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Abstract: A general approach toward
amphiphilic systems bearing multime-
tallic clusters and their ability to form
Langmuir-Blodgett films is presented.
The synthetic strategy to stabilize these
clusters involves the use of a ligand
(HL) containing an N,O-donor set and
long octadecanoic chains to obtain the
carboxylate-supported [L,Cuy,(py-O)(1y-
OAc),]'EtOH (1) and [L,Cu,(py-O)(1y-
OBz),] (2) in which OAc™ and OBz~
represent acetate (1) and benzoate (2)

oughly characterized and had their
structures solved by X-ray crystallogra-
phy. We observed that the p-oxo Cu,
cluster is antiferromagnetically coupled
and used broken-symmetry density
functional theory (DFT) calculations to
describe the main superexchange path-
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ways of the tetracopper core. We also
describe the amphiphilic properties of
the ligand and the cluster-containing
systems by means of area versus pres-
sure isotherms and show that these
cluster-bearing species can be trans-
ferred onto solid substrates yielding
homogeneous Langmuir-Blodgett
films, as characterized by atomic force
microscopy and contact angle measure-
ments.

co-ligands. These species were thor-
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Introduction

One of the main challenges of modern coordination chemis-
try is to find ways of translating the considerable amount of
information learned from small molecules into useful sys-
tems that foster the development of new materials. A main
step in this process is the need for small molecules to be or-
ganized in highly ordered assemblies and, usually, the need
for transfer onto surfaces. The rich chemistry of transition-
metal complexes is profuse in systems with well-understood,
controllable, and tunable properties, and the incorporation
of these motifs into soft materials—thus allowing for inter-
face and surface organization—is highly desirable. Recent
advances in the field of metal-containing soft materials
point to successful applications toward molecular electron-
ics,'"¥ responsive thin films,>® and hierarchical materials.”]
Other emerging applications focus on metallopolymers®'"
and dendrimers!"'? or metallosurfactants!***! and meso-
gens'*) taking advantage of the geometric, redox, and
magnetic properties of transition-metal centers to build up
organized supramolecular architectures based on organic
scaffolds. The inclusion of three-dimensional metal clusters
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in soft materials is particularly relevant for molecular elec-
tronics for which several oxidation and ground states can
become useful for efforts toward information storage. None-
theless, except for iron-sulfur core dendrimers,’>?" the ap-
proach remains largely unexplored due to intrinsic synthetic
challenges. We have shown'® that this constraint can be
overcome by the use of pre-assembled carboxylate-based
dimers that interact with properly designed ligands confer-
ring specific properties to the final assembly. Since forma-
tion of carboxylate-supported clusters??! has been reported
for several first-row metal ions, this methodology constitutes
an important starting point. Our interest for transition
metals and surface chemistry™2" led us to embark on an
effort to develop amphiphilic cluster-containing materials
capable of film formation. In this article, we present a syn-
thetic strategy for obtaining the Cu,-cluster-bearing com-
plexes [L,Cu,(ps-O)(p-OAc),-EtOH (1) and [L,Cu,(p,-O)-
(u-OBz),] (2) with the new N,O-terdentate ligand HL
(Scheme 1) and p,-bridging acetate (u,-OAc), benzoate (L,-

The ligand HL:

|
AAAASAAASAASA~~N  OH N

The amphiphilic complexes:

(0]
[L.Cu (4O, OACLLEOH(1)  OAc = HE <o
(o]
(o]
[L,Cuy(1i-O)-OB2)] (2) oBz = @—(e
(0]
Scheme 1.

OBz), and p-oxo groups as co-ligands. Both complexes
have been exhaustively characterized by spectroscopic and
spectrometric techniques and had their structures solved by
X-ray crystallography. Since the magnetic properties of mul-
ticopper species depends heavily on the cluster geometry,!
we also investigated the magnetic properties of these com-
plexes both experimentally and by means of molecular cal-
culations. Trying to ascertain the contributions of different
magnetic pathways, we present for the first time density
functional theory (DFT) calculations on the whole tetracop-
per core using broken-symmetry approaches. Finally, we de-
scribe the amphiphilic properties of the ligand and the clus-
ter-containing systems as pressure versus area isotherms and
show that these cluster-bearing species can be transferred
onto solid substrates yielding homogeneous Langmuir—
Blodgett films characterized by atomic force microscopy
and contact angle measurements. The implications of these
results toward the design of magnetic and responsive films
that incorporate clusters are also offered.
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Results and Discussion

Synthesis and characterization: The ligand was synthesized
by treatment of the precursor 5-tert-butyl-2-hydroxyisopht-
aldehyde and 1-octadecylamine and was analyzed by 'H
NMR and IR spectroscopy as well as ESI mass spectrome-
try."®! Complexes 1 and 2 were synthesized by treatment of
a solution of the ligand in ethanol with distinct copper salts,
and, in both cases, a tetrametallic p,-oxo, W,-carboxylato
bridged core was identified. Copper(Il) acetate in a 1:2
ligand-to-metal molar ratio was used to obtain 1, with the
acetate groups acting as p,-bridging co-ligands. Few exam-
ples of structurally characterized acetato-bridged cores have
been reported® and the acetate-supported structure is con-
siderably less usual than the equivalent chloro-bridged
core.” When copper perchlorate is added simultaneously
with sodium benzoate, complex 2 is obtained with p,-bridg-
ing benzoate groups replacing the acetate groups observed
for 1. The use of benzoates as co-ligands was intended to
validate this synthetic path as a general approach for car-
boxylate-supported cluster formation. The IR spectra of
both 1 and 2 show sharp peaks at about 2920-2850 cm™! cor-
responding to C—H stretches of the alkyl chains and tert-
butyl groups. Coordination of the imine nitrogen atoms to
the copper is evidenced by a shift of the C=N peak in the
ligand to about 1630 cm™' in the complexes. Finally, a sharp
peak of medium intensity at 527 cm™! relates to the Cu—O
vibration of the py-oxo Cu, core.”*"*l The microanalyses
were in good agreement with the described structures. Fur-
ther evidence for the stability of the Cuy core is given by
ESI mass spectrometry (ESI-MS) data taken in methanol,
with peaks related to [M—(OAc)]* for 1 and [M—(OBz)]"*
for 2. These peaks show the expected isotopic distribution
associated with copper ions coordinated to N- and O-
donors, as shown in Figure 1. The optical behavior of 1 and
2 was studied in dichloromethane. The spectra of both com-
plexes exhibited strong absorption bands at around 380 and
672nm (¢~18000 and 300M ‘cm™!, respectively). The
higher energy band is assigned to a P henotate — AT copper
charge-transfer band, whereas the lower energy band is at-
tributed to a d—d transition of the metal,®*¥3 probably
b;, —by, in nature, reflecting an idealized local symmetry C,,
expected for each of the square pyramidal copper(II) ions.
A weak shoulder at about 800 nm can represent a deviation
from this idealized C,, environment either due to the pres-
ence of distinct donor sets or due to a square-planar charac-
ter. The spectrum of 2 in different concentrations is dis-
played in Figure S1 (Supporting Information) as an illustra-
tive example.

Description of the structures: The crystal structures of both
complexes 1 and 2 have been solved and show considerable
similarity. The structure of 1 was published elsewhere,'
and Figure 2 displays the ORTEP diagram for 2 with select-
ed bond lengths and angles. Compound 2 is composed of
discrete neutral molecules consisting of two deprotonated li-
gands (L7), each delivering a set of three donor atoms N,O

9949

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

H. P. Hratchian, C. N. Verani, et al.

A EUROPEAN JOURNAL

2050.2
1908_,‘;909.12910.2 20I4§f1249.z
' [ I
| \ | \ | | 2081.2
L\ I " 19112 | H |
|| N
| \ J}\ H ‘ H J‘zosz.z
‘ | I 19122 ‘ } ‘ ’\‘
1907.2!/ ’ ‘ ‘ \ “ | 2047.2“ H \ ‘\\ |
1906.2 | | o 1 . | / } I
e || | ’ \ !\ M\\ 1913.2 2°‘ﬁ6-2(‘5 ’\ | Il H “20?3'2
I [ HH;‘ \:‘ﬂ\ “HHHM[\
“"H,:““H\M‘ ‘\(\1914.2 /HH‘ HH \H2054-2
H :\HH!‘H\[H\/\ 1915.2 ,\,[L\‘}\\,}‘l’l“ﬁ\fl\,"22055-2
] N A I ‘ :
//( "\\ //’J \//‘ “'\J’ \\j \j \'\,/( \ //) \v,‘; ‘\\ /1\ ‘1915 2 1?172 V) l.\,// \U} ‘U} ‘J \/ U \\/}’ .\‘-J \\ /‘/l\\‘zgsl\szgls 7.2
1906 1908 1910 1912 1914 1916 1998 2046 2048 2050 2052 2054 2056 2058

miz

Figure 1. Experimental (bars) and simulated (continuum) ESIMS data for the isotopic cluster referring to [1-OAc]* (left) and [2—OBz]* (right)

Figure 2. ORTEP at the 50% level representation of the neutral mole-
cule 2. Copper distances: Cul—O11: 1.9159, Cul—OS5: 2.3774, N2—
Cu2:1.9784, Cu2—09: 1.9373, Cul—03: 1.9498, Cul—N1: 1.983, Cul—0O1:
2.0004, Cul—Cu2: 3.0064, Cul—Cu3: 3.2525, Cul—Cu4: 3.1935, Cu2—Cu3:
3.1723, Cu2—Cu4: 3.1908, Cu3—Cu4: 2.9975, Cu2—O(11): 1.9134, Cu2—
O1: 1.9864, Cu2—Q7: 2.2574, Cu3—011: 1.9379, Cu3—08: 1.9452, Cu3—
N3: 1.9829, Cu3—02: 1.9859, Cu3—010: 2.3507, Cu4—O11: 1.9173, Cud—
06: 1.9383, Cu4—N4: 1.989, Cud—02: 1.9922, Cud—04: 2.2678 A; average
distances: C—C in Ph:1.411, C—C in Ph:1.403, C—C in C18H37 chains:
1.527, C—C in OBz: 1.387 A; selected angles: N2—Cu2—0O7 :89.63, N4—
Cu4—011 :164.46, Cul-0O1-Cu2:97.89, Cu3—02—Cu4:97.79, Cu3—O11—
Cul:115.12, Cu3—011-Cu4:102.06, Cul—-0O11—Cu4:112.84, Cu3—-Ol11—
Cu2:110.91, Cul—-0O11—Cu2:103.46, Cud—O1—Cu2: 112.81°.

to a cluster of four copper(Il) centers p,-bridged by a dis-
torted tetrahedral oxygen atom (O11).22% Two benzoate
groups link Cul and Cu4 and another two link Cu2 and
Cu3, with each benzoate showing alternating short (1.94 A)
and long (2.35 A) Cu—O bonds. The four Cu—Nj,. bonds
are consistently found at 1.98 A, fostering a five-coordinate
geometry. A square-pyramidal geometry can be inferred
from 7 values”! ranging from 0.011 to 0.103. Interestingly,
the halogeno-bridged counterparts tend to have a more pro-
nounced trigonal-bipyramidal character.”

The main differences between 1 and 2 relate to the substi-
tution of the p,-bridging acetato by benzoato ligands, with
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an apparent distortion of the organic scaffold of the latter
resulting from the presence of the bulky benzoate rings.
However, keeping in mind that both structures are compara-
ble in quality (R, =0.0531 and 0.0497 for 1 and 2, respective-
ly), we observe similarities between both cores: All Cu—
Opphen bonds are found between 1.98 and 1.99 A, the Cu—0O,y,
bonds range only from 1.98 to 2.00 A, and changes in angles
are also minimal (Figures S2 and S3 in the Supporting Infor-
mation), with the most pronounced difference being a mere
2° in the intradimer Cu-O-Cu values.

Magnetic susceptibility: Temperature-dependent magnetiza-
tion data was collected from 300 to 1.8 K in order to evalu-
ate the nature and magnitude of the magnetic coupling su-
perexchange pathways in 1 and 2, as well as the potential in-
fluence of the long octadecyl chains. Figure 3 shows the yx

=-179+ 4 cm™!

J12 Gintradimen)

-57£25 cm™!

Jis (interdimer) —

0.5

0 50 100 150 200 250 300
Temperature / K

Figure 3. Magnetic susceptibility for 2: Inset: Coupling scheme.

versus 7" magnetization plot for 2, while data for 1 is shown
in Figure S4 (in the Supporting Information). Both com-
pounds exhibit a dominant antiferromagnetic behavior, and
we have fit the data to the simplified model suggested by
Haase, Krebs, et al.,? under which the tetranuclear copper

Chem. Eur. J. 2007, 13, 9948 —9956
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core is treated as a dimer of Cu,O, dimers. The approach is
depicted on the right hand side of Figure 3 along with the
magnetic data with the dimer indicated in blue. Four possi-
ble superexchange pathways must be considered: The
Cu-Oppen-Cu and Cu-O,,,-Cu intradimer interactions and the
interdimer Cu-O,,,-Cu and Cu-OAc-Cu interactions. Since
each p,-bridging benzoate ligand shows a short and a long
Cu—O bond, the potential coupling through these groups is
considered to be irrelevant. The spin Hamiltonian for 1 and
2 is described by Equation (1), and the magnetic susceptibil-
ity data [Eq.(2)] were fit by non-linear least-squares
methods, corrected for a typographical error previously pub-
lished.”” The inclusion of the second term accounts for
the magnetic susceptibility from monomeric Cu" impurities
at a mole fraction given by x,. The third term is the tem-
perature-independent paramagnetism (TIP). All other
constants in Equation (2) have their usual meanings and
values.

H ==2[J5(S; - S, + S5 - Sy)+

(1)
Ji3(S1-S3+81-Si+8,- 85+ 8, - 8y)]

This expression considers two main magnetic interactions
given by Jy, and Jy;. The former describes the intradimer
coupling constant, whereas the latter takes into account the
interdimer coupling through the p,-oxo bridge, as indicated
above. In using Equation (2), we have chosen to fix the g
value at 2.19, a reasonable value for the Cu" ion. It leaves
four adjustable parameters, and, for 1, the best fit of the
data yields J,=-212+5cm™', J;3=-98+28cm™’, x,=
(2.3440.05) %, TIP=0.00098+0.00001 cm*mol !, and R=
0.0795, in which R= E[(Xcalcd—Xexpn)/)(expu]2-

The fit to the data is well within acceptable limits. As re-
ported previously,” the uncertainty in the value for J;5 is
substantial, because of the lack of data at temperatures
above 300 K. At this point, we are not able to collect data at
high temperatures. Similarly, for 2, the fit yields J,,=—179+
4em™!, J3=-57+£25em™!, x,=(3.05+0.06)% and TIP=
0.00061 +0.00002 cm>*mol ™!, which are consistent with the
values found for the acetate analogue 1. The fit is slightly
better with R=0.0362. Comparison of the data for 1 and 2
shows that the relatively greater magnitude of J,, compared
to J; is in agreement with previously published data, as
shown by selected examples”-?**%?] in Table T1 (in the Sup-
porting Information). A difference of about 30 cm™! in the
coupling constants points to stronger coupling in 1 than in 2.
As mentioned in the previous section, close examination of
the two molecular structures reveals minimal differences
that should lead to similar superexchange pathways and do
not justify the observed coupling values. These differences
in Jj, and J; between the two compounds might be an arti-

Ng*p?

10exp(2J,, / kT)+2exp(-2J,, / kT) + 4exp(-2J,; / kT)

FULL PAPER

fact resulting from the lack of data at high temperatures. On
the other hand, a previous article!™® on the mesomorphic
properties of 1 showed that vicinal imine bonds, about
3.40 A apart, appear to contribute to columnar formation.
These interactions are suggestive of some degree of m-stack-
ing and are absent in 2. One can suggest that this imine
overlap can reinforce some long-order coupling phenomen-
on. Having collected the experimental data concerning the
magnetic susceptibility of the complexes, we turned to densi-
ty functional theory calculations to provide an accurate mo-
lecular orbital description of the superexchange pathways
that facilitate the observed spin—spin couplings.

Electronic structure calculations and analysis: Calculations
on Cu, clusters are limited to a few examples of cubane-like
structures™ and—to the best of our knowledge—are non-
existent for p,-oxo-bridged scaffolds. To make our DFT cal-
culations more tractable, we employed a structural model
for 1 and 2, shown in Figure 4. This model preserves the

Figure 4. a) 3D rendering of the computational model, b) spin density
plot for the broken-symmetry interdimer coupled state, and c) equivalent
spin density plot for the intradimer state. Mulliken spin densities (elec-
trons) for the interdimer coupled state: Cul=0.74, Cu2=0.74, Cu3=
—0.74, Cu4=—0.74, 0=0.00, Oppep1=0.09, Oype34=—0.09. Mulliken spin
densities (electrons) for the intradimer coupled state: Cu,=—0.72, Cu,=
0.72, Cu;=—0.72, Cu,;=0.72, 0=0.00, Oppep12=0.00, Opep3a=0.00.

central Cu,O core, the N,O, ligand framework connecting
the metal centers by two Cu, units; the bridging formate
groups (COO") replace the original acetate and benzoate
groups. The optimized structure belongs to the D, point

NP g sinemip o

In=(1=x,)

Chem. Eur. J. 2007, 13, 9948 -9956

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

+ X
KT Sexp(2J,, 1 kT)+3exp(—2J,, / kT) + exp(—4J,, | kT)+ 6 exp(—2J,, | kT) +exp(-4J s /kT) " 3kT
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group and the bond lengths and angles are in good agree-
ment with the crystallographic data for 2. Exceptions are
the Cu—Ojymae bonds and intradimer Cu-(p,-O)-Cu angles,
which, in the DFT optimized structure, are 0.06-0.18 A and
~10° smaller than the corresponding parameters in the crys-
tal structure of 2. The shorter distances are attributed to the
weak nature of the bonding interaction that may be overes-
timated with the level of theory employed here (see the Ex-
perimental Section below for details), whereas the smaller
angles are attributed to the absence of the long alkyl chains
that may distort the angles between the two Cu, dimers in 2.
Superexchange pathways were studied by converging
broken-symmetry open-shell singlet states corresponding to
the expected spin configurations. Two states corresponding
to the inter- and intradimer coupled configurations have
been considered. It is worth noting that the benzoate groups
do not engage in the spin couplings and that two possible
and equivalent intradimer states are present. We arbitrarily
chose the intradimer state in which copper centers bridged
by the same two formate groups have parallel spins. Before
evaluating the results relevant for superexchange pathways,
the electronic structure that is predicted from qualitative
molecular orbital theory must be considered given that two
Cu centers have one unpaired a electron each, while the
other two Cu centers have one unpaired 3 electron each,
the symmetry of the open-shell singlet wavefunctions of the
D, model structure is C, for both the inter- and intradimer
coupling cases. Since the local coordination sphere at each
metal atom is square pyramidal, the unpaired electron at
each site occupies the d,._,. orbital. Figures 4b and c include
the spin density difference plots for the calculated broken-
symmetry states; the Mulliken spin densities support the
characterization of these as correct broken-symmetry open-
shell singlet states. Furthermore, calculation of the spatial
overlap of o and f densities shows that 2.0 a and 2.0 f§ elec-
trons are unpaired.

From the spin densities, we noticed that the u,-O bridge is
involved with both spin-coupling pathways. Indeed, the cen-
tral oxygen atom is the communication source for opposing
copper spin centers in the interdimer state, and it plays a
key role in the superexchange pathway in the intradimer
state. Because the spin densities have C, symmetry, the mag-
netic molecular orbitals are delocalized across all four metal
atoms. From a practical point of view, the symmetry of our
broken-symmetry states makes it difficult to identify, simply
from inspection, the magnetic molecular orbitals that are re-
sponsible for the computed spin density differences as well
as the experimentally observed magnetism. Instead, we have
evaluated the spatial overlap of all o molecular orbitals with
the 3 density and vice versa. Figures 5a and b show molecu-
lar orbitals with less than 0.90 e~ overlap with the opposite
spin density. In the interdimer case (Figure 5a), the HOMO
and HOMO-5 are the important contributors to the spin
coupling with 0.36 and 0.51 e~ opposite spin overlaps, re-
spectively. For the intradimer case (Figure 5b), the HOMO,
HOMO-1, HOMO-2, and HOMO—4 are important con-
tributors to the spin coupling with 0.56, 0.76, 0.80, and
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a) Interdimer coupling:

09 ‘ ‘ HOMO-4

Figure 5. Selected molecular orbital renderings from the broken-symme-
try coupled states: a) inter- and b) intradimer. o orbitals are shown on
the left; B orbitals are shown on the right.

0.63 e~ opposite spin overlaps, respectively. Mulliken per-
cent character values (over selected atomic centers) for
these orbitals are given in Table 1. As might be expected,
the a/f molecular orbital pairs are symmetric in their rela-
tive compositions. For example, the interdimer coupled state
a-HOMO is comprised of d.._,» on two Cu centers, d. on
the two other Cu centers, and a p orbital on the central
W-O. The B-HOMO is comprised of the same p orbital on
the central p,-O and Cu d,._,. and d,. orbitals on the metal

Chem. Eur. J. 2007, 13, 9948 —9956
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Table 1. Mulliken percent character values for selected HOMO frontier
orbitals for the inter- and intradimer-coupled broken-symmetry states.

MO % Population

Cul Cu2 Cu3 Cu4 O Ophen12 Ophensa
interdimer
HOMO o 104 104 6.9 69 197 6.8 0.6
[§ 6.9 69 104 104 197 0.6 6.8
HOMO-5 o 138 13.8 7.6 76 142 15 0.1
[§ 7.6 76 138 138 142 0.1 1.5
intradimer
HOMO o 105 88 105 88 149 32 32
[§ 8.8 105 8.8 105 149 32 32
HOMO-1 o 124 7.8 124 78 104 1.9 1.9
B 78 124 78 124 104 19 1.9
HOMO-2 a 105 59 105 59 123 47 4.7
B 59 105 59 105 123 47 4.7
HOMO-4 «a 9.3 4.1 9.3 4.1 48 6.5 6.5
B 4.1 9.3 4.1 9.3 48 6.5 6.5

pairs opposite the a-HOMO. The relative compositions
quantify this symmetry. In the interdimer coupled state, the
Cul and Cu2 orbitals make up 10.4 % of the o-HOMO, and
the Cu3 and Cu4 orbitals make up 6.9% of a-HOMO. For
the B-HOMO, 6.9 % of the orbital character comes from the
Cul and Cu2 orbitals, and 10.4 % comes from the Cu3 and
Cu4 orbitals. Again, this symmetry results from a description
of the total complex as a dimer of dimers. All of the mag-
netic molecular orbitals can be described as symmetric or
antisymmetric combinations of Cu, dimer fragment orbitals
interacting through the central p,-O bridge. The p,-O orbi-
tals hybridize to o-bonds with the dominant Cu, dimer orbi-
tals. In most cases, the p,-O bridge also forms a o-bond with
the other Cu, dimer. However, the character of the interac-
tions between the p,-O and this Cu, dimer in the interdimer
HOMO and the intradimer HOMO—-1 and HOMO-2 are
best described as nonbonding. Interestingly, d.. orbitals on
the minor Cu, dimer in the interdimer HOMO and intra-
dimer HOMO-2 have hybridized with other d orbitals to
tip slightly off their local z axes. As a result, the interactions
with the p,-O in these two molecular orbitals do have some
nt-bonding character, albeit quite small.

In the interdimer coupled state, the calculations show that
the py-O is the sole center facilitating spin coupling, while in
the intradimer coupled state the phenolate-O atoms act to-
gether with the w,-O to couple Cu spins. Although pheno-
late-O atoms engage in the intradimer superexchange path-
way, the p,-O atom is the largest individual contributor to
three of the magnetic molecular orbitals. The exception is
the intradimer HOMO—4, in which all three O atoms are
nearly equal participants. The spatial overlap between a and
P spin orbitals is greatest for the intradimer coupled state.
Because the a/f} spatial overlap is related to the coupling
strength, this indicates that the intradimer coupling should
be stronger than for the interdimer case. This is further sup-
ported by the DFT energy difference between these states,
which favors the intradimer state by more than 100 cm™..
These results qualitatively agree with our magnetization
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data discussed above. Further DFT studies of specific struc-
ture—superexchange correlations are ongoing and will be re-
ported in future work.

Amphiphilic properties and Langmuir-Blodgett film forma-
tion: The amphiphilic properties of the ligand HL and the
complexes 1 and 2 are displayed as surface pressure (/I in
mNm™') versus area per molecule (A in A?) in Figure 6.

10 The ligand HL

Egl
=
S
o
56
/2]
7]
o
o 40 60 80 100
odr
[3)
©
‘c
3
2R

——[Cuy(OAC)] (1) N

- = [Cuy(OB2)] (2) S

1 1 1

90 100 110 120 130 140 150 160
Area per Molecule / A

Figure 6. Surface pressure versus area per molecule isotherms at the air—
water interface for the ligand HL, 1, and 2.

These isotherms give information about the two-dimensional
behavior of the resulting amphiphilic film, the limiting area
per molecule (Ay,), the collapse pressure (/1.), and the area
at the collapse of the monolayer (A.). The film remaining
after solvent evaporation has the thickness of a single mole-
cule and is referred to as a monolayer. As the barriers of
the trough are compressed, the tension (y) of the air—water
interface in the presence of the ligand or complexes decreas-
es relative to that of the bare air-water interface (y,), result-
ing in an increase in [T (=y,—y). The isotherms for the
ligand, and complexes 1 and 2 were obtained and revealed
amphiphilic behavior for all species. One of the main con-
cerns for cluster-containing amphiphilic molecules is that
they should keep their composition at the air-water inter-
face without disassembling into smaller species. In order to
ensure consistency, each isotherm was repeated at least
three times; excellent reproducibility was attained for both
HL and the complexes 1 and 2. Overnight experiments in
which the monolayers were left resting at the interface for
extended periods of time gave consistent areas per molecule.
Similarly, ESI-MS data of aged solutions of 1 and 2 in di-
chloromethane reproduced the behavior observed for fresh
samples reinforcing the notion that the tetracopper clusters
are stable. The molecules of the protonated ligand start in-
teracting with each other at the air—water interface at about
100 A’molecule™! forming an expanded phase that is fol-
lowed by a phase transition at about 65 A’molecule . This
transition may be due to rearrangement of the alkyl chains
that favor an alignment needed for a condensed phase. The
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monolayer of the ligand exhibits a moderate collapse pres-
sure at 25 mNm™". The critical area A,=47 A’molecule™
can be determined by extrapolating the I7 versus A curve at
its steepest slop before the collapse to zero pressure at
which it intercepts the x axis.”! The A, value determined for
the ligand is much larger than the 20 A’>molecule ! observed
for heptadecanoic acid,™ but closer to the area occupied by
more voluminous species like cis-13-docosenoic acid (eruric
acid, CgH,;CH=CHC,,H,,COOH, 38 A’molecule ') and di-
myristolphosphatidic acid (51 A’molecule").*) The pres-
ence of bulky tertiary butyl groups is likely to play a role in
the packing of the ligand. Ongoing research in our labs fo-
cuses on methyl- and halogeno-substituted ligands.

The individual molecules for both 1 and 2 start interacting
at the air-water interface at about 127 and
137 A’molecule ', respectively, but 1 shows a more con-
densed monolayer than 2 throughout. The molecules of 1 in
the monolayer can be compressed to an average area of
about 110 A2 collapsing at a pressure of 10.25 mNm™". Mol-
ecules of 2 in the monolayer can be compressed to
121 A’molecule ! collapsing at 9.4 mNm™'. When 1 is com-
pared to the ligand, an increase of about 63 A>molecule ! in
the A, value is observed. It is known that a maximum in-
crease of about 10 A’molecule ' is observed upon complex-
ation of the Cu" ion.™ Thus, the magnitude of the increase
observed from HL to 1 reinforces the presence of a cluster.
Similarly, the behavior observed for 2 reflects the presence
of a bulkier core associated with the four benzoate groups,
which prevents the molecules from coming in closer proxim-
ity. It is useful to compare these areas with other bulky spe-
cies, such as substituted fullerenes.*”) In the case of 1-tert-
butyl-9-hydrofullerene-60, the observed limiting areas of
about 20 A’molecule ! clearly indicate the presence of mul-
tilayers and the fact that up to six molecules can tumble
over each other. In this regard, the large areas observed for
1 and 2 reinforce the notion of monolayer formation. The
relatively low collapse pressures can be tentatively attribut-
ed to the presence of four hydrophobic alkyl chains, each
with its origin about 90° from one another, that envelope
the Cu,-cluster decreasing the hydrophilic character of the
core (Scheme 2).

. Cull

= N,O ligand
wane - Alkyl chain

Scheme 2.

It is established that incorporation of salts increases the
ionic strength of the subphase, influencing the properties of
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the monolayers and, in general, improving the order of
charged fatty acid surfactants and metallosurfactants.*¥ In
the particular case of fatty acids, the order enhancement
comes through coordination of the acetate head groups with
the metal cations; however, more recently, it has been ob-
served that changes in the A. value may be related to
charge.™ This dependence seems related to the design of
the metallosurfactant. To assess the effect of metal salts on
the amphiphilic behavior of 1 and 2, sodium chloride was
added to the water subphase. A minor increase in collapse
pressures to about 11 mNm™' was observed and associated
with a considerable increase in area per molecule. In the
presence of the electrolyte, compound 1 expands its struc-
ture considerably, occupying an area of 175 A’molecule',
whereas 2 shows a rather moderate expansion to
150 A’molecule'. Since the complexes are neutral, the ex-
pansions observed are attributed to strong ion—dipole inter-
actions and by ion-induced dipole interactions associated
with minor structural rearrangements. The less shielded neu-
tral core of acetate-containing 1 is more susceptible to such
repulsions, while the benzoate groups around 2 may insulate
the Cu, core more effectively.

The monolayers of 1 and 2 in pure water are readily trans-
ferred onto mica substrates with deposition ratios close to
unity and forming homogeneous Langmuir-Blodgett films.
Monolayers of 1 and 2 were deposited at S mNm ™' and are
shown in Figure S5 (see the Supporting Information). Equi-
librium contact angle (0) measurements of 84 and 85° were
observed for the monolayers of 1 and 2, respectively, in
clear contrast with the §=0° for the hydrophilic mica sub-
strate. Several attempts to scratch the surface of the trans-
ferred film were unsuccessful, suggesting that the monolay-
ers are strongly attached to the mica substrate.

Conclusions

In this paper we presented data regarding ,-0xo tetracupric
cores supported by four p,-carboxylate groups and two am-
phiphilic and deprotonated L~ ligands that contain an N,O-
donor set and long Cg-alkyl chains. Carboxylate sources are
acetates for 1 and benzoates for 2, and together these spe-
cies validate a new general approach to synthesize p,-oxo-
bridged metal clusters. These cluster-bearing species act as
metallosurfactants showing moderate collapse pressures and
allowing for Langmuir film formation at the air-water inter-
face with subsequent transfer onto a solid substrate. The re-
sulting Langmuir-Blodgett films showed remarkable homo-
geneity and were characterized by atomic force microscopy
and contact angle measurements. The magnetic properties
of these complexes were studied both experimentally and
theoretically and show that antiferromagnetic interactions
dominate the coupling scheme and that the superexchange
mechanisms rely heavily on the Cu-oxo-Cu pathway. On-
going research in our labs involves the full characterization
of these films, as well as the systematic use of alternative
side chains varying in length and nature, and the formation
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of [Cu,-bridge-Cu,-bridge] extended systems by the replace-
ment of one or more acetate co-ligands by terephtalic acid,
aiming at extended magnetic materials with amphiphilic
properties.

Experimental Section

Materials and methods: Reagents and solvents were used as received
from commercial sources and ethanol was distilled over CaH,. IR spectra
were measured as KBr pellets on a Tensor 27 FTIR-Spectrophotometer.
'"H NMR spectra were measured using a Varian 400 MHz instrument.
Mass spectrometry in ESI(positive) mode was measured in a Micromass
QuattroLC triple quadrupole mass spectrometer. Experimental assign-
ments were simulated based on peak position and isotopic distributions.
Elemental analyses were performed by Midwest Microlab, Indianapolis,
IN. UV/Vis spectra of 1.0x 10~*m solutions of the samples in dichlorome-
thane were performed in a Cary 50 spectrometer. Magnetic measure-
ments as a function of temperature were performed from 1.8 to 300 K for
1 and 2 on a 5 or 7T Quantum Design MPMS SQUID magnetometer.
Diamagnetic corrections were attained with Pascal’s constants, and the
diamagnetic susceptibility of the sample holder was also taken into ac-
count.

X-ray structural determination for 2: Diffraction data were measured on
a Bruker X8 APEX-II kappa geometry diffractometer with Mo radiation
and a graphite monochromator at 100 K. Frames were collected as a
series of sweeps with the detector at 40 mm and 0.3° between each
frame. Frames were recorded for S5s. Crystals of 2 [C,H;9N,0;,Cu]
grew as green plates, and the sample used for data collection was approx-
imately 0.32x0.23x0.14 mm>. A total of 3190 frames were collected
yielding 107490 reflections, with 29020 of which being independent. Hy-
drogen positions were placed in calculated positions. No solvent or ions
were present in the crystal. Thermal parameters increase along the length
of the pendant chains. The asymmetric unit contains one neutral mole-
cule. Complex 2: Formula, C,,Ho,N,O,Cuy; M,, 2170.99 amu; space
group PI; cell constants a=13.0185(5), b=19.9429(8), c=24.3042(9) A,
a=98.926(2), =101.618(2), y =100.642(2)°; V=5951.9(4) A%, Z=2; T=
100Q2) K; A=071073 A; peea=1211gem™>; u=0.763mm™"; R(F)=
4.97%; Rw(F)=13.16%.

Electronic structure calculations: Becke’s three-parameter hybrid ex-
change functional was used with the nonlocal correlation functional of
Perdew and Wang for all DFT calculations.””! The Pople style 3-21G
basis set was used on C and H atoms, while the 6-31G(d) basis set was
used on N, O, and Cu centers. The model system geometry was optimized
by standard methods.*! The geometry was found on the high-spin, M, =
S, potential-energy surface. Calculations were carried out with the
GAUSSIAN suite of electronic structure programs.*”! For all broken-
symmetry calculations, the UB3PW91/6-31G(d) model chemistry was
used, and stabilities™™ of all wave functions were verified.

Surface pressure versus area isotherms and Langmuir-Blodgett films:
Monolayer experiments were carried out by using an automated KSV
minitrough at 23.0+£0.5°C. Ultrapure water (Barnstead NANOpure)
with a resistivity of 17.5-18 MQcm ™" was used in all experiments. Impuri-
ties present at the surface of the freshly poured aqueous subphase were
removed by vacuum after the compression of the barriers without surfac-
tant. Spreading solutions were prepared in spectra grade chloroform. A
freshly prepared surfactant solution (30 uL) with a known concentration
(1.0mgmL™") was then spread on the clean aqueous subphase. The
system was allowed to equilibrate for about 15 min before monolayer
compression. The /T versus A isotherms were obtained at a compression
rate of 5mmmin~'. The Wilhelmy plate method (paper plates 20 mm x
10 mm) was used to measure the surface pressure. The selected graph
represents the results of at least three independent measurements with
excellent reproducibility. Monolayers (single layer per substrate) were
transferred onto 40 x 20 x 0.08 mm® mica substrates (Ted Pella, Inc) at dif-
ferent target pressures.
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Atomic force microscopy and contact angle measurements: The surface
topography of freshly prepared Langmuir-Blodgett (LB) films on mica
substrates was examined by using a PicoSPM LE (Molecular Image
Corp) AFM under tapping mode operation with a BS-Multi 75 (Budget-
sensors, Inc) silicon cantilever. The static contact angle of the modified
substrates was determined in order to follow the quality of the film. Con-
tact angles were determined on a goniometer (KSV CAM 200) equipped
with a CCD camera. All data were collected at room temperature.

Syntheses: The syntheses of the ligand and 1 were reported previously.*!

[L,Cuy(ns-0)(1,-OBz)4] (2): A solution of HL (0.35 g, 0.5 mmol) in etha-
nol (40 mL) was treated with a solid sample of Cu(ClO,),:6H,0 (0.37 g,
1.0 mmol) followed by addition of sodium benzoate (0.29 g, 2.0 mmol).
The resulting green solution was gently heated for 1 h, cooled to room
temperature, and filtered. Crystals suitable for X-ray analysis were ob-
tained after slow evaporation of the solvent. Yield=78%; m.p.=78-
81°C; IR (KBr): #=1629 (vcy), 2852-2922 cm ™' (vc_y from alkyl chain
and tert-butyl); ESI* in MeOH: m/z: 2550.5 [M—OBz|*; elemental anal-
ysis caled (%) for CjpH;0,CuN,O;;: C 68.60, H 9.01, N 2.58; found: C
68.31, H 9.09, N 2.52.
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