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ABSTRACT: A series of poly(n-butyl methacrylate)-block-poly(2-(acetoacetoxy)ethyl methacrylate)s (PBMA-
b-PAEMA) were studied according to the formation of core—shell micelles in dilute cyclohexane solution
(PBMA — shell, PAEMA — core). Although being a strongly segregating system, the appearance of different
shapes of micelles could not appropriately be described by simple space-filling arguments within the geometric
model of Antonietti and Forster et al. [J. Chem. Phys. 1996, 104, 9956—9970]. The model was refined through
introduction of the aspect ratio of the core-forming monomer unit for the calculation of geometric packing

parameters.

Introduction

Homopolymers and block copolymers based on 2-(acetoace-
toxy)ethyl methacrylate (AEMA) are interesting materials in
various aspects. First coming into mind is the high afﬁnity of
B-dicarbonyl chelates toward metals and metal ions.! Polymers
of this kind have therefore great dppllCdthH potential in the fields
of orgamc inorganic hybrid materials®> and biomineralization
processes.” Furthermore, S-dicarbonyl compounds are com-
monly involved in hydrogen-bonding motifs, for example in
biological macromolecules (uracil or thymin in nucleic acids)*
or in synthetic supramolecular assemblies,” producing highly
ordered superstructures. Accordingly, but nonetheless amazing,
a simple PAEMA homopolymer can self-assemble into a com-
plex superstructure like hydrogen-bonded double-helical tube.®

Made possible by the progress in block copolymer synthesis,”®
we started to investigate the colloidal properties and supramole-
cular structures of poly(alkyl methacrylate)-block-poly(2-(acet-
oacetoxy)ethyl methacrylate) (here: alkyl = n-butyl; PBMA-b-
PAEMA) in a systematic fashion.”'® Especially interesting was
the micellization behavior of PBMA-b-PAEMA copolymers in
dilute cyclohexane solution, cyclohexane being a selective solvent
for PBMA. Estimation of the Flory—Huggins interaction para-
meter from the solubility parameters of BMA and AEMA, which
were obtained from group considerations, yielded y ~ 0.8. i This
high value of y indicates that the PBMA and PAEMA segments
are highly incompatible and further suggests that block copoly-
mers with a sufficiently high number of repeating units (N) might
exhibit a phase behavior which is referred to as the super strong
segregation limit (SSSL; yN > 100)."* Accordingly, the micelliza-
tion behavior of PBMA-b-PAEMA should be well described by
the geometrical model of strongly segregatmg block copolymers
introduced by Forster and Antonietti."*'* However, the model
failed to predict the different shapes of PBMA-b-PAEMA
micelles, which were observed by dynamic and static light
scattering (DLS and SLS) and scanning force microscopy
(SFM). The aim of the present work is to introduce a refinement
of the Forster—Antonietti model for an appropriate description
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of micellization behavior of PBMA-b-PAEMA in dilute cyclo-
hexane solution.

Experimental Part

Materials. Solvents and chemicals were purchased from
Sigma-Aldrich with the highest purity grade available and were
used as received. Deuterated solvents (>99.8% D) were pur-
chased from Deutero GmbH (Kastellaun, Germany).

PBMA-b-PAEMA copolymers (seven samples) were prepared
according to two different procedures described in detail
elsewhere.”® The first method’ involved the azeotropic esterifi-
cation of PBMA-b-PHEMA (HEMA = 2-hydroxyethyl metha-
crylate), which had been prepared by sequential bibenzoate-
catalyzed group transfer polymerization (GTP) of BMA and
TMSHEMA (TMS = trimethylsilyl) in tetrahydrofuran (THF)
and subsequent acidic hydrolysis of TMS protecting groups,
with zert-butyl acetoacetate in a benzene—water mixture. The
acetoacetylation of hydroxyl groups was virtually quantitative
(>95%; "H NMR) without touching the narrow molecular
weight distribution of the starting material (apparent polydis-
persity index, PDI ~ 1.1; size exclusion chromatography
(SEC)). The PBMA precursors were analyzed by SEC in THF
using a PBMA calibration curve to obtain the absolute number-
average degree of polymerization of BMA (Ng). The mole
fraction of AEMA (fa) in the copolymer samples was deter-
mined by '"H NMR in CDCls, considering the characteristic
signals at 06 = 2.27 (AEMA, —C(O)—CHs;) and 3.92 ppm
(BMA, —OCH,—), to calculate the number of AEMA units
(Na = Ng/(fa~' = 1)). The second method® employed was the
sequential RAFT radical polymerization of AEMA and BMA,
producing a block copolymer with a PDI ~ 1.1. The numbers of
repeating units Ny and Ny were determined by "H NMR end-
group analysis in CDCl;. The main characteristics of all samples
are summarized in Table 1 (samples 1, 2, 4, 5, 6, and 7 were
synthesized by GTP/acetoacetylation, sample 3 by RAFT radi-
cal polymerization).

Instrumentation and Methods. '"H NMR spectra were re-
corded at 25 °C on a Bruker DPX-400 spectrometer operating
at 400.1 MHz. Signals were referenced to that of traces
of nondeuterated solvent arising at 6 = 7.24 (chloroform),
1.44 (cyclohexane), or 2.62 ppm (dimethyl sulfoxide, DMSO).
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Table 1. Molecular Characteristics of the PBMA-h-PAEMA Diblock
Copolymers 1—7 (Synthesized by GTP/Acetoacetylation, 3: RAFT
Radical Polymerization) under Investigation”

sample fa Np Na M,V kg mol '] PDI
1 0.07 311 22 48.9 1.26
2 0.10 342 39 57.0 1.05
3 0.13 206 30 35.7 1.10
4 0.14 163 27 28.9 1.15
5 0.15 58 10 9.9 1.07
6 0.22 80 22 16.0 1.03
7 0.45 74 60 23.4 1.09

“ fa: mole fraction of AEMA; N, Ng: number of AEMA and BMA
repeating units, respectively; M,": number-average molecular weight;
PDI: polydispersity index), as determined by '"H NMR and SEC.

Size exclusion chromatography (SEC) was performed at
25 °C in THF or chloroform as the cluent at a flow rate of
1.0 mL min~". Either column set consisted of three MZ-SDplus
5 um columns (10°, 10°, 10° A); UV and DRI detectors were
employed. Calibration was done with PBMA standards (PSS,
Mainz, Germany).

Static light scattering (SLS) experiments were carried out at
20 °C with a frequency-doubled Neodym-YAG laser light
source (Coherent DPSS532, intensity 300 mW, 4 = 532 nm),
an ALV goniometer, and an ALV-5000 multiple-tau digital
correlator (ALV GmbH, Langen, Germany). Measure-
ments were performed on 0.1-0.4 wt % (1—6) or 0.005—
0.00625 wt % (7) polymer solutions at scattering angles from
(15°) 30°—150° at 3° intervals. Data were evaluated by a
standard Zimm analysis to provide the molecular weight (M)
of aggregates, radius of gyration (R,), and second virial coeffi-
cients (A4,). Refractive index increments dn/dc were measured
using an NFT-Scanref differential refractometer operating at
A = 633 nm. Dynamic light scattering (DLS) experiments were
carried out on a spectrometer consisting of an argon ion laser
(A = 488 nm, 30—600 mW; Coherent Innova 300), a self-
constructed goniometer, a single photon detector (ALV
SO-SIPD), and a multiple-tau digital correlator (ALV 5000/
FAST). DLS autocorrelation functions were measured at dif-
ferent polymer concentrations (see above) and scattering angles
(30°, 50°, 70°, and 90°). Measured autocorrelation functions
were evaluated with the program FASTORT.EXE.'® From the
obtained diffusion coefficients, hydrodynamic radii (Ry,) were
calculated using the Stokes—Einstein equation.

Scanning force microscopic (SFM) investigations were
performed with a Nanoscope Multimode IIla (Digital Instru-
ments, Santa Barbara, CA) employing silicon cantilevers (k =
42 N m™'; Olympus Optical Co. Ltd., Japan). Specimens were
prepared by spin-coating 0.15 wt % polymer solutions on mica
and were scanned in the tapping mode at a resonance frequency
of 300 kHz.

Results

Initial SEC and 'H NMR studies suggested that chloroform
and tetrahydrofuran (THF) are nonselective solvents for PBMA-
b-PAEMA,; i.e., no aggregation occurred in these solvents.
Cyclohexane and dimethyl sulfoxide (DMSO), on the other hand,
were found to dissolve selectively one or the other block segment.
In cyclohexane, only the NMR signals of PBMA and none of the
PAEMA protons could be observed (Figure 1), suggesting the
presence of aggregates with a PBMA solvating corona and an
insoluble PAEMA core. Aggregates with the inverse structure
seem to be formed in DMSO, as only the proton NMR signals of
the PAEMA could be detected (spectrum not shown). In the
following, we will focus on studies in dilute cyclohexane solution.

Dynamic light scattering (DLS) was applied to investigate
the aggregates of PBMA-b-PAEMA with respect to their
hydrodynamic radius (Ry). Measurements were performed on
0.1-0.4 wt % solutions of the samples 1—6 in cyclohexane
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Figure 1. "H NMR spectra (400.1 MHz) of PBMA-b-PAEMA sample
7 in CDCl; (top) and C¢Dj5 (cyclohexane-d;,, /| = solvent) (bottom).

Table 2. Experimental Results for Hydrodynamic Radii (R},), Radii of

Gyration (R,), Aggregation Numbers (Z), and Second Virial Coeffi-

cients (4,) of PBMA-b-PAEMA Micelles 1—7 in Dilute Cyclohexane
Solution, As Obtained by Light Scattering (DLS and SLS)

R, R, Ay x 10
sample [nm] [nm] Ry/R, Z [mol em 2 g% shape of micelles
1 28 22 0.79 101 0.15 spherical
2 32 26  0.81 342 0.15 spherical
3 31 24 077 311 0.12 spherical
4 17 n/a n/a 114 1.00 spherical
5 11 n/a n/a 93 0.14 spherical
6 12 21 1.75 120 —-1.5 spherical/cylindrical
7 49 54 1.10 1025 —81.4 cylindrical

(T = 20 °C). In the case of sample 7, the sample with the highest
mole fraction of AEMA (fa), the concentration had to be
reduced down to 0.005—0.00625 wt % in order to avoid pre-
cipitation. Since the glass transition of PAEMA occurs at about
+3 °C,? the aggregates formed by 1—7 in cyclohexane at room
temperature were considered to be equilibrium structures.

DLS showed the presence of micellar aggregates with R, =
11—49 nm (see Table 2). Seemingly, the concentrations of
solutions 1—7 were chosen to be well above the critical micelliza-
tion concentration (cmc; not determined). All measured particle
size distributions were found to be monomodal, and virtually
the same values of R;, were obtained irrespective of scattering
angle and concentration. Static light scattering (SLS; see a typical
Zimm plot in Figure 2) provided information on the radius of
gyration (R,), the second virial coefficient (45), and the weight-
averaged molecular weight (M,,) of aggregates of 1—7 in
cyclohexane. We assume no fractionation effects in the micelles,
so the sum of the molecular weights MV of unimers forming
an individual micelle of molecular weight M can be expressed by
the number-averaged molecular weight M, of the unimers,
M = Y2 MY = ZM, D, The weight-averaged aggregation
number thus results as Z = M/M,". Data are summarized in
Table 2. Aggregates of 1—6 (f5 < 0.22) are spherical micelles, and
those of 7 (fao = 0.45) are cylindrical micelles, as evidenced by
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Figure 2. Zimm plot obtained for 0.1—0.4 wt % micellar solutions of
PBMA-b-PAEMA sample 3 in cyclohexane (7" = 20 °C).

Figure 3. SFM amplitude images of the micellar aggregates of 2, 6, and
7, spin-coated from cyclohexane solution on mica. Scale bars = 100 nm.

SFM (see images in Figure 3). The structure is confirmed by the
characteristic values of Ry/Rj, for most samples. For 6, the
negative value of 4, and Ry/R;, > 1 indicate that the solution
morphology of these micelles deviate from a spherical shape. In
fact, in the analysis presented in the discussion section, 6 turns out
to be right at the transition between spherical and wormlike
micelles. The length of cylindrical micelles 7 could be determined
from a Holtzer plot to be ~240 nm.

Discussion

Regarding the high value of the Flory—Huggins interaction
parameter y, it appears adequate to discuss the micellization
behavior of PBMA-h-PAEMA copolymers in the framework of a
model introduced by Antonietti and Forster.'*'* This model,
which is based on a theoretical work of Zhulina and Birshtein,'®!”
describes spherical micelles in the strong segregation limit. Here,
the strong enthalpic repulsion of the two blocks of A and B
monomers leads to a narrow interface between a nearly pure core
composed of the insoluble blocks A and the corona formed by the
soluble blocks B. Because of the sharp boundaries, the size of
the spherical core is determined by space-filling arguments
leading to a scaling relation Z o< N of the aggregation number
Z with the number N5 of monomers in block A. It is noteworthy
that a nonspherical morphology or a weak segregation would
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Figure 4. Plot of the aggregation number of block copolymer micelles
(Z) as a function of the number of repeating units of the soluble
block (Np™®) and the insoluble block (NA?) (according to eq 1):"
circles: PBMA-b-PAEMA /cyclohexane (this work: samples 1—6
(closed) and 7 (open)); triangies: PS-b-P4 VP/toluene;'® squares: PS-b-
PMAA /dioxane—water 80:20 (v/v).'8

give an exponent of less than 2. The corona on the other hand side
is considered as tethered chains, and the area b* per chain depends
just weakly on the number Ny of monomers in block B. The
scaling relation

Z = ZyNA*2Npl =708 (1)

has experimentally been confirmed for several block copolymers
and low molecular weight surfactants."”® Figure 4 shows the
scaling plot for the spherical micelles 1—6 in cyclohexane and,
for comparison, for the spherical micelles of polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) in toluene (triangles) and poly-
styrene-block-poly(methacrylic acid) (PS-»-PMAA) in dioxane—
water 80:20 (v/v) (squares). It can be seen that the aggregation
numbers of PBMA-b-PAEMA micelles follow the scaling beha-
vior givenineq 1 with Z, = 16.6 £ 1.2 but are substantially larger
than in the other two micellar systems. Surprisingly, however, the
same scaling law seems to hold true for the cylindrical micelles 7
(open circle in Figure 4).

From simple geometric considerations, the volume and inter-
face area of a spherical PAEMA core with a radius R, are given as

(4/3)7R.> = ZNava (2)

4R’ = Zb’ (3)

va = Ma/(paNy) is the molar volume of an AEMA monomer
unit (M, = 214.22 g mol ™ ': molar mass of AEMA, p,: specific
density of the PAEMA core, Ni: Avogadro’s number). Specific
densities are accessible from refractive index increment measure-
ments (see Appendix). > denotes the area of a polymer chain at
the core—corona interface, and b is the interchain distance.
Values of R and b, which were obtained for 1—6, are summarized
in Table 3.

From eqs 2 and 3, the aggregation numbers are calculated by

Z =36aNA*va’h~° (4)

According to results of Forster et al.,'? the interchain distance b is
determined by the number of repeating units of the soluble block
(Np):

b = byNg* (5)



4260 Macromolecules, Vol. 42, No. 12, 2009

Table 3. Characteristics of the PAEMA Core of PBMA-b-PAEMA
Spherical Micelles 1—6*

sample V, [nm?] R, [nm] b? [nm?] b [nm] A

1 613 53 3.5 1.9 0.11
2 3650 9.6 3.4 18 0.11
3 2613 8.5 2.9 1.7 0.13
4 862 59 3.8 1.9 0.14
5 280 4.1 2.3 1.5 0.18
6 739 5.6 33 1.8 0.16

9V, = ZNava: volume, R.: radius, b% area per polymer chain at the
core—corona interface, b: interchain distance, A: geometric packing
parameter (eq 7; Ay = 0.53, & = 2/195).
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Figure 5. Plot of the interchain distance (b) vs the number of repeating
units of the soluble block (Ng). Linear regression of data points yields
e = 0.08 £ 0.05 as the slope of solid line; the dashed line has a slope of
the theoretical value e = 2/15.

For samples 1—6, it was found by = 1.6 £ 0.1 nmand ¢ = 0.08 £+
0.05 (see the corresponding bilogarithmic plot in Figure 5). The
value of by is reasonable for block copolymers,'® but that of ¢
appears to be too low (theory demands & = /6 = 2/15~ 0.13)'¢"7
and is also afflicted with a large experimental error. As will be
seen below, the prediction of packing parameters and shapes of
aggregates (eq 7) relies very much on the value of e—we
will therefore continue the discussion using the theoretical value
of 2/15.
The Z, parameter (eq 1) can be written as

Zo = 36ava’hy ¢ = 36mA,} (6)

with Ag = v42hy > = 0.53 % 0.03 as a dimensionless intrinsic
packing parameter. A, is related to the geometric packing
parameter A introduced by Israelachvili'® through

A=v(al) ™" = (Nava) (B Nava ) ™' = va3p 72
= A()NB728 (7)

For surfactants, v/(al) is calculated from the optimal headgroup
area a, the volume v, and the contour length / of the hydrocarbon
chain. For block copolymers, it is considered v = Nava, a = b,
and [ = Nava 313

Knowing the value of A makes it possible to predict the shape
and size of a surfactant or block copolymer micelle. Depending
on A, they will form spherical micelles (A < 1/3), nonspherical or
cylindrical micelles (1/3 < A < 1/2), bilayers or vesicles (1/2 < A < 1).
Equation 7 describes the scaling of A with Ng. Only if a block
copolymer system exhibits a high enough A, above 1/3, a
transition of the micellar shape can be achieved upon variation
of Ng. Table 4 lists the results for Z, and the resulting A, (via eq 6)
for the block polymer systems displayed in Figure 4. Among these
samples, only PBMA-H)-PAEMA can show a shape transition
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Table 4. Scaling Prefactor Z, and the Resulting Intrinsic Packing
Parameter A, for the Three Block Copolymer Systems Displayed

in Figure 4
block copolymer system Zy Ao
PBMA-b-PAEMA /cyclohexane 16.6 0.53
PS-b-P4 VP/toluene 1.3 0.23
PS-b-PMAA /dioxane—water 80:20 (v/v) 0.17 0.11
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Figure 6. Plot of the geometric packing parameter (A) vs the number of
repeating units of the soluble block (Ng) for PBMA-b-PAEMA micelles
1—6 in cyclohexane; the line was calculated according to eq 7 using
Ay = 0.53 and ¢ = 2/15.

within the strong segregation limit. From a molecular point of
view, the bulky side chain of the insoluble PAEMA (see Figure 1)
results in a high molar volume v, with no effect on the core radius
R, while the side chain of the soluble PBMA is less bulky and
therefore % is low. The result is a high value of A,.

For 1-6, it was obtained A = 0.11—0.18 (see Table 3), and
micelles should therefore all have a spherical shape; this finding is
consistent with results from DLS/SLS and SFM measurements.
As predicted by eq 7 using Ag = 0.53 and ¢ = 2/15, the transition
from spheres to cylinders should happen when Ny = 6 (see the
solid line in the bilogarithmic plot of A vs log Ny in Figure 6).
Cylinders should be formed if 1 < Ny < 6 and bilayers or vesicles
if Ng = 1. The existence of cylindrical micelles formed by 7 with
Ny = 74, clearly seen in the SFM image in Figure 3, is thus not
supported by the Antonietti—Forster model.

For the sake of simplicity, Antonietti and Forster calculated
the packing parameter A employing / = Navs'" as the length of
the core-forming block segment (cf. eq 7); i.e., monomer units
were considered to have a cubical shape, which is certainly not
true for AEMA. For local packing issues, however, it is indis-
pensable to distinguish between long monomers with a small side
group and short monomers with a large side group. The aspect
ratio, which is the ratio of segment lengths parallel and perpen-
dicular to the chain axis, appears to be a suitable parameter for
describing the geometry of a given monomer unit. It can be
expressed as

o' =Ly (8)

with L = [./Np = 2.6 A as the contour length of the (a/l-trans)
AEMA unit. Equation 7 then transforms into
A= (]\//\1//\)([72]\7/%[,)71 = (VA2/3[772)(1/A1/3L71)
_ (VA2/3b72)0_71/3 :071/3A0NB726 (9)

As can be seen from the plots in Figure 7, the aspect ratio of the
insoluble monomer has considerable impact on the “phase
diagram” of block copolymer micelles; the smaller the value of
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Figure 7. Plot of the geometric packing parameter (A) vs the number of
repeating units of the soluble block (Np) for different aspect ratios (o)
of the insoluble monomer; lines were calculated according to eq 9 using
Ay = 0.53 and ¢ = 2/15.

0", the more the shape transition points are shifted to higher Ny
The transition from spheres to cylinders between Ng = 80
(6, spherical micelles) and 74 (7, cylindrical micelles) would be
predicted for o' ~ 0.5; the calculated aspect ratio of AEMA is
0" = 0.4 (eq 8). Hence, within experimental errors, this refined
Antonietti—Forster model (eq 9) can quantitatively handle the
shape transition observed for PBMA-b-PAEMA aggregates. It
should be generally applicable to any strongly segregating block
copolymer system in a selective solvent.

Conclusion

Poly(n-butyl methacrylate)-block-poly(2-(acetoacetoxy)ethyl
methacrylate) (PBMA-h)-PAEMA) was found to aggregate into
spherical or cylindrical micelles, depending on composition, in
dilute cyclohexane solution. Although being a strongly segregat-
ing system, the appearance of the different shapes of micelles
could not appropriately be described by simple space-filling
arguments as proposed by the Antonietti—Forster model.
Refinement of this model involved consideration of the aspect
ratio of the core-forming monomer unit (here: AEMA) for the
calculation of packing parameters. For strong segregation, bulky
side chains in the insoluble block (here: AEMA) and the absence
of bulky side chains in the soluble block (here: PBMA) are the key
concept to design a block copolymer system which shows shape
transitions upon a variation of the soluble block length.
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Appendix

Determination of the Density of the Core of Micelles from
Refractive Index Increment Data. The refractive index n of a
dispersion of particles A with refractive index n4 and density
pa in a solvent of refractive index n is the volume average

n =noy + (na —no)ma/(paV) (A-1)

of the refractive indices of the constituents, where V is the
total volume and m4 is the mass of the particles A. Since
ca = ma/V is the concentration of A, a comparison with
the definition of the refractive index increment n = ny + ca
(dn/dc)a directly gives

pa = (na —no)/(dn/dc), (A-2)
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Table 5. Measured Refractive Index Increments (dz/dc) for PBMA-b-
PAEMA Micelles 1—7 in Cyclohexane and Calculated Refractive
Index Increments ((dr/dc),) and Densities (p,) of the PAEMA Core

sample dn/de [em? g (dn/dc)a [em® g ] pa lg cm )
1 0.0545 0.053 1.29
2 0.0582 0.079 1.30
3 0.0553 0.058 1.29
4 0.0534 0.048 1.27
5 0.0472 0.019 1.18
6 0.0531 0.049 1.27
7 0.0690 0.081 1.34
The missing refractive index
na® = (Ma/ps +2Ru)/(Ma/pa —Rn) (A-3)

is determined from ps and the molecular weight M4,
where the molar refraction Ry is calculated by summing
up tabulated values for the individual chemical groups
constituting the polymer.?® The value for AEMA is Ry =
48.36 N4 cm> mol ™!, where N is the number of monomers in
a polymer chain. Inserting (A-3) in (A-2) results in an implicit
equation for p. This equation is equivalent to the root of a
third-order polynomial which was determined numerically.
The refractive index increment of the bare core (dn/dc), is
calculated from the total index increment

dn/dc = wa(dn/dc), +wg(dn/dc)y (A-4)

and the index increment (dr/dc)g of the shell polymer B,
where wa and wg are the weight fractions of A and B in the
polymer. A measurement of PBMA in cyclohexane gave
(dn/de)g = 0.0546 cm® g~ '. Results for PBMA-b-PAEMA
samples 1—7 are summarized in Table 5.
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