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Introduction. Shape persistent cylindrical macro-
molecules of high directional persistence are of increas-
ing interest because they may well serve as building
blocks for the formation of well-defined macromolecular
assemblies. Besides intrinsically stiff polymers or poly-
mers with a helical superstructure, also flexible chains
may exhibit a large directional persistence if densely
decorated with linear or dendritic side chains.1~12

In such structures the intrinsically flexible main chain
is stretched by the steric repulsion of the densely grafted
side chains. The experimental results are in qualitative
but not in quantitative agreement with recent computer
simulations!®1* which also predict an intramolecular
phase separation to occur in statistical copolymac-
romonomers with incompatible side chains.1®

In the present communication we describe the first
experimental realization of statistical copolymer cylin-
drical brushes and provide evidence for intramolecular
phase separation to occur, which results in shape
variations of single macromolecules from wormlike to
horseshoe or meanderlike structures.

Experimental Section. The PVP and PMMA mac-
romonomers were prepared anionically and by GTP,
respectively, as described elsewhere”9(see also Support-
ing Information). The molar mass characterization by
MALDI-TOF and the degree of end-functionalization
determined by NMR are given in Table 1.

Some MALDI-TOF and NMR spectra of the mac-
romonomers are shown and discussed in the Supporting
Information.

The sample code for the macromonomers consists of
the end group (MA = methacrylate) followed by the
abbreviation of the polymer (PVP or PMMA) and by the
degree of polymerization Py,.

Both macromonomers were copolymerized to cylindri-
cal copolymer brushes by free radical polymerization
according to Scheme 1. It is important that the reaction
mixture remains homogeneous during the polymeriza-
tion.1® The composition of the resulting copolymers as
revealed by NMR is within experimental error identical
to the monomer feed composition irrespective of conver-
sion which represents strong evidence for a statistical
copolymerization (see Table 2). For the copolymers the
additional first number in the sample code gives the
mean fraction of the respective macromonomer in
weight percent. The characterization techniques (static
and dynamic light scattering, AFM) are described in
detail in the Supporting Information. To enhance the
incompatibility between the side chains, both cylindrical
copolymer brushes were quaternized by ethyl bromide
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Table 1. MALDI-TOF Characterization of the
Macromonomers and Degree of End-Functionalization f
Determined by NMR

macromonomer Mpn/g mol—1 Pn Mw/Mp f (%)
MA-PVP47 5078 46.7 1.04 75
MA-PMMA35 3732 35.3 1.08 70

Scheme 1. Radical Copolymerization of
Macromonomers
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(see Supporting Information). Sample 22PVP47-co-
78PMMA35 was quaternized to 50%, yielding sample
22PVPA47-co-78PMMA35-QEB50, and sample 73PVP47-
c0-27PMMA35 to 70%, yielding sample 73PVP47-co-
27PMMA35-QEBT70.

Results and Discussion. The neutral and the quat-
ernized copolymer brushes were investigated by static
and dynamic light scattering. The Zimm plots of the
neutral copolymers are given in the Supporting Infor-
mation. The resulting weight-average molar mass, the
square root of the mean-square radius of gyration
[$23'? = Ry, and the reciprocal z-average of the inverse
hydrodynamic radius [(1/Ry0" ! = Ry are given in Table
3. Itis recognized that the dimensions of the cylindrical
copolymer brushes hardly change upon quaternization.
Because of the missing refractive increments dn/dc, the
molar masses of the quaternized samples are not given
in Table 3. However, with estimated values of dn/dc the
molar masses correlate well with those calculated from
the molar mass of the precursor polymers and the
degree of quaternization. The results show that quat-
ernization leads to somewhat larger radii of the copoly-
mer brushes, thus excluding contraction of the quater-
nized polymers in those solvents from which they were
spin-cast for AFM measurements, which are discussed
below.
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Table 2. Preparation and Composition (w/w) of the Copolymacromonomers

polymacromonomer feed composition

conversion (%) polymacromonomer composition

22PVPA47-co-78PMMAS5 79% PMMAZ35
21% PVP47
30% PMMAS35

70% PVP47

73PVP47-co-27PMMA35

50 78% PMMAZ35
22% PVP47
26 27% PMMA35

73% PVP47

Table 3. Light Scattering Results of the Copolymacromonomers in DMF and AFM Results (Lw, Ln) of the Samples
Spin-Cast from CHCI; Solution onto Mica

polymacromonomer My/10% g mol—t Rg/nm Rn/nm Lw/nm Ln/nm
22PVP47-co-78PMMA35 1.2 29.9 19.4 52 32
22PVP47-co-78PMMA35-QEB50 33.1, 31.92 20.7, 20.02
73PVP47-c0-27PMMA35 4.54 54.9 40.1 143 75
73PVP47-c0-27PMMA35-QEB70 58.8b 42.5P

a Measured in CHCIs. P Measured in H,0.

The most striking difference between the neutral and
ionic cylindrical copolymer brushes is observed by AFM
in the dry state as shown in Figures 1 and 2. For the
neutral copolymers spin-cast from CHCI; onto mica
wormlike cylinders were observed for both sample
22PVPA47-co-78PMMA35 (Figure 1la) and sample 73P-
VP47-c0-27PMMAS35 (Figure 1b). The AFM pictures
qualitatively confirm the light scattering results that
sample 73PVP47-co-27PMMA35 has a significantly
higher molar mass than sample 22PVP47-co-78PM-
MAS35. From Figure la,b the mean length of the
cylindrical copolymer brushes, L, and L,, may be
determined, the values of which are included in Table
3. By comparing the L,, values to the weight-average
molar masses, the cylinder length per monomer | is
calculated to be 0.17 and 0.15 nm, respectively, the
difference being within the experimental error of about
+20%. This is in qualitative agreement with earlier
results obtained in solution®'” and in the dry state.”®

However, strongly curved structures are found for the
respective ionic cylindrical brushes. Figure 2a shows
sample 22PVP47-co-78PMMA35-QEBS50 spin-cast from
CHCIj3 solution onto mica. Because of the short length
of the polymers, mostly “horseshoelike” structures are
observed along with some “question marks” for the
longer molecules. The hydrophilic sample 73PVP47-co-
27PMMA35-QEB70 spin-cast from aqueous solution
onto mica is shown in Figure 2b. Because of the large
contour length of the cylindrical brushes and/or because
of the relative side chain lengths of the PVP and PMMA
moieties, meanderlike structures are being formed,
which seem to exhibit a somewhat smaller curvature
radius as compared to sample 22PVP47-co-78PMMAS35-
QEB50 as discussed below

It should be noted that the observed shape change is
not correlated with the density of the absorbed mol-
ecules at the surface, which depends on subtle effects
like the concentration of the solution utilized for spin-
casting, the evaporation speed of the solvent, and the
polymer/substrate interaction. As concerns the latter
point, both the unquaternized and quaternized PVP and
PMMA seem to exhibit attractive interactions with
mica. A qualitative measure for this interaction is the
tendency to obtain single separated molecules at the
surface as opposed to monolayer island formation. The
latter is a good indication for repulsive interaction,
which is almost always observed for polystyrene cylin-
drical brushes.?

The tendency of unquaternized and quaternized PVP
as well as of PMMA to adsorb as single chains when
spin-cast from various solvents indicates an attractive
interaction of all components of the polymer brushes

Figure 1. AFM micrograph (height image) of 22PVP47-co-
78PMMAZ35 (a, top) and of sample 73PVP47-co-27PMMA35 (b,
bottom) spin-cast from CHCI; solution onto mica.

with mica. Thus, a specific solvent effect on the strength
of adsorption of the components of the copolymer
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Figure 2. (a, top) AFM micrograph (height image) of 22PVP47-
co-78PMMAS35-QEB50 spin-cast from CHCI; solution onto
mica. The inset shows the magnification of a single horseshoe-
shaped brush. (b, bottom) AFM micrograph (height image) of
sample 73PVP47-co-27PMMA35-QEB70 spin-cast from H,O
solution onto mica. The inset shows the magnification of
meandering cylindrical brushes.

brushes is considered to be of minor importance as
compared to the selectivity of the solvent leading to
chain collapse of the poorly soluble side chains. A
guantification of the attractive forces, however, is
beyond the scope of the present communication.

The interpretation of the results described above is
still a bit vague. The following scenarios could be
discussed:

(i) The intramolecular phase separation occurs in
dilute solution, and the curvature is induced from the
different length, volume, and/or interaction of the PVP
and PMMA side chains. However, the light scattering
results do not show a shrinking of the molecular
dimensions in solution. This means either the phase
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Scheme 2. Sketch of Postulated Phase-Separated
Side Chains in a Horseshoe Brush (a, top) and in a
Meandering Brush (b, bottom)
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separation in dilute solution has not yet occurred or the
differences in length, volume, and/or interaction of the
respective PVP and PMMA side chains is insignificant,
i.e., does not represent the driving force for curvature.

(if) The intramolecular phase separation occurs dur-
ing the complex drying process when the polymers are
spin-cast from a selective solvent, i.e., a nonsolvent for
the minor and a good solvent for the major component.
This could be a dynamic, probably nonequilibrium
process which comprises collapse and phase separation
of the insoluble component followed by drying of the
better soluble side chains. This picture is compatible
with our experimental results and corroborated by AFM
experiments on samples spin-cast from DMF, a good
solvent for both side chains. In these pictures only
wormlike structures are found similar to those shown
in Figure 1 for the unquaternized samples.

(iii) It seems that the curvature of the horseshoe struc-
tures is larger than for the meandering cylinders. This
could be caused by the larger side chain length of the
collapsing PVP chains in sample 22PVP47-co-78PMMA-
35-QEBH50. To prove this hypothesis, more samples with
systematically varying side chain length are needed.

On the basis of these observations, we envisage the
curved conformations to occur in terms of a local collapse
of phase separated nanodomains of the respective
minority component as schematically drawn in Scheme
2. For the present experimental system selective sol-
vents are necessary in order to form curved structures.
The results in DMF, which show normal wormlike
conformations, either suggest that the Flory Huggins
interaction parameter is not large enough in order to
induce an equilibrium bending as predicted in ref 15 or
that the experimental system is more complex than the
theoretical model.

Finally, it should be mentioned that peculiar confor-
mations of pure PMMA brushes were observed ranging
from spirals!® to undulations (“buckling”)!? and mean-
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derlike structures'® as well. However, in contrast to the
present work, the two latter effects were so subtle that
the results varied with the sharpness of the AFM tip.
Whereas for each of these structures a theoretical
explanation was readily at hand, we are not all con-
vinced that the origin of this structural diversity has
been properly understood.

As concerns the present work, the final proof of
intramolecular phase separation according to scenario
ii can also not be given in the present communication
and will be the subject of future investigations. Pre-
liminary attempts to apply electron energy loss spec-
troscopy (EELS), which principally allows monitoring
nitrogen-rich regions with nanometer resolution, failed
so far because the sample was evaporated in the electron
beam.

Conclusion. Depending on the solvent, statistical
copolymer cylindrical brushes adopt different shapes
from wormlike to horseshoe or meanderlike structures
when spin-cast onto mica. To the best of our knowledge,
this is the first time that shape persistent synthetic
macromolecules could be chemically manipulated to
change their conformation from a wormlike to regularly
curved structures. It should be mentioned, though, that
for cylindrical brushes with n-butyl acrylate side chains
a collapse of the wormlike conformation to spherical
structures could be induced under pressure on a Lang-
muir—Blodgett trough.?° Also, poly(p-phenylene)s with
amphipolar dendritic side chains were reported to have
the potential to intramolecular segregate lengthwise,
particularly when spread on a LB trough as well.2* Our
next step will address the question of whether the
collapse of the minority component could be detected
by scattering experiments in solution, which, however,
was not successful so far.
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