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Abstract

Although it is recognized that dynamic behavior of adsorbing molecules strongly

affects the entropic contribution to adsorption free energy, detailed studies of the ad-

sorption entropy of large organic molecules at insulating surfaces are still rare. We com-

pared adsorption of two different functionalized organic molecules, 1,3,5-tri-(4-cyano-

4,4 biphenyl)-benzene (TCB) and 1,4-bis(cyanophenyl)-2,5-bis(decyloxy)benzene (CDB),

on the KCl (001) surface using density functional theory (DFT) and molecular dynam-

ics (MD) simulations. The accuracy of the van der Waals corrected DFT-D3 was

benchmarked using Møller-Plesset perturbation theory calculations. Classical force

fields were then parameterized for both the TCB and CDB molecules on the KCl (001)

surface. These force fields were used to perform potential of mean force (PMF) calcu-

lations of adsorption of individual molecules and extract information on the entropic

contributions to adsorption energy. The results demonstrate that entropy losses upon

adsorption are significant for flexible molecules, such as considered here, and even

at relatively low temperatures (e.g. 400 K) can match the enthalpy contribution to

adsorption energy.

Introduction

Understanding the adsorption of organic molecules at insulating substrates at room and

elevated temperatures is important in many fields, such as sensor technologies,1,2 coatings,3

catalysis,4 functional films5 and molecular electronics.6–8 Designing substrates and molecules

targeting these applications requires deep understanding of molecular interactions to achieve

control over the morphology of these films.2,9 Often these applications rely on self-assembled

films with self-healing properties. It has been shown that formation of such films can be

achieved by carefully tuning the balance between the entropy of adsorption and energy of

molecule-molecule and molecule-substrate interactions within a physisorbed layer.10–15

Adsorption energies and geometries of functionalized molecules have been successfully
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Figure 1: Chemical structure of CDB (1,4-bis(cyanophenyl)-2,5-bis(decyloxy)benzene) on
the left and TCB (1,3,5-tri-(4-cyano-4,4 biphenyl)-benzene) molecule on the right.

characterized in the past using various experimental techniques.16–24 Adsorption geometries

in particular can be investigated using scanning probe methods such as non-contact atomic

force microscopy (NC-AFM).25–27 However, achieving high resolution in NC-AFM images at

room temperature is still a challenge28 and often the interpretation of images down to an

atomistic level requires a detailed understanding of the tip-sample interactions.29–31 Theoret-

ical calculations can provide a better understanding of adsorption geometries, film structures

and nucleation sites. Previous work on molecular adsorption on insulators using DFT has

been often restricted to ground state calculations that represent a frozen 0 K system.12,32

Since real experiments are performed at higher temperatures, the entropic contributions to

adsorption and dynamic properties of the adsorbing molecules may have a qualitative effect

on molecular behavior. Although the importance of entropic contribution to the free energy

of adsorption has been long recognized (see e.g. ref.33), detailed studies started to appear

more recently in the context of molecular association in solutions,34 molecular adsorption

from solutions,35 formation of ordered monolayers at surfaces,15 and understanding tempera-

ture programmed desorption (TPD) experiments.36 The experimentally measured enthalpies

and entropies of adsorption of relatively small molecules on oxide surfaces have been sum-

marized in ref.37 However, detailed studies of the adsorption of large organic molecules at

insulating surfaces are still challenging and often confined to static simulations.12,32,38

Our long-term aim is to design molecules that can form stable functional supramolecular
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structures on bulk insulators at room temperature. In the previous work39 we have char-

acterized the adsorption of individual 1,4-bis(cyanophenyl)-2,5-bis(decyloxy)benzene (CDB)

molecules on the inert KCl (001) surface and discussed how these flexible molecules (see

Figure 1) form highly ordered, 2D, porous molecular domains. In contrast, the 1,3,5-tri-(4-

cyano-4,4 biphenyl)-benzene (TCB) molecule does not possess flexible hydrocarbon chains,

has a much more rigid frame (see Figure 1) but can still rotate easily on the KCl surface.

These contrasting features present an excellent opportunity to look in more detail at the

effects of flexibility of molecular structure and the ensuing entropy loss in adsorption of

organic molecules on insulating surfaces. In this paper, we compare the adsorption of in-

dividual CDB and TCB molecules on KCl(001) whereas in future work we will discuss the

effect of their structure on the nucleation and growth of monolayer structures on KCl(001).

Due to the large size of these molecules, these simulations are computationally expensive

and limit what can be achieved using ab initio methods. Therefore classical force fields

were parameterized for these two organic molecules using genetic algorithm methods.40 We

benchmarked van der Waals (vdW)-corrected PBE-D3 Density Functional Theory (DFT)

calculations against high accuracy Møller-Plesset perturbation theory (MP2) for a several

representative molecular fragments adsorbed on KCl(001). This allowed us to probe the

entropic contributions to adsorption and examine the dynamic properties of molecular ad-

sorption using MD simulations and PMF calculations.

Methods of Calculations

The calculations were performed using a wide range of techniques, including density func-

tional theory (DFT), hybrid quantum mechanics/ molecular mechanics (QM/MM),41,42 sec-

ond order Møller-Plesset perturbation theory (MP2), and classical molecular dynamics (MD).

DFT was used to study the adsorption geometries and electronic structure of TCB molecules

adsorbed onto KCl (001). However, DFT calculations on systems of this size are too com-
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putationally expensive to probe their dynamic properties. QM/MM techniques were used

to reduce the cost of performing ab initio calculations and facilitated the generation of an

extensive dataset of configurations. This data set was then used to parametrize a classical

force field for the system in order to run classical MD. Since vdW interactions are not well

represented within DFT, we compared our electronic structure data to MP2 results on small

molecular fragments. Finally, potential of mean force calculations were used to calculate the

adsorption energies at elevated temperatures and to evaluate the entropic contribution to

adsorption energy.

Density Functional Theory

DFT calculations were performed using the CP2K code with the Gaussian plane wave (GPW)

method43 and the PBE GGA local density functional.44 We employed semi-empirical long-

range dispersion corrections45 in order to represent vdW interactions in the system. Finally,

the MOLOPT46 basis set was selected to minimize basis set superposition error and a plane

wave cutoff of 400 Ry was used. The KCl surface was represented using four atomic layers

with one fixed layer at the bottom and three layers of relaxed atoms. These calculations

produce a band gap of 5.4 eV, surface rumpling of 0.3 Å, and a lattice constant of 6.3 Å in

agreement with experimental values.47

Second Order Møller-Plesset Perturbation Theory

We used the implementation of MP2 within the CP2K package.48,49 Series of correlation

consistent basis sets of double, treble and quadruple zeta quality for elements C, H, N,

O were selected,50 which are the Dunning cc-pVXZ basis sets adapted to be compatible

with the GTH pseudo potentials employed.50–52 We optimized basis sets using the same

methodology for Cl and K. In the case of K we had to optimize the correlation functions as

well, since this element does not have a Dunning basis set published. This was achieved by

optimizing the energies of a K atom using a gradient-less optimizer at the MP2 level with the
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standard hierarchy of correlation consistent functions. The resolution of the identity (RI)

approximation53,54 was used - RI basis sets for K and Cl were generated using an internal

procedure in CP2K and were confirmed to give transferable errors of 10 µHa per atom,

consistent with the quality of the RI basis sets for H,C,N,O, on a succession of bulk KCl

supercells.

The KCl bulk lattice constant optimized at the MP2 level49 is 6.37 Å. Geometry opti-

mizations were performed until forces on relaxing atoms were smaller than 0.025 eV/A. The

bottom layer of the 3 layer thick, 108 atom KCl slab was fixed in its bulk position. Ad-

sorption energies were found by extrapolation to the basis set limit using the approximate

formulae of Truhlar et. al.:55

En
X = En→∞

X→∞ + AX−3, (1)

where n represents the highest angular momentum in an augmented correlation-consistent

basis set, X = 2, 3, and 4 for the cc-DZVP, cc-TZVP, and cc-QZVP basis sets, respectively.

We confirmed that the raw numbers and BSSE corrected results extrapolated to the same

number within 0.025 eV. The optimized basis sets and example CP2K input files are provided

as supplementary information.

Fitting Classical Potentials

As experimental data on the adsorption energies of TCB and CDB molecules on KCl (001) are

not available, we used a previously described method40 to efficiently generate classical force

fields for the molecule-surface interactions. The inter- and intra-molecular interactions were

represented by the CHARMM56 force field and the surface was represented by a Buckingham

potential as parameterized by Catlow et al.57 The force field for CDB molecules on KCl(001)

is provided in a previous publication.40

A hybrid QM/MM method58,59 was used to increase the surface area in these simulations
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and reduce the computational cost so that a fitting library of geometries and forces could be

produced. The KCl (001) surface was represented using one layer of atoms treated quantum

mechanically and three layers of atoms treated classically. The QM region was treated using

the DFT method, basis sets, dispersion corrections, and cutoffs described above. The MM

region was represented using a set of classical parameters by Catlow et al.57 and the charges

on ions were smeared using Gaussian functions based on the ionic radii of the atoms. Using

the QM/MM method we produced a band gap of 4.6 eV for the KCl(001) surface, surface

rumpling of 0.3 Å, and a lattice constant of 6.3 Å. A more detailed description and analysis

of this method can be found in a previous publication.39

The training set created for TCB on KCl(001) consisted of 240 configurations. The first

80 frames (or configurations) were obtained from QM/MM MD calculations starting from

the ground state of the adsorbed molecule. The starting position of the molecule was then

rotated in 15◦ increments around the surface normal and a new trajectory was calculated at

each starting position, resulting in 120 additional frames. The final 40 frames were created

by artificially positioning the molecule at varying heights above the surface. These frames

represent situations that would not normally be probed via room temperature MD and

provide information about the system when the molecule is farther or closer to the surface

plane.

Within the genetic algorithm scheme, we selected a population of 1024 elements which

was then evolved over 1000 generations. In each generation, 5% of the total population was

randomized, duplicate members were randomized, and each element had a 0.2% chance of

mutation in order to reduce artificial convergence. The Morse potential form was chosen for

consistency with the previous work on the CDB molecule.40

Potential of Mean Force

Potential of mean force calculations give insight into how the free energy of a system changes

as a function of atomic coordinates.34,60 The free energy difference between two states along
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a reaction coordinate ξ, which parameterises the Hamiltonian H, is defined as

W (ξ2)−W (ξ1) =

∫ ξ2

ξ1

dξ′

〈
δH

δξ

〉
ξ′

, (2)

where 〈. . . 〉ξ is a statistical average over the equilibrium ensemble corresponding to pa-

rameter value ξ′ with the condition ξ(r) = ξ′.61 Minus the integrand is often termed the

mean force and hence the free energy is the potential of mean force.

Potential of mean force calculations were done by performing molecular dynamics simu-

lations in the (NVT) ensemble with a Nosé-Hoover thermostat to control the temperature

of the system and using the velocity Verlet integrator to ensure positions and velocities are

updated during the same time step. Each MD run was 3.0 ns long with a timestep of 1.0 fs.

The reaction path is defined parallel to the normal of the surface plane. MD runs were set

up by placing a single TCB molecule on a KCl substrate, which was represented using a

four layer slab composed of 1024 atoms. To prevent the substrate from drifting the bottom

layer of the four substrate layers was frozen in its bulk position. During these MD runs the

z - coordinate (normal to the plane of the surface) of the molecule’s center of mass (COM)

was fixed. There were no additional constraints made to the molecule to ensure that the

molecule could rotate, vibrate and translate in the plane parallel to the surface at distance

z in order to sample the ensemble phase space. In order to obtain a reliable potential, the

molecule was placed at 76 distances in the range of 3.0 Å to 21.0 Å from the surface with

the finest sampling close to the surface. From standard classical mechanics the potential φz

normal to the surface is defined as:

dφz/dz = −〈Fz〉z, (3)

where 〈Fz〉 is the average force normal to the surface between the substrate and the

molecule.62 Thus the potential can be easily calculated from the average force 〈Fz〉 by inte-

gration with respect to the reaction coordinate z. The first 2.0 ps of each MD run were used
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to equilibrate the system and thus were not included in the average. Sample input scripts

and parameters used are provided in the supplementary information.

Results and Discussion

vdW Contributions to Adsorption energy

Initial DFT calculations of TCB and CDB molecules adsorbed onto KCl (001) were per-

formed to determine the adsorption energy and geometry. However, results indicated that

vdW interactions account for a large portion of the adsorption enthalpy. The adsorption

enthalpy of a TCB molecule on the KCl (001) surface was calculated to be 4.3 eV with a

3.3 eV contribution from long range dispersion corrections using the DFT-D3 method. Simi-

larly, the adsorption enthalpy of CDB on KCl(001) was calculated to be 3.1 eV with a 2.4 eV

dispersion contribution. To benchmark the accuracy of semi-empirical vdW corrections we

compare our results to MP2 calculations performed using the CP2K code. These methods

give a good, if normally slightly overestimated, description of vdW interactions.

Since the TCB and CDB molecules are too large to treat using such computationally

expensive methods, we chose several smaller molecules representative of molecular fragments

to treat on the KCl (001) surface. These included the propane molecule, a benzene ring,

and a benzene ring functionalized by a cyano-group. The results of these calculations are

presented in Table 1.

Table 1: Comparison of the adsorption energies for several molecules on the KCl
(001) surface calculated using MP2 and DFT PBE-D3.

Adsorption Energy on KCl (001) MP2 DFT PBE-D3

Propane 0.15 eV 0.18 eV
Benzene 0.37 eV 0.45 eV

CN-Benzene 0.41 eV 0.70 eV

These results show that for the propane and benzene molecules, DFT PBE-D3 does

provide a good description of the adsorption energy. However, the functionalized CN-benzene
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adsorption energy is overestimated. This discrepancy can be explained by considering how

vdW is treated within PBE-D3. Since the dispersion correction is accounted for using a

pairwise additive scheme, it cannot account for the electron withdrawing CN functional

group. It has indeed been previously proposed that the presence of such withdrawing groups

lowers the adsorption energy of benzene rings.63 Assuming the additive character of vdW

interaction and using these results, we would expect the adsorption energy of TCB and CDB

molecules to be overestimated by about 20% using DFT PBE-D3.

Evaluating the Force-Fields

After benchmarking DFT-D3 data against MP2 results, we parameterized classical force

fields for the TCB molecule adsorbing onto KCl(001) using genetic algorithm methods. These

force fields were then evaluated by comparing adsorption energy and geometries with the

original DFT results. Energy minimization calculations were performed in order to find

the lowest energy adsorption geometry. A single TCB molecule was systematically placed

on the surface with its centre of mass at different sites of the unit cell. At each of these

configurations the molecule was rotated by 2◦ increments around the normal of the surface

plane. The surface slab consisted of four layers of KCl with the bottom layer frozen in order

to prevent drifting within the simulation box. A 80 Å vacuum distance was used between

periodically translated slabs.

Two stable configurations found in the classical simulations are shown in Figure 2. In

both configurations the cyano-groups (CN groups) are located nearest to a K+ site. The

configuration in Figure 2(a) exhibits mirror symmetry along the 〈110〉 direction and one leg

of the molecule aligns with a cation row. This is energetically favorable with an adsorption

enthalpy of 4.55 eV. While in vacuum the benzene rings of the legs form a torsion angle of

31◦, the leg above the surface cation row is very flat (torsion angle of 0.6◦ between the two

benzene rings) and the two benzene rings of the other two legs rotate to form a 4◦ angle with

each other. The adsorption energies compare within a 7% deviation with the data obtained
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Figure 2: Two stable adsorption geometries of a single TCB molecule on a KCl(100) surface,
calculated using the newly parameterized force field. The geometry (a) is the most stable with
an adsorption energy of 4.55 eV compared to the meta- stable state (b) with an adsorption
energy of 4.3 eV.

by DFT calculations and the adsorption geometries are reproduced well.

In configuration Figure 2(b) the molecule exhibits mirror symmetry along the 〈100〉

direction of the KCl surface. The adsorption energy of this configuration was found to be

4.3 eV. The molecule adapts a slightly deformed geometry, as the angles between the legs

need to stretch and bend to fit to the optimum geometry. The benzene rings of the leg

aligned along 〈100〉 direction are flat, while the two benzene rings of the other two legs tilt

by 9◦ in opposite directions.

Adsorption configurations of the CDB molecule on KCl(001) have been discussed in detail

in refs.39,40 The molecule attaches with the two CN groups and one of the two O atoms (see

Figure 1) to K cations on the surface.

Dynamic Adsorption Energy

At non-zero temperatures the adsorption energies are reduced by entropic contributions. In

this study we investigated the effect of molecular flexibility on the adsorption of organic

molecules on an insulating surface by comparing the entropic contributions to adsorption of
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Figure 3: Different rotamers present in the system and their commensurate configurations,
for a) a single bond in a linear carbonyl chain, b) the benzene-oxygen bond in CDB and c)
the benzene-benzene bond.

a rigid TCB molecule with a more flexible CDB molecule.

harmm

The flexibility of these molecules can be described in terms of conformational entropy. As-

suming that there are N different conformations of a molecule each with probability pi, then

the conformational entropy with reference to a rigid state is given as:

∆Sconf = −R
N∑
i=1

pi ln(pi) . (4)

In order to evaluate conformational entropy of a molecule, it is useful to begin by defining

the number of conformations in terms of populated rotamers. A rotamer is a conformational

isomerism, where different conformations can be interconverted by rotating single bonds.

CDB has four kinds of rotamers; the C-C bond in the carbonyl chains, the C’-C’ bond

between the benzene rings the C-O bond of the carbonyl chain and the phenyl-oxygen bond

(C’-O), while TCB has only C’-C’ rotamers between the phenyl groups, where C’ indicates

a carbon atom that belongs to a benzene ring.

A C-C bond of the carbonyl chains has three different conformations (see Figure 3). As-
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suming that these conformations are all equally probable, the conformational entropy per

C-C bond is 9.5× 10−5 eV/K. The C’-C’ bond of the phenyl groups has two conformations,

since the torsional angle between the two benzene rings can be ±31◦ and thus the confor-

mational entropy amounts to 0.36 × 10−3 eV/K. The C-O bond has two conformations as

well, one where the C’-O-C angle is pointing up out of the benzene plane and one where

it is pointing down. Hence the conformational entropy per C’-O bond is the same as for a

C’-C’ bond. A C-O bond again has three possible conformations and hence the same entropy

as a C-C bond. Note the C-N≡N bonds are linear and freezing rotations about the bond

axis does not result in a loss of conformations. Therefore they do not contribute to the

conformational entropy calculation.

The CDB molecule contains 18 C-C bonds, two C-O bonds and 2 C’-C’ bonds, compared

to the TCB molecule which only has 6 C’-C’ bonds. Summing up the corresponding energies

at 300 K, the conformational entropy amounts to ∆SCDBconf. =0.64 eV and ∆STCBconf. =0.11 eV.

This difference in conformational entropy will be used as a metric to distinguish between

flexible and rigid molecules.

Molecular diffusion and rotation

Using the optimized classical force fields, we simulated the dynamic processes that occur

when CDB and TCB molecules are deposited onto the KCl(001) surface. The starting point

for these studies was to examine the behavior of a single molecule on a perfect KCl(001)

surface. These calculations were performed by placing a molecule above the KCl(001) surface

with the plane of the molecule parallel to the surface and allowing the system to equilibrate

for 10.0 ps. The simulations were performed using a 1.0 fs timestep and a 4 layer thick slab of

KCl(001) to represent the surface. The bottom layer was fixed while the top 3 layers and all

TCB/CDB atoms were allowed to relax. The behavior of a single molecule on KCl(001) was

then observed for 10.0 ns at 300 K, 400 K, and 500 K. Simulations were repeated 10 times

at each of these temperatures.
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The CDB molecule was observed to be mobile at room temperature and could easily

reorient itself with respect to the KCl(001) surface. This mobility can be characterized in

two ways. The first is by considering how often the molecule may rotate. Within the scope

of this evaluation, we defined rotation as a change in the angle between the line drawn

through the two cations on the surface that the CN groups of the molecule were closest to

and the [100] direction of the surface. Throughout these simulations, the CDB molecule

was observed to undergo an average of 5 rotational motions at 300 K. At the same time,

the central ring of the CDB molecule moved on average about 1.0 nm across the KCl(001)

surface. At 400 K, CDB molecules became predictably more mobile. Additionally, they were

observed to occasionally roll or flip across the surface. Finally, at 500 K these effects were

further pronounced, and in one rare instance the molecule became fully desorbed from the

surface.

In comparison, molecular diffusion occurs at a much slower rate for TCB molecules. Dur-

ing 10.0 ns MD runs at 300 K the central benzene ring of the molecule stayed above the same

cation site for the entire simulation or moved only to a neighboring cation 4.4 Å away. How-

ever, the molecule is still able to rotate readily on the surface. For this system a rotational

motion was defined as a change in which leg was aligned with a cation row. An average of

8 such rotations were observed within the 10.0 ns simulations. Note that these rotations are

not directly comparable to those of the CDB molecule since they represent unique motions.

At 400 K the molecule became more mobile and rotated rapidly. Occasionally one leg would

lift up from the surface for less than 10.0 ps before going back to the planar adsorption

geometry. At 500 K the dynamics became even faster, with very rapid rotation and the

molecule diffusing over the surface with an average distance of 6.0 nm during one MD run.

Temperature dependence of adsorption energy

In order to investigate the physical meaning of adsorption energy at higher temperatures and

to gain insight into entropic contributions, potential of mean force (PMF) calculations were
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Table 2: The equilibrium distance between a single TCB or CDB molecule and
the surface and their adsorption energies are displayed for a range of tempera-
tures.

TCB CDB
Temp. (K) Equilibrium

Distance (Å)
Adsorption
Energy (eV)

Equilibrium
Distance (Å)

Adsorption
Energy (eV)

0 K 2.89 -4.55 3.27 -3.1
300 K 3.16 -3.95 3.39 -2.37
400 K 3.24 -3.84 3.48 -2.21
500 K 3.33 -3.74 3.65 -2.06

performed. It is important to note that the PMF must be defined in respect to a reference

state, where the distance between the molecule and the surface is large enough for the force

between the molecule and the surface to approach zero. This distance was determined to be

20.0 Å for both molecules. The equilibrium distance between the molecule and the surface

and the adsorption energy at each temperature can then be obtained from the minima of

the calculated potential curves. The adsorption energies of CDB and TCB molecules as a

function of temperature are shown in Table 2.

As the temperature increases from 0 K to room temperature and higher, the adsorption

energies of the TCB and CDB molecules are reduced substantially. At room temperature

the adsorption energy for a single TCB molecule is 0.6 eV lower than the value obtained

from the static calculations. This effect is even more pronounced for the CDB molecule,

where the adsorption energy is 0.7 eV lower at room temperature than at 0 K. These results

indicate that ignoring the temperature dependence of adsorption energy can potentially lead

to false conclusions regarding the strength of adsorption. This change in adsorption energy

can be attributed to entropy and requires further analysis.

Entropy contribution to adsorption

The entropic contribution to adsorption can be calculated using the PMF data. In Figure 4

the potential of mean force is plotted for the TCB and CDB molecule, respectively. The
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change in free energy of the system is given by

Gadsorbed −Gdesorbed = ∆G = ∆H − T∆S , (5)

where the difference is taken between the adsorbed and the desorbed state. The minima

in the PMF curves correspond to free energy minima, since entropy is included in the MD

calculations. Therefore, assuming that ∆H and ∆S are constant over the temperature range

considered, the gradient of a linear fit through the potential minima gives a rough estimate

of the entropic contribution to adsorption ∆S.62,64 At 300 K the entropic contribution to

adsorption amounts to 0.4 eV per TCB molecule on the KCl (001) surface. Since TCB is

a large rigid molecule, the adsorption enthalpy is an order of magnitude larger than the

entropy contribution to adsorption. In comparison, the linear fit results in a much larger

entropic contribution for the flexible CDB molecule. At 300 K the change in entropy was

calculated to be 0.7 eV. This larger entropic contribution can be attributed to the loss in

conformational freedom. As the molecule adsorbs on the surface it is forced into a more

planar geometry and hence cannot access all conformational states. Since TCB has fewer

conformational states and is more rigid, the entropic contribution is smaller compared to

CDB.

However, considering the change in enthalpy and the change in entropy to be constant

Figure 4: Potential of mean force curves for TCB (left) and CDB (right) on a KCl(001)
substrate at 300 K, 400 K and 500 K, respectively. The potentials were defined to be zero
when the center of mass of the molecules reached a distance of 20 Å away from the surface.
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over a temperature range may not be physically accurate. As the temperature changes, so

do the dynamics of the system. At higher temperatures, different vibrational and rotational

modes are accessible, resulting in a change in ∆S. A more detailed method of calculating the

entropy change is given by Smith et al.65 where the entropic component to the free energy

is written as

−TS(r) = −TS(r0) +
1

kT

∫ r

r0

dR

[〈
E
∂E

∂R

〉
R

− 〈E〉R
〈
∂E

∂R

〉
R

]
. (6)

Here E represents the total potential energy and 〈 . . . 〉R is the ensemble average when the

distance between the molecule’s center of mass and the surface is fixed at R. The additive

constant TS(r0) is chosen such that −TS(r) is zero at r= 20.0 Å, at which distance the

molecule is completely desorbed from the surface. Therefore Eq. 6 gives the change in

entropy as a function of the molecule - surface separation. A plot of this change in entropy

is given in Figure 5 for TCB at 300 K, 400 K and 500 K, respectively.

The entropy change displays three stepwise decreases as the TCB molecule adsorbs onto

the KCl (001) surface. As the molecule approaches the surface, one of the legs will attach

to the surface and the molecule will lose some translational and rotational entropy. This

initial change in entropy is illustrated in Figure 5 at position (c). Since the center of mass is

fixed in these calculations, initially the molecule’s motion becomes trapped in this position

and it is unable to translate across the surface, leading to a large decrease in entropy. The

entropy of the system increases again when the COM is brought nearer to the surface as

the molecule can reorient itself, which allows for more molecular motion. A second drop

in entropy is observed when another leg attaches to the surface (see Figure 5(b)) and the

entropy continues to decrease until the optimum adsorption geometry is reached in the

configuration shown in Figure 5(a). Forcing the molecule even closer to the surface will lead

to a huge decrease in entropy, as the molecular motion becomes frozen and its degrees of

freedom become fixed.

A similar behavior can be observed for the CDB molecule with some key differences (see
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Figure 5: Change in entropy plotted against distance from surface for a TCB molecule. The
curves represent a system at 300 K, 400 K and 500 K, respectively. Below the graph are
snapshots of TCB at various stages in the adsorption, as indicated in the plot.

Figure 6). First, the entropy decreases more smoothly at all three temperatures. This can

be attributed to the fact that CDB is more flexible and has many more degrees of freedom.

As the molecule adsorbs on the surface, these degrees of freedom are gradually restricted,

leading to a smoother decrease in entropy. Secondly the magnitude of the change in entropy

upon adsorption is much larger, increasing form T∆S =1.0 eV at 300 K to more than 5.0 eV

at 500 K. At 400 K the adsorption enthalpy is already similar to the change in entropy and

the molecule is expected to desorb from the surface. Movies showing the adsorption of TCB

and CDB in more detail can be found in the supplementary information.

The large changes in entropy observed for both rigid TCB and flexible CDB molecules

show that these effects cannot be neglected at elevated temperatures. Comparing the two

methods of estimating the change in entropy upon adsorption, it becomes clear that the

assumption of ∆S being a constant over the temperature range considered leads to an un-
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Figure 6: Change in entropy plotted against distance for the CDB molecule at temperatures
of 300 K, 400 K and 500 K, respectively.

derestimation at higher temperatures, whereas the method proposed by Smith et al.65 gives

a much more detailed understanding of the change in entropy upon adsorption.

Conclusions

Our comparative study of adsorption of two organic molecules on the KCl (001) surface

revealed two main results. Firstly, using DFT-D3 overestimates the vdW contribution to

the adsorption enthalpy of molecules of this type by only about 20% and is therefore a

computationally efficient way of studying their adsorption. Secondly, entropy losses upon

adsorption are significant for flexible molecules; at high enough temperatures they can match

the enthalpic contribution to adsorption energy.

A thorough understanding of dynamics of organic molecules at insulating surfaces is

imperative for the development of molecular devices. The adsorption energy and geometry

are dependent on both the character of interactions and temperature. As a molecule adsorbs

on a surface, some of its degrees of freedom become constrained, leading to the entropy loss.

For example, we found that for the relatively rigid TCB molecule the entropy loss does not
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exceed the adsorption enthalpy up to 500 K. However, the flexible CDB molecule exhibits

an entropy loss comparable to the adsorption energy already below 400 K and can desorb

from the surface.

These results complement static calculations of molecular adsorption and shed further

light on the dynamic behavior of molecules at surfaces. They can be useful for our under-

standing of expected stability of molecular structures and the mechanisms of self-assembly.
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Dynamic force microscopy study of 3,4,9,10-perylenetetracarboxylic dianhydride on

KBr(001). Phys. Rev. 2005, 71, 121403(R).

(17) Sasahara, A.; Uetsuka, H.; Ishibashi, T.; Onishi, H. A needle-like organic molecule

imaged by noncontact atomic force microscopy. Appl. Surf. Sci. 2002, 188, 265–271.

(18) Namai, Y.; Fukui, K.; Iwasawa, Y. The dynamic behaviour of CH3OH and NO2 ad-

sorbed on CeO2(111) studied by noncontact atomic force microscopy. Nanotechnology

2004, 15, S49–S54.

(19) Nony, L.; Bennewitz, R.; Pfeiffer, O.; Gnecco, E.; Baratoff, A.; Meyer, E.; Eguchi, T.;

Gourdon, A.; Joachim, C. Cu-TBPP and PTCDA molecules on insulating surfaces

studied by ultra-high-vacuum non-contact AFM. Nanotechnology 2004, 15, S91–S96.

(20) Burke, S. A.; Mativetsky, J. M.; Hoffmann, R.; Grütter, P. Nucleation and submono-

layer growth of C60 on KBr. Phys. Rev. Lett. 2005, 94, 096102(1–4).

(21) Dienel, T.; Loppacher, C.; Mannsfeld, S. C. B.; Forker, R.; Fritz, T. Growth-mode-

induced narrowing of optical spectra of an organic adlayer. Adv. Mater. 2008, 20,

959–963.

(22) Burke, S. A.; Ji, W.; Mativetsky, J. M.; Topple, J. M.; Fostner, S.; Gao, H.-J.; Guo, H.;

Grütter, P. Strain induced dewetting of a molecular system: Bimodal growth of PTCDA

on NaCl. Phys. Rev. Lett. 2008, 100, 186104.

22
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