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ABSTRACT: A high-density polymer brush of poly(/N-isopropylacrylamide) (PNIPA) was precisely
prepared following carefully selected procedures, which included selecting the underlying substrate, preparing its
surface, and grafting PNIPA on the substrate. As a result, the graft density and the dried thickness of the brush
reached more than 0.5 chains/nm? and 200 nm, respectively, for the best combination of each procedure. This high-
density polymer brush showed gradual collapse with increasing temperature in water, which must be attributed to
both the low swelling and the low shrinking abilities of the brush that result from the physically constrained state of
the polymers. The contact angle of the air bubbles underneath the high-density polymer brush also gradually
decreased up to around 25 °C in water with increasing temperature, which indicates that the hydrophilicity of the
surface decreases as it does in typical PNIPA-grafted membranes and gels. Starting at the lower critical solution
temperature of free PNIPA in water, approximately 32 °C, the value of the contact angle started to increase
dramatically, and it became constant when the solution temperature exceeded 40 °C. Ultimately, the surface
exhibited a mostly hydrophilic nature at higher temperatures. The temperature-dependent contact angles can be
interpreted by assuming that the terminally chlorinated alkyl groups of the elongated PNIPAs can be positioned on

the surfaces or hidden in the vicinity of the membranes, depending on the temperature of the solution.

Introduction

Stimuli-sensitive polymers have received constant attention as
building blocks for the fabrication of smart soft materials' > with
various forms, such as dispersed colloidal aggregations,*> grafted
membranes,® and gels.”* When exposed to small alterations in the
environment, such as temperature, pH, solvent composition, and
ionic strength, smart soft materials can dramatically transform their
shape and size. (The term “smart” here means that the soft materials
are sensitive to changes in the environment.) Smart soft materials
have received a great deal of interest for their manifold applications,
including drug delivery systems,”” ' sensors,'* on—off switches,"
artificial muscles,'® and catalysts.!”

The anticipated physicochemical properties of smart soft materi-
als in many cases conform to the inherent physicochemical proper-
ties of the stimuli-sensitive polymers used. For example, if a certain
polymer is sensitive to environmental temperature and exhibits a
coil—globule transition at a given temperature, the gel composed of
this thermo-sensitive polymer is expected to show a drastic volume
change at a similar transition temperature.'® However, there can be a
difference between the two due to intermolecular cooperation be-
tween the polymers in the gel. Cooperation occurs mainly as a result
of the enhancement of interactions between the polymers. Soft
materials that are less affected by interactions, such as a weakly
cross-linked polymer gel, may exhibit slightly different properties,
but the variances are predictable. As a result of recent advancements
in synthetic technology, however, highly ordered soft materials can
be fabricated, and their physicochemical properties are strongly
influenced by molecular interactions.” ' In particular, we are
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interested in recent progress in controlled or living radical polymeri-
zations,”> > which can be applied in various smart soft materials
with ordered architectures. Such organized smart soft materials are
complex, which is unexpected glven the properties of the component
polymer in the diluted solution®® and have potential in both basic
and applied research.

In this work, we present the precise preparation of a high-
density brush of poly(N-isopropylacrylamide) (PNIPA) by atom
transfer radical polymerization (ATRP) and its physicochemical
properties, which are distinct from those of past sparsely grafted
PNIPA membranes and roughly prepared PNIPA brushes. PNIPA
is a representative thermo-sensitive polymer that exhibits a lower
critical solution temperature (LCST) in water with a temperature
around 32 °C. This thermo-sensitive behavior has been modified for
a variety of purposes. For example, when using a PNIPA-grafted
membrane to control cell adhesion,” the change in the wettability of
the outer surface of the membrane is critical to the expected
physicochemical properties of this membrane. For the preparation
of cell sheets, the surface must be hydrophobic around the cultiva-
tion temperature, i.e., 37 °C, and hydrophilic below the LCST. As a
result, the cell sheets cultured at 37 °C that are useful for tissue
engineering are safely isolated from the membranes below the
LCST. Such a thermo-sensitive behavior of PNIPA grafted mem-
branes has been reported in many studies.'>?’ 3! This behavior can
be easily expected for the soft materials that are less affected by
intermolecular interactions. In case of soft materials with highly
ordered structure, however, we cannot easily anticipate the property
from the behavior of linear PNIPA in water. If a high-density brush
of PNIPA were obtained, it would reveal more complex behavior
due to the presence of intermolecular interactions. Despite the
expectation, in many past results, grafted PNIPA membranes identi-
fied as high-density brushes reveal straightforward thermo-sensitive
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property reflecting the PNIPA’s behavior in water. So far as we
know, we believe that inappropriate methods were selected for
making the high-density brushes of PNIPA. It has only recently
been seriously considered that we have to choose the appropriate
surface conditions for attaching PNIPA to one end and the prepa-
ratory method to form grafted PNIPA for making a real high-
density brush of PNIPA. Indeed, our precisely prepared high-density
brush composed of highly ordered PNIPA exhibits an unexpected
change, especially in the wettability results, due to temperature
change: whereas the hydrophilicity of the surface decreased with an
increase in temperature from 10 to 25 °C, the surface regained
hydrophilicity with a further increase in temperature and became
mostly hydrophilic at higher temperatures. Judging from the im-
portant parameters controlling wettability and our experimental
results, this temperature-dependent contact angle may be under-
stood by assuming that the terminally chlorinated alkyl groups of
the elongated PNIPAs can be positioned on the surfaces or hidden in
the vicinity of the membranes, depending on the temperature. Here,
we describe the preparation procedure and the various physico-
chemical properties of the high-density brush composed of PNIPA
and discuss the cause of the unexpected surface wettability change of
the brush.

Experimental Section

Materials. Ethyl 2-chloropropionate (ECP) (Wako Pure Chemical
Industries, Ltd., 96%), copper(I) chloride (beads, 99.99%), and
dimethyl sulfoxide (DMSO) (anhydrous, 99.9%), 10% HCI aque-
ous solution (Wako Pure Chemical Industries, Ltd.), platinum-
(0)—1,3-divinyl-1, 1,3,3-tetramethyldisiloxane 0.10 M in xylene
(Karstedt Catalyst) (Sigma-Aldrich Co.), and 0.2 M ethylenedia-
minetetraacetic acid disodium solution (EDTA solution) (Kishida
Chemical Co, Ltd.) were used as supplied. Tetrahydrofuran (THF)
(Kishida Chemical Co, Ltd.) and toluene (Kishida Chemical Co,
Ltd.) were distilled from calcium hydride. NIPA (Kohjin) was
recrystallized twice from toluene-hexane mixed solvent and dried
under a vacuum prior to use. Tris[2-(dimethylamino)ethyllamine
(MegTREN) was obtained as a gift from Mitsubishi Chemical Co.
and distilled at 110 °C with 5 mmHg. Deuterated solvents, dimethyl
sulfoxide-ds (DMSO-d) and deuterium oxide (D,0), for 'H NMR
and FT-IR analyses, were used as received. Water was purified
using a Direct-Q UV water purification system (Millipore Corp.)
and used in all experiments. All other chemicals used in this study
were purchased at the highest purity and used as received. A silicon
wafer with a crystalline orientation of 100 and one polished side was
purchased from Toshiba Semiconductor Company.

Sample Synthesis. Preparation of [11-(2-Chloro)propionyloxy]-
undecyldimethylchlorosilane (CPU—dMCS) as Surface-Attachable
ATRP Initiator. The surface-attachable ATRP initiator ([11-
(2-chloro)propionyloxyJundecyl-dimethylchlorosilane, CPU—
dMCS), was synthesized by the hydrosilylation of 10-undecen-1-yl
2-chloropropionate with dimethylchlorosilane in the presence of
Karsted catalyst (Supporting Information, Figure $25).>*%* First,
the synthesis of 10-undecen-1-yl 2-chloropropionate is described
below. Triethylamine (4.88 g, 48.2 mmol), 10-undecen-1-01 (6.81 g,
40.0 mmol), and dry tetrahydrofuran (45 mL) were mixed for
10 min in an ice bath followed by dropwise addition of 2-chloro-
propionyl chloride (5.08 g,40.0 mmol) over 5 min. The mixture was
stirred at 0° for 2 h and at room temperature for 12 h and then
diluted with hexane (100 mL) and washed with 10% HCl aqueous
solution, sodium bicarbonate water, and purified water. The
organic phase was dried with calcium sulfate. The crude compound
was purified by column chromatography with hexane/ethyl acetate
mixed solvent (25/1 v/v) as an eluent. After the solvent was re-
moved under reduced pressure, 7.72 g (74%) of 10-undecen-1-yl
2-chloropropionate as a colorless oil was obtained (Supporting
Information, Figure S29). Next, 10-undecen-1-yl 2-chloropropio-
nate (0.67 g, 2.57 mmol), dimethylchlorosilane (1.21 g, 12.81 mmol),
and Karstedt catalyst (10.0 4L) were added to a dry flask. The
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mixture was stirred at room temperature for 12 h while the reaction
was monitored by "H NMR. After the excess reagent was removed
under reduced pressure, 0.83 g (91%) of the surface-attachable
ATRP initiator as a colorless oil was obtained (Supporting Infor-
mation, Figure S30).

"H NMR (6 [ppm], 270 MHz, CDCl5): 0.401 (6H, s, -Si-CH3),
0.832(2H,t,—Si—CH»—), 1.19—1.48 (16H, m, —CH,—), 1.57—
1.75 (5H, m, —COO—CH,—CH,-, CH3;-CHCl-), 4.17 (2H,
t, -COO—CH,—), 4.35 (1H, q, CH;—CHClI-), 0.030 (6H, s,
CH;—Si—0-Si—), 0.127 (2H, t, —Si—O0—Si—CH,—).

Preparation of [11-(2-methyl)propionyloxylundecyldimethylchlo-
rosilane (MPU—dMCS) as an ATRP-Inactive Alkyldimethylsilane
Derivative. A dimethylchlorosilane derivative with a similar chemical
structure to CPU—dMCS ([11-(2-methyl)propionyloxy]undecyl-
dimethylchlorosilane, MPU—dMCS) was synthesized by hydro-
silylating 10-undecen-1-yl 2- methylpropionate with dimethyl-
chlorosilane in the presence of Karsted catalyst (Supporting
Information, Figure S26).3>** The preparation of 10-undecen-1-yl
2-methylpropionate conforms to that of 10-undecen-1-yl 2-chloro-
propionate as follows. Triethylamine (4.88 g, 48.2 mmol), 10-
undecen-1-ol (6.81 g, 40.0 mmol), and dry tetrahydrofuran (45 mL)
were mixed for 10 min in an ice bath followed by the dropwise
addition of 2-methylpropionyl chloride (4.26 g, 40.0 mmol) over
S min. The mixture was stirred at 0° for 2 h and at room tempera-
ture for 12 h; then, it was diluted with hexane (100 mL) and washed
with 10% HCI aqueous solution, sodium bicarbonate water, and
purified water. The organic phase was dried with calcium sulfate.
The crude compound was purified by column chromatography
with hexane/ethyl acetate mixed solvent (25/1 v/v) as an eluent.
After the solvent was removed under reduced pressure, 8.85 g
(92%) of 10-undecen-1-yl 2-methylpropionate as a colorless oil was
obtained (Supporting Information, Figure S31). The preparation
of MPU—dMCS conforms to that of CPU—dMCS as follows. 10-
undecen-1-yl 2- methylpropionate (0.62 g, 2.57 mmol), dimethyl-
chlorosilane (1.21 g, 12.81 mmol), and Karstedt catalyst (10.0 uL)
were added to a dry flask. The mixture was stirred at room tempera-
ture for 12 h while the reaction was monitored by '"H NMR. After
the excess reagent was removed under reduced pressure, 0.65 g
(76%) of the dimethylchlorosilane as a colorless oil was obtained
(Supporting Information, Figure S32).

"H NMR (6 [ppm], 270 MHz, CDCl3): 0.394 (6H, s, -Si-CHj),
0.810 (2H, t, —Si—CH,—), 1.15 (6H, d, CH;—CH-), 1.21—
1.48(12H, m, —CH,—), 1.52—1.69(2H, m, —~COO—CH,—CH,—),
2.53 (1H, m, CH3;—CH—), 4.05 (2H, t, ~COO—CH,—), 0.022 (6H,
s, CH;—Si—0—Si—), 0.119 (2H, t, —Si—O—Si—CH,—).

Preparation of ATRP Initiator-Deposited Silicon Wafer. A
CPU—-dMCS and/or MPU—dMCS-functionalized surface was
prepared according to the literature®*** with small modifications. A
silicon wafer was cut into 1.0 x 1.5 cm pieces and placed in a UV/
ozone treatment chamber (UV253S, Filgen) filled with pure oxygen
to clean the surface for 30 min. The freshly cleaned silicon wafers
were placed into anhydrous toluene containing the CPU—dMCS
and/or MPU—dMCS (with a total concentration of 5.08 mM). The
recipes for CPU—dMCS and/or MPU—dMCS mixed monolayers
are shown in Table 1. The silicon wafers were allowed to stand in
this solution for 84 h at 60 °C. The resultant samples were isolated,
ultrasonically cleaned by dry toluene, rinsed sequentially with
toluene and ethanol, and dried in a N, stream. The samples were
stored at room temperature in a dried, N»-filled glovebox when not
used in the following reactions.

General Procedure for Synthesis of Grafted PNIPA from
ATRP Initiator-Modified Silicon Wafers. The best approach to
the synthesis of a well-defined high-density brush is the “grafting
from method” using a surface bound initiator.** 3 The surface
initiated ATRP of NIPA onto a silicon wafer and Au-deposited
mica has been reported, but in many cases, the authors do not give
molecular weight and polydispersity data.>” * Judging by our
additional examinations, many cases of surface-initiated ATRP of
NIPA on a flattened surface such as silicon, the thickness of the
grafted PNIPA membranes cannot be well-controlled according to
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Table 1. Synthesis of CPU—dMCS and/or MPU—dMCS Mixed Monolayers

sample no. CPU—-dMCS (uL) MPU—-dMCS (nL) CPU—-dMCS: MPU—-dMCS (mol/mol)

1 60.0(5.08 mmol) 0 (0 mmol) 100:0

2 45.0(3.81 mmol) 17.7 (1.27 mmol) 75:25

3 30.0 (2.54 mmol) 35.4(2.54 mmol) 50:50

4 15.0(1.27 mmol) 53.2(3.81 mmol) 25:75

5 6.0 (0.51 mmol) 63.8 (4.57 mmol) 10:90

6 0 (0 mmol) 67.3(5.08 mmol) 0:100

Table 2. Synthesis of PNIPA Brush by Surface-Initiated ATRP in Various Reaction Times
graft density
[MI:[I]:[Cuy]:[L] reaction M theol/ M, Gpc/ M,/ film thickness (chains/

sampleno.  (M/DMSO) (w/w) time (h) conversion(%) 10000 10000 M, at dry state (nm) nm?)

Iy 0.25 25 2.8 3.1 1.34 23 0.48

2 1 49 5.5 5.1 1.25 41 0.52

3 1000: 1:1:1(1/2) 2 64 7.2 6.0 1.25 49 0.52

4 5 76 8.6 7.3 1.19 58 0.52

5 10 81 9.2 8.5 1.21 62 0.47

the living polymerization system (Supporting Information, Figures
S11 and S14b). Moreover, the densities of the grafted PNIPA
membranes are in diluted or semidiluted regions, and as a result, the
intermolecular interaction between grafted polymers is not signifi-
cant due to the poor choice of the polymerization systems. How-
ever, ATRP is attractive because it can provide good control over
predictable polymer molecular weight, PDI and end groups as long
as the conditions are suitable.

The appropriate selection of experimental conditions, such as
initiators, catalysts, solvents, and temperatures for ATRP,
results in polymers with high conversions, low PDIs, and defined
average polymer molecular weights. So far, ATRPs of acrylamide
derivatives have been attempted with several conditions, but these
attempts were fraught with difficulty in many cases.*>° Catalyst
inactivation, low values of ATRP equilibrium constants, and dis-
placement of the terminal halide have been recognized as compli-
cating factors during polymerization. However, recent research has
included solution approaches for ATRP of acrylamide deriva-
tives.”'*? Some researchers believe that Cu salts tend toward the
polymer chain ends and stabilize the radicals. This stabilization
retards the deactivation step in ATRP and produces an unaccept-
ably high concentration of radicals that leads to spontaneous
termination reactions. These results were attributed to the occur-
rence of slow deactivation in conjunction with fast activation and to
the loss of bromine end groups through a cyclization reaction
involving nucleophilic Br displacement by the penultimate amide
nitrogen. The use of Cl instead of Br should decrease the risk of
nucleophilic substitution of the halogen from the dormant chain
end. When linear amines or bipyridine-based ligands were em-
ployed, acrylamide derivatives were not polymerized controllably
by ATRP. The combination of a chloropropionate functionalized
initiator and MesTREN as the ligand was found to be an effective
system for the ATRP of acrylamide derivatives.”' ~>* Consequently,
using alkyl chlorides rather than bromides as initiators in conjunc-
tion with MesTREN as a ligand improved control. Moreover,
DMSO was chosen as the solvent for ATRP of NIPA on the pre-
mise that a solvent with the electron-pair donating property could
interact with the amide groups of NIPA and thus reduce their
interaction with both the catalyst and the propagating chain end. In
addition, DMSO is a good solvent for PNIPA over a very wide
range of temperatures. The success of the ATRP of NIPA in pure
water has been reported recently, but we did not choose the water
reaction system because of the high sensitivity of the PNIPA confi-
guration in an aqueous solution.”* Thus, we used CPU—dMCS as a
surface-modified initiator, CuCl/MesTREN as a catalytic system,
and DMSO as a solvent.

To form a PNIPA brush from the surface bound initiator, ECP
was added as a free initiator in the reaction solution to control the
polymerization process. Without the free initiator, the concentra-
tion of Cu' complex produced from the reaction at the surface

becomes too low to deactivate the active chain ends of polymers
with a sufficiently high rate. The concentration of Cu'" complex can
be raised and automatically adjusted by adding the free initiator.>*
Furthermore, we can obtain information about the polymerization
product, such as the average polymer molecular weight and PDI in
the brush, by observing those of the free polymer because good
agreement in the number-average molecular weight (M) and PDI
between the graft and free polymers has been confirmed by several
research groups.

In a typical experiment ([NIPA]:[ECP]:[CuCl]:[MesTREN] =
1000:1:1:1), a 10 mL stoppered test tube was loaded with NIPA
(3.39 g, 30 mmol) and 3.40 g of DMSO as the solvent (Supporting
Information, Figure S27). The solution was sealed with a three-way
stopcock and cycled three times between argon gas and a vacuum to
remove the oxygen. ECP (4.1 mg, 0.03 mmol) as a free initiator, CuCl
(3.0 mg, 0.03 mmol) with MesTREN (6.9 mg, 0.03 mmol) as a cata-
lyst, and the initiator-modified silicon wafer were then added to the
solution in a glovebox. The sealed test tube was placed into a water
bath with a temperature of 20 °C, and polymerization occurred.
(Tables 2, 3, and 4 show all the polymerization recipes.) A small
amount of hydroquinone was added to the test tube to stop the poly-
merization after a predetermined time. The newly formed polymer
grafted membrane was washed with ethanol with sonication for
1 min and rinsed with the EDTA solution, distilled water, ethanol to
remove unreacted species, the catalyst, and free polymers and dried
under a N, stream. The resultant polymer solution was used to
determine the monomer conversion by "H NMR in DMSO-d and to
examine the average polymer molecular weight and polydispersity
index (PDI) by gel permeation chromatography (GPC).

Characterization. XPS Analysis of Monolayer. Chemically
grafted monolayers were characterized by X-ray photoelectron
spectroscopy (XPS) using an ESCA-3300 (Shimadzu) with an
Mg Ka X-ray at 10 mA and 30 kV over 16 scans. All binding
energies were referenced to Si 2p at 99.5 eV.

AFM Analysis of Monolayer and Polymer Brush. The thick-
nesses of the dried membranes were measured by Nanopics 2100
(SII NanoTechnology) with a NPX1CTP003 cantilever (SII
NanoTechnology). Surface images of the CPU—dMCS and/or
MPU-dMCS-functionalized silicon wafers and the polymer
grafted membranes grown on the silicon wafers were obtained
using an SPA400/SPI3800N system (Seiko Instrument) with a
silicon cantilever (SI-DF20) in AFM mode. The thicknesses and
the roughness of the swollen polymer grafted membranes were
also measured by the same apparatus at different temperatures.

Equilibrium Contact Angle Measurements. Contact angle
measurements were made with FACE CA-XP (Kyowa Interface
Science) using a sessile water droplet in air and captive air
bubble within a water-filled temperature controlled cell by a
circulating water bath (LAUDA E-200) (Supporting Informa-
tion, Figure S21). A static contact angle, 0, of a water droplet
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Table 3. Synthesis of PNIPA Brush by Surface-Initiated ATRP at Various Ratios of Monomer and Free Initiator

[M]:[1]):[Cuy]:[L] reaction M theot/ M, .Gpc/ M/ film thickness graft densit
sampleno.  (M/DMSO) (w/w) time (h) conversion (%) 10000 10000 M, at dry state (nm)  (chains/nm®)
6 100:1:1:1(1/2) 7 97 1.1 1.3 1.16 9 0.47
7 300:1:1:1(1/2) 7 90 3.1 3.3 1.19 26 0.51
g 400:1:1:1(1/2) 8 90 4.1 4.1 1.17 33 0.52
9 1000:1:1:1 (1/2) 10 81 9.2 8.5 1.21 62 0.47
10/ 2000:1:1:1(1/2) 18 82 18.6 16.2 1.29 121 0.48
1 3000:1:1:1(1/2) 24 82 27.8 27.3 1.35 223 0.53

Table 4. Synthesis of PNIPA Brush by Surface-Initiated ATRP at Various Ratios of Monomer and Free Initiator and Various Initiator Densities

[M]:[1]:[Cu]:[L] initiator film thickness at graft densit
sample no. (M/DMSO) (w/w) density” (%) conversion (%) M,,_Gpc/10000 My M, dry state (nm) (chains/nm?]
12/ 400:1:1:1(1/2) 100 90 4.1 1.17 33 0.52
13 400:1:1:1(1/2) 50 89 4.1 1.17 16 0.24
14 400:1:1:1(1/2) 10 92 3.8 1.15 4 0.06
15 1000:1:1:1(1/2) 100 81 8.5 1.21 62 0.47
16’ 1000:1:1:1(1/2) 75 86 11.1 1.21 49 0.29
17 1000:1:1:1(1/2) 50 79 10.2 1.21 44 0.28
18’ 1000:1:1:1(1/2) 25 83 11.2 1.18 23 0.14
19 1000:1:1:1(1/2) 10 88 10.7 1.24 8 0.05
20/ 2000:1:1:1(1/2) 100 82 16.2 1.30 121 0.48
21 2000:1:1:1(1/2) 50 84 16.8 1.31 66 0.25
22 2000:1:1:1(1/2) 10 85 16.7 1.28 11 0.04
23 2000:1:2:2(1/2) 100 88 18.7 1.40 140 0.48
24 2000:1:2:2(1/2) 10 90 18.7 1.41 17 0.06

“As the contact angle of water on the monolayers of CPU—dMCS/MPU—-dMCS monotonically decrease with the amount of CPU—dMCS in the
precursor solutions, the initiator density (mol % of CPU—dMCS of total amount of CPU—dMCS and MPU—dMCS) in the monolayer is the same value
of that in the precursor solutions.

(ca. 1 uL) on the surfaces of the CPU—dMCS- and/or MPU— signal at 3.8 ppm (1H, lone proton of the N-isopropyl group of
dMCS-functionalized silicon wafers was determined 5 times to both NIPA monomer and PNIPA), corrected for the contribu-
obtain a reliable average value by the sessile drop method at tion of monomers (Supporting Information, Figure S28).
20 °C. In the captive air bubble method, the polymer grafted Fourier Transform Infrared Spectroscopy (FT-IR). Transmis-
membranes were immersed face-down in Millipore water to sion IR spectra of the polymer grafted membranes on the silicon
attain an equilibrium swollen state in the temperature controlled substrates were measured using an FTS 6000 FT-IR spectrometer
cell for 30 min before bringing the air bubble into contact with with a HgCdTe semiconductor (MCT) detector (Bio-Rad Labora-
the surfaces of the membranes. As a result, an air bubble (ca. tories). For dried polymer grafted membranes on the silicon sub-
3 uL) was trapped underneath the polymer grafted membranes strates, the samples were placed in the chamber of the spectrometer
in water and equilibrated until the chemical potential of water in a nitrogen atmosphere. A surface cleaned bare silicon wafer was
vapor in the vapor-saturated air bubble equaled that of liquid used as a blank sample to obtain differential spectra (Supporting
water.®> Achieving an equilibrated contact angle of the air Information, Figures S34 and S35). For the water swollen polymer
bubble took more than 30 min depending on the water tem- grafted membrane on the silicon substrate, the dried sample was
perature. Then, the equilibrated contact angle of the air bubble placed between two CaF; rectangular plates (22 x 41 mm, thickness
was recorded after waiting an adequate amount of time. The 4 mm) with a 6-um thick Mylar film (Supporting Information,
reported values are averages of five measurements from differ- Figure S38). After D,O was injected into the cell, the cell was
ent areas of the sample surface. attached to a metal cell holder and a temperature controlled jacket
Gel Permeation Chromatography (GPC). Average polymer with a circulating water bath (LAUDA E-200) and placed in the
molecular weights and PDIs were determined by the GPC chamber of the spectrometer under a nitrogen atmosphere. An elec-
system. A GPC measurement was performed using GL-7410 tronic thermometer (AS ONE TM-300) with a precision of £0.1 °C
HPLC (GL Science), KD-804 and KD-805 columns (Shodex) continuously monitored the temperature of the cell. A total of 128
and a GL-7454 refractive index detector (GL Science) main- scans were accumulated for each spectrum at a 4 cm™ ! spectral
tained at 20 °C. For PNIPA analysis, narrow-disperse poly- resolution at a given temperature. Data analyses of the IR spectra,
methacrylate standards were used for calibration. The eluent such as curve fitting, baseline subtraction, and waveform separation,
was a DMF:chloroform 50:50 (v/v) mixed solvent including were performed with Origin 6.0 (Origin Lab), Resolutions Pro
5mM of LiCl at a flow rate of 1.0 mL min~'. The samples for (Varian) and SPNIA, which was supplied by Prof. Katsumoto.
analysis were prepared by directly diluting a given amount of the
reaction mixture in the eluent for GPC to obtain a polymer Results and Discussion

concentration of about 1 wt %. . . . .
"H NMR Spectroscopy. Conversions for polymerizations When fabricating a high-density brush composed of PNIPA, it

were estimated by '"H NMR spectroscopy. 'H NMR spectra is important to choose the appropriate surface conditions for
were measured on JINM-GSX270 or JNM-A400 spectrometers attaching PNIPA to one end and the preparatory procedure to

with samples dissolved in DMSO-d. The direct analysis of the obtaina high-density brush. In this study, we used a silicon wafer
polymer from the unpurified reaction mixture should give more as an underlying substrate because of its flatness, smoothness,
representative values of the polydispersities and the conver- and the ease with which its surface chemlcals can be modlﬁed.
sions. Thus, the reaction mixtures were diluted by DMSO-d to Because the ATRP method was applied to obtain PNIPA in a
obtain solute concentrations of about 1 wt % and used for 'H well-controlled polymerization method, the surface of the silicon
NMR analysis. The conversion of monomers to polymer was wafer was initially modified by an ATRP initiator with various
calculated by comparing the peak areas of monomer signals at surface densities. Then, low-dispersity PNIPA chains were grown

5.5 ppm (1H, vinyl proton of NIPA monomer) with the polymer by ATRP in a variety of reaction conditions from the surface
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bound initiator. Here, we explain each step used to make the
high-density brush composed of PNIPA and present several of its
physicochemical properties.

Preparation of Silicon Surface Modified with ATRP Ini-
tiator. A number of different chemical structures of surface
silanized membranes composed of organosilanes on a silicon
wafer, especially for di- and trihydrolyzable organosilanes,
can be produced depending on the reaction conditions
because these organosilanes can react not only with Si—OH
groups on the surface oxide layer of a silicon wafer but also
with each other in the silanized membranes obtained.>
Monohydrolyzable organosilanes are attractive in terms of
the reproducibility of surface structures of silanized mem-
branes on a silicon wafer.’®>” However, because the reac-
tions of the alkyldimethylsilane derivatives with only one
hydrolyzable group at the solution-solid interface are very
slow in the later stages of the reaction, long reaction times are
necessary to achieve maximum bonding density. On the basis
of our previous results, the reaction continues over days and
is not complete within 1 or 2 days (Supporting Information,
Figures S4 and S6). Some reports using carefully optimized
conditions showed that densely packed monolayers with
alkyldimethylsilane derivatives were highly hydrophobic,
with water contact angles of about 110°.°*°7 In contrast,
however, the value of the contact angle of the water drop for
our monolayer composed of MPU—dMCS reached about
87°. This difference is not due to kinetic limitations but is
inherent to the pretreatment of a silicon wafer surface and
the reaction conditions with the alkyldimethylsilane deriva-
tives. A bare silicon surface is usually covered by a native
oxide layer with a thickness of 2—10 A% To obtain a surface
of the oxide layer saturated with OH groups, the standard
RCA treatment developed by the Radio Corporation of
America should be used. Meanwhile, UV/ozone cleaning
eliminates organic contaminants but does not affect the
oxide layer; thus, the surface of the oxide layer that we used
in this study was not fully saturated with OH groups.®
Moreover, because the presence of a base for the surface
modification of organosilanes is required to achieve a high
surface density, our systems probably did not reach densely
packed states.”® Even so, our resultant monolayers meet the
requirement to fabricate the high-density polymer brushes
due to the larger steric hindrance of polymer chains.

The surface density of silanols on hydroxylated silica covering
the surface of a silicon wafer is 4.6 Si—OH groups/nm?, and
approximately 60% of the groups can react with alkyldimethyl-
silanes with one hydrolyzable group.”*®“®! As a result, the
cross-sectional area of the alkyldlmethylsﬂyl groups in the
densely packed monolayer was 32—38 A2, which is a lower
density than that of self-assembled alkyltri- hydrol;/zable -silane-
derived monolayers on a silicon wafer (~20 A%).% At the same
time, because the cross sectional area of typical acrylate poly-
mers that have a substanUally stretched form in the brush state
at the solid surface is ~200 A% i.e., only 1 of 5 or 6 alkyldi-
methylsilane derivatives, which act as ATRP initiators bound to
the surface, is expected to initiate polymerization for the densely
packed monolayers. Thus, we do not need to use densely packed
monolayers composed of ATRP initiative alkyldimethylsilane
derivatives to generate densely packed, i.e., high-density, poly-
mer brushes.

The successful deposition of CPU—dMCS that acts as an
ATRP initiator was verified by XPS. Parts a—c of Figure 1 show
XPS data of (a) C 1s, (b) Cl 2s, and (c) Cl 2p, respectively, for the
CPU—dMCS monolayer prepared by immersion into the
CPU—dMCS toluene solution for 84 h at 60 °C. The asym-
metric C s peak is composed of three components as follows:
(1) a small peak around 288.5 eV corresponding to unsaturated
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Figure 1. XPS data of (a) C s, (b) Cl 2s, and (c) CI 2p for CPU—dMCS
modified silicon wafer. (d) AFM image of CPU—dMCS modified silicon
wafer.

carbon in the carbonyl group, (2) a band around 285.6 eV due
to a carbon adjoining the carbonyl group and carbon in
the —OCH,; group, and (3) a band at around 284.7 eV attributed
to saturated carbon in the alkyl chain,®® which proves the immo-
bilization of CPU—dMCS on a silicon wafer (Figure 1a).
Initiator immobilization is also apparent from the appearance
of chlorine peaks in the XPS data (Figure 1b,c).

Figure 1d shows an AFM image of the monolayer com-
posed of CPU—dMCS. There are no microstructural defects,
such as holes and aggregates in the monolayer. The value of the
root-mean-square roughness (Ryms) is 0.16 nm over 25 um?,
which demonstrates that the surface is very smooth. We used
CPU—-dMCS and MPU—-dMCS, which has no reactive site,
with vinyl monomers to make mixed monolayers to control the
polymer density. CPU—dMCS and MPU—dMCS are both
alkyldimethylsilane derivatives with a long alkyl chain and one
hydrolyzable group. Since these derivatives are similar in chem-
ical structure, homogeneously mixed membranes must be
formed on the surface of a silicon wafer depending on the
composition in the precursor solutions. We formed mixed
monolayers on a silicon wafer using stock solutions ranging
from 0% to 100% of CPU—dMCS. Figure 2a shows the change
in the water contact angle for the mixed monolayers prepared by
immersion into the various CPU—dMCS/MPU—dMCS mixed
toluene solutions for 84 h at 60 °C. The water contact angles on
the monolayers monotonically decreased with the amount of
CPU—dMCS in the precursor solutions. The increase in the
composition of CPU—dMCS in the monolayers on a silicon
wafer was confirmed by the decrease in the contact angle because
CPU—dMCS has a slightly more hydrophilic character than
MPU—-dMCS. The contact angle measurement implies that the
ratios of CPU—dMCS and MPU—dMCS in the monolayers are
at least similar to the ratios in the stock solutions.

The Cassie equation is an empirical expression that relates
the macroscopic contact angle of a pure fluid on an atom-
ically smooth, but chemically heterogeneous, solid surface,

cos 0 = f1 cos 01 + f5 cosy (1)

where f; is the area fraction of component i and 6; is the
contact angle of the fluid on a surface of pure i.°* When the
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size of the domains, composed of each component, ap-
proaches molecular dimensions, the Israelachvili—Gee equa-
tion should be used.®’

(14cos 0)* = fi(14-cos 61) +f3(1+cos 6)* (2)

In Figure 2b, the simulation results using both the Cassie
equation and the Israelachvili-Gee equation for the water
contact angles are compared with the experimental data.
Because there is no difference between the two simulation
results due to the small change in 0, and 6, good agreement
is seen between each simulation result and the experimental
results. Thus, we can apply either equation to analyze a
chemically heterogeneous system with a small change be-
tween the contact angles of the fluid on each surface of pure i.
This conclusion must be applicable to any contact angle
measurement method, such as the captive bubble method.

ATRP of NIPA for Preparation of Grafted Membrane. The
results for the ATRP of NIPA under the same reaction
conditions, except for the reaction time, are summarized in
Table 2 and Figure 3. The ATRP in this condition provides
high conversion, reaching about 81% in 10 h, but the first-
order kinetic plot shows noticeable curvature (Figure 3a). How-
ever, the GPC traces were reasonably symmetrical with no
shoulders and tailing even at higher conversions (Figure 3b).
Moreover, M, increased linearly with conversion, and the PDI
remained low throughout the polymerization (Figure 3c), which
indicates that the growing centers were not lost during the
reaction. Thus, the apparent curvature of the plot in Figure 3a
is attributed to a progressive reduction of the concentration of
the available catalyst rather than chain termination. M, ob-
tained by GPC was comparable to the target molecular weight
at each time point, which also demonstrates that the initiator is
efficient. Additionally, the PDI decreased from 1.34 to 1.21 with
increasing conversion, which also proves the living process.”

The thicknesses of the dried polymer grafted membranes
(Lg) on the silicon wafers were determined by AFM imaging
across the boundary of a scratched and an unscratched region.
An almost linear relationship between the brush thickness and
the molecular weight can be seen in Figure 3d (Supporting
Information; Figure S34 contains the IR spectra). These data
demonstrate that chain growth from the surface of the substrate
is also a controlled process in keeping with the nature of this
ATRP reaction in solution. In this condition, L4 can be grown
to over 60 nm. The value of R, for sample no. 5, which is the
thickest membrane in this series, is 0.60 nm over 25 umz using
the AFM (Figure 3e), which shows that the surface is very
smooth (Supporting Information; Figure S33 has an optical
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image). To obtain a thicker dried grafted membrane with the
same graft density, we tried to raise the ratio of NIPA to
initiator because the theoretical M., for an ideal ATRP reaction
can be increased by increasing the ratio. Table 3 and Figure 4
show the results for the ATRP of NIPA depending on the ratio
of NIPA to initiator. The experimentally obtained M, is also
very consistent with the theoretical value of M, and the PDI
remains narrow even at higher molecular weights (Figure 4a). A
linear increase in the thickness up to over 200 nm with a chain
length was observed (Figure 4b), which indicates that the chain
growth from the surface is a controlled process with a degree of
living character to it and that the thickness of the membrane,
which corresponds to the chain length, can be easily manipu-
lated. As above, we have shown that the ATRP of NIPA using
the combination of ECP as an initiator and CuCl/MesTREN as
a catalytic system in DMSO at 20 °C was successful in produc-
ing narrow disperse PNIPA with high conversion and good
molecular weight control.

From the slope of the line in Figure 3d and 4b, the graft
density o can be estimated by the following equation®®

o = LdeA/Mn (3)

where p is the mass density of PNIPA (1.042 g/cm”) (Supporting
Information, Figure S36) and N4 is Avogadro’s number. The
values of L4 and o for the samples are listed in Table 2 and
Table 3, respectively. The graft densities are virtually constant
around 0.5 chairel/nmzz the cross sectional area of the grafted
PNIPA is ~200 A. For comparison, we calculated the contour
lengths of the directionally fully stretched PNIPA chains (L)
using a C—C bond length of 1.54 A and a ZCCC of 110.5°
based on M, and show the result with the experimentally
obtained values of Ly (Figure 5).%” For any samples, the thick-
ness in the dry state is more than 25% of the fully stretched
polymer chain length (L4/L.), which indicates that the polymers
are directionally extended perpendicular to the surface of the
substrate compared with their unperturbed dimensions.>**
This result shows that PNIPA chains in these dried membranes
are directionally extended states with an extremely high graft
density regardless of the molecular weight.

When we used the CPU-dMCS/MPU—-dMCS mixed
monolayer on the silicon wafers shown above, the graft density
of PNIPA is also controlled by the initiator density (Figures 6
and S35 for IR spectra). If the alkyldimethylsilane derivatives
formed densely packed states, the graft density of PNIPA could
be constant above ca. 20% of the initiator density. However, the
graft density of PNIPA is proportional to the initiator density,
which also suggests that the alkyldimethylsilane derivative
modified substrates did not reach the densely packed state. As
above, we successfully demonstrated that the ATRP of NIPA at
the initiator modified silicon surfaces could be conducted in a
well-controlled manner, which resulted in PNIPA grafted
membranes with tunable polymer thickness and density.

Change in Thickness of High-Density Grafted Membrane of
PNIPA in Water with Changing Temperature. Figure 7 shows
the change in the thickness of the high-density grafted membrane
of PNIPA with Ly of 121 nm (sample no. 10') in water with
changing temperature. Polymer chains grafted on a flat substrate
at one end with an extremely high graft density can be stretched
further in good solvents. The greatest value of Ly/L. of 0.47,
where Ly is the thickness of the grafted membrane in a solvent,
indicates that the graft chains in this membrane in water at 19 °C
are in a highly extended state: PNIPA chains in the membranes
under this condition form so-called “high density brushes”. Even
at the fully collapsed state in water at 36 °C, the value of Ly/L is
0.32, which indicates that the polymer chains are in a more
extended state than the dried state. This observation suggests



Article

2.0
= 5
= =
=t =
2 <
g E
=1 =
=]
@]
Reaction time (h)
9)
10 2.0
8 —1.8
(=3
S 6F —1.6
s =
s 4 H14 X
2 -11.2
P TR R R N
% 20 40 60 80 100

Conversion (%)

b)

Macromolecules, Vol. 43, No. 23, 2010 9951

el b e b e b b L

Film thickness at dryed state (nm)

17 18 19
Elution time (min)

20 21 22

[N}
(=}

N
(=}

[5o4
<

10
M 710000

R ,\,.=0.60 nm

RMS

Figure 3. (a) Monomer conversion and kinetic plot with polymerization time during ATRP of NIPA. (b) Evolution of GPC traces with polymerization
time during ATRP of NIPA. (c) Number-average molecular weight, M, and polydispersity index (M,/M,) versus conversion plots. The straight line
corresponds to the theoretical M, versus conversion. (d) Plots of dried thickness of polymer grafted membrane versus M,,. (¢) AFM image of densely

grafted dried PNIPA membrane, sample no. 5.

that the interaction between the PNIPA chains and water
molecules in the membrane is significant even in the fully
collapsed state. In addition, the gradual collapse of the PNI-
PA-grafted membrane was assessed by measuring its thickness
by AFM in water with increasing temperature. Theoretical
predictions suggested that the collapse of surface-tethered poly-
mer brushes accompanying the solubility transition proceed
continuously over a much broader range as the solvent quality
decreases, which is distinct from the behavior of free flexible
chains adopting random coil conformations in solution.®® The
change in the thickness of our high-density brush in water is
amenable to the theory.

FT-IR to Observe Molecular Behavior of PNIPA in Grafted
Membrane under Water. To observe the molecular behavior of
the polymer chains in the membranes, we measured the FT-IR
spectra of the grafted membranes in water at several tempera-
tures. FT-IR observation is a powerful method to elucidate

interaction information at the molecular level. In our intended
system, the vibrations of amide groups in PNIPA chains are
highly sensitive to changes in the conformation of the poly-
mer chains and in the interaction with solvent molecules.*” In
this study, we used D,O as a solvent instead of H,O because the
bending vibration band of H,O observed around 1600 cm ™'
overlaps the amide I band, whereas that of D>O appears around
1200 cm ™ '. During the change in temperature across the LCST
for the PNIPA linear polymer in a solution state, an isosbetic
point can be observed at 1637 cm ™' (Supporting Information,
Figure S39). Isosbetic behavior means that there exist two
absorption peaks that have a constant position, and only the
intensities of these peaks change (Supporting Information,
Figure S40). There are various views on the assignment of these
peaks.®~7* Maeda et al. state that the lower wavenumber peak
observed around 1625 cm ™" may be assigned to the C=0 group
that is bound to water molecules, and the higher one observed
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around 1650 cm™ ' may be the C=0O group interacting with the
neighboring N—H group via hydrogen bonding.*” On the other
hand, Katsumoto et al. propose that the peak at around 1625
cm” ! is mainly due to a stretching vibration of the C=0 group
forming a strong hydrogen bond with the neighboring N—H
group, while the peak at around 1650 cm™' may be due to the
free C=0 group.”® Maeda et al. suppose that PNIPA chains
form hydrogen bonding between the amide groups above the
LCST, whereas Katsumoto et al. suggest that the hydrogen
bonding between the amide groups formed below the LCST is
broken above the LCST. Other groups’ results using 'H NMR
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Figure 7. Thickness of high density grafted membrane of PNIPA
(sample No.10') as a function of temperature in water. Pictures show
AFM images across the boundary of scratched and unscratched regions
in water at different temperatures.

and UV resonance Raman spectra show that the C=0O group
forms hydrogen bonds with two water molecules lower than the
LCST, while the C=0 group interacts with only one water
molecule on average above the LCST.”' As described above,
there is still room for this argument, but their common view
shows that the interaction between the C=O group of the
polymer chains and water molecules can be changed drastically
in the vicinity of the LCST. Therefore, to investigate the molec-
ular situation of the PNIPA chains in the grafted membranes,
we observed the change in the absorption peaks around the
vibrations of amide groups in PNIPA resulting from tempera-
ture change. Figure 8a shows the amide I band of a high-density
polymer brush with a graft density of 0.48 chains/nm? com-
posed of PNIPA with an M, of 187000 and M,,/M,, of 1.40
measured in D,O as a result of temperature changes. As the
temperature increased from 15.2 to 42.5 °C, the amide [ band of
PNIPA showed a change in waveform. The amide I band could
be separated into two components centered at 1625 cm ™' and
1650 cm ™" at any temperature. The intensity of the peak at
1625 cm™ ! decreased with temperature, while that at 1650 cm™!
increased. On the other hand, the amide I band of a grafted
PNIPA membrane with a graft density of 0.06 chains/nm? and
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Figure 8. IR absorption spectra in amide I region for PNIPA grafted
membranes with different graft densities at several temperatures. Black
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(b) o = 0.06 chains/nm?. (c) Area ratio for the two components in amide I
band versus temperature. The area ratio is calculated as follows: the area
ratio = area of 1650 cm ™' component/total area of amide I band.

composed of PNIPA with M, of 187000 and M,,/M, of 1.41
measured in D,O at 15.8 °C consists of a single Gaussian
component centered at 1625 cm ™' (Figure 8b). The second
component centered at 1650 cm ™~ appeared as the temperature
increased. This behavior is nearly identical to that of the amide I
band of linear PNIPA in a solution state (Supporting Informa-
tion, Figure S40). Figure 8c shows the temperature-dependent
area ratio of these components for each sample. For the lower-
density PNIPA grafted membrane, the peak at 1650 cm ™',
which does not appear when the solution temperature is
below 20 °C, intensifies abruptly as the temperature increases.
This increase suggests that the PNIPA chains exhibit a coil—
globule-like transition similar to the transition shown by linear
PNIPA in a solution (Supporting Information, Figure S41). At
the same time, for the densely grafted PNIPA chains on the
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silicon substrate, the peak at 1650 cm™ ' accounted for about
18% of the total area of the spectrum shown in Figure 8a at
15.2 °C, which means that the PNIPA chains partly behave
like a collapsed state at a sufficiently low temperature. As
above, the PNIPA chains in the high-density brush are in a
physically constrained state and cannot fully interact with water
molecules. As a result, perhaps, the thickness of the membrane
changed continuously over a much broader range with changes
in temperature.

Contact Angle of Air Bubble underneath PNIPA Grafted
Membranes under Water. Through FT-IR observation, we
can understand changes in the molecular behaviors of PNIPA
on the inside of the grafted membranes, while the molecular
behaviors on the surface can be examined by contact angle
measurements. The surface thermo-sensitivities of the PNIPA
grafted membranes were assessed by the captive air bubble
method. Generally, the hydrophilicity/hydrophobicity of ma-
terial surfaces can be determined by the sessile drop method. To
examine the hydrophilicity of water-soluble polymer grafted
membranes and hydrogels, however, applying the sessile drop
method is inappropriate because of the continuous change in
the conformation and swollen state of polymers due to the
strong interaction between the polymers and water molecules in
addition to the evaporation of water. In contrast, the contact
angle measurement using a captive air bubble is a versatile and
reproducible technique to quantify the extent of hydrophilicity/
hydrophobicity of water-attracting polymeric substrates in
contact with water. Figure 9a shows equilibrium contact angles
of an air bubble resulting from temperature changes under-
neath the PNIPA grafted membranes composed of different
molecular weights but with the same graft density of approxi-
mately 0.5 chains/nm? in water. These changes in the contact
angles of air bubbles disagree with the past results for polymer
grafted membranes composed of PNIPA.”® For example, at
11 °C when the brush is swollen with water, the contact angle of
the air bubble underneath the membrane composed of PNIPA
with 85000 in M|, is about 140°. The contact angle decreased
with an increase in temperature up to 24 °C as shown in
previous systems, but then jumped up to 142° around 30 °C.
Although the net change of the contact angle is small, this
temperature-dependent contact angle behavior has not been
observed before. The PNIPA brushes, composed of different
molecular wei%hts but with nearly identical o values of around
0.5 chains/nm~, undergo a similar change, while the absolute
values over all temperatures decrease as the molecular weight
decreases. The reason for the decrease in 6 with the molecular
weight is not yet understood, but a similar change is also
observed in other thermo-sensitive polymer brushes. The in-
crease in the lateral expansion of the grafted polymers in
response to an increased of the thickness may affect the contact
angle.””> Compared to roughly prepared PNIPA brushes
(Supporting Information, Figures S22 and S23), the contact
angles for these precisely prepared high-density PNIPA brushes
drop dramatically at lower temperatures while the ones at
higher temperatures are almost same or increase only slightly
(Figure 9b). Figure 9¢ shows the equilibrium contact angles of
the air bubble underneath the PNIPA grafted membranes with
almost the same molecular weights but different graft densities
in water with changing temperature. With the decrease in graft
densities, the values of the contact angles are elevated at all
temperatures, but the ones on the lower temperature side
become much larger. In other words, as the graft densities of
PNIPA decrease, the changing of the contact angle of air
bubble underneath the precisely prepared PNIPA-grafted
membranes with temperature variation approaches that under-
neath the roughly prepared PNIPA brushes. From the FT-IR
observation and the preparative condition, the decrease in the
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Figure 9. Contact angle of air bubble underneath PNIPA grafted membranes in water, (a) for the same high density PNIPA brushes with different
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(see Supporting Information, Figure S22), (c) for the almost same molecular weight PNIPA grafted membranes with different grafted densities, and (d)
temperature dependent contact angle of air bubble underneath the high density PNIPA brush with 85000 in M, shown in part a is compared to the

change in the surface roughness with changing temperature.

contact angle of the air bubble for the high-density PNIPA
brushes at lower temperatures may be attributed to the decrease
in the hydration ability of the polymer chains even in the
vicinity of the surfaces and also the localization of the alkyl
chloride end groups of the grafted PNIPA to the surface of the
grafted membrane due to the stretched state of the grafted
PNIPA. As, however, the contact angle of the air bubble
underneath the monolayer composed of CPU—dMCS is 115°
at 25 °C in water, the density of the alkyl chloride end groups is
on the decline on the surface of the grafted membranes.

The most important parameters controlling wettability are
the surface roughness, the relative area contributions of the
chemically different portions of the surface, and their respective
surface energies. If the surface is composed of single component
rough surface and the size of an air bubble is sufficiently larger
than the roughness scale, the Wenzel equation, considering the
roughness of a surface, can be applied in the following form:**

cos 0 = rcos Oy (4)
where r is the roughness factor, which is the ratio of the actual
and projected surface areas, and 6y is the Young contact angle
(i.e., the intrinsic contact angle as calculated from Young’s
equation’®). The value of r is always greater than 1. This equa-
tion states that the presence of roughness makes a hydrophilic
surface more hydrophilic and a hydrophobic surface more
hydrophobic than a flat surface with the same chemical com-
position. Since the values of @ in our system are larger than 90°
at any temperature and the surfaces are categorized as hydro-
philic surfaces, the increment in the roughness factor intensifies
the values of 6. To examine the change in the surface roughness
of the precisely prepared high-density PNIPA brush, the values
of Ry for the samples in water were measured by AFM at
different temperatures. Figure 9d shows the temperature-de-
pendent change in R, for sample No. 5’ and compares it with
the equilibrium contact angles of air bubbles underneath the
sample in water resulting from temperature changes. The
temperature dependence for the values of R, shows a max-
imum at about 25 °C, whereas the values of € with changes in
temperature show a minimum at about 25 °C. Considering that
the fluctuation of the polymer densities in solution systems and
gel systems increases near the LCST, the maximum value of
Rims at about 25 °C must be attributed to maximizing the
fluctuation of polymer densities in the brush.”””® If we applied
the Wenzel equation to explain the change in 6 with the
variation of R, the temperature dependence for the values
of 6 would also show a maximum at about 25 °C. However, just
the opposite change occurred in our systems.

As the conformation of grafted polymers can change in the
membrane due to temperature changes, the chemical com-
position on the surface of the membrane may also change
because it is significantly influenced by the change in the
interaction between polymers.” For this reason, we have to
consider changes in chemical composition on the surface of
the membrane with changes in temperature. If the surface is
chemically heterogeneous with roughness, the Cassie equa-
tion is modified to account for the real contact areas between
the bubble and the surface.®* For a two-component surface,
the roughness of both components of the surface can be
considered by introducing the parameter r; to describe the
respective ratios between the real area of the rough surface
divided by the projected two-dimensional areas.®"

cos 0 = rifi/(rifi +rafz) cos Oy +rofo/(r1f1 4 12f2) cos Oy
(5)

The nature of the terminal groups of the elongated poly-
mers significantly affects the contact angle of the surface of
the PNIPA brushes. As the polymer chains are flexible even
in the condensed brush state, the end groups of the grafted
chains can move near the surfaces. The results for the
temperature-dependent contact angles may be interpreted
by assuming that the terminally chlorinated alkyl groups of
the elongated polymers can be positioned on the surfaces or
can be hidden in the vicinity of the membranes, depending on
temperature. If the chemical compositions on the surfaces
can be varied by changing the temperature and more than
two components participate in the variation, the theoretical
explanation should be more complicated due to a variety of
factors. At present, because detailed experimental informa-
tion on the chemical compositions of water surfaces as the
temperature varies had not been available, we cannot verify
the hypotheses. Moreover, because the displacement of the
end groups to more hydrophilic or hydrophobic groups can
be achieved for this polymer, the contribution of end groups
to this characteristic change in the contact angle must be
elucidated. Studies to confirm these hypotheses are being
performed.

Conclusions

High-density thermo-sensitive PNIPA brushes can be success-
fully prepared under carefully controlled conditions. We have
performed a systematic study of the physicochemical properties
of the brushes. The gradual decrease in the thickness of the
densely grafted brushes with temperature was assessed by AFM
in water. In general, grafted membranes and gels have both high
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swelling and high shrinking abilities that result in abrupt changes
in thickness. Meanwhile, comparing the fully collapsed thickness
with the dried thickness, we observed a significant interaction
between PNIPA chains and water molecules in the brush, even in
the fully collapsed state in water at 36 °C. In addition, FT-IR data
indicate that the PNIPA chains in the brush behave partially like
a collapsed state even at a sufficiently low temperature, e.g., at
15.2 °Cin water. As above, the PNIPA chains in the high-density
brush are in a physically constrained state and cannot fully
interact with water at low temperatures, but they can interact
with a greater amount of water at high temperatures. As a result,
the thickness of the brush changes continuously over a much
broader range with changes in temperature. Furthermore, the
contact angle of air bubble underneath the high-density polymer
brush also gradually decreases up to around 25 °C in water,
indicating that the hydrophilicity of the surface decreases like the
typical PNIPA grafted membranes and gels. However, the value
of the contact angle starts to increase dramatically from around
the LCST of free PNIPA in water and becomes constant over
40 °C. Eventually, the surface above 40 °C exhibits a more
hydrophilic nature than that below the LCST. This temperature-
dependent contact angle may be understood by assuming that the
terminally chlorinated alkyl groups of the elongated PNIPAs can
be positioned on the surfaces or hidden in the vicinity of the
membranes, depending on the temperature.
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