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We report on a combined theoretical and experimental characterization of isolated Poly(3hexylthiophene) (P3HT) chains weakly adsorbed on a reconstructed Au(001) surface. The local
chain conformations of in situ deposited P3HT molecules were investigated by means of scanning
tunneling microscopy. For comparison, Monte Carlo simulations of the system were performed up
to a maximum chain length of 60 monomer units. The dependence of the end-to-end distance and
the radius of gyration on the polymer chain length shows a good agreement between experiment
and Monte Carlo simulations using simple updates for short chains. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4898382]
I. INTRODUCTION

Regioregular Poly(3-hexylthiophene) (P3HT) is a very
well studied conjugated polymer due to its interesting electronic and optical properties.1–4 Recently P3HT has attracted
attention for the use in donor/acceptor blends for photovoltaic
applications.5–7 Studies of P3HT on the microscopic level
are of great importance for a fundamental understanding of
the tuneability of electronic properties and their dependence
on external constraints, e.g., the adsorption on electrode surfaces. Hence a number of experimental studies addressed
for example the influence of structure formation by polymer self-assembly on ideal surfaces on the electronic properties of oligo- and polythiophenes.8, 9 Due to the complexity
of these macromolecules, the experimental findings have not
been supported with simulations so far, which in contrast is
well-established for studies of small organic molecules. This
study reports on an approach to combine the experimental
observation of polymer chain conformations adsorbed on a
metal surface with coarse-grained Monte Carlo simulations.
In a previous study it has been shown that two different adsorption behaviours can be observed for in situ
deposited P3HT molecules on an Au(001) surface.10 The
polymer molecules adsorb either as weakly bonded random
chains or as stronger interacting entities which locally lift the
Au(001) reconstruction. The former random chain conformation is metastable at room temperature. It allows a molecular diffusion on the surface and is in the focus of the present
work. We show that the weakly adsorbed P3HT molecules on
Au(001) can be modelled using the coarse-grained model of
Huang et al.11 P3HT chains with a maximum length of 60
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monomers were simulated in contact with an Au(001) surface
and the end-to-end distance as well as the radius of gyration
of the molecules were determined. These parameters are compared with experimentally obtained chain conformations of
in situ deposited P3HT molecules on Au(001) as observed
with scanning tunneling microscopy (STM).
This paper is organised as follows. In Sec. II, we first
describe the experimental setup. Section III A explains the
computer model and the simulations of studied system - polymer and surface. In Sec. IV, we present and discuss the results
from the STM experiments and the computer simulations. We
conclude our findings in Sec. V.

II. EXPERIMENTAL

The experiments were performed in an ultra-high vacuum
(UHV) system operating at a base pressure of 1 × 10−10 mbar
which houses a home-build high-temperature scanning tunneling microscope operating in a temperature range between
300 and 850 K. In addition to standard sample preparation facilities, the chamber is equipped with a modified
in situ UHV electrospray deposition source (Molecularspray,
UK).12, 13 A detailed description of the experimental setup is
given elsewhere.10
The Au(001) single crystal substrate (Mateck, Germany)
was cleaned by several cycles of Ar+ ion sputtering and subsequent annealing to 550 K for 20 min. Cleanliness and longrange order of the Au(001) surface were verified by scanning tunneling microscopy. Electrochemically etched Pt/Ir
tips were used in the STM measurements.
By using electrospray deposition regioregular P3HT
molecules were deposited on an Au(001) single crystal surface. Commercial high-quality P3HT polymer ((C10 H14 S)n ,
BASF SepiolidTM P200, BASF, Germany) has been used with
a molecular weight (MW ) of ∼19.5 kg/mol and a polydispersity index (PDI) of 1.9. The regioregularity of the polymer
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particles are described by a potential of the form
Ubond (l) =

n


ci (l − l0 )i ,

(1)

i=2

FIG. 1. The molecular structure of Poly(3-hexylthiophene-2,5-diyl) (P3HT).

has been determined to 80%. A sketch of the molecular structure is shown in Fig. 1. For the spray deposition the P3HT
has been dissolved in a 3:1 mixture of trichloromethane and
acetonitrile to a concentration of 10−5 . The acetonitrile was
added to increase the polarity of the solvent which improves
the electrospray process.

where n determines the number of the constants ci , which is
different for the three types of bonds. The equilibrium distance for the backbone particles is l0 (P1–P1) = 3.828 Å. Distances from backbone particle to the first side chain particle and between the two side chain particles are given by
l0 (P1–P2) = 4.0717 Å and l0 (P2–P3) = 3.5379 Å, respectively. There is a total of 26 parameters for the bond lengthpotential taken from the supporting information for Ref. 11.
Angles between two bonds contribute to the total energy
through the following bending potential
Ubending () =

n


III. MODEL AND SIMULATION
A. Coarse-grained P3HT model

The coarse-grained (CG) formulation of the P3HT polymer from Huang et al.11 was used as a basis for the computer
simulations. The atomic structure of the polymer as well as
the coarse-grained model consisting of three distinct types of
particles P1, P2, and P3 are depicted in Fig. 2. Particles P1
represent thiophene rings along the backbone of the polymer
and are positioned in the center of mass of the rings. Particles
P2 and P3 represent the two parts of a side chain. They are
centred around the first and the last three carbon atoms of a
side chain, respectively. The parameters for this model were
also taken from Ref. 11.
The intramolecular forces are modelled by four
terms: anharmonic bond vibrations (Ubond ), bending energy
(Ubending ), torsion energy (Utorsion ), and interactions between
non-bonded particles (Unb ). Bonds between coarse-grained

ci ( − 0 )i .

(2)

i=0

The backbone bending potential between three P1 particles is
symmetrical around 180◦ with two distinct minima at ∼165◦
and ∼195◦ . Very similar to that is the angle between the side
chain bonds bound by the particles P1–P2–P3. It is symmetrical around 180◦ with minima at ∼160◦ and ∼200◦ . The angle between P1–P1–P2 is symmetrical around its minimum at
122◦ , while the bending potential between P2–P1–P1 is minimal at 83◦ . Again, the constants ci and their number n are
different for the four combinations. There are 42 parameters
in total describing the bending potential.
A torsion angle is given by the angle between the two
normal vectors of two planes. One plane would include points
A, B, and C, while the other plane includes points B, C,
and D. The torsion-angle potential for the polymer model is
parametrized as
Utorsion () =

n


ci cosi (),

(3)

i=0

and is plotted in Fig. 3, with 24 different constants ci depending on the combination of particles. The torsion potential keeps the backbone particles P1 planar, while the side
chains can slightly move out of the plane. In particular there
are two minima in the potential of the side chains. One where
the side chains point in opposite directions as depicted in
Fig. 2, corresponding to a torsion angle of  = 180◦ , and

Utorsion (φ)[kcal/mol]
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FIG. 2. Two-dimensional representation of a poly(3-hexylthiophene) chain
with overlaying coarse-grained particles: P1 is positioned at the center of
mass of the thiophene ring. P2 and P3 each surround three carbon atoms of
the side chain methyl group.
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FIG. 3. Torsion-angle potential for the four possible particle combinations.
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another minimum position with a slightly higher energy at
 = 0◦ , where neighbouring side chains point in the same
direction, corresponding to the trans and cis conformations,
respectively. Additionally to the proper torsion potential for
chains of connected particles, there is also an improper torsion between non-connected particles P1–P2–P1–P1 with five
parameters.
Finally, in addition to the already described potentials
there is a contribution to the total energy from the interactions between non-bonded particles as well. These include
Lennard-Jones like as well as Coulomb interactions and are
given in form of a numerical table together with the values of
the 97 parameters of the bonded potentials in the supporting
information for Ref. 11.

B. Coarse-grained surface representation

The Au(001) surface is known to form a quasi-hexagonal
reconstruction at the vacuum interface.14 The height modulations of the atoms of the top-most hexagonal layer (e.g.,
see Fig. 1 in Ref. 14) induce a stripe-like patterning of the
substrate terraces. Due to the high level of complexity a detailed theoretical description of the surface reconstruction is
still lacking. However, when studying particle interaction with
a surface, Steele15 argues that variations of the position of the
interacting particle over the unit cell of the surface leads to
differences in the effective potential. Since this difference is
only observable at very small distances from the surface this
effect has been neglected in the simulations, because of the
size of the coarse-grained particles used here. This allows for
a coarse-graining of the surface as well.
The simplest approach is to use a wall-like potential
  
 3 
σ
2π ρσ 3 2 σ 9
−
.
(4)
Usurf,9-3 (z) =
3
15 z
z
Here z is the distance from the surface and ρ is the atom
number density of the given material. It can be obtained by
integrating over the z < 0 half-space and assuming a 12–6
Lennard-Jones interaction of a CG particle with every space
element of the substrate. This potential, however, underestimates the distance of adsorbed particles to the surface. An
improved surface potential was proposed by Hentschke.16 Instead of integrating over the entire z-half-space, integration is
performed over layers of the surface, giving the potential
Usurf,10-4 (z, n) = 2π ρzσ
 
10 
4 
2
σ
σ
×
−
,
5 z + nz
z + nz
(5)
2

where n is the layer number and z = a0 /2 is the distance
between neighboring layers. The lattice constant for gold is
a0 = 4.08 Å.
One has to sum over an infinite number of layers, but
Hentschke gives an example where the sum over 3 layers converges very quickly. A comparison of the wall potential, the
layer potential and summation is plotted in Fig. 4.

3
2
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z[Å]
FIG. 4. Surface potential Usurf of an fcc crystal of Au particles interacting
with a particle at a distance z from the surface. The potential Usurf is computed for a homogeneous crystal (9–3 LJ) and a crystal composed of n + 1
homogeneous layers (10–4 LJ ) separated by a distance z.

We used the layered 10–4 LJ potential in this work. The
height modulation of the top most layer of the reconstructed
gold surface was modelled as
z(x) = z +

h
(1 − cos θ ),
2

x
θ = 2π .
λ

(6)

The modulation amplitude h = 0.7 Å and wavelength
λ ≈ 13.85 Å were chosen to match the measured quantities.14
The final coarse-grained surface potential is
Usurf (z) = Usurf,10-4 (z(x), 0) +

3


Usurf,10-4 (z, n).

(7)

n=1

The 12–6 LJ parameters  Au = 5.29 kcal mol−1 and σ Au
= 2.629 Å for the gold atoms were taken from Heinz et al.17
The atom number density of gold was computed to be ρ =
0.059 Å−3 at room temperature. We used atomistic 12–6 LJ
parameters from Huang et al.11 for the coarse-grained particles: S1 for P1, C4 for P2 and P3. Instead of the LorentzBerthelot rules we used the Waldman-Hagler rules,18

1/6
1 6
σii + σjj6
σij =
,
(8)
2
ij = 2 ii jj

σii3 σjj3
σii6 + σjj6

,

(9)

to compute combined interaction parameters since they are
known to produce better results for rare gases.
C. Monte Carlo simulations

In Monte Carlo simulations,19–21 the thermodynamic behaviour of a system is investigated by preparing “random”
states and calculating ensemble averages of quantities, rather
than solving Newton’s equations of motion as in molecular
dynamics. These random states are generated by proposing
certain updates (changes) to a conformation C of the system.
In 1953, Metropolis et al.22 proposed what today is
widely known as the Metropolis method. The probability of
a state C of a system in the canonical ensemble is given by
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p(C) ∝ e−βE(C) , with β = 1/kB T. To the system in state C with
energy E(C), an update is proposed to transform it into state
C  with energy E(C  ). For a polymer system such an update
could be the displacement of one monomer or the rotation
of a part of the chain. The acceptance probability of a proposed update is given by P (C → C  ) = min(1, e−βE ), where
E = E(C  ) − E(C). An update with E ≤ 0 is always accepted. If E > 0, a random number r ∈ [0, 1) is generated.
Only if r < e−βE the update is accepted, otherwise it is rejected. A simulation with M measurements generates a time
series for an observable O. The mean value calculated from
that time series is an estimate for the canonical
Mexpectation
value of that observable, i.e., O ≈ O = M1
i=1 Oi . (For
an infinitely long simulation (M → ∞): O = O.)
The most basic Monte Carlo update for polymer systems
is the displacement of a single particle: a particle is chosen
at random and a random vector is added to its coordinates.
The length of this vector can be tuned in the simulation to
obtain a desired acceptance rate for this update. This is a local update and is close to the motion of particles in a realistic
system. Due to its random nature, however, no real dynamics
is sampled. More sophisticated update algorithms allow for
faster equilibration and better sampling of the phase space.
The pivot move,23 for example, introduces a non-local update to the system, since a large part of the polymer is altered at once. The update goes as follows: a backbone particle
(P1 particle) is chosen at random, a rotation axis at that point
is selected at random and part of the chain is rotated about
that axis. The shortest part of the chain was rotated to reduce
the computational time. A further efficiency improvement was
introduced by fixing the rotation axis to be perpendicular to
the substrate. This results in a two-dimensional pivot update
and allows for larger angles of rotation at the same acceptance rate. The latter is due to the strong adsorption of the
polymer chain at the simulated temperature. In this case the
three-dimensional pivot move proposes updates where parts
of the chain either penetrate the substrate or leave it. Both are
energetically unfavourable: the first is associated with an infinite energy, the second with a large energy increase. The
last Monte Carlo update was a displacement of the whole
molecule along the axis perpendicular to the substrate.
The polymer chain was initialised as a linear chain of
particles P1. The side chains were alternating to the left and
right of the backbone as depicted in Fig. 2. The molecule was
placed parallel to the substrate at a distance of 4 Å.

J. Chem. Phys. 141, 164701 (2014)

(a)

(b)

(c)

IV. RESULTS

Figure 5(a) shows a typical room-temperature STM image of the Au(001) surface after in situ UHV electrospray
deposition of individual P3HT molecules. In the image two
terraces can be seen separated by a monoatomic step running
from the upper center to the lower left corner of the image.
On top of the terraces a closer look reveals a stripe-like modulation which results from the quasihexagonal reconstruction of the Au(001) surface.14 This reconstruction induces
two periodicities along orthogonal 110 high-symmetry directions: Narrow stripes with a spacing of 13.85 Å which

FIG. 5. STM images of in situ deposited P3HT molecules on the Au(001)
surface. The images (b) and (c) are taken 15 min apart. For explanation see
text. (a) 110 × 110 nm2 , 50 pA, −1.5 V. (b) and (c) 230 × 230 nm2 , 50 pA,
−2.0 V.

corresponds to approximately five times the next-neighbor
Au-Au distance. Additionally, an about four times larger
periodicity is formed in the perpendicular direction. A
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detailed description of the full c(48×24) reconstruction is presented elsewhere.14 On top of the substrate terraces, a large
number of individual P3HT molecules can be identified in
Fig. 5(a). The chains are adsorbed on the substrate surface in a
planar 2D geometry of the polymer backbone. The step edge
in the image is fully decorated with polymer chains which
indicates that this is the energetically most favourable adsorption site. This observation holds for the upper and the lower
terrace side of the step edge. Moreover, molecules which are
pinned at the steps can also extend across the steps on both
terraces (not shown here). In addition to step-edge adsorption, P3HT molecules are also found in different adsorption
geometries on the terraces. Some molecules are adsorbed in
a fully stretched configuration aligned parallel to the narrow reconstruction rows of the substrate (marked by “1” in
Fig. 5(a)). In contrast, a large fraction of the molecules adsorbs in a near random fashion (examples marked by “2”).
Finally also a combination of both adsorption geometries
can be observed. For some molecules only one part of the
chain is stretched along the narrow trenches of the reconstruction whereas the remaining chain is crossing neighbouring rows with an irregular shape (marked by “3”). Previously
we could show that the different adsorption geometries are related to different interaction strength of the polymer with the
substrate.10 The fully stretched chains are strongly interacting with the substrate. Their adsorption is accompanied with
a lifting of the substrate reconstruction underneath. These
molecules adsorb on locally unreconstructed, planar Au(001)(1×1) areas. In contrast, the random configurations of the additional polymer chains indicate a weak polymer-substrate interaction.
The present work focusses on the statistical evaluation
of the random-coil like 2D conformation of the weakly adsorbed P3HT molecules. Figures 5(b) and 5(c) show two
subsequently recorded large-scale STM images measured at
room temperature. The images show three substrate terraces
separated by monoatomic steps. The first step runs straight
from the top left corner to the bottom and the second step
runs diagonally through the lower right part of the image. Additionally, a screw dislocation on the large central terrace can
be seen which forms an additional step parallel to the first
one. On the top-most terrace the stripe-like modulation is rotated by 90◦ . Here the second domain of the Au(001) surface
reconstruction has formed. Besides step-edge adsorption, exclusively weakly adsorbed P3HT molecules are found with
irregular shape on the large defect-free terraces. The chain
lengths of the adsorbed P3HT molecules vary between 10 and
55 nm as determined with STM. This broad distribution allows to obtain statistical information for various lengths from
a single deposition experiment. On the large terraces most
P3HT molecules are well-separated from each other. However, some chains are crossing each other, e.g., the molecules
marked by “1” in Figs. 5(b) and 5(c). The crossing point appears brighter in the STM images due to the increased height
of the molecules at that point. These agglomerates formed
from multiple chains remain stationary in subsequent STM
images. In contrast, both images show that isolated molecules
reveal a weak mobility leading to surface diffusion at room
temperature. Some chains only partially changed their con-

J. Chem. Phys. 141, 164701 (2014)

figuration within the time span of 15 min for recording the
images, e.g., the molecule marked with “2”. Other molecules
diffuse over large distances as, e.g., the molecule marked with
“3”. Obviously different diffusion barriers exist. The diffusion
rate might differ depending on the polymer lengths, but also
the relative orientation of the chains with respect to the substrate seems to make a difference. Focussing on the orientation of the polymer chains relative to the substrate one notices
that despite their irregular shape a large number of molecules
is wiggling around a direction perpendicular to the narrow
reconstruction rows. In this direction, the P3HT molecules
experience a slight height modulation of the substrate surface. The wavelength of this modulation is approximately four
times larger than the one of the narrow rows. In that orientation sometimes parts of molecules remain unchanged in
subsequent measurements (see molecule marked by “2”) but
even full molecules are immobilized without being pinned at
defects or crossings with other chains (see molecule marked
by “4”).
Besides the experimental observation of weakly adsorbed
P3HT on the Au(001) surface in this work Monte Carlo simulations have been conducted at T = 300 K. The surface was
coarse-grained as described in Sec. III B. The surface reconstruction was modelled as a wave-like modulation with spacing of 13.85 Å and an amplitude of 0.7 Å to mimic the strong
modulation of the narrow reconstruction rows on the surface.
However, the much weaker modulation in perpendicular direction is neglected. To obtain enough statistically relevant
data the simulations were run for 107 Monte Carlo sweeps,
after 106 sweeps to equilibrate all bond and torsion angles. Errors were calculated using the binning method.24–26 For comparison with the experimental data only the single monomer
displacement update was used during our simulations, since
this update is close to a realistic particle movement on the
surface. More advanced Monte Carlo updates, however, help
to reach equilibrium states faster. The time scale to reach
these equilibrium states in experiment is currently not precisely known.
Using the P3HT model as introduced in Sec. III A no
influence of the height modulations of the reconstruction
could be determined for the given parametrization of the interactions. Instead random chain configurations are observed
which do not show any correlation to distinct substrate directions. This might be surprising since the periodicity of the narrow reconstruction rows of 13.85 Å nearly matches the nextneighbour distance of P3HT in molecular crystals of 14.1 Å.27
But most likely the curvature of the surface is too strong to
align weakly adsorbed P3HT along these rows. Only a planar substrate surface which can be obtained by lifting the reconstruction makes such an alignment favourable as observed
for strongly adsorbed P3HT. That distinct ordering effects can
be induced by a stripe-like pattern has recently been demonstrated within a generic polymer-adsorption model.28 There
the relative strength of the modulated surface attraction was
varied systematically over a wide range.
When introducing the more advanced Monte Carlo updates described earlier, like pivot chain rotation, the simulations perfectly reproduce the complex configurations of
adsorbed chains as observed with STM. In Fig. 6 two
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(a)

(b)

(c)

(d)

FIG. 6. Elongated coil ((a) and (c)), and collapsed hairpin conformations ((b)
and (d)) of a 60 monomer chain as obtained in experiment (upper row) and
simulation (lower row). Flipped side chains are marked with black dots in (c).
(a) and (b) 25 × 14 nm2 , 50 pA, −2.0 V.

characteristic conformations of a chain with a length of ∼60
monomer units are shown. The STM image in Fig. 6(a) shows
an elongated slightly curved chain which makes seven turns.
A comparable configuration taken from the simulation is
shown in Fig. 6(c). All details of the conformation can be extracted from the simulated structure. As one can see, a small
bending of the chain can arise from a local rearrangement of
the side chains. However, a stronger curvature of the molecule
is connected to a local trans-cis isomerization. The four black
points along the chain in Fig. 6(c) mark the positions where
single thiophene rings are flipped. This flip induces a bending of the chain. Additionally, an increased side chain density on one side of the backbone and the missing side chain
on the other side can lead to further rearrangements which
can give rise for an even stronger increase of the curvature.
Figure 6(b) shows the same polymer chain in a different conformation recorded 45 min earlier. Here the chain exhibits a
hairpin-like collapsed structure. As can be seen in the simulated hairpin-like conformation in Fig. 6(d), the full turn of the
polymer chain results from a sequence of trans-cis isomerizations. However, this is only a single experimental event and
the time scale of these structural fluctuations is not precisely
known. The advantage of the more advanced Monte Carlo updates which have been used to compute the polymer conformations of Figs. 6(c) and 6(d) is that the equilibrium states can
be reached faster. Interestingly the experimentally observed
chain conformations are in good agreement with selected random chain conformations obtained from simulations despite
the fact that in the simulations the substrate is strongly simplified and no geometrical constraint on the molecular orientation could be found. From the good agreements of the random
chain configuration as derived from simulations with the experimentally observed chains one can conclude that although
the molecules align in the experiment in a preferred direction
they still have a sufficiently high degree of freedom to adopt
random chain configurations.
Comparable results are obtained for different polymer
lengths using only basic Monte Carlo updates. Results for
chains with a length of 25 and 40 monomers are shown in
Fig. 7. Qualitatively again a good matching of the measured
and the simulated chain conformations can be obtained from
the images. The computed images reveal in particular again
the characteristic side chain flips.

(a)

(b)

(c)

(d)

FIG. 7. Comparison of measured ((a) and (b)) and simulated conformations
((c) and (d)) of P3HT on Au(001) for molecules of identical length. ((a) and
(b)) 16 × 10 nm2 , 50 pA, −2.0 V, ((a) and (c)) 25 monomer chain, and ((b)
and (d)) 40 monomer chain.

For a quantitative description of the 2D polymer adsorption on Au(001) a statistical analysis of the detailed adsorption geometry for a large ensemble of individual P3HT
molecules is necessary. For this purpose, we use a computer
assisted tracing of individual polymer chains from STM data.
This procedure determines the geometry of the polymer backbone and extracts the planar coordinates along the chain.
Figure 8 illustrates the applied procedure using the molecule
shown in Fig. 7(b). There the raw STM data of a single P3HT
chain are shown with a resolution of 30×16 pixels. Although
the STM image is of low resolution (since it is a section of a
large-scale image covering a large number of individual and
well-separated molecules as in Fig. 5), the chain geometry,
marked as blue line, is well retrieved. This example demonstrates that a single large-scale STM measurement with relatively low resolution in the region of an individual molecule is
sufficient to extract the full statistical information. This procedure allows recording simultaneously a large number of individual chains within a reasonable short time span (3–15 min).
In the following, we concentrate on two widely used
quantities in polymer physics which can be calculated from
2
describes the dithe STM data. The radius of gyration Rgyr
2
2
, Ryy
,
mensions of a polymer chain and its components Rxx
2
and Rzz give the extensions of the chain along each axis:
2
2
2
2
Rgyr
= Rxx
+ Ryy
+ Rzz

(10)

FIG. 8. Example for tracing P3HT polymers as measured with STM for extracting the statistical information. Raw data STM image, 30 × 16 px2 , 16.0
× 8.5 nm2 , 50 pA, −2.0 V,
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FIG. 9. Comparison of the two-dimensional radius of gyration obtained from
experiment and simulation as a function of the monomer number N.

with
Rij2 =

N

1   (n)
ri − r i rj(n) − r j ,
N n=1

(11)

where N is the number of chain segments, ri(n) (i = x, y, z)
is the
ith Cartesian coordinate of the nth chain segment and
(n)
ri = N
n=1 ri /N . For the 2D adsorption geometry of P3HT
2
nearly vanishes and
here, Rzz
2
2
2
2
Rgyr
≈ Rgyr,2d
= Rxx
+ Ryy
.

(12)

The second characteristic quantity describing the chain extension is the end-to-end distance
Ree = |rN − r1 |.

(13)

2
The experimental and simulational data for Rgyr,2d
and for Ree
are plotted as functions of the polymer length N in Figs. 9 and
10, respectively. In both figures, the full set of experimentally
determined data points is represented as small black squares.
In total 230 chains have been extracted from the STM measurements. To give a statistical estimate of the mean and the
standard deviation of an N-mer, the average over chains of
length in the range from N − 2 to N + 2 is used. The simula-

75

Rigid rod
Experiment (avg)
Experiment (single)
Simulation

200

Ree [Å]

L[Å]
100 125 150 175 200 225 250 275

150

V. SUMMARY

100
50
0

20

30

tional data were obtained from consecutively recorded structures every 1000 sweeps and add up to ten thousand conformations per data point. For the experimental (open red square)
as well as for the simulation data (open blue diamonds) in
2
with the
Fig. 9, we find an almost linear increase of Rgyr,2d
chain length for N ≥ 35. As we discuss below, this behaviour
is related to a predominantly stretched geometry for the short
chains. Random elongated coils as well as hairpin conformations were observed in the simulations for all chain lengths
N ≥ 30. However, elongated conformations are more likely to
be found for shorter chains, whereas hairpins and collapsed
chains are dominant for longer chains. Due to the resulting
strong asymmetry in the distribution of the experimental values and the limited statistics a standard deviation of the mean
is not given.
The second quantity to be discussed here is the average
end-to-end distance of polymers of a given length. The experimental data as extracted from STM data are marked as
full squares in Fig. 10 for polymer length in the range of
20 and 60 monomer units. Again, the polydispersity of the
used P3HT sample allows to cover the wide length distribution within a single experiment. The gray line in the graph
of Fig. 10 represents the theoretical end-to-end distance for
rigid rod polymers. The length of a rigid rod of N monomers
with a bond-length of a = 3.828 Å (the bond-length between
particles P1) and a bending angle of α = 165◦ is L = a(N
− 1)sin (α/2) and the end-to-end distance is Ree = L.29
Figure 10 shows that the end-to-end distance of most of
the polymers linearly increases with increasing N with the
same slope as for the ridig rod. Deviations from the rigidrod description are due to trans-cis isomerizations within
the chains, leading to a bending of the polymer backbone.
As a consequence of this bending the end-to-end distances
are decreased. The results in Fig. 10 show that short chains
were mostly adsorbed in elongated conformations. However,
with increasing chain length starting from N ≥ 30 the P3HT
molecules tend to adopt more strongly bended conformations.
Focussing on the mean values of experiment and simulations
this trend becomes obvious. The tendency of stronger bending
for longer chains can also be well recognized from the inspection of large-scale STM images as shown in Fig. 5. As discussed above, the Monte Carlo simulations also quantitatively
well describe the experimentally observed geometries up
to N = 60.

40

50

60

N
FIG. 10. Comparison of end-to-end distances obtained from experiment and
simulation as a function of the monomer number N. The solid line indicates
the linear Ree ∼ (N − 1) dependence.

We showed that the behaviour of weakly adsorbed isolated P3HT chains on an Au(001) surface as observed with
scanning tunneling microscopy can be well described with
Monte Carlo simulations using this coarse-grained model.
The STM data show two characteristic conformations of the
adsorbed P3HT polymers, namely elongated chains and hairpins. These were reproduced using Monte Carlo simulations.
Moreover, a good agreement between the experimental and
simulational data of the end-to-end distance and radius of gyration of single polymer chains with a maximum length of
60 monomers was achieved. Our results show that the coarsegrained description of P3HT, neglecting the atomistic details
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of the polymer, can be used to reflect the real behaviour of
single molecules in computer simulations.
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