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Introduction

lonic amphiphilic diblock copolymers form monolayers on
the water surface when the hydrophobic segment length is long
enought The monolayer consists of a hydrophobic layer on the
water and a hydrophilic layer just beneath the water surface.
Although the hydrophilic layer is expected to be a polyelec-
trolyte brush structuréjt is not a simple layer but has a carpet
+ brush double-layered structure when the hydrophilic segment
is long enough and the brush density is high enctighf the
degree of polymerization of the hydrophilic segment is less than
50 or the brush density is very low or both, only the carpet
layer is formed without a brush lay&iThe carpet layer, which
has also been confirmed by other researcHels,is the
hydrophilic layer with a very high density (close to the bulk
value) and is thought to be formed to avoid the contact between
the hydrophobic layer and water subphase, in other words, to
reduce the interfacial free energy. By using X-ray reflectivity
(XR) and neutron reflectivity (NR)techniques, which are
unique techniques for in situ study of the monolayer on the
water surface, we have been clarifying the nanostructure and
its change by the surface pressumg,chain length, and salt
concentrations for weakly ionic amphiphilic diblock copoly@nér
and strongly ionic amphiphilic diblock copolym&The weak
acid polymers were found to have a dependency on salt
concentration different from that of strong acid polymers was
found. In addition, for strongly ionic amphiphilic diblock
copolymers, existence of the “critical salt concentration” has
been found where salt concentration dependence chahges.

To clarify the condition and requirement for the carpet
brush double-layered structure, we investigated the nanostructur
and its change for weakly ionic diblock copolymer, (diethyl-
silacyclobutane}b-(methacrylic acid) monolayer as a function
of brush density in our previous stué§The brush density was
controlled not only by changing the area/molecu}@ Yalue
by the LangmuitBlodgett (LB) trough but also by addition of
the hydrophobic homopolymer to keep the hydrophobic layer
thickness constant. As a result, we have found the critical brush
density was 0.48 nnt for the transition from carpet-only to a
carpet + brush double-layered structure fon.n = 34:50
polymer independent of the hydrophobic layer thickness.

In this study, we evaluated the critical brush density for
polymers with different hydrophilic segment lengths. By ap-
plying the same procedure, we have observed the transition an
its critical density for all the polymers used. The critical brush
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Table 1. Characteristics of Diblock Copolymers,
Poly(diethysilacyclobutane)b-poly(methacrylic acid)

m:n? Mp2 Muw/MpP
34:50 8900 1.16
27:67 9500 1.06
33:93 12 500 1.05
29:155 16 800 1.11
(Et2SB)g-b-COOH 4000 1.07

aDetermined by*H NMR of parent polymer in CBCl,. ® Determined
by GPC of parent polymer with polystyrene standards. Solvent: chloroform
for block copolymer; THF for homopolymer.
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Figure 1. m—Aisotherms for (ESB)~b-(MAA) ¢7 with four different
f conditions.

density thus obtained was found to be dependent on the
hydrophilic chain length. This observation could be interpreted
by the constant thickness of the carpet layer.

Experimental Section

Materials and Monolayer Preparation. The diblock copoly-
mers, (diethylsilacyclobutang}-(methacrylic acid) (PE£SB-b-
PMAA) with min = 27:67, 33:93, and 29:155 were newly
synthesized in addition to the polymer used in our previous study
(mn 34:50) by the procedure reported previouslyThe
homopolymer mixed was also the same as that in our previous
study. The polymers used were purified and characterized as
reported. The characteristics for each polymer are summarized in
Table 1 together with those for the:n = 34:50 polymer used in
our previous study since the data for this polymer would be
discussed and analyzed also in this work.

m—A Isotherm and X-ray Reflectivity Measurements. The
surface pressurerj vs the area per moleculd) curves were

dneasured as previously reported@!3 The brush density was

controlled as reported previously, i.e., by changikgnd mixing
the homopolymer, in the range from 0.098 to 0.82 chaid/ntR
profiles were measured by RINT-TTR-MA (Rigaku Corp., Tokyo,
Japan), as previously described elsewHefne fitting procedure,
fitting accuracy and data analyses were as reported previdusly.

Results and Discussion

Figures 1, 2, and 3 show—A isotherms for the monolayer
for three polymers with differentn:n as a function of mixing
ratio f (the molar ratio of homopolymer mixed in the mixture
with block copolymer). As was the case for our previous study
on m:n = 34:50 polymer, the isotherm shifted toward smaller

values with increasing} in other words, with increasing the

mount of homopolymer mixed. This is quite understandable
since the brush density decreases with incredsingich results
in a decrease of steric hindrance and/or electrostatic repulsion
between hydrophilic chains under the water surface.

Figures 4, 5, and 6 show XR profiles for polymer monolayers
on the water surface. Each profile corresponds to a diffeérent
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Figure 2. m—Aisotherms for (E£SB)ss-b-(MAA) g3 with four different
f conditions.
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Figure 3. w—A isotherms for (ESSB)g-b-(MAA) 155 with four different
f conditions.
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Figure 4. XR profiles for (EtSB).7-b-(MAA) ¢z monolayers on water
surface with four different conditions. Black lines show fitting by the
two-box mode. Red lines show fitting by the three-box model. The
inset is a magnification of smad regions to clarify the difference of
two-box and three-box model fittings (indicated by n arrow). The
hydrophobic layer thicknesdss was kept at about 57 A.
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Figure 5. XR profiles for (EtSB)s3s-b-(MAA) o3 monolayers on water
surface with four different conditions. Black lines are fitting by the
two-box mode. Red lines are fitting by the three-box model. The inset
is a magnification of smalf regions to clarify the difference of two-
box and three-box model fittings. The hydrophobic layer thickiess
was kept at about 45 A.

f=0
t-r\ . F=0.25
0.01 - =050
- f=0.75
—3box-fit
10% —2box-fit
310'5
=
3
= -8
510

0.1 0.2

10" -
0 0.1

02 03 04

qlA ]

Figure 6. XR profiles for (EbSB)o-b-(MAA) 155 monolayers on water
surface with four different conditions. Black lines are fitting by two-
box mode. Red lines are fitting by a three-box model. The inset is a
magnification of smalfj regions to clarify the difference between two-
box and three-box model fittings. The hydrophobic layer thickess
was kept at about 44 A.

value, but the thickness of the hydrophobic layer was kept fitted by a two-box model (hydrophobic layer and carpet layer)

almost constant by tuning thevalues (and hence thevalues).
As was observed previousty?13 very clear Kiessig fringes

(black lines in the figures). This situation can be more clearly
seen in the inset of each figure, which is a magnification of

were observed for all three polymers used in this study. Also, small g regions. The structural parameters of the monolayers
a small fringe at abowd = 0.06 is observed in this study clearer on the water, such as thickness of each layer were thus
than in a previous study on the critical brush den&itas estimated.

reported previously, this small fringe is due to the carpet/brush  Figures 7, 8, and 9 are histograms showing the thickness of
double-layered structure and is very sensitive to structural each layer, i.e., hydrophobic, carpet, and brush layers, for three
transition from carpet-only structure to carpet/brush double- polymers used as a function of brush density with almost
layered structur&.This small fringe can be reproduced only constant hydrophobic layer thickness conditions. The height of
when we use a three-box model (hydrophobic, carpet, and brushthe upper direction bar represents the thickness of hydrophobic
layers) to fit the XR profiles (red lines in the figures). On the layer. The height of the lower direction bar corresponds to the
other hand, profiles without a small fringe could be satisfactorily hydrophophilic layer thickness. Its darker part represents the
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Figure 7. Histogram representation of the thickness of hydrophobic by in site XR measurement for (EB)sb-(MAA) 155 monolayers on
layer (upper bar), carpet layer (darker lower bar), and brush layer (lighter the water surface at almost a constant hydrophobic layer thickness at
lower bar), when existing, as a function of the brush density determined 30 and 44 A. The circles are surface pressure as a function of brush
by in site XR measurement for &B)b-(MAA) ¢z monolayers on density (right axis).

the water surface at almost a constant hydrophobic layer thickness at

40 and 57 A. The circles are surface pressure as a function of brush 0.6
density (right axis). 43
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brush density [nm-2] polymerization of the hydrophilic chain. The inset is the double-
Z 100 750500350 & logarithmic plot.
. 5 ) 5 g
Ey 50 408 layered structure is observed for all the three polymers used.
g 0 303 From these results, we evaluated the “critical brush density”,
5 50 20 g at which the transition occurs, to be about 0.39, 0.30, and 0.19
2 E nm~2 for m:n = 27:67, 33:93, and 29:155 polymers, respec-
£ de 45 A 10 % tively. Obviously, the critical brush density depends on tthe
-2 SB * &
£ 150 i . . 03 value.
0.14 0.27 0.41 0.53 = . " . .
_ brush density [nm-2] Figure 10 shows the critical brush density thus determined
< 100 575 o050 035 o010 E as a function of the hydrophilic chain length. The valuerfon
g e 5 = 34:50 polymer determined by our previous study is also
= 50 40 o . " .
% o included. The critical brush density fomn = 34:50 was 0.48
g 0 30¢g chain/nn?, which was so high that only three chains could be
“i 50 20 § inserted between neighboring grafted chains. As clearly seen
g 100 10T in Figure 10, the critical brush density decreases with increasing
el % hydrophilic chain length. Famn:n = 29:155 polymer, the critical
F 150 0 B density is as low as 0.19 nry which is still a rather high value.

This tendency can be understood if we take the change of the

Figure 8. Histogram representation of the thicknesses of hydrophobic carpet layer t_hickness into account. As_ we reported previous-
layer (upper bar), carpet layer (darker lower bar), and brush layer (lighter ly,4=213the thickness of the carpet layer is always kept constant
lower bar), when existing, as a function of the brush density determined at about 16-20 A independent of the surface pressure, hydro-
by in site XR measurement for (EB)s3b-(MAA) 53 monolayers on — phjjic chain length, and salt concentration. This tendency was
the water surface at almost the constant hydrophobic layer thickness - - .
at 33, 45, and 60 A. The circles are surface pressure as a function ofaiSO confirmed for the strongly ionic polyelectrolyte brush which
brush density (right axis). has sulfonic acid group$.This trend is also observed in the
present study; as clearly seen in Figure€97the thickness of
carpet layer thickness and the lighter part the brush layer the carpet layer is kept constant at about20 A independent
thickness when existing. As was the case in our previous study,of the PMAA length, hydrophobic layer thickness, and the brush
a transition from carpet-only structure to carpet/brush double- density, although a slight error for the absolute value is noted.

brush density [nm-2]
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The tendency observed in Figure 10 can be understood whenlayer formation, the carpet-only/carpet brush structural
this constancy of the carpet layer thickness is considered. Thetransition certainly exists and it has found to be systematically
constant carpet layer thickness means that the amount ofdepending on the chain length. At least in the amphiphilic block
hydrophilic chain for carpet layer formation per unit area is copolymer monolayer, the polyelectrolyte brush does not always
constant. Hence, the longer hydrophilic chain can form a brush exist but formed only when the interfaces are suitably stabilized.
layer at a lower brush density than shorter hydrophilic chain. Further investigation on the universality of the carpet layer

As we reported previously, the constancy of the carpet layer thickness and the absolute value of the critical brush density,
thickness is significant information for understanding the and also its salt concentration effect, is now underway. The
thickness of “Interface”. Since a contact of the hydrophobic layer information on this “critical brush density” should prove to be
with water increases the interfacial free energy, the hydrophilic very important to the control of the brush nanostructure and to
chain forms a dense carpet layer to avoid the contact. The establish the tailor-made surfaces.
constant thickness of the carpet layer, of about20 A, means
that this thickness is enough to minimize the interfacial free ~ Acknowledgment. This work was supported by a Grant-
energy. In other words, the hydrophobic layer does not feel the in-aid for Scientific Research (No. A15205017) from the
existence of water phase below the carpet layer when the carpeMinistry of Education, Culture, Sports, Science, and Technology
layer thickness is at about @0 A. Since further thickening ~ of Japan, to whom our sincere gratitude is due. This work was
has no advantage for the system, the hydrophilic chains start toalso supported by the 21st Century COE Program, COE for a
form a brush layer with increasing brush density. With the United Approach to New Materials Science.
interpretation above, the tendency of the critical brush density
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