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Abstract

We present a quantitative low energy electron diffraction (LEED) surface-crystallograpic
study of the complete adsorption geometry of glycine adsorbed on Cu{110} in the ordered
p(3 x 2) phase. The glycine molecules form bonds to the surface through the N atoms of the
amino group and the two O atoms of the de-protonated carboxylate group, each with separate
Cu atoms such that every Cu atom in the first layer is involved in a bond. Laterally, N atoms are
nearest to the atop site (displacement 0.41 A). The O atoms are asymmetrically displaced from
the atop site by 0.54 A and 1.18 A with two very different O-Cu bond lengths of 1.93 A and
2.18 A. The atom positions of the upper-most Cu layers show small relaxations within 0.07 A
of the bulk-truncated surface geometry. The unit cell of the adsorbate layer consists of two
glycine molecules, which are related by a glide-line symmetry operation. This study clearly
shows that a significant coverage of adsorbate structures without this glide-line symmetry must
be rejected, both on the grounds of the energy dependence of the spot intensities (LEED-IV
curves) and of systematic absences in the LEED pattern.
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Introduction

The interactions between small organic molecules, such as amino acids and other carboxilic acids,
and metal surfaces have been of interest for many years, both because of their biological impor-
tance and their implications for heterogeneous chemical reactions. Metal surfaces catalyse a range
of chemical modifications, e.g. (de)hydrogenation, oxidation, decomposition, polymerization, but
also structural modifications of the metal substrates have been observed, which are suspected to
play a significant role in the chiral modification of heterogeneous catalysts. !~ Glycine is the sim-
plest of the amino acids and thus a convenient model for chemisorption of amino acids in general.
In this context, the adsorption of glycine on Cu{110} has received particular attention. The system
has been studied experimentally using photoelectron spectroscopy and diffraction (XPS, PhD),
near-edge X-ray adsorption (NEXAFS), low energy electron diffraction (LEED), scanning tunnel-
ing microscopy (STM) and IR spectroscopy,® '3 and by DFT ab-initio calculations. '*~17 All these
studies concluded a similar adsorption structure for the most stable chemisorbed species, glycinate,
which involves a de-protonated carboxylate group and bonds to surface Cu atoms through the two
O atoms of the carboxylate group and the N atom of the amino group, as shown in Figure 1.a, but
a complete experimental structure determination is still missing. An asymmetric “triangular foot-
print” is a common feature of small amino acids adsorbed on Cu{110} and other Cu surfaces. 17-23
Since glycine itself is not chiral, two adsorption geometries are possible, which are mirror im-
ages of each other and are, therefore, referred to as “enantiomers” in the text (Figure 1.b shows
a structure with both enantiomers). In the absence of lateral interactions the two geometries are
energetically equal and should therefore occur with the same probability.

At saturation of the chemisorbed layer, glycinate forms a p(3 x 2) overlayer with two molecules
in the unit cell, as confirmed by STM.!? A question that has been debated in the recent literature
is, whether the surface layer of glycine consists of an equal mixture of “homochiral” domains,
each consisting only of one type of enantiomer, or "heterochiral” domains, where neighbouring
molecules are opposite enantiomers. The LEED pattern of the p(3 x 2) superstructure after an-

nealing to 400 K shows systematic absence of the (0, £(n + %)) spots, which indicates a unit
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cell with a glide line (pg space group) and, hence, a heterochiral structure with mirror images
of molecules (i.e. opposite enantiomers) displaced by half a lattice constant with respect to each
other, as shown in Figure 1.b. 12 However, based on the observation of two distinct domains in their
STM experiments Chen et al. 1© suggested that homochiral as well as heterochiral domains coexist
on the Cu {110} surface. A model for the homochiral domains has been suggested in which the
glycine molecules within the unit cell are laterally displaced by a vector %Zi | +dy as shown in Fig-
ure 1.d. Theoretical studies favor a homochiral arrangement but have also found other homochiral

structures, different from the one above, 1>-16

which have only slightly higher adsorption energies
than the heterochiral structure so that a maximum of 15% of the surface area could be covered by
molecules in such arrangements. In these models (cf. Figure 1.c) the glycine molecules are slightly
rotated with respect to each other and have, therefore, different local geometries and bonding sites.
Since there is no mirror operation relating the two molecules in the homochiral models glide-plane
symmetry is not possible. It has been argued, however, that the difference between the geometry
models of Figure 1.b,c,d is only due to weak scatterers such as C, N and O atoms. If the foot-
prints of the molecules in the homochiral structures would still constitute a glide-line symmetry
this could, therefore, still lead to near extinction of the missing spots. 1,10

Here we present a quantitative LEED-IV study, which yields, for the first time, a complete set
of structural parameters derived from experiment including all atomic positions of the adsorbate
(except hydrogen) and the topmost Cu layers. We find a clear preference for the heterochiral
model and show that the dynamically calculated intensities of the “missing spots” for homochiral
structures would be of the same order of magnitude as the observed spots. A heterochiral footprint

arrangement alone is, therefore, not sufficient to explain the systematic extinctions in the LEED

pattern. Instead, the molecular layer must have true glide-plane symmetry.



Experimental and Computational Methods

Experiment

The experiments were carried out in an ultrahigh vacuum (UHV) chamber equipped with sputter
gun, quadrupole mass spectrometer for temperature programmed desorption (TPD) measurements,
and a low-current micro channel-plate (MCP) LEED instrument (Omicron NanoTechnology). The
sample temperature was measured through a thermocouple attached to the sample holder plates.
Standard procedures such as argon ion sputtering (5 nA, 600V for 20 min) and annealing to
1000 K were used to clean the sample in UHV.?* Glycine (Sigma-Aldrich, purity > 99%) was
deposited from a glass tube placed in a stainless steel crucible, which was resistively heated to
403 K. The evaporator was mounted behind a gate valve allowing control of the deposition time.
During deposition the sample was held at a temperature around 315 K in order to suppress the
formation of multilayers. Typical deposition times required to achieve a saturated chemisorbed
layer were around 30 min. Subsequent annealing to 400 K led to a sharp p(3 x 2) LEED pat-
tern. LEED images were recorded with the sample at room temperature using the MCP-LEED in
combination with a standard Video-LEED acquisition system. The energy range was between 30
and 250 eV, in steps of 1 eV, and the primary electron beam current was kept in the 10 nA range.
No significant changes in the the LEED intensities of the glycine superstructure were observed
over a period of 30 min. The typical total exposure time for collecting a complete set of LEED
images is of the order of 10 min, which corresponds to a total exposure of about 7 electrons per
glycine molecule, given a beam diameter of 1 mm. This is low enough to avoid significant beam
damage. Experimental data was taken for two different angles of incidence, which correspond to
an azimuthal rotation of about 60° at a polar angle of 5° off the surface normal. Taking data for
two angles of incidence increases the data set and, hence, the accuracy of the analysis.?>2% The
LEED patterns showed systematic absences of the (0,+(n + %)) spots for all energies, as reported
previously. 112 A total of 24 inequivalent IV curves were extracted for both angles of incidence

with a cumulative energy range of 1953 eV. The spot intensities were extracted from the LEED im-



ages using our MKIV program,?’ which determines the positions of all spots simultaneously and

records their intensities even if they cannot be resolved from the background. The extracted IV

curves were processed using Fourier transform smoothing to eliminate the high-frequency noise.
Each LEED experiment was followed by a TPD experiment, measuring the partial pressures of

the main decomposition products, H, and CO,, in order to confirm the coverage.

LEED calculations

The structure determination was performed with our fully automated “CLEED” program?® pack-
age which was modified such that it is able to analyze LEED-IV data taken at different angles of
incidence simultaneously. This program package employs fully dynamical scattering theory along
the lines of algorithms developed by Pendry?® and Van Hove / Tong.?° Bulk scattering was cal-
culated by Pendry’s layer doubling method with bulk inter-layer spacings of 1.28 A for Cu{110}.
Convergence is typically achieved by including 32 bulk layers. The downhill simplex method was
used for optimizing the structural parameters and the exact angles of incidence.?! The agreement
between the experimental and theoretical IV curves was quantified with Pendry’s Rp factor and
the error limits for the determined parameters were calculated using the RR factor method.?? The
cumulative energy overlap of 1953 eV in the present analysis leads to a RR factor of 13%. The
scattering phase shifts for all atoms within the structure were calculated as a function of energy us-
ing the program package provided by Barbieri and Van Hove.>? The hydrogen atoms were ignored
in the LEED calculations as it is common practice. The maximum angular momentum quantum
number [, was 8. For the imaginary and real part of the potential 4.0 eV and -10 eV, respectively,
were used in accordance with earlier work on Cu{110}.3*3> The Debye temperature was kept at
bulk value (343 K) for all Cu atoms, which corresponds to a radial root mean square (rms) dis-
placement of 0.03 A. For the O, N and C atoms constant rms displacement values of 0.10 A were
used in accordance with earlier work. %26

The existence of domains with different orientations poses a fundamental problem when using

off-normal angles of incidence. Whenever the overlayer unit cell has a lower symmetry than the



bulk-terminated surface domains of energetically degenerate molecular orientations should coex-
ist in equal numbers within the area sampled by the electron beam. If interference between the
domains can be neglected the observed LEED pattern is a superposition of the patterns originating
from each domain. This affects integer and fractional order spots. For normal incidence the LEED
IV curves of all domains can be derived from one calculation for a single domain by applying the
respective mirror and/or rotation operations to the pattern emerging from this domain and aver-
aging the IV curves of overlapping spots accordingly. If the angle of incidence differs from the
surface normal (and is outside a mirror plane), however, each domain has a different orientation
with respect to the incoming electron beam and, hence, separate calculations have to be performed
for each domain and the intensities have to be averaged accordingly if the spot positions overlap
in reciprocal space. This is a non-trivial problem and increases the computer time required for
the data analysis significantly. Individual Rp factors were calculated by comparing the domain-
averaged calculated IV-curves with the experimental data set for each angle of incidence. The
overall Rp factor, which is used for the structure optimization, is a weighted average over all an-
gles of incidence whereby the relative contribution of each angle depends on the cumulative energy
range used for calculating the individual Rp value.

We have performed structural optimization of the three models presented in Figure 1.b,c,d. The
heterochiral model (Figure 1.b) shares the [001] mirror/glide plane with the substrate but not the
two-fold rotation symmetry; therefore the average of two domains has to be taken into account.
The homochiral models (Figure 1.c,d) have neither a mirror plane nor rotational symmetry, which

leads to four possible domains.

Results

The optimization process was divided into two steps. First the z-distance of the Cu atoms in the
first two layers and the position of the glycine molecules were optimized. In the second step all

coordinates of the atoms in the two glycine molecules and the coordinates of the Cu atoms in the



top-most three layers were optimized. For all models the start geometry for the Cu substrate was
bulk-truncated.

The initial geometry for the heterochiral structure was the same as the geometry suggested in
the DFT study by Rankin and Sholl.'® It remains unchanged upon a reflection with respect to the

ba,

B|—

[001] mirror plane (dotted line in Figure 1.b) followed by a translation by the vector d, =
which constitutes a glide-line operation. During the optimization process, symmetry-equivalent
atoms in the substrate and overlayer were only allowed to move in accordance with these symmetry
constraints (equivalent Cu atoms of the first and second layer are labeled in Figure 1.b), which
restricts the number of geometry parameters. The x,y,z coordinates of the first two Cu layers and
the z-coordinates of the third layer were optimized. Together with the atomic coordinates of the
glycine molecules this leads to 36 structural parameters that were optimized in the final stage.

The two homochiral models are depicted in Figure 1.c and d. The initial geometry for model I
(Figure 1.c) was the one suggested in the DFT study by Rankin and Sholl. ! The homochiral struc-
ture model I (Figure 1.d) is that suggested in the STM study by Chen et al.® Its start geometry had
one molecule in the same position as in the heterochiral structure and the second molecule shifted
by half a superstructure unit-cell vector in both directions with respect to the first (Figure 1.d).
This leads to different bonding sites for the O atoms of the two molecules. None of the homochiral
structures has a true glide line symmetry. Therefore the number of independent structural param-
eters is greater. In order to keep the total number of parameters within a reasonable limit for the
homochiral structures only the z-coordinates of the topmost three Cu layers (42 parameters in total)
were optimized.

The lowest Rp-factors found for the heterochiral model and the homochiral models I and II
were 0.22 ,0.28 and 0.27, respectively. The two homochiral models lie well outside the statistical
error margin of the Rp factor minimum for the the heterochiral structure (ARp = RR - Rpin =
0.03), therefore the LEED-IV analysis clearly favours the heterochiral model. In addition, both
best-fit geometries found for the homochiral models were not physically reasonable in terms of

bond lengths and angles within the glycine molecules. The coordinates of the best-fit geometry



for the heterochiral model are listed in Table 1; for better comparability, derived parameters, such
as displacements, bond lengths, and bond angles are listed in Table 2 and compared with results
from previous studies. To illustrate the agreement between calculated and experimental LEED-IV

curves representative examples are plotted in Figure 2.

Discussion

Our analysis provides the first complete experimental structure determination of any amino acid
on a metal surface. In this special case of glycine on Cu{110} it confirms that the adlayer does,
indeed, form a heterochiral structure. The best-fit geometry consists of glycine molecules forming
three bonds with separate copper atoms. The two oxygen atoms differ in their positions rela-
tive to the nearest Cu atoms. They are displaced from the atop site along the [001] direction by
0,[O(1)] = 0.53 A and 0,[0(2)] = 1.12 A, respectively (the total lateral displacements, &, are
0.54 A and 1.18 A). In the [110] direction the O atoms are slightly displaced towards each other,
which brings them closer to the O-O distance in the gas-phase carboxylic group (2.33 Avs225A
in the gas phase), and their vertical heights differ by 0.09 A, following the corrugation of the un-
derlying Cu atoms. The different lateral displacements from the atop sites lead to significantly
different Cu-O bond lengths of Cu(1)-O(1) =1.93 A and Cu(2)-0(2)=2.18 A. The N atom of the
amino group is on the same side as the O(1) atom. The displacements of the N atom from the atop
site are smaller than for the oxygen atoms (8,[N] = 0.32 A, 0y[N] =0.25 A; 8,,/[N]1=0.41 A) and
close to the error bars for lateral displacements. The Cu(3)-N bond length is 2.04 A. All molecular
displacements and bond lengths are in good quantitative agreement with the values determined
previously by PhD®!! and the more recent total energy calculations by Rankin and Sholl 1617 (cf.
Table 2).

The the O-O axis of the two inequivalent oxygen atoms is tilted by a[O(1)-O(2)] = 13° with
respect to the row of close-packed Cu atoms ([110]). This is between the values determined by

NEXAFS,% 25°, and DFT,!® 6°. The C(1)-C(2) backbone is essentially parallel to the [001] di-



rection (tilted by 6°) and the angle between the plane defined by the carboxylic group and surface
plane, a[O(1)-C(1)-O(2)], is 42°, which is, again, in good agreement with the aforementioned
DFT and NEXAFS studies, which report a[O(1)-C(1)-O(2)] values of 36° and 30°, respectively.
The intramolecular bond lengths derived from the LEED-1V analysis are also listed in Table 2 and
compared with the DFT results '® and the gas-phase values for the zwitterionic form of glycine.>’
the DFT and LEED values agree within 0.06 A or less for all bond lengths, except C(2)-N, for
which the discrepancy is more than 0.2 A. Tabulated values for single C-N bond lengths in gas-
phase molecules range from 1.32 A (diazomethane) to 1.48 A (diazirine), 8 therefore neither of the
two values, 1.31 A (LEED) or 1.52 A, can be considered unphysical. The intermolecular distances
between O(1) and O(2) and the nitrogen atoms of the neighbouring molecules are 2.9 A, which is
within the range of strong hydrogen bonds.3° Stabilization of the glycinate layer through hydrogen
bonds was suggested in the theoretical studies by Nyberg et al. and Rankin and Sholl. 1516

All Cu atoms of the first substrate layer are involved in a bond to the adsorbate. The biggest
height difference (0.07 A) is between the two inequivalent Cu atoms which form oxygen bonds.
The copper atoms of the first three layers show small relaxation shifts of less than 0.07 A with
respect to the bulk-truncated positions. The average contraction of the first layer, Adj >, is 0.03 A
and the average vertical deviations of the second and third layer from their bulk values are less
than 0.02 A (cf Table 1). Previous LEED-IV studies of the clean Cu{110} surface found larger
relaxations up to Ad;, = 0.11 A,35%0 but our findings agree with the general observation that
adsorption of molecules reverses the inward relaxation observed for most clean metal surfaces.

So far, our conclusion that the glycine adlayer is assuming a heterochiral structure was entirely
based on the comparison of the IV curves of observable spots in the LEED pattern. The fact that
the (0,4(m+ %)) spots are missing is another very strong argument in favour of the heterochi-
ral vs a homochiral structure because only the former can have a true a glide line symmetry. !
It has been argued by several authors, however, that an approximate glide-line symmetry, where
only a few light atoms violate the symmetry, would also lead to the systematic extinction - or at

least substantial weakening - of the respective spots. %18 Chen et al. have performed a kinematic



calculation, which only considered the adsorbate atoms of the homochiral structure proposed in

Ref. !0 (cf Figure 1.d). This led to missing spots at the (251, £m) and (£2,£(m+ 3)) po-
sitions, which is equivalent to a ¢(3 x 2) LEED pattern. For the heterochiral structure the spots
at the (0,+(m+ %)) positions are missing due to the glide-line. The authors concluded that the
superposition of the LEED patterns from the two domain types would lead to the observed pattern
with missing spots only at the (0, +(m + %)) positions and explain the fact that two domains were
seen in the STM images. However, the homochiral structure in Figure 1.d does not have a true
centered unit cell, since the two molecules have different registry with the substrate, which is not
accounted for in the kinematic calculations. In Figure 3, we present dynamical LEED-IV calcu-
lations for one representative missing spot, (0, %), for the best-fit geometries of all three models
studied in the present investigation (cf Figure 1.b,c,d). The IV curves of the missing spots were
not used in the structure determination because no experimental data are available. Nevertheless,
the fact that they are not observed is an important piece of information. Figure 3.a shows a com-
parison of the relative intensities of the (0, %) spot for the three models. Note that the I'V-curve for
the heterochiral model is exactly zero (within numerical errors), as expected from the glide-line
symmetry, whereas the curves for the two homochiral models are comparable with other fractional
order spots (for comparison, the (%, %) IV curve of the heterochiral model is also included in the
Figure). The unscaled, background-corrected experimental IV curves of the two spots, the missing
(0, %) and the observed (%, %), are plotted in Figure 3.b. No features greater than the average noise
level can be detected in the (0, %) IV curve. The noise level is about 20 times lower than the
average intensity of the (%, %) spot. Therefore, the heterochiral model is the only one that matches
the experimental observations. This is not in contradiction to the STM images of Chen et al. !°
since even a pure heterochiral p(2 x 3) structure would be expected to exist in two mirror domains.
The clean Cu{110} surface has a mirror-plane along the [ITO] direction, therefore, the structure
shown in Figure 1.c and its mirror image with respect to [110] (@) should cover equal areas of the
surface. An asymmetric STM tip could easily lead to different appearances of these two domains,

as observed in Ref.19 Note also that four mirror/rotation domains would coexist in a homochiral
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superstructure (see above). Therefore, a mixed homochiral/heterochiral overlayer should lead to
the observation of six domains in STM.

An interesting question in this context is how a small deviation from the true glide-line symme-
try would affect the intensity of the missing spots. For this purpose we have carried out intensity
calculations for a modified heterochiral model where the central C(2’) atom of one of the two
molecules is shifted in steps of 0.05 A along the [110] direction away from its symmetric position.
The results for the (0, %) beam are shown in Figure 3.b. Although C is a weak scatterer and LEED
is usually not very sensitive to lateral shifts, even a slight violation of the glide plane symmetry,
by 0.05 A already leads to significant intensity in the missing spots. For a shift of 0.10 A intensity
should be measurable at least at certain energies; it and can therefore be excluded. Moving the C
atom by 0.20 A makes the intensity already comparable to the other fractional order beams, e.g.
the (%, %) in Figure 3.a, which is plotted at the same scale. The difference in the x-coordinate of
the central C atom is around 0.7 A between the homochiral and heterochiral DFT models, which
explains the large theoretical intensity for the homochiral model I. On the basis of our experimen-
tal data we can exclude any deviations greater than 0.1 A from the glide-line symmetry, which is
significantly smaller than most of the error bars associated with other lateral coordinates of the
adsorbate. These considerations demonstrate that systematic absences in an experimental LEED
pattern imply very strict symmetry constraints. Even small deviations from these symmetries or
small areas covered by other structures violating the symmetry would make the “missing spots” ob-
servable. The fluctuations in the experimental (0, %) curve in Figure 3.c would only be compatible

with a relative area of less than 5% covered with a homochiral minority species.

Summary

In summary we have carried out a full LEED-IV structural analysis of the p(3 x 2) overlayer of
glycine on Cu{110}, which shows systematic absences in the diffraction pattern. The unit cell of

the adsorbate layer consists of two glycine molecules, which are related by a glide-line operation.
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The molecules bind to the surface through the N atom of the amino group and the two O atoms
of the de-protonated carboxylate group, each forming a bond with a separate Cu atom. The N
atom is nearest to the atop site (lateral displacement 0.41 A). The O atoms are further displaced
from the atop site by 0.54 A and 1.18 A with two very different O-Cu bond lengths of 1.93 A and
2.18 A. The atom positions of the upper-most Cu layers show small relaxations within 0.07 A of
the bulk-truncated surface geometry. A quantitative analysis of calculated intensities for the spots
that are systematically absent in the experimental LEED patters reveals that any structural model

that violates a glide-line symmetry by shifts of more than about 0.1 A must be rejected.
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Table 1: Geometry parameters of the best fit structure for Cu{110}-p(3 x 2)-glycinate. For com-
parison, the coordinates of the bulk-terminated Cu{110} surface are also listed. All coordinates are
given in A; coordinates with no error margins are related through symmetry to another atom within
the same layer (glycine overlayer and layers 1 to 3) or not optimized (layer 4). See Figure 1.a for
the labels of atoms; symmetry-related atoms are indicated by primes; the error margins refer to all
symmetry-related atoms. rmsd = root mean square displacement due to thermal vibrations, Ad, , 11
= average vertical deviation from bulk-terminated geometry.

bulk termination

Cu{110}-p(3 x 2)-Gly

x y z | rmsd x y z Adp 1
1" Gly | O(1) -0.05 0.70 1.82 ] 0.1 -0.22 (£0.24) 0.56 (£0.21)  1.85 (40.06)
molecule | O(2) 224 095 1.82 2.05(£0.23) 1.09 (£0.29) 1.76 (£0.05)
N 0.32 370 2.08 0.43 (£0.23) 3.45(£0.36) 1.97 (£0.11)
C(1) 1.05 130 2.16 0.87 (£0.23) 1.18 (£0.26) 2.12 (+0.10)
CQ2) 091 260 295 0.87 (£0.20)  2.59 (£0.24) 2.84 (£0.07)
2" Gly | O(1°) 520 434 182 0.1 5.33 4.17 1.85
molecule | O(2’) 291 459 1.82 3.06 4.70 1.76
N’ 483 7.34 2.08 4.68 7.06 1.97
(1) 409 494 2.16 4.23 4.79 2.12
C®2) 424 624 295 4.24 6.20 2.84
1 Cu | Cu(l) 0.00 0.00 0.00 | 0.03 -0.12(£0.20) 0.02 (£0.16) 0.00 (+£0.08) -0.04
layer Cu(2) 2.55 0.00 0.00 242 (£0.20) -0.04 (£0.20) -0.07 (£0.07)
Cu(3) 5.11 0.00 0.00 5.00 (£0.19)  0.09 (£0.18) -0.04 (£0.07)
Cu(l’) | 5.11 3.61 0.00 5.22 3.63 0.00
Cu(2’) | 2.55 3.61 0.00 2.68 3.57 -0.07
Cu(3’) | 0.00 3.61 0.00 0.11 3.70 -0.04
2" Cu | Cu(4) 1.28 1.81 -1.28 | 0.03 1.43(4+0.21) 1.87(£0.28) -1.27(4+0.09) 0.00
layer Cu(5) 3.83 1.81 -1.28 3.99 (£0.19) 1.85(%£0.20) -1.27 (£0.05)
Cu6) | 638 1.81 -1.28 636 (£0.16) 176 (£0.22)  -1.31 (£0.07)
Cu@4’) | 3.83 542 -1.28 3.68 5.48 -1.27
Cu(5) | 128 542 -1.28 1.12 5.46 -1.27
Cu(6’) | 638 542 -1.28 6.40 5.37 -1.31
3 Cu | Cu(7) 0.00 0.00 -2.55|0.03 0.00 0.00 -2.60 (£0.10) 0.02
layer Cu(8) 2.55 0.00 -2.55 2.55 0.00 -2.50 (£0.11)
Cu(9) 5.11 0.00 -2.55 5.11 0.00 -2.49 (£0.11)
Cu(7’) | 5.11 3.61 -2.55 5.11 3.61 -2.60
Cu(8) | 2.55 3.61 -2.55 2.55 3.61 -2.50
Cu@’) | 0.00 3.61 -2.55 0.00 3.61 -2.49
Cu Cu 1.28 1.81 -3.83 | 0.03
bulk

1*" angle of incidence 6; = 4.6° ¢; = 270° AE; = 1230¢V RR; = 0.16 Ry, =0.19
ond angle of incidence 6, = 6.2° ¢, = 330° AE; = 723eV RRy = 0.21 R, = 0.26

Total AE = 1953eV RR = 0.13 R, =0.22
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Table 2: Comparison of structural parameters derived from the LEED-IV analysis of Cu{110}-
p(3 x 2)-glycine and from previous experimental and theoretical studies on the same system and
the gas-phase structure of the glycine zwitterion. All coordinates are given in A and angles in
degrees. a[O(1)-C(1)-O(2)] is the angle between the COO triangle and the surface; a[O(1)-
O(2)] is the angle formed by the O-O axis and the [110] direction. The parameters &, /y refer to the
displacement from the atop site; they are defined in Figure 1.a; the total lateral displacement, &,

is defined as | /&2 4 67.

Parameter | LEED-IV__ | PhD! | DFT'® | NEXAFS® | gas phase”’
Nitrogen
Ox[N] 0.32 (£0.30) | 0.24 (£0.10) 0.21
0y[N] 0.25 (£0.40) | 0.00 (£0.15) 0.09
Oror[N] 0.41 (£0.35)
d[Cu(3)-N] 2.04 (£0.15) | 2.04 (£0.02) 2.11
Oxygen O(1)
o [O(1)] 0.11 (£0.31) | 0.08 (-0.08/+0.22) | -0.02
0,[O(1)] 0.53 (£0.26) | 0.68 (£0.09) 0.72
Oror[O(1)] 0.54 (£0.28)
d[Cu(1)-0(1)] 1.93 (£0.12) | 2.02 (£0.04) 2.01
Oxygen O(2)
o [0(2)] 0.37 (£0.30) | 0.22 (-0.22/+0.18) | -0.30
o,[0(2)] 1.12 (£0.35) | 0.97 +0.08 0.96
Ot [0(2)] 1.18 (£0.32)
d[Cu(2)-0(2)] 2.18 (£0.17) | 2.00 £0.04 2.10
Substrate Bond Angles
o[O(1)-C(1)-0(2)] | 42°(£17°) 36° 30° (35°)
a[O(1)-0(2)] 13°(+8°) 7° 6° 25°
Intramolecular Bond Lengths
d[O(1) - O(2)] 2.33 2.30 2.25
d[C(1) - O(1)] 1.29 1.31 1.30
d[C(1)-02)] 1.23 1.29 1.30
d[C(1)-C(2)] 1.58 1.52 1.47
d[C(2) —N] 1.31 1.52 1.45
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a) b) heterochiral model

alO(1)-0(2)]

510

oory| L0 6,100

[110]

¢) homochiral model I

Figure 1: Schematic drawings of the model structures of glycinate overlayers on Cu{110}: a) a
plan view of the best-fit structure; some of the structural parameters used in Table 2 are indicated;
b) heterochiral model, in which the unit cell has a glide-line, indicated by the dotted line; c) ho-
mochiral model I suggested by DFT;>~17 d) homochiral model II based on the structure proposed
by Chen et al.;'” models c) and d) do not have glide-line symmetry.
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Figure 2: Selected representative experimental (black) and theoretical (red) LEED-IV curves for
the best-fit structure of the heterochiral model.
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Figure 3: a) LEED-IV curves from dynamic calculations for the (0, %) beam of the homochiral and

heterochiral models shown in Figure 1.b,c,d and for the (%, %) beam of the heterochiral model; b)

experimental IV curves of the (0, %) and (%, 1) beams. c) calculated IV curves for the (0,3) beam

from the heterochiral overlayer (Figure 1.b) whereby the C(2’) atom is shifted along the [110]
direction by the distance indicated in the Figure. These calculations were performed for normal
incidence.
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