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Abstract: The adsorption and chiral expression of 6-nitrospiropyran (SP6) molecules on a Au(111) surface
are studied by scanning tunneling microscopy (STM) in combination with density functional theory (DFT)
calculations. Both the chirality and the adsorption orientation of each adsorbed SP6 molecule are determined.
The racemic mixture of SP6 enantiomers forms two-dimensional (2D) domains with same close packed
positional orders but different internal orientational structures due to the random distribution of two adsorption
orientations in each domain. However, all these orientationally disordered 2D domains undergo spontaneous
guasi chiral phase separation; the 2D SP6 domains separate into 1D homochiral chains in which the SP6
molecules adopt two orientations randomly. This novel phenomenon is attributed to the preferential formation
of the energetic favorable configurations with both the C—H---O weak hydrogen bonds and the s-stacking

of the two moieties of each SP6 molecule.

Introduction

The chiral chemistry in two-dimensional (2D) molecules/

substrate systems is of both technological and fundamental

tion,23 chiral phase transitiol,224and loss of chiralit{? have
been directly observed at the submolecular scale in 2D
molecules/substrate systems.

Spontaneous resolution, i.e., the chiral separation of the

importance and has attracted numerous interests in the past,cemic mixture into enantiomorphic condensates upon crystal-

decadé> Constructing a chiral surface is a crucial step for

lization, is an intriguing and valuable chiral phenomenon which

enantioselective heterogeneous catalysis in chemical and phary55 peen observed in various media such as cryttitid

maceutical industrie%:19 On the other hand the fundamental
investigation of molecular chirality is more feasible in 2D

crystals?’ self-assembled helical fibe?$,and 2D molecules/
substrate system$:22 Previous STM observations revealed that

systems due to the reduction of the spatial freedom. With the poih prochiralo-14 and chirals22 molecules could undergo

help of scanning tunneling microscopy (STM), various chiral
phenomena such as chiral resolutiér?? chirality amplifica-
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spontaneous resolution upon adsorption on surfaces. The enan-
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Figure 2. (a) A high-resolution empty state STM image (X05.5 nn?)
revealing the internal patterns of SP6 molecules. A and B indicate two types
of molecular rows with different intrarow patterns. Two schematic models
were superposed on the STM image in order to facilitate the distinguishing
- of A- and B-type rows. (b) Higher magnified images of the selected area
Figure 1. (a) Molecular structures and optimized CPK models of (S)-SP6 in (a); four different intramolecular patterns denoted asA, By, and B
and (R)-SP6. (b) Typical STM image (46 46 nn?) of a highly ordered can be found in the image. (c) Four STM patterns extracted from (b). A
SP6 monolayer on Au(111) surface. Black arrow indicates a molecular row and A appear as mirror images of each other and so darigl B. The
in the 2D SP6 domain. Inset: An area near the edge of the SP6 island sample bias/s = +1.8 V and the tunneling curremt= 50 pA.
displaying both the SP6 domain and bare Au(111) surface. A line profile . :
anElg )tlhegwhite line gives the apparent height( of t?]e SP6 islanmg Experimental Section
nm above the Au(111) surface plane. The sample Wias +1.8 V and The epitaxial Au(111) substrates with well-defined terraces and single
the tunneling currenk = 50 pA. atomic steps on mica were prepared by vacuum depoghiant ion
) ) sputtering and annealing (to 600 K) cycles were used to clean and flatten
of spontaneous resolution of 3D chiral molecules on surfaces the Au(111) surface in the preparation chamber of an Omicron ultrahigh
are still limited, possibly because the complex 3D shapes of vacuum (UHV) LT-STM system. An SP6 molecule consists of two
chiral molecules hinder the formation of ordered structures on halves of near-planar heterocyclic fused rings (substituted indoline and
surfaces and the direct chirality discrimination of the adsorbate chromene) connected at ar?$ybrid carbon atom, as shown in Figure
is hard to achieve. la. In solid-state SP6, due to the very small thermal barrier, left- (S)
. . . . and right-handed (R) SP6 molecules interconvert to each other
.In this work yve re_port the chiral expression of a racemic spontaneously at room temperature, thereby forming a natural racemic
mixture of 6-nitrospiropyran (SP6) molecules on Au(111l) mixtyres02t SP6 in powder form (98%) purchased from Aldrich Co.
surfaces. The SP6 enantiomers form large 2D domains with was degassed in a quartz crucible for more than 24 h and then vapor
ordered structures in spite of their nonplanar low-symmetry deposited onto Au(111) a¢350 K. During the deposition process the
shapes. The remarkable conformity between high-resolution substrate was held at room temperature and the base pressure was about
experimental and simulated STM images allows us to identify 3 x 10 Pa. The as-deposited sample was transferred from the
the adsorption orientation and the absolute chirality of each Preparation chamber to the STM chamber (base presslu@x 10°°
molecule in the 2D monolayers simultaneously. We find that Pa) a.nd cooled down to 78 K for data acquisition. Constant current
S . . . STM images were recorded with an electrochemically etched tungsten
the random. distribution of tW_O ads.orpt.|on qr|entat|ons of SP6 tip, which was subjected to a careful cleaning treatment in advance.
leads to diverse 2D domains with identical close packed

positional order but different local orientational structures. (29) Eengéo%h%%vggg\g;l;a%;Wang, B.; Yang, J. L.; Hou, JA@pl. Phys.
o ) ett. s .
However, a spontaneous quasli chiral separé{-imn be found (30) Kiesswetter, R.; Pustet, N.; Brandl, F.; Mannschreck,TAtrahedron:

in all these structures. To our knowledge, this is the first Asymmetryl999 10, 4677-4687. . 4
(31) Mannschreck, A.; Lorenz, K.; Schinabeck, M.@rganic Photochromic

observation which reveals that the chiral order can exist and Thermochromic Compoundsrano, J. C., Guglielmetti, R., Eds. The

i ; i ; i enantiomers of 2-donor-substituted benzopyrans and benzo-1,4-oxazines
IndEpendentIy without the presence of orientational order in & and their thermal racemization. Plenum Press: New York 1999; Vol. 2,
2D molecules/substrate system. pp 261-295.
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Figure 3. (a) Simulated empty-state images and related top view molecular models of free SP6 molecules (from top to bottom: CPK models, stick models,
simulated images, and experimental images). The simulated patterns coincide with the experimental patterrB;Aand B quite well. (b) Molecular
models, simulated and the experimental images of A- and B-type rows. The experimental STM patterns are extracted from Figure 2.

Results and Discussion the bottom sides of the triangles are nearly horizontal and each
triangle appears as three lobes with distinct nodes in the A-type

lecular rows after vapor deposition onto the Au(111) surface, "OW: While the top sides of the triangles are nearly horizontal
as shown in Figure 1b. The incommensurate character of the@nd €ach triangle is composed of an asymmetuimb-beliside
SP6 domains (i.e., there is no distinctive registry between the a1d @ very weak apex in the B-type row. In addition, a small
SP6 lattice and the Au(111) lattice), together with the fact that SC@l€ high-resolution empty-state image (Figure 2b) shows the
the reconstruction features of Au(111) can be still seen through locations of the brightest lobe in the triangles within a single
the molecular layers, suggests the weak interactions betweer/OW are different. Thus we finally find four different triangular
SP6 and the substrateWe thus consider that the 2D Spe Patterns in the 2D SP6 domain designated asA, By, and
structures are dominated by the adsorbaisorbate interactions B2 in Figure 2b, respectively. More interestingly, we notice that
rather than the adsorbateubstrate interactions. A line profile A1 and A are mirror images of each other and so ageaBd
(inset of Figure 1b) crossing the SP6 island and the bare Au- B2 @s shown in Figure 2c.

(111) surface gives the apparent height of the SP6 adlayer of Itis believed that different intramolecular patterns result from
about 0.32 nm, which is much smaller than the length of the different orientations of two SP6 enantiomers. Once we identify

SP6 forms ordered 2D domains composed of parallel mo-

molecule, indicating that the SP6 molecules adopfltiteying the adsorption orientation and the absolute chirality of each SP6,
rather than thestanding-upadsorption geometries in the 2D we will be able to monitor the chiral expression and to
domain. investigate the intermolecular interactions involved in the

Figure 2a shows an STM image recorded at a sample bias ofchirality recognition process. However, this task is hard to
+1.8 V, which reveals the empty-state intramolecular patterns accomplish only from the STM images, since the STM patterns
of adsorbed SP6 molecules. Each molecule within the SP6 rowsare not directly related to the geometric aspects but to the
is now resolved into triangular geometry with fine structures. electronic structures of the adsorbates. Our previous works
According to the directions and the fine structures of the revealed that the direct identification of the orientations of
triangles, the parallel rows can be classified into two types adsorbates can be achieved by comparing experimental STM
designated as A- and B-type respectively in Figure 2a. In detail, images with simulated oné3333*So we conducted a theoretical
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Figure 5. STM image recorded under special tip conditions where the
geometric shapes of SP6 molecules were rendered. The superposed
schematic models indicate the shapes and arrangements of SP6 molecules
within a molecular row. Each SP6 molecule appears psligwogwith a

length of ~1.3 nm, and the long axis of each SP6 molecule is nearly
perpendicular to the direction of the rows. The combining configurations
between adjacent rows are also resolved clearly in this image: Adjacent
rows join together just likeippersto form the close packed 2D structure.

The sample bia¥s = —1.5 V and the tunneling curremt= 50 pA.

ajA A B B A B B

mirror plane

Figure 4. (a) High-resolution filled-state STM images of the same area as
Figure 2b. Four different intramolecular patterns can be found, denoted as
A1, Ay, By, and B. (b) Four different intramolecular patterns together with
the most consistent simulated STM images. The sample\hias—1.6 V

and the tunneling currerit = 50 pA.

STM image simulation of individual (S)- and (R)-SP6 molecules
using the density functional theory (DFT) with local density
approximation (LDA) implemented. Simulated STM patterns
were obtained by integrating the electron density of states (DOS)
on a free SP6 from the Fermi level to the bias voltage using
the Tersoff-Hamann modet®>3¢ Because SP6 is a nonplanar
molecule, the 3D molecular structure will affect the tip’s track
markedly in the scanning process, resulting in the deviation of
the experimental STM image from the ideal distribution of the
molecular DOS. We take this factor into account by multiplying
the DOS with a convolution function in the simulation. To
determine the orientations corresponding to the experimental " s
patterns, we rotated an SP6 molecule around the two orthogonal B AABDBAABUBAIUBAAB

axes in the substrate plane with an angle step 6fal@l then Figure 6. (a) Recolored Figure 2a showing the quasi chiral separation
compared the simulated STM image of each orientation with character in the 2D domain. Left- (S) and right-handed (R) chains are colored

. : reen and blue, respectively ) STM images on three different samples.
the experimental results. Once we found the matched simulate hese areas have similar close packed positional order but different local

image, a further fine adjustment with the precision dfwlas orientational structures due to the irregular distribution of A- and B-type
done until the best agreement between the simulated image andows along the horizontal direction, as indicated with the letters below each
experimental result was obtained. STM image. Nevertheless, these domains all exhibit the quasi chiral

. . . separation behavior. The tunneling conditions are sample\hias —1.8
Figures 3 and 4 show the experimental intramolecular patternsy, 3,4 the tunneling currerit = 50 pA for (b-d).

(A1, Az, B1, and B) together with the most consistent simulated

STM images of the empty and filled states, respectively. Chiral gjscrimination and orientation identification are achieved si-

(32) Hou, J. G.: Yang, J. L: Wang, H. Q. Li, Q. X Zeng, C. G. Lin, H.: multaneously dL{e to the remarkable conformlty between simu-
Wang, B.; Chen, D. M.; Zhu, Q. ®hys. Re. Lett. 1999 83, 3001-3004. lated and experimental results. We may find thatakd A,

(33) Zeng, C. G; Li, B.; Wang, B.; Wang, H. Q. Wang, K. D.; Yang, J. L referring to an (S)-SP6 and an (R)-SP6 respectively, both adopt

Hou, J. G.; Zhu, Q. SJ. Chem. Phys2002 117, 851-856. : o
(34) Li, B.; Zeng, C. G.; Li, Q. X.; Wang, B.; Yuan, L. F.; Wang, H. Q.; Yang,  the nitrogen atom connected methyl gro(Ipl] —CHs) “point-

J.L.; Hou, J. G.; Zhu, Q. Sl. Phys. Chem. R003 107, 972-984. e i : FR7 whi ;
(35) Tersoff, 3 Hamann, D" Fehys. Re. B 1985 31, 805-813, in” adsorption orientatiofi’ wh|Ie_ B; and B, referring to an
(36) Tersoff, J.; Hamann, D. RRhys. Re. Lett. 1983 50, 1998-2001. (S)-SP6 and a (R)-SP6 respectively, both adopt the-[DHis
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a) Head-to-tail CH --- O weak H-bonds within homochiral chains

I

: Nearly parallel chromene moieties A
| Tt - stacked configurations |
. J

Au(111) sideview
Figure 7. (a) An (S)-SP6 homochiral chain with superposed molecular models. Dashed ellipses indicate the potéhtigDQveak H-bonds between

adjacent SP6. The STM image is extracted from Figure 2a. (b) CPK packing models of A- and B-type rows. The side view schematic drawing shows the

mr-stacking of the indoline moieties (green dashed frame) and the nearly parallel packing of the chrosmene moieties (pink dashed frame) wittiwa single

(c) CPK packing models of the combining configurations corresponding to the experimental observations. The side view schematic drawing shows the
m-stacking of the chromene moieties of SP6 molecules between adjacent rows (pink dashed frame). All these four configurations preserve tHgyhomochira

along the direction perpendicular to the rows.

“point-out” adsorption orientation. In both of the “point-in” and  and the interdigitated arrangements of the SP6 molecules within
“point-out” orientations, the two orthogonal near-planar het- the 2D domain as we proposed in Figure 3b.

erocyclic fused rings of the SP6 molecule resemble an “X” shape It is interesting to notice that in the area shown in Figure 2a
in the side view. The top and the side views of the adsorption the parallel rows take a relatively disordered A/A/B/B/A/B/B
configurations can be found in the Supporting Information arrangement from left to right instead of the conventional
(Figure S1). By matching the simulated STM patterns with the alternate arrangement. However, by identifying the absolute
experimental ones, we also obtain the packing models of A- chirality of each SP6 molecule, we surprisingly find a quasi
and B-type rows. Within each row SP6 molecules with opposite chiral separation in this 2D orientationally disordered domain;
chirality pack alternately, arrange their long axis perpendicular the 2D domain separates into homochiral chains running along
to the row, attach to the Au(111) surface with the same function the direction perpendicular to the rows (Figure 6a). Further
groups, and expose the same parts to be imaged, as shown imbservations on more samples reveal that both the orientational
Figure 3b. Therefore each two neighboring molecules within disorder and the quasi chiral separation are the common
an SP6 row display enantiomorphous shapes in the STM imagescharacteristics of the 2D SP6/Au(111) systems (FiguredI§®

The chromene moieties of adjacent rows (A- or B-type) To our knowledge, this is the first example showing the
interdigitate into the clefts of each other to form the close packed spontaneous chiral resolution in a 2D orientationally disordered
2D structure. Figure 5 shows the STM image obtained under system.

accidental, special tip conditions, where the geometric shapes In order to gain insight into the origin of this unique
of SP molecules are rendered. Each SP6 molecule appears as ghenomenon (chiral order in orientationally disorderd system),
pollywogwith a length of~1.3 nm and arranges the long axis we list in Figure 7 an (S)-SP6 homochiral chain with the
perpendicular to the rows. Adjacent rows join together just like superposed molecular models which shows the head-to-tail
Zippersto form the close packed 2D structure. These observa- coupling of the SP6 molecules within the chain. Although SP6
tions strongly support th#at-lying adsorption configurations  does not have functional groups which can form strong hydrogen

(37) Here “same adsorption orientation” only means the same orientation relative (38) Up to 20 samples prepared under the same conditions have been examined,
to the Au surface plane while the azimuthal orientations of (S)- and (R)- and for each sample more than 10 positions were randomly observed to
SP6 molecules are different. achieve a statistically significant result.
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bonds (H-bonds), the-NO, of one molecule and the hydrogen (aromatic) C-H---O (of nitro group) weak H-bonds, the absence
of the phenyl from an adjacent molecule may provideHG- of them in the experiments implies these six configurations
-O weak hydrogen bonds (H-bonds). Such attractive interactionscompared to the configurations shown in Figure 7c are less
have been demonstrated to be significant in the formation of energetically stable. Hence we conclude thatsthetacking of
chiral clusters and the chiral phase transition of 1-nitronaph- the chromene moieties along the rows is also crucial for the
thalene molecules on Au(111) surfaéésAnalogous G-H--- quasi chiral phase separation of the 2D domains. In conclusion,
O weak H-bonds were also considered to be responsible forthe SP6 moelcules form structures which allow theHG--O
chiral recognition of PVBA molecules on a Cu(100) surfdte.  weak bonds as well as thestacking of two orthogonal aromatic
Hence thehead-to-tailcoupling of the SP6 molecules within  rings of each SP6 and, consequently, undergo the unique quasi
each homochiral chain is thought to be associated with thesechiral separation in the 2D orientationally disordered domains.
attractive C-H---O weak H-bonds.

As we mentioned before, orthogonal chromene and indoline Conclusion
rings of each SP6 molecule are both tilted from the normal of
the surface and resemble an “X” shape in the side view. Within
each A- (or B)-type row, the nearly parallel indoline moieties
are tilted toward almost the same direction and have the well-
known z-stacked configurations (Figure 7¥).4! Since the
chromene and the indoline rings are orthogonal in each SP6, . - -
the chromene rings of SP6 within each row also have nearly complex 2D systems and provides the possibility to obtain 1D

parallel packing but are tilted toward another direction (Figure homochlral molecullar structures with different exposed func-
7b). Despite the various A/B distributions in the 2D SP6 tional groups on solid surfaces. These novel structures may have

domains, we only observed four particular combining configura- POtential applications in multicomponent chiral sensing and
tions between adjacent rows which preserve the homochirality MUItiStep enantioselective catalysis.
along the direction perpendicular to the rows (Figure 7c). In all

In summary, we have observed a quasi chiral separation in
2D orientationally disordered 2D SP6/Au(111) systems. The 2D
domains separate into 1D homochiral chains in which the SP6
molecules adopt two possible orientations randomly. Our finding
demonstrates that the chiral separation can occur in relatively
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(39) Zhou, Y. S.; Wang, B.; Zhu, M. Z.; Hou, J. @hem. Phys. Let2005 paper plane. There are 16 combinations in tofel, AB, AA, AB, BA, BB,
403 140-145. BA, BB, AA, AB, AA, AB, BA, BB, BA, andBB. However, some of them
(40) Kwon, K. Y.; Lin, X.; Pawin, G.; Wong, K.; Bartels, LLangmuir2006 (AAandAA, AB andBA, BAandAB, BB andBB, AB andBA, AB andBA)
22, 857—-859. are equivalent since the arrangements of the SP6 molecules in these
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3049-3056. Information (Figure S2).
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