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Abstract
Organic-inorganic hybrid interfaces play a prominent role in organic (opto)electronics, heterogeneous catalysis, sensors, and other current fields of technology. The performance of the related devices and processes depends critically on the nature and strength of the interfacial interaction. Here, we use the molecular isomers naphthalene and azulene on the Ag(111) and Cu(111) surfaces as model systems that cover different bonding regimes from physisorption to chemisorption. Azulene serves here also as a model for nonalternant molecular electronic materials and for topological 5-7 defects in graphene. The interaction energies are determined from quantitative analysis of temperature-programmed desorption (TPD) data. On both surfaces, azulene (Az) binds more strongly than naphthalene (Nt), with zero-coverage desorption energies (in kJ/mol) of 120 for Az/Ag and 179 for Az/Cu, compared to 103 for Nt/Ag and 114 for Nt/Cu. The integrated experimental energies are compared to adsorption energies from density-functional theory (DFT) calculations, which include van der Waals contributions using four different correction schemes for the PBE functional: (1) DFT-D3 scheme with Becke-Johnson damping, (2) vdWsurf correction based on DFT-TS, (3) many-body dispersion correction scheme, and (4) D3surf scheme. Differences in the performance of these methods are discussed. Periodic energy decomposition analysis (pEDA) reveals details of the surface chemical bond and confirms that Az/Cu forms a chemisorptive bond, while the other systems are physisorbed. The variation of the adsorbate-substrate interaction with the topology of the -electron systems and the type of surface can be employed to modify interface properties in graphene-based and organic electronic devices. 



 





INTRODUCTION
Hybrid interfaces between organic and inorganic materials play a prominent role in modern technology and the related fundamental research.1-2 These interfaces carry multiple functionalities and possess properties different from those of the adjacent pristine phases.1, 3 With the advent of organic (opto)electronics,4-5 interfaces between organic semiconductors (OSCs) and metals have come into focus, because they control charge injection as a crucial performance-determining process at the metal/OSC contacts. However, the fundamental understanding of these interfaces is still lacking, because reliable quantitative investigations are methodologically challenging. 
The nature of the metal/organic interaction depends on the electronic structure of the OSC, especially its frontier orbitals, which are typically part of the π-electron system. Within the framework of the Hückel molecular orbital (HMO) theory, the electronic structure of a π-electron system is related to its topology as expressed by the topological matrix, which reflects the connectivity pattern of the atoms within the π-system.6-7 Molecular OSCs usually contain benzenoid aromatic π-systems (i.e., their aromatic backbone consist of hexagonal benzene rings) and thus have alternant (or bipartite8) topologies. In contrast, aromatic backbones with nonalternant (or nonbipartite) topologies have only recently gained interest in the context of organic (opto)electronics.9 Nonalternant structural elements are also used for the topological design of graphene derivatives.10
Recently, it has been shown that the strength of the surface chemical bond can depend on the topology of the π-electron system: while naphthalene on Cu(111) is physisorbed, its nonalternant isomer azulene forms a chemisorptive bond.7 Even when both azulene and naphthalene are chemisorbed to the more reactive Pt(111) surface, there remains a large difference in the interaction strength.11 The observation that these two closely related molecules–both are bicyclic aromatic hydrocarbons with the same number of carbon and hydrogen atoms–bind so differently to surfaces make them a very interesting model system for quantitative studies of the metal-organic interfacial interaction, both in experiment and theory. 
In extension of previous work,7, 12 we study here the interaction of both molecules with the (111) surfaces of silver and copper for various coverages in the submonolayer regime. The different systems (and coverages) provide us with a gradational change of the molecule-metal interaction from physisorption to chemisorption. Since both isomers desorb as intact molecules from both surfaces, temperature-programmed desorption (TPD, Figure 1) is the method of choice to assess the strength of the adsorbate-substrate bond. To obtain reliable and reproducible data, a dedicated setup including a Feulner cup cryo shroud for line-of-sight conditions, along with precise temperature calibration and sample positioning13 was employed. The resulting data were subjected to extended analysis with several suitable methods.
The different bond strengths of the isomer pair makes it especially suitable for benchmarking current methods for the correction of dispersion interaction within the density-functional theory (DFT) approach. Therefore, we compare here four different correction schemes for the PBE functional: (1) the DFT-D3 scheme14 with Becke-Johnson damping function,15-16 (2) the vdWsurf correction17 based on DFT-TS,18-20 (3) a many-body dispersion (MBD) correction scheme,21-22 and (4) the D3surf scheme.12 
Our results reveal the critical role of the topology of the conjugated π-electron system in controlling the chemical bond at the metal/organic interface and show that the dispersion correction schemes perform quite differently with respect to the metal-organic bond energies.
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Figure 1. Monolayer TPD traces for (a) naphthalene/Ag(111), (b) naphthalene/Cu(111), (c) azulene/Ag(111), (d) azulene/Cu(111), measured with a heating rate of 1 K/s by mass spectrometric detection of m/z = 128 amu. The vertical dashed lines indicate the desorption range for naphthalene/Ag(111) as a guide to the eye and for comparison with the other systems.

METHODS
Experimental Methods. TPD was carried out in a dedicated ultrahigh-vacuum (UHV) apparatus with a base pressure in the low 10-10 mbar regime. The apparatus hosts a HIDEN EPIC 1000 quadrupole mass spectrometer mounted inside a differentially pumped cryo shroud cooled to 80 K with l-N2. This setup is a variant of line-of-sight mass spectrometry23 and ensures that molecules impinging on the inner wall of the cryo shroud are permanently adsorbed (or condensed) there, such that the mass spectrometer detects mainly molecules with a straight trajectory from the sample. This leads to improved quality of the TPD traces and is the basis for their quantitative analysis. Temperatures were precisely measured inside the sample using a calibrated type K thermocouple. Azulene (Sigma-Aldrich, purity >99.0%) and naphthalene (Sigma-Aldrich, purity >99.7%) were introduced into the UHV systems through leak valves after repeated freeze-pump-thaw cycles of the reservoirs. Polished Ag(111) and Cu(111) single-crystal surfaces (purity >99.9999%, roughness <0.03 μm, orientation accuracy <0.1°, from MaTecK/Germany) were prepared by iterated sputtering with Ar+ (0.5 keV, 5-7 μA, 30 min) and annealing (850 K, 15 min). For each system, monolayer coverage (1 ML) corresponds to the integral of the saturated first-layer desorption trace. For the adjustment of the different (sub)monolayer coverages, partial thermal desorption of an initial excess dosage was used as described in the supporting information (SI), Figure S1. A coverage of 1 ML corresponds to 2.28⋅1014 molecules/cm², according to previous work.7, 12
Density Functional Theory Calculations. DFT calculations with periodic boundary conditions were performed to compute the adsorption energies of azulene and naphthalene on Ag(111) and Cu(111). We used the generalized gradient approximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE)24 for the exchange-correlation functional in combination with four different methods to treat the van der Waals (vdW) interactions: (1) the DFT-D3 scheme14 with Becke-Johnson damping function,15-16 (2) the vdWsurf correction17 based on DFT-TS,18-20 (3) a many-body dispersion (MBD) correction scheme,21-22 and (4) the D3surf scheme.12 
The DFT-D3 scheme proposed by Grimme et al. uses atomic pairwise contributions to the dispersion interaction energy based on the polarization of the respective atoms in their chemical environment of the system.14 The energy contributions are based on tabulated C6 coefficients taking into account the fractional coordination number of the atom under consideration and a damping function for close interatomic distances following a proposal by Becke and Johnson.15-16
The vdWsurf approach17 includes the collective electronic response of the substrate in the determination of the vdW parameters (C6 coefficients, polarizabilities and vdW radii) by combining the pairwise Tkatchenko-Scheffler (TS) method18 with the Lifshitz-Zaremba-Kohn theory.19-20 
The MBD method21-22 accounts for collective vdW effects beyond the pairwise approximation by representing the atomic response functions (within the random phase approximation) by a set of quantum harmonic oscillators interacting via the dipole–dipole interaction potential. 
The D3surf scheme is an extension of the original DFT-D3 method proposed by Grimme et al. in which the parameter set of coordination-dependent C6 coefficients is extended by additional values for Cu and Ag at the higher coordination numbers of the surface and bulk atoms.
Calculations with the DFT-D3 scheme were performed with the Vienna Ab Initio Simulation Package (VASP).25-28 The PBE functional,24 the projector-augmented wave (PAW) ansatz29-30 for the atomic cores, a plane-wave cutoﬀ energy of 350 eV, and a vacuum layer of 30 Å were used. For all calculations a 24×24×1 Monkhorst-Pack k-point mesh was adjusted to the supercell of a 4-layer slab. The fcc bulk lattice parameters were obtained with the same method and were 4.072 Å for silver and 3.568 Å for copper. The frequency calculations for the thermodynamic corrections were also performed in VASP using a finite differences approach, where only the atoms of the molecule and the first surface layer were allowed to relax. The calculation of the enthalpies follows the literature.31
Calculations with the vdWsurf and the MBD methods were performed using the FHI-aims code,32 an all-electron code that uses numeric atom-centered orbitals as basis functions. We used “tight-tier2” basis sets for the Ag, Cu and H atoms, and the “tight-tier3” basis set for the C atoms. Convergence criteria of 10-5 electrons/Å3 and 10-5 eV were applied for the charge density and the total energy, respectively. Both Cu(111) and Ag(111) surfaces were modeled using a (2√3 × 2√3)-R30º unit cell, with a five-layer slab and a vacuum region of 130 Å. In the geometry optimizations, the molecules and the top two metal layers were allowed to relax while the remaining bottom layers were constrained to their bulk positions; a force convergence criterion of 10-2 eV/Å was applied for structural relaxations. We used a 4×4×1 Monkhorst-Pack k-point mesh to sample the Brillouin zone. The fcc bulk lattice parameters were obtained with vdWsurf were also used for the MBD calculations and were 4.014 Å for silver and 3.601 Å for copper. The vibrational frequencies for the calculation of the zero point energies and thermodynamic corrections were computed using the PHONOPY package33 in conjunction with the FHI-aims code. 
The D3surf calculations were performed with the PWscf code of the Quantum Espresso software package.34 As in the D3 calculations we use the PBE functional24 and the Becke-Johnson damping function within the dispersion correction scheme.15-16 Atomic cores were represented by Vanderbilt ultrasoft pseudopotentials35 and the wave functions were expanded in a plane wave basis with cutoff energy of 30 Ry. With this setup and the D3surf dispersion correction scheme, we obtain fcc bulk lattice constants for silver and copper of 4.101 Å and 3.606 Å, respectively. Surfaces were represented by periodically repeated slabs with a thickness of 5 atomic layers and a (2√3 × 2√3)-R30º surface unit cell. The optimized bulk lattice constants were used for the lateral dimensions of the slabs. In the structure optimization the force convergence criterion was set to 0.003 eV/Å. Only the upper three surface layers and the adsorbate were allowed to relax, while the bottom two layers were kept frozen at their bulk positions. k-point sampling was done with a -centered 7×7×1 Monkhorst-Pack mesh. Further details can be found in Tables S5 and S6 in the supporting information (SI).
The energy decomposition analysis using periodic boundary conditions (pEDA) was performed using the PBE functional24 and the DFT-D3 dispersion correction scheme,14 a TZ2P basis set36 and considering relativistic effects with the zeroth order regular approximation (ZORA),37 with the pEDA as implemented in the ADF-BAND package 2017.38-40 The optimized (2√3 × 2√3)-R30º structures were taken from the PBE-D3 calculations in VASP. In ADF-BAND a 7×7 k-grid and 2-dimensional periodic boundary conditions were used. The integration accuracy of the used Becke-grid was set to quality “normal”.41 The charge transfer was derived via Bader’s atoms-in-molecules (AIM) scheme and was calculated in ADF-BAND 2017. The same values were already reported in previous work.7, 12 
The pEDA method allows to decompose the bond energy into several physically well-defined terms, thus permitting a more detailed interpretation of the character of the chemical bond between two fragments.42 In our case, the fragments are chosen to be the molecule and the surface in their respective singlet electronic states. The convergence of the pEDA values with the k-space sampling density is non-trivial for metal surfaces38 and has been checked thoroughly, as explained in detail in Tables S7 and S8 in the SI. Further details for all DFT calculations can be found in the SI. A comparison of the calculation parameters of all employed DFT methods can be found in Table S9.



RESULTS AND DISCUSSION
TPD Coverage Series. TPD traces of all four systems at complete monolayer coverage are compared in Figure 1. Depending on the pairing of adsorbate (azulene, naphthalene) and substrate (Ag(111), Cu(111)), desorption occurs over different temperature ranges. Naphthalene on Ag(111) has the narrowest desorption range from 190 K to 350 K, whereas azulene on Cu(111) has the widest range from 240 K to 550 K. The temperatures, at which desorption is complete, also vary considerably. On both surfaces, azulene requires a higher temperature for complete desorption than naphthalene (550 K vs. 370 K on Cu(111); 400 K vs. 350 K on Ag(111)), suggesting that the nonalternant isomer binds more strongly to both metal surfaces. 
To gain further insight into the coverage dependence of the desorption rate and to acquire data for the quantitative analysis, desorption traces for different initial coverages 0 were measured, as shown in Figures 2 and 3. All systems experience substantial peak broadening towards lower temperatures with increasing 0. This effect is frequently observed in TPD curves of organic molecules and can be attributed to coverage-dependent lateral repulsion between surface dipoles.43 The vertical dipoles mainly arise from the "pillow", "cushion" or Pauli push-back effect, which describes the redistribution of electron density near the surface due to the Pauli repulsion with the electrons in the molecule.12, 44-45 Additional dipole contributions may result from electron transfer between the molecules and the surface46 or deformation of the molecule in the case of chemisorption.
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Figure 2. Series of TPD traces for different initial coverages 0 of naphthalene on (a) Ag(111) and (b) Cu(111). Initial coverages listed in the graphs from top to bottom correspond to the TPD traces from left to right. The monolayer spectra (1.00 ML) are indicated by bold lines. The measurements were performed with a heating rate of 1 K/s by mass spectrometric detection of m/z = 128 amu. 

The TPD traces of azulene on Cu(111) in Figure 3b show a peak around 300 K, which appears at initial coverages between 0.7 and 0.9 ML. This peak is attributed to desorption from a compressed, incommensurate submonolayer azulene phase, which was previously observed by nc-AFM.7 Less pronounced, this decompression peak also occurs for azulene/Ag(111) around 220 K, but it is absent from the spectra of naphthalene. Apparently, the occurrence of the decompression peak correlates with the strength of the adsorbate-substrate interaction. Above monolayer coverage, second- and multilayer desorption peaks occur, which are not displayed. 
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Figure 3. Series of TPD traces for different initial coverages 0 of azulene on (a) Ag(111) and (b) Cu(111). Initial coverages listed in the graphs from top to bottom correspond to the TPD traces from left to right. The monolayer spectra (1.00 ML) are marked by bold lines. The measurements were performed with a heating rate of 1 K/s by mass spectrometric detection of m/z = 128 amu. 

Quantitative Analysis of the TPD Data. The desorption activation energy Ed as a measure of the adsorbate-substrate bond energy is obtained by quantitative analysis of the TPD data using the Polanyi-Wigner rate equation:47-49 

 							(1)
Here, rd is the desorption rate, Θ is the coverage, νd is the pre-exponential factor for desorption (prefactor), T is the temperature, and R is the universal gas constant. 
If the adsorption is nonactivated for all Θ, Ed can be equated in good approximation to the negative differential adsorption energy.50 For comparison with DFT calculations, which provide integral adsorption energies, the experimental energies must be integrated:

							(2)
The so-called "complete" methods for TPD analysis50-51 are not suitable here because of the strong lateral repulsion.49 Instead, we use alternative and, in combination, similarly effective methods. A straight-forward approach that provides the coverage-dependent desorption activation energy Ed(Θ) from a single TPD trace was first proposed by Nieskens et al. and is based on rewriting Equation 1 as follows:49, 52

 								(3)
It should be noted that Equation 3 is strictly only applicable when the prefactor is independent of the coverage, which is not necessarily the case.53-54 In practice, moderate changes have a small effect on the estimate of Ed. Even if the prefactor varies by as much as one order of magnitude over the coverage range, Ed changes by only a few percent.49 In addition to this analysis, we employ here heating-rate variation analysis,55 a direct fitting procedure of the TPD data, and a modified leading-edge analysis method that provides coverage-dependent prefactors.56-57 
Desorption prefactors. The prefactors required for application in Equation 3 were determined by heating-rate variation (HRV) analysis according to:47 

 								(4)
In this equation β is the heating rate and is defined as dT/dt. This method can be used in the low-coverage range, where the peaks have a regular first-order shape, because the broadening due to intermolecular repulsion is small. A representative data set for azulene on Ag(111) is shown in Figure 4; the data for the other adsorbate systems are shown in the SI, Figures S2-S5. The obtained experimental prefactors are shown in Table 1 (mean values) and Table S1 in the SI (individual values). The prefactors are highest for azulene on Cu(111) and lowest for naphthalene on both surfaces. A higher prefactor can indicate a reduced mobility of the precursor to desorption due to a more localized surface chemical bond.58-59 Equation 4 shows that the HRV analysis also provides the desorption energies Ed, which will be discussed later.
In the literature, analysis of TPD data is frequently performed with estimated, not measured, prefactors νd. For a rough estimate of the desorption energy from a single desorption maximum, the prefactor is usually assumed to be 1⋅1013 s-1, which can be reasonably accurate for atoms or diatomic molecules.60 However, much higher prefactors have been reported for the desorption of larger molecules.61-62 In such cases, estimates on the basis of transition state theory (TST) are more reasonable.62-64 
As shown in detail in the SI, we have used TST to calculate prefactors for two limiting cases of the translational and rotational degrees of freedom (DOF) of the adsorbate (Table S2). In the mobile limit, the adsorbed molecule possesses two translational DOF parallel to the surface and one rotational DOF around an axis perpendicular to the molecular plane, which is assumed to be parallel to the surface. In the immobile limit, the adsorbed molecule has no rotational or translational DOF. At the desorption temperature and especially in the low-coverage regime, the mobile limit is more realistic. The resulting TST prefactors are shown in Table 1.
Table 1. Desorption prefactors (in s-1) for the (sub)monolayer and multilayer regimes.1 
	
	Az/Cu(111)
	Az/Ag(111)
	Nt/Cu(111)
	Nt/Ag(111)

	Expt. (HRV)
	3.21016
	1.51016
	1.71014
	3.41015

	TST νd,mobile 
	3.21016
	1.61016
	1.31016
	1.21016

	TST νd,im 
	6.11022
	1.81022
	7.11021
	5.81021

	Entropy νd
	1.31018
	1.01017
	7.51016
	5.41016

	Multilayer νd 
	1.61018
	3.21017


1(Sub)monolayer prefactors from the experiment (HRV mean values, for detailed data see Table S1 in the SI), from TST in the mobile and immobile limit, and from entropy considerations. Multilayer prefactors from the Clausius-Clapeyron equation (see Tables S2-S4 in the SI). 
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Figure 4. (a) Heating-rate variation (HRV) series for azulene (Az) on Ag(111) for heating rates from 0.1 to 1.6 K/s and an initial coverage of 0.16 ML. (b) Analysis of the HRV series for coverages of 0.08, 0.16 and 0.28 ML according to Equation 4, yields desorption activation energies and pre-exponential factors. Corresponding data for the other systems can be found in the SI. 

Another approach, which is also based on the TST, uses the activation entropy of the desorption process to calculate the prefactor.54, 65 The entropy in the transition state is approximated by the gas phase entropy minus the entropy of the one-dimensional translation perpendicular to the surface.65 This is equivalent to the mobile limit considered above. The adsorbate entropy can be estimated from the gas-phase entropy by a relation that was originally proposed for alkanes, but was later successfully applied to larger aromatic molecules such as coronene.54 The detailed calculations are presented in the SI, Table S3. As expected, the resulting prefactors (Table 1) are similar to those obtained with TST in the mobile limit. Prefactors for multilayer desorption were estimated by another method based on the Clausius-Clapeyron equation (see Table 1 and the SI (Table S4) for the details of the calculation). Note that the limitations inherent in TST in the calculations of prefactors cannot be overcome by using normal modes frequencies calculated by DFT; thus DFT turns out not helpful in determining reliable prefactors.65-66
[bookmark: _GoBack]Desorption energies. Inverted Polanyi-Wigner Equation (IPW). The inverted Polanyi-Wigner equation (IPW) (Equation 3) provides coverage-dependent differential desorption energies from a single TPD trace. Here, we used the monolayer TPD traces of all four systems and employed the average experimental prefactors obtained by HRV as well as the TST prefactors (Table 1). The energies obtained by IPW analysis are presented in Figure 5 (solid lines). Since HRV and TST deliver almost identical prefactors for azulene, only one energy curve is shown, while for naphthalene, two separate energy curves are shown corresponding to the HRV and TST prefactors. On both surfaces, azulene shows higher desorption energies than naphthalene over the whole coverage range up to one monolayer. The desorption energies of azulene also drop faster with increasing coverage, indicating stronger intermolecular repulsion. These differences between the two isomers are especially pronounced on Cu(111). 
The coverage dependencies of the differential desorption energies Ed based on the HRV prefactors are well described by the following second-order polynomial fits (in kJ/mol, Θ in ML): azulene/Cu: 179 – 65Θ – 39Θ2, azulene/Ag: 120 – 27Θ – 25Θ2, and naphthalene/Ag: 103 – 18Θ – 19Θ2. (The case naphthalene/Cu will be discussed separately below.) These polynomial fits are shown as black dashed lines in Figure 5. This figure also shows the energies obtained from the HRV analysis as open circles in the low-coverage range. The agreement with the IPW results is very good. For later comparison with the integral adsorption energies calculated by DFT, the integral desorption energies are needed. They were obtained by integration (Equation 2) of the corresponding IPW curves and are included as colored dashed lines in Figure 5. 
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Figure 5. Desorption activation energies as a function of coverage for azulene (cyan and blue) and naphthalene (orange and red) on (a) Ag(111) and (b) Cu(111). Solid lines: differential desorption energies (opaque: νd(HRV), pale: νd(TST)); colored dashed lines: integral energies (for comparison with DFT calculations); black dashed lines: fits of the differential desorption energies with the fits in the text; circles: desorption energies from HRV.

For naphthalene, the DFT methods discussed below predict a stronger bonding to Cu(111) than to Ag(111), contrary to the experimental energies based on the HRV prefactors. This disagreement requires special consideration and critical discussion of the desorption prefactors used in the analysis. As can be seen in Table 1, naphthalene on Cu(111) is the only system with a very substantial deviation between the experimental prefactor (from HRV) and the TST prefactor for the mobile limit. Interestingly, the experimental HRV prefactor (1.71014 s-1) is here almost two orders of magnitude lower than its theoretical TST counterpart (1.31016 s-1). This is a rather unusual finding, because the prefactor in the mobile limit represents the smallest possible prefactor (within the framework of TST). Using the TST prefactor instead of the HRV prefactor for the IPW analysis results in substantially higher energies, which are well described by the second-order polynomial 114 – 40Θ – 7Θ2 (in kJ/mol, Θ in ML, see also Figure 5b). Later, we will show that the TST prefactor agrees better with that obtained from a modified leading-edge analysis methods. Therefore, we will use the TST prefactor for naphthalene on Cu(111) in the following.

Fit of the TPD Traces. Using the IPW method, we found that the coverage dependence of the desorption energy is well described by a second-order polynomial. However, this method uses only one TPD trace for the analysis (here, the trace corresponding to monolayer coverage). To use the full data sets shown in Figures 2 and 3, the TPD data were fitted using the Polanyi-Wigner equation (Equation 1) with a second-order polynomial for the desorption energy, Ed = a – bΘ – cΘ2. The prefactors obtained from the HRV analysis were used, except for naphthalene on Cu(111), for which the TST prefactor was used (see above). The computed TPD traces are shown in Figure 6 along with the experimental TPD data. The desorption energies obtained by the fit are in excellent agreement with the results from the IPW analysis, especially for coverages below 0.6 ML, as can be seen in the direct comparison in Figure 7. 
The simulated TPD traces in Figure 6 show good agreement with the experimental data in the leading-edge range, especially at higher coverages. However, the high-temperature (low-coverage) sides of the peaks are broader in reality than in the fits. This can be attributed to the presence of defect sites, which lead to higher desorption temperatures at very low coverages, but are not considered in the fits. 
Note that second-order polynomials a – bΘ – cΘ2 have been used in previous work to describe the coverage dependence of adsorption energies.62, 67-68 The constant a is the desorption energy at zero coverage, while b is qualitatively related to the intermolecular repulsion, which depends linearly on the coverage. The constant c is related to relaxation, which occurs when the molecules move away from their preferred adsorption sites to lower the repulsion.62, 67-69 
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Figure 6. TPD coverage series of (a, b) naphthalene and (c, d) azulene on (a, c) Ag(111) and (b, d) Cu(111) (black lines) and simulated TPD traces (red lines) using a quadratic function for the desorption energy (shown in the graphs, in kJ/mol). Constant prefactors as obtained by the HRV were used, except for naphthalene on Cu(111), where the TST prefactor was used (see Table 1). Coverage ranges: (a) 0.03–1.0 ML, (b) 0.01–1.0 ML, (c) 0.01–0.88 ML, (d) 0.01–0.68 ML.
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Figure 7. Desorption activation energies as functions of coverage for azulene (cyan, blue) and naphthalene (orange, red) on (a) Ag(111) and (b) Cu(111). Solid lines: desorption energies obtained by fitting of the TPD spectra according to Figure 6; dashed lines: desorption energies obtained by IPW for comparison. The energies are based on the TST prefactor for naphthalene on Cu(111) and the HRV prefactors otherwise.

Leading-Edge Analysis for Coverage-Dependent Prefactors (LNR). The analysis above is based on the assumption of coverage-independent prefactors. In the following, we will use a modified leading-edge analysis (LEA) to obtain coverage-dependent prefactors and thus more reliable coverage-dependent energies. In the original work by Habenschaden and Küppers,56 the analysis uses only a small section at the low-temperature side of each TPD trace. For this section, ln rd is plotted vs. 1/T. According to Equation 1, rearranged to

								(5)
this procedure should result in a straight line with the slope -Ed/R and an intercept that depends on νd. This only holds true if the relative coverage change is negligible, i.e., if the term n⋅ln Θ is approximately constant in the the analyzed section. A clear disadvantage of the original LEA lies in the low signal/noise (S/N) ratio in the low-rate range used for the analysis. Extension of the analyzed region to the range of higher rates improves the S/N ratio, but introduces more errors due to the neglected temperature dependence of the coverage.
A complementary approach was suggested by Parker et al.57 According to Equation 1, rearranged to

	,								(6)
plotting a single TPD trace as ln (rd/Θn) vs. 1/T results in a straight line if the correct value for the desorption order n is chosen. The slope and the intercept of this line provide Ed and n, respectively. A disadvantage is that these values are only mean values averaged over the whole coverage range of the TPD trace. In the case of strong coverage dependence of Ed and n, not even a straight line is obtained. As an advantage, the statistical errors are much lower than in the case of LEA, because the entire TPD trace is used. 
To combine the advantages of both approaches while avoiding their disadvantages, we explicitly take the coverage dependence of Θ into account using Equation 6, but consider a reasonably small part of the leading edge. In this way, we avoid errors from neglecting the temperature dependence of Θ, while achieving a good balance between statistics and coverage resolution. In practice, coverage variations between 0.2 and 4% (absolute up to 0.006 ML) were allowed. If the four lowest initial coverages are excluded, the allowed coverage variations are even smaller and in the range of 0.2-1%. 
The results of this analysis (short: LNR) are shown in Figure 8 (triangles) along with the results from IPW (dashed line) and HRV (circles). All methods show remarkably good agreement up to 0.7 ML for naphthalene and 0.5 ML for azulene. These coverage ranges coincide for the most part with those for which theoretical adsorption energies calculated by DFT are available (ranges illustrated by grey arrows in Figure 8). At higher coverages, the LNR energies exceed the IPW energies and the desorption prefactors increase. Increased prefactors can generally be attributed to the reduced lateral mobility of the desorption precursor at high coverages.
The most pronounced deviations between IPW and LNR energies in the high-coverage range are found for azulene on Cu(111). For this system, the LNR energy decreases up to 0.6 ML. In the range from 0.6 to 0.8 ML, the energy remains nearly constant (Figure 8c), while the prefactor increases and reaches almost 1021 s-1 (Figure 8d). This value is in agreement with that for the immobile limit of the TST (Table 1) and thus agrees with a densely-packed adsorbate structure. A corresponding compressed incommensurate phase has previously been observed by nc-AFM.7 The same effect, but less pronounced, is also visible for the other systems. The steeply increasing prefactor for azulene on copper seems also related to the appearance of the additional peak in the monolayer spectrum above 0.7 ML.
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Figure 8. Coverage-dependent desorption energies and prefactors obtained by the modified leading-edge analysis (LNR). (a, c) Desorption energies Ed and (b, d) prefactors νd for azulene (cyan and blue triangles) and naphthalene (orange and red triangles) on (a, b) Ag(111) and (c, d) Cu(111). Results of HRV (circles) and IPW (dashed lines) are shown for comparison. IPW energies with HRV prefactor, for naphthalene on Cu(111) with TST prefactor. The HRV prefactor for naphthalene is indicated as faint dashed line. The dark grey arrows indicate the coverage ranges for which DFT calculations were performed (Ag: 0.12–0.51 ML; Cu: 0.16–0.65 ML).

For naphthalene on Cu(111), note that the IPW energy curve based on the TST prefactor (see Figure 5b and related discussion of the prefactors) is in good agreement with the LNR values in the low-coverage range up to 0.25 ML, while the HRV energies are too low (Figure 8c). In addition, the prefactors from the LNR analysis in this coverage range are substantially higher than the HRV prefactor and closer to the TST prefactor for the mobile limit. This retrospectively justifies our choice of the TST prefactor in the IPW and TPD-fit analysis above. Apparently, the HRV analysis does not provide a reliable value for naphthalene on Cu(111). The reason for this apparent failure of the HRV analysis for this system is unclear, but the case shows that a critical consideration of the desorption prefactors and the application of several independent analysis methods is indispensable for obtaining reliable desorption energies from TPD experiments.

DFT Calculations. We will now compare the experimental energies with theoretical adsorption energies obtained from DFT calculations. Since DFT provides integral adsorption energies, here denoted as Eads, while the energies derived from the TPD data are differential desorption energies Ed, it is necessary to integrate the latter using Equation 2 up to the coverage used in the DFT calculation. As noted above, Ed can be equated to the negative differential adsorption energy if the adsorption is nonactivated.50 It is reasonable to assume that this is the case here, because the molecules stay intact and no intramolecular bonds are dissociated. For the experimental energies, we use here the IPW values, which mostly agree well with the values from the other methods in the relevant coverage range. Note that desorption energies are positive, while adsorption energies are negative. Therefore, we compare here the negative integral desorption energy -Ed,i (Equation 2) and Eads. In the DFT calculations, the following methods were used to treat van der Waals interactions: (1) the DFT-D3 scheme14 with Becke-Johnson damping function,15-16 (2) the vdWsurf correction17 based on DFT-TS18-20, (3) a many-body dispersion (MBD) correction scheme,21-22 and (4) the D3surf scheme.12 All methods were combined with the PBE exchange-correlation functional. In Table 2 and Figure 9, the electronic adsorption energies from all four DFT methods are compared to each other and to the experimental energies. Qualitatively, all DFT methods correctly predict the larger adsorption energy of azulene compared to naphthalene on both surfaces, as well as a larger adsorption energy for both molecules on Cu(111) than on Ag(111). On a quantitative level, the D3 and vdWsurf schemes substantially overestimate all adsorption energies, whereas the MBD and the D3surf methods overestimate the energies for some systems and underestimate them for others. Comparison of the D3 and vdWsurf schemes reveals that D3 shows a smaller deviation for the strongly bonded system Az/Cu and larger deviations for the other three systems, which are more weakly bonded. In contrast, vdWsurf produces the larger deviation for the strongly bonded system and better agreement for the weakly bonded systems. The MBD scheme leads to a slightly smaller overestimation for the strongly bonded Az/Cu and even an underestimation for the other, weakly bonded systems. D3surf shows good agreement for the weakly bonded systems, but a small underestimation for Az/Cu. Overall, D3surf comes closest to the experimental values with an average deviation of 5 kJ/mol, whereas D3 deviates the most by an average of 23 kJ/mol. The agreement of D3surf with the experimental values is even better if thermodynamic corrections are included (see below). Very recently, an extension to the D3 scheme (termed DFT-D4) was put forward that could lead to an improvement of the DFT-D values in future investigations.70-71
The adsorption heights calculated for the same systems with the same dispersion correction methods were already discussed in previous work.12 There, all methods showed comparable average errors of 0.04 to 0.07 Å.12 The vdWsurf method consistently produced smaller adsorption heights than the other methods, while MBD and D3surf yielded larger values.12 This finding is in agreement with the performance regarding the adsorption energies discussed above.


Table 2. Comparison of the DFT adsorption energies Eads (in kJ/mol) with different methods for the vdW corrections.1 
	
	Nt/Ag
	Nt/Cu
	Az/Ag
	Az/Cu

	Expt.
	-97
	-100TST
	-111
	-153

	D3
	-118
	-135
	-128
	-173

	vdWsurf
	-104
	-118
	-119
	-194

	MBD
	-74
	-81
	-88
	-166

	D3surf
	-97
	-97
	-108
	-141


1The coverage for the experimental energies -Ed,i (from TPD, integrated IPW results, HRV prefactors) is 0.65 ML on Cu(111) and 0.51 ML on Ag(111) corresponding to the (2√3×2√3)-R30° structure used for both surfaces in the DFT calculations. The value for Nt/Cu marked with "TST" is based on the TST prefactor.
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Figure 9. Comparison of the DFT adsorption energies Eads obtained with different methods for the vdW corrections with the experimental values -Ed,i (Equation 2) derived by TPD (included as dotted lines). For Nt/Cu, the experimental value based on the TST prefactor was used. The coverage for the experimental energies is 0.65 ML on Cu(111) and 0.51 ML on Ag(111) corresponding to the (2√3×2√3)-R30° structure used for both surfaces in the DFT calculations. Open circles are electronic adsorption energies, half-filled circles include a harmonic ZPVE correction, and filled circles have harmonic thermodynamic corrections; both are in the mobile limit. For MBD and D3surf, no calculations for thermodynamic corrections were performed, but the ZPVE and thermodynamic corrections obtained for D3 (in light colors) were included for better comparability. 
To include corrections for the finite temperature during the measurements, harmonic thermodynamic corrections were performed for the D3 and vdWsurf calculations (Table 3). The simplest correction is the inclusion of the differences in the harmonic zero-point vibrational energy (ZPVE). Somewhat more complicated is the conversion to the standard enthalpy of adsorption Hads.31 For both corrections, assumptions about the molecular degrees of freedom in the adsorbed state are necessary. In the following, we consider only two limiting cases: First, the mobile limit with two translational and one rotational degrees of freedom on the surface, then the immobile limit with only vibrational degrees of freedom. For the thermodynamic corrections, a pressure of 1 bar and a temperature of 298 K was used to get the standard enthalpies; the area available for the translation of the molecule on the surface was chosen to be the size of one unit cell at the corresponding coverage. 
Noteworthy, the corrections lead to a minor improvement for the weakly bonded systems, whereas larger effects are found for the strongly bonded system Az/Cu. In the latter case, the corrections lead to an improvement only for D3surf. Only harmonic corrections were performed, but as the molecule-surface potential is anharmonic, additional anharmonic finite temperature effects may contribute.72 However, because of the stiffness of the molecules, only very small effects are expected. 

Table 3. Compilation of the D3 and vdWsurf adsorption energies Eads (in kJ/mol) with ZPVE correction and harmonic thermodynamic corrections.1 
	
	Nt/Ag
	Nt/Cu
	Az/Ag
	Az/Cu

	Experiment
	-97
	-100
	-111
	-153

	E(D3)
	-118
	-135
	-128
	-173

	E(D3)+ZPVE
	-117 (-117)
	-135 (-135)
	-129 (-129)
	-180 (-180)

	H(D3)
	-115 (-114)
	-133 (-131)
	-127 (-126)
	-179 (-177)

	E(vdWsurf)
	-104
	-119
	-120
	-194

	E(vdWsurf)+ZPVE
	-104 (-104)
	-118 (-118)
	-121 (-121)
	-200 (-200)

	H(vdWsurf)
	-102 (-101)
	-117 (-115)
	-119 (-118)
	-199 (-198)


1The coverage for the experimental energies -Ed,i (from TPD, integrated IPW results, HRV prefactors, for Nt/Cu TST prefactor) is 0.65 ML on Cu(111) and 0.51 ML on Ag(111) corresponding to the (2√3×2√3)-R30° structure used for both surfaces in the DFT calculations. The values for the ZPVE-corrected energies and enthalpies are given in the mobile limit; the values obtained for the immobile limit are given in parentheses. For all thermodynamic corrections a temperature of 298 K was used.

To evaluate whether the DFT calculations reproduce the coverage dependency of the adsorption energies, calculations for six different coverages were performed with the DFT-D3 scheme. In Figure 10, these calculated energies are compared to the coverage-dependent integral energies from TPD, -Ed,i (Equation 2). As expected for this type of vdW correction, the DFT-D3 results show an overestimation for all coverages. The deviation is especially large in the case of Nt/Cu(111) with an average of 39 kJ/mol, while the energies of the other systems are overestimated by averages of 17 to 24 kJ/mol. Nevertheless, the general coverage dependency, especially the decrease of the adsorption energy with increasing coverage, is well reproduced for all four adsorbate systems. The largest gradient is observed for the most strongly bonded system Az/Cu. When the experimental and theoretical data for Au/Cu are each fitted with a linear function, the gradients of these linear fits differ by only 2%. For the more weakly bonded systems, the adsorption energies are less dependent on the coverage, the gradients are smaller and the relative deviations between theoretical and experimental gradients are larger (12% to 53%).
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Figure 10. Experimental coverage-dependent integral desorption energies -Ed,i (lines) compared with DFT-D3 adsorption energies (open circles).

Energy Decomposition Analysis. Further information on the nature of the surface chemical bond was obtained from a periodic energy decomposition analysis (pEDA) on the PBE-D3 level of theory. In this method, the adsorbate structure is divided into two fragments, one containing the molecule and the other the surface. The total interaction energy can then be divided into different terms, which reveal details of the surface-adsorbate bonding (Table 4).38
The bond of azulene with the Cu(111) surface is qualitatively different from the bonds in the other systems. Only for Az/Cu, the electronic interaction energy is attractive with ∆Eint (elec) = -52 kJ/mol, which is the result of large attractive electrostatic (∆Eelstat = -1138 kJ/mol) and orbital (∆Eorb = -958 kJ/mol) terms, partly counterbalanced by a large Pauli repulsion term (∆EPauli = +2044 kJ/mol). Remarkably, these terms are almost fivefold larger than in the other three adsorbate systems. Although the dispersion term (∆Eint (disp) = -181 kJ/mol) makes up a large part of the total interaction energy (∆Eint = -233 kJ/mol), it would be misleading to conclude that the azulene-copper bond is mainly of dispersive nature. In a more appropriate interpretation, the molecule is attracted both by dispersive and electronic contributions until it gets so close to the surface that the Pauli repulsion balances both attractive forces and an equilibrium is established. The electronic interaction energy then includes both attraction and repulsion, whereas the dispersive interaction energy only includes the (necessarily) attractive contribution of the semi-empirical vdW correction. Further indications of a chemisorptive bond include the large positive preparation energies ∆Eprep, which are caused by the considerable distortion of both the azulene molecule and the Cu surface in the adsorbed state, and the substantial charge transfer from the surface to the molecule (0.49 elementary charges).

Table 4. Compilation of the pEDA results for all four adsorbate systems; energies in kJ/mol, charges in elementary charges (e).1 
	
	Nt/Ag
	Nt/Cu
	Az/Ag
	Az/Cu

	∆Eint
	-123
	-146
	-137
	-233

	∆Eint (disp)
	-129
	-154
	-140
	-181

	∆Eint (elec)
	+6
	+8
	+3
	-52

	       ∆EPauli
	+280
	+392
	+426
	+2044

	       ∆Eelstat
	-164
	-213
	-251
	-1138

	       ∆Eorb
	-110
	-171
	-172
	-958

	∆Eprep(mol,in cell)
	-3
	-7
	-2
	+24

	∆Eprep(mol,free)
	+0
	+1
	+2
	+35

	∆Eprep(surf)
	+0
	+1
	+1
	+12

	∆Ebond
	-126
	-153
	-138
	-196

	∆Ebond (PAW)
	-119
	-136
	-130
	-175

	qmol (AIM)
	+0.06
	+0.06
	+0.01
	-0.49


1A negative value of qmol derived via Bader’s atoms-in-molecules (AIM) scheme indicates charge transfer from the surface to the molecule. To check the consistency of the pEDA calculations, the total bond energies ∆Ebond are compared to results obtained by a plane-wave code ∆Ebond (PAW), in this case the PBE-D3 calculations used above. The pEDA terms for the total bond energy agree with the plane-wave results, but show an error of about 20 kJ/mol on Cu(111) and 10 kJ/mol on Ag(111).

The other three systems (Nt/Ag, Nt/Cu, Az/Ag) show weaker bonds between surface and molecule, in line with previous work for Nt/Cu.12 The constituent electrostatic, orbital, and Pauli terms of the interaction energy are again larger than the total interaction energy and compensate each other, but their magnitude is much smaller than in the case of Az/Cu(111). For all three systems, the total electronic interaction energy is now repulsive. In addition, the preparation energies are very small; in fact, they are even slightly negative, which is an artefact of the calculations and discussed in the SI. The overall conclusion is that the molecule-surface bonds in these three systems should be classified as purely physisorptive, in accordance with the negligible charge transfer and the large adsorption heights as described in previous work.12 It should be noted, however, that the orbital and electrostatic interaction energies are largest for the Az/Ag(111) system, even as the overall bond is predicted to be stronger for Nt/Cu(111). Thus, even on the less reactive Ag(111) surface, the nonalternant -topology of the azulene molecule gives rise to an increased, if still weak, involvement of the molecular orbitals in the bond to the surface.

CONCLUSION
The interaction of the isomers naphthalene and azulene with the (111) surfaces of Ag and Cu was studied with TPD and dispersion-corrected DFT calculations. The different -topologies of the molecules result in different bonding energetics to the two metal surfaces. On both surfaces, the nonalternant azulene forms a stronger bond than the alternant naphthalene, in line with previous structural data showing shorter adsorption heights for azulene.12 Detailed quantitative TPD analysis with several complementary methods provides reliable coverage-dependent desorption energies and pre-exponential factors. The latter are shown to play a critical role in assessing the reliability of the experimental energies. In the monolayer range, the differential desorption energies are well described by the following second-order polynomials (in kJ/mol, Θ in ML): naphthalene/Ag: 103 – 18Θ – 19Θ2, naphthalene/Cu: 114 – 40Θ – 7Θ2, azulene/Ag: 120 – 27Θ – 25Θ2, and azulene/Cu: 179 – 65Θ – 39Θ2. Slightly different coverage-dependencies were found by a modified leading-edge analysis. The DFT calculations qualitatively reproduce the general trends in the adsorption energies and their coverage dependencies. In particular, they correctly predict the substantially larger adsorption energy of azulene on both metals and the larger adsorption energies of both isomers on Cu(111) than on Ag(111). On a quantitative level, the D3 and vdWsurf schemes overestimate all adsorption energies, with D3 performing better for the chemisorbed system and vdWsurf performing better for the physisorbed systems. MBD underestimates the adsorption energy in the physisorbed systems and shows only a slight overestimation for the chemisorbed system. The D3surf method is in good agreement with the physisorbed systems and only very slightly underestimates the adsorption energy for the chemisorbed system. Overall, D3surf shows the smallest deviation in absolute values. The pEDA analysis provides a detailed picture of the surface chemical bond and confirms the interpretation that azulene on copper forms a chemisorptive bond, while the other three systems are physisorbed. 
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