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ABSTRACT: The adsorption of poly(4-vinyl pyridine) (P4VP) unimers into spherical core—shell micelles
self-assembled by polystyrene-block-poly(acrylic acid) (PS2q0-b-PAAzg) in ethanol is studied by a combination
of static light scattering (SLS) and dynamic light scattering (DLS). P4VP unimers with a coil size of ca.
7.9 nm can be first absorbed into the PS-b-PAA spherical core—shell micelles with a hydrodynamic
diameter of 79.9 nm and then penetrate into the shell of the micelles to form hydrogen-bonded micelle—
unimers complexes in ethanol. During the adsorption, the hydrodynamic diameter and gyration radius
of the micelle—unimers complexes decrease first and then stay almost unchanged when P4VP solution
in ethanol is added into the PS-b-PAA micelle solution. It is also found that the structure of the micelle—
unimers complexes remains spherical but becomes smaller and denser than that of the PS-b-PAA micelles

after absorption of P4VP unimers.

1. Introduction

Because of their fascinating, complex, and important
modifications of solution properties, interaction between
macromolecular unimers and relatively small particles,
such as colloidal particles, proteins, micelles, and vesicles,
stimulates a great deal of interest in physical chemistry
and industrial applications.1 6 In systems where specific
interactions are relatively strong, such as ionic inter-
action, hydrogen bonding, and coordination, interpoly-
mer complexation may occur.”~16 These types of com-
plexes systems usually show a physical behavior quite
different from that of the pure components, and they
may have interesting applications in various fields such
as medicine, pharmacology, biology, and environmental
chemistry.17-21 Electrostatic interaction between ionized
polymer micelles and oppositely charged linear polyions
drives them to form complexes with interesting char-
acteristics, which has been the subject of intensive
experimental and theoretical investigations during the
past decade.®~11.22-24 To the best of our knowledge, the
study on hydrogen-bonded complexes is mainly focused
on polymer blends, for example, interpolymer complexes
of polyacids and poly(vinylpyridine)s in their 2- and
4-isomer forms [poly(4-vinyl pyridine) (P4VP) and poly-
(2-vinyl pyridine) (P2VP)], where the polyacids include
poly(carboxylic acid)s, such as poly(acrylic acid)?®> and
poly(ethylene-co-methacrylic acid),?6 and other Lewis
acids, such as poly(2-acrylamido-2-methylpropanesulfon-
ic acid),?” poly(vinylphenol), and pentadecylphenol.?®
However, hydrogen-bonded complexes between poly-
meric micelles and polymer unimers are rarely studied.
It is well-known that amphiphilic block copolymers,
such as polystyrene-block-poly(acrylic acid) (PS-b-PAA),
polystyrene-block-poly(ethylene oxide) (PS-b-PEO), and
polystyrene-block-poly(4-vinyl pyridine) (PS-b-P4VP),
can self-assemble into core—shell micelles with various
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morphologies in block-selective solvents.?*~35 Usually,
the core—shell micelle has a core consisting of the
insoluble PS block and a shell consisting of the soluble
block of PEO, PAA, or P4VP. Thus, it is reasonable to
think that P4VP unimers may be adsorbed into the
micelles self-assembled by PS-b-PAA due to hydrogen
bonding between the PAA chains and the P4VP un-
imers.

Herein, we study the adsorption of P4VP unimers into
micelles self-assembled by polystyrene-block-poly(acrylic
acid) in ethanol by a combination of static light scat-
tering (SLS) and dynamic light scattering (DLS) and
then further discuss the change of the hydrodynamic
diameter Dy, and the gyration radius Rq of the micelle—
unimers complexes and the conformation tuning of the
PAA chains during adsorption.

2. Experimental Section

Materials. Amphiphilic block copolymer of polystyrene-
block-poly(acrylic acid) (PSze-b-PAAzg) was prepared from
hydrolysis of polystyrene-block-poly(methyl acrylate) (PSzo0-
b-PMA7g) in NaOH aqueous solution. PSyp-b-PMA7s was
synthesized by atom-transfer radical polymerization (ATRP).3¢
The hydrolysis of PSyp-b-PMA7s in NaOH aqueous solution
can be seen elsewhere.3*3 The composition of the block
copolymer PSyp-b-PMA7g was determined from the ratio of the
IHNMR intensity of the OCHj; signal (at 6 = 3.7) to that of
the aromatic signal (at 6 = 6.6—7.3) of the block copolymer.
The polydispersity index (PDI) of PS;0-b-PMA7s measured by
gel permeation chromatography (GPC) was 1.20. Poly(4-vinyl
pyridine) (P4VP) was also synthesized by ATRP according to
ref 37. The molecular weight (My) and PDI of P4VP measured
by GPC are 4200 g/mol and 1.24, respectively. The solvents
ethanol and N,N-dimethylformamide (DMF) were of analysis
grade and carefully dried by 3 A molecular sieves before use.

Preparation of the PS-b-PAA Micelles. The block co-
polymer PSxp0-b-PAA7g was first dissolved in DMF to make a
2.0 mg/mL polymer solution. Subsequently, a given volume of
ethanol was added into the polymer DMF solution with
stirring. As the addition of ethanol progressed, the quality of
the polymer solution decreased gradually. The formation of
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the PS-b-PAA micelle occurred, as indicated by the appearance
of turbidity in the solution, when about 20 vol % ethanol was
added. After 2 h, the addition of ethanol was continued until
the polymer concentration in the micelle solution was 0.20 mg/
mL. The micelle solution was kept overnight and then diluted
with a binary solvent mixture of DMF and ethanol with a DMF
content at 10 vol % to make a micelle solution series with
different PS-b-PAA concentrations, where the DMF concentra-
tion in all final micelle solution series is 10 vol %.

Preparation of the Complexes. P4VP was first dissolved
in ethanol to make the P4VP solution series with different
concentrations. Then a given volume of P4VP solution with
different concentrations was added drop by drop into an equal
volume of the micelle solution with PS-b-PAA concentration
at 0.20 mg/mL with stirring. The mixed solution series were
characterized by SLS and DLS before being kept for more than
3 days at room temperature to ensure full complexation
between P4VP unimers and PS-b-PAA micelles. The concen-
tration of the block copolymer PS-b-PAA in all complexes is
0.10 mg/mL, and DMF concentration in all complexes is 5 vol
%.

Specific Refractive Index Increment (dn/dc) Measure-
ment. The specific refractive index increment (dn/dc) was
determined using a Wyatt Optilab DSP interferometric re-
fractometer at a wavelength of 514 nm at 20 °C. Four
concentrations were used for the dn/dc determination. The dn/
dc value was determined from the slope of a plot of the
refractive index versus polymer concentration. For the PS-b-
PAA micelles in ethanol, the measured dn/dc value is 0.180
mL/g.

Light Scattering Measurement. On the basis of DLS
theory, the intensity—intensity time correlation function G®-
(t, 6) in the self-beating mode can result in a line width
distribution G(I'). For a pure diffusive relation, G(I') can be
converted to a translational diffusion coefficient distribution
G(D) by

I/¢*=D=D°(1 +fR, %) =
D(1 + k4C) (1 + R [G%) (1)

where kq is the diffusion second virial coefficient, D is the
translational diffusion coefficient, and f is a dimensionless
number. In this study, the superscript 0 and subscript 0
indicate g = 0 and C = 0, respectively, unless specified
otherwise.

For a pure diffusive relation, G(I') can also be converted to
a hydrodynamic diameter distribution f(Dn) by using the
Stokes—Einstein equation

D,, = k,T/(37D) @)

where kp, T, and 5 are the Boltzmann constant, the absolute
temperature, and the solvent viscosity, respectively. In this
study, the inversion was fulfilled by the CONTIN program
supplied with the BI-9000AT digital time correlator.

The gyration radius Ry is calculated from SLS. On the basis
of SLS theory, for a relatively high dilute macromolecule
solution or strongly interacting particles (for example, poly-
electrolytes) at polymer concentration C (g/mL) and at the
scattering angle 6, the angular dependence of the excess
absolute average scattered intensity, known as the excess
Rayleigh ratio R(#,C), can be approximated as

[KC/R(0,C)]°° = [1/M]*°[1 + (R,*0%)/6] [1 + A,C] (3)

where K is the optical constant and is equal to 472n?(dn/dc)?/
(Nato*) with Na, n, and A being Avogadro’s number, the solvent
refractive index, and the wavelength of the laser, respectively,
dn/dc is the specific refractive index increment, A; is the second
virial coefficient, M, is the weight-average molecular weight,
Ry is the square z-average radius of gyration, and q is the
magnitude of the scattering wave vector, which is equal to
(4nn/2o)sin(6/2). For a given very dilute polymer solution,
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eq 3 can be expressed as
[KC/R(6,C)1°° ~ [1/M,]°°[1 + (R,°q°)/6] (4)

In the present study, because of the very dilute polymer
concentration, the apparent gyration radius Ry° was used and
calculated after measuring R(6,C) at a set of 6 on eq 4.

In this study, dynamic light scattering (DLS) and static light
scattering (SLS) experiments were performed on a laser light-
scattering spectrometer (BI-200SM) equipped with a digital
correlator (BI-9000AT) at 514 nm. The samples of PS-b-PAA
micelle solution or the complexes were prepared by filtering
about 1 mL of the sample solution with a 0.45 um Millipore
filter into a clean scintillation vial. All light-scattering mea-
surements were performed at 20 °C. The detailed methods to
measure the values of D, D° Dy, Dr% Rg, and R® and the
molecule weight M,, of the PS-b-PAA micelles or the complexes
are given elsewhere 3438740

3. Results and Discussion

The Results and Discussion section includes two
parts. The first presents the characteristics of the PS-
b-PAA micelles and the P4VP unimers in ethanol. In
the second part, the influence of P4VP unimers on the
hydrodynamic diameter Dy, the gyration radius Ry of
micelle—P4VP unimers complexes, and the conformation
of the PAA chains during adsorption is discussed.

3.1. Characterizing the PS-b-PAA Micelles and
P4VP Unimers in Ethanol. As described in the
Experimental Section, the PS-b-PAA micelles are pre-
pared by adding ethanol to the PS-b-PAA solution in
DMF. Because DMF is a common solvent for both blocks
of the amphiphilic block copolymer of PS-b-PAA and
ethanol is a block-selective solvent for the PAA block
but a precipitant for the PS block, core—shell micelles
with PS chains as the core and PAA chains as the shell
are formed when ethanol is added into the polymer
solution in DMF. With the continuous addition of
ethanol into the micelle solution, the structure of the
core—shell micelles is kinetically frozen in the ethanol-
rich solvent.#1-42

Figure 1a shows the plot of the translational diffusion
coefficient D of the PS-b-PAA core—shell micelles versus
g? at 20 °C with a polymer concentration of 0.20 mg/
mL. From the fit line in Figure 1a, the translational
diffusion coefficient D° at a given polymer concentration
of 0.20 mg/mL can be calculated by extrapolating g2 to
0. With a similar method, the values of DO of the core—
shell spheres with polymer concentrations of 0.16, 0.10,
and 0.060 mg/mL are calculated, which are shown as
the fitted line 1 in Figure 1b. Further plotting D° to
polymer concentration C, the translational diffusion
coefficient Do? is calculated by extrapolating C to 0. On
the basis of eq 2, the hydrodynamic diameter Di° and
Dy are calculated, which are shown as fitted line 2 in
Figure 1b. From the two fitted lines in Figure 1b, the
translational diffusion coefficient Do° of the core—shell
micelles is 4.30 x 1078 cm?s and the hydrodynamic
diameter Dy is 79.9 nm. The results are also sum-
marized in Table 1. In addition, from the fitted line in
Figure 1a, it can also be concluded that the translational
diffusion coefficient D of the core—shell micelles fluctu-
ates from 4.37 x 1078 t0 4.91 x 1078 cm?/s (or apparent
diameter D,2P from 73.3 to 82.3 nm) when ¢? increases
from 1.99 x 100 to 1.04 x 10 cm~2 (or 6 from 50° to
150°). That is also to say that the apparent diameter
D,2°P only changes a little when the scattering angle 6
degreases from 150° to 50°, which suggests that the
core—shell micelles are spherical.
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Figure 1. Plots of the translational diffusion coefficient D (a) and D° (line 1 in b) of the PS-b-PAA micelles versus g? at 20 °C
with polymer concentration at 0.20 mg/mL, and the plot of Dx° (line 2 in b) of the PS-b-PAA micelles versus polymer concentration

C at 20 °C.
Table 1. Summary of the DLS and SLS Results of the Core—Shell Micelles in Ethanol at 20 °C
micelles Do (cm?/s) Dp (nm) Rq (Nm) Ry/Rn My (g/mol) A (mol L/g?) Nagg o (g/cmd)
4.30 x 108 79.9 322 0.806 1.20 x 107 —2.89 x 1075 378 0.075

Figure 2 shows the typical Berry plots of the spherical
core—shell micelles at 20 °C, where the polymer con-
centration ranges from 0.20 to 0.060 mg/mL. On the
basis of eq 3, one can determine values of My, Rg, and
Az from [KC/R(@,C)]O'Sgﬂo,Cﬁo, [KC/R(@,C)]O'SCﬁo VEersus
g2, and [KC/R(0,C)]°5—o versus C, respectively. The
static results of the core—shell micelles are summarized
in Table 1. The A, value of the core—shell micelles is
very close to 0, which possibly suggests that the solubil-
ity of the core—shell micelles in ethanol is not high.*3
The M, of the core—shell micelles is 1.20 x 107 g/mol,
and the calculated aggregation number Nagq of the core—
She” miCe”eS based on Nagg = vamice"e/MW,poner iS 378.
The polymer chain density p of the core—shell micelles,
which is calculated as p = My micele/(Na x /6 x Dp?), is
much lower than that of the corresponding bulk copoly-
mer but much higher than that of the copolymer chains
swollen in a good solvent.3940 This possibly reflects the
folding character of the insoluble PS block in the core
of the micelles and the soluble character of the PAA
block in ethanol. Furthermore, it is well-known that the
Ry/Rn values can reveal the morphology of particles in
solution.* The R¢/Rp, value of the PS-b-PAA core—shell
micelles in ethanol, which is 0.806, indicates that the
micelles are uniform spheres.*>46 In comparison with
that of nondraining hard spheres or typical spherical
crew-cut micelles (<0.775),3%40 the Ry/Ry, value of the
PS-b-PAA core—shell micelles in ethanol is a little
higher. Clearly, the block copolymer composition and
the nature of the solvent can affect the structure of the
resulting micelles. We think the higher R¢/Ry value of
the PS-b-PAA core—shell micelles in ethanol is partly
due to the relatively longer PAA chains of PSygo-b-
PAA7g, which makes the shell of the micelles swollen

3.31

3.2 . .
3.1 .

d
3.0
291

il
2.8
2 3 4 5

2.7 T
1

(KC/R,, )" /(mol/g)"/10°*

g% +20000C

Figure 2. Typical Berry plots of the spherical core—shell PS-
b-PAA micelles at 20 °C, where the polymer concentration
ranges from 0.20 to 0.060 mg/mL.

and results in a higher Rg/Rn value of the PSyq0-b-PAA7s
micelles. In addition, because the “solvent” quality for
the PS block in ethanol or ethanol/DMF mixed solvent
with DMF content at 10 vol % is much better than in
water, the PS core of the micelles is more swollen in
ethanol, which also contributes to the slightly higher
Ry/Rn value of the PSypo-b-PAA7g micelles.

Figure 3 shows the size distribution of the coils of
P4VP unimers in ethanol. The apparent hydrodynamic
diameter Dp2PP of the coils of P4VP unimers ranges from
6.4 to 9.6 nm, and the average Dr?"P can be calculated
from f(Dn) by /fof(Dn)Dn dDp, which is ca. 7.9 nm.
Clearly, the size of the coils of P4VP unimers in ethanol
is relatively large. This is possibly due to the good
solubility of P4VP and a low concentration in ethanol.

3.2. Adsorption of Poly(4-vinyl pyridine) Un-
imers. As described in the Experimental Section, when
dropping P4VP ethanol solution into the PS-b-PAA
micelle solution, four components exist, such as PS-b-
PAA micelles, P4VP unimers, ethanol (95 vol %), and
DMF (5 vol %), in the mixed solution. Hydrogen bonding
takes place not only between pyridine units and acrylic
acid units but may also exist between pyridine units
and ethanol, pyridine units and DMF, acrylic acid units
and ethanol, and acrylic acid units and DMF. Thus, the
final complex is the result of the balance of all these
factors. Of the four components, the PAA block chain is
the strongest Lewis acid and P4VP is the strongest
Lewis base; thus, hydrogen bonging between PS-b-PAA
micelles and P4VP unimers should be the most pre-
dominant.

Figure 4 shows the hydrodynamic diameter Dy,° of the
complexes formed by adding a given volume of P4VP
ethanol solution with different concentrations to an
equal volume of 0.20 mg/mL PS-b-PAA micelles solution.
The results show that when the weight ratio Wppavp)/

100+

0+ .

1 10
D, (nm)

Figure 3. Size distribution of the P4VP coils at 0.10 mg/mL
in ethanol at 20 °C, where the scattering angle is 90°.
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Figure 4. Hydrodynamic diameter Dn° of the complexes
between PS-b-PAA micelle and P4VP unimers versus the
weight ratio of W(P4vP)/W(PS—b—PAA) at 20 °C, where the PS-b-
PAA concentration is 0.10 mg/mL.

W(ps-b-paa) 0f PAVP to PS-b-PAA increases from O to
0.5, the hydrodynamic diameter Dy of the complexes
between PS-b-PAA micelle and P4VP unimers decreases
from 79.7 to 58.0 nm. When the weight ratio Wpave)/
Wps-b-paa) further increases from 0.5 to 5.0, the hy-
drodynamic diameter Dy of the complexes keeps almost
constant (fluctuating between 55.8 and 58.0 nm). This
means that the absorption of P4VP unimers into PS-b-
PAA micelles starts until to a saturated absorption at
a weight ratio Wp4vp)/Wps-b-paa) 0f 0.5 (indicated by
the arrow in the figure), which results in decreasing the
hydrodynamic diameter Dy,° of the PS-b-PAA micelles
or the complexes. When an excess amount of P4VP is
further added, the P4VP chains cannot be continuously
absorbed into the PS-b-PAA micelles and remain as
P4VP unimers in ethanol; thus, the hydrodynamic
diameter Dy of the complexes remains almost constant
at a weight ratio Wpavp)y/Wps-b-paay ranging from 0.5
to 5.0 as shown in Figure 4. It should be pointed out
that the molar ratio nayp/naa Of 4-vinyl pyridine units
(4VP) in P4VP to the acrylic acid units (AA) in the PAA
block at the saturated absorption is about 1.6. This
suggests that the absorbability of P4VP into PS-b-PAA
micelles is relatively efficient, although we cannot
exclude the possible existence of the P4AVP unimers in
the solution. Clearly, this result is very different from
the adsorption of charged linear polyions onto oppositely
ionized polymer micelles due to electrostatic interactions
or adsorption of neutral polymer chains onto rigid latex
or colloids due to hydrophobic interaction, which usually
results in an increase in the hydrodynamic diameter of
the complexes.*”~#° For the present complexes formed
due to hydrogen-bonding interaction, we predict that the
P4VP unimers can penetrate into the shell of the PS-
b-PAA micelles and then give rise to micelle—unimers
complexes. Furthermore, the PAA chains in the PS-b-
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PAA micelles are soluble and can stretch relatively
freely in ethanol before addition of the P4VP ethanol
solution as discussed above. When P4VP is added into
the micelle solution and then absorbed and penetrated
into the shell of the PS-b-PAA micelles to form micelle—
unimers complexes, the conformation of the PAA chains
will change from relatively stretched to very folded due
to the strong hydrogen bonding between PAA and P4VP,
which will decrease the hydrodynamic diameter Dy° of
complexes between the PS-b-PAA micelle and P4VP
unimers. Therefore, the possible mechanism of hydrogen-
bonding absorption of P4VP unimers into PS-b-PAA
micelles and folding of the PAA chains during adsorp-
tion can be schematically shown in Figure 5.

In addition, the radius of gyration R,° of the com-
plexes between PS-b-PAA micelle and P4VP unimers
is also calculated from eq 4 to study the adsorption of
P4VP unimers in ethanol. Figure 6A shows the Berry
plots of [1711%5 of the complexes versus g? at 20 °C, when
the Wpavp)y/Wps-b-paa) ratio varies from 0 to 5.0, where
| is the scattering intensity of the sample at a scattering
angle 6. From the lines in Figure 6A, Ry values of the
complexes at different Wpavp)y/Wps-b-paay values are
calculated as Ry® = (6S/T)°®, where S is the slope and
T is the intercept of the fitted lines in Figure 6A. The
results are shown in Figure 6B. The results indicate
clearly that the gyration radius Ry of the complexes
decreases from 36.6 to 25.9 nm when Wpavpy/Wps-b-paa)
increases from 0 to 0.5 and becomes constant when the
ratio further increases from 0.5 to 5.0. This is very
similar to the change of the hydrodynamic diameter Dy,°
of the complexes as discussed above.

The morphology of the complexes between the PS-b-
PAA micelle and P4VP unimers is also worthy of careful
study. It is well-known that the Ry/Rp value can reveal
the morphology of polymer chains in dilute solution.38-40
The curve in Figure 7 shows the R/Rp° value of the
complexes at different ratios of Wpavp)/Wps-b-paa) at 20
°C. The results show that the Ry%Rp° value of the
complexes, which fluctuates between 0.87 and 0.92,
keeps almost constant when the ratio of Wpave)/
Wps-b-paa) Varies from 0 to 5. This suggests that the
morphology of the complexes remains spherical al-
though the hydrodynamic diameter of the complexes
decreases much when large amounts of P4VP unimers
are absorbed into the PS-b-PAA micelles. Thus, we can
conclude that the complexes between the PS-b-PAA
micelles and the P4VP unimers are much denser than
the PS-b-PAA micelles. Clearly, the Rg%/Rn° value of the
PS-b-PAA micelles or the complexes is a little higher
than the Ry/Rn value of the PSyp-b-PAA7s micelles as
discussed above or typical core—shell micelles,3%4° which

wssaw: PS block ~ XX : PAA block - 2 _: PyVP unimer A: COOH D:[(_ )

N

Figure 5. Possible mechanism of hydrogen-bonding absorption of P4VP unimers into PS-b-PAA micelles.
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Figure 7. R/Ry° value of the complexes at different ratios
of W(p4\/p)/W(psfb7pAA) at 20 °C.

is partly due to the apparent value of R¢/R°, partly
due to the reason discussed above.

At last, it must be pointed out that the common
solvent of DMF is not removed from all the micelle
solution series by dialysis because no suitable dialysis
bag can be used in ethanol. In section 3.1, the DMF
content in all micelle solution series with different PS-
b-PAA concentrations is 10 vol % as described in the
Experimental Section, which will help to decrease error
in SLS and DLS measurement. In section 3.2, the DMF
content in all micelle solution series is 5.0 vol %, because
a given volume of P4VP ethanol solution is added to an
equal volume of the PS-b-PAA micelle solution as
described in the Experimental Section. It is found that
the hydrodynamic diameter D,° and the gyration radius
R of the PS-b-PAA micelles are almost constant
whether in 10 or 5 vol % DMF ethanol solvent, which
is due to the fact that the PS-b-PAA micelles are
kinetically frozen in ethanol-rich solvent at 20 °C.

4. Summary

The micellization of amphiphilic block copolymer
PS200-b-PAA7g in ethanol results in spherical core—shell
micelles with a hydrodynamic diameter Dy, of 79.9 nm,
gyration radius Rq of 32.2 nm, and aggregation number
Nagg 0f 378. It is found that poly(4-vinyl pyridine) (P4VP)
unimers with a coil size of ca. 7.9 nm in ethanol can be
absorbed into the PS-b-PAA micelles, penetrate into the
shell of the micelles, and give rise to hydrogen-bonded
micelle—unimers complexes. It is interesting that the
hydrodynamic diameter and gyration radius Ry of the
hydrogen-bonded micelle—unimers complexes decrease
when the weight ratio of Wpavp/Wps-p-paa) iNcreases
from 0 to 0.5 and then remain unchanged even when
the ratio of Wpavr)/Wps-b-paa) further increases to 5.0.
It is also found that the morphology of the complexes
remains spherical but becomes smaller and denser after
the absorption of P4VP unimers. The absorption mech-
anism is discussed, and the shrinking of the micelle—
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unimers complexes is ascribed to the conformation of
shell-forming PAA chains changing from relatively
stretched to very folded due to strong hydrogen bonding
between the PAA chains and P4VP unimers.
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