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A series of functionalized alkanes and/or alkyl alcohols have been prepared and imaged by scanning tunneling
microscopy (STM) methods on graphite surfaces. The stability of these ordered overlayers has facilitated
reproducible collection of STM images at room temperature with submolecular resolution, in most cases
allowing identification of individual hydrogen atoms in the alkane chains, but in all cases allowing identification

of molecular length features and other aspects of the image that can be unequivocally related to the presence
of functional groups in the various molecules of concern. Functional groups imaged in this study include
halides (X=F, ClI, Br, I), amines, alcohols, nitriles, alkenes, alkynes, ethers, thioethers, and disulfides. Except
for —Cl and —OH, all of the other functional groups could be distinguished from each other and-ff@im

or —OH through an analysis of their STM metrics and image contrast behavior. The dominance of molecular
topography in producing the STM images of alkanes and alkanols was established experimentally and also
was consistent with quantum chemistry calculations. Unlike the contrast of the methylene regions of the
alkyl chains, the STM contrast produced by the various functional groups was not dominated by topographic
effects, indicating that variations in local electronic coupling were important in producing the observed STM
images of these regions of the molecules. For molecules in which electronic effects overwhelmed topographic
effects in determining the image contrast, a simple model is presented to explain the variation in the electronic
coupling component that produces the contrast between the various functional groups observed in the STM
images. Additionally, the bias dependence of these STM images has been investigated and the contrast vs
bias behavior is related to factors involving electron transfer and hole transfer that have been identified as
potentially being important in dominating the electronic coupling in molecular electron transfer processes.

I. Introduction cases, defects have been shown to produce STM images that
resemble biomolecules or other possible molecular spéties.
Approaches to obviate this problem include preparation of
molecular corra® in which molecules might be immobilized

or the development of strategies to attach molecules covalently

Scanning tunneling microscopy (STM) images of molecules,
obtained at the resolution of individual atoms and/or functional
groups, has potential for providing spatial information on
electronic coupling matrix elements that are important in a . ) . : ;
variety of heterogeneous and homogeneous electron transfef & reproducible, defined fashion to smooth, STM-compatible
processes. Although the scanning tunneling microsc($EM) Substrates. . ) )
has been used to investigate a rapidly growing list of organic  Another approach to circumvent this problem is to study
materials at surfaces and interfadése mechanisms of electron ~ Surface/molecular overlayer combinations that spontaneously
transport through insulating organic materials are still under Yield ordered domains of well-defined molecular monolayers.
debate. Itis thus of great theoretical and experimental interest!n this fashion, the same molecular structure can be reliably
to understand, in a systematic fashion, the factors that controlPrépared, and observed experimentally, over a variety of
the spatial image contrast in a molecular-resolution STM image. €xperimental trials. In such systems, the STM data can be

A significant experimental barrier to advancing this subject 2SSigned with confidence to the molecule of concern. System-
is the lack of a controlled method of sample preparation that atic variation of the molecular size can then be used to lend
allows the collection of reproducible STM images that can be ¢onfidence to the association between the object in the image
unequivocally assigned to the molecule of interest. At room f"‘nd thg mo!ecule. of interest; adqlltlonally, systematic variation
temperature, isolated molecules are generally mobile on surfacesi" the identity of individual functional groups can be used to
and such mobility during a lateral scan with the STM tip is establ_lsh a relative contrast s_cale for probing the variation in
thought to prevent collection of reproducible STM images. In tun_nellng current between sections of a molecule ar_1d/or betwe(_an
cases where individual, isolated STM images assignable toVa&rious types of molecules. We have adopted this strategy in
molecular features have been obtaidétlere is a question as this st_udy, which was designed to elucidate several aspects of
to whether the image actually corresponded to a region of the STM image contrast and to relate these features to factors
surface where the molecule of interest resided or whether it thought to control electron transfer matrix elements in intramo-
corresponded to a surface defect and/or tip-related imaging Igcular and intermolecular donor/acceptor charge transfer reac-
artifact? In some cases, molecules apparently migrate to step t1ONnS-
edge sites and must be located by sorting through a large number The basis for our work is the demonstration that long chain

of images that do not display the molecule of intePest. other alkanes and alcohols adsorb from nonpolar solutions to form
single, close-packed monolayers on graphite. This process has
@ Abstract published irAdvance ACS Abstractgune 15, 1997. been investigated through measurement of adsorption isotherms,
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enthalpies of adsorption, and adsorbed surface mass measurérowever, several different tips were sometimes necessary to
ments’~10 Only a single monomolecular layer of alkanes achieve high resolution images.

absorbs onto highly ordered pyrolytic graphite surfaces atroom  The |attice spacing of graphite (2.46 A) was used as the
temperature, and the measured heat of adsorption increasegalibration standard for th& andy piezo dimensions. The
uniformly with the chain length £0.94 kJ/mol for each  height of a step edge on a graphite surface was determined to
methylene unit), reaching 209 kJ/mol for dotriacontane pe 3.4 A using the manufacturer's specifications for the
(Cs2Hee).1** There has been some debate about whether thezpiezoelectric coefficient of the ceramic. Since the separation
alkane adsorption is driven by adsorbaseibstrate interactions between graphite |ayers is 3.35 A, the manufacturer’s Specifica_
or by lateral intermolecular interactions, but recent evidence tion for the z-piezo dimension was used in computing all
tends to point toward the lattét!* These reproducibly  zcorrugation values reported in this work. Metrics were
prepared, ordered overlayers have proven to be very amenablejetermined using Nanoscope Il software, and the apparent
to study with the STM. Since the first report of imaging an heights of heteroatoms and groups are reported with respect to
alkane monolayer on graphite with a scanning tunneling the average height of the image over the methylene portion of
microscopé; several reports have described images of func- the adsorbed molecule. Errors in the distances quoted in this
tionalized alkanes, including alcohdfs;>*7.19.20 carboxylic article include our estimates of the measurement errors associ-
acids;? dialkyl-substituted benzenés;® disulfides; thiols* ated with determining the metrics from the images as well as
amines’® and halide$® X-ray diffraction studies of alkane  the reproducibility of these metrics over various experiments.
and alkanol monolayers on graphite confirm that the STM |mages that displayed excessive thermal drift were not analyzed.
images of these organic molecules have revealed the actualrg reduce noise, after data collection the images were filtered
arrangements of the molecules adsorbed on graphite. using Nanoscope Il software. The filtering was primarily
Unlike several other systems in the literature we have tried performed to enhance the visual presentation of the printed
to reproduce, we have found that monolayers of these simpleimages, but the filtering was performed in such a way that it
alkanes and alkanols on graphite yield highly reproducible STM did not distort any of the primary metrics evident in the original
images. On the basis of the reproducibility of this system and data nor did the filtering procedure introduce any new spot
its simplicity, we have chosen this class of organic molecules patterns or new topographic features into an image.
to study the mechanisms underlying STM image contrast.  pentatriacontane (TCI), tetradecanol (Aldrich), dodecanol
Toward this end, a series of functionalized alkanes and/or alkyl (Aldrich), decanol (Aldrich), 1,12-dodecanediol (Aldrich), 1,-
alcohols have been prepared and imaged on graphite surfaces; 4.tetradecanediol (Aldrich), 12-bromo-1-dodecanol (Aldrich),
We have stored over 500 images and have observed reproduciblgexadecyldisulfide (Lancaster), tetradecyl sulfide (TCI), hexa-
behavior during over 100 imaging sessions with almost 20 decyl ether (TCI), stearone (TCljrans-17-pentatriacontene
different molecules in this system. The stability of these ordered (a|grich), 7-hexadecyn-1-ol (Lancaster), and dioctadecylamine
overlayers has facilitated collection of STM images at room (Pfaltz & Bauer) are commercially available and were used as
temperature with submolecular resolution, in most cases allow- received. The molecules containing fluoro, chloro, iodo, and
ing identification of individual hydrogen atoms in the alkane pjtrile groups were synthesized as described béfow.

chains, but in all cases allowing identification of molecular . . .
length features and other aspects of the image that can be Synthesis of CR(CF2)s(CH2)idOH. After flushing with

unequivocally related to the presence of functional groups in "v.oden, perfluorobutyl iodide, 9-decen-1-ol, and a catalytic
qun y P 8 tional group amount of azobisisobutyronitrile, AIBN, were added to an
the various molecules of concern. This combination of repro-

ducibilit d submolecul luti h I d ¢ ampule fitted with a Teflon stopcock. The ampule was sealed
establish a contrast scale of the tunneling current forindividua) 270 Neated (0 70C for 24 h. The resuling solution was

. - 9 transferred to a flask equipped with a condenser and a catalytic
functional groups relative to the tunneling current over meth-

ylene groups in an alkane chain, and to relate these relativeamount of AIBN. After heating to 60C, tributyltin hydride

X ~was added over a period of 40 min, and the solution was allowed
contrast features to matrix elements used to compute electronic,

coupling terms in electron transfer reactions. Functional groups to stir for 4 h. Multiple distillations at 164C and 3 mmHg
investigated in this study include halides (X F. CI, Br, Iy, 9ave the desired productH NMR (CDC): 1.39 (s, 14 H),

amines, alcohols, nitriles, alkenes, alkynes, ethers thioethersl'ss_l'69 (m, 2 H), 1.982.18 (m, 2 H), 2.34 (s, 1 H), 3.65
’ y , y ’ y y 1. .
and disulfides. Additionally, we have investigated the bias (t, 2 H). *3C NMR (CDCE): 134, 16.8, 20.1, 26.7, 27.1, 28:8

. . 28.9 (m, 2 C), 31.832.0 (m, 1 C), 33.2, 63.6, 120.8 (m, 4 C).
dependence of these images to probe issues related to electror&nal Calcd. for GuHyFsO: C, 44.68: H, 5.63. Found: C
transfer vs hole transfer that have been identified as potentially ,, 35. 11 a 15 AT e AREE T 9 C
being important in dominating the electronic coupling in NN

molecular electron transfer processes. Synthesis of CB(CH2)110H. Using a similar procedure, an

ampule was filled with undecylenyl alcohol, trifluoromethyl
iodide, and a catalytic amount of AIBN. The ampule was sealed
and heated to 70C for 24 h. The resulting solution was
Samp]es were prepared by p|acinglm|_ajr0p|et of a solution transferred to a flask equipped with a condenser and a CatalytiC
of the Organic Compound (typ|Ca||y4_‘|_o mg/mL) in pheny_ amount of AIBN. After heating to 60C, tr|buty|t|n hydnde
loctane (except for decanol, which was used neat) onto a freshlywas added over a period of 40 min and the solution was allowed
C|eaved, h|gh|y oriented pyro]ytic graphite surface (HOPG’ to stir for 4 h. Multlple distillations at 50 mmHg and 8&
Union Carbide). A mechanically prepared Pt/Ir tip was then gave the desired product, mp 2. 'H NMR (CDCly): 1.38
immersed into the liquid droplet and the imaging (Nanoscope (S, 22 H), 1.58-1.62 (m, 2 H), 1.78 (s, 1 H), 2.62.21 (m, 2
I, Digital Instruments, Santa Barbara, CA) was performed at H), 2.72 (t, 2 H). Anal. Calcd. for GH23sF30: C, 59.98; H,
the liquid/graphite interface. All of the images presented were 9.65. Found: C, 58.21; H, 9.17.
obtained at constant current in the variable height mode. Bright Synthesis of CI(CH):,OH. A 2 g sample of 1,12-dode-
portions of the images displayed herein correspond to points atcanediol was refluxed for 24 h in the presence of petroleum
which the tip retracted away from the surface in order to ether (2 mL) and concentrated HCI (26.3 mL). Petroleum ether
maintain a constant current. Nearly every prepared sample(13 mL) was then added to the hot reaction mixture, and the
yielded evidence of the adsorbed monolayer in the STM image; organic layer was removed. Another 10 mL of petroleum ether

Il. Experimental Section
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was added to the reaction mixture, and the organic layer was The lamellae of the alkanol overlayers were observed to form
removed and combined with the previous extract. The com- a herringbone structure. In the STM images, the aglf
bined extract was cooled, and the precipitated diol was removed.Figure 1e was 23 24°, and 25 for decanol, dodecanol, and
Distillation of the resulting oil at 2 mm Hg and 9& gave the tetradecanol, respectively, compared to an orientation angle
dichloride, and the desired product was collected at 2 mm Hg determined by X-ray diffraction methods 6f26° for alkanol
and 100°C. H NMR (CDCl3): 1.38 (s, 16 H), 1.531.64 (m, monolayers on graphi8. The herringbone structure of the
2 H),1.78-1.89 (m, 2 H), 3.58 (t, 2 H), 3.72 (t, 2 H). Anal. alkanol overlayer is consistent with expectations based on
Calcd. for GoH2sClO: C, 65.28; H, 11.41. Found: C, 64.29; hydrogen-bonding interactions driving the intermolecular pack-
H, 11.48. ing geometries of these systems. The distadcbetween
Synthesis of I(CH,);,0H. A 1 g sample of 12-bromodode-  molecules determined from the X-ray diffraction data was4.5
canol was dissolved in 25 mL of butanone. A 0.75 g sample 4.6 A2 and that from STM data was 44.6 A. The STM
of Nal was added to this solution, and the mixture was refluxed observations are thus in excellent agreement with the low-angle
for 1 h. The mixture was then filtered and the solvent removed. X-ray diffraction data on these overlayers, lending confidence
The product was purified by dissolving in pentane, removing to the assignments of the STM images described herein.

the solvent, and filtering the resulting solid'H NMR The molecular-resolution features described above are similar
(CDCly): 1.38 (s, 16 H), 1.561.68 (m, 2 H), 1.8+1.95 (m, to the qualitative features of STM images of related alkane or
2H),3.22 (t, 2H), 3.72 (t, 2 H). Anal. Calcd. for@1:0: alkanol molecular overlayers that have been reported previ-
C, 46.16; H, 8.07. Found: C, 46.21; H, 8.12. ously12-19 |n this work, additional important information was

Synthesis of NC(CH)120H. In a three-necked flask, 1 mL  obtained from a detailed analysis of higher resolution STM
of water was added to 0.96 g of NaCN, and the solution was images. These highly resolved images were repeatable, but not
heated until the mixture dissolved. A solution of 12-bromo- always predictable. Higher magnification images (Figure 2a)
dodecanol in 50 mL of methanol was added to the NaCN of a representative alkanol containing 14 carbon atoms in its
solution over a period of 5 min, and the mixture was refluxed hackbone, ¢H,sOH, showed that each molecule exhibited 14
for 24 h. The solvent was removed and the product was purified alternating bright spots that were separated by a mean distance
by column chromatography (30% ethyl acetate, 70% hexane). of 2.57 + 0.02 A in the direction along the molecule (a to b).
'H NMR (CDCl): 1.37 (s, 16 H), 1.481.51 (m, 2 H), 1.64 The angle between adjacent bright spots (angle acb) in an
1.77 (m, 2 H), 2.39 (t, 2 H), 3.69 (t, 2 H)}*C NMR (CDCh): individual molecule was measured to be’6and the distance
17.7, 36.1, 36.7, 38.0, 39.7, 43.6, 63.9, 120.4. Anal. Calcd. petween these spots was 2:860.02 A (atocandbtoc). In
for CiaH2sNO: C, 73.88; H, 11.92; N, 6.63. Found: C, 73.94; addition, the distance between alternating spots in adjacent

H, 11.86; N, 6.57. molecules was 2.76 0.02 A (c to d).
These distances do not correspond to the lattice spacing of
lll. Results the underlying graphite substrate. Specifically, the distance
1. STM Images of Alkanes and Alkanols. Figure la-c between adjacerg site carpon atoms in a graphite I.attice is
displays representative STM images for three different molecular 2-46 A, and that betweefh site carbon atoms located in every
monolayers on highly ordered pyrolytic graphite:g,OH, second carbon row of the graphite structure is 4.28 Alhe

CiH250H, and G4H»g0H. For comparison, Figure 1d displays  ©rigin of the bright spots in the STM data therefore cannot be
a representative STM image obtained, under nominally identical €xPlained in terms of enhanced imaging of graphite lattice atoms
conditions, from a monolayer of pentatriacontanestGy) by the presence of the adsorbed alkanol, since any orientation
adsorbed on graphite. These images were highly reproducible®f an alkanol having the overlayer commensurate with certain
under our conditions and are representative of the many graphite atoms (to match some of the observed spot positions)
hundreds of images obtained of these monolayers over numerougvould produce equivalently imaged spots in positions that
independent trials. cannot be overlaid onto any corresponding graphite lattice atom

The prominent features of these images clearly can be ©' lattice site. Additionally, the spots cannot be attributed to
assigned to the structure of the molecules in the graphite the carbon atoms in the adsorbed tetradecanol molecules because

overlayer. In each case, lamellae were observed. Inimages of€ Separations and angles observed for the spots do not
the alkane and alkanol overlayers, molecules in adjacent lamellagcOrrespond well to the expected—C distance and angle of
are staggered by half of the molecular widf?: The metrics 1.55 A and 109 .5for atrans-alkane?* The observed distances

of interest in the images are schematically indicated in Figure d0, however, correspond closely to the-H distances expected
le. Figure 1f shows average line scans for these three imagedOr hydrogens attached to adjacent (2.52 A) and next-nearest
taken perpendicular to the lamellae. The mean lenathof (2.56 A) methylene units |_transalkane§._4 The measured bond_
the lamellae was 26.7, 32.4, and 38:00(5) A for the Go, angle_ of 62 betWt_een adjacent spots in an alkanol lamella is
Cio, and G alkanol overlayer, respectively. For the overlayer @IS0 in accord with the HH angles of 61.3 expected for
derived from the GsHz alkane, the lamellae had a mean length hydrogens on adjacent methylene units irems-alkane. Thus,

of 47.5+ 0.5 A, while those of GHz4 had a mean length of the metrics obtained from the experimental data indicate that
48.8+ 0.5 A. The mean molecular lengths of 14.7, 17.6, and the bright spots in individual alkanol molecules are primarily
19.9 A for the Go, C15 and G4 alkanols, respectively, and 47.5  related to the Ioc_ations of the individ_ual hy_droge_n atoms on
A for CasHy, and 48.8 A for GeHz4 correspond quite well with _the r_nethylene units of an aII_<a_noI chain. This assignment also
the lengths of the allrans-conformations that are calculated implies that the plane containing the carbaarbon skeleton
using the standard bond length values and van der Waals radiiin the alkanols lies in an orientation parallel to the graphite
for the terminal atoms of these molecules. These lengths aresurface plane (Figure 2b).

14.1, 16.7, and 19.2 A for the 6 Cip and G4 alkanols, Low-resolution images of alkanes exhibited bright spots that
respectively, and 45.4 A for £H7» and 46.7 A for GeH7a. appeared to be associated with alternating methylene units in
Aditionally, the unit cell dimensions determined from the STM the alkane chain. For example, images @iz, showed 17
data are in excellent agreement with the unit cell dimensions spots of mean separation 2.370.02 A (Figure 1d). These
observed in previous low-angle X-ray diffraction studies of images are in accord with the images of alkane overlayers on
alkanol monolayers on graphite (Table?}). graphite presented previously in the literati#é* However,
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Figure 1. (a) Constant current STM image of a monolayer of decangiH&OH) molecules adsorbed on a graphite surfa¢e=(1.015 V,| =

650 pA, line direction= left, frame directior= down). (b) STM image of a monolayer of dodecanolA#&sOH) molecules adsorbed on graphite
(V=1.210 V,l = 650 pA, line directior= down, frame directior= left). (c) STM image of a monolayer of tetradecanol4&sOH) molecules

adsorbed on graphit&/(= 1.127 V,l = 650 pA, line direction= right, frame direction= up). (d) STM image of a monolayer of pentatriacontane

(CssH72) molecules on graphité/(= —1.611 V,I = 650 pA, line directior left, frame direction= down). The images are dominated by the struc-

ture of the adsorbate molecules and clearly show the herringbone structure of the alcohol monolayers and the parallel packing structure of the alkane
monolayer. (e) Schematic diagram depicting the unit cell of an alkanol monolayer on graphite. (f) Averaged line scans across the lamellae for dec-
anol, dodecanol, and tetradecanol monolayers. As expected, the size of the lamellae increases with increasing chain length of the adsorbed molecules.
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TABLE 1

unit cell by STM unit cell by X-ray diffractioft
molecule  a(A) b (A) a(h) b (A)

CiHOH 26.7£ 0.5 5.0+0.2 26.5+0.3 5.17£ 0.02
CioHsOH 324+ 0.5 5.2+0.2 32.0+:04 5.04+£ 0.02
CuHoOH 38.0+ 0.5 5.2+0.2

nM

Figure 3. High-resolution STM image of pentatriacontane molecules
on graphite ¥ = 1.210 V,| = 650 pA, line direction= left, frame
direction = down). Unlike the lower resolution image in Figure 1d
that seems to show every other methylene group (17 bright spots), the
high-resolution image shows 35 bright spots, which correspond closely
to the positions of the 35 upward-facing hydrogen atoms in the alkane
chain. Similar to the alkanol overlayers, the molecules appear to be
oriented with their carboncarbon skeleton parallel to the graphite
surface plane. The slight variation in contrast visible along the alkane
chains was observed to be very tip dependent and changed with time.

of the bright spots in images of the alkanes are dominated by
the locations of individual hydrogen atoms on methylene units
in a transalkane chain. These metrics also imply that the
alkanes, like the alkanols, are adsorbed under our imaging
conditions such that the bonds in the carboarbon skeleton

are oriented in a plane parallel to the graphite surface. These
high-resolution images of the alkanes appear to be in accord
with a previously published STM image of adEl;4 overlayer

on graphite?® but a detailed determination of the important
metrics of high-resolution STM images of alkane overlayers
such as that described above has not, to our knowledge, been
reported previously in the literature.

Many of the STM images for the alkanes and alkanol
overlayers also contained a larger scale modulation of the image
contrast. This regular modulation in the image contrast is likely
due to a Moifepattern between the lattices of the graphite and
of the monolayef®2” In fact, this pattern changes as the chain
length of the molecule changes, and it is also a function of bias
voltage and tip condition (vide infra). As a result of this
superstructure, the contrast of the bright regions assigned to the
hydrogen atoms sometimes varied slightly from one end of a
Figure 2. (a) High-resolution STM image of tetradecanol molecules mglecule to the othe®® Moiré patterns can arise from the
on graphite ¥ = 1.127 V,| = 650 pA, line direction= right, frame presence of two or more monolayers of an organic species

direction= up). Individual tetradecanol molecules produce 14 bright . . .
spots in the STM image which correspond closely to the locations of adsorbed onto a substraebut prior calorimetric and X-ray

the 14 hydrogen atoms nearest to the tip. (b) Schematic diagram of diffraction data indicate that only single monolayers of alkanes
individual tetradecanol molecules adsorbed onto graphite. and alcohols are absorbed onto graphite from the dilute solutions

of these adsorbates that were used in our viork.
high-resolution STM images of the alkanes (Figure 3), which 2. STM Images of Diols. The molecular resolution STM
were obtained using nominally the same experimental param-image of dodecanol displayed in Figure 1b is similar to other
eters as those that produced the lower resolution images,alkanol images reported previously>%and does not allow
displayed alternating spot patterns that are very similar to thoseimmediate identification of the location of the OH group in the
observed in the alkanol images. Images @G, displayed alkanol. The dark trough of mean length 430.1 A that
bright spots that are separated by a mean distance of2.54 seemingly separates each lamella, corresponding to a-0.46
0.02 A in the direction along a molecule (a to ¢) and by a 0.05 A tip—sample decrease (relative to the average methylene
distance of 2.35+ 0.02 A between adjacent spots within a height) required to maintain a constant 650 pA current at a
molecule (ato b and b to ¢). These data are nearly identical to sample bias of+1.210 V, could either contain two OH groups
those for the alkanol overlayers and indicate that the positions hydrogen-bonded to each other or could be the site of two
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Figure 4. (a) STM image of a 1,12-dodecanediol monolayer on Figure 5. (@) STMimage of 1,14-tetradecanediol molecules on graphite
grgphite (J=( 1).318 V= 350 pA, line direction= left, frame direc¥ion (V=1.005V,| = 650 pA, line directior= down, frame directior=

= up). Unlike the image of dodecanol in Figure 1b, in which troughs 19ND- Troughs are apparent at both ends of the molecules, as compared
are apparent on only one side of the molecules, in this image identical 10 ©Nly in one side for tetradecanol (Figure 1c), indicating that the
troughs are visible on both sides of the diol molecules. (b) Averaged hyd_roxyl groups are dﬁfk relative to the methylen_e groups in the alkane
line scans taken perpendicular to the lamellae (parallel ta thds of chain. (b) Averaged line scans taken perpendicular to the lamellae
the unit cell) for dodecanol and dodecanediol. Note that twice as many (parall_el to thea axis .Of the unit cell) for tetradecanol “.’md tet_rade-
troughs are apparent in the line scan of dodecanediol as compared tgFanediol. Note that twice as many troughs are apparent in the line scan
dodecanol. This comparison shows that the hydroxyl functionalities ©f t€tradecanediol as compared to tetradecanol.

are dark relative to the methylene groups, i.e. have a lower tunneling
probability relative to the methylene groups in the alkane chain.

molecules, these dark regions can be clearly assigned to OH
groups.
terminal CH groups, one on each alkanol chain. However, A similar comparison was performed between the STM
since the positions of the individual spots were assigned in this images of tetradecanol and 1,14-tetradecanediol (Figures 1c and
work to be dominated by the locations of H atoms on methylene 5a). The mean length of the lamellae in images of tetradecanol
units in the alkanol chains, and since high-resolution images of was 38.0+ 0.5 A, while the mean lamellar length in images of
the alkanols showed no troughs between molecules on one sidel,14-tetradecanediol was 3%430.5 A (Figure 1f and 5b). The
and troughs on the other (Figure 2), it is very reasonable to trough at the end of the molecule in the image of tetradecanol
associate these troughs with the location of the OH groups. had a mean length of 48 0.1 A and a mean depth of 0.82

To validate this hypothesis without relying on such spot 0.05 A. As was the case for images of HO(g#OH, the
assignments, STM data were collected on overlayers,of troughs at both ends of the lamellae in the images of 1,14-
alkanediols on graphite and the images compared to those oftetradecanediol were identical, having an average length of 4.1
the corresponding alcohol. Figure 1b shows a STM image of & 0.1 A and an average depth of 0.610.05 A. These data
dodecanol, and Figure 4a displays an image of the correspondingare also consistent with the assignments made above regarding
diol, HO(CH,);,OH. The image of the diol exhibits lamellae the location of the hydroxyl functionality and suggest that, in
of mean length of 34.5- 0.5 A, as compared to a mean lamellar general, hydroxyl groups in alkanols will appear dark, i.e., will
length of 32.44+ 0.5 A for dodecanol (Figures 4b and 1f). comprise regions of lower tunneling probability relative to
Identically sized troughs are apparent at both ends of the methylene or methyl units in an alkane chain. The data also
molecules in the dodecanediol image, with the troughs having clearly show, contrary to earlier suggestions in the literature,
an average width of 4.3 0.1 A and an average depth of 0.42 that OH groups can be distinguished by STM methods from
+0.05A. Since the trough at the end of the dodecanol molecule terminal methyl groups in images of alkanol overlayers on
is identical to the dark regions at the terminal areas of the diol graphite!6.20
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Figure 6. STM images of decanol on graphite. (a) The STM image is
dominated by the substrate at low bias= 0.050 V,| = 660 pA, line
direction = left, frame direction= up). (b) At an intermediate bias,
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Figure 7. 1/V curves of graphite and tetradecanol adsorbed on graphite

with the tip—sample separation defined by a sample bias of 100 mV

and setpoint current of 650 pA.

3. Bias Dependence of the STM Images of Alkanes and
Alkanols on Graphite. In accord with other reports in the
literature!214.1518.19ye have observed that the image contrast
for alkanes and alkanols adsorbed on graphite depends on the
tunneling bias. Figure 6ac shows a series of STM images of
decanol adsorbed on graphite as a function of bias voltage that
were obtained over the same spatial region of the graphite
surface. Atlow bias (i.e., at a tunnel gap resistalRgg = V/i
=76 MQ), the STM height image is dominated by the graphite
substrate. At an intermediate bias voltaggaf= 1975 MQ),
the height image is comprised of features that can be associated
with a combination of the substrate and adsorbate. At high
biases, generalll V in magnitude Ryap= 2020 MQ), the height
image is dominated mostly by the adsorbate, and the herringbone
structure of the decanol molecules is clearly observed. The
transition between these various images was observed for several
runs and was independent of the sequence in which the data
were collected; only the bias voltage and setpoint current
determined which image was observed over a specific region
of the sample. During the course of this study, we never
reproducibly observed a “contrast reversal” during, or between,
successive STM scans, in which the features in an image
spontaneously reversed in contrast and could then be reproduc-
ibly imaged in this other image format. The simultaneous
observation of features that can be associated with both the
molecule and the graphite surface structure (Figure 6b) strongly
suggests that the observed bias dependence of the images is
not predominantly a result of physical displacement of molecules
from the substrate by the tip at low or intermediate bias voltages.
The data of Figure 6b also reveal that the decanol lamellae in
the overlayer are aligned with the underlying graphite lattice.

The bias dependence of the images was observed not to
depend on the polarity of the bias voltage; the bias dependence
was thus symmetrical abb0 V between the tip and sample.
Figure 7 shows/V curves for the bare graphite surface and for
the adsorbate-covered surface. The curves are antisymmetrical
with respect to bias polarity, and the tunneling current observed
for the adsorbate-covered surface increases slightly more rapidly
with bias than for the bare graphite surface (Figure 7). The
dependence of image contrast on bias is not unique to alkanes
and alkanols adsorbed onto graphite; it has also been observed
for phthalocyanine moleculé8 cytochromecs,3! and a variety
of liquid crystals3233 However, it is especially interesting to

and the adsorbate/(= 0.855 V,| = 433 pA, line direction= left,
frame direction= down). (c) At high biases, the image is dominated
by the adsorbateM = 1.160 V,| = 574 pA, line direction= left,

the image is comprised of features associated with both the substrateframe direction= down).
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Figure 8. STM image of CE(CH.)1:0H molecules on graphite/(= Figure 9. STM image of CE(CF,)3(CH.)1¢00H molecules on graphite
—0.410 V,I = 650 pA, line directior~ left, frame direction= down). (V =0.185 V,l = 650 pA, line directior= right, frame direction=
The smaller trough is assigned to the OH groups, while the larger trough down). The smaller trough is assigned to the OH groups, while the
is assigned to the regions containing terminak GFoups. larger trough is assigned to the regions containing terming{@H;)s;

groups. L_ike the hydroxyl group, fluorinated groups are found to be
note that the images were essentially symmetrical with respectdark refative to the methylene groups.

:ﬁ s Ze#; bias position, set in this case by the Fermi level of images of the alkanol molecules described above, and this may
€ graphite. ) ) be due to the dynamics of the fluorinated ends of the molecule
4. STM Images of Alkanols with Perfluorinated Methyl in these room-temperature images (which may also explain the

and Methylene Functionalities. Since prior calorimetry large width of the CE regions in the images of Figure 8).

measurements have shown that alkanols exhibit significantly | smellae of mean length 388 0.5 A are observed, and the

more nega’give enthalpies of adsorption on graphite than theaverage length of the molecules is 1%90.5 A. This length
corresponding alkanés,further STM data were collected on g iy excellent agreement with the length of 19.8 A for the all-
functionalized alkanols generally having-104 carbons inthe  yans.conformation of this molecule obtained from molecular
alkane chain. The use of substituted alkanols having terminal modeling. Additionally, the STM images showed dark regions
hydroxyl groups allowed reproducible preparation of ordered ¢ mean length 4.3 0.1 A and depth 0.3& 0.05 A that are
monolayers of the molecular species on the graphite Surface-assigned to the OH groups. The longer trough can be assigned

In addition, the presence of the terminal hydroxyl group served i, the fluorinated region of the molecule and has an average

as a convenient reference for establishing the relative contrasqength of 16.0+ 0.5 A and a mean depth of 1.32 0.05 A.

of other functional groups in the STM data. The section below g |arge-scale periodicity in the image is likely due to a packing

describes STM images of alkanols that contain perfluorinated offect or to a Moifepattern between the monolayer and substrate.

methyl and/or perfluorinated methylene groups. As was the case for the OH group, we conclude that the

We were unable to observe STM images of completely fluorinated part of the molecule is dark relative to the methylene
fluorinated alkanols such as hexadecafluoro-l,lO-decanedioI,groups in such STM images at both positive and negative sample
most likely because a crystalline monolayer is not formed at pjas.

room temperature on the graphite substrate. We did, however, 5 STM Images of Alkanol Halides. This approach was

observe STM images for partially fluorinated alkanols on readily extended to a variety of functional groups. Figures 10

graphite substrates. A STM image of £€H,)1:0H on highly 12 display representative STM data for the halides 12-bromo-

ordered pyrolytic graphite is shown in Figure 8. The average 1-dodecanol, Br(Ch)12OH, 12-chloro-1-dodecanol, CI(GHx»
length of the lamellae is 33:6 0.5 A, and the average molecular OH, and 12-iodo-1-dodecanol, I(GH:0OH; the topographic
length is 17.9+ 0.5 A. This mean molecular length is in good  metrics of these images are summarized in Table 2. Similar to
agreement with the molecular length of 17.2 A obtained from the previous molecules, the STM contrast of the functional
molecular modeling using Cerius 2 software for thetedhs groups was independent of the bias polarity. The STM image
conformation of the molecule. Troughs were apparent at both of 12-bromo-1-dodecanol, Br(GH-OH, at negative sample bias
ends of the molecules, with one trough being longer and deeperis shown in Figure 10. The average length of the molecules in
than the other. The smaller trough has a width of-8.9.1 A the 12-bromo-1-dodecanol overlayer is 1280.3 A, which

and a depth of 0.4% 0.5 A, and this is assigned to the OH  compares well with the predicted length obtained from molecular

groups due to its similarity to the troughs observed in STM modeling of 17.5 A for an altransconformation of this

images of alkanols and alkanediols (Figures 4 and 5). The largermolecule. Dark regions are observed on both ends of the
trough, assigned to the regions containings@Foups, has an  molecule, indicating that bromine, like fluorine and oxygen, is

average width of 8.2t 0.1 A and depth of 1.32- 0.05 A. dark relative to the methylene groups of these overlayers. A

Thus, like the OH functionality, the GFgroup is dark relative recent STM study of 1-bromodocosameQzH,sBr) adsorbed

to the methylene groups. The contrast in the images of this on graphite observed that the bromide functionality was

molecule was similar at positive and negative sample biases,generally dark in contrast relative to the alkyl ch&in accord

as was observed for the alkanes and alkanols. with our data for Br(CH);2OH. However, the STM images of
Figure 9 shows the STM image of gEF,)3(CHy)100H at Ca2H4sBr did not allow unambiguous identification of location

positive sample bias. The image is not as clearly resolved asof the Br group?® The use of brominated alkanols, which
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Figure 10. STM image of Br(CH);2OH molecules on graphit&/(=
—1.243 V,I = 650 pA, line direction= right, frame direction= up).

Similar troughs are located at both ends of the molecules, indicating

that the bromine is dark relative to the methylene groups.

Figure 11. STM image of CI(CH)12OH molecules on graphit&/(=
1.095 V,| = 650 pA, line direction= right, frame direction= up).

Claypool et al.
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Figure 12. STM image of I(CH):2OH molecules on graphite/(=
—0.177 V,I = 650 pA, line directior~ right, frame directior= down).
Using the dark trough associated with the terminal hydroxyl groups as
a reference (black arrows), the bright region at the other end of the
molecules is assigned to the region containing the iodine heteroatoms
(white arrows).

indicating that chlorine is dark as well (Figure 11). Under the
imaging conditions of this work, the locations of the CI groups
could not be distinguished from those of the OH functionalities.
The average length of the molecules in the 12-chloro-1-
dodecanol overlayer is 17.%& 0.3 A, which is in excellent
agreement with the length of 17.4 A predicted for thet@hs
conformation of this molecule by molecular modeling. The
STM image of 12-iodo-1-dodecanol, I(GHLOH, is shown in
Figure 12. The average length of the molecules is #80.3

A, as compared with the predicted length of 17.8 A from
molecular modeling of the atkans-conformation. Unlike the
previous molecules described above, images of this molecule
show a slightly different packing arrangement and reveal that
one end is dark while the other is bright. Knowing that the
OH functionality is dark, we logically conclude that the iodine-
containing regions are bright relative to the methylene groups
in such STM images. This conclusion is in accord with recent

Similar to 12-bromo-1-dodecanol, both ends of the molecules are dark, STM images of l-iodooctadecane on graphite, which also

indicating that the chlorine is dark relative to the methylene groups.

display bright iodide groups relative to the alkyl portions of

adsorb more strongly onto graphite than brominated alkanes,the molecular overlayef?
enables higher resolution STM images to be obtained and 6. Disulfides, Thioethers, Ethers, and Amines.Figure 13

permits location of the Br functionality through reference to
the position of the characteristic OH trough in the STM images
of subustituted alkanols. Thus, for Br(GhtOH, the metrics
of the STM images in positive bias allowed differentiation
between the position of the OH group and that of the Br
functionality (Table 2).

The STM image of 12-chloro-1-dodecanol, CI(§HOH,

depicts the STM image of a dialkyldisulfide. Rabeal have
reported a STM image of hexadecyldisulfide; §ds3)>S,, under
positive bias?® similar to their report, we have found that
hexadecyldisulfide adopts a V-shaped conformation about the
sulfur atoms (Figure 13), with the alkyl chains forming an angle
of 130°. The mean length of the lamellae is 43:90.5 A. In
accord with their report, we observe that the sulfur atoms are

also shows dark troughs on either side of the molecule, brighter than the methylene groups in positive bias. We
TABLE 2
OH features halide features
molecule bias length (A) height (A) length (A) height (A)
BrCi,H»40OH (+ 44401 —0.424+ 0.05 5.9+ 0.1 —0.634+0.05
BrC;,H.40H (&) 4.1+0.1 —0.414+0.05 41+ 0.1 —0.41+0.05
CICy,H240H +) 444+0.1 —0.56+ 0.05 4.4+ 0.1 —0.564+ 0.05
CIC1o2H240H =) 47+0.1 —0.63+0.05 4.7+ 0.1 —0.63+0.05
1C12H240OH +) 43+0.1 —0.804+ 0.05 9.0+ 0.1 1.91+ 0.05
IC12H240H =) 3.9+0.1 —0.564+ 0.05 8.8+ 0.1 2.06+ 0.05
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Figure 13. STM image of (GeHs3).S, molecules on graphiteV(= 0 25 5.0
1.556 V,l = 650 pA, line directior= right, frame directior= down). ) '
The disulfide molecules adsorb in a V-shaped conformation about the nM
sulfur atoms, and the sulfur-containing region of the molecule is brighter Figure 15. STM image of (GeéHs3)20 molecules on graphiteV(=
than the surrounding methylene groups. —1.414 V,l = 650 pA, line direction= right, frame directior= up).

Comparison of this image with that o&§7, (Figure 1d) and with the
thioether (Figure 14) leads to the conclusion that the dark trough in
the middle of the molecular rows is due to the ether functionality (black
arrows).

Figure 14. STM image of (GsH20)>S molecules on graphite/(=
—1.331 V,| = 650 pA, line direction= left, frame directior= up).
The sulfur-containing region in the middle of the molecule is bright . . ‘
relative to the methylene groups (black arrows). ri

. Figure 16. STM image of (GsHs7).2NH molecules on graphite/(=
additionally observe the same contrast between the sulfur atom1.331 v, = 650 pA, line direction= down, frame directior= left).

locations and the methylene units for images obtained underThe bright region in the middle of the molecular rows is assigned to
negative sample bias. the amine group (white arrows).

Figure 14 presents the STM image of a thioether, tetradecyl
sulfide, (G4H29)2S. The molecule is observed to be linear about that the tip height was strongly affected over regions assigned
the thioether functionality, and the average length of the to methylene groups located adjacent to the sulfur atom.
molecules is 39.2 0.5 A, as compared to the predicted length Figure 15 depicts the dramatic change in the image contrast
of 38.3 A from molecular modeling. Since the sulfur atoms of that was observed when the thioether functionality was replaced
the disulfide are brighter than the methylene units (Figure 13), by an ether functionality, through use of the molecule hexadecyl
a similar assignment of a bright sulfur-containing functionality ether, (GeHz3)20. Comparison of the STM image of the ether
can be made for the thioether. This assignment is consistent(Figure 15) with that of tetradecyl sulfide (Figure 14) shows
with recent images of thiols on graphite, in which the terminal that the ether functionality appears dark relative to the methylene
SH group was bright compared to the alkyl portion of groups. This change in contrast was observed at both positive
1-docosanethiol (H4sSH) 2% The width of the bright region  and negative bias voltages. The molecules were observed to
associated with the thioether functionality wag A, indicating be linear and staggered by half a molecular width across adjacent
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Figure 17. (a) STM image otransC16H3§HC%CHQ17H35 molecules Figure 18. (a) STM image of HC(CHy)7C=C(CHy)sOH molecules

on graphite ¥ = 1.193 V,1 = 650 pA, line direction= left, frame on graphite Y = —1.216 V,1 = 650 pA, line direction= right, frame
direction = up). The bright region located toward the center of the jrection= up). Using the dark trough associated with the terminal
molecular rows is assigned to the carbaarbon double bond (white  Lyqroxyl groups as a reference (black arrows), the terminal methyl end
arrows). (b) Single line scan along the length of the molecule; note the 4f the molecule can be identified (gray arrows), and the bright region
assymetric location of the peak assigned to the double bond relative t0|5cated slightly offset from the center of the molecules is assigned to

the ends of the molecule. the carbon-carbon triple bond (white arrows). (b) Averaged line scan
TABLE 3 along the length of the molecules; note the assymetric location of the
peak assigned to the triple bond relative to the location of the trough
heteroatom features assigned to the OH group.
molecule bias length (A) height () is most likely due to drift, which was exacerbated in this image
(C16H33)20 (+ 55+0.1 —0.74+0.05 relative to the other images obtained in this work because the
(Ci6Hs)20 ) 51+0.1 —0.66+ 0.05 amine molecules were aligned in the slow scan direction during
(CraHac)oS ) 65+01 0.8040.05 this particular experiment. However, we observe the amine
(C1aH29)2S =) 6.7+ 0.1 1.54+ 0.05 . . e
(CisH32)2S2 ) 11.6+01 1.95+ 0.05 group to be brlght relative to the methylene groups. This f|nd'|ng
(CreHs9)2S2 () 12.6+0.1 1.38+ 0.05 is in accord with a recent STM study of 1l-octadecylamine
(CigH37)2NH +) 7.7+0.1 0.54+ 0.05 (Ci1gH37NHy) overlayers on graphite, in which the amine group
was bright relative to the alkyl chai® The topographic
lamellae. The average length of the molecules is 43.@.5 metrics of these functionalities are summarized in Table 3.

A, which compares well with the expected length of 43.0 A 7. Alkenes, Alkynes, and Nitriles. We observed a carben
obtained from molecular modeling of the #igns-conformation carbon double bond in the STM image wans 17-pentatria-
of hexadecyl ether. The width of the dark, oxygen-containing, contene, @H3sHC=CHC,Hss (Figure 17a). The average
region in the ether was'5 A, and, as is the case for most of length of the molecules is 448 0.5 A, which compares well
the other functional groups studied under our conditions, the with the expected length of 45.0 A obtained from molecular
apparent length of the trough containing the region assigned tomodeling of the altrans-conformation of the molecule. The
the ether functionality is much larger than the expected distancedouble bond is located toward the center of the molecule, offset
for an oxygen atom, indicating that the tip height is lowered by one carbon, and in the STM image a bright feature appears
over neighboring methylene groups as well as over the etherat both positive and negative bias that is on average 21.8 A
functionality itself. from one end of the molecule and 23.1 A from the other (Figure
The contrast of an amine functionality is shown in the STM 17a,b). Molecular modeling of an alans-alkane with arans
image of dioctadecylamine, (€H37),NH (Figure 16). The olefin functionality predicts that the center of the double bond
average length of the molecules is 42&5.5 A, as compared  should be located at 21.9 A from one end of the molecule and
to the expected length of 43.0 A obtained from molecular 23.1 A from the other, which compares well with experimental
modeling of the alltransform of the amine. This discrepancy observations. Thus, we conclude that the double bond is bright
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TABLE 4

functional group features

molecule bias  length (A) height (A)
C16HasHC=CHC7H3s (+ 8.3+ 0.1 0.48+ 0.05
Ci6H3zsHC=CHC;7H3s =) 8.4+0.1 0.56+ 0.05
H3;C(CH,);,C=C(CH,)OH  (+ 43+0.1 0.60+ 0.05
H3C(CH,);C=C(CH,)¢OH  (-) 3.5+0.1 0.45+ 0.05
HO(CH,)1.C=N (+) 3.3+0.1 —0.36+0.05
HO(CH,)1.C=N =) 3.7+£0.1 —0.91+0.05

IV. Discussion

1. Reproducibility of the Images and Assignment of the
Peaks to Features of the Molecular Overlayer.Prior workers
have noted the difficulty in associating the features of an
individual, selected STM image with those of a specific
molecule deposited onto a surfate3> For instance, images
of DNA on graphite have been questioned because of their lack
of reproducibility as well as the fact that isolated regions of
i ) . graphite (presumably near step edges and/or faults) have been
Engurle 41291' STIM_'”;gge °Af F:_O(C(;’L_l)lzct_zN_ﬁ}O?tEC]l;”es Ondgra‘i_h'té;’( observed to produce similar images under certain condifions.
downj. Dark troughs gré ?ﬁasérrﬁccl)ﬂn boteh ’eﬁﬁsm%f Itrﬁg Ignnol ecule, In adc}ition, Moirepatterns that producg periodic structures ir!
indicating that the nitrile functionality is dark relative to the methylene STM images have bgen .reported for. simple, yncoated graphite
groups. surfaces under certain tip/sample bias condit’dr#8. Before
interpretation of the data obtained herein, we therefore must

in contrast. A carborcarbon triple bond was observed in the first address the issue of whether the data can reliably be
image of 7-hexadecyn-1-0l,48(CHy);C=C(CH,)sOH (Figure associated with the molecules of concern.
18), and like the double bond, the triple bond is bright at both ~ Several aspects of the present system lend confidence to the
positive and negative bias. This observation is in accord with assignment of the features in the images to the molecules of
a previous STM image of an alkyne on grapifeThe average interest. First, since the sample preparation methods yielded
length of the molecules is 216 0.3 A, which compares well ~ Well-packed monolayers of the desired molecules (as confirmed
with the expected length of 21.5 A obtained from molecular by several independent physical methotds};2! the STM
modeling of the alkrans-conformation of the molecule. The images depicted in this study are not isolated, selected photo-
hydroxyl groups are easily identifiable as a trough of length graphs that were observed only in one spot of one sample, but
4.1+ 0.1 A and depth 0.4% 0.05 A. The bright feature that  instead are characteristic of the images that can be obtained on
is attributed to the triple bond correlates well with its location any representative region of the graphite/alkane assembly.
in the molecule; the feature appears 10.0 A from-#@H end A second feature that lends confidence to the association of
of the molecule and 11.6 A from the methyl-terminated end these images with the molecular properties of interest is the
(Figure 18a,b). For comparison, molecular modeling of an all- systematic variation of the images in response to variation in
trans-alkane conformation with an internal<C triple bond the nature of the functional groups in the molecular overlayer.
indicates that the center of the triple bond should be 10.0 A Over a dozen different functionalities were introduced into the
from the—OH end of the molecule and 11.5 A from the methyl- molecules investigated in this work, and in each case these
terminated end of the molecule. In addition, the alkyl chains changes produced distinctive features in the STM images. The
of the molecule are expected to have a kink about the linear functionalities were positioned at the ends or centers or in
C—C triple bond that should be observed experimentally if the nonsymmetric positions of the alkane chains, and the images
carbon-carbon skeleton through the alkyl chains and the triple of each system reflected the positions of the functional groups
bond were oriented parallel to the plane of the HOPG surface. to within the experimental error of the measurement. Also, the
The predicted angle of the alkyl chain to the-C triple bond lengths of the lamellae in the STM data assigned to the
of 146> compares well with the measured angle of L#i'the molecules in the overlayer changed in accord with the changes
STM image. Furthermore, the offset between the two alkyl in the chemical composition of the overlayer, and the unit cell
chains is predicted to be 1.43 A, and the experimentally dimensions of the overlayer determined from the STM data
measured offset is 1.4 0.05 A. agreed closely with those determined from low-angle X-ray
Finally, a nitrile was observed in the STM image of diffraction measurement. This type of systematic study not
1-hydroxy-12-dodecanenitrile, HO(GH,C=N (Figure 19). The only lends confidence to the association of the image features

average length of the molecules is 1883 0.3 A, which to the molecules of interest but also allows a reliable comparison
compares well with the expected length of 18.2 A obtained from between the STM behavior of the various functional groups
molecular modeling of the atrans-conformation of the mol- relative to the behavior of the methylene units in the alkane

ecule. Both ends of the molecule are dark, leading to the overlayers.

conclusion that the nitrile is dark relative to the methylenes at A third issue of possible concern is whether the data arose

both positive and negative bias. The OH groups are identifiable from some type of Moirgattern, and instead of reflecting the

as the troughs of length 4:8 0.1 A and depth 0.9% 0.05 A molecular features in the overlayer actually are associated with

under negative bias, and of length 3t90.1 A and depth 0.60  the atomic positions of the graphite lattice. The distances and

+ 0.05 A under positive bias. In either bias, the nitrile angles of the spots observed in the various high-resolution

functionality is readily identified by its different length relative images of alkanes and alkanols do not all correspond to an

to the OH functionality. The topographic features of the nitrile integral graphite lattice spacing, but do closely correspond to

and other functionalities are summarized in Table 4. the expected bond distances and bond angles for hydrocarbon
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Figure 20. Schematic diagram of sterically favored packing arrangements of alkane and alkanol overlayers on graphite. (a) Alkanes oriented with
their carbor-carbon skeletons perpendicular to the plane of the graphite surface. Structurally equivalent methylene units are offset in adjacent
molecules and produdg = 16° for an offset of 1.28 A and an intermolecular spacing of 4.5 A. (b) Alkanes oriented with their cachdyon

skeletons parallel to the plane of the graphite surface. To minimize repulsions between methylene groups, adjacent molecules are expected to be
in translational registry, witl# = 0°, as shown. (c) Alkanols oriented with their carbararbon skeletons parallel to the graphite surface plane. An

angled = 26° is produced in this packing arrangement, with the packing angle presumably driven by hydrogen-bonding interactions of the terminal
OH groups (whose orientation and individual packing is only indicated schematically and cannot be assigned from the STM data available at
present).

chains. Thus, for all of the reasons given above, we feel resolution had their carbercarbon skeletons oriented parallel
confident that the imaged features represent modulations in theto the graphite surface plane.
tip/sample tunneling probability that are associated with the  The orientations deduced from the high-resolution STM data
specific properties of the molecular overlayers under investiga- are also supported by the molecular packing arrangements
tion. evident in the lower resolution STM images, i.e., those in Figure
2. Topography and Orientation of the Alkane and la—d. The most sterically favored packing for alkanes having
Alkanol Overlayers on Graphite Surfaces. The topography their carbon-carbon skeleton oriented perpendicular to the
of the overlayer needs to be defined and identified so that the graphite surface is obtained with the hydrogen atoms on adjacent
influence of electronic and topographic factors on the STM alkane chains staggered by one-half of the distance between
images can be evaluated individually. Prior studies of alkane hydrogen atoms on next-nearest methylene units in the alkane
overlayers on graphite have led to controversy because the STMchain (Figure 20a), i.e., by approximately 1.28 A. With an
images have been variously assigned either to reflect theintermolecular spacing of 4.5 A, this type of packing would
positions of the carbon atoms in the graphite substrate or to produce a value of the anghein Figure 20 of 18. In contrast,
reflect the positions of the atoms in the molecular over- the STM data of Figure 1d reveal thé&t= 0° for CgzsH7,
layers1?2-20.25 The available experimental data do not allow overlayers on graphite. This value 6fis consistent with the
reliable differentiation between these two possibilities, due to carbon-carbon skeleton of £H7» being oriented parallel to
the similarity of the distances between adjacent carbons in athe graphite surface plane, because a sterically favored packing
graphite STM image (2.46 A) relative to the distances between in this molecular orientation exhibits registry perpendicular to
adjacent hydrogen atoms in wans-alkane chain (2.52 A the molecular axis between methylene units that are structurally
between adjacent methylene hydrogens and 2.56 A betweenequivalent but are located on adjacent alkane chains (Figure
next-nearest methylene hydrogeffs)f the STM images reflect 20b). Thus, the packing arrangements observed for the alkanes
the properties of the alkane overlayer, extendédKkelcalcula- in the lower resolution STM images support the orientational
tions have suggested that the hydrogen atoms on the methylenassignments deduced from the higher resolution STM images
chains should dominate the observed STM spot pafferfhe of Figure 3.
STM data presented herein clearly indicate that the bright spots  For alkanes absorbed on graphite, a rapid reorientation process
in the STM images of such systems are dominated by the has been proposed in which the carb@arbon skeletons in an
features of the molecular overlayer and that the positions of entire domain can change from being oriented parallel to the
the methylene hydrogens dominate the experimental images.graphite surface plane to being oriented perpendicular to the
These observations are in accord with the prior assignment ofgraphite surface plane in the time elapsed between single STM
bright STM spots in the alkyl chain region of liquid crystals on image scans (but apparently the reorientation process has not
graphite to the positions of the hydrogen atoms in the methylene been observed during the collection of an individual STM
chain portion of the moleculé8. The data presented herein image)?® As discussed above, such a process would require a
also indicate that the alkanes and alkanols imaged at highsterically unfavorable packing arrangement, with significant
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methylene-methylene repulsions between adjacent alkane control their relative vertical image contrast. A recent theoretical
chains, if a lamellar packing angle 6f~ 0° were present in study has concluded that the orbital mixing of insulating
both orientations. We have only observéd~ 0° and have compounds into the energy levels of the substrate is responsible
only observed high-resolution STM spot patterns that are for producing the STM images of insulating overlay&sThe
consistent with a parallel orientation of the carb@arbon experimental data presented herein support this interpretation,
skeleton with respect to the graphite surface for the alkane over-but the data also underscore the significant variations in STM
layers imaged during the course of this study. The predominantimage contrast that can occur for different functional groups
form of these alkane overlayers, as well as of the alkanol present in the molecular overlayer. One study has recently
overlayers, therefore appears to be the one in which the carbon suggested that the STM tunneling contrast of halides in alkyl
carbon skeleton lies parallel to the graphite surface ptane. halide monolayers on graphite surfaces might be related to the
It was also possible to identify the orientation of most of the atomic polarizability of the halide grouf8® This hypothesis is
other molecules imaged in our studies. A valuedok 24— not consistent with the functional group contrast observed in
26° was observed for the molecular packing of alkanols and of this work in which the polarizable OH, bromide, and chloride
substituted alkanols (Figures 1a-c, 4a, 5a, 10, 11, 13, 19). Notefunctionalities are dark relative to the methylene chains of
that although prior work has suggested thggHGiOH lamellae alkanols but the iodide group is bright relative to these same
on graphite are aligned parallel to the graphite lattice planes, methylene chain unit¥: As discussed in more detail below,
due to observation of a lamellar packing angte, of ap- the relationship between STM contrast and atomic polarizability
proximately 30,20 measurements of from the STM data of also does not readily provide insight into the observed bias
Ci10—Cu4 alkanols examined in this work and from low-angle dependence of various functional groups in the STM images.
X-ray diffraction data on related systethshow thatt = 24— The data of Figures-119 imply that both topographic and
26°. This smaller angle indicates that the lamellae of these electronic coupling factors are important in determining the STM
alkanol overlayers are not aligned with the underlying graphite image contrast. Clearly, since the images of the methylene units
lattice planes. On the basis of the steric packing argumentswere dominated by the positions of the H atoms in the alkyl
presented above, this angle indicates that the carbarbon chain (Figures 2, 3), topography plays a dominant role in
skeleton of these molecules lies in a plane parallel to the graphitedefining the image contrast of these regions of the molecular
surface plane. In support of this conclusion, all of the substituted features. However, topography alone is not sufficient to explain
alcohols, except for the fluorinated speciesz(CH)3(CH2)10- the STM contrast of the functional groups. For example, based
OH and CRK(CH,)1,0H, produced sufficiently high-resolution on topography alone, the @Fgroups in the molecules
STM images such that the characteristic spot pattern displayedCFR;(CF,)3(CH,)100H and CR(CH,)1:0H should appear bright,
by the alkanols, indicating an orientation of the carboarbon because the €F bonds are longer than the-El bonds in the
skeleton parallel to the graphite surface plane, could be observedparent alkanes and thus produce a functionality that projects
In addition, the alkyne 7-hexadecyn-1-ol clearly has its carbon topographically closer to the tip than does the unsubstituted
carbon skeleton oriented parallel to the graphite surface plane,methyl group. However, the tunneling probability over these
because a kink is observed between the molecular segmentgunctional groups must be low relative to the methylene groups
that lie on opposite sides of the carberarbon triple bond since they appear dark in the STM image. Additionally, on
(Figure 18a). This observation further verifies the orientational the basis of size alone, the amine functionality should be dark
assignments deduced from the high-resolution STM spot patternssince it is small relative to a methylene group, but it appears
of the other functionalized alkanols. These packing preferencesbright in the STM image.
indicate that the hydrogen-bonding interactions between the e assign these differences to variations in the local
terminal OH groups dominate the intermolecular interactions electronic coupling of the various functional groups between
of alkanol overlayers and induce a strong preference for the the STM tip and sample relative to the electronic-tgample
carbon-carbon skeleton of alkanols to be oriented parallel to coupling over the methylene units in the alkane section of these

the graphite surface plane. overlayers. Unfortunately, since all graphite and graphite-coated

3. Judging the Relative Importance of Topographic and samples under ambient pressure conditions reported to date
Electronic Factors in Determining the STM Image Contrast display an anomalously weak dependence of the tunneling
of Functional Groups in Alkane/Alkanol Overlayers. The current as the tip is retracted from the substrate, a quantitative

detailed analysis of the lengths, angles, and vertical contrastinterpretation of the STM image contrast mechanism of these
features of high-resolution STM images of a variety of molecular samples is not possible at the present time. Despite this
overlayers presented herein has allowed assignment of thecomplication, it is possible to develop a qualitatively useful
locations of various functional groups relative to the “reference” formalism for understanding the image contrast features that
methylene or OH units in such systems. Although a prior anal- have been revealed during the present study. Using a McCo-
ysis, based on lower resolution STM images @ft€s:0H on nnell superexchange formalisththe electronic coupling be-
graphite, has concluded that OH groups cannot be distinguishedween the tip and sample should increase as either the HOMO
from the methylene regions of alkanol overlay&the data of energy or LUMO energy of the substituted alkane approaches
Figures 1, 2, 4, 5, and 6 clearly show that the position of the the Fermi level of the graphite substrate. At sufficiently large
OH group can be accurately located from the STM images of electronic coupling values, the functional group image should
such systems. In addition, alkyl bromide, alkyl iodide, trifluoro- become bright in its STM contrast even if topographic effects
methyl, and most of the other groups investigated in this study alone would cause the tip to approach the sample.
could be clearly distinguished both from the methylene units A simple method for estimating the electronic coupling, and
in the alkyl chain and from terminal OH groups. In fact, for the  thus for predicting the image contrast of a given functional group
12 functional groups investigated in this work, only Cland OH  in the STM images presented herein, would involve consider-
functionalities were too similar to resolve from each other (i.e., ation of the ionization potentia]s of the various molecules of
were too similar to assign their relative locations if they were interest. When the coupling is dominated by the HOMO,
incorporated concurrently into an alkane/alkanol overlayer).  functional groups with lower ionization potentials (IPs) than
Given the ability to locate the apparent positions of the various the corresponding alkane should appear bright in the STM
functional groups, it is of interest to evaluate the factors that image, while functional groups with higher ionization potentials



5992 J. Phys. Chem. B, Vol. 101, No. 31, 1997 Claypool et al.

TABLE 5 heavily probed in the STM experiment, the orbital diffuseness
molecule ionization potential (€%) becomes much more important in defining the overall electronic
coupling matrix element in the STM image than it is in an
n-(C3H7)2NH 7.8 . .
BU-S—S—Bu 85 intramolecular electron transfer experiment between a donor at
HsC—S—CH; 8.7 one end of an alkyl chain and an acceptor at the other end of
HsCCH=CHCH;, 9.1 an alkyl chain. Further evidence for such differences are evident
N-CyHol 9.2 from the dominance of the carbewcarbono-bonding frame-
H{CC=CChHs 9.9 work in determining electronic couplings in intramolecular
n-C4HoBr 10.2 . . .
n-CsHio 10.6 electron tr_a_msfe_r reactions rglatlve to the dominance of thel C
n-CsHoCl 10.7 bond positions in the STM images of alkanes. Thus, although
n-CsH/F 11.3 the HOMO-IP approach seems to work remarkably well in
n-CsH,C=N 117 predicting most of the STM image contrast behavior observed

to date, the exact weighting of the HOMO and LUMO
should appear dark. Not only do the IP values affect the energy contributions to the tunneling matrix element in the general STM
denominator in the expression for the electronic coupling term experiment will require additional elucidation both experimen-
but lower IP values generally correlate with more a diffuse tally and theoretically.
orbital structure of the functional groups of concern, which will 4. Metrics of Various Functional Groups in STM Images.

enhance the wave function overlap term between the tip and ajthough some functional groups produced STM features with
the sample and thereby increase the value of the numerator ingimensions that were in good accord with those expected from
the electronic coupling expression. _ molecular modeling, other functional groups, such as amines
This HOMO-1P model correlates remarkably well with the 504 " most notably, disulfides, appeared to be much wider than
STM image contrast behavior observed in this work. Table 5 nignt he expected. These large apparent length metrics cannot
lists the ionization potentials of various substituted alkanes and consistently attributed solely to a lack of resolution in the
related molecules of interest. In this framework, the disulfide g4 data, since other portions of these images showed features

and sulfide fung:tionalities are predicted to exhibit a Iarger that indicated significantly higher spatial resolution during the
electronic coupling term than the methylene groups, and this experiment

expectation is in agreement with the observed STM images . . .
(FiZures 14 and 15)g The #STM contrast correlation predictg At least three factors can contribute to this effect. First, the
that if topographic effects are not predominant, an amine should presence ofa fgnctioqal group can influence Fhe local elegtronic
be bright because of a large HOMO-derived electronic coupling C?kupllngtst nkejlghborl?g mt?]thylebne atodm§ in the dsubst!tutedf
term. This prediction is also in accord with the experimental alkane, nereby crealing the observed increased region o
STM data obtained in this work for dioctadecylamine,d@:)>- appa.rent'funcnonal group influence in the STM image. Another
NH (Figure 16). Similar correlations are apparent between the contributing factor is that the local molecular topography of
the overlayer is often distorted around the functional group,

image contrast and the ionization potentials for the alkyl i i dificati fthe STM i h di q
chiorides, alky! iodides, and fluoroalkyl functionalities studied '€sulting in a modification of the STM image over such distorte
in this work (Table 5 and Figures 8, 9, 11, and 12). structural features. A semiquantitative estimate of these elec-

On the basis of the electronic coupling term estimated from tronic and topographic effects has been obtained fabrmitio

the ionization potential afrans-2-butene (Table 5), a carben electronic structure calculations that are described in the
carbon double bond is expected to be bright, and the STM image&ccompanying article. These calculations yield remarkably close
of 17-pentatriacontene shows this to be the case at both positive?d"éement between the computed and observed STM images
and negative bias (Figure 17). A carberarbon triple bond for most of the molecules investigated herein. Finally, an
should also appear bright, and this prediction is in accord with additional factor to be considered is that the observed current

the STM data of 7-hexadecyn-1-ol overlayers (Figure 18). The prqfile is aptually the result qf a two-dimensional problgm, in
ionization potential of a nitrile, however, is so large that its Which the tip-sample current is free to traverse any spatial path

HOMO should be further from the Fermi level of the graphite that provides the best electronic coupling between the tip and
than the HOMO of the corresponding alkane. Thus, as long asth® sample at a given position in the scan. The dominant
topography does not overwhelm the electronic coupling effect, Pathway when the tip is adjacent to, but not directly over, a
the nitrile should be dark in STM image contrast despite the functional group with a high electronic coupling term might
presence of ar orbital system. This prediction is consistent [NVolve through-space interactions to the functional group (in
with the observed behavior of the nitrile functionality in the @ direction predominantly parallel to the surface plane) as
STM image of 1-hydroxy-12-dodecanenitrile (Figure $9). opposed to the more spatially direct but poorer electronic
The alkyl bromide appears to be an exception to the coupling path directly through the functional group and normal
predictions of the HOM@ P electronic coupling model. The 0 the surface. This effect may play a role under the ambient
alkyl bromide is slightly larger than, and also has a slightly Pressure conditions under which the current study has been
lower ionization potential than, the corresponding unsubstituted Performed, since it is well-documented that the-tgample
alkane. Nevertheless, the alkyl bromide functionality appears tunneling current under such conditions shows an anomalously
dark in the STM images (Figure 10). Detailed electronic §ma|| distance decay exponéftWithout still higher resolution
structure calculations, described in the accompanying article,images, and perhaps low temperatures to freeze out any
indicate a prominent role for the unoccupied orbitals of the Molecular motion and to eliminate the anomalous distance
alkane and alkyl bromide in dominating the electronic coupling dependence of the tunneling current, we are unable to evaluate
between the tip and the sample. This more detailed model the relative importance of this factor in a quantitative fashion.
differs from the HOMG-IP approach in that it places more 5. Symmetry Properties of the STM Image Contrast of
weight on specific electronic coupling effects that can arise from Molecular Overlayers on Graphite. In addition to the
the contribution of the very energetic, but highly diffuse, theoretical expectations discussed above that address the relative
LUMOs of the various substituted alkanes to the highly specific contributions of topographic and electronic effects in determin-
tunneling matrix element that is directed along the direction ing the STM image contrast, it is also of interest to understand
defined by the tip-sample gap. Since this direction is most the dependence of the STM images on the tip/sample bias
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voltage. A striking feature of the data for all functional groups The energy denominator is given B — Eg, whereEy, and
investigated herein is the insensitivity of the image contrast to Eg are the energies of the orbitals in M and B, with = zim +

the tip/sample voltage polariy. The density of states in the  em, fim being the electrochemical potential (Fermi level) of M,
graphite substrate is nearly independent of polarity at low bias ziy, = 12, — epm. (Similarly, below,zi; = y? — ep and we note
voltages’® However, the molecular overlayer is not expected, that the delta function constraint in eq 1 can be shown to be
in general, to possess a symmetrical distribution with respect equivalent tgim + em = uy + €.) The expression of eq 2 thus
to the Fermi level of the graphite of the energy levels or of the arises from a simple perturbation theory approach to evaluating
individual tip/sample electronic coupling matrix elements of the the electronic coupling between the tip and substrate states due
system. Despite this expected asymmetry, the functional groupto the presence of the orbitals of the intervening overlayer.
contrast observed in the images of these overlayers (cf. Figures Of primary concern is the symmetry ofwith respect to the
1-19) was independent of the bias polarity. It is commonly value of the tip-substrate bias;. When the bias is changed,
assumed that tunneling into the surface should reflect the the relation of the M and T energy levels is changed. This
electronic coupling contours of the LUMO of the adsorbate and effect is manifested in eq 1 through the constraint imposed by
tunneling out of the surface should reflect the contours of the the delta function, which ensures an isoenergetic tunneling of
HOMO of the adsorbaté!® In this scenario, an asymmetry electrons through the tipsubstrate gap. In addition, the energy
of the image contrast should generally be expected for functional denominatoiE,,, — Es in eq 2, which determines the electronic
groups having different locations of their HOMO and LUMO  coupling termsH,; at a given tip-sample bias voltage, is a
energies relative to the Fermi level of the substrate. We note, function of bias voltage. Following the recent work of Marégis,
however, that this assumption strongly depends on the actualthe mean potential of the bridge levgdan be approximated
form of the potential distribution between the tip and the sample. to be Y5(¢m + ¢). In other words, the molecular overlayer
We treat the general case below and then discuss the limitingexperiences a potential drop that~4/2 of the total potential
situations as they apply to our experimental data in order to dropped between the tip and the substrate. In this case one
develop a fundamental understanding of the observed symmetrycan show th&g

in image contrast with respect to bias polarity.

At a given bias voltage and location over the substrate, the
tunneling current is a function of the density and occupancy of
the electronic states in the tip, the density and occupancy of
the electronic states in the substrate, and the quantum mechanicalhere Eg is the value ofE; at zero potential.
matrix elements that couple the electronic states in tip and Use of eq 3 to address quantitatively the bias dependence of
substrate. One expression that can be used to evaluate the STNhe image contrast implies replacemenvafith —vineq 1. A
current, based on the Fermi golden rule approach to the change in sign of to —v is equivalent to interchanging, and
calculation of the electronic coupling between an electron donor ¢, according to the delta function in eq 1. This interchange
and an electron acceptor?is changes the sign of the term in square brackets in eq 1, but

clearly (eq 3) leave&, — Eg unaffected. Thus, we have

i(v) = —i(=v) (4)

if HngHg is independent of, or only weakly dependent on,

In this equation, thé’s refer to the orbitals in the substrate On the basis of the discussion above, in the regime of linear
(M) and in the tip (T), andH represents the electronic coupling 1—V behavior wherein the molecule experiences an equivalent
matrix elements between these states at each energy and at eagiotential drop regardless of whether the tip or the sample is
point in space. The occupancies of the orbitals at an energy biased away from equilibrium, the electronic coupling is the

(measured in excess of the respective Fermi levels of the tip sum of the coupling matrix elements through the HOMO and

and the substrate) are given tg§) andf(ey) (the Fermi-Dirac LUMO, regardless of the bias condition. This summation over

distribution functions [H exp/ksT)] "1 in the tip and substrate, ~ all available coupling orbitals necessarily produces a symmetry
respectively). The delta function in the expression of eq 1 with respect to bias and provides a natural explanation for the
ensures that tunneling occurs only between states of the samebservation of symmetry in image contrast that was observed
energy in the tip and the substrate and also accounts for theexperimentally for all systems studied.

relative energy difference between the tip and substrate that is An alternative possibility is that the adsorbate is in strong

induced by applying a bias voltage, across the tigpsample electrical contact with the sample and that the applied bias

E

m

1
—Ey=S(umt i +ente) —E 3)

= 22 KBk Kk ) — flep)]
3e — em— ) (1)

gap. The bias voltage can be expressed as ¢ — ¢m — predominantly affects the potential across the adsorbate/tip
(¢ — ¢2), where thep's denote electrostatic potentials and the region but not between the sample and the adsorbate. In this
e superscript denotes the value at zero current. case, a large enough bias perturbation would produce a

For a vacuum gap, the matrix e|emeh{§t are given by the differential electronic Coupling to the LUMO with the tlp
well-known quantum mechanical expression for electron tun- negative of the Fermi level and to the HOMO with the tip biased
neling through a vacuut?. For the passage of the current across Positive relative to the Fermi level of the substrate. This
an adsorbed monolayer B, the matrix e|eme-|m_:'smust instead situation WOUld, hOWeVer, requil’e a fOI’tuitously Symmetric (Or
describe the tip/sample coupling that arises from the presencenearly so) positioning of the HOMO and LUMO levels relative
of the orbitals in the molecular overlayer. In a superexchange to the Fermi level of the graphite substrate and would also

formalism to calculate this couplingim; can be expressedds ~ require nearly equal orbital diffuseness in the HOMO and
LUMO for all of the functional groups investigated in this study.

— — As described in the accompanying article, theoretical calcula-

Amdmk) ;HW}H&/(Em Eﬁ) @ tions do not support the gcczreace of this unlikely set of

coincidences for any of the molecules studied in this work.

whereHqs(km) denotes the matrix element coupling orbital Variation of the Fermi level of the substrate over a sufficiently

in M to an orbital 3 of the molecular overlayer ang(ks) wide range of energy while maintaining all of the other desirable
denotes the matrix element couplifigto the orbitalk; in T. properties of the graphite/alkanalkanol overlayer system
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