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Abstract
The local adsorption site of the monotartrate and bitartrate speeR-t#rtaric
acid deposited on Cu(110) have been determinedsdayneeenergy mode
photoelectrordiffraction (PhD). In the monotartrate phase the molecule is found
to adsorb prightthrough the O atoms of the singleprobnated carboxylic acid
(carboxylate)group,which are locatedh different offatop sites withassociated
Cu-O bondlengths of 12:0.088 and 1.8+0.06}; the plane of the carboxylate
group tiltedis by 17+6 off the surfacenormal. The bitartrate specieadopts a
‘lying down orientation,bondng to the surfacéhrough all four O atomef the
two carboxyategroups also in offatop sitesThree slightly different models give
comparably good fits to the PhD data, but only oh¢hese is similar to that
predicted by earlier density functional theory calculations. This hi@f@und to
haveCu-O bondlengths 01.93:0.08A and 1.95+0.08, while the plans of the

carboxylate grouparetilted by 38:6° fromthe surface normal.

Keywords: chemisorptiongchirality; surface structurgphotoelectron diffractian
copper; tartaric acid



1. Introduction

In the last few years there has been increasing interest in the stwthyrabf
molecules adsorbed on surfacébis work is motivated by the need to produce
enantiopure chiral moleculés.g.[1]) for pharmaceutical applicatiorfe.g.[2]);
currently this is generally achieved using homogeneous catalystertiabtbe
expensive and difficult to recover. Bynderstanding the way such mclles
interact with surface onemight ultimatelyidentify heterogeneousatalysts for

this purpose. Indeed, the addition of chiral molegu@esh as tartaric acid, to act
as modifiers tdheterogeneousatalysts such as Raney nickdlas proved to be
sweeessful in this regar®| 4, 5] Tartaric acidwhich has two chral centressee

Fig 1) in its crystalline formwasthe firstmaterialfound to haveoptical activity

[6], now known to be associated witke chirality of the moleculelts adsorption

on the Cu(110) surface has been used as a model system for extensive
investigation by a range ekperimentatechniques including low energy electron
diffraction (LEED), scanning tunnelling microscopy (STM), Foutiansform
reflectionabsorption infrared spectiaspy (FFRAIRS) [7, 8], and also by
density functional theory (DFT) calculatiof® 10, 11]. The FFRAIRS results,

in particular, have identified two different surface species thatbe formed
through the interaction of tartaric acid with Cu(110) undferént conditions,
namely monotartrate and bitartrate, depending on whether only one hor bot
carboxylic acid groups are deprotonatedreatecarboxylate (CO€) groupsthat

can form chemisorption bonds to the surface through the two constituemh at
The longrange ordering of these molecules has been of especial interest because
of the potential significance of the fact that all the ordered phases agadl\glo
chiral, leading to exposed Cu surface regiongyaps’ in the overlayershat are
potental sites for enantiospecific surface chemistry. Several ditféoagrange

ordered phases ohd& monotartratespecieshave been identified at different

. 4 0
coverages and temperaturédd. room temperaturea subsaturation (2 3}

4 1
ordered owerlayer is formed, which transforms ®@ (2 3} phaseat higher



coverageAnnealingof thishigh coverage phase ~400K leads to thedrmation

4 1
of a (2 SJ monotartratephase, busimilar anneahg of the lowefcoverage

9 0
monotartrate phase Ieadsac{1 2] bitartratephase A recentDFT study[11]

concluded thatthe potential barrier forinitial deprotonation to form the
monotartrate sgries on the Cu(110) surfaiebelow 0leV, whereas théarrier
to form the bitartrate speciess more than 1 eV, qualitatively consistent vilie
need for increasedemperature to create the bitartratdhe fact that this
conversion only occurs at lower monotartrate coveragdsasconsigent with the

larger ‘footprint’ of the bitartrate species on the sw@faand thus the need for

4 1 9
vacant Cu surface siteSTM images ofthe (2 3] and [

0
phase each
1 2

showthreeadsorbatdéeatures per unit celtthat argproposed to each correspond to
a single tartrate species; this implies thatdbeerage of these phases aD&25
ML and 0.17ML respectively[7].

While these previous studies of the Cu(ll0)/tartaric agstesn provide
considerable insight into the surface reaction and moleculanmmgghone of the
experimerdg provideinformation on the local adsorptiageometry It has been
generally assumed that the deprotonated species bond to the surféashiora
locally identical to that of the simple carboxylate speciesndte (HCOO) 12,

13, 14)], acetate (CBCOO)[15], and benzoate EsCOQ) [16] on this surface

with the two O atom®f each carboxylate species occupying faap sites
relative to two nearesteighbour Cu surface atoms along the c4paeked[1i0]

rows. This geometry is consistent with the results of the DFT calcula8ijora3f[
course, in the bitartrate phadeonding of the molecule through bagkts of
carboxylate O atoms means that the mismatch of the unstrairfadesand
molecular geometrymposes constraints on the exact local bonding sites. A
similar effect is seen in the simple amino acids, glycine,(MHCOOH) [17]
andalanne (NH,CHCH;COOH) [18], which bond through both the deprotonated

carboxylate O atoms and the amino N atom, and this-gaieé bonding on



Cu(110) does force one of the O atoms to adopt a site that is subgtantiall
displaced from a local atop geometry. The impact ofdbegoint bonding of the

bitartrate phase is thus an issue of some interest.

Here we present the first direct experimenmfahntitative determination dghe
local adsorption site of tartaric acid on Cu(110) for both the monotadrate
bitartrate conforrars using €anneeenergy modephotoelectron diffraction
(PhD), the same technique that has been used in the past to determine the local
adsorption geometry of other carboxylic acid species on cappces 13, 14,

15, 16, 17, 18]. The D techniqud 19, 20] exploits the coherent interference of
the directlyemitted component of the photoelectron wavefigtain a core level

of an adsorbate atqrwith components of the same wavefidddtare elastically
backscattered by the nearlynainly substrate atoms. By measuring the
photoemissionn specific directionsas a function of photon energgnd hence
photoelectron energy and wavelengitiescattered wavefieldomponentshiftin

and out of phaseelative tothe directly emitted componenthe resulting
modulations in the detected photoemission intensitiyich depend on the
scatteing pathlengths, thus provide information on the relative ensttatterer
atomic positions These modulations can be simulated for different structural
models sing multipk scattering calculationand by modifying the structure until
one achieves goodgreement with the expmental measurementthe local
adsorptim geometry around the emitter dandetermined.

2. Experimental details

The experiments were conducted in an thigh vacuum surface science end
station equipped with typical facilitider sample cleaning, heating and cooling.
This instrument was installed on the UE5B@GM-2 beam line of BESSY,
which comprised a 56 mm period undulator followed by a plane grating
monochromatof21]. The sample could be rotated about its surface ndtmal
change the azimuthal angle) and about its vertical axis (to changel#n angle),

allowing (simultaneous) variation of incidence and electron caiedirections.



Sample characterisation situ was achieved by LEE@and by SXPS (soft Xay
photaelectronspectroscopy) using the incident synchrotron radiation. The SXPS
and PhD dataveremeasuredising an Omicron EA25HR 125 mm mearadius
hemigherical electrostatic energy analysequipped with seveochanneltron
parallel detection, whickivas moumted at a fixed angle of 60° to the incident
radiation, in the same horizontal plane as that of the pdiansaector of the

incident radiation.

A clean, wellordered Cu(110) surface was prepared from an oriented and
polished crystal slice by the uswaimbination of Af ion bombardment and brief
annealing to 950 K, to give a sharp (1x1) LEED pattern and R §p€ctrum
devoid of impurities. R,Rartaric aciddosing of the sample was achieved by

heating thepowder (99% purity, Sigma Aldrich) to 400 K. Dosing with the

9 0
sample helédt400K yieldeda clear(1 ZJ LEED pdtern consistent with that

expected fothe bitartrate phas®osing with the sample at room temperature, the
conditions known to produce monotartrate layers, yieldedffareht LEED

pattern of pop quality; it was not possible to determine whetliee pattern

4 0 4 1 4 1
corresponded to the , , or phase.
2 2 3 2 5

PhD modulation spectra were obtained by measuring phdrosleenergy
distribution curves (EDCs) of the O fiesaksat 4 eV steps in photon energy, over
the photoelectron kinetic energy range of350 eV for a number of different

polar emission angles in the [001] a{ﬂliD] azimuths. Theseatla were processed

following our general PhD methodology (e[@9,20]) in which the individual
EDCs are fitted by a sum of Gaussian peaks, a Gauss error functioa, an
template background. The integrated areas of each of the indicltemically
shifted component peaks were then plotted as a function of photoelectrim kine
energy, and these plots werged to define a smooth spline which represents the
nondiffractive intensity and instrumental factors. The spline was then sulitracte

from, and used to normalise, the integrated areas, to provide the final PhD



modulation spectrum.

3. Results
3.1.SXPS Characterisation

The Ol1ls and Cls SXP spectra from the preparedotartrate and bitartea
phases are shown in Fy These SXP spectdearly showthat thecoverage in
the monotartrate phasmeasured herés significantly larger than that of the
bitartrate phaseComparison of thehotoemission intensity ratmf the O 1s and
Cu 3s peaksbtained from aaturatedCu(110)(2x1)O surfacgO coverage 0.5
ML), with those from the tartrateovered surfaces provides coverage estimates of
0.3 and 0.2 ML for the motartrate and bitartrate phasesspectively The
specta d Fig. 2 show (at least) two cleantgsolved chemicalbghifted
components in both the O 1s and C 1s photoemission, with a very sighnific
difference in the relative intensities of the two O 1s componentsbetihe
monotartrate and bitartrate specid$e fact that theras such a change is
consistent with thelifferent number ofleprotonateatarboxylic group in these
two species, as identified in the previousRAIRS study.

The assignment of the two peaks in thel€ SXP spectra is relatively
straichtforwardby comparison with spectra from otlmeolecules containingoth
acarboxylic acid or carboxylate spegiasdone or mordour-fold coordinated C
atoms. he higher kineticenergy peakmay be attributed tothe middle carbon
atoms C(2) and C(3) (i§. 1), which ae bonded to the alcohol groupghile the
lower kineticenergy peaks associated with the outer carbon atp@gl) and
C(4) that are pd of the carboxylicacid/carboxylategroups One surprising
feature of the C 1s spectra is tha peak atlower kinetc energyappears to be
consistently weaker than the pealhigther kineticenergy, although according to
this assignment, both peaks arise fran€ atomsin the tartrate specieJhis
effect hasalso been observed in (s spectra inmany otheradsorbed
(deprotonated3pecies produced by reaction wathrboxylic adds, notablyacedic
acid on Cu(110) 15, glycine on Cu(111)22] and Pd(111)[23], serine on



Cu(110)[24], and alanine on Cu(11025, 26], and must be attributed to losk
intensity in one of the peaks to shale satellites; the shoulder visible in the

spectra aower kineticenergy is consistent with this interpretation.

The assignment of the O 1s SXP spectral peakise bitartrate species is also
clear In this speciesthere are four O atoms warboxylategroups(O(1), O(2),

O(5) and ds6)), andtwo O atomson the OH group§O(3) and (4)); this would

lead us to expect two peaks with an intensity ratio of 2:1, d¢ensiwith the
spectrum in Fig. 2We can therefa assigrthe higher kineticenergy peako
carboxylate O atoms and tlmver kineticenergy peak to OldpeciesHowever,

in the case of the monotartrateS4P spectrun(Fig 2a) there arédwo peakswvith
appoximately the same arelut the molecule containsix O atoms in four
different bonding state®\s themonotartrate retainsvo O atoms in OH species
(O(3) and 4)), and twoO atoms irthe carboxylatgroup(O(1) and (2)), these

four O atoms may be expectedi¢éad to peaks at the same energies advi

peaks in the bitartrate spectrum. The implication is therefore that the atams

in the remaining carboxylic acid group, namely the C=0 a@H3pecies, must
have O 1s chemical shifts similar to the carboxylate and OHespetithe
bitatrate. ltseems most reasonable to assign them to these two components in this
order although, as we shall see, for the purposes of our PhD structure

investigation, the ordering of these assignments proves to be utanipor

3.2.PhD results: qualitative evaluation

The objective of the PhD analysis is to determine the local duasorp
structure of the two different tartrate species on the Cu(110) suiffbee.
strongest elastic scattering contributions to PhD madokatarise from
scattering by neameighbour Cu @bstrate atoms (which are much stronger
scatterers than the O, C and H atoms within the molecule). &alrdm the
adsorbate atoms that are bonded to the surface are thus the prumeeyo$o
structural information, and in the present case these agetedpo be the O

atoms of the deprotonated carboxylate groups. For this reasarcuge dur



analysis on the PhD modulation spectra from liigher kinetic energy
component of the O 1s emission spectra.

Proper analysis of PhD in order to extract quaivéastructural information
relies on the use of multiple scattering simulations, but Misspection of the
raw experimental data can often provide some qualitative informdten.
experimentalPhD spectraassociated with thaigher kineticenergy O 1geak
recordedfrom both the monotartrate and bitartrate species are shown B Fig
The PhD spectra from th@ 1speak atower kineticenergy were devoid @ny
obvious modulations, consistent with our expectation that thisemis from O
atoms thatare relatively far from the surface and lack any -megghbour Cu
scatterer atom@\ striking feature ofthe data ofig. 3 is the remarkable similarity
of the spectra from the two different speci®@se might infer from this that the
two structures aredentical, yet ourSXP spectra and the associated coverage
estimates, as well as the previously publisR@eRAIRS results usingsimilar
preparatiormethodq7], clearly indicate that the two surface speciesidierent,
while the FFRAIRS data and STM imagefirther indicate that thetwo
molecular orientations differ. It is therefore difficult to see hlogvtwo adsorption
geometries can be equivalefthe different LEED patterns observed in the
present work lao reinforce the view that we are studying different surface phases
but LEED tends to be dominated by the diffraction pattern of those segfidhe
surface that show the best leragnge order, which may be a minority phase on
the surface. SXBSn the other handverages over the whole surface, so the
clear difference in these spectra recorded from the two differetiions of
surface preparation are indicative of the surfaces being predominargheddoy

different species.

In facta strong similaty in PhD data from the two species is to be expected. We
have already noted that all the bonding carboxylate O atoms (two in the
monotartrate, four in the bitartrate) are likely to adoparatop sites. The
different constraints of the anticipated #tpaint and fowpoint bonding

geometries, involving some mismatch between interatomic distamcethe



surface and within the undeformed molecule, would lead us to expect solae subt
differences in the O bonding sites, but after averaging over tbe @i he
inequivalent atoms in the molecsjléhese differences may have only a modest

effect on the resulting PhD data.

On furtherqualitative observations that the dominant long range periodiaify

the modulations seen in data recorded at and near nemmsaions quite similar

to thatseen from simple deprotonated carboxylate€o(110)[14, 1516]. This
strongly suggestthat the emitter O atoms aire similar rearatop sites and at
similar CuO bondlengths of ~ 1.9D.95 A. However, the fact that the
modulation amplitudes do not decrease substantially with incgeasmission
angle may suggest that the emitter O atoms are significantly msptacegd from
exactatop sites than is found to be the case for the simple carboxylates on
Cu(110).

3.3 PhD results: quantitative structure determination

In order to achieve a proper quantitative analysis of the PhD data, multiple
scattering simulations for different wttural models were performed using the
computer codes developed Byitzsche[27, 28, 29]. These are based on the
expansion of the final state waftection into a sum over all scattering pathways
that the electron can take from the emitter atom to thetdetadside the sample.
The level of agreement between the theoretical and experimenthilatian
amplitudes is quantified using an objective reliability fagtifactor) [19, 20]
definedin a fashion closely similar to that proposed by Pendry for quantitative
LEED studieqd 30]. TheR-factor is defined such that a value of O corresponds to
perfect agreement, and a value of 1 to uncorrelated data. Thet loales
achievable in practice depends on the complexity of the structure and the

amplitude of the modulations, but typically falls in the ranged342

In the present case the structural optimisation to locate thditbesticture is

complicated bythe large nmber of structural parametevath at least two



inequivalent O emitter sites in each molec(beeating a multidimensional
hyperspace). In order to search for the global minimum oRtfator in this
parameter space, and to try to avoid convergenckaal minima, structural
models werdirst explored using a particle swarm optimisatedgorithm [31].
Having locatedpotentialglobal minima by this approach, an adapted Newton
Gauss algorithm was used to further optimise the strucfresision estimase
associated with the individual structural parameters were obtaisiad our
standard methodology afefining a variance of the minimum value of tRe
factor associated with a bdatstructure,Rnin [32]. All parameters values giving
structures wittR-factors less thaR, + Var(Rnin) are regarded as falling within
one standard deviation of the bestsfitucture. Inthe structure determinatiofor
both the monotartrate and the bitarttate molecule was assumed to adsorb intact
with similar intramoleailar bondengtls and bond anglet® those in the tartaric
acidcrystal structur¢33]. The atomic coordinate systems was defined thilx,

y and z axesalong respectively,[]iO], [001] and the outwargurface normal

[110].
3.3.1 Monotartrate on Cu(110)

In the PhD simulations fothe monotartrate species on Cu(1XEhission from
three O atomsvas assumed to contribute to the higher photoelectron kinetic
energy and thus tacontribute to the measured Phnodulations; these atbe

two O atoms of the carboxylate grougnd one of théwo O atoms of the
carboxylicacid group ¢COOH). The exact location of this third O atoms proves
to have very little influence on the PhD spectra, being located signiid¢aritier
from the surface #n the bonding carboxylate O atoms, so it is unimportant
whether this emitter atom is at the C=0 oO&1 location in the molecule.
Becausdhe molecule is chirathe two O atoms in the carboxylate group are not
symmetrically identicalwith only one oftiesebeing adjacent tthe neighbouring
alcohol group all three emitter O atoms weretherefore allowed to occupy

inequivalensites.

10



In order to explore the multidimensional parameter hyperspaaaolecule was
allowed tobe displacedndependently in the, y and z directiors, and the
orientation of the plane of the carboxylate group was alloweit tvith respect
to, and rotateabout, the surface normalh& PhD technique is generatigther
insensitiveto the position ofntramolecularlow mass nmbel) scattererssothe
sensitivity to variations ithex, y andz position of the whole molecule, andthe

rotation(pcoo)relative to the[]iO] direction)and tilt(6.coo) relative to the surface

normal)of the plane of the carboxylate groapises primarily from their effect in
changingthe vector between the O atoms of the carboxylate gaogheir
nearest Cu atomshere is also a much weaker dependence on the location of
these O atoms relative to thearesheighbour carboxylat€ atom. The position

of the third(carboxylic acidemitting O atom is effectively varied by thatation

of thethree GC bonds, buthe calculations were found to have no sensitivity to
the position of tls emitter atonas long as it was significantdistance from the
substrate. In addition, theearesheighbourCu atoms to the carboxylate O atoms
were allowed toelax in zindependentlyelative to the underlying crystals vas

the whole first layer of Cu atoms.

The bet fit structure that was found shown schematicallin Fig. 4, together
with a comparison of the simulated amdkperimerdl PhD spectra.The
correspondindr-factor value for the full set of spectra measured in 11 different
directions i90.32.Note that several of the experimental spectra show quite weak
modulatons and thus a poor sigratnoise ratio. If these spectra are omitted
from the tleory-experiment comparison, and tRefactor is calculated only for

the 5spectrashowing the strongest modulatiotisg R-factor drops t@ value of

0.23. The CuWO bondénghs in this structural solution ark.92+0.082 and
1.93+0.06A for the twocarboxylde O atomgthe error estimates being based on
the full set of 11 spectra). Thalues of all thestructural parametems this model

are shown in tablé.
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3.3.1 Bitartrate on Cu(110)

For the multiple scattering PhBimulationsfrom the bitartrate spmes, we
assume thathe four carboxylat® atoms arghe emitters thatontribue to the
PhD spectraln this case to, the chirality ofthe molecule means théte two O
atoms in a single carboxylate groaped not occupy locally equivalesites;
indeed the mismatclof interatomic spacings the molecular footprirand inthe
underlying Cu(110) structurmeans that som@equivalence is to be expected.
However as the molecule does haw#oR] rotational symmetry, the diagonally
related O atoms (Q)/O(6) and @2)/O(5) of Fig. 1) may be expected to occupy
equivalentadsorption site Strictly, this is only true if the-fold rotation axis of
the molecule coincides with one of tBdold rotation axes of the underlying

surface, but we do make this asstiorp The moleculés assumed to briggtwo

adjacent clospacked110] Cu rows on the surface

These two constraints have two implications in the geometry of the utelec
Firstly, the G2)-C(3) bondin themiddle of the moleculanust be parallel to the
surface Secondly, the molecule must be centred over a hollow site giatap

a secondayer Cu atom) or over a lofiidge site (midway between two adjacent
Cu atoms along [001], because these are the two positions hgeidg@ational

symmetry that lie between the clgsacked [110] Cu rows. Note that the

assumption that the intramolecular bond angles remain the saméhasintact
molecule also implies that the COO plane must be tilidattive tothe surface

normalby more than 19

A global structuralsearchwas pursuedhcludingal C and O atomsall our PhD
calculations neglect the extremely weak scatteringn ftd atoms The two
symmetryconstrained models with the molecule centred over hollow and long
bridge sites(as see in Fig 6 and Fig 7 respectively) were explored
independently The centre of themolecule was allowed to vary i) while the
carboxylate goups were allowed to rotate arounthe adjacent & (C(1)C(2)

and C(4)C(3)) axes(pcoo), and totilt with respect to the surface normal

12



(6cooy; the whole molecule waalso allowed to rotateelative to the surface
normal aboutits centre(pwraid. The Cu atomglosestto the emitting O atoms
werealsoallowed to relax by small amourits they andz directions while the
emitting O atoms were allowed to vary independeintlx by a small amount.
Three competing models with comparadvourable R-factors were found
through this search. Twaf themodelsare centred over the hollow site while the

third has the molecule centred on the lbnigge site.

Of the two hollowsite models, one is found to have a tilt angle of the COOQO plane
of only 38t6° rdative to the surface normal and we refer to this asughrgght’
hollow model The associated GD bondengths are 1.94+0.06A ard
1.95:0.094, and theR-factor value is0.45 the highest of the three preferred
models. This structure ishown schematicallyn Fig. 5, together with a
comparison of theexperimeral and simulated PhD spectrdhe othertwo
models one with the molecula the hollow site(‘flat” hollow), the other in the
bridge site, arshown in Fig 6and7, together with the associated comparisons
of the theoretical and experimental PhD spedd@spite the differences in the
lateral position of the molecule as a wdhe local positions of théonding O
atomswith respect to the substrate Cu atomseasentiallyidentical thus leading

to closely similarPhD spectra. TheCuw-O bondlength in the two models are
1.93+0.084/1.95:0.087 and 1.9+0.07A/1.920.09; both malels give an R-
factor of 0.43These two models have the COO placasparativelyflat on the

surface, with a tilt of 70+10%¢lative to the surface normal

The comparativelyhigh R-factors found in these bitartrastructures can be
attributed to the relatively poor sigrtatnoise ration of the PhD spectra that arise,
at least in part, from the lower molecular coverage (by a fatteR)p and the
thus weaker photoemission signal, tkizett of themondartrate phase

4. General dscussion andconclusions

Here we have presented thesults of thdirst direct structural information for the

13



local adsorption site of tartaric acid on Cu(110). As expected, theingond
carboxylateO atoms in the monotartraéed bitartrate phasee found to occupy
similar rearatop sites,with no significant differences in GO bondéngtts
(1.92+0.08/1.93+0.08 and 1.931.97+0.060.09A, respectively. These values
are comparable to thogaund inDFT calculationdor the bitartrate speci€$.96-

1.98 [9] and 1.922.01 A [11]), andto experimentalydetermined values for
other species on QL10) that form a chemisorption bond through their
carboxyhate O atorms1.90+0.03Afor formate on Cu(110)14], 1.91+0.04Afor
acetate[15], 1.91+0.0A for benzoate 16], and 2.02+0.0442.00+0.04A for
glycinate [17], and 1.902.04+0.08A for alanina¢ [18]. Interestingly, the
bondlemgths found for the monotartrate, whisbnds to the surface only through
one carboxylate specigs essentially identical to those of the simple carboxylates
that bond in the same way, while slightly longer bondlength seen for bitartrate
with a fourpoint bonding to the surface is also seen in the two amino acids with
threepoint bonding. Whether this marginabljgnificant difference is due to the
geometrical constraints or througtetal effects on the neareighbour bonding

Cu atoms is unclear.

Based on the PhD data analysis alone we are unable to distinguish béveen t
three competing bitartrate model8Ve not, however, that the publish&FT
calculations 9, 11] show the bitartrate centred on the hollow site which would
exclude our bridge site solution (Rfy.although it is not clear that the bridging
model was explicitly tested in these calculatiomdsthough none of théDFT
investigations report specific values for the orientation of the COae prathe
bitartrate calculations, the schematic diagrams presented in tyess phdicate

the tilt angles fom the surface normal are small. Thpright’ hollow geometry

of Fig. 5 is thusthe onemodel that is consistent with both the PhD daid the

results of the DFT calculations; as such thesmost probald structure
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Figure 2: O 1s and C BXP spectra athe monotartrate and bitartragghaseon
Cu(110) The C1s spectra for the bitartrate phase shows a small shouludghat
kinetic energy attributed taatomiccarbon resulting from partial decomposition of

tartaric acidAll spectra were measurathormal emissin.
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Figure 4:Comparison of theexperimental PhD spectra from the higher kinetic
energy O 1s peakFig. 2) and the results of themsilations for the bedit
structural modelor the monotartrate species on Cu(11) the right is shown a
schematic representation of thésorptiongeanetry. The C atoms are shown in
black while the O emitter atoms contributing to the higher kinehergy O 1s
peak are shadadd The other O atomare shaded pinK he (weaklyscattering)
hydrogen atoms are not shown, as they were not included in dttélen

scattering calculations.
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Figure 5: Comparison of theexperimental PhD spectra from the higher kinetic
energy O 1s peak (Fig. 2) and the results ofdineulations for the besit
bitartrate'upright’ hollow structure on Cu(110A schematic representation of the
adsorption geometng shown on the right in perspective and plan vieldw C
atoms are shown iblack while the O emitter atoms contributitg the higher
kinetic energy O 1s peak are shaded The othelO atomsare shaded pinK he
(weakly-scattering) fidrogen atoms are not shown, as they were not included in

the multiple scattering calculations.
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Figure 6: Comparison of theexperimerdl PhD spectra from the higher kinetic
energy O 1s peak (Fig. 2) and the results of the simulations for thét best
bitartrate‘flat’ hollow structureon Cu(110) A schematic representation of the
adsorptiorgeometry is shown on the right in perspectind plan views The C
atoms are shown iblack while the O emitter atoms contributing to thigher
kinetic energy O 1s peak are shaded The othelO atomsare shaded pinK he
(weakly-scattering) fidrogen atoms are not shown, as they were not incinded

the multiple scattering calculations.

21



bitartrate - bridge

0.10
0.00
-0.10

0.10
0.00 <
-0.10p

0.10
0.00 AP N\t 30

-0.10

o
%
5
B
1

0.10
0.00
-0.10

0.10
0.00
-0.10

0.10F ]
000 (VY ot O
-0'10 T ITETERRE INRE AR AT

100 200 300 100 200 300

photoelectron kinetic energy (eV)

PhD modulation amplitude

Y
E
U7
P
|

Figure 7: Comparison of theexperimental PhD spectra from the higher kinetic
energy O 1s peak (Fig. 2) and the results of the simulations for thét best
bitartrate bridge structureon Cu(110) A schematic ngresentation of the
adsorptiorgeometry is shown on the right in perspective and plan vide C
atoms are shown iblack while the O emitter atoms contributing to thigher
kinetic energy O 1s peak are shaded The othelO atomsare shaded pinkihe
(weakly-scattering) fidrogen atoms are not shown, as they were not included in

the multiple scattering calculations.
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Table 1: Structural parametealuesfor the besfit monotartrate model and the
three bestit bitartrate models.d values are bondhgths, x, y and z are
coordinateof O emitter atoms relative to the neamesighbour Cu atom, and of

these surface Cu atoms relative to their positions in an ideatdvaiination,
along respectively[110], [001] and the outwardurface normaf110] Ocooyand
¢coo) are the tilt and twist angles of the COO plane relative to, respgctivel

surface normal and tHg10] direction.gararicis the rotation angle of the complete

moleculeabout its centreelative to the surface normathenguartaric = ¢coo)= 0°,

the vector between the O atoms of the carboxylic acid group is [al6hg

monotartrate bitartrate bitartrate bitartrate
‘upright ‘flat’ bridge
hollow hollow
R-factor 0.32 0.45 0.43 0.43

devoq (A) 1.92+0.08 1.94+0.06 1.93+0.08 1.9440.07
dewo) (A) 1.93+0.06 1.95+0.09 1.95+0.08 1.970.09
Zo) (A) 1.84+0.06 1.89+0.08 1.78+0.08 1.86+0.08
Zo@)(R) 1.89+0.06 1.86+0.08 1.85+0.08 1.77+0.08
%o (R) 0.1(+0.3/0.1)  0.2+0.2 0.6+0.1 -0.4+0.1
Yoy (A) -0.6(+0.6/0.4)  0.4%0.2 -0.4+0.2 -0.4(+0.2/0.3)
Xo@) (A) -0.440.4 -0.3+0.7A 0.3+0.1 -0.8+0.1
Yo (A) 0.2(+0.2/0.3)  -0.5+0.2A -0.5+0.3 -0.4(+0.6+0.2)
0coo)(°) 17+6 38+6 70+10 70+10
®coo)(°) 20+10 2+4 -1+3 -2(+412)
Prartaric(®) - 23+ 545 0+3
do-o(A) 2.240.1 2.240.1 2.240.1 2.240.1
Zcwouy (R) 0.0+0.1 -0.1+0.1 -0.1+0.2 -0.1+0.1
Zeuoy (A) 0.0:0.1 0.1+0.1 0.0+0.1 0.020.1
Yewoqy (A) ~ 0.0+0.4 0.1+0.3 0.1+0.4
Yeuory B) - 0.0+0.3 0.0+0.3 0+1
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