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Thermal desorption (TD) of oligopyridine from HOPG shifts 
from ~700 to ~500 K when going from (sub-)mono- to 
multilayers. Stabilization of low coverages results from a 
continuous shift of the frequency factor ν from of 1015 s-1 for 10 

submonolayers to 1024 s-1 for multilayers whereas the desorption 
barrier is virtually constant. Applying transition state theory 
(TST), we can explain this by a change from rotationally/ 
translationally mobile, flat-lying molecules (submonolayer) to 
immobile, upright molecules (multilayer). At room temperature, 15 

(time resolved) scanning tunneling microscopy (STM) gives 
evidence for the existence and the stability of the mobile phase. 

A common phenomenon in thin film growth is a distinctly 
higher stability of the layer(s) directly interacting with the 
substrate. This becomes apparent in thermal desorption 20 

experiments, where this layer desorbs at higher temperatures 
than higher layers. Based on the Polanyi-Wigner-equation for 
the desorption rate, rdes = Nn ν exp (- *

desE /RT), this is usually 
explained by a higher desorption barrier *

desE , due to a 
stronger interaction between adsorbate and substrate in the 25 

first layer than between adsorbates in higher layers 1-3 (N = 
number of adsorbates/unit area, n = kinetic order, ν = fre-
quency factor, R = gas constant, T = temperature). As part of 
the increasing interest in organic films for various applica-
tions,4 their stability and desorption behavior was investigated 30 

in a growing number of studies.5-7 They revealed dramatic 
increases of the frequency factor ν with the size of the 
respective molecule.8-13 This was attributed to the increase in 
motional and internal degrees of freedom upon desorption. 
  For triphenylene derivatives on Au(111), a heating rate 35 

analysis of individual TD peaks recently revealed that ν can 
be dramatically higher for desorption from multilayer than 
from monolayer films.7 Based on TST, this trend was attri-
buted to an immobilization of the molecules within the crys-
tallites formed at higher coverages, which in turn increases 40 

the driving force towards desorption via entropy effects.  
 In the present paper, we will show that such a thickness 
dependent increase of ν can be tracked continuously for 
coverages varied over more than three orders of magnitude. 
This is possible by analyzing the leading edges instead of the 45 

peaks of the TD spectra.1 Furthermore, we will demonstrate 
that TST in combination with coarse information about the 
internal molecule structure can explain the observed trend 
even quantitatively. 
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Fig. 1 (a) Schematic structure of 2,4’-BTP with lateral dimensions of 
1.7 nm × 2.1 nm. (b) 2,4’-BTP model indicating the space required for 55 

free rotation (circle). 

 As model system, we have chosen oligopyridine 2,4’-BTP 
(see Fig. 1)14,15 adsorbed on highly oriented pyrolytic graphite 
(HOPG). In that system, the molecule-substrate bonding is 
dominated by π-π interactions, whereas molecule-molecule 60 

interactions additionally include hydrogen bonding.15,16 In 
combination with nm-scale STM-imaging, our TD data also 
yield the peculiar finding that the self-assembled hydrogen 
bonded networks are less stable against desorption than less 
densely packed ones.  65 

 Desorption spectra were recorded in a UHV system 
equipped with a home-built evaporator, a quadrupole mass 
spectrometer (Pfeiffer QMA 400), and a manipulator for 
sample positioning and heating. The HOPG sample (1 1 cm2) 
was glued onto a Ta sample holder, which in turn was 70 

attached to two W wires for resistive heating. Clean HOPG 
surfaces were prepared by tape stripping and annealing in 
UHV at 1000 K for > 5 min. As in previous works,15,16 STM 
images were recorded at 300 K by a home-built setup, using 
constant-current and constant-height mode for frame rates of 75 

0.017 s-1 and 2 s-1, respectively.  
 At a coverage of N = 0.39 nm-2 (molecules per nm2), 2,4’-
BTP adsorbs in a flat-lying geometry on HOPG and forms a 
highly ordered quasi-quadratic network (QQN).16 A typical 
STM image is shown in Fig. 2b.15 The highest possible 80 

coverage of planarly adsorbed 2,4’-BTP is 0.44 nm-2.15,16 A 
monolayer film with QQN structure can be reproducibly pre-
pared by excess deposition, followed by annealing at 570 K 
for 5 min.15 This procedure was utilized to calibrate N and rdes 
(molecules nm-2 s-1) in the thermal desorption experiments 85 

(see Fig. 2a).  In the low coverage range of N < 0.3 nm-2, no 
ordered structures are visible by STM at 300 K, which we at-
tribute to the predominance of a dilute two-dimensional gas 
(2DG). For 0.3 nm-2 < N < 0.39 nm-2, STM imaging reveals 
coexistence of QQN and 2DG. Figs 2d-2e show a sequence of 90 

images of a dynamic QQN|2DG boundary, recorded with a 
line frequency of 600 s-1.  
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Fig. 2 (a) Thermal desorption spectra for N0 = 0.39 nm-2 (QQN phase, see 
text) and N0 = 0.23 nm-2. (b) STM image of the QQN phase (11 × 11 nm2, 
1 frame minute-1, UT = - 1.6 V, IT = 5.6 pA) with superimposed structure 
model. (c) Visualization of adlayer of rotating and mobile molecules at N0 5 

= 0.23 nm-2. (d)-(g) Sequence of STM images (2 frames s-1, 300 K, 32 × 
32 nm², UT = - 1.6 V, IT = 5.6 pA) at the border between QQN (left) and 
2DG (right, invisible). 

 The left hand side shows the typical pattern of the QQN 
phase, whereas the 2DG region simply appears dark. The local 10 

boundary often moves by more than 5 nm from one line to the 
next, which means that rows of more than two molecules are 
locally added or removed with rates of ~600 s-1. While a more 
quantitative evaluation of these fluctuations will be subject of 
future work, their observation in combination with the 15 

absence of the hydrogen bonded QQN at low coverages 
indicates that the 2DG phase is the most stable phase in the 
low coverage regime. This is also apparent from the two TD 
spectra for initial coverages (N0) of 0.39 nm-2 (QQN) and 
0.23 nm-2 (2DG) compared in Fig. 2a, where the leading edge 20 

of the former starts at more than 50 K lower temperature. 

 
As will be discussed in more detail below, the higher stability 
of the 2DG can be rationalized by enabled in-plane rotation 
and higher mobility of the molecules compared to the QQN 25 

phase. In Fig. 2c, we illustrate that the packing density of 0.23 
nm-2 is more than low enough to allow free rotation of the 
single molecules and to provide a certain degree of mobility. 
 As apparent from Fig. 3 for TD spectra with 0.008 ≤ N0 ≤ 
10.43 nm-2, the trend towards lower onset temperatures for 30 

higher N0
 can be observed over a large range of coverages 

(Fig. 3a: spectra with N0 > 1 nm-2; Fig. 3b: all spectra, with 
focus on details at low N0). The spectrum for N0 = 1.8 nm-2 is 
marked in both diagrams, the desorption trace for N0 = 
0.39 nm-2 (= QQN, see also Figs. 4a and 4b) is highlighted by 35 

triangles in Fig. 3b. The spectra exhibit three distinct 
desorption states α, β and γ, which are successively populated 
with increasing N0. At low coverages, desorption starts at 
about 720 K in the γ-peak. This peak slowly shifts to lower T 
with higher N0 and saturates for N0 ≈ 0.3 nm-2 (Tmax = 710 K). 40 

For higher N0, the onset of desorption shifts rapidly to lower 
T until N0 ≈ 0.9 nm-2. At this coverage, the β-peak evolves, 
which saturates at N0 ≈ 1.8 nm-2. At further increasing N0, the 
β-peak develops a low-temperature shoulder, which finally 
transforms into the multilayer desorption α-peak. This peak is 45 

characterized by a common leading edge and a continuous 
shift of Tmax to higher temperatures, indicative of zero order 
desorption. With increasing coverage, only desorption rates at 
the low-temperature side of the spectra are increasing, 
supporting that the adlayers are in equilibrium. At lowest 50 

coverage, desorption occurs from the 2DG, which – based on 
the high desorption temperatures – is the most stable 
adsorbate phase. The additional desorption in the low 
temperature regime for 0.3 < N0 < 0.9 nm-2 is tentatively 
assigned to the completion of a planar bilayer (closest planar 55 

packing: N0 = 0.44 nm-2). Saturation of the peak β at N0 ≈ 
1.8 nm-2 would fit to the completion (i) of a 4th planar layer or 
(ii) of a monolayer film with the molecules in an upright 
orientation (‘upright monolayer’), replacing the planar layers. 
Case (ii) would allow for a higher packing density in the first 60 

layer and would resemble the behavior of many other organic 
adsorbates.2

 
Fig. 3  TPD spectra of 2,4’-BTP molecules adsorbed on HOPG (heating rate 1.0 K.s-1). Initial coverages are 0.008 ≤ N0 ≤ 10.43 nm-2. (a) Overview of 
spectra with N0 > 1.0 nm-2. (b) Enlarged view to visualize low coverage details ( ) N0 = 1.8 nm-2. (∆) N0= 0.39 nm-2 (QQN phase, see text)65 
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Fig. 4  (a) Menzel-Schlichting plot (log(rdes) vs. -1/T), the different 
desorption regimes are marked by different symbols ( : α-peak, : β-
peak, : γ-peak). (b) Arrhenius plots for three different initial coverages 
N0 marked by filled (ln(rdes / max

candN )) and empty (ln(rdes / min
candN ) symbols. 5 

(c) *
desE vs. N0 and (d) ν vs. N0 derived from the slope and intercept of the 

Arrhenius plots. Lines A-C: TST values of ν (see text). 

The coverage of N = 1.8 nm-2 in an upright monolayer can be 
rationalized by a space requirement of 1.7  0.33 nm2 = 0.56 
nm² per molecule, where 0.33 nm and 1.7 nm reflect a typical 10 

π-π stacking distance 4 and the shorter length of 2,4’-BTP 
molecules (see Fig. 1), respectively. Though the existence of 
an upright phase has to be verified by further experiments, the 
packing density of 1.8 nm-2 is a reasonable upper limit for the 
number of surface molecules per layer in the multilayer 15 

regime. 
 For analysis of the TPD data, we describe the desorption of 
molecules by first-order kinetics.11 Zero or fractional order 
characteristics are considered via a coverage and structure 
dependent number of desorption candidates (Ncand). In equi-20 

librium, the area-normalized desorption rates from different 
coexisting surface phases are identical,17 and possible struc-
tural effects are included in Ncand. The average rate can be 
written as rdes = Ncand ν exp (- *

desE /RT) or ln (rdes/Ncand) = 
ln(ν) – *

desE /RT.  25 

 For the 2DG phase of N < 0.3 nm-2, we set Ncand = N. For 
higher N, we define minimum and maximum values for the 
desorption candidates, min

candN  and max
candN . In the multilayer 

regime (N > 1.8 nm-2), desorption occurs predominantly from 
kink sites as suggested for molecular crystals.11 Assuming that 30 

kink sites comprise at least 10-3 of all surface sites, we here 
set min

candN = 1.8×10-3 nm-2 and max
candN = 1.8 nm-2. For 0.3 < N < 

1.8 nm-2, we consider the possibility of small 2D islands or 
3D crystallites (3DC) with a higher fraction of edge and kink 
sites, and thus estimate 10-2 N < Ncand < N.  35 

 In plots of ln(rdes/Ncand) vs. 1000/(RT), we determined *
desE  

and ν from the slope and intercept of the desorption curves, 
respectively. This is illustrated for three data sets in Fig. 4b, 
where the lines for rdes / max

candN and rdes / min
candN  are labeled by 

superimposed solid and open symbols, respectively. *
desE  and 40 

ν are plotted versus N0 in Figs. 4c and 4d. Neglecting the first 
data point at the low coverage limit (N0 = 0.008 nm-2), we 
obtain barriers around 260 kJ mol-1 for N0 < 0.3 nm-2, i.e., in 
the range of an incomplete monolayer. For 0.3 < N0 < 1 nm-2, 

*
desE decreases slightly, passes through a wide minimum 45 

around 230 kJ mol-1 (1 < N0 < 2 nm-2), and then reaches a 
coverage independent value of 240 kJ mol-1 for N0 > 3 nm-2, 
i.e., in the multilayer regime. We attribute these small varia-
tions of *

desE  at least partly, to coverage dependent structures 
with different hydrogen bond configurations (one H bond ≈ 10 50 

kJ mol-1 15). Furthermore, structure dependent changes of 
/ (1/ )Tν∂ ∂  (‘Tolman correction’18) may mimic slight 

variations in the experimentally determined desorption barrier 
*
desE , which depending on the contributions from molecular 

rotations on ν are estimated to be in the range of 1-2 RT or 5-55 

10 kJ mol-1 and thus below the variation of *
desE  in Fig. 4c. 

Compared to *
desE , ν exhibits a much more pronounced cover-

age dependence, which is plotted in Fig. 4d. Values based on 
max
candN  and min

candN  are marked by symbols and positive error 
bars, respectively. ν increases from νmin ≈ 1015 s-1 in the 2DG 60 

phase up to νmax ≈ 1024 s-1 in the 3DC regime. It increases 
most steeply before the bilayer is completed at N0 = 0.9 nm-2, 
but continues to grow for the upright phase until N0 ≈ 3 nm-2, 
where it becomes coverage independent. For the γ-peak, the 
values of *

desE  and ν were also confirmed by heating rate vari-65 

ation experiments (0.05 ≤ β ≤ 8.0 K s-1) that will be published 
shortly. An exemplary Redhead analysis2 of the peak at 720 K 
for N0 = 0.23 nm-2 (Fig. 1a) reveals (β = 1 K s-1, ν = 1018 s-1, 
see Fig 4d)  Edes = RT[ln(720 K ν/β) - 3.46] = 266 kJ mol-1, in 
good agreement with our leading-edge based result of 260 kJ 70 

mol-1.  It is obvious that, despite all uncertainties about Ncand, 
it is mainly this variation of ν over nine orders of magnitude 
that governs the higher thermal stability of the (horizontal) 
monolayer compared to the upright monolayer or multilayers. 
This is very similar to the behavior reported for triphenylene 75 

derivatives on Au(111).7 
 The following quantitative interpretation of our results 

makes use of the expression ads
kT z
h z

ν
≠

=  for the frequency 

factor ν in TD processes according to TST.19 k, h, zads, and z≠ 
denote the Boltzmann and Planck constants and the molecular 80 

partition functions for the adsorbed state (AS) and the 
transition state (TS), respectively.2,10 For T = 500 – 700 K, 
kT/h lies between 1013 and 1.46×1013 s-1, which is a typical 
value of ν for desorption of small adsorbates. The pronounced 
changes of ν (Fig. 4d) must therefore be due to variations of 85 

(z≠/zads) between 102 in the 2DG and 1011 in the multilayer 
regime. For desorption processes, contributions to (z≠/zads) 
mainly arise from translation, rotation, and vibration, whereas 
electronic excitations do not significantly change upon 
desorption and thus cancel.10 This means 90 

*

expdes trans rot vib des
ads ads ads

cand trans rot vib

r kT z z z E
N h z z z RT

≠ ≠ ≠  
= ⋅ − 

 
.  

The rotational partition function for a free 2,4’-BTP molecule 



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

is20 ( )
3 / 22 1 / 2

2

8xyz
rot x y z

kTz I I I
h

π π
σ

 
= ⋅ ⋅ 

 
  

(Ix = 1.19.10-43, Iy = 2.23.10-43, Iz = 3.43.10-43 kg m2: moments 
of inertia around the x, y, z axes; σ = 2: symmetry factor). 
We apply this for the TS: rotz≠ = xyz

rotz . For rotation about the z-

axis, as possible in the AS at low coverages, we get 5 

ads
rotz = ( )

1 / 22
1 / 2

2

1 8z
rot z

kTz I
h

π
πσ

 
=  

 
 (σ = 1).20 Furthermore, 

the translational partition function for a freely moving 
admolecule (‘particle in a box’) is 2D

transz = A / Λ2 

( / 2h mkTπΛ = : thermal wavelength; A: area per molecule 
for lateral movement).2,20 Also the TS is considered as mobile 10 

in two dimensions because its third translational dimension is 
along the reaction coordinate and therefore skipped.19 
 If we assume that the properties of the TS are largely 
independent of the adlayer structure8-11 and consequently 

trans rot vibz z z≠ ≠ ≠⋅ ⋅ ≈ const., the pronounced increase of ν with 15 

coverage must be due to a decrease of the partition function of 
the AS, ads ads ads

trans rot vibz z z⋅ ⋅ , and thus of its entropy.2 This trend, 

which reflects an increasing immobilization of the adsorbed 
molecules with increasing coverage, will be quantified in the 
following. Assuming also ads

vibz  as largely surface structure 20 

independent, we can calculate ν by 
1vib

trans rotads ads ads
vib rot trans

kT z z z
h z z z

ν
≠

≠ ≠  
=     
  

, where only the second term 

varies with coverage.  
 To analyze trends with increasing coverage, we consider 
three limiting cases. (A) rotation, translation, and vibration in 25 

AS as in TS: ν = kT/h ≈ 1013 s-1. (B) adlayer of mobile and in-
plane rotating molecules: ads

transz = transz≠  and ads
rotz = z

rotz . (C) 
rotation and translation frozen in the adlayer: ads

transz  = ads
rotz = 1. 

(A) reflects the behavior usually observed for small adsor-
bates and obviously leads to too low values of ν. (B) should 30 

apply when AS =̂ 2DG. If we tentatively set ads
vib vibz z≠ =  and use 

8 5/ 1.53 10 / 402 3.8 10xyz z
rot rotz z = ⋅ = ⋅ , we get (for T = 600 K) 

( )/ /xyz z
rot rotkT h z zν = ⋅ = 4.8×1018 s-1. This is by about 103 larger 

than the value of 3.1×1015 s-1 observed experimentally for the 
lowest initial adsorbate density N0 = 0.008 nm-2. The devia-35 

tion is tentatively attributed to additional contributions from 
soft adsorbate-substrate vibrations of the adsorbed molecules, 
which would lead to a situation where ads

vib vibz z≠> , and to 
influences of the local chemical environment, which cannot be 
reasonably quantified based on the existing system specific 40 

information. To rationalize trends with increasing coverage, 
we formally correct for the deviation between experimental 
and calculated value of ν at N0 = 0.008 nm-2 by setting 

3/ 10ads
vib vibz z≠ −= . Furthermore, we assume a fixed value for 
transz≠ = (2 )ads

transz DG = 2 2125 nm −Λ , assuming A = N0
-1 = 0.008-1 45 

nm2 molecules-1. Using these values in (5), we can calculate 
ν(N0) for cases (A), (B), and (C). Note that the values of T 
used in the calculations correspond to the experimental onset 
temperatures for desorption at the respective N0. Curves (B) 
and (C) in Fig. 4d agree well with the experimental values of 50 

ν in the low and high coverage limit, respectively. It should 

be pointed out that only B was adjusted to the experimental 
values, and that our simple calculations reproduce the 
experimentally found change by a factor 109. The lower 
stability of the multilayer compared to the 2DG can thus be 55 

quantitatively rationalized by a reduced translational and 
rotational mobility of the adsorbed molecules. Within the 
planar monolayer, rotation becomes hindered when the space 
for each molecule is smaller than a circular site with ∅ ~ 2.1 
nm (see Fig.1b) equivalent to N = 0.26 nm-2 (close packed 60 

discs as in Fig. 2c, where this is shown for 0.23 nm-2). This 
way, we can explain the pronounced downshift of the leading 
edge in the TPD spectra for N0 > 0.3 nm-2 rather well, even on 
a semi-quantitative scale, via a rapid decrease in ads

rotz . A fur-
ther refinement, including also changes in ads

transz  and ads
rotz  with 65 

increasing N, requires information about the corresponding 
higher coverage adlayer structures that is not yet available.  
 From a thermodynamic point of view, our data clearly 
demonstrate that the (horizontal) mobile monolayer is stabil-
ized against formation of 3D crystallites by its higher rotatio-70 

nal and translational entropy. Assuming S≠ = const. (see 
above) and using S≠ − Sads(j) = α ln(νj) (νj = ν for molecule in 
phase j; S≠ and Sads(j) = entropies of TS and AS; α = const.)2 
we obtain S(2DG) − S(3DC) = R ln (υ(3DC) / υ(2DG)) ≈ R 
ln(1024/1015) ≈ 21 R = 175 J mol-1 K-1. Already at 300 K, this 75 

is equivalent to an energy difference of ST = 52 kJ mol-1.  
 Such an entropy based stabilization of the adsorbed mono-
layer is likely to be generic for many films of larger molecules 
on weakly interacting substrates (details might differ if the ad-
sorbates are bound much more strongly or weakly to the sub-80 

strate than to the surface of a multilayer). Apart from the TD 
behavior, it will also affect the thermodynamically preferred 
structures of thin films at elevated temperatures, favoring 
phases with higher mobilities. In particular, preferences are 
expected (i) for horizontal over upright adsorption within the 85 

first monolayer due to the higher contribution from the 
rotational mobility of flat-lying molecules 21 and (ii) for sur-
face wetting relative to island growth, e.g., Stranski-
Krastanov over Volmer-Weber growth,22 for these systems. 
Among the phases formed by flat lying adsorbates, the 90 

ordered ones may in many cases only be a “lesser evil” at 
higher packing densities where motion and rotation become 
impossible. 
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