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Scanning tunneling microscopy (STM) images of l-docosanol, 1-docosanethiol, didocosyl disulfide, and
1-chlorooctadecane on graphite are compared. The images of the I -docosanethiol and didocosyl disulfide
show bright spots which are attributed to the positions of the S-H and S-S functional groups. The STM
images of the l-docosanol and l-chlorooctadecane do not show such bright spots. Thb fact that both the
S-H and S-S groups appear bright in the STM images indicates that the presence of an S atom on graphite
results in a higher tunneling current when the tip scans over it compared to the tunneling current over a C,
O. or Cl atom. The diff 'erent behavior of the S atoms conrpiired to the O. C. and Cl atoms is discussed in
terrns of the interactions between these atoms and the underlving graphite substrate. The persistent brightness
of S atoms in the images of molecular adsorbates sugsests that sult 'ur nrav serve as a useful "chromophore"
for molecules imased bv STM.

Introduction

By using the scanning tunneling microscope (STM) to image
molecules adsorbed on a surface. the orientation of the adsorbate
molecules relative to one another and the underlying substrate
can be deter rn ined. l  I  In  addi t ion.  in termolecu lar  in teract ions
and the interaction between the adsorbed molecule and the
sur face can be s tud ied. l -  I  Whi ie  the STM can reso lve
individual molecules. the mechanism by which insulat in-s
molecules adsorbed on surfaces are imaged by the STM rs st i l l
unclear. Typical bias voltages useC while imagin-e molecules
are far lower than the energy difference between the highest
occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the adsorbed molecules. Both
experimental and theoretical work suggests that the STM images
at these bias voltages do not correspond directly to the electronic
structure of the adsorbed molecules but rather reflect perturba-
tions of the solid substrate electronic states due to interactions
between the surface and the adsorbed molecule.+-x Electronic
structure calculations show that the interactions between the
adsorbed molecule and the surfhce mix the substrate and
molecular states (i.e.. the substrate states are modified by the
molecular states). Hence, the STM images reflect the symmetry
of the surface but are "highlighted" by those regions of the
surface where the solid substrate states are strongly modified
due to the presence of the adsorbed molecule.T

This mixing of molecular and substrate states has been
proposed to explain the STM images of liquid crystal molecules
that contain both an aromatic r ing and an al iphatic chain.5 n In
these images, the aromatic rings appear much brighter than the
aliphatic chains (i.e., the tunneling current over the aromatic
rings is larger than that over the aliphatic chains). An alternate
mechanism by which the STM might differentiate the aromatic
rings from the aliphatic chains in these molecules is a modula-
tion of the surface work function due to the presence of an
adsorbed species.a

t 'To whom ail correspondence should be addressed.
3 Abstract published in Atlt 'once ACS Abstracls, April l. 1995.

STM images of n-alcohols adsorbed on graphite indicate that
the OH functional group cannot be distinguished from the

methylene groups of the hydrocarbon chain attached to the OH
group.lb'2'3 On the other hand, much like the aromatic rings in

liquid crystals described above,5'h sulfur atoms in the long chain

molecule dihexadecyl disulfide have been reported to have
enhanced conductivi ty compared to the alkyl chains when
imaged on graphite." In the expenments described here, we
have investigated the effect of diff-erent functional groups (at

the ends ur the middle of hydrocarbon chains) on the tunneling

current and. hence. the contrast over these functiortal groups as
observed in the STM images. By comparing the contrast over
a functional group to the contrast over the methylene groups

that form the hydrocarbon chain. it should be possible to
determine which functional groups can be readily distinguished
by the STM (as was observed for aromatic rings in the images
of liquid crystals and for sulfur atorns in long chain disulfides
mentioned above). When the presence of different functional
groups on a graphite substrate results in different tunneling
currents as the tip scans over the surface. variations in the
contrast (as observed in an STM image) can be used as a
signature to identify functional groups and locate their positions
within a molecule.

In this paper, we compare the STM images of alcohols
(R-OH), alkanethiols (R-SH), alkyl chlorides (R-Cl), and
alkyl disulfides (R-S-S-R). The alkanethiols were chosen
as they are analogous to the alcohols, and they provide an
opportunity to test for the presence of a general mechanism that
produces bright images for sulfur atoms in the STM. The effect
of the SH group on both the contrast and orientation of
molecules observed in the STM images, as compared with the
alcohols, has been studied. In order to determine the effect of
increasing atomic size in a molecule on the contrast in the STM
images, the alkyl chlorides are compared with the alkanethiols.
The alkyl disulfides were investigated to provide a comparison
with the thiols and to determine if placement of S atoms in
different positions in the alkyl chains affected the STM images.
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Experimental Section

Experiments were performed with a Digital Instruments
Nanoscope II I  STM under ambient condit ions. l-Chloroocta-
decane (CHr(CH:)17C1) and I -docosanol (CHI(CH2)21OH) were
purchased from Aldrich and used without further purification.
Solutions of approximately 1 mg/ml in phenyloctane (Aldrich)
were prepared. Neat samples of l-chlorooctadecane were used
since i t  is a l iquid at room temperature. The l-docosanethiol
(CHI(CH:) : rSH) and d idocosy l  d isu l f ide (CHr(CH:) : r  -S-S-

CH:(CHz)21) were synthesized as described previously.r0 The
alkanethiols oxidize in air to form the disulf ides (R-S-S-R.

R : C:zH+s). To slow the rate of oxidation so that the STM
images obtained were those of the alkanethiols and not the
disulf ides, we removed oxygen dissolved in the solvent
(phenyloctane) by bubbling argon or nitrogen through the
solvent. for about l5-20 min, before dissolving the alkanethiols.
Solut ions of approximately I  mg/ml in phenyloctane were
prepared for both docosanethiol and didocosyl disulflde. A drop
of solut ion was deposited on a piece of freshly cleaved highly
ordered pyrolytic graphite (HOPG), purchased from Advanced
Ceramics Corporation. The STM tips used were 0.01 in.
diameter Pt/Rh (87i l3) wire that were snipped with wire cutters.
The tip was immersed in solution and the STM images obtained
under a l iquid drop. Typical tunnelin-e condit ions were 1200-
1600 mV and 100-160 pA with the STM operating either in
the constant current or constant height modes. The images of
thiols and disulfldes were obtained with the sample biased either
posit ive or negative with respect to the t ip, while images of
alcohols and chlorides were obtained with the sample biased
negative with respect to the tip. The scan rates varied depending
on the size of the area being imaged and on the mode of
operation. Images were obtained with different tips and samples
to check for reproducibility and to ensure that the images were
free fiom artifacts caused by the tip or sample.

Results

An STM ima-ee of docosanethiol on graphite is shown in
Figure l .  The most str iking feature is the presence of bright
spots dispersed over the image. Visible at lower contrast are
bands connected to these bright spots. The len-sth of these bands
agrees well  with the length of a C22 carbon chain indicating
that these bands comespond to the C22 alkyl chains oriented
paral lel to the graphite surface. (On gold. by contrast,
alkanethiolates are chemisorbed on the surface through a S-Au
bond, and the alkyl chains orient at an angle 30' fiom the normal
to the gold surface.rr) The paral lel orientat ion of the alkane-
thiols on graphite suggests that they are physisorbed on the
graphite surf-ace. In addition. the alkanethiols appear to desorb
readily from the surf'ace and to go back into solution. This
desorption can be observed by monitoring. with the STM. an
area of the surf'ace as a function of time. In these images the
orientation of the molecular rows varies on a time scale of the
order of a f-ew minutes to tens of minutes with loss of resolution
occurring during this reorientation. We hypothesize that the
reorientation of molecular rows is due to molecules desorbing
off the surface and going back into solution. This molecular
motion results in a loss of resolut ion in the STM images.
Molecules in solution can then readsorb onto the bare surface
forming rows with different orientations on the graphite. Once
a "new" layer of molecules is fbrmed, the STM is again able to
image these molecules. The fact that the molecules appear to
desorb readily from the surface suggests that they are not bound
covalently to the graphite.

On close inspection of the alkanethiol images, each bright
spot can be assigned to an alkyl chain, and whenever one end
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Figure l .  STM image of l-docosanethiol (CH:(CH:):rSH) in pheny' l-
octane adsorbed on graphite. (a. top) A l5 nm x l5 nm image of the
alkanethiol molecules. The bright spots dispersed over the image are
attr ibuted to thc SH functional sroups. and the bands at lowercontrast
connected to each bright spot are the alkl ' l  chains. The angle betw'een
the molecularaxis and the trou-uhs betueen tuo rou's is 90o. (b. bottorn)
A 30 nm x 30 nrn image uhich shous the random distr ibution of the
bright spots correspondin-u to the positions on the SH groups. Tunneling
condit ions were I5,50 mV (sample posit iveI and l-50 pA in the constant
curent mode.

of an alkyl chain has a bright spot. the other end is dark. These
bright spots are attributed to the thiol (SH) functional group at
the end of the C21 carbon chain. From the STM images. i t
appears that some of the alkanethiols are arranged such that
the SH groups of molecules in adjacent rows face each other
( i .e. head-to-head): for other regions of the image, the CHr end
of a molecule in one row faces the thiol end of a molecule in
the adjacent row (head-to-tail). The angle between the molec-
ular axis and a line drawn along the troughs between two rows
is 90'. On a f-ew occasions domain formation was observed
over the regions being imaged. The rows of alkanethiols in
one domain are oriented at 120' with respect to the rows in the
neighboring domain. Within a domain the rows of alkanethiols
form straight lines. The images of the alkanethiols were the
same whether the sample was biased positive or negative with
respect to the tip. The contrast observed along a molecule did
not depend on the polarity of the bias voltage applied to the
sample.

Since the S atoms in long chain disulfides have been reported
to show enhanced STM contrast,e it is possible that the STM
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Figure 2. STM irnage of didocosyl disulf ide (CH:(CH').r-S-S-
(CH:):rCH:) in phenyloctane adsorbed on graphite. (a. top) A 45 nm
x 45 nm image of the disulfldes showing rows of bri-eht spots
alternating with dark rows. The bright rows are due to the S-S groups.
and the dark rows (indicated by the arrows) are the CHr ends of the
alkyl chains. Tunneling condit ions were - 1350 mV (sarnple neqative )
and l l0 pA in the constant current mode. (b. bottom) A l-5 nm x l-5
nm image of the disulf ides. Tunneling condit ions were -13-50 mV
(sample negative) and 130 pA in the constant curent rnode.

images of the alkanethiols (of the type shown in Figure l)  are
not those of the alkanethiols but of alkyl disulf ides (R-S-S-

R, R : C::) fbrmed by the oxidation of the alkanethiols. In
these experiments the solvents used were flrst purged with argon
or nitrogen in order to displace dissolved oxygen. The STM
images were, however. obtained in air. and it is. therefbre.
possible that during the process of imaging the molecules in
solution undergo oxidation. In order to investigate this hypoth-
esis further, STM images of didocosyl disulf ide, CHr(CH)tt-
S-S-(CHz)zrCHr, were obtained. Figure 2a is an STM image
of a 45 nm x 45 nm area of didocosyl disulfide on graphite.
As in the images of the alkanethiols, the images of the disulfides
reveal bright spots much like those observed for dihexadecyl
disulfide,e indicating that the tunneling current over the S-S
group is larger than that over the hydrocarbon chain. This
difference in contrast marks the position of the S-S group in
a molecule (see Figure 2b). Unlike the images of the alkane-
thiols, which reveal an apparently random distribution of bright
spots. the images of the alkyl disulfides show highly ordered
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bri-sht spots that l ie along the same l ine indicating that the S-S
groups of molecules within the same row l ie along the same

l i ne .

As can be seen fiom the images in Figure 2, the pattern of

contrast in these images is a bright row (corresponding to the

S-S groups). fol lowed by a dark row. The dark rows in the
images of the disulf ides corespond to the CHr ends of the
molecules and the distance between any two dark rows agrees
with the length of two C22 alkyl chains, i .e..  the length of a
CHI(CH:) : r -S-S-(CH:) : rCHr molecu le .  On compar ing the

images of the alkanethiols and disulf ides. i t  appears that for

the alkanethiols. when the bright spots appear in adjacent rows
(where the distance between these bright spots coresponds to

the len-tth of only one C31 chain) the molecules imaged are the

alkanethiols: i f  the bright spots appear in alternate rows (where

the distance between these bright spots comesponds to the length

of two C:: chains). the molecules imaged could either by the
alkanethiols (tai l- to-tai l)  or a disulf lde oxidation product.

Theretbre. i t  is possible that the images of the alkanethiols could
havc some contr ihution f iom disulf ide impurit ies; nevertheless.

the S atoms in the S-H functional -eroup. l ike their countelparts

in the disult ' ide chains shown here in Figure 2 and reported

earl ier.e clearly reveal enhanced contrast when compared to the

alkyl chains. Since the images ot '  both the disulf ides and
alkanethiols reveal a higher tunnelin-e current over the S-H
and S-S groups than over the rest of the rnolecule. i t  is evident

that S atoms on graphite produce a ver) '  di f f 'erent tunneling

cun'ent when the STM tip scans ovcr them than when the t ip

scans ovcr C- atonts.

Figure -Ja shou s an STM inra-ue ot '  l -chlorooctadecane on

-uraphi tc .  Unl ike thc  images of  the a lkaneth io ls  and a lky l

disulf ides. the images of the chlorooctadecane indicate that the
contrast of the chain ends and the rest of the molecule are the
same. Therefbre. i t  is not possible to determine at which end
of the hydrocarbon chain the chlorine atom is located. As wrth

the thiols. thc angle between the molecular axis and a l ine draw'n

alon-e the troLrghs between two rows is 90'.  and the rows o1'
molecules form straight l ines on the graphite surface.

STM ima-ses of  a lcohols  have been obsen 'ed prer , ious ly . lb :  I

An STM image of l-docosanol on graphite is shown in Figure

3b. From the STM images o1' alcohols i t  is not possible tcr
determine at which end of the chain the OH group is located.
However. as opposed to the 90o orientat ion of the alkyl chains
of the thiols and the chlorides with respect to the l ine separating
the rows. the angle between the molecular axis and a l ine drawn

along the troughs between two rows is 60' for the alcohol
molecu les.

Discussion

As can be seen f iom the STM images of the fbur molecules
shown in Figures I -3. the thiols and disulf ldes behave quite

diffbrently from alcohols and alkyl chlorides. The STM clearly
distinguishes the S atom fiom the C atoms in the alkyl chains
as evidenced by the bright spots in the images of these
molecules. Because of this unexpectedly high contrast fbr the
sulfur atoms. the posit ion of the S-H or S-S functional group

in these molecules can be located unambiguouslyt this type of
atom-specif ic location is not possible fbr the alcohols and the
alkyl chlorides. The bright spots indicate that the tunneling
current over an S atom is substantiallv lareer than that over a
C. Cl. or O atom.

From the locations of the bright spots in the alkanethiol
images. it appears that the alkanethiol molecules in a row are
oriented such that not all the SH groups lie on the same line.
Also. the SH group of a molecule in one row does not
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Figure 3. ta. top) An STM image of l-chlorooctadecane (CH:(CH,)17-
Cl) adsorbed on graphite. Unlike the images of the alkanethiols. the
posit ion of a Cl atom in a molecule cannot be detennined. The angle
between the rnolecular axis and the troughs between two rou,s is 90".
Tunneling condit ions were -1500 mV (sample negatrve) and 120 pA
in the constant height mode. (The image has been low-pass f i l tered).
(b .  bot tom) An STM image of  l -docosanol  (CHI(CH:) : rOH) in
phenyloctane adsobred on graphite. As with the alkyl chlondes. the
position of the OH group in this molecule cannot be determined. For
the alcohols. however, the angle between the molecular axis and the
troughs between two rows is 60'.  Tunneling condit ions were - 1300
mV (sample negative) and 85 pA in the constant current mode. (The
image has been low-pass flltered).

necessarily face that of an SH group of a molecule in the
adjacent row. This orientational disorder of SH and CHr groups
is quite different from the packing of the alcohols on graphite
where all the OH groups of molecules in one row lie on the
same line. and the OH groups of molecules in adjacent rows
face one other so as to hydrogen bond to each other.lb'2.1 For
the alcohols, hydrogen bonding between molecules plays a major
role in determining the long and short range order of these
molecules on graphite.lb.l'-3 The fbrmation of a network of
hydrogen bonds between the alcohol molecules also helps to
stabilize this species on the surface.

The fact that the alkanethiols are not all aligned with
neighboring SH groups facing each other suggests that hydrogen
bonding between the SH groups does not dominate the stabiliza-
tion of these molecules on the surface. In fact, it is quite likely
that the thiols are not hydrogen bonded to each other. The SH
group is known to be a weak proton donor; thiol (SH) groups
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do not form hydrogen bonds or form hydrogen bonds only with
strong bases (e.g. nitrogen bases l ike pyridine).r2 In the case
of the alkanethiols on graphite. stabilization appears to be due
primarily to lateral interactions between molecules in a row.
This mode of stabi l izat ion is similar to that of alkanes on
graphitel ' '2u'r where the orientat ion of molecules in a row is
analogous to that for the alkanethiols. The lateral interactions
between molecules is clearly also important fbr stabi l izing the
alkyl chlorides on the graphite surface. since these molecules
also adopt a 90o orientation with respect to the troughs between
two rows.

In the images of dialkyl disulf ides shown in Figure 2 and
reported earlier.e the bright spots corresponding to the S-S
groups lie along the same line. This ordering of the S-S groups

diffbrs from the disorder of the SH groups in the alkanethiol
images. where the bright spots (correspondin-e to the SH groups)
appear to be more randonrly distr ibuted over the area imaged.
For the disulf ides lateral interactions between the alkyl chains
of the molecules are probably the dominant intermolecular
interactions. These interactions wil l  be optimized i f  the
molecules within a row are al igned such that the S-S groups

l ie along the same l ine. thus ensuring overlap between the alkvl
chains of adjacent molecules. For the alkanethiols. the overlap
between alkyl chains does not depend on the al ignment of SH

-qroups of molecules in the same row. result ing in the more
random distr ibution of bri-eht spots in these images. The C-S-
S-C d ihedra l  ang le  in  d iaky l  d isu l f ides is  s t rongly  favored at
90 ' :  the ra lue that  is  adopted in  the sur face-adsorbed spec ies
is not u prioriclear. l  t  hut V shaped structures hai, 'e been repofted
t i r r  d i he radee r l  d i : u l l ' i d c  t r n  HOPG. "

The lar-ee tunnelin_e cuffent measured over the S atom in the
alkanethiols and dialkyl disulf ides is similar to that observed
fbr STM images of l iquid crystal molecules containing aromatic
r ings on graphite. In the l iquid crystal images, the aromatic
rings appear much brighter than the alkyl chains attached tc-r
the rings.+-o Different explanations for the bright aromatic ring
images have been proposed. Spong et al.  suggested that the
ditfbrence between the intensities of the aromatic rings and the
alkyl chains in the STM images is due to the dif ference in their
molecular polarizabi l i t ies.r The work function of a bare surf 'ace
can be changed b-v" the presence of an adsorbed molecule throu-eh
the molecular polarizabi l i ty.+ t+ Variat ions in the polarizabi l i ty
along a molecule wil l .  therefbre. result in variat ions of the
surface work function under the molecule. Since the tunneling
current depends on the work function,l' ' the STM images reflect
spatial variations in the work function of the surface due to the
presence of adsorbed molecules. Because the polarizabi l i ty of
an aromatic ring is larger than that of the alkyl chain, the work
function of the surface under the aromatic ring will be more
strongly altered than the work function of the surface under the
alkyl chain. Therefbre, as the STM tip moves across the surface.
it would measure a different tunneling current over an aromatic
group than over an alkyl chain.

Another explanation given fbr the difference in the contrast
between the aromatic rings and the alkyl chains in liquid crystal
molecules is the increase in the local density of states (LDOS)

near the Fermi level of the surface due to mixing of molecular
and substrate states.'5 7 Since the tunneling current depends on
the LDOS near  the Fermi  leve l  o f  the sur face. ' '  rny  change in
this density wi l l  result in a change in the tunneling current. In
the case of molecules adsorbed on a surface. interactions
between the molecule and the surface result in a mixing of the
molecular states with the surface states. Theoretical calculations
indicate that at typical bias voltages used in STM experiments,
even though the molecular states are not resonant with the
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TABLE 1: Atomic Polarizabilities
Chlorine, and Hydrogen Relative to
Obtained from Ref 17)

atomic polar izabi l i ty

carbon oxygen sul lur  chlor ine hydrosen

1.00 0.4-s |  .6-s t .24  0 .38

energy of the tunneling electrons, there is a sufficient change
in the LDOS to cause the tunneling current to be different from
that of the bare surface.T'16 In order to explain why the aromatic
rings in the liquid crystal molecules appear bright in the STM
images, it has been suggested that the molecular orbitals of the
aromatic rings contribute sufficiently to increase the LDOS near
the Fermi level of the surface. Therefore, the tunneling current
over these groups is larger than that over the rest of the molecule,
and the aromatic rings appear bright in the STM images.

While the details of the above mechanisms differ, they both
emphasize the fact that the magnitude of the tunneling current
depends on the extent to which the underlying surface is
modified by the presence of the adsorbed species. The
perturbation caused by the interaction between the surface and
the adsorbed molecules aff-ects the spatial distribution of both
the work function and the wave function of the surface.
Therefore, if diff-erent parts of a molecule perturb these surface
properties differently, the tunneling current over the molecule
will vary as the tip moves across the molecule. The STM
images, therefore, correspond to f-eatures of the surface modu-
lated by the presence of the adsorbed species.

The difference between images of alkanethiols and alcohols
may result from the difference in the number of electrons in a
sulfur or oxygen atomt sulfur has twice as many electrons as
oxygen. Since the STM measures variat ion in electron density
as the tip rasters across the surface, variations in the number of
electrons between atoms could result in dif ferent tunneling
currents over different atoms. If, however. the tunneling current
depends only on the number of electrons in a molecule. then
STM images of alkyl chlorides should also show a bright spot
corresponding to the position of the chlorine atoms (since

chlorine has one more electron than sulfur). The lack of bright
spots in the images of chlorooctadecane (Figure 3a) indicates
that the tunneling current over a chlorine atom is not larger (or

even comparable) to the tunneling current over a sulfur atom.
This observation suggests that the number of electrons in an
atom does not determine directly the magnitude of the tunneling
current.

The differences between images of the thiols. disulfides.
alcohols. and chlorides could be due to the difference in the
strength of the interactions between these functional groups and
the graphite substrate. A stronger interaction between an atom
(or a group of atoms) and the substrate could result in a larger
perturbation of both the work function and the wave function
of the surface under this atom (or group of atoms) and, hence,
a different tunneling current over this region. The strength of
the interaction between S, O, C, Cl, and H atoms and the
substrate may vary with their atomic polarizabilities, since a
more polarizable atom is expected to interact more strongly with
the substrate. Table 1 lists the atomic polarizabilities of sulfur,
oxygen, chlorine, and hydrogen relative to that of a carbon
atom;17 the atomic polarizability of a sulfur atom is larger than
that of a carbon atom; the polarizability of a chlorine atom is
close to that of a carbon atom; the polarizability of an oxygen
atom is about half that of a carbon atom; and the polarizability
of a hydrogen atom is much smaller than that of a carbon atom.
If the interactions between the adsorbed molecules and the
surface depend primarily on the polarizability, then the sulfur
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atom would have the strongest interaction with the graphite

surface, followed by chlorine, carbon, oxygen, and hydrogen,

respectively, resulting in an increased tunneling current when

the t ip scans over the S-H and S-S functional groups relat ive

to all other functional groups studied here. If the S atoms

protrude from the surface significantly compared to the other

atoms in the adsorbate chain and tunneling occurs directly to

the adsorbate (as opposed to the graphite surface), the S atoms

would also appear bright in the image. This, however, seems

to be an unlikely explanation given the large polarizability of

the S atoms. which suggests a strong attractive interaction with

the surface.

If the change in the polarizability across a molecule deter-

mines the STM contrast. the images of the alkyl chloride might

be expected to show a slight increase in intensity for the chlorine

atoms relat ive to the carbon chain since the polarizabi l i ty of Cl

is slightly larger than that of C. The STM images of the alkyl

chloride, however. do not show any enhancement in the

tunneling current over the ends of the molecules. The value of

the polarizability of the Cl atom may not be sufficiently diff'erent

from that of the C atonr t() cause a significant difference in the

perturbations of the graphite electronic structure.

In addition to the perturbation of the graphite substrate by

the adsorbate molecule, i t  is possible that the tunneling t ip

interacts with the adsorbate molecule. The tunneling cument

between the tip and sample depends on the density of states at

the Fermi level of the t ip (as well  as that of the surface).rx

Interactions between the tunneling tip and sample molecule may

change the density of states at the Fermi level of the tip. If the

strength of the interaction between the tunneling tip and an atom

depends on the nature of the atom, then the tunneling current

may also vary as the tip scans over different atoms. (Indeed.

electron scattering quantum chemical calculations have been

used to show that the tunneling current over sulfur atoms

adsorbed on Re(0001) is a sensitive function of whether a sulfur

or a rhenium atom terminates the t ip. l6r I t  is possible that the

higher tunneling current measured as the tip scans over an S

atom. relat ive to that near a C. O, or Cl atom, is the result of a

stronger interaction between an S atom in the adsorbate molecule

and the tunneling tip. STM experiments have demonstrated that

t ip -sample in teract ions are inrpor tant  in  moving atoms and

molecules on a surface with the tunneling t ip. le 2l Moving an

atom on the surface, however. requires tunneling conditions (low

bias voltage and high tunnelin-u currents) where the tip is close

to the surface and in contact with the atom to be moved. The

images shown in Figures I -3 were obtained at high bias

voltages (-1300-1500 mV) and low tunneling currents (-85-

150 pA). With these tunneling condit ions the tunneling t ip is

relatively far from the surface. While tip-sample interactions

cannot be ruled out completely, i t  is unl ikely that they would
be strong enough at these separations to explain the high

tunneling current observed as the tip scans over an S atom in

an alkanethiol or dialkyl disulflde molecule.

Using a jellium model Lang has found that the higher energy
portion of the state density spectrum for a single adatom on a

metal surface is reflected in the apparent vertical size of the
adatom as a function of bias.rb' Interestingly, this study predicts

a lowering of the tunnel current over a single sulfur atom
because the sulfur pushes some of the metal state density away
from the region of the surface where the single sulfur atom sits.
This is, of course. the opposite of what is observed here for

sulfur covalently bound in a molecular adsorbate sitting on
graphite, indicating, not surprisingly, that the details of the
adsorbate and,/or conducting substrate electronic structure are
quite critical in determining the nature of the STM images for

21,  1995
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these weakly coupled surface-adsorbate systems. Many body,
electron screening effects have also been suggested as a source
of the coupling of adsorbate and substrate surface electronic
states, a further indication of the sensitivity of the tunneling
process to the detailed electronic structure of the species
invo lved. l6 '

One other possible origin of the bright sulfur atom images is
the fbrmation of an adsorbate negative ion.ll'13 If such a species
can be formed in these experiments, it might well provide a
facile low-energy path for tunneling between the tip and the
graphite surface. The formation of a transient adsorbate negative
ion as an intermediate in the process of tunneling from tip to
surface cannot be ruled out at this time and remains an active
area of investigation.

Conclusions

STM images of alkanethiols under phenyloctane solvent on
graphite indicate that the tunneling current near the thiol
functional group is much larger than that of the methylene
groups in the hydrocarbon chain. This contrast allows us to
identify and locate the position of the thiol functional group in
a molecule adsorbed on a surface. Images of the dialkyl
disulfides. for both didocosyl disulfide studied here and for
dihexadecyl disulfide investigated earlier," also reveal bright
spots corresponding to the position of the S-S groups. For
alkyl chlorides and alcohols on graphite. however, the tunneling
current of the chlorine and OH groups is similar to that of the
methylene groups of the hydrocabon chain. Hence, it is not
possible to identify directly the position of these functional
groups in a molecule from the STM contrast. Of the atoms in
the diff-erent functional groups investigated here, the S atom
has the largest atomic polarizability. [t is possible that the larger
polarizabi l i ty of the S atom may result in a stronger interaction
with the surface. which can have an effect on both the work
function and the wave function of the surface, leading to a
brighter image for the sulfur. If the high contrast of sulfur in
these images is a general phenomenon, thiols, disulfides, and
other sulfur-containing species may be useful "chromophores"

for imaging by STM.
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