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Gold surfaces modified with £-C,g-alkanethiols (CH(CH,)x-1SH; HxSH; x = 3, 8, 12, 16, 18) and &
alkanethiols, fluorinated at the outer 1, 2, 4, and 10 methylene positiongGE}v-1(CH2)xSH; FH\SH;
y=1,x=15y=2,x=14;y = 4,x= 12;y = 10,x = 6) were characterized by He(l) UV-photoelectron
spectroscopy (UPS). (Detailed X-ray photoelectron spectroscopic characterization of the partially fluorinated
thin films is given in the Supporting Information). Long incubation times of the gold surface with the alkanethiol
solutions lead to compact monolayer films for all of the alkanethiols, as indicated by the exponential decrease
in emission intensity versus alkyl chain length for both the gold Fermi edge (UPS data), and by a parallel
decrease in Au(4f) photoemission intensity using X-ray photoelectron spectroscopy. Changes in the effective
work function of these surfaces due to the presence of significant interfacial dipoles are obgexgeaiky!

chain length is increased, anid) (as the fraction of fluorinated methylene groups is increased in a constant
length alkyl chain. Negative shifts of the low kinetic energy photoemission edge with increasing alkyl chain
length in the HSH series are consistent with the presence of a large positive interface dipole. The largest part
of this shift (ca. 1.0 eV) appears between the &d G-alkyl chain lengths. Adding-CF groups to the

outer end of the G-alkyl chain positively shifts the low-kinetic-energy photoemission edge, consistent with
the presence of a large negative interface dipole that completely compensates for the positive dipole from the
alkyl portion of the chain. Examiningg—C; alkyl chains fluorinated at only the outer methyl group shows

that this negative dipole depends on the orientation oft8&; group (i.e., “odd-even” effects in the effective

work function are observed). Comparison of the shifts in gold/SAM vacuum level (changes in effective work
function) as a function of the apparent dipole moment of the molecule provides an estimate of the band-edge
offsets for these molecules on the gold surface, an estimate of the intrinsic shift in a vacuum level at zero

dipole moment of the adsorbate, and an estimate of the intrinsic dipole moment for thatgoldte bond.

Introduction workers have used conductive-tip AFM to characterize barrier
heights and control of tunneling current with arenethiols on
gold®-8 Cahen and co-workers have shown that the rectification
properties of Au/organic and GaAs/organic contacts can be
controlled by the addition of self-assembled monolayers, and
demonstrated that the onset potentials for charge injection
correlate well with the barriers created by surface modifiers with
%oth positive and negative dipol&st? Similar studies using

covalently bonded surface modifiers on metal and metal oxide

Evans? and Campbell et & showed changes in surface surfaces suggest that a wide degree of control of effective

potential as either the length of the alkyl chain or the electron surface work fun<_:t|on 'S_ possiblé, 7 ) o )
affinity of the terminal functional group is varied, while Sita ~ These energetic barriers are also likely to be significant in
and co-workers showed similar effects using arenethiols with controlling the extent of molecular ion fragmentation in a new
different terminal functional grougsHowell et al. recently ~ form of mass spectrometry, known as surface-induced-dissocia-
extended these measurements to submicron dimensional scaleion (SID)?*2! As the positive molecular ions of benzene
using electrostatic force microscopywhile Frishie and co-  (CeHs") and pyrazine (GHsN>*) collide with an alkanethiol-
modified metal surface neutralization of these incoming ions
* Authors to whom correspondence should be addressed. E-mail COMpetes with other fragmentation pathways. Recent studies
(Armstrong): nra@u.arizona.edu. E-mail (Lee): trlee@uh.edu. E-mail have shown that the neutralization probability appears to scale

Chemical modification schemes are of interest to tailor the
effective work function of both conductor (metal, metal oxide,
and molecular/polymeric semiconductors) and nonconductor
surfaces to control energetic barriers to charge injectiéh.
Self-assembled monolayers (SAMs) of alkanethiols on metal
or semiconductor surfaces are one approach to tailoring surfac
composition with close-packed molecules with variable terminal
group composition, chain length, and film thickness. Ulman and

(Wysocki): vwysocki@u.arizona.edu. inversely with alkane chain length of the surface modifier and
T University of Arizona. . . -
* University of Houston. is strongly affected by the presence of high-electron-affinity
8 Technische UniversiteDresden. substituents in the alkane chain. The barriers to injection of an
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Figure 1. (a) Schematic view of normal alkanethiolss&H, HsSH, and HgSH) and partially fluorinated 16-carbon alkanethiolsHfSH, y =

1,2,4,10) examined by UPS in this study. Approximate tilt angles are shown (ref&7180-21); (b) schematic view of HSH and selected

partially fluorinated alkanethiols, indicating the vectoral direction and magnitude of the expected dipole moments: black arrows are for the total
calculated dipole moments; red arrows (along molecule) are shown for dipoles along the molecular axis; and blue arrows represent the dipole
normal to the surface.

electron from the substrate metal to an incoming ion (through monolayer films31-32 No mention was made, however, of the
the SAM layer) are likely to be strongly correlated with the apparent differences in interfacial dipoles that might arise from
barriers of importance for molecular electronic applications of these different surface modifiers. Seki and co-workers have
these same thin films. conducted similar studies on LB-deposited thin films, where
Kelvin-probe measurements, which can be conducted in both shifts in a vacuum levelerenoted because of the addition of
vacuum and atmosphere, and photoelectron spectroscopies have close-packed alkane layer to a metal or semiconductor
been used to estimate changes in effective work functions of substrateé?
metal and semiconductor surfaces as modifiers are added to Recent vacuum-STM studies of$H versus fH,SH films
these surfaces>9716.22-30 Vv photoelectron spectroscopy on Au(111) surfaces by Pflaum et al. have shown that substitut-
(UPS) in high vacuum environments traditionally takes the total ing just the terminat-CHjz group with a—CF; group introduces
width of the photoemission spectrum, subtracted from the sourcea significant Coulombic energy barrier to charge injection,
energy, as an estimate of effective work function of clean metals confirming that dipoles are expressed at both the metal/organic
and semiconductors. UPS and X-ray photoelectron spectroscopyinterface and at the organic/vacuum interf&8urface wetting
(XPS) are also used to follow changes in effective work function studies on similarly modified surfaces also suggest the presence
induced by the formation of heterojunctions, charge exchange of strong local surface dipoles, and Lee and co-workers have
at interfaces, and charge redistribution effects that extend a fewfound that polar liquids wet GRerminated SAMs on gold,
nanometers away from these interfaé&s? In addition to derived from CK(CH,),SH, markedly more than GHermi-
traditional metal/semiconductor and semiconductor/semiconduc-nated alkanethiols, derived from GCH,),SH354° These
tor heterojunctions, these measurements have recently beemrnhanced wettabilities to polar liquids, however, decrease
applied to a series of vacuum-deposited organic layers on metalssystematically as the degree of fluorination is further increased
metal oxides, and other semiconductors, and on organic/organic(i.e., with the use of C{F(CH,)n-1SH and more highly
heterojunctions. When charge exchange occurs upon formationfluorinated alkanethiols).
of heterojunctions, shifts in the vacuum level are observed, We document here our recent studies of compact layers of
which can be as large as 1 eV and are attributed to interfaceboth hydrocarbon and partially fluorinated alkanethiol mono-
dipole formationt22-30 These effects are, in general, much layers on gold, as shown in Figure 1, with special attention paid
larger for adsorption of organic layers on metal surfaces with to the shifts that occur in the photoemission spectrum at the
large intrinsic electronic surface dipoles, and much smaller for low kinetic energy (KE) edge. As shown schematically in this
organic/organic heterojunctions. The general rules in discussingfigure, we assume that the alkanethiol chains terminated with a
work function changes, interface dipole effects, and the influence single—CFs group adopt essentially the same packing behavior
of these changes on device properties have been recentlyas for the—CHj; terminated chains<CHs; terminated chains
reviewed and restated by Cahen and Ké&hn. have (/3 x +/3)R30 structures with a ca. 5.0 A lattice spacing,
Duwez et al. recently reported the characterization of al- a tilt angle of 35 (relative to surface normal), and/twist
kanethiols, alkanedithiols, and cyclopentyl- and cyclohexylal- angle of 53 (rotation around the molecular axis) (Figure
kanethiols adsorbed on gold surfaces using UV-photoemission1).116:4%44 As the fraction of—CF, groups on the alkyl chain
spectroscopy to probe the structure and compact nature of thesés increased, the fluorinated sections are expected to adopt a
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more upright orientation with respect to the surface normal (tilt Fermi edge relative to the lowest KE region were consistent
angles of ca. 18versus ca. 39, occupying more space on the for all samples. All spectral features for identically modified
surface (forming p(Z 2) or c(7x 7) structures with an average = samples appeared at energies reproducible to witdid5 eV.

intermolecular spacing of ca. 5.9AThe abbreviated notations Previous investigations have suggested that alkanethiol-based
used in this paper for thiol monolayers arSt for the SAMs are sensitive to X-ray-induced modificatitfit” The
molecular formula Ch(CH)x-1SH and FHxSH for the mo- X-ray source was therefore operated at only 150 W, sample
lecular formula CE(CF,)y-1(CH2)xSH. exposure to X-rays was kept to a minimum (ca. 30 min or less),

Shifts in low-KE edge (vacuum level) are observed from these and all XPS data were collectegfter the UPS data were
data, but the majority of the effect is obtained with either the obtained to further minimize damage. UPS data recorded after
shortest chain length alkanethiols (positive interface dipoles) XPS characterization, however, showed no discernible changes

or with the minimum addition of fluorination to theigalkyl in frontier orbital photoemission, which might have arisen had
chain (addition of a negative dipole). The positive dipole decomposition occurred.
achieved by addition of thegalkanethiol to the gold surface To ensure that these thin films retained their composition

is compensated by the presence of electronegative fluorinethroughout their characterization, XPS data were collected for
groups, suggesting a convenient means of controlling the energythe partially fluorinated alkanethiol series on gold, before and

barrier to charge injection at such interfaces. Comparison of after UPS analysis (A figure showing these XPS data appear at
the shifts in a vacuum level induced by the addition of both the the end of this manuscript and is available as Supporting

normal and partially fluorinated alkanes provides a means of Information). The C(1s) XPS data for the same series of Au

estimation of the intrinsic shift in a vacuum level induced by surfaces as in Figure 5 showed a monotonic decrease in
an alkanethiol with zero effective dipole moment, and hence photoemission intensity of the GHike hydrocarbons (285:6

the intrinsic dipole moment in the gotdhiolate bond. 285.3 eV) and an increase in photoemission intensity of the
CFR-like hydrocarbons (291.5 eV) as the extent of fluorination
Experimental Section increased. Changes in absolute peak areas, and the area ratio

and relative atomic ratios (GFHy), computed from these XPS
data, all agreed with those expected from stoichiometric material
and did not change with X-ray exposure time, demonstrating
that the composition of the partially fluorinated films is
%onsistent with previous characterizations of their composition
and structure. In addition, no C(1s) XPS peaks were observed
at binding energies between 286 and 291 eV, further confirming
the stability of these partially fluorinated alkyl chaitfs.

UPS Measurements-Gas PhaseGas-phase photoelectron
spectroscopy was performed for several of the alkanethiols and
partially fluorinated alkanethiols, using instruments and general
experimental methods that have been described in detail
previously*® The alkanethiol ESH is a liquid and was
introduced into the spectrometer from a sealed glass tube with
a sidearm attached to an internal stainless steel tube via a
variable leak valve with no need for sample heating. Similarly,
H1,SH is also a liquid, and the data were collected with the
sample in an internal aluminum sample cell that had been cooled
to 10-18 °C. All other samples analyzed by gas-phase
spectroscopy were solids, and the data were collected with the
samples in the aluminum sample cell, which was heatedto 40
85 °C depending on the volatility of the samples. The argon

. . . 2Py, ionization at 15.759 eV was used as an internal calibration
ments were conducted in a combined UPS-XPS Kratos Axis lock, and the difference between the ard®y. ionization and

Ultra with an average base pressure of °LJorr. Several the methy! iodide?E,, ionization at 9.538 eV was used to

identical gold samples were examined in succession during eachgjiprate the jonization energy scale. The instrument resolution
day of analysis so that all of the alkanethiol-modified gold (measured by the full width at half-height of t#y, ionization

surfaces or partially fluorinat_ed a"‘?‘”thio"T"Odified gold Ar) during data collection was always better than 25 meV.
surfaces could be characterized with identical instrument

parameters. XPS data were collected with monochromatic : :

Al(K o) radiation at a pass energy of 20 eV. UPS spectra were Results and Discussion

obtained with a 21.2 eV He () excitation (Omicron VUV Lamp Characterization of Thin Film and Gas-Phase Alkanethi-

HIS 13) and pass energy of 5 eV. For all UPS analyaesV ols by Photoemission Spectroscopiebigure 2 shows the He-
bias was applied to improve the transmission of low KE (I) UPS data (kinetic energy scalg V added bias to enhance
electrons and to improve the determination of the energy of the detection of the low-KE electrons) for clean gold foils and
the low-KE edge’?-30 Separate UPS spectra and XPS spectra for gold foils modified with the alkanethiols 43H to HigSH.
were measured for a sputter-etched, atomically clean gold Figure 3 shows an expanded view of the Fermi edge region of
sample on each day of analysis before characterization of thethese photoemission spectra (binding energy scdig far Au).
SAM-modified samples to ensure that instrument parameters As the carbon chain length increases, the photoemission spectral
were the same as for all previous studies. This process ensuredeatures from the underlying gold substrate are replaced at high-
that the low-KE edge, relative intensities of the low and high KE by the photoionization features of the alkyl chain and at
kinetic energy peaks, and the intensity of photoemission at the low-KE by an increased intensity in the background of scattered

Sample Preparation. Polycrystalline gold foil samples
(area= 1 cn¥) were cleaned with a solution of micropolishing
alumina, with 1.0um and 0.3um particle sizes, and rinsed in
water and ethanol. These samples were then soaked in a sulfuri
acid—hydrogen peroxide (30 %) mixture (ratio 4:1) for 15 min.
After rinsing in ethanol and drying with purified nitrogen, the
samples were inserted in an air plasma-cleaner (Harrick) for
15 min at 60 W power dissipation.

These gold samples were then immediately immersed in
1 mM ethanol solutions of either the alkanethiol or the partially
fluorinated alkanethiol for 72 h. Normal alkanethiols were
purchased from Aldrich and used without further purification.
The fluorinated alkanethiols were synthesized using established
procedures (fHxSH and FHyxSH)2° After emersion from the
thiol solution, the SAM-modified gold foils were rinsed in
ethanol, dried with nitrogen, and immediately loaded into the
ultrahigh vacuum surface analysis chamber. Exposure to the
atmosphere after modification typically occurred for less than
one minute. XPS analysis of such samples, in the S(2p) region
showed no detectable oxidation of the sulfur groups to form
functional groups such asSGs~.

UPS and XPS MeasurementsThin Films. All measure-
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Figure 2. UV photoemission spectra for clean Au and Au modified
with HsSH, HsSH, HioSH, and HgSH. The inset shows the shift in the
low-KE edge (shift in a vacuum level) of these
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resolve above background for the longer chains. The absolute
kinetic energy for the gold Fermi edge emission does not shift
with increasing carbon chain length, and we assume that
electronic equilibrium is maintained between the alkane layers,
the gold substrate, and the spectrométe’? An additional
spectral feature is also seen in the UPS data for ba®HH
and HSH films on gold, at a binding energy of ca. 1.4 eV
(* indicated in the spectra of Figure 3). This is a spectral region
where there is no photoemission from the alkane chains and no
peak in the Au(5d) photoemission spectrum, and is attributed
to ionization of a gole-sulfur orbital>’~5° From these spectra,
and those which follow, the energy of the first ionization
potential (IP) is determined with respect to the Fermi energy

iA
o E of the underlying substrate, although these alkanethiols and
Au W FAu partially fluorinated alkanethiols provide no fully resolved
I e ho > ionization peak from the HOMO, in contrast to what is often
T ’ , r . , . , . . observed for various small molecule adsorbdte® Shifts in
5 10 15 20 25 30 the effective work function®y,) of these modified gold surfaces

are monitored by subtracting the width of the He(l) photoemis-
sion spectrum (i.e., the difference between the high-KE and low-
KE edges of the spectrunW) from the source energy, 21.2
eV.22730 Since the Au Fermi edge feature does not shift with
addition of the alkanethiol layer, these change®ifn(A—also

] described as a shift in the vacuum level) are most effectively
2] ' followed by monitoring changes in the energy of the low-KE

=5 “-\ edge. In conventional studies of metal and semiconductor

u " surfaces, it is understood that this work function can be altered

4 N, by the presence of submonolayer organic or inorganic additives

T , E S that shift the vacuum level at the substrate/adlayer interface,
20N . E] .}"i“m-@q shifting the low-KE edge of the photoemission spectrum by 0.1

5 : to 1.0 e\/53-56

3 : 0246 8 I 214161820 The spatial distribution of photoemission events in these
£ . alkanethiol layers is important to consider, since shifts in the

Fermi edge low-KE edge should sample changes in electronic properties at

H18

| at0eV

25 20 1.5

10 05 00 -
Binding Energy (eV)

the gold/SAM interface in order for the calculations of work
function changes to be valid. Duwez and co-worketsand
Seki and co-workeP8 have both estimated the escape depth,

for photoelectrons at ca. 15 eV kinetic energy (below the Fermi
edge photoemission for gold in a He(l) UPS experiment) to be
ca. 5-8 A for compact hydrocarbon monolayer films. Our own
data confirm this estimate. The inset in Figure 3 shows that the
Fermi edge photoemission intensity decreases exponentially with

Figure 3. Expanded view of the Au Fermi edge photoemission region b ber in the alkvl chai d thi tonic d .
for the spectra in Figure 2, showing the systematic loss in intensity of carbon number in the alkyl chain, an IS monotonic decay In

the Au Fermi edge photoemission signal and the growth and loss of a F€rmi edge intensity with increasing chain length is consistent

new photoemission feature at ca. 1.4 eV binding energy (*) (3- and with the formation of hydrocarbon monolayers that are compact.

8-carbon chains only). The inset shows the exponential decrease inFrom this plot, we obtain an inelastic mean free path of ca. 8

Au Fermi edge photoemission i.ntensity with increasing alkyl phain A for escape of photoelectrons through the alkyl chains, at the

;Egggsb‘(’;g;‘r’]r 2.?323 ?:'ﬁ:irr‘]ess (filled squares) and partially fluorinated e of the Au Fermi edge, assuming an average chain tilt angle
’ of 35°, 1.27 A incremental chain length perCH,— unit, a

secondary electrons that arose initially from photoemission in thickness per-CH,— unit of | = 1.27(cos 35), and a Au-S
the gold near-surface region, as well as in the alkanethiol layer, distance of 2 &4~47 The total sampling depth for the photo-
This background of secondary electrons increases exponentially2Mission experiment is conservatively 8.e., at least 24 A)
in intensity to lower kinetic energies and abruptly terminates nN€ar the Au Fermi edge, where the takeoff angle for photo-
when the kinetic energy of these secondary electrons no longer€Mission is 0 vs the surface normat. The escape depth is
exceeds the effective work function of this modified surface. further presumed to increase rapidly with decreasing KE below
The escape probability for the lowest-KE photoelectrons is this energy, but with considerable uncertainty in its magni-
strongly sensitive to even small changes in surface compo-tude’®~>2and we therefore assume that photoelectrons escaping
Sition 24.49-56 the alkanethiol layers near the low-KE cutoff, &t @Gkeoff

The photoemission from the Au Fermi edge at higher kinetic angles, sample the entire SAM layer and the gold/SAM
energy can be detected above background, even from theinterface.
surfaces covered with the longest alkyl chains. The residual Gas-phase UPS data fog$H, Hi»SH, and HsSH are shown
signal from photoemission from the Au(5d) valence band region in Figure 4a for comparison with the thin-film spectra. It is worth
(e.g., the spectral feature just above 20 eV KE) is still apparent noting when comparing these data to the thin-flm UPS data
in the UPS data for kBH to HsSH thin films, but is difficult to that various conformations of these molecules are likely present
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"'1. Figure 5. UV photoemission spectra for clean Au and Au modified
with Cie-alkane thiols, fluorinated at the outer 1, 2, 4, and 10 methylene
| positions (fHSH;y =0,x=16,y=1,x=15;y=2,x= 14,y =
F10H6SH . | F2H14SH 4,x =12;y = 10, x = 6). The inset shows the shift in the low-KE
- Ny ; cutoff energy as a function of the number of fluorinated methylene
~ gl A W F1H1SSH units, relative to the low-KE cutoff energy for clean Au. The addition
of one CR; group at the terminus of the alkyl chain is nearly sufficient
to increase the low-KE cutoff to that for clean Au, additional
fluorination of the chain makes the effective work function exceed that
of clean Au.

respectively). Despite the fact that these chains are expected to
—F——————F——7—— exhibit slightly less dense packing and Iirger effective thickness
20 18 16 14 12 10 8 as the exten.t of quolrlnatK.)n |ncr§as°és, the attenuatlor} of
lonization Energy (eV) the Au Fgrm| edge_ signal is consistent for all of the fluorinated
alkyl chains examined, and scales with the number of carbons
Figure 4. Gas-phase UV photoemission spectra for three different in the alkyl chain, as seen with the normal alkyl chains (see
alkanethiols (upper) and three different partially fluorinated alkanethiols gpen circles in inset of Figure 3). As the extent of fluorination
(lower). The sharp peak at high KE arises from ionization of the sulfur ;0 aages at the chain terminus, there is a systematic increase
lone-pair orbitals (marked by ). The highest-energy ionization edge . ! -
for ionization of orbitals of the alkyl chain shift to higher KE with n the_ low-KE (_:UtOﬁ energy of these photoemission spectra.
increasing chain length and shift to lower KE with increasing extent 1he difference in low-KE edge between thgsBH- and BH1»
of fluorination of the chain (see text). Extra ionizations arising from SH-modified Au surfaces is ca. 1.8 eV (inset in Figure 5),
argon (2p) lines used to calibrate the energy axis are marked wjth ( consistent with addition to the Au surface of a large interfacial
(See refs 48 and 60.) dipole of opposite sign to that observed for the alkyl chains
alone (see below).
in the gas phase, which increases the energy distribution in most The gas-phase photoemission data for three of the partially
spectral features. In the gas-phase spectra the alkyg @nd fluorinated chains (Figure 4b) demonstrate the changes in the
C—H o-bond ionizations fall under the featureless ionization photoemission band features as the degree of fluorination
band from ca. 1617 eV. The thiol S'H o-bond ionization  increases. These changes include an increase in intensity in the
should also occur in this region, but is not clearly resolved. For high-ionization-energy region of the spectra due to the addition
these gas-phase spectra, the low ionization energy edge of the jonizations from fluorine lone pairs and-& o-bonds, the
alkyl band decreases as the length of the alkyl chain increasesdecrease in intensity of the spectral features in the low ionization
Photoemission spectra for the thin films from eight-carbon and energy region of the spectra due to the removal efHC
longer alkyl chains (Figure 2) show an onset for the alkyl chain ¢-bonds, and an increase in ionization energy edge associated
ionizations at about 8 eV, which is lower by another ca. 1.0 eV with C—H and G-C o-bonds as electron-withdrawing fluorine
than that which is observed in the gas-phase photoelectronatoms are added in adjacent regions of the alkane chain. In the
spectra of the longest alkyl chains. This additional stabilization partially fluorinated alkyl chains, the ionization energy from
can be attributed to photoionization in a condensed phasethe sulfur 3p lone pair increases as well. From these data, we
environment and the polarization of that environment to screen estimate the differences in onset for ionization of the alkyl and
the core-hole charge created in the photoemission e#fhe partially fluorinated alkyl chains to be ca. 4.6 eV, a difference
gas-phase spectra also show an additional ionization featurewhich is sustained in the UPS data of the thin films of these
(* in Figure 4a and Figure 4b) that is due to the ionization of molecules (see further discussion below and Table 1).
a sulfur 3p lone pair orbital, which does not shift appreciably  we also observed that the shift in the low-KE edge for
with increasing alkyl chain length:32 photoemission from the partially fluorinated alkanethiols was
Figure 5 shows a series of UV-photoemission spectra takendependent upon the orientation of the terminag-@fup. Figure
from Au surfaces modified with either the$8H or with the 6 shows the UPS data for a series of alkanethiol chains,
mono-, di-, tetra-, and decafluoro-substituted versions of this fluorinated only at the terminus of each chainHk-1sSH,
same alkanethiol H;5SH, F,H14SH, RH1,SH, and FoHeSH, where it can be observed that the low-KE cutoff energy for these
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TABLE 1: lonization Potentials from Gas-Phase intrinsic dipole moment of the gotesulfur bond, and is the
Photoelectron Spectroscopy of Thiols static dielectric constant of the molecular lageFor self-
P, P, A assembled monolayers of alkanethiols on gold, N is ca5§3
sulfur lone pair alkyl orbitals S—alkyl x 10 cm™2, ande is estimated between 2 andt3,121518
_ (eV) (eV) (ev) All of the monolayers in the studies reported here are expected
thiol +0.02 +0.02 +0.04 to have similar gole-sulfur interactions and packing densitfés.
H8 9.09 10.07 0.98 We therefore calculated dipole moments of the individual
mé g-gg g-gg 8-;2 alkanethiols and used these as an estimate of the sum of
: : : molecular dipoles expressed within the SAM films. All com-
F1H15 9.12 9.82 0.70 putations were performed using Gaussiarf98he geometry
Eigﬁg g'ég 1?1'21 g'gé of the free thiol was optimized with a basic STO-3G ab initio
E10H6 9.27 1047 1.20 basis set (starting from an all-trans geometry), then the thiol

hydrogen was removed, and the dipole moment of the neutral

to dissociate in the formation of a self-assembled monolayer;
_ however, the exact state of the charge distribution in the-gold

A chan Length (5 of Cartons) sulfur bond is still debated (see belolf¥263We follow the
convention in which the dipole vector is presumed to point
towardthe negative pole, the calculated dipole vectors therefore
point primarily toward the sulfur atom for hydrocarbon alkane
thiols. (See Figure 1b for an illustration of selected molecules
with total calculated dipole vector and dipole vectors projected
along the molecular axis).

The resultant calculated molecular dipole moments are
oriented at varying angles relative to the central axis of the alkyl
e 10 11 12 5 10 15 20 25 chain; therefore, for comparison purposes, we also calculated
Kinetic Energy (eV) the projection of these dipoles along the molecular axis and
Figure 6. UV photoemission spectra for a series of alkanethiols on @long the surface normal axis, which are the two most critical
Au having a single CFtermination with either odd or even numbers  directions to consider for photoelectrons escaping through these
of carbon atoms in the alkyl chain. The low-KE edge region has been thin films.2®> The molecular axis is defined as a linear least-
expanded to show the difference in the energy of this edge for even- squares fit of the position of all of the carbons in the alkanethiol
and odd-numbered carbon chains. Inset (upper left) is a schematic ofy5ckpone. The projection of the dipole along the surface normal

how the orientation of the terminal methyl group of an alkanethiol . . .
changes when the total number of carbons is even or odd. In this axis was calculated assuming 1’:1/3 tme \/3)R30> packing

schematic, the surface is horizontal below the models, the red arrow Structure and an $pbinding mode for sulfur (such that the
(adjacent to the molecule) represents the direction of the total dipole surface-S—C bond angle of is approximately 19Q4without a
moment for the entire alkane chain, and the blue arrow (above the larger “super-cell” arrangemeft$465For all systems, a tilt
molecule) represents the dipole moment from just the terminal groups. angle of 38 and ap-twist angle of 58 (rotation around the
Inset (upper right) shows the low-KE cutoff energy as a function of - 51ecyjar axis) was assuméet436265 These assumptions
carbon chain length, confirming this “odd/even effect” in the interface . . . -
dipole. greatly simplify the comparisons betv_veen a_tlke_me;hlol Iayers_ to
follow, and are compatible with a semiquantitative interpretation
of the origin of the interface dipole effects. As summarized in
Figure 1, SAMs on gold with more than four terminally

alkanethiols have shown that the orientation of the termingl CF quonnatgd carbon_ atoms are be|.|eved to become less t'.lted in
the fluorinated regions of the chain, nevertheless, we estimated

roups changes significantly depending upon whether the total s . .
group 9 g y ¢ep g up that these changes in tilt angle would introduce errors in

number of carbon atoms in the chain is even or odd, and this roiected dipole moments of | than-ED% and therefor
affects some physical properties, such as wettability and probe.p ojected dipole moments of less tha °a erefore

ion neutralization probabilitie¥:2144 (See further discussion '9nre this factor for the comparisons to follow. All computa-
below.) ' tional results are summarized in Table 2.

Estimation of Interface Dipoles from Molecular Orbital Figure 7a shows that the shift in a vacuum level versus clean

. . . . Au varies slightly with molecular dipole moment (projected
Calculations. Changes in metal surface potentials accompanying . )

. . : along the surface normal) and with hydrocarbon chain length
adsorption of an alkanethiol monolayer have been described by

eq 1, assuming that the dipoles in the monolayer are well ordered(See also the inset in Figure 2). As noted in previous stiidies,
q- 9 P s y the dipole moment is rather insensitive to the number of carbons
with respect to the surface:

in the chain, changing by less than 0.1 D as the chain grows
from H3SH to HigSH. The calculated dipole moment in these

AU = N(tmoi /€ ~ tau-9) @) molecules is dominated by the electron-rich sulfur terminus.

The surface potential shifts with alkyl chain length 19 mV/CH

whereAU is the change in surface potential (shift in a vacuum unit (from a fit of potential shift versus carbon number for all
level) with surface modification upon adsorption of the al- hydrocarbon alkanethiol SAMs measured). Previous Kelvin
kanethiol layerN is the areal density of moleculegmoi iS probe studies have produced slopes in similar plots of 9.3 mV/
the dipole moment of an individual molecule in the thin film CH, unit; 14.1 mV/CH unit; and 20 mV/CH unit for
projected onto the axis normal to the surfagg,—s is the alkanethiol monolayers on gofd-5-1°

1 g radical was calculated at the unrestricted Hartiéeck level
LR Gl Sl T with the more comprehensive 6-86 ab initio basis set5 The
Ry LA g oao neutral radical was used because the thiol hydrogen is known
Even 0Odd u
E

s
2

Intensity

photoemission spectra is greater for odd chain lengths than for
even chain lengths (by ca. 0.3 eV). Previous studies;bixF
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TABLE 2: Shifts in Effective Work Function and Calculated Dipole Moments for Alkanethiol and Partially Fluorinated

Alkanethiol

Monolayers on Au

shift in effective

low-KE cutoff ~ vacuum level angle: dipole along  dipole along
SAM-modified  molecular formula (eV)y? (eVv)P total dipole dipole-to-molecule molecular axis normal axis
surface Au (sputtered) +0.05 +0.1 (D)° ©)d (D)e (D)f
Au 10.45 0.00
H3 HS(CH,).CHs 9.44 -1.01 2.29 24 2.1 1.4
H8 HS(CH),CHs 9.28 —-1.17 2.48 27 2.2 1.5
H10 HS(CH)sCHs 9.18 -1.27 2.50 28 2.2 1.4
H18 HS(CH)1/CHs 9.17 —1.28 2.51 27 2.2 15
H16 HS(CH)15CHs 9.10 -1.35 251 26 2.3 15
F1H15 HS(CH)1:CF; 10.33 -0.12 —2.91 —67 —-1.2 -1.8
F2H14 HS(CH)14(CF,)CF; 10.51 0.06 —1.50 9 -1.5 -1.1
F4H12 HS(CH)1o(CF)sChs 10.90 0.45 -1.79 7 -1.8 -1.4
F10H6 HS(CH)s(CF)sCFs 10.91 0.46 —1.94 7 -1.9 -15
F1H12 HS(CH)1.CF; 10.57 0.12 —-1.25 25 -1.1 -0.7
F1H13 HS(CH).1:CFs 10.34 -0.11 —2.91 —67 —-1.1 —-1.8
F1H14 HS(CH)1.CFs 10.64 0.19 —1.25 26 -1.1 -0.7
F1H15 HS(CH)1:CRs 10.33 —-0.12 —2.91 —67 -1.1 —-1.8

2 Low-KE edge of the photoemission spectrum, measured as the tangent to the low-KE side of the spétt8hift of low-KE cutoff vs
low-KE cutoff of clean gold, providing an indication of the change in a vacuum Rv&l ¢ Magnitude of calculated dipole, neutral radical calculated
with Gaussian UHF/6-3%G basis set (see texty Angle between the calculated dipole and the molecular &xiagnitude of the calculated dipole
projected along the molecular axisvlagnitude of the calculated dipole projected normal to the Au surfassuming 35 degree tilt angle and 55
degreep tilt (see text).
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Figure 7. Shift in effective vacuum level (vs clean Au) versus the
calculated dipole moment (projected along the normal axis) for
alkanethiol and partially fluorinated alkanethiol monolayers on Au. (a)
Normal alkanethiols, k-Hisg, increasing chain length from left to right
(see Table 2 for values). (b) Partially fluorinated alkanethiols (entire

2.0 1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Dipole (Calculated Along)
Normal Axis (D))

H16

series from pHs to Hig). The star symbol (*) indicates;Ais, and the
triangle indicates the reference level for clean Au.

Figure 7b plots the shift in a vacuum level versus the
calculated normal axis dipole moment for the partially fluori-

nated alkane thiol series f{f#15SH, RH14SH, FH1,SH, and
F10HsSH) and for HegSH. Because it lies outside the correlation
line, the data for fH1sSH are marked with a (*). Clean gold is
represented by the red triangle at (0,0). The molecules chosen
for this plot have the same length (16 carbons total in each
molecule) while the calculated dipole moment varies signifi-
cantly with fluorination, ranging from ®#SH (1.5 normal, 2.3

D along molecule) to foHegSH (—1.5 D normal,—1.9 D along
molecule). The larger variation in dipole moment for this series
of molecules allows a more substantive comparison with eq 1
than does the plot in Figure 7a. With the exception dfif=-

SH, the vacuum level shift appears to correlate reasonably well
with the calculated dipole moment. A least-squares fit of these
data gives g-intercept of ca—0.5 eV.

The confidence in this plot would improve with consideration
of vacuum level shifts for SAM layers with smaller positive or
negative dipole moments than the simple alkanes, or semi-
fluorinated alkanes, considered here. Shifts in vacuum levels
caused by addition of phenyl-terminated H12 and H13 al-
kanethiols are currently under exploration in our group, the
details of which will be communicated shortly. It can be said
at present, however, that the addition of a phenyl group to the
alkane chain produces a molecule with a smaller positive dipole
moment than seen for the methyl-terminated chain. The vacuum
level shift decreases from the methyl-terminated SAMs to the
phenyl-terminated SAMSs, correlating well with the dipole
moment change and suggesting that the trend contained in Figure
7b will be supported as additional self-assembled monolayers
are measured.

The change in surface potential for adsorption of a molecular
layer on a clean metal has been generally approximated as a
series of linearly additive contributions:

AU = (UmetaH—monoIayer_ Ucleanmetg =
eD, + eD,

molecule

hemisorption + AeDmetal (2)
Dchemisorptionin €0 2 is the dipole moment introduced by charge-
transfer based on bond formation during chemisorption (e.g.,
the formation of the golethiolate bond)DmoeculeiS the intrinsic
dipole moment of the adsorbate (i.e., the dipole moment of the
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Figure 8. Schematic view of the band-edge offsets for Au modified with normal alkanethiols (left) and Au modified with a typical partially
fluorinated alkanethiol (right). The maximal magnitude and signs of the interface dipoles are shown, along with the approximate positions of the
ionization edges for each portion of the chain.

alkyl or partially fluorinated alkyl chain)AeDnetal represents charge transfer. There are, in addition, several recent reports
the change in metal surface potential due to additiormrof which suggest that a covalent A% bond with a small intrinsic
adsorbate, which generally is large and positive and varies with dipole is a more appropriate description for these self-assembled
the nature of the metal but not significantly with the identity of monolayersg?218:69

the molecular overlayé?:5¢Crispin et al. have recently reviewed The observed changes in photoemission spectra for CF
the literature available to estimate values\®Dmetrarand have  terminated SAMs of even or odd chain length (Figure 6) are
shown that the change in surface potential of a clean metalinteresting. Odd-numbered alkyl chains produce surfaces with
during simple physisorption of a noninteracting species, such higher effective work functions than even-numbered alkyl
as Xe atoms, can be approximately linearly correlated with the chains-a trend that is not predicted by the net dipole moments

intrinsic metal surface dipole: calculated either along the molecular axis or surface normal
(Table 2). As shown in the inset schematic of Figure 6, we can
AU 1 (A€Deta) = 0.26D et 3 best rationalize the UPS results if the dipole along rihest

exposedC—F bond(s) dominates the probability for escape of

where Dpeta i the intrinsic surface dipoR& Shifts in work the low-KE photoelectrons. This is consistent with our other
function of ca. 0.1 eV to 1.0 eV, as measured from photoemis- findings that the shift of the low-KE edge in the semi-fluorinated
sion spectra of adsorbed Xe on clean metals (PAX) have beena|kanethi0|s is mainly influenced by the functional group at the
observed for metal surface dipole field=Dj ranging from 0.1 thin film/vacuum interface.
to 5.5 eV. There are only two studies that we are aware of for ~Experiments involving ion neutralization on these same
photoemission of Xe adsorbed on clean Au surfaces1 A surfaces, where a 20 eV probe ion (such ase¢8s", or
and polycrystalline Au), and estimates of a decrease in work C4HaN2") collides with the SAM-modified Au substrate show
function of ca. 0.45 to 0.52 eV have been determined for these a similar odd-even effec€! The yield of neutral benzene or
two surface$’-6® These measurements provide us with an pyrazine after such collisions is extremely sensitive to the
estimate ofAeDneta due to the addition of any adsorbate to composition and effective work function of the outermost
gold, including the alkanethiol layer. regions of these thin films, and the neutralization probabilities

We assume that the AtS interaction is similar for all of are in general lower for odd- versus even-carbon-chain-length
the molecules reported here and that the change in metal surfac&AMs, consistent with the higher effective work functions for
dipole due to the presence of these adsorbates should also b&uch surfaces. Apparently the dipolar fields which influence the
comparable for all molecules explored. Tintercept of the low-KE cutoff energy in the photoemission experiments also
plot of AU vs Dpolecule in Figure 7b represents the change in are most important in controlling electron injection into mo-
surface potential due to chemisorption and physisorption: lecular probe ions.
€Dchemisorptiont A€Dmetal = ca. —0.5 eV. From the difference Numerous wettability studies of Gferminated SAMs, which
between this intercept and the estimate A@Dpeta from PAX also exhibit systematic “odd-even” effeéts*0 however, have
measurements on gold, we estimate that the surface potentiashown that Ckterminated SAMs having even numbers of
shift due to the Au-S interaction is small, betweeh0.02 eV carbon atoms are more wettable by polar liquids than are their
and —0.05 eV. If surface potential shifts on gold due to counterparts having odd numbers of carbon atoms. This trend
physisorption were greater than ca. 0.5 eV, our estimatedin wettability does show a good correlation with dipole
magnitude foreDenemisorpiionWould increase, consistent with a  computed normal to the substrate (Table 2). The apparent
larger dipole moment in the gotethiolate bond.~>1°From the conflicts in these studies suggest that UV-photoemission and
Kelvin probe and PES data collected to date, however, it appearson—neutralization studies may be influenced by somewhat
that the Au-S bond does not have as large a dipole as would different electrostatic factors than wettability by polar liquids,
be expected for a sulfarmetal interaction involving appreciable  and that surface dipole fields may influence the escape of low-
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KE photoelectrons from a GRerminated alkane chain differ-
ently than polar liquid wettability.

Conclusions

Figure 8 shows a schematic view of the band-edge offsets

for alkanethiol and partially fluorinated alkanethiol monolayers

on gold, and cross-section schematics of these thin films, drawn

as heterojunctions for t4SH and kgHgSH. We use the IP and
low-KE cutoff values from Figures 2 and 5, Tables 1 and 2,

Alloway et al.
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