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Abstract

Nickel surfaces modified by optically active tartaric acid have been shown to be very effective in heterogeneous enantioselect
genation reactions, but the performance of the catalysts is critically determined by the preparation conditions. Crucially, the enant
performance is linked directly to the presence of the chiral modifiers, yet little isknown about the nature of the chiral adsorbate on
modified surface. Recently, model chirally modified surfacescreated by the adsorption of the well-known modifier, (R,R)-tartaric acid, on a
Cu(110) single crystal surface, have been shown to exhibit a variety of surface phases. In this paper, we turn from the Cu(110) su
Ni(110) surface, which is the metal most commonly used in the successful catalytic system. The chemical nature and orientation
sorbed chiral species were analysed by Fourier transform reflection absorption infrared spectroscopy (FT-RAIRS), while the two-dimension
order of the adlayer was investigated by scanning tunneling microscopy (STM). This work shows that on Ni(110), too, a complex a
phase diagram exists, in which different bonding, molecular forms, and orientation of the chiral molecules are adopted, from the in
form atT = 90 K, to the singly deprotonated monotartrate form between the temperature range of 170–270 K, to the coverage-d
behaviour atT > 270 K, where the doubly deprotonated bitartrate species is preferred at low coverage, while the monotartrate s
preferred at high coverages. This versatility ofstructural and chemical form and its delicate dependence on preparation conditions giv
sight into the behaviour of the real catalyst system where small changes in formulation conditions can lead to significant loss of en
excess (ee).
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The synthesis of pure enantiomers underpins the
ral technologies of pharmaceutical and chemical industrie
and is driven by the fact that even ppm levels of the
desired enantiomer can have catastrophic consequenc
physiological applications. Although homogeneous catal
or organic synthetic routes are currently used in indus
processes, there are strong reasons for exploring alt
tive heterogeneous catalytic processes, which offer e
handling, recovery, and separation. However, progress in
mulating efficient heterogeneous catalysts is seriously h
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pered by the lack of fundamental details on the const
tion and operation of successful enantioselective active site
At present, only two heterogeneous enantioselective r
tions have merited much attention: the hydrogenation
β-ketoesters over supported nickel catalysts and the hy
genation ofα-ketoesters over supported platinum cataly
[1,2]. In these systems, enantioselectivity is induced at the
achiral metal catalyst by first modifying it by the adsorpt
of chiral “modifier” molecules. Perhaps, the most notab
aspect of these chiral catalytic systems is how preparatio
conditions, especially temperature and coverage, are s
influencers of catalytic performance.

For the nickel systems,α-amino acids andα-hydroxy
acids are both successful modifiers, and the local natu
the chiral molecule at the surface is central to underst

http://www.elsevier.com/locate/jcat
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ing the chiral influence it exerts on the reaction. Given t
the complexity of a real catalytic system makes it alm
impossible to extract such information, we have chose
study a mimic of a catalytic system by adsorbing pure en
tiomers of chiral molecules on adefined single crystal meta
surface. In this paper, we report on the behaviour of (R,R)-
tartaric acid on a Ni(110) surface. Tartaric acid (TA) is o
of the most successful modifier molecules for the enant
elective hydrogenation of the simplestβ-ketoester methyl
acetoacetate (MAA)[1]. On (R,R)-tartaric acid-modified
nickel catalysts, the reaction is stereo-controlled so tha
(R)-methyl-3-hydroxybutyrate (MHB) product is obtaine
in enantiomeric excess (ee) of over 90%. Conversely
(S,S)-tartaric acid-modified surfaces, the enantioselectivit
is switched to lead mainly to the (S)-product[3,4]. Recently,
we have shown that (R,R)-tartaric acid occupies a comple
phase space on Cu(110) with the details of the local ads
tion entity and its self-assembly being determined critica
by the adsorption conditions[5,6]. An interesting aspect o
this system is that at certain points of the phase diagr
one observes the creation of extended chiral surface
which the chiral molecules assemble in highly organi
structures which possess growth directions that destro
the mirror symmetry planes of the underlying metal surf
[5–8]. The “handedness” created by such adsorption st
tures is sustained over the entire surface which are, there
globally chiral. Thus, chirality is bestowed at two differe
levels: at the local level where chiral adsorption motifs
present and at the long-range level when these units as
ble into chiral two-dimensional architectures. More recently
investigations on the (R,R)-tartaric acid/Ni(111) system[9]
show the formation of long-range ordered adlayers of
trate species on Ni(111), with the two-dimensional pack
thermal stability, and molecular conformation of the mo
ified surfaces being critically linked to the sample temp
ature and arrival rate of the modifier molecules at the
face.

In this paper, the chemical nature and orientation
the adsorbed (R,R)-tartaric acid species on Ni(110) we
analysed as a function of coverage and temperature
Fourier transform reflection absorption infrared spectrosc
(FT-RAIRS), which is one of the most powerful surfa
spectroscopies for eliciting such information. We have
ready shown that local structure is the critical factor in c
trolling the expression of surface chirality[10,11]and, there-
fore, any fundamental understanding needs to map the n
of this structure. Our data on the (R,R)-tartaric acid/Ni(110)
system show that the chiral centres of the molecule surviv
the adsorption process over the 90–350 K temperature r
and that the detailed nature of the local adsorbate struc
displays dynamic changes with coverage and tempera
A detailed adsorption phase diagram (Fig. 1), has been con
structed which clearly indicates that the nature of the chir
influence that emanates from the adsorbate must be expec
to change, depending on the conditions. Finally, the res
,

-

e

e

.

obtained are compared and contrasted to the previousl
ported work on Cu(110)[5,6] and Ni(111)[9].

2. Experimental methods

Two ultrahigh vacuum (UHV) chambers were us
in this study. The first chamber contained facilities
RAIRS, temperature-programmed desorption (TPD), lo
energy electron diffraction (LEED), Auger electron spe
troscopy (AES), and sample cleaning. This chamber wa
interfaced with a commercial Mattson 6020 FTIR spectro
eter equipped with a liquid nitrogen cooled HgCdTe dete
possessing a spectral range of 650–4000 cm−1. RAIR spec-
tra were collected throughout a continuous dosing reg
as sample single beam infrared spectra and ratioed ag
a background single beam reference of the clean nickel
face. All spectra were obtained at 4 cm−1 resolution with
coaddition of 200 scans.

The second chamber was an Omicron Vakuumph
variable temperature-STM chamber with facilities for ST
LEED, AES, and sample cleaning. All STM experiments
were carried out with the sample at room temperature.
images were acquired in constant current mode.

In each chamber, the Ni(110) crystal was cleaned by
cles of Ar+ ion sputtering and annealing to 900 K. T
surface cleanliness and ordering were monitored by A
and LEED. The nickel crystals were provided by Surfa
Preparation Laboratory, The Netherlands, with purity
99.99% (4N), and alignment accuracies of 0.5 and 0◦
for the RAIRS and the STM experiments, respective
(R,R)-Tartaric acid (99%) was obtained from Sigma-Aldri
Chemicals, and was used without any further purificat
The sample was contained in a small resistively heated g
tube, separated from the main chamber by a gate valve
differentially pumped by a turbo molecular pumping syste
Before sublimation, tartaric acid was outgassed at 330
then heated to 370 K, and exposed to the nickel crystal. D
ing sublimation the main chamber base pressure was
cally 2× 10−9 mbar.

3. Results and discussion

3.1. Local chemical nature of the (R,R)-tartaric acid
molecule

(R,R)-Tartaric acid, or L(+)-2,3-dihydroxysuccinic acid
is a chemically adaptable molecule, which can exist
at least three different forms: the neutral biacid form, the
monotartrate form where one of the carboxylic acid gro
is deprotonated, and the bitartrate form, where both
groups are deprotonated producing two carboxylate fu
tionalities. The vibrational structure for each form is d
ferent [12–14], so they may be distinguished by IR spe
troscopy. For example, the presence of the carboxylate g
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is signaled by the appearance of theν
asym
OCO and theνsym

OCO vi-
brations around 1600 and 1400 cm−1, respectively, while the
carboxylic acid group is indicated by distinctνC=O andνC–O

vibrations around 1750 and 1380 cm−1, respectively[15].
The use of RAIRS with a metal surface also allows the
entation of the different functional groups of the adsorbat
be deduced by the application of dipole selection rules[16],
which specify that only vibrational modes with a dynam
dipole moment change perpendicular to the surface wil
observed.

Our previous work on copper[5] also yielded an IR data
base for the different molecular forms of TA adsorbed at
surface. Each form is well characterised by the functio
groups and their IR activity. Thus, the biacid form is iden
fied by the presence of the main IR features at 1750, 1
1379, 1271, and 1136 cm−1 assigned, respectively, to th
νC=O (free biacid molecules),νacid

C–OH, δalc
OH, δacid

OH , andνalc
C–OH

vibrations. The monotartrate form, where one acid group
protonates, leads to the appearance of IR features at
and 1437 cm−1 assigned, respectively, to theνC=O vibration
of the remaining intact carboxylic group and to theν

sym
OCO

vibration of the carboxylate group. Finally, when the s
ond acid group deprotonates to give rise to the bitart
form, contributions from any acidic function disappear.
stead, a doublet is observed in the 1430–1410 cm−1 region
due to the coupled oscillator system of the two carboxy
groups, while the feature at 1113 cm−1 (νalc

C–OH) dramatically
increases its intensity for the bitartrate form.

Our analysis for the Ni(110) system will be mainly bas
on these previous results for Cu(110)[5] and compared to
the recent results on Ni(111) obtained by us (this work)
others[9]. In order to facilitate the discussion, an adso
tion phase diagram is shown inFig. 1, which summarise
the molecular nature and the characteristic bonding obse
,

1

as a function of adsorption temperature and coverage co
tions for (R,R)-TA adsorbed on Ni(110).

3.2. Low-temperature adsorption: the molecular biacid
phase

Adsorption at low temperatures (90–120 K) leads to
creation of just one adsorption species on Ni(110), the un
sociated biacid (Fig. 1). Data associated with this chiral a
sorbate are discussed below.Figs. 2a and b show the RAIR
spectra obtained with increasing coverage of (R,R)-tartaric
acid on Ni(110) at 90 K. No change in the band positi
from low (submonolayer, spectrum (a)) to high exposu
(multilayers, spectrum (b)) is observed. All the RAIR a
sorption bands observed are close to the IR bands obs
for solid (R,R)-tartaric acid[12], suggesting that, at low tem
peratures, weakly perturbed neutral biacid molecules are a
sorbed on the nickel surface throughout the monolaye
multilayer regime.Table 1 shows the infrared absorptio
bands and assignments for crystalline tartaric acid in c
parison with those for tartaric acid adsorbed on a Ni(1
surface at 90 K. There is a good agreement in the ass
ments of the bands between this work and those in the
erature[12], as well as with the IR frequencies for (R,R)-
TA multilayers adsorbed on Cu(110)[5] and Ni(111)[9]
surfaces. In addition, the biacid phase is also observe
higher temperatures up to 300 K. However, here it is o
present in the multilayer regime with peaks appearing
1757, 1441, and 1135 cm−1 that characterise the growth
tartaric acid multilayers on the top of the monolayer initially
created.

Finally, the feature at 2035 cm−1 present in the RAIR
spectra shown inFig. 2 is attributed to the stretching v
bration of CO molecules coadsorbed on the Ni(110) sur
[17,18]. From the fact that the intensity of this peak do
re
Fig. 1. Adsorption phase diagram showing the chemical nature adopted by (R,R)-tartaric acid molecules on the Ni(110) surface as a function of temperatu
and coverage.
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Fig. 2. RAIR spectra following the adsorption of (R,R)-tartaric acid on
Ni(110) at 90 K as a function of coverage. Sublimation exposure ti
(a) 3 min and (b) 12 min. (c) STM image of (R,R)-tartaric acid ad-
sorbed on Ni(110) at 102 K, showing aggregates of physisorbed molec
750× 750 Å,V = −2.68 V, I = 1.0 nA.

not change upon adsorption of tartaric acid and from
analysis of temperature-programmed desorption, it can
concluded that this low coverage of CO molecules pre
on the surface is due to adsorption from residual ga
the chamber and, therefore, notattributed to any cracking
dissociation fragments of the adsorbed tartaric acid m
cules.

No ordered overlayer LEED patterns were observed
lowing the adsorption of (R,R)-tartaric acid on Ni(110) a
90 K. The absence of long-range ordered structures at t
temperatures is also confirmed by the STM data. The S
image in Fig. 2c was recorded after initial adsorption
(R,R)-tartaric acid at 102 K on clean Ni(110), and displa
no obvious order of the molecules. Instead a large numb
fractal molecular aggregates with dimensions in the rang
20 to 35 Å diameters are observed.
e

3.3. Adsorption between 170 and 270 K: the monotartrate
phase (monolayer) and the biacid phase (multilayer)

The phase diagram shown inFig. 1shows that the (R,R)-
tartaric acid/Ni(110) system exhibits the same behaviou
the monolayer over the entire temperature range of 17
270 K, namely the creation of the singly deprotonated ch
monotartrate adsorption motif. Therefore, the main featu
of this phase are illustrated using the results obtaine
170 K. RAIR spectra (Fig. 3) following the adsorption o
(R,R)-tartaric acid at 170 K on Ni(110) provide direct i
formation on the molecular nature of the adsorbed specie
At low coverage in the first layer, the IR data (Fig. 3a) re-
veal a weak, broad band at 1687 cm−1 and a sharp band a
1437 cm−1. The former can be attributed to aνC=O stretch-
ing vibration of the carboxylic acid[19], and its frequency
is indicative of a highly hydrogen-bonded system; the la
is a strong indicator of theνsym

OCO vibration for the deproto
nated carboxylate group bound to the surface[15]. There-
fore, we attribute this spectrum to a monotartrate spec
This rationalisation is identical to that put forward for t
monotartrate phase on the Cu(110) surface[5,6,20]and the
general characteristics of the RAIR spectrum inFig. 3a bear
close similarities with thoseobtained for the monotartrat
on Cu(110) and Ni(111) (Fig. 4a). The one major differenc
observed is the frequency and breadth of theνC=O stretch-
ing vibration, which is much broader and downshifted
the Ni(110) system, suggesting a greater degree of in
and/or intramolecular hydrogen bonding; clearly this asp
is highly susceptible to changes in the geometric and ch
ical nature of the surface.

A detailed assignment of all the infrared bands obser
in Fig. 3a has been made with reference to the assignm
for the monotartrate species adsorbed on Cu(110)[5,6,20]
and by combining the information available for the cry
talline biacid phase[10] and bitartrate salts[11] (Table 1).
Individual bands observed for the main functional grou
of the monotartrate species, e.g., COOH, COO−, OHalcohol,
and OHacid, are indicated by the following IR bands:νC=O,
ν

sym
OCO, δalc

OH, andδacid
OH , and correspond to those observed

the monotartrate/Cu(110) system[5,20].
Application of the infrared metal surface selection r

[16] allows some aspects of the orientation adopted
the monotartrate adsorbate to be determined. The p
ence of a medium intensityνsym

OCO vibration at 1437 cm−1

and the absence of theνasym
OCO vibration expected in the

1550–1650 cm−1 region indicate that the two oxygen atom
in the carboxylate group are equidistant from the surfa
leading to an inactive asymmetric stretch of the OC−
group, but reinforcing the symmetric stretching vibratio
Following the general interaction mechanism of the ca
boxylate functionality with metal surfaces, it is propos
that the bonding with the metal takes place via the oxyg
of the carboxylate group, thus anchoring the monotart
species to the surface. We note, however, that the inte
of the ν

sym vibration at the saturation coverage (estima
OCO
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ption of (R,R)-tartaric acid on Ni(110) in comparison with

RAIRS data for the bitartrate phase on

Cu(110)[5] Ni(111)
(this work and[9])

Ni(110)
(this work)

r,m

1602

m 1430 sh,s 1422 1434 sh,m
1401 br,m 1401 br,m

sh,m 1375 s 1365 1370 sh,m
1337 1325 br,s

r,s

1338 s 1185 1272 sh,w
1200 w

r,m 1113 s 1108 1110 sh,s
r,m 1061

999 sh,w 954 999 sh,m
Table 1
Characteristic vibrational bands, in cm−1, and assignments for the biacid phase, the monotartrate phase, and the bitartrate phase formed by the adsor
tartaric acid powder[12], anhydrous Rochelle salt powder[13], biacid/monotartrate/bitartrate on Cu(110)[5] and on Ni(111) (this work and[9])a

Assignment TA
powder[12]

Rochelle saltb

powder[13]
RAIRS data for the biacid TA on RAIRS data for the monotartrate phase on

Cu(110)[5] Ni(111)
(this work and[9])

Ni(110)
(this work)

Cu(110)[5] Ni(111)
(this work and[9])

Ni(110)
(this work)

νC=O 1741 br,vs 1750 s 1761 1756 vs 1711 s 1692 1687 b

ν
asym
OCO 1594 br,s

νacid
C–O 1453 br,s 1446 so 1397 1441 m

ν
sym
OCO 1433 s 1437 s 1427 1437 sh,

1411 s

δalc
OH

c 1375 s 1380 s 1379 br 1380 1390 br,m 1398 w 1380 1380
1344 w 1378 w,sh 1325 br,m

δacid
OH + δC–H 1318 w 1271 br 1307 1247 br,s 1338 w 1237 br 1247 b

1255 m 1212 1197 br,w 1300 w
1220 m 1189 1234 m

δC–H 1312 w 1195
1245 vw
1211 vw

νalc
C–O

c 1190 m 1113 w 1136 m 1109 1135 m 1197 w 1124 1182 b
1134 m 1069 w 1090 m 1061 1089 sh,w 1101 m 1108 b
1087 m 1089 br,m

νC–C 992 w 994 w 999 vw 959

a s, m, w, v, br, and sh indicate strong, medium, weak, very, broad, and shoulder, respectively.
b Rochelle salt: K+Na+[OOC–CHOH–CHOH–COO]2− .
c alc, alcohol.
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Fig. 3. RAIR spectra following the adsorption of (R,R)-tartaric acid on
Ni(110) at 170 K as a function of coverage. Sublimation exposure ti
(a) 4.5 min, (b) 6 min, and (c) 16.5 min.

at 0.25 ML from STM data, see below) is almost a fac
of 5 lower than observed for the equivalent vibration fro
0.25 ML of formate on Cu(110) and Ni(110)[21,22], imply-
ing that the plane of this group in the monotartrate spe
is strongly inclined toward the surface. Turning to the
maining carboxylic acid group at the other end of the mo
cule, theνC=O stretching vibration is observed as a bro
band at 1687 cm−1, showing a downshift with respect t
the multilayer value at 1757 cm−1, thus indicating the pres
ence of considerable H-bonding interactions. Its relativ
lower intensity compared to the Cu(110) and Ni(111) s
tems (Figs. 3a and 4a) suggests a greater tendency to
oriented along the surface plane.Fig. 1 shows a schemati
representation of the monotartrate adsorbed to nickel a
through both oxygens of its carboxylate group. It is imp
tant to note that the RAIRS data do not allow the prec
orientation of the remaining functional groups to be de
mined, and, therefore, these positions in the schematic
only approximate, based on the relative intensities of the
propriate bands.
LEED and STM experiments were carried out in ord
to probe the two-dimensional order of the monotartrate
layer formed at 170 K. Again, no ordered overlayer LEE
structures were observed at any stage, suggesting that
is no long-range order for this adlayer. However, STM d
obtained at 170 K with increasing coverage of (R,R)-tartaric
acid on Ni(110) (Fig. 5) allow a description of the overlaye
to be formulated. These confirm the LEED data in that
extended two-dimensional order is observed. Generally
sorption leads to random occupation on the surface, with
monotartrate molecules imaged as white circular dots fo
ing random 1-D molecular aggregations of single, dou
triple, etc units, with a preferred growth direction along
<1–10> close-packed rows (Figs. 5a and b). Statistical pro
file studies of the images recorded for the isolated molecule
show that the monotartrate structures occupy on avera
space of 6.1 ± 0.3 × 4.6 ± 0.3 Å, with the nearest neigh
bour distances of 5.4 ± 0.3 Å in the <1–10> direction an
7.7 ± 0.3 Å in the <001> direction. This suggests a loc
(2 × 2) unit lattice in terms of molecular packing, but su
periodicity was never observed by LEED even at monola
saturation coverage, due to the lack of long-range order

Alongside the monotartrate species, the presence of b
troughs and white chains on the surface can also be
cerned. These are due to the well-known (1× 2) reconstruc-
tion of Ni(110) in the presence of hydrogen atoms, lead
to removal of nickel atoms to form missing rows (bla
troughs) and nucleation of the Ni atoms into added ro
(white chains)[23]. The presence of H-induced features
largely attributed to the first deprotonation of the tartaric a
molecules during the formation of the monotartrate spec
with only a small fraction arising from background picku
This reconstruction is of a very local nature, with single h
drogen atoms extracting Ni atoms out into Ni–H-chain-l
structures[23]. In accordance with this, our STM imag
show the spacing between two neighbouring added row
two neighbouring missing rows to be 7.2 ± 0.3 Å, a value
that is in close agreement with the crystallographic dat
7.04 Å, i.e., twice the lattice spacing in the <001> directi
Thermal desorption experiments of the H/Ni(110) syst
[24,25] show three desorption states: theα-state desorbing
at∼ 220 K, and theβ1- andβ2-desorption states that evolv
at 290 and 340 K, respectively, suggesting that coadso
hydrogen atoms and associated surface reconstruction
be expected to be present on our surface until 340 K.
also note that the adsorption of the monotartrate speci
170 K occurs randomly across the surface, suggesting
the coadsorption of hydrogen, and thus the reconstruc
induced by it, does not play any role in the adsorption
the (R,R)-tartaric acid molecules, and that the two adso
tion phases are essentially independent from each other

Finally, once saturation coverage is reached in the mo
layer, subsequent adsorption of the intact biacid molec
occurs to create multilayers on top of the monotartr
monolayer, as seen clearly in the development of cha
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b)
Fig. 4. (a) RAIR spectra collected for the monotartrate phase on Cu(110), Ni(110) and Ni(111). (b) RAIRspectra collected for the bitartrate phase on Cu(110),
Ni(110), and Ni(111).

Fig. 5. STM images obtained with increasing coverage from (a) to (b) of the monotartrate form of (R,R)-tartaric acid adsorbed on Ni(110) at 170 K. (a to
500× 500 Å,V = −1.93 V, I = 1.0 nA.
trate

no-
tar-

rtrate
w.

nce
he
ed
teristic biacid IR bands superimposed on the monotar
signature (Figs. 3b and c).

3.4. Adsorption at 300 K: the bitartrate and monotartrate
phases

Adsorption of (R,R)-tartaric acid on Ni(110) at 300 K
leads to the creation of two different phases in the mo
layer: the first consisting of the doubly deprotonated bi
trate species and the second containing only the monota
species (Fig. 1). Each phase is discussed separately belo

3.4.1. The bitartrate phase
RAIR spectra following increasing exposures of (R,R)-

tartaric acid to Ni(110) at 300 K are shown inFig. 6. At low
coverage (Fig. 6a), the spectrum shows a complete abse
of theνC=O band associated with the acid functionality. T
carboxylateνsym vibration gives rise to two closely spac
OCO
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Fig. 6. RAIR spectra following the adsorption of (R,R)-tartaric acid on
Ni(110) at 300 K as a function of coverage. Sublimation exposure ti
(a) 6 min, (b) 9 min, and (c) 21 min.

small peaks at 1432 and 1401 cm−1, which is a signature o
the bitartrate system[13,14]and attributed to the coupling o
the two COO-oscillators in the adsorbate. Changes are
seen for the 1325 and 1110 cm−1 peaks associated with th
δalc

OH andνalc
C–OH vibrations, respectively, which both increa

in relative intensity. A comparison of these values with
data of tartrate salts[13,14], where the TA is present as bita
trate species (Table 1), provides a very good correlation.
addition, this spectrum possesses the same general char
istics exhibited by the bitartrate adsorbate on Cu(110)[5,20]
and on Ni(111) as illustrated byFig. 4b and the assignmen
in Table 1. Again, the appearance of only the symme
component of the OCO stretch,ν

sym
OCO, and the absence o

the asymmetricνasym
OCO vibration suggest that both oxyge

atoms in each carboxylate groupare approximately equidis
tant from the surface. However, theνsym

OCO is now even more
strongly attenuated than in the monotartrate phase wi
peak intensity of only 0.04%, which is almost 20 times low
in intensity than observed for the formate/Ni(110) syst
[22] where the OCO plane is held perpendicular to the m
surface. We, therefore, conclude that the OCO planes
both carboxylate groups are very strongly inclined tow
r-

the surface plane, presumably to enable both end functio
ities to bond to the surface. This behaviour is similar to t
observed for alanine[26] and glycine[27–30] on Cu(110)
where the molecules straddle across the close-packed
of the surface to achieve bonding via the both the carbo
late and the amine functionalities, thus forcing the O
plane toward the surface.

No ordered overlayer LEED patterns were observed
this phase. STM data obtained at low exposures of (R,R)-
tartaric acid to Ni(110) at room temperature to yield
bitartrate species are shown inFig. 7. From these images
it can be seen that there are no long-range ordered struc
of the type observed on Cu(110)[5,6], where highly ordered
bitartrate chiral arrays aligned along a nonsymmetry di
tion are observed. Instead, initial adsorption (Figs. 7a and b)
leads to random occupation of surface sites, with the
ation of short 1-D molecular chains growing along the m
<1–10> symmetry direction.

Periodic density functional theory (DFT) calculatio
on the bitartrate/Ni(110) phase, discussed in detail e
where[31], confirm that the bitartrate molecule is locat
above the 4-fold hollow site and bonds via both carbo
late groups, with each of the four oxygen atoms loca
at on-top sites, as depicted schematically within the ph
diagram (Fig. 1). These studies also point out that the pr
erential adsorption site is located above the 4-fold hol
site [31]. Perhaps the most important aspect revealed by
DFT studies is that the bitartrate induces a significant
laxation of the metallic surface which not only forces t
bonding pairs of Ni atoms 7.47 Å apart but also creates
asymmetric distortion in the Ni arrangement to describe
oblique, chiral footprint at the surface. In addition, the bit
trate molecule suffers a significant distortion in its backbo
Overall, the adsorption geometry also forces the OCO p
to be held just 38.5◦ away from the surface plane, explaini
the largely attenuated intensity of theνsym

OCO vibration. The
general structural conclusions of the DFT calculations
confirmed by detailed analysis of our STM images (Fig. 7c),
where the molecular featuresin the STM images occupy, o
average, a space of 6.8 × 4.6 Å, in good agreement with
the calculated area of 7.04× 4.98 Å [31] containing the re-
laxed bitartrate–Ni4 complex. The STM images also reve
the presence of electronic distortions around the bitart
molecules, extending, on average, over a 15.5× 12.5 Å area
for a single molecule, representing a 6× 3.5 bulk truncation
surface unit cell. These distortions are attributed to a lo
restructuring of the Ni atoms to relieve the stress induce
the large adsorption footprint, the resulting perturbation
ing propagated a number of atomic distances away from
adsorption centre. Finally, the presence of black trough
the STM images is, again, due to H-induced reconstruct
as discussed in the last section.

We note here that exploitation of the strict RAIRS dipo
selection rules to deduce orientations of individual fu
tional groups becomes invariably difficult when worki
with complex molecules, in particular for vibrations who
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the
es on
Fig. 7. STM images of (R,R)-tartaric acid adsorbed on Ni(110) at room temperature. (a) Low-coverage bitartrate phase, 300× 300 Å, V = −2.115 V,
I = 1.16 nA. (b) Medium coverage bitartrate phase, 300× 300 Å, V = −1.76 V, I = 1.0 nA. (c) Enlarged picture of the bitartrate phase showing
molecular shape and surface perturbation, 45× 100 Å,V = −2.115 V, I = 1.16 nA. (d) Schematic showing how the adsorption of the bitartarte speci
the 4-fold bridging site on bulk Ni(110) leads to the distortion of both themolecule and the underlying metal atoms, which produce a chiral footprint at the
surface. (e) High-coverage monotartrate species at room temperature, 300× 750 Å,V = −1.76 V, I = 1.0 nA.
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potential energy description is complex and involves a n
ber of coupled motions. For example, the RAIRS orienta
analysis of the COO– groups turns out to be largely cor
since the amplitude of the vibration is largely concentra
within this functional group and the symmetric and asy
metric stretches lead to dipole moment changes in e
predictable directions. In contrast, simplistic analysis on
positioning of the C–OH groups at the chiral centres sh
up unexpected discrepancies when compared to the s
tural model obtained by DFT. From the RAIR spectru
the relative large intensity of the 1110 cm−1 peak associ
ated with theνalc

C–OH vibration may lead one to surmise th
the C–Oalcohol bond is oriented toward the surface norm
However, the lowest energy configurations calculated by
DFT show the C–Oalcohol bond almost parallel to the nick
surface. This discrepancy can be rationalised by the no
that the low-frequency vibration at 1110 cm−1 is not just re-
stricted to a C–Oalcohol stretch, but also involves a numb
of other coupled motions. Thus, the dynamic dipole mom
change associated with this vibration may not necess
align with the C–O bond direction, and so the RAIRS ba
-

intensity does not act as a reliable indicator of C–O bond
entation. This general viewpoint is also supported by re
calculations on polar charge distributions of the bitartra
Ni4 complex[32] clearly showing that the delocalised natu
of the molecular wavefunctionsleads to direct electroni
communication between the molecule’s chiral centres an
its bonding groups. This not only leads to the transfer of
rality from the chiral centresto the bonding interactions[32]
but also would lead vibrations at the chiral centres to ind
dipole moment changes in the bonding groups that ha
component normal to the surface.

3.4.2. The monotartrate phase
As a critical coverage is reached in the monolayer, the

spectrum associated with the bitartrate form (Fig. 6b) dis-
appears and is replaced by a spectrum which is very sim
to that observed for the monotartrate form at low temp
ature (Fig. 3a). STM images obtained at high coverage
the monolayer (Fig. 7e) also show features that bear a clo
resemblance to those observed for the monotartrate p
at low temperatures (Fig. 5b). These changes clearly su
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man
gest that the bitartrate phase created at room temper
converts into the monotartrate phase with increasing co
age, indicating that the bitartrate form is only preferred
low coverages, with the monotartrate being preferred at h
coverages. These coverage-sensitive adsorbate prefer
mimic those observed on Cu(110)[20] and lead to interest
ing kinetic phenomena, where the rates of adsorption
diffusion govern whether local islands with the critical co
erage are nucleated leading to the creation of the mon
trate phase immediately upon exposure (as seen for Cu(
for T < 350 K and as seen here on Ni(110) forT < 300 K)
or whether lower density structures can be nucleated w
lead to the bitartrate phase (T > 350 K for Cu(110), and
T � 300 K, here, on Ni(110)). This aspect is also discus
by Jones and Baddeley for Ni(111)[9]. Of course, for those
conditions in which the thermodynamically preferred ro
is followed, there remains the matter of converting the bi
trate into the monotartrate as the critical coverage is reac
For Cu(110), where no reservoir of hydrogen atoms exis
the surface at 300 K, this transformation is proposed to
cur via proton transfer from incoming biacid molecules
the adsorbed bitartrate to give monotartrate in the follow
manner:

OOCHOHCHOHCCOO(a)
adsorbed bitartrate

+ HOOCHOHCHOHCCOOH(g)
gas phase biacid

→ 2 OOCHOHCHOHCCOOH(a).
adsorbed monotartrate

On Ni(110), STM images show that presence of coadso
H, so a second route also opens up as:

OOCHOHCHOHCCOO(a)+ H(a)
adsorbed bitartrate adsorbed H

→ OOCHOHCHOHCCOOH(a).
adsorbed monotartrate

Finally, as the coverage is increased to multilayers (Fig. 6c),
growth of the multilayer biacid over the monotartrate ph
is observed.

4. Conclusions

A detailed study of the adsorption of (R,R)-tartaric acid
on the defined Ni(110) surface was carried out as a func
of temperature and coverage and shows that the local n
of the chiral adsorbate changes dynamically as condition
change. At very low temperatures of 90–120 K, the int
biacid molecular phase is the only form stabilised in b
the monolayer and the multilayer regimes, with STM sho
ing the random growth of molecular aggregate islands a
surface. In the temperature range 170–270 K, a very c
preference for the singly deprotonated monotartrate pha
observed over the entire monolayer coverage regime.
species is anchored to the nickel surface via its carbo
late functionality, while theopposite end remains intact
e

es

-
)

.

e

the acid group, with the vibration frequency of theνC=O
stretch suggesting extensive H-bonding interactions. S
data show the presence of short molecular 1-D chains, w
preferred growth direction along the high symmetry <1–1
crystallographic axis. Adsorption at room temperature
above leads to coverage-dependent preferences in the m
layer: at low coverages, the doubly deprotonated bitart
phase is preferred in which the adsorbate is strongly
rigidly anchored to the surface via both carboxylate grou
at increasing coverage, a dynamic change from the b
trate species to the monotartrate species occurs. STM
of the bitartrate species do not show any long-range ord
structure of the type observed for Cu(110); instead, ran
occupation of the surface sites is observed, with a prefe
tial growth of 1-D molecular chains directed along the m
<1–10> crystallographic axis. Importantly significant ele
tronic perturbations are imaged around the adsorbates
DFT calculations show that the bitartrate adsorbate induces
chiral relaxation of atoms at the Ni(110) surface, in orde
accommodate a large bitartrate–nickel4 chiral footprint, thus
causing a chirality transfer from the molecule into the me
Overall, this work clearly demonstrates that the nature
the chiral modifier and, arguably, the most important dic
tor of enantioselective performance, is a dynamical func
of adsorption conditions, and that an understanding of
is crucial for creating reproducible, highly enantioselect
formulations.
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