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» By SAXS, micellization behaviors of the AB diblock copolymers were determined.
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We have studied the micellization behavior of tertiary amine methacrylate-based diblock copolymers,
comprising the hydrophobic poly[2-(diethylamino)ethyl methacrylate] (PDEA) and hydrophilic/poly-
electrolyte poly[2-(dimethylamino)ethyl methacrylate] (PDMA) blocks. Revealed by small-angle X-ray
scattering (SAXS) and dynamics light scattering, micelle size of the PDMA,—b—PDEA,, diblock copolymer
in aqueous solution depends sensitively on the comonomer ratio n/m, molecular weight M,,, solution
temperature, and solution pH values. Aggregation number is found to follow an empirical relation of
N « (n/m)l'e, disregarding the molecular mass. With n/m = 0.5, M,, = 12,000, and pH = 7.6, the diblock
copolymer forms spherical core—shell micelles at 23 °C, with a PDEA-core radius of 52 A, a PDMA-shell
thickness of 27 A, and an aggregation number of 127.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Synthesis and micellization behavior of hydrophilic copolymers
and their derivatives have been widely studied since 1990, because
of their environment-friendly processing without organic solvent
and practical applications in pharmaceutical, agricultural and
cosmetic industries via supercritical fluid technologies and nano-
scale engineering [1,2]. Among the studies, water-soluble
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copolymers based on tertiary amine methacrylates [3—12] provide
rich variations and have potential for various applications due to
their stimuli responsive natures. An illustrative example is the
block copolymers of 2-(dimethylamino)ethyl methacrylate and 2-
(diethylamino)ethyl methacrylate monomers (PDMA—b—PDEA)
which can selectively form micelles when the solution pH is
above ~7 [3,8]. Specifically, the amine groups on the side chains of
the both blocks of the PDMA—b—PDEA copolymer are protonated
under acidic environment; thereby the copolymer can dissolve in
aqueous solutions as unimers due to ion-dipole attraction and
behaves as polyelectrolytes. Upon increase of the pH value above
~7, deprotonation of the side chains causes the PDEA block to be
dehydrated and hydrophobic due to steric effect of the two ethyl
groups. Consequently the copolymers form micelles with PDEA-
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cores and hydrophilic PDMA-shells. We emphasize that above
pH = 7 PDEA (pK, around 7.3) undergoes conformational transition
first and forms the micelle cores; further increase of pH value
higher than 8.4 would result the transition of PDMA too (pKg
around 8.4), leading to phase-separation (i.e. precipitation) of
the copolymer from the solution [3—12]. Micellization of the
PDMA—b—PDEA copolymer also has responses to both salt
concentration (ionic strength) in the aqueous solution and solution
temperature, as illustrated previously [13]. Furthermore, inclusion
of a temperature sensitive block of poly[2-(N-morpholino)ethyl
methacrylate], PMEMA, for a triblock copolymer of PMEMA,—b—
PDMA,,—b—PDEA,,, one can modulate conveniently the hydrophi-
licity and hydrophobicity of the tertiary amine methacrylate-based
triblock copolymer by temperature, resulting in thermally revers-
ible micellization in the vicinity of human body temperature for
potential drug carriers [8,14,15].

With fluorescence spectroscopy, dynamic light scattering (DLS),
and small-angle neutron scattering (SANS) [10], micellization of
diblock copolymer PDMA,,—b—PDEA; has been studied in detail
[7—11,13—15] for the dependences of micellization on composition,
structure, molecular mass, solution ionic strength or temperature.
Nevertheless, the dependences of micelle size and aggregation
number of PDMA,;,—b—PDEA,, diblock copolymers on the como-
nomer ratio (n/m) have not been examined systematically. In this
study, using mainly small-angle X-ray scattering (SAXS), we focus
on the micellization behavior of PDMA—b—PDEA diblock copol-
ymer as a function of n/m ratio of the copolymer; dependences on
molecular weight, concentration, and pH value of the solution are
also examined. As a result, SAXS is found to provide a better scat-
tering contrast in resolving the core—shell micelle structure of the
copolymer (formed with smaller molecular mass), not differenti-
ated in the previous SANS study [11]. DLS is also used for consis-
tency check on the micelle size and polydispersity revealed by
SAXS. The aggregation behavior observed for the copolymer
micelles is discussed in terms of effective packing parameters
similar to that used for surfactant micelles.

2. SAXS model

SAXS intensity distribution for colloidal particles can be
modeled with

I(Q) = npP(Q)S(Q) (1)

with the number density ny, form factor P(Q) and structure factor
S(Q). The wavevector transfer Q = 4w 2! sin 4 is defined by the
wavelength A and scattering angle 24. For dilute solutions with little
interparticle interactions, S(Q) is close to unity and may be
neglected [16]. Consequently, the zero-angle scattering intensity at
Q = 0 can be simplified to

10) = (€~ )NV (y — o) )

with the copolymer concentration C, critical micelle concentration
Co, aggregation number N, the volume of the copolymer Vg, and
the scattering length densities of the copolymer and solvent p, and
po (for water p, = 9.43 x 10 A2 0r0.337 e~ A—3)[16—20]. N can be
deduced with the measured I(0) value. Furthermore, for mono-
disperse core—shell micelles, the form factor P(Q) = |F(Q)|?, with

F(Q.Re.Rs) = o [R2(nc — po)Fo(QRe)+ R (0~ po)FolQRy)]  (3)

where Fo(x) = 3x~3(sin x — xcos x) with x = QR or QRy. Here, R is
the core radius; the micellar radius Ry = R; + t, with the shell

thickness t. Here, the scattering length densities of the core and
shell are respectively p. and ps. Furthermore, with the poly-
dispersity in micellar size taken into account, SAXS intensity profile
becomes 1(Q) = (np)(P(Q)), with the averaged form factor
(P(Q)) = (P(Q,n)f(r)). The number density of the scattering
particles np(r) = (np)f(r) is defined by the mean number density
(np) and the Schultz size-distribution function [21].

fr) = (Z+1)Z+1rzexp - (Z:;l)r}/T(z+1) (4)

]
with z > —1, and the mean size r;, width parameter z, and poly-
dispersity p = (z + 1)*1/2. For simplicity, we use the same poly-
dispersity for the core and micelle sizes. Fig. 1 depicts a core—shell
micelle with the defined structural parameters.
Micelle size can also be estimated from the radius of gyration R
extracted from the model-independent Guinier approximation

I(Q)ocexp< - R§Q2/3> (5)

in the low-q regime (R;Q < 1) of an SAXS profile [16].

3. Experimental
3.1. Sample preparation

A series of PDMA,,—b—PDEA,, block copolymers, with n/m
values ranging from 0.25 to 0.78 and a molecular weights M,, of
either ~22,000 or ~12,000 g mol~, were synthesized (summa-
rized in Table 1) as described previously [8]. Samples were dis-
solved in aqueous solutions in the concentration range of 5—
20 mg mL~, using the process illustrated in Fig. 2. Specifically, at
23 °C block copolymer samples of various concentrations were
dissolved in aqueous solutions at a pH value ca. 2—3 by adding HCI
solution, followed by addition of KOH solution for the designated
solution pH values (7.5—8.0) and micellization of the block copol-
ymer. Micellization was first indicated by the color transition of the
sample solutions from transparent to tint blue before SAXS and DLS
measurements.

3.2. SAXS and DLS measurements

SAXS measurements were performed at the beamline 17B3 of
the National Synchrotron Radiation Research Center (NSRRC) [22].

Fig. 1. Core—shell micelle with the core radius R, shell thickness t, micelle radius
Rs = t + R, and the scattering length densities of the core, shell, and solvent, p,, ps, and
po Tespectively.
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Table 1
Molecular weights, degrees of polymerizations (DPn) and comonomer ratios (n/m)
of PDMA,,—b—PDEA,, diblock copolymers.

Sample PDMA,,—b—PDEA, DPn M, M,, My /M, n/m
code  diblock copolymers (m—n) gmol~! g mol!

VB-I PDMAg ss—b—PDEAg4, 70.0—-51.0 20,380 21,600 1.06 0.72
VB-  PDMAgg,—b—PDEAgs; 87.3-43.0 21,630 23,5580 1.09 050
VB-II*  PDMAgg;—b—PDEAg33 44.7—22.0 11,070 12,180 1.10 0.50
VB-III PDMAy 70—b—PDEAg30 84.7—36.3 20,000 22,400 1.12 0.43

VB-IV. PDMAggo—b—PDEAg>o 98.4—24.6 20,000 21,590 1.08 0.25

Sample solutions were respectively sealed in 2-mm (X-ray path
length) cells and measured at 23 °C, using a 10 keV beam of 0.5 mm
diameter. One-dimensional SAXS profiles I(Q) were circularly
averaged from 2D images obtained using a MAR165 CCD detector.
The scattering wavevector Q was calibrated with silver behenate
[22]. The scattering intensity profiles I(Q) were scaled to the
absolute intensity units (cm~!) using a high density polyethylene
standard. The use of absolute intensity is necessary in extracting
the aggregation number of the micelles form I(Q = 0) values. All the
SAXS data were corrected for detector noise, background scattering,
incoming flux, and sample transmission [22]. DLS data were
collected using the Malvern ALV/CGS-3 goniometer system (with
ALV/LSE-5003 Multi-8-serial collector, CAg = 632.8 nm, 22 mV,
Helium-Laser); size and distribution of micelles were deduced from
the observed scattering peak widths and positions.

4. Results and discussion
4.1. Effects of the n/m ratio

Fig. 3 shows the SAXS data for the PDMA;,;—b—PDEA, copol-
ymer, with n/m values in the range of 0.25—0.72, while keeping M,,
~22,000 and pH value ~7.6 at 23 °C. In such conditions, the SAXS
data indicate formation of micelles for all the four cases. Using
Guinier approximation (Fig. 3a) (Eq. (5)), the radius of gyration Ry
(the square root of the average squared distance of each scattering
particulate from its center) obtained for the micelles decreases
systematically from 126 + 5 to 113 £ 5, to 98 + 4, to 85 = 2 Awith n/
m values decreased from 0.72, 0.50, 0.43, to 0.25. Assuming
spherical micelles, the corresponding hydrodynamic radii deduced
are 163, 146, 127, and 110 A. Note that for spherical micelles, the
hydrodynamic radius Ry = (5/3)"/?Rg or Rg/Ry = 0.78, which serves
as an indicator for micellar shape [16]. The data can be fitted
reasonably well using polydisperse spheres with the mean radius
Ry and polydispersity p, as shown in Fig. 3b. From the fitted micelle
size and calculated p, (9.80 x 107% A=) for the copolymer, we
further deduce the aggregation numbers for the micelles, based on
Eq. (2), neglecting the small C, values (in general, smaller than

Unimer
HCl

Diblock copolymer + H,O i:! tll
Micelle lT/KOH

O,

0.02 wt% as reported previously) [8]. Overall, the result shown in
Fig. 3 indicates that increase of n/m value leads to higher hydro-
phobicity of the copolymer, hence, stronger tendency to aggregate
with larger aggregation size and aggregation number.

We have also fitted the SAXS data in Fig. 3b with model shapes
of rod and ellipsoid. The results indicate that polydisperse spheres,
in general, can fit the data better. Nevertheless, the fitted param-
eters from these analytical model shapes of rod, ellipsoid, and
polydisperse spheres, can converge roughly to similar dimensions.
Therefore, we adopt the model of polydisperse spheres to interpret
systematically all the SAXS data in this study. Small-angle X-ray or
neutron scattering (SAXS or SANS) has been often used in revealing
the size and shape of surfactant or polymer micelles of nanometer
sizes [16]; although SAXS-determined sizes and shapes rely heavily
on the non-unique model fitting result, structural information of
nanometer micelles thus extracted provides valuable reference for
micellar structures formed in delicately controlled solution envi-
ronments that are otherwise difficult to access via imaging tech-
niques. Moreover, the micelle sizes obtained from the SAXS data
fitting are consistent with that from DLS, as show in Fig. 3; the
corresponding sizes are summarized and compared in Table 2.

4.2. Effect of molecular weight

With the same pH, concentration, and n/m = 0.5 at 23 °C, but
a reduced M,, ~12,000, the copolymer (VB-II*; cf. Table 1) could
form compact micelles, as revealed by the characteristic core—shell
hump of the SAXS data centered at Q ~0.07 A~ (Fig. 4). Note that
the PDMA and PDEA blocks have differentiable scattering length
densities (10.0 x 1078 A=2 and 9.7 x 107% A=2) for X-rays; the
observable core—shell structure (discernable scattering contrast
between the PDEA-core and PDMA-shell) suggests that the micellar
core should form with more compact PDEA blocks, compared to the
micellar corona or shell formed by the hydrophilic PDMA blocks
stretching relatively well into the solvent. Using the core—shell
model shown in Eq. (3), we could fit respectively the two sets of
SAXS data of copolymer VB-II*, 10 and 20 mg mL~!, adequately
(solid curves in Fig. 4) with the same core radius of R. = 52 £ 5 A,
shell thickness of t = 27 + 3 A (corresponding to a micelle radius
Ry = Re + t = 79 A cf. Eq. (3)); the fitted polydispersity is of a few
percent (cf. Eq. (4)). The corresponding aggregation number
N = 127 4 15 is deduced based on the value of I,, sample concen-
tration, pp and Vgry (9.80 x 1078 A=2 and 17,400 A® for VB-II*), as
that done previously. We have also fitted the same SAXS data with
a core—shell ellipsoid model (dotted curve in Fig. 4); the best-fitted
parameters with nearly identical major and minor axes support the
model of spherical core—shell micelles of VB-II*. Compared to the
aggregation behavior of the PDMA—b—PDEA copolymer VB-II, of
the same n/m value but nearly two times larger M,,, the copolymer
VB-II* apparently forms more compact micelles of a clearer core—

PDMA Block W PDEA Block

'm n
o (o]
(o] (o]
2 Z pH(7.5-8.5)
A
< PDEA-core micelles

PDMA-b-PDEA unimers at pH 7

Fig. 2. Illustrations of sample preparation and micelle formation of PDMA—b—PDEA block copolymers at 23 °C. Note that A and B indicate PDMA and PDEA blocks, respectively.
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Fig. 3. (a) Guinier presentation for the SAXS data (fitted by the dotted lines) of the PDMA,,—b—PDEA,, block copolymer, with different n/m values. (b) The same data are fitted (solid
curves) using polydisperse spheres. (c) Micelle radii (Ry) and polydispersity p obtained from the data fitting. For comparison, consistent radii (within the error bars) obtained for the

micelles from DLS are also shown.

shell structure (Ry = 80 A of VB-II* vs. 146 A of VB-II); presumably,
the more dense chain packing provides a better scattering contrast
for revealing the core—shell structure. The aggregation behavior
may be explained in terms of the packing geometry of the copol-
ymer, as detailed below. We note that there is a defect in the SAXS

Table 2

SAXS and DLS results for Gunier radius Rg, (hydrodynamic) radius Ry, and aggre-
gation number N of PDMA,,,—b—PDEA, diblock copolymer micelles at solution
pH = 7.6. Ry = R, + t for the core—shell micelle model with core radius R. and shell
thickness t is defined for VB-II*.

SAXS DLS

Sample Conc. (M) nfm Rg (A) Ry (A) N Ry (A)
VB-I 0.72 126 +5 163 £ 10 252 4+25 164+ 15
VB-II 050 113 +5 146 + 8 120+ 12 180+ 15
VB-II* 050 61+8 79 + 10 127+15 7145
VB-II* R-=524+5t=27+3

VB-III 043 98 +4 135+ 8 121+12 140 £ 15
VB-IV 025 85+2 108 + 6 46 £ 5 130 =10

data fitting (Q ~0.05 A1) for the higher concentration
(20 mg mL~1) case (Fig. 4), suggesting that the copolymer micelles
might deviate slightly from the model of polydisperse spheres
used. This deviation may be caused by a concentration effect; it is
likely that more crowded micelles in the solution of 20 mg mL™!
induced stronger interactions and could not keep a constant shape
all the time, leading to a smearing in shape-hence the difficulty in
fitting the data with an analytical geometry form factor.
Previously, Borisov and Zhulina have also established a subtle
model based on a mean-field theory for block copolymer micelles
[23,24]. In the model, the free energy of the micelles is modeled in
terms of the polymerization degrees of hydrophilic/hydrophobic
blocks m and n, and several external parameters that control the
interaction strength, hence the structure (chain conformation), in
the hydrophilic corona of the micelles-including, for instance, the
effective second virial coefficient related to the non-electrostatic
excluded-volume interactions and the Coulomb interactions
between the charged monomers. Minimizing the free energy leads
to the structural properties, such as the aggregation number and
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Fig. 4. SAXS data for the aqueous solutions of 20 and 10 mg mL~! of PDMA—b—PDEA
block copolymer VB-III, of a reduced M,, ~12,000. The arrow indicates the charac-
teristic core—shell hump. The data are respectively fitted (solid curves) using the
model of core—shell spherical (52 and 27 A for the core radius and shell thickness)
micelles. The slightly deviation of the fitting curve from the low-Q region data for the
higher concentration solution is attributed to the small effect of interparticle inter-
actions. For comparison, the fitting (dotted curve) with an ellipsoid shape (57 and 47 A
for the semi-major and semi-minor axes of the core and 27 A for the shell thickness)
deviate more from the data (10 mg mL™").

size, for equilibrium micelles. With the free energy expressions for
spherical, cylindrical, or lamellar micelles, according to the respec-
tive packing geometries, morphological transitions of the micelles
between these forms were predicted [23,24]. Especially, structural
characteristics were elaborated based on the ratio £ of shell-
thickness-to-core-radius of copolymer micelles. With £ >>1 for
star-like micelles, spherical form was shown to be favored thermo-
dynamically; with £ <<1 for crew-cut micelles, the increasingly
larger repulsion in the corona might drive relatively easily
a morphological transition to cylindrical or lamellar micelles for
a better conformation entropy of the nonionic core blocks [23]. For
the core—shell spherical micelles of VB-II* (shell thickness = 27 A
and core radius = 52 A), ¢ is ca. 0.5 (but not very much smaller than
unity), implying a tendency for the spherical micelles to transit to,
for instances, elongated rod-like or ellipsoidal micelles at higher
micelle concentrations. This may be revealed by the less satisfactory
SAXS data fitting for the higher concentration solution (20 mg mL™ 1)
with the spherical core—shell model, as shown in Fig. 4.

4.3. Effect of pH

An increase on solution pH directly enhances the degree of the
deprotonation of the PDEA for stronger hydrophobicity, hence
stronger aggregation tendency. Correspondingly, our DLS results
reveal a behavior of increasing micellar size with increase of pH
value (from 7.6 to 7.8) for the PDMA,,—b—PDEA,, block copolymers
(10 mg mL~!) VB-II*; the micelle sizes obtained are summarized in
Table 3. The larger micelles size at higher pH value is attributed to
mainly the larger PDEA-core of higher aggregation number [2].

4.4, Effective packing parameter

Shapes of surfactant micelles are often predicted with the
packing parameter [25,26] defined by

Table 3
DLS results for the pH-dependent micellar radii of PDMA,,—b—PDEA, diblock
copolymers (10 mg mL™').

Sample njm Ry (A)pH =76 Ry (A)pH =78
VB-II* 0.50 71 105
D = vo/(aol) (6)

with [ for the aliphatic (hydrophobic) chain length and a, the head
group area of the surfactant; v, is for the hydrophobic volume of the
surfactant. For surfactants, spherical micelles form with p < 1/3,
whereas rod micelles with 1/3 < p < 1/2 and bilayers with 1/
2 < p < 1[27]. For surfactants with small head groups, the values of
Vo and | can be estimated rather well [27], and the aggregation
structure and morphology transitions can be predicted closely from
the packing parameter, once the value a, is determined (depending
on the interactions between the head groups in the relevant solu-
tion environment).

Here, we attempt to describe a copolymer micelle in terms of
similar packing parameters used for surfactant micelles, as illus-
trated in Fig. 5. For copolymers, however, it is difficult to formulate
the three corresponding parameters of the effective hydrophobic
length [, head group area a,, and hydrophobic volume v, (Fig. 5).
What not well-established are the estimations of the effective a,
and [ values based on the copolymer molecular architecture such as
the polymerization degrees of hydrophilic/hydrophobic blocks m
and n, and the external parameters that control the interaction
strength in the hydrophilic corona of the micelles [23,24]. Here, we
attempt to correlate the structural characteristics of the copolymer
micelles revealed by SAXS to a conceptual packing parameter
analogous to that for surfactant micelles. Such correlations may be
helpful in establishing empirical estimations for the effective a, and
[ values for homologous copolymers.

Fig. 6 shows the growth behavior of aggregation number N
obtained from SAXS for the studied PDMA—b—PDEA copolymers.
The growth behavior of the aggregation number can be fitted well
with an empirical relationship of N « (n/m)'®. Assuming the
micelle core volume is filled completely, the aggregation number
may be determined by

N = (4n13/3)/v0 (7)

as suggested previously [28]. For copolymer micelles, the effective
radius | depends on the chain configuration of the hydrophobic
blocks in the solution and may be approximated by their end-to-
end distance R, in a form of | ~ R, = 2nXl. with the exponent x

Hydrophilic o
(repulsion)

Hydrophobic
(attraction)

Ry

B e T T R 2

q---——————————-——

Fig. 5. Cartoons for a diblock copolymer micelle, characterized by the hydrophobic
length [, junction area of the diblock copolymer a,, micellar and core radii Ry and R,
volume of the hydrophobic block of the diblock copolymer v,,.
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Fig. 6. Dependence of the aggregation number of the studied PDMA,,—b—PDEA,, block
copolymers (with two different M,, values as indicated) on n/m. All data are fitted with
an empirical expression of N = (n/m)".

and a persistence length I.. Here, y describes the chain conforma-
tion in solution; y = 0.5 for Gaussian chain conformation and
x = 0.67 for exclude volume chain conformation [29,30]. Since v, is
still linearly proportional to n, therefore, Eq. (6) leads to N o n®%~1,
Comparing this relation to the empirical fitted relation N « (n/m)",
we obtain y = 0.87, suggesting that the PDEA blocks are relatively
stretched (than excluded-volume chains) in forming the micelles
cores. Furthermore, with the core—shell structure observed for VB-
II*, we could estimate an a, value of 260 A2, based on the core radius
(52 A)and aggregation number (127). Since the packing parameter
requires p < 1/3 for the spherical copolymer micelles, the corre-
sponding [ value for the diblock copolymer should be larger than
73 A, based on Eq. (5). Using | ~ R, = 2n*l, [28], with n = 22 (VB-II*),
x = 0.87, we may deduce a persistence length I >2.5 A for the PDEA
block. With the molecular structure of the PEDA block, the copol-
ymer can easily fulfill the requirement of I, >2.5 A, and form
spherical micelles as observed.

We note that the aggregation number of PDMA—b—PDEA block
copolymer micelles is also inversely linearly dependent on m,
implying non-negligible effects from the hydrophilic PDMA blocks.
Nevertheless, the exact relationship for a quantitative description
of the hydrophilic PDMA blocks on the effective I or a, value, hence
the N value, is not easy to define quantitatively on a theoretical
basis. Similar encountered with surfactant micelles are salt effects
in screening charge interactions of the head groups, leading to
complicate modulations in a,-hence the micelle shape and aggre-
gation number.

There are theoretical models, such as that given by Halperin
[31], Nagarajan & Ganesh [32], or Zhulina et al. [33], that can
include interactions and polymerization degrees of both the
hydrophilic and hydrophobic blocks for predictions of copolymer
micellization behavior. The empirical relation N « (n/m)"® deduced
for the aggregation number of the PDMA—b—PDEA block copol-
ymer micelles is found to be relatively close to the prediction
N « n?/m™ of the model developed by Zhulina et al. for crew-cut
micelles of neutral diblock copolymers [33]. The empirical rela-
tion for aggregation number, however, differs more from the model
prediction by Nagarajan and Ganesh developed for micellization of

diblock copolymers with marked amphiphilicity in a selective
solvent [32].

5. Conclusion

Micellization behavior of the PDMA,;,—b—PDEA,, diblock copol-
ymer have been investigated by using SAXS and DLS techniques.
The micelle sizes of the block copolymer obtained from both SAXS
and DLS studies are consistent. At the pH ranging 7.5—8.0 at
~23 °C, the diblock copolymer forms globular micelles; the
aggregation number grows with (n/m)"®, regardless of the molec-
ular mass. Reducing molecular mass leads to more compact
micelles of a core—shell structure, with PDEA core radius of 52 A,
PDMA shell thickness of 27 A, and aggregation number of 127. The
deduced core—shell structure allows estimations of the effective
hydrophobic/hydrophilic junction area a, and hydrophobic length [
of the copolymer in forming spherical micelles.
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