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Abstract: Mixed adlayers of 2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine copper(ll) (CuOEP) and cobalt-
(I) phthalocyanine (CoPc) were prepared by immersing Au(111) substrate in a benzene solution containing
CUuOEP and CoPc molecules, and they were investigated in 0.1 M HCIO, by cyclic voltammetry (CV) and
in-situ scanning tunneling microscopy (STM). The composition of the mixed adlayer consisting of CUOEP
and CoPc molecules was found to vary depending on the immersion time. CoPc molecules displaced CUOEP
molecules during the modification process with increasing immersion time, and the CuOEP molecules were
completely replaced with CoPc molecules in the mixed solution after a long modification time. The two-
component adlayer consisting of CUOEP and CoPc, which has a structure with the constituent molecules
arranged alternately, was found to form either a p(9 x 3+/7R — 40.9°) or a p(9 x 3v/7R — 19.1°) structure,
each involving two molecules on the Au(111) surface. The surface mobility and the molecular reorganization
of CUOEP and CoPc were accelerated by modulation of the electrode potential. Different surface structures
were produced at different electrode potentials, and hence potential modulation should allow a precisely
controllable phase separation to take place in aqueous HCIO,.

Introduction clusters and chains of CN-substituted porphyrins on Au(111)
at the low temperature of 63 KHipps and co-workers found
the formation of well-ordered regions with an entirely new
structure with a 1:1 composition of cobalt(ll) hexadecafluo-
rophthalocyanine (lsCoPc) and nickel(ll) tetraphenyl-B123H-

It is now recognized that precise control of molecular
assemblies on a substrate is one of the key foundations for
successfully producing nanoscale molecular devices. The forma-

tion and characterization of ordered adlayers of porphyrin and/ . . .

or phthalocyanine at metal surfaces are of great importance fromaﬂf’/hmlze ((:N';PP) dolr\]l"?\;élll)l by Ivapor-ph;sg dePf‘g‘}” n

the fundamental and technological points of view, because these 16-0Fc and NI molecules were distinguished from
each other by the difference in brightness of the central metal

molecules are closely relevant to the fields of biology, photo- betw th P d NiTPP lecul The CoP
synthesis, electrocatalysis, and molecular deviéeRecently, lons between the j§CoPc and Ni molecules. the LorFc
some interesting molecular assemblies of porphyrins and molecules are easily identified by the strong tunneling current
phthalocyanines have been investigated in ultrahigh vacuumthat results from orbital-mediated tunneling through the half-
filled d2 orbital of the C8* ion: a bright spot appears at the

(UHV) by scanning tunneling microscopy (STM)! For . .
example, Yokoyama and co-workers observed similar small center of each molecheThe remarkgble contrastin tqnnellqg
current afforded by the difference in electronic configuration

T Tohoku University. of transition metal ions allows one to clearly discriminate
*CREST-JST. _ between species for chemical identification at the molecular
@) %”('l"al‘igf" Simon, J.; Germain, J. €oord. Chem. Re 1998 178~ level. Supramolecular structures constructed of fullereng) (C
(@) \(,% \(e%?(%eeréhtE-ElegthﬁBit?ﬁi S%%ta%%l g\% é?gn (ﬁ)r)]tcggmégélgéf-: and chloro[subphthalocyaninato]boron(lil) (SubPc) were found
33, €1537 and references therein. gew: R on Ag(111) in UHV by de Wild and co-workefsHighly

(3) Yokoyama, T.; Yokoyama, S.; Kamikado, T.; Okuno, Y.; Mashiko, S.  ordered domains of “edge-on”- and “face-on”-oriented Zn
Nature 2001, 413 619.

(4) () Hipps, K. W.; Scudiero, L.; Barlow, D. E.; Cooke, M. P., JrAm. porphyrin hexamer assemblies were controlled on a highly
Chem. Soc2002 124, 2126. (b) Scudiero, L.; Hipps, K. W.; Barlow, D. i i i iti i-
E5 Phys. Chem. B003 107 2903, onepted pyrollytlc graphlf[e (HOPG) by the addition of coordll

(5) (a) Lu, X.; Hipps, K. W.; Wang, X. D.; Mazur, UJ. Am. Chem. Soc. nating axial ligands, which control the supramolecular archi-
1996 118 7197. (b) Hipps, K. W.; Lu, X.; Wang, X. D.; Mazur, U. i
Phys. Chem1996 100 11207, (c) Lu, X.- Hipps, K. WJ. Phys. Chem. tecture .formed.We recently found thgt an alternate mixed layer
B 1997, 101, 5391. (d) Scudiero, L.; Barlow, D. E.; Hipps, K. \@. Phys. consisting of cobalt(ll) phthalocyanine (CoPc) and copper(ll)
Chem. B200Q 104, 11899. (e) Scudiero, L.; Barlow, D. E.; Mazur, U.;
Hipps, K. W.J. Am. Chem. So@001, 123 4073.

(6) de Wild, M.; Berner, S.; Suzuki, H.; Yanagi, H.; Schlettwein, D.; lvan, S.; (7) Elemans, J. A. A. W.; Lensen, M. C.; Gerritsen, J. W.; Kerpen, H.; Speller,
Baratoff, A.; Gientherodt, H.-J.; Jung, T. &hemPhysChe2002 3, 881. S.; Nolte, R. J. M.; Rowan, A. EAdv. Mater. 2003 15, 2070.

8540 m J. AM. CHEM. SOC. 2004, 126, 8540—8545 10.1021/ja0485210 CCC: $27.50 © 2004 American Chemical Society
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Chart 1. Chemical Formula of CUOEP and CoPc finer grades of alumina paste, and the electrode was then annealed at
ca. 950°C for at least 12 h in an electric furnace to remove mechanical
damages. Binary adlayers of CoPc and CuOEP were formed by
immersing Au(111) for £+20 min in a ca. 3uM CuOEP benzene
solution saturated with CoPc (less than\), after the Au electrode

N ®\ N was annealed in hydrogen flame and quenched into ultrapure water
N N 'i' P saturated with hydrogeh. The modified Au(111) electrode was then
XN rinsed with ultrapure water and transferred into an electrochemical or
STM cell.
CuOEP CoPc Cyclic voltammetry was carried out at 2@ using a potentiostat

(HOKUTO HAB-151, Tokyo) with the hanging meniscus method in a
tetraphenyl-2H,23H-porphine (CuTPP) was formed on recon- three-compartment electrochemical cell in Btmosphere. Electro-
structed Au(100%¥(hex) but not on reconstructed Au(111), chemical STM measurements were performed by using a Nanoscope
suggesting that the supramolecular assembly consisting of twoE (Digital Instruments, Santa Barbara, CA) with a tungsten tip etched
chemical components also depends on the crystallographicin 1 M KOH. Tp min!mize_ residual _faradaic current, tht_e tungsten tips
orientation of AU Thus, the formation of characteristic ~'Vere coated with nail polish. STM images were taken in the constant-
structures of noncovalent intermolecular interactions, such as aCurrent mode with a h'gh'r.esc"uuon scanner (HD-0.51). All potentials

. . . . . ' . are referred to the reversible hydrogen electrode (RHE). One of the
QIpoIe—Filpole interaction with a CN grc_)uf),e_lectrostatlc (111) facets on the gold single-crystal bead was used as the substrate
interaction? and supramolecular assemBi§/js of importance {5, electrochemical STME
both in building nano-arrays and in designing surfaces.

In the field of electrochemistry, it is necessary to design high- Results and Discussion
quality films for the development of fuel cells. Two-component
films consisting of porphyrins and/or phthalocyanines have been
examined, because such mixed films consisting of iron(lll) tetra-
(4-N-methylpyridyl) porphyrin and iron(lll) phthalocyanine
derivatives produce a higher activity fop @duction? However,
the relationship between mixed adlayers and their electrocata-
lytic activities has been not clarified in aqueous solutions at
the nanoscale. Therefore, it is important to understand and

°°|”‘T°' thedpro?ertlesh of.bllmoleé:.qlar a;)dlayers ;1” a(lléeo?s was composed of hexagonally packed CuOEP molecules.
e o o 3ot CCOIINg 1 e eV Dapers b Hpps' ATCUOEP
density!® and CoPc molecules can be discriminated from each other by
n thé present work, we prepared mixed adlayers by immers- the dlﬁergnce in the mode of thezadrbital betwegn the Cuion
’ and Co ion. In this system, the center spot in each CuOEP

Igg; N Auélll) subTItratetlnt(:ha lbenz;—:;ne. solgtlt())nE(;)ntalnln%rk:ot:l appeared dark, whereas that of CoPc was brightest. The STM
oPc and copper(ll) octaethylporphyrin (Cu ) (see Char image in Figure 1a shows that the surface concentration of CoPc

rlrz;%'Cmizzt'gg;i;hi:trgdg;IS f g]rf dadcl:ifés ;%rlrg?:oT:Sd f;goiZwas the same as that of CUOEP. However, approximatety 30
lolecu’es, u u . ves 40% of the scan area was covered with CoPc molecules.
discriminated from each other by the difference in image

. . Actually, the adlayer structure prepared with a short immersion
brightness between the central metal ions of those moletita time (less than 2 min) revealed that a CUOEP adlayer was
Experimental Section formed predominantly on Au(111), suggesting that CoPc

CoPc and CuOEP were obtained from Aldrich. Benzene (spectros- r’_nolecules displa(_:e the CUQEP mo!ecu!es durir_19 the modifica-
copy grade) was purchased from Kanto Chemical Co. and used withoutioN process with increasing immersion times. It is demonstrated
further purification. The CoPc- and CUOEP-mixed benzene solution that the molecular assembly of CUOEP on the Au surface forms
was prepared by adding a 10 CuOEP benzene solution into a  more quickly than that of CoPc. As reported in our recent papers
benzene solution saturated with CoPc. The aqueous solution wason COOEP!d and FeOEP}¢the OEP adlayer was formed for
prepared with HCI@(Cica-Merck, ultrapure grade) and ultrapure water only 10 s in 5-100 uM benzene solution containing either
(Milli-Q; =18.2 MQ-cm). CoOEP or FeOEP molecules, indicating that the adlayer

‘The Au(111) electrode was prepared by the Clavilier metdthe  structure of OEP is independent of the metal ion. Preliminary
aligned gold single-crystal bead was cut and successively polished with .ogits for the adlayer prepared from 1:1 (B@) mixed benzene

(8) Suto, K.. Yoshimoto, S.: Itaya, KI. Am. Chem. So@003 125 14976. solutipn containing ZnOEP and ZnPc demonstrated that only
(9) Kobayashi, N.; Fujihira, M.; Sunakawa, K.; Osa,JT Electroanal. Chem. the highly ordered ZnOEP adlayer was formed on Au(111),

1979 101, 269. ; ; : ;
(10) (a) Structure of Electrified Interfaced.ipkowski, J., Ross, P. N., Eds.; suggesting that the interaction between ZnOEP molecules is

Immersion Time DependenceThe CuOEP and CoPc binary
adlayers were prepared on the Au(111) surface with varying
immersion times in the benzene solution. Figure-¢ashows
typical STM images of the binary adlayers formed on Au(111)
at immersion times of 4, 6, and 20 min, respectively. As can
be seen in Figure 1a, the adlayer at the immersion time of 4
min was composed of well-ordered and disordered segments
over the entire surface of the terrace. The well-ordered portion

\iéViIeyk—VCH:dNew Yo:k, 1|?k93' (b)Interfacial Electrocr}e;nistr,yvviec- much stronger than that between ZnPc molectddherefore,
owski, A., Ed.; Marcel Dekker, Inc: New York, 1999. (c) Tao, N. J.; Li, . .
C.Z.: He, H. X.J. Electroanal. Chem200Q 492 81. ‘ the highly ordered adlayer of CUOEP formed on Au(111) is
(11) (a) Yoshimoto, S.; Tada, A.; Suto, K.; Narita, R.; ItayaLidingmuir2003 attributed to be kinetically controlled. A close-up view of the

19, 672. (b) Yoshimoto, S.; Tada, A.; Suto, K.; ltaya, X.Phys. Chem. B . . . . .
2003 107, 5836. (c) Yoshimoto, S.. Suto, K.- Itaya, K.; Kobayashi, N. CUOEP-and CoPc-mixed array is shown in Figure 1b. Itis seen

Chem. Commur2003 2174. (d) Yoshimoto, S.; Inukai, J.; Tada, A.; Abe,  that CoPc molecules displaced CuOEP molecules in the
T.; Morimoto, T.; Osuka, A.; Furuta, H.; Itaya, K. Phys. Chem. R004
108 1948. (e) Yoshimoto, S.; Tada, A.; ltaya, K.Phys. Chem. B004

108 5171. (13) The details on the mixed adlayer consisting of ZnOEP and ZnPc on Au-
(12) Clavilier, J.; Faure, R.; Guinet, G.; Durand,RElectroanal. Chenl 980 (111) have been investigated. Yoshimoto, S.; Honda, Y.; Itaya, K.,
107, 205. manuscript in preparation.
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Figure 1. Typical large-scale (4& 40 nn?) and higher resolution (2& 20 nn?) STM images, acquired at 0.85 V vs RHE in 0.1 M HG|©f CUOEP
and CoPc binary arrays on Au(111) prepared by immersion in gl uOEP benzene solution saturated with CoPc. The immersion times were 4 min (a
and b), 6 min (c and d), and 20 min (e and f), respectively. The tip potential was 0.45 V (a), 0.47 V (b), and 0.35 (c) vs RHE. Tunneling currents were 0.8

nA (a), 0.75 nA (b), 2.0 nA (c), 0.85 nA (d), and 10 nA (e and f), respectively. The set of three arrows indicates the lattice directions of the Au(111)
substrate.

hexagonal domain. The corrugation height was found to be 0.3 adlayers of CUOEP and CoPc might be controllable by the
and 0.1 nm for the CoPc and CuOEP molecules, respectively.difference in either packing arrangements of CuTPP (square)
Cross-sectional profiles showed that both molecules formed aand CuOEP (hexagonal) or in the molecular interaction between
monolayer, not multilayers. The difference in corrugation height CoPc and CuOEP and that between CoPc and CuTPP molecules,
is attributable to the difference in electronic state between Cu because CUOEP is almost a flat plane molecule, whereas CuTPP
and Co ions. When the modification with CuOEP and CoPc is bulky due to the rotation of phenyl groups. When the
was allowed to continue for 6 min, a completely different, new immersion time was longer than 20 min, the terrace was
domain appeared on the terrace as shown in Figure 1c. Thecompletely covered with CoPc molecules only. A typical domain
terrace was now covered with two different domains. In the size of the CoPc adlayer formed on the Au(2() x 1) surface
STM image acquired in an area of 4040 nn¥, highly ordered was 106-15 nm. Careful inspection of the highly ordered arrays
molecular rows were clearly recognized as stripes consisting of the CoPc molecule formed on the Au(131} x 1) reveals

of bright and dark lines. Even a superficial look at any of the that islands are often observed at domain boundaries, as shown
presented STM images reveals that the binary molecular arraysin Figure 1e. In the higher resolution STM image of the CoPc
are two-dimensionally well-organized. Each molecular row adlayer shown in Figure 1f, several domains are seen, in which
consisting of stripes runs parallel to the so-calléd direction each CoPc molecule can be recognized as a propeller-shaped
of the Au(111) lattice. Molecular rows between two domains image. Two adlayer structures composed of commensafate

A and B crossed each other at an angle of ca’1d®lecular x 6+v/3)rectand (3/3 x 3v/3)R3C were clearly seen on the
rows in both domains are aligned along & direction of the atomically flat terrace as described in our previous paper.
Au(111) lattice, but the relationship between the two domains The change in adlayer composition with immersion time
is such that they constitute a set of rotational mirror images. A revealed that CoPc molecules displace the CUOEP molecules
typical size of the domain consisting alternately of CUOEP and during the modification process with increased immersion times,
CoPc was ca. 36« 30 nn?. Reconstructed rows of the Au-  suggesting that the adsorption of CoPc onto Au(111) surface is
(111) substrate were not found under the CuOEP and CoPcthermodynamically more stable than that of CUOEP.

mixed adlayer, suggesting that the underlying Au surface Further details of the internal structure, orientation, and
became (Ix 1). Such an alternate binary array was not observed packing arrangement of the binary CUOEP and CoPc mixed
with the CoPc- and CuTPP-mixed adlayer on Au(111); that is, adlayer are seen in the high-resolution STM image for an area
the terrace was completely covered with two different phases, of 15 x 15 nn? in Figure 2, which shows that alternate

a disordered region and a highly ordered redidrhe binary molecular rows are present uniformly on Au(111). A high-

8542 J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004
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Figure 3. Cyclic voltammograms of bare Au(111) (dotted line) and the
CuOEP- and CoPc-mixed adlayer formed on Au(111) (solid line) electrodes
in 0.1 M HCIO,. The mixed CuOEP and CoPc adlayer was formed by
immersing Au(111) for 6 min in ca. @M CuOEP benzene solution saturated
with CoPc. The potential scan rate was 50 mV\.s

Pc in an aqueous solution, because the complexes such as
[COoTPP(HO),]CIO4 or [COOEP(HO);]CIO, are also knowA?P
Because our STM measurements were carried out in solution
containing air, it is feasible that Omolecules dissolved in
solution were eventually attached to Co(lll) ions to stabilize
the Co(lll)Pc molecule. It is known that the strongedonating

axial ligands lead to the smaller Co hyperfine coupling,
promoting the localization of-electrons on the oxygéefi2 This
sr-orbital might act as a new tunneling pathway, which could
increase the tunneling current at the central position of Co(lll)-
Pc. This accounts for the observation that the central cobalt ion
in each CoPc molecule appeared bright in the image, whereas
Figure 2. High-resolution (15< 15 nn?) STM images (a and b) of altemate  the copper ion in each CUOEP molecule appeared dark. From

binary CUOEP and CoPc arrays on Au(111) in 0.1 M HE#aquired at _ - ! P -
0.85 V vs RHE and corresponding proposed modeis (¢ and d). Tip potentialsthe cross-sectional profile, the intermolecular distance between

and tunneling currents were 0.35 V and 5.5 nA (a) and 0.45 V and 0.85 nA COPc molecules aligned in the direction of arrow | (Figure 2a)
(b), respectively. Structural models are for the CUOEP and CoPc binary and that between CUOEP molecules aligned in the direction of

adlayers on the Au(111) surface with superimpog(@x 3+v/7R — 40.9) arrow Il wer th m ured t 2 nm. wher

(c) andp(9 x 3v7R— 19.7°) (d) unit cells. The set of three arrows indicates 0 . ere bo easured to be 'BO.'O6 ! € gas .

the lattice directions of the Au(111) substrate. the distance between CoPc molecules aligned in the direction
of arrow Ill was found to be 2.63 0.08 nm. These values

resolution STM image obtained in domain A in Figure 1c is correspond to 37 and 9 times the Au lattice constant,
displayed in Figure 2a. Note that the scan angle was rotated byrespectively. An adlattice is superimposed with solid lines in
ca. 20 with respect to that of Figure 1b to obtain an image Figure 2a. In addition to the information concerning the
with a clearer resolution. Individual CoPc molecules in the row Symmetry and the structure of CUOEP and CoPc arrays, this
marked by arrow | are propeller-shaped with the brightest spot STM image reveals a great deal of information concerning the
at the center and four additional spots at the corners. Theseinternal molecular structure. The STM image of this adlayer

bright spots are attributed to the benzene moieties in the CopcWas sensitive to tunneling conditions. The shape of the
molecule as reported in our previous paﬁéﬂt is clear that molecules in the dark rows of F|gure 2a was unclear. When the

all CoPc molecules are oriented in the same direction on Au- Usual tunneling current lower than 1 nA was used, the molecular

(111). On the contrary, each molecule in the dark row marked "ow of CUOEP indicated by the red arrow in Figure 2b was
by arrow Il is in the shape of a ring with a central dark spot, clearly resolved as a well-defined chemical structure. On the
indicating that it is a CUOEP molecule. As reported by Hipps' contrary, the shape of each CoPc molecule in the rows indicated
group in UHV® and by our group in solutioH, the center of by the blue arrow was variant under these conditions. The
each CoPc molecule appears as the brightest spot in the STvRdlattice of the two-component adlayer consisting of CUOEP
image because of the tunneling being mediated by a half-filled @d CoPc shown in Figure 2b was identical to that shown in
d,2 orbital between the Au surface and the tip. However, at 0.8 Figure 2a, however. It has@9 x 3v/7R — 19.T) structure,

V, the central Co ion is in the state of Co(lll) formed by the Which is a mirror image of(9 x 3v'7R — 40.9). Structural
electrochemical oxidation (Figure 1a). Because thetbital models ofp(9 x 3v/7R — 40.9) and its mirror image structure,
should be empty in this oxidation state, another mechanism mustP(@ x 3v'7R — 19.1°), are proposed in Figure 2c and d,
be considered to explain the tunneling at the center of the Co- respectively. The unit cells are represented by solid lines. The
(IPc molecule. It is generally known that the Co(lll) porphyrin effect of moving the unit cell in parallel directions with respect
is unstable, and, to make it more stable, the addition of an axial 0 the Au(111) substrate was taken into consideration. In those
ligand, such as glike a super oxide anion, O, is necessar models, the center of each molecule was assigned to a 2-fold

Furthermore, the water molecule might coordinate with Co(lll)- Pridge site (Au atoms are not shown here).

(2) Potential DependenceBecause characteristic arrange-

(14) (a)Porphyrins and MetalloporphyrinsSmith, K. M., Ed.; Elsevier/North- ments of CUOEP and CoPc were observed at the immersion
Holland Biomedical Press: Amsterdam, 1976. (b) Brothers, P. J. In time of 6 min, the CV measurements described in this section

Advances in Organometallic Chemistr§tone, F. G. A., West, R., Eds.; = .
Academic Press: San Diego, CA, 2000; Vol. 46, pp 2331. were also made under the same conditions. Figure 3 shows

J. AM. CHEM. SOC. = VOL. 126, NO. 27, 2004 8543
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Figure 4. Potential-dependent STM images of the CuOEP- and CoPc- "::
mixed adlayer on the Au(111) surface in 0.1 M HGl&xquired in an area ek
of 125 x 125 nn? at 0.8 V (a), 0.6 V (b), 0.35 V (c), and 0.85 V (d), ¥ %3 _
respectively, where the last potential of 0.85 V was applied by stepping | I — -0

from 0.3 V. The potential of the tip and the tunneling current were 0.47 V 0 20 4'() /nm

and 1.0 nA (ac) and 0.46 V and 0.75 nA (d), respectively. . . .
@c) @ P Y Figure 5. Typical STM images of binary CuOEP and CoPc arrays on the

Au(111) surface in 0.1 M HCI@Qacquired at (a) 0.45 V and (b) 0.65 V
typical cyclic voltammograms (CVs) of bare (dashed line) and igef ﬁ:gpprirgg( g;‘e potential flfon%r?-% v i“_a'lr‘ f}fer']a OWUO(;"”; () a“dl_
o - , tively. The potential of the tip and the tunneling
CoPc- and CUOEP-modified (red solid line) Au(111) electrodes - * “9 N respec .
current were 0.35 V and 4.5 nA, respectively.
in 0.1 M HCIO, recorded at the scan rate of 50 mVtsThe P Y

voltammogram for bare Au(111) in Figure 3 in the double-layer points at the same location. In Figure 4a, the terrace was covered
potential region is identical to that reported previou$lyor with several ordered domains and disordered regions. Domains
the Au(111) electrode modified with CUOEP and CoPc by gjigned in they/7 directions can be seen on the atomically flat
immersing into the mixed solution for 6 min, the electrode terrace. The white circle indicates one of the well-defined
potential was first scanned positively from 0.82 to 1.15 V, and regions where the molecular rows are arranged alternately. When
then the scan direction was reversed. A broader cathodic peakhe electrode potential was held at 0.6 V, the ordered domains
was observed in the potential range between 0.8 and 0.4 V.gradually became smaller. As indicated by the white circle in
The reductive peak observed between 0.25 @V islikely to Figure 4b, the ordered area barely remained. Dark regions
be due to the electrochemical reduction of Co(lll) to Co(ll) as consisting of CUOEP molecules were formed, suggesting that
described in our previous pap€f. The cathodic current  the two-dimensional organization of CUOEP is more stable than
commencing at—0.02 V appears to be due to hydrogen that of CoPc. At 0.35 V, the STM image became unclear,
evolution and the desorption of molecules. The broad reductive indicating that the molecules are probably highly mobile on the
peak in the potential range between 0.8 and 0.4 V was not seefsyrface because of a structural change. A few minutes later,
at the CUOEP- or CoPc-modified Au(111) electrode, suggesting the phase-separated domain began to appear on the terrace.
either that the electron charge transfer reaction for this peak However, the electrode potential was returned to 0.85 V because
accompanies a structural change of the mixed adlayer or that athe resolution deteriorated. The phase-separated domains were
change in the film capacitance is induced by structural changes.stable when the potential was returned to 0.85 V. As can be
Indeed, alternate arrays of CUOEP and CoPc were observed onlyseen in Figure 4d, two separated domains consisting of bright
in the potential range between 1.0 and 0.75 V. and dark domains were observed on the terrace, although their
After confirming that a well-defined adlayer composed of |ocations were different. The bright region was composed of
alternate CUOEP and CoPc molecular rows was formed anddisordered CoPc molecules, whereas the dark area was com-
also that an expected CV profile was obtained in pure 0.1 M posed of hexagonally ordered CuUOEP molecules.
HCIO,, the potential was held constant at various potentials. We attempted to control the domain size and composition
We first observed a structural change of the CUOEP- and CoPc-by other methods such as the potential scan at a slow rate to a
mixed adlayer by potential stepping. Figure-4bshows large-  slightly anodic potential. Figure 5a shows a typical STM image
scale STM images of 12& 125 nn¥ acquired at 0.8, 0.6, 0.35,  of a CUOEP and CoPc adlayer formed on the Au(111) surface
and 0.85 V, respectively. The white arrow in each STM image after the potential was held constant at 0.45 V following the
scan from 0.8 V at a scan rate of 10 mVAsThis STM image
(15) (a) Angerstein-Kozlowska, H.; Conway, B. E.; Hamelin, A.; Stoicoviciu,  shos that the structure changed drastically upon this potential

L. J. Electroanal. Chem1987, 228 429. (b) Hamelin, AJ. Electroanal. X . . X R
Chem.1996 407, 1. manipulation; that is, the alternate packing structure of binary
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m groups. It is clear that CUOEP molecules possess the same
orientation in all molecular rows. The intermolecular distance
along row | or Il was found to be 1.7 0.06 nm. The
intermolecular distance along row Il was 1.980.08 nm. As
was described in the previous papers dealing with NIOEP on
Au(111) in UHV by Hipps and co-worketéand CoOEF.4and
FeOEP!¢ on Au(111) in solution by our group, two different
orientations can be seen for those molecules in molecular rows;
that is, individual molecules were arranged alternately with a
rotation angle of ca. 15 However, the packing arrangement
of CUOEP was slightly different in this case, resulting from the
difference in surface concentration between the alternate mixed
W 3 &xe layer (total amount of molecules) and the CUOEP single layer.
AR A - The surface concentration of the mixed layer was calculated to

Figure 6. High-resolution STM image (1% 15 nn?) (a) and structural be 5.7 x 10711 mol cn2 from the unit cell of eithep(9 x

model (b) of a region of on Au(111) surface covered with arrays of CUOEP 3\/7R — 40.9) or p(9 x 3\/7R — 19.7°) including two

in 0.1 M HCIO, acquired at 0.85 V vs RHE after electrochemical phase | | hich | ler th that of th | ked
separation. The tip potential and tunneling current were 0.46 V and 6.4 MOIECUles, which IS smaller than that or the close-packe

nA, respectively. CuOEP layer (8.% 1071 mol cnr?)11dor the CoPc layer (7.9

x 10711 mol cn?).11b Therefore, the structural difference
CuOEP and CoPc disappeared, and a new structure was formedbetween the self-organized CuOEP prepared by immersion into
on the terrace, in which arrays of bright domains with square a benzene solution containing CuOEP and the electrochemically
lattice and dark domains with quasi-hexagonal lattice were induced CuOEP molecules can be attributed to the relaxation
arranged alternately. In the bright domain composed of CoPc between CUOEP molecules.
molecules, a highly ordered array with square packing arrange- Finally, in this system, the surface mobility and the molecular
ment was found. Also, bright CoPc molecular rows ran parallel reorganization of CuOEP and CoPc were accelerated by
to the CUOEP domain. Figure 5b shows a typical STM image modulation of electrode potential. The surface charge density
of a mixed CuOEP and CoPc adlayer formed on the Au(111) at the electrochemical interface would contribute not only to
surface after the potential was held at 0.65 V for 30 min. In the interaction between molecule and substrate but also to the
this case, one-dimensional (1D) molecular chains of CuOEP interaction between molecules. Such a precise and unique control
were clearly observed as dark gaps between bright rowsat electrochemical interfaces is of great interest for further
consisting of two or three CoPc molecular rows. The intermo- application of porphyrin and phthalocyanine molecular as-
lecular distance between CoPc molecules was about 1.4 nm,sembly.
corresponding to that of close-packed CoPc molecules with a
square unit cell as described in previous publicatRsrkg.1b

These results show that the adlayer structure depends strongly The mixed adlayer consisting of CUOEP and CoPc molecules
upon electrochemical potential, suggesting that potential modu- produced on the Au(111) substrate by immersion into a benzene
lation is a key factor controlling alternate CUOEP and CoPc solution of CuOEP saturated with CoPc possesses variable
molecular chains. The similar ordering of porphyrins at negative compositions depending upon the immersion time. CoPc
potentials was reported by Borguet and co-workers to result molecules displaced the CUOEP molecules during the modifica-
from a change in surface interactiofsThe reason the phase tion process as the immersion time was increased, and the
separation takes place is not clear. One possible reason is thecuOEP molecules were finally replaced by CoPc molecules
difference in charge distribution resulting from either the central when the immersion time extended 20 min. The mixed adlayer
metal ion (Cu ion and Co ion) or the chemical framework (OEP consisting of CUOEP and CoPc was found to have a structure
and Pc). As described in our recent papers, it was found thatwith the constituent molecules arranged alternately. The two-
the FeOEP adlayer on Au(111) was highly mobile in potentials component structure of CUOEP and CoPc formed ejpf@rx
more negative than 0.4 V due to the reduction of Fe(lll) to Fe- 3,/7R — 40.9) or p(9 x 3v7R — 19.1°) including two
(1), whereas the CoOEP adlayer on Au(111) was observed molecules on the Au(111) surface. Different surface structures
in the potential region between 0 and 0.93'WAlthough further  are produced at different electrode potentials, and hence potential
investigation on the effect of chemical framework with the same modulation should allow precisely controllable phase separation
central metal is needed to understand this point, reorganizationto take place in aqueous HGIO
of each CUOEP and CoPc molecule probably depends on a
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