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Abstract: Two-dimensional supramolecular honeycomb networks with cavities of an internal diameter of
2.95 nm were formed by the self-assembly of 4,4',4"-benzene-1,3,5-triyl-tribenzoic acid (BTA) on a Ag-
(111) surface at room temperature. Annealing to higher temperatures resulted in two sequential phase
transformations into closer-packed supramolecular arrangements. The phase transformations are associated
with stepwise deprotonation of the carboxylic acid groups. The voids of the honeycomb network of BTA
have a suitable size for the construction of hierarchical structures with guest molecules. Single molecules
of the macrocyclic compound mt-33 were successfully confined inside 2D nanocavities of the honeycomb
networks and released when the phase was transformed to the close-packed structure.

1. Introduction as organic network templates, molecular electronic devices,
or motors3® The structure of organic monolayers on solid

- . surfaces depends strongly on the size, function, and symmetry
from the nano- to the macro-level with increasing structural and of both the molecular building blocks and the underlying

functional integration. The controlled fabrication, manipulation, substraté. In addition, supramolecular assembly processes

and |mpI§mentat|on of nanosged m_olecqlar eﬁtltles into com- frequently involve structural phase transformations, in which
plex architectures have been intensively investigated, whereby. o qifferent structures exhibit only very small energy differ-

the supramolecular self-assembly approach enables a high degreg, e Understanding and controlling supramolecular structures

of r_nolecule-dwected str.uctur.al organization Wlthln the nano- pacomes of fundamental importance for the design of nano-
regime. Ideally, as realized in nature, reversible noncovalent g, tured materials.

bonds mediate the controlled assembly and hierarchical growth . . . .
In particular, trimesic acid (TMA, gH3(COOH)) represents

of instructed, fully integrated operational systeims. . -
q ding h lecul N i ) a prototype system for the formation of 2D networks providing
Unl ers.tan '”9 OV‘,’ mokecu ar efm't'ﬁs S€ ljarrgngefwa non- open voids. Studies dealing with scanning tunneling microscopy
covalent interactions is a key step for the realization of (supra)- (STM) investigations of TMA and its derivatives on graphite

molecular devices by bo'Ftom-'up construct'r’o?ljhe conf[rol Of, (HOPG) or single-crystal noble metal surfaces have recently
the self-assembly of functionalized molecules in two-dimensions

(2D) on solid surfaces may open the way to applications such

The structures of materials follow a bottom-up scale change

(3) (@) Lehn, J.-M.Supramolecular Chemistry Concepts and Perspesti
VCH: Weinheim, 1995. (b) Sauvage, J.N®olecular Machines and Motors,

t ; - ; Structure & Bondingvol. 99 Springer: Berlin, Heidelberg, 2001.

+ Institut flr Nanot_echnologle_.‘ (4) (a) De Feyter, S.; De Schryver, F. Chem. Soc. Re 2003 32, 139 and
l\/I_ax-PIanck-Instltut fu Festkaperforschung. references therein. (b) Barth, J. V.; Costantini, G.; KernNiture2005

§King's College London and CNR-INFM-DEMOCRITOS/CENMAT. ) y Lo

437, 671. (c) Barth, J. V.; Weckesser, J.; Cai, C.in@ar, P.; Bugi, L.;

"ULP/CNRS. Jeandupeux, O.; Kern, Kingew. Chem., Int. E200Q 39, 1230. (d) Barth,
UEPFL. J. V.; Weckesser, J.; Trimarchi, G.; Vladimirova, M.; De Vita, A.; Cai, C.;
(1) Lehn, J.-M.Science2002 295 2400-2403. Lehn, J.-MProc. Natl. Acad. Brune, H.; Gunter, P.; Kern, KJ. Am. Chem. So2002 124, 7991.
Sci. U.S.A2002 99, 4763. Ruben, MAngew. Chem., Int. E®005 44, (5) (a) Moulton, B.; Zaworotko, M. JChem. Re. 2001, 101, 1629 and
1594. references therein. (b) Stepanow, S.; Lin, N.; Vidal, F.; Landa, A.; Ruben,
(2) Uosaki, K.; Yamada, RI. Am. Chem. Sod.999 121, 4090. M.; Barth, J. V.; Kern, K.Nano Lett.2005 5, 901.
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Scheme 1. Molecular Structure of 4,4',4""-Benzene-1,3,5-triyl-
tribenzoic Acid (BTA)
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appeared: 12 Under vacuum conditions it was reported that
TMA molecules adsorbed on HOPG form an open honeycomb
structuret? which can be modulated by the addition of long-
chain alkanol$? On Cu(100) and Ag(111) open honeycomb
networks were also formed at temperatures below 280 ®n

also demonstrate that one of tA&A supramolecular structures
can include guest molecules forming a hierarchically organized
molecular assembly.

2. Experimental Section

Synthesis.The syntheses dBTA'® and mt-33'# were carried out
following literature procedures, and the obtained products were
sublimed two times before use.

Sample Preparation.The sample preparation was carried out in an
ultrahigh vacuum (UHV) system providing well-defined conditions for
the experiment. The UHV system (base pressubex 10 ! mbar) is
equipped with a home-built UHV-STM operating at 5 K. The atomically
flat clean Ag(111) surface was prepared by several cycles of sputtering
with argon ions and subsequent annealing at 858™KA (in powder
form) was deposited by organic molecular beam epitaxy (OMBE)
from a Knudsen-cell evaporator with the temperature of the cell
constantly held at 550 K during the evaporation. The macroaytie
33 (in powder form) was deposited onto tB&A structured Ag(111)
surface by OMBE with the crucible held at a temperature of 590 K.
The Ag(111) substrate was maintained at a temperature of 300 K during
deposition.

STM Measurements.The prepared sample was transferred to an

Cu(100) the honeycomb phase is transformed into a striped arraySTM stage in-situ without breaking the vacuum and cooled down to 5

at room temperature>300 K). As it may be expected, the
planar adsorption geometry of the TMA molecules in honey-
comb networks transforms into an upright geometry due to
deprotonation of carboxylic functions at higher temperatures.
Furthermore, it was found that under strong acidic conditions
TMA also forms 2D networks on an Au(111) surface, which

K for data acquisition. The STM measurements were performed in the
constant-current mode with electrochemically etched W-tips. Tunneling
spectra were acquired by holding the STM tip at a constant height over
theBTA molecules, and differential conductance spectra were recorded
using a lock-in amplifier set to a frequency of 5 kHz and a modulation-
amplitude of 10 mV. The cleanness of the tip was proved by obtaining
typical surface state spectra at the clean Ag surface area before and

can be transformed into several phases by changes in the electriafter acquiring spectra on molecules. The spectra of the clean Ag were

potentialt®More recently, two different TMA-acid derivatives
with flexible extensions were investigated on Ag(111) in HIO
exhibiting either open hexagonal or column-like networks
depending on the molecular structdfe.

also used to normalize the spectra taken on molecules.
Computational Modeling. The structures revealed by the STM
images were modeled by means of a combination of classical and ab
initio molecular dynamics techniques. First-principles calculations were
carried out using the CaiParrinello method? with Troullier Martins

Here, we report on the 2D self-assembly of a phenyl-extended norm-conserving pseudopotentiéland a gradient corrected exchange-

version of TMA, the 4,44"-benzene-1,3,5-triyl-tribenzoic acid
(BTA), which was synthesized as described elsewkefde
chemical structure of thBTA molecule is shown in Scheme

correlation functional” The plane wave expansions were limited by a
50 Ry energy cutoff for gas-phase calculations, and the Brillouin zone
sampling was limited to the gamma point only. For metallic systems,

1: three 4benzoic acid groups are arranged around the central Ve introduced a 0.25 eV Fermi level smearing and raised the energy
benzene core in a 3-fold symmetry. We find tBRA displays cutoff to 70 Ry. The classical constant-temperature simulations were

| blv behavior than its h | ™A performed using the AMBER package with the Generalized Amber
amore complex assembly behavior than Its homologue ' Force Field and a NoseHoover thermostat. As the AMBER package

”".V0|V'ng three distinct supramolecular structures occurring at yoes not allow direct modeling of metal surfaces, we modeled the metal
different temperatures on the Ag(111) surface. We have sypstrate by a planar “carpet” of benzenes constrained to fixed positions.
determined the supramolecular structures and the mechanics ofHowever, electrostatic interactions between the molecules and the metal

the structural transformations by combined scanning tunneling
microscopy (STM) measurements and theoretical modeling. In

surface are not taken into account by this approach.
To investigate this effect, we used a homemade 2D molecular

particular, our study demonstrates the important role that surfacedynamics model where surface screening effects are described by

chemical reactivity plays in 2D supramolecular assembly. We

(6) (a) Griessl, S.; Lackinger, M.; Edelwirth, M.; Hietschold, Bingle Mol.
2002 3, 25. (b) Nath, K. G.; Ivasenko, O.; Miwa, J. A.; Dung, H.; Wuest,
J. D.; Nanci, A.; Perepichka, D. F.; Rosei, F. Am. Chem. SoQ006
128 4212.
(7) Lu, J.; Zeng, Q.; Wang, C.; Zheng, Q.; Wan, L.; Bai,CMater. Chem.
2002 12, 2856.
(8) Dimitriev, A.; Lin, N.; Weckesser, J.; Barth, J. V.; Kern, K.Phys. Chem.
B 2002 106, 6907.
(9) Lin, N.; Payer, D.; Dmitriev, A.; Strunskus, T.; WoC.; Barth, J. V;
Kern, K. Angew. Chem., Int. EQ005 44, 1488.
(10) Ishikawa, Y.; Ohira, A.; Sakata, M.; Hirayama, C.; Kunitake, Ghem.
Commun2002 2652.
(11) Su, G.-J.; Zhang, H.-M.; Wan, L.-J.; Bai, C.-L.; Wandlowski JT Phys.
Chem. B2004 108 1931.
(12) Yan, H.-J.; Lu, J.; Wan, L.-J.; Bai, C.-lJ. Phys. Chem. 2004 108
11251.
(13) Schwab, P. F.; Fleischer, F.; Michl,J.0rg. Chem2002 67, 443.

introducing mirror images of the force-field partial Coulomb chatges
(ball and stick images are produced with Xcrysleand VMD?).

3. Results and Discussion

STM Studies. The sublimation of thd8TA molecules onto
a Ag(111) surface held at 26@50 K followed by short

(14) Livoreil, A. L.; Dietrich-Buchecker, C. O.; Sauvage, J.J2Am. Chem.

So0c.1994 116, 9399.

(15) Car, R.; Parrinello, MPhys. Re. Lett 1985 55, 2471.

(16) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993.

(17) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244,

(18) Vladimirova, M.; Stengel, M.; De Vita, A.; Baldereschi, A.; Boeringer,
M.; Morgenstern, K.; Berndt, R.; Schneider, W. Burophys. Lett2001,
56, 254.

(19) Kokalj, A. Comput. Mater. Sci2003 28, 155.

(20) Visual Molecular Dynamics: http://www.ks.uiuc.edu/Research/vmdy/.
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Figure 2. dl/dV tunneling spectra acquired at the three phases, respectively.
As a reference, the spectrum acquired at the pristine Ag(111) surface is
shown, displaying the surface state onset @ mV. All spectra were taken

at 5 K in lock-in technique, with a modulation amplitude of 10 mV and a
modulation frequency of 5 kHz. Setting parameters of measurements
(tunneling current and bias voltage before opening the feedback loop) are
0.2V and 1.5nA, 0.2V and 0.7 nA, 0.6 V and 0.5 nA, and 1.0 V and 1.0
nA, for acquiring spectra on clean Ag, phase |, phase Il, and phase I,
respectively. The magnitude of each spectrum is normalized according to
the onset height of the clean Ag surface state taken with the same setting
parameters. The curves are shifted along\teis for clarity.

*
»

the presence of the substrate electrons, and vice YeRSar

weak adsorbatesubstrate interaction, the Shockley surface state
present on the (111) surfaces of the noble metals Au, Ag, and
Cu is known to persist upon adsorption with modified band onset
and electron/hole lifetime®:23 An excess negative charge at
the surface associated with the adsorption usually results in an
upward shift of the onset energsf@ whereas a downward shift

is observed for electron-deficient adsorbates such as alkali
metals2® Stronger adsorbatesubstrate interactions can lead to
substantial changes of the substrate electronic structure and even
guenching of the surface state. Figure 2 shows thevd
tunneling spectra of the three molecular phases along with the
clean Ag(111) spectrum. The latter shows a sharp onse7@t

mV. This steplike characteristic is modified by the adsorption
of BTA in all three phases. In phase |, a slightly broader onset
Figure 1. The deposition of thTA molecules onto a Ag(111) surface  at energy of-50 mV was observed (the onset position is defined
feSU_][tScijf;ﬂ;enL?;magir?ft‘hg 1‘“(?flff;fzjer?;seug‘;?nmgfgﬁﬂlraef_ h(yf)m%eagf??gmfn by the half-maximum height). In contrast, phase |l and phase
rZnISJtrlmfney?:omb ngetwork), (bg)] phase Il (1D ribbor?s), and (c) phgse 1l (cloge— IIl show onsets of remark?‘ble broadening and upward shifting,
packed 2D adlayer). Image size: 30 nn20 nm. Tunneling current 0.5 320 and 770 mV, respectively. The spectra are independent of
nA, bias voltage= 0.5 V (applied to the sample). the position of the STM tip; that is, scanning tunneling
spectroscopy (STS) mapping &8TA at various essential

annealing at 270300 K resulted in the formation of a regular ~€nergies does not display submolecular contrast. This phenom-
2D honeycomb network (Figure 1a). However, holding the €non suggests that the observed spectral features are not derived
temperature of the Ag(111) surface above 320 K during the from BTA molecular orbitalg? but rather from the Ag surface
molecular deposition resulted in the evolution of a second phase€l€ctronic states.

of ribbons consisting of equal-spaced one-dimensional (1D) rows ~Phase | consists of neutrBITA that weakly adsorbs at the
(Figure 1b). Alternatively, phase | (the 2D open honeycomb surface, which only slightly alters the surface state offédthe
network) can be transformed into phase Il (the 1D ribbon Significant upward shiftin phase Il and Il indicates the presence
structure) by annealing at a temperature of 320 K. Further

. . (21) (a) Zou, Y.; Kilian, L.; Sch, A.; Schmidt, C.; Fink, R.; Umbach, BSurf.
increasing the temperature of the Ag(111) surface above 420" S¢i 200 600, 1240-1251. (b) Eremtchenko, M. Schaefer, J. A.; Tauz,

K resulted in the emergence of a phase Ill, in which a 2D close- F. S.Nature 2003 425 602.

. (22) (a) Hovel, H.; Grimm, B.; Reihl, BSurf. Sci.2001, 477, 43. (b) Paniago,
packed adlayer with inherent 3-fold symmetry could be observed R.: Matzdorf, R.; Meister, G.. Goldmann, &urf. Sci 1995 325, 336. (c)

i i i Jacob, W.; Dose, V.; Goldmann, Appl. Phys. A1986 41, 145. (d)
(Figure 1c). All three phases are formed_ln extended domains Lindgren. 5. A Paul. 3 Wallden. Surt. Sci 1082 117 426, (6) Che
on the surface. Both phase transformations were completely C. T.; Smith, N. V.Phys. Re. B 1989 40, 7487.
irreversible (23) (a) Lindgren, S. A.; Wallden, LSolid State Commuri98Q 34, 671. (b)

X " L. . Lindgren, S. A.; Wallden, LPhys. Re. Lett 1987, 59, 3003.
To investigate the origin of the phase transformations, (24) (a) Sautet, P.; Bocquet, M.-Bhys. Re. B 1996 53, 4910. (b) Repp, J.;
; ; Meyer, G.Phys. Re. Lett 2005 94, 026803. (c) Kraft, A.; Temirov, R.;
tunne"”_g spectra were acqu”ed at the thre_e phases. The Henze, S. K. M.; Soubatch, S.; Rohlfing, M.; Tautz, F.PBys. Re. B
electronic structure of an adsorbed molecule is perturbed by 2006 74, 041402.
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Figure 3. (a) High-resolution STM image of the phase | honeycomb network. Image size: 4:9 4u3 nm. (b) Atomistic model proposed for this phase.
(c) The modeled double hydrogen bond between two carboxylic acid groups. Tunneling ea®ehinA, bias voltage= 0.5 V (applied to the sample).

Figure 4. (a) High-resolution STM image of the phase Il ribbon structure. Image size: 6.% #hY nm. (b) Atomistic model obtained for this chiral
asymmetric structure. Each molecule is singly deprotonated, but still links to neighboring molecules by hydrogen bonds between carboxybc @3id pai
Detail of the hydrogen-bond corner linkage. Tunneling currer.5 nA, bias voltage= 0.5 V (applied to the sample).

of negatively charged adsorbates at the surface, which isthe hexagonal network and (ii) additior2T A molecules within
associated with deprotonated acid groups. This observation isthe cavities (cf., Figure 1a). The latter defect suggests the
consistent with recent experiments on the related molecule possibility to achieve a controlled filling of the relatively large
trimesic acid on Ag(111), where deprotonation of the carboxylic hexagonal cavities with different types of molecules.
acid groups also resulted in an upward shift (330 mV) of the  phase Il has a 1D ribbon structure, as shown in Figure 4a.
surface state onsétThe further shifting and broadening of the  \within the single rows, twBTA molecules are arranged in
onset of phase Ill with respect to phase Il reflects (and is pajrs forming a band of 1.70 nm width. The periodicity along
possibly caused by) the development of the deprotonation the row is 1.55 nm, and the row-to-row spacing is 2.18 nm.
processes, that is, a stepwise increase of the number ofrpe grientations of the ribbons fall in three directions with a
deprotonated groups pBTA molecule?® consistent with the  12¢¢ angle in between, reflecting the 3-fold symmetry of the
irreversibility of the observed transitions. Ag(111) substrate. The structure of phase IIl consists of close-
On the basis of these observations, we propose the following packedBTA, with every end group pointing to the mid-edge
models for the threBTA phases. Phase | represents a 2D open of an adjacent molecule, as shown in Figure 5a. This phase has
hexagonal network, which incorporates a regular array of a C; symmetry and a 1.36 nm lattice constant.
cavities of 2.9 nm inner diameter and 3.1 nm periodicity (Figure  computational Modeling. To investigate its stability, phase
Qa). The supramolecular'interconnection of BYeA molecu.les 1 was modeled with AMBER holding the system in a planar
is achieved by symmetric hydrogen bonds of carboxylic acid geometry. The resulting equilibrium structure is shown in Figure
dimers, as shown in Figure 3b and c, whereby the oxygen 3p  Ajthough the benzene's surface model is probably less
oxygen distance is estimated at a value of 3.1 A as expectedggfactive than on the real metal substrate in stabilizing the
for this type of bond. Structurally, the honeycomb phase I'is girycture, the network proved to be stable up to relatively high
similar to that of the related TMA systems, although the pore (emperatures in the modeling. The structure consists of a

size is significantly enlarged to 2.95 rfifi>2*Very recently,  pework of molecules doubly bound to each other by hydrogen
the same hexagonal network structure of the unprotorizitéd bonds of the carboxylic acid groups (Figure 3c) to form a
was also found at the solid/liquid interface (graphite/nonanoic honeycomb network structure.

acid or 1-phenyl octané).Generally, two types of point defects The ribbon phase Il is far less immediate to model, as it

n rved: (i) missing bricks (BTA molecules) within . .
can be observed: (i) missing bricks ( olecules) presents molecules arranged in stripes that keep apart from each
) - ) other (see Figure 4a). The AMBER package was next used to
25) P ,D.;C , A.; Dmitriev, A.; St kus, T.; Lin, N.;NWE.; D . . e .
@9 Vi?a{e/rx.; Bart??ilsfs\?.; KemrT“Kr.l,e \s/ubmitterg.n sue " ¢ investigate the stability of the observed phase Il ribbon structure.

(26) (a) Theobald, J. A.; Oxtoby, N. S.; Philips, M. A.; Champness, N. R.; Beton, i i i i i i _
B H. Nature 2003 424 1029, (5) Stor. M.. Wahl. M- Galka, C. H.. The simulations were carried out for different ribbon configura

Riehm, T.; Jung, T. A.; Gade, L. H\ngew. Chem., Int. E2005 44, tions imposing the same initial temperature, spacing, and
7394. -

(27) Kampschulte, L.; Lackinger, M.; Maier, A.-K.; Kishore, R. S. K.; Griessl, Sljlbs”ate Condltl_ons'_The rows \_Nere madeBoi mOIeCUk?S
S.; Schmittel, M.; Heckel, W. MJ. Phys. Chem. 006 110, 10829. with the carboxylic acid groups either fully protonated or singly
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Figure 5. (a) High-resolution STM image of the phase Il closely packed 2D adlayer structure. Image size: 5.@.Amm. (b) Atomistic model of phase

11l. The BTA molecules are doubly deprotonated in this model (the remaining proton is tilted backward) with no residual H-bonds between carboxyl groups.
(c) Hydrogen bonds between one remaining protonated carboxylic acid group and-HheiGtons of the phenyl rings of neighboriBTA molecules.
Tunneling current= 0.5 nA, bias voltage= 0.5 V (applied to the sample).

deprotonated. It was found that in both cases the rows appear When further deprotonation takes place at higher temperatures
to be stable up to high temperatures (5800 K in the (T > 420 K), as suggested by the tunneling spectrum taken at
simulations). However, neighboring rows made of fully proto- phase I, even the phase Il ribbon configuration becomes
nated molecules tend to stick to each other, contrary to what unstable, because at least two hydrogens are needed to bind
was observed in the STM images. On the other hand, whentogether three carboxylic acid groups. Experimentally, the
partially deprotonated molecules are used, neighboring parallelsystem changes into the 2D close-packed phase Il upon further
rows remain apart from each other during the simulations, annealing, with aIBTA molecules having the same orientation.
consistent with the experimental results. These results wereThis third phase does not contain hydrogen bonds between
obtained again using the molecular dynamics model describedcarboxylic acid groups, and the molecules stabilize in a
in the Experimental Section, which contains an image-charge triangular 2D lattice (see Figure 5a), in which every end group
description of the surface screening. This all suggests that thepoints to the mid-edge of an adjacent molecule. At first, it would
observed behavior is due to the repulsive interaction betweenseem reasonable to assume that complete deprotonation of the
the neighboring rows containing negatively charged carboxylate carboxylic acid groups were implied by such a structure.
groups on their borders. This electrostatic repulsion cannot be However, classical modeling carried out with the same MD
overcome by hydrogen bonds between carboxyl groups of packages used above indicates that the high density of negative
neighboring chains, because all of the available carboxyl charges left by complete deprotonation introduces an exceed-
hydrogens are involved in the internal linkage structure of the ingly large repulsive contribution to the cohesive energy of the
individual chains. Furthermore, the repulsion can be expected supramolecular structure. Indeed, any attempt to reproduce a
to be significant at short intermolecular distances even after stable packed structure of fully deprotonatee3¢ charged)
taking into account the surface electrostatic screening, yielding molecular ions with classical codes failed, the repulsive energy
stable structures with separated molecular ribbons at theterm being too high for the system to remain stable. A simple
experimental coverages. The most stable molecular structureestimate of the Coulomb repulsion energy can be obtained by
identified for phase Il is the one shown in Figure 4b. It contains approximating each negative carboxylic group (screened by the
one deprotonated carboxylic acid group bound to two different metal surface) with a standing electric dipole. The system thus
protonated acid groups by two hydrogen bonds (Figure 4c). Onebecomes a network of dipoles set on a regular triangular lattice,
of the hydrogen bonds is tilted backward, yielding a chiral with a repulsive energy per molecule fLO eV. This should
stepped structure for the assembled row. This structure wasbe compared to the attractive interaction between molecules,
found to be more stable than any other structure we could which can be estimated by ab initio modeling of the bonding
produce with further modeling. Also, it is the structure in best of a deprotonated benzoic acid with oB&A molecule in the
agreement with the observed images. gas phase. In equilibrium the molecules are coplanar and bound

We note that while the honeycomb phase (phase 1) corre- by hydrogen bonds involving COO oxygens and CH group
sponds to the optimal hydrogen-bonding geometry between fully hydrogens. The distance between the carbons and the oxygens
protonated molecules, it would become relatively unstable if iS approximately 2.95 A, the geometry being similar to that of
one carboxylic acid group p&TA were deprotonated, as this the hydrogen bonds formed by the tBdA COO-groups of
would imply couples of adjacent negatively charged mutually the central molecule in Figure 5b. This calculation yields a
repelling oxygen atoms, located on the non-hydrogen-bondedbinding energy of 1.8 eV per molecule, that is, much less than
side of facing Carboxy“c acid group pairs_ We thus conclude the repulsive contribution above. These results indicate that a
that the observed phase II, which does not involve symmetric fully deprotonated, fully charged system is unlikely to form, so
pairs of repulsive oxygens, would become more stable if that different states of charge or less than full deprotonation
deprotonation occurred. Although the lowered degree of direct must be considered.
carboxyl pairing does not taken alone prove that deprotonation We thus modeled the fully deprotonated system with an ab
occurs, we note that the onset of deprotonation, which is known initio simulation containing a singBTA molecule over 5 layers
to occur in similar systems and temperature ratigeould be of Ag(111) in each periodically repeated cell of a triangular
consistent with the tunneling spectra data and with the irrevers- surface lattice. After electronic and ionic relaxation, the electron
ibility of the observed transition. We thus suggest that thermally density was integrated over the volume occupied by the
initiated deprotonation of the carboxylic acid groups is the molecule to evaluate its charge state. Our calculated value for
driving force for the transition from phase | to phase Il. the charge of the fully deprotonated adsorbed molecule is

15648 J. AM. CHEM. SOC. = VOL. 128, NO. 49, 2006
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Scheme 2. Hierarchical Self-Assembly and Temperature-
Controlled Release

system. From this we subtract the electron densities associated
to a gas phase-e charged deprotonated molecule and that
associated to the-e surface unit cell, still assuming the phase
Il periodicity. As our choice of subtracted electron densities
already approximately reproduces the final dipole structure of
the interacting system (where the molecule-is.17 charged
and the surface ist1.17e charged), the displaced electron
- p density as defined can be used to describe the further local
Figure 6. Contour plot of the electron density displacement in a vertical density rearranggment Olccumng on the mOIG,Cl“e and on the
plane containing an oxygen belonging to a deprotonated carboxylate groupSurface once the interaction between the two is turned on. The
(see text). Electron density depletion is plotted in red-yellow, while the polarization of the oxygen atom in the negatively charged COO
blue-green color palette denotes electron density accumulation. group and the screening response of the surface are visible in
Figure 6 as a peak-through structure with a prominent electron
accumulation lobe (in blue) located just below the oxygen atom.
This is screened by a corresponding depletion lobe (in red)
located just above the Ag surface layer. No similar structure is
d found for protonated (neutral) carboxyl groups, and no ap-
preciable structure is detected plotting the electron density
displacement in the horizontal plane of the BTA adlayer,
suggesting that the metal substrate does not significantly modify
the electronic structure of the H-bonding regions.

Hierarchical Self-Assembly. The bottom-up generation of
organizational levels of increasing complexity, diversity, and
functionality relies on hierarchic self-assembly steps, where each
step progressively sets the base for the next '@feThe
nanocavities of the phase | honeycomb structure with 2.95 nm
inner-diameter provide the space to bind a single molecule or
a discrete number of guest molecu#@8ecause of its regular
arrangement of nanocavities over extended domains, the su-

—1.97, that is, the model predicts that the molecule is less
negatively charged than the previously considerea value.
The repulsive energy estimated as before decreased.weV

in this case, which is still too high to yield the close-packe
configuration of phase Ill.

We then addressed the alternative hypothesis of incomplete
deprotonation, implying, for example, that a doubly deprotonated
system should be compatible with the geometry of the system.
An ab initio calculation revealed that the phase Il arrangement
is still compatible with the presence of protonated oxygens if
the OH bond is tilted backward. In such a system (see Figure
5b), the calculated ab initio value for the integrated charge of
the molecule is-1.17, corresponding to an estimated repulsive
energy of~1.5 eV, which is low enough to be compatible with
the occurrence of a close-packed stable structure in which
carboxyl groups are not facing each other. Thus, phase Il is . .
rationalized by a structure containing doubly deprotonaed pramolecular phase | structure constitutes an ideal two-

. dimensional template to construct an ordered hierarchical system
molecules. In this phase, both the two deprotonated carboxylate " .
- - . . with guest molecules. Furthermore, the temperature-controlled
groups and the still protonated carboxylic acid group bind to

. . . . phase transformation leads to a reorganization under release of
the inner pocket of aromatic-€H protons of the neighboring - .
- . . the guest molecules. These concepts are illustrated in Scheme 2.
BTA, leading to an intermolecular hydrogen-bonding network, S . .
L2 To test the possibility of hierarchical self-assembly, molecules
as shown in Figure 5b. . . .
In th ilibri f tion th lecules lav flat of the macrocylic compouneht-33 (see Supporting Information
n the equilibnium configuration the molecules ay flat on Figure S1) were chosen as guest moleculgs33 was deposited
the surface, at a distance of about 3.1 A from the first Ag layer.

. , ; on top of the surface covered with the hexagonal 2D network
The oxygens in the deprotonated group are slightly tilted toward

h f Th in f f the el ] fth of phase |. We found that single molecules rof-33 were
the surface. The main eatur(_e of the electronic strucFure oF the ¢onfined within the nanometer-sized cavities of the hexagonal
phase Il monolayer is the dipolar layer corresponding to the

network. STM measurements, as shown in Figure 7, which were
overgll—l.l?echarged moleculfe, screened by the metal surface.,[aken at 5 K, clearly identified larger species trapped in the

As dlscu_ssed apoye, the main eﬁ_eCt of the presence of thehoneycomb cavities, as represented by the red rings in the
surface in mediating the interaction between deprotonated schematic graph of Figure 7b. The appearance of these objects

_molecul_es IS tz dleflnelthe I:)ng-rznge compone_nt of sgc_:h occurred exclusively after the depositionmof-33. The external
mteracuon as the lateral repulsion etwe(_an neggtlve standingg;;e and the ellipsoidal shape indicate that these objects are
dipoles. To analyze the substrat@dsorbate interaction beyond

dipole formation, we computed the displaced electron density
on a vertical plane passing by an oxygen atom of a deprotonated2s) (a) Stepanow, S.; Lingenfelder, M.; Dmitriev, A.; Spillmann, H.; Delvigne,

indeed molecules omt-33 (see Supporting Information). In

B ; B ; E.; Lin, N.; Deng, X.; Cai, C.; Barth, J. V.; Kern, KNat. Mater.2004 3,
carbo_xylate group (contour plot in Figure §). To obtain this 259, (b) Stepanow, S.. Lin. N.: Barth, J. V.. Kern. khem. Gommun.
guantity, we first compute the electron density of the phase Il 2006 2153.
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Figure 8. (a) STM image showing spontaneous clustering of macrocycle
moleculemt-33 coexisting with the close-packed phase Il of BTA. (b and

cavities of phase | oBTA. (a) STM image (18 nnx 11 nm) representing ¢) Hi : ; S :
. ; gh-resolution STM images of the dimeric and tetrameric aggregates
the hexagonal network BTA with subsequently depositett-33. (b) A with inscribed models (nitrogen in blue; oxygen in red) and intermolecular

schematic view of (a). The solid hexagon_s highlight the 'backbone of the hydrogen bond (in green). Tunneling currend.5 nA, bias voltage= 0.5
honeycomb network, whereas the red rings show a single macrocyclev (applied to the sample). '

molecule ofmt-33 trapped within cavities and the yellow triangles show
trapped molecules dBTA. Tunneling current= 0.5 nA, bias voltage=
0.5 V (applied to the sample).

Figure 7. Trapping of single macrocycle molecule-33 in the nano-

2,2,6,2"-terpyridine units, as proposed by the green dashed
lines in Figure 8b and c. This nucleation behavior is identical

addition, the trapped molecules within the cavities exhibit a to adsorption ofmt-33 at a clean Ag(111l) surface (see
donut shape, which advocates for a flat adsorption on the Supporting Information Figure S2).
surface. In comparison, the included smaller species (expressed
as yellow triangles in the schematic view) are excess molecules
of BTA trapped within cavities, which can be easily distin-
guished from the macrocyclic compouna-33. A 2D open honeycomb network with nanopores of an in-

Figure 7a further reveals that due to the matching interior ternal diameter of 2.95 nm was formed by the self-assembly of
size of the cavity with the molecular size wit-33 only single 4,4 .4'-benzene-1,3,5-triyl-tribenzoic acidTA) on Ag(111)
species are accommodated in a cavity at these particularsurfaces. Stepwise annealing of the initial phase resulted in
deposition conditions. In any case, no double inclusiomtf two phase changes: the 1D ribbon phase Il and the 2D close-
33 could be observed. In more detail, the STM data also reveal packed adlayer phase Ill. The tunneling spectra acquired at the
that the molecules are confined eccentrically within the hex- three phases suggested that the phase transformations are due
agonal cavities contacting the cavity inner wall, which might to progressive deprotonation of the carboxylic acid functions
be explained by the attractive interaction between the macro-of BTA, in agreement with the irreversible transformation.
cycle outer rim and the cavity inner wall. The preference of the Theoretical modeling by classical force fields and ab initio
adsorption sites also reflects the stereochemical misfit@f-a calculations has been used to reproduce and interpret the
symmetry moleculent-33 within a 3-fold-symmetric environ-  experimental results. The emerging physical picture is that
ment. whenone carboxylic acid group is deprotonated BarA

When annealing the phase | structure that included the trappedmolecule, repulsion between facing carboxylic acid groups
mt-33 species to the phase transformation temperature of 320occurs and the first transition (phase | to phase II) takes place.
K, the trappedmt-33 molecules were released and formed If further deprotonation occurs, the intermolecular links within
dimers, trimers, and tetramers together with the close-packedphase I, consisting of H-bonds between carboxyl acid groups,
phase Il of BTA, as shown in Figure 8a. The individual are progressively broken, and the second transition occurs.
molecule appears as a doughnut-shaped object, which reflectdDuring these processes, stable hydrogen bonds connecting
the ring structure omt-33. The high-resolution data in Figure fully protonated opposite-facing carboxyl acid groups (phase
8b and c elucidate an asymmetrically ellipsoidal shape of I) are progressively substituted with lateral hydrogen bonds
individual molecules oimt-33 consisting of a broader 2,8,2"'- between partially deprotonated carboxyl acid groups (phase II)
terpyridine (denoted as head) part and a sharper 1,10-phenanand finally by hydrogen bonds between carboxylic acid groups/
throline part (denoted as tail). Within the aggregates, the carboxylates and phenyl-€H protons (phase Ill). In summary,
molecules form head-to-head arrangements for both the dimerour results indicate that deprotonation can explain the occurrence
and the tetramer. The intermolecular interactions are attributedof the self-assembled phases in the observed order. Rather
to hydrogen bonds between the nitrogen atoms and the protongemarkably, they also exemplify how higher-coverage phases
of the aromatic rings of all-transoid conformers of neighbored can be obtained at each step of a series of phase transitions in

4. Conclusion
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a supramolecular assembled system, despite the increasindor single-molecule addressing of appropriate guests are under-
temperature and the increasing electrostatic energy cost acway.
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