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ABSTRACT: Exploiting tapping mode—scanning force microscopy (TM—SFM), we characterized single
polymeric chains of poly(isocyanodipeptides) (PICs) equilibrated in quasi two-dimensions on the basal
plane of mica surfaces. While the average contour length [L[of an acid-catalyzed PIC bearing L-alanine-
p-alanine methyl ester groups was as high as 5.3 um, the corresponding Ni-catalyzed product exhibited
an [L[of 70 nm. With a newly devised method based on the statistical analysis of the curvature of polymeric
chains on a length scale up to about 100 nm from SFM images, we determined their persistence length
4. The measured value of 4 = 76 £+ 6 nm for both products, independent of the contour length, indicates
that the single polymer molecules are very rigid, i.e., even more rigid than the double-stranded DNA.
This rigidity is attributed to the helical structure of the polymer backbone and, in particular, to the
hydrogen-bonded networks that are present between the alanine moieties in the side chains.

Introduction

The direct probing of the structural and mechanical
properties of isolated polymer chains is one of the major
challenges in polymer and material science, since the
basic molecular properties can be eventually compared
to the macroscopic properties of a material. Scanning
probe microscopy technigues make it possible to directly
access conformational and mechanical properties of
single molecules.! For instance, macromolecules can be
pulled with a scanning force microscopy tip? or imaged
when equilibrated on a surface.? In the latter case, the
persistence length of the molecule on a surface can be
determined and compared to the persistence length in
solution. Such studies have revealed that double-
stranded DNA (dsDNA) on mica has a persistence
length of 53 nm, which is similar to the value measured
in solution.® Wider, more complex supramolecular bio-
architectures can be even more rigid and have persis-
tence lengths up to a few millimeters. Examples are the
tobacco mosaic virus and the microtubuli.*

The synthesis of shape persistent abiotic polymeric
structures with preprogrammed conformations is of
great recent interest.> Such architectures can be con-
structed by designing supramolecular polymers, where
the repeat units are held together through noncovalent
types of forces.® Alternatively, conventional polymers,
where the repeat units are covalenty linked, can be
provided with appropriate side-chain functionalities
which give additional rigidity to the main chains, e.g.,
using sterically demanding dendrons,” or moieties form-
ing hydrogen-bonded networks.8

Among rodlike conventional polymers, poly(isocya-
nides) (PIC)°12 (Figure l1a) are peculiar since their

* Corresponding authors. J.P.R. E-mail: rabe@
physik.hu-berlin.de. Fax: +49-30-20937632. R.J.M.N. E-mail:
nolte@sci.kun.nl. Fax: +31-243652929.

T Humboldt University Berlin.

* University of Nijmegen.

§ Present address: Instituto per la Sintesi Organica e la
Fotoreattivita, C.N.R. Bologna, via Gobetti 101, 40129 Bologna,
Italy.

10.1021/ma011946b CCC: $22.00

a) C)
g el v ocH,

OCH A
N~ * :} A(%{‘Tl(l(‘]
n

n CHAH  OCH;

—s7

(9]

I
) _g:
o

I
e

78
B
=

Figure 1. (a) Structure of poly(isocyano-L-alanine-p-alanine
methyl ester). (b) Scheme of 44-helix. (¢) Hydrogen-bonded
array within the side chains of the polymer.

backbones, when functionalized with sterically demand-
ing side chains, adopt a 4; helical conformation (four
repeats per turn, Figure 1b) which accounts for the
relatively high stiffness of the polymer.® We decided to
focus on a PIC bearing L-alanine-p-alanine methyl ester
side groups. Solution studies have revealed that the
amide moieties in these pendant dipeptides self-associ-
ate into four hydrogen-bonded networks which are
oriented parallel to the main chain of the polymer
(Figure 1c).13 This effect is expected to play an important
role for the stiffness of the overall chain which needs to
be quantified.

We describe here a tapping mode—scanning force
microscopy (SFM) investigation of long and stiff
isolated poly(isocyanodipeptides) chains equilibrated on
the basal surface of mica. The analysis of the SFM data
allows us to characterize the stiffness of individual
polymer chains by determining their persistence length.
We compare the properties of the poly(isocyanodipep-
tide)s synthesized either with a Ni(ll) salt or trifluoro-
acetic acid as the catalyst.
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Methods

Sample Preparation and SFM Imaging. The polymer-
ization reaction was carried out employing either Ni(ClOy)-
6H,0 (leading to PIC—Ni)*2 or trifluoroacetic acid (leading to
PIC—H)®b as catalyst.

PIC solutions of different concentrations in CHCI; were spin-
coated onto freshly cleaved muscovite mica surfaces. The
morphologies of the dry thin films were analyzed by means of
tapping mode SFM using a Nanoscope Illa instrument?®
operating at room temperature in an air environment with a
relative humidity of 50—70%. Height and phase images were
recorded with microfabricated silicon nanoprobes (length 125
um and width 30 um) having a spring constant between 17
and 64 N/m,* using scan rates of 1—3 lines/s and a resolution
of 512 x 512 pixels. The set-point for the tapping mode
operation was chosen as high as possible (“light tapping”) in
order to minimize the interaction forces between the tip and
the sample surface.

The data processing was performed with a home-developed
software!” which allowed the analysis of the contours of the
macromolecules after visualization by SFM. The molar masses
were determined from the distribution of the contour lengths
(L) by calculating the number-average (M,) and the mass-
weighted average (My,), respectively. Since the distribution of
L is not Gaussian, the error bar on [ILOwas evaluated with
the bootstrapping procedure, provided the data set was large
enough (as in the case of PIC—Ni). From the original set of L;
comprising 212 analyzed molecules, a new vector consisting
of again 212 data points is created by randomly choosing 212
values L; among the original set of L;, allowing also a
multiple selection of a L;. This procedure is repeated 1000
times, and for each step the average value [L;Ois calculated.
From the width of the distribution of the average values
(LiOthe error bar on the average contour length can be
estimated.*® For PIC—H only a relatively small number of data
points was collected; therefore, it was not possible to use the
bootstrapping procedure and the error bars were estimated,
approximating the distribution as Gaussian. In this case the
error bar on L{is

if N is the number of analyzed molecules. To estimate the error
of this procedure, the error bar for [IL[of the PIC—Ni samples
was determined both with the bootstrapping procedure and
with the approximation of a Gaussian distribution, giving
numbers of £3 nm and +5 nm, respectively.

Determination of the Persistence Lengths. According
to the “wormlike chain model”, also known as the “Kratky—
Porod model”, 120 for semiflexible chains the persistence length
4 is the length over which the memory of the initial orientation
of the chain is maintained. The shape persistence of polymeric
chains can be analyzed by determining the statistical fluctua-
tions in the curvatures of many single macromolecules equili-
brated on a surface. These fluctuations can be visualized by
SFM? or electron microscopy?* and permit to determine the
persistence length of the chains with a high precision.

For a polymer chain in two dimensions, the angle 6()
between the tangents at two points located a distance /apart
along the contour can be described by the following probability
distribution function:3

, 4
AOD) = A/ 2 gl

This is a normal distribution characterized by a mean value

B()0= '[.:O do ()A0()) =0
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Figure 2. Schematic representation of the determination of
0i along a chain section of length /(in gray) which goes from i
toi+ 1.

and the variance
VIO = [ do O 60 A6 =4 (1)
P

A simple way to represent the contour of the chain is to draw
a series of consecutive straight segments connecting points,
which are located at constant contour lengths Zapart (Figure
2). One can then construct a set of §; values from the angles
between the tangents at i and i + 1. If /is chosen to be
sufficiently small, namely / < 4, the length of the straight
segments s connecting the points i and i + 1 approaches / and
eq 1 becomes

Vo] =7 @
p

Using eq 2, the persistence lengths can be determined with a
high precision from the SFM images as long as the image
resolution allows one to accurately digitize the data with
/< 4.

For determining the persistence length of the chains in a
given sample, SFM images were recorded with a resolution of
512 x 512 pixels, with pixel sizes ranging from 1 to 10 nm.
The chain images were vectorized by selecting points on the
chains which were then connected by straight lines with a
length of approximately 5 pixels using a drawing program.?

The set of 6; values was obtained from the tangents in each
data point. Since the segment lengths s; are not constant, the
angles 6 had to be normalized. Because of the proportionality
?00 s which is reflected in eq 2, this normalization was
carried out by setting 6; = 6i/,/s; and consequently & =§ = 1.

Equation 2 then becomes

VIG] =7 3)
P

Since the set of measured data ;™ was determined with a
manual vectorization procedure, it possesses a random error
of 0i™ = 0i + ¢i. Thus, V[6;™] will differ from the variance of
the exact 6;, namely V[6;]. Assuming the errors to have a
normal distribution, the measured variance of the normalized
data is VIOi] + V[&i]. Since V[§i] is independent of §, the exact
V[0i] can be also calculated by building-up a new chain of
different §,. Constructing a set of 6;™2 values corresponding to
a segment length §, = 3 -§ = 3 the true variance amounts to

VIB] = S(VIB™ — VIB™) (4)

The values V[6;™] and V[#;™2] were calculated for each chain
and then averaged weighting the values by the length of the
molecule. This latter procedure was used in order to obtain
values of the variance that are weighted by the contour length
of the chain, rather than by the number of data points collected
with the vectorization procedure. Finally, by combination of
egs 2 and 4, one obtains the average value of the persistence
length for a given sample:

2
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Figure 3. SFM images of a PIC—Ni sample. Film prepared
from a chloroform solution containing (a) 0.01 and (b) 0.001
g/L of PIC—NIi. White arrows indicate intersections of separate
chains and black ones mark segments consisting of intercoiled
chains. Z range: h =2 nm.

Because of the normal distribution of ™ and 62, the
distribution of V[6i™] and V[6;™?] can be described using the
y?-statistics.?® Taking o as the confidence interval, one gets
AV[0i™] = V[6i™v3IN and AV[0i™2] = V[#;"?]/6/N, where N
is the number of data samples. Applying the formalism of the
Gaussian error propagation the error of 4 is

\/3(V[éim12 +2V[0,"??)

A=

N(V[E™ — V[6,™])?

Results and Discussion

Single Chain Visualization by SFM. Figure 3
displays SFM images of isolated PIC chains prepared
by a nickel(ll)-catalyzed polymerization reaction (PIC—
Ni). The chains exhibit cross sections that typically are
constant along their whole lengths. The fact that the
ends and the middle sections of the chains are equal
suggests in particular that they consist of single strands.
The apparent thickness of the chains, which amounts
to 0.30 £ 0.06 nm, is lower than the diameter of the
PIC rod which was calculated to be 1.58 nm.'3 This
effect has been observed before with different macro-
molecules adsorbed on surfaces, including dendrimers?*
and filamentous phage fd.?> It can become dramatic in
an atmosphere characterized by a high relative humid-
ity?> and can be due to the indentation of the macro-
molecule by the probing SFM tip,?® the adhesion of the
tip to the surface?’ and/or the flattening of the macro-
molecule on the substrate.?®8 A careful analysis of the
images in Figure 3 allowed us to distinguish two
different types of features with larger thicknesses: (i)
intersections between two chains, as indicated by white
arrows and (ii) segments consisting of two chains tightly
packed one on the top of each other, as marked with
black arrows. In both cases, the thicknesses were
approximately 1.6—2.0 times those of the single chains.
In the second case, the limits in the spatial resolution
of the SFM due to the tip convolution did not permit a
distinction between segments consisting of chains that
are packed one on top of each other and segments
composed of intercoiled strands.

SFM images of PICs prepared by the acid-catalyzed
polymerization reaction (PIC—H) are shown in Figure
4. Films prepared from 0.01 g/L solutions (Figure 4a)
revealed an entangled network of polymer chains co-
existing with free-standing single polymer strands. In
these two different arrangements the polymer chains
exhibited two completely different structures: in the
first case topological constraints as a result of the
entanglements, marked with the black arrows, caused
a tension in the superstructure which did not permit

Macromolecules, Vol. 35, No. 13, 2002

Figure 4. SFM images of PIC—H. (a) Sample prepared from
an 0.01 g/L polymer solution in CHCI; revealing the coexist-
ence of relaxed chains (indicated by the white arrow) and
tightened ones (entanglements at the edges are marked with
black arrows). (b, ¢) Spin-coated films prepared from 0.001 g/L
polymer solutions in CHCI; in which isolated chains can be
seen. (€) Zoom-in on chain intersections (bottom left) and on
wrapped chains (top right). Whereas in the first case the
observed thickness is twice that of a single chain, in the latter
case this thickness is less than the double value. Z range: (a)
h=4nm; (b) h =2 nm; (c) h =4 nm.

the strands to equilibrate (see also below). In the second
case the chains were able to equilibrate up to a length
scale of approximately 100 nm on the surface, as
indicated by the white arrows in Figure 4, parts a and
b (the latter image was taken from a film prepared from
a 0.001 g/L solution). As in the case of PIC—Ni, an
analysis of the thicknesses of the rods made it possible
to identify intersections between two chains and seg-
ments consisting of intercoiled or tightly packed chains,
besides individual chains on mica with a height of ca.
0.8 nm (Figure 4c).

Contour Length. The quantitative determination of
the contour lengths (L) of isolated polymer chains from
SFM images® allows one to quantify the molar mass
distribution of a polymer.26 The distribution of L for the
PIC—Ni samples is shown in Figure 5a. The average
contour length was found to be (L= 70 + 3 nm, which
corresponds to a number-average molar mass of M, =
118 x 102 g/mol. From the distribution the polydisper-
sity was calculated to be My/M, = 1.36 + 0.04, where
M, is the mass average molar mass. The longest
measured polymer chain exhibited a contour length of
ca. 220 nm. The polymer synthesized by the acid
catalyzed polymerization reaction displayed a higher
degree of polymerization. The analysis performed on
isolated chains such as the ones in Figure 4b, although
being limited to only a few tens of strands, revealed the
very high value of IL[J= 5.3 &+ 1.3 um, corresponding to
Mp = 8.94 x 10° g/mol, and M,/M,, = 1.35 £ 0.7. In this
case the contour length of the longest chain was found
to be 12.7 um !
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Figure 5. (a) Histograms of the distribution of the contour
lengths of PIC—Ni obtained from the SFM images. (b) Evolu-
tion of the end-to-end distance vs the contour length. Theoreti-
cal function for 2D equilibrated chains (dotted line), 2D
trapped chains (dashed line) and experimental results (filled
line). (c) Distribution of the 6; values as determined from the
experimental results and the calculated Gaussian function.

Persistence Length. Following the procedure de-
scribed in the Methods section,'” the persistence lengths
for PIC—Ni and PIC—H were determined to be 4 = 76
£+ 6 nm and 4 = 76 £ 5 nm, respectively. In the latter
case, only chains in the relaxed states were selected for
the analysis. The remarkable agreement of their per-
sistence lengths reflects the identical chemical structure
of both polymers. Furthermore, the good agreement
observed for short and long polymer chains indicates
that the role played by long-range interactions, i.e.,
excluded volume effects, is negligible.2®

High Shape Persistence in Single Polymer Chains 5293

It is most important to note that the chains may be
physisorbed on the surface in either a kinetically
trapped 3D-conformation or a conformation that is in
the 2D thermodynamic equilibrium conformation. In the
former case, the observed structures resemble the
projection on the surface of the conformations attained
in solution and reflect the history of the approach of the
molecules to the surface. In the latter case the molecules
are allowed to search among their accessible states in
two dimensions before they are captured in a particular
2D-conformation. As discussed for other macromolecular
systems,® only for chains which are equilibrated at
surfaces in quasi 2D, it is possible from SFM images to
evaluate quantitatively the persistence length according
to the wormlike chain model, and consequently the 3D
mechanical and structural properties of the polymer.
Therefore, for our type of investigation it is crucial to
be able to differentiate between trapped 3D-conforma-
tions and macromolecules equilibrated in quasi 2D. In
the present case, this identification was done using two
different approaches. In the following part, the data
regarding the PIC—Ni samples are presented.

First, according to Rivetti et al.3 the average end-to-
end distance [ROof a chain equilibrated in 2D on a
surface can be described by

2/

whereas for 3D-chains trapped on the surface

4 4 -
[Rng—TRAPPED = §/pL(l - Ep(l —e L/%))

In Figure 5b (RCvs L are plotted for these two functions
using the experimentally determined value for 4 = 76
+ 6 nm. A good agreement between the experimental
data and the calculated curve representing the equili-
brated chains in 2D is observed in the range from L =
0 nm to L =50 nm. For higher L values, due to the low
number of data points, the evolution of (RO= f(L) is
characterized by larger fluctuations. Nevertheless, a
reasonably good agreement between the theoretical
curve for the equilibrated chains in 2D and the experi-
mental results is still evident. This not only proves that
the chains are equilibrated on the surface, but also
represents an independent verification of the deter-
mined 4, according to the wormlike chain model.3

Alternatively, in Figure 5c the distribution of the
angles 6;, which for the thermodynamically stable states
must be Gaussian,?! is plotted in the histograms. A good
fit to a Gaussian function can be obtained, as confirmed
by the value of y? = 42.07 (for 2740 data points sorted
in 67 bins) which attests to a confidence of more than
95%.

The two crosschecks described above provide the
evidence that for both PIC—Ni and PIC—H the chains
are equilibrated on the surface up to a length scale of
about 100 nm. Moreover, it is important to note that
none of the samples exhibited a preferential orientation
of the adsorbed chains with respect to the 3-fold sym-
metry of the mica substrate. This determination, which
has been accomplished by sampling the orientation of
each vectorized segment relative to a fixed coordinate
system in the given SFM image, revealed a random
distribution of the orientations.
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Conclusions

We have shown that the recently developed polymers
of isocyanodipeptides are extraordinarily stiff macro-
molecules. To determine the persistence length of
synthetic macromolecules, alternatively to the more
indirect scattering methods employed in solutions, we
have exploited a new versatile method based on SFM
visualization of the conformation of isolated macromol-
ecules equilibrated in quasi 2D on a surface. The
measured persistence length amounts to 76 = 6 nm,
which is more than 1 order of magnitude larger than
the persistence length determined in solutions for a
simpler PIC, namely poly(a-phenylethylisocyanide).t°
This indicates that the hydrogen-bonded networks in
the side chains of the polymers stabilize the overall
polymer structure in line with previous physicochemical
studies.’®> Among single chain synthetic polymers the
stiffness of our PICs indeed is very high: it is compa-
rable to the one quantified in solutions for poly(y-benzyl-
o,L-glutamate) for which a persistence lengths of 4 =
70 nm was reported,®® and it is higher than other
polymers that are considered to be very rigid, e.g.,
hyperbranched or dendronized polymers that exhibited
a 4 = 50 nm.”» Remarkably, our polymer exhibits a
persistence length that is even 50% larger than that of
dsDNA.2 Further physicochemical investigations on
these extraordinarily stiff macromolecules appear fea-
sible, such as mechano-chemical studies on the elasticity
of the chains, which can also be carried out with
scanning force spectroscopy? or studies using optical
tweezers.3!
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