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We present an extended metal-coordinated structure obtained by deposition of trimesic acitl (TMA) onto the Ag(111) surface
under UHV conditions followed by annealing to 510 K. Scanning tunneling microscopy and density functional theory
calculations reveal the structure to consist of metal clusters containing seven Ag atams eaeh, coordinated by six dehydrogenated
TMA molecules. The molecules are asymmetrically arranged, resulting in a chiiral'structuge. The calculations confirm that this
structure has a lower free energy under the experimental conditions than, the“hydrogen-bonded structures observed after
annealing at lower temperatures. We show that the formation of such large metal clusters is possible due to the low adatom
formation energy on silver and the relatively strong Ag-O bond in cembination with a good lattice match between the structure

and the Ag surface.

I. INTRODUCTION

Self-assembly of surface coordination networks presents a‘tiactable way to distribute equally sized metal centres evenly on a
surface!. Small metal clusters have been shafun to hale unique properties, exemplified by the catalytic activity of gold
nanoclusters? or the metal centers in thieesdimepsional metal-organic frameworks®. A few examples also exist of two-
dimensional surface coordination networks whege the exposed metal clusters have catalytic* or magnetic>® properties. In
addition the metal-organic units sgmetimes exhibit interesting chiral effects, e.g. induced by asymmetric binding motifs
between the organic molecules and the central metal atom or cluster711,

Here we report on the fogmation of an éxtended metal-coordinated structure upon deposition of trimesic acid (TMA) onto the
Ag(111) surface. The self-assembly-of TMA on Ag(111) has previously been studied and two different structures were found,;
a hydrogen bonded haneycemb network, that was observed upon room temperature adsorption and a more densely packed
structure emeérging after ahnealing to 420 K, which was shown to consist of partially dehydrogenated TMA molecules? 24,
Adatoms of Ag werenot observed in either of these structures. We likewise observe these two hydrogen-bonded structures in
our experiments, but in addition we identify a different structure upon deposition of TMA at room temperature followed by
anngaling to a higher temperature of 480-510 K. The same structure has recently been reported, and the self-assembly and
dehydragenation of TMA was investigated by Scanning tunneling microscopy (STM), photo emission and gas-phase DFT

calculations, i.e. without taking the surface or metal coordination into account. Speculations about a metal center were
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l s iJPwte« , although the exact composition of the central cluster remained inconclusive.’> Here we use STM experiments and
Pu b“@cjﬂmygf inctional theory (DFT) calculations to reveal that the structure consists of Agr-clusters connected by dehydrogenated

TMA molecules.

Most previous studies of metal-coordinated structures have revealed small metal centers consisting of at most three
adatoms®1116-20 hut larger Au clusters have been stabilized by fullerene molecules?*??. Relatively large Fe clusters were also
observed on the calcite surface, although the exact size of these clusters was not determined?. The observed coordination motif
is thus unusual because of the large size of the exposed metal clusters. Furthermore,ssilver has only been reported to form
surface coordination structures with reactive ligands containing cyané “groups?. or surface radicals formed by
dehalogenation®*%, Our DFT calculations allow us to pinpoint some properties ofithe combined TMA-Ag system, which makes

the formation of this structure possible.

IIl. METHODS

All experiments have been performed under ultra-high-vaéuum (UHV),conditions (base pressure of 1x101° mbar). The surface
was cleaned by Ne sputtering and annealing to 800 K- <IMA«(98%, Alfa Aesar) molecules were evaporated from a Knudsen
type evaporator onto Ag(111) at room temperaturé, AHSTM "measurements have been performed at room temperature. The

bias voltages U are for the tip. The sample is graetinded.

DFT calculations were performed using the “giid-based projector augmented wave (GPAW)?%27 software and the ASE
interface?®. In GPAW the wavefungtions and density are represented on a real-space grid, and convergence is determined by
the distance between the gridépoints. Here we use a value of 0.18A. All reported energies are calculated using the optB88-
vdW? functional to describe the exchahge and correlation, however some initial screenings were performed using the M06-L
meta-GGA functional (for teasons'ef speed),® including the mapping of the potential energy surface for one TMA molecule
interacting with ah Agz cluster. The two functionals have previously been shown to give similar results for interactions between
organic molecules onwsurfaces, but somewhat different adsorption energies.®* The optimum lattice constant for the respective
functionals (419A (optB88-vdW) and 4.16A (M06-L), exp. 4.09A3%2) was used for the silver. The surface was modelled by a
two layer slab fer initial screenings and further relaxed on a four layer slab for final energies, in all cases keeping the bottom
layer fixed during relaxation. Periodic boundary conditions were used in the x- and y-directions while the z-direction was non-
periodigwith a minimum of 6 A of vacuum between the atoms and the cell boundary. The honeycomb structure and the partially

dehydrogenated close-packed structure were optimised using 2x2 k-points, while the metal-coordinated structure was optimised
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Publig b & eenings).

lll. RESULTS

A. STM experiments

Large scale STM images of the structures obtained after room temperature deposition follotved by annealing to 480K and 510K
are shown in Figure 1a and b, respectively. The molecules form extended domains fr'u'ejurfa owever bare areas (upper

left and right part of Figure 1a) between the covered areas suggest that the large ain'size is not due to high coverage, but

results from an attractive interaction between the molecules.

FIG 1 a) STM image (200 x 106 nm, U=-0.5V 1=0.4nA) showing the metal-coordinated TMA structure obtained after annealing to 480K
extending over a large area of the surface and b) STM image of a large area of the surface covered by the periodic metal-organic
framework obtained after annealing to 510K (56 x 36 nm). The bright and dark areas are clean Ag areas. c) Close-up image of the structure
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#5o0lated units containing a single metal cluster (some of them coloured green) (18 x 18 nm, U=-0.7V 1=0.4nA). d) Periodic structure
Bserved after further annealing (14 x 14 nm, U=-1V 1=0,1nA), with the unit cell vectors indicated by black arrows.

Publishing
ivioie detailed images (Figure 1c and d) reveal a structural motif consisting of a central bright protrusion surrounded by 6

| This manuscript was accepted by J. Chem. Phys. Click to see the version of record. |
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triangular shaped units identified as the TMA molecules, which are known to be imaged triangular by STM?*2-143334 The central
protrusion is attributed to Ag adatoms, which can evaporate from step edges at the experimental temperatures (the detachment
barrier is calculated/measured to be 0.63 eV/ 0.71 eV3:3), After annealing to 480K somé of these flower-like structures are
isolated (green color in Figure 1c) while others are connected by sharing of TMA mblecules in,small patches of 3-5 nm in
width. Annealing at slightly higher temperatures (510 K) completes the connectian suchithat a regular structure appears with
large domain size (only limited by the width of the Ag(111) terraces) (Figure 1b\and Td). We thus interpret the structure in
Figure 1a and c as an intermediate in the formation of the extended periodiesstructure in Figure 1b and d. The dimension of the
unit cell marked in Figure 1d (and also in Figure 3h, where it is better seen) is measured to be 13.6+0.2 A and the orientation
with respect to the Ag[1-10] direction is determined to be +(14+3%). Theroughening of Ag(111) step edges upon annealing
seen in Figure 1b (the upper bright part of the image is an upper terrace of clean Ag) confirms, that silver atoms at step sites
have been mobile during annealing. We note that, at the temperatureawhere the extended structure have been formed, we already
observe a significant reduction in molecular coverage. Therate of formation is thus in direct competition with desorption of
TMA from the surface. This is emphasized by the fact, thatincreasing the annealing temperature by just a few tens of degrees

destroys the structure and leaves a surface free of\T MA and otherwise clean, but with step edges that are somewhat rough.

In Figure 2a we show an STM image of a'single AgxTMAg unit. The superimposed molecular models illustrate that the TMA
molecules are oriented at an augle o= 22¢(3°), with respect to the axis from the center of the molecule to the molecule on the
opposite side of the metal/Cluster. This&symmetric bond to the metal cluster leads to the existence of two chiral forms of the
structure (labeled R afd'S)/, shown in Figure 2a and 2b, respectively. A model of the R-structure is shown in Figure 2c for
comparison. Thegrocedure to obtain this model will be described in section 111 B. Both chiralities are observed on the surface,
but each large. domain contains only one of the two. In Appendix A (Figure 6) we show a S-type domain (R-type domains are
shown in Figure 1). Surprisingly, it is not only the extended periodic structure in Figure 1b and d, but also the large areas of
disconpected patches in Figure 1a and c that contains only one of the two chiral forms. This requires an interaction between
the patches mediating the chiral organization, even when there appears to be a separation between them. We cannot determine
the nature of this interaction but speculate that it could be hydrogen bonds between intact carboxylic acid groups or single
adatoms that appear invisible in the STM images. We note, that we occasionally have observed a few units with opposite
chirality, if these have been well separated and isolated within the domain (c.f. Appendix A, Figure 7).

4
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FIG 2: a) STM image of a single Ag7TMAs (2 X 2 nm) with superimpose m?epular s to illustrate the chirality (R-type shown, angle
a=22°), b) STM image of a single Ag7TMAg unit (S-type) c) Atomic mod cture (R-type), based on the DFT calculations, and
d) Line scan across the Ag7TMAg (dashed line shown in b). e

On Cu(100) similar flower-like structures consisting ofiﬁﬂ& ules and single metal atom centers of Cu® or Fe'l,

respectively, have been observed. The angle o for C M.A‘\sminimal and chirality was not discussed, whereas for Fe-

TMA, both R and S enantiomers were seen with o °. In bath experiments the central protrusion was significantly smaller

than observed here, and was assigned to a sing m center

B. Density functional theory based Xermination

1. Dehydrogenation state

To determine the atomic struct %al—coordinated structure we firstly considered the dehydrogenation state of the
&pt'

TMA molecule. The mo? or )on configurations of the intact and dehydrogenated molecules are identified by DFT
calculations and the resu iwu s are shown in Figure 3a-b. The adsorption enthalpies are given in the bottom of the

i -Qenthesis) together with the adsorption free energies (black numbers), which are calculated assuming

images (grey number

a pressure of 1 a afid a temperature of 298 K, following the procedure described in ref. 38. This approach accounts for the

ﬁ
changes in entropy ro point energy arising when two O-H groups are dehydrogenated to form one hydrogen molecule
whichlesorbs e surface, but neglects contributions from vibrations in other parts of the molecule. The adsorption free

energies‘Qf the)solated molecules are compared to the calculated free energies of the self-assembled structures obtained at
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is thermodynamically favorable under the experimental conditions. The enthalpy increases upon dehydrogenation, but
Publ Ek&tion is driven by the high entropy of molecular hydrogen at low pressure, as also found in previous studies®.
Experimentally only partial dehydrogenation of TMA on Ag(111) was observed at 420K*?, suggesting that the reaction has a
high energy barrier. The levelsaitabusiasanationsiat s e ailaniane nerature® and the experiments
performed in Ref. 15 indeed 8 g that the molecules in the extended

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record. |
A s [@wer free energy of the dehydrogenated molecule implies that dehydrogenation of all three carboxylic acid groups of
TIMA
IERE

metal-coordinated struct
FIG 1 b and d) are co tely drogenated.
2. Metal-coordinate ructure

To consider the p iﬁe nynbers of adatoms in the metal center we choose a unit cell commensurate with the Ag substrate and
=

in close agreement vﬁh the experimentally determined unit cell parameters (|aj=|b|=13.3 A and ~ a, Ag[1-10] = 11°, see Table
ﬁ

lin A endix§ for comparison with experimental values). A configuration where the dehydrogenated TMA molecules are
pl R?q,wd the simplest possible adatom cluster, namely a single adatom, results in very large Ag-O distances of ca. 4.2A
(e. g. compared to the typical Ag-O distance in AgO. of 2.05 A*Y) (c.f. Appendix C for an image of this structure).

Acknowledging the uncertainties in distances determined by STM we tried to move the TMA molecules closer to the adatom

(as would be the case if the unit cell was smaller), however this lead to repulsion between the carbonyl groups of neighboring
6
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Pumil%lbiarbgparent diameter of approximately 6 A determined from the STM images (see line scan in Figure 2d). The next cluster
size consistent with the observed sixfold symmetry and (slightly) hexagonal shape, is a hexagon containing 7 atoms as shown
in the model in Figure 2c. A few structures with 3 or 6 adatoms were also considered, but were found to be less stable (c.f.
Appendix C). We note that the apparent cluster size in the STM images cannot be directly cerrelated with the size of the metal
cluster in the atomic model, as the attachment of the TMA molecules can affect the IocalZe: of states (LDOS). Indeed, our

calculations show that the 6 outer Ag atoms are positively charged due to the coordi ';DfMA molecules.

\
N b) ) )-M

r ” -

-

e calculated adsorption configuration of TMA (a) and dehydrogenated TMA (b) as well as optimised structures
«close packed phase (d) and metal-coordinated structure (e). The free energy per molecule relative to the intact

To determine tS' iodic structure we firstly identify the most stable adsorption configuration of one dehydrogenated TMA
in refy

racting with the Agr adatom cluster on the Ag(111) surface. Following a procedure similar to the one described

v.\ksystematically test different orientations of the molecule in intervals of 7.5° as well as different positions of the

2 We note that the image of the honeycomb structure shown here is not the lowest energy structure as calculated by DFT, but
rather the structure that matches the orientation relative to the substrate of the STM image in Figure 3f.
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l s Lmule relative to the center of the adatom. The potential energy surface is three-dimensional, but can be visualised as two-
Pu b“&h}l&'ﬂ:& nal plots, showing the energy as a function of the position on the surface for a given molecular orientation (c.f. FIG
4a for an example). From these plots the most stable configuration, shown in FIG 4b, is determined. In this configuration the

vertical mirror plane of the Agy cluster and the C-C bond direction of the interacting carboxyl group form an angle of 22.5°

(o in FIG 4b, corresponding to o in FIG 2a). The molecule makes an asymmetric contact to the cluster with the carboxyl group

rotated such that one oxygen atom is bonding towards the surface as well as to an atcz:{ih\em{ter (O-Agcuster = 2.4A)
N

and the other is bonding to the cluster only (O-Ag = 2.2 A). The single flower shawn 2c is constructed by repeating

this configuration symmetrically around the metal cluster and relaxing the str,

(urj. Theugelaxation leads to a small

reorientation of the molecule such that the angle o becomes 28°. Finally,the a timonfiguration of a molecule in the

single flower fits almost perfectly in the commensurate unit cell with |a|= :13.3’3« and ~ |a], Ag[1-10] = 11° and the

molecular orientation only changes slightly to a=29° upon rel i&n tfzs)mit cell. The periodic structure (Figure 3e,
compare with the STM image in FIG 3h) is thus an extension %t stable adsorption geometry of a single molecule
next to a 7-adatom cluster (Figure 4b), slightly distort to.Qkize the interaction with neighbouring molecules and match
the periodicity of the substrate. The given free en y.;%m cule (-2.42 eV) includes the energetic cost of adatom

-~
formation and is lower than that of the adsorbed isolatéd molecule after dehydrogenation (-1.86 eV). Here, bulk Ag is used as

reference for the adatoms, since the proc@w atom at a kink site on to the terrace effectively corresponds to

reducing the number of bulk atoms by.one.
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FIG 4 a) rgy}ap (2 layers of Ag, M06-L functional) showing the adsorption energy when a TMA molecule with o =22.5 is moved

al X- and y- direction. The two circles mark the position of the two lowest Ag atoms in the cluster, and the centre between them is
igifi of the coordinate system. The position on the map is the initial position of the oxygen atom of TMA with the highest y-

te (marked with an arrow in b). b) Most stable adsorption configuration of a single molecule. The angle with the mirror plane of
luster, a, is indicated.

3. Hydrogen bonded structures


http://dx.doi.org/10.1063/1.5051510

| This manuscript was accepted by J. Chem. Phys. Click here to see the version of record.
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Pu b“§.ﬂéﬂ& to that of the two structures observed after annealing to 300K and 420K. The structural models of the two latter
structures are based on the proposed molecular models in ref. 12. The unit cell size obtained here was compared with our

experimental results and adapted to make the structures commensurate with the substrate (c.f. Table 1 in Appendix B).

The unit cell size of the honeycomb structure is measured to be 16.0 + 0.3 A in our experifent while the value given by

Payer et al. is 17.8 A (c.f. Table 1 in Appendix B). Because of this uncertainty, the e rgyyf the heneycomb structure is

initially calculated in the gas phase for different sizes of the unit cell, leading to thered energy curve shown in FIG 5a. It is

found that a unit cell size of 16.5A gives the best hydrogen bonding energy, itﬁ}O doner-acceptor distances of 2.6A. For
—~—

the Ag(111) surface, the commensurate unit cell that best matches this size has a length of 16.3 A and an orientation of
9° with respect to the Ag[1-10] direction. The molecules are prefergntially ced)n hollow or bridge sites, as top sites were
found to be the least favourable for isolated molecules, leading4o t timized structure shown in FIG 5b (compare with
STM image in FIG 3f). Two larger unit cells matching the p eters e‘a;L'Jred in ref. 12 were also tested but both resulted in
a higher energy (FIG 5c-d) due to longer hydrogen bonds VMO ances larger than 3.0 A. For all three unit cell sizes,

‘H-““‘

the adsorption of the hydrogen bonded structure on'the sur led to similar energy gains of 1.0-1.2 eV per molecule as

gas phase
e e onsurface

ol >j/-
—1.0F
/ b 1.08%V
1.00eV S
—20F
o) L L L

=

indicated in FIG 5a.

a)
0.0

Energy per molecule [eV]

L]
16.0 16.5 L 175 18.0 185 19.0
Unit cell size [A]

B
FIG Energy of the TMA honeycomb structure in the gas phase as a function of the unit cell vector length (red line) and energy of the
structurenin the three different commensurate unit cells (blue points) shown in b-d).

The commensurate cell that best matches the parameters for the close-packed structure has unit cell vectors of a =18.0 and b
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AI:RA <a,b =101° and an angle between the Ag[1-10] direction and the a-vector of 25° (c.f. Table 1, Appendix B). The

Publishing

initial positions of the molecules are estimated from the structure suggested in ref. 12. Again they are preferentially placed in

hollow or bridge sites, but a systematic identification of the best combination of (non-identical) adsorption sites has not been

performed.

For the close-packed structure there also exists another unit cell with approximately the 6 ize, but > 10° deviation on the

orientation. Modelling the structure in this alternative cell results in a structure whichsi al eV lower in energy, however

this energy difference is within the uncertainties of the calculations and we ha value obtained in the unit cell

_%JS en
that matches the experimental parameters in FIG 3d (compare with STM imageun F1G3g). These findings however indicate

—
that for both the honeycomb and the close-packed structure different registries ofghe olecules relative to the surface only

lead to small differences in energy. ‘ a ‘)
\ )
s

10
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..Discussion

Publishing

Comparing the free energies of the three self-assembled structures (FIG 3c-e) the evolution of the TMA structures can be
understood. The system gains 0.85 eV per molecule when the isolated molecules (-1.33eV/molecule) form the hydrogen bonded
honeycomb structure (-2.18eV/molecule). The energy is lowered by 0.05 eV/molecule avhen the partially dehydrogenated
structure (-2.23 eV/molecule) is formed, and decreases further by 0.19eV/moIecu( n formation of the Agr; metal-

coordinated network (-2.42 eV/molecule), despite the formation of an Ag; cluste thhe substrate requiring a significant

energy (1.91 eV). From our structural optimization and the large extension of-the ains'seen in the STM images it is clear

that the structure has a good lattice matching with the substrate. We the cD investigated the possibility of forming the

-—
corresponding structure on gold, which has a similar lattice constant to Ag (Exp:54.

vs 4.09 A%) but a higher cohesive energy
(Exp: 3.81 vs 2.95 eV*?), however our results show that the stru@ cannot*beformed on this substrate (c.f. Appendix D for
details). Here, the adsorption of isolated intact TMA molecules isynore fﬂaable, consistent with previous calculations showing

that dehydrogenation of carboxylic acid groups on Au(li\iistfa\/ able3®. We thus point at the relatively strong Ag-O bond

as an important factor for the formation of the metal-ﬂg\' d structure.

The distribution of equally sized metal clusters on thhféte suggests interesting applications in e.g. catalysis and sensing. For
such applications, the properties of the exposed No s are important. Bader charge analysis*® of the adatom cluster reveals

that the six outer atoms carry a positive chamAe each, while the central atom is almost neutral. The cluster can thus be
expected to behave differently t@@sﬂed clusters of the same size.

£
VI. CONCLUSION / /

In conclusion TM %Mes completely upon annealing to 510 K and forms extended chiral domains of a metal-

coordinated structure baged on Agy clusters. DFT calculations show that this structure has a lower free energy per molecule

under the experimental gdnditions than the hydrogen bonded structures observed after annealing to lower temperatures. The
—

formation 'ef these *)elatlvely large 7-atom Ag clusters is possible due to the low adatom formation energy on silver and the

-,
relatively strong Ag-O bond.

\ <
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%a) STM image of Ag7TMAe/Ag(111) (23,4 x 21,6 nm). The chirality is dominantly R-type, with a few units of S-type in the lower
left\part of the image. b) close-up image showing both R-type and S-type (4,5 x 4,5 nm).
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Publishing

Tab!c L Comparison of experimental unit cells and unit cell parameters of all investigated DFT cells. The matrix notation for
the DFT optimized structures is given with the conventional choice of basis set vectors with an angle between them of 120°.

Structure la| [A] Ib| [A] sab[] < a Ag[l- Figure Matrix
10] [°] notation
Honeycomb Exp.t? 17.8+0.5 17.8+0.5 120 N%/iven
1

EXp. (this  16.0£0.5 16.0£0.5 20 30+
work)
DFT -small 163 16.3 120 5b (6 1)
‘) -1 5
‘H
DFT - medium  17.8 17.8 Q 0 5¢ (6 0)
3 0 6
DFT - large 18.0 18.0 120 25 3c and 5d (4 —3)
( ‘) 3 7
Closepacked Exp.12 17.7+0.5 18. +Ox Not given
Exp.  (this 18.3%0.5 1§.~Ko. 103 +(254+5)
work) \\\
DFT 18.0 \}8.5 101 25 3d (7 4)

~ -2 5
DFT 178 \ 5 104 0 Not shown (6 0)
alternative \ 2 7

173

Metal- Exp. 13.6 120 +(14+3)
coordinated work)
DFT 13.3 120 11 3e (5 1)
-1 4

Appendix C: Investigated metal clusters with less than 7 adatoms

)xygens are clearly too far away from the adatom for any significant interaction we conclude that this

in Figure.8.

clustemis too s)mall.

wx

{ 4
A structurg with only“erfe adatom in the center in a commensurate cell consistent with the experimental parameters is shown
the

13
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FIG 8: TMA-Ag structure assuming the Ag cluster consists of a single adatom :

When investigating the formation of a single Ag«xTMAs cluster a%res containing 3 or 6 adatoms, inspired by the
optimized structure with 7 adatoms, were also tested. These structures own in Figure 9, and the energy per molecule is
compared after relaxation on four layers of Ag to a maxitum feice of 0.05eV/ A. Based on these results we decided to focus

on the structure with 7 adatoms.

olated flowers with 3 adatoms and b-c) Structures with 6 adatoms compared with d) the structure with 7 adatoms. The energies
ule in the isolated flower on 4 layers of Ag, and include the cost of adatom formation. The adatoms are coloured darker for

14
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For comparison with the structure on gold we scaled the coordinates of the optimised structure on Ag to match the periodicity
of gold (lattice constant 4.21A with optB88-vdW, exp. 4.08A3%2) and relaxed with the same convergence parameters as used on
silver. This is compared to the calculated adsorption energies of isolated intact and dehydrogenated TMA in the adsorption sites
that were found to be most favourable for the corresponding species on silver. The er?dies are compared in Figure 10, and

Ngher cohesive energy of Au

) only leads to a negligible energy

illustrate that the dehydrogenation of TMA on Au(111) is very unfavourable. Surprisi

compared with Ag (3.20eV vs. 2.67 eV as calculated with the optB88-vdW func
difference in the formation energy of the adatom cluster (1.91eV for Ag 94e u). Note that since we have not

investigated all adsorption sites for the isolated molecules the values arean up ou

(148 eV)
-0.44 eV

(-1.42 eV)
-1.42eV

(black) and enthalpies (grey) per molec en in the lower right corner.
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