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In this report, the photophysical properties of self-assembled [Cu,(5-OH-bdc),LsJi» [where (5-OH-bdc)?~ =
5-hydroxybenzene-1,3-dicarboxylate and L is a dimethyl sulfoxide, methanol, or water ligand] hydroxylated nanoballs
(OH-nanoball) were examined in methanol using optical absorption and steady-state and time-resolved fluorescence
methods. The optical spectrum of the OH-nanoball is dominated by ligand absorbance at 305 nm and a weaker
Cu?*-to-ligand charge-transfer transition at ~695 nm, which are distinct from the absorption of either the free
ligand (~312 nm) or Cu?*(NOs), (>750 nm) in methanol. The corresponding emission spectrum of the OH-nanoball
originates from the emission of the ligand and is centered at ~360 nm with a shoulder at ~390 nm. The emission
from the OH-nanoball is significantly quenched relative to the free ligand [®s-on—t,pdc = 0.014 and Pop—nancbal =
(5.6 £ 0.5) x 1079]. The addition of bases such as imidazole results in an increase in the emission intensity of the
OH-nanoball solution, indicating dissociation of the [Cu,(5-OH-bdc),L,]:2 units. Although the mechanism of (5-OH-
bdc)?>~ quenching within the OH-nanoball is not clear, it is likely due to interactions between the ligand 7z system
and the Cu d orbitals. Fluorescence polarization studies further suggest that the OH-nanoball retains a spherical
shape in solution. This is evident by the fact that the fluorescence anisotropy of the nanoball is nearly identical with
that of the free ligand, suggesting rapid energy transfer (homogeneous fluorescence resonance energy transfer)
between ligands within the OH-nanoball.
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nanotubes, solid metal nanospheres, and organic nanoclusters,
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Characterization of Hydroxylated Nanoballs

upon the geometry and size of the metaletal cluster and  transitions in the near-IR region involving the Cu 3d orbitals
the organic ligands used, it is possible to design extendedand eithero or 7 orbitals centered on the ligan8sThese
2D or 3D framework&of known topologies and even discrete transitions are obviously sensitive to the nature of the ligands
supermoleculéspossessing nanometer-sized pores and/or as well as to the ligandmetal geometry.
cavities. These materials have enormous potential in gas An interesting type of discrete metabrganic structure is
storage and delivery, highly specific sensors, drug-delivery the nanoball described herein because these materials have
systems, single-cavity catalysis, small-molecule sensing, etc.the potential for high solubility, the organic ligands can be

One of the advantages of metalrganic materials, such  easily functionalized, and they can be designed to have large
as the discrete nanoballs described herein, is that they arénterior cavities. These properties are ideal for interactions
composed of spectroscopically active molecules. This is duewith biological molecules and for use as target-specific drug-
to the fact that one of the key criteria for making rigid delivery systems. Recently, a series of nanoscale molecules
structures is the use of highly conjugated organic ligands have been prepared based upon faceted polyhedra, namely,
including benzene di- and tricarboxylate derivatives, bipy- the small rhombihexahedroGeometrically, thesmall rhom-
ridyls, etc. These ligands typically have well-characterized bihexahedrorconsists of 12 squares linked through each of
electronic properties including absorption and emission their four vertices at an angle of 12(h such a manner as
spectra, emission lifetimes, quantum yields, etc., originating to enclose space. In these nanoballs, the 12 square building
from S to S, transitions (absorption) and ® S transitions units are, in fact, 12 MRCQ,), paddlewheel clustets
(emission) in which the singlet states are derived from (where M is a metal ion and RGQepresents an organic
various mixtures ofr — x* excitations? Because the  carboxylate ligand). These 12 molecular squares are subse-
electronic states of these chromophores are also sensitive t@uently linked through the use of 24 benzene-1,3-dicarboxy-
the local environment, the optical properties can serve aslate ligands at an angle of 12Qjiven that this is the angle
effective reporter groups for local perturbations in solvent, subtended between the two carboxylates of the benzene-1,3-
guest association, and local dielectric effects. In addition, dicarboxylate ligand?
metal coordination to conjugated ligands often results in the  Although a variety of transition metals can be utilized in
formation of metal-to-ligand as well as ligand-to-metal forming the paddlewheel clusters and these nanoballs, the
charge-transfer states that appear in the near-UV to near-IRCi?* ion readily forms stable G(RCQ,); and is one of the
region of the optical spectrum. For example?Cwhich is most prevalent metals utilized in these paddlewheel clusters
one of the most commonly utilized transition-metal ions in  (over 44% of all structures in the Cambridge Structural
metal carboxylate materials, typically displays charge-transfer Database containing the #RCQ,), paddlewheel involve
CW?*; Conquest 1.8last updated Aug 20065.

Using this design principle, a variety of nanoballs have
been prepared using benzene-1,3-dicarboxylates substituted
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with various functional groups at the 5 position of the
aromatic ring including amino, nitro, hydroxyf-"dodecyloxy*
sulfonato!*d methoxy'*d andtert-butyl (M = Mo?* rather
than Cid")™esubstituents. Self-assembled nanoballs contain
solvent molecules [typically dimethyl sulfoxide (DMSO),
pyridine, or methanol] axially coordinated to the Cu ions
both on the exterior and interior of the nanoball. These
nanoballs have relatively large molecular volumes<{%2.4
nm? depending upon the type of substitution on the aromatic
ring) and internal cavity volumes 0£0.9 nn?. In addition,

the 5-hydroxy- and 5-methoxynanoball derivatives are
soluble in a variety of organic solvents including alcohols,
dimethylformamide, and acetonitrile. More recently, larger
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Figure 1. Schematic diagram illustrating the assembly of a discrete OH-
nanoball from C&" ions and the 5-OH-tbdc ligand. The OH-nanoball
also contains DMSO solvent molecules coordinated axially to th& Cu
ion in this structure.

pore nanoscale molecules withboctahedronopology have
been synthesized with an;M.,, stoichiometry utilizing bis-

Larsen et al.
— 2 2;
P on-H,pde = Panilinell's-0r-,bdd | aniine (Ns—or-r,bde /Maniine ) (1)

wherel is the total integrated intensity of the given species.at

= 300 nm andn is the solution refractive index. Because all
measurements were performed in methanol, it was assumed that
Ns—oH-Hobde = Naniline THe integrated intensities (from 325 to 550
nm) were obtained for 5-OH-#8dc and aniline solutions having
matched optical densities at 300 nm (OD of 0.1 for each). The
value for ®op—nanoban Was determined in a similar way. Molar
extinction coefficients were determined using a calculated molecular
weight of 6.61 kDa.

Fluorescence lifetimes were obtained by excitation of the sample
with a Continuum Leopard | frequency-quadrupled Nd:YAG laser
(Aexc = 266 Nnm,<20 ps pulse width;v40 mW average power with
a 20 Hz repetition rate). The emission was collectet! r@élative
to the excitation path, passed through a 300 nm low-pass filter
(Andover Corp. 300FL) and focused onto an Electro-Optics
Technologies Inc. ET-2030A amplified photodiode. The output of
the photodiode was fed directly into the &input of a Tektronix
RTDS7404 4 GHz digital oscilloscope.

Electronic structure calculations were performed using the
semiemperical ZINDO/S package contained in the ArgusLab Suite.

(4-pyridyl)-based ligands containing acetylene spacers With The calculations were performed with calculated polarizabilities

endohedral functionalization and Pdas the metal® Using

and configuration interaction involving the lowest eight unoccupied

a similar methodology, porous nanoscale molecules have alsarbitals and the highest eight occupied orbitals. The 5-Qield

been formed using flexible tripodal ligands consisting of
N,N',N"-tris(4-pyridylmethyl)trimesic esters.
Although the solubilities of a number of metadrganic

molecule was first geometry-optimized using an Mibrce field.
NMR spectra were acquired on a Varian Inova at a field strength
of 11 T (H NMR 500 MHz) with a Varian 3 mm indirect detection

nanoscale molecules in various solvents have been utilizedProbe with a single axis gradient at 26 (uncorrected). A 45'H

for deposition studies, their corresponding solution properties

NMR pulse width of 3.3us was followed by a 0.5 s acquisition

have not been determined. The fact that these materials havd™® ard a 1 srelaxation delay. Samples for NMR were dissolved

aromatic ligands coordinated to €umetal ions affords an

In MeOD and BO immediately prior to acquisition.

opportunity to explore the photophysical properties of these Results and Discussion

novel materials. In the present study, the optical properties

of Cw?* hydroxylated nanoballs (OH-nanoballs) self-as-

sembled from 5-hydroxybenzene-1,3-dicarboxylate (5-OH-

bdcy~ in a methanol solution (Figure 1) were investigated
because of their high solubility in alcohols. The results

presented here demonstrate the utility of the emission

properties of discrete metabrganic structures in probing
solution properties including assembly and stability.

Materials and Methods

All reagents were purchased from Sigma-Aldrich and used
without further purification. The OH-nanoball was prepared by the
addition of 2 equiv of 2,6-dimethylpyridine to a methanolic solution
containing equimolar amounts of Cu(N@2.5 HO and 5-OH-
Hobdc. This solution was then layered over several milliliters of
DMSO to initiate crystallization. The OH-nanoball crystals were
collected by filtration and dried prior to use. Formation of the OH-
nanoball was verified by single-crystal X-ray diffractiéfi.

UV/vis spectra were recorded using a Shimadzu UV2401

5-OH-Hjbdc. The optical spectrum of 5-OH-Hdc in
methanol is dominated by an absorption band centered at
312 nm originating from a transition between ##¢ ground
state Cs symmetry) to an excited state also'df character
(molecular orbital transitions corresponding to'8A 9A'
and 7A' — 10A""; calculatedtmax ~ 302 nm). Deprotonation
of the acid groups of 5-OH-#vdc results in (5-OH-bdé)
with a shift in the absorption band to 301 nm and arises
from a transition from théA' ground state to ahA’ state
composed of a mixture of 6A— 9A" and 5A' — 10A"
orbital transitions (calculatethax ~ 277 nm). The molecular
orbitals associated with these transitions are displayed in
Figure 2. The corresponding emission spectrum of protonated
5-OH-H;bdc is dominated by an intense band at 355 nm and
a weaker band at 440 nm (Figure 3) while the deprotonated
(5-OH-bdc¥~ results in a shift of the emission maxima to
405 nm. The Stokes shift is also unusually large for the fully
deprotonated (5-OH-bdt)form being~111 nm versus-43

formed with an ISS PC1 (ISS, Inc., Champaign, IL) single-photon-

counting spectrofluorimeter. Fluorescence quantum yields were

obtained using aniline as a referenck € 0.024 with 300 nm
excitation}” and
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Figure 2. Molecular orbital diagram excitations giving rise to the electronic
transitions of both the protonated 5-OHkdic and deprotonated (5-OH-
bdc}~ forms obtained from semiempirical ZINDO/S calculations (see the
text for details).
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nm traces) of 5-OH-bbdc in methanol (1&M) with 312 nm excitation in
the absence (solid line) and presence (dotted liney@fL N NaOH. Both

the absorption and emission traces were normalized to the maximum

intensity for illustrative purposes.

5-OH-Hbdc with imidazole results in a decrease in the

intensity of both the 355 and 440 nm bands but no further
increase at 405 nm (Figure 4). This suggests that the two

carboxylate groups have differenKps, with the first near

4 (pK, of imidazole) giving a singly deprotonated (5-OH-
Hbdc)™ with emission spectra similar to the fully protonated
form but with reduced intensity. The fluorescence lifetime

is also influenced by the protonation state of the ligand. In
the protonated form, the fluorescence lifetime is 1.0 ns while
the addition of a base increases the lifetime to 2.3 ns

(Figure 4).
The excited-state properties of 5-OHHdc can be com-

pared to those previously reported for salicylic acid as well

as 3-methyl-6-hydroxyn-pthalic acid (MHP) and benzene-
1,3-dicarboxylic acid??? Salicylic acid exhibits an absorp-

(19) Das, R.; Mitra, S.; Guha, D.; Mukherjee,B5.Lumin.1999 81, 61—
70.

(20) (a) Denisov, G. S.; Golubev, N. S.; Schreiber, V. M.; Shajakhmedov,
S. S.; Shurukhina, A. VJ. Mol. Struct.1997, 436—437, 153-160.
(b) Torlblo, F.; Catalan, J.; Amat, F.; Acuna, A. U. Phys. Chem.
1983 87, 817—822.
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Figure 4. Emission intensity of protonated 5-OHgbtic in methanol in

the absence (highest intensity spectrum) and presence of various concentra-
tions of imidazole. The initial concentration of 5-OHbtic is 10uM, and

the imidazole additions give final concentrations of 1, 2, 5, and 10 mM (in
order of decreasing emission intensity).

tion maximum at~300 nm (concentrations belowl «M)

with an emission maximum centered-a430 nm in aprotic
solvents. The addition of an appropriate proton acceptor
results in a hypsochromic shift in the emission maximum
but no significant shift in the UV absorption band. It has
been proposed that salicylic acid is capable of both intra-
and intermolecular excited-state proton transfer, and this
proton-transfer significantly influences the emission spectra
of the moleculé® The longer wavelength emission band was
proposed to arise from an excited-state intramolecular proton
transfer between the hydroxyl group and the carbonyl group
associated with the neighboring carboxylic acid. Large Stokes
shifts have also been observed tehydroxybenzaldehyde
and attributed to excited-state intramolecular proton transfer
between adjacent hydroxyl and carbonyl grotfds.the case

of MHP, the absorption/emission spectra are also dependent
upon excited-state intramolecular proton transfer as well as
intermolecular hydrogen bonding with either another MHP
or solvent (depending upon the solvent hydrogen-bonding
capacity)t®??The parent MHP exhibits absorption/emission
maxima at 325 nm/470 nm due to the excited-state intramo-
lecular proton transfer and 34350 nm/410 nm for inter-
molecular hydrogen bonding. These spectra are quite distinct
from those of simple benzene-1,3-dicarboxylic acid, which
is unable to undergo intramolecular hydrogen bonding
(absorption/emission maxima at 290 nm/340 nm).

In the case of 5-OH-kbdc, the position of the hydroxyl
group precludes intramolecular hydrogen-bonding interac-
tions with the carboxylic acid groups in the 1 and 3 positions.
The absorption/emission spectra of 5-Okbtc are, how-
ever, consistent with a fraction of the molecules in solution
participating in intermolecular hydrogen bonding either with
another 5-OH-kKbdc or the solvent. The absorption band at
312 nm and the emission band at 355 nm are similar to the
absorption/emission spectra of the non-hydrogen-bonded

(22) (a) Nagaoka, S.-I.; Hirota, N.; Sumitani, M.; Yoshihara, K.; Lipczyn-
ska-Kochany, E.; lwamura, H. Am. Chem. S0d.984 106, 6913~
6916. (b) Nagaoka, S.-I.; Hirota, N.; Sumitani, M.; Yoshihara JK.
Am. Chem. Sod 983 105, 4220-4226.
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Figure 5. Emission decays for 5-OH4ddc (10uM) in methanol in the

absence (dashed trace) and presence (dot-dashed trace) of 0.1 N NaOH as

well as the OH-nanoball~100 «M; dotted trace) and laser pulse (solid

trace). The traces represent the decay of the average emission intensity for

wavelengths longer thary300 nm.

benzene-1,3-dicarboxylic acid, while the 440 nm emission
band is near that observed for the intermolecular hydrogen-
bonded form of MHP (410 nm). Deprotonation of the
carboxylate groups results in perturbations to the electronic
structure giving rise to the hypsochromic shift in the
absorption band from 312 to 300 nm (originating from the
26A" — 9A" and 56A" — 10A" orbital transitions) as well

as the corresponding emission band (from 355 to 333 nm).
However, the large Stokes shift-{11 nm) suggests in-
creased intermolecular hydrogen-bonding interactions be-
tween either solvent molecules or another 5-Obdit in
solution.

[Cux(5-OH-bdc),L 7]12. The optical spectrum of the OH-
nanoball in methanol is displayed in Figure 5. The spectrum
is dominated by the absorbance of the ligand centered
~305 nm € = 83 mM! cm?) and a much weaker
absorbance centered at 695 nen= 7 mM~t cm™). The
position of the ligand absorption band is consistent with the
deprotonated (5-OH-bdk), which exhibits an absorption

Larsen et al.
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Figure 6. Top panel: Overlay of the absorption spectra of the protonated
5-OH-H:bdc (solid line) and OH-nanoball (dotted line) in methanol. The
inset displays an overlay in the visible region of2C{NO3), (solid line)
and OH-nanoball (dotted line) in methanol. Bottom panel: Overlay of the
emission spectra of the protonated 5-Obb#t (solid line) and OH-nanoball
(dotted line) in methanol. The concentrations were adjusted such that the
optical densities at the excitation wavelength (312 nm) were equivalent for

atboth the 5-OH-Hbdc and OH-nanoball. Inset: Expansion of the intensity

scale for the emission spectrum of the OH-nanoball.

of magnitude weaker than the parent ligand, suggesting
significant excited-state quenching within the nanoball
complex. This is most likely due to interactions between the

maximum at 303 nm. The absorption band centered at 695z molecular orbitals on the (5-OH-bdc)ligand and the Cit

nm is in a position indicative of orbitally forbidden Cu-d
transitions or possibly metaligand charge-transfer interac-

3d.,, orbitals that also give rise to the charge-transfer state
discussed above (based upon ZINDO/S calculations). The

tions. Semiempirical ZINDO/S calculations of the dicopper addition of a weak base such as imidazole results in an
tetrakisp-hydroxybenzoate) discrete paddlewheel (represent-increase in the fluorescence associated with the OH-nanoball
ing a less computationally demanding model for thej JCu as expected if the imidazole competes with the (5-OH-4dc)
(5-OH-bdc)L ] 12) suggest that the 695 nm band is primarily carboxylates for coordination sites on the?Cion, resulting
composed of several overlapping absorption bands (815, 783jn degradation of the OH-nanoball into the deprotonated (5-

and 708 nm, all having significant contributions from Cu
3d.,y, to ligand-centeredr-orbital transitions). In contrast,
CW(NOs), in methanol displays only a broad transition
centered at~800 nm (presumably an orbitally forbidden Cu
d—d transition).

Excitation of the OH-nanoball solubilized in methanol at
300 nm results in a weak emission badeb}y—nanobai= (5.6
+ 0.5) x 107°] centered at~360 nm with an even weaker
shoulder centered at390 nm (Figure 6). These emission
features are consistent with deprotonated (5-OH-4dc)
ligands coordinated to the €ucenter. It is also noted that
the emission intensity of the OH-nanoball is several orders
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OH-bdc}~ and C@*(L)«(L")y complexes [L= deprotonated
(5-OH-bdc¥; L' = imidazole] (Figure 7).

Fluorescence polarization measurements for both depro-
tonated (5-OH-bdé) and the OH-nanoball have also been
obtained in order to probe the intactness of the OH-nanoball
in methanol. The polarization for the deprotonated (5-OH-
bdcy~ ligand @lexc = 300 NM;Aem = 360 nm) in methanol
is 0.038+ 0.004, which is consistent with the relatively long
lifetime (~2 ns) and an emission dipole moment close to
that of the absorption dipole moment (i.€; ~ 0.5). In
contrast, the polarization value for the OH-nanoball is 0.066
+ 0.02, which is nearly identical (within experimental
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Figure 7. Top panel: Overlay of the absorption spectra of equimol&fCu
(NOs)2 and 5-OH-Hbdc in the absence of aniline (dotted line), equimolar
CU2+(NO3),, and 5-OH-Hbdc in the presence of 2 equiv of aniline (dashed
line), and OH-nanoball solubilized from crystals obtained in DMSO (solid
line). All spectra were obtained in methanol. Bottom panel: Overlay of
the emission spectra of 5-OHbtic in the absence (solid line) and presence
(dashed line) of Ct(NOs), in methanol (312 nm excitation). The emission
spectrum of 5-OH-kbdc, with C#"(NOg), indicating the formation of the
OH-nanoball, is shown in the dotted trace. Concentrations of 5-Gibti¢d
and C@*(NOs), were 10uM, while the concentration of aniline was 20
uM.

uncertainty) with that of the free ligand. The polarization,
P, is related to the molecular volume of the fluorophové (
as well as its natural lifetime and limiting polarizatio)
through eq 2, whergy is the solvent viscosityT is the

R Bl

temperature, anR is the universal gas constaitAssuming
that the limiting polarization (i.e.Po) of the ligand is not
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Figure 8. H NMR spectra of 5-OH-kbdc (~5 mM) (A), 5-OH-Hbdc

+ CUW"(NOs)2 (~5 mM each) (B), and OH-nanobalt0 mM) (C) in
deuterated methanol. Spectral conditions are described in the Materials and
Methods section.

(5-OH-bdc¥~ ligands within the spherically symmetric
complex, the polarization value would be expected to be that
of the free ligand because the net emission dipole of the OH-
nanoball would in effect be spherically distributed. This
argument is supported somewhat by the higher polarization
values of the OH-nanoball after the addition of low concen-
trations (i.e., millimolar) of imidazole. Under these circum-
stances, the polarization increases to 0.240.006 (as well
as the integrated fluorescence intensity) presumably because
of the breakdown of the symmetric nanoball structure. In
the presence of imidazole, only [&6-OH-bdc)] fragments
as well as various Cu/(5-OH-bdc)imidazole coordination
complexes would exist.

Monitoring OH-Nanoball Formation in Solution. The
spectroscopic properties of the parent 5-Ohbdit ligand
as well as the OH-nanoball allow for the monitoring of OH-
nanoball formation in solution using either optical absorption
or emission spectroscopies. In the case of the absorption
spectra, the 695 nm charge-transfer transition appears to be
unique to the OH-nanoball. Solutions containing the proto-
nated 5-OH-Hbdc as well as Ci(NO3), in methanol
solutions give optical spectra identical with that of2Gu
(NO3), in methanol. The addition of a base (2 equiv of aniline
per ligand in this case), which deprotonates 5-Ofthdt,
results in the appearance of the 695 nm absorption band and

significantly perturbed in the OH-nanoball, then the expected quenching of the ligand emission and anisotropy value
polarization value of the OH-nanoball should be much larger identical with that of the OH-nanoball solubilized from single
than that of the free ligand because the molecular volume iscrystals precipitated from a DMSO solution (Figure 7, top).
significantly larger for the OH-nanoball complex and the The emission spectrum can also be used to monitor OH-
lifetime is reduced by nearly 1 order of magnitude. Thus, nanoball formation. The emission intensity of the protonated
the similarity in the polarization values between the free 5-OH-Hbdc in the presence of EY(NOz), is only slightly
ligand and the OH-nanoball would suggest that the OH- reduced relative to the protonated 5-OHbHc in methanol
nanoball might not be intact in a methanol solution. However, due to diffusional quenching (Figure 7, bottom). The addition
the (5-OH-bdcd)™ ligands are symmetrically distributed of a base (aniline) results in a significant decrease in the
within a spherical supermolecular complex. If the absorbed 5-OH-Hbdc emission intensity consistent with deprotonation
excitation energy could be rapidly redistributed among the of the 5-OH-Hbdc and subsequent formation of the OH-
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nanoball. The corresponding anisotropy of the solution- the OH-nanoball structure as well as its formation in
prepared OH-nanoballs is also identical with that of the methanol solutions. Both the optical absorption and emission
DMSO-crystallized/resolubilized species. spectra clearly indicate significant electronic interaction
Preliminary NMR Studies. Preliminary'H NMR studies  between the metal-centered d orbitals and ligand-centered
of the [Cuy(5-OH-bdc)L 7]12) nanoball dissolved in MeOD  -type molecular orbitals. This is manifested in a long-
exhibit broadening of the 2, 4, and 6 protons of the 5-OH- \yayelength charge-transfer transition as well as significant
H:zbdc ligand (see Figure 8). The parent ligand in MeOH gmission quenching and excitation energy redistribution. The
exhibits chemical shifts at 8.1 and 7.64 ppm aqd originates polarization measurements clearly indicate that the OH-
from the H2 proton and H4/H6 protons, respectively. In the b retains spherical-type symmetry in solution. Taken
presence of Cif without added base, the prOtOn resonances together, these represent the first spectroscopic studies of
are shifted to~7.8 and~7.3 ppm and are significantly intact OH-nanoballs in solution and provide a framework

broadened relative to the free ligand in MeOD. The corre- . : . . . : :
I : with which to investigate other intra/intermolecular interac-
sponding'H NMR spectrum of the OH-nanoball displays a .. . . ) . .
tions with this type of discrete metabrganic material.

very broad resonance a9 and~7 ppm, and no resonances
are observed at7.8 or~7.3 ppm, suggesting there is little
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