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Synthesis and Cylinder Microdomain Structures of fractions. Furthermore, the increased asymmetry enhances the
Hybrid Block Copolymers of #-Conjugated and stability of those phases where the stiffer domains are on the
Dendritic Poly(phenylazomethine)s and Flexible and ~ “outside” of curved interfaces. _ _

Linear PEO In this work we report our findings of microdomain structures

of two hybrid diblock copolymers composed of rigid and
dendritic blocks and flexible and linear blocks. Our goal is to

Yang Gao, Xiwen Zhang, Miao Yang, Xinjun Zhang, and understand the influence of the differences in architecture and
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Nankai Unversity, Tianjin 300071, China bones which confer a 2D conformational rigidity and persistent
Gerhard Wegner* molecular shape into block copolymers, while the flexible block

is a hydrophilic poly(ethylene oxide) (PEO) having a molecular
Max-Planck-Institute for Polymer Research, Ackermannweg weight of M, = 2000 g/mol to impart coil conformation and
10, Postfach 3148, D-55128, Mainz, Germany hydrophilicity into the block copolymers. We will concern the
Christian Burger influence of the confirmatory molecular shape of the dendritic

DPA blocks on boundary curvature between two blocks.
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Receied December 17, 2006 Synthesis.The preparation of the hybrid block copolymers

Revised Manuscript Receéd January 26, 2007 is summarized in Scheme 1. Boronic ester-terminated REO
was prepared from etherification of the monohydroxy-PEO with

Introduction an excess amount of 4-boronic ester benzoic acid. The targeted

Most diblock copolymers, which have been widely studied, DPA dendrons have one iodic function at the focal point of the

are composed of two different linear polymer chains joined second §2-2) and third generation_as-Z)._ Aryl iodide was .
together via covalent bonds. It has been demonstrated thachosen as gnchor group b‘?ca‘.ise Mt ea_slly undergoe§ a .SUZUk'
linear—linear diblock copolymers can form a wide range of cross-coupling (SCC) reaction in high yield, even in situations

supramolecular structures from spheres and cylinders OverWhere considerable steric congestion can be expected in the

bicontinuous morphologies to lamellae via a microphase separa-0cus of dendrons.

tion in the melt It is well-known that the most important The synthetic sequence started from hexyl-modified aromatic
parameters controlling the structure formation are the volume Puilding blocks B1, which was obtained via the standard
fraction of two blocks, f,, the Flory-Huggins segmental W|II|a_mson eth(_erlﬂcatlon by 4,’4d|phenyl k_etor_1e and 1-hexyl
interaction parametey, and the degree of polymerizatioN, bromide. Reaction oB1 andB2-1 W|th_ 4,4-diamine benzophe-
When one of the blocks becomes rigid, rezbil block none by the convergent metHodjives the corresponding
copolymers with conformational asymmetry are constructed and Periphery-modified dendrons GBZ-1) and G3 B3-1) with
an additional orientational parameter is induéebhe strong ketones at the focal point. The dehydration reaction82fl
tendency of the rigid block holding ordered packing structures 21dB3-1with 4-iodoaniline converted these aromatic ketones
results in the microphase separation occurring at relatively low INto the corresponding aryl iodidé&2-2 and B3-2.
molecular weights in comparison with flexible block copoly-  The block copolymer#-B2 andA-B3 were prepared by the
mers. Suzuki cross-coupling reaction of boronic ester-terminated PEO
Well-defined architectures of monodendrons and dendrimersA With DPA dendronsB2-2 and B3-2, respectively. The
can self-assemble into spherical or cylindrical supramolecular Structures and purity of the block copolymers were checked by
objects, which can further self-organize into giant crystals. NMR spectroscopy and matrix-assisted laser desorption ioniza-
These studies gives us an opportunity to have an in-depthtion time-of-flight (MALDI-TOF). The 400 MHz'H NMR
understanding of the correlation between the molecular archi- SPectra indicates purity higher than 98%, and the mass spectra
tectures and supramolecular structures via self-organization.€xclude any indication of side products. Especially, there are
Hybrid block copolymers are synthesized by chemically com- ho signals for nonreacted PEO chains.
bining a dendritic block with a linear blockSuch a large Molecular Weight and Distribution . Figure 1 shows the
difference in the molecular architecture of the two blocks has absolute molecular weight and molecular weight distributions
attracted great attention. Theoretical and experimental studiesof block copolymers and pure PEO determined using MALDI-
have targeted to explore the effect of special architectures of TOF. The molecular weight distribution can be assumed to be
dendritic blocks on the microdomain struct@reA theoretical Gaussian. Table 1 lists the number-average molecular weight,
review concerning the impact of the molecular asymmetry, Mn, and the polydispersity index (PDIMw/My, of the three
arisen entirely from their architecture, on the different packings samples. Note tha#l, = 3055 g/mol forA-B2 andM, = 4222
in block copolymer melts has been released recénityhas g/mol for A-B3, andMy/M, is very close to one, meaning a
been found that the unique shape of the dendritic blocks cannharrow distribution of our samples.
manipulate the curvature of the boundary between micro- The volume fractions of the PEO blodk, are also listed in
domains, causing a boundary shift toward lower volume Table 1. Densities of PEO were available from the literafure.
The molecular densities &-B2 and A-B3 were obtained by
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10.1021/ma062881l CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/01/2007



Macromolecules, Vol. 40, No. 7, 2007 Notes 2607

Scheme 1. Synthesis Route
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tion). The densities obtained from calculation and experiment consequently tend to exhibit many conformations possibly
matched consistently. The volume fractions of the PEO blocks including backfolding of the terminal monomers into the cBre.

in both A-B2 and A-B3 can be estimated by the molecular Compared to the relatively flexible backbones of these dendrons,
weights and the densities of both the individual PEO chain and DPAs have a rigidz-conjugated framework, which imparts
the entire block copolymers, respectively. relatively fixed conformation as a wedge-shaped architecture

Molecular Architecture and Properties. To date, several  (see Scheme S1 in Supporting Informatiéh)This stiff

hybrid block copolymers composed of linear and dendritic architecture is a key property for finely controlled self-assembly
blocks have been reported, which can self-organize into orderedbehavior of DPAs and helped to understand the detailed self-
aggregate®.Poly(benzyl ether) (PBE), poly(propyleneimine) assembling process. This can provide us with information about
(P1), poly(amidoamine) (PAMAM), polycarbosilane, and poly- the molecular design strategy for novel self-assembling materi-
(benzyl ester) monodendrons have been used as the dendriti@ls. In our system, the rigid characteristic of DPA monodendrons
building blocks. These dendrons are relatively flexible and is obvious when compared with the focal PEO chains (see
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Figure 1. Molecular weight and its distribution of (#-B3, (b) A-B2,
and (c) PEO 2000 samples determined by MALDI-TOF mass spec-
trometry.
. 0.0 0.5 1.0
Table 1. Basic Compound Parameters of the Samples Used q (nm'l)
~Mn (g/mol)
calcd exp PDI o (g/cn?) 1,5 (%)
PEO 2000 1926 1.08 1.128.228 100 (c)
A-B2 3079 ¢-Na") 3079 1.03 1.11%-1.178 60.0-62.1
A-B3 4300 -K*) 4307 1.01 1.088-1.117 40.7-43.2 - 17.0nm
aDetermined by MALDI-TOF spectrometet The density of amorphous =
and integrated crystal of PEO chafh$.The volume fraction of PEO blocks. 9.52nm
d From calculation according to the literatufe & From our experimert?
Scheme 2) and is expected to have a 2-dimensional structure ¢ . .
; . . : . PRSI 0.0 0.5 1.0
with inherent curvature, which is unique for the rigid-linear q(nm")

diblock copolymers. Besides, the hexane modification of the
dendrons further increases the dissimilarity in polarity between Figure 2. SAXS plots of (a) PEO 2000, (%-B2, and (c)A-B3.
the dendritic and linear blocks. copolymers. The Bragg spacings of the scattering maxima are

Microdomain Structure Characterization by SAXS. Figure indicated in the figure. In all cases, two relatively broad peaks
2 shows SAXS profiles of PEO200®&-B2, and A-B3 block are observed. Thus, an unambiguous structure determination is

Scheme 2. Molecular Architecture of the Block Copolymers
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Table 2. X-ray Diffraction Data for A-B2 and A-B3

lattice d-spacing/nm Miller V@ VP Veell® #
lattice spacing/nm obsd (calcd) indices (nmd) (nmd) (nm3) ud u Uav
A-B2 P2 a=14.7 13.3(14.3,13.7,12.3) (01,10)11 3.7 4.7 156.3 27 21 24
b=153 8.2(8.5) (11)
y =117
A-B3 P6mm a=19.6 17.0 (16.9) (20) 4.6 6.8 98.7 34 23 28
y =120 9.5(9.8) (11)

a Calculated by density based on volume incremé@alculated by density obtained from experimemssuming the height of unit cell as 0.47 rifn.
d u represents the number of molecules within an elementary section of each colushs: Bgu/Veen, the height of the unit cell was assuming as 0.47 nm.

Scheme 3. Microdomain Structure of (a) A-B2 and (b) A-B3
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not possible, and we will resort to structure proposals having B
the highest simplicity and the least number of assumptions. The =
ratio of the two spacings is 2 for PEO2000, clearly indicative = c
of a lamellar structure. =
Block copolymerA-B3 displays a diffraction pattern with
two peaks afj = 0.36 and 0.66 nm" having a peak position
ratio of close to+/3, suggesting the presence of a two- : : :
dimensional hexagonal lattice (Figure 2c) with plane group -30 0 .. 30 60
P6mm These are characteristics of the hexagonal columnar T (C)

(Coly) phase, corresponding to Miller indices (10) and (11), Figure 3. DSC thermograph of second heating flow (left) and cooling

respectively. This reflection pattern corresponds to a 19.6 nm flow (right): (a) PEO 2000, (bp-B3, and (c)A-B2.

intercolumnar distance (a parameter of the hexagonal lattice).

The number ofA-B3 molecules in the hexagonal unit cell was some very low-intensity higher order reflections. The calculated

calculated as 28 molecules per unit cell 283 according to number ofA-B2 molecules in a unit cell is 21.

N = Vm/Veell Thus, a structural change fromR2 oblique columnar to a
Block copolymerA-B2 displays a diffraction pattern consist- P6mm hexagonal columnar arrangement with increasing size

ing of two maxima atgy = 0.47 and 0.77 nm, leading to a of monodendron fromA-B2 to A-B3 was observed in this

peak position ratio of 1.62. This is sufficiently different from  System. A summary of the diffraction peaks and lattice constants

the ideal valuesv'2, v/3, or 2, for highly symmetric 2D for the_se extended block cop_olymers is given in Table 2.

structures, that their presence can be ruled out. In view of the According to the molecular architecture of the block copolymers

2D hexagonal nature of sampdeB3, we propose the presence N Our system and the data from SAXS profiles, the rr_ucrodomam

of an oblique 2D packing of cylinders with an anglez 120° structures ofA-B2 and A-B3 have been presented in Scheme

andy = 90° . This causes the six first-order and the six second- 3:

order reciprocal lattice points of the 2D hexagonal lattice, which, ~ Crystallization and Crystal Structure of PEO Block.

upon powder average, normally £ 120°) would coincide with Figure 3 shows the DSC curves of PEO2000 and two block

the two observed peaks to split up into more or less closely copolymers. The pure PEO sample has a melting temperature

spaced multiplets which can blend into broad peaks that may Tm = 55°C and the enthalpy okH = 171.3 J/mol, so its degree

exhibit characteristic shoulders. For sampkB2, we propose  Of crystallization, x, is 0.89. Those ofA-B3 and A-B2 are

a unit cell with lattice parametes= 14.7 nm,b = 15.3 nm, collected in Table 3. Clearly, they are lower compared to those

andy = 111° (see Table 2), plane grolg2 (Col). Note that ~ of the pure PEO samples.

suggesting three lattice constants from two peaks requires the Figure 4 shows the WAXD profiles of the three samples.

consideration of blended shoulders in the peak shapes and als@wo strong Bragg reflections at92= 18.7 and 22.8 show
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Table 3. DSC Data of PEO2000, A-B3, and A-B2
H  From literature
heating cooling o A-B2and A-B3
Tm (°C) AHc (J/molp xb T (°C) Fitting result
PEO 2000 55.0 171.3 0.89 36.3 —
A-B3 53.0 127.4 0.65 17.3 £
A-B2 47.0 96.3 0.49 12.8 =
aEnthalpy for the PEO block, which is calculated by the following = 104
equation: AH/f7=C, whereAH is the enthalpy from the experimental data
for the whole compound anfj= is the volume fractions of PE®.The
enthalpy of integrated PEO crystallization is 196 J/mol.
100 10I00 10600 100l000

M, (g/mol)

Figure 5. Plot of long periodd of cylinder phase against total molecular
weight of PEO-containing systems: (solid square) collected from
(a) literaturel” (open squarep-B3 and A-B2.

while f, < 0.5 orf, > 0.5. For A-B block copolymers in the
strong segregation regimgN > 100), a theoretical prediction
(b) shows the formation of cylindrical microdomains in the range
0.18 < f, < 0.4 or 0.74< f, < 0.8916
For the block copolymers studied, the volume fractions of
(c) the PEO blocks inA-B2 and A-B3 are 0.61 and 0.41,
respectively. Within such a scope of volume fractions, a lamellar
. . . . . . . . structure would normally be expected for conventional lirear
10 15 20 25 30 linear block copolymer systems instead of a cylindrical structure
20 observed for our system, which also indicates a dominant effect
Figure 4. WAXS patterns of (a) PEO 2000, (8)B3, and (c)A-B2. of the molecular architecture over the volume fraction. The fixed
conformation of the DPA blocks with wedge-shaped architec-
the monoclinic crystal structure of PEO with a cell parameter ture, highly rigid backbone, and persistent structure results in a
of 1.93 nm along the helix axffurther indicating the same  fixed curvature in the interface between the dendritic and linear
structure of PEO crystals in three samples. blocks, which could conceivably constitute a driving force
Influence of DPA Special Architectures on Curved In- favoring formation of cylinder in contrast to the lamellar phase
terface. The formation of cylindrical microdomains is a formed by their counterpart of lineafinear block copolymers.
consequence of the curved interface, which is always associated Linear—linear block copolymer systems containing PEO as
with the molecular asymmetry in geometry. In a low molecular one block have been widely investigatédrigure 5 shows a
mass surfactant system, the formation of supramolecular ag-plot of the long periodd, against the total molecular weight,
gregates depends on the size and geometry of hydrophilicM;, of the PEO-containing block copolymers in which PEO
headgroup and hydrophobic tail (see Scheme 4a). A packingblocks form cylinder microdomain structures. The relation
parametet? P, defined asP = Vy/ado, which describes the  betweend andM; obeys a scaling lawg O M, with . = 0.40
individual molecular geometry & ~ 1 stands for symmetric  + 0.034 (see solid line). The data of the two hybrid block
shape and® = 1 for asymmetric shape, was recommended to copolymers are also placed on this figure. Clearly, the total
predict the aggregate morpholo8yThe theoretical prediction ~ molecular weights of lineatlinear PEO-containing block
shows a spontaneous aggregation to form cylinder micelles atcopolymers whose long periods are nearly identical with our
P = 1/3 to 1/2. For the linearlinear block copolymers, the  system are at least 4 times larger than that of our system. In
microdomain structure depends on the volume fraction of two other words, the cylinder sizes of our hybrid block copolymers
blocks,fy, at fixedyN. It is possible to form a curved interface  are much larger than those of linedinear block copolymers

Intensi

Scheme 4. Local Geometry and the Curvature of Domains and Interfaces: (a) Low Molecular Mass Surfactants, (b) Lineatinear
Block Copolymers, and (c) Our Dendritic—Linear Block Copolymer (A-B2)

(b) (c)
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in the same total molecular weight. This further means a  Supporting Information Available: Synthesis and structure
construction of somehow “hollow” columisdue to the rigid characterization experimental procedures. This material is available
and wedge-shaped architecture of DPA dendrons. This is anothefffée of charge via the Internet at http:/pubs.acs.org.

way to prove the dominant effect of molecular architecture in
DPA dendrons on microdomain structure. References and Notes
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Conclusion
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