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ABSTRACT

Self-assembled monolayers (SAMs) of organic molecules provide an important tool to tune the work function of electrodes in plastic electronics
and significantly improve device performance. Also, the energetic alignment of the frontier molecular orbitals in the SAM with the Fermi
energy of a metal electrode dominates charge transport in single-molecule devices. On the basis of first-principles calculations on SAMs of
zr-conjugated molecules on noble metals, we provide a detailed description of the mechanisms that give rise to and intrinsically link these
interfacial phenomena at the atomic level. The docking chemistry on the metal side of the SAM determines the level alignment, while chemical
modifications on the far side provide an additional, independent handle to modify the substrate work function; both aspects can be tuned over
several eV. The comprehensive picture established in this work provides valuable guidelines for controlling charge-carrier injection in organic
electronics and current —voltage characteristics in single-molecule devices.

Introduction. In recent years, self-assembled monolayers conducting states in the active organic layer in (macroscopic)
(SAMs) of organic molecules grown on a variety of organic electronics, the energetic alignment of the metal
substrates have been the focus of intense multidisciplinary Fermi level Eg) with the frontier molecular orbitals (MOs)
research. ¢ Many of these efforts have been directed toward of the active molecular entity (i.e., the SAM or, alternatively,
modifying macroscopic surface properties such as wetting individual molecules) is a key parameté#>In such systems,
or corrosion resistanéé and a variety of applications has the local chemical, electronic, and geometric structure at the
been explored including, e.g., nanolithography or chemical metak-molecule interface is known to have a major impact
sensind® %% In organic (opto)electronic devices, where the on the overall device characteristi®s® Given the rather
importance of the interface energetics at the electrode elusive and often fluctuating local geometric structure in
organic contact is well acknowledgé®l’ SAMs have been  single-molecule transport experimefitsi® SAMs have been
employed to modify the effective work functio®] of the studied on extended, well-defined metal surfaces in order to
electrodes® 26 the latter is directly linked to the barrier for ~ gain a fundamental understanding of the (dominant) interface
charge carrier injection/extraction into/from the active organic energetics in single-molecule devicé€g’?
layerl6.17 Here, we seek to provide general insight into the interface

The self-assembly ofr-conjugated molecules on noble energetics of SAM-covered metals: we investigate separately
metal electrode structures has also been central to thethe impact of each component of a met8lAM system
emerging field of single-molecule electronés In analogy (Figure 1a): (a) The effect of the headgroup (pointing away
to the line-up of the electrode Fermi energy with the from the surface) is briefly revisiteld.(b) The influence of

: : : : thes-conjugated core is elucidated by varying its length and
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and the case where the phenyl ring closest to the metal is
replaced by a pyridine. To capture the impact of the substrate
metal, the reference molecule (4-mercaptobiphenyl) is studied
on the (111) surfaces of both gold and silver. The molecular
arrangement within the SAM is shown in Figure 1b and c
(see also Supporting Information).

Hereafter, the systems are labeled by listing the com-
ponents indicated in Figure la in the following way:
docking-groupnumber-of-ringgheadgroup when  dis-
cussing 2D layers of the molecules alone (e.g.)2FHH
for the reference system, 4-mercaptobiphenyl); and
meta|docking-groupnumber-of-ringgheadgroupwhen dis-
cussing SAMs on a metal subtrate [e.g.,|8|2P/H for the

reference system, 4-mercaptobiphenyl on Au(111)]. As
indicated by this notation, the-SH and —SeH docking
groups are assumed to lose their hydrogen atom upon
bonding to the metal. Note that, for the sake of comparability,
thenumber-of-ringg1P, 2P, or 3P) indicates the total number
of rings in the molecule, phenylene or pyridine.

Results and DiscussionThe modification of the effective
work function of a metal substrate upon SAM formation has
been found to originate from two effecs?125(i) the dipole
of the molecules, and (ii) an interfacial dipole that incorpo-
rates both the effect of theush-baclof the metal electrons
Figure 1. (a) Schematic representation and chemical structure of (reduction of the |_ntr|_n5|g surface dipof€)™ and t_he effect
the systems investigated in this work: SAMs of molecules Of the charge redistribution due to bond formation between
consisting of a docking group (dock)smaconjugated corex)), and the docking group and the metal surfdée.

a headgroup (head) are assembled on Au and Ag(111) surfaces. Molecular Layers. To evaluate the contribution of (i),
The encircled structure serves as a reference system. (b) Top VieWhe first step is to find, from the orientatiofi of the

of the SAM structure; the contour indicates the/B8( x 2+/3)- . "
R30° surface unit cell. (c) Side view of the SAM structure; the molecules on the surface (Figure 1c), the projectierof

long molecular axes are tilted from the surface normal by the angle the molecular dipole momentsonto the surface normal via
6. uo = |pl-cod. With the knowledge ofin and the packing

) ) ] density of the molecules in the SAM, one could in principle
covalently link organic molecules to coinage metal surfaces, ¢ompute the nominal potential jumftVya, across the dipolar
the impact of different docking groups on the interfacial layer of molecules (no metal surface present) via the
electronic structure is assessed as Wel:*549%9 (d) The Helmholtz equatiori®-21.25

differences between the two most studied substrate metals

for SAMs (Au and Ag) are also discussed. By examining

the relative importance and interplay of each of these aspects AV, = — #a (1)

by means of first-principles calculations, we derive a €A

comprehensive microscopic picture and shed light on the

underlying mechanisms that determine the interface energetwhereA is the size of the surface unit cell (Figure 1b) and

ics in plastic and single-molecule electronics. Our findings ¢ is the vacuum permittivity (see Supporting Information

are also discussed in the broader framework of Schottky for an extended discussion and the valueg,Qfo, 6, and

barrier formation atjunctions between metals and inor§aritc AVia. This approach, however, does not take into account

as well as organfé®*semiconductors. the fact that the electrostatic interaction between the (dipolar)
Details on the density-functional theory (DFT) calculations polarizable molecules leads to a reduction in the dipole

employed in the present study are reported in the Supportingmoment per molecule in the SAM. Extracting the actual step

Information. The methodology has been extensively testedin the macroscopic electrostatic potential across a single, 2D

and benchmarked elsewhéfe. molecular layer (no metal present) from our self-consistent
The molecules investigated in the present study are shownDFT calculations yields a much small&,,. (Table 1).

in Figure l1a. The structure encircled by the dotted contour, While more elaborate models can be found in the litera-

4-mercaptobiphenyl on Au(111), serves as the referenceture/17? this mutual depolarizationof the molecules has

system. Starting from this compound, various headgroupsfrequently been accounted for by simply introducing an

(=SH, —CN, —NH,) are placed on the'4$osition. For the additional effective dielectric constanty, into the denomi-

simple hydrogen headgroup-H) and the Au(111) surface, nator of eq 182125 Comparing the values for\Vyac

the length of the conjugated core is varied from one to three calculated via eq 1 with those fatV,,c extracted from the

rings (1P, 2P, and 3P); in all three cases, the docking groupsDFT calculations on the 2D molecular layers yields ¢he

are varied: thiol £ SH), selenol {-SeH), isocyanide{NC), values listed in Table 1. It is important to note thag is
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Table 1. Potential Step Across the (Saturated) 2D Infinite
Layer of MoleculesAV,,, in V; Effective Dielectric Constant
of the Molecular Layer¢es; Left and Right Side lonization
Potential, IR« and IRgn, and Electron Affinity, EAy and
EAright: in e\

system AViac €eff I[Pt IPright EAler EAright
SH|1P|H —-0.52 1.91 5.57 5.05 1.49 0.97
SH|2P|H -0.370  2.22 5.27 4.89 2.18 1.80
SH|3P/H -0.35 2.41 5.13 4.78 2.48 2.13
SeH|1P|H —-0.52 1.99 5.42 4.90 1.51 0.99
SeH|2P|H —-0.41 2.25 5.24 4.83 2.21 1.80
SeH|3P|/H -0.39 2.48 5.14 4.75 2.52 2.13
CN|1PH —-3.34 1.96 8.84 5.51 4.80 1.46
CN|2PH —-3.40 2.26 8.47 5.07 5.38 1.98
CN|3PH —-3.40 2.46 8.27 4.87 5.60 2.20
Pyr|1P|H —-2.34 1.63 7.09 4.75 3.45 1.11
Pyr|2P|H —-2.45 1.92 7.19 4.74 4.31 1.86
Pyr|3PH —-2.52 2.30 7.18 4.66 4.65 2.13
SH|2P|CN 3.84 2.30¢  5.17 9.01 2.34 6.18
SH|2P|NH; —1.49 3.09¢ 5.12 3.62 2.19 0.69
SH|2P|SH 0.19¢ 5.08 5.27 2.20 2.39

aSee text for details on the highlighted numbérhe values for
SH|2PH on Ag (—0.38) is slightly larger than on Au because of the
somewhat smaller lattice constant of Ag and thus tighter packing of the
molecules in the SAMS For the symmetric substitutiod\Vy4c arises from
the fact that the (slightly asymmetric) atomic positions of the final relaxed
structure of the adsorbed SAM were used for the (hydrogen-terminated)
molecular layer.

not simply the static dielectric constant of theconjugated

core of the molecules, but rather a convenient construct to

moment, and thug\V,,, does not arise from long-range
intramolecular charge transfer (i.e., isolated charges on either
end of the molecule). Rather, they originate from different
bond polarizations localized around the headgroups; the
potential distributions in the region of the molecular core
are virtually identical for all molecules. Moreover, the
dependence akV,,c on the molecular length is found to be
weak (Table 1). The above observation rationalizes also why
the choice of the headgroup has a stronger impact.pn
than the length of ther-conjugated core (Table 1).

When keeping the same headgroufH) but varying the
docking groups, the electrostatic potentials exhibit the
opposite behavior (Figure 2b). In this instance, thgntRnd
EAign values are practically identical, while thePand
EAe values are markedly different (Table 1); note that the
potentials for the—SH and —SeH docking groups lie
virtually on top of each other. Thus, the docking groups are
also seen to significantly affect onlyheir end of the
molecular layer; the differences indfPand EAe values can
be attributed to variations in local electrostatic potential due
to different bond polarization in the spatial region around
the docking groups.

Work-Function Modification. To determine the SAM-
induced modification in work functionA®, the impact of
the bond formation between the isolated layer of molecules
and the metal surface needs to be assessed next. The charge
rearrangemenjgirr, occurring at the metalmolecule inter-
face upon bond formation between the molecules and the
metal can be extracted from the calculations on tf&H
and —SeH docking groups &85

capture the effect described above. This becomes apparent,

e.g., from the fact that for the same core, biphenyl, the value

for eer changes from 2.3 to 3*in going from SH2PCN
to SH2P|NH, and thus depends on the headgroup substitu-

Paitt = £ — (Pau T Prmol — PH) (2.a)

tion. To explore the connection between the terminal groups Where one covalent bond &1 or Se-H) is replacedby

and the molecular dipole moment as welkag we analyze
the electrostatic potential distribution in these infinite 2D-
periodic molecular layers.

In Figure 2a, the electrostatic potential of the molecular
layers, as averaged in thxg plane (Figure 1), is shown for
SH|2Px with x = H, SH, CN, and NH, together with the

another covalent bond (SAu and Se-Au). For —NC and
—Pyr, a new covalent bond fsrmedbetween molecule and
metal, and the expression reads:

Pait = £ — (Pau + Pwvior) (2.b)

energy levels corresponding to the highest occupied andHere, p is the total charge density from the self-consistent

lowest unoccupied MOs (HOMO and LUMO). We empha-
size that the situation in the 2D molecular layer is conceptu-
ally different from that of a single molecule. In the latter

calculation on the full metaiSAM systempp, is the charge
density of the clean metal surfaggyo is the charge density
of the molecular layer, angl, is the charge density associated

case, a single, well-defined vacuum level permits the unique with the single layer of hydrogen atoms that needs to be

definition of a single ionization potential (IP) and electron
affinity (EA). In the former caseAV,,. divides space into
two regions with different values for the macroscopic
electrostatic potential in the vacuun®" on the docking-
group side an(‘j/\',ig?t on the headgroup side; therefore, there
exist two ionization potentials, I&? and IRg, as well as
two electron affinities, Efx and EAig:.*®%® The most
striking feature in Figure 2a is that the values fogdRnd
EAew are nearly the same for all four systems, whilgghP
and EAign: depend significantly on the headgroup substitution
(Table 1) This implies that the headgroups affect othigir
end of the molecule. The potential distributions in Figure

removed upon adsorption of the molecular layers withH
and —SeH docking groups (see Supporting Information).
In the upper panels of Figure g is shown for all
docking groups and chain lengths on Au(111) withl as
headgroup; results for theSH and—SeH docking groups
once again coincide. The corresponding graphs fQB/RIP|x
with x = SH, CN, and NH have been reported elsewhéfe.
Analysis of pgir leads to the following conclusions: (i) the
charge rearrangement is mainly localized around the im-
mediate moleculemetal interface region (with the exception
of the pyridine docking group); (ii) no significant net long-
range charge transfer between SAM and metal is observed

2a show that, for the molecules investigated here, the dipolefor any system (see Supporting Information).
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Figure 2. Plane-averaged electrostatic potentials of the isolated 2D molecular layers of: (a) biphenyls-v@th docking group and

—CN (magenta);~SH (cyan),—H (brown), and—NH; (purple) headgroups; (b) molecules with twwaconjugated rings with aH headgroup
and—NC (yellow), —Pyr (green),—SH (red), and-SeH (blue) docking groups. The horizontal lines indicate the energetic positions of the
highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbital (LUMO). Also indicated are the left and right
vacuum levels (% and V!9), left and right ionization potentials (U2 and IRgn), as well as left and right electron affinities (kfand

EArigm).
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Figure 3. Charge density redistributiopgis (top) and resulting bond dipole BD (bottom) that occur upon bond formation between the
Au(111) surface and the 2D layers of molecules with one (dotted line), two (dashed line), and three (solidctimglgated rings. All
molecules have aH headgroup. The vertical lines indicate the positions of the gold layers, the docking group atom(s), the first atom in
the ring, and the-H headgroup of the longest molecule. Note that the scale of the ordinate in the upper right panel is different from those
of the top left and center panels; see text for details on the shaded region in the top right panel.

Importantly, by integrating the one-dimensional Poisson The data in Figure 3 shows that, for theSH, —SeH, and
equation V2V = —pgileo, the magnitude (Table 2) and spatial —NC docking groups, BD exhibits no pronounced depen-
extent (Figure 3) of the electrostatic potential step causeddence on the length of ther-conjugated core of the
by pair can be evaluated; conceptually, this procedure is molecules; it is only in the-Pyr case (wheregs extends
equivalent to summing over a series of small, localized well into the molecular layer for any length) that a
dipoles by repeatedly applying eq 1. Very much likg:, pronounced chain-length dependence is observed. Note that
this potential step is localized around the immediate bonding BD can point either way: depending on the choice in docking
region between molecule and metal for th8H, —SeH, and group, the electrostatic potential immediately outside the
—NC docking groups (Figure 3); hereatfter, it will be referred interfacial region around the metaiolecule bond is either
to as thebond dipole BD (we stress that BD incorporates pulled up (NC) or pushed down-{SH, —SeH, —Pyr).
both the reduction of the intrinsic surface dipole of the metal ~ With the contributions from both the molecular dipoles
andthe local charge redistribution due to bond formation). and the interfacial bond dipoles in plack® can now be
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Table 2. Bond Dipole, BD, in V; Work Function ModificationA®, in eV; lonization Potential and Electron Affinity of the SAM,
IPsam and EAsaw, in eV; Correction for the Energetic Positions of the Frontier Molecular Orbitals in the SEf'° and ELOY©, in

eV; and Energetic Position of the Frontier Molecufgrr*] States with Respect to the Fermi LevAlEyops [AE upg, in €V

system BD AD IPSAM EASAM Eg?rMO Ei‘gﬁwo AEHOPS AELUPS
Au|S|1PH —1.05 —1.57 4.72 1.08 0.32 —0.11 —1.09 2.55
Au|S|2PH —-1.17 —1.55 4.69 1.70 0.21 0.11 —1.03 1.96
Au|S|3PH —-1.19 —1.54 4.65 2.08 0.13 0.05 —0.98 1.59
Au|Se|1P|H —1.05 —1.57 4.61 1.04 0.29 —0.05 —0.96 2.61
Au|Se|2P/H —1.15 —1.57 4.58 1.71 0.25 0.10 —0.93 1.94
Au|Se|3P/H —1.18 —1.57 4.55 2.07 0.19 0.05 —0.91 1.57
Au|CN|1PH 1.15 —2.18 5.34 2.43 0.17 —-0.97 —2.28 0.63
Au|CN|2PH 1.28 —2.12 5.06 2.50 0.00 —0.53 —1.94 0.62
Au|CN|3PH 1.32 —2.09 4.91 2.52 —0.03 —0.32 —-1.75 0.64
Au|Pyr|1P|H —1.01 —3.35 5.65 1.19 —0.90 —0.08 -3.79 0.67
Au|Pyr|2P|H —0.58 -3.03 5.56 1.97 —0.83 —0.11 —3.37 0.22
Au|Pyr|3P|H —0.18 —2.71 5.14 2.30 —0.49 —0.18 —2.63 0.21
Aul|S|2P|CN —1.18 2.65% 8.84 6.12 0.16 0.05 —0.99 1.73
Aul|S|2P|NH, —1.20¢ —2.69¢ 3.47 0.59 0.15 0.10 —0.96 1.92
AulS|2P|SH —1.21¢ —1.02¢ 5.13 2.27 0.13 0.11 —0.95 1.91
Ag|S|2P/H —0.39 —0.77 4.88 1.76 0.01 0.04 —1.16 1.96

aThese values deviate slightly (by max 0.02 eV) from those reported in ref 48 because the accuracy of the computational procedure has since been
improved. The conclusions drawn in either work are not affected by these minor numerical differences.
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Figure 4. Schematic representation of the changes in electrostatic potential upon SAM formation forl 8i2PACN system: The work
function, ®ay111) Of the clean gold surface (a) is defined by the difference between its Fermi lgyelnd the vacuum level (horizontal
dash-dotted red line). Upon bond formation, the potential step (b), BD, shifts the potential of the molecular layer (c), down in energy with
respect toEg, leading to the final situation (d). In (c), the left ionization potential and electron affinify &d EAer, are shown. BD
realigns these levels with respect to the metal leading to their energetic position in the &fthlsystem (d) with respect B, AEnops

and AE, yps, and the vacuum level outside the SAM covered surfacesnd EAsauw. The potential step across the dipolar molecular
layer, AVy,c (C), together with BD (b), modifie®ay111) by A® to yield the work function of the SAM-covered surfa@ﬂ?d (d). Note that,

for the sake of clarity, the energy scaledxis) is expanded in (b).

described on the basis of the microscopic picture developedpotential of the combined metaSAM system (Figure 4d).
above. The evolution of the interface energetics upon SAM The initial work function®aya11) is modified by A®, the
formation is schematically shown in Figure 4 for the sum of AV,,c and BD, to yield a metal surface with a
Au|S|2PICN system taken as an example. The two relevant modified work function,d{°%18-21.25

isolated subsystems are the clean metal surface (Figure 4a)

with work function®aya11)and the saturated molecular layer A® = AV,,.+ BD 3)
(Figure 4c) with an associated potential st&®,sc due to

the aligned dipole moments of the individual molecules. The calculated values fok® are listed in Table 2. Note
Upon bond formation between the molecular layer and the that theAds and BDs can also be extracted directly from
clean Au(111) surface, a BD is established (Figure 4b) that the self-consistent DFT calculations on the full metaAM
pushes the electrostatic potential in the spatial region of the system; they coincide with those obtained by the procedure
SAM down in energy. This then leads to the final electrostatic outlined above. With-H as a headgroup, all molecules lower
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E E and to the lowest energy peak in the unoccupied region
'HOPs [ ' ' (aboveEr) aslowest unoccupiedr*-states (LUPS) rather
than as HOMO and LUMO, respectively.

] We find that the frontier molecular- and z*-states

UPS (HOPS and LUPS) come to lie highest with respecEto

Y for the —SH (—SeH) docking groups, at intermediate

positions for—NC, and lowest for—Pyr; the choice of the

docking chemistry thus permits tuning thedealignment
-2 0 2 4 over a range of seeral eV.These results are consistent with

Energy [eV] recent experimental data available foSH and—NC 5459

- As discussed elsewhetéthe effect of headgroup substitu-

— tions on the alignment of the frontiar andzr*-states relative
| . to Er is negligible (Table 2). In this context, it is important

-NC |

4

PDQOS [arb. u.]

to note that, with the exception of thePyr docking group

I (see inset in Figure 5), no sharp features appear in the PDOS

4 206—2 4 m near Er that could pinpoint the energetic position of, e.g.,
Energy [eV] — an Au-S state/*’® Instead, we find a continuum of states

in the “intragap” region (i.e., the energy range between HOPS

Figure 5. Density of states projected onto the molecular region and LUPS) that all have significant contributions on the metal
(PDOS) of the SAM-metal systems for molecules on Au(111) with  anqd the docking grouy.

one (thin line), two (intermediate line), and three (thick line) . . .
-conjugated rings and different docking groups; the headgroupis  Conceptually, the line-up of the frontier MOs with the
—H. The graphs have been offset vertically for the sake of clarity. metalEr can also be understood on the basis of the schematic

The frontiersz- and 7*-states are indicated in each case, and the diagram shown in Figure 4. With the (saturated) molecular
Au—N state is shown in the inset. layer (Figure 4c) still isolated from the clean gold surface
(Figure 4a), the initial level alignment is determined by the

the metald® upon SAM formation, with the magnitude of €nergy difference betweendP[EAer] and ®ayuizy Upon
the decrease strongly depending on the docking group. Evenestabhshm_g contac_t, B_D, toa flrs_t apprQX|mat|0n, shifts the
in the case of the-NC docking group, the strongly positive electrostat_lc potential in the spa_tlal region of the molecular
BD is overcompensated by the molecular dipa/fsc < layer relative toEF and, accordmgly, also the molecular
0), leading to an overall negatived. An increase in® is energy levels (Figure 4b). This leads to the final band
observed only for the-CN headgroup (together with an alignment (Figure 4d), best described by the energy differ-
—SH docking group). This implies that BD together with €nce between the HOPS [LUPS] aBd AErops [AELupd]
the built-in dipole of the specific docking group is at least (Table 2).
equally important for the SAM-induced modification of the ~ As a secondary effect, the bond formation between metal
substrate work function as the headgrdBippth the docking ~ and molecule slightly perturbs the electronic structure of the
group and the headgroup are thus seen toyme largely molecules. To quantify the extent of this perturbation
independent pathways for tuning. While for the other  (Efor'® and Econ'©), we compare IRn [EArgn] of the
docking groupsA® is only slightly affected by the conjuga- isolated molecular layer (Figure 2) with the energy difference
tion length of the molecules, a marked dependencA®f between the HOPS [LUPS] and the vacuum level outside
on molecular length is observed in the case of-H#Ryr linker the SAM, IRsav [EAsav] (Figure 4d and Table 2). The values
(arising from the strong chain-length dependence of BD for for Efor'© andELoy are typically<0.3 eV; in most cases,
the —Pyr systems). Note that the calculated values/Adr they decrease with increasing chain length as the local
are likely to represent an upper limit for what can be observed electronic perturbation around the metatolecule bond
experimentally because the high coverage and order assumedontributes to a lesser extent to the overall electronic structure
in the calculations is difficult to achieve in practice, especially of the molecules. Significantly larger values are found only
for the highly dipolar molecules among those investigated for the LUPS in the case of the isocyanideNC) docking
here’® group and the HOPS in the case of theyr docking group.
Level Alignment. The density of states of the total metal ~ For the former, this can be attributed to the uncertainty in
SAM system projected onto the molecular region (PD®S) the determination of the energetic position of the LUPS (see
is shown for all docking groups and chain lengths on Au- Supporting Information). For the latter, a new state appears
(111) in Figure 5; again, the SH and—SeH docking groups  in the intragap region, mainly localized on the gold substrate
are seen to behave identically. At this point, it is important and the N atoms (Figure 5); the appearance of this-Nu
to note that it is not straightforward to unambiguously state can be held accountable for the large energy correction
associate the peaks in the PDOS arousd with any to the neighboringr-states (HOPS). Naturally, termation
particular MO of the isolated molecule (see Supporting of a new covalent bond between metal and molecules in the
Information). Thus, it appears more adequate to refer to thecase of—~NC and—Pyr leads to a stronger perturbation of
highest energy peak in the occupied region (bekpy of the molecular electronic structure than théstitutionof a
the molecular PDOS dsighest occupiedr-states(HOPS) bond in the case of- SH® and —SeH.
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Figure 6. (a) Charge density rearrangemesy (top), and resulting bond dipole, BD (bottom), occurring upon the formation of a SAM

of 4-mercaptobiphenyl on Au(111) (left) and Ag(111) (right). The vertical lines indicate the positions of the metal, sulfur, and first carbon
atoms and the arrows mark the region where the main difference between silver and gold occurs. (b) Density of states projected on to the
molecular region (PDOS) of SAMs of 4-mercaptobiphenyl on Au(111) (yellow) and Ag(111) (gray). The vertical line marks the Fermi

level, Ef; the energetic position of the HOPS and LUPS is also indicated.

To summarize, the alignment of the HOPS and LUPS
relative toEr can be expressed as:

HOMO
Ecorr

AEops= © — IP; + BD + (4.9)

LUMO
Ecorr

AE jps= D — EA, + BD + (4.b)

with the values for the respective terms listed in Table 2.
Note that different adsorption sites (see Supporting Informa-
tion) may lead to a somewhat different chemical bond
between docking group and metal, thus to slightly different
BD andE.. values and, consequently, to slightly different
AEnops and AE yps values. However, careful testing and
comparison with available literature d&t&®indicates that

these variations are inconsequential for the main conclusions

drawn in the present work.

In general, the chain-length dependence of the molecular
level energies is more pronounced for those levels that are
farther away fromEg. Of particular interest is the case of
the gold-pyridine system (A{PyrNnP/H with n = 1...3).
Here, AE ups is reduced noticeably upon increasing the
length from 1P to 2P but remains constant upon further
increasing the length from 2P to 3P: the Fermi level becomes
pinnedby the LUPS; it does not moviato the delocalized
m*-states because this would lead to the electrostatically
unfavorable situation of charging the molecule. Instead, the
system responds by extendipg:, and thus BD, farther into
the molecular region (shaded region in Figure 3). Importantly,
this observation indicates that, regardless of the relative
energetic situation prior to adsorption, molecules of the type
investigated here cannot be forced to line up their delocalized
frontier - or w*-states withEr. Rather, this situation is
avoided by building up an alternating charge redistribution

The mechanism of level alignment discussed above is in
many ways reminiscent of the concepts developed for more
conventional metatsemiconductor junctions, both or-
ganic384and inorganié® 2 However, by taking into account
the full electronic structure at an atomistic level, we are able
to derive here a more chemical insight into these concepts.
In particular, our results underline the importance of the
docking group for the interface energetics. First, it acts as a
dipole layer between the metal and theconjugated core
of the molecules and thus impacts the offset between the
chemical potentials of the two subsystems (i.e., the driving
force for charge equilibration). Second, the details of its
chemical bonding to the metal and to tleonjugated core
determine the amount of interaction-induced broadening of
each molecular level and, consequently, the number and
spatial extent of (rapidly decayifff? states appearing within
the molecular gap. Following concepts from classical semi-
conductor physics (like the charge-neutrality |6%et),
electronic equilibration via charge flow from and into these
states ultimately determines the naturegf as well as the
atomistic structure and magnitude of BD and thus the level
alignment.

Impact of Substrate Metal. SAMs of organic molecules
have been investigated on a variety of (noble) metal
surface® in order to study the impact of the metal work
function on single-molecule transpdft°Here, we compare
the most widely used metals, silver and gold, with an
adsorbed SAM of the reference molecule, 4-mercaptobi-
phenyl, i.e., AUS|2P[H and AgS|2PH.

The data in Figure 6a shows that subtle differences;in
around the top layer of metal atoms add up to a substantially
different absolute value for BD (Table 2) in the case of silver
(—0.4 eV) as compared to gole-(.2 eV). As a consequence

(a series of dipoles on the scale of bond-length distances) toof the different BD values (eq 3A® is smaller for silver
readjust BD, thus keeping the molecules charge neutral as ghan for gold covered with the same SAM (Table 1). Starting
whole. Similar observations have been made for the case offrom a calculated work functio®ayi11) = 5.2 eV for gold

weakly bound (physisorbed)-conjugated moleculésand
polymers!”78the energetic position dfr within the gap of

the organic could be tuned over a wide range but could not
be forcedinto the HOPS or LUPS.
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and ®aga11) = 4.5 eV for silver (experimental values are
5.3 and 4.7 eV, respectivély, we find that, interestingly,
the SAM-covered metal surfaces both end up with the same
work function of !~ ®R9~3.7 eV. Similar observa-
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tions have recently been made by Blom et'®aMost Supporting Information Available: Methodology and
intriguingly, the different BD values for Ag and Au lead to  extended discussion on isolated molecular layers, the adsorp-
the HOPS and LUPS lying at virtually the same energy with tion pathway, charge transfer, and the perturbation of the
respect toEr (AEqops~ —1 eV andAE yps ~ +2 eV) for molecular electronic structure upon binding to the metal. This
both metals (Figure 6b and Table 2). This indicates that, for material is available free of charge via the Internet at http://
the systems investigated here, the Fermi levepiimned pubs.acs.org.

between HOPS and LUPS and that changing the work

function of the substrate by changing the metal from Ag to References

Au doesnotprovide a handle for tuning the energetic position
of the Fermi level in the molecular gap as would be the case
in the Schottky-Mott limit. Again, the situation is reminis-
cent of junctions between metals and inorgéhf® as well

as organi*54 semiconductors, where the Schottky barrier
height (i.e., AEqops and AE yps) is often found to be
independent of the metal work function.

Conclusions.For most applications ot-conjugated SAMs
on metals, the two most relevant quantities are the relative
alignment of the (broadened) molecular states relative to the
metal Fermi level and the work function of the SAM-covered
metal electrode. Our results illustrate that altering the
electronic structure at the very SAMnetal interface by
changing the docking chemistry significantly impacts both
of these properties. As the SAM must be seen as a dipole
layer, only the local ionization potential and electron affinity
at the docking-group side of the SAM together with the
interface dipole resulting from the bond formation are found
to be relevant for the level alignment. This bond dipole
together with the step in the vacuum potential across the
SAM (resulting from the aligned molecular dipole moments)
determines the work function modification. In all investigated
systems, headgroup substitution on the far side of the
molecule only change the SAM’s local electrostatic potential
on that side of the layer. Consequently, while hardly affecting
the level alignment, these substitutions provide an additional,
largely independent handle on the work function of the SAM-
covered substrate.

Modifying the molecular conjugation length permits shift-
ing the energy of the frontier molecular-states without
interfering with the bonding chemistry; we find that the Fermi
level is pinned within the molecular gap for the strongly
interacting thiol (selenol) and isocyanide linkers (albeit at
different energies), while it gets pinned by the lowest
unoccupied moleculart*-states in the case of pyridine.
Changing the work function of the substrate by replacing
gold with silver does not impact the level alignment and,
interestingly, the two SAM-covered substrates are found to
have virtually identical work functions.
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