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Abstract: A detailed comparison of tartaric acid (HOOC—CHOH—-CHOH—-COOH) and succinic acid
(HOOC—CH,—CH,—COOH) molecules on a Cu(110) surface is presented with a view to elucidate how
the two-dimensional chirality exhibited by such robust, chemisorbed systems is affected when both OH
groups of the former molecule are replaced with H groups, a stereochemical change that leaves the metal-
bonding functionalities of the molecule untouched but destroys both chiral centers. It is found that this
change does not significantly affect the thermodynamically preferred chemical forms that are adopted,
namely the doubly deprotonated bicarboxylate at low coverages (6 < /¢ ML) and the singly deprotonated
monocarboxylate at higher coverage. However, the kinetics of phase formation are significantly affected
so that the conditions required for self-assembling pertinent two-dimensional chiral phases alter substantially.
For both molecules, two-dimensional assembly is found to depend strongly on the nature of the local
adsorption motif created, with each motif essentially acting as a “synthon” for the supramolecular assembly.
In this respect, it seems that molecule—metal bonding interactions define the general self-assembly structure.
The presence/absence of the OH groups, instead, cause a subtler, second-order effect on the finer details
of the self-assembled structure. Finally, the creation of chirality in the achiral succinate system is shown to
arise from adsorption-induced asymmetrization, inducing point chirality via molecular distortion and/or metal
reconstruction of the local adsorption unit. This chiral adsorption unit is then responsible for creating chiral
supramolecular through-space and through-metal interactions that propagate a chiral organization. However,
the achirality of the succinate ensures that nucleation points of either chirality are equally created, producing
a racemic conglomerate of coexisting mirror domains. It is in this aspect that the uniquely aligned OH
groups of the rigid bitartrate system wield the greatest effect, by favoring one distortion/reconstruction for
the (R,R)-bitartrate and its mirror image distortion/reconstruction for the (S, S)-enantiomer, creating surfaces
that are globally chiral on the macroscopic scale. So overall, the OH groups do not dictate the general
nature of the assembly but are critical as chiral propagators, breaking the degeneracy and thus promoting
asymmetry to chirality.
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Figure 1. Diagram showing the molecule& R)-tartaric acid and succinic acid and the different chemical forms that can be adopted by the latter upon
adsorption.

attribute of chirality onto the already reactive metal catalyst. tational information on the adsorbate, temperature programmed
There is a manifold of chiral expressions that can be realized desorption (TPD) to yield information on the adsorbateetal

via this approach from the creation of local chiral motifs to the bonding, and low energy electron diffraction (LEED) and
supramolecular assembly of chiral organizations, and these havescanning tunneling microscopy (STM) to investigate the self-
been reviewed elsewhetéInterestingly, it is found that chiral  organizational behavior of the systems.

exhibition is not simply limited to systems in which chiral

molecules are adsorbed at achiral surfac®sbut rather can 2. Experimental Section

also be displayed in systems where no initial chirality is present,

Is(ljr;‘ airgsﬂ_ztg' :/Iu?:isc?fr Ft)::gr\]/vc())rfk aﬁgﬁg:]erg(z)lﬁc;slesecg o?(i\t]vlfl The first chamber contained facilities for FT-RAIRS, TPD, LEED, and
’ P P sample cleaning. This chamber was interfaced with a Mattson 6020

dimensional chirality dgals with physisorbed or weakly adsorbed FT-IR spectrometer equipped with a liquid nitrogen cooled HgCdTe
systems3192%and less is understood about strongly chemisorbed yetector with a spectral range of 658000 cnT™. RAIRS spectra were
systems, especially the subtle influences of stereochemicalrecorded throughout a continuous dosing regime as sample single beam
alterations on both the local and the organizational character-infrared spectra and ratioed against a reference background single beam
istics. For such systems, where a strong moleenietal of the clean Cu(110) crystal. All spectra were obtained at 4'cm
interaction exists, a very rich adsorption phase space can ofterresolution with coaddition of 256 scans. TPD spectra were collected
be occupied where the nature of the adsorbate can changeetween 273 and 630 K by heating the Cu(110) crystal while measuring
significantly with coverage and temperature. Thus, a deeperthe change in partial pressure for masses 2, 26, 28, and 44 as a function
understanding of the factors that affect two-dimensional chirality ©f sample temperature. Heating rates~d K s™* were used in TPD
requires a range of spectroscopic technigues that not only probeexpenme_n_t_s. A_ CCD video camera interfaced to a computer was used
the nature of extended supramolecular assemblies but also ard’" e digitization of the LEED patierns. o

able to tie that information with the detailed nature of the local ~ The second chamber was an Omicron Vakuumphysik variable
adsorption unit that essentially acts as a “synthon” for the temperature VT-S_TM chamber with facnltles for STM‘, LEED, AES,
supramolecular structure. A case in point is the behavior of the and sample cleaning. All STM experiments were Came.d out with the
chiral molecule, RR)-tartaric acid, on the achiral Cu(110) sample at (rjoom temperature. The images were acquired in constant
surfacé*° where chiral expression encompasses both the eurrent mode.

creation of a variety of local chiral motifs and a range of In each chamber, the Cu(110) crystal was cleaned by cycles’of Ar

. . . ion sputtering, flashing, and annealing to 800 K. The surface ordering
supramolecular chiral assemblies, with the nature of the formerand cleanliness were monitored by LEED and AES. Succinic acid

!m'ma_tely controlling the nature of the la}tter' Ir_‘ this Wc_’rk’_ W€  (99%)and RR)-tartaric acid (99%) were obtained from Sigma Aldrich
investigate how the expression of two-dimensional chirality in and used without further purification. The adsorbate sample was
this strongly chemisorbed system is affected if the two chiral contained in a small resistively heated glass tube, separated from the
centers of RR)-tartaric acid are removed. Thus, we report on  main vacuum chamber by a gate valve and differentially pumped by a
the adsorption of succinic acid on Cu(110) and compare the turbo molecular pump. Before sublimation, the sample was outgassed
results obtained with those found fd® R)-tartaric acid. Succinic ~ at~330-340 K. The sample was then heated\870 K and exposed
acid is a very similar molecule to tartaric acid, with the only to the copper crystal. During sublimation the main chamber pressure
difference being that the two hydroxyl groups present in tartaric Was typically 2x 107 mbar. The copper crystals were provided by
acid are replaced by hydrogen atoms leading to a Consequentsurface Preparatloh Laboratory (The Netherlands) with a purity of
loss of both chiral centers, Figure 1. To compare and contrast 22-99% (4N), and alignment accuracies of 0znd 0.1 for the RAIRS
these two systems at both the local adsorption motif level and and the STM eXpe”memS’,respecnvely'. ) )

at the extended self-organization level, we have applied the Each overlayer unit cell in this paper is described by the matrix:
surface science techniques of reflection absorption infrared

Two ultrahigh vacuum (UHV) chambers were used in this study.

spectroscopy (RAIRS) to provide detailed chemical and orien- (af’) = (mll le)(aS)
bo mﬂ mZZ bs
(23) Scholl, D. S.; Asthagiri, A.; Power, T. . Phys. Chem. R001, 105, . .
4771. wherea,, b, are the overlayer unit vectoras, bs are the substrate unit
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vectors; andas] < |bg with the vectors all defined by a right-handed

thus, destroy the mirror symmetry elements possessed by the
underlying surfacé=*° Various phases are observed fBR)-
tartaric acid on Cu(110%,and in the comparison here, we
concentrate simply on the low coverage phases, namely the
c(4 x 2) phase created at room temperature (300 K) and the
(1 2, —9 0) phase created at a higher temperature (400 K). ,‘?’:ZSO‘E’ 1712
RAIRS data have shown that the former phase consists of the o % "
monotartrate unit that bonds to the surface via its single () Bisuccinate(_1 )and (g0
carboxylate functionality, while the latter phase consists of the
doubly deprotonated bitartrate species bonded with both car-
boxylate groups to the metal surface with the—C3; bond
parallel to the surface. Density functional calculatfdr®nfirm

]
axis system. Further details on the conventions used can be found in §°
ref 1. 2
o}
) ) ) b) Bisuccinat
3. Results and Discussion o | (b) Bisuccinate
‘%
The chiral influence of R R)-tartaric acid on Cu(110) can be g ®© ha §
. . . p ™
discerned at two levels: first, at the local level where adsorption R Q -
events conserve the chiral centers and, thus, give rise to point
chirality and, second, at the organizational level where self- Bisuccinate + 88
assembled structures form that are chiral in arrangement and, (c) Monosuccinate (c(4x2)) = =

1425

this general adsorption configuration for the bitartrate and,

additionally, show that the adsorption site is across the long- 0.2%

bridge site on the Cu(110) surface with each of the four 1425 1408
carboxylate oxygens placed on top of a metal atom. Although 2880 2400 1920 1440 960
the bitartrate unit is thermodynamically preferred at low Wavenumber, cm ™

coverages, the monotartrate unit forms upon initial adsorption rigure 2. RAIR spectra observed as a function of increasing coverage of

at room temperature due to kinetic factors, and only upon succinic acid adsorbed on Cu(110) at 300 K and when the temperature is

heating to 400 K, is the bitartrate phase created. An activation increased up to 400 K. The IR bands give direct information on the chemical
. ’ . . . . . nature and general orientation of the adsorbed species.

barrier of~73 kJ moi? is associated with this transformatidn.

To compare and contra;t the behavior of succinic.acid, both we, therefore, assign these low coverage spectra to a doubly
the local and the organizational aspects were probed in the 300 deprotonated bisuccinate species at the surface with the doublet
400 K temperature range under conditions where the low pands assigned to theT symmetric carboxylate stretch.
coverage monotartrate and bitartrate phases of tartaric acid arerpe hydrogens created by the deprotonation process undergo
created. Like tartaric acid, succinic acid is capable of existing recombinative desorption, a process that has been well docu-
in at least three different forms: the neutral bi-acid form, the mented for Cu surfaces at room temperafiiré?
monosuccinate form where one of the carboxylic groups has ap important clue to the adsorption geometry of the bisuc-
deprotonated, and the bisuccinate form in which both acid gjnate species is the absence of the corresponafif
groups have deprotonated, Figure 1. Given that the local asymmetric carboxylate vibration at1600 cn™. Utilizing the
adsorption unit essentially acts as a “synthon” for the supramo- RAIRS dipole selection rule, this absence can be attributed to
lecular structure, we first utilized the RAIRS technique to 4 configuration in which each COOunit has bidentate
determine the nature of the adsorbed species, as discussed beloWqordination with the two oxygen atoms held almost equidistant

~3.1. Nature of the Local Adsorption Unit: The Monosuc- from the surface, thus significantly attenuating the asymmetric
cinate and Bisuccinate Forms.Figure 2 shows the RAIR  stretch. This functional orientation, when applied to both
spectra for increasing coverages of succinic acid on a Cu(110)carboxylate groups of the molecule, naturally forces the mo-
surface held at 300 K. At low coverages, Figure 2a, the only |ecular G—Cs axis parallel to the surface. Such an adsorption
bands of significant intensity are at around 1400~&min geometry again mimics the behavior of the bitartrate system. It
particular, no band at 1700 cthdue to the normally strong  is rather more difficult to extend such analysis further to
ve—o stretching vibration is present, indicating that no carboxylic determine the orientations of the @Hyroups, since the
acid groups are present in the adsorbed species. The 1425, 1408ibrations of these functional groups possess intrinsically weaker
cm ! doublet also shows striking similarity to that displayed intensities and are, therefore, difficult to record reliably.
by the bitartrate form of tartaric acidwhere a doublet at 1430  Nevertheless, the presence of the symmet{f stretch can

. . 2

and 1410 cm' was assigned, on the basis of model spectra for pe unambiguously identified at 2918 chawhile the asymmetric
dipotassium tartraté and Rochelle safff to the coupled Vg stretch, expected at 2980 cinis not observed, suggest-
vibrations of the identical COOoscillators on each molecule. ing that the methylene group is oriented largely symmetrically

(24) Barbosa, L. A. M. M.; Sautet, B. Am. Chem. So2001, 123 6639. (27) Tabatabaei, J.; Sakakini, B. H.; Watson, M. J.; Waugh, KC&al. Lett.
(25) Srivastava, G. P.; Mohan, S.; Jain, Y.J53.Raman Spectrosd982 13, 1999 59, 143.

25. (28) Tabatabaei, J.; Sakakini, B. H.; Watson, M. J.; Waugh, KC&al. Lett.
(26) Bhattacharjee, R.; Jain, Y. S.; Raghubanshi, G.; Bist, HJ.CRaman 1999 59, 151.

Spectrosc1988 19, 51. (29) Genger, T.; Hinrichsen, O.; Muhler, Matal. Lett.1999 59, 137.
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Table 1. Characteristic Vibrational Bands (cm~1) and Assignments for Solid Succinic Acid®® and Solid Tartaric Acid,3! the Monotartrate
Phase on Cu(110),* the Monosuccinate Phase on Cu(110), the (R,R)-Bitartrate Phase on Cu(110),* and the Bisuccinate Phase on Cu(110)2

Tartaric acid powder [31] Succinic acid crystal [30] (R,R)-tartaric acid Succinic acid (R,R)-tartaric acid Succinic acid
(cm’, assignment). (cm’, assignment). monotartrate [4] monosuccinate bitartrate [4] bisuccinate
(cm”, assignment). (cm’, assignment). (cm’, assignment). (cm”, assignment).
3388 br,s e
3315 br,s oH
3193 br, s Vzmd 2990 br,s Vacid
3083 br, s o oH
2972 br Veu 2980 br, s ng:n 2918 w Véy[_']r; 2918 vw Vé)li_}nz
2939 br 2930 br, s pom
CH,
1741 br, 1729 1711 1712
s Veeo 1690 2 Veoo s Veoo s Veoo
1453 br, acid 1418 i 1437 m 1425 1430 1425 m
S vy m e v S, | s s
vt 5 5
Ve + S
1375 s 535 ggg : 50111;; 1375 so 5;Z
1308 m acid 1338 w 1311w acid
Vel + 0, Ve +0,
1318 w Seeid C-OTTOH 1 1300w Secid CoTTOH | 1338s 8 Bllvw
1255m OoH Yen 1234m o Yen 1200 w H CHy
1220 m + 0, 2 1197 w + 0, .
CH CH 5wagging
1203 m Srassing 1197 w CH, O asging
CH, é'twisling 1197 w CH,
1190 m Valc CH, 6twtstmg
c-0 ; CH
1134 m 1175 vw O isting 1101 m ye 1113 s W 2
1087 m CH, c-0 c-0
992 vw Vee 999 vw Ve 992 vw Vee

as, m, w, v, br, and so indicate strong, medium, weak, very, broad, and shoulder, respectively.

Monosuccinate

Figure 3. Schematic representation of the succinic acid molecule adsorbed
in its bisuccinate and monosuccinate forms on the Cu(110) surface.

Bisuccinate

with respect to the surface normal. Detailed vibrational assign-
ments of the bisuccinate species are given in Table 1, but it
should be appreciated that bands in the range £300 cnt?!

are very low in intensity and, therefore, difficult to assign

with the monosuccinate species is the 1197 tbrand, whose
growth behavior follows that of the 1712 ciband. On the
basis of the IR spectra of crystalline succinic aithis band

may be assigned to either ;"™ or the oy "™ deforma-

tion, Table 1. The monosuccinate species will, of course, also
possess vibrations for the deprotonated carboxylate group that
bonds to the surface. However, when the bisuccinate and
monosuccinate coexist, it is difficult to disentangle the contribu-
tions made by each to the symmetsigl;, vibration region.
Here, we note that even for the monosuccinate phase, no
asymmetricvyyy- stretch is observed, again placing the car-
boxylate group in a symmetrical stance at the surface, Figure
3. Finally, the monosuccinate phase should also possess
vibrations from the GOH group of the acid functionality.
However, the only expected bands arise from couﬁ@ﬁ and
ve—ovibrations at~1418 and 1308 cni 30 and, thus, overlap
with the vibrations of the coexisting bisuccinate species, Table

unambiguously. However, overall, the RAIRS spectra are 1

consistent with the adsorption geometry shown in Figure 3,
which also agrees well with density functional theory calcula-
tions of the bisuccinate species on Cu(1%0).

As coverage is increased, Figure 2 (b) and (c), a strong band

at 1712 cm! appears due to ac—o stretching vibration,
indicating the presence of a second species at the surface i
which the COOH acid group is retained. The similarity of this
band with that found in the monotartrate form of tartaric acid
strongly suggests that the additional molecules are accom-
modated on the surface in the monosuccinate form. The
frequency of thevc—o vibration indicates the presence of
considerable H-bonding interactions, probably involving COOH/
COONH intermolecular interactions of the type seen for crystal-
line succinic acid® The second band that can be associated

When the coexistence phase, represented by Figure 2c, is
annealed up to~400 K, Figure 2d, a monosuccinate
bisuccinate interconversion is observed, with loss of intensity
of the monosuccinate bands and increase in intensity of the
bisuccinate bands. This behavior indicates that the monosuc-
cinate form remains inherently unstable with respect to the

rbisuccina\te form throughout this low coverage regime and is

only created at 300 K due to kinetic barriers, probably due to
lack of suitable adjacent sites which can accommodate bonding
of both carboxylate functionalities. Upon annealing, the adlayer
is able to relax into the thermodynamically favorable bisuccinate
conformation. This preference continues until the entire surface

(30) Suzuki, M.; Shimanouchi, T. Mol. Spectrosc1968 28, 394.
(31) Bhattacharjee, R.; Jain, Y. S.; Bist, H. D.Raman Spectros@989 20,
91.
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is covered in the bisuccinate phase. Finally, when coverage is

pushed beyond this threshold point, the bisuccinate is now 400 K o n
destabilized with respect to the monosuccinate and, in an Hax o0Of
identical manner to that reported for the tartaric acid systém, é Eé ;;;
further adsorption is accompanied by a reverse bisuccirate
monosuccinate transformation via the following suggested route: Bitartrate (lgfu _
(thermodynamically stable) — é
OOCCH,CH,COO (a)+ (R,R)-Tartaric I N
adsorbed bisuccinate acid T >350 K s E
HOOCCH,CH,COOH— 200CCHCH,COOH (a) E :
incoming bi-acid adsorbed monosuccinate gg: 5 i
The vibrational analysis presented above reveals that, overall, HO@%
the local chemistry of succinic acid at Cu(110) tracks that of 23
tartaric acid and the presence of the OH groups does not make 300K Monotartraie °‘4,"2),°r(-,4ﬁ)
. . (formed due to kinetic barriers)
a big difference. S—
However, one interesting point of difference is the kinetics 400 K Hay oM
of phase formation in the low coverage regime where the ggéi
bicarboxylate is thermodynamically favored for both systems.
The bisuccinate phase is created readily upon initial adsorption | g,ccinic Bisuccinate () and (g, g2
at 300 K, and only with increasing coverage does a kinetic acid (thermodynamically stable) % i
barrier to its formation emerge, allowing the monosuccinate to ! % Tg
be formed instead. In contrast, adsorption of tartaric acid at 300 I I I 8 £
K never leads to the formation of the bitartrate species, and I é g
instead, islands of monotartrate molecules are always formed Bisuccinate N Bisuccinate 3 |
upon adsorption at 300 k2 Conversion to the thermodynami- (9U)ana( ) | (%)anu( 1):))
cally preferred bitartrate species then only occurs when tem- 11 Q00 el =
perature is raised to 400 K. We attribute this general behavior 300 K | ™™™ 1 Monosuceinate c(ax2)
to an increased propensity for intermolecular interactions in the 0 ML . 1/6 1/4
tartaric acid system due to additional COOH/OH hydrogen Increasing coverage

bonding interactions between the acid groups and hydroxyl
groups of adjacent monotartrate molecuiéghis encourages Figure 4. Schematic adsorption phase diagram showing the molecular
the formation of high density islands, which locally re_ach the nmeg:ggu?gg omnoédgﬁﬁ'(%nghfffceg iiogtfl?ntc’i’i;ﬁ”;r'g(ife'?azr:’i fg;cgg'r‘;ﬁﬁ'g
threshold coverage that favors the monotartrate species. Undegand time.
the flux conditions used in our experiments, the rate of island
growth exceeds the rate of the second deprotonation to form(9 0, —1 1) and (1 1,—9 0) structures associated with the
the bitartrate species, and so the monotartrate species is formedisuccinate form. Schematics of the real space unit cells
first. represented by these LEED structures are shown in Figure
In contrast, the lack of alcohol groups in succinic acid reduces 5 (b). For the bisuccinate a large unit cell exists with dimensions
the propensity for island formation sufficiently so that, under 23.04 A x 4.43 A with o. = 35.3 for the (1 1,—9 0) structure
similar flux conditions, the balance is altered and the second ando. = —35.3 for the (9 0,—1 1) structure. To gain more
deprotonation event is favored to yield the thermodynamically information on the detailed molecular occupation of these unit
preferred bisuccinate species. In terms of two-dimensional cells, STM data of the coexistence structure were collected. A
chirality, this means that the conditions required for the creation large area scan, Figure 5a, shows that domains associated with
of a pertinent chiral surface may alter substantially with small the monosuccinate and bisuccinate phases can be readily
changes of molecular structure. Figure 4 illustrates this with a discerned; each is discussed in more detail below.
schematic adsorption phase diagram comparing the behavior (i) Monosuccinate PhaseDealing first with the monosuc-
of both succinic and tartaric acids in the temperature range 300cinate phase, STM images, Figure 6a, show that the organiza-
and 400 K. The different LEED structures found for each tional structure imaged is essentially a (&), with each STM
characteristic bonding of the molecules are indicated and will feature occupying a large area of 6.547.6 A+ 0.2 A. Given
be the focus of the next section. the RAIRS and LEED information, we propose that the STM
3.2. Organizational Behavior.To compare the behavior of  features correspond to dimers of monosuccinate adsorbates,
tartaric acid with succinic acid, information on the self- organized as shown in Figure 6b. For such a structure, the LEED
organization of the monosuccinate and bisuccinate phases wapattern is determined by the c¢42) arrangement of individual
probed by LEED and STM studies. Figure 5b shows the LEED adsorbates while the STM only images the dimers that are
patterns obtained after adsorption of succinic acid on a cleanpresumably held together by COGHCOOH interactions of the
Cu(110) surface at 300 K under conditions in which RAIRS type found in succinic acid crystal®The c(4x 2) arrangement
data show both the monosuccinate and bisuccinate forms arecorresponds to a local coverage of 0.25 ML and is identical to
present. Three distinct structures are observed in the LEED that occupied by the monotartrate phasewould, therefore,
pattern of Figure 5: a c(4< 2) or (2 1, —4 0) structure seem that the loss of the chiral centers does not materially affect
associated with the monosuccinate form and two distinct either the density or the organizational packing of this phase. It
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Figure 5. Adsorption of succinic acid on Cu(110) at 300 K gives rise to a number of different adsorption phases as identified by STM and LEED data:
(a) STM image showing the coexistence of three phases: the {®2)) and (9 0,—2 2) bisuccinate phases and the c{42) monosuccinate phase.

1000 A x 1000 A [V = —0.23 V; 1 = 0.98 nA]. (b) LEED pattern observed when succinic acid is adsorbed on Cu(110) at 300 K showing a mixture of
c(4 x 2), (90,-11), and (1 1,-9 0) structures. Schematics of the real space unit cells represented by these LEED structures are shown below.

also does not influence the chirality of the organization which
remains as the achiral cf4 2) for both the chiral monotartrate a
and the achiral monosuccinate, Figure 6. Therefore, it would
seem that the primary influence on packing and positional
organization is determined by the general nature of the adsorp-
tion motif and its molecule metal interactions, in this case, the
monocarboxylate Cu interaction, which is identical for the
monosuccinate and the monotartrate. The alterations at the chira
centers cause a lesser, second-order effect, namely in the deta
of the supramolecular H-bonding, since the loss of the OH “tail”
groups restricts intermolecular interactions of the monosuccinate
to cyclic dimers with “head-to-head” COOHCOOH interac-
tions of the type found in succinic acid cryst&ls;ather than
the “head to tail” COOH-OH interactions reported for the
monotartrate phask.

(i) Bisuccinate Phase Turning to the bisuccinate phase, it
is clear that it produces two domains at the surface. From the
STM images, Figure 7a, detailed structural models on the
organization of adsorbates in the two domains can be built,

at the surface. Crucially, these chains lie along nonsymmetry
directions, thus annihilating both reflection planes of the
underlying Cu(110) and creating a system where chirality is
present at the organizational (space group) level. The imaged
(22,90) and (9 0;-2 2) molecular unit cells have dimensions
23.04 A x 8.86 A witho. = +£35.3 with a coverage of/g ML,

and their structure is remarkably similar to that adopted by the
(1 2, -9 0) RR)-bitartrate and (9 0,-1 2) (S9-bitartrate
phases (Figure 7b) which also have large repeat unit cells of
23.04 A x 7.68 A with a = £19.47, a coverage ot/g ML

and also display chains of “trimer” molecules that lie along Figure 6. Details of the monosuccinate phase created on Cu(110). (&) STM

At : : images ((main) 500 A« 500 A and (insert) 60 Ax 120 A) [V = —1.39
nonsymmetry directions, thus endowing the system with a V; Iy = 0.14 nA] showing the monosuccinate c{82) phase of succinic

similar organizational chirality. So again, it appears that the acig adsorbed on Cu(110). Structural model showing thexc@® phase
general nature of the bicarboxylate adsorption motif with its arising as a possible array of dimer motifs.
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(a) Coexisting bisuccinate domains
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(b) (R,R)-tartaric acid (S, S)-tartaric acid

Figure 7. Comparison of the bicarboxylate phases created by the achiral /9ure 8. Adsorption models of the bisuccinate and the bitartrate phases
bisuccinate and the chiral bitartrate on Cu(110). (a) Depiction of the °" Cu(110). (&) Structural models for the two coexisting chiral domains
bisuccinate phase. STM images (26054170 A) [V = —0.21 V; | = imaged by STM for bisuccinate on Cu(110). The (2-8 0) and (9 O,

0.15 nA] showing the coexistence of the (229 0) and (9 0,—2 2) —2 2) unit cells of the overall structure are shown as are the (220)

domains; each individual domain is also presented in detailed STM images and (2 0,-2 2) unit cells representing the packing within each chain. (b)
(100 A x 70 A) [V = 0.23 V: | = 0.19 nA]. (b) Depiction of the (1 2 Structural models of the bitartrate phases of the two tartaric acid enantiomers

o Z p : on Cu(110): §9-bitartrate (9 0,—1 2) and R,R)-bitartrate (1 2,—9 0).
(rtlic A andS, 9 ararc atid. respecively, on Cu(110), ST imges The (3 L2 1) unicelis ao shown or th&R)-biartrate phase showing
(108 A x 108 A) [V = —1.7 V; | = 1.18 nA] showing theR R)-tartaric (e Ppacking within the chain.
2ﬁ'c"jw(i%‘§'t;g g)s,)[{?;fgr%ngc%o(%%,—1282;&23%;_2'73 Vil =1.02nA] Thus, it can be seen that the rows of the three bisuccinate
molecules that assemble to form long chains possess different
two COO-Cu bonding interactions is the primary factor adsorbate-adsorbate juxtapositions and distances compared to
determining the overall nature, ordering, density, and chirality the bitartrate structure. So, by simply looking at the unit cell
of the superstructure adopted, regardless of whether the adsorbedithin each chain, it can be seen that tiR)-tartrate chain
molecule is chiral (tartrate) or achiral (succinate). The com- possesses a (3 12 1) structure growing in the [-114] direction,
parison between the bisuccinate and bitartrate phases brings newigure 8b while the succinate chain possesses a {22)) or
insights into the role of the OH groups in determining the (2 0, —2 2) structure growing in [-112] and [1-12] directions,
supramolecular assembly. In the first reports of this systém, respectively, Figure 8a. Therefore, these small differences in
was assumed that intermolecular hydrogen bonding betweenorganization must arise directly from second-order alterations
neighboring bitartrate molecules governed the nature of the in through-space lateral interactions and/or through-metal lateral
superstructure, forcing growth along nonsymmetry directions. interactions when OH groups are present at the chiral centers.
Subsequent DFT calculatiotisshowed that the neighboring  Here, it is possible that the intramolecular H-bonds between
molecules in the bitartrate structure are too far apart for the OH groups at the chiral center and the bonding carboxylate
intermolecular hydrogen bonding interactions to occur and only groups affect the detail of the metaholecule interaction by
intramolecular H-bonds were present. These calculations sug-influencing the precise distortion of the adsorbate backbone and
gested that supramolecular assembly was instead governed vighe bonding carboxylate groups.
through-space lateral interactions and/or through-metal lateral Finally, we consider the relative stabilities of the bisuccinate
interactions. What our data shows is that H-bonding interactions and bitartrate phases. Temperature programmed desorption
of any kind are not the driving force for the chiral assembly, (TPD) data from the bitartrate and the bisuccinate adlayer show
since the bisuccinate is as successful as the bitartrate in creatingxplosive desorptions at around 440 and 600 K, Figure 9.
chiral assembly. Equally, the through-space lateral interactions Inspection of the thermal evolution products shows that no
and/or through-metal lateral interactions must be dominated by desorption of the molecular ion is observed, indicating that the
the metat-molecule interactions so that both systems produce data are not monitoring desorption of the whole adsorbate but
a similar trimer chain structure. So overall, the presence/absenceather the products of surface decomposition of adsorbed
of the OH groups at the chiral centers does not affect the generalmolecules. In other words, reaction limited desorption processes
type of supramolecular assembly. Instead, their influence is are observed, suggesting that the molecutetal interaction
exerted more subtly within the finer detail of the self-assembly. is so strong that intramolecular bonds break prior to metal
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Figure 9. A comparison of the thermal stability of the bicarboxylate phases
is demonstrated by TPD data for thB,R)-bitartrate (1 2,—9 0) phase

created on Cu(110) at 400 K and the bisuccinate phase, {aQ) and
(1 1, -9 0) structures created on Cu(110) at 400 K.

molecule bonds, with the decomposition products,0,, and

e Bt e
P e e BN e e T =
...““.‘ S PO .

T
-
-

=
S /6 /0008 /8 /60, 9. 0000, 5. 5.
¥ 2 Ca ) 90008 9%¢ S
4 =
48 40 -
3

Figure 10. Three possible adsorption models for the bisuccinate/Cu(110)
phase that would lead to (2 29 0) and (9 0,-2 2) molecular packing but
(11,-90)and (9 0,—1 1) LEED patterns. (a) Diagonal asymmetric
adsorption of the bisuccinate molecule with the LEED scattering dominated
by the bonding carboxylate groups (marked with *). (b) Molecularly
distorted bisuccinate molecules with the LEED scattering repeat determined
by the equivalent CtO sites (Cu-O; and Cu-O4 or Cu—0; and Cu-

03). (c) Local reconstruction of the Cu surface, where Cu atoms undergoing
lateral displacement are depicted as gray circles, where the LEED scattering
repeat is determined by the reconstructed Cu atoms.

CO released in a sharp peak. From the TPD information, this that the molecule straddles straight across the close-packed rows

process occurs some 150 K h|gher for the bisuccinate phaseWith an attendant deformation of the molecular Skeleton, as
compared to the bitartrate, suggesting that the presence of theshown in Figure 10b. Such a deformation would naturally lead

OH groups leads to a significant destabilization of the intramo-

to inequivalence within each COO bonding unit, halving the

lecular bitartrate bonds. Although, the TPD data in this case LEED scattering repeat. Another possibility is that the LEED

give no information of the relative strengths of the moleeule

scattering is dominated not by the bonding carboxylate units

metal interactions, it does point to very different temperature but by reconstructions of the underlying metal. It is known that
stabilities that arise in surface phases from small changes tothe succinate and tartrate structures possess significant surface

the molecular structure.
(iii) Creation of Chirality in the Achiral Bisuccinate Phase.

interaction energies, calculated at 166 and 164 kJ-inol
respectively?* and are stable beyond 480 K at the surface,

Of course, the most interesting aspect of the bisuccinate phasesuggesting strong enough metaholecule interactions that
is that organizational chirality arises from the adsorption of an could trigger reconstructions. In addition, DFT calculatféns
achiral molecule on an achiral surface. It is, therefore, interesting show that adsorption of both molecules lead to a compressive

to analyze at which level chirality is introduced into the system.

strain along the [1-10] direction, with both preferring a-Cu

Here, the STM and LEED data give important clues. Whereas, Cu distance of 2.63 A, which is greater than the bulk truncation

the LEED data show the coexistence of two mirror (+9,0)
and (9 0,—1 1) domains, the molecular positions imaged in

close-packed CuCu distance. We, therefore, propose that this
strain could be relieved by lateral relaxations of the underlying

the STM data possess molecular unit cells with a slightly Cu surface as, for example, depicted in Figure 10c, which would

different repeat structure, namely (229 0) and (9 0,-2 2)

naturally lead to halving of periodicity in the required direction.

structures, with a doubling of the repeat distance in the [-112] For both options, we note that the halving of the periodicity
and [1-12] directions, respectively. We propose that such a resultalong the [-112] and [1-12] directions require the deformation

could arise from one of two possibilities. First, the LEED

and/or reconstruction to be essentially chiral so that the two

scattering could be dominated by the bonding carboxylate diagonal Cut-O; and Cu-O4 units are equivalent and differ from
groups, with each molecule contributing two scattering centers. the other two Ct-O, and Cu-0Os units comprising the opposite
Whereas this halving of periodicity is most easily achieved by diagonal. Chiral reconstructions and deformations of this type,
adsorbing the molecule diagonally across the close-packed rowswhich force the adsorbate to describe a chiral footprint at the

as shown in Figure 10a, DFT calculations on this systetmow

surface, have been reported for the bitartrate/Ni(110) system.
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At present, the two structural models shown in Figure 10b,c of the domain radiating from that nucleation point retains the
cannot be differentiated on the basis of our data. However, whatsame chirality. Our data on succinic acid indicate that these
is most pertinent from the LEED data is that the halving of the chiral supramolecular interactions are through-metal and/or
molecular repeat distancean only arise if asymmetry is through-space and do not involve direct hydrogen-bonding
introduced for the local adsorption unit.e., the LEED data  effects. Overall, nucleation points of both handedness exist
directly point to the achiral bisuccinate adopting a local chiral equally so domains of either chirality will be propagated and
adsorption motif Here, the creation of this chiral “synthon” is  coexist at the surface; i.e., the succinate system can only
clearly adsorption-induced and must be intimately related to the maintain chirality at the local level but is globally a racemic
nature of the metaimolecule bonding. Furthermore, it would conglomerate.
seem from the general similarity of the trimer chain structure  For the R R)-bitartrate system, the major factors governing
adopted that a similar influence must also be present when thethe creation of the chiral superstructure must be very similar to
bitartrate “synthon” is created; i.e. a doubled chiral influence that for succinic acid; i.e., a similar molecular distortion and/or
may be present in this case: first, from the chiral centers of the reconstruction must be induced by the bicarboxylate-Cu interac-
molecule and, second, from the adsorption-induced asymmetry.tion, to create a similar superstructure. HoweveyR}-bitartrate
This promises an interesting aspect of study for the future, both yields a single domain of one-handedness only suggesting that
experimentally and theoretically. the presence of the OH groups at the chiral centers crucially
(iv) Global and Local Chirality . From the adsorption models ~ restricts the distortion/reconstruction to one-handedness only.
presented in Figure 8, it is evident that a similar manifestation We note that DFT calculations oRR)-bitartarte on Ni(110)
of organizational surface chirality exists for the chiral bitartrate Show an energy difference of 6 kJ mébetween the two mirror
molecule and the achiral bisuccinate adsorbate. However, herdmage distorted/reconstructed adsorption motifs, sufficient to
the critical difference between the two systems also emerges:ensure that over 90% of the nucleation points at 300 K would
whereas for tartaric acid only one chiral handedness exists,Pbe of the lower energy form. The role of the OH groups as
which is sustained over the entire surface, for succinic acid both “chiral directors” of the supramolecular assembly is illustrated
the chiral (9 0,—2 2) phase and its mirror image (2 29 0) when adsorption of theSS)-bitartrate unit is examined, Figure
phase coexist at the surface, Figure 7a, so that by integrating8b- Here, the rigid adsorption structure of the bitartarte unit
over the entire surface one obtains an overall racemic conglom-forces the OH groups to lie in a uniquely defined direction that
erate. This is a crucial difference in the expression of chirality is reflected in space compared to tf&R)-bitartrate unit. As a
between the two systems in that the bitartrate possesses globalesult, the energy preference of the local adsorption unit is
chirality while the bisuccinate is locally chiral but globally —Switched to the opposite distortion/reconstruction, and thus,
achiral. chiral lateral interactions are switched in direction and the
A number of specifics may be envisaged that lead to this induction and propagation of the chiral assembly occurs in the

divergence of behavior. There are two major events that may mirror image con_struct, leading to a mirror chiral surface.
propagate organized chiral domains at the surface: one, WhiChTherefore, f_rom th_'s work, one may_co_nclude that overall glqbal
leads to induction of point chirality, and the other, which leads or local chirality is determined principally at the nucleation

to the induction of organizational chirality. From the data Stage ]

presented here it follows that, for our systems, the nature of Finally, ourwork on the succinate system suggests that when
the point chirality largely determines the organizational super- the chiral centers are destroyed by replacing the OH groups
structure; i.e., the general nature of the bicarboxylate adsorption™ith H, chirality at the local level may still exist in the system,
motif with its two COO-Cu bonding interactions is the Put within a globally racemic system. This puts a different
“synthon” for the chiral organization of the bisuccinate and the perspective on chiral enantioselective strategies for heterqge-
bitartrate structures. Succinic acid possesses no inherent chiral"€0US Systems, where successful routes may not be restricted
ity, but our data show that a local chiral motif is created at the t© designing a chiral modifier, but now also include the
initial adsorption step, either due to molecular distortion and/ POssibility of spontaneous chiral creation with simpler achiral
or due to local chiral reconstruction. However, given the Modifiers where, subsequently, domains of the unrequired
achirality of the adsorbing molecule, the nucleation of point Nandedness can be neutralized by coadsorbing specific blocking
chirality of one-handedness is energetically degenerate tomoleculles, as is often used in homogeneous enantioselective
creating point chirality of the opposite handedness so random C&talysis.

adsorption processes will produce equal numbers of each, with
asymmetric distortion/reconstruction manifesting in either of two
mirror images, Figure 10c. Interestingly, our STM data show A detailed comparison of the molecular nature and two-
that growth direction is maintained from the nucleation point dimensional order adopted by tartaric acid and succinic acid
and random growth is not observed. Therefore, once nucleationmolecules on a Cu(110) surface is presented with close focus
has occurred, each local chiral adsorption unit thus created muston how these aspects are altered by the fact that the former
generate a 2-fold chiral influence. First, it induces chirality in possesses two OH groups at the chiral centers, while the latter
the supramolecular interactions; i.e., the placement of the nextmolecule only possesses H groups with consequent loss of
molecule is along a specific nhonsymmetry direction and is chirality. A number of conclusions can be drawn from this body
energetically nondegenerate with respect to adsorption the samef work. First, the presence of the OH groups does not
distance away in the reflection direction. Second, the point significantly affect the thermodynamically preferred chemical
chirality of the unit must influence the point chirality of the forms that are adopted, namely the doubly deprotonated
adjacent adsorbing molecule, thus ensuring that the organizatiorbicarboxylate at low coverage$ (< s ML) and the singly

4. Conclusions

6468 J. AM. CHEM. SOC. = VOL. 126, NO. 20, 2004



Succinic Acid versus Tartaric Acid on Cu(110) ARTICLES

deprotonated monocarboxylate at higher coverages. Howevertion via chiral lateral through-space and/or through-metal

the kinetics of forming the energetically preferred phases are interactions. Since the succinate is inherently achiral, nucleation
significantly affected by the presence of the OH groups. In points of either chirality are generated with equal probability,

addition, the temperature stability of the bicarboxylate phases so overall a racemic conglomerate is created. For BjB){

is significantly different. It can, therefore, be surmised that the bitartrate system, the OH groups force the molecular distortion/
conditions required for the creation and maintenance of a reconstruction to adopt a favored chirality, which then generates
pertinent surface phase may alter substantially with small one favored chiral domain only, bestowing the system with

changes of molecular structure. global chirality at the macroscopic scale. For th&S)-

With respect to molecular self-assembly, a number of enantiomer, the OH group alignment is reflectionally flipped,
observations have been made. First, the primary force in and the mirror distortion/reconstruction is created, generating
determining the nature of the superstructures formed is thethe mirror chiral organization. The OH groups are, therefore,
general chemical nature of the adsorbate and its metalecule important as chiral propagators or directors and enable asym-
interaction. Thus, for the monocarboxylate phase, the achiral metry to be promoted to chirality. We point out that the
c(4 x 2) assembly is adopted by both molecules. For the mechanisms that induce chiral symmetry breaking in achiral
bicarboxylate phase, both the bisuccinate and the bitartrate showsystems remain little understood at present, and the succinic
a similar trimer chain structure, which adopts a nonsymmetry acid system provides a fascinating insight into aspects of this
growth direction that destroys the mirror planes associated with phenomenon. However, the creation of global chirality demands
the Cu(110) surface; i.e., both give rise to two-dimensional the more stringent condition that adsorption events and lateral
organizational chirality. Overall, this general similarity points interactions of one asymmetry are preferred over those with the
to the dominance of molecutametal bonding in dictating reflectional asymmetry. For an achiral molecule on an achiral
packing, coverage, and the overall type of superstructuressurface, this energy degeneracy cannot be lifted at all points of
adopted. The effect of the OH groups at the chiral centers on the adsorption process and, overall, a racemic surface is created.
the self-assembled structure is a second-order effect that leadsn that respect, the tartaric and succinic acid examples discussed
to alterations in the detail of the assembly: the bitartrate phasehere make a neat comparison between asymmetric versus chiral
creates a local (3 1;2 1) chain structure growing in the [-114] interactions.
direction, while the bisuccinate creates local (2-2 0) and
(2 0, —2 2) chain structures growing in the [-112] and [1-12] Acknowledgment. We are grateful to the EPSRC for equip-
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