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Surface Dipoles and Work Functions of Alkylthiolates and Fluorinated Alkylthiolates on
Au(111)
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We study the dipole formation at the surface formedHiyH; and—CF; terminated short-chain alkylthiolate
monolayers on Au(111). In particular, we monitor the change in work function upon chemisorption using
density functional theory calculations. We separate the surface dipole into two contributions, resulting from
the gold-adsorbate interaction and the intrinsic dipole of the adsorbate layer, respectively. The two contributions
turn out to be approximately additive. Adsorbate dipoles are defined by calculating dipole densities of free-
standing molecular monolayers. The gelitisorbate interaction is, to a good degree, determined by th&Au
bond only. This bond is nearly apolar and its contribution to the surface dipole is relatively small. The surface
dipole of the self-assembled monolayer is then dominated by the intrinsic dipole of the thiolate molecules.
Alkylthiolates increase the work function of Au(111), whereas fluorinated alkylthiolates decrease it.

Introduction surfaces are among the best studied systems, but it is still

Self-assembled monolayers (SAMs) of organothiolate mol- debated whether there is a sizable charge transfer between the

) . S rf nd the molecul n chemisorption.
ecules on gold are studied for a wide range of applications, such>urace a d the molecules upon chemisorptio

as supramolecular assembly, biosensors, molecular eIectronicsdif:cgr;[_:‘hn'tS c%i?reilralr:iinvﬁgttrt]% gtﬂ?gfgziﬂ:)elergieapslaAyl\jdor?y ér de
and microelectronic devicés? Using organic semiconducting P 9

materials as the active components of optoelectronic devices,anOI s_,tud_y the interplay betweer_1 them. We calcu_late the (_Jhpole
often the energy barriers for charge injection from metal coptrlbutlor!s and the work function change from first principles
electrodes into the organic material form a limiting factor for using (_Jlensny functional theory (DFT). In_ particular, we study
the device performandé It has been shown that chemisorption alkylthiolates on th‘? Au(111) surface, since these are among
of a SAM on the surface of the metal electrode can alter its :EgoPeetisctaltl:q?lrl?glt?rlzeegor?yritc?r:nfi’ngz(g:a::smﬁgzjlI?//vitﬁn V[\;?:I!I_ as
work function substantially. By tailoring the SAM's chemical y:

structure, this effect can be used advantageously to lower the?'® VEry well .Su'.ted to describe Chemlsqrptlon, .bUt lack an
energy barrier for charge injection and increase the device accurate description of the van der Waals interactions between

9 the alkyl chains that determine the structure of long-chain
performanceé: ) g - S .
. L alkylthiolate SAMs. This interchain interaction is relatively
The work function change of the surface is directly propor-

. . ST unimportant in short-chain alkylthiolates and, since we are
tional to the change in the surface electric dipole caused by mainly interested in surface dipole formation, we study the short-
adsorption of the SAM. Therefore, to understand the relation y P ’ y

between the work function change and the SAM's chemical Ch_?:‘ atikyllthlgla}ltde.s CS’ls akndf?rI:iCI—tIZS.t ¢ lkvithiolat
structure one has to focus on the dipoles formed in the SAM € Dasic buliding block of the structure ot an alkylthiolate

metal interface region. One obvious contribution to the surface >AM ©N Au(\l/l_l) Ls)_well-known. It cop3|stsl?f one thiolate
dipole stems from the permanent dipoles of the molecules within Melecule perv3 x v3 R30 surface unit celt:!* Superstruc-

the SAM. It has been demonstrated experimentally that a strongtures of this basic pattern have been reported that contain up to
correlation exists between the molecular dipole moments and four molecules in the same overall packing density. Experi-

the work function changes induced by SAMs on gold and silver mentally, the positions of the adsorption sites of the thiqlate
surfaced1° The dense packing of molecular dipoles in a SAM molecules on the surface and the exact structure of the thiolate

however, causes a sizable depolarizing electric field, which layers are still hotly debated. Theoretically, the energy differ-
polarizes the molecules such as to effectively reduce their dipole. 8Nces between several of these structures are very small and
This effect is often modeled empirically by using an effective &€ Within the error bar of DFT calculations (using common
dielectric constant for the molecular layer. functionals). We examine these_structures such asto elumdgte
A second major contribution to the surface dipole results from &S to Whe_1t extent structural variations lead to a difference in
the charge reordering associated with the formation of the Surface dipole. , ,
chemical bonds between the metal surface and the adsorbate The Sign of the dipole moment of a fluorinated alkylthiolate
molecules. This contribution is foremost determined by the Molecule is opposite to that of a nonfluorinated one. Therefore,
nature of the chemical bonds, but can also be modified by the SAMS of molecules with fluorinated alkyl tails give work

packing density of the molecules. Thiolate molecules on gold function changes that are opposite to those that consist of
molecules with normal alkyl tail§:1° We analyze the surface

* Corresponding author phone: 31-53-489-3155; fax: 31-53-489- dipoles of SAMs containing molecules withCF; end groups,
2910: e-mail: g.h.l.a.brocks@tnw.utwente.nl. in particular CBS and CECH,S. The structure of such SAMs
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is much less well characterized than that of their alkyl
counterparts. Long-chain alkylthiolates having orlZF; end

groups are believed to have basically the same structure and

packing as those with-CH3; end groups, although the CF;

end groups lead to a larger degree of surface diséfd&long

alkyl chains are largely fluorinated, then alkylthiolates form a
less densely packed SAKA24A priori it is not clear what SAM
structure the molecules @& and CECH,S would form.
Therefore, we discuss a couple of possible structures and
packings.

Theoretical Section

DFT calculations are performed with the VASP (Vienna ab
initio simulation package) prograt?’ using the PW91
functional for electronic exchange and correlaidithe projec-
tor augmented wave (PAW) method is used to represent the
electron wave function®:3°For gold atoms, 6s and 5d electrons
are treated as valence electrons, for carbon and fluor 2s an
2p, and for sulfur 3s and 3p, respectively. The valence wave

J. Phys. Chem. B, Vol. 110, No. 45, 20082629

vacuum Au substrate SCH; vacuum
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Figure 1. Plane averaged electrostatic potenti{lz) of a slab
comprising six layers of gold atoms and one layer of methylthiolate
CHsS. Thezaxis is along the 111 direction. Indicated are the Fermi
nergyEr, the work functionWsav of the SAM and of the clean metal
metar IN this paper we use the colors yellow for Au atoms, green for

S, dark gray for C, light gray for H, and light blue for F.

functions are expanded in a basis set consisting of plane waves.

All plane waves up to a kinetic energy cutoff of 450 eV have
been included.

The Au(111) surface is modeled in a supercell containing a
slab of typically five or six layers of gold atoms. The SAM is
adsorbed on one side of the slab. A vacuum region of 13.1 A
is used, and periodic boundary conditions are applied in all three
dimensions. The surface unit cell depends on the monolayer
structure and coverage. Our reference pointi@ax V3 R30
surface unit cell, which contains three gold atoms in the surface
layer.

The electronic structure is calculated using a uniférmoint
sampling grid in the surface Brillouin zone (SBZ) and a
Methfessel-Paxton broadening of 0.2 e¥.A typical k-point
grid consists of a 8 8 division of the SBZ of the/3 x /3
R30 cell. SBZ samplings of other surface cells are chosen such
that they have a similar density of grid points. Periodic boundary

from a calculation of a SAM of methylthiolate GH on Au-
(111) is shown in Figure 1.

To calculate surface work functions according to eq 1, one
needs an accurate value of the Fermi energy inside the metal.
Whereas the value obtained from a slab calculation is quite
reasonable, provided a slab of sufficient thickness is used, a
better value can be obtained from a separate bulk calculation,
following the procedure outlined by Fall et&Typically DFT
calculations give work functions that are within 6.0.2 eV of
the experimental values, although occasionally somewhat larger
deviations are foung36

To estimate the convergence of the numbers given in this
paper, we perform test calculations in which we varykhgoint
sampling grid and broadening parameter, the thickness of the
slab and of the vacuum region, and the number of layers in
which the gold atoms are allowed to relax their positions. From

conditions can lead to spurious interactions between the dipolesihese tests we estimate that the energy differences quoted in

of repeated slabs. To avoid such interactions, the Neugebauer
Scheffler dipole correction is appli€dThe electronic structure
and the geometry are optimized self-consistently, where typically
the positions of the atoms in the SAM and those in the first
two layers of the gold slab are allowed to vary. The cell
parameter of the Au(111) & 1 surface unit cell is fixed at the
bulk optimized value of 2.94 A.

The surface work functiotW is defined as the minimum
energy required to move an electron from the bulk to the vacuum
outside the surface and it is given by the following expression:

)

where V(o) is the electrostatic potential in the vacuum at a
distance where the microscopic potential has reached its
asymtotic valuefr is the Fermi energy of the bulk metal. A
self-consistent electronic structure calculation using a plane wave
basis set produces the electrostatic poteM(aly, 2) on a grid

in real space. Assuming that the surface normal is along the
z-axis, one can define a plane averaged potential

W= V() — E-

= 1

V@ =% [ [ V%Y, dxdy @)
whereA is the area of the surface unit cell. Plottii§z) as
function of z is then a convenient way of extracting the value
of V(). In practice,V(2) reaches its asymtotic value already
within a distance ©5 A from the surface. An example resulting

this paper are converged to within 1 kJ/mol and the work
functions to within 0.05 eV.

Results and Discussion

Structures. In this section we discuss the possible structures
of alkylthiolate SAMs on Au(111). Our main goal is to study
the link between the structure and the work function, which we
will discuss in the next section. The earliest experimental (He)
diffraction studies established 43 x +/3R30 structure for
alkylthiolate SAMs on Au(111) with one molecule per surface
unit cell3’38 see Figure 2. Somewhat later g4 x 2)
superstructure was found, which contains four thiolate molecules
per surface unit cell in the same packing density as the simpler
V3 x +/3R30 structure®® see Figure 3. From infrared data it
was concluded that there are two different orientations in the
alkyl chaing® and from grazing incidence X-ray diffraction data,

a model was proposed for the superstructure based upon thiolate
dimers#! Evidence against the dimer model was presented by
scanning tunneling microscofyand by electron spectroscopy
experimentd$g in the latter, thiolate dimers were found only at
temperatures above 375 K. In recent He and X-ray diffraction
experiments, it was concluded that in #{é x 2) superstructure
alkylthiolate molecules adsorb as monomers on the Au(111)
surfacet*45 Experimentally thec(4 x 2) and+/3 x +/3R30
structures seem to be close in energy; in scanning tunneling
microscopy experiments, domains of both structures have been
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TABLE 1: Total Energies, Bond Lengths, Bond Angles, and
Work Functions of SAMs of CH3S on Au(111}

V3x v/3R30
bridge(s) bridge(bs) fcc hollow on-top c¢42)
/A\, ; energy (kJ/mol) 0.0  —1.7 253 349 10
H . — Au-S (A) 2.50/2.50 2.52/2.49 2.63/2.6@.39 2.52/2.50
WY, ""q 1250
?'\1 P\‘ , S—-CA) 1.84 1.84 1.85 1.82 1.83
: / \ Au—-S—-Au(°) 77.0 76.5 74.6/76.7 -  73.2
) | S—— /76.3
d) O C—S-normal ) 45.3 46.3 14.4 64.6 57.2
QO #() 30.0 38.4 31.8
W (eV) 3.81 3.85 339 473 4.04

aThe columns indicate the possible adsorption sites intf3ex

V3R30 or Cc(4 x 2) structures. For geometries in tlogd x 2)
structure only averages over the four molecules are given.
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surface. To achieve converged computational results, it has
4. become evident from these calculations that the number of Au
Figure 2. The v/3 x +/3R30 structure of the CkS SAM on Au- layers representing the substrate has to pe _s_ufficiently large,
(111) with the molecules adsorbed at bridge sites; (a), (b) top and side @nd that relaxation of the surface atoms is significant. Moreover,
view of the bridge (s, symmetric) structure; (c), (d) top and side view it is important to have a sufficiently dense Brillouin zone
of the bridge (bs, broken symmetry) structure. sampling.

Different density functionals give somewhat different values
for the adsorption energy of alkylthiolates on Au(111), but they
favor the same order in preferential binding sites, i.e., the bridge
site is much more stable than the hollow site, which is more
stable than on-top site. In addition, calculations on small clusters
indicate that DFT and Hartred~ock (plus many-body perturba-
tion or coupled cluster corrections) give essentially the same
stable structure® Calculations on the(4 x 2) superstructure
clearly favor adsorption of thiolate molecules as monomers
instead of dimers, in agreement with recent experimental results.
Because of the strong preference for the bridge adsorption site,
mostc(4 x 2) superstructures that have been proposed from
calculations are based upon molecules adsorbed at different
bridge sites*16.17see Figure 3. However, the calculated total
energy differences between sugld x 2) and thev'3 x +/3R
30° are<5 kJ/mol. Such energy differences are too small to be

v s . ’ reproduced accurately by common density functionals.
Figure 3. Top view of thec(4 x 2) structure of the CkS SAM on In view of these computational and experimental results, we
Au(111), which contains four molecules per surface unit ¥ell. consider only structures in which the alkylthiolates are adsorbed
as monomers on the Au(111) surface. First we focus upos8CH
shown to coexist? Moreover, larger and more complex on Au(111) in thev’3 x v/3R30 structure as shown in Figure
superstructures such as34) could also be close in eneréy.  2a,b. As in previous calculations, we find that the bridge site is

Regarding the exact binding sites of thiolate molecules, more stable than the hollow site and that the on-top position is
diffraction and time-of-flight scattering studies emphasize the unstable. The relative energies associated with these adsorption
hollow sites on the Au(111) surface, where the sulfur atoms sites are given in Table 1, in the columns marked by "bridge-
are 3-fold coordinated by Au atoms of the substfat& . From (s)”, “fcc hollow”, and “on-top”. Table 1 also presents some
recent photoelectron diffraction data and X-ray standing wave structural data. Energies and structures are in fair agreement
analysis it was concluded, however, that thiolate molecules favor with the results obtained in previous calculatidf&1’ The
the on-top adsorption sites, where a sulfur atom is positioned spread in the results obtained in different calculations reflect
on top of a single Au atom of the substrate? the use of different density functionals, as well as slightly

The adsorption of methylthiolate GH on Au(111) has been  different computational parameters.
studied intensively by first-principles calculations in recent years.  The+/3 x +/3R3Q structure of CHS adsorbed at the bridge
Most of these calculations consider the bagié x +/3R3C site on Au(111) as shown in Figure 2a,b, has mirror and glide
structurel?~18 and a number of them have addressedc(dex plane symmetry (this structure has the two-dimensional space
2) superstructur& 20 Earlier calculations give the 3-fold hollow  group Cm). Rotating the Cfgroup around the CS bond breaks
sites on the Au(111) surface as the most stable sites forthe mirror and glide plane symmetry. Breaking the symmetry
adsorption of the thiolate molecul&s!®8pbut more accurate  and optimizing the geometry results in a structure shown in
recent calculations distinctly prefer the 2-fold bridge sies720 Figure 2c,d. The structural data of g&lat the bridge site in
The S-atom of the adsorbate molecule is bonded to two Au- this “broken symmetry” structure, bridge(bs), are also given in
atoms of the surface, see Figure 2. The on-top adsorption siteTable 1. This structure is quite similar to the symmetric bridge(s)
is clearly unfavorable; in most calculations it does not even structure. The most significant change in the bridge(bs) structure,
represent a metastable structure, but a maximum on the energyesides the Cklrotation already mentioned, are that the two
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TABLE 2: Total Energies, Bond Lengths, Bond Angles, and
Work Functions of SAMs of CH3CH,S on Au(111) in the

V3 x +/3R3C Structure?

bridge(s) bridge(bs) bridge(s) bridge(bs)
energy 0.0 -1.0 Au—S—Au (°) 74.5 76.8
(kJ/mol)
Au—-S(A) 254 2.52/2.48 €S-normalf) 54.6 52.4
S-C@) 185 1.85 () 30.0 26.2
c-CA) 1.53 1.52 W (eV) 3.93 3.83

@ The columns bridge(s) and bridge(bs) indicate the symmetric and
“broken symmetry” bridge sites, respectively.
Au—S bonds have become slightly inequivalent; moreover, the =2 & -
azimuthal angle of the CS bond has changed. The calculated Figure 4. Top View of thep(2 x 2) Structure of the CfS SAM on
total energies of the bridge(s) and bridge(bs) structures are veryAu(111).
close, the latter being actually 1.7 kJ/mol lower in energy.

However, this is within the error bar associated with the Pw91  Thiolates with a longer fluorinated alkyl chain form SAMs
functional we used. with a less denser packing, because of the bulkier fluorinated
Since the bridge site is much more stable than other alkyl tails. Whereas in a/3 x /3 packing the nearest
adsorption sites, it is reasonable to bas@dax 2) superstructure  neighbor distance between the sulfur atoms on the surface is
entirely upon molecules adsorbed at bridge sites. Figure 3 shows5.0 A, see Figure 2, in fluorinated alkylthiolates this distance

the c(4 x 2) superstructure proposed by Vargas et‘alvhich is 5.8 A, leading to a 30% less dense surface packifg?*
contains four molecules per cell. The inequivalent molecules This distance is twice the nearest neighbor distance between
have a similar tilt angle of the CS bond with respect to the the gold atoms in the surface an@@ x 2) structure has been
surface normal, but differ by60° in the azimuthal angle of proposed for fluorinated alkylthiolate SAMs on Au(1£$More

that bond. We optimized this structure using the same compu-complex superstructures, such asc@ x 7), or even an
tational parameters as for thé3 x +/3R3C unit cell calcula- incommensurate structure have also been prop#seéor the
tions (in particular thek-point grid for the Brillouin zone  short-chain fluorinated molecules we are considering, i.esSCF
integration). The results are listed in Table 1. The local and CRCH,S, it is not a priori clear whether the deng@ x
geometries of all molecules in the¢4 x 2) structure are quite /3 or the less dense 2 2 packing is favored. Therefore we
similar, so we only give the average geometric parameters. Thehave also optimized the geometries of these moleculep(@ a

structural parameters are actually similar to those ofiBex x 2) unit cell. An example of an optimized structure is shown
V3R30C bridge(s) structure. The largest difference is in the in Figure 4. Also in this structure the (displaced) bridge site is
C—S-normal angle, where the molecules in @ x v3R3C the most favorable site for adsorption. The local geometry of

structure are tilted somewhat more upright. The total energy of the adsorbed molecules is in fact quite similar to that ini3e

the c(4 x 2) structure is only 1.0 kJ/mol per molecule higher x V3 packing, as is demonstrated by Table 3. We will
than that of the/3 x +/3R3C bridge(s) structure, so again it  consider both possible packings in discussing the work functions.
is hardly possible to distinguish between these two structures Work Functions and Surface Dipoles.We now focus upon
energetically on the DFT level. the distribution of dipole moments at the SANold surface.

In conclusion, from a computational point of view there are A sensitive technique for characterizing a surface dipole,
several structures of a GB SAM on Au(111) that are very  experimentally or theoretically, is to determine the work function
close in energy and are based upon adsorption 0§SCH of the surface. For the clean Au(111) surface we calculate a
molecules on bridge sites. They differ in the azimuthal aggle  work function of 5.25 eV. Reported experimental values are
of the CS bond and/or the rotation angle of the s&jfoup 5.26 eV?? and 5.35 e¥* and previously reported calculated
around the CS bond. The spread in the tilt angteSSAu of values are 5.23 e¥ 5.27 eV 5.31 eV?® and 5.35 e\2L Al
the CS bond with respect to the surface is smaller. The possiblethese values are within the experimental and computational error
structures of an ethylthiolate (GAH,S) SAM on Au(111) very bars.
much resemble those of a methylthiolate SAM. Table 2 gives  The calculated work functions of the SAMAU(111) surfaces
the energy and geometry of GEH,S in thev/3 x +/3R30 in the different geometries are given in Table 1-lll. It can be
structure with the molecule adsorbed on a bridge site in the observed that structures whose total energies are close, also have
symmetric (bridge(s)), as well as in the broken symmetry Similar work functions. For instance, the total energies of the
(bridge(bs)) structure. A comparison to the data shown in Table bridge(s) and the bridge(bsfﬁ x v/3R30 structures of CHS
1 shows that indeed the geometries of the adsorbed alkylthiolateson Au(111), as well as that of tle€4 x 2) structure, are within
are very similar. 2 kJ/mol of one another, see Table 1. The work functions of

The structure of (partially) fluorinated alkylthiolates on gold the bridge(s) and bridge(bs) structures differ by 0.04 eV, which
is much less well-established than that of their alkyl counterparts, is close to the (convergence) error bar of the DFT calculations.
both experimentally and theoretically. SAMs of long-chain The work function of the(4 x 2) structure is~0.2 eV higher.
alkylthiolates with fluorinated CFs) end groups show a large  As compared to the clean Au(111) surface, the work function
degree of surface disorder, although their basic structure remaings shifted to a substantially lower value for these three structures.

similar to that of SAMs of alkylthiolates with-CHz end The latter involve a similar bonding of molecules at bridge
groups?? Our calculations on trifluoromethylthiolate (g%) on sites and also the local geometry of the adsorbedsSCH

Au(111) show that within a/3 x V3 packing of molecules  molecules is very similar. Comparing the geometries of the
similar variations in structure are possible as forzSkbn Au- bridge and the(4 x 2) structures in Table 1, one observes that

(111), with similar small energy differences between these the bond lengths are similar, as well as the-48+Au bond
structures. angle. The GS-normal tilt angle in the(4 x 2) structure is
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TABLE 3: Bond Lengths, Bond Angles, and Work Functions of SAMs of CRS and CRCH,S on Au(111) in thev/3 x v/3R3C
and p(2 x 2) Structures?

CRS CRCH.S
bridge(s) bridge(bs) p(& 2) bridge(s) bridge(bs) p 2)

Au=S (A) 2.50 2.51/2.47 2.52/2.53 2.52 2.54/2.50 2.52/2.50
S—C(A) 1.85 1.86 1.85 1.85 1.84 1.85
C—F(A) 1.36 1.36 1.36 1.37 1.36 1.37
Au—S—Au (°) 77.0 78.4 73.4 76.4 75.6 74.6
C—S-normal ¢) 45.7 37.8 49.8 43.3 52.0 50.6

° 30.0 21.1 29.6 30.0 24.2 29.5
W (eV) 5.97 5.98 6.00 6.27 6.35 6.21

2 The columns bridge(s) and bridge(bs) indicate the symmetric and “broken symmetry” bridge sites//@8 the/3 structure, respectively.

11-12° higher than in thev'3 x v/3R30 structures, which ~ TABLE 4: Work Functions of SAMs on Au(111) in eV in
means that in the latter the thiolate molecules are standingthe Bridge(s) v3 x /3 SthCturg; Absolute Values W) and
somewhat more upright. As a result the component of the Relative to Clean Au(111) AW)

molecular dipole moment along the surface normal is somewhat molecule W AW Au USAM Uchem
larger in the+/3 x +/3R3C structures. The work function  CH,S 381 -144 086 —0.88 +0.02
shift, i.e., the difference between the work functions of the SAM  CHs:CH,S 3.93 —-1.32 —0.79 —0.81 +0.02
covered surface and that of the clean Au(111) surface, is CRS 597  +072  +043 4044  —0.01
sensitive to this normal component; see also the analysis below. CRCHS 62r  +102  +061  +053  +0.08
The fact that the work function shift of boti3 x +/3R3C7 aThe surface dipole momen() relative to that of clean Au(111),

structures is~0.2 eV larger that of the(4 x 2) structure can  the dipole moment of a free-standing SAMsfw) and that of the
be attributed to a larger normal component of the molecular 29SCrbatesurface bondsunen = Au = psaw); all in D.

dipoles. Apparently in the range of packing densities that are relevant

The azimuthal ?”9"7"_&”0' the_ rotation angle around the (_:S to thev/3 x v/3R30 andp(2 x 2) structures, these two effects
bond are substantially different in the three structures, see Figure

2 and Figure 3. However, these angles do not affect the normaltenCI to cancel one another.
molecular dipole component and hence they do not affect the We will use the bndge(s)\/:_% x V3R30 structure to

work function. The same geometrical arguments also hold for analyze the work functions and begin by noticing that the latter

the other molecules. As can be observed from Table 2 and TablefaII into two groups. Adsorption of th_e two alkylthiolates €3
and CHCHS,S gives one work function, compare Table 1 and

St’) o&obtm\/gs;;gﬂa; wc;rk funfCtIOT n tlhe blrldgle(s) anoll brildge- Table 2, whereas adsorption of fluorinatedsSfand CECH,S
(bs) X structures for all molecules. In ConclusIon, a0 jeg gives another value for the work function, see Table
for the SAMs we have studied, the structures that have nearly3 It makes sense to use the work function of the clean Au-

the same total energy "?‘ISO have a very similar local geometry(lll) surface, 5.25 eV, as a reference point and analyze changes

and, hence, a very similar work function. of the work functions upon adsorption of the molecules. We
Comparing in Table 1 the work functions of3 x \/.§R30> define the change in work function caused by the SAM with

structures that correspond to adsorption ofsSkt different respect to the clean Au(111) surfaceM/ = Wesay — Winetat

sites, one observes that the fcc hollow site leads to & work The results are collected in Table 4, which shows that SAMs

function that is~0.4 eV lower than that of the bridge site, 4t cH,S and CHCH,S lower the work function by 1:31.4

whereas that of the on-top site 180.9 eV higher. Following eV, whereas SAMs of G5 and CECH,S increase the work

the arguments presented above, this can be partly understoodynction by 0.7-1.0 eV.

from the difference in the €S-normal tilt angle between these These work function chang@s/ can be interpreted in terms

structures. A small (large) tilt angle gives a large (small) normal ot changes in the surface dipate: due to adsorption of the

molecular dipole component and a large (small) shift in work gan. Simple electrostatics gives the relafibn
function with respect to the clean Au(111) surface. In addition,

the bonding between the molecules and the surface, which is AW = eAu 3
different for the different adsorption sites, contributes to the - €A (3)
work function shift. We suggest that work function measure-
ments might contribute to settle the issue of the adsorption site whereA is the surface area taken up by one molecule And
of CHsS on Au(111) from an experimental point of view. is the change in surface dipole that occurs upon adsorption of
From Table 3 one can also observe that the work functions the SAM, normalized per molecule. Note tht corresponds
of the fluorinated alkylthiolate SAMs on Au(111) do not depend to the component of the dipole moment directed along the
strongly upon the packing density of the molecules. Both the surface normal, since it is only this component that affects the
V3 x +/3R30 and thep(2 x 2) structures, whose packing work function. The values oAu calculated according to eq 3
density differs by 33%, have a similar work function. This is are also given in Table 4. The sign Af: is such that for ChS
slightly surprising since one expects the shift in the work and CHCH,S the dipoles point from the surface into the gold
function upon adsorption of the SAM to depend on the packing crystal, whereas for G5 and CECH,S they point from the
density of the molecules. One the one hand, one would expectsurface into the vacuum. Intuitively one would like to interpret
a higher packing density to result in a larger work function shift Au in terms of molecular dipole moments and indeed the size
because of a higher density of molecular dipoles. On the otherof Au is of the order of a molecular dipole momént® One
hand, increasing the packing density of the molecular dipoles should bear in mind however that upon adsorption on a metal
also enlarges the depolarizing field in the SAM, which acts to surface, even molecules that have a zero dipole moment can
decrease the dipoles and, therefore, the work function shift. alter the surface dipole considerably8
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vacuum SCH, vacuum ) that the charge reordering in the gelsulfur bond is such that
s - o> 17 it does not give rise to a substantial dipole moment. In other
6 V(-e0) -6 words, the gole-sulfur bond is nearly apolar. This result agrees
sl Vi s with that obtained in a previous calculation on £Hon Au-
4k 14 (111)2 Similar results on SAMs of conjugated thiols on Au-
g 1; (111) would indicate that this conclusion is quite genétal.
@ '2_ 1, Kelvin probe measurements of the work functions of SAMs
= 1 of the long chain thiolates fgH33S and GF17CoHsS on Au-
I 1! (111) have been reported by de Boer ef ®lork function
orF 10 changes upon SAM adsorption on Au(111) have been deduced
-1 -1 from photoemission measurements by De Renzi &t &br
2k N Y CHsS, and by Alloway et al° for alkylthiolates ranging from
[ [ B C3H+S to GgH37S and for fluorinated alkylthiolates ranging from

i 1 "

0 5 10 ;{5 20 25 30 CF3012H24S to CFg,C15H3QS, and from CEC15H303 to Q_()sz_-
] 2(3) ) _ ) CeH12S. The trends in these measurements are clear; alkylthio-
Flgur? 5. Pla?e ther:aﬁlﬁd Ie|teth((:J§aUIC g?tet”“f) of aILee'Sta”d;”?_ lates lead to a substantial lowering of the work function relative
monolayer of methylthiofaté Lss. Indicated are theé asymioliC 45 the clean gold surface, whereas (partially) fluorinated
electrostatic potential¥f(«), V(—) on both sides of the layer. alkylthiolates gﬂve an incréase of the(F\)Nork %ﬁnction For

Therefore, we divideAx into a part that results from the  alkylthiolates photoemission givestV of —1.2 eV for CHS
molecules only and a part that results from the formation of and aAW ranging from—1.0 eV for GH;S to —1.4 eV for

chemical bonds between the molecules and the surface: C16H33S-;0 The Kelvin probe gives aAW of —0.8 eV for
C16H33S.
A= pspm t Uenem (4) Our calculated value for C4$ is in good agreement with

) ) the experimental value, see Table 4. Also the value we find for
We defineusawv as the dipole moment along the surface normal cp,cH,S is within the range determined by the photoemission
of a moleculeembedded in dree-standing SAM, i.e., without  experiments. The work function shows only little variation for
the presence of the metal substr_ate. This deﬁmnon_t_akes carey|kylthiolates because bothsau anduchemonly weakly depend
of tlh(.a.geometry of the molecule in the SAM. In addition, this g the length of the alkyl tail. The dipojesnem resulting from
definition automatically incorporates the effect of the depolar- chemisorption of the alkylthiolate is mainly determined by the
izing electric field that is caused by the molecular dipoles go|g—sulfur bond. Both the dipole moment of an alkylthiolate
surrounding each molecule in the SAM. The effect of this molecule and the orientation of the molecule in the SAM do
depolarlzmg.fleld is sometimes mtrqduced phenomenologically ot vary strongly with the size of the alkyl tail. Thereforgam
as an effective dielectric constant in the molecular Idy&t. o)y weakly depends on the size of the alkyl group. The Kelvin
Using a computational technique in which periodic boundary probe measurement gives a somewhat lower valugWithan
conditions are applied, there is no need for a phenomenologicalipe photoemission experiments. This could be due to a number
dielectric constant, since the calculation is done automatically of reasons. The experiments are not performed in UHV, which
on a full monolayer. ) ) ) might introduce impurities. Under ambient conditions the work
One places the molecule in a unit cell in the correct SAM  fnction of a clean gold surface becomes 4.9 eV instead of the
geometry and performs a self-consistent DFT calculation while 5 3 e\ obtained under UHV conditiofisincorporating this
keeping the geometry fixed. Electrostatics then relatgs to difference would give &AW of —1.2 eV, which would bring it
the step in the electrostatic potentiaf@as close to the photoemission and to the calculated results.
A direct comparison to the experimental results on fluorinated
(5) alkylthiolates is more difficult. The dipolagsam of fluorinated
€A alkylthiolates vary more widely than those of unsubstituted
. . alkylthiolates. The molecular dipoles depend on which and how
where Vsau(), Vsau(—e) are the asymtotic electrostatic  many of the hydrogens on the alky! tail are substituted by fluor.

potentials on both sides of the SAM. These are easily obtained 4 5 bstitution also affects the structure of the SAM, and hence
from the _ca_lculat_lon, since the Eotenual reaches its asymtotic 1, depolarizing field. Moreover, SAMs of fluorinated alkyl-
values within a distance of few A from the molecular layer, as higjates tend to show more intrinsic disorder than their

is illustrated in Figure 5. The calculateday are listed in Table unsubstituted counterparts. Photoemission gives a maxifiti
4. . of +0.5 eV for GgF2:CsH12S and the Kelvin probe gives0.6
Having calculated\u andusav from eqs 3 and S, respec- gy, for CgF17CoH4S. The calculations on short-chain fluorinated

tively, we then defingienemby €q 4 and interpret it as the change  gvihiolates give somewhat largétW's as can be observed
in the surface dipole due to chemisorption of the molecule on ¢~ Taple 4.

the metal surface. It reflects the charge reordering in the
molecule and in the metal surface that takes place upon
formation of a chemical bond. The calculategem are given

in Table 4 for the four molecules. Two main conclusions can ~ We have studied the surface dipoles and work functions of
be drawn from these numbers. Firgfzemshows relatively little SAMs of CHS, CHCH,S, CRS and CECH,S on the Au(111)
variation within this range of molecules. Apparently the charge by means of density functional theory calculations. Several
reordering is mainly confined to the chemical bond formed at structures exist that have almost the same total energy, but also

eu
VSAM(°°) - VSAM(_°°) =N

Conclusions

the surface, which for all four molecules is the gekllfur give very similar work functions. By performing separate
bond, and it does not depend much on the (fluorinated) alkyl calculations on the free-standing SAMs we can calculate the
tail of the molecules. Second, the absolute value.gfnis very dipole moments of the molecules as they are embedded in the

small as compared to the absolute valueugf;. This means SAMs. This allows us to define dipole moments that result from
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chemisorption of the molecules on the Au(111) surface. The
latter are almost independent of the molecule, indicating that

they mainly result from the gotdsulfur bond. Moreover, the
gold—sulfur bond turns out to be apolar and give only a small
contribution to the surface dipoles. The main contributions to

the latter stem from the molecular dipole moments. The direction

of these is such that adsorption of €3Hand CHCH,S lowers

the work function as compared to the clean Au(111) surface,

whereas adsorption of G& and CECH,S increases the work
function.
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