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Potential-Induced Phase Transition of Trimesic Acid Adlayer on Au(111)
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Potential-induced phase transition of trimesic acid (TMAHS§COOH)) on a Au(11l) electrode was
investigated by in situ scanning tunneling microscopy (STM) and cyclic voltammetry. A pair of peaks, ascribed
to structural transformation was observed in the cyclic voltammograms (CVs) of Au(111) in 0.1 MyHCIO

0.1 mM TMA. The magnitude of the peaks decreased with increasing solution pH. On the basis of high-
resolution STM images in 0.1 M HCIQIt is proposed that TMA molecules assume a flat-lying and a vertical
orientation at 0.25 and 0.85 V, respectively. The coexistence of the two orientations was observed at 0.65 V.
The discovered adlayer phases could be represented»),(45x2+/3), and (3/3x 4+/3) or (7x2+/3)
structures. Intriguingly, it is found that TMA molecules bind on Au substrate with one and two deprotonated
carboxyl groups with potential shifting, even though the molecules take the same vertical orientation. On the
basis of the STM observation, structural models for various adlayers are proposed. Comparing the STM
results with those of cyclic voltammetry, we conclude that the potential-induced phase transitions in 0.1 M

HCIO, solution result from the interfacial deprotonation/protonation of the TMA molecules.

Introduction adsorption spectroscopy (SEIRAS) and ST\Three coordina-

) . tion modes of pyridine to the metal surface have been
_ The adsorption of organic molecules at electrediectrolyte ongrted: (1) flat adsorption via electrons of the aromatic
interfaces can be considered as one of the most promisingying at negative potential; (2) tilted adsorption via both lone-
approaches not only for the preparation of ordered adlayers bUtpair electrons of the N atom and electron as the applied

also fo;féucidating the nature of the electredgectrolyte yantial increases; (3) N-coordinated vertical adsorption at more
interface:™ Recently, the as-prepared organic monolayers were qgitive potential. The occurrence of a phase transition is

proved to be ideal models to study phase transition in 10W- atignalized as a result from a bonding transition of adsorbed
dimensional systems, which provide a new possibility for the pyridine

fabrication of nanoscale electronic deviééghe emergence of . . .
The adsorption of carboxylic acid on metal surfaces can be

scanning tunneling microsco STM), which can directl )

addressg nanoscal% structuregya(t vari)ous interfadéshas y conS|_d_ered as_another model system for the study of_phase

brought fascinating advances. A large number of reports have lransition. I_:or Instance, Zelgnay etal found_ the adsorption of
benzoic acid on polycrystalline Au not only is strong but also

described phase transitions in organic monolayers on metaloccurs in the entire range of potential available to electrochemi
surfaces. Among these researches, nitrogen- and carboxyl- 9 p

containing molecules have attracted much attention because oFaI studies in aqueous solutlon._ Direct bindingroglectrons .
their importance both fundamentally and practically of the benzene ring to the negatively charged surface results in

Tvoical nit taini lecules included pvridine’-2 2 parallel orientation aE < 0.30 V, whereas a surface bond
bi ypoll(':a n|2rozg§r|;-con %'In'ng ”_]0 S&u edsl inc E et p3|’” me,-t ,d between free electron pairs on oxygens in the carboxylic group
ipyridine ( il )’. and uracil. Yvandiowski et al. reported 4 positively charged surface results in vertical orientation at
phase transitions in uracil adlayers on Ag, Au, and Hg

lectrod bstrat facdd 15 T tal 1 rted th E > 1.3 V. A region of mixed orientation cannot be ruled out
electrode-substrate surfaces. ao et al. reporte € in the intermediate regiol?. Thus, the phase transition occurred
potential dependent ordedisorder transition in a monolayer

of 2,2-BP on Au(111), which is driven by a potential dependent with thg electrode potential. . .
attractive force between the molecular chains. Further theoretical ! this paper, we report the potential-induced phase transition
calculation shows that the substrate-mediated effective attractive® TMA at agueous Au(111)/electrolyte interfaces by in situ
force arises as an adsorbed' BP perturbs its surrounding local STM and .cycl|c volt.ammetry. The chemca! structure of the
surface potential and thus the nearby molecti@iditionally, molecult_a is shown in Chart 1. Three |dent|cal_ carboxyl end
Wan et al. reported potential-induced phase transitions 6f 2,2 9r0UPS in the same plane are 3-fold-symmetrically arranged
BP on Cu(111} The reversible transition of these molecules &round a phenyl center showing a characteristic “propeller-like
with planar and perpendicular orientations was revealed by in conformation. Two additional carboxyl groups may result in
situ STM. Osawa et al. studied the orientation and adlayer different adsorption behavior for TMA, compared with the
structure of pyridine on Au(111) as a function of the applied benzoic acid. On the other hand, the TMA molecule represents

potential by using in situ surface enhanced infrared reflection & Prototype material for supramolecular self-assemBfi¢r
TMA, the most common motif is identified as a planar

¥ Chinese Academy of Sciences (CAS). honey_comb network formed by d|r(_act|o_nal hydrogen bo#ds.
* Also in Graduate School of CAS, Beijing, China. TMA is also known to assemble in diverse supramolecular
§ Institute of Surfaces and Interfaces. structures due to the trigonal exodentate functionafity?
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CHART 1: Chemical Structure of TMA Molecule 40 -
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Recently, Kern et al. studied the adsorption and ordering of . i
TMA on a Cu(100) surface in ultrahigh vacuum by variable- E/V vs. RHE
temperature scanning tunneling microscéht low temper- Figure 1. Cyclic voltammograms for Au(111) electrode in 0.1 M

ature (~200 K), two-dimensional networks of planar oriented HClOs (dashed line) and 0.1 M HCIOH 0.1 mM TMA (solid line).
molecules, interconnected by directional hydrogen bonds, were "€ Scan rate was 50 mvJs.

found. A rather similar structural motif was also reported in . . L
the bulk TMA crystal structure. At room temperature, more '€ observed, as described previodSlit.is indicated that the
densely packed stripe arrangements exist, which were attributedSUrface is well-defined Au(111) free from contamination.

to stacking rows of perpendicularly oriented molecules coor- After the examination of the bare Au(111) electrode, the
dinated to the substrate via a carboxylate group. Kunitake et &l€ctrochemical behavior of Au(111) is investigated in 0.1 M
al. reported adsorption of TMA on Au(111) surfai®eA two- HCIO4 containing TMA shown in the soll_d line of Figure 1_.
dimensional molecular network was observed in a limited '€ oOxidation of the electrode surface in 0.1 mM TMA is
potential region. The present paper reports the adsorption ofconsiderably hampered and shifted toward more positive
TMA adlayers in a wide potential region. A potential-induced POtentials, which suggests strong adsorption of TMA molecules
phase transition is observed. The experiment is conducted undefn the Au(111) surface. The result is similar to that of benzoic
the aqueous conditions. Thus, it is convenient to control the &cid on a polycrystalline gold surface in 0.1 M HGlgplution:?
molecular orientations compared with that under the ultrahigh Chémical structures show that the two molecules possess

vacuum. identical functional groups. Hence, it can be concluded that
TMA molecules form a chemical bond to the surface as
Experimental Section described by Zelenay et H.

) . . A pair of new peaks, ascribed to structural transformation in
The STM experiments were carried out with a Nanoscope E e T\vA adlayer, is found in the double-layer region. With the
(Digital Instruments). The tunneling tips used were prepared jycrease of pH, this transition region shifts toward more negative

by electrochemical etching of a tungsten wire (0.25 mm in potentials. At pH> 5, no peaks are observed in the double-
diameter), subsequently coated with clear nail polish to minimize layer region. The details on the transition with pH will be
Faradaic currents. All STM images were acquired in constant- jescribed in a separate paper. The observed feature of the pH
current mode. The electrodes (Au(111)) were prepared with the genendence suggests that the structural transformation of the
bead method by melting a Au wire (99.999% in purity, 0.8 MM T\ adlayer may involve an interfacial protonation/deproto-
in diameter). Before each experiment, the Au bead was annealeq, ation proces® The main driving force may come from
in a hydroger-oxygen flame and quenched after careful cooling
in Milli-Q water, which was saturated with hydrogéhAll
solutions were prepared with ultrapure Milli-Q water. Solutions
of variable pH were prepared by mixing 0.1 M HGl@nd 0.1
M NaOH. Trimesic aci.d is obtained from. I.<an.to Chemical Cp. V and have the same charge of ca. 14CL cnt2, indicating
(Tokyo) and used without further purification. The cyclic 41 the protonation/deprotonation process is reversible. Similar
voltammograms of Au(111) in various solutions were measured g its were also reported for fumaric acid on Au(121).
with an EG&G basic electrochemical system. The solutions were 3 5 g1\ Opservation. A well-defined terrace-step structure
deaerated with nitrogen prior to the measurements. The referenceg easily observed on the well-prepared Au(111) surface. The
and counter electrode were a RHE and a Pt wire, respectively. o i image of Au(111)-(%1) is routinely discerned on the
All electrode potentials are reported with respect to the RHE. o(ace in pure HCI@solution. After the examination of the
bare Au(111) surface, a small amount of TMA solution was
directly added to an STM cell under the potential control of
3.1. Cyclic Voltammetry. Figure 1 shows cyclic voltammo-  0.65 V. The concentration of TMA in 0.1 M HClOwas ca.
grams (CVs) of an Au(111) electrode in 0.1 M HGlQ@lotted 0.1 mM. Half an hour later, a different pattern appears in the
line) and 0.1 M HCIQ + 0.1 mM TMA (solid line) using the STM image, as shown in Figure 2a. It is evident that the
so-called hanging meniscus method. Under these conditions,atomically flat terraces are now covered by the ordered adlayers
TMA is completely protonated 0 = 2.1, Ky = 4.1, K3 = of TMA. The important feature in the image is triangular
5.1&7). It can be seen that the double-layer region of the CV clusters, which coexist with elongated brighter spots.
extends from 0 to 1.2 V in the absence of TMA. When the  Figure 2b is a higher resolution STM image, revealing more
potential goes more positive, two well-separated oxidation peaksdetails of the internal molecular structure, orientation, and

different electronic properties of the gold surface atom at
different applied potentials. Namely, the applied potential can
be exploited to drive the structural transition. The oxidation and
reduction peaks were observed at almost the same potential 0.67

Results
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Figure 2. (a) Typical large scale STM image of the TMA adlayer on
Au(111) in 0.1 M HCIQ containing 0.1 mM TMA, obtained alt
(tunneling current)= 1.8 nA andE; (electrode potential of substrate)
=0.65 V. (b) High-resolution STM image of TMA molecules adsorbed
on Au(111) in 0.1 M HCIQ solution, obtained aft = 2.7 nA andEs

= 0.65V. A set of arrows indicateSl100direction of Au(111). (c)
Height profile along line A-B revealing the different imaging contrast
for adjacent TMA molecules and their intermolecular distances.

nm
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Figure 2c. It is indicated that the TMA molecule takes a flat-
lying orientation on the Au(111) surface with the phenyl ring
parallel to the substrate. The result is favorable to that on Cu-
(100) under UHV condition$24 The symmetry and the
characteristic side length of approximat® A agree well the
with shape and dimensions of TMA. Therefore, each triangular
cluster in the image can be assigned as one TMA molecule,
and the bright spots can be attributed to the three “blades” of
the carboxyl groups. The corrugation height along row |
consisting of elongated bright spots is approximately 0.4 A
higher than that in row Il, as shown in the cross-sectional profile
in Figure 2c. Compared with the triangular cluster, the individual
bright spots may be ascribed to vertically oriented TMA
molecules. On the basis of the above analysis, a rectangular
unit cell is outlined in the STM image. Each unit cell includes
four bright spots located in the four corners and a triangular
cluster in the center. The characteristic molecular distances are
a= 1.0+ 0.2 nmand = 1.5+ 0.2 nm, respectively. Namely,

a (5x2+/3) structure is identified. Each unit cell is composed
of two molecules, flat oriented and vertically oriented ones. The
corresponding surface concentration is estimated toc218~1°

mol cnT2,

When the electrode potential is stepped in the negative
direction, different STM images are observed, suggesting that
local desorption takes place. However, one can still observe an
ordered adlayer, which is rather fragile. Repetitive rapid
scanning of the same electrode area disrupts the long range order
of this phase. Parts a and b of Figure 3 show typical
high-resolution STM images acquired at 0.25 V. It is evident
that the elongated spots found at positive potentials completely
disappear and only triangular clusters are observed. These
observations suggest that all TMA molecules are absorbed in a
flat-lying orientation. The intermolecular distances along these
rows are found to be 1.1& 0.2 nm, which corresponds to 4
times the lattice parameter of Au(111). Therefore, it can be
concluded that TMA molecules form ax4) adlayer structure.

A unit cell is indicated in Figure 3b. The corresponding surface
concentration is estimated to be ca. %41071° mol cn 2
Finally, we mention that complete desoprtion of TMA molecules
takes place & < 0.10 V. The mixed adlayer structure in Figure

2 could be observed again when the electrode potential was
stepped from 0.25 to 0.65 V. It is suggested that the structural
transformation is reversible with the applied electrode potential.

A new molecular structure appearseat 0.80 V, as shown
in Figure 4. One can clearly observe an elongated striped
structure along thél1210crystallographic directions, which
include three different molecular rows as marked by arrows |,
II, and Ill. The disappearance of triangular clusters in the STM
image suggests that no planar oriented TMA resides any more
on Au(111). Careful observation reveals that there exist two
different domains A and B. The domain boundaries between A
and B are indicated by dashed lines (Figure 4a). A high-
resolution image of the domain structure A is shown in Figure
4b. The topographic height of the molecular rows alternates:
two adjacent rows are imaged more brightly; the third molecular
row is slightly darker, which can be seen from the cross sectional
profile of Figure 4c. The cross-sectional profile along theB\
direction shows different corrugation heights in the molecular
rows. A ca. 0.4 A difference can be seen between the darker

packing arrangement in the ordered adlayer. It can be seen thatow Ill and brighter rows | and Il, which does not reflect the
there are two different molecular rows marked by arrows | and geometric difference of the molecli&This is rationalized by

II. In the row marked by Il are sets of regular clusters. Each the fact that the STM topography reflects electronic structure.
cluster appears as an equilateral triangle, which consists of threeFigure 4b also shows the rhombohedral unit cell. The estimated
bright spots with similar corrugation of ca. 0.3 A, as shown in molecular distances ag@= 1.0+ 0.2 nm ancb = 2.0+ 0.2
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Figure 3. (a) High-resolution STM image of the TMA adlayer on

Au(111) in 0.1 M HCIQ containing 0.1 mM TMA. The image was

obtained atl; = 612 pA andEs = 0.25 V. (b) Magnification of the

framed area in (a). A set of arrows indicatdd 0 ]direction of Au- A-

fl Il
(111). ' ]"J 1
nm, respectively. Compared with the underlying Au(111) lattice, le I

a (2/3x4+/3) structure can be identified, which gives rise to
a local surface concentration of 2910719 mol cn2. Similar
observations revealed that the corresponding unit cell in domain
B is approximated by a (72+/3) structure. -0.07- nm

Discussion 0 1 :2 2.14 3?6 4.8

The potential dependent STM experiments in 0.1 M HCIO  Figure 4. (a) Typical large scale STM image of the TMA adlayer on
demonstrate that TMA adsorbs on Au(111) and forms three Au(111) in 0.1 M HCIQ containing 0.1 mM TMA, obtained at =
well-defined adlayers. When the electrode potential is stepped >4 "A andEs = 0.85 V. (b) High-resolution STM image of TMA

- . adlayers on Au(111) in 0.1 M HClOcontaining 0.1 mM TMA,
to more positive, the surface concentration of TMA molecules pi-inaqd all, = 1.4 nA andE, = 0.85 V. A set of arrows indicates

increases from 1.4< 107 to 2.9 x 107! mol cnr2. The [110direction of Au(111). (c) Height profile along line-AB revealing
reversible peaks at around 0.67 V in the CV correspond to a the different imaging contrast for adjacent TMA molecules and their
phase transition within the molecular adlayer. From the chemical intermolecular distances.

structure, the TMA molecule is composed of three carboxylate

groups and one phenyl ring. The molecule can interact with tion) or with the z-electrons of the aromatic ring (planar
the Au surface either via the lone electron pairs of the orientation). As reported previously, benzoic acid, which has
deprotonated carboxylate groups (tilted or perpendicular orienta-one carboxyl group, adsorbs on the Au surface flat at negative
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Figure 5. Schematic representation of the suggested TMA adlayer structures on Au(111). Model (a) corresponds to the STM images in Figure 3,
(b) and (c) to the domain A and B of the STM images in Figure 4, and (d) to the STM images in Figure 2. A set of arrows ifdi€alisection
of Au(111).

charge densities and in a vertical orientation at positive charge conducted under aqueous conditions. The water may play an
densities, respectively.On the basis of the molecular structure important role in forming ordered adlayers of TMA molecules.
of TMA and a careful analysis of the STM experiments, we Thus, different supramolecular conformations have been ob-
propose the following structural models (Figure 5). served.

Figure 5a represents thex4) adlayer, which corresponds Figure 5b shows the proposed structural model for domain
to the STM images acquired at 0.25 V in Figure 3. We suggest A of Figure 4 with a (2/3x4+/3) structure. On the basis of
flat lying TMA molecules supported on the Au(111) surface the knowledge how different functional groups interact with
by a strongr electron interaction with the substrate. The TMA  surface$*32it is suggested that the TMA molecule reorients
molecules are tentatively positioned at 3-fold hollow sites, at positive charge densities from a flat-lying to an upright
similar to benzene on Cu(111), Pt(111), and Rh(£2#). orientation. The deprotonated carboxylate faces toward the
Previous studies show that TMA molecules can form a surface and free electron pairs on oxygen are coordinated by
honeycomb supramolecular network structure when flatly the positively charged surface, which reflects the formation of
absorbed on the Cu(100) surface or in the crystal structure ofa distinct chemisorption bond similar to TMA on Cu(1G6).
bulk a-polymorph TMA reported by Kern et &f. The main Both calculatiof®3*and experimental eviden®&8indicate that
driving force for the formation of such a structure can be uprightly oriented carboxylate groups have a strong preference
attributed to the intermolecular hydrogen bonds between the toward the coordination of both oxygen atoms in 2-fold bridge
carboxyl groups of TMA molecules. In contrast, the employment adsorption sites on the electrode surface. The different corruga-
of Au(111) not only changes the molectigubstrate interaction  tion heights of the experimentally observed molecular rows are
but also the commensurate between the molecule and the latticgorobably related to different bonding configurations of TMA
parameter of gold. Meanwhile, the present experiment is molecules at the substrate, possibly through either one or two
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deprotonated carboxyl groups resulting in different conductivi- and theoretical calculations must be applied to obtain further
ties of the molecule on the surfageOur tentative adsorption  structural information to support the above results and obtain
scenario, based on geometrical reasoning, strongly favors ainsight into the underlying essence of the phase transition. A
structural model of bidentate gotdtarboxylate entities located  comprehensive study of SEIRAS combined with an attenuated
at a short bridge site, or through two carboxylates, both centeredtotal reflection (ATR) is now in preparation and will be reported
at the short-bridge site and thus rotated with respect to the planein a forthcoming contributiod®

of the phenyl ring by 98 with the molecule’s center at a hollow

site2437 For TMA adsorbed at short bridges in rows | and 1l, Conclusion

we make use of the fact that carboxylates can freely rotate |, sity STM and cyclic voltammetry have been employed to

around the € C bond?***The rotation of the molecular plane  jyestigate the adsorption of TMA molecules on Au(111) in
is attributed to intermolecular interactions to optimize the aqueous electrolytes. High-resolution STM images reveal the
hydrogen-bonding configuration. This arrangement, illustrated jyternal structure and orientation of TMA molecules at different
in Figure 5b, is believed to be stabilized by H-bond formation yotentials. In 0.1 M HCIQ the adlayer structures are potential
with an OH- -O bond length of 1.9 A between the undissociated gependent. A pair of reversible peaks, ascribed to an adlayer
carboxyl groups in the first and in the second rows along the phase transition, appears in the CV at 0.67 V. At negative
(121Cdirection. A similar arrangement of molecules withinrows htentials, such as 0.25 V, flat lying TMA molecules form a
via hydrogen-bonded species was also proposed for tartaric aciq4x4) structure. At positive potentials, such as 0.85 V, TMA
on Cu(1105° The third row, where STM revealed periodic molecules are vertically adsorbed on the Au(111) surface and
changes in the imaging height, is believed to represent TMA form a (2/3x4+/3) adlayer structure. In the intermediate
molecules coordinated with two carboxylate groups to the gold potential region, a (&2+/3) structure with coexisting flat-lying
surface with the phenyl ring centered at a hollow site. Appar- and vertical orientated molecules was found. Three structural
ently, the different contrast in the STM images for different models are proposed for the three adlayers. All these results
rows comes from different conductivity of the molecule indicate that the phase transition is governed entirely by the
depending on its orientation on the surface. TMA with one applied electrical field.

carboxyl group coordinated to the electrode surface has better
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