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ABSTRACT: The self-assembly of poly(styrene-alt-dimethyl-N,N-propylamide) (SMI) polymers into nanotubes
was studied using semiempirical PM3 calculations. Ordered polymer self-assembly results from π-stacking of
styrenes and van der Waals interactions between the maleimide chains. Every styrene, and half of the maleimide
chains, in a racemo-di-isotactic SMI polymer form π-stacks and chain-chain pairs with neighboring racemo-
di-isotactic polymer. Racemo-di-isotactic polymers in bent associations form a minimum-energy nanotube structure.
Nanorods were observed experimentally with diameters of ∼5 nm.

Introduction

Nanotubes are hollow curved architectures with diameters
in the nanometer range but with varying lengths. Organic
nanotubes1-8 are of interest because of their versatile use as
templates and because they can be chemically modified to create
new functional materials.9-12

Poly(styrene-alt-maleic anhydride) (SMA) is a polymer with
alternating hydrophobic and hydrophilic monomers. Its unusual
composition gives it properties that have been used in many
nanotechnology applications13-19 and in drug delivery.20,21

Hydrolyzing maleic anhydride of SMA to succinic acid allows
self-assembly into nanotubes, at 50% protonation.18 At these
conditions, the polymers are linear because of multiple in-
trapolymer H-bonds in the succinic acids, stiffening the polymer,
which increases its persistence length.22

A derivative of SMA was studied to modify of the size and
shape of the nanotube. Poly(styrene-alt-dimethyl-N,N-propyla-
mide) (SMI, Figure 1) is soluble in acidic aqueous solution.
The chosen alternating copolymer retains the styrene monomers
for π-stacking interactions responsible for SMA nanotube
formation, and the maleic anhydride is functionalized to a
maleimide. We recently performed calculations on the confor-
mation of SMI and showed that, because of the stiffness of the
maleimide, only racemo-di-isotactic polymers have ordered
styrenes and therefore self-assemble.23 In the present paper, the
association between multiple polymers is modeled using this
chirality. Experimental characterization of the self-assembly was
investigated using AFM and TEM.

Materials and Experimental Methods

Material. Low molecular weight SMI 1001 was purchased from
Sartomer Inc. This copolymer is prepared from low molecular
weight SMA polymer (Mw 1600) and N,N-dimethylpropylamine.

Instruments. The pH was measured using an Accumet Basic
AB15 (Fisher Scientific). AFM scans were acquired in noncontact
mode using SiN tips purchased from Veeco on a Digital Instruments
NanoScope IIIA. TEM measurements were performed on a JEOL
JEM-2000FX 200 kV, operated at 80 kV. TEM size analysis was
performed using SigmaScan Pro (version 4). AFM images analysis
was performed using the NanoScope version, 6.13r software.

Solution Preparation of SMI Nanotubes. The polymer resin
was dispersed in deionized water, filtered using 0.2 µm PTFE filters
(Sigma-Aldrich, Acrodisc CR syringe filters) at a concentration of
1 wt %. Deionized water was obtained from a Millipore ion
exchange filtering unit equipped with an activated carbon cartridge.
The suspension was brought to pH 3 by slow addition of HCl
standard 1 N solution, also filtered. The acid was added until the
polymer was completely dissolved. Only racemo-di-isotactic poly-
mers are expected to form nanostructures, and because each
monomer has three chiral centers, yields are expected to be low,
as observed. The nanotubes could still be observed because the
nanostructures are much larger than nonassociated polymer and have
an ordered structure and can therefore be distinguished from
nonassociated polymer. The SMI sample used is approximately an
octamer with a contour length of 4 nm. The percentage of racemo-
di-isotactic polymer in the commercial product is not known but
expected to be low.

Dynamic Light Scattering. Organic solvents used were HPLC
grade. The solutions of polymer dissolved in organic solvent
and water, 1 wt %, were filtered using 0.2 µm filters. The Contin
model was used to obtain particle size distribution. The
polystyrene standard used was from Duke Scientific with particle
diameter of 100 nm. The angular scans of the polystyrene
standard and the SMI solution, both prepared from filtered
deionized water, were acquired from 20° to 80°. Measurements
were performed on a Brookhaven Instrument system equipped
with the BI 2030 digital correlator and a 25 mW He-Ne (632.8
nm) at a temperature of 21 °C.

Sample Preparation. For AFM imaging, 200 µL of pyrrole was
added to 10 mL of SMI solution and left to interact with the
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Figure 1. Chemical structures of SMA and SMI polymers.
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nanotubes under acidic conditions. Addition of pyrrole was used
to stabilize the SMA nanotubes by filling the gaps present inside
and around the nanotube through possible H-bonding and hydro-
phobic stabilization in areas where pyrrole can concentrate and
polymerize under acidic conditions. The poly(pyrrole) acts as a
stabilizing filler.19,24 This approach, used successfully for SMA,
was therefore used to stabilize the SMI nanostructures. A drop of
the SMI polymer nanotube solution was deposited on the mica
surface and left for 5 min, and the excess liquid was removed by
a filter paper. The sample was rinsed with a drop of water. TEM
samples were prepared by depositing the solution onto a carbon-
coated grid (400 mesh from SPI) and left to rest for 2 min, and the
excess liquid was adsorbed using a Kemwipe.

Theoretical Methods. The association between SMI polymers
was modeled using SMI hexamers. Linear associations between
SMI polymers were previously studied.23 We present new additional
calculations on bent associations and have included previous results
for comparison. Semiempirical PM3 caculations were used as
described previously.23 The stabilization energy and stacking
geometry of the styrenes agree with results for similar systems.25-27

All calculations were performed using the Gaussian 03 program.28

Interactions between SMI Polymers

π-Stacking interactions between styrenes and the van der
Waals forces between maleimide chains cause SMI polymer
aggregation. Racemo-di-isotactic SMI polymers have an ordered
distribution of styrenes along a main axis, with maleimide chains
at 70° to the styrenes. In contrast, atactic polymers structures
are not periodic, preventing ordered association.23 We found
two possible association conformations: head-to-tail in which
the polymers are in identical orientations and head-to-head
where they are in opposite orientations.23 SMI polymers can
join with different association angles, and three limiting
geometries exist: when there is no rotation between polymers
(linear association) and two limiting cases if the rotation is (60°
(bent associations). Association distances and stabilization
energies have been previously calculated for the linear associa-
tions 2 and 5 using a series of constrained optimizations,
followed by relaxing the system.23 Here, the associations 1, 3,
and 4 ) 6 are calculated using the methods for 2 (Figure 2).

Evaluating the energy as a function of inter-phenyl distance
(r′) allows comparison of the six associations (Figure 3). The
average r′ is between 4.2 and 5.5 Å. The bent associations 1, 3,
4, and 6 are the most stable, with ∼20 kJ/mol of stabilization
energy for each π-stacking monomer pair (for two hexamers,
there are three π-stacking pairs). Figure 3 summarizes the PM3
results obtained when the constraints are released. The stabiliza-
tion energy from π-stacking was previously determined by the
same type of calculation on the linear association complexes 2
and 5.23 Chain-chain interactions are negligible for linear
associations, and the stabilization energy represents only
π-stacking: 13 kJ/mol per π-stack. The increased stabilization
energy for bent associations compare to linear ones comes from
chain-chain stabilizing van der Waals interactions between the
maleimide chains, and this contributes about 7 kJ/mol per
monomer pair. Both π-stacking and van der Waals interactions
are present in bent associations and produce more stable
complexes than linear ones. If maleimide chains are shorter,
the stabilization energy for bent associations does not change
much compared to linear ones. Complexes with no chain-chain
interactions would become insensitive to changes in association
angles.

Nanotubes from Self-Assembled SMI Polymers

Associations beyond two hexamers (about 500 atoms) could
not be investigated computationally. The optimal inter-phenyl
distances and association angles from the most stable bent
associations were used to build larger complexes. The inter-

phenyl distance is about 5 Å with association angles of 60°.
The bent association (1, 3, 4 ) 6) are energetically equivalent
and therefore equally probable, leading to polymer sheets,
formed from combinations of bent associations and grown by
addition of racemo-di-isotactic polymers. As sheets grow,
nonassociated peripheral styrenes remain, and the system is more
stable if additional π-stacks form between peripheral styrenes.
The curvature required to form a closed tube does not come at
the expense of steric constraints because the bent associations
already form a 60° angle. In a closed loop, the hydrophobic
styrenes and half of the maleimide chains are no longer in
contact with the hydrophilic solvent, but interact within a more
hydrophobic environment, inside the nanotube walls. This gives
a closed octagonal structure consisting of eight SMI polymers
forming a short polymer nanotube segment. Figure 4 shows an
SMI nanotube from eight polymers in the head-to-head con-
formation. The inter-phenyl distances and association angles
from the optimized values were used to build the 3-dimensional
nanotube. Using different periphery atoms as measurement

Figure 2. (a) Lateral and cross-section view of a racemo-di-isotactic
SMI polymer23 (hydrogens removed for clarity). (b) The six associations
studied: 2, 5 are linear and 1, 3, 4, 5 are bent associations. Associations
4 and 6 are equivalent, and associations 2 and 5 have been studied
previously.23

Figure 3. Stabilization energy as a function of r′ for the different
associations. The stabilization energies are given for two hexamers and
therefore for three π-stacking SMI styrene pairs. Inset table: PM3 results
for r′ and energies calculated with constraints and after their release.

6748 Lazzara et al. Macromolecules, Vol. 41, No. 18, 2008



reference points gave an outer diameter of 4.8 ( 0.2 nm and
an inner diameter of 1.7 ( 0.2 nm. An equivalent structure is
also possible for SMI polymers associating in a head-to-tail
conformation and a mixture of the two conformations. Stabiliza-
tion energies, inter-phenyl distances, and association angles are
comparable between head-to-head and head-to-tail conforma-
tions. The nanotube forms only by association of racemo-di-
isotactic polymers.

Because polymers are typically polydisperse, and π-stacking
is rarely perfect between associated polymers, the short closed
segment can have protruding polymers. These ends offer
nucleation points where addition of further racemo-di-isotactic
polymers occurs. The nanotube linear growth is illustrated in
Figure 5. SMI nanotubes are not expected to associate in
bundles, as was the case for SMA nanotubes, but to remain as
individual rods. All the styrenes π-stack inside the walls of the
nanotubes and are therefore unavailable for further interaction
between nanotubes. Unfavorable solvent-styrene interactions
are decreased, and favorable hydrophobic styrene-styrene and

chain-chain interactions are increased in polar solvents such
as water.

Experimental Characterization

Non-contact mode AFM was performed on the SMI nanotube
solution deposited on a mica surfaces to investigate the size
and shape of the self-assembled nanostructures. Mica was
chosen because the atomically flat surface, which can provide
improved imaging of small features. The SMI nanotubes were
left to interact with pyrrole in acidic environment (pH 3). AFM
results showed that a large fraction of the polymer had an
amorphous structure, seen from the large amount of polymer
deposited as an amorphous film. The mica surface was rarely
visible and covered by nonassociated polymer. The amorphous
layer appears as a soft surface when scanned (Figure 6). Some
areas presented wormlike to rodlike features, which originate
from ordered nonrigid self-assembly of SMI polymers. These
structures were not present in the control solution containing
the same amount of pyrrole at the same pH in deionized water.
The average height of the rods measured by scanning across the
nanotube was found to be between 4.5 and 5 nm (inset, Figure
6). The structure along the wormlike rod is nonuniform most
likely because of nonuniform pyrrole polymerization, which also
increases the apparent diameter (but not the height). The
nanotube lengths are ∼50 times greater than the polymer contour
length. The branching observed is a result of defects in the self-
assembly: tubes continue to grow from bifurcation points. These
structures do not aggregate and remain as individual nanotubes
because there is no driving force for aggregation.

The TEM investigation revealed short polymer rods (Fig-
ure 7). Here, the SMI nanotubes were studied without pyrrole
because poly(pyrrole) also polymerizes freely in solution, which
leads to various artifacts, and also because poly(pyrrole) and
the SMI polymer have similar electron densities. Because the
percentage of nanotubes is very low, imaging with the conditions
used in AFM did not produce distinguishable samples. The
observed nanotubes were shorter in length than those observed
by AFM because of the absence of pyrrole, which helps stabilize
the structure. The nanorods had a cross-section diameter of 6.5
( 1.5 nm and agree, within experimental error, with the
predicted dimensions.

The experimental TEM nanotubes diameter was 6.5 ( 1.5
nm and 4.5-5 nm from AFM, which agrees with the predicted
dimensions of the outer diameter obtained from molecular orbital
theory modeling. DLS was performed on the SMI nanotube
solution at pH 3. The characteristic width of the intensity spectra
(Γ) is proportional to the translational diffusion coefficient (DT)
and the square of the scattering vector (q2). This is valid for
isotropic scattering elements, such as spheres, and is independent
of scattering angle. However, if the scattering element is
anisotropic, an additional correction to Γ is required.29 The

Figure 4. SMI nanotube (cross section, perpendicular to association
plane): (top) the nanotube has an octagonal shape, made from eight
racemo-di-isotactic SMI polymers in the head-to-head conformation;
(bottom) SMI nanotube shown with van der Waals radii.

Figure 5. Proposed linear growth mechanism for SMI nanotubes. SMI
polymers self-assemble at the edges of an initially closed structure,
and the addition makes the nanotube grow in length (arrows) (lighter
shade atoms are further behind the plane of view).
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hydrodynamic radius of the SMI polymer in aqueous solution
shows aggregates about 20 times larger than the particles present
in organic solvents: acetonitrile, ethanol, and methanol. A trend
is observed: when the dielectric constant increases, larger

aggregates are observed: methanol ∼ ethanol < acetonitrile <
water. Aggregation in the organic solvents is limited to about
10 nm, consisting of a few polymers, at most, while water shows
aggregates of around 170 nm. There is also this double
distribution in both organic solvents and water. This may be
due the existence of disordered small aggregates and larger
ordered aggregates, SMI nanotubes.

Because the nanostructures are polydisperse and unassociated
polymer is in excess, an exact value for the axis ratio could not
be determined by DSL. However, particle size distribution in
different solvents and the anisotropy were studied. The auto-
correlation function of the scattered light intensity-time fluctua-
tions g(τ) provides the characteristic width of the intensity
spectra (Γ). For spherical scattering elements, Γ follows a linear
relation with q2. An exponential dependence on q2 is expected
for anisotropic particles such as those formed from SMI. A linear
fit (Γ ∝ q2) of the latex standard gave an R2 ) 0.993, while the
linear fit for the SMI data gave R2 ) 0.925. When fitting the
SMI data to an exponential curve (Γ ∝ exp(q2)), R2 increased
to 0.975 (Figure 8). The improved fit indicates that a certain
fraction of the particles are anisotropic, with the remaining most
likely isotropic polymer aggregates.

Concluding Remarks

Association between racemo-di-isotactic SMI polymers was
investigated theoretically and the experimental results show rod-
shaped aggregates. The bent associations are more stable because
of van der Waals interactions between maleimide chains.
Multiple bent associations form a minimum-energy nanotube
structure. Although only the self-assembly of relatively long

Figure 6. AFM of SMI nanorods on mica. The surface is covered with
nonassociated polymer. Top inset: three different height profiles taken
along 100-250 nm distances showing the height of the SMI nanotubes
(shown on AFM scan). The linear features are nonrigid SMI nanotubes.
The average height is about 4.5 nm.

Figure 7. TEM of SMI, pyrrole was not added. Needle structures
(arrows) are observed with diameters comparable to AFM measure-
ments, but shorter. The average cross-section diameter is 6.5 ( 1.5
nm. Inset: enlarged view of a needle structure (beginning to decompose
under electron beam).

Figure 8. (a) DLS of SMI solution at pH 3. Particle size distributions
determined using the Contin model, for SMI polymer dissolved in
different dielectic constant solvents. (b) Low-angle DLS measurements
of a 100 nm standard spherical latex particles and SMI pH 3 solution.
The exponential fit of the SMI data indicates that a fraction of the
particles are anisotropic.
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maleimide chains has been studied here, the conclusions apply
to other styrene and maleimide copolymers because removing
the maleimide chains does not affect the overall geometry of
the polymer.23 Additionally, the chemical structure of maleimide
chains can modify the van der Waals interaction.

This study shows that by functionalizing SMA the size of
the styrene-based alternating copolymer nanotubes can be
changed. The shape of SMI nanotubes remains octagonal, the
outer diameter increases from 4.4 to 4.8 nm, the inner diameter
decreases from 2.0 to 1.7 nm, and aggregation between SMI
nanotubes is not possible. In the sample studied, a very small
fraction of the SMI actually self-assembled in nanotubes because
polymer chirality occurs randomly, and only a low percentage
is actually racemo-di-isotactic. Synthesis of racemo-di-isotactic
SMI and their derivatives would be very interesting, if achiev-
able.
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