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Linear metal string complexes of [M4(NCS)] (Scheme 1, M= Ni", Cd', or C'; n= 3 or 5; L= dpa or

tpd&@~ where dpa is dipyridylamido anion and tpda is tripyridyldiamido dianion) are studied for the
fundamental understanding of the effect of inter-nuclei interactions on electron transfer (ET). The metal strings
are isolated withim-alkanethiol monolayers and the properties of ET through various metal strings are
differentiated by scanning tunneling microscopy. Although very similar in physical dimension, their apparent
heights against the same alkanethiol background are significantly different. The discrepancy is ascribed to
electron localizatiorrdelocalization among the metal centers.

Introduction SCHEME 1

Studies of metal string complexes such as those sketched in
Scheme 1 have been an important subject in the fundamental <@ O Q>
research of metalmetal interactions2® and have attracted N™ N NT ONT N /4 M = Ni, Co, Cr
considerable attention due to the potential applications of the SCN—M—MT—M—MJ-M—NCS m=0,1
complexes as molecular metal wires. Structural characterization  Notation for the ligand: dpa dipyridylamido anionifi= 0); tpda-,

by X-ray diffraction reveals that the metal ions are collinear tripyridyldiamido dianion = 1).

and wrapped helically with four ligands35-22 Synthetic effort

of lengthening the ligand$and the metal complexes has been 4yia| ligands and under the influence of crystallization environ-
making progress. Currently, a string of 9 nickel ions (ine 5 ments and conditions, unsymmetric metaletal distances have

3 in Scheme 1), equivalent to a ca. 3-nm long string, has beenygen reportedl-19) The internuclei interactions can then be
sgccessfully engmeerégi’;ldvancmg further toward molecular_ adjusted by one-electron oxidatiéni® and their electron
wires for nanoscale dgwces. An essential property for '?e°°”?'”9 configurations between states of localization and delocalization
anew class_ of materlal_practlcal for nanotechnology is havn_]g are thus regulated. Therefore, an on/off switch-like behavior
good electrical conductivity. Although conductance of organic associated with the neutral-oxidized states of the complexes is

molecules witA"34 and withou#*4° z-electron conjugated 91213 . . . . .
system as well as metalated phthalocyarf&or porphyrind? proposed:®1213However, still lacking is a direct evidence in
| correlation of their ET properties with bond orders and with

monolayers has been investigated down to the molecular level, o o . .
this is yet unexplored for the metal string complexes, in which localization-delocalization states. To this end, we assess quali-

the electrons are likely to transfer through the metal centers, fatively their ET efficiency at single molecular level, following

In this study, we demonstrate that manipulation of the the STM (scanning tunneling m_lcroscopy) metho_d()logy’ de-
electron-transfer (ET) properties of the molecular wires is Veloped by Allara, Tour, and Weiss et & with STM imaging
feasible by rational design and fine-tune of the metabtal of the metal string complexes isolated witmrdodecanethiol
interactions. For instance, Cotton ef&14 and our grouphave or n-decanethiol monolayers. In constant-current mode of STM
proposed that the ET efficiency should be determined by the Operation, the tunneling current is kept constant by adjusting
number of delocalized electrons at the metal centers. In this the height of the scanner at each measurement point with a
current study, with the axial ligands of isothiocyanate shown feedback loop. The topography of STM images represents the
in Scheme 1, the neutral metal string complexes exhibit electronic density of states or constant tunneling probability at
symmetric metatmetal distance%:82! (Note that with other the surface. For example, the metal string complexes exhibit
enhanced contrast against the surrounding alkanethiol matrix

* To whom correspondence should be addressed. (S.-M. P.) Pha388 due to the fact that their ET probabilities are higher than that
22363 8305. Fax:+886 2 2363 6359. E-mail: smpeng@mail.ch.ntu.edu.tw. of the alkanethiols. In the f0||0Wing section, the relative ET

g%ﬁ?éggﬁ&ﬁﬁi?u.?Wfr’n 7009. Fax:+886 3 571 1082. E-mail probabilities between the complexes are compared by the

T National Tsing Hua University. apparent heights againte samealkanethiol background. We
zsf‘etlsoennatl :I(?(Iivysgspntl)\:eeras:’tt)r/nléjrqtlvggsgﬁlemistr National Chung-Hsin will show that their ET properties are strongly influenced by
University, Taichung '4022? Taiwan, R.O.C. v 9 9 their electronic configurations and by the number of delocalized

D Academia Sinica. electrons among the metal centers.

10.1021/jp035415w CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/19/2003



Downloaded by NATIONAL TAIWAN UNIV on July 31, 2009
Published on December 19, 2003 on http://pubs.acs.org | doi: 10.1021/jp035415w

960 J. Phys. Chem. B, Vol. 108, No. 3, 2004 Lin et al.

Experimental Section counter electrodes were both Pt mesh with dimensions about 1
cm?. The cell was a conventional H-shape glass cell with a
orous frit to separate the compartments of working and counter
lectrodes where the solution in the latter did not contai-[Ni
(us-tpdap(NCSY)). Electrolysis was taking place Bfpp = 0.85
V vs Ag/AgCl for 30 min and the solution was stirred
throughout the experiment undeg Bnvironment. The solution
was then transferred quickly to a sample vial where the sample
was prepared by immersion of gold substrates with preadsorbed
alkanethiol SAMs
Preparation of [Crs(us-tpda)s(NCS);™(CIO47). [Crs(us-
tpda)Cly]” (0.1 g, 0.072 mmol) was dissolved in 100 mL of
CH.Cl, with the aid of sonication for 30 min in a 250-mL round

Chemical Materials. All chemical were reagent grade and
were used as received unless otherwise noted. Dichloromethan
used for electrochemical preparation of oxidized complexes was
dried over CaHll and freshly distilled prior to use. Tetra-
butylammonium perchlorate (TBAP) was recrystallized twice
from ethyl acetate and further dried under vacuum. Preparation
methods for Htpda®® [Nis(us-tpday(NCS)],® [Cos(us-tpda)y-
(NCS))],>8[Crs(us-tpday(NCS)),” and [Ca(us-tpday(NCS)]-
(ClO4)® were the same as the procedures reported previously.

Preparation of [Nis(us-dpa)s(NCS),]. Ligand Hdpa (0.204
g, 1.20 mmol), NiC{ (0.144 g, 1.1 mmol), and 30 g naphthalene
(as solvent) were placed in an 50-mL Erlenmeyer flask and the :
mixture was heated and stirred at 1%0 for 3 h to remove bottle flask. To the solution was added 2 mL of methanol
water. After an increase of temperature to 1% t-BuOK containing 80 mg of Ag(OTf) (siver trifluoromethanesulfonate).

(0.156 g, 1.6 mmol) in 10 mL af-BuOH was added dropwise. After 5 min of stirring, the solution was filtered to remove AgClI
Afterward, the solution was severely refluxed until about 10 and Ag solid. After the solution was mixed with NaSCN (1 g)

mL of naphthalene was left. The mixture was then cooled to @"d stired for 45 min, solvent was removed with a rotary
room temperature. Hexane was added and the mixture was€Vaporator. The residue was dissolved in.CH and washed
filtered. The solid was extracted with GEl,. The solution was ~ With deionized water and saturated aqueous Kkbicces-
removed by a rotary evaporator till 50 mL to which excess SiVely- The organic layer was dried over &, and concen-
NaSCN was added and stirred for 2 days. The mixture was rated under reduced pressure. Red-brown crystals g{ér

filtered and washed with CiTl, until the residue appeared PAaKNCS)I(CIO.™) were obtained by crystallization from
white. The product was in solution phase and was collected by CH2Cl2 and hexane.

removal of CHCl, with a rotary evaporator. Deep-purple ~ STM Measurements. The Au(111) substrates (Gold ar-
crystals of [Ni(us-dpa)(NCS)] were obtained by recrystalli- ~ randee, purchased from Metallhandel Schroer GmbH, Germany)
zation from CHCl, and hexane. were ~200-300 nm thick gold films with a~1—4 nm thick

Preparation of [Cos(us-dpa)s(NCS),]. This complex has Cr adhesive layer and were flame-annealed a few times before
been prepared by Cotton, Murillo, and co-workers and found €ach experiment. The mixed monolayers were prepared by
three different solvated crystasThe compound used here was ~insertion of the metal string complexes into pre-assembled
prepared by the following procedures. Ligand Hdpa (0.204 g, n-alkanethiol monolayers where the soaking solutions were 1
1.20 mmol), CoGl (0.144 g, 1.1 mmol), and 20 g of naphthalene MM solutes dissolved in ethanol faralkanethiols and dichlo-

(as solvent) were placed in an 50-mL Erlenmeyer flask, and romethane for the complexes. We found that among common
the mixture was heated and stirred at P&Dfor 3 h toremove organic solvents dichloromethane seemed the only one that
water. A procedure similar to that for [Miis-dpa)(NCS)] was allowed insertion of the metal string complexes while maintain-
emp|0yed_ The color was beige for the precipitate after removal |ng the alkanethiol molecules well ordered. STM measurements
of naphthalene, brown for the solution after extraction withCH ~ Were carried out with a NanoScope Il (Digital Instruments, Santa
Cl,, and brown after crystallization. Barbara, CA) using a low-current scanning head (model HD-

Preparation of [Cr s(ua-dpa)s(NCS),].* Ligand Hdpa (0.5 0.51), _vvhiph had an adjustable_ resisto_r to obtain a h_ig_her
g, 3 mmol) and 20 g of naphthalene (as solvent) were placed intunneling impedance. Commercial Pt/Ir tips (Nanotips, Digital
a 125-mL Erlenmeyer flask to which Cr{0.36 g, 3 mmol)  Instruments, Santa Barbara, CA) were employed. Typical
andt-BuOK (0.33 g, 3 mmol) was added in a glovebox. The imaging conditions of tunneling current and bias voltage were
mixture was heated and stirred at 180 under an argon ranged from 10 to 15 pA and from 1.2 to 2 V, respectively.
atmosphere for 12 h. The solution was then gently refluxed at The microscope was housed in a chamber where dryas
220°C for 2 h. The mixture was cooled to room temperature. Purging throughout the experiments and the humidity was lower
Hexane was added, and deep-brown solid precipitates werethan 2%.
filtered to remove naphthalene. After extraction with £Ci}, IR Characterization. Transmission IR spectra of the metal
the solution appeared red-brown and was removed by a rotarystring complexes were obtained by KBr-pelleted samples. For
evaporator till 50 mL to which excess NaSCN was added and spectra of monolayer films, the substrates were 200-nm-thick
stirred for 2 days. The mixture was filtered and washed with gold films thermally evaporated onto glass slides pre-cleaned
CHCl, until the residue appeared white. The product was in with piranha solution which is a 1:3 (v/v) mixture of 30%®}

solution phase and was collected by removal obChlwith a and concentrated 330,. This solution reactsiolently with
rotary evaporator. Red crystals of [Qrs-dpay(NCS)] were organic materials and should be handled with great carbe
obtained by crystallization from Gi€l, and hexane. pressure in the bell-jar evaporator (Auto 306, Edwards High

Preparation of [Nis(us-tpda)s(NCS),"](CIO4™). Note that Vacuum International, West Sussex, UK) was nominally 3
insertion of the complex onto the preadsorbed alkanethiol SAMs 1076 Torr. A 5-nm Cr underlayer was used to enhance the
for STM measurements was taking place immediately after the adhesion of the gold film. Absorption spectroscopy was carried
electrochemically oxidized form was generated. One-electron out with a Perkin-Elmer System 2000 infrared spectrometer
oxidized penta-nuclear complexes were prepared by electrolysisequipped with an MCT detector cooled with liquid nitrogen.
which was carried out with a PAR VersaStat (EG&G Instru- The measurement schethevas a single reflection mode, and
ments Corp., Princeton, NJ). The preparation solution was 1 thep-polarized light was incident at 8%rom the surface normal
mM [Nis(us-tpday(NCS)] in 20-mL of dry CHCI, containing with a grazing angle accessory (FT-85, Spectra-Tech, Shelton,
0.1 M TBAP. A silver wire deposited with AgCI(s) was CT). The light path, detector, and sample chambers were purged
employed as the quasi-reference electrode. The working andwith dry nitrogen. 1024 scans of both the sample and the
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Figure 1. Transmission IR spectra of (A) [Bus-dpay(NCS)] and (B) [Nis(us-tpday(NCS)] prepared in KBr pellets and IRAS spectra of (C)
[Nis(us-dpa)(NCS)] and (D) [Nis(us-tpda)(NCS)] containing films prepared in-dodecanethiol preadsorbed gold substrate.

reference (bare Au) were collected at 4-¢nresolution for
signal averaging.

Results and Discussion

Typical IR spectra of tri-nickel and penta-nickel complexes
prepared in KBr pellets by transmission IR are shown, respec-
tively, in Figure 1, parts A and B, where the characteristic

vibrational peaks for thiocyanatedy ~ 2063 cnt1)® and the 1 RS 1
pyridyl moiety (a, b, by)*>*6 are denoted. Figure 1, parts C oot e e ok
and D, is the monolayer IRAS spectra (infrared reflection 0 10 20 nmo 10 20 nm

absorption spectroscopy) of tri-nickel and penta-nickel com- Figure 2. STM images and topographic cross sections of films of metal
plexes prepated by nseron onio dodecanettiol (C12SH)pre- S0 conmetes, () NI MNCM] e ©) Iutirorey
assembled polycrystal_line gold Substrat(_e. The aliphatic p_eakSThe imagespwere recorded with a tip bias of 1.2 V and a tunnel.ing
at 2850~2965 cnr* arise from the matrix of dodecanethiol  cyrent of 12 pA.
SAMs. The vibrational peak of the two axial ligands splits,
indicating that one of the thiocyanates is S-bonded to the Au
substratecy ~ 2140 cnth)*” and the other remains uncoor- the same range because their IRAS spectra (not shown) are so
dinated ¢cn ~ 2063 cnt?l). similar that the tilt angles are indifferentiable by such estimation.
For the convenience of the following discussion, defined in ~ Figure 2A shows a typical STM image of monolayers
the left of Figure 1 are the transition dipoles of the pyridyl prepared by insertion of Kjus-dpay(NCS) complexes onto
moiety. a (~1600 cnT!) and h (~1460,~1425,~1155 cn1?) preadsorbedn-dodecanethiol SAMs. The image exhibits a
are in-plane vibrational modes and are, respectively, parallel protrusion surrounded by the lattice identical to the simpf8 (
and perpendicular to th&; axis of this group; b(~765 cnt?) x +/3)R30C of n-alkanethiol SAMs on Au(1115%% The
is an out-of-plane mod®:*6 The intensity ratios of pto & and protrusion is attributed to the result of J{lis-dpa)y(NCS)
b; to by attenuate significantly between the corresponding embedded within the alkanethiol matrix based on the following
samples prepared in KBr pellets and on monolayer films. assessment. First, such a topographic feature is consistent with
Because the peak intensities obtained from KBr pellets representour expectation that the conductance of the metal string
transition dipoles oriented isotropically and because IRAS is complexes is superior to thosemflkanethiols because in STM
insensitive to the transition dipole parallel to the surface images the former appears higher than the latter although it is
plane?*“8 the decrease in intensities of and b relative to shorter even when a tilted chain angle of>3or n-alkane-
that of by suggests that the orientation of the polypyridyl ligands thiols®*~% is considered. Second, the height above the dode-
(and thus the metal strings) are standing toward surface normal,canethiol lattice (i.eAhstv) for the protrusions is, in average,
rather than lying flat on surface. 7.8+ 1.0 A for tri-nickel complex (Figure 2A and Table 1)
To estimate the tilt angles of the metal string complexes and is raised to 11.% 0.3 A for penta-nickel complex (Figure
relative to the surface normal, their structures on the Au surface 2B and Table 2). Third, with thinner films af-decanethiol
are assumed identical to those found in crystal forms. From SAMs as the matrix, the averaged difference in height far Ni
their crystallographic structurés? the angles between the axis  (us-dpa)(NCS) is increased correspondingly to 8430.5 A
of metal cores and the directions normal to the pyridyl ring (shown in the Supporting Information, Figure S1A). Although
planes are 68and 72 for tri-nickel complex and 7%, 72°, and we do not rule out the possibility that the protrusions are
73 for penta-nickel oné? The intensity ratio of pto a, after aggregates of the metal string complexes, it is a consensus for
normalization by those of KBr samples, is used to estimate the STM studies of surface containing sharp objects that the
molecular tilt angles which are determined®230° relative to diameter and shape of the protrusion are dominated by the
the surface normal for tri-nickel and penta-nickel complexes. curvature of the STM tiff-3257whose geometry, in this case,
The tilt angles for cobalt and chromium complexes are within is imaged by the metal string complexes. Also noticed is that
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TABLE 1: Summary of STM Topographic Heights of the of oxidized pentacobalt complexes, the height of protrusions

tri-Nuclear Metal String Complexes Relative to drops slightly, right on the lower margin of standard deviation

n-Dodecanethiol Matrix from the average value of the neutral ones. However, the
height [M3(us-dpaj(NCS)]/C12SH oxidized penta-chromium complex exhibits a considerable

difference  Ni3 (14.14  Co3(14.0 Ay Cr3 (14.6 Ay decrease of 3.2 A.

estimated -39~ -48A —-40~-49A —-35~-44A Considering that the metal strings coordinate with the same

Ahsty 78+10A  10.0+0.6A 12.8+0.7A ligands and have almost identical dimensions, the height

aShown in the parentheses are corresponding molecular lengthsdifference probed by STM should be attributed to ET tunneling
between the terminal sulfur atoms measured from X-ray diffraction through the metal centers, rather than ascribed to ET via the
(shown in the Supporting Information, Figure S3). For tri-nickel, tri- ligands nor dominated by the difference in physical lengths and
cobalt, and tri-chromium complexes, the molecular heights are-13.1  mpglecular orientation. Such a phenomenon is, however, not
12.2,13.6-12.1, and 13.512.6 A, respectively, based on the tilt angle unprecedented. For example, Hipps et al. have shown a strong

of 22°—30° estimated from IRAS measurements (Figure *Tjhe : . . ) o
estimated height difference is calculated by subtraction of the height influence of the metal ion valence configuratiofi{d) on the

of metal complexesby thickness of the surrounding dodecanethiol Observed tunneling images of metalated phthalocyatfifiéand
matrix. The thickness of-dodecanethiol SAMs was estimated to be tetraphenylporphyrirt§ on Au(111). To correlate the metal
14~155859 ~ 178 and ~20 Aé! by ellipsometry. 17 A is used in this  metal interactions with their ET probabilities, we map out
estimationOnly images with molecular resolution are used for electronic structures by the extended Huckel calculatidris

average. The numbers of films are around 20 for each complex. which one of the prerequisites is filling in the metahetal bond
TABLE 2: Summary of STM Topographic Heights of the gllstan_ces. The metametal distances of the_ r_nckel strings,
Neutral and Oxidized penta-Nuclear Metal String Complexes including both the neutr&f and one-electron oxidiz&& forms,
Relative to n-Dodecanethiol Matrix are usually symmetric. However, in some cases for tri-cébalt
Ni5 Co5 cr5 and tri-chromiumi*15 complexes, the crystal symmetry of the
[Ms(us-tpday(NCS)]/C12SH (A) A R) metat-metal chains and their bond lengths are a function of
neutral complexes 11803 142+ 07 168+ 1.2 environment and temperature during crystallization. _Therefore,
oxidized ¢-1) complexes ~ 13.9- 0.4 13.2+0.4 13.6+0.8 we should decide whether symmetric or unsymmetric ones are

plausible to use in this calculation. For the cobalt strings, within
the time scale of NMR spectroscopy, only symmetric metal
metal bonds have been found in solutfort:??Isolated within
the matrix ofn-alkanethiol SAMs, the metal strings are not in
o a crystalline state, more similar to those in solution than in
how the metal centers affect the ET probability of the corre- crystals. In the case of chromium strings, their symmetry in

sponding mfetal string complexes_. L ET probability 'S _solution has never been reported in the literature. Calculations
compared using the height of protrusions against the same matrix

of n-dodecanethiol monolaver. Summarized in Table 1 are the show that results utilizing symmetric structure for the neutral
. . jolayer. Su . ' chromium strings explains the STM observations better than
nominal heights for tri-nickel, tri-cobalt, and tri-chromium

complexes. The values listed in the parentheses are the IengthéJSIng the unsymmetric one (vide infra). For the one-electron

. . . : oxidized chromium strings where only unsymmetric form has
of the metal string molecules derived from X-ray diffraction 10.13 17 ; : .
) ) ; . 0 L been found;101314ve believe that the structure is unsymmetric.
measurements. The difference in their physical lengths is within

05 . However, the topographic ST images revel tat e [ AR5, STTeUS Suueuyes o v b e erendes
protruding features for the tri-cobalt and the tri-chromium P

. ) one.
complexes are, respectively, 2.2 and 5.0 A higher than that of . . . .
the tri-nickel complex. Although the electron conducts through "€ parameters for calculations are identical to our previous
the dpa ligands is a likely pathway, the fact that these qualitative studi€s” in WhICh we have concluded the_tt the bond
complexes have very similar structures and tilt angles relative Orders for the symmetric and neutral complexes of nickel, cobalt,
to the surface normal demonstrates that the difference in ET nd chromium are respectively 0, 0.5, and 1.5, which indicate
probability (i.e., difference im\hsmv) should be ascribed to the the degree of eleqtron delocalization and thus the efﬂuency.of
difference in their metatmetal interactions. electrons conducting through the core atoms of the metal string
To further explore the effect of metainetal interactions on ~ complexes. Qualitatively speaking, the ascending trend of height
conducting properties, the electronic structures of the metal difference revealed in Tables 1 and 2 for nickel, cobalt, and
string complexes are fine-tuned by one-electron oxidation. chromium complexes correlates well with their bond orders.
Oxidized tri-nuclear complexes are relatively less stable than Why do the metal string complexes respond so differently
the penta-nuclear ones under ambient conditions, and thus, theipon one-electron oxidation? Extended Huckel calculations of
latter are employed in this examination. For comparison, both the penta-nuclear complexes and crystal structures @i
neutral and oxidized penta-nuclear complexes are investigatedtpdaj(SO:CR)z] ™, [Cos(us-tpday(NCS)]*, and [Cr(us-tpdajFz] *
and the protrusion heights agaimstiodecanethiol monolayers are examined and compared with the corresponding neutral
are tabulated in Table &.Inserted within the same matrix, the complexes. Due to the difficulty in growing high quality crystals
neutral penta-nuclear complexes appear342 A taller than of [Nis(us-tpda)(NCS)]™ and [Ce(us-tpday(NCS)]*, struc-
the corresponding tri-nuclear ones. The heights for the penta-tures of complexes with other axial ligands are employed in
cobalt and the penta-chromium complexes are 2.9 and 5.5 Athis comparison. The information of the metahetal bond
higher than that of the penta-nickel complex, consistent with lengths and the X-ray crystallographic structures are referred
the trend observed from that of tri-nuclear ones. Interestingly, to the Supporting Information. Although oversimplified, sum-
the oxidized penta-nickel complex exhibits superior ET ef- marized in Scheme 2 is a self-explanatory illustration. Bhe
ficiency to its neutral form. The protrusions are raised nominally bonds of penta-chromium complex are regarded as nonbonding
2.6 A, from 11.3+ 0.3 Ato 13.94 0.4 A, practically the same  orbitals for the helical conformation of the tgdaligand and
level as those of the neutral penta-cobalt complex. In the casethus are not shown in the scheme for clarity. For the neutral

Ahsty appears not affected by the domain size of the protrusion
(shown in the Supporting Information, Figure S3).
It is interesting and of fundamental importance to explore
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2The solid, dotted, and open space between neighboring metal centers represent bond order of 1, 0.5, and 0, ré¥peatidsl$20,20n)
for penta-chromium complex are not shown for clarity.

complexes, the d electron configurations for penta-ni¢keinta- Supporting Information Available: Additional information
cobalt® and penta-chromiumare 61%m1%02212*0n120n22Tna* as noted in the text, including STM images of §{is-dpa)-
6n32-777*446n42n*546n520'n320'*420'*527 0'127[14022ﬂ24(§nlzénzzﬂn34(5n32- (NCS)z], [COg(ﬂa—dp&);(NCS)g], [COs(/,t5-tpda);(NCS)2], [CI’Q,(M:;-

7% 4 Ondr* 5* Ons?0ngt, ando120,2m1 424 0n1POnLOnE n(dxy) Tn(dyz) dpa)(NCSY}], [Crs(us-tpday(NCS)] (Figure S1), [Ni(us-tpda)-
respectively (where subscript n denotes nonbonding). After one (NCS)'], [Cos(us-tpda)(NCS)H], [Crs(us-tpday(NCS)y '] (Figure
electron oxidation, the bond order for penta-nickel complexes S2), distribution of STM apparent height against domain size
is increased and stays the same for penta-cobalt complexes(Figure S3), detailed crystal data of jis-dpay(NCS))], [Cos-
consistent with their dissimilar response of protrusion heights (us-dpa)(NCS)], [Cra(us-dpay(NCS)] (Figure S4), [Ni(us-

in STM measurements. Regarding the marginal decrease intpday(H2O)(BF4)]?"(BF4)22, [Cos(us-tpday(NCS)] T (ClOy4)~,
protrusion heights for [Ggus-tpda)(NCS)] ", the X-ray crystal [Crs(us-tpda)yF;] "(BF4)~ (Figure S5), cyclic voltammograms
structure reveals that all of the €€o bond lengths are slightly  of one-electron redox for thepentanuclear complexes (Figure
longer than those in the neutral form by about 6-0102 A. S6), a summarized metametal bond distances (Table S1), and
Although insignificant, the increase in bond lengths suggests aMO diagrams of [Ce(us-tpday(NCS)] and [Cr(us-tpda)-
relatively smaller internuclei interaction and thus a slight (NCS)] (Figure S7). This material is available free of charge
decrease in ET probability, even though the overall bond order via the Internet at http://pubs.acs.org.

remains unchanged upon one-electron oxidization. In the case

of penta-chromium, the oxidized complex develops two sets of References and Notes

very dissimilar Cr-Cr distancebwhere the short and long ones . s .

are consistent with quadruple bonds and with no matatal Che(é). éﬁ,’}ﬁ;ﬁ;{f@gf 239%’_';/'3"7%.’ Tsal, M-S.; Peng, S.dMChem. Soc.,
bonding interaction, respectively. Therefore, the substantial (2) Lai, S.-Y.; Lin, T.-W.; Chen, Y.-H.; Wang, C.-C.; Lee, G.-H.; Yang,
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