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Abstract:  27 

Host-guest architectures provide ideal systems to investigate site-specific physical and 28 
chemical effects. Condensation events in nanometer sized confinements are particularly 29 
interesting for the investigation of inter-molecular and 30 
molecule-surface interactions. They may be accompanied 31 
by conformational adjustments representing induced fit 32 
packing patterns. Here, we report that the symmetry of small 33 
clusters formed upon condensation, their registry with the 34 
substrate, their lateral packing as well as their adsorption 35 
height is characteristically modified by the packing of 36 
cycloalkanes in confinements. While cyclopentane and 37 
cycloheptane display cooperativity upon filling of the 38 
hosting pores, cyclooctane and to a lesser degree 39 
cyclohexane diffusively re-distribute to more favoured 40 
adsorption sites. The dynamic behaviour of cyclooctane is 41 
surprising at 5K given the cycloalkane melting point above 42 
0°C. The site-specific modification of the interaction and 43 
behaviour of adsorbates in confinements plays a crucial role 44 
in many applications of 3D porous materials as gas storage 45 
agents or catalysts/bio-catalysts.  46 

 47 
A large part of the present knowledge about the condensation of molecules has been 48 

derived from thermodynamic principles and from macroscopic or statistically averaged 49 
investigations of gases, fluids and large numbers of nucleates.1–4 The wealth of more recent 50 
and increasingly conclusive experimental data provided an entry point to the microscopic 51 
understanding of inter-molecular forces governing the physical chemistry of matter5,6. In 52 
conjunction with theory and subsequent numerical modelling such understanding may allow 53 
for the prediction of structure property and structure activity relationships in materials science 54 
and chemistry as well as molecular life-sciences7,8. In particular growth studies at surfaces and 55 
interfaces,9,10 on the atomic scale and within confinements11 have accrued considerable insight 56 
into the site-specific mechanisms and contributed to the  understanding of nucleation, the 57 
evolution of structural ordering12,13 and the mechanisms of self-assembly14–18. Such insight into 58 
the physical forces, electronic states and the chemistry at different sites plays a key role in the 59 
prediction and control of bottom-up nanostructuring of functional surface materials19–22.  60 
 Previous condensation studies predominantly covered homo-epitaxial or hetero-61 
epitaxial systems with a small number of atomic components and simple structure, e.g. 62 
spherical or planar shape, on substrates with little or simple defects23. Conformationally 63 
flexible molecules, in contrast, may behave characteristically different due to the possibility to 64 
flex upon adsorption and upon compression inside confinements. As objects of study we have 65 
chosen a series of non-planar, conformationally flexible cyclo-alkanes (c-alkanes)24 to study 66 
their site-specific condensation in the confinement provided by 1.6 nm sized pores in a surface 67 
supported coordination network25.  68 

 
TOC Figure: Molecular 
condensation in nanometersized 
confinements: Site-specific 
nucleation and aggregation as well 
as other physico-chemical 
properties revealed by experiment 
and theory. 



3 
 

 Cycloalkanes represent a textbook model case for variable, size-dependent shape and 69 
conformational flexibility26–30. Their investigation inside confinements follows up on earlier 70 
experience gathered with porphyrins, C60

31,32 and atomic Xe33–38 nucleating at different specific 71 
sites of on-surface coordination networks39,40. The molecular structures of c-alkanes are 72 
determined by the tetrahedral angle between the sp3 carbon bonds thus precluding planar 73 
configurations, as observed for aromatics. Different non-planar conformations allow for a 74 
characteristic temperature dependent dynamicity constrained by the ring-closing covalent 75 
bonds which affect the specific heat and the crystal packing41.  76 

The confinements used for the condensation experiments in this work are based on the 77 
highly stable Cu-coordinated network of triply dehydrogenated 4,9-diaminoperylene quinone-78 
3,10-diimine (3deh-DPDI) generated by a thermal process on Cu(111)39,42. The porous surface 79 
network converts the free electrons in the 2D Shockley surface state of the underlying substrate 80 
into a specific spectrum of confined surface states (CSS). Each pore contains a partially 81 
localized electronic ground state giving rise to a peak in the electronic density of states (DOS) 82 
at 211 meV below the Fermi level (EF) with both localized and non-localized components. In 83 
similarity to the earlier investigated Xe33–38 cases, the interaction of the closed-shell c-alkanes 84 
with the pore containing a confined electronic state is governed by a combination of van der 85 
Waals forces and Pauli repulsion.  86 

As will become apparent, the shape-adaptability of the c-alkanes not only adds an 87 
‘induced fit’ element to their condensation within surface cavities, but also gives rise to 88 
collective rearrangements as exemplified by their interaction with the confined states within 89 
the pores of the surface network. Both intermolecular packing patterns and interaction with the 90 
site-specific electronic states give rise to filling-level dependent adsorption modes of the 91 
molecules in the pores. Using scanning tunnelling microscopy and spectroscopy (STM/STS) 92 
at low (5K) temperatures, we investigated the combined effects of the adaptive adsorbate 93 
structures and electronic forces on the site-specific condensation of 1 to 7 molecules. This is 94 
complemented by theoretical modelling based on density functional theory (DFT).   95 

To compare the condensation of c-alkanes inside the confinements of a porous surface 96 
network and on bare Cu (111) (Figure 1) we exposed a considerable number of samples 97 
partially covered by the Cu-coordinated 3deh-DPDI network to four different c-alkanes, C5H10 98 
(c5), C6H12 (c6), C7H14 (c7) and C8H16 (c8). Upon exposure to ~120 Langmuir a fraction of the 99 
pores was found to be partially / fully occupied, as revealed by STM. The pores at their 100 
maximal filling level accommodate seven c-alkane molecules in the case of c5, c6, c7 but only 101 
four in the case of the larger c8. Figure 1 (3rd row) presents the arrangements of  102 
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 103 
Figure. 1: Condensation of c-alkanes in confinements and on bare Cu(111). Top two rows: schematic chemical 104 
structure and condensation of c-alkanes in DPDI pores. The differently sized symbols within each row are drawn 105 
to scale in order to represent the increasing footprint from the smallest to the largest investigated c-alkane.  Third 106 
and fourth row: STM images of pores at maximum observed occupancy and as 2D condensed islands on network 107 
free terraces. In the pores, the spatial confinement increases with increasing size of the c-alkanes as reflected by 108 
the decrease of the intermolecular distance.  The four c8 molecules in addition to their dynamicity, exhibit the 109 
largest intermolecular spacing. As a guide to the eye, coloured circles (blue-c5, green-c6, indigo-c7, red-c8) have 110 
been added to highlight the approximate position and size of the c-alkanes. Table at the bottom: c-alkanes except 111 
c5 show an increased intermolecular spacing on network free areas. c5 @ occ-7: ~0%, c6 @ occ-7: ~7%, c7 @ 112 
occ-7: ~21%, c8 @ occ-4: ~8% compression by the confinement. Dt indicates the intermolecular distances within 113 
single layer islands on bare Cu(111) surfaces while Dp indicates the intermolecular distance inside pore. STM 114 
parameters: 2.4 nm x 2.4 nm, 1V, 6pm. 115 
 116 
different c-alkane molecules at maximum pore occupancy. Only c5 appears to be adsorbed with 117 
some space between the different molecules. At full occupancy (occ-7), six c5 molecules 118 
adsorb in the corners in proximity to the network node, while the center molecule appears with 119 
a characteristic ‘folded-edge’ shape. Similarly, this filling pattern is repeated with little or no 120 
residual intermolecular space for c6 and c7.  The four c8 molecules that can be observed at 121 
maximum occupancy of a pore, however, appear to be mobile at 5K and are assuming a 122 
rectangular (distorted square) arrangement which breaks the 3-fold symmetry of the underlying 123 
Cu(111) substrate and the geometry of the pore / confinement. In the table at the bottom of 124 
Figure 1, the inter-molecular distance of c-alkanes has been evaluated for each case. All c-125 
alkanes except for c5, appear significantly ‘compressed’ at maximum occupancy in the pores 126 
compared to the 2D islands assembled on terraces of the bare copper surface. The 127 
intermolecular degree of lateral compression, as derived from the distances between the 128 



5 
 

geometric centers of the molecules is tabulated in the bottom row of the table in Figure 1. It 129 
was found to be insignificant in the case of c5, indicating lateral packing which is unperturbed 130 
by the confinement in a surface pore, but rises to ~7% for c6 and to 21% for c7. The latter may 131 
be regarded as resulting from induced fit of c6 and c7 within the enclosures generated by the 132 
surface network. Even in the case of four molecules contained in the confining pore, the c8 133 
molecules appear compressed and with an inter-molecular distance reduced by ~8% in 134 
comparison to 2D islands on metal terraces.  135 
 136 

 137 
Figure 2: Molecule by molecule self-assembly of c-alkanes in confinements. STM images of pores filled with 138 
increasing numbers of c-alkane molecules are arranged with increasing occupancy (n) along the horizontal axis. 139 
The vertical axis labels the size of the c-alkane investigated. The number of different configurations observed in 140 
the pores has been indicated by a colour code: (yellow: two configurations, green: three configurations; the full 141 
dataset has been presented in Fig. SI-1). Interestingly in the case of c8 a higher frequency mobility in the order of 142 
~1/20th of the scan width (62 msec) becomes apparent. (STM parameters 1V, 6pA, image size 2.4 nm x 2.4 nm, 143 
pixels per frame: 256 px, scan speed 2nm/sec) 144 

For further in-depth understanding of the c-alkane filling into the pores, we statistically 145 
analysed all possible occupancies up to maximum filling level (see Figure S1). The 146 
spontaneously occurring occupancies cover a full range from 0—7 molecules in case of c5, c6, 147 
c7 and from 0—4 molecules with c8. In the following discussion, the occupancy of a pore with 148 
e.g. 3 molecules is denoted occ-3, and an overview of all filling configurations is displayed in 149 
Figure 2. Sometimes two (three) different configurations for a given occupancy have been 150 
observed as indicated by the yellow (green) frame around each image. The complete data set 151 
is shown in Figure S1. Similar to our earlier observations for Xe35, c-alkanes at low occupancy, 152 
prefer to adsorb around the outer rim of the confinement. Consistently, this reflects the 153 
repulsive interaction of the molecules with the centrally located confined surface state (CSS) 154 
and, possibly, the weak van der Waals attraction experienced close to the network backbone. 155 
 The symmetry of the condensates relative to the apparent 6-fold symmetry of the pores 156 
(Note that the overall symmetry of the pores on the surface is reduced, only 3-fold due to the 157 
on-top and hollow registry of the corners of the network25) is interesting: While the pattern 158 
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formed by c5 in the pores at all filling levels remains commensurate with the hexagonal pore, 159 
c6 shows two five-fold symmetric arrangements among a total of three at occ-5. The next 160 
homologue, c-heptane c7, overrides the symmetry of the hosting site already at occ-3 and also 161 
assumes a pentagonal arrangement at occ-5 and occ-6 before resuming the 6-fold symmetry at 162 
full (occ-7) occupancy. Cyclooctane c8 at occ-3 appears quite randomly adsorbed while the 163 
mobile square shaped arrangement at full occupancy (occ-4) clearly violates the hexagonal 164 
symmetry. Among all investigated cases, the only configuration with a visible mobility on the 165 
~msec timescale accessible to STM analysis is c8 at full occupancy (occ-4), whereas such 166 
mobility is not observed on the bare metal terraces where 2D islands predominate. A notable 167 
observation is the average time scale of the in-pore displacement in the order of ~60 msec for 168 
a molecule in presumably adsorbed state at 5K.  169 

The situation of both the symmetry modification, the compression and the mobility of 170 
c8, is a plausible consequence of a weak interaction of the c-alkane with the substrate via 171 
multiple contact points. In comparison, Xe as an atom dominantly interacts with the substrate 172 
atoms underneath as reflected by its preferred on-top adsorption while shifting to non-registry 173 
sites under certain (lower packing density) conditions in this pore35. On the other hand, c-174 
alkanes c6 to c8 but not c5 flexibly respond by adaptations of symmetry and compression to 175 
accommodate a higher number of molecules in the available free area within the pore before 176 
they are ‘elevated’ into a new mode of condensation, at least for the center molecules of c6 and 177 
c7 and in the case of c8 at occ-4 (Figure S2). 178 

To obtain a homogeneous set of structures and properties, we employed DFT to re-179 
calculate43–46 the characteristic ground state and the most relevant excited state conformers of 180 
c5, c6, c7 and c8 (Table 1). The uneven C atom containing c-alkanes, in particular c5, remain 181 
closer to planar, with the latter having only one CH2-group raised above the plane defined by 182 
the other four C atoms while the even c-alkanes can undergo conformational transitions at 183 
different activation energies.  184 
 In our DFT modelling, we have re-assessed the conformational states of all investigated 185 
c-alkanes and confirmed the well-known conformational ground states of the free molecule 186 
and the relative energy levels. Notably both, the energy difference between different states and 187 
the activation energies reported by others27 reveal values for conformational transitions which 188 
are too high to be observed in our experiments performed at 5K corresponding to a thermal 189 
energy of only 0.5 meV. This includes the single conformer of c5 which can convert from one 190 
envelope state to its neighbour with an estimated energy barrier of 0.5 kcal/mol (21 meV) 191 
corresponding to a temperature of ~250K27. It is however important to note that the molecule 192 
c5 in its envelope conformation with 4 carbon atoms in the same plane can be stabilized more 193 
readily by surface-molecular interaction than the higher order c-alkanes. The results of DFT 194 
modelling confirm that c5 adsorbs in 4-corner trapezoidal form with the 5th carbon atom 195 
forming a "flap" pointing towards the pore periphery while being randomly orientated for the 196 
central molecule in a full (occ-7) pore. We note, however, that the absence of conformational 197 
transitions at 5K does not preclude mobility of the molecules during their deposition on the 5-198 
10K ‘cold’ sample before they are ‘frozen’ in certain molecular configurations.  199 
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 200 

 201 
 202 

Table 1: Summary of DFT calculations of the c-alkanes c5 to c8 in free space, on Cu(111) surface and inside 203 
the nanometer sized confinement. “free” (top 6 rows): In free space, depending on the size of the c-alkanes, 204 
different energy minimal and higher energy conformations have been identified in agreement to earlier reports 205 
and textbooks27. Beyond the shown ground state conformation, the higher energy conformers are listed by their 206 
structure category and energy difference, if applicable. The covalent ring causes the different energy minimal 207 
configurations to deviate in their bond angle free from the sp3 angle of 109.4 with c6 getting closest to the 208 
tetraeder angle of the undistorted sp3 covalent bond. “on-surface” (center two rows) The intramolecular balance 209 
of forces is modified by relaxation of the molecule in the surface potential and characteristically different energy 210 
minimal structures arise as identified by the average bonding angle surface. The 1.14 degree difference between 211 
the bond angle of the free and the in-pore adsorbed c5 ( free - pore) reflects its larger planarization upon 212 
on-surface adsorption compared to the other three cases where the initially less planar structures are resisting. “in-213 
pore” (bottom five rows). The modified surface potential in the confinement leads to the modification of energy 214 
minimal conformations and the corresponding average bond angles. The modified adsorption is also reflected by 215 
the deformation energies for on-surface and in-pore adsorption listed here (All Angles  are in degrees and 216 
energies ΔE are in eV).  217 

Comparing the DFT calculated structures in free space with those modelled in on-surface 218 
(Figure S6) and in-pore configuration, reveals how the local surface potential affects the 219 
conformation, binding energies and average bonding angles. Notably, the least puckered c5 220 
shows a significantly stronger bonding angle deviation by adsorption than the other more ‘three 221 
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dimensional’ c-alkanes which enables the highest ratio, i.e. 4 out of 5 CH2-units to maintain 222 
direct contact with the metal substrate. 223 

For further analysis, we performed detailed measurements of the apparent STM height 224 
of the adsorbates at different occupancy levels in the pores and on terraces, with the DPDI 225 
network backbone as a reference. For all c-alkanes adsorbed in the pores, with the exception 226 
of c5, we found significantly increased apparent STM heights (c6: +0.24 Å, c7: +0.33 Å and 227 
most remarkably c8: +0.52 Å (~23 %) compared to 2D aggregate islands on the bare metal 228 
terraces (see second column in Table 2 and also in Figure S3). Notably, c5 is found to be the 229 
only molecule appearing lower than the planar DPDI molecules in the surrounding network 230 
backbone. The apparent height evolution with increasing occupancy level is generally small 231 
for all molecules. For c5 it is insignificant while there is a height increase for c6 (<5%), 232 
c7(~2%) and c8 (~2%) as full occupancy is reached. Notably, the predominant height increase 233 
occurred for the central ‘key stone’ molecule in the case of c6 and to a lesser degree c7 (Figure 234 
S3.1). The increased height, in particular that of the centrally located molecule is characteristic 235 
for a modified adsorption. The ‘misfit’ of the central molecule can be attributed to the increased 236 
readjusted (induced fit) 2D packing density and therefore intermolecular repulsion and, 237 
possibly, also to the expected maximum Pauli repulsion with the confined surface state in the 238 
center of the pore. The less puckered conformation of c5, on the one hand, and the non-239 
availability of a planar conformation for c6 to c8 on the other, appears to be the cause for the 240 
site dependent contrast change. Notable is the lateral ‘on-the-spot’ motion for c8 in the full 241 
pore, a behaviour which is unexpected for molecules adsorbed on a metal held at 5K.  242 
 243 

 244 
 245 
Table 2: Tunnelling apparent height analysis of the c-alkanes:  hm(i) denominates the molecular height hm 246 
measured within a i-fold populated pore, ht is molecular height on terrace and h0 is DPDI height. -From left to 247 
right (hm(full)-ht)EXP This column lists the apparent height difference of the molecules within supramolecular 248 
islands on network-free terrace areas and in the fully occupied pore. c5 is the only molecule not showing a 249 
significant apparent height increase by its in-pore adsorption.  (hm(1)-h0) EXP, (hm(full)-h0) EXP These two columns 250 
compare the apparent height increase for the molecules adsorbed in the pore at single occupancy and the center 251 
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molecule at full occupancy. Again c5 takes a special role (negative values, i.e. lower apparent height than DPDI, 252 
absence of significant height increase and presumably filling level and location-independent adsorption). c6 and 253 
c7 show the most significant height increase as it is plausible from their higher in-pore compression compared to 254 
c8 as discussed in Figure 1. In the last column (hm-h0) LDOS, the DFT calculated height differences (LDOS) have 255 
been tabulated. The values are in good agreement with the experimental data in the neighbouring column and 256 
establish the numerical modelling to be appropriate. All values are given in Å.  257 

 The relative energetics of different condensation states may be analysed by looking at 258 
the frequency of their occurrence after deposition at 5K. The histogram of pore occupancy 259 
(Figure 3) reveals no significant peak among the partially occupied pores, indicating that there 260 
are no ‘magic’ filling levels / clusters35. Notably, full (occ-7) pores of c5 & c7 are strikingly 261 
frequent in comparison to their lower occupancy condensates (occ-0 – occ-6). Only a small 262 
fraction of the counted pores is partially filled (~1/8th for c5 and 1/10th for c7). This indicates 263 
that pores keep filling up by capturing molecules during the deposition process until they are 264 
fully occupied. The histogram of c6 & c8 is distinctively different in that full occupancy and 265 
all partial occupancies are about equally probable. For c8 this phenomenon is accompanied by 266 
an exceptionally high fraction of empty pores and also a very high fraction of molecules 267 
condensed in close packed islands on the network-free terrace area. 268 
 269 

 270 
 271 
Figure 3: Condensation statistics of the c-alkanes adsorbed in-pore and on-terrace sites.  (a) STM overview 272 
of c7 adsorbed in DPDI pores and also on the bare metal terrace. (b) Histogram analysis showing the statistical 273 
distribution of different molecules in pores of different occupancy (n). Analysis performed after 120L exposure. 274 
The condensation of the c-alkanes follows two different schemes for the uneven C atom containing c-alkanes, for 275 
c5 and c7 the condensation histogram is dominated by 7-fold clusters i.e. by fully filled pores. Thus, partially 276 
filled pores exhibit a high propensity to capture adsorbates until they are completely full and cannot adsorb more. 277 
The rate-limiting step is comprised by the initial condensation of the first c-alkane in an empty pore. c6 and c8, 278 
in contrast exhibit a rather homogeneous occupancy distribution: The differently populated pores exhibit a more 279 
equal probability to capture another c-alkane. (c) Pie charts indicating the relative c-alkane coverage in the 280 
different surface compartments. (red) Network covered area: The dotted sector at the bottom right corresponds to 281 
the fraction of the surface area with fully filled pores among the available network coverage; (green) the four 282 
different c-alkanes occupy a considerably different fraction of the network free metal (blue) in spite of the similar 283 
DPDI network coverage. c5 and c7 show a considerable affinity to fill network pores, c6 and even more c8 prefer 284 
to expand 2D islands on the bare metal. This non-linear filling statistics evidences their different affinity to 285 
nucleate and progressively fill the pores (cf. For more details see Figure S2). The network coverage of all four 286 
samples is ~50%; 287 
 288 
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While c5 and c7 clearly show a trend towards full, i.e., 7-fold occupancy, the two even 289 
numbered c-alkanes c6 and in particular c8 exhibit different statistics. Here, all partial 290 
occupancies as well as full occupancy are about equally frequent. Furthermore, we note that 291 
already at very low exposures for c8 only a very small fraction of molecules is entering the 292 
pores compared to their accumulation in 2D islands on the metal terraces. The rather high gas-293 
phase heat capacity of c8 at 300K (thermodynamic state of the molecule during the exposure 294 
and adsorption) (147.19 J/molK * K)41 together with its significant flexibility, translates into 295 
higher entropic motion, and may be the cause of the low sticking coefficient of this molecule 296 
in the pores (Figure S2). 297 
 Confined surface states (CSS) within confinements generated on surfaces of coinage 298 
metal substrates33,39 interact with guest molecules and may thus act as probes for their 299 
adsorption. Scanning tunneling spectroscopy (STS) measurements performed above the voids 300 
of the surface network revealed the shift of the CSS to energies closer to EF compared to the 301 
empty pore level (211 mV below EF). Such quantum mechanical confinement in out-of-plane 302 
direction can be imposed by any adsorbate33. The shifted position of the CSS which results 303 
from the deposition of guest molecules is due to Pauli repulsion between the molecular orbitals 304 
and substrate states and is measured for the different c-alkanes at varying occupancies (Figure 305 
4). It is found that an occupancy of four molecules of c6 induced an upshift to 67 meV below 306 
EF (see table in Figure 4) which is significantly more pronounced than the CSS shift observed 307 
for such pores fully filled with 12Xe atoms for which the shift remains at a level 147 meV33 308 
below EF. In marked contrast to the monotonic up-shifting reported for successive Xe 309 
condensation33, the CSS shifts observed for various occupancies of cycloalkanes reverts back 310 
towards reduced interaction with further increased occupancy, i.e. the CSS moves closer to the 311 
position corresponding to the empty pore upon approaching full occupancy. In particular, the 312 
final step towards the full pore by insertion of the ‘keystone’ molecule is clearly associated 313 
with a strong back shift towards lower Pauli repulsion. We have also observed that odd-314 
numbered c-alkanes c5 and c7, preferably condense in pores at increased occupancy (vide 315 
supra). For these, the repulsive interaction with the CSS appears to be ~30 meV lower than 316 
observed for c6 and c8 with their preferred condensation on the network-free terraces (Figure 317 
S5). 318 
 This specific non-linear behavior of the strong CSS energy shift, first towards Ef and 319 
then reverse upon increased pore occupancy observed for c6 (Figure 4b) is observed for all 320 
investigated c-alkanes and has to be related to a phenomenon not occurring with Xe33. The CSS 321 
is progressively confined (in space) and therefore shifted (in energy / position with reference 322 
to Ef) by two effects: By lateral confinement with the i) shrinking adsorbate-free surface area 323 
in the pore and by out-of-plane confinement with the ii) modified balance of Pauli repulsion 324 
and London forces (also referred to as pillow effect47) compressing the surface state. This out-325 
of-plane confinement is common to c-alkanes and the previously studied Xe alike, but, at first 326 
sight, fails to explain the reverse shifting of the CSS in the direction of a reduced interaction 327 
(vide infra).  328 



11 
 

 329 
 330 
Figure 4: Different numbers of c-alkanes inside pores and their influence on the CSS below the pore. dI/dV 331 
spectra have been acquired at the center of the vacancy island of each pore, or in the pore center for full pores. 332 
(a)-(d) The spectra are displayed together with the corresponding STM images (2.5nm X 2.5nm) acquired for 333 
pores hosting different numbers of c5, c6, c7 and c8 molecules respectively, as indicated. With initially increasing 334 
occupancy the Pauli repulsion between the molecules and the underlying CSS induces a shift towards higher BEs 335 
(i.e. towards the Fermi Energy EF). There is a remarkable non-linearity in the position of the CSS: It shifts back 336 
towards the empty pore BE above a certain filling level. The shifting CSS peak positions have been tabulated for 337 
the different c-alkanes and pore populations below. Note the most significant back-shift occurring above occ-4 338 
for c5 to c7 and above occ-2 for c8 respectively. The data sets are not equally dense for all c-alkanes because the 339 
acquisition had been obstructed in some cases (e.g. c5, generally more at lower occupancy) by the molecules being 340 
picked up by the tip during the acquisition of the I/V spectra).  341 
  342 
 Before discussing the pronounced non-linear behavior of the CSS energy at variable 343 
occupancies, its generally greater response to c-alkanes compared to Xe needs to be addressed. 344 
The physisorption of both, Xe atoms34 and c-alkanes in the pore is dominated by London 345 
dispersion forces and Pauli repulsion, with the former being crucially determined by the 346 
polarizability of the adsorbate and the adsorbent. The polarizability of c-alkanes filling a pore48 347 
is up to three times higher than that of Xe at full, 12-fold filling. The London force and 348 
physisorption strength of the deposited c-alkanes are thus expected to be stronger compared to 349 
Xe, which is consistent with the observed, pronounced shift of the CSS at low c-alkane 350 
occupancies. Occupancy with c-alkane c6 (c7) for example gives rise to a maximum shift to 351 
only 67 meV (76 meV) below EF at occ-4 (occ-5) and maximum back-shift 131 meV (165 352 
meV) at full occ-7 (Figure 4. and the table below). Notably, the energy position of the CSS at 353 
full c-alkane occupancy is back to a range similar to the fully Xe occupied reference (147 meV 354 
below EF). This back-shift is slightly higher for c5 and c7 (~164meV), and slightly lower for 355 
c6 and c8 (~132 meV below EF).  356 



12 
 

The observed energetic reverse-shift of the CSS upon approaching full occupancy of the pores 357 
is in contrast to the monotonic evolution previously observed for Xe atoms and attributed to 358 
the different adsorption behavior of the c-alkanes compared to Xe. Xe atoms adsorb in on-top 359 
sites on the metal substrates, and predominantly adsorb in the root(3) x root(3) rot 30 360 
superstructure. Even at full 12-fold occupancy no compression is observed for Xe in pores. 361 
Upon increased 2D packing of c6 to c8, however, the in-pore arrangement which is formed 362 
violates the symmetry of the substrate underneath and relates to the lateral compression, STM 363 
height changes and mobility mentioned above. Cycloalkanes, possess non-planar structures 364 
with a large number of conformational degrees of freedom, whereas for Xe atoms and likewise 365 
for planar or close to planar porphyrin derivatives49 and the like50, there are no (few) internal 366 
degrees of freedom affecting the adsorption state. As a consequence, the CH2 units of the c-367 
alkanes interact unequally with the substrate and changes in the surface potential are expected 368 
to lead to a re-equilibration of the molecular conformation as listed in Table 1. DFT modelling 369 
has shown (Figure S7) that for the c-alkanes in the gas phase all bonds are of equal length, 370 
giving rise to the most relaxed structure, while being most perturbed (and distorted) in contact 371 
with a bare metal surface. This trend is also reflected in the distortion of the bond angles (372 

free - pore in Table 1) The modified ground-state conformation and the resulting packing 373 
pattern of the molecules affects the dispersive interaction and Pauli repulsion with the CSS 374 
within the pores and is further enhanced by the sterically required lateral compression for the 375 
larger c-alkanes c6 to c8 at full occupancy. As additional evidence for the re-equilibration of 376 
the guest molecule clusters in the confinements upon complete filling, we refer to the elevated 377 
center molecule (c6 and c7) (Table 2) and, implicitly, to the dynamicity of fully occupied (occ-378 
4) c8. Both phenomena indicate that the observed non-linear behaviour is caused by the 379 
modified collective balance between London dispersion forces and Pauli repulsion. Particularly 380 
noteworthy are the substantial changes for the c-alkanes differing only by one C unit. The latter 381 
appear to be significantly affecting the adsorption energetics as well as the sticking coefficient. 382 
These observations raise questions about the role of these factors in the non-equilibrium 383 
dynamics of nucleation and condensation.  384 

Our analysis of the condensation of c-alkanes (c5 – c8) within the pores of an on-surface 385 
network reveals an unprecedented complexity which at first glance is unexpected for a small 386 
molecule adsorbing in nanometer sized and atomically precise confinements. We find that the 387 
c-alkanes change their adsorption mode, as reflected by their compression, their symmetry 388 
violation with regard to the hosting pores and by their non-linear interaction with the confined 389 
surface state (CSS). With increased 2D packing/compression, the c-alkanes adapt their 390 
conformation and the interaction forces with the confining walls and the Pauli repulsion with 391 
the underlying CSS. This is in stark contrast to Xe atoms behaving like hard spheres in a bowl 392 
in absence of conformational degrees of freedom. The former, c-alkane can change its 393 
conformation and adsorption state, while the latter, Xe, is ‘hard’ due to the closed shell 394 
electronic shell structure of the noble gas Xe. It is generally expected, also for differently sized 395 
pores, that the competition between available in-pore surface area and the ‘footprint’ of the 396 
adsorption determines the highest number of adsorbates. In the case of four c8 molecules in 397 
one pore, the site specific / environment specific enthalpy / entropy balance is so strongly 398 
modified that molecular dynamicity becomes visible at 5K. This mobility is unexpected at 5K 399 
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and in stark contrast to the melting point of solid c8 crystals at 288K. The complexity of c-400 
alkane condensation in the confinements motivates further temperature dependent 401 
investigations combined with theoretical modelling of other molecules with some 402 
conformational degree of freedom in different sized networks51 to provide a better 403 
understanding of the complex entropy / enthalpy balance governing this phenomenon.  404 

In this work, we provide first real-space evidence for the general phenomenon of the 405 
conformational response of complex molecules upon their confinement within cavities defined 406 
with atomic precision. The internal reorientation of guest molecules is reminiscent of the 407 
induced fit concept invoked for enzyme/substrate interactions and is expected to be a general 408 
phenomenon for such inclusion processes, both on surfaces and in porous solids. The ability to 409 
address these individually and to investigate local properties in a one-by-one fashion is a new 410 
opportunity. It may facilitate the rationally driven development of functional materials, inter-411 
alia catalysts, in which such molecule-host interactions at interfaces play a crucial role.  412 
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