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Abstract: We present an extensive theoretical study of a series of phenothiazine derivatives adsorbed on Au(111).
A series of experimentally accessible quantities are calculated (ultra-violet photoemission spectra, scan-
ning tunneling microscopy images). All simulations were performed by using DFT techniques and LCAO
expansion of the molecular orbitals. The microscopic picture established in this work provides a deeper
understanding of the interfacial processes that govern the working principle of single-molecule electronics
and organic electronic devices.
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1. Introduction

Self-assembled monolayers (SAMs) of organic thiols onmetal surfaces are well organized supra-molecular struc-tures that arise spontaneously by immersion of a sub-strate into the molecular solution. The molecules thatform SAMs consist of three units: a head-group whichbinds to the substrate, an end-group that constitutes theouter surface of the monolayer, and a spacer that connectshead-group and end-group and affects the intermolecularseparation and molecular orientation. Due to the hugeamount of the potential applications, the interest among
∗E-mail: iturcu@itim-cj.ro

the scientists in this research field is in a continuous in-crease [1–3]. The variety of applications based on SAMsis extremely rich [4–8]. SAMs of dipolar organic moleculesprovide a pathway to tune these barriers at the molecu-lar scale by modifying the effective workfunction of theelectrodes and adjusting the alignment of the metal Fermienergy with the desired molecular states. For SAMs builtwith π-conjugated thiols on some noble metals the devicefeatures delicately depend on the local electronic chargedensity and on the geometric structure of the moleculeof interest [9, 10]. There are many published papers rec-ognizing that despite recent advances in the fabricationof nanoscale structures and the manipulation and imag-ing of adsorbed molecules, the local details of the singlemolecule interacting with metal surface remain ill-defined[11–13]. Accordingly, there is a lot of room for a deeper
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understanding of local structure of a single molecule/metalinterface.The development of molecular devices requires a thoroughunderstanding of the physical and chemical properties ofboth adsorbed molecules and metal surface. Theoreticalinvestigations based on density functional theory (DFT)quantum-mechanical calculations have contributed signif-icantly to the understanding of SAMs physical properties.DFT studies on phenylthiol on gold [14, 15] pointed outthe importance of Van der Waals interaction in self assem-bling process. The effect of interface dipole for acryloni-trile on Cu, Ni, and Fe showed the role of metal-moleculecharge transfer versus the changes in the metal’s elec-tronic structure [16]. Benchmark studies on 4’-methyl-4-mercatobiphenyl have proved the ability of DFT to cor-rectly describe the physical properties of the organicSAMs formed on metallic surfaces [17]. The properties ofSAMs of alkanethiols on noble metal substrates [18, 20]proved also the ability of DFT to produce reliable resultsfor the understanding of SAMs physical properties. Inparticular DFT results were found to be in good agreementwith high-resolution electron energy loss spectroscopy re-sults [18]. A comparison between the quality of DFT re-sults with CASPT2 for benzene, copper and silver wasreported by Bilic et al. [19] showing that the dispersiveforces are poorly described by DFT.In this work, we focus on a structurally and chemicallywell-defined class of π-conjugated organic molecules(phenothiazine derivatives) deposited on Au(111) aimingto describe theoretically the local geometric characteris-tics of the adsorbed molecule, adsorption energetics, andthe local electronic structure at metal - molecule interface.The phenothiazine (PTZ) derivatives have been selecteddue to their wide applicability. PTZ molecule has beenthe basis for the development of antihistamines and an-tipsychotic drugs such as promethazine and chlorpro-mazine, respectively [21]. They are also basic dyes thatpossess redox properties and can be envisaged as bothpotential electrophone probes in supramolecular assem-blies [22] and as components in photogalvanic systems forpotential solar energy conversion [23]. PTZ and its deriva-tives are light sensitive, exhibit electron-donor propertiesand are used as chromophore for photoinduced electrontransfer experiments [24]. Possessing electron-donatingsubstituents this class of molecules maximally absorb lightwithin the biological therapeutic window (600-800 nm).One of the most evolving application of methylene blueand its derivatives has been as photosensitizing agentsin photodynamic therapy [25, 26]. Due to their proper-ties, PTZ derivatives are interesting candidates for ob-taining new materials (e.g. via mercapto or thioacetatederivatives) by deposition as SAMs on Au(111) surface.

Some recent publications revealed special properties forthe aggregates obtained by the deposition of phenoth-iazine units on gold nanoparticules via mercapto deriva-tives [27].The paper is organized as follows: the investigated molec-ular systems and the computational methods are pre-sented in chapter 2. Chapter 3 is set aside for the resultsand the final chapter is devoted to conclusions.

Figure 1. Structural formula of PTZ derivatives investigated in
present work (n = 2, 3, 4).

2. Molecular systems and computa-
tional methods
2.1. The systems
In the first part of our investigation we study the geometryand total energy of three PTZ derivatives (see Fig. 1) withdifferent length of the alkylic chain (we label these threemolecules PTZ2, PTZ3 and PTZ4). For all molecules wetook the same orientation relative to the gold surface (seeFig. 2). Throughout the paper we call these three modelsas Au-PTZ2a, Au-PTZ3 and Au-PTZ4 respectively. In asecond step we investigate different adsorption geometriesfor the PTZ derivative with the shortest alkylic chain. Ge-ometrical models Au-PTZ2b and Au-PTZ2c deal with themolecule having the π rings oriented parallel-like with thegold surface (see Fig. 3). Model Au-PTZ2d corresponds toAu-PTZ2a, with the PTZ molecule rotated by 180 degrees(see Fig. 3).

Figure 2. The atoms included in the supercell simulation of the
Au(111) surface.
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Figure 3. Graphical representation of the six geometrical models
used in simulation. In order to make the representation
more intuitive, periodical images of the molecules and
gold surfaces are shown for each system. The models
are labeled from top to bottom: models Au-PTZ2a, Au-
PTZ3 and Au-PTZ4 (top) and Au-PTZ2b, Au-PTZ2c and
Au-PTZ2d (bottom), respectively.

In order to simulate the surfaces geometry we choose asupercell including a 5 × 5 elementary cell of the (111)surface, for a total of 25 gold atoms / layer (see Fig. 2).We note that the resulting size of the supercell is largeenough in order to avoid the interactions between periodic

images of the molecule. The distance between equivalentatoms is about 14.5 Å and the smallest distance betweennon-equivalent atoms is 4.5 Å. This choice is motivatedby the fact that DFT leads to results that may be non-reliable for systems where Van der Waals interaction ispresent. On the other hand, the adsorbtion of organicmolecules on noble metal surfaces is described with sig-nificantly higher accuracy. Therefore, we choose to studythe isolated molecule interacting with the metallic surface.The systems were modeled by the repeated-slab approach,where three layers of gold are used to represent theAu(111) surface in the lateral unit cell illustrated in Fig. 2.The large scale reconstruction of the clean Au(111) surfacewas not taken into account. The vacuum region betweenthe topmost atom of the adsorbed molecules and the nextslab was taken larger than 6 Å. The isolated moleculewas calculated in a 3D periodically repeated box with thedimensions 20 × 20 × 20 Å.
2.2. Computational details

We performed DFT calculations employing an LCAO basisset with an energy shift of 50 meV to expand the Kohn-Sham orbitals of the valence electrons; norm-conserving(Troullier-Martins) pseudopotentials were used to de-scribe the core electrons [28]. All calculations wereperformed using the SIESTA code [29, 30]. The PBEexchange-correlation (XC) functional was chosen [31]. Weemployed a Fermi-Dirac occupation scheme with a broad-ening of 0.025 eV. Calculations were conducted at theΓ-point only. Only spin-restricted (unpolarized) calcu-lations are reported here, since no significant quantitativechanges are observed upon inclusion of spin polarization.All atoms of the molecules and the top layer of gold werefully relaxed using a conjugate gradient scheme until theremaining forces were less than 0.01 eV/Å. We focus on thecomputation of physical relevant properties, such as ultra-violet photoemission spectra (UPS) and scanning tunnel-ing microscopy (STM) images, as well as in the assign-ment of the resulting spectra. STM images were obtainedfollowing the Tersoff-Hamann approach [32]. Constant-height images are approximated by an isosurface of thelocal DOS, LDOS(~r, E) = ∑
i |φi(~r)|2δ(E − εi) integratedbetween the Fermi energy, EF , of the system and the tipbias Vtip (EF − Vtip < εi < EF , for positive tip bias). Wetook a value Vtip = −0.5V in all our simulations. Here,

φi denotes a Kohn-Sham orbital and εi its energy eigen-value. In order to better take into account the finite sizeand shape of an actual STM tip, we choose to averagethe LDOS obtained in our calculations over the points ofthe surface of a spherical tip with a diameter of 2 Å. Ateach point of the fine real-space grid, the value of LDOS
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is thus replaced by the average over the surface of thespherical tip with its apex being at that point in space.
3. Results
3.1. Adsorption geometry
For Au-PTZ2a, Au-PTZ3 and Au-PTZ4, after geometryoptimization, we find the sulfur docking atom to be situ-ated in the fcc-hollow with only a minor distortion towardsthe bridge-site (S-Au bonds have a length of about 2.4 Å).We remark that the bond lengths are only slightly changed(about 2−4%) upon the adsorption of the molecules. Theabsence of significant changes upon adsorbtion in the re-maining bond lengths indicates that no substantial chargetransfer between metal and molecule occurs, as this woulddistort the molecule. We find that the long axis of themolecules (i.e. S-S axis) is tilted by 1.9, 2.6 and 3.3 de-grees from the surface normal for Au-PTZ2a, Au-PTZ3and Au-PTZ4 (for Au-PTZ2d this value is 5.6 degrees).In the cases of Au-PTZ2b and Au-PTZ2c the phenol ringshave a strong tendency to orient parallel with the goldsurface. Nevertheless the relative position of the S atomswith respect to the gold surface allows for a clear dis-tinction between the two adsorption geometries by usingSTM experiments (see below).In the case of Au-PTZ2d we remark that the distance be-tween S atom connected with the two benzene rings andthe gold surface is rather large (3.2 Å). As a consequence,we expect a weak interaction between molecule and sur-face for this geometrical configuration (see below).
3.2. Energetics
We define the binding energy, Eb, as Eb = ESys − (EAu +
EPTZ ), where EAu is the total energy of the free gold sur-face, EPTZ is the total energy of the PTZ molecule and
ESys is the energy of the surface - molecule system. Thevalues of binding energy for the six systems are reportedin Table 3.2. We remark that, for the first three models,the binding energy is weakly increasing with the lengthof the alkylic chain (the difference between these bindingenergies is about 0.05 eV). The models Au-PTZ2b and Au-PTZ2c lead to the strongest binding energies (a differenceof about 0.5 eV compared to the first three ones). Finally,the most unfavorable orientation is found for Au-PTZ2d. Inthis case the large distance surface - molecule (about 3 Å)is an indication that the Van der Waals forces shall playthe leading role in complex formation for this geometry.Therefore, we have to consider the binding energy for thiscase as an approximation, since DFT is known to poorlydescribe the Van der Waals interaction. Nevertheless, we

Table 1. Binding energy for the six models.

System Au-PTZ2a Au-PTZ3 Au-PTZ4 Au-PTZ2b Au-PTZ2c Au-PTZ2d∆ E [eV] 2.48 2.63 2.66 3.23 3.36 2.16

Figure 4. PDOS of the PTZ2 molecule (PTZ3 and PTZ4 lead to sim-
ilar results). Shaded area represents the first approxima-
tion for the location of the HOMO and LUMO peaks.

note that in the first steps of the structural relaxation thisdistance was smaller. Therefore, we can argue that theequilibrium distance is estimated correctly since in thefirst steps of the relaxation (i.e. when the distance S-Auwas in the range correctly described by DFT) the forceoccurring between molecule and surface was found to berepulsive. This is an interesting result, since Au-S bondis known to be reactive. Nevertheless, in this case wesee that the chemical environment of S atom has to playa very important role (see below for further discussion onthis topic). We mention that the BSSE correction werenot taken into account in computing the values listed inTable 3.2. As a rule of thumb, these correction are ex-pected to be about 1.0 eV for each case. We concludethat the interaction of the π ring with the Au(111) sur-face brings an important contribution to the interactionbetween molecule and surface.
3.3. UPS spectra
The molecular PDOS can be used to track the frontiermolecular orbitals (MO) in the system and to determinetheir energetic positions relative to EF . In the case ofmetal-molecule system, by summing over all PDOS contri-butions of all non-gold atoms, the purely molecular PDOScan be extracted as well (Fig. 4).The energy range below EF provides a first approximationto the expected UPS spectra after compensation for thesignal of the underlying gold substrate. The latter can beapproximated by summing the PDOS over all gold con-tributions (dashed line in Fig. 5). Note that many-body
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Table 2. Position of the HOMO orbital for the free molecule and Au
- molecule systems, relative to the average value of the
Hartree potential in vacuum (see text for explanations). For
Au - molecule systems the values between round brackets
indicate the shift with respect to the free molecule.

System Free PTZ2 Au-PTZ2a Au-PTZ2b Au-PTZ2c Au-PTZ2dE [eV] -0.08 -3.49 (-3.41) -4.31 (-4.23) -4.26 (-4.18) -5.08 (-5.00)

effects such as the screening of the hole after the photo-ionization process are not accounted for in this approach.Further, the energy needed to extract an electron fromthe HOMO orbital of the molecule (i.e. the ionization en-ergy for the isolated molecule) may be found by addinga correction to the energy of the HOMO orbital. Thiscorrection is given by the average Hartree potential invacuum (i.e. far from any of the atoms in the system) [33].The PDOS of PTZ2 molecule is given in Fig. 4. Theaverage of the Hartree potential in the vacuum is−0.37 eV.We remark that the HOMO orbital lies very close to theFermi level (i.e. the ionization energy of the free radicalis very small).In Fig. 5, the PDOS for the molecular part of the Au(111)- molecule systems is shown. The average values forHartree potential in vacuum for the systems is: Au-PTZ2a= 3.34 eV; Au-PTZ2b = 3.76 eV; Au-PTZ2c = 3.81 eV; Au-PTZ2d = 4.83 eV. The first peak in the molecular PDOSbelow EF appears around −0.15 eV for Au-PTZ2a, Au-PTZ3 and Au-PTZ4, −0.55 eV for Au-PTZ2b, −0.45 forAu-PTZ2c and −0.25 for Au-PTZ2d, respectively. In thecase of the first peak above EF , the differences betweenthe six models are smaller. This peak is located at about2.4 eV above Fermi level, for all models.The values for all systems (average of the Hartree poten-tial in the vacuum is subtracted) are given in Table 3.3. Wesee that the HOMO orbital of the free molecule is shiftedtoward negative values (i.e. the system is stabilized). Thevalue of this shift is about 25% larger than the value ofthe binding energy for the first three models, while forthe last model (i.e. Au-PTZ2d) this shift about the dou-ble of the binding energy. While the metal - moleculeenergetic stabilization is a factor that can explain sucha shift, we have to take into account the charge trans-fer metal - molecule in order to rationalize this behavior.The charge transfer has as consequence the presence of adifferent number of electrons on the interacting molecule,compared with the free one. As a consequence, the posi-tion of the Fermi level (and that of the HOMO orbital) willbe changed. We conclude that in the case of Au-PTZ2dthe largest charge transfer metal - molecule occurs. Thisansatz is explicitly verified at the end of this section. Fi-nally, we note that values in Table 2 indicates that the

Figure 5. PDOS of molecular part for Au-PTZ2a (top), Au-PTZ2b,
Au-PTZ2c and Au-PTZ2d (bottom). The results for Au-
PTZ3 and Au-PTZ4 are similar with Au-PTZ2a. Shaded
area represents the first approximation for the location of
the HOMO and LUMO peaks.

UPS spectra shall make a clear distinction between theAu-PTZ2a and Au-PTZ2d, while the difference betweenAu-PTZ2b and Au-PTZ2c is minimal. Finally, there aresignificant differences between Au-PTZ2a and Au-PTZ2b(or Au-PTZ2c). The same is the case when the Au-PTZ2dis compared with Au-PTZ2b (and Au-PTZ2c).
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Figure 6. Contour plots of the HOMO (top) and LUMO (bottom) or-
bital of the PTZ2 molecule.

The contour plot of the HOMO and LUMO orbitals for freemolecule (see Fig. 6) shows that HOMO is delocalizedover the whole molecule, with a significant contribution ofthe S at the end of the alkylic chain. On the other handLUMO is localized on the phenol rings.Due to its shape HOMO substantially interacts with theAu(111) substrate for all models. We see that the ener-getical overlap of HOMO with the gold d-band (Fig. 5) isslightly different for the six models. On the other hand,the amount of this overlap does not necessary follow thevalue of binding energy. This is a consequence of the factthat only a part of the HOMO (i.e. the contribution of Sto it) is important for metal - molecule interaction. LUMOhas small values over the region around alkylic chain (inparticular on the S atom) and can thus be expected to beless efficient in coupling the delocalized π-system to theAu(111) substrate for the first three models. On the otherhand, LUMO has a substantial contribution to the stateslocalized close to the S atom close to phenol rings. This

will lead to an increased antibonding character of the S-Au bond for the orientation PTZ2d and consequently to arepulsive force between molecule and surface. Around EF ,the molecular PDOS is clearly nonzero. We remark thepresence of ”molecular states” that are induced by thepresence of metallic atoms (metal induced states, MIS)in the HOMO-LUMO gap. This is a consequence of thecoupling between the molecular states and those of gold.Finally, we investigate the charge transfer occurring be-tween molecule and surface. Since the different meth-ods proposed in literature to analyze the electronic pop-ulations (i.e. Mülliken, Löwdin, Bader etc) have seriousdrawbacks, we chose to estimate electronic population onS atoms by using direct integration of the electronic den-sity inside a sphere of radius R , centered on each atom.Although this method has the advantage of working di-rectly with the density of charge, there is no way of defin-ing the radius of an atom. Therefore we integrate overspheres with different radius (from 0.2 up to 2.5 Å) andplot the results for free molecule and for molecules in in-teraction with metallic surface. This gives us a qualitativeinformation on the behavior of the charge located aroundatoms. In order to get a quantitative estimation of thecharge transfer we compare the values of the integral fora sphere with a fixed radius, for all models and for thefree molecule. Figure 7 gives a comparison between thetotal charge centered around S atom at the end of alkylicchain in the free molecule and the same quantity in theAu-PTZ2a system. We see that the two curves are almostidentical for a radius of 1 Å (which is slightly bigger thanhalf of the S-C bond, therefore should be representativefor the electronic population located on S). By comparingthe results for the above mentioned value of the radius Rfor all models, we found a value of charge transfer of about0.02 - 0.07 e which is a very small value. We found simi-lar value (i.e. 0.04 e) for the second S atom, in the case ofmodel Au-PTZ2d and conclude that the charge transfer S- Au is playing a minor role in the formation of surface -molecule bond, for all cases.In a second step we estimate the total charge transfer,by summing up the electronic populations of all atoms inthe molecules. In order to find the radius for each atomicsphere we start by analyzing the free molecule. For eachatom we search the radius where a charge close to thevalence charge is located. In a next step we took an av-erage value for the atoms with similar values of R . Asa result, we use R = 0.64 Å for C and N, R = 0.53 Åfor H and R = 0.95 Å for S and Br. The differences oftotal charge ∆Q = Qisolated − Qinteraction resulting fromthis procedure are 0.16 e (Au-PTZ2a), 0.24 e (Au-PTZ2b),0.21 e(Au-PTZ2c) and 0.26 e (Au-PTZ2d). We remark thatthe charge transfer is favored for the last three orienta-
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Figure 7. Integral of charge density over a sphere centered on S
atom, for different values of the sphere’s radius for PTZ2
- free molecule and PTZ2 in interaction with gold surface
(Au-PTZ2a model). We note that the differences occur
only for large values of the sphere’s radius, hence they are
caused by the chemical environment not by the electronic
population located on S atom.

tions. Remarkably, it has a relatively large value for theAu-PTZ2d system. This is an indication that this type ofinteraction plays an important role in the energetic sta-bilization of the system for this orientation.
3.4. STM images

In Fig. 8 the calculated constant-height STM images areshown for selected systems.The calculations indicate that orientation of the S atomsplays a crucial role on the appearance of the STM images.For the four situations, we have two types of images. ForAu-PTZ3 and Au-PTZ2b two spots are present, while forthe other systems only a single maximum is present inthe simulated image. Nevertheless, the height of the scanin the case of model Au-PTZ3 is clearly larger than theone used to obtain the results for model Au-PTZ2b. Thesame situation occurs for Au-PTZ2c and Au-PTZ2d. Weconclude that the STM images may discriminate betweenthe most probable orientations of the PTZ adsorbed onAu(111) surface. This can be done by taking into accountboth the results of the scan and the height of the scan.Finally we make a technical comment concerning the sim-ulated STM images. We found that the quality of theimages is quite sensitive to the value of the parametersused in the simulation (i.e. tip-surface distance). The im-ages simulated by shifting the tip with about 1.5 - 2.0 Åare similar for all models (i.e. a single spot). This effectappears only if the STM tip has a spherical shape. If weuse a point-like tip we can discriminate between differentmodels even for larger distances tip-surface. Neverthe-less, this result is an artifact since the real tip has a well

Figure 8. Constant-height STM images simulated for a single su-
percell unit for (from top to bottom): Au-PTZ3 (top), Au-
PTZ2b, Au-PTZ2c and Au-PTZ2d (bottom). The results
for Au-PTZ2a and Au-PTZ4 are similar with Au-PTZ3. The
distance between tip and surface was set to 10 Å for Au-
PTZ3, 5.3 Å for Au-PTZ2b and Au-PTZ2c and 15 Å for
Au-PTZ2d respectively. These values were set in order
to have a minimum distance between the tip and the top-
most atoms of molecule of about 2 Å. On each figure we
indicate the atom giving the maximum contribution to the
STM current.
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defined geometrical shape. Therefore we conclude thatthe use a correct geometry for the STM tip in the sim-ulation is essential in order to obtain a good correlationbetween numerical simulations and experiment.
4. Conclusion
We have studied the adsorption of several phenothiazinederivatives on Au(111) surface by means of density-functional calculations. A series of experimentally acces-sible quantities such as geometric structure, binding en-ergy, STM images and UPS spectra have been calculated.We shown that the most stable configuration is reachedwhen the phenolic rings are parallel with the gold surface.This can be explained by the direct coupling between the
π ring and the gold surface. While the UPS spectra maylead to a clear distinction between the different adsorptiongeometries, the STM images can be used to discriminatebetween different surface - molecule relative orientations,but they are very sensitive to the experimental setup.
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