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Scanning tunneling microscopy (STM) has been used to study the chiral moleRU{&E-2-bromohexade-

canoic acid at the liquid/solid interface. When adsorbed onto the basal plane of graphite, these molecules
segregate on the surface into domains of pRrer S enantiomers. The atomic resolution obtained in the
STM images of these species allows a direct assignment of the chirality of individual molecules.

Introduction Experimental Section

Chirality is a very important phenomenon in nature. Ever ~An enantiomeric mixture of 2-bromohexadecanoic acid
since Pasteur’s separation of the enantiomers of sodium tartratd CHa(CH2)1:CHBrCOOH) was obtained from Aldrich and used
using optical microscopy, many physical and chemical methods Without further purification. This sample was dissolved in
(polarimetry! X-ray crystallography, circular dichroic spec- l-phenyloctane_ (Aldrich) to produ_ce a nearly saturated solution.
troscopy? NMR,* etc.) have been used to determine the A drop of solution was appll_ed dlrec_tly to the basa_l plane o_fa
configuration of chiral molecules. Most of these methods, freshly cleaved piece of .hlghly orlenFed pyrolytic graphite
however, rely on a comparison to a standard sample or make(HOPG’ Advancgd Ceramics Corporation).
use of compounds with known chirality to react with the A” STM experiments were per_formed on a Nanoscope llI
unknown sample in order to elucidate chirality. Here, we (_D'g'tal Instruments) W'th mechgmcally cut PURN (87/13) wire
present an example in which scanning tunneling microscopy tips (Omega) immersed in solution. The images were collected

(STM) has been utilized to determine the absolute configuration unqler ambient conditions aJF room temperature. Typical tun-
of organic molecules with a single chiral carbon atoR)/(S)- neling parameters used for imaging these molecules are 0.8

. . . 1.4 V (sample negative) and 24@00 pA. Different tips and
2-bromohexadecanoic acid (GHz),:CHBrCOOH), directly. samples were used to check for reproducibility and to ensure

STM? along with the whole family of scanning probe there are no image artifacts caused by the tip or sample. All of
microscopies (SPM'’s), has been widely used to study bare the images have been acquired at constant current and display
surfaces and various atoms and molecules adsorbed on surfaceghe relative topographic height as the tip is raster-scanned across
In some case3/! atomic resolution has been achieved such that the sample. Here, “bright” areas correspond to topographically

the relative position of individual atoms in a molecule can be higher regions, while “dark” areas reflect lower ones.

clearly observed. Given this sensitivity, SPM seems to be a Molecular models were created with Biosym (Insightll,
promising method for determining the absolute configuration Molecular Simulations, Inc.) software running on a Silicon
of chiral molecules. Indeed some progress has been made inGraphics workstation.

this direction. By using atomic force microscopy (AFM), a few

chiral symmetry breaking phenomena in LangmiBfodgett Results and Discussion

films have been observéd. R and S enantiomers of chiral

: ; : The molecular structures of the molecul&/(S)-2-bromo-
biphenylbenzoates have been found by STM to give different - . .
2-D chiral images; however, the molecular resolution obtained hexadecanoic acid (GXCH,):3CHBrCOOH) are schematically

in these studies did not allow the direct assignment of the z?zwgclir;:fgsr(e)régab’a\tNS]eere” at:. ga;gtrﬁ:': ii?::foargat;g;' E/epe'ﬁal
absolute configuration of the individual enantiom&é! Re- P d P !

. . S assumed. The single chiral carbon on the molecule is indicated
cently, there has been a beautiful demonstration of the pnnmplesby an asterisk
of chiral HPLC using chemical force microscopy.By attach- o . . .
) . o . Upon application of the mixed enantiomer solution to the
ing molecules with known chirality to the probe tips, two

. . . o graphite surface, different domains are formed ranging in width
enantiomers of mandelic acid have been distinguished throughfrom 30 nm to more than 100 nm as measured from STM
differences in both adhesion forces and frictional forces. In

. . topographs. These domains appear to be composed of single
the study presented here, atomically resolved STM images of o\ o niomers. Although an extensive study of the domain

2-bromohexadecanoic acid adsorbed on a graphite surface,, ndaries between the different enantiomers was not made,
provide a direct assignment of single molecules as h:s\ng _ those that were observed had mirror image structures on either
S chiral centers directly through the use of STM “marker”  gjde of the boundary. Parts a and ¢ of Figure 2 represent typical

chemical groups and atoms. STM images collected from two different domains. These are
the only two structures that can be identified on the surface.
*To whom correspondence should be addressed. Despite the difference in resolution between these two images,
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(a) (b) Given the relative position of the bromine atom and the carboxyl
group, the orientation of the rest of the alkyl chain is determined,
since the bromine atom is between the carboxyl group and the
rest of the alkyl chain (as can be seen in the molecular structures
depicted in Figure 1). The long alkyl tail of the molecule must
lie down on the opposite side of the bromine atom from the
carboxyl group. Thus, the alkyl chain associated with the lower
of the two labeled bromine atoms (marked as Br in the figure)

\\ is represented by the lower set of numbersla in Figure 3.

Brav(* Atomic resolution has been achieved in this image. There are
a few small protrusions visible on most molecules. Experi-
0, mental and theoretical studiéof n-alkanes have assigned the
\ small spots in such STM images to the positions of those
2 hydrogen atoms of the adsorbed hydrocarbon molecules pro-
: 20 truding farthest out of the molecular plane. In a similar manner
By« DR we attribute the small spots (humbered 14 in Figure 3) to
. the hydrogen atoms on the methylene carbons of 2-bromohexa-
’ ) decanoic acid. The spacings between these small protrusions
match very well with those of hydrogen atoms on the methylene
carbons of 2-bromohexadecanoic acid when it assumes an all-
trans conformation (the spacings between the two closest
protrusions along each row are 0.26 0.01 nm and those
between the protrusions in adjacent rows are @:26.02 nm
Figure 1. Schematic of the molecular structures Bj-@-bromohexa- as measured from the STM images; the spacings obtained from
decanoic acid (a) and)-2-bromohexadecanoic acid (b) physisorbed crystallographic data are 0.25 nm for both). There are a few
on a graphite surface with an all-trans conformation. The single chiral small protrusions missing on many molecules. This presumably

carbon atom on the molecules is indicated by an asterisk. Each moleculeresylts from a Moitepattern present in the image, which will
is hydrogen-bonded to the next one through the carboxyl groups. The be discussed later.

dashed lines with arrows are just a guide to show the orientation of ) . . . .
the lamella. The dashed line between (a) and (b) represents a “mirror”, On the basis of the above assignment with bright bromine
since the structures in (a) and (b) are mirror images of each other. atoms sticking up®15the molecule can be easily identified as
o . . the R conformer since the relative positions of three of the four
it is apparent that these topographs reflect mirror images of eachgroups attached to the chiral carbon have been directly
gtnhelg f:;)hrf Iﬁgt Ignevﬁ]oggafarevaiiznwgﬁg Igi?g(?t(i:gr?no?ftme determined and the fourth (hydrogen atom) is right beneath the
9 ng ; . bromine atom, as shown in Figure 1a. The atomic resolution
lamellar rows. This angle is about 4&lockwise for molecules obtained in this STM image has enabled us to determine the
in Figure 2a, while it is 45 counterclockwise for molecules in | i . fg inal . lecule directl
Figure 2c. abso ute configuration of a single organic molecule directly,
Figure 2ais a 1% 12 nn? STM image taken at the interface €., W'thoqt th? help of any compound_ of kr_lovyn_chlrallty. Each
molecule in Figure 2a can be examined individually, and all

of the phenyloctane solution and graphite. A computer- - . - . -
generated molecular model deduced from this image is shown®€ N the same configuratiorR¥2-bromohexadecanoic acid.

in Figure 2b. There are two dominant features in this image: In the direction parallel to the long moleculgr axis, there is
lines (marked as L in the figure) with alternating bright and N0 contrast change from lamella to lamella, which suggests that
dark segments and strips (marked as S) of small spots betweer® molecules are arranged in a head-to-tail configuration in
these lines. On the basis of the molecular structure of this direction. The molecules are oriented in a way such that
2-bromohexadecanoic acid shown in Figure 1 and previous STMthe head (carboxyl group) of one molecule is next to the tail
studies® 713 each black bar in the image is attributed to one (m_ethyl group) of the next molecule Iylng al_ong theT mqlecular
molecule lying flat on the surface adopting an all-trans @XiS. This can be clearly seen bth in the image in Fllgur(.a 2a
conformation. The length of the molecule measured in the STM @nd in the molecular model in Figure 2b. In the direction
image is 2.38+ 0.06 nm, which matches the length of the Perpendicular to the long molecular axis, molecules change
molecule with an all-trans conformation (2.24 nm). Each orientation every other row. The adjacent molecules in this
molecular image is composed of three features: a large brightdirection lie down side-by-side with their carboxyl group next
spot, a dark part adjacent to the bright spot, and a chain of ato @ methyl group on the graphite surface. In this way, a
few small protrusions attached to the bright and dark features. molecule in one column can hydrogen bond to a molecule in
This picture is much clearer in Figure 3, which is an enlargement the next column and form a dimer (marked as two black bars
of the area bounded by the rectangular box in Figure 2a. in the image). This dimer is also a chiral structure with a mirror
Previous studies on long chairearboxylic acids” have shown image that is different from itself. This chiral dimer acts as a
that these molecules physisorb on graphite with the carboxyl building block for ordering in the two-dimensional thin film
end groups oriented toward each other in order to facilitate @nd forms the overall chiral structure observed by STM.
hydrogen bonding. These studies also reveal that the Carboxy|Another interesting feature is that the bromine atom, the large
end group always appears with “darker” contrast compared to bright spot in the STM image, is always next to another bromine
the rest of hydrocarbon chain. The dark part in the image can, @&tom forming a twin structure. Recent studfesn related
thus, be ascribed unambiguously to the carboxyl groups, markedoromine-substituted long-chain hydrocarbon molecules have
as—COOH in Figure 3. We attribute the large “bright” spot described a similar phenomenon apparently arising from strong
(marked as Br in the figure) to the location of the bromine atom BI/Br van der Waals interactions.

on the basis of a comparison to earlier work in this laboratdry. There is also a Moirgattern present in Figure 2a, which
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Figure 2. (a) 12 x 12 nn? STM constant-current image oR)-2-bromohexadecanoic acid at the interface of a phenyloctane solution and the
graphite basal plane. One molecular length is indicated by a thick black bar. Two thick black bars correspond to the chiral dimer formed by two
molecules hydrogen-bonded through carboxyl groups (see Figure 1a). Trengle “clockwise” is from the direction of the long axis of the
molecule to the direction of the lamellar orientation. Capital letter L points to lines with alternating bright and dark segments, and S refers to the
strips of small spots between the lines. Capital letters T1, T2, and T3 mark the positions of three consecutive twin structures. The rectangular box
surrounds an area blown up to show detailed structures in Figure 3. The imaging parameters are 1.4 V (sample negative) and 300 pA. (b) Top view
of a model of R)-2-bromohexadecanoic acid molecules on a graphite surface. Yellow represents bromine atoms, green represents carbon atoms,
gray represents hydrogen atoms, and red represents oxygen atoms. Two black bars mark the chiral dimer formed by two molecules hydrogen-
bonded through the carboxyl groups. (c) 2.2 nn? STM image of §)-2-bromohexadecanoic acid at the interface of a phenyloctane solution and

the graphite basal plane. One molecular length is indicated by a thick black bar. Two black bars correspond to the chiral dimer formed by two
molecules hydrogen-bonded through carboxyl groups. THeadgle “counterclockwise” is from the direction of the long axis of the molecule to

the direction of the lamellar orientation. Capital letter L points to lines with alternate bright and dark segments, and S refers to the strips of small
spots between the lines. The imaging parameters are 1.4 V (sample negative) and 300 pA. (d) Top view of a rBp@ebroinfohexadecanoic

acid molecules on a graphite surface. Two black bars mark the chiral dimer formed by two molecules hydrogen-bonded through carboxyl groups.

gives contrast variation across the image. The period of this and five molecules, respectively. This results partially from
pattern repeats every six molecules in the direction perpendicularthe bulkiness of the carboxyl end group. In order for adjacent
to the long molecular axis. Previous studié¥’have reported carboxyl groups to lie down flat and hydrogen bond to each
a similar Moire pattern forn-carboxylic acids adsorbed on other, the neighboring molecules are pushed away slightly and
graphite. In the direction perpendicular to their long molecular no longer fit into the graphite lattice. After a few molecular
axes, arachidic acid (gHzCOOQOH) and stearic acid (@Hss rows, the carboxylic acid molecules come back into registry
COOH) molecules form superstructures with periods of four with the lattice again. In the present case, in order to hydrogen
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four molecules than in the first two. All the above features
have been included in the model shown in Figure 2b. The
essential molecular geometry of this model is shown in Figure
la. The dashed line with an arrow is just a guide for the eye
along the chiral lines (L) mentioned earlier. This model has
been constructed with each molecule lying flat on the graphite
surface and with the bromine atom pointing up.

Figure 2c is a 12 12 nn? STM image taken from another
area of the surface. The resolution of this image is not as good
as that attained in Figure 2a, but the important features of the
two-dimensional structure can still be readily discerned. Again,
there are two parts to the image: lines (marked as L in the
figure) consisting of alternating bright and dark segments and
strips (marked as S) of small spots between those lines. Each
black bar in the image corresponds to one molecule lying flat
on the surface in an all-trans conformation. Each molecular
image is composed of three parts: a large bright spot, Br, next
to a dark region, the carboxyl group, and a chain of a few small
protrusions. Each molecule hydrogen bonds to another one in
the next column and forms a dimer (marked as two black bars
in the image), which is a chiral structure as well (see Figure
1b). There is also a Maingattern with a period of six molecules
formed in this image. Despite the fact that this image looks
very much like the one in Figure 2a, the topographs displayed
in parts a and ¢ of Figure 2 are mirror images of each other.
The dimers formed in Figure 2c are mirror images of those
formed in Figure 2a. Following the assignment of the locations
Figure 3. Enlarged image of the area bounded by the rectangular box of the Br, —COOH, and alkyl chain in the same manner as

in Figure 2a. The detailed assignment of individual atoms on a chiral - . . . e
pair of molecules indicated by two black bars in Figure 2a is displayed outlined above, all the molecules in the image can be identified

here. The two Br designations mark the positions of the bromine atoms, @S ©)-2-bromohexadecanoic acid. A molecular model of this
and —COOH points to the position of the carboxyl groups. Two sets film is shown in Figure 2d for comparison with the images
of numbers +14 point to the positions of 14 hydrogen atoms on the formed by the R enantiomers.

14 methylene carbons of the two molecule extending away from the
—COOH groups.

R and S enantiomers of 2-bromohexadecanoic acid clearly
form chiral structures when adsorbed on the graphite basal plane.
bond with the next molecule and bring two bromine groups These chiral structures are mirror images of each other. The
together, molecules not only form a Moirgattern on the atomically resolved STM images have enabled us to “see” the
graphite surface but also shift in the direction along their long absolute configuration of these molecules on the graphite surface
molecular axes to achieve a stronger interaction and form a moredirectly, by taking advantage of the bright Br and dai€kOOH
stable interfacial film. Thus, as a result of the interplay between STM “marker” groups. Moreover, the graphite lattice puts
the competing adsorbat@dsorbate and adsorbateubstrate additional restrictions on the formation of a stable self-assembled
interactions, 2-bromohexadecanoic acid forms a structure simi- layer structure. When the enantiomers of 2-bromohexadecanoic
lar, but not identical, to the corresponding unsubstituted acid adsorb onto the graphite surface, &enantiomer only
carboxylic acid,n-hexadecanoic acit’ hydrogen bonds to anoth&enantiomer to form a dimer, and

The atomic resolution obtained in Figure 2a also allows some anR enantiomer only hydrogen bonds to anotRegnantiomer
subtle variations in the image to be detected. The relative and forms another dimer, which is the mirror image of the one
positions of the bright spots in the Br/Br twin structures change generated by th& enantiomers. This phenomenon observed
every three twins (six molecules) which coincide with the Noire in the STM images indicates that the interactions between
pattern period along the lines (L). The two bright spots (marked molecules possessing the same chirality are stronger than
as T1 in the figure; the measured distance between them is 0.42nteractions between molecules having different chirality. If
+ 0.04 nm) in one of the three consecutive twin structures are an R enantiomer hydrogen bonds to @ enantiomer, the
closer to each other than those in the other two twin structures bromine group on one of the stereocisomers must point down
(marked as T2 and T3 in the figure, with a spacing between into the graphite surface. When this occurs, the bulky bromine
them of 0.50+ 0.02 nm). As 2-bromohexadecanoic acid forms group (both the van der Waals radius of Br (1.95 A) and the
a Moirepattern having a period of six molecules on the graphite C—Br bond length (1.937 A) are much larger than the 1.2 A H
surface, these six molecules take up the width of 13 columns atom van der Waals radius and 1.101 A& bond length) lifts
on the graphite latti®'’ (as seen in Figure 2b), while six the molecule from the graphite surface, thereby decreasing the
unsubstituted alkane molecules only take up 12 coluthiibe interactions of the remaining atoms in the molecular chain with
first two molecules (T1) presumably fit well into the graphite the surface. While this structure may occur occasionally, it will
lattice. In order for more molecules to fit comfortably into the eventually be replaced by the more stable dimers in wRch
graphite lattice, the remaining four molecules are not only enantiomers bond tB enantiomers an& enantiomers bond to
pushed away slightly from their lattice positions in the direction Senantiomers. The dimers formed Bgnantiomers and those
perpendicular to their long axes but also shift in a direction formed byR enantiomers segregate on the graphite surface and
parallel to the long molecular axes by a small amount. This form different domains in which mirror image patterns can be
separates the bromine groups from each other more in the laterasily detected by STM. By examining larger scale STM
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