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Introduction

The scannin-e tunneling microscope (STM) is capable of
direct ly imaging with atomic resolut ion molecules at solut ion-
sol id interfaces and has recently been used to identi fy. possibly
with chemical specificity. molecular adsorbates at interf'aces.r l

Organic molecules. which are generally insulators. are typically
studied by STM as thin films or as isolated molecules that permit
electrons to flow between the STM tip and an underlying
conductive substrate. l ' l  t6 Aromaticl ' t ' t  

' r  
and sulfurl ' l  groups

in physisorbed organic thin f i lms display a much larger tunnel
current than the remainder of the hydrocarbon molecule and
appear as bright spots in the STM image. These "highl ighted"

functional _qroups are usetul chemical markers that enable the
molecular conformation or structure within a f i lm to be
interpreted even when atomic resolut ion is not achieved.6 s l l ' t l

In the case of chemisorbed aromatics (e.-q..  anthracene and
naphthalene) on Pt. the distinct internal structure of the
adsorbates observed in the STM imagesi5 allows these structur-
al ly similar molecules to be identi f ied and dist inguished within
a mixture. [n this case. and others. the shapes of the adsorbates
in the STM images are similar to the shapes of the HOMO
(highest occupied molecular orbital) and LUMO (lowest unoc-
cupied molecular orbital) of the molecules. suggesting that the
frontier orbitals of these species part icipate in the tunneling
process.l'5'l-+'15"r'1"r7'rE The STM tunneling probability is sensitive
to the local density of states (LDOS) of the sample with energies
close to the Fermi level and in close spatial proximity to the
tip. I t  is not completely clear how the electronic states of
insulating molecular adsorbates participate in the tunnelin,e
process since the HOMO and LUMO of these molecules lie
several electronvolts away from the Fermi level of the tip and
surface.re'10 Despite the fact that the tunneling process for
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molecular adsorbates is not well  understood. STM reveals
detai led information on the molecular structure and dynamics
wi th in  th in  f i ln rs .

Strong STM contrast has been observed for the atomic
adsorbate Xe ph1 's isorbed on Ni ( l  l0 ) .  Lang and co-workersr r
proposed that the adsorbate ima-ue contrast is determined by
the degree to which the adsorbate contributes to the LDOS at
the Fermi level. This interpretation is of interest here because
the large energy separation between Xe 5p and 6s (the highest
occupied atomic orbital and the lowest unoccupied atomic
orbital) places the isolated Xe orbitals several electronvolts away
from the Ni Fermi le','el. an energy separation comparable to
the typical HOMO-LUMO gap of an insulat ing organic
molecule. Lang's model of the STM contrast for Xe on Ni
provides a framework in which to interpret the STM image
contrast of physisorbed molecular adsorbates. Other groups
have proposed that molecular states may part icipate direct ly in
the tunneling process and can be accessed as intermediates in
the tunneling process.lx 15"rl From a different perspective, Spong
and co-workers+ propose that the corrugation or contrast of
insulat ing molecules in STM images is due to modulat ion of
the substrate's local work function (a modification of the barrier
to tunneling) bV the presence of the adsorbate. In this picture
the STM simply maps out variat ions in the transmitted current
through the perturbed barrier, thereby making the adsorbate
"visible". Polarizabi l i ty is one important factor in determining
the adsorbate's eff'ect on the surface work function and hence
the adsorbate contrast.ll l-1 Both benzene and cyclohexane. for
example. have similar polarizabi l i t ies and exhibit  similar strong
("bright") contrast in the STM even though their electronic
structures are quite dif ferent. l

"Highl ighted" functional groups in STM images of physi-
sorbed hydrocarbon films. such as aromatic and sulfur groups,
are unl ikely to be unique. In this paper we survey the relat ive
"brightness" of several functional groups (-CHr, -OH, -Cl,
-NH:, -SH. -Br, - l)  attached to long chain hydrocarbons
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Monolayer fi lms of several primary substituted hydrocarbons CHr(CH:),,CH:X (X : CHr, OH, NH:, SH. Cl,
Br, I; n: 16-30) have been imaged on graphite at the solution-substrate interface using a scanning tunneling
microscope (STM). The straight chain hydrocarbons torm well-ordered 2-D fl lms on graphite and physisorb
with their molecular axes parallel to the surface. The NH:, SH, Br, and I end groups are observed as bright
spots in the STM image corresponding to an enhancement in the tunnel current in the vicinity of the functional
group. relative to the remainder of the carbon chain. On the other hand. the OH and Cl substituents were not
distinguishable from the alkyl chain in the STM images. Comparison of the relative "brightness" of the
functional groups with respect to the carbon chain reveals an empirical relationship between increasing relative
brightness and increasing molecular polarizabil ity. A model is proposed to descnbe the STM imaging
mechanism fbrthese insulating, phvsisorbed fi lms in whrch the role of the adsorbate's polarizabil ity. electronic
structure, and orientation with respect to the surface are consrdered.
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Figure 1. (a) STM image of triacontane (Cr|H6r) in phen)loctane physisorbed on graphite. One molecular length is represenled by a black bar.
The molecules are oriented with a 90' angle betlr'een the nolecular axis and th€ direction ol the lamellae. Thc 20 nnrr image was obtained with
a l2J5 mV bias (sample negative) and a 166 pA set point in constant height mode. (b) Computer-generated model of an rll-trans alkan€ film on
a sraDhite substrate.
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physisorbed on graphite in order to identi fy other bright
functional groLrps. Addit ional ly. we attempt to correlate varia-
t ions in the functional group brightness with physical propert ies
of the adsorbates. The empir ical trends in the image contrast
are discussed in the context of the proposed imaging mecha-
nisms involving the role of the sample's LDOS and polariz-
abi l i ty. respectively. Addit ional ly. the discovery of "high-
l ighted" functional groups in STM images may identi fy
potential ly useful markers fbr interpreting structr"rre in STM
images of more complex molecular systems.

Experimental Section

A Di-gital Instruments Nanoscope II I  scannin_e tunneling
microscope was employed to investigate functional ized hydro-
carbon f i lms physisorbed on graphite at the solut ion/sol id
in ter face.  l -Chlorooctadecane (CHr(CH,)uCl ) .  l -bromo-
docosane (CHr(CH:) : rBr) .  l - iodooctadecane (CHr(CHr) r7 l ) .
I  - t r iacontanol  (CHr(CH1)zeOH).  t r iacontane (CHr(CH.) :sCHr) .
and l-octadecylamine (CHI(CH:)rNH:) were obtained f iom
Aldrich and used without further puri f icat ion. The l-docosane-
thiol (CH;(CHr)lSH) was synthesized as described elsewhere.15
Nearly saturated solut ions of these compounds were rnade in a
phenyloctane solvent with the exception of chlorooctadecane
(a l iquid at room temperature). which was applied direct ly to
the graphite surface. The phenyloctane was pur-qed with N2 to
remove any residual oxyeen dissolved in the solvent prior to
preparing the solut ions. A drop (-10 1tL) of solut ion was
deposited on a fieshly cleaved piece of highly ordered pyrolytic
graphite (HOPG. f iom Advanced Ceramics Corp.).  Al l  the
images were collected under ambient conditions at temperatures
between 19 and 23 "C. The STM tips were mechanical ly
cl ipped from a 0.01 in. Pt/Rh (81113) wire (Omega) using
diagonal cutters. Once the sample was mounted. the STM tip
was immersed into the l iquid droplet and the images were
obtained under the solut ion. The typical range of tunneling
condit ions used for this group of samples was 1200- 1600 mV
(sample negative) and 80-400 pA with the STM operating in
either the constant cuffent or constant heieht modes. Under
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these condit ions the t ip-sr-rrface separation is much larger than
when inag ing the bare _uraphi tc  sur facc ( - -50 mV and I  nA) .
In sornc cases thc iniascs r,verc sub.jected to a single low pass
fr l ter. Each ot '  the irnages presented here is representative of
ser,'eral images taken at diffbrent times to ensure reproducibility.

Space-f i l l ing molecular models (shown in the f igures with
8-5% r an der Waals radii) were constructed using Macromodel.+6
a molecular mechanics sofiware package. Models of the
hvdrocarbon f i lms were created with the molecules in an
orientat ion consistent with the STM images. The molecular
f i lm was then docked onto a graphite "slab". simulat ing the
HOPG surlace. and subsequentlv subjected to ener-gy minimiza-
t ion using an AMBER furee f ield.r;  The result in-e adsorbate/
substrate model structures hal 'e manv de-erees of f ieedom and
may not comespond to the lowest ener-gy configurations:
however. the;- pror,'ide a representation of the adsorbate filrns
consistent with thc STM in-rases.

Results

Alkanes and Alcohols. Long chain alkanes and alcohols
were some of the first hydrocarbons to be imaged at the solution/
sol id interface since they torm well-ordered f i lms on graphite
near room temperature.l0-l l ' l ' r"r0 The images of these molecules
are presented again here fbr comparison to the STM images of
f i lms with other functional end groups. An STM image of a
tr iacontane (CurHr,:) f i l rn physisorbed on graphite is shown in
Figure la. One rnolecular length is indicated by a black bar in
the image. The molecules appear to be ful ly extended.
indicating an al l- trans conformation alon-E the hydrocarbon
backbone. Straight chain alkanes on graphite are general ly
characterized by a 90" angle between the molecular axis and
the direct ion of the rows or lamellae. as shown in the model in
Figure lb. This packing orientat ion maximizes the interactions
between thc hydrocarbon chains. thereby stabi l izing the f i lm.
Addit ional ly. the graphite substrate acts as a template fbr
formation of the hydrocarbon film in which the hydrogens of
the alkyl chains are bel ieved to reside in the hol low sites of the
graphite latt ice. The good latt ice match between the alkyl



Figure 2. (a) STM image of triacontanol (CHnCH]):"OHl in phen],loctane on graphite. One molecular length is indicated by a black bar. The
molecules are oriented \,!i!h a 60'angle bclween the molecular axis and lhe direclion ol-th€ lamellae. as indicated on the image. The 20 nmr image
was obtained wilh a 1.100 mV bias (sample negative) and an 80.0 pA tet point in constant current mode. (b) Top view of a computer generared
model ofan alcohol film on graphile. The hydrogen bonding ofthe cohols within the film requires the OH groups ol the molecule\ in adjacenl
rows to lie "head Io head . (c) Side view of the model shown in b showing thal the OH groups lie in thc planc of the illm.
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backbone and the graphite lattice f'avors commensurate packing
of the hydrocarbon f i lm with the underlying substrate. l0-+t-50

Two domains are observed in the image of tr iacontanol
(CroHorOH) on graphite which appear to fbl low the latt ice
direct ions of the underyl ing graphite surface. The C.roHorOH
fi lm on graphite is characterized by a 60o angle between the
molecular axis and the direct ion of the lamellae (Figure 2a;.
The relat ive orientat ion of the alcohol molecules is defined by
the hydrogen-bonding network in the f i lm. in contrast to the
90' angle obsen'ed for the alkanes in which no hvdrogen
bonding can occur. Hydrogen bonding requires that the OH
groups of molecules in adjacent rows l ie "head to head" in the
fi lm. as shown in Fi-eure 2b. Similar STM contrast is observed
over the entire molecule in most of our images of alcohol f l lms.
althou-eh in some instances one or both ends of the molecules
appear brighter than the central portion of the alkyl chain. From
our images i t  is not apparent that the STM is "sensit ive enough"
to dist inguish the OH end group from the remainder of the
hydrocarbon backbone in the images of these molecules.
Similar contrast f 'eatures have been reported by Elbel et al.  for
the alcohols on graphite.5l In mixtures. the alcohols and the
alkanes tend to segregate into separate domains on the surface
and have been dif ferentiated in mixtures by their respective.
functional ly specif ic packing orientat ions. These individual
systems have been described in more detai l  elsewhere.lo

Sulfur. Functional group specif ici ty has recently been
observed for several sulfur-containing hydrocarbons: l-docct-
saneth io l  (CHI(CH:) : rSH). r  docosane d isu l f ide (CH-r (CH:) : r -
SS(CH:) : rCH.1. : "s :  oc tadecy l  su l f ide CH:(CH:)uS(CH:) r ; -
CH:) ,5r  and d ihexadecy l  d isu l f lde (CH:(CH:) rsSS(CH:) r5CHr) .  I

In the STM images of these molecules an enhancement in the
tunnel cuffent is observed in the vicinity of the sulfur group.
An STM image of l-docosanethiol (CH:(CH:):rSH) on graphite
is shown in Figure 3a. The bright spots in the image of the
thiol correspond to an increase in the tunnel current in the
vicinity of the SH end group. while the Cz: alkyl chain is
observed as a thin band of darker contrast. In this image the
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molecules appear  to  he l r ins  f la t  ur th  the i r  nro lecu lar  ax is
paral lel to the graphite surl 'ace. The thiol molecules l ie
preferential lv "head to head" (the SH -sroups fr.rcing each other).
while a f 'ew l ie "head to tai l"  (SH group to CHr terminated
end). as show'n in the cornputer model of a thiol f l lm on graphite
in Fi-eure 3b. The thiols appear to pack with a 90' angle
between the molecular axis and the direct ion of the row. similar
to  the a lkane f i lms (see F igure la) .  ind icat ing that  the SH" 'S
interaction in the thiol f i lm is rnuch weaker than the OH"'O
hydrogen bond in the alcohol f i lm. The enhanced tunnelin-e
associated with the thiols has also been reported fbr aromatic
groups in thin molecular f i lms. although sulfur is one of the
first "atomrc" functional i t ies observed with this propertv in a
phi 'sisorbed organic f i lm. Elemental specif ici t l , '  has been
observed recently tbr STM ima_ees of clean semiconductor al lov
su r l i r ces  t l nCaA :  i r nd  G l rAsP t .5 r

Amines. In an attempt to search fbr other functional groups
which may be dist inguishable with the STM. we examined f l lms
of  octadecy lamine (CH:(CH. ' )nNH:)  on graphi te .  as  shown in
Figure zla. Like many other hydrocarbons on graphite. the amine
molecules orient paral lel to each other in well-ordered rows.
creat ing a  2-D crysta l l ine f i lm.  The length o f  one molecu le
(indicated by a black bar) a-erees well  with the expected length
fbr a ful ly extended. al l- trans conformation and indicates that
the molecu les l ie  f la t  w i th  the i r  molecu lar  ax is  para l le l  to  the
graphite surface. The an-ele between the molecular axis of the
amines and the direct ion of the lamellae is about 60o. This is
reminiscent ot-the molecular orientation observed for the alcohol
f i lms presented in Figure 2a. The amines in nonpolar solvents
such as phenvloctane. l ike the alcohols. form a hydrogen-
bonding network which defines the molecular orientat ion within
the monolayer.

Unlike the alcohols. one end of the CH:(CH2)17NH2 molecule
is observed to have a "brighter" contrast than the rest of the
Cls alkyl chain. Presumably. the bright ends of the molecules
mark the location of the NH2 groups. NH2 groups appear to
be paired in a "head to head" orientat ion. thereby creating a
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Figure 3. (a) STM image of l-docosanethioi (CHr(CHr)rSH) in phenylocrane on graphile. One mol€cular lengrh is indicared by a black bar. The
image is dominated by bright spots which indicate the positions of the SH groups. Th€ 20 nmr image was obtained with a 1550 mV bias (sample
negative) and a 150.0pA set poinl in conslant current mode. (b) Top view ofa computer-generated model ofathiol film on a graphite substrate-
The SH groups are preferentially oriented head to head but occasionally orient "head to tail .

b)
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Figur€ 4. (a) An STM image of l-octadecylamine (CHr(CH:)rrNH:) in phenyloctane on graphite. One molecular length is indicated by a biack
bar. The angle belween the molecular axis and the direction of the lamellae is 60o. The rows of molecules appear to be paired with the position
of the NHr groups observ€d as a bright line ( indicated by - ). The rows ofmolecules are separated by deep troughs (indicated by -). The20nml
image was obtained with a 1500 mV bias (sample negative) and a 150.0 pA set point in constant curent mode. {b) Top view of computer-
genemted model of an amine film on a graphite substrate. Hydrogen bonding between the amine groups in the film defines the molecular orientation.
(c) Side view of the model in b. showing that the lone pair of the amine N atom points out of lhe fllm in this stfucrure. This is in contrasr ro rhe
odentation of OH groups. which lie in rhe plane of rhe alcohol film shown in Figure 2c.
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bright "center l ine" joining the molecules in the paired rows
(marked by - in Figure 4a). The other end of the molecule
has the same contrast as the rest of the alkyl chain and is
separated from the adjacent row by a deep trough (marked by
=-). A "head to head" orientation is also necessary for hydrogen
bonding between molecules within the film. and a model
consistent with these observations is presented in Figure 4b.

The image of the amines (Figure 4a) also displays an intensity
variation in the "background" contrast from dark to brieht. or

a moir6 pattern. which appears with a repeat over about four to
f ive molecules. This type of contrast variat ion has been
observed in other f i lms such as carboxyl ic acids on graphiterl
and has been attr ibuted to a molecular f i lm which is incom-
mensurate with the underlying graphite latt ice. Incommensurate
packing of the f i lm may occur i f  the intermolecular interactions
(van der Waals and electrostat ic fbrces) between functional ized
hydrocarbons within the f i lm are stronger than the molecule-
surface interactions which lead to commensurate packing. The
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Figure 5 .  STM image of  l -ch loroocradecane (CH:(CH:) r .C l t  in
phenyloctane on -uraphite. One ntolecular length is indicatcd b1 a black
bar. The 20 nmr inta-ee vuas obtained uith a 1500 rnV bias (sanrplc
negative) and a 120 pA setpoint in constanr hei-eht ntode.

contrast variat ion appears to be most pronounced when there is
a mismatch between the substrate surface and the f i lms alon-u
both unit vectors of the substrate latt ice and indicates that the
STM is sensit ive to contr ibutions from both the substrate and
the molecular overlayer. In fact the moir6 pattern has recently
been used to deterntine the relat ive orientat ion of the adsorbate
molecules with respect to the surface with hieh resolut ion.sl
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Halogens. Halogen-containing hydrocarbons are a conve-
nient set of molecules in which to survey trends in the ima-ge
contrast since the trends in physical properties of these molecules
are well-defined. We have previously investigated octadecyl
ch lor ide (CHr(CH,) r ;C l )  on graphi te . l  as  shown in  F igure 5 .
The molecular axis of the chlorides appears to form a 90o angle
with the direct ion of the rows or lamellae. and these molecules
have an image similar in appearance to that of the alkanes
(Figure la). In this case the location of the chlorine atom could
not be discerned from the STM images since similar contrast
is obsen'ed on both ends of the molecule.

An STM image of  1-bromodocosane CHI(CH:) :1Br  f i lm on
graphite is shown in Figure 6a. A black bar indicates one
molecular length. A 90" angle between the molecular axis and
the lamellae direct ion is observed in the bromide f i lm. similar
to the arran-sement observed in the alkane film (Figure la). Both
ends of the niolecule display similar contrast. and the terminal
bromine is  not  d i rect ly  d is t ingu ishable  in  th is  image.  The
troughs between the rows of molecules are observed with
dit-l'erent contrast as marked by the arrows (---* and =-. the
"narrow'  and "wide"  t roughs.  respect ive l l ' )  in  F igure 6a and
indrcate an asvnunetrv between the tu'o ends of the nrolecule.
The asvr l rnet r ic  nru spaerng\  \ucgest  that  the rows of  bront ide
nrolecules mar hc paireci in a "ht--ad to heacl" onentation. as
ind icatcd in  F icurc  6b.  I t  is  unc leur  l l 'o r t r  th is  i r la -se a lone rn
rvhich troLrgh the terrninal brontides residc.

When the same region of the f i l rn is monitored continuously
over  a  per iod o f  t ime (> l0  min) .  a  revers ib le  change in  the
STM contrast is observed. As shown in Fi-eure 7a. one end of
the CHr(CH:) : rBr  molecu le  becomes "h igh l i -uhted"  by an
increase in tr-rnncl current. The bright spr)ts appear to indicate
the pos i t ion o t ' thc  hnrnt ine end uroup.  conf i rming the specula-

Figure 6. (a) An STM image of l-Bromodocosane (CHr(CH:)1Br) in phenyloctane on graphiie. One molecular lengrh is marked by a black bar.
The troughs separating the rows of molecules indicated by * and -. respectively. are not equivalent. The tilm has two defects. as marked by an
asterisk. and are also apparent in Figure 7a. The 20 nm: image was oblained with a 1500 mV bias (sample negative) and a,100.0 pA set point in
constant current mode. (b) Top view of a computer-generated model of a bromide film on a graphite substrate. In this model of ihe bromide film
ihe rows of molecules are paired with the bromides oriented "head to head . (c) Side view of the model in b showing that the bromine end grcups
Iie in the plane of the film tbr an all-trans confomation of the molecule.
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Figure 7. (a) STM image of l-bromodocosane (CHr(CHr)rLBr) in phen)locrane on graphitc lLrkcn apnro\imatcl\ '  l0 min al icr thc image in Figurc
6a. No changes were made in the scan parameter\ betreen thesc imagc\. Thc location ol the hrcminc\ in thc uln rc no\r indicated b) hrighl
spots at the ends ofrhe molecule {.-) and verifv $at the bronrines lie head r() he.rd . Thc lilln hrs t\\\) detect\. marked b} an a\teri\k. uhich arc
attdbuted to molecules with ori€nlations opposite Io Ihe rcsr of lhe moleculc\ in lhe tllnr. Th.\c dcltet\ are also apparent in Figule 6 . The l0
nm: image was obtained with a 1500 mV bias (sample negrlivel and a -100 {) pA \ct poinl in constant cuffent modc. (b) Top vieu ol r computcr-
genented model of a bromide film on a graphite substrate. The bromidc molecules shrJu D in thi\ nxrdel are in an end-gauche conlbrmatior in
contmst to the all trans conformation shown in Figure 6b. The bromide molecules in lhi\ m()del \ ere orienled in rn end gauche ScomctN /,ri.r-
to energy minimization in order rc locate the local minima around this confbrnririon. Rolillion ahout the terminal RCHr CHrBr bond fron a tran'
to a gauche conformation may be responsible for the change\ observcd in the imagc contrast. (c)Sidc ric\d ofthe mod€l in b sho\\ing that thc
bromine Doints up out of the film when in the end eauche contbrmation.

t ion that the bromides l ie "head to head". Tl i is reversible
contrast variat ion f luctuates spontaneously f  rom "dark" to
"bright" (with no changes in the microscope condit ions) o\ ier a
t ime scale of several minutes. The transit ion between bright
and dark contrast occurs quickly (much faster than the t ime scale
required to col lect a single Jiame) and over a wide region.
sometimes greater than 50 Ar. These solut ion/sct l id interfaces
are quite f luxional in general:  however. once a large ordered
domain is establ ished. the molecular monolayer appears to
remain stable for many minutes. al lowing several images of the
same area to be col lected. The nature of the contrast vanation
wil l  be considered below.

We have also investigated f i lms of l- iodooctadecane (CH:-
(CH:) ru l )  on graphi te  shown in  F igure 8 .  The image is
dominated by l ines of bright contrast which transect the STM
images and presumably mark the location of the iodine end
group. The spacing between the bright rows corresponds to
two molecular lengths, indicating that the iodides l ie "head to
head" in the overlayer similar to the orientat ion of the bromides
in Figure 6b. Unlike the bromides. the iodides always appear
with a "bright" contrast, and no change in the contrast was
observed with t ime. Individual iodide molecules (CHr(CH,)rzl)

are observed with lower resolut ion than the bromides (CH:-
(CH:):rBr, Figures 6 and 7). The shorter chain iodides are
associated with a smaller heat of adsorptiona8-50 118 versus 20
carbons). which may result in a higher mobil i ty of the iodides
on the surface. Addit ional ly, the large size of the iodine end
group may also reduce the stabi l i ty of the chain/chain interac-
t ions in the close packed f l lm and al low greater motion within

the f i l rn. thercb.v" lowenng the resolut ion. The presence of thc
large iodine substi tuent may also be a factor contr ibuting to
the appearance of a moire pattern across the chains. slrggestinc
that the molecular packing is rncommensurate with the underlr -

i ng  g raph i t e  l a t t i ec .
Relat ive Intensit ies of the Functional Groups. As dc-

scr ibed abore.  la r_re var ia t ions in  the STM image cont rast
between hvdrocarbons with several dif ferent end groups (-CH..
-OH.  -NH: .  -SH.  -Cl .  -Br .  - l )  have been observed under '
s imi lar  tunnel ing condi t ions.  To make re l iab le  compar isons
among the contrasts fbr each of the functional groups. 'ul  c
attempted to coffect for r, 'ar iat ions in the tunneling condit ions
t rom sample to  sample by us ing the cont rast  o f  the a lky l  cha in
in each sample as a ref-erence. An integration box. ap-
proximatel l '  the size of the functional end group, was used t<r
determine the average intensity over the functional group. thc
alkyl chain. and the background between the rows of chains.
From these measurements. the "brightness" of each functional
group. 1..  averaged over the area associated with the end group.
was normalized to an average brightness associated with the
remainder of the alkyl chain. 1,, .  The relat ive "brightness" of
each of the functic-rnal _troups. 1. ' i ' .  was subsequently calculated
accord ins to  eo l :

1r*  :  (1 ,  -  I ) l ( lu  -  1n)  ( l )

where a background correction was made by subtracting the
average intensitv in a region between molecules. /6, from the
uncorrected intensit ies 1. and 1,,.  In the case where the end

?k
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F igu re  8 .  STM in tage  o f ' l - i odooc tadecane  (CH. (CH. ) r - l ) i n  phcn l l -
octane on graphi te.  Onc ntolecular  len-sth is  indicatec ' l  b1 a black bar.
The image is dominated b1'br ight  l ines r ' ,h ich appear to indicate the
locat ion of  the iodine atoms in the f i l rn.  The separat ion betu 'een thesc
"br ight"  l ines is  consistent  u i th tuo rnolecular  lengths and indicates
that the iodides lie head to head. The 20 nmr ima-pe was obtained
with a 1-500 mV bias (sample negat ive)  and a 2-50.0 pA set  point  in
constant current mode.

TABLE 1: STM Functional Group Brightness Relative to
the Brightness of the Alkyl Chain

functional -croup relati 'n'e brightness

CH.
OH
CI
NH:
Br
I
SH
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darker

+
br ighter

-+

X =  H  O H C I

Figure 9. Plot of the nrolecular polarizabi l i t l 'of C:H.X ttrr each of '
t he  f unc t i t ' r na l  g roups  (X :  H .  OH.  C l .  NHr .  SH .  B r .  I ) e ram ined  i n
this stLrdr .  Cornparison ot ' the ohserr ecl "brichtncss" of thc functional
-sroups in  Tahlc  I  u i th  thc  t renc ls  in  the po lar izab i l in  shou 's  a
correlat ion bet* ccn incrcasinq bri-chtness and increasing polarizabi l i tr ' .
The designations ol '  the functional groups as "dark" and "bright"

describes the obscrrcd "brightness" of the functional group relat ive ttr
thc rernaindcr o1' the alkvl chain as de f ined bv ccr I  .

largest STM image contrast. The relat ive "brightness" of the
ha logens  (R -C l  <  R -B r  <  R -1 .  R  :  a l ky l  cha in ) i n  t he  STM
image however displai 's the opposite trend. sus-cesting that the
atomic EA of the substi tuent is not an inrt lor lant tbctt-rr go\eming

the tunneling contrast.

I t  is  wel l -known that  the sur face work funct ion chances i r r
the presence of polarizablc adsurbates. and the measured tunnel
cl lrrent should increase as the bamier is reduced.l l ' l t  This
implies that there nrar be a corelat ion between the adsorbates'
po lar izab i l i t i cs  and the STM image cont rast  when compar in-u
difl'erent f'unctional -qroups. To examine any corelation betwecn
the polarizabi l i ty and the STM image contrast. the molecular
polarizabi l i t ies of the ethyl-substi tuted hydrocarbons (ClHsX 155
are plotted in Figure 9 in order of increasin-s STM irna-ue
brightness fbr each of the functional groups studied here (X :

H.  OH.  Cl .  NH: .  SH.  Br .  I ) .  The po lar izab i l i t ies  o f  the
substi tuted ethanes were chosen for this comparison since the
molecular polarizabi l i t ies of the long chain hvdrocarbons
investi-eated here have not been measured. The plot displays a
comelation between increasing STM iniage brightness and
increas ing molccu lar  po lar izab i l i tv  over  the set  o f  funct iona l

-groups examined.

Comparison of the relat ir ,e contrast of the functional groups
in Table I and the trends in the polarizabi l i t ies in Figure 9 shows
that the groups with bri-ehter contrast in the STM images (1.r '

than their darker counterparts (1,* '  :  I  for X : CHr. OH. and
Cl). While aromatic substi tuents were not investigated in this
study. i t  should be noted that the polarizabi l i ty of benzene is
quite similar to that of ethyl iodide. and both benzene substi t-
uents in molecular f i lms on graphite and the iodide f i lm studied
here are characterized by bright spots in the STM image. Our
results are also in good agreement with the observation of
Stevens et al. ' r  in rvhich both bromine and benzyl groups. within
the same molecule. appear as bright spots in the STM image
(the aromatic being noticeably brighter than the bromine). The
notable exception to the trend in the polarizabi l i ty is the -SH

end group. which suggests that addit ional factors may also
contr ibute to the STM irnage contrast.

I t  is general ly accepted that the STM tunneling probabil i ty
ref lects the local density of states (LDOS) at the Fermi level of

1 2
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" Teminal functional group is not distinguishable fiorn the rernainder
of the alkyl chain. / 'On11 "bright" bromine images (similar to FigLrrc
7a) were used in this calculat ion.

groups were not dist inguishable from the remainder of the alkyl
chain (-CH3. -OH. and -Cl).  i t  was assumed that 1. :  / . , .
and each of these groups was assigned a relat ive brightness (1r: ' )
of l .  Measurements from several dif f 'erent images were
averaged. and the results are summarized in Table l .

Discussion

General Trends in the Image Contrast. The STM has
demonstrated sensit ivi ty to several functional groups. including
-S. -NHr, -Br. and - l  ( in addit ion to aromatic groups). while
-OH and -Cl were not dist inguishable from the hydrocarbon
backbone for the molecules investigated here. The relat ive
"brightness" of the substituents is observed to increase over the
ser ies  -CH:  -  -OH -  -Cl  =  -NH:  < -Br  <  - I  <  -SH.

as summarized in Table l .  Comparison of the relat ive contrast
of the Cl, CH;. OH. and SH end groups in an earl ier studyr led
to the conclusion that the total electron density and electro-
negativity of a functional group are not the key factors in
determining the magnitude of the observed tunneling current.
The atomic electron aff lni ty (EA) might be a possible factor
governing the tunneling process since the substi tuent with the
largest EA (Cl > Br > I) could be expected to interact most
strongly with the tunneling electrons and thereby display the
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a )

Xe 6{s)
Vacuum Level

Xe 6{ad)

b )
Vacuum Level

I u*"" '*"'

[1.,",
fffi'"""'
I crupnit"

I 

sudace

tu".o.(.nl.
LUMo(ad)t^.,^*,

I 
I3s3

5.7eV

Fermi Level
4.sev

Ni Fermi Level

6-8eV

the surface bein-q imaged.'i6"5t Lang and co-wttrkersrl have

considered the role of adsorbate ener-Qetics and electronic

structure on the STM image contrast for the model case of

atomic Xe adsorbed on Ni using an atom on jel l ium model.

Similar to the physisorbed hydrocarbons. the isolated Xe atonis

display strong contrast in the STM despite the large gap (-12

eV) between the highest occupied (5p) and lowest unoccupied
(6s) atomic orbitals. which l ie far in energy f iom the Fermi

level of Ni. However. when the Xe atom adsorbs onto the

surface, the gas phase 6s(g) level is lowered in energy by the

heat of adsorption (see Figure l0a). The result in-u adsorbed

Xe 6s(ad) state l ies -0.5 eV below the r, 'acuum level. While

the Xe 6s(ad) retains a mostly Xe 6s(g) character. symmetry

breaking upon physisorption al lows weak mixing of the un-

occupied 6s(g) with other Xe atomic states (of diff-erent

symmetries) and some Ni surfaces states. The contr ibution of

the Xe 6s(ad) to the LDOS was calculated by subtracting the

bare Ni LDOS from the Xe plus Ni LDOS. at a large distance

f rom the sur face probed by the STM t ip  ( - l l  bohr) .+r  Th is

calculation revealed that the contribution of the Xe adsclrbate

to the LDOS (or the mixed surface/Xe 6s(ad) levels) is peaked

0.5 eV below the vacuum level. The normally sharp atomic 6s

resonance for isolated Xe is broadened by the interaction

between the surface and the adsorbed atom. exhibiting a width

of roughly 0.5 eV. The key feature of these calculat ions,

however, is that far away ( > 1.5 eV) from this Xe 6s resonance

the contribution of the Xe states to the local density of states

of the system becomes a very weak function of the ener-qy,

fal l ing off only very slowly (see Figure l0a). Thus. although

the contribution of Xe to the local density of states at energies

well  below that of the isolated lowest unoccupied 6s atomic

orbital is small. it does not change very much with energy. Since

the tunneling probabilrty depends on the local density of states

at the Fermi level. the imaging of adsorbates should not depend

sensitively on the electronic structure of the adsorbate as long

as the energy difference between the lowest unoccupied

TypicalBias A
Vohage 1.5eV Y

10-12eV

Pt Tip

no':i:1.
Xe 5p(ad)

Adsorbate state€
Figure 10. (a) Energy level diagram lbr Xc adsorbed on r Ni surtace- Both the highest occupied Xe 5f lr)d lowesl unoccupied Xe 6s lerels lic

fai-in energy from rhiNi Fermi level. Prior () rlsoetion. rhe girs phase Xe6s(g) le\el liesiu\l ilbovc the racuum level- Upon adsorption thc Xc

6s(ad) is l ;wered -0.5 eV helow lhe vacuum lelel hy rhe heat ofadsorption. l-aDg s ir loln on icl l ium calculat ion of the contr ihrr l ion ol- lhe X'r lrdl

t o Ihe loca ldens i t yo | s ta teso1 - thesu r l i ce / i ] dso rba tecon rp l cx re r , e i r I s t ha t l hc reson i | nceco r re \pond ing to lheXe6 \ (a ( l ) s11c
adsorption and develops N long energy tai l  which extends to the Ni Fermi le\el(rcl  -+l).  Althouglh the contr ibul ion ol lhc Xe tothe surlacc I-DOS

at the Fermi lev€l is small  0ypical ly l%J. ir  is a wetk funcl ion ol the enerst \eprrr l ion belucen t l le Fclmi lcrel Ltnd thc Xc 6\ st l tc anLl. nr()\ t

diagram for i  molecular adsorbare on graphite with a typicrl  HOMO LUM()gLrpr) l  l ( l  l l  c\ ' .  ()grtnic nn)lcculc\ . |rc nolal l \  in\ul l t(n\.  alrd

the loca r i ono f t heHoMoandLUMo in1he1unne l j L l nc t i on i sno lwe l I - de fned .Ho \ ^e \ c r ' h } l n l l ( l s \ \ ' i t h l h . 'X r ' o l lN i \ l i l l \ ' \ i n
levels most l ikely l ie far in energy {several eleclronvolts) l iom the lernl i  level\  ol lhe gri l lhi lc \uh.l f i l lc l tnd thc R t i f

adsorbate level and the surface Fermi level is lar-se. In addit ion

this picture also predicts that the tunneling current should be

stronglv af l 'ectecl i t ' the lowest unoccupied level of the adsorbate

approacl ies r" i thin -0.-5 eV of the surface Fermr level (srttce

the resonance s  fwhni  is  -0 . -5  eV) .

The two cases. lowest unoccupied adsorbate level far fronl

and near to the surface Fermi level.  are Somewhat analogous to

rurdinary and resonant Raman scattering. In ordinary Ranlat l

scattering the nonresonant interaction of a primary l i -eht beanl

with the tarls of hrgh-energy electronic states makes thc

scattering probabil i ty insensit ive to the dif fbrence between the

photon energy and the ener-sy of electronic levels rn the

scattering medium. On the other hand a considerable enhatlce-

ment in Raman scattering probabil i ty ts observed when the

photon energy approaches the ener-uy separatlot l  of the -urouncl
and e lect ron ica l ly  ercr ted leve ls  in  the medium.  S imr lar  t t r

nonresonant Raman scatterin-q. the ener-eetical ly dif fuse "tai l"

of the Xe 6s(ad) interacts with the Ni Fermi level,  far in energ!

from the peak of the Xe resonance. t t l  produce a snlal l

probabil i ty of tunneling.
Another key f-eature of these calculat ions fbr the theoretical ly

tractable Xe on Nr system is that. despite the weak mixin-u of

the Xe 6s and surface Fermi level electronic wave functions.

the cont r ibut ro t t  o l ' the adsorbate to  the loca l  dens i ty  o t '  s ta tes

at the Fermi level is -2 orders of magnltude larger than the

contr ibution of the bare substrate to the LDOS at the large

distances from the surface typical ly probed by the STM tip in

an experiment where adsorbates are being imaged.l l  This is

not surprising. of course. since the adsorbate sits on top of the

surface. whrch u priori  -quarantees that i ts electronic wave

function wil l  be local ized much farther out from the surface

than can be expected for the electronic levels of the bare surf-ace.

These observatiotts suggest that Xe becomes visible in the STM

because the Xe adsorbate spatially dominates the region probed

by the STM t ip .  desp i te  the Xe 6s(ad)  leve l 's  weak mix ing wi th

the Fermi level surface wave function. The STM can thereby
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image the Xe through spatial overlap between the adsorbate
and the tip and the residual state density of the Xe6s(ad) tail at
the Fermi  leve l . l l  .

In the case of Xe on Ni the energies of the Xe adsorbate
electronic levels are known from experiment, while for the

functionalized organic adsorbates studied here the location of
the LUMO level of the adsorbate with respect to the surface
Fermi level energy is unknown. Nevertheless. Xe physisorbed
on Ni, with a 5p-6s gap of -12 eV. appears to be the atomic
analog of the insulatin-e molecular adsorbates studied here since
organic molecules typical ly have lar-ue HOMO-LUMO -uaps
of 8-12 eV. Recent experiments by Harrison et al.  on CHrBr/
Xe/CH:Br overlayers on Pt( I  I  l )  place the LUMO of the
topmost layer of CH:Br in resonance with the Xe 6s ap-
proximately 0.5 eV below the vacuum level.+o While the exact
placement of the long chain hydrocarbon adsorbate levels with
respect to the surface Fermi level rs uncertain in the present
studies. the frontrer orbitals of the molecular adsorbates. l ike
the Xe 6s on Ni. almost certainly l ie several electronvolts away
the Fermi level of the -eraphite surf'ace or the Pt tip. as
schematical ly shown in Fi-eure l0b. By analogy to Xe on Ni.

the frontier orbitals of insulat in-e organic molecules should
part icipate in the tunneling process throu-uh a weak mixing of
the adsorbate LUMO and the electronic levels of the graphite
at the Fermi level.  The spatial extension of the molecule away
from the surface pushes the mixed adsorbate/surfau^e electronic
wave function out fiom the surtace where the contribution of
the bare graphite to the Fermi level LDOS is ne-el igible. This
may explain how the tunneling electrons can couple to the
molecular framervork of these insulat ing molecules and why
the shapes observed with the STM sometimes resemble the
shape of the frontier orbitals.

This picture prol ' ides a number of insights that can be used
to interpret much of the data observed in the present set of
experiments involving a series of dif ferent adsorbates. To a
f irst approximation. we assume that the electronic structure of
the adsorbate is not cr i t ical since the adsorbate LUMO ener-qy
is l ikely to be far from the Fermi level of the bare graphite. In
such cases (nonresonant interactions between the surface
electronic states and the adsorbate electronic states) any f-eature
of the adsorbate that pushes the spatial extent of i ts electronic
wave function farther above the surface will enhance the tunnel
current associated with the adsorbate or specif ic tunctional
groups on the adsorbate. The most obvious of these factors is
simply the size of the adsorbate or a specif ic functional -uroup
of the material,  which is measured well  by the polarizabi l i ty of
the adsorbate (the highly polarizable Xe. fbr example. is quite
large. pushing its electronic wave function far from the surface
of Ni).  A second factor. one unavailable to spherical ly
symmetric atomic Xe on Ni. is the geometric isomenzation that
can occur for molecular adsorbates. In the present series of
molecules. this corresponds to whether functional groups bury
themselves in the surface (point down), are paral lel to the
surface. or protrude from the surface. The third factor. which
can affect the spatial extent of the adsorbate or functional group
is the shape or local izat ion of the LUMO. To the extent that
this level and energetically nearby levels of the adsorbate are
local ized on a given functional group or st ick up srgnif icantly
from the surface, the tunneling into these spatial ly local ized
states will be enhanced at distances far fiom the bare surface.

Final ly, of course. the electronic energy level structure of
the adsorbate and the strength of its coupling to the surface
(the degree of mixing of the surface electronic levels and the
adsorbate electronic states) will come into play. In cases where
the adsorbate's LUMO levels come near to the surface Fermi
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level. one expects a lar-ee enhancement in the mixin-e of these

states and a concctmitant enhancement in the tunnelin-e prob-

abi l i ty (analogous to the situation that occurs with resonant

Raman scatterin-e). I t  should also be noted that. unl ike atomic

adsorbates. molecular adsorbates often have many electronically

excited states that are close in energy to each other. When many

such levels begin to mix with the Fermi level of the surface.

especial ly i f  these levels are far in ener-ey f iom the Fermi level
(nonresonant case). the mixing should become less sensit ive to

the ener-ey dif ference between the electronical ly excited level

of the adsorbate and the Fermi level of the surface. (Again the

analogy to nonresonant Raman scattering is appropriate here

since the Raman effect is due to the interaction of a l ight beam

of low photon ener-qv with the "tai ls" of many high-energy

electronical ly excited states.) In pnnciple any of the t iontrer

orbitals can make some cotttnbution to the contrast observed

in the STM images. but f i rr  sinrpl ici ty rvc have neglected the
part icipation of the adsorbate HOI\4O it t  our discussion of the

tunnelin.g pr()cess.

By analogy with the case of Xe on Ni. the LUMO niight be

expected to dominate the STN{ inrage contrast of these physi-

sorbed f i lms i f  the adsorbate LUMO l ies closer in enersy to

the surface Fermr level than the distant HOMO. as depicted in

Figure 10a. In such cases the smaller energy dif ference between

the LUMO and the Ferrl i  lc 'r 'el  cor-r ld be expected to pror, ' ic le a

st ronger  cor - rp l in-u  and thcrcby.  u  re la t i re lv  large cont r ibut t t t t t

o f  the LUMO to the STM cont rast .  Never the less.  L ts  noted

above. the energy -uap bctw,een the Fernri  and HOMO/LUMO

levels is expected to be large. result ing in a rveak dependence

of the coupling on the ener-sy gap. For adsorbates with small

HOMO-LUMO -saps ( i . r - .  anr tnat ics) .  both  the adsorbate

HOMO and the LUMO can be expected to have a signif icant

contr ibution to thc STNI image colt trast. ' r l"r i"rs5s"ie

The present study establ ishes I good correspondence betweL-n

adsorbate polarizabi lr ty ancl image contrast. The possibi l i ty that

the adsorbate direct ly part icipatcs in the tunneli t tg proccss by

contnbuting to the LDOS throu-uh an energetrcal ly broadened

adsurbate LUMO. as discusscd above. is appealing and appetrs

to be consistent with much ot the data obtained in the present

study. We have also obtained sttme prel irnit tary data indieeting

that Br and S substi tuents niaintain bright STM irnage contrast
( re la t ive to  the a lky l  cha in)orer  a  q ' tc le  range ofb ias vo l t l tses.

l ' r o rn  f ( l . 0  t o  0 .5 t cV . '  '  Thc  l r r r ue  e lu t t t s cs  rn  b i as  ro l l i t ge  u re

accompanied by loss o f  reso lu t i t rn  a long the a lky l  charn.  and

for bias voltages smaller than -t-0..5 cV. f-eatt ires of the graphite

subst ra te  bcg in  to  dominate the image. t -  S imi la lno l tase

dependences have been reported in the STN{ ima-tes tt f  fatty

ac ids on graphi te  by Hib ino et  a l . ' ' l  w l i i le  these resu l ts  are not

definit ivc' .  they are consistent rvi th the involvement of an

ener-qetical lv dif fuse aclsorbate LU1\{O part icipating in the
tunneling process. The cuntr ibution of a broadened adsorbate
LUMO to the sample clensit l ,  of states should not depend
st rongly  on energy.  ( i .e .  no resonances rn  thc  LDOS near  the

Ferrn i  leve l  energy) . r i  sugre s t ing that  the c( )n t rast  in  the STM

images of polarizable adsorbates should be relatrvely insensit ive

to bias volta-ue. Addit ional ly. these results appear to rule out
the l ikelrhood of resonant tunneli t i -e thror-rgh spatial ly local ized
and energetical ly ' -narrow" states. as has been observed in the
diffbrentiat ion of metals throu-eh their image potential states. ' ' l
where sharp changes in the image contrast with bias volta-ee

are observed.

The simple correlat ion between STM image contrast and

adsorbate polarizabi l i ty may arise f iom the weak dependence
of the sample's LDOS (for the species studied here) on bias
voltage. making the size of the functional -qroup a primary factor
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in determining the image contrast. However. the correlat ion
of the polarizabi l i t ies with STM contrast is not perfect. From
the trend of increasing polarizabi l i ty. -CHr < -OH < -Cl <
-NH:  < -SH < -Br  <  - l  (see F igure 9) .  one mi-eht  expect
Br and I to be "brighter" than SH. However, SH is the bri-qhtest
functional -qroup observed here (Table l) .  This disparity may
be related to the details of the electronic structure of the sample
and/or the tip. As mentioned earlier, when the energy dif'ference
between the adsorbate LUMO and the Fermi level rs narowed.
the shoulder of the broadened LUMO may begin to contr ibute
more strongly to the LDOS at the Fermi level and result in an
enhancement in the tunnel current (the onset of resonant
tunnelin-e). In such cases. larger electronic mixin-e of the surface
and adsorbate wave functions augments the contr ibutton due
to the eff-ective spatial overlap between the tip and the adsorbate
at large distances from the surface. The -eas phase molecular
EA locates the relat ive posit ion of a molecule's LUMO with
respect to the vacuum level. Unfortunately the thiol EA. to
our knowledge. has not been measured. and a comparison of
the relat ive proxini i ty of each of the sample's LUMOs to the
substrate's Fermi level (or vacuum level) cannot yet be ntade.

Contrast Variat ion in CH-r(CH:):rBr Fi lms. The CHr-
(CH:) : rBr  f i lms d isp lay a  cont rast  var ia t ion over  t ime (F igures
6 and 7). and we consider here the factors which may control
the changes in the image contrast. Since these ima-ees are
col lected at the solut ion-sol id interface. the contrast variat ion
may simply be due to the mobil i ty of molecules into and out of
the f i lm. result ing in dif ferent molecules. possibly with dif ferent
orientation or surf'ace geometry. being ima-eed at different times.
However. exchange of molecules between the solut ion and the
adsorbate f i lm is usually associated wrth some disordering or
loss of resolut ion from molecular motion during the course of
the experiment: this is r lor observed. Piezo dri f t  with t ime may
also be potential ly responsible for the f i lm contrast variat ions
since dri f i  would lead to imaging dif ferent re-{rons of the f l lm
from frame to fiame. Two defects in the bri-sht bromide film
(indicated by an asterisk in Fi-eure 7a) can be employed as
ref'erence points and are identifiable as among the f'ew molecules
that are oriented with their "bright" bromine terminated end in
the trough rather than al i-uned with the other "bright" spots
within the row (marked by *) These def-ects appear to have
corresponding analogs rn the darker bromide f i lm ( indicated by
an asterisk in Figure 6a). Addit ional ly, the relat ive posit ions
of the troughs ( indicated by - and =-) in both images (Frgures
6a and 7a) run throughout the same portion of the frame. These
observations aff irm the stabi l i ty of the piezo with t ime and rule
out the possibi l i ty that the contrast variatton is siniply due to
the imaging of dif ferent areas of the f i lm.

In an attempt to correlate the posit ions of the bromrnes in
the dark and bri-eht films. we compared the avera-qe cross-
sectional prof i les of both the dark and bright f i lms (see parts b
and d of Figure I 1. respectively). Examination of an average
cross-sectional prof l le of the bromide image perpendicular to
the direct ion of the rows (and paral lel to the molecular axis)
reveals alternating "deep" and "shal low" troughs. as shown rn
Figure I lb. In this cross-sectional prof i le of the "dark" image
the bromine is not disttn-cuishable from the remainder of the
alkyl chain and appears to l ie in the plane of the f i lm.
Comparison of the profiles fbr the dark and bright images reveals
a good correspondence between the location clf the shallow
trough (*, Figure l la,b) in the dark ima-ee and the appearance
of bright spots in the bright image (-.  Figure l lc.d). The deep
troughs (=-). indicating the separation between rows of mol-
ecules on the methyl terminated end. remain deep in both
profi les (Figure l lb.d) with approximately the same depth

Cyr et al.

( -0 .025 nm).  The absolu te  he ight  sca le  in  these images is  not
cal ibrated. but is consistent between the images consrdered here.
It  can be consrdered that the bromine resides in the shal low
trou-{hs of the darker ima-ee and exhibits "hi-qher" contrast
relatrve to the alkyl chain in the bri_eht image. suggesting that
the bromine may be st icking up out of the f i lm.

Since the lon-u chain adsorbates are quite f ' lexible and are
mobile at the solut ion/sol id interface. the observed changes in
the STM image contrast may retlect variations in the confbrma-
t ion (or orientat ion) of the molecules in the f i lm. In ,{eneral
these physisurbed films are fbrmed a f-ew de-erees below the
melt ing point of the bulk hydrocarbon. As the melt in-e point is
approached. such crystals have been observed to undergo
rotat ional phase transitrons which mark the onset of disorder in
the transit ion trom the sol id to the l iquid phase.6't  6e These
rotator phases near the melt in-u point of the crystal are
characterized by disorder due to pseudofree rotat ion of the
a lkanes about  the i r  nro lecu lar  ax is .  which begins by ro ta t ion a t
the chain  ends." t  " "  Repor ts  o f  such d isorder  in  bu lk  crys ta ls
f iom dif fract iol. l  data are correlated with an increase in the
chain-chain spacing in the crystal.( 's However no discernrble
change in chain-chain spacing is observed for the bromide fr lm
in Figures 6a and 7a as the contrast changes fiom dark to bri-ght.
Changes in the density of the f i lm would not be obsen'ed i f
molecu lar  reorganizat ion occurs  on lv  a t  the ends of  the
molecu les.  cor responding to  a  t rans-gauche isomer izat ion
around the ternrinal C-C bond. as shown r,vi th the ntodels in
Fi_uures 6b.c and 7b.c respectively. The energy dif ference
between the gauche and trans corrfbrmers of l-bromopropane
is  qu i te  smal l .  -0 .  I  kc l l / r1 to l - t t  

- r  
(  less than Rf  ry  0 .6  kca l /mol ) .

with a sl i-ght pref 'erence for the _uauche conformer. Intercon-
version between the two rotatomers should be f-easible at the
expenmental tentperatures in this study i f  the barr ier to rotat i t tn
is  smal l .  Trans-gauche isomer izat ion may prov ide a mecha-
nisnr for the ends of the molecules to reorient in the f i lnt.
result in-u in a change in the STM iniage throu-uh variat iou in
the eff 'ect ive spatial "overlap" between the t ip and adsorbate in
the tunnel junction. as noted in the ntodel above based on the
XeiNi interaction. Note that in the "dark" STM image of the
bromides (Figure 6a) we speculate that the bromines l ie in the
plane of the f i lm with molecules in an al l- trans conformation
(Figure 6b). which results in poor or, 'er lap between the bromine
and the t ip. On the other hand. i f  the molecule undergoes
rotat ional isomerization to the gauche f i l rm (Figure 7b). the
spatial extent of the bromine's electronic wave function wil l
protrude farther above the surface. enhancin-u the tunnel current
associated with the bromine end group. and result in the bri_sht
spots observed rn the STM ima-ee (Figure 7a). As discussed
above. such a geometric rearrangement has the eff'ect of pushin-u
the adsorbate LUMO wave function farlher out fiom the surl-ace.
thereby enhancing the tunnel current associated with the specitic
Br functional group on the adsorbate. Rotation of the entrre
molecule anrund i ts long axis. proposed for the bulk alkane
rotator phases. may also be another plausible rearrangement
mechanism.(rr 6(r

The close proximity of the molecules within the f i lm may
orchestrate these motions in a concerted fashion. explaining why
the change in contrast is observed to occur rapidly over a large
domain. In fact. a "meshed gear" model( '5 has been proposed
fbr the motion of rotator phases in bulk crystals. since the bamer
to rotat ion in the condensed phase wcluld be relat ively high
wrthout cooperation between nei-ehboring molecules. Evidence
of cooperative reor_ganization within physisorbed organic f i lms
has been repor ted exper imenta l ly5T I5 ls '71 and in  molecu lar
dynamicsir simulat ions. In f i lms of 2-hexadecylanthraquinone
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on graphi te . /  for  example.  a  dynamic model  in l 'o lv ing a  s l ip
and a tw is t  (a  t rans la t ion and i l  ro ta t ion)of  the molecu les in  the
fl lm between two conformers of 2-hexadecylanthraquinone was
proposed to interpret the steady-state STM ima-ee.

Dramatic variat ions rn the observed contrast assocrated with
the bromine end group in  the CH3(CH:)21Br  f i lm (F igures 6a
and 7a) are similar to contrast chi inges reported for chemisorbed
adsorbates. Sautet . ,  o1. '16'7+'7'5 observed changes in the image
contrast of S atoms chemisorbed on Re(0001). rnanif-ested as
large changes in the image corru-eation just after pulsin-e the
tip voltage or spontaneously during a scan. These changes were
attributed to the structural rearran-gement of the tip. Calculations
of the tunnel cuffent fbr several tip structures have demonstrated
that restructuring of the t ip apex (from a sin-t le Pt atom to a
tr iangle of 3 Pt atoms) or changes in the t ip atom identi ty (f iom

Pt to S) can have a large impact on the image contrast. The
tunneling environment in the l iquid droplet when examining
phys isorbed molecu les.  such as CH:(CH:)1Br  on _eraphi te .  rs
even more complex than that for the ultrahigh-vacuum studies
of S on Re. I t  is plausible that the image contrast of our bromine
fi lms may change i f  the t ip adsorbs a molecule or an atom from
solut ion. perhaps result ing in a bromine atom terminated t ip.
Sautet and co-workers also found that changes in the identi ty
of the t ip apex atom are associated with changes in resolut ion.
with smaller atoms such as S (fbr the case of S atoms adsorbed

on the t ip t  i ' ie ld ing h igher  reso lu t ion images.  The reso lu t ion
alon-e the alky' l  charns in both dark and bright brorl ide f i l rns
(see F igures 6a and 7a.  respect i re ly ' )  is  qu i te  s imi lar .  as  is  the
relat i l 'e contrast of the alk1, ' l  chains in the cross-sectional prof i le
(F i - r rure l l ) .  f ) f  course.  these observat ions a lone do not  ru le

out changes in the t ip r:eomctrr as the cause of the contrast
variat ion. However. i l '  the t ip rearranged to a more stahle
geometry  or  composi t ion dur ing the experrment .  one mi-cht
expect that the more enersetical l l ,  favorable t ip structure would
remain f ixed:  never the less.  the cont rast  var ia t ion in  the phys i -
sorbed bronride f i lm (Figures 6a and 7a) is reversiblc on thc
t irne scale of ni inutes. and a change in t ip structLlre or chemical
identi ty '  cannot be completely ruled out as a source of this ef-fect.

Clearly the interpretat ion of the contrast variat ion in these
phys isorbed bromide f i lms is  compl icated by the poss ib i l i t l ,o f

molecu lar  mot ion in  the tunnel  junct ion.  Molecu lar  mot ions
such as confirrmational isomerization within the f i lm. i f  involved
in the image contrast chan-ee. should be sensit ive to temperature
variat ions. We are planning temperature dependent studies in
the future to dist inguish the effects of r, 'ar iat ions in the t ip from
changes in  f i l rn  s t ructure.  Addi t iona l ly .  de l iberate ly  funct ion-
a l iz ing the t ip  pnor  to  imaging rnay he lp  s tab i l ize  i ts  s t ructure
and provide interesting results on the inf'luence of the tip terminal
atom on thc irnage contrast.

The possibi l i ty that the bromide contrast variat ion from dark
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to bright may be due to molecular reorientat ion within the f i lm
emphasizes the importance of an adsorbate's physical size and
spatial orientat ion during imaging. The alcohol groups. for
example, seem to have a contrast similar to that of CH: in the
STM image (Figure 2a) even though -OH has a larger
polarizabi l i ty than the remainder of the alkyl chain (Figure 9).
The orientation of the OH groups in the alcohol film is optimized
for hydrogen bonding in the plane of the f i lm (Figure 2b,c),
and the frontier orbitals for OH-functionalized hydrocarbons
are restr icted to l ie in the plane of the f i lm. In this orientat ion
the LUMO wave function, local ized on the OH group. wi l l  not
be available for more than average parlicipation in the tunneling
process due to poor overlap with the STM tip during imaging.
By contrast, the amines appear bright in the STM image (Fi-eure

4a). Examination of a computer model of the amine f i lm
(Figure 4b.c) indicates that the lone pair electrons of the NH:
groups are point ing up out of the f i lm. I t  should be noted that
the spatial distr ibution of the amine LUMO. local ized on the
NHl group, is quite similar to the location of the N lone pair of
the HOMO.76 This means that the amine LUMO. local ized on
the NH: group. also points up out of the film toward the probing
STM tip and is potential ly avai lable to part icipate in the
tunneling process since i t  is spatial ly extended away f iom the
surface. The orientat ion of the SH LUMO in the thiol f i lm.
unl ike the alcohols. is not restr icted by a hydro_een-bondin-e
network to l ie in the plane of the f i lm, and they appear bright.
The orientat ion of the molecules with respect to the surface. as
dictated by intermolecular and molecule-surface interactions
within the f i lm ( i .e. hydro,uen-bondin-e and van der Waals
forces), may control the eff-ect ive spatial interaction between
the tip/surface-adsorbate and be a f'actor -{overnin-e the relative
image contrast of the functional groups studied here.

Summary

Several functional _rrroups. NH:, Br. I .  and S. have been
identi f ied by their bri-eht contrast in STM images of long chain
hydrocarbon f i lms physisorbed on -eraphite. Comparison of the
relative brightness of the functional groups conflrms an empirical
relat ionship between increasin-u molecular polarizabi l i ty and
increasin-{ STM image bri-ehtness. A model has been proposed
in which the molecular adsorbates contribute to the local density
of states at the Fermi level of the surface, as monitctred by the
STM. throu-eh an energetical ly dif fuse tai l  of the adsorbate
LUMO. similar to the case of Xe on Ni.rr Since the adsorbate-
induced increase in the LDOS depends only weakly on the
difference in energy between the surface Fermi level and the
adsorbate LUMO. variat ions in the tunnelin-e probabil i ty. and
hence the STM contrast. become more sensit ive to the effbct ive
spatial overlap between the adsorbate and STM tip than to the
detai ls of the adsorbate electronic ener-eies for the uroup of
molecules surveyed here. The extent that the functional groups
protrude away from the surf-ace will then determine the degree
of t ip/surface-adsorbate spatial overlap and wil l  be highly
dependent on the adsorbate's physical size (or polarizabi l i ty).
the orientation of the adsorbate with respect to the surt'ace. and
the spatial characterist ics of the adsorbate LUMO. The
electronic structure of the adsorbate is expected to play a larger
role in the STM image contrast in cases where the adsorbate
LUMO and Fermi level are close in enersv. as is the case in
conductive organic f i lms.
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