.org/10.1021/cm201138u |Chem. Mater. 2011, 23, 3517–3524

Chemistry of Materials ARTICLE

Preparation of theMixed SAMon the Silica Substrate.This
was carried out in a nitrogen-purged glovebox. Hydroxlyated silica
substrates (after O2 plasma treatment) were immersed in a PHIC-b-
PTMSM solution (∼ 0.1 w/v%) for 24 h at room temperature,
thoroughly rinsed with anhydrous toluene, and dried under N2 flow
for 6 h. The resulting substrates were immersed in ODTMS dissolved in
anhydrous toluene (1 v/v%) for 1 h, followed by sequential sonication in
anhydrous toluene to remove excess ODTMS molecules.
Micropatterning of PSAMs by Photolithography. The

PSAM-treated substrate was irradiated with a UV lamp (254 nm, 1.55
mW/cm2) for 10 s in air using a photomask with a stripe pattern
containing 5 μm features. The resultant substrate was ultrasonically
rinsed three times in THF for 20 min. The cleaned SAMs were then
dried. The water condensation figures on the micropatterned PSAM
were all taken on an optical microscope (Olympus BX51) equipped with
temperature controlled stages (Linkam LTS 350) and temperature
controller (Linkam TMS 94).
Fabrication of FETs Using the PSAM. Gate electrodes were

formed from a heavily doped Si wafer onto which were deposited
300 nm thermally grown SiO2 (capacitance C = 10 n~Fcm2) as the gate
dielectric. The substrates were modified with a PSAM, and the regiore-
gular poly(3-hexylthiophene) (rr-P3HT) (Rieke Metal Inc., regioregu-
larity: 98%, MW = 27.3k) was spin-cast from a 1.0 w/v% toluene
solution to obtain a 50 nm thick film. The P3HT films were transferred
to the vacuum chamber for thermal evaporation of 40 nm thick Au
electrodes through a shadow mask. The channel length L and width W
were 50 μm and 1.5 mm, respectively. All fabrication steps were
conducted in a N2-purged glove box, except for the preparation of the
PSAM on the silica-based substrate.
Measurements. 1H NMR spectra were measured using a JEOL

JNMLA300WB using CDCl3 as the solvent. Chemical shifts were
measured with respect to tetramethylsilane (TMS) at 0 ppm. The
molecular weights and molecular weight distributions of polymers were
determined by SEC (Waters model 515). The SEC had four columns:
HR 0.5, HR 1, HR 3, and HR 4. Waters Styragel columns run in series,
and the pore sizes of the columns were 50, 100, 1000, and 10000 Å,
respectively. A refractive index detector was used, calibrated relative to
polystyrene standards (American Polymer Standard Corp.) THF was
used as the mobile phase at a flow rate of 1.0 mL/min, and the
temperature was fixed at 40 �C. X-ray photoelectron spectroscopy
(XPS) was performed at a 90� takeoff angle using a Multilab 2000
(Thermo Electron Corporation) spectrometer with Mg KR radiation
(1253.6 eV) as an X-ray source in an ultrahigh vacuum (1.0� 10�9�1.0
� 10�10 mbar). The analyzed core level lines (C1s, O1s, N1s, Si2p)
were calibrated with respect to the C1s binding energy set at 285 eV.
Atomic force microscopy (AFM) investigations were performed using a
commercial scanning probe microscope (Digital Instruments (DI)
Multimode SPM IIIa system). The AFM was equipped with a Quadrex
for phase imaging, and a Micro 40 active antivibration unit (Halcyonics)
permitted better resolution. An etched silicon probe (RTESP) (Veeco
probe) was used as the cantilever in tapping mode. The probes had force
constants of 20�80 N/m, and resonance frequencies of 276�303 kHz.
The cantilever was forced to oscillate near its resonance frequency. The
laser beam was centered on the tip of the cantilever and reflected onto a
photodiode. To minimize the sample surface deformation by the tip, the
so-called light tapping method was applied. The electrical characteristics
of OFET devices were measured in the saturation regime (VD =�60 V)
using a Keithley 4200-SCS semiconductor parameter analyzer.

’RESULTS AND DISCUSSION

Synthesis of Surface-Reactive Rod�Coil Block Copoly-
mers. The macroinitiator, PHIC-Br, with a number-average
molecular weight (Mn) of 15,900 and a polydispersity index of

1.10, was synthesized by living anionic polymerization of n-hex-
ylisocyanate (HIC), followed by termination with 2-bromoiso-
butanoyl bromide (2-BiB), as reported previously (Figure 2).32

Subsequent atom transfer radical polymerization (ATRP) with
(3-trimethoxysilyl)propyl methacrylate (TMSM)was performed
to yield PHIC-b-PTMSM (Figure 3). Polymerization at a high
temperature near 90 �C resulted in depolymerization of the
PHIC block, most likely due to reactions with the basic agents
used for ATRP.34 To avoid the base-catalyzed depolymerization
of PHIC, the polymerization reaction was conducted under mild
reaction conditions at 35 �C in toluene. A large excess of TMSM
induced the PTMSM chain to grow from the PHIC-Br macro-
initiator, even under the mild conditions. The composition of the
block copolymer was analyzed by comparing the 1H NMR and
size exclusion chromatography�light scattering (SEC-LS) data
of PHIC-Br and the block copolymer. The block copolymers
obtained from several ATRP runs always had a TMSM weight
fraction less than 20%. It has been reported that ATRP of TMSM
monomer from other types of macroinitiator gives a block
copolymer with a minority PTMSM block (5�10%) in spite of
the use of an excess amount of monomer.35,36 Table 1 shows the
two block copolymers used for PSAM formation. This asym-
metric composition was ideal for producing a surface-tethered
PHIC monolayer.
PSAM Coating. The PHIC-b-PTMSM block copolymer was

coated onto clean wafer or quartz plates by immersion coating
from their toluene solutions. The substrates could be fully
covered with a PSAM over a wide immersion solution concen-
tration range, between 0.005 and 2 w/v%. After serveral hours of
immersion, the water contact angle of the PSAM-coated silica
substrate approached 100�, comparable to that observed for alkyl
SAMs (Figure 4). A copolymer concentration of 0.1 w/v% in
toluene with an immersion time of 24 h at room temperature was
convenient. The excess block copolymers physically adsorbed to
the PSAM layer could be removed by washing and ultrasonica-
tion in solvent to yield uniform PSAMs.
The surface morphology of the PSAM was investigated by

atomic force microscopy (AFM) (Figure 5). The PSAM surface
was smooth over a large area with a root-mean-square (rms)
roughness less than 0.3 nm (Figure 5a). The thickness of the
polymer layer was determined from an AFM image of a sample
softly scratched with a razor blade (Figure 5b). The thickness of
the filmwas 1.2�1.5 nm, close to the known diameter of PHIC.37

This result suggests that the PHIC chains are aligned parallel to
the substrate surface. A nematic liquid crystal, 40-pentyl-4-
biphenylcarbonitrile (5CB), exhibited homeotropic alignment
between two PSAM-coated substrates (Figure S1 of the Support-
ing Information). These data support that the hexyl side chains
along the PHIC backbone are oriented perpendicular to the
substrate surface.38

Covalent bonding of the PHIC chains on the substrate was
confirmed by X-ray photoelectron spectroscopy (XPS) of the

Figure 2. Synthesis of PHICm-b-PTMSMn.
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PSAM-coated substrate washed with solvent. Even after ultra-
sonic cleaning in solvent, the PSAM exhibited an N1s peak
centered at a binding energy of 400.7 eV, corresponding to the
PHIC amide group. A control experiment involving the PHIC
homopolymer without surface-reactive moieties demonstrated
that immersion of the substrate, followed by ultrasonic washing,
yielded only a negligible N1s peak in the XPS data (Figure 6).
Only covalently bound PHIC chains formed stable PSAMs.
The uniform thickness and morphology of the PSAMs regad-

less of different concentrations and immersion times indicate
that covalent adsorption of the copolymer chains onto the

substrate was self-limiting. In other words, the grafting reaction
of the copolymer chains to the surface ceased as the surface
became saturated with the PSAM. The PHIC chains tethered to
the surface by short PTMSM chains formed a protective layer to
prevent further access of the polymers to the surface. Because of
this self-limiting coating mechanism, uniform PSAM film can be
prepared reproducibly onto large substrates by simple proce-
dures using various concentrations and immersion times.
Assuming the substrate surface is fully covered with the planar

PHIC monolayer, the surface area covered by a single PHIC
chain is estimated to be approximately 30 nm2, as obtained by
multiplying the length of the extended PHIC chain (the repeat-
ing unit length,39 0.2 nm, times the degree of polymerization
(DP), 125) by the diameter of the PHIC chain (1.2 nm).
Covering the same area with an alkyl SAM derived from small
molecules, such as octadecyltriethoxysilane (ODTE) or octade-
cyltrichlorosilane (ODTS), would require close alignment of the

Table 1. Molecular Weight Characteristics of PHIC-b-PTMSM

block composition

polymer Mn of PHIC
a Mn of PTMSMb wt % of PHIC wt % of PTMSM PDI

PHIC125-b-PTMSM12 15,900 3000 84 16 1.23

PHIC125-b-PTMSM6 15,900 1500 91 9 1.18
aMn of PHIC was measured by size exclusion chromatography�light scattering (SEC-LS) calibrated with polystyrene standards in a THF solution
containing 2% triethylamine as the eluent at 40 �C. bThe Mn of PTMSM was estimated by 1H NMR integration.

Figure 3. (a) 1H NMR spectra of PHIC-Br, PTMSM, and PHIC125-b-
PTMSM12 in CDCl3. (b) SEC profiles of PHIC-Br and PHIC125-b-
PTMSM12.

Figure 4. Water contact angle of PSAM with increasing immersion
coating time in the 0.1w/v% toluene solution.

Figure 5. Surface morphology and thickness of a PSAM. (a) PSAM
height contrast was measured by tapping mode AFM. The PSAM was
prepared on a silica substrate by immersion for 1 day in a 0.1 w/v%
toluene solution, followed by ultrasonic washing. (b) Height contrast
TM AFM image of a PSAM scratched with a razor blade.
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molecules as many as the number of repeating units constituting
a single PHIC chain.40,41 This comparison indicates that the surface
area covered by the PSAM per grafting site is about 2 orders of
magnitude greater than that by small alkyl SAM molecules.
Morphological Response of PSAMs to Solvent Vapor.

Because the rodlike polymer chains are bound to the surface
only by their chain ends, the chains in the PSAM have freedom in
their rotational motion. The rodlike chains can order parallel to
one another to form a liquid crystalline monolayer. We investi-
gated the reorganization of the end-tethered PHIC chains in the
PSAM by annealing in an atmosphere saturated with THF,
chloroform, toluene, or hexane, all of which are good solvents
for PHIC. After annealing the PSAM with THF or chloroform
vapor, the defect texture typical to nematic liquid crystals such as
splay and bend deformation of director appeared in the AFM
image (Figure 7), whereas no such LC texture was observed in
the PSAM treated under toluene or hexane vapor. The LC
texture observed in the dry PSAM indicates that the PHIC
chains form a lytropic nematic state when swollen with the
solvent vapor as observed previously in PHIC-b-P2VP block
copolymer.30,31 Although toluene and hexane are good solvents
for PHIC in the bulk solution phase, they are relatively hydro-
phobic and may not easily break the interactions between the
PHIC amide backbone and the hydrophilic substrate surface.
Reorganization of the PHIC chains would, therefore, be prohib-
ited in more hydrophobic solvents.
Preparation of a Mixed SAM by Coating of an alkyl SAM

onto the PSAM. In general, a substrate surface fully covered with
a covalently bonded SAM composed of small molecules cannot
be functionalized by further addition of other SAM-forming
agents. The surfaces with multiple functionalities are usually
obtained by transforming some of the functional groups in the
tail of SAM molecules into a different chemical structure.42 In
contrast, the PSAM-coated surface investigated here can accom-
modate additional SAM-forming surface-reactive agents because
much of the surface underneath the PSAM is still available for
covalent grafting. The unreacted surface beneath the rodlike
polymer chains may be exposed to a solution containing addi-
tional surface-reactive agents to yield a mixed SAM.30,31

Octadecyltrimethoxysilane (ODTMS) was used as a second
SAM agent to the PSAM. As the PSAM-coated substrate of
Figure 7 was immersed in a solution containing 1 v/v% ODTMS
in toluene, followed by rinsing with solvent, a random dot pattern
of octadecyl SAMwas obtained, as shown in Figure 8. The size of
nanodots grew initially and then saturated after immersion time
of about 30 min, indicating that the growth of ODTMS SAMwas
also limited by the PSAM. The heights of the dots were

2.4�2.8 nm, and the widths were 20�30 nm, as determined
from the TM AFM height image. The heights were comparable
to the extended chain length of the ODTMS.43 Shorter alkyl
SAM agents, such as octyl TMS, did not produce a dot pattern,
most likely because the short alkyl chains produced nanodot
domains with a height contrast lower than that observed for the
PSAM regions.
The nanodot pattern formationmay be attributed to the confined

adsorption and reaction of alkyl SAM agent on the PSAM
surface. Upon immersion of PSAM-coated subsrate into a second
SAM agent solution, the grafted PHIC blocks are fluidized via
formation of either a lyotropic liquid crystalline solution
(Figure 8e) or an isotropic solution state. Alkyl SAM agents
approach the substrate surface by way of disordered domains or
exposed surface regions, from which alkyl SAMs nucleate and
grow to a nanoscopic size until limited by the PSAM chains. The
formation of uniformly distributed nanodot patterns on the
PSAM surface is a promising technique for preparing chemically
heterogeneous surface with functional nanoscopic domains.
Micropatterning of PSAM. The backbone and side groups of

the polymethacrylate chains may undergo scission when irra-
diated with UV.44,45 The anchoring moiety of the PHIC-b-
PTMSM is a polymethacrylate, and therefore, the covalent bonds
may be cleaved photochemically. Photochemical cleavage of the
methacrylates moieties in the PSAM was found to be complete
within 10 s using an ordinary 254 nm 1.55mW/cm2 UV lamp
(Figure 9a). UV exposure time was optimized by evaluating
water condensation figure on the micropatterned PSAM with
different UV irradiation time (Figure 10). Micropatterned
PSAMs were prepared by UV (254 nm) irradiation of the PSAM
through a photomask, followed by ultrasonic cleaning in a
solvent (Figure 9b). It should be noted that the conditions used
for micropatterning of the PSAM were much milder than those
used to create alkyl SAM patterns on a silica substrate.46�49 The
AFM image of the resultant micropatterned PSAM is shown in
panel (c) of Figure 9. In a control experiment, we compared the
XPS data of PSAM, UV-treated PSAM and silica, which indicated

Figure 6. X-ray photoelectron spectroscopy (XPS) spectrum of
PHIC125-b-PTMSM12 (solid line) and PHIC-Br with no surface-reactive
groups (dashed line) on a silica substrate after rinsing and sonication.

Figure 7. TM AFM height image and height profiles of the PSAM
annealed in THF vapor for 24 h.
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that the C1s peak intensity was substantially reduced by UV
treatment, to a level as low as that of a bare silica surface, as the
pristine PSAM was irradiated only for 10 s with UV (Figure 11).
After UV irradiation of the PSAM, the C1s peaks at 281.7 and
286.6 eV, corresponding to C�Si and C�O bonds, respectively,
were still observed in its XPS data (Figure 11 , Figure S2 and
Table S1 of the Supporting Information), whereas, the peaks for
ester or amide carbonyl carbons were negligible. This means that
the polymer backbones were completely removed even by the
brief UV irradiation while forming the alkyl silica residues. The
high sensitivity of the PSAM to the UV is likely due to ultrathin
thickness as well as low grafting density of the PSAM. The
substrate suface underneath a planar macromolecular chain is
exposed by photocleavage of the chain end as represented in
panel (a) of Figure 9.

Application of PSAM in FETs. To test the applicability of the
PSAM in organic electronics, we utilized the PSAM as an
additional dielectric layer in P3HT-based field effect transistors
(FETs) (Figure 12). FETs prepared on the PSAM-coated SiO2/Si
substrate exhibited a charge carrier mobility (μ) = 1.7 ( 0.5 �
10�3 cm2 V�1 s�1, which was 1 order of magnitude higher than
that of the untreated silica dielectric layer (2.3( 0.7� 10�4 cm2

V�1 s�1). The performance of the PSAM-treated device was
lower than that of the octadecyltrichlorosilane (ODTS)-treated
device (1.0( 0.5� 10�2 cm2 V�1 s�1). The lower performance
of the PSAM-treated FET as compared with the ODTS-treated
one may be accounted for by the shorter hexyl side group of
PHIC chains constituting the PSAM than the octadecyl SAM.
It has been reported that FETs on the shorter alkyl SAMs ex-
hibit lower mobilities than those on the longer alkyl SAMs.50

Figure 8. Height contrast TM AFM image of a mixed SAM after immersion in the second SAM agent solution for (a) 10 min, (b) 20 min, (c) 30 min,
and (d) 60 min. (e) Schematic drawings representing the formation of an alkyl/polymer mixed PSAM.

Figure 9. (a) Photochemical cleavage of the PSAM from the surface by UV irradiation. (b) Schematic illustration showing the photopatterning of the
PSAM. (c,d) Height and phase contrast TM AFM image, respectively, of a micropatterned PSAM.
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Neverthless, the result indicates that the PSAM can be used as an
interfacial layer in organic electronic applications with qualities
comparable to those of the alkyl SAMs.

’CONCLUSIONS

In summary, a surface-reactive rod�coil diblock copolymer
consisting principally of a rodlike polymer block (PHIC) with a
surface reactive block (PTMSM) was synthesized by living
anionic polymerization and the ATRP method. Simple immer-
sion coating of the rod�coil polymer onto the silica substrates
provided a PSAM consisting of a planar adsorbed PHIC mono-
layer with PTMSM anchors. Thanks to the rotational freedom of
the end-grafted PHIC chains, the PSAMs exhibited liquid crystal-
line ordering in the presence of solvent vapor and yielded amixed
SAM consisting of nanodot-like alkyl SAMs and PSAMs. Photo-
chemical micropatterning of the PSAM was accomplished using
conventional UV photolithography. The micropatterning pro-
cess used a much smaller total power and a shorter irradia-
tion time in comparison with the micropatterning process of

conventional alkyl SAMs. The P3HT FET device fabricated
using a PSAM interfacial dielectric layer exhibited a performance
similar to that of a device prepared with an alkyl SAM.51,52

We demonstrated that the PSAMs exhibited unique properties not
generally observed in smallmolecule SAMs.These properties included
a low grafting density, responsiveness to solvents, reactivity toward
additional surface-functionalizing reagents, the ability to form a mixed
SAM with a nanoscopic pattern, and rapid photopatternability.

The simple processing conditions, such as the concentration
window and the immersion time for preparing a uniform
nanometer-thick PSAM, are advantageous in comparison with
the conditions required by other SAM materials. Further studies
of PSAMs composed of other functional polymers, such as
conjugated polymers or biological polymers, will be promising.

’ASSOCIATED CONTENT

bS Supporting Information. OM image of homeotropically
aligned LC between PSAMs and schematic structure of a LC cell;
and XPS survey spectra of bare silica substrate, PSAM, micro-
patterned PSAM, and UV irradiated whole surface of PSAMwith
detailed surface elemental composition. This material is available
free of charge via the Internet at http://pubs.acs.org.
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