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ABSTRACT: Nitroxide radicals, adhered to gold nanoparticles, have found
novel applications such as cancer treatment, neuroprotection after cerebral
injury, radiotherapy, and as drug-delivering agents. The details of the nature
of the binding of nitroxide radicals to metallic nanostructures have been a
subject of debate for the last two decades. In this work, microcalorimetric
measurements are complemented with a theoretical study of noncovalent
interactions between different derivatives of the nitroxide radical 2,2,5,5-
tetramethylpiperidinoxyl and an Aug nanocluster to shed light on the nature
of the binding of the radical molecule and the nanocluster. Experiments and
theory showed that, although the molecule could bind through the nitroxide
group, organic substituents such as amino and carboxyl groups interact much
more favorably with the nanocluster. Attachment of these groups to the gold
nanocluster is the result of an intense polarization of the “nucleophilic” sites
of the metallic cluster, strengthened by van der Waals attraction between the
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molecule and the nanocluster.

B INTRODUCTION

Nitroxide radicals find various applications in organic synthesis
and polymer chemistry.' As scavengers of reactive oxygen
species, their use with metallic nanocarriers has led to the
development of new tools for cancer treatment.” Radical-
containing nanoparticles have been employed to deliver
nitroxides for neuroprotection after cerebral injury.” Besides,
the fact that gold is itself a good absorber of X-rays makes gold
nanoparticles (AuNPs) important aids in radiotherapy treat-
ment” and in drug-delivery systems.’

A proper understanding of their association with different
nanosystems has therefore been the goal of many research
studies, emphasizing, for example, the development of more
efficient drug carriers,’ the development of prefluorescent
sensors for antioxidants in biological media,”® or focusing
more specifically on the nature of their binding to the metallic
surface. The details of the nature of their binding to metallic
nanostructures have been a subject of debate for the last two
decades.”"* The initial suggestion that there was a direct
interaction between the nitroxide group and AuNPs, based on
EPR measurements of 2,2,6,6-tetraethylpiperidineoxyl
(TEMPO) radical derivatives in the presence of AuNPs,”
was later developed in a study of the fluorescence quenching of
gold nanoclusters (AuNCs) by 4-aminoTEMPO, leading the
authors to postulate a direct binding between the metal surface
and the nitroxide oxygen.®
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Such a direct binding found support in some works that
investigated the interaction of nitroxide radicals with AuNPs
by means of far infrared (IR) spectroscopy'’ and X-ray
photoelectron spectroscopy analysis.'"” However, indirect
evidence from studies of the quenching of CdSe quantum
dots (QDs) by TEMPO and the 4-aminoTEMPO radicals
shed some doubt on the existence of such a direct binding
between the NO® fragment and the metal surface. Although a
direct binding was postulated for the 4-aminoTEMPO radical,
the authors concluded that no such binding existed for the
unsubstituted TEMPO radical.'' Studies on the fluorescence
quenching of CdSe QDs by adsorbed functionalized TEMPO
derivatives led to a similar conclusion: a strong binding existed
between either an amino or a carboxylic substituent of the
radical and the metal surface but not with the nitroxide
group.*

A comparison of the ability of 4-amino- and 4-
hydroxyTEMPO to quench the fluorescence of CdTe QDs
led to the conclusion that, unlike the 4-amino derivative, which
formed a nonfluorescent conjugate with the metal surface, 4-
hydroxyTEMPO could only quench the QD fluorescence by
collision.'*
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These conflicting reports from the literature on the nature of
the binding between a nitroxide radical and its derivatives with
a metallic nanostructure led us to investigate, with the aid of
EPR, fluorescence, kinetics, electronic microscopy and,
calorimetric measurements, the interaction of four TEMPO
derivatives with AuNCs. Our conclusion was that although a
direct binding between the nitroxide fragment of these
TEMPO radicals and the gold surface could not be ruled
out, it was negligible if compared with alternative bindings
between the metal surface and substituents like NH, or
CO,H."¢

Our main evidence for such a conclusion was drawn from
TEM images of 4-amino- and 4-carboxyTEMPO radicals
adsorbed on the surface of AuNC and from calorimetric
measurements of the exothermic binding between these
TEMPO derivatives and AuNC, practically absent in the case
of 4-hydroxyTEMPO and unsubstituted TEMPO.

In the present communication, we resorted to theoretical
calculations and new experiments to gain a deeper insight into
the nature of the interactions between an AuNC and the
radical TEMPO derivatives 1—4 (Scheme 1).

Scheme 1. Nitroxide Radicals Studied in This Work

NH, OH COOH
o, o, o, o,
1 2 3 4

Theoretical calculations on the interactions of various
AuNCs with organic species can be found in the literature
for a variety of ligands. Some examples include propene
binding to small gold clusters,'” the interaction of pyridine
derivatives with a gold (111) surface,'® the interactions of
guanine derivatives,"”” imidazole,®® thiolate, chloride, and
phosphine ligands™" of peptides’ and PAMAM dendrimers™’
and benzimidazole-2-ylidenes”* with Au, clusters.

Such calculations have focused on the distribution of charge
among the clustered gold atoms and their interaction with a
given Iigelnd,19’21’23’24 or with the frontier molecular orbitals of
the isolated cluster, or of the ligand adsorbed on the metallic
surface.'””' ™ The stability and reactivity of various con-
formers of Au, (n = 6—13) were compared using density
functional theory-based reactivity descriptors such as the Fukui
functions, which allows the identification of available sites for a
nucleophilic and/or electrophilic attack on the clusters.”
Calculations favored planar conformations as the most stable
for small clusters (Aug—Au,), although previous experimental
evidence from IR spectral measurements suggested that
different conformations for a given cluster probably coexisted
in solution.”® Geometrical optimizations of the adsorbed
ligands on the metallic clusters yielded clear pictures for their
interaction, leading also to estimate their binding ener-
gies.'*7*1*>** These theoretical works validate the use of
density functional theory (DFT) to characterize the interaction
between organic molecules and AuNPs.

In the present study of the regioselective interactions of 1—4
with an AuNC, we decided to use the reduced gradient of the
density as a noncovalent interaction (NCI) index””** for the
identification of all NCIs in the AuNC—ligand supermolecules.

After identifying, from calculations of Fukui functions™>*’
for a AuNC, the regions prone to nucleophilic and/or to

electrophilic attack, we matched these regions with the
nucleophilic and/or electrophilic centers in ligands 1—4 in
order to have an educated guess of the interaction between the
ligands and nanocluster.”® The predicted binding enthalpies of
the resulting supermolecules were compared with the relative
experimental calorimetric measurements of compounds 1—4
with AuNCs'® and with new measurements of analogous
compounds with the same AuNCs under the same
experimental conditions. Finally, an explanation of the binding
enthalpies was given in terms of the NCI.

The results presented here settle past controversial views
regarding the details of the nature of the binding of nitroxide
radicals with AuNPs. By quantifying such interactions with the
aid of calorimetric measurements and supporting these
experimental values with theoretical calculations, they provide
a fine and detailed picture of how the interactions with an
AuNC take place, not only with the NO® fragment but also
with other functional groups present in an organic ligand.

B EXPERIMENTS AND CALCULATIONS

Calorimetric measurements were carried out with an
isothermal titration calorimeter MicroCal ITC from TA
Instruments. All measurements were carried out at 25 °C.
Solutions of citrate-coated AuNCs with an average diameter of
ca. 0.7 nm were prepared and characterized as previously
described.'® Calorimetric profiles were obtained by incremen-
tal titration (2.5 uL every 400 s) of aqueous solutions of the
ligand into a 170 uL aqueous solution of the AuNC, stirred at
350 rpm. For the treatment of the data, the AuNC (assumed
equal to 1 M) and the ligand concentrations were fed into the
ITC software, which converts the experimental calorimetric
profile into a sigmoidal plot of peak areas (enthalpy) against
the mole ratio of the two interacting species.

Theoretical calculations employed the Gaussian 09 pack-
age.”" All geometry optimizations were performed within the
unrestricted Kohn—Sham DFT formalism using the long-range
corrected hybrid density functional of Head-Gordon et al.**
®B97X-D and the split-double-valence basis set 6-31+G(d,p)
for atoms of the main group. For Au, 60 core electrons are
replaced by a Stutt§art effective core potential with relativistic
scalar corrections.>” For the valence electrons, a split-double-
valence basis set, designed to be used with the pseudopotential,
was used.””> The @B97X-D functional was chosen because it is
a hybrid functional with range separation that employs 100% of
Hartree—Fock-type exchange (EXX) for the long-range
electron—electron interaction, which also includes empirical
dispersion effects (van der Waals corrections).”® The
advantage of this functional is that it recovers the correct
long-range 1/r behavior of the exchange potential, while its
computational cost is similar to standard functionals. Having a
correct description of the dispersion effects is essential to
describe weak interactions between molecules and the gold
cluster. Besides, ®B97X-D has the advantage of reproducing
well the properties of small metallic clusters and organic
molecules.””

All optimized geometries were confirmed to be stationary
points through vibrational frequency analysis. To compute
enthalpies, the partition functions were split into translational,
rotational, and harmonic-vibrational parts.38

Because the frontier orbitals of Aug are degenerated, we
computed its Fukui functions for nucleophilic (f"(r)) and
electrophilic attack (f (r)) within the frozen orbital-state-
averaged approximation.” "' In short, f*(r) is large in regions
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where the cluster is prone to accept electrons, while large f™(r)
values correspond to regions where the cluster is prone to
donate electrons.

In order to distinguish all interactions that occur between
the cluster and ligands, a NCI analysis was carried out.””** The
NCI analysis is based on the empirical fact that the reduced
density gradient (RDG, eq 1) shows low-value peaks in regions
of low electron density, p(r), associated to dispersion
interactions, hydrogen bonds, strong polarization, and steric
clashes.

1/3 |Vp(r)|
p(r)*? (1)

The type of interaction can be distinguished by the sign of
the second largest eigenvalue of the Hessian of the density, 4,.
A positive value indicates depletion of the density, that is,
repulsive steric interactions. A negative value indicates
aggregation of the density, that is, attractive interactions,
such as hydrogen bonds, and interactions mediated by
polarization. The value of A,0(r) can be slightly positive or
negative in regions of very low density, indicating dispersion
interactions. RDG and 4, values were calculated with
Chemtools and Horton."

RDG(r) = 27'(37%)"

B RESULTS AND DISCUSSION

An AuNC with 8 atoms was chosen as a model for the
nanoparticles. This size corresponds to the aggre§ation number
of atoms of the isolated smallest particles’ revealed by
dynamic light scattering (DLS)'® (see Figure 1c). The
geometry of the most stable Aug cluster is still a matter of
debate among theoreticians.*”** It seems that a planar cluster
is slightly more stable in the gas phase than nonplanar
conformations. The Aug cluster employed in this work
corresponds to the most stable nonplanar conformer with a
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Figure 1. (a) Three-dimensional structure of the Aug cluster
employed in this work. Sticks are only visual guides and are not to
be understood as directional chemical bonds. (b) Isosurfaces of the
electrophilic (in red) and nucleophilic (in blue) Fukui functions of
the cluster Aug. Both isosurfaces correspond to values of f'(r) =
0.0005a,7%. (c) Particle-size distribution of the citrate-coated AuNC,
determined by DLS.

C,, symmetry (Figure 1). We preferred to use this three-
dimensional structure over the 2-D because measurements
suggested the existence of spherical particles for our citrate-
coated AuNC'® and because a chelated nonplanar structure
should plausibly be more stable in solution than a planar
conformer.*®

In order to define the starting geometries for the Aug—ligand
supermolecules, the nucleophilic functional groups of 1—4
were placed close to the vertex atom where f*(r) is large (blue
lobes in Figure 1b), while electrophilic centers were placed
close to one of the equivalent central atoms where f (r) was
large (red lobes in Figure 1b). It should be kept in mind,
however, that the high polarizability of metallic clusters makes
this differentiation less clear than in organic molecules. Hence,
whenever the optimization suggested several stable isomers, all
of them were investigated, and the one with the lowest energy
was chosen for the analysis.

Interactions between the Aug; and the TEMPO
Derivatives. Table 1 lists all the calculated enthalpies for

Table 1. Calculated Binding Enthalpies (kJ mol™) of the
TEMPO Derivatives 1—4 and of Four Related Ligands
(Cyclohexylamine, Cyclohexanol, Cyclohexanecarboxylic
Acid, and Benzoic Acid) with the Aug Nanocluster

site of interaction

Ligand NH, OH CO,H NO*

1¢ —92.8 —61.2

27 —69.8 —65.0

3¢ —84.9 —65.2

4 —68.6

Cyclohexylamine —114.9
Cyclohexanol —74.8

cyclohexane-carboxylic acid —81.5
benzoic acid =72.0

“Enthalpy values refer to the conformer with the smallest value.

the supermolecules formed by the Aug nanocluster and the
TEMPO derivatives. For the sake of comparison, three other
ligands had their binding enthalpies with the AuNC included
in Table 1. None of these ligands (cyclohexylamine, cyclo-
hexanol, and cyclohexanecarboxylic acid) presented any
ambiguity as to the site of their interaction with the AuNCs:
the amino, hydroxyl, or the carboxyl groups, respectively. The
table also includes the calculated binding energy with benzoic
acid. As shown below, a significant variation was observed in
the binding values of cyclohexanecarboxylic and benzoic acid.
NCI analysis not only reproduced this difference but also
revealed the causes for their different behavior because of
subtle differences of their Aug—ligand geometries.

The structure and isosurfaces of the RDG (0.4) of Aug
bound to radicals 1—4 through the NO® fragment are shown in
Figure 2. Isosurfaces describe regions of steric clashes (red),
attractive dispersion (green), and stronger attractive (blue)
interactions. These stronger attractive interactions arise from
polarization of the electron densities. Among the three types of
interactions mentioned above, the density is higher in regions
of stronger interaction (blue) (p(r) > 4.0 X 1072 a,7%).
Attractive dispersion shows up at smaller value of density, p(r)
< 1.5 X 107 ay7%, and positive and negative A,. In all cases, the
strongest interactions occur between the NO® fragment and
the same metallic “electrophilic” atom in Aug. The Au—O
binding enthalpy is the same for all TEMPO derivatives, except
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Figure 2. Structures and reduced density-gradient isosurfaces (0.4) of TEMPO derivatives 1 (a), 2 (b), 3 (c), and 4 (d) interacting with Au,
through the NO® fragment. Isosurfaces describe regions of steric clashes (red), attractive dispersion (green), and stronger attractive interactions
(blue). 100 sign(4,)p(r) values are indicated alongside the color scale. Distances are in angstroms.

Figure 3. Structures and reduced density-gradient isosurfaces (0.4) of TEMPO derivatives 1 (a), 2 (b), and 3 (c) interacting with Aug through the
4-substituent. Isosurfaces describe regions of steric clashes (red), attractive dispersion (green), and stronger attractive interactions (blue). 100
sign(4,)p(r) values are indicated alongside the color scale. Distances are in angstroms.
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Figure 4. Structures and reduced density-gradient isosurfaces (0.4) of cyclohexylamine (a), cyclohexanol (b), and cyclohexanecarboxylic acid (c)
interacting with Aug. Isosurfaces describe regions of steric clashes (red), attractive dispersion (green), and stronger attractive interactions (blue).
100 sign(4,)p(r) values are indicated alongside the color scale. Distances are in angstroms.

for compound 1 (Table 1). In this case, the local attraction is
stronger than a dispersion interaction but smaller than the
polarization of the electron density observed for compounds
2—4. This result agrees with the corresponding Au—O
distance, which is clearly larger for derivative 1 (2.8 A), than
for the other compounds (~2.4 A). The NCI analysis also
agrees with the smaller binding enthalpy of derivative 1.
Dispersion interactions contribute to a smaller extent to the
binding of the NO*® fragment to the nanoparticle. Figure 2b,d
shows similar Au—O distances for compounds 2 and 4, but
regions of van der Waals interactions are slightly larger for
derivative 4, in agreement with a larger binding enthalpy for
the latter.

Figure 3 shows the structure and equivalent isosurfaces of
the RDG for TEMPO derivatives 1—3 bound to Aug through
their 4-substituents. The most favorable interaction now
happens with the “nucleophilic” region of the cluster. Binding
of the amino and carboxyl groups to the nanoparticle
originates from a strong polarization of the electron density
(deep-blue). Comparison with Figure 2 shows that the
interaction between the Aug and the substituent groups of 1
and 3 is stronger than with the NO® fragment. This is in
agreement with the —NH, and —CO,H groups having the
largest computational binding enthalpies, —92.8 and —84.9 kJ
mol ™! respectively (see Table 1).

By contrast, the 4-hydroxyTEMPO 2 shows a much weaker
binding than 1 or 3, reflecting a dispersion interaction (green)
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vdW interactions

Figure S. Left: Structure and reduced density-gradient isosurfaces (0.4) of benzoic acid interacting with Aug. Isosurfaces describe regions of steric
clashes (red), attractive dispersion (green), and stronger attractive interactions (blue). 100 sign(4,)p(r) values are indicated alongside the color

scale. Distances are in angstroms. Right: Scatter plot of the reduced density gradient vs 100 sign(4,) p(r). The peaks around p(r) =~ S X 10™* a,

-3

correspond to a van der Waals interaction between the aromatic ring of the molecule and the cluster.

with the nanoparticle. Comparison with Figure 2 shows that
this interaction is weaker than the Au—O interaction with the
NO® fragment (blue). The corresponding distances confirm
this: 2.43 A for the Au—O with the NO® fragment and 3.40 A
for the Au—O with the OH substituent. Note that, in this case,
the values of the binding enthalpies of Table 1 (—65.0 k] mol™*
for NO*® and —69.8 kJ mol™" for OH) do not correlate with
Au—O distances because interactions occur with different Au
atoms in the cluster.

Finally, we have also performed NCI analysis of the cluster
interacting with cyclohexylamine, cyclohexanol, and cyclo-
hexanecarboxylic acid. Figure 4 shows that the distances
between the AuNC and the adatoms of the ligands increase in
the order —NH, < —OH < —CO,H. This order reflects the
binding enthalpies of the three reference ligands with the Aug
listed in Table 1.

Interestingly, and in agreement with the calculated
enthalpies of Table 1, NCI analysis revealed substantial
differences between the two ligands, cyclohexanecarboxylic
and benzoic acid. However with cyclohexanecarboxylic acid,
there is a strong polarization interaction between the carboxy
group and the cluster (Figure 4c), and most of the binding
with benzoic acid (Figure S) originates from strong van der
Waals interactions between the aromatic ring, the carboxy
group, and the clusters. The difference between both
interactions becomes clear in a plot of the RDG versus
sign(4,)p(r). While the strong interaction peak in the RDG of
the supermolecule with cyclohexanecarboxylic acid corre-
sponds to densities higher than 5.0 X 107* 4,3, with benzoic
acid, and the density is considerably lower, less than 1.0 X 1073
a,~%, in the intermediate region between the aromatic ring and
the cluster. These low-density values, associated with van der
Waals interactions, explain the larger distance between the Aug
and the —CO,H group (3.27 vs 242 A, for benzoic vs
cyclohexanecarboxylic acid respectively) (Figures 4c and $),
and consequently the smaller binding enthalpy with benzoic
acid (Table 1).

The above theoretical results thus confirmed our previous
conclusion that binding of the 4-amino- or the 4-carboxy-
TEMPO radicals with the AuNC takes place through the 4-
substituent and not through the NO® fragment. Calorimetric
measurements had also suggested similarly negligible binding
energies of the unsubstituted TEMPO or the 4-hydroxyTEM-
PO radical with the AuNC, when compared with the

interactions of derivatives 1 and 3.'° This is also shown in
Table 1, where the calculated binding energies of the NO*
fragment and the 4-OH substituent with the AuNC are very
similar and smaller than the binding energies with the carboxy
or the amino groups. These results are in agreement with
observations from literature that ligands such as PAMAM-OH
dendrimers, with a terminal hydroxyl group, perform poorly as
stabilizers of AuNPs.”

An interesting feature from the structures of Figures 2 and 3
is that the TEMPO ligands sit differently on the AuNC,
depending on the group that interacts with the surface. The
ligand lies nearly perpendicular to the AuNC when it binds
through the NO* fragment (Figure 2), lying flat when it binds
through the 4-substituent (Figure 3). Although the major
interaction with the metallic cluster takes place via the 4-
substituent, the dispersion interaction of the ring and the NO*
fragment with the cluster seems to be responsible for the
observed inclination of the ligand, which lies with its ring bent
toward the metallic surface. Nearly 20 years ago, Levanon,
Meisel et al. speculated for the first time on the interaction of
nitroxide radicals with AuNPs, suggesting that 4-amino-
TEMPO 1 “adsorbs flat parallel to the (metal) surface”.”
The structure shown in Figure 3a gives support to this
suggestion. It also points to a more complex interaction
between the 4-substituted radical and the Aug cluster, where
both nucleophilic and electrophilic centers in the two partners
interact to form a stable grafted nanoparticle.

Comparison with Calorimetric Results. Validation of
the theoretical results described above was sought with
experimental binding energies estimated from microcalorimet-
ric measurements. Previous estimates of the relative binding
enthalpies of 1—4 with a citrate-capped AuNC in water relied
on the arbitrary assumption that the AuNC solutions had a
cluster concentration of 1 #M.'® Under these conditions, the
obtained binding enthalpies are not absolute. However, if all
measurements are performed under the same conditions,
relative values of the obtained enthalpies can be used to
compare the affinities of the different ligands for the same
nanocluster. Enthalpies can be obtained from sigmoidal plots
of the integrated peak areas, corresponding to corrected heat
rates versus the ratio of the two-binding species. In these plots,
the molar ratio at the center of the sigmoidal isotherm
corresponds to the reaction stoichiometry. In addition, the
enthalpy is also derived from the isotherm, as the amount of
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heat released per mole of ligand bound. In this way, the relative
binding enthalpies of the three reference ligands—cyclohexyl-
amine, cyclohexanol, and benzoic acid—could be compared
with those of TEMPO derivatives 1—3. Examples of the
calorimetric pattern obtained for these reference ligands under
the same conditions and the same AuNC solution are
reproduced in Figure 6. The obtained binding enthalpies for
all ligands are listed in Table 2.
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Figure 6. Calorimetric profiles for the addition of 50 yL aqueous
solutions of 1.0 mM of cyclohexylamine (a), 1 mM of cyclohexanol
(b), and 0.5 mM of benzoic acid (c) to 170 L of an aqueous solution
of the AuNC. ITC conditions were as follows: stirring 350 rpm and
syringe volume S0 L. Injected volume in each pulse: 2.5 pL and
interval between injections: 400 s. Sigmoidal titration curves for
cyclohexylamine (d) and benzoic acid (e) obtained from the
calorimetric profiles.

Table 2. Microcalorimetric Estimates of Binding of TEMPO
Derivatives 1—4 or of the Related Ligands Cyclohexylamine,
Cyclohexanol, Cyclohexanecarboxylic Acid, and Benzoic
Acid, with a Citrate-Capped AuNC in Water

ligand binding enthalpy”/kJ mol™*
4-aminoTEMPO 1 -89.2"
4-hydroxyTEMPO 2 <1
4-carboxyTEMPO 3 -12.6"
TEMPO 4 <1®
cyclohexylamine —100
cyclohexanol <1
cyclohexanecarboxylic acid =719
benzoic acid -12.6

“Assuming an AuNC concentration of 1 M. YData from ref 16.

Comparison of the binding enthalpies of the reference
ligands with those of the TEMPO derivatives 1—4 leaves little
doubt as to the nature of the groups that bind to the metallic
surface: the amino group in cyclohexylamine and in 1, with
close enthalpy values (—100 and —89.2 kJ mol ™, respectively)
binds more effectively than the carboxy group in cyclo-
hexanecarboxylic acid and in 3 (—71.9 and —12.6 kJ mol™,
respectively). The hydroxyl group in cyclohexanol and in 4-
hydroxyTEMPO binds negligibly to the AuNC, similarly to the
NO® fragment of the unsubstituted TEMPO 4, all with an
enthalpy smaller than 1 kJ mol ™.

The above trends agree qualitatively with the theoretical
results summarized in Table 1.

However, significant quantitative departures are observed
when the values of the theoretical binding energies of Table 1

of the TEMPO derivatives 1—4 are compared with the
corresponding enthalpies of Table 2. In general, theory
predicts reasonably close binding energies with the Aug cluster
for the four fragments in the gas-phase process: NH, (—92.8 k]
mol™!) < CO,H (—84.9 k] mol™") < OH (—69.8 k] mol™) ~
NO® (—68.6 k] mol™). In water and in the presence of a
citrate-capped AuNC, these values are somewhat different:
NH, (—89.2 k] mol™") < CO,H (=71.9 k] mol™") < OH (<1
kJ mol™") ~ NO* (<1 kJ mol™"). Binding values with the NH,
and with the CO,H groups show a fairly good agreement with
gas-phase calculations, but this is not observed for the bindings
with the OH and the NO® groups. An explanation for these
discrepancies may be sought in the gold cluster and in the
solvent. If the affinities of an —OH group and of a NO°®
fragment for Aug are very similar, as shown by the theoretical
results of Table 1, both ligands 2 and 4 and cyclohexanol
should compete very poorly with the water molecules that
solvate a citrate-capped gold cluster, leading to negligible heat
variations upon addition of any of the two ligands to an
aqueous AuNC solution.

The reduced binding enthalpy of the carboxylic group of 3
in water (—12.6 k] mol™"), compared with the theoretical value
in the gas-phase (—84.9 kJ mol™"), can also be explained by
consideration of the cluster-stabilizing citrate-capping in this
solvent. Replacing a carboxylic acid ligand by another
carboxylic acid should require larger concentrations of the
added ligand to displace the equilibrium in solution. This
should correspond to a diminished binding enthalpy in
solution, compared to the one computed with the naked
gold cluster.

The calorimetric results also reproduce the theoretical
trends observed in Table 1, regarding the two carboxylic acid
ligands. Binding values of the two analogous acids (cyclo-
hexanecarboxylic and benzoic acid) were rather different, with
a diminished binding enthalpy of the aromatic ligand (—12.6 kJ
mol™") vis-a-vis its aliphatic analogue (—71.9 k] mol™"). These
calorimetric measurements are in qualitative agreement with
the corresponding calculated binding energies of Table 1
(=72.0 XJ mol™ for benzoic acid and —81.5 kJ mol™ for
cyclohexanecarboxylic acid). The explanation for these differ-
ences, based on the NCI analysis of the two supermolecules
(Figures 4c and S), is thus reinforced by the experimental
results of Table 2.

The result of this additional parallel interaction of the ligand
with the metallic surface is also evident if the bindings of the
TEMPO derivatives 1 and 3 are compared with those of their
homocyclic analogues, cyclohexylamine and cyclohexanecar-
boxylic acid, respectively. Although in all cases, a direct binding
is postulated between the AuNC and the functional group
(NH, or CO,H), TEMPO derivatives 1 and 3 bind less
strongly with AuNC than their homocyclic analogues. This
experimental trend is confirmed by the theoretical calculations.
The possible cause for this is the additional parallel interaction
of the ligand with the metallic surface, which is present with
the TEMPO ligands but not with cyclohexylamine or
cyclohexanecarboxylic acid. Such an interaction, described as
an attractive dispersion in Figures 3—S5, has the effect of
weakening the stronger attraction between the nucleophilic
substituent and the metallic surface, so that the Au—NH,
bond-length formed with cyclohexylamine (2.30 A in Figure
4a) increases to 2.4S A with the 4-aminoTEMPO ligand
(Figure 3a). The same effect is observed when the TEMPO
ligand 3 is compared with the homocyclic cyclohexanecarbox-
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ylic acid. The Au—CO,H bond length in the former (2.44 A in
Figure 3c) decreases to 2.42 A in the Au—cyclohexanecarbox-
ylic supermolecule (Figure 4c)

B CONCLUSIONS

The interaction of the nitroxide radical 2,2,5,5-tetramethylpi-
peridinoxyl (TEMPO) and three of its 4-substituted
derivatives (4-amino-, 4-hydroxy-, and 4-carboxyTEMPO)
and four related ligands, (cyclohexylamine, cyclohexanol,
cyclohexanecarboxylic acid, and benzoic acid), with an Aug
nanocluster was studied theoretically and experimentally. All
theoretical and experimental results showed that, for the series
of TEMPO derivatives 1—4, 4-aminoTEMPO binds most
strongly with the Auy cluster, followed by 4-carboxyTEMPO,
and that binding with the gold cluster takes place through the
4-substituent. The affinities of the 4-OH group and of the NO*
fragment for Aug were very similar but smaller than those of
the amino or carboxy groups, in agreement with the negligible
binding enthalpies obtained for TEMPO and 4-hydroxyTEM-
PO with the citrate-capped AuNC. Nevertheless, the structure
of the 4-aminoTEMPO ligand grafted onto the Aug cluster
deviated from a purely vertical alignment of the piperidinoxyl
ring with the metallic surface, suggesting that dispersion
interactions of the ring and the NO® fragment contribute
significantly to the binding, being responsible for the
inclination of the ligand. Thus, our results lend some support
to a previous speculation on the nature of the interactions
between 4-aminoTEMPO and AuNCs, as arising from this
ligand sitting flat parallel on the metallic surface.”

In conclusion, by coupling microcalorimetric measurements
with the theoretical characterization of NCI in supermolecules,
a consistent picture was obtained, leading to a better
understanding of the interactions between an AuNC and
different organic ligands, which can be possibly applied to
other nanosystems.
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