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The adsorption of aromatic molecules on surfaces is of broad
interest in the fields of self-assembled networks and self-
organized growth.[1, 2] During self-assembly, adsorbates diffuse
and adjust their orientation to form regular superstructures.
The result is a delicate balance between supramolecular
chemistry (dipole–dipole interactions, hydrogen bonding, and
van der Waals forces) and molecule–surface interactions.
These factors determine the structure, energy, site-specificity,
and two-dimensional molecular translational and rotational
diffusion.[2–5] Differently substituted polyaromatic rings form
key building blocks,[6] defining the structure of chemically
functionalized surfaces. It is crucial to understand the motion
of single molecular precursors to gain insight into the complex
processes underlying self-assembly. Aromatic adsorbates are
extended particles of large mass that are assumed to obey
classical mechanics for temperatures where self-assembly
occurs. We will see, however, that quantum effects can
nevertheless play a crucial role in the dynamics of surface
diffusion even when the quantized degrees of freedom are not
associated directly with translational motion.

Here, we study pyrrole, C4H4NH, an important precursor
for many chemically and technologically relevant materials.
In recent years, functionalized pyrroles and related molecules
have attracted increasing attention as self-assembling adsor-
bates.[7] Pyrrole has been studied on several metal surfaces,
including Pt(111),[8] Pd(111),[9] Rh(111),[10] and Cu(100).[11]

Whilst little is known about potential energy landscapes and
interactions between molecules, pyrrole is usually found to
adsorb in a flat-lying geometry at low coverages, often moving
to a tilted geometry at higher coverages.

Herein we describe a helium spin-echo (HeSE) and
density functional theory (DFT) study of the dynamics of this
elementary building block on Cu(111) to investigate inter-
adsorbate interactions, the effect of friction, and the role of
quantum modes in a sub-monolayer regime. We will show that

the behavior is dominated by the quantum contribution to the
total energy of pyrrole�s vibrational ground state. Surpris-
ingly, the important vibrations are not those associated with
motion of the center of mass but are internal modes.

The HeSE method is new and uniquely sensitive to atomic
scale motion on pico- to nanosecond timescales.[12] Figure 1
illustrates the principle, showing how surface motion occur-

ring over a time difference, tSE, reduces coherent scattering
and gives a correlation function that typically decays with
time as f(t) = aexp(�atSE) +c.[12] The characteristic timescale
of the motion is then given by the decay rate, a, which
depends on the angle of scattering. Motion, in real space, is
deduced by comparing the dependence on scattering angle,
expressed as a momentum transfer, DK, with Langevin
molecular dynamics (MD) simulations.[13]

We have performed experiments at (121–170) K along
two crystal directions. The resulting a(DK) dependence is
presented as data points in Figure 2a. The low DK region is
magnified in the inset for three coverages and a clear peak-
and-dip feature can be seen to grow in intensity and move to
larger DK values with increasing coverage. The behavior
indicates repulsive interactions giving rise to a quasi-hexag-
onal arrangement.[12] The position of the dips gives the
coverage as 0.020, 0.033, and 0.052 monolayers (ML),
respectively,[12] where one ML is defined as one adsorbate
molecule per substrate atom. Comparing the results in
Figure 2a with analytical models for diffusion, we rule out
continuous Brownian motion which would give a quadratic
relationship, leaving hopping motion as the most likely model
for diffusion.[12] Hopping between sites forming a Bravais
lattice is known to give zero decay at the diffraction

Figure 1. Schematic diagram of the HeSE experiment. The incident
wavepacket is split and the two components, Ai and Bi, are separated
so that they interrogate the surface with a time difference, tSE. The
lateral displacement of the components is shown for illustrative
purposes only. The outgoing waves differ as a result of any motion
occurring on the surface during tSE. In this example, the outgoing
component, Ao, is unchanged while Bo is phase-shifted by p. When the
outgoing components are recombined the interference measures the
de-coherence, which can be studied as a function of tSE.
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condition,[12] 2.84 ��1 along 11�2
� �

(dashed line in Figure 2a),
which we do not observe. Hence, experiment suggests that
pyrrole hops between bridge and/or hollow sites, not top sites.

DFT calculations show that pyrrole adsorbs in a flat-lying
geometry on Cu(111), at a distance of 3 � from the surface,
analogous to the experimental observation for adsorption on
other metal surfaces.[9–11] By relating calculated isocharge
surfaces to the surface potential[14] we find that pyrrole is
a symmetric scattering center. We determine adsorption
energies at two coverages,
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R30�, for a range of high-symmetry sites. For
both coverages, centering over bridge sites is energetically
preferred, while top sites are least favorable. We find
a transition state above fcc and hcp hollow sites, creating
a 15 meV barrier between bridge sites. The binding energy is
nearly independent of the molecular orientation, implying
that pyrrole can rotate freely on Cu(111).

Both calculations and experiment indicate multiple
adsorption sites within the unit cell, suggesting motion in
channels around top sites as illustrated in Figure 2 b. How-
ever, at 160 K the calculated activation energy (15 meV)
would give Brownian motion, as seen in benzene/graphite.[15]

In contrast, measurements in Figure 2d show activated
motion with a rate-limiting barrier[12] of (50� 3) meV, sig-
nificantly higher than the calculated values for classical
motion. One source of activation, not present in the
calculations of the classical barrier, lies in the variation of
the zero point energy (ZPE) between adsorption sites. Since
the ZPE often does not greatly influence relative DFT
adsorption energies it is commonly neglected. Here, however,
the difference in ZPE between bridge and fcc sites is 14 meV,
doubling the energy barrier, while the ZPE difference
between bridge and hcp sites is 28 meV, almost tripling it.

Figure 3 illustrates the corrugation in the channels of
bridge and hollow sites. Theoretical barriers excluding ZPE
(dashed-dotted line) are much lower than the effective barrier
found experimentally (shaded area). Only when ZPE changes

are included (dashed line) does the calculated activation
energy agree with experiment.[16] Note that the calculated
barrier including ZPE is lower at the fcc site. The rate-limiting
step for long-range diffusion, however, is determined by the
largest barrier and the agreement between experiment and
calculations is thus persuasive. We conclude that pyrrole
adsorbs preferentially on bridge sites, moving over transition
states above fcc and hcp sites. Figure 4 summarizes the
relative contribution to the ZPE differences from key vibra-
tional modes. The main contribution to the barrier stems from

Figure 2. Experimental a(DK) dependence for pyrrole/Cu(111) at 160 K compared to MD simulations. a) HeSE data for 0.033 ML coverage
(points) compared to MD simulations for diffusion on bridge sites (solid line) and to predictions (see the Supporting Information) for single
jumps on a simple Bravais lattice (dashed line). Corresponding adsorbate trajectories are illustrated in (b) and (c), respectively. The inset in (a)
displays the coverage dependence in the low DK region, caused by repulsive adsorbate interactions, for 0.020 (crosses), 0.033 (dots), and
0.052 ML coverage (circles). d) Arrhenius measurements for 0.033 ML pyrrole/Cu(111) at 0.9 ��1.

Figure 3. Pyrrole diffusion on Cu(111) is an activated process, as
illustrated by the corrugation within channels of bridge and hollow
sites. Standard DFT calculations (dashed-dotted line) show a small
energy barrier. However, when ZPEs are included (dashed line), good
agreement with the experimental rate-limiting barrier, indicated as the
shaded area, is obtained. For illustrative purposes, values for adsorp-
tion sites have been connected by sinusoids.
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the C�H and N�H out-of-plane bending and ring torsion
modes. This is interesting because the largest contributions to
the absolute ZPE arise from C�H and N�H stretching modes,
but these are more or less insensitive to the adsorption site.

By performing MD simulations,[13] modeling the motion of
the center of mass over a two-dimensional potential energy
surface (PES), we confirm that pyrrole hops between bridge
sites, as shown in Figure 2. Excellent agreement with experi-
ment is obtained, except in the region of very small DK where
the dipolar interactions in the MD simulations do not fully
represent the complex interactions between adsorbate mol-
ecules. MD simulations provide a friction coefficient h =

2.0 ps�1 similar to that seen for benzene/graphite[15] and
cyclopentadienyl/Cu(111).[3] At such high friction, pyrrole
moves predominantly in single jumps between adjacent sites.

In summary, by combining experiment and theory we get
a complete picture of the diffusion of pyrrole on Cu(111). The
adsorbates move in single jumps between adjacent bridge
sites over an apparent activation barrier of (50� 3) meV.
Simulations reproduce the experimental results in a convinc-
ing manner. DFT calculations reveal that vibrational ZPEs
provide much of the potential barrier for diffusion, even
though the dominant modes are internal to the molecule and
not frustrated translations. This behavior is thus phenomeno-
logically different from the ZPE effects previously considered
in quantum motion of hydrogenic adsorbates.[17] Our results
show that purely quantum phenomena such as ZPEs can have
a fundamental influence in the diffusion of even an aromatic
molecule of large mass such as pyrrole. Whilst the effect may
be less crucial when the activation barrier for total energy
calculations is large, it clearly cannot be ignored in any system
exhibiting weaker activation. In particular, we anticipate it to

be of relevance to biochemical systems of large molecules
exhibiting small barriers.

Experimental Section
A single-crystal Cu(111) sample (Surface Preparation Laboratory,
Netherlands) was mounted inside an ultrahigh-vacuum chamber
(background pressure: 2 � 10�11 mbar), and cleaned by Ar+ sputtering
(800 eV, 10 mA, 300 K) and annealing (800 K, 30 s). Surface cleanli-
ness was checked using the helium reflectivity which was � 35% and
the coverage controlled by monitoring the drop in reflectivity during
uptake. Pyrrole (Sigma–Aldrich, reagent grade 98%) was purified by
freeze–thaw cycles in high vacuum and dosed by backfilling the
chamber. We find that pyrrole adsorbs reversibly below 200 K.

In Langevin MD simulations[13] the motion of a point particle was
modeled as diffusion over a PES defined using the method described
in the Supporting Information. We analyzed the lineshapes with
a single exponential function, treating them in the same way as the
experimental data. A barrier of 57 meV between bridge and hollow
sites gave the best representation of the data and an activation energy
of (49� 2) meV, in agreement with Figure 2d. Adsorbate–substrate
interactions are included as a friction coefficient, h, and interadsor-
bate interactions are represented as pairwise dipoles using the
calculated dipole moments.

DFT calculations were carried out within CASTEP.[18] Pyrrole/
Cu(111) is a typical physisorbed system, where van der Waals forces
predominate. Here we employed the dispersion force correction
method developed in Ref. [19], where the Kohn–Sham energy of the
system, calculated with the PBE functional, is corrected by adding
a pairwise interatomic energy[20] and the C6 coefficients are calculated
from the ground-state electron density. The Cu(111) surface was
modeled by a seven-layer slab where the top four layers are
unconstrained. We used electronic and convergence parameters
similar to those in Ref. [21]: 300 eV energy cut-off, a (4 � 4 � 1) k-
point grid, 0.05 e��1 force tolerance. The calculated total energies
are given in the Supporting Information.
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