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Cl ion distribution in the polyelectrolyte brush in the amphiphilic diblock copolymer monolayer on the
water surface was evaluated by in situ neutron reflectivity (NR) technique with contrast variation method.
The X-ray reflectivity (XR) profiles for spread monolayer of poly(diethylsilacyclobutane)-b-
poly(methacrylic acid) with NaCl and NaBr as an added salt were well reproduced by 3-box model with
assuming hydrophobic, carpet and brush triple layer structure. However, NR profile for 1M NaCl condition
could not fitted by 3-box model while those for NaBr and NaCl at lower concentration could be fitted. NR
profile under 1M NaCl condition with D,0/H,O(8/2) as subphase, where the contribution from Cl ions to
neutron reflectivity is eliminated, was well fitted with 3-box model with the same nanostructure of
monolayer by XR. Hence, we concluded that the disagreement observed for 1M NaCl condition is due to
the contribution of Cl” ions whose distribution is inhomogeneous in brush layer. By model fitting of NR

profile with inhomogeneous Cl” ion distribution, it was predicted that Cl” ions were concentrated just
beneath the carpet layer.
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1. INTRODUCTION layered structure consisting of hydrophobic, carpet and

When ionic amphiphilic diblock copolymers, which brush layers. Although the hydrophobic / brush double
consist of hydrophobic blocks and polyelectrolyte chains, layered structure has never been  observed, the
are spread on the water surface, they self-assemble to a hydrophobic / carpet double layered structure is often
polymer monolayer.[1-5] The hydrophilic block, i.e., found. This situation is schematically shown in Figure 1.
polyelectrolyte segment, is expected to form a The required condition for formation of each layer has
polyelectrolyte brush under the water surface, but it has also been clarified; the brush layer appears only when
been clarified that the nanostructure of hydrophilic layer the hydrophilic chain length is sufficiently long [7],
in the polymer monolayer is not simple. [6-15] When a when the brush density (the number of hydrophilic
polyelectrolyte brush is formed, the so-called "carpet segments in a unit area, which is comparable to surface
layer” is certainly formed between the hydrophobic layer pressure for monolayer systems) is high enough [13,14],
on the water and the polyelectrolyte brush layer under and also when the added salt concentration is
the water surface. Hence, the monolayer has a triple sufficiently low [11]. Furthermore, the critical condition

of these parameters where transition between these two
structures (double layer and triple layer) occurs, has also
been quantitatively investigated.

In our previous studies, we applied X-ray reflectivity
(XR) and neutron reflectivity (NR) techniques
comprehensively as a unique technique to study the
nanostructure of monolayer on the water surface directly.
[7-15] By following common analysis method, we fitted
the XR and NR profiles obtained by 2- or 3-box model
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Fig. 1 Schematic representation of nanostructure and Most of all the XR and NR profiles were well fitted
transition of ionic amphiphilic diblock copolymer by the box model assuming that hydrophobic, carpet
monolayer on the water surface layers, and a brush layer exist. However, we have
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noticed that some of the NR profiles with a rather high
NaCl concentration as an added salt to water (D,0)
subphase could not be fitted by the 3-box model, while
those with NaBr at the same concentration could be.
Considering the difference of scattering length density
between D,0 and Cl and between D,O and Br ions, and
also the fact that XR profiles in the same conditions
were all well fitted by 3-box model, we thought that
unsuccessful fitting of the NR profile in a high NaCl
condition is due to the contribution of CI ions in the
brush layer which might be distributed inhomogeneously.
In this study, we have proved this hypothesis by
applying contrast variation NR measurements to

eliminate the contribution from CI” of ions. Furthermore,
by a fitting taking CI ion distribution in the brush layer

into account, a possibility that Cl ions are concentrated
just below carpet layer has been suggested.

2.EXPERIMENTAL
2.1 Materials

The ionic amphiphilic diblock copolymer used in this
study was poly(diethylsilacyclobutane)-5-
poly(methacrylic acid) (poly(Et,SB-d0)m-b-
poly(MAA),), which was synthesized as previously
reported. [16] The hydrophobic chain was partly
deuterated, and the degree of polymerization of the
hydrophobic (m) and hydrophilic (n) block were
m:n=23:49. This polymer is the same as that used in our
previous study [8] and the polydispersity, My/M, was
1.05. -

2.2 XR and NR instruments and analyses

The XR instrument used was a RINT-TTR-MA
system, whose details have been reported separately [17].
The NR instrument was an ARISA reflectometer, whose
details were also described elsewhere [18] Both of these
reflectometers have a sample horizontal optical
geometry and have the Langmuir-Brodgett (LB) trough
at the sample position to perform in situ measurements
for the monolayer on the water. The data analysis
method including fitting procedure and accuracy was the
same as in our previous studies and has been described
elsewhere [9,19]. For NR data analysis, we used
SURFace software. Parratt32 was used for brush
roughness analysis, We assumed 2.69x10°A2 and
4.91x10°A7 as the scattering length density values (Nb)
for Br and CI ions, respectively, which were calculated
from their scattering length and ion radius. The
scattering vector was represented by g and O for XR and
NR, respectively.

3. RESULTS AND DISCUSSION
3.1 Effect of NaCl addition

The effect of NaCl addition to water subphase for
poly(Et;,SB)-b-poly(MAA) monolayer system was duly
investigated by XR and NR in our previous study. [8]
The result was in principle in agreement qualitatively
with previous theoretical studies. [20-23] NaCl
concentration was changed from OM up to 1M, and what
was interesting was the observation of expanding-
shrinking behavior of the monolayer with increasing salt
concentration. This curious phenomenon at first glance
was interpreted by the balance of effective degree of

dissociation of carboxylic acid and the shielding effect
of salt ions on the electrostatic repulsion between
polyelectrolyte brush chains. {8] The change of
roughness of the brush layer was also interesting
behavior. The brush top roughness increased with
increasing NaCl concentration and showed the
maximum at 0.1M NaCl condition, and then decreased.
NR profiles for the monolayer at various NaCl
concentrations were shown in Figure 2. The profiles
were in principle the same as those in our previous
study.[8] All the XR profiles measured could be
analyzed by the 3-box model fitting. For NR profiles,
those at low NaCl concentrations were well fitted by 3-
box model and gave us the same nanostructure as XR
results. However, that under 1M NaCl condition could
not be fitted by the 3-box model fitting. (Hence, no
fitting curve for curve 4 in Figure 2). On the other hand,
XR profiles were well analyzed by the 3-box model up
to a 2M NaCl condition[8]. This apparent disagreement
between XR and NR data was a paradox.
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Fig. 2 NR profiles for (Et;SB)y3-b-(MAA)y
monolayer on the heavy water surface with various
NaCl concentrations in subphase. The solid lines are
the best fit by the 3-box model. The profile for 1M
NaCl could not be fitted. (Copyright ACS with
permission)
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Fig. 3 XR nprofiles for (Et;SB)y-b-(MAA)y
monolayer on the water surface with various NaCl
concentrations in subphase. The solid lines are the
best fit by the 3-box model. The profiles are shifted
downward for clarity.
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As the first step to solve this paradox, we performed
XR and NR measurements for the same polymer
monolayer with NaBr as an added salt. Figures 3 and 4
show the XR profiles and the density profiles normal to
the water surface for (Et,SB),3-b-(MAA) monolayer
on the water surface at 35mN/m under OM, 0.01M, 0.1M,
and 1M NaBr in the subphase conditions, which were
the same as in NaCl experiments. These profiles are
essentially very similar to those for NaCl as an added
salt evaluated by XR (see Figures 2 and 3 in ref[8],
which means that almost the same nanostructure of the
monolayer both in NaCl and NaBr systems. In addition,
this fact also means that Cl” and Br ions have almost no
contribution difference to XR profiles.
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Fig. 4 Density profiles for (Et,SB)y3-b-(MAA)
monolayer on the water surface with various NaBr
concentrations in subphase. 8 is defined by n=1-5-if
with n the refractive index, which is almost
proportional to an electron density.
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Fig. 5 NR profiles for (Et;SB)ys-b-(MAA)
monolayer on the heavy water surface with various
NaBr concentrations in subphase.

5.2 Effect of NaBr Addition
Figure 5 shows the NR profiles for the same system
with D,0 as subphase. The solid lines in the figure are
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the fitting line by a 3-box model. In this case, the profile
for 1M NaBr condition was also well fitted by the 3-box
model, while that for IM NaCl could not previously.
The obtained density profiles normal to the water
surface is shown in Figure 6. Under all the conditions,
the monolayer consisted of hydrophobic, carpet and
brush layers and all of these are consistent with that for
NaCl addition (see Figure 5 in ref[8]) both by XR and
NR.
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Fig. 6 Scattering length density Nb (N:the number
density, b the scattering length) profiles for (Et;SB),3-b-
(MAA)y monolayer on the heavy water surface with
various NaBr concentrations in subphase.

As mentioned in the Introduction, one interesting
observation for salt effect on weak polyelectrolyte brush
is the change of brush top roughness, i.e., the rougness
of the interface between water subphase and brush layer.
Our previous study for NaCl system showed that this
roughness showed the maximum in a 0.IM NaCl
condition. As is clear from Figures 4 and 6, the same
phenomenon is also observed for NaBr system. The
brush top roughness was influenced by NaBr addition
and it becomes maximum at 0.1M NaBr condition. This
observation means that the effects of NaCl and NaBr as
an added salt are not so different from each other.

The similar effect of NaCl and NaBr as an added salt

1 1M NaCI(DZO)
2 « 1M NaBr (DZO)
1M NaCl (DZO:H20=8:2)
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Fig. 7 NR profiles for (Et,SB)y3-b-(MAA)
monolayer with 1M NaCl on D,0/H,0=80/20 (v/v)

subphase. Profiles for pure D,O subphase with 1M
NaCl and NaBr are also shown for comparison.
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has been confirmed. However, one big difference for
these systems is the fact that the NR profile in a 1M
NaCl condition could not be fitted by the 3-box model.
One possible interpretation for this observation is as
follows. For XR measurement, small salt ions did not
contribute to the reflectivity profile due to low electron
density. For NR, CI ions contribute to the NR profile to
some extent, but not Br ions, and this becomes
substantial with increasing NaCl concentration.

3.3 Contrast variation experiment

To confirm this interpretation, we performed an NR
experiment with contrast variation. We used
D,0/H,0=80/20(v/v) (Nb=5.0x10°A?) as a subphase to
eliminate the contribution of CI” ions. The NR profile
obtained is shown in Figure 7 together with those for a
pure DO system with IM NaCl and NaBr. The density
profiles evaluated are shown in Figure 8. Even under 1M
NaCl condition, NR profile was well fitted by 3-box
model when D,0/H,0=80/20(v/v) was used as subphase.
In addition, the nanostructure of the monolayer is the
same for NaBr/D,0 system as shown in Figure 8. This
means that the contribution from CI ions to NR profile
was eliminated by the contrast matching technique. In
other words, the origin of disagreement with 3-box
model was contribution of Cl ions. This means that the

NR profile in a IM NaCl system contains Cl ion
contribution, so the small ion distribution can be
evaluated by analyzing this NR data.

7r 1
of .
! Jos
g S i
=< Lt 1o
o NaBr (00) | ] =
- ] =
5 ~--=-NaCl (QOM0) | 1 4
2 o
N\ Joz
L . I Jdo
50 100 150 200

z[A]

Fig. 8 Scattering density profiles for (Et,SB)y3-b-
(MAA),9 monolayer in 1M NaCl on D,0/H,0=80/20
(v/v) subphase. The nanostructure is the same as that
in a NaBr/D,O system. f is the volume fraction of
hydrophilic chains in the brush layer.

Figure 9 shows the fitting result for NR profile with
IM NaCl as an added salt. The "best" fit by 3-box model
was also shown for comparison. As clearly understood
from this figure, the fringe height in a 1M NaCl system
could not be well reproduced although the fringe
position and profile could be to some extent. We have
performed a fitting with the model taking the
imhomogeneous small ion distribution into account in
addition to the 3-box model, i.e., hydrophobic, carpet
and brush triple layer structure. A good agreement with
the experimental profile was obtained as shown by the
solid line in Figure 9.

Figure 10 shows the scattering length density profile
obtained from the fitting procedure for Figure 9. The
fitting parameters are summarized in Table I. The best
fit for NaBr system with 3-box model is also shown. The
nanostructure of the monolayer itself is almost the same
for these two systems as easily understood by the
density profiles in Figure 10. However, the density
profile for NaCl system has additional, the fourth layer;
High-density layer with about 20A thickness is located
just beneath the carpet layer. Since this layer is not
found for NaBr system, this should be the layer in which

CI ions are concentrated.
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Fig. 9 Fitting result of NR profile for (Et,SB)y;-b-
(MAA)4, monolayer with 1M NaCl on D,O subphase.
Dots are experimental data and the solid line is the
fitting by the 3-box model taking the inhomogeneous
small ion distribution into account. The dotted line is
the "best" fit by simple 3-box model.
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Fig. 10 Scattering density profiles for (Et,SB),3-b-
(MAA),s monolayer with IM NaCl and NaBr on
D,O subphase. The profile for NaBr system shows
only monolayer nanostructure, while that for NaCl
system shows an existence of concentrated Cl ion
layer just beneath the carpet layer.

The reason why this kind of small anion concentrated
layer is formed is not clear at this stage. However, by
this systematical study, it is fair to think that there is no
doubt that this kind of layer exists. For the correct
understanding of this phenomenon, it is necessary to
know the location of small cations, which are Na ions
and are invisible both by XR and NR in this study. By a
similar method as this study, i.e., by using other cations
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and applying contrast variation technique of NR, such
information will be elucidated. This kind of experiment
is our further target.

One may note that Nb value inside the "Cl ion
concentrated layer" is anomalously high. It is almost
comparable to that for subphase (1M NaCl in D,0) and
this might be physically impossible when we consider
the scattering length density values for Na'
(Nb=5.55x10°A7), CI ions and D,0 (6.38x10°A2).
This might be true, so we think that the density profile
model in Figure 10 is the most simple model which can
reproduce NR profile in Figure 9 with satisfactory
agreement. The real situation might be that the CI” layer
is more damped, i.e., lower peak top density with larger
roughness. However, the statistics of NR data in Figure
9 prevents us to evaluate the detailed nanostructure.

Table 1 Nanostructure of (Ez2SB)23-b-(MAA )49
monolayer with 1M NaCl and NaBr on D,0O subphase at

35mN/m evaluated by NR
Salt NaCl NaBr
Layer Nb d c Nb d 1]
No. [10°A®] [A] [A] [10°A%] [A] [A]
3 1
1 3.43 40 g 3.43 45
2 230 12 1.87 6
1 4
3.1 4.00 1
1
3-2 5.60 15
1
4 440 37 4.68 65
55 28
5 6.31 6.28

layer 1 :hydrophobic layer, 2:carpet layer, 3:newly
found layer for NaCl system, 4:brush layer, 5:subphase

Nb:scattering  length density for each layer, d:
thickness, o: interface roughness between each layer

The estimation of small ion distribution near
macroions by neutrons is not common but not nil. For
example, Sumaru et al. [24], determined counterion
distribution around ionic micelle by small-angle neutron
scattering, and they showed that it followed the Poisson-
Boltzmann behavior. In this study, we have found the
small ion concentrated layer in the brush layer. The ion
concentration in the polyelectrolyte brush is very high
and special. This unique environment might be the
origin of our curious observation in this study.

In the present study, we did not consider the effect of
surface concentration on the isotope effect. However,
since we obtained satisfactory agreement between
reflectivity data and model calculation, we concluded
that this effect is not significant in the present case. In
addition, our observation is specific to a NaCl system
but not a NaBr system, which means essentially no
relationship to this effect.

3.4 Estimation of brush top roughness

Finally, we estimated the roughness function of the
brush top. As described previously, the large and
characteristic change of the brush top roughness is one
of the unique observations on the salt effect for a weak
polyelectrolyte brush. Since the contrast between the
brush layer (hydrogenated polymer + D,O) and
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subphase (D,0) is higher than that for XR (ie., an
electron density difference), this kind of estimation
becomes possible by the NR technique.

We used three typical functions for the brush top
roughness as follows.
(i) Error Function

z 1
F(=| C
@=J, (Bw/iﬂ]exp 282

where 4 is the position of the interface, B the interface
roughness, and C the density difference between two
layers which form interface.

dz (1)

(i1) Parabolic Function

F(2)=A +B((z—C)2) @)

where 4 is the Nb value at the interface, B the interface
roughness, and C the position of the interface.

(iii) Hyperbolic Tangent

Flo)= exp[B(z - D)] - exp[—B(z - D)]

exp[B(z —D)] + eXp[—B(Z —D)] C+A (3)

where 4 is the Nb value at the interface, B the interface
roughness, C the density difference between two layers
which form interface, and D the position of the interface.

Figure 11 shows the fitting of NR profile for
35mN/m on D,O without salt by using three different
functions for brush surface roughness. Other
nonstructural parameters of the monolayer were kept
constant. The corresponding density profiles were
shown in Figure 12. Although the difference of fitting
quality in Figure 11 is not so distinct, as a whole, the
Gaussian (Error function) could reproduce the NR
profile in the best. At least for our present data, the Error
function is the best function to describe the brush top
roughness.

4.CONCLUSION

The small ion distribution in the brush layer in a
weak acid amphiphilic diblock copolymer, (Et;SB);3-b-
(MAA),, monolayer on the water surface was evatuated
by the NR technique. By XR measurements with NaCl
and NaBr as an added salt for water subphase, the
nanostructure of the monolayer, which consists of a
hydrophobic, carpet, and brush layer, could be estimated
and no specific contribution from added salt ions to XR
profile was noticed. Also for the NR profile with NaBr
in the D,O subphase, no contribution from small ions
was found. However, the NR profile in 1M NaCl on
D,0 could not be fitted by the same structural model. By
contrast variation NR measurement, this disagreement
was found to be due to the contribution of CI ions to the

NR profile. Taking into account the inhomogeneous cr
jon distribution in the brush layer, it was suggested that
CI ions form a concentrated layer just beneath the carpet
layer with about 20A thickness. The Gaussian function
was found to be the most suitable function to describe
the brush top roughness.
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Fig. 11 Fitting result of NR profile for
(EzSB)p3-b-(MAA)s monolayer on D,0
subphase at 35mN/m with three different
roughness functions for the brush top.
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Fig. 12 Scattering density profiles for (Et;SB),3-
b-(MAA),; monolayer on D,O subphase at
35mN/m evaluated by fitting of NR profile with
three different roughness functions for the brush
top.
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