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ABSTRACT: Complexation of the ambidentate ligand 4-
mercaptobenzoate (4-SH-C¢H,CO,H, H,mba) by the macro-
cyclic complex [Ni,L(u-Cl)]CIO, (L* represents a 24-
membered macrocyclic hexaazadithiophenolate ligand) has
been examined. The monodeprotonated Hmba™ ligand reacts
with the Ni, complex in a selective manner by substitution of
the bridging chlorido ligand to produce y,;-carboxylato-
bridged complex [Ni,L(Hmba)]* (2*), which can be isolated
as an air-sensitive perchlorate (2ClO,) or tetraphenylborate +Bu
(2BPh,) salt. The reactivity of the new mercaptobenzoate INi2L(ChI"
complex is reminiscent of that of a “free” thiophenolate ligand.

In the presence of air, 2ClO, dimerizes via a disulfide bond to generate tetranuclear complex [{Ni,L},(0,CC¢H,S),]** (3*").
The auration of 2ClO, with [AuCI(PPh,)], on the other hand, leads to monoaurated complex [Ni",L(mba)Au'PPh,]* (4%). The
bridging thiolate functions of the NS, macrocycle are deeply buried and are unaffected/unreactive under these conditions. The
complexes were fully characterized by electrospray ionization mass spectrometry, IR and UV/vis spectroscopy, density functional
theory, cyclic voltammetry, and X-ray crystallography [for 3(BPh,), and 4BPh,]. Temperature-dependent magnetization and
susceptibility measurements reveal an S = 2 ground state that is attained by ferromagnetic coupling between the spins of the Ni'!
ions in 2Cl10, (J = +22.3 cm™") and 4BPh, (J = +20.8 cm™'; H = —2JS,S,). Preliminary contact-angle and X-ray photoelectron
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spectroscopy measurements indicate that 2ClO, interacts with gold surfaces.

B INTRODUCTION

The coordination chemistry of o-mercaptobenzoic acid (2-
HSC¢H,CO,H), which is also known as thiosalicylic acid, has
attracted much interest,' primarily because of its ability to form
complexes with both hard and soft metal ions and the
associated potential in several applications. Much research has
focused on the preparation and characterization of thiosalicy-
lato complexes of heavy metals such as gold(I), mercury(II),
platinum(1),>* and tin(I1).** The gold compounds, for
example, are of interest because of their supramolecular
structures, which are governed by a combination of Au--Au
interactions and hydrogen-bonding interactions as seen in
[Au(2-SC¢H,CO,H)(RNC)]® and [Au(2-SC(H,CO,H)-
(PPh;)].” The application of sodium ethylmercury thiosalicy-
late, [EtHg(2-SC¢H,CO,Na)] (commonly known as thimer-
osal), in medicine and many other disciplines® is associated
with its antimicrobial properties and has led to great interest in
the structure, spectroscopic properties, and reactivity of
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mercury(1I) thiosalicylate compounds.” A number of first-row
transition-metal thiosalicylate complexes have also been
structurally characterized previously. Jacobsen and Cohen
used zinc tris(pyrazolylborate) complexes coligated by
thiosalicylate ligands as models to augment and advance
metalloproteinase inhibitor design.'® Christou and co-workers
used thiosalicylate to stabilize polynuclear vanadium(III)
complexes such as [PPh,],[V;0CL(2-HSC,H,CO,);], whose
anion contains a triangular [V,(u3-0)]™ core.'!
these applications, it is somewhat surprising that the
coordination chemistry of the para isomer of thiosalicylic
acid, p-mercaptobenzoic acid (4-HSC¢H,CO,H, hereafter
referred to as H,mba), has been investigated far less frequently.
Only a few discrete rhodium(I)'* and gold(I) complexes'®'*
have been reported. Recently, the successful utilization of
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H,mba in the stabilization and surface chemical modification of
gold nanoparticles'® was demonstrated.

Following recent work in this group on the molecular
recognition of carboxylato and dicarboxylato ligands by
dinuclear [Ni,L]** complexes supported by the macrocyclic
NS, donor ligand L (Figure 1),'® we have turned our attention
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Figure 1. From left to right: Structure of dinuclear complexes [M,L(u-
L)]* of the macrocyclic ligand H,L and representation of the
structures of dinuclear and tetranuclear complexes with carboxylato
and dicarboxylato ligands (the macrocycle L is shown as an ellipse for

clarity).

to the encapsulation of the ambidentate H,mba ligand. We
show that the [Ni,L]** fragment binds the H,mba ligand
selectively via its carboxylate function and reports on the
potential of the resulting [NizL(OZCC6H4SH)]+ cation 2" to
act as a monodentate thiolate ligand toward Au'. The ability of
H,mba to act as a metallohgand toward different metal ions has
precedence in the literature,'> but the noncovalent protectlon
of its carboxylate function by a dinuclear metallocavitand'’
represents a new strategy in the preparation of polynuclear
H,mba complexes.'® The crystal structures, reactivity features,
and magnetic and electrochemical properties of the new
complexes are described.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Metal Complexes.
The reaction of [Ni,L(u-Cl)]ClO, (1ClO,) with H,mba in
CH,Cl, in the presence of NEt; provides a green solution, from
which a green, air-sensitive, microcrystalline product of
composition [Ni,L(Hmba)]CIO, (2ClO,) can be reproducibly
obtained in yields as high as 88% (Scheme 1). The electrospray
ionization mass spectrometry (ESI-MS) spectrum of 2ClO,
with a base peak for the [Ni,L(Hmba)]* dication (m/z 937.2
(95%); caled m/z 937.2) and elemental analysis were clearly
consistent with the formulation of a 1:1 complex.

Previous studies from these laboratories revealed that the
[Ni,L]** dication has a high afﬁmty for carboxylate ions,’ ¢ but
it can also bind thiophenolate."” To distinguish between the
two binding modes in solution, we used UV/vis spectroscopy.
The v, (3A2g - 3ng) and v, (3AZg - 3T1g) transitions of these
Ni, complexes are quite sensitive to the nature and type of the
bridging coligand (v; and v, = 650 and 1121 nm for
([Ni,L(O,CPh)]%),*° 667 and 1141 nm for [Ni,L(SPh)]*).
The electronic transitions recorded for 2* in MeCN solution
(652 and 1125 nm) match better with those determined for
[Ni,L(O,CPh)]". This suggests that 2* binds the Hmba~ ligand
via its carboxylate function. The latter coordination mode was
further supported by IR spectroscopy. There are two bands at
1599 cm™ [1,(RCO,7)] and 1408 cm™ [1,(RCO,7)]
attributable to a p, ;-bridging carboxylate function. There are

Scheme 1. Synthesized Compounds and Their Labels
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no peaks for a free RCO,H function. However, a weak band at
2550 cm ™" v(SH) typical for a RSH group is present.

To further confirm the presence of the carboxylato-bridged
structure 2%, we performed an exchange experiment (eq 1).
When a solution of [Ni,L(SPh)]ClO,'”*" in MeCN is treated
with 1 equiv of NaO,CPh, a color change from yellow to pale
green takes place, and the resulting [Ni,L(O,CPh)]ClO, salt
can be isolated in nearly quantitative yield. The energy (AE) of
reaction (1) was calculated by density functional theory (DFT)
methods. The reaction energy AE was found to be —10.6 kcal
mol™! in acetonitrile, indicating that [Ni,L(OCPh)]*
substantially more stable than [Ni,L(SPh)]*. The higher
affinity for the carboxylato group agrees with the fact that
Ni?* is a rather hard Lewis acid.** On the basis of these results,
it can be concluded that the [Ni,L(Hmba)]* complex binds the
H,mba ligand selectively via the carboxylate function.

[Ni,L(SPh)]" + O,CPh — [Ni,L(O,CPh)]* + PhS™
(1)
Efforts to obtain single crystals of 2C1O, or [Ni,L(Hmba)]-
BPh, (2BPh,) suitable for X-ray diffraction analysis proved
unsuccessful. However, such crystals were obtained in the case
of the oxidation product [{Ni,L},(0,CC¢H,S),](BPh,),
[3(BPh,),], which crystallizes from solutions of 2BPh, when
exposed to air (Scheme 1). As can be seen (Figure 2), two
[Ni,L(mba)]|* units are linked via a disulfide bond, with a
distance of 13.510 A between the center of the Ni---Ni axes of
the dinuclear units. In [(Ni,L),(isophthalate)]**, this distance
is much smaller (9.561 A).**> Notice that the nickel-bound
sulfur atoms are not affected by the oxidation.
We next explored the ability of complex 2* to act as a
thiolato ligand toward gold.** Thiophenolate ligands are quite
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Figure 2. Ball-and-stick (left) and van der Waals (right) plots of the molecular structure of the [(Ni,L),(mba),]** dication in crystals of 3(BPh,),:
nEtOH-nCH;CN. Only one orientation of the disordered disulfide coligand is shown.

Figure 3. ORTEP (left) and van der Waals (right) plots of the molecular structure of the Ni,Au complex 4" in crystals of 4BPh,-2MeCN-2EtOH.
Thermal ellipsoids are at 50% probability. Selected bond lengths (A) and angles (deg): Au—P 2.2620(13), Au—S3 2.3022(13); Nil—01 2.015(2),
Nil—S1 2.4445(11), Ni1—S2 2.4776(11), Ni1—N1 2.247(3), Ni1—N2 2.164(3), Ni1—N3 2.312(3), Ni2—S1 2.4488(10), Ni2—S2 2.4985(11), Ni2—
02 1.990(2), Ni2—N4 2.314(3), Ni2—NS 2.140(3), Ni2—N6 2.236(3), Nil---Ni2 3.475(1); P—Au—S3 173.59(4), Nil—S1—Ni2 90.48(4), Nil—

S2—Ni2 88.58(4).

aurophilic, and many gold(I) thiophenolate complexes have
been described.*® Indeed, when 2ClO, was allowed to react
with an equimolar amount of [AuCI(PPh;)] in the presence of
NaOMe at ambient temperature, trinuclear complex [Ni,L-
(mba)Au(PPh;)]* (4%) (ESI-MS: m/z 1397.4 (60% rel intens);
caled for 4° m/z 1397.4) forms, which can be isolated as
perchlorate salt [Ni,L(mba)Au(PPh;)]ClO, in almost quanti-
tative yields (>90%). The same compound forms also in the
presence of a 3-fold excess of [AuCl(PPh;)], clearly evidencing
that 2ClO, exhibits only one aurophilic thiophenolate function.
In strong contrast to the thiol 2ClO,, the aurated compound
[Ni,L(0,CC¢H,S)AuPPh,]CIO, (4ClO,) is stable toward
aerial oxidation for weeks in solution as well as in the solid
state.

To ascertain the formulation of 4% as trinuclear complex
Ni",Au', it was characterized by X-ray crystallography as the

tetraphenylborate salt 4BPh,-2MeCN-2EtOH, and its structure
is shown in Figure 3. The coordination geometry about the
gold atom is not perfectly linear (S—Au—P 173.59°), most
likely because of steric interactions between the PPh; unit and
the NS, macrocycle or crystal-packing effects.” In [Au(SPh)-
(PPh;)], the S—Au—P linkage is 179.0°.*” The binding of the
Au'PPh; unit to the mercaptobenzoate does not significantly
alter the structure of the [Ni,L(mba)] complex fragment. Thus,
the aromatic ring of the mercaptobenzoate moiety is coplanar
with the bridging carboxylato group, as observed in 3(BPh,),.
In essence, the mercaptobenzoate group in 2ClO, is the only
potential binding site for gold atoms, and the binding does not
alter the overall structure of the [Ni,L]** fragment.
Electrochemistry. In view of the air sensitivity of the
thiolate complexes and the fact that the III+ oxidation state is
attainable for nickel in a thiolate-rich coordination environ-
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ment,”® > it was of interest to determine the redox properties

of the Ni"Ni" complexes 2* and 4% by cyclic voltammetry.
Figure 4 shows the cyclic voltammogram (CV) of ca. 1 X 107°

[Ni,L(OAC)ICIO,,

I T T T T T T T 1
-2,0 1,5 1,0 -0,5 0,0 05 1,0 1,5 2,0
E/Vvs SCE

Figure 4. CVs of 2ClO, and 4ClO, in a CH;CN solution at 298 K.
The CV of [Ni,L(OAc)]ClO, is shown for comparison. Experimental
conditions: 0.1 M [n-Bu,N]PF, ca. 1 X 107> M sample concentration;
platinum disk working electrode; silver wire reference electrode; scan
rate 100 mV s™'; [Co(Cp,)]PF; internal reference.

M acetonitrile solutions of 2ClO, and 4ClO, in acetonitrile.
The CV of the acetato-bridged Ni"Ni" complex [Ni,L(OAc)]-
ClO, was reported previously” and is included for comparison.

It is appropriate to discuss the CV of the Ni",Au' complex 4*
first. There are two consecutive waves, one at E';, = +0.54 V
(vs SCE) with a peak-to-peak separation AE, of 0.15 V and one
at B, = +1.35 V with AE, = 0.15 V. The CV is very similar to
that of the acetato-bridged complex [Ni",L(OAc)]*, which
shows two redox waves at E';, = 0.56 V and E?,,, = 1.36 V.
The two redox processes in [Ni",L(OAc)]* were previously
assigned as metal-centered (Ni"Ni" — Ni"'Ni") and ligand-
based [RS™(thiolate) — RS (thiyl radical)] oxidation within the
[Ni",L]** unit as represented in eqs 2 and 3. The similar
behavior for 4ClO, implies that the first oxidation is metal-
centered in nature and yields a mixed-valent Ni'"!Ni" complex
4%, as indicated in eq 2. Indeed, controlled potential
coulometry of a solution of the Ni", complex 4* in MeCN at
273 K at an applied potential of 1.0 V vs SCE consumed 0.97
(+£0.03) e /complex, generating a deep-red solution, from
which a deep-red microcrystalline solid of composition

[Ni"'Ni"L(mba)Au(PPh,)](ClO,), [4(ClO,),] can be iso-
lated.>* The CV of this material is identical with that of the
parent complex (4ClO,), and rereduction of 4(ClO,), at a
potential of 0 V reforms the monocation 4%, indicating that
complex 4" retains its integrity upon oxidation. The fully
oxidized Ni"'Ni" form 4" is only stable on the time scale of the
CV experiment. Attempts to access the trication 4% by
controlled potential coulometry were unsuccessful and led to
decomposition of the Ni,Au complex to unknown products.

[Ni"Ni"L(mba)Au(PPh,)]*
&

— [Ni"'Ni"L(mba)Au(PPh,) **
teo £+ ()

[NiHINiHL(mba)Au(PPhg,) ]2+
£+

— [Ni"'Ni"L’(mba) Au(PPh,) **
ter £+ 3)

The redox chemistry of two-coordinate Au' complexes is
known.” Neutral Au' complexes generally undergo an
irreversible reduction to Au” at very cathodic potentials below
—2.0 V.* The form and position of the reduction peaks also
depend on gold coverage of the electrode. In our chosen
potential window ranging from —2 to +2.5 V vs SCE, there are
no further redox waves, which can be attributed to reduction of
the mba-Au'(PPh;) group in good agreement with the reported
trend.*® It can be concluded that this unit is redox-inactive in
this potential range.

Overall, the 4" complex undergoes a reversible one-electron
oxidation reaction, which is accompanied by a change of the
spin ground state from S = 2 for the Ni''Ni" form 4* to S =%/,
for the mixed-valent Ni"Ni'! form 4> (see below).”” The CV
data further show that formation of the Au'=S bond is an
effective protecting group for the air-sensitive thiolate group.

The CV of 2ClO, is similar but not identical with that of
4ClO,. The two peaks at 0.66 and 1.45 V vs SCE can be
assigned in the same manner as that for 4*. The CV shows an
additional, less-well-defined feature in the cathodic potential
regime with peak potentials of EPred ~ =16 Vand E,* ~ —1.0
V. These features are tentatively assigned to reduction and
oxidation of the 4-mercaptobenzoate ligand. However,
determination of the RS™/RSSR couple may be hampered
because of chemisorption of thiolate ligands to the electrode

(a) 3,6 T T T T T T T ™3]
341§
3,2

3,0

ZmT/ cm3 K mol!

2,8+

T T T T T T
120 160 200 240 280 320
T/K

T T
0 40 80

»
1

N
N

Magnetization | pg (formula unit) ©
N =)
) !

&

-6 4 -2 0 2 4 6
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Figure S. Left: Temperature dependence of the magnetic susceptibility (per dinuclear complex) for 2ClO, (open circles) and 4ClO, (open squares).
The full lines represent the best theoretical fit to eq S. Right: Field dependence of the magnetization of 2ClO,, (open circles). The full line represents
the best theoretical fit to eq 4 with S = 2, T = 4 K, and g = 2.14. Experimental and calculated values are provided in the Supporting Information.
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material.>® Therefore, these values should be taken as indicative
rather than definitive.

Electronic Structures of Complexes 2ClO, and 4ClO,.
Complexes 2ClO, and 4CIO, were further characterized by
temperature-dependent magnetic susceptibility measurements
to determine their electronic structures. The magnetic
susceptibility measurements were carried out on powdered
solid samples in the temperature range between 2 and 330 K at
an applied external magnetic field of 0.5 T using a MPMS 7XL
SQUID magnetometer (Quantum Design). Figure S displays
the temperature dependence of the molar magnetic suscepti-
bility (per dinuclear complex) in the form of a yyT versus T
plot. For 2ClO,, the value of T increases from 2.79 cm® K
mol™ (4.73 pp) at 330 K to a maximum value of 3.55 cm® K
mol™" (5.33 pp) at 20 K and then decreases to 2.95 cm® K
mol™! (4.86 yip) at 2 K. Virtually the same behavior can be
noted for complex 4ClO,. Here the value of y;T increases from
2.77 cm® K mol™ (4.71 up) at 330 K to a maximum value of
3.56 cm® K mol™ (5.34 ug) at 20 K and then decreases to 2.79
cm® K mol™ (4.73 pg) at 2 K. The decrease in yy, T below 20 K
can be attributed to zero-field splitting of Ni'. The magnetic
susceptibility behavior is in both cases characteristic for an
intramolecular ferromagnetic exchange interaction between two
Ni" ions, leading to an S = 2 ground state. The data also show
that auration does not significantly influence the electronic
structure of the [Ni,L(mba)]** complex fragment, a fact that is
not surprising given the diamagnetic d'® configuration of the
RS—Au'-PPh, unit.

In order to confirm the § = 2 ground state, a field-dependent
magnetization measurement of 2ClO, was carried out at 4 K
between —7 and +7 T using a MPMS 7XL SQUID
magnetometer (Quantum Design). Figure S shows the field
dependence of the molar magnetization in the form of a M
versus H plot together with the theoretical fit derived from the
Brillouin function (eq 4) for 2*. As can be seen, a good fit was
possible over the full temperature range, clearly indicative of an
S = 2 ground state.

S+1 gugH 28 + 1
coth
kT 28

1 gusH 1
— — coth —
28 kT 28 (4)

In order to quantify the magnitude of the magnetic exchange
interaction, the experimental yT versus T data were analyzed
using the spin Hamiltonian in eq S including the isotropic
Heisenberg—Dirac—van Vleck (HDvV) exchange, the single-
ion zero-field splitting, and the single-ion Zeeman interactions
using a full-matrix diagonalization approach.”®~*°

2
H=-285 + ), {Di[@f _
i=1

(r=x, Vs z) (5)

2
M(H)Brillouin = NAg:uB|:

1., A
ES,.(S,. + 1)] + ginSiTBT}

The experimental data of 2ClO, and 4ClO, were fitted to eq
S over the full temperature range, assuming identical isotropic g
values for the two Ni" ions. The parameters of 2* and 4°
leading to the best fits are listed in Table 1. The parameters
determined for 2* were ] = +22.3 cm™, g =2.18, D = 5.2 cm ™,
and TIP = 3.6 X 107* cm® mol™ (TIP = temperature-
independent paramagnetism). In the case of 4", the best fit to
the experimental data yielded ] = +20.8 cm™, g =2.18, D = 6.7

Table 1. Magnetic Properties of Complexes 2ClO, and
4ClO, and Other Carboxylato-Bridged Ni, Complexes
Supported by the NS, Macrocycle”

compound g J,em™ D, em™  TIP, cm® mol™!
2ClO, 2.18 2229 523 3.59 x 107
4ClO, 2.18 20.83 6.73 333 x 107
i c 214 217 8.
Ni,L(OAc)]ClO,* 6
[Ni,L(0,CPh)]ClO,* 2.19 18.4 44
4

“Parameters resulting from least-squares fit to the )T data under the
spin Hamiltonian in eq S: J = coupling constant (H = —2JS,S,), g = g
value, D = zero-field-splitting parameter, and TIP = temperature-
independent paramagnetism.

cm™!, and TIP = 3.3 X 10~* cm® mol™". Even though inclusion
of the zero-field-splitting parameter generally improves the
quality of the fit, one must be aware that these values should be
taken as indicative rather than definite. It should be mentioned
that all other carboxylato-bridged Ni"-complex-supported L*~
show a weak ferromagnetic exchange coupling. The ] values for
[Ni,L(OAc)]BPh, and [Ni,L(O,CPh)]BPh, at 21.7 and 18.4
cm™!, respectively, are very similar to those in 2* and 4*.*'

Chemisorption of 2ClO, on Gold. There is currently
great interest in the stabilization of gold nanoparticles by the 4-
mercatobenzoate ligand. The Kornberg group, for example,
obtained particles sufficiently uniform in size for the growth of
large single crystals, suitable for X-ray structure determination,
resulting in the first unambiguous structural characterization of
a thiol-protected gold nanoparticle.'> On these grounds, we
decided to study the chemisorption of 2ClO, on gold. The
deposition of 2ClO, was performed in analogy to the
preparation of self-assembled thiol monolayers on gold as
described in the literature.** A clean gold-coated silicon wafer
was immersed in a 1 X 107> M solution of 2ClO, in EtOH for
24 h followed by washing with EtOH and drying. The
wettability of the surface was expected to change with
chemisorption of the thiolate complexes, and so immobilization
of the complexes was probed using static water-contact-angle
measurements. Table 2 lists the results.

Table 2. Water (static)-Contact-Angle Measurement
Obtained for Gold Films Modified with Various Dinickel(II)
Complexes®

entry compound contact angle (deg)
1 bare gold (EtOH) 75.8 (1.5)
2 H,mba 55.6 (1.7)
3 2Clo, 714 (2.1)
4 2BPh, 75.9 (2.1)
S 2ClO, (after metathesis with NaBPh,) 76.0 (2.0)
6 [Ni,L(OAc)]CIO, 75.9 (2.0)

“The values represent the average of 10 measurements using 4 uL
drops of deionized water. Standard deviations are given in parentheses.
The “bare” gold surfaces were identically treated to the modified
surfaces except with omission of any adsorbate in the solvent.

The contact-angle measurements showed small but signifi-
cant variations, indicating that the complexes bind indeed to
the gold surface. For the unmodified gold-containing
adventitious, nonpolar material, a contact angle of 75.8° is
obtained, which agrees with the value reported in the
literature.”> The contact angle of the free Hmba~ ligand is
lower than that of bare gold, in good agreement with the
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presence of polar surface carboxylate functions.** The value of
55.6° is relatively high for a carboxylate-terminated monolayer,
suggesting that the CO,H groups are involved in intermolecular
hydrogen-bonding interactions. Such an effect is known to
increase the hydrophobicity of rather polar molecules and has
been observed by others.***® Upon chemisorption of the
2ClO, complex, the contact angle reduces slightly relative to
the unmodified gold, indicating a surface transition to a more
hydrophilic state. This is not surprising given the presence of a
charged surface complex. The contact angle for chemisorbed
2ClO, on gold is comparable with those of alkanethiol
monolayers terminated with ester, alkoxy, or thioester groups.*’
The angle seems to be quite high for an ionic compound, but
we emphasize here that the charges are well shielded by the
apolar groups of the macrocyclic ligands. A thin film of the
more lipophilic tetraphenylborate salt 2BPh, on gold increases
the contact angle by 4.5° (Table 2, entry 4), which would be
expected because the BPh,~ group is even more hydrophobic
than the CIO,” ion. The contact-angle measurements also
revealed that complexes such as [Ni,L(OAc)]ClO,, which lack
end groups for surface fixation, are not chemisorbed on the
gold surfaces (entry 6). It is worth mentioning that the ClO,~
anions of immobilized 2ClO,, can be exchanged by BPh,™ ions
in a surface metathesis reaction. Thus, chemisorbed 2ClO, on
gold upon treatment with NaBPh, undergoes an anion-
exchange reaction to produce 2BPh, as indicated by the
change of the contact angle (entry S). The chemisorbed
cationic complexes 2% remain attached to the surfaces. Such
anion-exchange reactions have been observed by others, e.g., for
polycations attached to solid surfaces.*®

XPS Studies. The attachment of 2ClO, to the gold surface
was further analyzed by X-ray photoelectron spectroscopy
(XPS). XPS spectra were recorded for bulk 2ClO, and for
2ClO, chemisorbed on gold. However, the long exposure time
led to significant X-ray-induced damages; particularly affected
are the ClO,~ groups and the bridging thiolate sulfur atoms of
the NgS, macrocycle, as further detailed below. Table 3 lists
selected peak positions and their assignments.

Table 3. XPS Binding Energies (eV) for 2ClO, and
Monolayers of 2ClO, on Gold®

2ClO, on

element 2ClO, Au(111) assignment
S(2ps2) 169.2 168.7 RSO;™

163.0 163.6 nickel-bound sulfur atoms

164.3 free thiol

161.9 gold-bound 4-mercaptobenzoate

S(2pi) 1702 169.7 RSO,~

164.1 164.6 nickel-bound sulfur atoms

165.3 free thiol

162.8 gold-bound 4-mercaptobenzoate

Ni(2p;,)  856.3 855.0 Ni**

863.0 862.5 “shake up satellite”
C(1s) 286.1 285.2 aliphatic and aromatic carbon

atoms

287.5 286.6 sulfur-bound carbon atoms

289.5 288.6 RCO,™
Cl(2ps,) 2088 209.0 clo,”
Cl(2p,,) 2104 210.6
Cl(2p;)) 1995 199.0 Cl-
Cl(2p,,) 2011 200.6

“The binding energies are referenced to Au(4f;,,) (84.0 eV)

The XPS spectra for 2ClO, and for a monolayer of 2ClO, on
gold in the S(2p) region clearly reveal the covalent attachment
of the [Ni,L(mba)]* complexes to the gold surface via Au—S$
single bonds (Figure 6). The XPS spectrum of bulk 2ClO,

T T T T T T T
—— 2ClO4

— fit

— 2ClO4 on gold

- fit

Intensity (arb.units)

172 170 168 166 164 162 160
Binding Energy (eV)

Figure 6. XPS S(2p;5,) and S(2p,,,) peaks for bulk 2CIO, and for
2ClO, chemisorbed on gold.

shows two sulfur photopeaks at binding energies of 164.3 and
163.0 eV, in agreement with the presence of the two kinds (one
free thiol group and two nickel-bound thiolate sulfur atoms) of
sulfur atoms. Upon binding to the gold surface, one of these
peaks is significantly shifted from 164.3 to 161.9 eV, whereas
the other shifts only slightly from 164.3 to 163.6 eV. The latter
peak is therefore assigned to the bridging thiophenolate sulfur
atoms because their bonding situation does not change upon
surface functionalization.*” The other features are attributed to
the free thiol function (164.3 eV) in 2ClO, and the gold-bound
thiolate atoms (161.9 eV) in 2ClO, chemisorbed on gold.
These binding energies are t?fpical for free thiol®® and gold-
bound thiolate sulfur atoms.>” The absence of free signals for
thiols also rules out the presence of overlayers.

The features at higher energies (169.2 and 168.7 eV) are
assumed to be due to a sulfonate group (RSO;”). The oxygen
atoms most likely arise from X-ray-induced decomposition of
the ClO,~ ions. Decomposition of ClO,~ by X-rays has been
reported previously.>” It indicates that some of the RS~ groups
in 2ClO, groups are oxidized to RSO;™ groups, as seen in bulk
2ClO,. It is worth mentioning that oxygenation reactions of
[Ni,L(carboxylato)]* complexes with H,0, and m-chloroper-
oxybenzoic acid*' convert the bridging thiolate to sulfonate
groups without gross structural changes of the complexes, and
it is assumed that similar conversions take place in the
chemisorbed complexes.

Figure 7 shows the photoelectron peaks in the Ni(2ps/,)
region for bulk 2ClO, and for 2ClO, chemisorbed on gold. The
binding energies differ slightly; however, the shape of the
Ni(2ps/,) signals with well-known shakeup satellites at 863 and
862.5 eV is characteristic for divalent, six-coordinate nickel
complexes. These data imply that complex 2" undergoes no
redox changes upon surface fixation.”>™>® The CI(2p) regions
show the presence of ClO,” ions (209 eV), and the additional
spectral features (199.5 and 201.1 eV) correspond to chloride
ions. This is the result of photoinduced decomposition of the
ClO,” ion into CI™ and has been reported previously.>

Photoelectron peaks of carbon and oxygen are also observed
(Supporting Information). The C(1s) signal can be deconvo-
luted into three signals. The strong C(1s) signal at 285.2 eV
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T T T T T
Ni2p

48h measured

2ClOy

—— 2Cl0, on
Au (111)

Intensity (a.u.)

870 865 860 855 850 845
Binding Energy (eV)

Figure 7. XPS Ni(2p;,,) peaks for bulk 2ClO, and 2ClO,
chemisorbed on gold.

can be attributed to the aliphatic and aromatic (CH) carbon
atoms of the 4-mercaptobenzoate and NS, aminothiopheno-
late ligands. The peak at 286.6 eV is attributed to the three
electron-deficient carbon atoms bonded to electronegative
sulfur atoms.®” There is also a weak peak at 288.6 eV, which can
be attributed to the carboxylate function.>" The CI(2p) region
shows that the ClO,” ions (208 eV) are incorporated into the
monolayers. Altogether, the XPS spectrum provides strong
evidence for a covalent Au—S linkage between 2* and the gold
surface in a monolayer.

B SUMMARY

The main findings of the present work can be summarized as
follows: (i) The dinuclear Ni'! complex [Ni,L(Hmba)]* (2*),
where L is a macrocyclic hexaminedithiophenolate ligand and
Hmba™ is 4-mercaptobenzoate, is readily prepared and can be
isolated as an air-sensitive perchlorate 2ClO, or tetraphenylbo-
rate [Ni,L(Hmba)]BPh, (2BPh,) salt. (ii) The X-ray structure
determination showed that the ambidentate 4-mercaptoben-
zoate coligand binds specifically, via its carboxylate function, to
the [Ni,L]** fragment such that the soft thiol function is
positioned in the periphery of the complex. (iii) The mode of
auration of 2Cl10, with [AuCl(PPh,)] demonstrates that 2CI1O,
exhibits only one gold binding site. Only the thiolate function
of the Hmba™ ligand is aurated. The two thiolate sulfur atoms
in 2ClO, exhibit no aurophilicity. (iv) The [Ni",L(Hmba)]*
and [Ni",L(mba)Au(PPh;)]* complexes exhibit an S = 2
ground state that is attained by ferromagnetic coupling of the
two Ni" (S; = 1) ions. (v) The [Ni,L(Hmba)]* complex is
redox-active and is also accessible in a mixed-valent Ni"Ni™t
form of a different S = */, ground spin state. (vi) Complexes of
2ClO, can be chemisorbed on gold surfaces via the formation
of Au—S surface bonds, as was clearly established by contact-
angle and XPS measurements.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from
commercial sources unless otherwise specified. Compound 1ClO, was
prepared as described in the literature. Ethanol (EtOH) was
deoxygenated with nitrogen prior to use. Acetonitrile was distilled
from calcium hydride. The syntheses of the metal complexes were
carried out under a protective atmosphere of nitrogen. Melting points
were determined in open glass capillaries and are uncorrected. The IR
spectra were recorded as KBr disks using a Bruker Tensor 27 FT-IR
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spectrophotometer. UV/vis spectra were recorded on a Jasco V-670
UV/vis/near-IR spectrophotometer. Elemental analyses were carried
out on a Vario EL elemental analyzer. ESI-MS spectra were recorded
on a Bruker Daltronics ESQUIRE3000 PLUS spectrometer. Elemental
analyses were carried out on a Vario EL elemental analyzer. Cyclic
voltammetry measurements were carried out at 25 °C with an EG&G
Princeton Applied Research model 263 A potentiostat/galvanostat.
The cell contained a platinum working electrode, a platinum wire
auxiliary electrode, and a silver wire reference electrode. The
concentrations of the solutions were 1.0 X 107" M in supporting
electrolyte N"Bu,PF; and ca. 1.0 X 107> M in the sample.
Cobaltocenium hexafluorophosphate (Cp,CoPF) was used as an
internal standard. All potentials are given versus SCE but are
standardized against the ferrocenium/ferrocene couple.*® Temper-
ature-dependent magnetic susceptibility measurements on powdered
solid samples were carried out using a MPMS 7XL SQUID
magnetometer (Quantum Design) over the temperature range 2—
330 K at an applied magnetic field of 0.5 T. The observed
susceptibility data were corrected for underlying diamagnetism.
Caution! Perchlorate salts of transition-metal complexes are hazardous
and may explode. Only small quantities should be prepared, and great care
should be taken.

[Ni,L(0,CCeH,SH)ICIO, (2CIO,). To a nitrogen-purged solution of
4-mercaptobenzoic acid (22 mg, 0.14 mmol) in CH,Cl, was added
triethylamine (0.1S mL, 0.14 mmol). Solid 1ClO, (100 mg, 0.108
mmol) in MeOH (25 mL) was added. The resulting green solution
was stirred for 48 h and filtered. A nitrogen-purged solution of LiClO,-
3H,0 (87.1 mg. 0.54 mmol) in EtOH (30 mL) was added, and then
the solvent volume was reduced in vacuo to about 10 mL. The
resulting green precipitate was filtered off, washed with EtOH, and
dried in vacuo to give 99 mg (88%) of 1ClO, as an air-sensitive, green,
microcrystalline powder. Mp: 320—324 °C (dec). IR (KBr pellet,
em™Y): v 3445 (s), 2961 (s), 2867 (w), 2807 (w), 2741 (w), 2550 (w,
v(SH)), 1717 (w), 1594 (s, v,,(RCO,7)), 1554 (s), 1486 (w), 1462
(m), 1422 (w), 1404 (5, Uymm(RCO,)), 1363 (w), 1350 (w), 1309
(w), 1292 (w), 1264 (m), 1233 (m), 1201 (w), 1177 (w), 1171 (w),
1153 (w), 1096 (s), 1059 (w), 1039 (w), 1014 (w), 1001 (w), 982
(w), 931 (w), 913 (m), 881 (m), 843 (w), 825 (s), 817 (w), 807 (w),
766 (m), 753 (w), 722 (w), 689 (w), 668 (w), 623 (m), 600 (w), 564
(w), 540 (w), 493 (w), 473 (w), 436 (w), 416 (w). UV/vis [CH,Cl,;
Ao nm (&, M7 em™)]: 265 (30603), 305 (12398), 329 (9868),
374sh (1835), 456sh (136), 652 (32, *Ay — °T),), 912sh (15, °A,, —
'Ey(D)), 1125 (60, *A;; — *Ty,). ESIMS (CH,CN): m/z 937.2
(95%); caled for [Ni,L(u-O,CC(H,SH)]* m/z 937.2. Elem anal.
Calcd for C,gHgoCINGNi,O4S;-2H,0 (1039.01 + 36.03): C, 50.27; H,
6.84; N, 7.82. Found: C, 50.31; H, 6.98; N, 7.60.

[Ni,L(0,CC4H,SH)IBPh, (2BPh,). To a solution of the perchlorate
salt 2C1O, (100 mg, 0.10 mmol) in dichloromethane (40 mL) was
added with constant stirring a solution of NaBPh, (165 mg, 0.48
mmol) in EtOH (30 mL). The volume of the reaction mixture was
reduced to about 5 mL. The resulting green precipitate was isolated by
filtration, washed twice with EtOH and ether, and dried in vacuo.
Yield: 108 mg (0.09 mmol, 86%). IR (KBr pellet, cm™): v 3442 (s),
3135 (w), 3054 (w), 3037 (w), 2998 (w), 2963 (s), 2866 (m), 2807
(w), 2740 (w), 2553 (w, v(SH)), 1716 (w), 1594 (s, v,((RCO,7)),
1553 (m), 1480 (w), 1461 (m), 1422 (w), 1404 (s, Vsymm(RCO,7)),
1363 (w), 1350 (w), 1308 (w), 1291 (w), 1266 (m), 1233 (m), 1200
(w), 1178 (w), 1152 (w), 1112 (w), 1077 (s), 1057 (w), 1041 (w),
1014 (w), 982 (w), 930 (w), 912 (m), 881 (m), 844 (w), 824 (s), 817
(w), 807 (w), 766 (w), 733 (m), 705 (s), 668 (w), 631 (m), 613 (m),
605 (w), 563 (w), 541 (w), 493 (w), 472 (w), 435 (w), 417 (w). UV/
vis [CH,Cly; Ay nm (&, M~ cm™)]: 266 (44867), 306 (14151), 330
(11141), 374sh (2047), 456sh (170), 651 (43, *A,, — °T),), 913sh
(18,°A,, = 'E,(D)), 1124 (68, *A,, = *T,,). ESI-MS (CH;CN): m/z
937.2 (95%); caled for [Ni,L(u-O,CC¢H,SH)]* m/z 937.2. Elem anal.
Caled for CgoHgoBNNi, 0,5, H,0 (1258.88 + 18.01): C, 64.90; H,
7.18; N, 6.58. Found: C, 64.63; H, 7.10; N, 6.39.

[{Ni,L},(0,CCsH,S),1(BPh,), [3(BPh,),]. A solution of the tetraphe-
nylborate salt 2BPh, (126 mg, 0.10 mmol) in dichloromethane/EtOH
(40 mL) was exposed to air for 12 h. The volume of the reaction
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Table 4. Total Energies for [Ni,L(SPh)]*, O,CPh~, [Ni,L(O,CPh)]*, and PhS™ and Reaction Energy According to PBE0/

TZV(P) (or PBEO/TZVP) Calculations

total energy (E), au

[Ni,L(SPh)]* 0,CPh~

—6299.52360 —420.28045 —6088.40245
—6299.59261 —420.38397 —6088.46850
—6299.67500 —420.39203 —6088.55104

“Gas phase. b Acetonitrile. “PBEO/TZVP level of theory.

[Ni,L(0,CPh)]*

PhS™ reaction energy (AE), keal
—631.43096 —184°
—631.52491 —-10.6°
—631.53307 —-10.7%¢

mixture was reduced to about 5 mL. The resulting green precipitate
was isolated by filtration, washed twice with EtOH, and dried in
vacuum. Yield: 110 mg (87%). IR (KBr pellet, cm™): v 3440 (s), 3053
(w), 3038 (w), 2997 (w), 2964 (s), 2866 (m), 1596 (s, v,,(RCO,7)),
1553 (m), 1461 (m), 1405 (5, Uypmm(RCO,7)), 1363 (m), 1348 (w),
1306 (w), 1293 (w), 1267 (m), 1231 (m), 1200 (w), 1179 (w), 1151
(w), 1110 (w), 1078 (s), 1044 (w), 1014 (w), 979 (w), 928 (w), 908
(m), 882 (w), 846 (m), 824 (s), 820 (m), 765 (m), 735 (s), 705 (s),
669 (m), 627 (m), 613 (w), 608 (w), 542 (w), 490 (w), 468 (w), 428
(w), 416 (w). UV/vis [CH,CL; A, nm (g M™' cm™)]: 264
(88000), 305 (18190), 329sh (22360), 368sh (3980), 450sh (362),
650 (78, *Ay — °T),), 912sh (40, °A,, — 'E (D)), 1123 (134, °A,, —
*T,p). ESLMS (CH,CN): m/z 9372 ({Ni,L(4-O,CC4H,S),} ).
Elem anal. Calcd for C;33H,,B,N;,Ni,0,S4-3H,0 (2515.74 + 54.05):
C, 64.50; H, 7.14; N, 6.54. Found: C, 64.38; H, 7.09; N, 6.32. This
material was additionally characterized by X-ray crystallography.

[Ni,L(0,CC4H,S)AuPPh;ICIO, (4CIO,). To a nitrogen-purged
solution of AuCl (25.0 mg, 0.108 mmol) in dichloromethane (S0
mL) was added triphenylphosphane (28.8 mg, 0.11 mmol), followed
by perchlorate salt 2C1O,, (100 mg, 0.096 mmol). The suspension was
stirred for 20 min, and then sodium methanolate (5.9 mg, 0.11 mmol)
was added. The resulting green solution was stirred for an additional
24 h at ambient temperature and filtered, and the filtrate was
combined with a solution of LiClO,-3H,0 (87 mg, 0.54 mmol) in
EtOH. After stirring for a further 30 min, the volume of the solution
was reduced in vacuo to about 10 mL. The resulting green precipitate
was filtered off, washed with EtOH, and dried in vacuo to give 132 mg
(91%) of 3 as a green powder. IR (KBr pellet, cm™): v 3474 (m),
3073 (w), 3050 (w), 2960 (s), 2864 (m), 2807 (w), 2741 (w), 1587
(s, v,,(RCO,7)), 1541 (m), 1507 (w), 1481 (w), 1461 (s), 1437 (w),
1422 (w), 1403 (s, Ugymm(RCO,7)), 1363 (w), 1309 (w), 1291 (w),
1263 (m), 1233 (m), 1201 (w), 1171 (w), 1153 (w), 1098 (s), 1040
(w), 1014 (w), 999 (w), 982 (w), 930 (w), 913 (m), 881 (w), 843
(w), 825 (m), 807 (w), 768 (w), 751 (m), 710 (w), 693 (m), 623 (m),
600 (w), 564 (w), 538 (m), 509 (w), 418 (w). UV/vis [CH,Cly; 4.
nm (&, M~' em™)]: 270 (18857), 308 (19273), 375sh (1469), 456sh
(101), 653 (19, *Ay, = °Tyy), 916 (7), 1129 (42, *Ay = *Ty). ESI-
MS (CH,CN): m/z 13974 (60%); caled for [Ni,L(u-0,CCeH,S)-
AuPPh,]* m/z 1397.4. Elem anal. Calcd for Cg;Hg3AuCINgNi,O¢PS;-
H,0 (1497.34 + 18.02): C, 49.90; H, 5.72; N, 5.54. Found: C, 49.89;
H, 5.60; N, 5.28.

[Ni;L(O,CC4H,SH)AU(PPh3)]BPh, (4BPh,). The perchlorate salt
4ClO, (150 mg, 0.10 mmol) was dissolved in dichloromethane (40
mL). A solution of NaBPh, (165 mg, 0.48 mmol) in EtOH (30 mL)
was added. The volume of the reaction mixture was reduced to about 5
mL. The green product was isolated, washed twice with EtOH and
ether, and dried in vacuo. Yield: 143 mg (83%). IR (KBr pellet, cm™):
v 3444 (w), 3054 (w), 3032 (w), 2997 (w), 2962 (s), 2863 (w), 2806
(w), 1585 (s), 1541 (m), 1480 (w), 1460 (m), 1437 (w), 1422 (w),
1403 (s), 1363 (w), 1349 (w), 1308 (w), 1290 (w), 1262 (m), 1233
(w), 1201 (w), 1170 (w), 1152 (w), 1101 (w), 1077 (s), 1057 (w),
1040 (w), 1014 (w), 999 (w), 982 (w), 930 (w), 912 (w), 881 (w),
843 (w), 824 (s), 817 (w), 807 (w), 768 (m), 748 (w), 732 (m), 704
(S)f 693 (W)) 630 (w), 612 (m), 563 (W)f 538 (S)l 509 (W)/ 472 (W);
416 (w). UV/vis [CH,Cl; 4., nm (g, M™' cm™)]: 269 (16688), 308
(16941), 375sh (1148), 456sh (71), 653 (16, *A,, — °Ty,), 916 (7),
1130 (37, *Ayy = *Typ). ESI-MS (CH,CN): m/z 1397.4 (60%); caled
for [Ni,L(u-O,CC¢H,S)AuPPh;]* m/z 1397.4. Elem anal. Calcd for

Cg,H,0;AuBN(Ni,O,PS; (1717.12 + 18.02): C, 60.19; H, 6.15; N,
4.84. Found: C, 60.27; H, 5.92; N, 4.91.

X-ray Crystallography. Crystals of 3(BPh,),-nEtOH-nMe,CO
were grown by slow evaporation of an EtOH/acetone solution of
3(BPh,),. Single crystals of 4BPh,-2EtOH-2MeCN were obtained by
the slow concentration of an acetonitrile/EtOH (1:1) solution of
4BPh, at ambient conditions. Specimens of suitable quality and size
were mounted on the ends of quartz fibers and used for intensity data
collection on a STOE IPDS-2T diffractometer, employing graphite-
monochromated Mo Ka radiation (0.71073 A). The intensity data
were collected and processed with the Jprogram STOE X-AREA.®®
Structures were solved by direct methods® and refined by full-matrix
least squares on the basis of all data against F* usinzg SHELXL-97.5'
PLATON was used to search for higher symmetry.® Drawings were
produced with ORTEP-3.% Hydrogen atoms were placed at calculated
positions and refined as riding atoms with isotropic displacement
parameters. All non-hydrogen atoms were refined anisotropically.

CCDC 915790 [3(BPh,),-nEtOH-nMe,CO] and CCDC 915791
(4BPh,-2MeCN-2EtOH) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge at www.
ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;
fax (international) +44-1223-336-033; e-mail deposit@ccdc.cam.ac.
uk].

Crystal Data for 3(BPh,),-nEtOH-nMe,CO: C,3sH,,cB,N;,Ni,0,S,,
M = 2515.73, triclinic space group PI, a = 14.2554(11) A, b =
23.756(2) A, ¢ = 24.402(2) A, a = 87.781(7)°, p = 85.210(7)°, y =
89.109(7) °, V.= 8228.2(12) A}, Z=2,D . = 1.01S g ecm ™, u = 0.572
mm™!, 59986 reflections collected, 27303 unique (R;, = 0.0441). Final
GOF = 0.976, R1 [F* > 206(F*)] 0.0869, wR2 (all data) 0.2763, R1
index based on 11090 reflections with I > 26(I) (refinement on F*).
The exact number of the solvate molecules could not be determined,
and electron density attributed to heavily disordered acetonitrile and
EtOH molecules was removed from the structure (and the
corresponding F,) with the SQUEEZE procedure implemented in
the PLATON program suite. The coligand and two tert-butyl groups
were found to be disordered over two positions. Although this disorder
was successfully modeled using the SADI instructions implemented in
SHELXL, the quality of the data set is too low, and the structure can
only be used to confirm the atom connectivity.

Crystal Data for 4BPh,2MeCN-2EtOH: CysH,,,AuBNNi,O,PS;,
M = 1891.34, triclinic space group PI, a = 15.196(5) A, b = 17.687(5)
A, c=19.126(5) A, a = 89.255(5)°, B = 69.672(5)°, y = 73.124(5)°, V
=4591(2) A%, Z = 2, D, = 1.368 g/cm™>, yu = 2.139 mm™", 24647
reflections collected, 16089 unique. Final GOF = 0.926, R1 [F* >
20(F*)] 0.0382, wR2 (all data) 0.1056, R1 index based on 13326
reflections with I > 26(I) (refinement on F*). One fert-butyl group was
found to be disordered over two positions at half-occupancy. The
DFIX command was used to constrain the bond distances of the
acetonitrile and EtOH molecules to 1.14 A for the C—N triple bond,
1.43 A for the C—O bond, and 1.50 A for the C—C bonds.

Contact Angles. The surface hydrophobicity was examined by
performing water-contact-angle measurements with a DSA II (Kriiss,
Hamburg, Germany) contact-angle analyzer. The contact-angle
measurements were collected using a 4 uL drop size of deionized,
distilled water. At least 10 contact angles per five different locations
were averaged.

Theoretical Calculations. The total energies (E) for [Ni,L-
(SPh)]*, [Ni,L(O,CPh)]*, PhCO,”, and PhS~ (Table 4) and the
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reaction energy (AE) for the reaction [Ni,L(SPh)]" + O,CPh™ —
[Ni,L(O,CPh)]* + PhS™ were calculated within the DFT approx-
imation using the hybrid PBEO functional.** The triple-¢ valence basis
set TZV(P) was used.®® Relativistic effects were taken into account.®®
Calculations were carried out with the ORCA program package.®”® In
the cases of [Ni,L(SPh)]* and [Ni,L(O,CPh)]", the X-ray crystallo-
graphic data were used as input geometry for calculation of the total
energies. The geometries of O,CPh™ and PhS™ were fully optimized.
The COSMO model was used to account for solvent effects.”” The
dielectric constant was set to 36.6 and the refractive index to 1.344.

XPS Spectra. XPS spectra were obtained on a commercial PHI
5600 spectrometer equipped with two light sources. A monochrom-
atized Al Ka source provided photons with an energy of 1486.6 eV,
which was used for the core-level studies. The total energy resolution
was 350 meV. The gold foils (Au, purity 99.59%) were cleaned in an
ultrasonic bath. The substrate was immersed in a 1 X 10~ M solution
of 2ClO, in dichloromethane for at least 12 h, washed with
dichloromethane and then EtOH, and immediately transferred into
the spectrometer. Energy referencing was based on the Au(4f,/,) peak
at 84.0 eV. All samples were studied at room temperature at a pressure
of approximately 2 X 107'® mbar. Spectra were analyzed using
CasaXPS.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data of 3(BPh,),-nEtOH-nMe,CO and
4BPh,-2MeCN-2EtOH in CIF format and experimental and
calculated susceptibility and magnetization data for 2ClO, and
4BPh,. This material is available free of charge via the Internet
at http://pubs.acs.org.
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