Vol 12 No 7, July 2003
1009-1963/2003/12(07) /0771-07

Chinese Physics

Self-assembly behaviour of amphiphilic diblock

copolymer in selective solvents studied by
synchrotron small-angle x-ray scattering

Rong Li—Xia(%%ﬂﬁE)a), Wei Liu—He@%ﬁﬂ%)b), Dong Bao—Zhong(%ﬁéﬂZ‘)‘"‘)T,
Hong Xin-Guo(#t3H[E)®), Li Fu-Mian(ZEE45)P), and Li Zi-Chen(Z5 )P

a) Institute of High Energy Physics, Chinese Academy of Science, Beijing 100039, China
b)Department of Polymer Science and Engineer, College of Chemistry and Molecular Engineering,

Peking University, Beijing 100871, China
(Received 23 January 2003; revised manuscript received 14 March 2003)

The aggregation behaviour of styrene-vinyl benzoic acid (PS;,-b-PVBA,) amphiphilic diblock copolymers in
selective solvents with different m and n was investigated by synchrotron small-angle x-ray scattering (SAXS). We have
carried out a detailed analysis of scattering intensity, dimension, shape and microstructure of the diblock copolymers
of narrow distribution in water, methanol, ethanol and isopropanol selective solvents, respectively. We have found that
the aggregation behaviour of the copolymer depends on the nature of the solvent and the micelle forms flat disc objects
with the ratio of radius w=0.4. The average radius gyration Rg of the copolymer decreases as solvents change from
isopropanol to ethanol and to methanol, and increases with increasing pH in aqueous solution, but decreases with the
addition of CoCly in ethanol solvent. The scattering intensity of diblock copolymer micelle follows I(h) o< A~ ¢ in
different selective solutions, suggesting that the PS,,-b-PVBA,, coils have self-similar structure behaviour or a fractal
structure in the selective solvents. All of these revealed that the aggregation behaviour of the diblock copolymer changes
dramatically with experimental condition in the selective solvent. The increase of mass fractal dimension (Dy,) from
2.12 to 2.47 indicates that the copolymer chain changes from a swollen coil to a rather compact disc in the course of
changing solvents, decreasing surface fractal dimension (Ds) from 2.98 to 2.58 indicates that the copolymer micelle
change from a rather rough surface to a smooth form in the course of increasing pH in aqueous solutions, and increasing
Dy, and D from 2.29 to 2.35 and 2.70 to 2.90, respectively, indicates the shrinkage of copolymer micelle to a rather

compact and rough disc form by adding CoClz in ethanol solvents.
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1. Introduction

Amphiphilic block copolymers are made up of
two or more blocks with different chemical identi-
ties, which can exist as star, random, graft, block,
or branched architectures. A solvent is considered as
selective if it is a thermodynamically good solvent for
one block and a poor solvent for the other. In selec-
tive solvent, amphiphilic diblock copolymers can form
micella-like aggregates due to the association of the
insoluble blocks. Such micella aggregates may have
the form of spherical objects, or they may be elon-
gated to rod- or worm-like systems, flat discs or vesi-
cles, depending on a number of factors such as the
chemical composition of the block copolymers, the
polarity of the solvent and the relative solubility of

the blocks in the solvent.['2 They can produce nu-
merous phase-separated microstructures and nanos-
tructures that are of wide scientific and technologi-
cal interest.[®=5] It is obvious that investigation of the
aggregation behaviour of the diblock copolymers has
both theoretical and practical importance because of
their conventional and potential applications in bio-
materials, optics, microelectronics, thermoplastic elas-
tomers, pressure-sensitive adhesives, colloidal disper-
sants, compatibilizers of polymer blends, foams, and

surface modification.[6:7]

The intricate structures and the complex mor-
phologies of block copolymers usually show a dimen-
sion in the range of 2-100nm, which is ideal for SAXS

measurement./$1% The SAXS technique provides us
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some opportunities to study block copolymer system
either in the solid state or in solution, e.g. directly
probing the self-similar structure behaviour or frac-
tal structure on the basis of the scattered intensity
and the size dependence of the molar mass.['1-12] With
synchrotron x-rays, the high-power density and small
beam divergence of the incident x-ray beam permit
relatively high experimental resolution, short exper-
imental time and expanded application fields. Since
a large number of studies have been reported on the
micella formation and the structural characteristics of
polymeric micelle for diblock copolymers in selective
solvents, Chu and Hsiaol'? recently have reviewed
the work of synchrotron SAXS studies on polymers.
In the present paper, the synchrotron SAXS tech-
nique is used to study the aggregation behaviour of
PS,.-b-PVBA,, in several selective solvents. We are
greatly interested in the variations of conformation
and microstructure of PS,,-b-PVBA,, copolymer in
the course of changing selective solvents, as well as the
relationship between selective solvents and the macro-
scopic properties of the aggregation behaviour. To
avoid the complication related to intermolecular inter-
actions, our experiments deal mainly with the dilute
solutions. We focus on: (1) the investigation of the
aggregation behaviour of the PS,,-b-PVBA,, system,;
(2) the thermodynamics of copolymer solutions with
emphasis on the fundamental parameters, such as the
average radius gyration R, and the radio of radius w
over a wide range of different solvents; and (3) the
structure of the PS,,-b-PVBA,, chain by using the
The analysis of I(h) from

the copolymer chain, which allows extraction of infor-

scattering intensity I(h).

mation on the structure properties of PS,,-b-PVBA,,
chain as a function of selective solvent by fractal the-

ory.

2.Experimental procedure

The general procedure for the preparation of the
diblock copolymer PSt-b-PVBA is as follows: (1) The
synthesis of monomer ¢-butyl p-vinylbenzoate (BVB),
according to the procedures reported in Ref.[14] The
yield of BVB was 82% and the boiling point was
107°C/40Pa.
clear magnetic resonance spectrum (!H-NMR ). (2)
The synthesis of macroinitiators PBVB-Br and PSt-

Br. The procedure for the synthesis of macroinitia-

Its structure was confirmed by nu-

tor was as follows: 0.5ml of degassed anisole and

0.5ml of monomer BVB or St were charged to a poly-

merization tube with 3.75mg of CuBr and 12.2mg of
2,2'-Bipyridine (bpy), and then 3.54ul of initiator 1-
Bromoethylbenzene (BEB) was introduced. The tube
was purged with nitrogen for about 5min, then de-
gassed under vacuum and sealed after three cycles
of freezing and thawing. The polymerization was
carried out in an oil bath at 110°C under magnetic
stirring. At an interval of time, the tube was bro-
ken and the contents were dissolved in tetrahydrofu-
ran (THF). The polymer was recovered by precipita-
tion in methanol and was dried overnight in vacuum.
The yield was calculated from the weight of recov-
ered polymer. (3) Synthesis of diblock copolymers
PSt-b-PBVB. The synthetic procedure for the diblock
copolymers was similar to that of the macroinitiator,
except that PSt-Br or PBVB-Br was used as an ini-
tiator instead of BEB. (4) Synthesis of amphiphilic
diblock copolymer PSt-b-PVBA. The diblock copoly-
mer PSt-b-PVBA was obtained by the hydrolysis of
PSt-b-PBVB. The general procedure was as follows:
1.0g of PSt-b-PBVB was dissolved in 10 ml of diox-
ane, then 0.5ml of concentrated hydrochloric acid was
added. The mixture was allowed to react at 85°C for
7h and then was precipitated in hexane. The precipi-
tate was washed with hexane and dried under vacuum
overnight. The removal of the t-butyl group and the
formation of the carboxyl group were confirmed by
'H-NMR.

The property of PS,,,-b-PVBA,, solutions was in-
vestigated in the course of changing different solvents,
increasing pH in aqueous solutions and adding po-
lar salt in ethanol solvents, by means of synchrotron
SAXS. The SAXS data were collected on 4B9A beam-
line at the SAXS station at Beijing Synchrotron Radi-
ation Facility (BSRF).!'5! x-rays were from a bending
magnet, focused in both horizontal and vertical direc-
tions by a Pt coated toroidal mirror, monochroma-
tized by a double S(11) crystal monochromator with
fixed exit. The energy range of the beamline was
3keV to 12keV with 3x10~* resolution when the stor-
age ring was operated at 2.2GeV. In our experiments,
the data accumulation time was 2 min. The angular
range was chosen to provide data from h=0.005A"" to
h=0.15A"1, where the magnitude of scattering vec-
tor h = 4msin¥/A, and 20 and A being respectively
the scattering angle and incident x-ray wavelength of
1.54A. The distance between the sample chamber and
the detector is 1.495m. Two ionization chambers were
The de-
tector for SAXS data collection is the image plate

used to measure the sample transmission.
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(IP) system Fuji BAS-2500, with an active area of
400mm x 200mm and a minimum pixel size of 50um.
The sample cell is a U-type metal groove with dif-
ferent thickness, whose window is made of thin films.
The sample cell was flushed with corresponding sol-
vent at least three times, before a suitable amount
of PS-b-PVBA solution was filled into the cell. Back-
ground scattering from the slit collimator, the solvent,
and the residual air path between the vacuum cham-
ber and the detector was measured and subtracted. It
should be mentioned that all the block copolymer so-
lution were dilute with the concentration of 0.5mg/ml
in this work. Excess SAXS scattering from the copoly-
mer solution was also corrected for the incident beam

decay and sample transmission.

3. Results and discussion

In this work, water, methanol, ethanol and iso-
propanol were used as the selective solvents for PS,,-
b-PVBA,, diblock copolymers. The scattering inten-
sity for PSgg-b-PVBA3g and PS56-b-PVBA g in these
selective solvents was measured at a concentration of

0.5mg/ml. Figure 1 shows the double logarithm plot

of scattering intensity I(h) versus scattering vector
h for PSgg-b-PVBA3g in methanol, ethanol and iso-
propanol. The scattering curve is obtained by sub-
tracting the scattering of the solvent (background
scattering) from the scattering of the copolymer plus
solvent solution, so that we could obtain the informa-
tion on the micellar behaviour of the diblock copoly-

mer.
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Fig.1. SAXS curves of PSgg-b-PVBA3g block copoly-

mer in methanol, ethanol and isopropanol solvent.

Table 1. Structure parameters of PSgs-b-PVBA3g in different solvents.

Solvent < Ré >1/2/nm w a/nm wa/nm Do, Dy
methanol 11.84 0.4 18.01 7.02 2.12 2.79
ethanol 12.25 0.4 18.64 7.46 2.37 2.70
isopropanol 12.97 0.4 19.63 7.85 2.47 2.60

As shown in Fig.1l, the scattering intensity in-
creases as the solvents change from isopropanol to
ethanol and to methanol. It is well known that varia-
tion in scattering intensity is due to the contrast pro-
duced by the difference of electron densities in the
solute and solvent. The scattering intensity may re-
flect the aggregation behaviour of diblock copolymers
in solutions. As we know, the average radius gyration
of the copolymer coils in different selective solvents

can be calculated by using the Guinier equation,°!
I(h) = IeNnQexp[(—Rz/?))hz], (1)

where I, is the scattered intensity per electron, N
is the number of the scatterers, n is the number of
electrons per scatterer. Here the mean square ra-
dius of gyration (RZ) is related to the size and con-
formation of the copolymer in the solution thus it

could be used to characterize any kind and shape

of scatterers,'”) and the results obtained for differ-
ent solvent conditions are listed in Table 1, Table 2
and Table 3. In Table 1, the R, decreases as the sol-
vent changes from isopropanol, ethanol to methanol,
indicating that the PS,,-b-PVBA,, copolymer micella
shrinks in the course of changing these solvents. It can
also be found that the value of R, increases in Table
2 with increasing pH in aqueous solvents, indicating
that the copolymer micella experiences expanding in
the course of increasing pH in aqueous solvents. In
Table 3, R, decreases with the addition of CoCly in
the ethanol solvents, indicating the shrinkage of the
copolymer micella in the course of adding CoCly in
the ethanol solvent. All of these reveal that the av-
erage size of the copolymer coils might be related to
the nature of the selective solvent. Further informa-
tion about the microstructure of the copolymer can
be obtained from the scattered intensity I(h) in the
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ellipsoids of revolution system with the half-axes a, a,

wa, which is given by

I(h) =I,Nn?

X [/ : ¢*(haV/cos? 6 + w? sin? ) cos 66| . (2)
0

To approximate the shape of the scatterers, the pro-
late rod-like scatterers can be looked as prolate ellip-
soid with w > 1 and the oblate discs can be looked as
oblate ellipsoid with w < 1. When w = 1, the scatterer
is spherical and the intensity I(h) is

I(h) = I,LNn?¢*(hR), (3)

sin(hR) — hR cos(hR)]”
(hR)? ’

where R is the radius of the spherical scatterers.

$*(hR) = |3
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Fig.2. (a) Theoretical SAXS curves of long ellipsoid

of rotation with w > 1 and < RZ >1/2=12.97nm; (b)

Theoretical SAXS curves of flat ellipsoid of rotation

with w < 1 and < Rg >1/2=12.97nm.

Thus, from the above equations and the relation
between the average radius gyration R, and the half-

axes a, a, wa,
Ry = a[(2 + w?)/5]%. (5)

The shape of the scatterers can be determined by com-
paring the experimental and theoretical I(h). Figure 2

shows the theoretical logarithmic scattering intensity
plots of I(h) versus h at different w with the same
< Ré >1/2=12.97nm of the copolymer. The experi-
mental data plot cannot fit with any theoretical plots
of prolate ellipsoid with w > 1, but it can fit very
well with the theoretical plot of the oblate ellipsoid
with w=0.4 in small h at 0.5mg/ml of PSgg-b-PVBA3s
copolymer in isopropanol as shown in Fig.3. The ra-
tios of the axes of w of the copolymer aggregates with
different chemical compositions in different selective
solvents are similar in this work, indicating that the

micella is just like a flat disc in the copolymer solution.

Relative intensity/ (log arb.units)

0.00 0.01 0.02 0.03 0.04 0.05
h/A-1

Fig.3. Comparison of theoretical and experimental SAXS
curve of the copolymer with < Ré >1/2=12.97nm.

Aggregation information may be also obtained
from the scattered intensity I(h). The wide h-range
of linear behaviour in Inl versus Inh plots as shown
by experimental SAXS curves is expected when the
scattering intensity is produced by objects with a frac-
tal structure.['®=24] Then the scattering intensity pro-

duced by these objects is given by
I(h) ~h™%, (6)

where « is a positive constant. In this case, the frac-
tal dimension can be determined from the asymptotic
slope of In I(h) versus lnh. Two kinds of fractal dis-
ordered solid or liquid systems have been studied by
small-angle scattering, these fractal systems are called
mass-fractals and surface fractals.!?®! The distribu-
tion of mass M(r) in a mass fractal has the prop-
erty that the mass inside a spherical surface of radius
ris M(r) = MyrP=, where M, is a constant, and
D,, is the mass fractal dimension. For mass fractals
that are connected solids (not made up of isolated
points), the meaningful values of D,, fall in the in-
terval 1 < D,, < 3 and D,, = a. Surface fractals,
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on the other hand, consist of one or more fractal sur-
faces that have a surface fractal dimension D,. When
the area is measured by covering the surface with the
smallest possible number N(r) of balls with radius r
and thus with a cross-sectional area 72, the measured
area A(r) can be written as A(r) = Aor? s, where
Ag is a constant. The meaningful values of D lie in
the interval 2 < Dy, < 3 and D, = 6 — . Thus the
value of a determined by small-angle scattering can be
used to distinguish between mass and surface fractals
in a monodisperse system of scatterers.

The plots of InI(h) versus Inh for PSgs-b-PVBA3g
diblock copolymer in methanol, ethanol and iso-
propanol solvents have been obtained and shown in
Fig.4. The power law behaviour and two kinds of
asymptotic slope of these curves are observed, which is
expected for “self-similar” or fractal structures. Very
similar behaviour is found in other selective solvents,
but the exponent a depends largely on the selective
solvents, and the results are also given in Table 1,
Table 2, and Table 3 for different solvent conditions.
These results are clear indication for self-similar struc-
tures, which is frequently called fractals. Therefore,
the copolymer system consists of two types of frac-
tal systems, the mass fractals and surface fractals.
The mass and surface fractal dimensions are common
for disordered objects and demonstrate self-similar be-
haviour, which is understood as a structure that dis-
plays the same behaviour and is independent of a
length scale. In other words, if two pieces of dif-
ferent sizes are cut from the polymer coil and the
smaller one is optically magnified to equal size, then
the structures appear indistinguishable.[?6! The mass
fractal dimension D,, of 2.12-2.47 is the character-

istic of a copolymer coil that has an internal struc-
ture between a hard sphere (D,,=3.0) and a fully
swollen randomly coiled macromolecule in a thermo-
dynamically good solvent (D,,=2.0).?"] That is to say,
when the copolymer is in methanol, ethanol and iso-
propanol, PSgs-b-PVBA3g diblock copolymer distri-
bution of mass is M (r) = Myr?12=247 where r is the
measured spherical radius, indicating that the mass
fractal dimension D,,, is a measure of the compactness
of the copolymer coils, i.e. the larger the mass frac-
tal dimension D,,, the more compact the structure,
the lower the D,,, and the more open the structure
is. On the other hand, D, of 2.79-2.60 is the char-
acteristic of a copolymer coil that has a rather rough
surface, indicating that the measured area can be writ-
ten as A(r) = Ap(r)7%6=79™ when the copolymer is
in methanol, ethanol and isopropanol. It is easy to
understand that Ds measures the degree of irregular-
The larger the

surface fractal dimension D, the rougher the struc-

ity or the roughness of the surface.

ture is. D,=2 represents a smooth Euclidean surface,
and D,=3 represents a surface so convoluted that it
is space-filling. As can be seen from Table 1, the mass
fractal dimension D,, and the average radius gyra-
tion < Ré >1/2 of the copolymer coils in methanol
is lowest and D; is highest among the three solvents
used. At the same time, the highest value of D,,, and
< Ré >1/2 and the lowest value of D, are achieved in
isopropanol (Table 1), indicating that the copolymer
micellar aggregates are rather small, open and rough
in methanol solvent. From ethanol to isopropanol,
the diblock copolymer aggregates become bigger, more

compact and smooth.

Table 2. Structure parameters of PS56-b-PVBA4g in aqueous solution with different pH.

pH < Ré >1/2/nm w a/nm wa/nm D, Dy
5.4 10.96 0.4 16.67 6.67 2.39 2.98
6.9 11.23 0.4 17.08 6.83 2.26 2.82
8.1 11.69 0.4 17.78 7.11 2.18 2.58

Table 3. Structure parameters of PS56-b-PVBA4g with and without CoCly in ethanol solvent.

Solvent < RZ >1/2 /nm w a/nm wa/nm Dy, D
ethanol 12.16 0.4 18.50 7.40 2.29 2.70
ethanol+CoCla 11.72 0.4 17.83 7.13 2.35 2.90
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10 solvent. The micellar behaviour of the diblock copoly-
8r mer shows a similar dependence on the nature of the
6f solution at the above three processes. However, the
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Fig.5. Plots of In(I(h)) versus Inh in solvent with
different pH for PS56-b-PVBA4s solutions.

The aggregation behaviour of the diblock copoly-
mer changes with the pH value in aqueous solutions,
as shown in Table 2 and Fig.5. Table 2 shows the
structural parameters of PSsg-b-PVBA 5 in aqueous
solution of different pH. The fractal dimensions D,,
and D, decrease with increasing pH, as shown in Fig.5,
indicating the expansion of copolymer micellar aggre-
gations to a rather open and smooth disc form with
increasing pH in aqueous solution. At a higher pH,
the PVBA block is negatively charged, and the aggre-
gates expand due to prevailing negative ion repulsion.
Adding a polar salt in solvents can also influence the
copolymer aggregation behaviour obviously. Figure
6 shows the In(I(h)) versus Inh of PSss-b-PVBAg
in ethanol solvents with and without the presence of
CoClsy, the results are summarized in Table 3. D,
and D, increase with the change in solvent, represent-
ing the shrinkage of copolymer micellar aggregations
to a rather small, compact and rough disc form in
the course of adding CoCl; in ethanol solvent. The
solvent power of the solvent is reduced and the PSsg-
b-PVBA,g chain shrinks due to the complexing reac-
tion of the polar salt with the carboxyl group in the

4. Conclusion

The above SAXS study reveals some striking fea-
tures: (1) The approximate shape of the micellar ag-
gregations is just like flat disc with w = 0.4 in the
selective solvents. (2) Power law behaviour is found
for the scattering intensity I(h) as a function of the
scattering vector for different PS,,-b-PVBA,, copoly-
mers in different solvents. (3) The copolymer micella
in methanol has the lowest fractal dimension D,,, and
average radius gyration < Rg >1/2 and highest D,
among the three solvents used. At the same time, the
maximum of D,,, and < Rz >1/2 and the minimum
of Dy are achieved in isopropanol, indicating that
the copolymer micellar aggregates are rather small,
open and rough in methanol. From ethanol to iso-
propanol, the diblock copolymer aggregates become
bigger, more compact and smooth. (4) The value of
< Ré >1/2 increases with increasing pH in aqueous
solutions. This indicates that the PS,,-b-PVBA,, mi-
celle experience expanding in the course of increasing
pH in aqueous solutions. The fractal dimensions D,,
and D, decrease with increasing pH in aqueous solu-
tions, indicating the expansion of copolymer micelle
to a more open and smooth disc form with increas-

ing pH in aqueous solutions. (5) < Rg >1/2 decreases
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with the addition of CoCls in ethanol solvents, D,,

and D, increase with the change in solvent, indicat-

ing the shrinkage of copolymer micelle to a smaller,

more compact and rough disc form in the course of

adding CoCl, in ethanol solvents.
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