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C h ap iter 1 : L i t e r a t u r e s m v e y : S t i f f n e s s ©f p o l y m e r s

The stiffness of many filamentous structures used by nature has an essential role
in their function; the elasticity of cytoskeletal fibers enhances cellular resistance to
mechanical deformation and maintain the mechanical integrity in a typical
eukaryotic cell.3'6 The bending stiffness of stereocilia mediates the senses of
hearing of the mammalian inner ear.7, 8 The elasticity of flagella enables the
propulsion of cells ranging from E. coli to eukaryotic sperm cells.912 The bending
stiffness of the actin bundle of acrosome sperm enables the penetration of the
though jelly coat of the egg cell during fertilization.13,14 Gaining an understanding
of the molecular design principles and mechanics involved in these filamentous
structures requires a quantitative model description. This Chapter aims to describe
a theoretical framework of the stiffness of very small one-dimensional structures,
introducés the basics of single molecule force spectroscopy and evaluates some of
the data obtained with this technique.

SVHacroscopic stiffness
A correct measure of stiffness is important for our understanding of, for example,
the filamentous structures used by nature or the differences between the
responses of flexible and stiff polymer chains. Understanding the stiffness of these
often small structures is easier when first looking at the macroscopic world. Here,
stiffness is the resistance of an elastic body to deformation by an external force
applied along a given axis. This elastic stiffness of an object is described in terms of
its Young's modulus, also known as the tensile modulus. It is defined as the ratio of
the uniaxial stress over the uniaxial strain in the range of stress in which Hooke's
low holds. For a simple qualitative discussion of polymer stiffness we use this
macroscopic description and assume for now that the polymer is a homogeneous
rod with a constant Young's modules.22
Polymers are characterized by one dimension, length, which is much larger than
the transverse dimensions. This asymmetrie geometry enables us to distinguish
three key deformations; stretching, twisting and bending. Stretching is simply
elongation of the rod, and as we assume Hooke's law to be valid, the force
required is proportional to the cross section area times the Young's modules, it is
just another way of writing Hooke's law:22
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F =

AI = k x

Equation 1

Here F is the force, E is the Young's modulus, A the cross section, L0 the original
length, AL the change in length. The most right part of the equation is Hooke's law,
illustrating that the Young's modulus is a spring constant.
Twisting is a bit more sophisticated to describe but as it is not relevant for the
discussion of stiffness of a simple homogeneous rod, it will not be discussed here.
Bending is the most important deformation and will animate the majority of the
discussion in this Chapter as it is directly linked to stiffness. If a homogeneous rod
is bend in an arc with curvature R, there is one line that remains neutral, dividing
the rod in tw o equal parts (Figure 1). One half is stretched and the other half is
compressed. If we think of this rod as if it consists of many small rods which are
stretched or compressed and add up the contributions of all rods, we can calculate
the total energy required to bend the rod.22
Equation 2
In general, the deformation of, for example, a polymer differs from one point to
the next. Assuming that the energy of a given part of the polymer is that of a beam
given in Equation 2 for which the curvature is constant, the energy is the sum of all
constituting parts:

dA

Figure 1. Computing the bending energy o f an elastic rod. The dotted line
highlights the border o f the part o f the rod that is stretched and the part that is
compacted.
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Equation 3

n e rg y

Here, / is the is the second moment of area, ƒ z 2 dA, S the tangent vector of the
rod.
In biology, the flexural rigidity K, is often used as a measure for stiffness. It is
directly related to bending a rod and is defined as the force couple required to
bend a structure to unit curvature and embodies both material parameters, the
Young's modulus E, and the flexural rigidity; K = E I.
The second moment, /, of area ƒ z 2 dA, is proportional to the fourth power of the
radius of a rod. This implies that diameter of a structure determines its stiffness to
a great extent.15
From the above discussion it is clear that the stiffness of a rod can be deduced by
applying a force to the rod and measure how far it bends. If the object of interest
becomes very small, for example a polymer chain, this becomes impractical. Here,
however, the extremely small scale actually simplifies the measurement. At the
nanoscale there

is a constant competition

between

thermal forces and

deterministic forces. A dissolved polymer is, because of its small scale, "kicked
around" into various different orientations as a result of interactions with the
surrounding solvent. The elastic forces of the polymer set the length scale over
which such fluctuations are tolerated, which is called the persistence length, Lp.
The Lp may be evaluated as the flexural rigidity divided by the thermal energy:22
Equation 4
There are several techniques that measure the Lp (vide infra), which all have in
common that they rely on thermal energy to bend the polymer.

Single Molecule Force Spectroscopy Models
Dissolved polymers adopt a random coil conformation as Brownian molecular
motion causes continuous random fluctuation of the polymer. How much the
polymer bends because of this thermal energy depends on the bending stiffness of
the polymer. A very stiff polymer will remain almost linear as much energy is
required to bend it, whereas a flexible polymer will bend and adapt a random coil
conformation as it is easily bend.
During a force spectroscopy experiment the end-to-end distance of the polymer is
increased beyond the entropically favored configurations by applying a force. This
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results in a restoring force opposite to the externally applied force as
conformational entropy is lost. The corresponding thermodynamic force, acting
axially, is given by F = — TdS/dx, were 5 is the entropy and x the end-to-end
distance of the polymer. If the end-to-end distance approaches the contour length
of the polymer, the restoring force increases rapidly. Hence, entropie forces
dominate the low force regime and give rise to the non-Hookean, "entropie spring"
behavior. Entropie spring models describing this elastic response of a single chain
differ from the elasticity in the macroscopic world of solid objects which is mainly
enthalpic.
In the following discussion it is assumed that the polymer is stretched slow enough
to allow the thermal fluctuations to randomize the polymer chain configurations.
Kratky-Porod's description of a chain of N rigid segments under tension F along the
z axis can be used to derive the models used in this thesis that describe the
behavior of polymers under force.33 In such a system the Hamiltonian H is given
by:34' 35
ƒƒ = _ £ £ £ «=2 a. a J_1 £n=1 Q. z

Equation 5

where a is the segment length, El the flexura! rigidity, and o, segment unit vector.
Two limiting cases of the energy Equation 5 give useful models that describe the
response of a polymer under force.33 The case where the segments are infinitely
stiff (8 = 0) but can freely rotate around their connections is cal led the Freely

l

Figure 2. Schematic description o f a polym er according to the FJC model (left)
and the WLC model (right).
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Jointed Chain (FJC) model (Figure 2).37' 38 The other limit where the segments are
very short (o -> 0) results in a continuous space curve with no discontinuities along
its contour (Figure 2b).33 This model describes the polymer as a flexible elastic rod,
hence the model is called the Worm Like Chain (WLC) model.35,40"42
The competition between thermal fluctuations and the energy cost of bending the
polymer is succinctly captured in a length scale. For the WLC model this is the
persistence length (Lp), the length over which the correlations in the direction of
the tangent are lost:22
(cos 6) = e

p

Equation 6

Here, 0 is the angle between the vector tangent to the polymer at a certain
position and the tangent vector at a distance / along the polymer from this position
(Figure 2). More intuitively the persistence length can be thought of as the length
over which the polymer can be considered linear. The WLC model cannot be
solved analytically but a very useful approximation was described by Marko and
Siggia.42
Equation 7
Here, F is the force acting on the end of the polymer of contour length Lc, kB the
Boltzmann constant and T(K) the temperature. This model is asymptotically correct
in both the low- and the high force regime. The low asymptote is the Gaussian
chain:46
3

k BT x

2 Lp Lc

Equation 8

This equation is later on used to correct the background of force-distance curves
where over the whole length of the curve a polymer is applying a force on the tip
(see Chapter 5).
The WLC model interpolation formula (equation 7) as proposed by Marko and
Siggia was made more accurately by Corquette et al. by adding a seventh order
polynomial with correction terms.47 These correction terms were obtained by
subtracting the exact numerical solution from the results of the Marko-Siggia
interpolation formula. It was later found by Ogden et al. that suboptimal
conditions during computations can be avoided and similar low residuals result
when only 3 extra terms are used.50
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For the FJC model the Kuhn length measures the competition between entropie
parts of the free energy, which tend to randomize the orientation of the polymer
and the energetic cost of bending.37' 38 The Kuhn length is simply the chain
segment length, a in equation 5 (Figure 2). For low forces, and thus small
extensions, the Kuhn length equals two times the Lp.55
It is important to note that both the Lp and the Kuhn segment length do not reflect
the molecular composition of the polymer and usually no relation between the
measured length scale and the real structural quantities such as bond lengths or
the length of a monomer unit can be found.1
Longer elongations and forces higher than approximately 30 pN stress the
backbone of a polymer that is probed with SMFS. This force results in significant
bond angle deformations and increased bond lengths. These enthalpic restoring
forces are recorded in addition to the entropie forces. To account for these forces
an extra stretching term, comparable to a spring constant (F/K0), is added to the
WLC model:56
Equation 9
Here, K0 is the elastic modulus. Although this model gives an improved fit, the
fitting parameters were found to depend considerably on the range of forces used
for the fit, which indicates that the extra parameter is not a material constant but
rather functions as a heuristic parameter that corrects imperfections of the
original WLC model.52'54,57 This modified worm like chain model (Equation 9) is
called the Extensible W orm Like Chain (eWLC) model.
Although the WLC model, and even more so the FJC model, are by far the most
commonly

used

as they

are widely

applicable

and

are

relatively

easy

programmable in most software languages, also other theoretical models are
developed that successfully describe a polymer under tension. To better reflect the
molecular composition of a polymer the Freely Rotating Chain (FRC) model was
introduced.58' 59 This model accounts for the almost fixed bond angles in polymers
and does allow rotations around these bonds, hence its name. The rotational
isomeric state model also places restrictions on the available dihedral angles in the
WLC model.60 Even more detailed models use force fields describing the energy of
the polymer in combination with Monte Carlo simulations.17 More advanced
modeling and quantum mechanical calculations can give an even more precise
description of the behavior under tension, but are beyond the scope of this thesis.
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Figure 3. Shape o f the force-distance curve. The shape o f the force distance
curve strongly depends on the Lp The arrow indicates the trend that an increase
in the Lp results in a lowerforce at a longer relative length.
There are also many theories pertaining to volume exclusion and solvent quality
which is strongly related to the stiffness of polymers (vide infra).61,62

Stiffness of block copoiymers
This thesis deals with various kinds of polymers that consist of blocks that possess
a different stiffness, or blocks that are linked via a short but very flexible linkage.
This section explains the impact of these parts with a different stiffness on the
overall apparent stiffness obtained in an SMFS experiment.
In an SMFS experiment, the end-to-end distance of a polymer is increased while
the required force is recorded. This force, essentially a measure of the reduction of
the conformational entropy of the polymer, depends on the stiffness of the
polymer. A flexible polymer is coiled and requires therefore more force to extend
than a stiff polymer which is already almost extended. In terms of entropy the
story is similar; the flexible polymer has a lot of conformational entropy and
requires therefore a high force in order to extend whereas a stiff polymer, which
possess less entropy, requires little force to extend (Figure 3).
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When a polymer which is partly flexible and partly stiff is stretched in an SMFS
experiment, the polymer can be thought of as a flexible polymer in series
connected to a stiff polymer. The flexible polymer exerts a force equal but with
opposite sign to the force the stiff polymer exerts on the flexible polymer. Since
the flexible polymer requires already at low extensions a relatively large force
compared to the stiff polymer, the force-distance curve measured with SMFS is
dominated by the large force exerted by the flexible polymer (Figure 4). Hence, the
apparent stiffness obtained by fitting the WLC model to this force-distance curve is
much lower than the simple weighted means of the stiffness.63 For example, a
polymer consisting two blocks of equal length with an Lp of 1 and 100 nm,
respectively, will measured with SMFS appear to have an Lp of only 3 nm.
Furthermore, the shape of the series connected force distance curve is almost
indistinguishable from a 'normal' polymer with only one Lp for the whole polymer
. > 27,64

(Figure 4).
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Figure 4. The force-distance curve o f a block copolymer. The black and the blue
line are the force-distance curves o f a polymer with an Lp o f 1 and 100 nm,
respectively. The green line is the length-normalized force-distance curve o f the
series connection o f these two polymers and the dotted red line the WLC fit to the
force-distance curve o f the series connected polymer. Note that although this fit
only slightly overestimates the force at low extension and underestimates the
force at high extensions, overall the f it is excellent. The data o f the series
connected polymer was generated using a numerical simulation in Matlab.

Solvent effects
Since all measurements of the stiffness of a polymer require at some stage an at
least partly freely moving and therefore dissolved polymer, it is important to look
at the role of the solvent and the limitations of the commonly used assumptions.
Flory introduced an important concept regarding the role of the solvent, now
called the excluded-volume effect. This effect arises from the fact that two
elements of the polymer, possibly remote from each other in sequence along the
chain, interact with each other.45 For example, two elements cannot occupy the
same point in space at the same time, thereby generating an excluded volume.
This effect is enhanced in a good solvent by the strong attractive interaction
between the polymer and the solvent.65 As a result, the polymer chain swells in
order to maximize the number of polymer-fluid contacts. Eventually, the process
leads to saturation where the swelled polymer chains are at thermodynamic
equilibrium with the solvent. These kinds of long-range interactions can have a
profound effect on the morphology of the polymer in solution. In general, these
repulsing interactions result in stretching of the polymer which leads to an
overestimation of the intrinsic stiffness of the polymer.66 The set of conditions at
which these excluded volume effects are neutralized is called the theta point.
Here, the chain reverts to the ideal chain characteristics, revealing its intrinsic
stiffness.
The intrinsic stiffness of a polymer is the stiffness that it possesses due to its
bending resistance, comparable to the E-modulus of a macroscopic rod.67 Like the
E-modulus, this is an intrinsic property of the polymer which is independent of
solvent. This concept is purely theoretical as in practice the stiffness of a single
polymer is measured in a context such as a solvent. An example of the effect of the
solvent on the measured stiffness can be seen in Table 2. The Kuhn length of
polystyrene increased by more than a factor three when measured in toluene 18
instead of isopropanol.24 Branched polymers, such as polyisocyanides, are
expected to show an even more complex behavior for different solvents since also
the interactions between the side-chains depend considerably on the solvent.

Measuring the average bulk stiffness of polymers
As mentioned above, measuring the stiffness of a polymer requires a force to bend
it. In solution, dissolved polymers can move freely. This, in combination with their
relatively small size effects that thermal energy at room temperature is sufficiënt
to compete with the elastic stiffness and bend the polymer. A very flexible polymer
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predicted for equilibrated polymers for polymers longer than 50 nm (Figure 6a). It
is therefore unlikely that the polymers were truly equilibrated on the surface.
Second, if the imaging resolution is not high enough to resolve very small wiggles
in the tangent direction of the polymer, this will result in an overestimation of the
.

77,80
D'

Single molecule force spectroscopy techniques
This section shortly discusses some commonly used single molecule force
spectroscopy techniques that can be combined with a fluorescent probing setup.
This combined setup is needed to elucidated the anticipated conformational
change of polyisocyanides when a force is applied (this will be fully explained in
Chapter 2). Since there was already a single molecule sensitive Confocal
Fluorescence Microscope (CFM) in house, a suitable single molecule force
spectroscopy setup needed to be coupled. Although there is a large repertoire of
techniques which is able to measure and manipulate a single polymer, only a few
are commonly used. These include optical81 and magnetic tweezers82 and atomic
force microscope83' 84 (Figure 7). There are many excellent and comprehensive
reviews about these techniques available,85 therefore only the first two techniques
will be discussed briefly whereas the third technique will be discussed more in
depth since it is used in the experiments described in this thesis.

Optical tweezers
Optical tweezers, also known as optical traps, are versatile single molecule
manipulation techniques that can be used to exert and measure forces up to 100
pN in three dimensions with sub-nanometer accuracy and millisecond time

a

Figure 7. Single molecule force spectroscopy setups. a, Optical tweezers, b,
magnetic tweezers, c, atomic force microscope.
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resolution.81 By focusing a laser to a diffraction limited spot with a high numerical
aperture microscope objective, particles with a high dielectric constant can be
trapped (Figure 7a). The trapped partiele is positioned by moving the focus or the
measurement chamber and the force acting on the partiele is read from the
interference pattern and null detector signal that are captured with a CCD camera.
Although optical tweezers are versatile and precise, they are prone to optical
disturbances that affect the intensity or the intensity distribution of the optical
trap, and thus require very pure and homogeneous samples and a high power
trapping

beam

that

heats

and

potentially

bleaches

the

sample.

Other

disadvantages include the maximum force of 100 pN that can be exerted which is
relatively low compared to the force necessary to for example measure the
conformational

transition

in

native

dextran

(700-850

pN)86 or

gem-

dibromocyclopropane functionalized polybutadiene (1200 pN).21

Magnetic tweezers
A magnetic tweezers setup consists of a pair of magnets placed above the sample
holder (Figure 7b).37' 82 The magnetic bead, which is placed in between the
magnets, experiences a force proportional to the gradiënt of the square of the
magnetic field. The determination of the position of the magnetic bead requires an
optical path. Magnetic tweezers are capable of exerting forces up to 200 pN and
are extremely sensitive with a force range down to 10 fN. A very useful, and for
force spectroscopy on helical polymers very relevant feature, is the ability to
measure and apply torsional stress.87 The maximum force of 200 pN that can be
exerted is expected to be too low to induce a conformational change in polymers
such as polyisocyanides (vide infra).86

Atomic Force Microscope
The Atomic Force Microscope (AFM) consists of a thin cantilever with a very small
tip on the end facing downwards, which is bend or twisted when a force is exerted
on it. This bending is accurately measured by detecting the deflection of a laser
which is focused from above on the reflecting backside of the cantilever (Figure
7c). Although not as sensitive as the other techniques, a large force range is
covered, ranging from 10 to 10,000 pN.
The sharp AFM probe is positioned by a piëzo tube and can be used to probe the
sample in 3 dimensions. This way, a 3D image of the surface of the sample can be
created with a very high resolution down to 0.5 nm, limited by the radius of
curvature of the tip. This probing can be done in various modes including force
13

volume, contact, and intermittent contact mode. The user-friendliness of the AFM
is illustrated by its abundance in many labs around the world. The necessary AFM
cantilevers are cheap and available in many shapes and sizes. AFM can be easily
combined with optical microscopy if a suitable AFM laser wavelength is selected
which does not interfere with the wavelengths used for optical measurements.
Since AFM is versatile and capable of exerting high forces, we choose to use this
technique to measure SMFS of polyisocyanides.
Apart from the advantages, there are several drawbacks; the AFM essentially
measures force in only one dimension with a reasonable sensitivity, whereas
optical and magnetic tweezers measure three dimensions and are able to tune the
stiffness of the bead trap. Furthermore, the AFM suffers from its low sensitivity of
5 pN; due to small size of the cantilevers, these are subjected to thermal
fluctuations that impose fundamental limits on displacement, force and time
resolution.88
The AFM measures the deflection of the cantilever versus the piëzo position, za. In
order to fit this data to statistical polymer models it needs to be converted to the
actual distance between the AFM tip and the substrate, z. This can be achieved by
using:1
Z

=

Z° ~ Jd

Equation 10

Where D is the cantilever deflection and 5 is the slope of the recorded bending of
the cantilever upon contacting the sample surface (from 5.7 to 5.8 extension in
Figure 8, and the signal recorded between Figure 9b and Figure 9c).
By applying Hooke's law the cantilever deflection is converted to the force, F:1

k.
F = - k ( z - z 0) = —
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Equation 11

Here, k is the spring constant of the cantilever (vide infra). The force-distance
curve shown in Figure 9g is the result of the above mentioned conversions of the
curve shown in Figure 8 plus the subtraction of a linear background and an offset
in the tip-sample distance. The former figure also illustrates a typical force
spectroscopy experiment measured with an AFM. At the start of the experiment
the tip is hovering above the surface with no polymer attached, hence no force is
acting on the tip (Figure 9a). When the tip is lowered it comes into contact with
the surface (Figure 9b). Further extension of the AFM piëzo increases the force the
tip is pressed on the sample, but does not increase the tip sample distance (Figure
9c). During the time the tip is pressed on the surface ideally a polymer adsorbs to
it. After a certain preset force is reached, the piëzo is shrunk again, lowering the
force. Upon further shrinking of the piëzo, sometimes a peak in the force is

Piezo extension (|am)
Figure 8. The force versus piëzo extension raw data as obtained by the AFM
during SMFS. This data is converted to tip-sample distance and background
corrected by subtracting the linear fit to the part o f the force curve after the
polymer ruptured from the tip, marked by the black arrow. The resulting forcedistance curve is depicted in Figure 9.
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Tip-sam ple distance (fxm)

Figure 9. Principle o f single polym er force spectroscopy. a - f , artistic impressions
of an AFM tip, polymer and surface during force spectroscopy, see text. In g, the
resuiting force extension curve is plotted, with letters referring to their
corresponding cartoons a - f .
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observed which is caused by the tip-surface interactions gluing the tip to the
surface (Figure 9, peak in the blue trace at 0 extension). After this barrier is
overcome, and the polymer is not only attached to the tip but also still absorbed to
the surface, the polymer is bridging between tip and surface and ready to be
stretched. When the tip-sample distance is increased further, the entropy of the
polymer is reduced which results in a restoring force, hence the slope in the force
curve (mark e in Figure 9). At a certain force the attachment to the tip or the
surface ruptures (sharp peak after mark e), leading to a sharp decrease of the force
back to zero (Figure 9f).
The spring constant k of a cantilevers is determined using the thermal noise
method.89,90 According to the equi-partition theorem, each oscillation mode of the
cantilever contains an amount of energy equal to ^ k BT. This energy is stored in
the oscillation of the cantilever with an amplitude x011
( lm a > lx l) = \ k BT

Equation 12

with m the effective mass of the cantilever, io0 the resonant frequency, and kB the
Boltzmann constant. Since:
Mn = —
m

Equation 13

the spring constant k can be written as:
k = ^
Here (xj;)

Equation 14

is the mean square displacement of the cantilever. A simple

multiplication with a constant is necessary in order to apply this equation to an
AFM setup because this setup measures the apparent cantilever displacement of
the primary oscillation mode, (x^2):91' 92
k = c -^ y
\x0 '

Equation 15

The constant c corrects for tw o artifacts: i), the non-ideal spring behavior of the
cantilever which results in a spreading of the thermal energy over multiple
oscillation modes and ii), the optical lever detection scheme of the AFM in which
the angular changes of the cantilever are measured rather than the absolute
deflection.93,92 For the rectangular cantilevers used during the research described
in this thesis, a c of 0.817 is used. Further information on cantilever calibration and
corrections can be found elsewhere.93
17

Stiffness of individual polymer chains
The stiffness of single polymer chains varies by more than two orders of
magnitude, greatly depending on the polymer class. As a reference, the stiffness of
many different polymers is summarized in Table 2. Most synthetic polymers are
very flexible with a Kuhn length of less than 3 nm and an Lp of 1.5 nm. This is
comparable to the stiffness of an unfolded polyamino acid (Lp ■=0.37 nm)94 but very
flexible compared to polymers possessing an helical conformation such as dsDNA
an (Lp = 50 nm), polyguanidines (Lp ~ 40 nm), (Lp ~ 40 nm), polysilanes (Lp ~ 100 nm)
and polyacetylenes (Lp ~ 130 nm) (Table 1).
Measuring SMFS requires the polymer to be stretched and therefore the polymer
needs to be attached at two points. Most commonly used attachment schemes are
physical adsorption to both substrate and AFM tip (denoted a-a in Table 2, column
2), chemical binding to the substrate and physical adsorption to the AFM tip
(denoted cs-a), and chemical binding to both substrate and AFM tip (denoted cs-cs
in Table 2). Physical adsorption as means of attaching a polymer to substrate or tip
can work remarkably well as forces up to 2200 pN can be measured (Table 2,
column 6), but its success depends on the measurement conditions and on the
polymer. The rupture forces of physically adsorbed polymers can approach the
strength of a covalent bond. The latter varies in the range of 2800 pN for a Si-C
bond, 3350 pN for a Si-0 bond, 4100 for a C-C or a C-N bond and 4300 pN for a C-0
bond, whereas an Au-Au bond ruptures at 1500 pN.

95

Table 1. Stiffness o f helical polymers, measured with light scattering.
Polymer

Solvent

Persistence

Polyguanidines19
Polyfphenylene vinylene)23
Polysilane2

THF
p-xylene
Isooctane

42±8
40
100

Poly(phenylacetylene)26

CCI4, toluene

130

length (nm)

18

Table 2. Stiffness o f polym er chains.1 The second column (marked *) describes
the attachment scheme used: adsorption to AFM tip and sample is denoted a-a,
chemical binding to the substrate and physical adsorption to the AFM tip cs-a,
and chemical binding to both substrate and AFM tip cs-cs. The fifth column
(marked **) shows the segment elasticity fo r the eFJC model in Nm'1 and fo r the
eWLC model the elastic modulus in nN. This table is partly adapted from ref. 1.
Polym er

*

Solvent

*Lk (nm)
p Lp (nm)

**

Polystyrene18
Polystyrene24
Polystyrene27

a-a
a-a
a-a
cs-a
cs-cs
cs-cs
a-a
a-a
a-a
a-a
a-a
cs-a
cs-a
cs-a
a-a
a-a
a-a
a-a
a-a
a-a
a-a
a-a
a-a

1.22k
0.40±0.03k
0.37±2.11p
0.37±0.64k
0.56p
0.31±0.11p
0.23±0.10p
0.62k
1.0P
0.16p
0.31p
0.64k
0.7k
0.33±0.05k
0.2810.05
1.3±0.1k
1.5±0.1k
2.8±0.2k
1.6±0.1k
2.0±0.1k
2.8±0.2k
0.44k
0.45k
0.45k

2.1
18 ±3

Polystyrene28
Polystyrene29
Polystyrene30
Poly(vinyl alcohol)31
Poly(vinyl alcohol)32
Poly(vinyl alcohol)32
Poly(vinyl acetate)32
Poly(acrylic acid)36
Poly(ethylene glyco l)39
Poly(m ethacrylic acid)43
Poly(m ethacrylic acid)43
Polydim ethylacrylam ide41,44' 45
Polydim ethylacrylam ide42,44
Polydim ethylacrylam ide44
Polydiethylacrylam ide44
Polydiethylacrylam ide44
Polydiethylacrylam ide37,44
Dextran37' 48
Am ylose37,49
Pullulan49

Toluene
Isopropanol
10 mM NaOAc
buffer
DMF
Cyclohexane
25 mM NaCI (aq)
0.2 m NaCI (aq)
0.2 m NaCI (aq)
8 m urea(aq)
3-heptanon
1 mM KN03 (aq)
Hexadecane
W ater
W ater
NaOH (aq) pH 9
2 m urea (aq)
8 m urea (aq)
NaOH (aq) pH 9
2 m urea (aq)
8 m urea (aq)
PBS buffer
W ater
W ater

Pectin51
Polyvinylam ine (10%
hydrolysis)52
Polyazopeptide53,54
dsDNA56

a-a
cs-a

PBS buffer
5 mM NaCI(aq)

1.81k
0.8±0.16p

17.0a
5.1±2.5

eFJC
eW LC

cs-cs
cs-cs

DMSO
NaHP04 buffer pH
7, 10 mM NaCI(aq)

0.5P
47.4±1

20
1008±
38

eW LC
eW LC

a Before conform ational transition
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Rupture
forces (pN)
200-250

100-200
200-500
17

300-400
1030-1250

13
150

100-1800
300
100-300
1901100

12±1
16±1
28±1
17±1
21±1
28±1
11.5a
5.6±0.8a
10.2±
n Qa
u.y

M odel
eFJC
eFJC
W LC
eFJC
W LC
WLC
W LC
eFJC
WLC
W LC
WLC
eFJC
eFJC
FJC
eWLC
eFJC
eFJC
eFJC
eFJC
eFJC
eFJC
eFJC
eFJC
eFJC

Force induced changes
During SMFS a force is applied to the polymer which stretches the polymer. This
can give, in addition to stiffness and contour length, also information about the
conformations or secondary structure of the polymer.
The most famous example of a change of secondary structure is the denaturation
of dsDNA which is clearly evidenced by a plateau in the force-distance curve
(Figure 10). When dsDNA is stretched with a force up to 50 pN, a normal entropie
stretching is observed. However, when the force is increased to 65 pN, the helical
dsDNA is elongated.84' 96 This conformational transition is highly cooperative since
the plateau at 65 pN stretches for more than 1.6 times the initial contour length.
The exact structure of this overstretched dsDNA is not known, although some
evidence suggests it forms tw o independent strands of ssDNA.97 This is supported
by fitting the high force part of the force distance curve to the WLC model which
gives an Lp of only 1 nm whereas fitting the entropie stretching up to 40 pN which
gives an Lp of 50 nm.98
Also

conformational

transitions

in

polysaccharides

upon

stretching

are

accompanied by a deviation from entropie elasticity. Polysaccharides such as
amylose ( a l,4 D-glucopyranose)49, 99 and dextran ( a l,6 D-glucopyranose)86 can
reversibly convert to a different conformation due to the rotation of an exocyclic
bond and the chair-boat transition (Figure 12).16'

100 Other possible force-

induced elongation mechanism include isomerization which is observed for the
irreversible

extension

of a gem-dibromocyclopropane

(gDBC)-functionalized

polybutadiene at a force of 1200 pN (Figure l l ) . 21

Extension {[jm)
Figure 10. Force-distance curve o f DNA that is stretched (black) and then
im m ediately relaxed (blue). Figure adapted from ref. 20.
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Figure 11. Single-molecule force spectroscopy was used to m onitor the
electrocyclic ring opening o f gDBC. The force-distance curve is fitted to the BellEvans models (red line). Figure adapted from ref. 21.
Elongation of a polymer upon the destruction of its secondary structure is,
however, not aiways easily distinguishable in the force-distance curve. For
example, the force distance curves of an a-helix show a "pseudoplateau" which
can easily be mistaken for "norm al" WLC type of stretching (i.e. entropie) when

'L ,
•am ylose: a1,4 D-glucopyranose

-------dextran: a1 ,6 D-glucopyranose
0.6

0.7

0.8

0.9

1.0

Normalized extension

Figure 12. Fingerprints o f elasticity o f linear polysaccharides obtained by AFM.
On the left, force-distance curves o f single polysaccharides in solution. On the
right, the (simplified) monomer and the type o f glycosidic linkages in the
polysaccharlde fo r which the force-extension curves are displayed on the left. The
force-distance curves display marked deviations from the purely entropie
elasticity. A ll extensions were normalized by the molecule length determined at a
force of 1,500 pN. Figure adapted from ref. 16.
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only considering the lower forces up to a few hundred pN. Figure 13 shows such
force-distance of an a-helix. Fiere, the green lines indicate WLC curves with Lp =
0.35 nm which is the Lp of an polyaminoacid without a secondary structure.

94

These lines clearly deviate from the measured data (in black), indicating that the ahelical conformation is linearized.
The surprisingly low tensile force of uncoiling an a-helix was attributed to two
main causes.15 First, the sample peptide was only partially helical, with ~70%
helicity, so that forced stretching of the chain could always originate from its
nonhelical parts. Second, a helix-coil transition could take place spontaneously by
unfolding the helical parts to the coils and vice versa at a rapid time scale, allowing
any helical part to unfold with much less tensile force expected for the unfolding of
a perfect helix. The effect of such spontaneous local denaturation of helices was
discussed by Chakrabarti and Levine from a theoretical point of view .101 They
pointed out that because mechanical stretching concentrates on such locally
unfolded parts of high compliance, the force-distance curve is biased toward a
lower-force region, resulting in WLC curves.
Polyethylene Glycol (PEG) in water with phosphate buffered saline (PBS) shows
marked deviations in the transition region from entropie to enthalpic elasticity
when compared to the same polymer in hexadecane (Figure 14a).39 These

Extension (nm)

Extension (nm)

Figure 13. Force-distance curves o f an a-helix showing a psuedoplateau. The
green curves indicate WLC curves with Lp = 0.35 nm and appropriate Lc according
to equation 8. a, Force-distance curve measured in 50% TFE in 50 mM Tris buffer,
pH 7.4. The red curve is WLC curve with Lp = 0.16 nm, best fit to the low force
regime, b, Force-distance curve measured in 50% TFE in 50 mM Tris buffer, pH
7.4. Figure adapted from ref. 15.
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Figure 14. a, Superposition o f the force-distance curves o f PEG after
normalization o f their contour length. b, Elastically coupled two-level system as
a model fo r PEG elasticity. Figure adapted from ref. 17.
deviations of PEG in water PBS solution indicate the deformation of a secondary
structure upon applying a force. At low forces of a few pN the restoring force is
entropie whereas at high forces of hundreds of pN the elastic response is
enthalpic. The deformation of the secondary structure occurred in-between these
two extremes and was found to be reversible. The secondary structure was
hypothesized to consist of coiled PEG with water molecuies forming fluctuating
intramolecular bridges between the oxygen atoms of the PEG (Figure 14b). This
coiled secondary structure has a shorter contour length than the completely
stretched polymer and the stabilizing water molecuies resist further elongation
which only upon applying a force results in an elongation of the polymer. Many
other polymers such as PAAIVI,102 PVP,103 amylose3 2 , 104 and PVA32 form a similar
type of secondary structure which can be destroyed by applying a force.

Summary and outlook
In the statistical physics of polymers, the stiffness of a macromolecule is
conventionally associated with an "effective spring constant": the length over
which the polymer is roughly rigid. Two commonly used measures for this are: 1)
the persistence length, the length over which the correlations is the direction
along the polymer chain are lost, and 2), the Kuhn length, the segment length of
the polymer when modeled as a chain consisting of freely joined and rigid
segments. Both are a measure of the competition between the entropie parts of
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the free energy which tend to randomize the orientation of the polymer and the
energetic cost of bending.
The statistics of a single polymer chain depends on the solvent. For a good solvent
the chain is more expanded while for bad solvent the chain segments stay close to
each other. In the limit of a very bad solvent the polymer chain merely collapses to
form a hard sphere, while in good solvent the polymer chain swells in order to
maximize the number of polymer-fluid contacts. As a consequence, the solvent
used during the measurements of polymer has a major impact on the
experimentally obtained stiffness.
In general, making a polymer stiff requires a large diameter since stiffness scales
with the radius to the power four. Both repulsion between the bulk of the polymer
and strong interactions at this large diameter will stiffen the polymer. An extreme
example of a structure with a high stiffness is the carbon nanotube.105 This
extremely high stiffness, however, makes the rods difficult to process since they
are almost insoluble. This originates from their favorable crystal packing, the lack
of solvent interactions and the absence of entropy loss upon precipitation. Here, a
valuable lesson can be learned from nature whose stiff structures are chiral,
preventing precipitation because of their unfavorable staking and their abundant
solvent interactions.106
The two commonly used strategies to make synthetic polymers stiffer by
increasing their diameter are winding the polymer in a helix or branching the
polymer backbone. Examples of such polymers are polyguanidines (Lp = 40 nm),19'
107 polysilanes (Lp = 100 nm)25 and polyisocyanides (Lp up to 220 nm).2,70' 108'110 The
latter class of polymers owns their incredible high Lp not only to its helical
structure and the side chains on every carbon of the backbone, but also to the
stabilizing interactions between the side chains and the crystal like packing of
these side chains. These rigid rod polymers remain soluble in most solvents
because of their helical structure and the interactions of the side chains with the
solvent.

Outline of this thesis
Chapter 2 reviews the basic concepts of polyisocyanides and explains w hy force
spectroscopy of these helical polymers is of great interest. Furthermore, a
measurement protocol is developed enabling single molecule force spectroscopy
on

these

polymers.

In

Chapter

3,

this

protocol

is

applied

to

a

dipeptidopolyisocyanide, revealing a large heterogeneity in its stiffness. In
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addition, it seems that the anticipated plateau in the force-distance curves is
absent, and the polymers appear much more flexible than was expected.
Chapter 4 deals with finding the origin of the heterogeneity. Most of the stiffness
of polyisocyanides is thought to originate from their large diameter (i.e. helical
conformation) and stabilizing interactions between the side-arms. Making the
coiled helix linear is therefore expected to result in a much more flexible system,
but probably requires Crossing the energy barrier of uncoiling. Consequently, it is
expected that by varying the height of the energy barrier [i.e. vary the amount of
stabilizing interactions between the side-arms) the heterogeneity can be steered.
Several

modified

polyisocyanopeptides

were

synthesized,

including

(de)stabilization of the polymer helix by varying interactions between the side
chains. The heterogeneity, however, is mostly unaffected by these modifications.
Only completely destroying the secondary structure yields a homogeneous
distribution of the Lp.
Chapter 5 expands upon this research and investigates how a single polyisocyanide
polymer reacts to repeated probing. It is observed that upon repeated probing the
stiffness of the polymer slowly decreases, suggesting that indeed the helical
conformation of the polymer is gradually linearized. Molecular modeling of the
polyisocyanides supports this linearization and furthermore suggest intermediate
stable conformations.
Chapter 6 uses the combined insights of the previous Chapters to link the
microscopic stiffness of single polymers to the macroscopic stiffness of gels build
of many of these polymers.
Chapter 7, the epilogue, offers an overview of the conclusions that are scattered
over the other chapters.
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Chapter 2: Single molecule force spectroscopy of
polyisocyanides*
This Chapter introducés tw o key concepts that are necessary for understanding the
following Chapters. First, polyisocyanopeptides, the main research topic of this
Thesis, are introduced. Secondly, it is explained w hy force spectroscopy on these
helical polymer could be of great interest. The remainder of this Chapter focusses
on

the

development

of

a suitable

single

molecule

force

spectroscopy

measurement protocol.
Nature often achieves the high stiffness of its mechanical constructions by the selfassembly of molecular building blocks into large helical polymeric structures. For
polymers, stiffness is frequently quantified by the persistence length (Lp), the
length after which correlations in the direction of the polymer are lost. Natural
polymeric structures can have very large Lp, for example actin filaments (Lp ~
15,000 nm),3 collagen (Lp ~ 10-1000 nm)4 and DNA (Lp = 50 nm).5 In material
science, the quest for extremely strong and lightweight materials motivated the
development of biomimetic polymers with high strength and stiffness. Only a small
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Figure 1. Polymerization o f isocyanides. Schematic representation o f a, nickel
catalyzed polymerization o f isocyanides and b, the resulting helix where the first
carbon atom is above thefifth.

*Parts of this work were published in Chemical Science, 2013, 4(6), 2357-2363.
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number of stiff polymers has been made synthetically. These polymers, e.g.
polyguanidines (Lp ~ 40 nm),6 polysilanes (Lp ~ 100 nm)7 and polyacetylenes (Lp ~
130 nm),8 all possess a stable helical conformation. In contrast to those in nature,
the synthetic polymers are not self-assembled structures but consist of a single
polymer chain folded into a helical conformation. Overall it appears that this
helical conformation is one of the key properties defining the stiffness in natural
and synthetic systems, since helical polymers are generally much stiffer than nonhelical polymers.9 Winding a polymer into a helical conformation increases the
effective diameter and bulkiness of the system, therefore making it more resistant
to bending. It is crucial to understand how the polymer structure relates to the
mechanical properties if one is to tune and further control the stiffness of these
materials.
Polyisocyanides have a helical backbone that can be functionalized with a range of
different side groups at every carbon of the main chain (Figure 1). The side groups
can contribute stabilizing intramolecular interactions and bulkiness (Figure 2),
making polyisocyanides extremely stiff polymers.10 The side groups can, for
example, consist of amides which allow the formation of hydrogen bonds parallel
to the polymer main chain axis, mimicking a (3-helix.11 These micrometer long
polyisocyanopeptides have a well-defined 154 (~96 degree helical angle) structure
(Figure 2).1 Because residue n is hydrogen bonding to residue n+4 and the 154
structure closely resembles a 4j structure it is also sometimes called a 4j structure.

Figure 2. Proposed structure o f a D,L-AlaAlaOMe polym er (DLAAOMe, Figure
3) based on solid state NMR and modeling studies1, a, side view and b, top
view o f a cartoon o f a polyisocyanide. Hydrogen bonds (rows o f green discs)
between the amide bonds o f residue n and n+4 result in the formation o f fo ur
arrays o f hydrogen bonding networks parallel to the main carbon axis.
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These very stiff polymers have been used as a molecular scaffold to position
functional groups at specific locations.10, 12' 13 Their well-defined architecture
facilitates efficient electron transfer pathways which can be used in applications
such as photovoltaics. Several examples have been reported where such a
polyisocyanide was used successfully to scaffold dyes, e.g. thiophenes, porphyrins
and perylene diimides.14-19
The Lp of a family of four related polyisocyanides was recently reported by Yashima
et al. 20 The polymers were analyzed with a multi angle laser light scattering setup
that was coupled to a size exclusion chromatograph. The radius of gyration was
measured as a function of the molecular weight and fitted to the Worm Like Chain
(WLC) model.21,22 The Lp obtained with this method (220 nm) frequently contains
contributions from other factors than the intrinsic stiffness, such as repulsion
excluded volume interactions; the polymers swell in a good solvent and become
thereby more linear which makes them stiffer.23' 24 The same polyisocyanide
polymers were also characterized with a different method. Stable monolayers
were prepared on a water surface, compressed and deposited on mica.25 Atomic
Force Microscope (AFM) images were used to calculate the apparent 2D Lp values.
These were found to be much lower with only 39 nm instead of 220 nm for the
stiffest polymer. It is clear from these results that the stiffness of these
polyisocyanides

depends

on

the

measurement technique

or the sample

preparation procedure used.
Further it was found that the polymerization condition for the preparation of these
polyisocyanides also had a major effect on the inherent stiffness of these

a

D LAAOM e

L A p e ryle n e

Figure 3. Structure o f polyisocyanide D,L-AlaAlaOMe (DLAAOMe) and L-Alaperylene (LAperylene). b, Proposed helical structure o f LAperylene.
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polymers. The polyisocyanide mentioned above that was found to have an
extremely long Lp of 220 nm,20' 25 was 20 % more flexible when polymerized in THF
instead of toluene.27 Apparently, different conditions lead to a different secondary
structure due to the kinetic nature of the polymerization.28 The type of secondary
structure has a major influence on the stiffness of the polymer.29,30 But what is the
underlying distribution? Can multiple secondary structures coexist in one polymer
and can the polymer helix change conformation?
Samori et al. measured the Lp of polyisocyanodipeptide DLAAOM e (Figure 3) by
AFM, viz. equilibrating the polymers on a two-dimensional mica surface.31 The
shape persistence was analyzed by determining the statistical fluctuations in the
curvatures of many single polymer molecuies. By fitting these fluctuations to the
WLC model an Lp of 76 ± 6 nm was calculated for DLAAOM e, confirming that this
polyisocyanide is a very stiff polymer.
To investigate the stiffness in more detail, this Thesis focuses on a different
technique, i.e. single molecule force spectroscopy (SMFS), to determine the Lp of
polyisocyanopeptides. In contrast to most previously used techniques, SMFS is a
true single molecule technique which reveals the stiffness of every single polymer

Figure 4. SMFS o f a single polym er chain. a, The polymer (black line) is attached at
each end to an object (blue circles). During an SMFS experiment the distance
between these objects is increased and the force is measured. The increasing
distance between the objects results in linearization o f the polymer. b, Typical forceextension profile of a single polymer chain obtained by SMFS. Once the distance of
between the two objects approaches the contour length o f the polymer, the force
rapidly increases. The weakest point o f the structure breaks at 0.13 nN (0.95 pm), as
is witnessed by the sharp drop in the force at this point.
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molecule that is probed with a very high accuracy. In addition, it has the potential
to resolve conformational changes, the associated energy barriers and the kinetics
of these transitions.
SMFS is based on measuring the entropie restoring force versus extension of single
polymers (see Chapter 1). All experimental setups that can measure such a profile
require the polymer to be fixed to two objects between which the distance can be
varied and the force acting on at least one of the objects can be measured (Figure
4a). The force acting on one of the objects is plotted as a function of the distance
between the two objects (Figure 4b). W ith the help of statistical polymer models,
polymer properties such as the Lp and the contour length can be extracted from
these curves (see Chapter 1).
During force spectroscopy measurements, a force is applied to the polymer which
in the case of polymers possessing a secondary structure or a relatively stable and
longer conformation, can result in the elongation of the polymer (e.g. DNA,5
polyethylene glycol,32 polysaccharide xanthan33,34). In principle such an elongation
is also possible for helical polyisocyanides since these polymers can be converted
from their A1 conformation1 into a different and longer conformation.35 There are
several possible ways the polymer is elongated. One can imagine two extreme
cases: i) the length increase is equally spread over the polymer or ii) the polymer
a
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Figure 5. Elongation o f a helical polyisocyanide. a, Schematic representation o f a
helical polyisocyanide. The red arrows indicate the direction o f the force that is
applied to the polymer. This force is expected to result in an elongation o f the
polymer. b, Possibly the length increase is equally spread over the polymer or c, the
polymer locally converts to a much longer state while the rest of the polymer
remains relatively unaffected.
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locally converts to a much longer state while the rest of the polymer remains
unaffected (Figure 5). While a slightly different plateau might be expected from
these different possibilities, probably they are difficult to distinguish from each
other when only measuring the elongation force with SMFS. If the side chains of
the polymer would be equipped with chromophores, it would be easily possible to
distinguish between the equally spread elongation and the local elongation since
both will result in a different interchromophoric distance which is reflected in the
optical spectrum.36 Furthermore, additional information, such as the coupling
strength between the chromophores could be investigated with more advanced
probing techniques such as time resolved measurement.
An exquisite example of a polyisocyanide equipped with chromophores is the
perylenepolyisocyanopeptide LAperylene (Figure 3).15' 16‘ 36 This polymer consists
of a stiff helical polyisocyanodipeptide backbone which acts as a rigid scaffold for
perylenedimides,

highly

fluorescent

chromophores.

The

influence

of the

organization of the perylenes is readily seen upon polymerization as a change in
the absorption spectrum (from orange to dark red) as the perylenes are being
more closely packed and start interacting.36 This effect would be reversed by
applying an external force to the helical polymer which is expected to elongate the
polymer and thereby decreasing the interactions between the chromophores.
Since the distance between chromophores and their relative orientation is
reflected in the fluorescence emission spectrum, these can be monitored in realtime. Studying perylenepolyisocyaodipeptide LAperylene with a combination of
single-molecule force and fluorescence in a single experiment and on a singlemolecule will thus offer a very powerful and versatile approach to monitor
conformational changes in a temporal manner.

Results and discussion
Development of a protocol for SMFS on polyisocyanides requires a model system.
Polyisocyanodipeptide DLAAOMe was chosen for the following reasons:
»

A lot is known about this polymer, including the persistence length when

•

The corresponding monomer is relatively straightforward to synthesize

®

The length of these polymers can be tuned with the catalyst to monomer

equilibrated on a surface.11,14,31
and can be easily purified by recrystallization.
ratio, up to several tens of microns.
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Surface tethering
Single molecule force spectroscopy requires the stretching of polymers, which
implies the need of tw o handles to grab each end of the polymer. Several
complicated schemes which achieve this have been developed, mostly based on
functionalizing Silicon and gold surfaces of samples, AFM tips or beads.37 These
schemes can be used to specifically target functional groups of proteins (e.g. NH2)
or the 5'end of DNA, but since most polyisocyanides do not have such a specific
group at a specific location, these methods cannot generally be used on
polyisocyanides. The only well-defined position of a polyisocyanide is the
beginning. W e therefore tried to grow the polyisocyanides from a glass surface by
polymerizing isocyanides monomers from a nickel catalyst that was immobilized
on a glass surface.38
Following the procedure described in ref. 38, aminesiloxane coordinated nickel
catalyst was reacted with clean a glass plate (Figure 6). After the reaction finished
(two hours) the glass plates were thoroughly washed and immerged in a
dichloromethane or chloroform solution with the isocyanide monomer. This
procedure, however, is very time consuming and not versatile since only a
DLAAOM e, and not for example LAperylene, could be polymerized from the glass
surface. Probably the monomers of the latter are too bulky to grow near the
crowded glass. Furthermore, it was found that some polymers were not covalently
linked to the surface but rather strongly adsorbed, although the samples were
thoroughly washed after polymerization.
A much simpler approach, used during the experiments described in this Thesis,
relies on the relative large forces at the nanoscale. Since at this very small scale
gravity is almost negligible compared to van der Waals or electrostatic forces,
these forces can easily 'glue' a polymer to a surface. Based on this spontaneous
gluing, almost any polymer can be attached to the required surface in order to be

IBu
tBu

Figure 6. Growing polyisocyanides from a glass surface.
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stretched. This very simple way of coupling a polymer is called 'non-specific
adsorption' and is the most used coupling method in SMFS.9, 34,39 A stable link
which holds for several hours up to 2 nN can be formed, very well suited for SMFS.
Although versatile, it is non-specific since the polymer is coupled to the surface at
a random position, giving an extra uncertainty in the contour length of the probed
polymer. Because of the versatility and the lack of a specific handle on
polyisocyanides, non-specific adsorption was chosen to attach the polymers to
sample surface and the AFM tip.
In order to adsorb the polymers to a surface the polymers are dissolved in a
volatile solvent and spincoated at ~3000 rpm on a surface of choice. Subsequently,
the loosely adsorbed polymers are removed by rinsing the samples with the same
solvent used during the SMFS experiments. Glass was chosen for combined AFM
and confocal measurements. It requires thorough cleaning and is quite rough with
a surface roughness comparable to the diameter of single polyisocyanide (= 1 nm),
limiting AFM imaging resolution. When no optical measurements were needed,
mica was used since this can be readily cleaved to obtain an ultra-clean atomically
flat surface. This flatness greatly enhances the imaging resolution and enables
monitoring the polymer density and morphology before and after the experiment.
There are several reasons w hy it is essential to make sure that we are measuring
single polymers during an SMFS experiment. In a SMFS experiment the entropie
restoring force is measured. If tw o completely independent polymers are
measured simultaneously, also twice the restoring force is measured. Since the
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Figure 7. M ultiple ruptures in a force-distance curve o f DLAAOM e in TCE.
38

stiffness scales reversely with the entropie restoring force, the obtained Lp is less
than the Lp of the individual polymer.40, 41 Often, the stretching of multiple
independent polymers is readily identified in the force-extension curve by the
occurrence of multiple rupture events, at least one for every individual polymer
(see Chapter 3). However, in the extremely unlikely event of two or more polymers
being simultaneously coupled to the tip, and having the exact same contour
length, the multiple polymer stretching event would not be noticed as such.
An interesting variation on the multiple polymer force spectroscopy theme is when
two or more polymers that are not independent (e.g. supercoiled) are stretched.
Although this is a single species, it is formally not SMFS any more since more than
one molecule is stretched at the time. The Lp of two strongly interacting polymers
is equal to the square of the diameter increase relative to that of the single
polymer which results in an overestimation of the Lp of the constituting single
polymers (see chapter l) . 42
In contrast to the stretching of independent polymers, interacting polymers are
not easily identified in the force-extension curve. Since a single species is
stretched, it will result in only one rupture event, just like a single polymer and can
therefore not be distinguished from a single molecule pulling event. For polymers
that are all completely identical (/.e. have exactly the same Lp and stretching
modulus), additional proof of pulling single polymers can be obtained. Since these
elastic properties scale linearly with the contour length, the force-normalized
extension curves should overlap (see Chapter l ) . 43
One way to decrease the chance of measuring multiple polymers is using a low
polymer density on the surface so that the chance of two polymers interacting is
very low

(Figure 8a). However, when

measuring SMFS of DLAAOMe in

trichloroethane (TCE) at the concentration used to obtain Figure 8a, the chance of
a polymer adsorbing to the AFM tip proved to be very low; less than 0.02 % of the
force-extension curves showed an event of interest. This success ratio was
improved to approximately 0.2 % by increasing the polymer density on the surface
(Figure 8b). However, due to the high density it is difficult to verify the polymer
morphology at the single molecule level. Further increase of the polymer density
on the surface (Figure 8c and d) leads to less useful pulling events as almost all
force-extension curves show too many events to the extend where events are
overlapping and none can be interpreted (Figure 7).
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In addition to the polymer density, also the force at which the AFM tip is pressed
on the sample and the time the AFM tip is in contact with the sample can be used
to tune the chance of a successful coupling of a polymer to the AFM tip. Typically,
the tip was pressed with a force of 2 nN on the surface for a duration of 1 second.

Figure 8. Polym er density and m orphology. a-d Dichloromethane solutions of
DLAAOMe were spincoated on freshly cleaved muscovite mica at increasing
concentrations o f a, 2, b, 10, c, 200 and d, 2000 mg/l. In a-c the apparent width
o f the polymers is ~100 nm, which is in fact the curvature o f the AFM tip as the
latter has a much larger curvature than the polymer. The apparent width o f the
polymer in d is much smaller because here the up and down movement o f the
AFM tip is restricted by the dense packing o f the polymer which results in
"im aging" only a smaller part of the AFM tip.
40

Solvent selection
The next step in the development of a SMFS protocol for polyisocyanides is to
select a suitable environment to perform SMFS in. The solvent in which SFMS is
measured determines to a great extend the morphology of the polymer on the
surface and the strength of adsorption; in a bad solvent the molecule precipitates
which means that desorbing it from the sample surface will require a relatively
high force. In a good solvent the polymer will probably not stick to the sample
surface as adsorbing will go at the expense of energetically favored interactions
with the solvent molecules.
Ideally, the polymer adsorbs at one end to the sample surface and at the other end
to the AFM tip, which requires a reasonably good solvent (Figure 9a). In solvents
with a lower ability to solve the polymer, the polymer adsorbs to the sample
surface at multiple points (Figure 9c) or complete adsorbs to the surface (Figure
9e). The ideal solvent for SMFS experiments has a very low vapor pressure which

f__A_ |LaAaA. fTip-sample distance
Figure 9. Adsorption conformations and the corresponding force-distance
curves. a. b, Ideally the polymer is only at one point adsorbed to the tip and at
one point to the sample surface which results in a single rupture peak in the
force-distance curve c. d, Multipoint attachment to the surface results in many
peaks in the force-distance curve. f. e, When the polymer is adsorbed over the
whole length to the surface this leads to a desorption plateau in the forcedistance curve.2
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Table 1. Tested solvents and proposed polym er conformation. Also toluene,
chloroform and dichloromethane were tested but were found to evaporate too
fast in combination with the setup used.
Solvent

Conformation

Adsorption to the AFM tip

Water

Completely adsorbed

Once attached very strong

Hexadecane

Many points adsorbed

Once attached very strong

Phenyloctane

Many points adsorbed

Once attached very strong

Octanoic acid

Many points adsorbed

Once attached very strong

Trichloroethane

Mostly dissolved, only a few
points adsorbed

Loosely,
exchange

dynamic

‘ Proposed conformation o f the polymer on the surface based on the shape o f the
force-distance curve (Figure 9).
enables long continued measurements of several weeks, without convection or
drift due to evaporation of the solvent.
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Figure 10. Force spectroscopy in water, a, A typical force-distance curve o f
DLAAOMe measured in water showing a double desorption plateau. Probably this
double plateau is caused by a polymer that is picked up at around 35 % o f its
contour length. b, Contour length versus curve number. The subsequent
occurrence o f the same contour length indicates that one, or only a few polymers
are desorbed several times.
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Several thousand force-distance curves were measured in water, hexadecane,
phenyloctane, octanoic acid and trichloroethane. Table 1 summarizes the results
for the tested solvents. The curves measured in water showed a single or double
plateau which only varied in length (Figure 10a). The height of the plateau was at
80 ± 15 pN, or a multiple of 80 pN in the case of multiple plateaus. This plateau is a
well-known signature of desorption44 (Figure 9e, f) and indicates that DLAAOMe is
over the whole length adsorbed to the sample surface.
The curves that showed a desorption plateau were found to be clustered in groups
(Figure 10b). The curves in-between these groups did not show any sign of a
polymer desorbing. Remarkably, almost all polymers within a cluster had the same
desorption length (Figure 10b). Since all these curves are measured on a different
location on the sample,45 these observations suggest that a polymer is strongly
bound to the AFM tip and is desorbed from the sample surface over and over
again.
The force-distance curves of DLAAOMe measured in hexadecane showed many
rupture events which suggest the polymer adsorbed to the surface at many points
along its length (Figure 11a, Figure 9c and d). The shape of the force-distance curve
fit reasonably to the WLC model (Figure 11a), indicating that the entropie restoring
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Figure 11. Force spectroscopy in hexadecane. a, Typical force-distance curve of
DLAAOMe in hexadecane showing a polymer which is adsorbed to the surface at
a few spots. The reasonable fit of the force before the last rupture to the WLC
model (red line) indicates the polymer is entropically stretched. b Contour length
versus curve number. Only the force distance curves that actually showed an
event were chronologically numbered. The subsequent occurrence o f similar
contour lengths indicates that only a fe w polymers are measured repeatedly.
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force of a polymer is measured. However, the reoccurrence of the same contour
length in the force-distance curves indicates that the polymers are strongly bound
to the AFM tip (Figure 11b). SFMS measurements of DLAAOM e in phenyloctane
and octanoic acid showed similar results as were obtained in hexadecane (Table 1).
To change the adsorption behavior drastically, a much better solvent for
DLAAOMe was used, i.e. trichloroethane (TCE). The force distance-curves
measured in TCE are much cleaner, showing one or a few rupture peaks (Figure
12a) which indicates that the polymer does not adsorb at many points to the
surface or AFM tip (Figure 9a, b). Furthermore, the polymers stick to the tip only
shortly and exchange much faster as is witnessed by the variation of the contour
length of the probed polymers (Figure 12b). The high vapor pressure of TCE
required carefully sealing of the measurement cell where sample, solvent and AFM
tip are, to reduce the evaporation of TCE. O f the solvents that were tested, TCE is
the only one suitable for SMFS measurements on DLAAOM e and is therefore used
in most of the experiments described in this thesis (Table 1).
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Figure 12. Force spectroscopy in TCE. a, Typical force-distance curve of DLAAOMe
in TCE. b Contour length versus curve number of DLAAOMe. Only the force distance
curves that actually showed an event were chronologically numbered. The
variation in contour length indicates that the polymer does not often stick to the
tip. The much lower chance o f probing polymer when it is not stuck to the AFM tip
results in much less events in one series o f overnight measurement than the
measurements performed in hexadecane (Figure 11b).
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Imaging polyisocyanides in liquid
Knowing beforehand the contour length and the morphology of the polymer
molecule we are about to stretch, would allow obtaining the Lp of the same
polymer with two different independent methods: i) by measuring the statistical
fluctuations in the curvatures of the polymer31 and ii) by recording the entropie
stretching profile of the same polymer. Since the polymers are spincoated on a flat
solid substrate before they are being stretched, it would in principle be possible to
image the polyisocyanides and obtain information about the fluctuations in the
curvatures of the polymer.31 This method would thus offer a direct comparison
between both techniques and could serve as an extra verification of the
parameters such as Lp and contour length.
This comparison requires the polymers to be imaged just before they are being
stretched which means that they are submerged in liquid. It was found to be very
difficult to image the polymers that are immobilized on mica using intermittentcontact mode AFM (tapping mode) in hexadecane (using cantilever 2, see
experimental, Table 2). Using contact mode AFM with the minimum required force
of approximately 0.5 nN, polyisocyanide DLAAOMe could be readily imaged in
water, hexadecane, phenyloctane and octanoicacid. Flowever, this imaging
method turned out to be invasive as the polymers look different from freshly

Figure 13. Subsequent AFM height images o f DLAAOMe adsorbed to a mica
surface imaged in hexadecane. a, The center square, showing the polymers that
appear brighter because o f their increased height, was imaged before. b, After
scanning up and down the same area as a, the polymers show agaln brighter in
the image, c, Zoomed out images o f the area o f a and b, again showing the
brighter polymers in the area that was scanned before. The center square
contains few er polymers in subsequent images.
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exposed polymers; the polymers that were already measured appear higher, wider
and seem to change position in between subsequent passages of the AFM tip
(Figure 13). This indicates that the passing of the AFM tip partly scratches the
polymers off the sample surface.
In TCE, during imaging the sample before SMFS, only vague stripes were observed.
This suggests that the polymers are mobile on the imaging time scale of the AFM
and are only partially adsorbed to the surface and mostly dissolved. This is in
perfect agreement with the conclusions drawn from the shape of the forcedistance curves in TCE (Figure 9a and b, and Figure 12).

Combined confocal and Atomic Force Microcopy
A unique insight in the behavior of polyisocyanides would be obtained by not only
measuring their stiffness and length with SMFS, but aiso acquire information about
their secondary structure and conformation with confocal microscopy.46-48 To also
be able to optically probe the polyisocyanides, perylenediimides were attached to
every side chain of polyisocyanodipeptide DLAAOM e (polyisocyanide LAperylene,
Figure 3).15' 16, 36 These perylenedimides are highly fluorescent chromophores
which act as fluorescent reporter molecules for the distance between the side
chains of the polyisocyanide via exciton coupling, excimer formation and the shift
in fluorescence spectrum.16,49
Polyisocyanide LAperylene was spin-coated on glass which was used as a

i
1

Figure 14. Combined confocal and AFM setup probing the same polymer.
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transparent polymer support. In order to probe the same spot simultaneously, the
AFM was put on top of an inverted confocal microscope (Figure 14). The
microscopes were precisely aligned by scanning the AFM tip through the focal
volume while the scattering of the AFM tip was detected. From this image the
relative offsets were deduced, which the AFM tip position was corrected.50 Since
now the confocal microscope and AFM are probing the same location, the sample
has to be moved with respect to the AFM tip and the confocal objective in order to
probe a different location on the sample surface or to scan an image.
When imaging in air, single polymers of LAperylene spincoated on glass could be
visualized with both the AFM (in intermittent contact mode) and the optical
microscope coupled to a 488 nm argon laser (Figure 15).15 Flowever, measuring
meaningful SMFS data requires the immersion of the AFM tip and the polymers in
TCE which resulted in huge increase in background fluorescence of more than fifty
times the signal of a single perylenepolyisocyanide polymer. This increase in
background signal upon addition of TCE is attributed to solvated polymers,
oligomers and perylene monomers floating through the focal volume. Hernando et
al. not only showed that these oligomers and perylene monomers are present in
these polymer samples, they also showed that these spieces are as fluorescent as a

Figure 15. Imaging fluorescent polyisocyanides. a, AFM phase image ( l x l pm2) of
LAperylene spincoated on glass.

b,

Wide field fluorescent image (lOOx

magnification) o f DLAAOMe which is partly functionalized with a fluorescent
chromophore.
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long

perylenepolyisocyanide

polymer

consisting

of

hundreds

of

perylene

chromophores.16 This low fluorescence of the polymers was attributed to the
formation of excimer-like species,51 charge separation and intramolecular electron
transfer upon optical excitation.16,52 In future experiments, this could be used to
our advantage by selectively measuring these incidents by means of spectral
selection.
Several attempts to decrease the background fluorescence were made. These
include even more severely rinsing of the glass with TCE and chloroform to remove
the non-adsorbed molecules and measuring of very low concentrations. The
former did not make much difference in terms of the background fluorescence
while the latter decreased it by a factor four. However, the extremely low
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Figure 16. Combined fluorescence and force spectroscopy. a, and b, show the
light intensity m easured by the photon detector o f the confocal microscope during
force spectroscopy. The corresponding force-distance curves are plotted in c and

d, respectively. A time t=0 the direction o f the AFM piëzo is reversed. Note that
the fluorescence signaI o f a, when no polym er is stretched (see c), is similar to the
fluorescence signal b when a polym er is stretched (see d).
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concentration this required also diminishes the chance of picking up a polymer
with the AFM tip. It is therefore recommended that in future experiments the
polymers are even more severely washed and, if possible, only the longer
polymers are selected with size-exclusion chromatography.
In order to reduce the amount of dissolved molecules during the measurement,
the polymer was adsorbed to the AFM tip instead of to the glass surface. However,
this resulted in a bright fluorescence signal emitting from the AFM tip. This signal
was much more intense than the single polymer molecules immobilized on the
glass surface. Although some force-extension curves of LAperylene could be
measured while simultaneously exciting the polymer with 488 nm light, the
intensity of the detected fluorescence signal varied the same way as when no force
signal was detected (Figure 16).

Conclusion and outlook
This chapter describes the development of a protocol to measure the stiffness of
single polyisocyanopeptides with force spectroscopy using an AFM. The polymers
were adsorbed of to both AFM tip and sample surface in order to stretch them. It
was found that trichloroethane offers the perfect balance between adsorption and
solvability of DLAAOMe such that clean entropie stretching curves could be
recorded.
Attempts to obtain additional information regarding the polymer that is probed
during SMFS by imaging the polymer when it is adsorbed to the surface before
performing SMFS, failed. Imaging in TCE proved to be difficult, probably due to the
very same reason that SMFS works so well; the polymers are only partly adsorbed
and therefore very mobile on the imaging timescale.
The combination of force manipulation and fluorescence probing was used to
measure perylenepolyisocyanide LAperylene, but failed due to a persistent high
fluorescence background. This high background level is attributed to the presence
of solvated perylenepolyisocyanide polymers, oligomers and perylene monomers
in the focal volume. Obtaining a useable signal to noise ratio for the fluorescent
signal is challenged further by the relatively low fluorescence signal of LAperylene,
which is comparable to that of a few single perylene m oieties.16
For future experiments it is recommended to improve on the latter method where
the polymer is first adsorbed to the AFM tip. For example, the complete surface of
the AFM tip and cantilever could be functionalized with fluorosiloxane, forming a
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protective layer which could be removed from the tip of the AFM tip by scratching
it over a hard surface. This protecting layer is expected to prevent perylene
molecules from adsorbing to the sides of the AFM tip and enable very local
functionalization of the tip with the fluorescent polymer. Furthermore, the signal
to noise ratio of the fluorescent signal could probably be increased by selecting the
part of the emission spectrum specific for excimers of the LAperylene polymers
and using the enhanced electromagnetic field around the AFM tip to boost the
fluorescence of the polymer.
An alternative solution to put the AFM-confocal combination to a good use is to
change the experiment such that also the confocal microscope becomes very
selective and only detects light from the molecule that is probed by the AFM. One
way to achieve this is by not relying on laser excitation but instead making the
probed molecule emit light. OPV would be suitable for this kind of application
because of their electroluminescence properties. These molecules could be grafted
on a polyisocyanide which is expected to stack them in a crystal like fashion. This
organization of the OPV molecules is expected to yield electron migration
pathways which are necessary to pass a current through the OPV molecules and
make them emit light. A voltage can be applied between the AFM tip and sample,
and since in principle only one polyisocyanide is connected to both sample and
AFM tip, only this molecule will conduct and emit light.

Experimental
Materials:
All chemicals were commercial products and used as received, unless stated
otherwise. Polyisocyanopeptides DLAAOM e11 and LAperylene16' 49 were prepared
according to previously reported methods. The catalyst-to-monomer ratio of
1:10,000 was chosen to yield micrometers long polymers. Sample preparation is
extensively discussed above and in Chapter 3.

Atomic force microscope:
A JPK Nanowizard I atomic force microscope, which was placed on a vibration
isolated table was used. The software was kept up to date, starting with version
3.0.23 and is currently at version 3.4.18. An 800 nm long pass filter was installed in
front of the 850 nm AFM laser to prevent wavelengths shorter than the 800 nm
reaching the confocal microscope's detector. For all AFM experiments Silicon tips
were used because of their low optical scattering compared to other commonly
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Table 2. Main properties o f the AFM tips used.
Length
(tim)

Width

Thickne
ss (nm)

Resonanc
e freq. air
(Hz)

Force
constant
(N/m)

Material

(nm)

1, NSG10

95 ± 5

30 + 5

2 .0 1 0 .5

140 - 390

3 .0 8 -3 7 .6

Silicon, Au
backside

2, ppp-cont50

450 + 10

50 ± 7 .5

2.0 ± 1

6-21

0 .0 2 -0 .7 7

n+ Silicon

3,
BLAC40TS-C2

38 ± 3

16 ± 3

0.2

100 - 1 3 0

0 .0 7 -0 .1 1

Silicon tip,
SiN cant.

used AFM tip materials such as Silicon nitride and gold coated Silicon nitride (Table
2 ).53 Experiments in liquid (SMFS, contact imaging) were initially performed with
Nanoworld NCH AFM tips (tip 2 in Table 2), which were later replaced by the much
smaller Olympus BL-AC40TS-C2 biolever AFM tips (tip 3 in Table 2) because of their
higher resonance frequency of 30 kHz in water. The AFM tips were calibrated using
the thermal noise method using the build in functions of the softw are.54 This
calibration method was found to be very reliable in a direct comparison with 9
other AFM setups.55 SMFS was performed at a speed of 1 |am/s. In order to adsorb
a polymer to the AFM tip, the tip was pressed with a force of 2 nN for 1 second on
the surface. AFM imaging in liquid was performed with the AFM in contact mode
with tip 2 and tip 3 with a force of approximately 0.5 nN and a speed of 1 line/s.
Imaging in air was done with the AFM in intermittent contact mode with tip 1, also
with a speed of 1 line/s. JPK data processing software version 3.4.18 was used to
process (linear leveling) the image.

Conlocal microscope:
Laser light of 488 nm (Spectra-Physics, 2080 argon ion laser) was coupled into a
single-mode optical fiber (Thorlabs, P1-460-FC-5), reflected by a dichroic beam
splitter (Chroma, 505dcxr) and focused onto the sample by an oil immersion lOOx
objective (Carl Zeiss, NA=1.30), which was mounted on an inverted microscope
(Carl Zeiss Axiovert 200). Fluorescent light coming from the focal volume was
collected by the same objective, passed through the dichroic beam splitter,
focused through a 50 nm pinhole and subsequently focused onto an avalanche
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photodiode (PerkinElmer, SPCM-AQR-14), with a 200 |im chip. The photon count
signals were recorded as inter-photon arrival times with a resolution on 50 ns
using a data acquisition card (National Instruments, PCI-6036E). By placing an 80 %
reflecting mirror in the collected light path, the light could be focused into an
optical fiber (Thorlabs, BFH22-50). The light emitted from the end of the fiber was
focused on the entrance slit of a spectrograph (Acton 2-300, Jobin Yvon, HR640,
1200 g/mm grating) equipped with a liquid nitrogen cooled CCD camera with a
square 512x512 pixel chip (Princeton Instruments, TEK512x512DB).
The JPK AFM and a TAO (JPK, tip-assisted opties) module with a 100 x 100 |im XY
scanner were fitted on top of the optical microscope. The AFM and confocal
microscope were aligned with a procedure similar to the one reported by Owen et
al.50 The glass slides used with the combined confocal AFM experiments were
cleaned by 10 minutes sonicating in saturated NaOH in ethanol solution, rinsing
with milli-Q, neutralizing with 0.1 M HCI w ater solution and three times rinsing and
sonicating in millipore.
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Chapter 3: Measuring the stiffness of individual
polyisocyanodipeptide polymers*
In the previous Chapter, a protocol to measure single molecule force spectroscopy
on polyisocyanopeptides is developed. In this Chapter, this protocol will be used to
extensively measure single polyisocyanodipeptide polymers.
Polyisocyanopeptide polymers mimic both the helicity of DNA and the structural
components of the p-sheet (Figure 1). These polymers are polymerized from their
respective isocyanide monomers (Figure la ). Commonly a Nickel(ll)-complex is
used as a catalyst, but also other metal-complexes and acid can be used.1,2 The
backbone adapts a helical conformation (Figure lb )3 5 which can be functionalized
with a range of different side groups at every carbon of the main chain. These side
groups contribute stabilizing intramolecular interactions and bulkiness, making
polyisocyanides very stiff polymers.3' 6 The amides in the side groups allow for
hydrogen bonds parallel to the orientation of the main chain between residue n
and n+4 (Figure l c ) .10 These stiff, micrometers long polyisocyanidepeptides have a
helical structure with 3.75 units per turn and an overall helical pitch length of 6.87

Figure 1. Schem atic representation o f a, the nickel catalyzed polymerization o f
isocyanides

and

b,

the

resuiting

helix,

c,

Secondary

structure

of

polysicyanodipeptide, showing only 1 out o f 4 side chains. The hydrogen bonding
network between the amide bonds o f residue n and n+4 is highlighted in green.

*Parts of this work were published in Chemical Science, 2013, 4(6), 2357-2363.
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nm when bearing a bulky side group.10' 12' 13 They have been used as molecular
scaffold to position functional groups at specific locations.3,4' 14 Such a well-defined
architecture, for example, facilitates efficient electron transfer pathways that can
be used in applications such as photovoltaics and conducting nanowires. Several
examples have been reported where such a polyisocyanide was successfully used
to scaffold thiophenes, porphyrins and perylene diim ides.12,1519 To further control
the stiffness of these polymers it is crucial to understand how the polymer
structure relates to its mechanical properties.
Previous

studies

on

the

stiffness

of

polyisocyanides

revealed

that

the

polymerization conditions for the preparation of these polymers have a major
effect on their inherent stiffness.20' 21 Probably, different polymerization conditions
lead to different secondary structures (i.e. differently folded) due to the kinetic
nature of the polymerization.5' 22' 23 But can multiple types of secondary structures
coexist in one polymer and what is the underlying distribution? To answer these
questions the entropie stretching response of single polyisocyanopeptides is
measured using the protocol developed in the previous Chapters.

Results and discussion
Polyisocyanodipeptide DLAAOMe (Figure 2a) was prepared by the polymerization
of (D)-isocyanoalanyl-(L)-alanine

methyl

ester

with

Ni(CI04)2 in chloroform

a

M

h — NH

"

O—

O

DLAAOMe

Figure 2. a, Chemical structure o f polyisocyanodipeptide DLAAOMe. b, Polymer
density before measuring SMFS. DLAAOMe was spincoated on mica from a
dichloromethane solution and imaged with AFM in tapping mode in air. The scale
bar represents 1 pm.
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following a previously reported method.25 In order to minimize the chance of
probing multiple polymers simultaneously, the samples were prepared such that
some polymers were not interacting with other polymers when adsorbed on the
surface (Figure 2b). This was achieved by spin-coating a dilute polymer solution (3
mg/l) on a freshly cleaved mica surface at 3000 rpm. Subsequently, these samples
were rinsed with trichloroethane (TCE) to remove any loosely adsorbed polymer.
The resulting polymer density and morphology were then analyzed using tapping
mode AFM in air. All force spectroscopy measurements were done in TCE.
Polyisocyanodipeptide DLAAOMe was attached to the AFM tip by non-specific
adsorption.26 The tip was lowered with a speed of 1 (am/s until it made contact
with the sample, pressed onto the sample with a force of 2 nN for 1 second and

1.0

1.5

2.0

2.5

3.0

0.2

0.4

0.6

0.8

Tip-sample distance (iim)

i-sample distance (nm)

Tip-sample distance (nm)

Figure 3. Typical force-distance curves with artifacts. a, Force-distance curve
showing desorption like features, b, Force-distance curve with multiple ruptures.
c, Force-distance curve (blue) with multiple ruptures. The last rupture could still
b e fitte d to the eWLC model (red).
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retracted from the surface with a speed of 1 um/s. Due to the low polymer density
on the surface, a polymer was adsorbed to the AFM tip in less than 0.4 % of the
40,000 approach-retract cycles, making it very unlikely that multiple polymers
were

probed

simultaneously. When

events were

seen,

the

majority was

characterized by a single rupture. Some curves showed artifacts such as large
nonspecific adhesion (Figure 3a) or multipoint attachment of one polymer or, very
unlikely, multiple rupture events resulting from the simultaneous pulling of several
molecules (Figure 3b). The few curves showing these artifacts or no event at all
were filtered out using a custom Matlab program. Some of the curves that showed
multiple rupture events were analyzed anyway if the last rupture event was
unaffected by the preceding rupture and could be reliably fitted (Figure 3c).
Analysis of the selected force-distance curves (Figure 4a) revealed a large variation
in the apparent contour length (Lc), (Figure 4b). This can be easily explained by the
relatively high polydispersity of the sample (DPI = 1.4)6 and the fact that the
polyisocyanide adsorbs to both the tip and the surface at random positions along
the polymer chain. This random adsorption thus leads to an underestimation of
the real contour length of the polymer and the apparent contour lengths depicted
in Figure 4 only represents the length of the part of the polymer that has been
pulled.

0.5

1
Elongation

Contour length (nm)

Figure 4. Force extension profiles and contour length distribution. a, Here all
force-distance curves are plotted in the sam e figure, each with a different color.
The part o f the force-distance curve after the rupture is depicted in black. The
red lines are the best fit to the eWLC model, fitting the curve up to the point
where the force suddenly drops and the attachm ent to the tip or surface fails. b,
Contour length distribution from the force-distance curves shown in a.
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Table 1. Force spectroscopy models describing the relationship between the
force and the extensiort o f a single polymer. Lp is the persistence length, Lk the
Kuhn segment length, Lc the contour length, K0 the elastic modulus and K the
spring constant o fa single segment.
Freely Jointed Chain7

Extended
Chain7

Freely

Jointed

x (F ) = Lc

x (F ) = L

Worm Like Chain11

F = M

Extended Wormlike Chain24
F =

k RT 1 /

\k BT J

F L k.

c o th ( ^ L ) . V
\ k BT )
FLk
1/

x

x

F \ 2

4 V ~ T C~ Y J

+■
Lc
x

K)
4
F

1

+ 17C ~ Y 0 ~ 4

The Lp values of the probed polymers can be obtained by fitting the force-distance
curves to a statistical polymer model (see Chapter 1 and Table 1). To choose the
most suitable among the several available models they were judged on their
goodness of fit using R2, the coëfficiënt of determ ination.27 Figure 5 shows the
most commonly used models all fitted to the same force-distance curve. All
parameters were fitted for each individual force-distance curve using a least
squares fitting procedure.
The black line in Figure 5 is the best fit of the WLC model (R2 = 0.968).11 This model
clearly deviates from the experimental data, indicating that in addition to entropie
forces also enthalpic contributions should be accounted for in the model. These
elastic models such as the extended Freely Jointed Chain (eFJC, R2 = 0.992)7 (Figure
5, red line) and extended Worm Like Chain (eWLC, R2 = 0.995)24 (Figure 5, purple
line)24' 28 give an improved fit . For fitting the eWLC model, the interpolation
formula given in Wang et o/.24 and Bustamante et a l 29 was used, with the addition
of seven polynomial correction terms as suggested by Bouchiat et a l.30 The data
cannot be fitted to zero force with the eFJC model because this model comprises a
hyperbolic cotangent which goes to infinity when the force approaches zero.
Therefore the experimental data is only fitted from 15 pN, based on the noise level
(Figure 5, red line) and extrapolated to lower forces (Figure 5, green line).
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Apart from the best fit, also the physical description and background of the
evaluated statistical polymer models should be considered. Since polyisocyanides
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Figure 5. Force spectroscopy models comparison. Three different statistical
polym er models are fitte d to the same fo rce distance curve using a least square
method. a, The black line is the best fit o f the WLC model, giving an Lp o f 15 nm
and an Lc o f 954 nm. The eFJC (light green line) gives an Lp o f 24 nm and an Lc o f
902 nm and the eWLC yields an Lp o f 76 nm and an Lc o f 920 nm (red line).
Because the eFJC m odel comprises a hyperbolic cotangent which goes to infinity
when the fo rce approaches zero, the data cannot be fitte d to zero force.
Therefore the experim ental data is only fitte d from 15 pN (dark green line) and
extrapolated to lower forces (light green line). The inset shows the entire positive
force curve, b, The residuals are plotted versus the tip-sample distance.
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are stiff molecules, the tangent direction along the polymer changes only slightly
over a relatively long distance. This description of a polymer with the bending
properties of flexible elastic rod corresponds best to the eWLC model (see Chapter
1). Furthermore, studies on other stiff rod-like polymers, such as dsDNA before the
conformational transition (vide infra), show that these polymers are best described
with the eWLC model.11' 29,31
Since the eWLC model gives the best fit to the experimental data and an accurate
physical description, this model is used throughout this Thesis to extract the Lp
from the force distance curves. This model, however, was found to deviate from
the experimental data for forces above 200 pN, possibly due to friction of the
polymer (see Chapter 5). Therefore, all force-extension curves were fitted up to
maximal 200 pN which still gives an excellent fit and probably the best estimate of
the Lp.
The Lp values obtained by fitting every force distance-curve to the eWLC model are
summarized in Figure 6a. The very wide distribution indicates that every polymer is
unique and has its own stiffness. This large heterogeneity in Lp ranges from 0.4 nm
to 110 nm, a difference of more than two orders of magnitude. Such a large
heterogeneity has, to the best of our knowledge, not been reported for any other
polymer. Figure 6b further illustrates this heterogeneity: the normalized forcedistance curves do not overlap. This overlap is expected for homogeneous

Persistence length (nm)

Normalized length

Figure 6. Force spectroscopy o f DLAAOMe in trichloroethane. a, Persistence
length distribution histogram, b, Selected normalized force-extension curves,
chosen fo r their difference in persistence length, ranging from 0.4 to 65 nm. The
solid red line is the best fit using the eWLC model, fitte d up to 200 pN. The forceextension curves are normalized to 1 at 300 pN.
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polymers with the same Lp as the contour length scales linearly with the Lp.32
Furthermore, the average Lp of the probed polyisocyanodipeptide chains is 17 nm
which is much shorter than the previously measured 76 ± 6 nm for the same
polymer when equilibrated on a surface (vide in fra )6
In addition to the unexpected heterogeneity and the low average Lp, the shape of
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Figure 7. Conformational changes in force-distance curves o f helical polymers.
a, b, and c, force-distance curves o f DLAAOMe, with an Lp o f 2, 35 and 81 nm, fo r
a, b, and c, respectively. None o f these curves shows a significant deviation from
the eWLC model (red line), indicating that no conformational change occurs upon
pulling. The residuals are plotted in blue in the graph below the force-distance
curves. d, Overstretching o f dsDNA, adapted from ref. 8. The relative extension on
the x-axis is the measured extension divided by the contour length o f the polym er
before the conform ational transition. The Lp before the conformational transition
is 50 nm. At approximately 1.1 relative extension and 65 pN force, the forcedistance curve clearly deviates from the eWLC model (red line). A t this fo rce the
helical conformation is converted into a 1.7 times longer conformation.
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the force-distance curves of DLAAOMe differs from the shape reported for other
helical polymers (Figure 7). The main difference is the absence of a plateau,
indicative of a cooperative conformational transition occurring upon elongation of
the polymer chain (e.g. as is observed for dsDNA, see Figure 7d).8' 24,31 This plateau
was expected for the transition of the initial compact 4 i conformation into an
elongated one.33 This conformation is 30 % longer and expected to be more
flexible than the 4 j conformation due to reduced steric interactions between the
side chains and lower number of stabilizing hydrogen bonds.
Sometimes very stiff DLAAOMe polymers were pulled. The fact that these
polymers are stiff means that they are in the compact 4 j conformation and can
possibly be elongated. Although these stiff polymers were pulled with a high force
up to 300 pN, the corresponding force-distance curves did not show any sign of a
plateau (Figure 7c). This suggests that the elongation of the polymer is not likely to
take place at force below the noise level of the experiment (/.e. 5 pN).
Furthermore, this indicates a high energy barrier of unfolding the stiff 4 X
conformation (vide infra).1,3’6' 10' 12' 16‘ 18,25
The Lp distribution histogram (Figure 6a), however, shows that many polymers are
in flexible elongated conformation. If we assume that the polymer is initially (/.e.
directly after polymerization) in a stiff 4 i conformation, this means that many
polymers have crossed the energy barrier between the compact 4! conformation
and the elongated conformation, which suggests that this barrier is relatively low.
This seems to contradict the previous statement, based on the absence of a
plateau in the force-distance curves, that there is a high unfolding energy barrier.
Possibly, this contradiction can be explained by the fact that Crossing this energy
barrier is a stochastic process, resulting in a distribution of Lp's including both stiff
and flexible polymers.34 Furthermore, the distribution could be biased towards the
lower Lp's due to the cooperative nature of the secondary structure of the
polyisocyanide polymer; ones a local change in the secondary structure is induced,
this change readily spreads through the rest of the polymer chain.35’37
At this stage it cannot be excluded that other processes, directly related to SMFS,
influence the conformation of the polymer and therefor the Lp. Perhaps the
polymer is damaged when the AFM tip is pressed with a high force on the polymer
(up to 3 nN) in order to adsorb it (Chapter 2). Also the surface could influence the
polymer as it adsorbs to it, possibly at several spots along the polymer. Upon
desorption from the surface the polymer is locally bend, possibly disrupting
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hydrogen bonds and locally inducing a conformational change, yielding a more
flexible polymer.
An alternative explanation for these experimental observations is that not all of
the polyisocyanide polymer are in the defect-free and stiff 4 X conformation directly
after polymerization, although previous studies on these polymers suggests
otherwise.3"6, 10, 25 Possibly,

some

polymer

chains

have

defects

in their

conformation, for example very small parts that are not folded in the
conformation. A few of these defects where the polymer is not stiff would have a
detrimental effect on the Lp obtained with SFMS and would not be visible in the
force-distance curve.38, 39 These defects would explain the combination of the
heterogeneity, the lower Lp found with SMFS and the absence of a plateau in the
force-distance curves.
It should be noted that if a single polymer chain that consists of multiple blocks
with a different stiffness is measured with SMFS, the obtained apparent Lp by
fitting the WLC model is much lower than the length weighted averages of
constituting blocks. Because the flexible block of the polymer exerts a relatively
high force on the AFM tip, the lack of force exerted by the stiff part of the polymer
does not have much impact and is therefore not equally reflected in the Lp (see
Chapter 1).
In addition to the Lp and the contour length, also the elastic modulus is obtained
from fitting the eWLC model to the force-distance curves. The elastic modulus is a
measure of how much the polymer is elongated and is incorporated into the eWLC
model to account for enthalpic stretching (e.g. bond angle deformations, bond
elongations). The elastic modulus was found to be almost as broadly distributed as
the Lp's (Figure 8a), ranging from 0.2 nN to 75 nN (the few curves with a negative
stretch modules were discarded). This wide distribution indicates that not only the
Lp’ s are different, but also other properties of the polymer are heterogeneous.
Presumably also the friction contributes to this wide distribution of the elastic
modulus (Chapter 5).
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The rupture distribution histogram shows that the very simple attachment scheme
of adsorbing the polymer to both surface and AFM tip, works very well (Figure 8b).
Forces in excess of 400 pN can be applied, although 240 pN is most abundantly
found. Such a distribution is commonly observed for desorbing polymers and is
explained by the non-specific nature of the attachment scheme (see Table 1 in
Chapter 1 for a comparison to other polymer-solvent system s).26,40 The low force
rupture cutoff of 90 pN is determined by the filter settings of the Matlab analysis
program.
The data set evaluated here does not meet all boundary conditions and
assumptions of the eWLC model which is used to extract the Lp. Specifically, the
finite chain

length, the chain-end

boundary conditions and the AFM

tip

fluctuations are not accounted for by the eWLC model. These deviations from the
ideal chain can result in underestimation of the Lp of maximally 10 %41 and
therefore not explain the observed heterogeneity or the longer Lp found previously
by fitting the curvatures of polymers equilibrated on a surface.5
The effect of the solvent TCE on the measured Lp is unknown. However, TCE is a
reasonable good solvent for DLAAOMe, and has comparable properties such as
polarity and solvability as the solvent (chloroform) used in the previous studies.6
This means that the polymer is expected to behave similarly and the dissimilarity in
the measured average Lp observed here, and the Lp found previously when fitting
the 2D morphology of polymers that are equilibrated on a surface,6 are not due to
the different solvents and changes in the associated excluded volume effects (see
Chapter 1).

Elastic modulus (nN)

Force (pN)

Figure 8. a, Elastic modulus and b, rupture force distribution. To put these
rupture forces in perspective; it takes about 3000 pN to break a covalent bond9.
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There are some limitations to the resolution of the SMFS technique when applied
to very stiff polymers such as DLAAOMe. Entropically stretching a polymer, as is
done during SMFS, results in a force-distance curve in which the force just before
the contour length of the polymer is reached, increases rapidly. The slope with
which the force increases is, approximately, reversely proportionally to the Lp. As a
result, this bending point is extremely important when fitting the eWLC model
reliable, even more so for stiff polymers (Figure 9).24,29 This is illustrated in Figure 9
where the Lp is varied by 20 % which corresponds approximately to the 95 %
confidence interval.
The SMFS experiments described here are performed at a constant pulling speed
and sampling rate, the latter being limited by cantilever noise. This resolution
constrain, which is most noticeably in the bending point, limits the Lp that can be
accurately resolved.

Ex ten sio n (|im)

Figure 9. Fitting the eW LC model. Best fit o f the eWLC model (green solid line)
gives an Lp o f 79 nm. Locking the Lp at a 20 % higher value o f 95 nm and fitting
the other param eters results in the red striped line. Locking the Lp at a 20 % lower
value o f 63 nm and fitting the other param eters results in the blue striped and
dotted line. Although the Lp o f the fits varies 40 %, the e WLC fits are very similar,
illustrating the very low sensitivity o f the eWLC model in the inflection point o f
the force-distance curve.
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Heterogeneity and bundle formation
SMFS is essentially a blind experiment. It can therefore not be guaranteed that
only a single polymer is probed during a single probing cycle. Measuring a varying
number of polymer chains simultaneously with SMFS will result in a distribution of
the apparent Lp, possibly similar to what is found for polyisocyanodipeptide
DLAAOMe (Figure 6a). In the following paragraphs, three possible scenarios of

pulling multiple polymers are described.
If multiple independent polymer chains are measured simultaneously (Figure 10a),
the apparent Lp obtained by fitting the eWLC model underestimates the Lp of the
individual polymers (Chapter 2). The chance of coupling two independent
polymers simultaneously to the tip is extremely low. Even if two polymers are
simultaneously coupled to the tip, the chance that they have the same contour
length and can thus not be identified in the force-distance curve, is extremely
small.
Pulling strongly interacting bundled polymers (Figure 10b) will result in an
overestimation of the Lp (Chapter 1). Measuring bundles cannot be easily
distinguished from single polymer chains by looking at the force-distance curves
because both polymer chains are expected to rupture simultaneously. Bundle
formation is, however, seldom observed in AFM topographic images of the
samples before SFMS. Furthermore, the obtained Lp of DLAAOMe with SMFS is
much shorter than other studies indicated whereas bundling is expected to
increase the Lp (Chapter 2).6 Although it seems unlikely that bundles are probed, it

Figure 10. Different morphologies o f multiple sim ultaneously measured
polymer chains. a, Independent, b, bundled and c, gelated polym er chains, the
latter forming a 2D network on the sample surface that is picked up by the AFM
tip.
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cannot be completely ruled out.
Polyisocyanopeptides form gels in TCE at concentrations of a few grams per liter.
The polymers that are adsorbed to the sample surface could form a 2D gel-like
network (Figure 10c). Measured with force spectroscopy these gels would make
the constituting polymer chains appear extremely flexible. The shape of the forcedistance curve is expected to be indistinguishable from that of a single polymer
because there is only one attachment to the tip that ruptures. However, the low
density of the polymers on the surface makes the gel formation unlikely.
Furthermore, sometimes it was observed that a polymer got stuck to the AFM tip
and was measured several times on different locations on the sample. This one
polymer was found to also have a wide distribution of Lp values (see Chapter 5).
Since it is unlikely that the complete gel structure moves with the AFM tip to a
position 10 |im further on the sample and still ruptures at exactly the same
extension, it seems that the different Lp values belong to a single polymer.

Conclusion
Using

the

SMFS

protocol

established

in

Chapter

2,

many

single

polyisocyanodipeptide polymers were measured, revealing that every individual
polymer is unique, having its own stiffness. The values obtained for the Lp ranged
from 0.4 to 110 nm with an average of 17 nm. This Lp is much shorter and wider
distributed than 76 ± 6 nm that was found in a previous study where the
morphology of in 2D equilibrated polymers was m easured.6 This, in combination
with the absence of a plateau in the force distance curves, suggests there is a low
energy barrier between the different conformations of polyisocyanodipeptide
DLAAOMe which can be crossed by most polymers. Alternatively, the energy

landscapes itself is heterogeneous (/.e. different or every polymer) due to defects
in the polymer chain. These defects could be introduced by the sample
preparation or the SMFS measurement itself.
From the above it follows that increasing the height of the energy barrier between
different conformations should make the polymer less prone to disturbances
which is expected to reduce the heterogeneity. In Chapter 4 this hypothesis will be
tested by measuring SFMS of several types of polyisocyanopeptides which have
different energy barrier heights.
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Experimental
The experimental details of SMFS can be found in Chapter 2. The coëfficiënt of
determination, R2, is used to select the best fitting statistical polymer model (i.e.
WLC, eFJC and eWLC). R2 is the proportion of variability in a data set that is
accounted for by the statistical model.27
The data w ere fitted using the modified Marko-Siggia WLC model:24

Fitting parameters: L p: persistence length, L 0: contour length and K 0: elastic
modulus. In each iteration in the fitting procedure F(x) was calculated selfconsistently:

F0(x ) = 200pN;
Fn(x ) = 0.9Fn_ ! (x ) + 0.1

1
4(1 - x / L 0 + Fn_ 1( x )/ K q) 2

until:
(Fn ~ Fn- 1) < 1 0 - 30N
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Chapter 4: ChemicaSly tuning the stiffness of
polyisocyanopeptides*
Chapter 2 and 3 describe the stiffness of individual polyisocyanodipeptide
polymers. It was found that polyisocyanodipeptide

d,

L-AlaAlaOMe (DLAAOMe,

Figure 2) exhibits a large and unexpected heterogeneity in the Lp. In addition, the
shape of the force-distance curves of DLAAOMe differs from the shape reported
for other helical polymers.1, 2 The main difference is the absence of a plateau,
which is indicative of a cooperative conformational transition occurring upon
elongation of the polymer chain that was expected for the transition of the initial
conformation into an elongated one.3 Furthermore, DLAAOMe was found to be
much more flexible than previous studies on the same polymers indicated. This, in
combination with the observed heterogeneity, suggests that little energy is
required to transform into the stretched polymer conformation which means that
the enthalpic energy barrier between these different conformations is low (Figure
la ). Consequently, one would expect that raising this energy barrier would reduce
the inherent chain heterogeneity by locking the polymer in only one conformation
(Figure lb ). Alternatively, lowering the energy barrier could also allow the polymer
to adopt a single conformation which is longer and on the elongated side of the
energy barrier. Since we expect this elongated conformation to be more flexible

com pact

elon gated

com pact

elongated

Figure 1. Simplified energy landscape o f a polyisocyanide. a, Energy landscape
with a relatively low energy barrier between the com pact and elongated
conformation. b, A high energy barrier prevents the initial com pact conformation
tn convert tn the plonanted conformation.
*Parts of this work were published in Chemical Science, 2013, 4(6), 2357-2363.
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because of the reduced number of hydrogen bonds, diameter and steric
interactions between the side chains, this lowering of the energy barrier is
expected to be accompanied by a decrease of the /.p.4"6 in order to verify this
hypothesis and identify the origin of the heterogeneity, several
polyisocyanopeptides

were

synthesized

and

measured

with

modified

SMFS.

These

modifications include variation of the effective diameter of the polymer, the
stereochemistry of the side chains, the number of hydrogen bonds and other
interactions such as n-n interactions between the side chains, and the bulkiness of
the side chains.

Results and discussion
All polyisocyanides that were selected for the study of the influence of the energy
barrier on the heterogeneity are shown in Figure 2. They include polyisocyanides
with different stereo chemistry between the side chains leading to other hydrogen
bonding (DLAAOMe,

LLAAOMe),

stabilizing rt-n interactions

and increased

diameter (LAperylene, LAporphyrin), different bulkiness of the side chains
(LLAAazobenzene), one extra hydrogen bond per side chain (LDLAAAoctylester),
increased flexibility of the side chains (LDLPApApAOMe) and different interactions
with the solvent resulting in a different solubility (DLAAOEg3, DLAAOEg4). This
library also enables the identification of some of the parameters that are expected
to determine the stiffness of the polyisocyanides. The results of SMFS on the
polyisocyanides depicted in Figure 2 are summarized in Table 1 and Figure 3. These
molecules and the SMFS results are discussed in the rest of this chapter.
Polyisocyanide DLAAOMe and the SMFS measurements on this polymer are
extensively discussed in the previous chapters. It was found that this polymer has
an average stiffness of approximately 17 nm (Table 1). The fourth column of Table
1 displays the dispersity index of LP which is defined analogously to the
polydispersity index of the polymer length distribution (see methods section). The
dispersity index of LP of DLAAOMe is significantly larger than one, meaning that
the Lp values are widely distributed.
Compared to DLAAOMe, both LAperylene7 and LAporphyrin8 have an increased
energy barrier of unfolding due to stabilizing rt-rc interactions and extra bulkiness
in addition to the original hydrogen bonding network of the DLAAOMe polymer.
Polyisocyanopeptide LAperylene7 carries an additional perylene diimide and
LAporphyrin8

an additional porphyrin on every side group of the polymer
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Figure 2. Chemical structure o f the polyisocyanopeptide polymers discussed in this
Chapter.

Table 1. Main properties o f several polyisocyanopeptides obtained by SM FS in
TCE. Dispersity index (o f Lp), column four, is defined analogues to the
Polydispersity Index (PD!) and is a m easure o f the heterogeneity (see methods
se ctio n fo r the definition).

Lp

mean
contour
length
(nm)

PDI

mean
elastic
modulus
(nN)

Disper
sity
index

mean Lp
(nm)

median
Lp (nm)

DLAAOMe

17

7.7

2.8

293

1.6

1.6

LLAAOMe

9

4.8

3.4

326

1.4

0.5

LAperylene

68

43

2.2

197

1.2

1.5

LAporphyrin

69

52

1.75

332

1.3

3.0

LLAAazobenzene

82

38

3.4

367

1.4

0.8

156

157

2.0

281

1.2

2.8

LDLPAPAPAOMe

54

32

2.1

304

1.2

0.9

DLAAEg3

34

22

2.1

317

1.2

7.8

DLAAEg4

103

42

2.6

303

1.1

1.7

DLAAOMe + TFA

0.56

0.58

1.0

224

1.4

2.9

LAperylene + TFA

0.74

0.78

1.1

181

1.1

0.9

LDLAAAOctylester

compared to DLAAOMe (Figure 2). Previous studies on LAperylene showed that
the

perylene

moieties

enable

efficient

charge

transfer

along

the

polymer, indicating that the perylenes form four face-to-face stacks parallel to the
backbone of the polymer in a very well defined geometry.9 Performing the same
SMFS measurements in trichloroethene (TCE) as with DLAAOMe (Lp = 17 nm), we
clearly see the effect of the increased diameter and stabilizing interactions
reflected in the increased stiffness with an average Lp of 68 and 69 nm for
LAperylene and LAporphyrin, respectively. As can be seen in Figure 3, the
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P e rs is te n c e length (nm )

Figure 3. Persistence length distribution o f the polyisocyanopeptides depicted
in Figure 2 and Table 1.
measured Lp values are again widely distributed. The width of this distribution is
also reflected in the relatively high dispersity index of LP, a measure of the
heterogeneity (Table 1).
LDLAAAOoctylester (Figure 2) has, compared to DLAAOMe, one additional amino

acid on every side group, leading to the formation of four additional hydrogen
bonding arrays parallel to the polymer backbone.10 The increased stability of the
helix and larger diameter was reflected in the extremely high stiffness with an
average Lp of 156 nm. The heterogeneity, however, remained large (Figure 3, Table
1). The shape of the distribution of the Lp values changed; compared to DLAAOMe
a much higher probability of probing stiff polymers is observed. This much smaller
number of flexible polymers is attributed to the increased stabilizing energy of the
additional hydrogen bonds, locking the polymer in the 4 1 conformation. No plateau
in the force-distance curves was observed.
Replacement

of

the

D-alanine

closest

to

the

carbon

backbone

of

polyisocyanodipeptide DLAAOMe with an L-alanine yields LLAAOMe (Figure 2).
This configuration leads to less favorable packing and increased steric hindrance
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between the side groups, resulting in weaker hydrogen bonding.11 The SMFS
measurements confirm this weakening of the hydrogen bonding. The average Lp is
only 9 nm, almost half of the Lp of DLAAOMe (Lp = 17 nm, Table 1). LLAAOMe
shows the same characteristic heterogeneity as DLAAOMe; a wide distribution of
Lp with an emphasis on the lower values (Figure 3).
Polyisocyanodipeptide DLAAOEg3 and DLAAOEg4 (Figure 2), consist of the same
backbone and dipeptide tails as DLAAOMe but have in addition triethyleneglycol
(DLAAOEg3) or tetraethyleneglycol (DLAAOEg4) tails at every side chain of the
polymer. It was previously found that in water DLAAOEg3 and DLAAOEg4 form
gels at temperatures above 20 and 55 °C, respectively. This remarkable behavior is
attributed to the expelling of water, which thereby gains entropy and enables the
crystallization of the ethylenglycol tails (see Chapter 6). Measuring both polymers
with SMFS revealed that both are heterogeneous in Lp (Figure 3). Especially
DLAAOEg4 was found to be much stiffer than DLAAOMe (Lp ~ 17 nm), with an
average Lp of 103 nm (Table 1). This is surprisingly stiff considering the similarities
between DLAAOEg4 and DLAAOMe, but can be explained by crystallization of the
tails in TCE (see Chapter 6).
None of the polyisocyanopeptides discussed thus far showed any sign of a plateau
which is indicative of an elongation of the polymer upon pulling. Possibly, the
absence of a plateau is the result of a kinetically trapped conformation that is
formed

during

polymerization

of isocyano-a-peptides

(e.g.

DLAAOMe

and

LAperylene).11 In contrast, polyisocyano-P peptide LDLPAPAPAOMe (Figure 2)
readily

converts

from

its

initial

kinetically

formed

conformation

of

the

polymerization reaction to its thermodynamically most stable conformation.11 This
different behavior of polyisocyano-(3-peptides is believed to originate from the
increased flexibility of the p-peptidic substituents on the polymer backbone, when
compared to the a-peptidic ones. This flexibility allows for a rearrangement of the
hydrogen-bonding network in the polymer, resulting in a more dynamic structure
of the polymer chains.
Despite

these

differences,

SFMS

measurements

on

the

thermodynamic

conformation of polyisocyano-p-tripeptide LDLpApAPAOMe revealed very similar
results to those obtained for a-peptidic polyisocyanopeptides. Again, no plateau
was observed in the force-distance curves and also the Lp was found to be very
heterogeneous (Figure 3). The flexibility of the side chains, however, was clearly
reflected in the much shorter Lp of 54 nm, compared to 154 nm of the
polyisocyano-a-tripeptide LDLAAAOOctylester (Table 1).
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Figure 4. Force spectroscopy o f polyisocyanodipeptide DLAAOMe with a
destroyed secondary structure. a, Overlapping normalized force-distance curves
o f DLAAOMe in trichloroethane with approximately 0.1 M trifluoroacetic acid. b,
Persistence length distribution histogram showing a relatively small spread,
indicating homogeneous polymers.
To investigate the influence of the secondary structure we added trifluoroacetic
acid (TFA) which is known to completely destroy the secondary structure of
polyisocyanopeptides.12 The disruption of the hydrogen bonds was also seen in the
CD spectra as a decrease of the strong signal at 307 nm, indicative of a welldefined helix, while a small signal at 270 nm appears. Upon addition of TFA we
found that the polymers were very flexible with an Lp of 0.53 ± 0.04 nm for
DLAAOMe and 0.7 + 0.2 nm for LAperylene. Furthermore, the distribution of Lp's
was very narrow (Figure 4b and Figure 10b) which means we are measuring
homogeneous polymers. This homogeneity is also illustrated by the perfect
overlap of the normalized force curves (Figure 4a). This result clearly shows that
only the secondary structure defines the heterogeneous properties of the
polymer.
In an attempt to tune the stiffness of a polyisocyanide by means of an external
trigger, a polyisocyanopeptide with on every side group an azobenzene moiety was
synthesized (LLAAazobenzene, Figure 2). This azobenzene moiety is normally in
the trans form but can be converted to the cis form by irradiating with UV light
(300 - 400 nm). The molecule will thermally relax back to the more stable trans
form or upon irradiating with visible light (> 400 nm). Upon switching the
azobenzene moieties of LLAAazobenzene, the Circular Dichroism (CD) spectrum
changes (Figure 5), also slightly around 270 nm. This part of the spectrum is
attributed to the imine groups attached directly to the main carbon backbone. The
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Wavelength (nm)

Wavelength (nm)

Figure 5. Optical spectra o f LLAAazobenzene. a, Circular dichroism spectra
showing a decreasing Cotton effect at 340 nm and an increase o f de signal at 450
nm upon exposure o f the polym er solution to light o f 350 nm. b, The
corresponding absorbance spectra show a similar trend; the signal below 400 nm
decreases whereas the signal above this wavelength increases. The inset shows a
zoom in on the 410 to 500 nm region.
change in this part of the spectrum therefore indicates that not only the side
groups rearrange, but also the backbone changes which could have a profound
influence on the stiffness of the polymer.
To find the influence of the conformation of the azobenzene moieties on the
stiffness of the polymer, SMFS of LLAAazobenzene was measured first while
irradiated with visible light (>400 nm), and subsequently measured while
irradiated with 356 nm light. Both sets comprising approximately 100 curves were
compared and found to be similar with average Lp values of 76 and 88 nm for the
trans and c/s azobenzene, respectively. Since also these polyisocyanides are very
heterogeneous, this small difference in the average Lp of 20 % could very well be
stochastic in nature and may thus not reflect an actual change in the polymer upon
switching of the azobenzene moieties.
Although LLAAazobenzene is strictly speaking only a polyisocyanodipeptide, it
comprises one additional amide group on every side chain, similar to a
polyisocyanotripeptide. This extra amide has the ability to form one additional
hydrogen bonding array, resulting in a total of eight hydrogen bonding networks
parallel to the carbon backbone. The average Lp of 82 nm, however, seems to be
rather flexible compared to polyisocyanotripeptide LDLAAAOctylester, even more
so when taking the additional bulky azobenzene moieties into account. Still, if in
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Figure 6. Tuning the stiffness o f LLAAazobenzene with light. a, Persistence
length distribution histogram o f LLAAazobenzene with the azobenzene moieties
in the cis (blue) conformation and the trans (red) conformation. b, Contour
length and c, rupture force distribution histogram showing sim iiar distributions
fo r both the cis and trans conformation.
addition also the less favorable l, l geometry of the amino acids (compared to the
optimal l, d, lgeom etry of polyisocyanotripeptide) is considered,11 the difference in
Lpseems to be in line with the previous observations.
SMFS measurements of LLAAazobenzene (Figure 6) and DLAAOEg4 (Figure 3)
suggests that some polymer chains have an extremely long Lp of more than 400
nm. That a single polymer has such an extremely long Lp, comparable to that of a
single walled nanotube,13 is remarkable. Figure 7 illustrates that this extremely
long Lp is not a fitting artifact from the eWLC model and that fitting a lower Lp gives
a poorer fit. Possibly, this is one of the few measured polymers that is completely
defect free and has a perfectly folded secondary structure.
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Elongation (|am)
Figure 7. The stiffest polymer. A force-distance curve o f LLAAazobenzene is fitte d
to the eW Cl model with an Lp o f 800 nm (red line), 600 nm (green line) and 400
nm (blue line) to show that fitting an Lp lower than 800 nm results in a poorer fit.
The inset shows the com plete force-distance curve.

ConcSusiom
The aim of this Chapter was to find the origin of the heterogeneity of the
properties of the

polyisocyanides.

Increasing or decreasing the stabilizing

interactions between the side groups of the polymer only slightly affected the
heterogeneity (Figure 3, Table 1). Only polyisocyanotripeptide LDLAAAOctylester
has a different Lp distribution with less emphasis on the flexible polymers. The
average Lp on the other hand, was greatly affected by the amount of stabilizing
interactions which together with the diameter and the solubility of the side chains
dictate the stiffness of the polymers.
It appears that increasing the energy barrier between the compact and the
elongated conformation does not lock the polymer in one conformation. However,
forcing the polymer to adopt the elongated

conformation

by completely

destroying its secondary structure with acid does result in a homogeneous species.
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It therefor seems that the heterogeneity of Lp values originates from the different
types of secondary structure that coexist in polyisocyanopeptides.

Methods
The SMFS measurements protocol and sample preparation is described in Chapter
2.
Polyisocyanopeptide

DLAAOM e,14

LAperylene,7

15

LAporphyrin,8

LDLAAAOctylester,10 LLAAOM e,14 LDL0APAPAOM e,n were prepared according to

previously reported methods. The synthesis of DLAAEg3 and DLAAEg4 is described
in ref. 16.
Dispersity index (of Lp) is defined analogues to the Polydispersity Index (PDI) and is
a measure of the heterogeneity:
D 1 (LV) = -----P
(£ W
Where n is the total amount of measured polymers.
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Persistence length distribution histograms
Here, the persistence length distribution of LDLAAAOOctylester, LLAAOMe,
DLAAOEg3,

DLAAOEg4,

LDL(3A(BAPAOMe and

LAperylene

with a destroyed

secondary structure, are presented.
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Figure 8. Persistence length distribution histogram of a, LDLAAAOOctylester and
b, LLAAOMe.
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Figure 9. Persistence length distribution histogram o f a, DLAAOEg3 and b,
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Figure 10. Persistence length distribution histogram o f a, LDL6A6A6AOMe and b,
LAperylene with a destroyed secondary structure.
Synthesis of LLAAazobenzene
LLAAazobenzene was synthesized by M athijs van de M eulenreek et al.
Formation o f the diazonium salt and azo coupling
To a chilled (0 °C) solution of 10 g (61,25 mmol) of 4-pentylaniline in 125ml of w ater and 20 ml o f conc. HCI, 4,343 g of N aN 02 was added
in small portions to keep the tem perature below 5 °C. After the solution stirred
for 2 hours a chilled solution (5,1 g, 54 mmol of phenol, 3,071 g, 76 mmol of
NaOH, in 30 ml o f w ater) w as slowly added to the already stirring solution while
still keeping the tem perature below 5 °C. Solution was stirred for another hour
and was allowed to gradually warm up to room tem perature. HCI (conc.) was
added to the solution to participate the product. The solution w as centrifuged
and the residue w as dissolved in CH2CI2 and subjected to column chromatography
1
(1:1 CH2CI2/Pentane), yielding ~ 45% (1,901 g, 7 mmol) of an orange or red solid.
‘ h NMR (6 ppm, CDCI3, 400 MHz): 7,85 (d, 2H, 8, J = 8,7 Hz), 7,79 (d, 2H, 7, J = 8,3
Hz), 7,29 (d, 2H, 6, J = 8,2 Hz), 6,92 (d, 2H, 9, J = 8,6 Hz), 5,37 (s, 1H, ArOH), 2,66
(tr, 2H, 5, J = 8,0 Hz), 1,65 (qui, 2H, 4, J = 7,7 Hz), 1,33 (m, 4H, 2, 3, J = 3,7 Hz),
0,90 (tr, 3H, 5, J = 7,0 Hz) 13C NMR (6 ppm, CDCI3, 500 MHz) 158,34; 150,75; 146,89; 146,07; 129,09; 124,78; 122,48; 115,88; 35,77; 31,41;
30,92; 22,46; 13,99 MS-ESI m/z = 269 [M+H]*

2-[(fert-butoxycarbonyl)amino]propanoic acid (2 g, 11 mmol) and 3-bromopropane-l-amine
hydrobromide (2,2 g, 10 mmol) were dissolved in CH2CI2 (150 ml). To this solution
Diisopropylethylamine (DIPEA, 1,2 ml 11 mmol), 1-hydroxybenzatriazole (HOBt, 1,5 g,
llm m o l) and finally l-(3-dim ethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 2 g,
11 mmol) w ere added. A fter stirring for 18 hours the solution was washed with aqueous 10%
(w /w ) citric acid solution (2 x 100 ml), H20 (100 ml), an aqueous solution of saturated sodium
carbonate (2 x 100 ml) and H20 (100 ml). The organic layer was dried (Na2S04), concentrated,
and subjected to column chromatography (10% Ethyl acetate in CH2CI2), yielding 40% as a
yellowish o il. ‘ H NMR (6 ppm, CDCI3, 500 MHz): 7,05 (s, 1H, 13), 5,46 (s, 1H, 16-Boc), 4,21 (q,
1H, 14), 3,41 (m , 4H, 10, 12) 2,08 (qui, 2H, 11, J = 6,6 Hz), 1,45 (s, 9H, C(CH3)3), 1,35 (d, 3H, 15,
J - 6,8 Hz) ) 13C NMR (6 ppm, CDCI3, 500 MHz) 173,13; 155,51; 79,89; 49,97; 37,74; 32,05; 30,57; 28,21; 18,48 MS-ESI m/z = 333 [M+Nal‘
FT-IR (cm-1, A TR): 3297 (NH) 1686 (C=0 Boe) 1656 (C=0 amide)
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Compound 1 (2,5 g , 9,38 mmol) and compound 2
(2,78 g , 9,38 mmol) w ere both dissolved in
anhydrous DMF. After 10 minutes' of stirring an
excess amount of K2C 0 3 (3,88 g , 28,125 mmol)
was added to the mixture and was kept stirring at
room tem perature for 24 hours. The K2C 0 3 was
filtered o f and the m ixture was dried (Na2S 0 4),
concentrated,
and
subjected
to
column
chromatography (10% Ethyl acetate in CH2CI2),
yielding 50% (2,330 g) of an orange-yellow solid.
*H NMR (6 ppm, CDCI3, 300 MHz): 7,89 (d, 2H, 8, J
= 8,9 Hz), 7,79 (d, 2H, 7, J = 8,3 Hz), 7,30 (d, 2H, 6, J = 8,2 Hz), 7,00 (d, 3H, 9, J = 9,0 Hz), 6,49 (tr, 1H, NH, J = 5,4 Hz), 4,91 (s, 1H, NH-Boc),
4,12 (m, 3H, 14, 10), 3,59 (qua, 2H, 12, J = 6,0 Hz), 2,67 (tr, 2H, 5, J = 8 ,0 Hz), 2,04 (qui, 2H, 11, J = 6,3 Hz), 1,66 (qui, 2H, 4 , J = 7,4 Hz), 1,43
(s, 9H, C(CH3)3), 1,36 (m , 7H, 2, 3, 15), 0,90 (tr, 3H, 1, J = 7,3 Hz) 13C NMR (6 ppm, CDCI3, 500 MHz) 172,65; 160,80; 155,58; 155,48; 150,97;
147,20; 145,91; 129,03; 128,76; 124,56; 123,37; 122,52; 120,12; 114,62; 114,12; 80,28; 80,25; 6 6 ,3 6 ; 53,41; 50,86; 37,13; 35,82; 31,44;
30,99; 29,69; 28,96; 28,29; 22,52; 14,01 MS-ESI m/z = 519 [M+Na]* FT-IR (cm-1, ATR): 3336 (NH) 1686 (C=0 Boc) 1658 (C=0 amide)

Boc dtprotection and zecond EDC couplmg (fV)
Compound 3 (2,124 g, 5,36 mmol) was dissolved in HCI
solution in ethyl acetate (2.3 M , 150 ml). The mixture
was stirred for 2 hours a fter which the reaction mixture
was concentrated and f-BuOH/CH2CI2 was added and
evaportated under reduced pressure for three tim es,
to remove the excess HCI. The resulting HCI-salt of
compound 3 was dissolved in CH2CI2 (200 ml). To this
solution 2-[(terf-butoxycarbonyl)amino]propanoic acid
(0,98 g, 5,36 mmol), 1-hydroxybenzatriazole (HOBt,
0,73 g, 5,36 mmol), Diisopropylethylam ine (DIPEA, 1,2
ml 11 mmol) and finally l-(3-dim ethylaminopropyl)-3ethylcarbodiimide hydrochloride (EDC, 0,98 g, 5,36 mmol) were added. A fter stirring for 18 hours the solution w as subsequently washed
with aqueous 10% (w /w ) citric acid solution (2 x 100 ml), H20 (100 ml), an aqueous solution o f saturated sodium carbonate (2 x 100 ml)
and H20 (100 ml) The organic layer was dried (Na2S 0 4), concentrated, and subjected to column chromatography (10% Ethyl acetate in
CH2CI2), yielding 98% (2,378 g) o f an orange-yellow solid. !H NMR (6 ppm, CDCI3, 500 MHz): 7,89 (d, 2H, 8, J = 8,9 Hz), 7,79 (d, 2H, 7, J = 8,3
Hz), 7,30 (d, 2H, 6, J = 8,2 Hz), 7,00 (d, 3H, 9, J = 9,0 Hz), 6,68 (s, 1H, NH), 6,55 (s, 1H, NH ), 4,91 (s, 1H, NH-Boc), 4,12 (m, 3H, 14, 10), 3,59
(qua, 2H, 12, J = 6,0 Hz), 2,67 (tr, 2H, 5, J = 8,0 Hz), 2,04 (qui, 2H, 11, J = 6,3 Hz), 1,66 (qui, 2H, 4, J = 7,4 Hz), 1,43 (s, 9H, C(CH3)3), 1,36 (m,
7H, 2, 3, 15), 0,90 (tr, 3H, 1, J = 7,3 Hz) B C NMR (6 ppm, CDCI3, 500 MHz) 172,74; 160,81; 155,59; 150,94; 147,16; 145,88; 129,01; 124,54;
122,50; 114,61; 80,21; 66,29; 53,39; 4 2 ,2 8 ; 37,05; 36,82; 35,79; 31,91; 31,42; 31,38; 30,96; 29,66; 28,95; 28,33; 28,28; 22,50; 18,35; 18,02;
13,99 MS-ESI m/z = 590 [M+Na]‘ FT-IR (cm-1, A TR): 3328 (NH) 1683 (C=0 Boc) 1716 (C=0 amide I & II)

Boc deprotection and formylatton (V)
Compound 4 (1,89 g, 3,33 mmol) was
dissolved in HCI solution in ethyl acetate (2.3
M, 150 ml). The m ixture w as stirred for 2
hours a fter which the reaction m ixture was
concentrated and t-BuOH/CH2CI2 w as added
and evaporated under reduced pressure for
three tim es, to remove the excess HCI. The
resulting HCI-salt o f compound 3 was
dissolved in ethyl form ate (200 ml). To this
solution sodium form ate (0,996 mg, 14,56
mmol, 4,4 eqv.) was added. This solution was
refluxed for 48 hours at 60 °C. The m ixture was cooled down and all solvent w as evaporated. The solid was dissolved in CDCI3/MeOH
(lO m l, 60/40 v/v%) the product then w as recrystalized twice from an interface/slow mixing crystalisation technique w ith diisopropyl
ether, yielding 76% (1,257 g) of a yellow solid. ‘ h NMR (6 ppm, CDCI3/M eOH (60/40 v/v% ), 500 M Hz): 8,08 (s, 1H, CHO) 7,87 (d, 2H, 8, J =
9,0 Hz), 7,78 (d, 2H, 7, J = 8,4 Hz), 7,32 (d, 2H, 6, J = 8,4 Hz), 7,05 (d, 2H, 9, J = 9,0 Hz ), 4,41 (qua, 1H, 14, J = 6,9 Hz), 4,34 (qua, 1H 17, J =
7,2 Hz), 4,11 (tr, 2H, 10, J = 6,0 Hz), 3,44 (six, 2H, 12, J = 6,5 Hz) 2,68 (tr, 2H, 5, J = 8,0 Hz), 2,05 (qui, 2H, 11, J = 6,4 Hz) 1,67 (qui, 2H, 4, J =
7,9 Hz), 1,36 (m, 10H, 2, 3, 15, 18) 0,91 (tr, 3H, 1, J = 7,3 Hz) 13C NMR (6 ppm, CDCI3, 500 MHz) 173,65; 173,06; 162,75; 161,75; 151,38;
147,43; 146,49; 129,48; 124,89; 122,85; 115,15; 66,15; 36,91; 36,16; 31,84; 31,43; 29,24; 22,88; 17,87; 17,81; 14,14 MS-ESI m/z = 496
[M+H]* FT-IR (cm-1, A TR): 3264 (NH) 1690 (C=0 amide I & II) 1692 (CH=0)

Compound 5 (150 mg, 0,3 mmol) was dissolved in distilled CH2CI2 (300 ml) and N-methylm orpholine (NM M , 318 pl, 3 mmol) was added.
Slowly 20 ml of a 10 mM diphosgene solution was added to the solution dropwise. The solution w as stirred for 1 hour at room
tem perature after which 10 ml o f saturated N aHC03 solution was added and stirred vigorously to quench the reaction. The mixture was
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washed with an additional amount (50 ml) of saturated
NaHC03 in a separation funnel a fter which the organic
layer was dried (Na2S 0 4), concentrated, and subjected to
column chromatography (1,5% M ethanol in CH2CI2),
yielding 80% o f an orange solid. *H NMR (6 ppm, CDCI3,
500 MHz): 7,89 (d, 2H, 8, J = 8,9 Hz), 7,79 (d, 2H, 7, J =
8,3 Hz), 7,30 (d, 2H, 6, J = 8,2 Hz), 7,05 (m , 3H, NH, 9,),
6,21 (tr, 1H, NH, J = 5,9 Hz), 4,40 (qui, 1H, 14, J = 7,1 Hz),
4,20 (qua, 1H, 17, J = 7,2 Hz), 4,12 (tr, 2H, 10, J = 5,7 Hz),
3,52 (qua, 2H, 12, J = 6,1 Hz), 2,68 (tr, 2H, 5 , J = 8,0 Hz),
2,06 (qui, 2H, 11, J = 6,0 Hz), 1,65 (m , 5H, 4, 18), 1,44 (d,
3H, 15, J = 7,1 Hz), 1,34 (m, 4H, 2, 3) 0,90 (tr, 3H, 1, J = 6,8 Hz). ,3C NMR (6 ppm, CDCI3, 500 MHz) 171,26; 165,95; 160,68; 150,93; 147,26;
145,97; 129,03; 124,58; 122,54; 120,32; 114,61; 66,30; 53,13; 50,82; 49,35; 45,80; 37,44; 35,80; 31,43; 30,97; 28,77; 22,50; 19,58; 18,42;
14,00 MS-ESI m/z = 478 [M+H]* FT-IR (cm-1, A TR): 3286 (NH) 2145 (N=C) 1646 (C=0 amide I & II)

Poiymeriiotion
To a stirred solution of monomer (compound 6, 10 mg, 0,02 mmol) in distilled CHCI3 (0,5 ml) a solution of N i(CI04)2-6H20 (0,2 mM
CHCI3/EtOH (98/2 v/v) solution) was added. The polymer was purified by been precipitated with M e0H /H 20 solution (50 m l, 2/1 v/v) and
filtered. The residue was washed with cold m ethanol, yielding 90% o f an yellow solid. FT-IR (cm-1, ATR): 3297 (NH) 1645 (C=0 amide)
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Chapter 5: Repeated stretching of the same single
polyisocyanodipeptide ehain*
In the previous Chapter it was found that polyisocyanides become very flexible
when their secondary structure is destroyed. Furthermore, it was suggested that
the secondary structure is influenced by the measurement technique. In this
Chapter the relation between the secondary structure and the measurement
conditions will be futher investigated by multiple times stretching the same
polymer.
The apparent stiffness of small structures such as single polymers greatly depends
on the conditions, for example the solvent and the temperature, they are
measured in.1"4 For the structures used in nature, for instance intermediate
filaments in cells, the stiffness is most relevant in the conditions comparable to the
cell's environment. For single synthetic polymers, however, these conditions are
less well defined, and one could try simulating the conditions that reveal the
intrinsic stiffness. This is the stiffness of the polymer which acts through the
connectivity of the polymer and the interactions of the side-chains. The intrinsic
stiffness is thus an inherent property of the polymer without solvent interactions
or repulsive charges on the polymer. Experiments that measure the stiffness
should ideally reveal the intrinsic stiffness of the polymer without influencing it.
Previous studies on helical polymers showed that these ideal conditions are not

Figure 1. Chemical structure o f polyisocyanide 1.

*Parts of this work were published in Chemical Science, 2013, 4(6), 2357-2363.
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always

met,

and

the

measured

persistence

length

(Lp) depends

on the

experimental technique used. Yahsima et al. measured an extremely long Lp of 220
nm for polyisocyanide 1 (Figure 1) with light scattering.5 However, a much lower
apparent 2D Lp value of 39 nm was calculate for the same polyisocyanide from
AFM images of stable monolayers. These monolayers were prepared on water,
compressed and deposited on mica.6 The shorter Lp of these monolayers was
attributed to the force-induced conformations of the polymer chains in the
condensed monolayer.

Conformations of polyisocyanides
Millich e t al. were the first to propose an organized helical conformation of the
polyisocyanide

backbone

containing

four

repeat

units

per

turn

(i.e.

conformation) with a helical pitch of 0.41 A.7"9 This presumed helical conformation
was confirmed by Nolte et al. when studying poly(te/t-butyl isocyanide) which was
separated into (+)- and (-) rotating fractions.10' 11 Later also similar conformations
w ere found in force field and other modeling studies.12
Molecular orbital calculations performed by Kollmar and Hoffman in the late 1970s
indicated that repulsions between the nitrogen lone pairs that are second nearest
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Figure 2. Conformation o f polyisocyanides. a, lilustration o f the different
(repulsive) interactions in a polyisocyanide chain. b, Two proposed structures o f
polyisocyanides: the

helix and the 'syndio' conformation. c, Various

stereoisom eric possibilities for a triad in a polyisocyanide.
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neighbours in the

polyisocyanide

polymer play a dominant role

in their

conformation (Figure 2 a).13 As a result of this repulsion, the polyisocyanide
backbone pays a high energy penalty for adopting a planar conformation. When
bulky substituents are present on the polyisocyanide, they tend to dominantly
steer the conformation by their steric interactions, yielding a more stable 4j
conformation. This theoretical study was experimentally supported by the work of
Yamada et al., who studied phenylalanine derived polyisocyanides.14
Clericuzio et al. concluded on the basis of ab initio calculations that the repulsion
between

the

nitrogen

lone

pairs

in the

planar

all-anti

conformation

of

polyisocyanides is absent in the so-called "syndio" conformation in which dimeric
sections are alternatively (E,E) and (Z,Z) (Figure 2b) and as a result is by far the
most stable15. This syndio conformation is non-helical and has a regularly
alternating configuration of side chains on C=N bonds, and an alternating 180° ±
90° conformation of the backbone N=C-C-N angles. The large preference for E,E
trans-planar diiminic units is the driving force of this configuration. The syndio
conformation was experimentally confirmed for oligo(phenylisocyanide)s.
Based on evidence from light scattering and chemical shift dispersion, Green et al.
concluded that polyisocyanides, especially those with small pendant groups, adopt
a quite irregular conformation which was associated with syn-anti isomerism
about the C=N bond (Figure 2c).16 Millich and Baker suggested on the basis of highfield 13C NMR and CD spectroscopy data that blocks with different syn-anti
isomerism of the imino groups are formed.8 Direct observation by AFM in the
group of Yashima identified blocks of different secondary structure by their
opposite helical senses.17
The relationship between conformation and stiffness of polyisocyanides was
investigated in the group of Yashim a.18 The conformation of poly(4-carboxyphenyl
isocyanide) could be steered upon complexation with chiral amines and with the
solvent.19 22 Interestingly, it was found that this polyisocyanide directly measured
after being prepared has an Lp of 59 nm. However, the dynamic conformation was
more flexible with an Lp of 43 nm and the most stable and optically active
conformation was the stiffest with an Lp of 88 nm. Also different polymerization
conditions lead to different secondary structures of the polymer which was found
to have a direct impact on the Lp. 5' 23
In Chapter 3 it was hypothesized that also Single Molecule Force Spectroscopy
(SMFS) alters the stiffness of the polymer that is probed, probably by modifying
the conformation of the polymer.5' 1S' 21' 24,25 In this Chapter we test this hypothesis
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by repeatedly stretching the same single polymer chain. Furthermore, we will use
molecular

modeling

to

find

the

secondary

structure

of

stretched

polyisocyanopeptides.

Results and discussion
For all polyisocyanide polymers measured in this Thesis a large heterogeneity in
the Lp was found throughout the population when measured with SMFS. This
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Figure 3. Repeated stretching o f a single polymer. The force-distance curves
were m easured on different locations on the sample. Only the curves that showed
a

rupture

event

are

shown.

a,

Contour

length

versus

curve

number

(chronologically numbered) showing the repeated occurrence o f the same
contour length o f 0.19 [im (curve 1-25) and 0.17 ^m (curve 26-31). The bars
represent the contour length obtained by fitting the eWLC model to the forcedistance curves and the green dots the extension at which the polym er ruptured.

b, The corresponding force-distance curves (coiored lines) and the fits to the
eWLC model (red lines). c, The Lp versus the contour length (Lc), the black dots are
the data obtained from the force-distance curves depicted in a, and the purple
lines connect the dots in the order they were measured.
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Figure 5. Chemical structure o f polyisocyanodipeptide DLAAOMe.

heterogeneity can have two possible origins: (1) each polymer molecule is
different before it is stretched or (2), the response of each polymer to the pulling is
different meaning that the polymer structure is dynamic and the distribution of

-1 |

Time (s)

Extension (nm)

Figure 4. Stretching and relaxation cycles o f a single polymer. Typical force
extension and relaxation curves o f a 3.1 um long polyisocyanide where 1 out o f
10 force-extension curves fully extends to the surface. a, Piëzo extension (blue,
right axis) and force (black, left axis) in time. b, The sam e fo rce curves as shown
in a, here plotted versus extension. For clarity, offsets are added to force
extension curves. c, The same force-distance curves as a and b, without the
incremental offsets, which clearly shows that subsequent force-distance curves
are virtually identical.
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conformations changes when the polymer is pulled. This question can be answered
by probing the same polymer chain multiple times, which also happened
occasionally during the experiments described in Chapter 3. Figure 3 shows an
example of repeated stretching of the same polymer chain. During SMFS a
DLAAOMe polymer (Figure 5) strongly adsorbed to the AFM tip and in 7 % of the
approach-retract cycles also to the sample surface which resulted in repeatedly
stretching the same polymer.
Figure 3c shows that upon repeated stretching of the same polymer the Lp
changes. This suggests that the polymer structure is dynamic and the distribution
of conformations changes under influence of the measurement.
To further investigate the influence of the SMFS technique and the origin of the
heterogeneity, the same polymer was repeatedly stretched without rupturing the
attachment to the AFM tip or to the surface by matching the AFM piëzo extension
to the apparent contour length of the molecule. To prevent the polymer from
adsorbing to the surface, the AFM tip or other polymer molecules, the polymer
chain was not allowed to completely relax in the subsequent approach-retract

Figure 6. Hysteresis during stretching and relaxation a, These graphs show the
sam e force extension and relaxation curves o f a 3.1 um long polyisocyanide which
are also shown in Figure 4. a, Part o f the force extension curve where a high force
is applied to the polymer. The retract trace (blue rectangles) and the approach
trace (red dots) do not com pletely overlap. The continuous red and blue lines
show the eWLC fits to the com plete approach and retract curve, respectively,
showing a clear deviation from the experim ental data when the complete curve is
fitted. The inset shows the fu ll approach and retract cycle. b, The same forcedistance curves as in a, now fitte d up to only 200 pN, giving a better fit (vide
infra).
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cycles (Figure 4). Only in a few cycles the AFM tip was brought in contact with the
surface to correct for drift in the extension direction of the AFM setup. During the
other cycles the polymer was stretched to a force of at least 200 pN and relaxed to
about 30 % of its apparent contour length. The measured part of the forcedistance curve includes the part where the polymer is stretched at high forces,
which is necessary to extract the Lp and the contour length, and a part reaching
almost zero force which is used for background correction.
For all measured polymer chains a small but significant hysteresis was observed;
the retract and approach traces are not completely overlapping (Figure 6). In
addition, marked deviations from the eWLC model are observed at force above

Figure 7. Speed dependence o f the hysteresis. a-d, Stretching and relaxation
cycles measured at increasing speeds o f a, 0.3, b, 1, c, 5 and d, 10 [im/s. Note
that d clearly shows an oscillation after the AFM piëzo direction is reversed due
to the abruptness o f this change. This artifact limits the maximum speed, e,
Hundreds o f cycles were m easured fo r each pulling speed and fitte d to a
Gaussian distribution. Here the distribution o f 5 \J.m/s is shown. The small
shoulder at 12 a l is probably caused by some polymers that slightly adsorb to
the surface which increases the apparent dissipated energy. f

The resulting

mean value and Standard deviation o f the Gaussian fit are plotted versus the
pulling speed. The error bars represent the interval o f the average value plus and
minus o.
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200 pN (Figure 6). Since the eWLC model describes the entropie and enthalpic
forces, it seems that an additional force is exerted during the extension of the
polymer. There are two possible explanations for this additional force and the
small hysteresis: (1), the measurements are fast compared to the relaxation time
of the polymer,26 or (2), this effect is caused by internal friction in the polymer
(vide infra).27 Since the observed hysteresis is rather small and consecutive forcedistance curves are often virtually identical, the latter explanation seems to be
more likely.
In order to unambiguously distinguish between both possible causes of the
hysteresis, single molecules were measured at different pulling speeds, varying
from 0.3 to 10 nm /s.28 During these experiments, which took more than 6 hours
and involved more than 2000 stretching and relaxation cycles, the Lp, the specific

Figure 8. Supercoiling in polyisocyanopeptides due to torsional stress, a, The
supercoiied polym er is iocked at both the surface and AFM tip. b, Upon iinearizing
the tertiary structure o f the supercoiied polymer, the polym er rubs past itself
causing friction. A t the same time, torsional stress is induced in the polymer. c,
For clarity the polym er is depicted in two colors, the upper part in blue and the
lower part in red. The amount o f supercoiling in this illustration is exaggerated, in
reality only the alm ost linearized polym er is thought to have only a small amount
o f supercoiling.
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stiffness and the contour length of the polymer remained fairly constant at
approximately 7 nm, 4 nN and 3 nm. As a consequence of the measurement
method, also the maximum pulling force remained constant. The hysteresis was
found to decrease to 5 aJ when lowering the pulling speed to 0.1 pm s’1 (Figure 7).
Since the hysteresis was expected to vanish at low pulling speeds for nonequilibrium stretching (i.e. become less than approximately 1 aJ) this suggests that
indeed friction is the most likely cause of the hysteresis effect.27,29 This indicates
that (1) the conformational change settles fast compared to the time scale of the
stretching and (2) we are measuring under equilibrium conditions. Furthermore,
the hysteresis also suggests that the principle of microscopic reversibility is
violated. This principle states that dynamics of particles and fields is timereversible because the microscopic equations of motion are symmetrie with
respect to inversion in tim e.30 Probably, the single polyisocyanide polymers are
already too big to be considered 'microscopic’.
Friction observed during SMFS experiments has been attributed to the polymer
chain

overcoming small-scale

conformational

barriers

in

confined globular

chains.27 The relatively stiff polyisocyanides, however, are not prone to form
globules. Alternatively, these spring like polymers could be supercoiled due to
torsional stress (vide infra).31 While the force applied on the polymer rapidly
increases, the tertiary structure of the supercoiled polymer becomes linear (Figure
8). This results in the polymer chain to rubbing past itself, similar to the extension
b 1-6*
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Figure 9. Binned Lp o f polyisocyanodipeptides in time. a, The slow decay o f the
Lp o f a 4 nm long polymer. The average Lp is initially 45 nm and decreases to 2 nm
in half an hour, which corresponds to 250 stretching and relaxation cycles. b, An
already flexible polym er molecule with an Lp o f 1 nm which remained fairly
constant fo r more than 7 hours which corresponds to 3600 cycles.
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Figure 10. Proposed energy landscape with three energy minima. The left
minimum is the initial

conformation.

of confined globular chains.27 The torsional stress arises from the elongation of the
helical polym er under the influence o f the externally applied force, which results in
a conform ational change (vide infra). The elongated conform ation has a different
helical pitch and since the polym er is fixed at both ends, this results in torsional
stress.
The deviations o f the eWLC model at forces higher than 200 pN are probably due
to the fact that friction is not incorporated in this model (Figure 6). Since no model
yet exists that includes friction, attem pts w ere made to deveiop such a model.
Unfortunately, these attem pts w ere not yet successful and therefore the eWLC
model is used here to extract the Lp from the force-distance curves.
W hen pulling a stiff polyisocyanide polym er (Lp > ~25 nm) multiple times, the
stiffness was found to slow ly decrease upon repeated pulling (Figure 9a). Polymers
that were already flexible did not show a decay of Lp upon pulling (Figure 9b). This
observation suggests that some segments of the polym er do not refold to their
original secondary structure before it is being stretched, pointing towards a high
energy barrier conversion and a kinetically trapped state. This means that there
are probably three energy minima (Figure 10). W e propose that one of the energy
minima is the original 4j helix.32'35 The second minimum that is easily accessible
from the original 4 j conform ation is only slightly higher in energy and separated by
a low barrier. The third energy minimum has a higher energy barrier and becomes
accessible only upon pulling. This conform ation is so stable that the polym er does
not rapidly overcom e the barrier. Thus slow ly, upon repeated stretching, the
polym er gets m ore and more trapped in this third, flexible low energy state.
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From a structural point o f view, an elongation of the polym er is possible if a part of
the polyisocyanopeptide, which initially adopts a

helix,32'35 converts to a more

planar conform ation similar to the one proposed by Clericuzio et al.15 This change
could lead to a length increase of up to 30 % for that part o f the polym er and is

Extension (|im
Figure 11. Double adsorption to the sample surface. A polymer chain that is
adsorbed to the surface at two points, is repeatediy stretched. During 10
stretching and relaxation cycles the polymer adsorbed twice at an additional
point along its contour to the surface. This attachment to the surface (red arrow
marked 1 in b and c) ruptures when a certain force is reached whereas the other
attachment still holds. c, This rupture results in an sudden increase of the contour
length o f the polymer that is probed as is witnessed by an abrupt decrease in the
force (from the red arrows marked 1 to the green arrows).
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Extension (nm)
Figure 12. Repeated desorption at the same extension. The red and the purple
dashed lines are fits to the eWLC model with the same Lp and specific stiffness,
only the contour length is different.
expected to result in a low er Lp since this conform ation has a smaller diam eter, is
less bulky and hence possess less stabilizing hydrogen bonds than the

helical

conform ation. It is therefore expected that as the Lp decreases upon repeated
stretching, the length of the polym er increases. Although this elongation was not
directly observed during the repeated stretching, it was found that sometimes the
attachm ent point shifts, thereby shortening the part of polym er that is pulled and
thus compensating for the elongation o f the polym er. Figure 11 illustrates such a
shift o f attachm ent point. In this figure, how ever, the attachm ent point almost
shifts but the second adsorption point just ruptures which exposes it. Often, the
second adsorption point was closer to the first and strong enough to take over
from the first attachm ent point, thereby shortening the polym er length that is
probed.
It was observed that upon repeatedly measuring the same polym er, often the
polym er adsorbs at the same extension length (Figure 3, Figure 11 and Figure 12).
For exam ple, in Figure 12 it can be seen that at 1.38 |im extension the polym er is
desorbed on almost every retraction from the surface. It is very likely that here the
same polym er is desorbed from the surface at different spots along the polym er
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because the force-extension profiles fit to the same Lp. This indicates that a specific
block along the length o f the polym er is stickier than the rest of the polym er.
Possibly, this block of the polym er is in the elongated conform ation which is
expected to be stickier than the compact 4j conform ation due to the increased
exposure of the amines.

Molecular Modeling
To gain more insight into the conform ations mentioned above and the nature of
the conform ational transition, we perform ed molecular dynamics simulations on a
polyisocyanodipeptide. The simulations were perform ed on the most stable
conform er w ith a 4X conform ation which was reported previously, using a
corrected Dreiding force field.32 This reported conform er was found to be in
excellent agreem ent w ith experim ental data obtained from spectroscopic studies
on polyisocyanides. To allow the polym er to easily rotate along the polym er
backbone, no periodic boxes were used. To minimize finite size effects along the
polym er, a polym er consisting of 60 repeat units was used (Figure 13b). This
polym er was stretched by applying a harmonie potential between the term inal
atoms o f the polym er chain. A very high force constant o f 10.000 kcal/m ol.A2 was
used to fix the stretching distance at the equilibrium distance of the harmonie
potential. The equilibrium distance was then increased w ith steps of 0.1 nm and
after each step a geom etrie optim ization at 0 K was perform ed to relax the
polym er. The resulting structure was then subjected to the M olecular Dynamics
simulation at room tem perature and afterwards again geom etrically optim ized at 0
K.
Agreeably, these m olecular dynamics simulations were found to closely match the
observations from SMFS. They reveal three different hydrogen bonding patterns
between the side groups of the polym er that are likely to correspond to the three
energy minima hypothesized above (Figure 10). In the unstretched polym er,
residue n is hydrogen bonded to residue n+4 (/'.e. in the 4 j conform ation) (left part
of the polym er in Figure 13a and Figure 13b). A fte r increasing the end-to-end
distance o f the polym er by more than 5 %, a different conform ation in which
residue n is hydrogen bonded to residue n+3 was observed (Figure 13d). These
differently hydrogen bonded secondary structures form blocks (Figure 13a), and
upon further elongation o f the polym er the compact n+4 block shrinks w hile the

n+3 block grows. Note that the direction o f the hydrogen bonding patterns w ithin
the n+4 block is anti-parallel (Figure 13b), in contrast to the unstretched structure.
32‘ 36 Furtherm ore, if there is a reversal half w ay in a block (see the n+3 block in
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Figure 13. M odeling a polyisocyanodipeptide. a, Hydrogen bonds o f the most
stable conformation of a polyisocyanodipeptide stretched to 110 % o f its
unstretched, native length, as obtained from Dreiding force field calculations. b,
The same structure as depicted in a; the hydrogen bond are indicated by the
dashed green lines, carbon atoms in gray, nitrogen atoms in red, oxygen atoms
in blue and hydrogen atoms in white. Two different domains o f hydrogen bond
conformations, n+4 (left block) and n+3 (middle/right block) are present. These
different conformations can be identified by their different helical pitch. c, Zoom
in on the n+4 hydrogen bond conformation; residue n is hydrogen bonded to
residue n+4. For clarity only the carbon backbone and two residues are
highlighted with the larger ball-stick representation. d, Zoom in on the n+3
hydrogen bond conformation. e, Part o f the polyisocyanide, at 130% o f its
original length, with an n+2 hydrogen bond conformation.
Figure 13b), the tw o amide bonds that are not involved in the hydrogen bonds due
to the reversal can flip, joining the pattern in the opposite direction.
W hen the end-to-end distance was increased even further (> 30 %), blocks o f
secondary structure form ed w here residue n is hydrogen bonding to residue n+2
(Figure 13e and Table 1). Upon this extension the hydrogen bonding netw ork is
severely disrupted over m ore than 40 % of the polym er. This n+2 conform ation
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Table 1. The type o f hydrogen bonding obtained after stretching o f a
polyisocyanopeptide chain.
Length (nm)

Length increase (%)

Type of conform ation

6.8

0

n+4

7.5

10

n+4 and n+3

7.9

16

n+3

8.2

20

n+3

8.5

25

n+3

9.0

32

n+3 and n+2

9.5

40

n+2 and ill defined

10.0

47

n+2 and ill defined

closely resembles the minimum energy planar structure that was reported by
Clericuzio et al.15' 1
The conversion from a compact to an elongated conform ation is accompanied by a
rearrangem ent of the hydrogen bonds and the side groups of the polym er. In
between the tw o blocks of the n+4 and the n+3 conform ation, on average only
three potential hydrogen bonds are missing (Figure 13b), which suggests a
relatively small energy barrier for the elongation of the polym er. Probably, these
conform ations coexist in the unstretched polym er and are in dynam ic equilibrium .
The subsequent conversion to the n+2 conform ation is expected to require a
higher energy since it needs the side groups to drastically rearrange. First many
hydrogen bonds need to be broken before the final structure, which is stabilized by
the planar conform ation of the diim ine units, is reached.15
Since this m odeling study is lim ited in representing the true situation of the
polyisocyanide due to, for example, the absence of a solvent, the results are only
considered as rough, qualitative indications of what might be happening.
Geom etrie analysis showed that when a part of the polym er that is in the n+4
conform ation is converted to the n+3 conform ation, it has to tw ist 36 degrees per
i. Moleculor modelling suggests that upon relaxation o f a fu lly stretched polymer, it can enter in an
alternating n+3, n+5 hydrogen bonding pattern o f similar energy to the n+4 structure, but with a much
iarger pitch o f the hydrogen bonding pattern. This was not experimentally observed fo r unstretched
polymers.
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side chain. The steric interactions and the hydrogen bonds between the side
chains prevent rotation around the carbon bonds of the backbone of the polym er.
Furtherm ore, the adsorption of the polym er to both the AFM tip and the surface
also prevents the polym er from rotating leading to high torsional stress. This is
expected to increases the unfolding energy and could influence the kinetics of
elongation, possibly causing the observed friction.37 The interaction w ith the AFM
tip and the surface could also change the conform ations in the polym er, causing an
additional variation in the Lp when the polym ers are probed for the first time.
It is expected that the different hydrogen bonding conform ations have a different

Lp.18 In the n+4 hydrogen bonding conform ation, four stacks of hydrogen bonds are
parallel to the carbon backbone, thereby m axim ally stiffening the polym er. In the

n+3 hydrogen bonding conform ation, the hydrogen bonding pattern makes a 30°
angle w ith respect to the carbon backbone, thereby contributing less to the
stiffness o f the polym er. Even m ore flexible is the n+2 conform ation which lacks

a

b

Figure 14. Proposed energy landscape, a, When no force is applied to the
polymer, the polymer chain is in the n+4 conformation and blocks o f the polymer
can relatively easily switch back and forth to the n+3 conformation. The n+2
conformation, however, cannot be reached due to the large energy barrier. b,
When a force is applied to the polymer, the whole energy landscape is tilted
because the more elongated conformations (i.e. n+3, and even more so the n+2)
become lower in energy. The result is that the stiff n+4 conformation is less
favorable and becomes depopulated in favor o f the n+3 conformation. Some
blocks can now cross the barrier to the much more flexible n+2 conformation.
When the force on the polymer is released, the energy landscape tilts back. As a
consequence, some blocks remain kinetically trapped in the n+2 conformation
due to the large energy barrier. Additional interactions between the side chains
stabilizing the helix are expected to lower the energy o f the n+4 well.

106

most of the hydrogen bonds. Also the bulkiness, the diam eter and hydrogen bond
density decrease upon this conform ational change, furth er destabilizing the
polym er. The Lp values measured in our experim ent therefore represent an
apparent value that is the weighted average of all three possible polym er
conform ations that occur in blocks of different ratios in every polym er. Since
already a small flexible part w ill dom inate the force-distance curve, the polym er
w ill quickly appear very flexible (see Chapter 1).
Having identified three conform ations that are local energy minima, w e can now
link these conform ations to the energy landscape proposed above (Figure 10). This
landscape has three energy minima based on the SMFS observations of several
different polym ers (see Chapter 4) and repeated stretching of the same polym er
chain. W ith ou t an applied force the polym er is in its low energy n+4 state but can
easily access the n+3 state w hen measured with SMFS (Figure 14). The n+2 state is
norm ally inaccessible due to a large energy barrier but might be accessed upon
harsh treatm ent of the polym er (Figure 14).
The blocks o f the n+4 and the n+3 conform ations exchange dynam ically w hile the
polym er is being stretched. Stretching the polym er into the n+3 conform ation is
reversible as the energy barrier is low and the energy level is not much higher. If
the

polym er is stretched

further the n+2 conform ation

is accessed. This

conform ation represents a kinetic trap that is becom ing more and m ore populated
w ith repeated stretching.
The results from the m odeling study can be directly linked to the experim ental
observations described in this Thesis. The observed heterogeneity in the Lp values
is caused by the coexistence o f different blocks of secondary structure of which
the distribution is different for each polym er. As each type o f secondary structure
has its ow n stiffness, the overall stiffness of each polym ers chain is different from
the other polymers. The Lp distribution is biased towards the m ore flexible side of
the spectrum because an already small flexible part of a further stiff polym er will
exert a relatively large force on the AFM tip during SMFS and will therefore quickly
appear to be very flexible (see Chapter 1). The slow decay of the Lp observed upon
repeated stretching is caused by the slow conversion of the secondary structure
from the stiff n+4 conform ation to the longer and more flexible n+3 and n+2
conformations.
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Conclusions
Measuring the stiffness of polyisocyanides at the single molecule level by force
spectroscopy suggests that every individual polym er molecule has blocks of
different secondary structures, which in turn leads to a distribution of Lp‘s among
different polym ers. The polym er population therefore consists of a m ixture of
polym er molecules w ith different secondary structures.
Three different conform ations of the polym er are identified w ith molecular
modeling, which closely match the three energy minima proposed based on the
SMFS observations. W ith ou t an applied force the polym er is in its low energy n+4
state but can easily access the n+3 state when measured with SMFS (Figure 14).
The n+2 state is norm ally inaccessible due to a large energy barrier but m ight be
accessed upon harsh treatm ent of the polym er. This conform ation represents a
kinetic trap that is becom ing more and m ore populated w ith repeated stretching.
The existence of these conform ations and the underlying energy landscape shows
that these helical polyisocyanopeptides are extrem ely interesting and dynam ic
structures. Their com plex dynamics defines their stiffness and the key to alter their
stiffness is to understand their energy landscape.
Repeated stretching of single polym ers revealed some lim itations of the SMFS
techniques. The slow decay o f the Lp upon repeated stretching indicates that the
SMFS m ethod itself destroys the secondary structure of the polym er and thereby
influences the measured Lp. The hysteresis observed between the approach curve
and the retract curve is attributed to the friction associated w ith linearizing the
te rtia ry structure o f the supercoiled polym er. The fact that friction is not
incorporated into the eWLC model suggest the Lp obtained from the retract curve
is most likely not the intrinsic stiffness of the polyisocyanide. Probably the intrinsic
stiffness is obscured by the parallel m easurem ent of several other factors, making
the polym er appear very flexible. The Lp value measured here is therefore only
meaningful in the specific context described in this thesis.

Methods
Sample preparation and data analysis
Sample preparation for SMFS measurements and most of data analysis is described
in Chapter 2. The follow ing iterative

procedure was used to correct the

background of the force-distance curves w hich did not fully extend to the sample
surface. The first part of the retract curve, and the last part of the approach curve
w ere set to zero force by subtracting the linear fit to this part. Subsequently, the
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com plete curve was fitted to the eWLC model. The Lp obtained w ith this fit was
used to add an offset equal to the Gaussian chain approxim ation at low
extensions:

k BT 3 x

w ith kB Boltzm ann's constant, T the absolute tem perature, x the end to end
distance o f the polym er, Lp the persistence length and Lc the contour length. The
curve was again fitted to th e eWLC model and the difference between the old and
the new offset was again added. These steps w ere repeated till the Lp remained
constant.

Molecular modeling
The corrected force used in th e m olecular modeling studies is described in ref. 32.
Accelrys M aterials Studio version 5.0 software was used to perform the modeling
studies. The polym er model was stretched by applying a harmonie potential
between the term inal atoms of the polym er chain in vacuum. A very high force
constant o f 10.000 kcal/m ol-A2 was used to fix the stretching distance at the
equilibrium distance o f th e harmonie potential. The equilibrium distance was then
increased w ith steps of 0.1 nm and after each step a geom etrie optim ization at 0 K
was

perform ed

to

relax

the

polym er.

The

m olecular

mechanics

energy

m inim izations w ere perform ed w ith a conjugate gradiënt algorithm until a
convergence criterion o f 0.001 kcal/mol A was reached. The long-range interaction
cu t-off distance was set to 14 A with a spline w idth o f 3 A. The charges w ere
assigned from the PCFF force field. The resulting structure was then subjected to
the M olecular Dynamics simulation at room tem perature and afterwards again
geom etrically optim ized at 0 K. The M olecular Dynamics simulations w ere
perform ed on an isolated chain o f 60 units in the N VT ensemble ( i.e ., partiele
number, volum e, and tem perature are kept constant). The Nose therm al bath
coupling scheme was used to maintain a constant tem perature o f 298 K w ith a
coupling constant of 0.5. A Verlet velocity algorithm was used to integrate the
equations o f motion w ith 1 fs tim e steps.
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Chapter 6: Linking the m icroscopie and
m acroscopic stiffness of helical oligo(ethylene
glycol) functionalized polyisocyanopeptide
hydrogelators*

The mechanical requirem ents o f the structural elements used by nature are
intim ately linked to the specific biological function that th e y fulfill. In cells, these
structures often consist o f m ultiple strands of filaments form ing bundles in order
to achieve the stiffness required fo r th e ir biological function. The persistence
length (Lp) o f these bundled filam ents ranges from = 1 pm fo r interm ediate
filaments up to 6000 nm f° r other structural com ponents o f cells such as
m icrotubules (Lp = 10 pm) or m icrofilam ents (Lp = 6000 pm ).3 These filam ents are
often fibrous a-helical proteins, which due to their instability in aqueous solution
adopt a rope-like m ulti-stranded left-handed coil w ith a diam eter o f 10 nm .5
Bundles o f these filam ents integrated into cells often reinforce the cell against
mechanical deform ation, fo r exam ple in the cytoskeleton,6 but are also found in
filopodia,7' 8 m icrovilli and stereocilia.9' 10 Bundling o f filam ents is regulated by
proteins allow ing the cell to tailor the dimensions and mechanical properties to
suit specific biological functions. These proteins mediate the bundle stiffness by
crosslinking filaments, w here various types of coupling allow tuning o f the
stiffness.11 Understanding o f the m olecular design principles that are responsible
fo r the mechanical behaviour o f these bundles is im portant fo r gaining an
understanding o f cell function.
Gels consist o f a three dimensional netw ork that entraps a liquid medium and
ensnares it through surface tension effects.12 Gels form ed from polym ers form a
dilute cross-linked system, whose form ation and properties strongly depend on
the solubility and aggregation behaviour of the constituting polym ers.13 These
properties o f polym ers are greatly influenced by the stiffness o f the polymers. In
this Chapter w e aim to establish a link between the stiffness o f the polym er at the
single molecule level and the macroscopic properties o f materials made o f these
polymers.

*Parts o f this w ork w ere published in Nature, 2013, 493, 651-655.
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Figure 1. Schematic representation o f polyisocyanides and DLAAOEg3 and
DLAAOEg4.
This is not only interesting from a fundam ental point of view , but also allow s us to
understand and mimic nature, w here most structural com ponents consist of
m ultiple bundles o f fibres that form cross-linked netw orks.5
Kouwer et al. mimicked these networks w ith the recently discovered fam ily of
w ater

soluble

and

therm oresponsive

polyisocyanodipeptides

(Figure

1)

oligo(ethylene

which

possess

glycol)

functionalized

intriguing

hydrogelating

properties.14 These polyisocyaodipeptide polym ers possess a p -h e lix architecture,
in which the peptidic side-arm s form an intram olecular hydrogen bonding netw ork
along the polym er back bone, resulting in high stiffness.15"17
DLAAOEg3 and D LAAO Eg4 w ere obtained by Kouwer et al. through a nickel(ll)
catalyzed polym erization o f tri-, and tetraethylene glycol functionalized dialanyl
isocyanides using a slightly modified literature procedure.18 An overview o f the
prepared polym ers and th eir physical properties is shown in Table 1. The backbone
o f these polyisocyanides adopts a helical conform ation that is stabilized by the
form ation of hydrogen bonds between adjacent groups in a

conform ation.17

Table 1. Principal characteristics o f DLAAOEg3-4.
p olym e r

[m o nom e r]/[N i]

L„a (nm ) / M w (kDa)

DPa

Lw/L„a

DLAAOEg3

10000

859 / 407

7310

1.5

DLAAOEg4

10000

518/317

4410

1.7

0 Determined on the basis o f AFM micrograph analysis,1' 2 the mean DP values
were calculated from Ln values assuming an identical helical pitch (0.47 nm)4fo r
all the polymers.
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a

Figure 2. Temperature dependence o f the gel form ation o f glycol functionalized
polyisocyanides. a, The transmittance versus temperature graph o f DLAAOEg4
shows a sharp decrease o f the transmittance at 55 °C which is attributed to the
formation o f a gel. b, The storage modulus G' and the loss modulus G " as a
function o f temperature fo r DLAAOEg3 at c = 1.0 g/ml, showing transition at 295
Thermal

analysis of dilute

aqueous

isotropic solutions

of

DLAAOEg3 and

DLAAOEg4 showed the form ation of transparent hydrogels upon heating at 20 and
55 °C, respectively (Figure 2 and Figure 3). Even at very low concentrations, the
gels that are form ed are able to support their own w eigh t during vial inversion
tests. A sample o f DLAAOEg3 passed the inversion test at a concentration as low as

Figure 3. Concentration dependence o f the gel form ation o f DLAAOEg3 in
water. Vail inversion tests show stable gel formation down to 0.006 wt-%.
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Figure 4. a, AFM images o f isolated chains o f DLAAEg3 and b, bundles o f
DLAAEg3 from pre-formed gels. Both images are 1 pm2.
0.006 w t-%

(Figure 3), which

is about an order of magnitude

low er

in

concentration than many of the w ell-know n synthetic superhydrogelators.19
The process of therm ally induced gel form ation is believed to be the result of
hydrophobic effects caused by the ethylene glycol tails that are grafted to the
polym er backbone. Under the Lower Critical Solution Tem perature (LCST), the
hydrophilic surfaces of the ethylene glycol tails interact w ith water and are
elongated. Above the LCST, the ethylene glycol tails shrivel into an insoluble glob
as the hydrophobic surfaces interact and the chains become dehydrated.20-22
The structure of the gel was characterized by AFM (Figure 4). The AFM samples
w ere prepared by gently tapping the freshly cleaved mica substrate on the gel. The
images show the form ation of a netw ork composed of strands, typically built-up
from m ultiple polym er chains. It was found that bundle dimensions are relatively
constant. The control in bundling is believed to be a direct result from the chirality
o f the polym er chain and the superchirailty of the bundle, in com bination w ith the
stiffness.23
Kouwer et al. found that the rheological behaviour of the nonlinear regim e is
characterized by a nonlinear stress response after a critical stress ac has been
applied to the netw ork (Figure 5a, b).24 It was found that this plateau modulus G0
at different

concentrations

and

tem perature

could

be fitted

phenomenological equation: e “ w ith an a of 0.037 K"1(Figure 5b).
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Figure 5. Rheology o f gels o f DLAAOEg3. a, elastic modulus G' o f DLAAEg3 as
function o f temperature at different concentrations. b, Plateau modulus G' as
function o f temperature and exponential fits to a single exponent a.
Theoretical models for sem i-flexible networks, based on the extensible w orm -like
chain (eW LC) m odel,25 the same model used to extract the Lp from the SMFS data,
have been designed to explain the mechanical behaviour of hydrogels.26-28 These
models do not only describe the experim ental results found by Kouwer et al.
accurately, th ey also give inform ation on critical microscopic parameters, such as
the persistence length o f the bundles (Lpb) and the length between crosslinks Ldl
out of macroscopic experim ental quantities like the plateau modulus G0:

1

( )

Here, p is the filam ent density in length per volum e (related to the polym er
concentration), kB is Boltzm ann's constant, T is the absolute tem perature and Ld is
the length between crosslinks. This model directly relates the properties of the gel
measured by Kouwer et al. to the Lpb of the constituting bundles. The latter can be
translated to the single molecule persistence length ( Lp):
(2 )
Fiere, N is the amount of tig h tly interacting polym ers chains in a bundle.
Since G0 was found to scale w ith a phenomenological equation (/.e. oc eaT), it
follow s from equation 1 and 2 that also the single molecule Lp should scale with
the same phenom enological equation.
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Results and discussion
In order to relate the properties of these hydrogels gels w ith the mechanical
properties of the constituting polymers, the stiffness o f single DLAAOEg3 and

DLAA0Eg4 polym ers was measured w ith single polym er force spectroscopy (SMFS)
in w ater. The measurements were perform ed similar to the experiments described
in the previous Chapters. In short, the polym ers w ere spin coated on freshly
cleaved mica from a dilute polym er solution. These samples w ere immerged in
w ater and the adsorbed polymers were picked up and stretched by the AFM tip.
The resulting force-distance curves w ere fitted to the extensible w orm -like chain
(eWLC) model in order to extract the Lp.
The force-distance curves of DLAAOEg3 and DLAAOEg4 measured in w ater at
room tem perature typically show many desorption peaks and the stretching
profile only m arginally fits to the eWLC model (Figure 6a). Presumably, these
deviations from entropie and enthalpic stretching are caused by the interactions
between the oligo(ethylene glycol) side chains and w ater. W ater is known to form
hydrogen bonds to the oxygen atoms of these PEG chains thereby form ing bridges
between neighboring oxygen atoms (Figure 8).29 Since the polyisocyanide polym er
is in a 4! conform ation, the oligo(ethylene glycol) are near each other and held
together by w ater molecules (Figure 8). Breaking these links form ed by the
bridging w ater molecules requires an energy of 3 ± 0.3 kBT at room tem perature

Data
e W L C fit
------- W L C fit

n Data
----- e W L C fit

-0,05
0.6
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E lo n g a tio n (^m)

Figure 6. Force spectroscopy o f DLAAOEg3 in water, a, force-distance curves
measured at 20 °C show clear deviations from both the WLC (green) and eWLC
(red) statistical polymer models, b, In contrast, at a temperature significantly
above the LCST, 'clean' curves which almost perfectly fit to the eWLC model (red)
are obtained. Here, a representative curve measured at 60 °C is shown.
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Figure 8. Interactions o f the ethylene glycol tails with water, a, A t low
temperatures the water molecules Interacts with most o f the ethylene glycol tails,
dissolving the tails. Water thus acts as a lubricant which enables the tails to slip
past each other, resulting in flexible polymer chains. b, The tails expel water and
collapse at elevated temperatures. In this conformation the side tails cannot
easily slip past each other which stiffens the polymer chain.
which in com bination w ith the com plex conform ational change upon pulling (see
Chapter 5) could cause the observed deviations from entropie stretching.29
Although the eWLC model only m arginally fits the measured stretching profiles, it
is the best fitting statistical polym er model available at this tim e, since attem pts to
develop an im proved model were thus far not successful. Therefore, the eW LC
model was used to extract the Lp. The obtained Lp values w ere w idely distributed,
as was also observed for other polyisocyanides (see previous Chapters). The Lp
values o f for exam ple DLAAOEg3 at 20 °C ranged from 0.4 to 18 nm w ith an
average of 3.3 nm Figure 7a).
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Figure 7. Persistence length distribution at different temperatures in water o f
a, DLAAOEg3 and b, DLAAOEg4. Although the Lp's are widely distributed, they
clearly shift towards longer Lp's at elevated temperatures.
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Because gels are form ed upon heating an aqueous solution o f DLAAOEg3 and

DI_AAOEg4, the effect of tem perature on the stiffness of single polymers was
investigated. DLAAOEg3 was measured from 10 to 60 °C w ith steps o f 10 °C (Figure
9a).

Remarkably,

the

average

Lp was found to

increase

w ith

the

same

phenomenological exponential previously found by Kouwer et al.; LP(T) x e aT, with
an exponent a of 0.041 K 1 (Figure 7). This indicates that the stiffness o f single
polym er chains is hierarchically carried through to the macroscopic properties of
the gel.
Using the data and equations from ref. 30 should enable the calculation of the Lp
of individual DLAAOEg3 follow ing an alternative route. Some o f the equations are
slightly adjusted (see supplem entary inform ation) to explicitly account for the
tem perature dependence of the single molecule Lp.
The num ber of polym er chains in a bundle is estimated to be 7 ± 3, based on AFM
results (see supplem entary inform ation, Figure 12). Using this bundle number of N
= 7 in equation 8 (see supplem entary inform ation) yields a bundle persistence
length Lpb of ~460 nm for DLAAOEg3 at 30 °C. The persistence length o f a bundle of
polym er chains not only depends on the intrinsic stiffness of the single chain Lp,
but depends on the bundle number. For tightly interacting chains, as is anticipated

120

for polyisocyanides, usually a quadratic dependence is observed: Lpb = LPN2 (see
Chapter 1). Based on the same bundle number (N ~ 7), w e estimate the Lp of a
single DLAAOEg3 polym er to be 9.4 nm at 30 °C. Considering the error margin of
the bundle num ber N and the uncertainties associated w ith the Lp obtained with
SMFS, this Lp of 9.4 nm is not that far the Lp of 5.7 nm that was measured w ith
SMFS. Calculating the bundle num ber from Lpb and Lp yields N = 9, a good match
w ith the AFM results o f N = 7 ±3.
Similar to the average stiffness of DLAAOEg3, also the averages Lp of DLAAOEg4
was found to increase drastically upon heating from 10.4 to 50.2 nm at 20 and 60
°C, respectively (Figure 7b).
The gradual increase of the Lp w ith tem perature at the single molecule level is in
sharp contrast to the abrupt phase transition observed in the bulk. The absence of

m
Figure 10. Phase transition in PEG functionalized polyisocyanide systems. a-c,
Upon raising the temperature o f a dissolved single molecule, blocks o f crystalized
PEG tails start to form until the tails are crystalized over the whole length o f the
polyisocyanide. d, In bulk, where many molecules are present, the molecules are
dissolved at low temperatures. e, Upon raising the temperature, blocks of
crystalized PEG tails start to form, increasing the stiffness and thereby lowering
the solubility. Above a certain temperature, the polymers rapidly aggregate and
form a network. f

Upon increasing the temperature, the PEG tails further

crystalize, but since the network is already formed, the further stiffening of the
individual polymers does not change the bulk morphology o f the gel.
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Table 2. Average Lp o f DLAAEg3 and DLAAEg4 in water, 1,2-dioxane and 1,1,2trichloroethane at 20 °C.
Persistence

length (nm):

Solvent

W ater

1,2-dioxane

Trichloroethane

DLAAOEg3

3.3

12

34

DLAAOEg4

10

49

103

a sharp phase transition at the single molecule level is attributed to the lack of
clustering polym ers. W hilst the domains o f crystalized PEG tails of a single polym er
grow , the polym er only becomes stiffer (Figure 10). In contrast, in bulk the
crystallization of the PEG tails leads to a low er solubility and when the critical
solubility value is reached, the polym ers rapidly aggregate and thereby form a gel.
Afte r the rapid gel form ation, further stiffening o f the polyisocyanides due to
further grow th of the crystalized PEG blocks does not change the structure o f the
gel, it only contributes to the overall stiffness (vide infra). This can also be seen in
Figure 5 w here G0 increases after the gel form ation.
The shape of the force distance curves changed at higher tem peratures to a profile
that could be perfectly fitted to the eWLC model (Figure 6b). Possibly, this is due to
the decreasing interactions between the ethylene glycol tails and the w ater
molecules at higher tem peratures. Also the increasing Lp values hint to a different
interplay between the w ater molecules and the ethylene glycol tails at elevated
tem peratures. Presumably, the ethylene glycol tails become hydrophobic at
elevated

tem peratures,

as

was

also

suggested

for

similar

systems

w ith

oligo(ethylene glycol) tails.21' 22 Probably, the expelled w ater gains more entropy at
elevated tem peratures then is lost in enthalpic interactions w ith the ethylenglycol
tails, thereby enabling the crystallization of the tails (Figure 8). This increases the
steric interactions between the side chains which stiffens the polyisocyanide
polym ers to a high degree.
Further proof of such a mechanism was found when measuring DLAAOEg3 and

DLAAOEg4 in 1,4-dioxane and 1,1,2-trichloroethane (TCE), the latter is the solvent
in which most SMFS on other polyisocyanides is perform ed. In contrast to w ater
which can both donate and accept hydrogen bonds, dioxane can only accept them
whereas TCE can do neither. The trend in the increasing average stiffness when
measuring in 1,2-dioxane and TCE, respectively, suggests that less hydrogen
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bonding interactions, thus solvation o f the oligo(ethylene glycol) tails, lead to a
furth er collapse o f the tails and resulting in an increase of the Lp (Table 2).
Additionally, the force distance curves of both

DLAAOEg3 and DLAAOEg4

measured in dioxane and TCE could be reliable fitted to the eW LC model,
indicating that only th e com bination o f entropie and enthalpic forces is measured,
and more im portantly, disturbances from interactions between the olygo(ethylene
glycol) tails and solvent are absent. In addition, the extrem ely high Lp (Table 2)
compared to other polyisocyanidipeptides (see Chapter 4) also indicates that the
olygo(ethylene glycol) tails collapse in these solvents. This is furth e r supported by
the observation that the Lp o f DLAAOEg3 and DLAAOEg4 did not increase at
elevated tem peratures in these solvents; the tails are already collapsed.
To conclude: the above data suggests that the interactions between the side tails
of the glycol functionalized polyisocyanide determ ine the stiffness o f the polym er.
Dissolved tails (ie . negligible interactions between the tails) make the polym er
flexible whereas collapsed tails (i.e. strong interactions between the tails) result in
a very stiff polym er.

Conclusson
Therm al

analysis

of

dilute

aqueous

solutions

of

olygo(ethylene

glycol)polyisocyanodipeptedes DLAAOEg3 and DLAAOEg4 by Kouwer et al. showed
the form ation o f transparent hydrogels upon heating. From SMFS and rheology
measurements an accurate picture o f the gel form ation process and the associated
structure is sketched. It seems that, as the LCST hydrophobic interactions cause
the glycol tails grafted to the polym er chain to collapse, this results in stiffening of
the chain which leads to aggregation. Since the bundle dimensions o f the gel are
limited by the helical properties and the stiffness o f the polym er backbone, the
num ber o f polym ers in a bundle is more or less independent of the polym er
concentration, only th e am ount o f bundles increases w ith concentration.
SMFS measurements o f single DLAAOEg3 chains in w ater at tem peratures ranging
from 10 to 60 °C revealed an exponential increase o f the stiffness. Interestingly,
the same exponential fingerprint was found by Kouwer et al. fo r the macroscopic
parameters describing the gel.30 This indicates that the stiffness o f single polym er
chains is hierarchically carried through to the macroscopic properties o f the gel.
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Methods
Sample preparation fo r SMFS measurements and most o f data analysis is described
in Chapter 2. The synthesis o f DLAAOEg3 and DLAAOEg4 is described in ref. 30.

Supplementary informatiom
Kouwer et al. measured the gel samples in a Couette configuration w ith small
oscillatory deform ations in both the linear and the nonlinear response regime. T w o
characteristic tem perature sweeps (heating rate 0.5 °C m in "1) in the linear regime
are shown in Figure 2b. A t low tem peratures DLAAOEg3 shows liquid-like
behaviour w ith a storage modulus G ' low er than the loss modulus G". At 18 °C, G '
increases sharply, indicative of gel-form ation, after w hich it reaches a plateau
value (G0) at elevated tem peratures. Solutions o f DLAAOEg4 are liquid at room
tem perature, albeit m ore viscous than the solutions o f DLAAOEg3, and show a solgel

transition

at 40 °C. The

sol-gel

transition

tem perature,

rheologically

determ ined as the onset of the increase o f G ' at frequency w = 1 Hz, shows little
dependence on the polym er concentration. The absolute value o f G0, how ever, is
strongly correlated to the concentration c. Analysis shows a pow er law behaviour,
G0 oc cn w ith exponents n of 2.2 and 2.7 fo r DLAAOEg3 and DLAAOEg4,
respectively. These experim ental values are in line w ith the values observed for
netw orks displaying a purely entropie elasticity (w here n = 2.2).27
The rheological behaviour o f the nonlinear regime is characterized by a nonlinear
stress response after a critical stress ac has been applied to the n e tw ork.24
Although

the

origins

o f this

effect

are

currently

under

debate,24' 31' 32

experim entally, the effect is well described.24,26' 27 A small increase in the strain in
this regim e results in very high stress levels and often results in the collapse o f the
gel. To probe this regime carefully, a recently described pre-stress protocol was
used and the differential modulus K, defined as K = ^

, as a function o f applied

pre-stress was determ ined (Figure 11a, b).33 W hen scaled to G0 and o c, all curves of

DLAAOEg3 at different concentrations and tem perature reduce to single master
curve (Figure 11c, d).
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Figure 11. Rheology o f gels o f DLAAOEg3. a, elastic modulus G' of DLAAEg3 as
function o f temperature at different concentrations. b, Plateau modulus G' as
function o f temperature and exponential fits to a single exponent a. c,
Differential modulus K' as a function o f the pre-stress a0 and b, data scaled with
the plateau modulus G0 and the critical stress oc.
Theoretical models for sem i-flexible networks, based on the extensible w orm -like
chain m odel,25 the same model used to extract the Lp from the SMFS data, have
been designed to explain the mechanical behaviour of hydrogels.26’28 These models
do not only describe the rheology results accurately, they also give inform ation on
critical microscopic parameters, such as the Lp of the polym er or in this case the
bundle

(Lpb), and the

length

between

crosslinks

Ld, out of macroscopic

experim ental quantities like the plateau modulus G0 and the critical stress ac:

L\
G „ = 6 p k J -^
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[3)

= f * BT - J T

<4)

cl

Here, p is the filam ent density in length per volum e (related to the polym er
concentration), kB is Boltzm ann's constant, T is the absolute tem perature, Lpb is the
persistence length of the bundle and Ld is the length between crosslinks. In a
system consisting of (crosslinked) bundles, p can be w ritten as:

p

_

N a L -----------------c

—

M

( 5 )

N

w here NA is Avogadro's number, lM is the length per m onom er unit projected along
the polym er backbone (lM ~ 0.25 nm), M is the molecular w eight of a m onom er
(for D LAAO M e M ~ 0.316 kg mol"1), c is the polym er concentration and N is the
average number of polym er chains per bundle.
Considering that the bundle num ber N is constant in the concentration regime
used, the model can be modified to w rite G0 and ac at given experim ental
conditions as a function of the tem perature dependent bundle persistence length,

Lpb(T)'-

G»(r)=^ i ^ (r)
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These equations show that G0 and oc are dependent on c and Ld, both
concentration dependent terms. W hilst c is an experim ental variable, the other
quantities can be calculated from the model using the iinear and nonlinear part of
rheology. From equation 4 follow s that the stiffening of the single polym er chains
results in an increase of the G0 of the gel because G0 scales w ith Lpb2 . Since Lpb
scales Iinear w ith Lp, w hich was found to scale w ith eaT, it follow s that also G0 is
expected to exponentially increase w ith tem perature w ith an exponent of 2a [i.e.

G0(T ) oc e2aT).
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Tem perature sweeps of G0 o f DLAAOEg3 at different concentrations indeed show
such an exponential increase w ith T (Figure 11b). For a tem perature range from 30
to 50 °C, the experim ental results w ere successfully fitted to G0 oc Te2aT, which also
includes the theoretical linear contribution of RT to the network stiffness.
Interestingly, the exponent a of 0.037 that fits the tem perature sweeps of G0 best,
closely matches the a of 0.041 measured with SMFS for the increase in Lp as a
function of tem perature.
Anoth er parameter describing the physical properties of the gel is the critical stress

oc above which the strain increases non-linear (Figure l i d ) . Equation 7 shows that
oc scales linear w ith Lp. It is therefore expected that also oc shows the same
exponential tem perature dependence as Lp. Using equation 7 and filling in the
experim ental variable c and the other quantities that are calculated from the
model using the linear and nonlinear part of rheology, oc was indeed found to
scale w ith eaT. The exponent a of 0.049 K"1 closely matches the a obtained from
fitting the Lp (a = 0.041 K’1) and G0 (a = 0.037 K'1) tem perature sweeps. The

height (nm)

Figure 12. Histograms o f diameters o f isolated polymers (orange, h0 = 0.46 ±
0.13 nm) and polym er bundles (purple, hB = 1.21 ±0.16) as determined by AFM
(Figure 4b). The data shows that the diameter o f the bundle is 2.8 times iarger
than that o f the single chain, corresponding to an average bundle number
N = h \ / h o = 7 ± 3. The large error o f the monomer is probably mostly due to
the measurement inaccuracy o f the AFM.
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correlation of these phenomenological constants shows that the average single
molecule properties are hierarchically carried through into the macroscopic
properties of the gel.
In Figure 12 the height distribution of isolated DLAAOEg3 polym ers is compared to
the height of bundles of the same polym er from a gel. These distributions are used
to calculate the num ber of polym er chains in a bundle.
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Chapter 7: Epilogue

The conclusions o f the data presented in the previous Chapters are fragm ented
over this Thesis. This Chapter aims to create an overview o f those conclusions and
offers recom m endations fo r furth er research.

The stiffness of single polyisocyanides
The central question of this Thesis is: How stiff are single polyisocyanide polymers?
Chapter 3 and 4 describe the Lp distributions o f several polyisocyanides found by
fitting th e force-distance curves to the extensible w orm -like chain (eWLC) model.
In all distributions, except the one o f the tripeptide LDLAAAOctylester, most o f the
polym ers appear to be relatively flexible. This could lead to the conclusion that
most polyisocyanides are flexible polymers. This interpretation, however, is
probably w rong as the Lp obtained by fitting an entropie stretching response is
strongly biased tow ards the most flexible part o f the polym er. If, fo r example, a
polyisocyanides is m ostly in the stiff 4 j conform ation, w ith only a few blocks o f the
more flexible n+3 o r n+2 conform ation, a single molecule force spectroscopy
(SMFS) m easurem ent does not yield the w eighted average o f the Lp values but
gives th e Lp ve ry close to the most flexible part. In Chapter 1 an exam ple o f a
polym er consisting o f tw o blocks w ith equal length is given. The flexible block of
the polym er has an Lp o f 1 nm and the other stiff block an Lp o f 100 nm. In an SMFS
measurem ent this polym er will appear to have an Lp o f 3 nm. Hence, it seems likely
that, although the average Lp o f the polyisocyanides measured w ith SMFS is low,
large parts o f a polym er that appears flexible are in fact very stiff. This effect of
underestim ating the Lp is even furth er amplified by the likely occurrence of
'defects' in the polym er; very flexible parts o f the polym er that are in-betw een
blocks w ith a w ell-defined conform ation (see modeling, Chapter 5).1 These small
pieces o f polym er which lack a w ell-defined secondary structure are very flexible,
making the Lp measured w ith SMFS appear extrem ely flexible. On the other hand,
this means that the polyisocyanides that appear stiff when measured w ith SMFS
have a tru ly perfect and defect free conform ation.
The Lp distribution o f the tripeptide LDLAAAOctylester differs from those of other
polyisocyanides as it does not show that many flexible polym ers. Probably, this
polym er has few e r defects and is less prone to disturbances o f its robust
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secondary structure than the other polyisocyanides. This intact secondary
structure w ith o u t defects results in a high average Lp. In short; most parts o f the
polyisocyanide polym ers probably are extrem ely stiff. The few flexible parts,
however, have a huge impact and make the 'average' Lp measured w ith SMFS
appear very flexible.
The question "H o w stiff are polyisocyanides?" is difficult to answer w ith the data
measured w ith SMFS. The Lp as reported here is only valid in the specific context in
which it is presented because it is affected by the 'parasitic' forces recorded during
SMFS (vide infra), the underestim ation of the Lp, and the specific solvent that is
used (e.g. a 20 tim es higher Lp was measured fo r polyisocyanide DLAAOEg3 in TCE
than in w ater). The Lp values, however, are still a valid measure to compare the
polyisocyanides w ith each other as th ey serve as a fin gerp rin t (that may be more
than just the Lp) which is measured under the same conditions fo r all polym ers.
Even m ore so, the large differences between the Lp values fo r different types of
polyisocyanides, makes these differences significant.

What shapes the force-distance curve?
The data presented in this Thesis indicate that at least fo u r factors determ ine the
shape o f the force distance curve. The fact that th e y happen simultaneously and all
coincide in a single curve, makes them difficult to distinguish. In the follow ing
paragraphs several effects that shape the force-distance curve, such as elongation
and friction o f the polym er, are elaborated on.
The 4 j secondary structure o f a polyisocyanide can be elongated yielding a longer
and more flexible conform ation. Three observations described in the previous
Chapters indicate that polyisocyanides indeed change th e ir conform ation, but only
very slow ly: 1) upon repeatedly stretching the same polym er the Lp decreases
slow ly, taking m ore than 100 repeated stretching cydes to become to a state
w here it remained constant, 2) the force-distance curves o f the repeatedly
stretched polym er virtually overlap, and 3) no plateau was distinguishable in the
force-distance curves, even in those of very stiff polym ers that were pulled to
m ore than 200 pN.
The approach- and retract force-distance curves o f a repeatedly stretched polym er
are not com pletely overlapping which indicates that energy is dissipated during
stretching. The tw o most likely causes o f the hysteresis are: 1) non-equilibrium
stretching, or 2) friction. Based on the variation o f the dissipated energy w ith the
pulling speed it was concluded that friction is the most likely cause o f the
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hysteresis. Although the speed was much low er than the 30 |im/s above which
Hanke et al. estimate a hysteresis due to non-equilibrium stretching to be visible,2
th ey estimated the thresholds fo r the loading rate to be low e r than 5 pN/s, which
is more than the low est loading rates used here (/.e. 200 pN/s). Hence, it is
recomm ended to widen the tested speed range for the long polyisocyanides
(predom inately to the low er speeds) in order to unam biguously distinguish the
cause o f the hysteresis. Furtherm ore, the dissipated energy versus sufficiently
varied loading rate can be used to distinguish the different contributions to the
force-distance curve [vi'de infra).
It seems that during the recording of the force-distance curves in the SMFS
experim ents

of

polyisocyanides

at

least four

contributions

are

measured

sim ultaneously: 1) entropie forces, 2) enthalpic forces, 3) elongation o f the
polym er, 4) friction (non-equilibrium stretching and/or supercoiling). Although all
these factors contribute to th e force-distance relation, only 1) and 2) are
accounted fo r by th e eW LC model that is used to extract the Lp. Since also 3) and 4)
contribute

additional forces to the force-distance curve, this leads to

an

underestim ation o f the actual Lp when fitted to the simple eWLC model.

Improving the eWLC model
From the above it follow s th at in order to measure the intrinsic stiffness o f single
polyisocyanides w ith an SMFS-like technique it is essential to distinguish between
all contributions to the force-distance curve. In addition, this w ould give an insight
into other properties o f the com plex and dynam ic polyisocyanides. One possible
route to get closer to this goal is by developing one integral model that
incorporates all the contributors to the force-distance curve. This model w ould
maxim ally benefit from all the combined available data rather than using only one
single force distance curve as the eW LC does. For exam ple, fitting the retract
force-distance curve w ould already give a more accurate estimate of the intrinsic
stiffness since here friction is probably less dom inant. The next step, fitting both
the approach and retract curve sim ultaneously yields inform ation about the
dissipated energy and friction. Further enhancing the model by including the
conform ational dynamics enables fitting the model to several curves measured at
varying speeds. Using all available data allows the model to have more parameters
w ith out becom ing underdeterm ined.
In order to tru ly distinguish betw een all contributions to the force distance curves,
however, extra data is needed. In Chapter 3 already an attem pt was made to
combine the AFM setup w ith a confocal microscope to measure the in te r133

chrom ophoric distance o f a polyisocyanide equipped w ith perylenes. These efforts
should be furth er extended by also measuring the torsional stress in addition to
the force by replacing the AFM by a magnetic tw eezers setup. Furtherm ore,
measuring the force-distance curves w ith a much low er loading rate (less than 0.1
pN/s) could significantly reduce the hysteresis and allow fo r a m ore reliable
identification of its origin. It should then be feasible to adapt th e eW LC model to
incorporate the elongation due to the conform ational change. Flowever, it still
remains questionable if these measures are enough to resolve the intrinsic
stiffness o f polyisocyanides due to th eir com plex behavior.

What makes polyisocyanides stiff?
The stiffness o f the glycol functionalized polyisocyanide was found to almost solely
depend on the interactions between the glycol side tails w hich could be steered
w ith the solvent (Chapter 6). In hydrogen bonding solvents such as w ater, the
solvent molecules are between the tails and dissolve them , acting as a lubricant. As
a consequence, the tails can freely m ove past each other w hen the polym er is
bend, yielding a very flexible polym er. A t higher tem peratures, or in non-hydrogen
bonding solvents, there are no solvent molecules between the side tails, bringing
them in a collapsed, solid-like state. This makes the polym er stiff because bending
it requires the distance between the side tails to increase on one side and to
decrease on the other, which is hindered by the strong interactions.
In Chapter 4, the interactions between the side tails w ere chem ically tuned. The
observations furth e r support the hypothesis that the stiffness o f polyisocyanides
depends on the interactions between the side tails. In addition, it was found that
strong interactions between the side tails make the secondary structure o f the
polym er m ore robust against the invasive SMFS technique (e.g. the tripeptide
L D LA A A O ctyle ste r).
From a theoretical perspective, the diam eter o f a polym er is the biggest
contributor to its stiffness. The effective diam eter o f a linear polym er can be
increased by w inding it into a helix or, alternatively, by equipping it w ith many
small polym ers making it a brushed polym er. The side chains drastically increase
the stiffness if th ey not only inhibit bending o f the polym er by th e ir steric
interactions which provide repulsive forces, but also by preventing the distance
between them to increase by means o f attracting forces.
Polyisocyanides are potentially one o f the stiffest polym ers th a t can be prepared
chem ically as th ey com bine the three mentioned strategies in one single polym er;
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th e y consist o f a carbon backbone that has a side chain on every carbon atom,
th ey are coiled into a helix and the side chains can be designed to have strong
interactions between them . These interactions not only increase the effective
diam eter but also lock the polym er into its w ell-defined helical conform ation.
In addition to the stiffness o f the polyisocyanide polym ers, also the aggregation
behavior can be tuned by m odification o f the side tails and the chirality of the
polym er. This can be used to steer the macroscopic properties o f the material
made o f these polym ers, creating fo r example a lubricant by equipping the
polym er w ith tails that do not aggregate, or a polym er w ith special gelating
properties, m im icking natural protein networks (see Chapter 6).
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Sum m ary
This Thesis describes the m easurem ent o f the stiffness o f individual polyisocyanide
polym ers. Analogous to th e macroscopic w orld, the stiffness o f a polym er can be
deduced by applying a force to the object and measuring how far it bends.
Measuring the stiffness o f a polym er is done by dissolving the polym er which is,
because o f its small size, bent due to collisions w ith the surrounding solvent
molecuies. The elastic forces w ithin the polym er set the length scale over which
such fluctuations are tolerated, which is called the persistence length (Lp), a
measure o f the stiffness.
This Lp can be measured w ith single molecule force spectroscopy (SMFS) which is
based on measuring the entropie restoring force versus extension o f single
polym ers. The partly dissolved polym er is fixed between th e sample surface and an
atomic force microscope (AFM ) tip and the distance betw een the tw o objects is
varied w hile the force acting on the AFM tip is measured. W ith the help of
statistical polym er models, polym er properties such as stiffness and the contour
length can be extracted from these force-distance curves. If the polym ers,
however, consist o f m ultiple blocks w ith a different Lp, as is the case fo r the
polyisocyanides described in this Thesis, the Lp found by fittin g a statistical polym er
model is strongly biased tow ards the most flexible part o f the polym er. The force
spectroscopy measurem ents are perform ed
solvent

offers

the

best

balance

between

in trichloroethane because this
adsorption

and

solvability

of

polyisocyanide polym ers, allow ing the recording o f clean entropie stretching
curves.
M any individual polyisocyanide polym ers w ere measured, revealing that every
polym er molecule is unique, having its own stiffness. The values obtained fo r the

Lp ranged from 0.4 to 110 nm w ith an average o f 17 nm. This Lp is much shorter
and w ider distributed than 76 ± 6 nm that was found in a previous study w here the
average Lp o f several polym ers was measured w ith a d ifferent technique. However,
forcing the polym er to adopt the elongated and m ore flexible conform ation by
com pletely destroying its helical secondary structure w ith acid does result in a
hom ogeneous species. M ost probably, the heterogeneity o f Lp values originates
from the different types o f secondary structure that coexist in polyisocyanides.
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The same conform ational change which results in an increased length and a
reduced stiffness can also be induced by applying a stretching force. This
elongation was expected to be visible as plateau in the force-distance curve as the
polym er becomes longer w ith ou t requiring much additional force. However, no
plateau was observed, not even in the force-distance curves o f very stiff polym ers
that w ere pulled to m ore than 200 pN. Nevertheless, tw o observations indicate
that the conform ation of polyisocyanides does change during normal force
spectroscopy, but too slow ly to be visible as a plateau: 1) upon repeatedly
stretching the same polym er the Lp decreases slow ly, taking more than 100
repeated stretching cycles to reach a state w here it remained constant, and 2) the
force-distance curves o f the repeatedly stretched polym er virtually overlap.
The approach- and retract force-distance curves o f a repeatedly stretched polym er
are not com pletely overlapping which indicates that some energy is dissipated
during stretching. Based on the variation o f th e dissipated energy w ith the pulling
speed it was concluded that the hysteresis is most likely caused by friction; parts o f
the polym er rub past each other during the stretching o f the polym er.
During the recording o f the force-distance curves in the SMFS experim ents of
polyisocyanides, at least four contributions are measured simultaneously: 1)
entropie forces, 2) enthalpic forces, 3) elongation o f the polym er (plateau in the
force distance curve), 4) friction . Since only 1) and 2) are accounted for by the
specific model that is used to extract the Lp but also 3) and 4) contribute additional
forces to the force-distance curve, the actual Lp is underestimated.
The above leads to the conclusion that the stiffness o f polyisocyanides cannot be
determ ined unam biguously w ith the data measured w ith SMFS. The Lp as reported
here is only valid in the specific context in which it is presented because it is
affected by the aforem entioned 'parasitic' forces recorded during SMFS, the
underestim ation o f the Lp, and the specific solvent that is used (e.g. a 20 tim es
higher Lp was measured fo r polyethylenglycol functionalized

polyisocyanide

polym ers in TCE than in w ater). The Lp values, how ever, are still a valid measure to
com pare the polyisocyanides with each othe r as th ey serve as a fingerprint (that
may be m ore than just the Lp) which is measured under the same conditions fo r all
polymers.
Although SMFS makes polyisocyanides appear m ore flexible than previously
thought, th ey are still potentially one o f the stiffest polym ers that can be prepared
chem ically as th ey have a ve ry large effective diam eter. Polyisocyanides ow e this
large effective diam eter to the presence o f a side chain on every carbon atom of
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the main chain, th e ir helical conform ation and the strong interactions between
these side chains. These interactions not only increase the effective diam eter but
also lock the polym er into its w ell-defined helical conform ation.
Therm al

analysis

of

dilute

glycol)polyisocyanodipepteden

by

aqueous

solutions

Kouwer et al. showed

of

olygo(ethylene

the form ation

of

transparent hydrogels upon heating. SMFS measurem ents of these polym ers
chains in w a te r at tem peratures ranging from 10 to 60 °C revealed an exponential
increase of the stiffness. Interestingly, the same exponential fingerprint was found
by Kouwer et al. for the macroscopic parameters describing the gel. This indicates
that the stiffness o f single polym er chains is hierarchically carried through to the
macroscopic properties o f the gel.
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Samenvatting

Dit

proefschrift

beschrijft

een

studie

naar

de

stijfheid

van

individuele

polyisocyanidepolym eer m olucuelen. Net als in de macroscopische wereld kan de
stijfheid van een polym eer bepaald w orden door de kracht te meten die nodig is
om het te buigen. Tijdens het meten van de stijfheid van een polym eer molecuul
w ord t gebruik gemaakt van zijn zeer kleine om vang; het polym eer buigt al als
oplosm iddelm oleculen er tegenaan botsen. De stijfheid van het polym eer bepaalt
de lengteschaal w aarover het polym eer buigt; een flexibel polym eer zal over een
korte lengte al veel buigen te rw ijl een stijf polym eer praktisch recht blijft. Deze
lengte

w aarover

het

polym eer

bijna

recht

blijft

w o rd t

ook

wel

de

persistentielengte (Lp) genoem d.
De Lp van afzonderlijke polym eren kan worden gem eten met behulp van enkel
molecuul krachtspectroscopy (Single M olecule Force Spectroscopy, SMFS). Het
gedeeltelijk

opgeloste

substraatoppervlak

en

polym eer
aan

de

w o rd t

tegelijk

geadsorbeerd

atoom krachtm icroscooptip

aan

(Atom ic

het
Force

M icroscope, AFM ) en de afstand tussen de tw ee objecten w o rd t gevarieerd terw ijl
de kracht die het polym eer op de A FM -tip uitoefent gem eten w ord t. Deze kracht
hangt af van de stijfheid van het polym eer. Een stijf polym eer buigt niet veel door
de botsingen met de oplosm iddelm oleculen en oefend daardoor een kleine kracht
uit op de A FM -tip m . Een flexibel polym eer daarintegen buigt wel veel door
botsingen met oplosm iddelm oleculen w aardoor het een relatief grote kracht
uitoefend op de AFM -tip .
Uit

de

kracht-afstand

polym eerm odellen

curves

w orden

met

behulp

polym eereigenschappen

zoals

stijfheid

van
en

statistische
contourlengte

geëxtraheerd. Als het polym eer echter uit meerdere blokken met verschillende
stijfheden bestaat, zoals het geval is bij de polyisocyaniden die beschreven zijn in
dit proefschrift, w o rd t de Lp gevonden die dicht in de buurt ligt van het meest
flexibele deel van het polym eer. De krachtspectroscopiem etingen w orden verricht
in trichloorethaan om dat dit oplosm iddel de beste balans tussen adsorptie en
oplosbaarheid van polyisocyaniden b ie d t.
Uit de metingen van veel afzonderlijke polyisocyanidepolym eren blijkt dat ieder
polym eerm olecuul uniek is om dat het een andere stijfheid heeft dan de meeste
andere polym eren. De Z.p-waarden variëren van 0,4 to t 110 nm met een
gem iddelde van 17 nm. Deze Lp is veel korter en breder verspreid dan de Lp-
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waarde die werd gevonden in een eerder onderzoek waarbij een andere m ethode
gebruikt werd die de gem iddelde stijfheid van m eerdere moleculen meet.
Het polym eer kan ook in een langwerpige en flexibelere vorm gebracht w orden
door het volledig vernietigen van de spiraalvorm ige secundaire structuur met zuur.
Dit resulteert, in tegenstelling to t de eerder gevonden brede verdeling, wel in een
hom ogene smalle verdeling w aaruit blijkt dat alle polym eren nu dezelfde lage
stijfheid hebben. Het lijkt daarom dat de heterogeniteit van Lp-waarden afkomstig
is van de verschillende secundaire structuren die naast elkaar bestaan in
polyisocyaniden.
Polyisocyaniden bestaan in m eerdere vorm en die naast elkaar kunnen bestaan in
elkaar over kunnen gaan. Het evenwecht verschuift naar de langere en flexibelere
vorm onder invloed van een externe kracht hetgeen zichtbaar kan zijn als een
plateau in de kracht-afstand curves. Dit plateau is echter niet waargenom en, zelfs
niet in de kracht-afstand curves van zeer stijve polym eren die w erden gemeten to t
een relatief grote kracht. Toch toont een andere waarnem ing aan dat de vorm van
polyisocyaniden ook tijdens de norm ale krachtspectroscopie in trichloorethaan
verandert, maar wel slechts heel langzaam: na herhaaldelijk meten van hetzelfde
polym eer daalt de Lp langzaam en pas na het meten van meer dan 100 cycli blijft
de stijfheid constant.
De nader- en terugtrek-kracht-afstand curves van een herhaaldelijk gem eten
polym eer overlappen niet volledig. Dit duidt erop dat energie w ord t afgevoerd
tijdens het meten. De variatie van de gedissipeerde energie met de meetsnelheid
suggereert dat de hysterese w o rd t veroorzaakt door w rijving van langs elkaar
schurende stukken van het polym eer.
Al met al lijkt het erop dat er tenm inste vier processen gelijktijdig bijdragen aan de
kracht-afstand

curves

in

de

SM FS-experim enten

van

polyisocyaniden:

1)

entropische krachten, 2) enthalpische krachten, 3) het langer w orden van het
polym eer, 4) w rijving. Hoewel al deze factoren bijdragen bij aan de kracht-afstand
relatie zijn slechts 1) en 2) verw erkt in het specifieke model dat w o rd t gebruikt om
de Lp uit de curves te extraheren. Aangezien ook 3) en 4) krachten bijdragen aan de
kracht-afstand curve leidt dit to t een onderschatting van de werkelijke Lp.
Het bovenstaande leidt to t de conclusie dat de stijfheid van polyisocyaniden niet
eenduidig kan w orden vastgesteld met de gegevens gemeten met SMFS. De Lp
zoals hier verm eld is alleen geldig in de specifieke context waarin deze w ord t
gepresenteerd
'parasitaire'

om dat

krachten

de
die

Lp w o rd t beïnvloed
meegenomen
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door

w orden

de

tijdens

eerder genoem de
het

meten,

de

onderschatting van de Lp van de polym eren die blokken met verschillende
stijfheden hebben, en het specifieke oplosm iddel dat w o rd t gebruikt (bv. de Lp van
tetraethyleenglycol gefunctionalyseerde polyisocyaniden is in TCE tw in tig keer
hoger dan in w ater). De Z.p-waarden zijn echter wel een w aardevol getal om
verschillend gefunctionaliseerde polyisocyaniden onderling te vergelijken, om dat
de Lp waarden fungeren als een vingerafdruk (die m eer dan alleen de Lp kan zijn)
die w o rd t gem eten onder dezelfde om standigheden vo o r alle polym eren.
Hoewel polyisocyaniden, gemeten met SMFS, flexibeler lijken dan eerder gedacht,
behoren ze nog steeds to t de stijfste polym eren die chemisch kunnen worden
bereid om dat ze een zeer grote effectieve diam eter hebben. Polyisocyaniden
danken deze grote effectieve diam eter aan de aanwezigheid van een zijketen aan
elk koolstofatoom van de hoofdketen, de helix vorm en de sterke interactie tussen
deze zijketens. Deze interacties vergroten niet alleen de effectieve diam eter, maar
stabiliseren ook de goed gedefinieerde helix.
In w ater opgeloste glycol gefunctionaliseerde polyisocyanodipen vorm en een gel.
SMFS m etingen van deze polym eren in w ater bij tem peraturen van 10 to t 60 °C
laten een exponentiële toenam e van de stijfheid zien.

Dit is bijzonder om dat

normal de polym eren juist flexibeler w orden bij toenem ende tem peratuur.
Dezelfde

exponentiele

toenam e

is ook gevonden

in

de

macroscopische

eigenschappen van de gel. Deze overeenkom st laat zien dat de macroscopische
eigenschappen van de gel hiërarchisch zijn terug te voeren to t de stijfheid van de
afzonderlijke polym eren w aaruit de gel is opgebouwd.

143

Dankwoord

Na 6 jaar is dit boekje eindelijk bijna klaar. Dit is niet alleen mijn verdienste, velen
hebben mij geholpen en gesteund. Enkele wil ik hier bedanken:
Ten eerste w il ik mijn prom otor, Prof. dr. Alan Rowan bedanken voor de
mogelijkheid dit onderzoek in zijn groep te verrichten.

Alan, bedankt voor het

vertrouw en, de vrijheid en de vele nieuwe (en w ilde) ideeën voor oa. het
onderzoek.
Dr. Hans Engelkamp w il ik bedanken voor de vele bijdragen aan dit boekje. Hans, jij
hebt het overgrote deel van het correctiew erk gedaan, zowel van dit boekje als
van het artikel. Zonder jou was dit boekje nooit to t stand gekomen en ik ben je
zeer dankbaar vo o r jo u w grote bijdrage. Ook de vele praktische tips, van het
autom atiseren van de metingen to t de analyse met M atlab, hebben mij verder
geholpen. En natuurlijk dank voor de vele malen d a tje me 'succes' wenste terw ijl
ik dat inderdaad erg goed kon gebruiken.
Prof. dr. Peter Christianen wil ik bedanken voor de wetenschappelijke discussies en
scherpe observeringen die hebben geleid to t een beter begrip van de materie.
Prof. dr. ir. Jan Kees Maan w il ik bedanken voor het geboden onderdak in het
HFML met al zijn faciliteiten. Prof. dr. Roeland N olte en dr. Kerstin Blank, bedankt
vo o r jullie oprechte interesse in mijn onderzoek en voor het verbeteren van het
artikel. Dr. Paul Kouwer w il ik bedanken voor de succesvolle sam enwerking welke
resulteerde in oa. hoofdstuk 6.
Gedurende de vier jaar onderzoek is er flink w a t verbeterd aan de AFM -confocal
opstelling. H iervoor w il ik o.a. de technici Lijnis en Peter bedanken. Verder in deze
categorie natuurlijk ook Jan Gerritsen; bedankt voor de praktische tips over hoe de
AFM trillingsarm op te hangen en bedankt voor het elastiek.
V o o r advies over de chemie o f potjes om in te roeren kon ik altijd terecht bij Paul,
Theo en Peter van Dijk, w aarvoor mijn dank. Joost te Riet, bedankt voor de
succesvolle sam enwerking bij het kalibreren van de AFM . Ook de secretaresses,
Paula en Ine, wil ik bedanken voor de hulp bij de bureaucratiële en adm inistratieve
rom pslom p.
De vele polym eren die in dit proefschrift beschreven staan zijn veelal door anderen
gesynthetiseerd.

Erik Schwartz,

bedankt vo o r de hele de bibliotheek aan

polym eren, te veel om op te noemen, die je te r beschikking stelde. M attieu Koepf,

145

thank you fo r the first batches of PEG functionalized PICs which eventually resulted
in Chapter 6. M atthijs M eulenkerk, bedankt voor de schakelende polym eren die
beschreven staan in Hoofdstuk 4. M atthijs Otten, bedankt voor de pyrelene PICs,
hoewel bejaard bleken ze nog zeer bruikbaar.
Hoofdstuk 6 was er niet geweest zonder het w erk van M aarten, w aarvoor mijn
dank. M aarten, jij begon vol goede moet als student aan de synthese van de
porphyrin-PIC, w at nog aardig lastig bleek,

maar uiteindelijk dankzij jo u w

volhardendheid toch lukte. Je grote successen behaalde je op de AFM (fantastisch
apparaat, zou je meer mee moeten doen) met de tem peratuurafhankelijke
krachtspectroscropie van PEG-PICs in w ater. Ook dit bleek uitdagend maar dankzij
jo u w

inzicht en

doorzettingsverm ogen

resulteerde

het

uiteindelijk

in

een

belangrijke bijdrage aan het Nature artikel. Ondanks dat je het enige serieuze
advies dat ik je heb meegegeven in de wind geslagen hebt, denk ik toch dat je je
eigen prom otie vast to t een groot succes zult maken.
During m y PhD I had the pleasure o f collaborating w ith several people from other
universities which I like to acknowledge here. I like to thank Prof. Bruno Samori for
welcom ing me in his group in Bologna. Bruno, Giam paolo, Aldo and Marco thank
you fo r teaching me the basics of single molecule force spectroscopy, learning me
w hat good pasta tastes like and showing me beautiful center o f Bologna. The
m odeling study described in Chapter 5 was perform ed in collaboration w ith the
group o f Prof. Roberto Lazzaroni in Mons. David, Patrick and Mike, thank you for
the hospitality and the help w ith the modeling.
Tijdens mijn prom otie had ik het genoegen om m et drie verschillende groepen
samen te werken (lees: borrelen); het HFML, chemie en SPM. Natuurlijk mijn dank
aan de collega-aio's, postdocs en studenten van deze afdelingen; Mark D., Roy,
Hans El., Johan H., Paul v G., Dennis L., Dennis H., Erik K, Frans, Jeroen, Janneke,
Jos, Jasper, M argot, Stijn, Saskia, Duncan, M inko, Thomas, Chris, Joost, Joris P, Jing,
Femke, Johan de J., Genia, Erik v E., Veerendra, Andres, Masoumeh, Peter v R.,
Laurens, Alix, Steffen, Roger Francesca, Bhawana, M ichiel, Jelena, Saskia, Niels,
Chandra, Alexandra, Onno, Nico, Joris M., Petra, Egle, Sanne, Mark v E., M onique,
Linda, Maaike, Inge, M atthieu, Petra, Tim , Vincent, Suzanne, Bram, Luiz, Kathleen,
N e il,... en de rest wiens namen ik nu ff niet op kan komen.
Zowel de academische basis voor dit proefschrift is als ook mijn eerste stapjes in
het bedrijfsleven zijn mede dankzij Richard relatief soepel verlopen. Richard,
bedankt voor de succesvolle samenwerking, de vele artikelen en het op weg
helpen in het bedrijfsleven.

146

Vincent en Victor, bedankt dat jullie mijn paranimfen willen zijn. Vincent, bedankt
voor de gezellige avonden, de schaak partijtjes met biertje, enz. Victor, jo u w
software tips en trics komen altijd goed van pas, het knutselen en natuurlijk ook de
vanaf half-zes pingpongsessies zal ik gaan missen.
De afgelopen 6 jaar had ik fysiek zeker niet overleefd zonder mijn wekelijkse dosis
groente. H iervoor kon ik terecht bij Caroline, Vincent, Denise, Berend en Sjarai,
w aarvoor mijn dank.
Tenslotte w il ik ook nog mijn ourders bedanken: Papa en mama, bedankt voor de
onvoorw aardelijke steun, liefde, goede zorgen en het geduld. Jullie staan aan de
basis van dit alles; ju llie hebben de eerste interesse in de techniek gew ekt en
gestim uleerd, niet aflatend gem otiveerd, en bij vlagen geïnspireerd.
Nogmaals: allemaal hartelijk bedankt, als niet vo o r de bijdrage aan dit proefschrift
dan wel voor de interesse in (alleen?) het dankwoord.

Arend

147

List of publications

Responsive biomimetic networks from polyisocyanopeptide hydrogels
Paul H. J. Kouwer, M atthieu Koepf, Vincent A. A . Le Sage, M aarten Jaspers, Arend
M. van Buul, Zaskia H. Eksteen-Akeroyd, Tim W oltinge, Erik Schwartz, Heather J.
Kitto, Richard Hoogenboom , Stephen J. Pieken, Roeland J. M. Nolte, Eduardo
Mendes, Alan E. Rowan.

Nature, 2013, 493, 651-655, DOI: 10.1038/naturell839
Stiffness versus architecture of single helical polyisocyanopeptides
Arend M. van Buul, Erik Schwartz, Patrick Brocorens, M atthieu Koepf, David
Beljonne, Jan C. Maan, Peter C. M. Christianen, Paul H. J. Kouwer, Roeland J. M.
Nolte, Hans Engelkamp, Kerstin Blank, Alan E. Rowan.

Chemical Science, 2013, 4(6), 2357-2363, DOI: 10.1039/C3SC50552A
Direct Backbone Structure Determination of Polyisocyanodipeptide Using SolidState Nuclear Magnetic Resonance
Chandrakala M. Gowda, Ernst R. H. van Eek, Arend M . van Buul, Erik Schwartz,
Gijsbrecht W . P. van Pruissen, Jeroen J. L. M. Cornelissen, Alan E. Rowan, Roeland
J. M. Nolte, Arno P. M. Kentgens.

Macromolecules, 2012, 45 (5), 2209-2218, DOI: 10.102l/ma300102e
Solvent-dependent amplification of chirality in assemblies of porphyrin trimers
based on benzene tricarboxamide
Nico Veling, Richard van Hameren, Arend M. van Buul, Alan E. Rowan, Roeland J.
M. Nolte, Johannes A. A. W . Elemans.

Chemical Communications, 2012, 48(36), 4371-4373, D O I: 10.1039/C2CC31156A
Interlaboratory round robin on cantilever calibration f o r AFM force spectroscopy
Joost te Riet, Allard J. Katan, Christian Rankl, Stefan W . S ta h l, Arend M. van Buul, In
Yee Phangg, A lb e rto Gom ez-Casado, Peter Schön, Jan W . Gerritsen, Alessandra
Cambi, Alan E. Rowan, G. Julius Vancso, h, Pascal Jo n k h e ijm , Jurriaan Huskens,
Tjerk H. Oosterkam p, Hermann Gaub, Peter H in te rd o rfe r, Carl G. Figdor, Sylvia
Speller.

Ultramicroscopy, 2011, 111(12), 1659-1669 DOI: 10.1016/j.ultramic.2011.09.012

149

Supramolecular porphyrin polymers in solution and at the solid-liquid interface
Richard van Ham eren, Arend M. van Buul, Maria A. Castriciano, Valentina Villari,
Norberto Micali, Peter Schön, Sylvia Speller, Luigi Monsü Scolaro, Alan E. Rowan,
Johannes A. A. W . Elemans, Roeland J. M. Nolte.

Nano Letters, 2008, 8(1), 253-259, DOI: 10.1021/nl072563f
Macroscopic hierarchical surface patterning of porphyrin trimers via selfassembly and dewetting
Richard van Ham eren, Peter Schön, Arend M. van Buul, Johan Hoogboom , Sergiy V.
Lazarenko, Jan W . Gerritsen, Hans Engelkamp, Peter C. M. Christianen, Hans A.
H eusl, Jan C. Maan, Theo Rasing, Sylvia Speller, Alan E. Rowan, Johannes A. A. W .
Elemans, Roeland J. M. Nolte.

Science, 2006, 314(5804), 1433-1436, DOI: 10.1126/science.ll33004

150

Curriculum vitae

Arend M ichaël van Buul is geboren op 27 maart 1982 te Oosteind (gem.
Oosterhout, NB.). In 2001 behaalde hij zijn V W O -dip o lom a aan de Stichtse Vrije
School in Zeist. Hierna begon hij aan de studie Natuurwetenschappen aan de
Radboud Universiteit Nijm egen. In 2008 studeerde hij af, na een stage in een
sam enwerking tussen de Supram olecular Chem istry groep van Prof. Nolte en de
Scanning Probe M icroscopy groep van Prof. Speller. Daarna begon hij aan zijn
prom otieonderzoek in de M olecular Materials groep van Prof. Rowan waarvan de
resultaten in dit proefschrift beschreven staan. Sinds 2012 is hij werkzaam als
onderzoeker op de R&D afdeling van Océ-Technologies (onderdeel van Canon) te
Venlo.

151

