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The Interaction of Amines with Gold Nanoparticles
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Fabrizio Mancin,* and Paolo Scrimin*

Understanding the interactions between amines and the surface of gold
nanoparticles is important because of their role in the stabilization of the
nanosystems, in the formation of the protein corona, and in the preparation
of semisynthetic nanozymes. By using fluorescence spectroscopy,
electrochemistry, X-ray photoelectron spectroscopy, high-resolution
transmission electron microscopy, and molecular simulation, a detailed
picture of these interactions is obtained. Herein, it is shown that amines
interact with surface Au(0) atoms of the nanoparticles with their lone electron
pair with a strength linearly correlating with their basicity corrected for steric
hindrance. The kinetics of binding depends on the position of the gold atoms
(flat surfaces or edges) while the mode of binding involves a single Au(0) with
nitrogen sitting on top of it. A small fraction of surface Au(I) atoms, still
present, is reduced by the amines yielding a much stronger Au(0)–RN.+ (RN.,
after the loss of a proton) interaction. In this case, the mode of binding
involves two Au(0) atoms with a bridging nitrogen placed between them.
Stable Au nanoparticles, as those required for robust semisynthetic
nanozymes preparation, are better obtained when the protein is involved (at
least in part) in the reduction of the gold ions.
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1. Introduction

Clusters of gold atoms of nanometer size
(gold nanoparticles, AuNPs) are at the cen-
ter of continuous and growing interest
for their properties leading to numerous
applications like catalysis,[1–8] sensing,[9–11]

and nanomedicine.[12–14] They interact with
donor atoms with different strength. These
interactions are critical for the formation
of a passivating monolayer on the sur-
face of the cluster that ensures higher sta-
bility to it,[15,16] preventing nanoparticles’
growth leading to flocculation with the for-
mation of insoluble material. With refer-
ence to functional groups present in bi-
ological molecules, the strongest interac-
tion of the gold surface of AuNPs is that
with thiols, followed by that with amines
and, eventually, carboxylates. The Au–S
interaction has been thoroughly studied
and the different aspects of it are fairly
well understood.[17,18] Recent studies have
also examined the nature and mode of
binding of carboxylates to AuNPs.[19–21]

Studies aimed at understanding the nature of the Au–N inter-
action have not yet provided a clear and comprehensive picture
of it. Amines have been used as a weak stabilizer of AuNPs
for their synthesis[22–27] and for transferring them from organic
to aqueous solvents.[28,29] According to an atomistic simulation
study, analyzing the effect of ligand molecules on the morphol-
ogy of the nanoparticles, contrary to the Au–S interaction, the
much weaker Au–N one does not perturb the crystalline structure
even of very small AuNPs.[30] This weak interaction leads also
to a lower degree of passivation compared with thiols.[30] Other
calculations,[31–34] in the gas phase, suggest the binding to flat sur-
faces or edges of the nanocrystals favor the latter by ca. 4–5 kcal
mole−1, although the question appears to be still debated. It ap-
pears that the understanding of AuNPs’ interaction with amines
presents even now relevant gaps. This is particularly surprising
in view of the importance of the amino functional group in bi-
ologically relevant molecules, like proteins, for instance. The in-
teraction of amines with gold nanoparticles is probably one of
the relevant driving forces leading to the formation of the pro-
tein corona when AuNPs are exposed to biological fluids for
biomedical applications.[35,36] Notably, amine-stabilized AuNPs
may be used to elicit further interaction with proteins for spe-
cific purposes, like targeted delivery for instance, and the prepa-
ration of nanozymes.[37–40] With this paper, we provide answers to
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Figure 1. Amines used in this study (1–4, primary, 5–8, secondary, 9–12, tertiary) and thiol employed for the total removal of the fluorescent amine
(right) from the AuNPs surface.

questions concerning the nature of the interaction of amines with
the AuNP surface by addressing their mode of binding to the sur-
face and how the properties of an amine (like basicity, the level of
substitution on the nitrogen) and the oxidation state of the sur-
face Au atoms affect the strength and kinetics of this interaction.

2. Results and Discussion

2.1. Gold Nanoparticles and Amines Studied

Since most of the gold nanoparticles, particularly those used
for biological applications, are prepared following the Turkevich
protocol,[41] we have chosen this procedure for their preparation.
This implies that no other reducing agent (like NaBH4, for in-
stance) but sodium citrate was used for their synthesis. Further-
more, for analytical applications, they must be endowed with op-
tical properties related to a strong surface plasmon resonance
(SPR) band. This is present only when the AuNPs have a diameter
>≈3 nm and increases in intensity with the nanoparticle size. For
this reason, we have chosen as our reference model, AuNPs with
a diameter of ≈10 nm (see Figures S1 and S2, Supporting Infor-
mation). They can be obtained with ease and reproducibility[41,42]

than bigger ones by reduction with sodium citrate, using the Ag
seeding protocol. To assess the nature and the strength of the in-
teraction of amines with the AuNPs surface we removed most
of the citrate (and oxidized products formed) present. In spite of
their weak interaction with the gold surface, it has been reported
that citrate ions may interfere with the binding of other passi-
vating molecules (even thiols).[43] Four washings/centrifugation
cycles performed after their preparation resulted in a substantial,
but not total, removal of the citrate, as expected.

Thermogravimetric analyses performed before and after the
washings indicated that the organic component was reduced to
≈25% of the original one (see Figure S3, Supporting Informa-
tion). The Z-potential of the as-prepared AuNPs was −25.5 mV
while that of the “citrate-depleted” was much less negative
(−2.5 mV). Our calculations indicate that still the concentra-
tion of citrate is ≈34% of the gold atoms present on the sur-
face (see the Supporting Information). This was the minimum
amount of citrate ions that allowed us to obtain stable solutions
without aggregation of the nanoparticles as evidenced by the ab-
sence of changes in the SPR band (position and intensity) for the

time course of our experiments. We will refer to these AuNPs as
“naked” ones.

We have selected amines spanning a wide range of basic-
ity comprising primary, secondary, and tertiary ones (Figure 1).
Since several of these amines, as neutral, non-protonated species
were sparingly soluble in water, we have chosen ethanol as our
solvent. Ethanol affects the absolute basicity of amines. However,
although its effect is different for primary, secondary, and ter-
tiary ones, within each class the relative basicity is not altered,
and appropriate correction coefficients are available to normal-
ize this property between them.[44] Extreme care should be used
in studying “naked” AuNPs in a non-aqueous solvent such as
ethanol because even small amounts of salt are known to induce
their aggregation.[45] This is related to the formation of oppositely
charged particles in a less solvating medium than water.[46]

2.2. The Basicity of the Amines Controls Their Interaction with
the Gold Surface

To assess what controls the strength of the interaction of the
different amines with the surface of the AuNPs we carried out
exchange experiments with a fluorescently labeled amine (Py-
C1NH2, Figure 1) used to fully passivate the gold nanoparti-
cles. The experiment takes advantage of the well-known quench-
ing of fluorescent molecules when bound to a gold nanoparti-
cle surface.[47,48] Accordingly, “naked” AuNPs were dissolved in
ethanol and the fluorescence of the solution was monitored fol-
lowing the progressive addition of Py-C1NH2. The obtained pro-
file (Figure 2A) reveals the concentration at which the surface
is fully saturated by the amine (surface saturation concentration,
SSC) as the break point between the flat portion of the curve (fluo-
rescence is quenched) and the steep straight line (fluorescence no
longer quenched).[49] The obtained SSC is 1.64 μm (for a 8.6 nm
AuNPs[50] concentration, see the Supporting Information). For
our 9.7 ± 1.3 nm AuNPs this implies a surface density of slightly
less than one Py-C1NH2 molecule nm−2.[42] It has been estimated
that thiols passivation leads to surface densities ranging from 7
to 3 ligands nm−2 depending on the structure of the thiol.[42,51]

In our case, the lower density could be related to the bulkiness of
the pyrene moiety, the fact that the footprint of an amine (not
deprotonated, contrary to a thiol) is bigger, or its weaker
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Figure 2. A) Fluorescence intensity (395 nm) as a function of the concentration of added amines Py-C1NH2 (red diamonds) and Py-C8NH2 (blue circles)
to ethanol (empty symbols) and to a solution of nanoparticles (filled symbols). The intersection between the two straight lines was taken as the surface
saturation concentration (SSC). Conditions: 35 °C, EtOH, [AuNPs] = 8.6 nm. B) Binding isotherms obtained by following the F395 upon addition of
increasing amounts of amines 1–12. In blue: primary amines, red, secondary, gray, tertiary. Circles: amines 1, 5, 9; squares: amines 2, 6, 10; triangles:
amines 3, 8, 12; diamonds: amines 4, 7, 11. Conditions as for panel (A). C) Log plot of the pKa in ethanol of the amines and their apparent dissociation
constant for the gold surface obtained by interpolation of the data of (B). Data were fitted by linear regression analysis. For amines 11 and 12 Fmax was
arbitrarily set at the value of that obtained for amine 9. Errors for affinity constants (two independent measurements) are ±5% for amines 1, 2, 5, 6,
8; ±7% for amines 3, 4, 7, 9, 10; and ±15% for amines 11 and 12. D) Log plot of the pKa in ethanol of the amines corrected for the steric hindrance
parameter Es (see Table 1) and their apparent dissociation constant for the gold surface obtained by interpolation of the data of (B). Data were fitted
by linear regression analysis. All other conditions were identical to those of (C). E) Adsorption energies (Eads) calculated for amines NH2CH2CH3,
NH2CH2CH2F, NH2CH2CHF2, NH2CH2CF3 on Au(111) surfaces plotted against their pKa. F) Measure of the N–Au distance (d) for the four amines
from the Au atom of the (111) surface as a function of their pKa. For both panels (D) and (E), the red lines were obtained through a linear regression fit
of the data; fitting parameters are contained within the inset tables of each panel.
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Table 1. Relative dissociation constants for the AuNPs surface of amines
1–12, their reported pKa in EtOH and steric hindrance parameters (Es)
used for the analysis of the data.

Amine pKa, EtOH
a) pKd,Au

b) −Esc) Amine pKa, EtOH
a) pKd,Au

b) −Esc)

1 9.15 3.25 0.31 7 7.21 2.45 0.69

2 8.77 3.01 0.31 8 8.25 3.01 0.44

3 8.50 2.86 0.33* 9 8.29 2.35 1.36*

4 7.80 2.42 0.35* 10 7.69 2.23 1.08*

5 9.06 3.36 0.41 11 7.48 1.40 2.28

6 8.94 3.22 0.69 12 6.57 1.42 1.21
a)

Values were obtained from the pKa in water and converted by using the equations
reported in ref. [44];

b)
Errors are indicated in the caption to Figure 2C;

c)
Values

obtained from refs. [58] and [59]; those indicated by an asterisk were extrapolated
(see ref. [59]).

interaction with respect to a thiol with the gold nanoparticle
surface.[29,52]

By using AuNPs passivated at the [Py-C1NH2]SSC we then
performed exchange experiments with amines 1–12 (Figure 1)
monitoring the increase of fluorescence due to the release of
Py-C1NH2 from the AuNPs surface and obtained the binding
isotherms shown in Figure 2B (see also Figure S4, Supporting
Information). The obtainment of the final equilibrium requires
a few hours at 35 °C and a concentration > 6 × 10−3 m of en-
tering amine for the most basic ones for achieving the maxi-
mum attainable exchange. For the least basic ones, on the con-
trary, a 3 × 10−2 m concentration, the maximum possible without
observing aggregation of the nanoparticles, was not enough to
reach the total exchange and only ≈50% of it was observed. We
were really surprised by this difference in concentration between
exiting (1.64 μm) and entering (>6 × 10−3 m) amine. However,
considering that the fluorescent amine Py-C1NH2 is confined in
the monolayer passivating the gold nanocluster core with an es-
timated thickness of ≈3 nm (the estimated length of the fully
extended Py-C1NH2 probe), its actual concentration in this re-
stricted space surrounding the gold core is ≈4 × 10−2 m (see the
Supporting Information for details). This implies that strong 𝜋–𝜋
stacking interactions do occur between the pyrene units as it has
already been observed.[53] Reported molecular calculations indi-
cate that they do not interact with the surface of the AuNPs.[54]

These interactions add up to the binding driven by the interac-
tion of the amine with the gold surface greatly enhancing the
overall affinity of Py-C1NH2 for the AuNPs. The 𝜋–𝜋 stacking of
several pyrenes confined on the small volume of the monolayer
can easily increase the affinity of Py-C1NH2 by approximately
three orders of magnitude to make up for the concentration of
entering amine required for its full displacement.[55] Interest-
ingly, when passivating the AuNPs surface with Py-C8NH2 (SSC
= 1.62 μm) we were unable to observe more than 20% exchange
at the highest concentrations of entering amine used (data not
shown). It should be pointed out that the pyrene units on one
side contribute to a stronger affinity but on the other, because
of steric hindrance decrease the density of passivation of the
surface.[42]

Interpolation of these curves provided the apparent, relative
dissociation constants of the different amines for the AuNPs sur-
face (pKd,Au Table 1). By plotting the pKd,Au values versus the pKa

of the amines, corrected for ethanol as the solvent (pKa,EtOH),[44]

we obtained the graph reported in Figure 2C. The existing cor-
relation between the pKa,EtOH of the amines and the strength
of their interaction with the nanoparticle surface indicates there
is a linear free energy relationship (LFER) between the proton
affinity constant and that for the gold surface. This correlation
is very good for primary and secondary amines (r2 = 0.996 and
0.984, respectively) but poor for tertiary ones (r2 = 0.646). Steric
effects are very likely at play for two reasons. First, each class
of amines belongs to a different straight line. Second, tertiary
amines’ points are rather scattered. In order to take into ac-
count steric hindrance, Taft introduced experimental parameters
(Es) derived from the kinetic analysis of the hydrolysis of es-
ters with aliphatic substituents. These parameters have been up-
dated over the years and theoretically validated for their physico–
chemical significance.[56,57] We have used an extended database
by Dubois[58] that provides also hints for the estimate of missing
data.[59] For the correlation, we have applied the equation pKd,Au
= cost (pKa,EtOH + Es). The Es parameters we have used are listed
in Table 1. The resulting plot is shown in Figure 2D. Very inter-
estingly, all points could be fitted with a single straight line with a
fairly good correlation coefficient (r2 = 0.941), even though small
differences between the three classes of amines are still present.
Notably, the scatter of the points for the tertiary amines disap-
peared almost completely. The relevance of steric factors in the
binding of the amines to the gold nanoparticle suggests that the
exposure of the nitrogen to the surface affects the strength of the
interaction.

LFERs were first introduced to quantitatively correlate reactiv-
ity with structural parameters of organic molecules. They have
been extended to the complexation of metal ions by Irving and
Rossotti[60] and have been applied to stability constants for metal
ligands complexes, including those containing neutral nitrogen
donor atoms.[61] Conceptually, the graphs of Figures 2C,D are not
much different from a Brønsted plot used in nucleophilic reac-
tions.

Accordingly, the slope of the straight lines would indicate how
much the affinity of the amines for the proton is reflected in its
affinity for the gold surface. The slopes for the three straight lines
of Figure 2C are 0.62, 0.47, and 0.58 for primary, secondary, and
tertiary amines, respectively, while that of Figure 2D is 0.52. From
these data, we infer that, while basicity and affinity for the gold
nanoparticle surface do in fact correlate, the lone pair electrons
of the amines are better shared with a proton than with a gold
atom on the AuNP surface. A similar slope (0.48) was observed
by Carbonaro in the case of complex formation of amines with
Cu(II) ions.[61] The dependence of the strength of binding from
the pKa,EtOH also provides an explanation why Py-C1NH2 can be
fully displaced by the entering amines while Py-C8NH2 much
less: the pKa,EtOH of the first dye should be slightly less than two
units lower than that of the second one (as they are expected to
be similar to those of amine 4, pKa,EtOH = 7.8 and 1, pKa,EtOH =
9.1, respectively, see Figure 1). Accordingly, the contribution to
binding of Py-C8NH2 due to the Au–N (lone pair) interaction is
at least one order of magnitude larger than that of Py-C1NH2. It
is also worthwhile noting that the addition of H2O (up to 20%) to
the ethanol solution results in a decrease in the apparent affinity
constant of amine 1 to the gold nanoparticles (Figure S5, Sup-
porting Information). Water is hence a more competitive solvent
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Figure 3. A) Increase of fluorescence (at 395 nm) as a function of time upon addition of amines 1 (blue), 5 (red) and 9 (gray) to [AuNPs] = 8.6 nm
passivated with [Py-C1NH2]SSC in ethanol at 35 °C; [1] = [5] = 7.1 × 10−4 m; [9] = 9.1 × 10−4 m. Data were fitted with a double exponential equation.
Note the difference in time scale in the right part of the graph. The arrow indicates the addition of thiol C8SH. Note that by following the kinetics for a
longer time (up to 72 h) no change in fluorescence was observed. B) Relative percentage of the three kinetic processes represented in (A) (1, 2, and 3
are the primary, secondary, and tertiary amine, respectively). C) Dependence of the rate of exchange of amine Py-C1NH2 from the entering amines 1, 5,
and 9 concentrations (blue, red, and gray symbols, respectively) at 35 °C in ethanol.

than ethanol for the surface of the AuNPs. It is well known that
the nature of the solvent affects nucleophilic substitutions.[62] In
this regard, ethanol and water are significantly different solvents.

The relevant role of the basicity of the amines in affecting
their interaction with the gold surface was confirmed by den-
sity functional theory (DFT) calculations performed on systems
composed by a Au(111) planar surface interacting with amines
NH2CH2CH3, NH2CH2CH2F, NH2CH2CHF2, NH2CH2CF3,
with pKa (in water) 10.7, 9.0, 7.3, 5.7, respectively.[63] Figure 2D
shows there is a linear relationship between their pKa and the
energy of adsorption to the gold surface, calculated according
to Equation (1) (see Computational Methods section in the Sup-
porting Information). Remarkably, translating the adsorption en-
ergy differences directly into differences of −logKAu, the expected
slope of the −logKAu versus pKa correlation is around 0.6–0.7, in
line with the experimental finding for primary amines (0.62 as
reported here above, without considering steric effects). This fur-
ther supports that the Au–N binding strength, in turn related to
the basicity of the amines, is the key determinant of the observed
effect. Furthermore, the more basic the amine is, the shorter
is the Au–N distance, again following a linear relationship with
their pKa (Figure 2E).

2.3. The Exchange Process on the AuNP Surface is Multimodal

The above affinity constants were determined at the very end of
the exchange process that requires a few hours to reach the fi-
nal equilibrium at 35 °C. However, by examining in detail the ki-
netics of this exchange we observed two important things. First,
the time dependence of the release of the fluorescent dye from
the gold surface follows a bimodal kinetic with a fast process fol-
lowed by a much slower one. Second, the removal of the fluores-
cent amine Py-C1NH2 is never total, and the 100% fluorescence
increase is only obtained by addition of a thiol (C8SH, Figure 1) to
the solution. A typical kinetic profile is reported in Figure 3A. The
kinetics have been performed with three representative amines,
chosen for their strongest apparent affinity constant for the gold
surface for each category: n-heptylamine, 1, as a primary amine;
pyrrolidine, 5, as a secondary amine; quinuclidine, 9, as a ter-
tiary amine. Table 2 reports the rate determined for the first two
exchange processes and the relative percentage of each of them.
The percentage of the last process for which the addition of a
thiol is necessary in order to totally remove Py-C1NH2 from the
surface is also reported. Figure 3B reports these percentages in
graphical form.

Adv. Mater. 2024, 36, 2211624 2211624 (5 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 2. Kinetic parameters for the exchange of amine Py-C1NH2 from the
surface of AuNPs with entering amines 1, 5, 9. Conditions: 35 °C, EtOH,
[1] = [5] = 7.1 × 10−4 m; [9] = 9.1 × 10−4 m.

Amine 102 kfast
a) % kfast 104 kslow % kslow

b) % not exchangedc)

1 2.9 42 8.0 24 34

1d) 2.0 61 6.0 36 3

5 4.6 31 9.1 18 51

9 1.5 22 3.8 13 65
a)

Kinetics were run in triplicate; error ±10%
b)

Kinetics were run in triplicate; error
±6%

c)
Based on the final fluorescence observed after the addition of thiol C8SH

d)
Using AuNPs treated with NaBH4.

For the three amines the first exchange process is ≈40-fold
faster than the second one without a significant difference be-
tween primary, secondary, and tertiary ones. The overall percent-
age of exchanged amine in the course of the first two kinetic pro-
cesses decreases from 67%, to 48%, and 36% for the primary,
secondary, and tertiary amine, respectively, suggesting that steric
hindrance plays a role also in determining the number of ex-
changeable amines by the entering ones. Nitrogens with a larger
number of substituents have a larger footprint on the nanopar-
ticle surface and, accordingly, a lower number of them can be
accommodated on each AuNP. Upon addition of thiol C8SH the
final fluorescence observed is the same in all cases, implying that
all amines attached to the AuNPs are replaced by thiols regard-
less of their mode of interaction with the gold surface. However,
the relative percentage of the first, faster process with respect to
the second, slower one is 63:37 for all amines studied. This ob-
servation suggests that there are two types of exchangeable Py-
C1NH2 bound to the AuNP, indicating the presence of different
gold atoms on the nanoparticle surface. A third type can only be
exchanged by using a thiol, as said above and as will be discussed
below.

Possible explanations for this behavior could refer to the type
of gold atoms to which the amine is bound, or the type of crys-

tal formed during the synthesis of the nanoparticle. A simi-
lar bimodal kinetic exchange behavior has been observed for
thiols.[66,67]

To assess the type of crystals formed in the nanoparticle prepa-
ration, their structural properties were investigated by TEM.
Figures 4A,E show the bright-field microscopy images of “naked”
and Py-C1NH2-passivated AuNPs, respectively. AuNPs in both
samples have a comparable spherical shape in order to min-
imize the surface energy. The difference in particle size (see
also Figures S1 and S2, Supporting Information) between the
“naked” AuNPs (9.3 ± 1.5 nm) and the amine passivated ones
(9.7 ± 1.3 nm) is not particularly relevant. High-resolution TEM
(HRTEM) imaging gives further insight into the ultrastructure
of the AuNPs. The HRTEM images show that both samples con-
sist of AuNPs with icosahedral, decahedral, and cuboctahedral
shapes. The corresponding atomistic models of icosahedral, dec-
ahedral, and cuboctahedral shapes are included as figure insets
for ease of visualization. These types of particles are very frequent
in the AuNPs. Figures 4B–D, and 4F–H allow one to appreciate
the fringe spacing of 0.28 nm of spherical gold nanoparticles.
In accord with what reported by Mariscal et al.,[30] the structure
of the nanoparticles is not affected by the passivation with the
amine (compare, in Figure 4B–D with Figure 4F–H), contrary to
what happens with thiols.[30] Notably, the relative percentage of
the three shapes is very similar and does not change after passi-
vation (Figure S6, Supporting Information).

This trimodal crystal distribution characterized by very similar
relative fractions seems to exclude the hypothesis that the kinetic
dependence of the exchange process is related to the type of crys-
tal to which the amine is bound. A more likely reason relies on
the sort of gold atom to which the amine is attached, those on
flat surfaces or those on rims and vertexes. Flat surfaces, rims,
and vertexes are common features of all three types of crystals
present in our gold nanoparticles preparations. Reported calcu-
lations reveal that the ratio between gold atoms residing on edges
or flat surfaces strongly depends on the particle size for the small-
est nanoparticle reaching a ≈30:70 value that remains practically

Figure 4. A,E) TEM bright-field microscopy images of the gold nanoparticles as prepared (“naked”) and passivated with Py-C1NH2. B–D) HR-TEM
images of AuNPs with icosahedral, decahedral and cuboctahedral shape of as prepared sample, respectively. F–H) HR-TEM images of NPs with icosa-
hedral, decahedral, and cuboctahedral shape of AuNPs passivated with Py-C1NH2 at SSC, respectively. In the insets the atomistic models of icosahedral,
decahedral, and cuboctahedral shapes are presented.

Adv. Mater. 2024, 36, 2211624 2211624 (6 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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constant as the size further increases (up to ≈4.5 nm in diam-
eter, the largest size reported).[64] Although this ratio depends
on the crystal structure, too, the difference is within ±10% for
gold nanoparticles. It is tempting to cautionary extrapolate these
values for our larger 10 nm nanoparticles as the numbers are
rather close to the 37:63 ratio between the slow and fast pro-
cesses we observe. In the case of amines, computational analy-
sis has indicated as the strongest interaction that occurring with
atoms at edges and vertexes.[33] Furthermore, for catalytic applica-
tion it has been shown that gold atoms with lower coordination
number (≤6), like those on edges and rims, generally manifest
lower adsorption energies and hence a stronger binding of the
substrate.[65]

Very important is the observation that the kinetics of both ex-
change processes for the three types of amines studied (primary,
secondary, and tertiary) do not depend on the concentration of the
incoming amine (Figure 3C). This indicates a dissociative (SN1-
like) reaction mechanism in which the displacement of the amine
is not the rate determining step. The great majority of the studies
of the kinetics of the exchange of thiols bound to AuNPs support
an associative mechanism (SN2-like).[66–69] This difference might
be related to the strength of the interaction between the ligand
and the gold surface with a switch from associative to dissociative
mechanism with more weakly bound ligands, like amines. Inter-
estingly, a dissociative mechanism has been reported for the ex-
change of weakly-bound cetyltrimethylammonium bromide with
entering thiolated ligands.[70] A dissociative mechanism would
support a thermodynamic dependence of the exchange process.
With a dissociative mechanism, the more weakly-bound amine
would be detached first even if it is less accessible to the in-
coming one. This is the case of those residing on flat surfaces
(more packed, less accessible) with respect to those on edges (less
packed, more accessible). On the contrary, an associative mecha-
nism would lead to the opposite behavior as it has been suggested
for thiols. In that case, thiols bound to edges, vertexes, or de-
fects of the surface of the nanoparticle exchange faster than those
bound to flat surfaces.[67] Although not conclusive, the existing
computational data[33] on the stronger binding to edges than to
flat surfaces and the present kinetic results strongly support the
suggestion that amines residing on flat surfaces, that is, (111) or
(100), exchange faster than those on edges.

2.4. A Redox Process is Likely Involved in the Most Tightly Bound
Fraction of Amines

We were really intrigued by the failure of all entering amines to
fully exchange all Py-C1NH2 bound to the AuNPs surface. We
have followed the exchange with the entering amine up to the
thermodynamic equilibrium. Thus, no kinetic issues appear to
be present. We infer that the non-exchangeable fraction of Py-
C1NH2 should have a significantly higher affinity (at least two
orders of magnitude) than the amine-exchangeable one since it
can only be displaced from the gold surface by using a thiol. It
seems very unlikely that this binding process occurs by involv-
ing the lone electron pair on the amine as in the case of the
amine-exchangeable fraction. Our “naked” AuNPs, prepared by
using a mild reducing agent as sodium citrate, contain a signif-
icant fraction of surface Au(I) (≈9% as estimated by XPS data,

Figure 5A).[19] The presence of oxidized gold should not be sur-
prising since its redox potential (Eo(Au(I)/(Au(0)aq) becomes neg-
ative when hydrated Au(0) clusters are formed.[71,72] We hypothe-
sized that these Au(I) atoms could oxidize the amino group yield-
ing a radical cation (Py-C1NH2

+.).[73] Such radical cations have
been reported to lose a proton relatively fast to yield a strong
Au(0)–RN bond.[74] The occurrence of such a redox process is
supported by the disappearance of surface Au(I) atoms in the XPS
spectrum after passivation with heptylamine (1) at the SSC (Fig-
ure 5B). Amine 1 was selected for the presence of a single nitro-
gen atom contrary to Py-C1NH2 and its SSC, as a primary amine,
was assumed to be very similar to that of the fluorescent amine.
The corresponding N 1s XPS region of the passivated AuNPs is
reported in Figure 5C: although very noisy for the very little con-
centration of amine present, the broad signal could be fitted con-
sidering three components with binding energy (BE) of 398.2,
399.6, and 401.0 eV (Figure 5C).

The data in the literature on the N 1s region in similar stud-
ies are rather scattered. In many cases the fitting has been done
with an unrealistically large FHWM value for some component
which takes to only two components.[52] We preferred to adopt
a physically acceptable FHWM of 1.6 eV, leading to three dif-
ferent components.[74] Similarly, the assignment of the different
components is rather controversial in literature, apart from the
highest BE one, which is always assigned to oxidized amine.[52]

To avoid any speculation on these, we prefer to assign the three
components heuristically: the 399.6 eV BE component is the typ-
ical one related to 1 grafted on the gold surface, the compo-
nent at 401.0 could indicate the presence of a slightly positively
charged N, different from a protonated nitrogen which would be
expected at a little higher BE.[44] On the other hand, the compo-
nent at 398.5 eV BE could be related to slightly negatively charged
nitrogen.[74,75] These results appear to indicate the coexistence of
RNH2

+. and RNH. bound to the surface Au(0) atoms. As men-
tioned above, it has been reported, in contradiction to what we
find here, that a radical cation of a primary amine loses a proton
very quickly to give a radical.[74] In any case, whatever its protona-
tion state is, a radical is formed that tightly binds to the gold sur-
face. One might argue that the fraction of primary amine bound
as a radical/radical cation is too high when compared with the
amount of Au(I) present on the nanoparticle surface (compare
with the 9% obtained from the XPS spectra). However, consider-
ing that only a fraction of the surface gold atoms interacts with
the amine (≈10%, according to our calculations, see Supporting
Information), the amount of Au(I) is more than enough to oxi-
dize the amine that eventually tightly binds to the gold nanopar-
ticle surface (as a radical/radical cation). Since this is an irre-
versible process, all available amines are captured by the available
Au(I) ions present on the surface at the expenses of those binding
through the lone electron pair interaction to reach the maximum
surface coverage attainable under our experimental conditions.

The higher affinity of the radical toward the gold surface was
also investigated by means of DFT calculations. Adsorption en-
ergies were sizably more favorable for the radical than for the
corresponding amine with a significant change also in the ad-
sorption morphology. As an example, considering the species
that has been suggested to actually adsorb on the metal surface
following the amine oxidation (i.e., ⋅NHCH2CH3 vs the stan-
dard NH2CH2CH3 amine),[74] we estimate an adsorption energy

Adv. Mater. 2024, 36, 2211624 2211624 (7 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. A,B) Au 4f core level XPS data of “naked” (A) and passivated with n-heptylamine (1, 1.2 μm) AuNPs (B). The data were fitted with a doublet
with the Au 4f7/2 at 83.9 eV (Au(0)) and at 84.7 eV (Au(I)). C) Analysis of the N 1s photoemission line in the XPS spectrum of AuNPs passivated with
1.2 μm 1. By setting a FWHM of 1.6 eV for each component three bands were needed to achieve a satisfying fitting.

Figure 6. A,B) DFT simulation of the adsorption mode of ethyl amine on an Au(111) surface as a neutral species (A) and as an oxidized radical (B).
Notice as in this latter case no adatoms formation was observed thus maintaining unaltered the crystal structure in accordance with the HRTEM images.

around −1.1 eV which is significantly more negative compared to
the−0.673 eV found in the case of the standard form. The adsorp-
tion configuration is also different with reference to the neutral
amine, bridging between two Au(0) atoms (Figure 6B) instead of
being on-top (Figure 6A). All these findings are compatible with
what is already known about the adsorption of amine radicals
on gold surfaces.[76] Importantly, no adatoms formation was ob-
served when the interaction of the radical with the Au(111) sur-
face was simulated thus maintaining unaltered the crystal struc-
ture in accordance with the HRTEM images.

Following this line of reasoning we argued that the total re-
duction of Au(I) atoms would make all Py-C1NH2 molecules ex-
changeable by the entering amine while the independent oxida-
tion of the amines passivating the gold nanoparticles would com-

pletely prevent their exchange. The full reduction (as indicated by
XPS) was achieved by treatment with NaBH4. Thus, fully reduced
AuNPs were passivated with Py-C1NH2 at SSC and subsequently
exposed to amine 1 (under identical conditions as those used for
the original, partly oxidized AuNPs) and the exchange process
was followed with time. The results are reported in Figure 7A
together with those obtained for the original system, for com-
parison. Very interestingly, the exchange proceeded up to ≈97%
(compare with the 66% observed with the original, partly oxidized
AuNPs). It could be analyzed as a bimodal kinetic with a rate for
the fast and slow process of 2.0 × 10−2 and 6.0 × 10−4 s−1, re-
spectively. The relative fraction (slow/fast) was 38:62. These num-
bers are in good agreement with those obtained with the original
system.

Adv. Mater. 2024, 36, 2211624 2211624 (8 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 7. A) Kinetic of the exchange process between amine Py-C1NH2 and 1 using AuNPs treated with NaBH4 (blue circles). The dashed line represents
the fitting of the two kinetic processes. The horizontal line at F395 = 120 represents the maximum fluorescence obtained by addition of thiol C8SH. For
comparison, the exchange kinetics of the same amines but using AuNPs not treated with NaBH4 is reported. The conditions are the same as those
of Figure 3A. B) Fluorescence observed in solutions obtained after the addition of an excess of amine 1 to the GC electrode modified with the AuNPs
passivated with 1.6 μm Py-C1NH2 following increasing oxidation times (conditions: 1.1 V vs Ag/AgCl, CH3CN, 0.1 m TBAPF6). The red points indicated
with I and II represent the fluorescence measured for solutions collected at time 0 (I) and 20 min (II) upon addition of thiol C8SH. Each point represents
a different experiment. The experiments were run in duplicate. The dashed line was drawn to guide the eye.

As for the oxidation of amines passivating gold nanoparticles,
to avoid side reactions on the AuNP surface by the addition of ox-
idizing agents in solution, the process was enacted electrochem-
ically. Accordingly, AuNPs passivated with [Py-C1NH2]SSC were
deposited on a glassy carbon electrode and the electrochemical
oxidation was investigated by cyclic voltammetry in CH3CN with
0.1 m TBAPF6. The modified electrode shows an irreversible ox-
idation peak at about 0.94 V versus Ag/AgCl, associated with the
oxidation of the amines (Figure S12, Supporting Information).
A decrease in the signal intensity of this peak was observed in
the second and third scan, a phenomenon that can be ascribed
as consequence of an irreversible process of the oxidized amine
on the AuNPs surface. To probe the effect of amine oxidation on
its exchange ability, the voltage of the GC electrode modified with
AuNPs passivated with [Py-C1NH2]SSC was set at 1.1 V, n-heptyl
amine (1) was added after increasing oxidation times, and the flu-
orescence of the solution measured. The graph of Figure 7 shows
that, as the oxidation time increases, the amount of exchangeable
amine decreases with almost no increase of fluorescence after 20’
of oxidation time. However, C8SH addition was able to release
the AuNP-bound Py-C1NH2 reaching a fluorescence compara-
ble to that obtained by addition of the same thiol at time zero.
Control experiments showed that the oxidation potential used
was not affecting either gold or pyrene confirming that only the
primary amine was oxidized during the electrochemical experi-
ment. Overall, these experiments are consistent with a binding
process of the fluorescent primary dye occurring not through the
lone pair electrons of the amine but through the formation of a
stronger Au–N bond involving a radical/radical cation.[74,77]

Thus, the passivation of the surface of AuNPs containing a
fraction of Au(I) atoms leads to the formation of two popula-
tions of bound amines: those not oxidized and the oxidized ones.

The not oxidized fraction easily exchanges with entering amines
(Figure 8, first and second steps). On the contrary, the oxidized
fraction only exchanges with ligands having a much stronger
affinity than amines for the gold surface, as thiols do (Figure 8,
last step).

3. Conclusion

The overall picture emerging from the study of the binding of
amines to gold nanoparticles prepared with the classical Turke-
vich protocol reveals that most of them interact with the gold
atoms on the surface with the lone pair electrons of the nitro-
gen. Because of this, amine/amine exchange is thermodynami-
cally governed by the basicity of the entering amine and a LFER
does exist between basicity and aurophilicity. The experimental
data are supported by simulations using a flat Au(111) surface as
a model.

The total percentage of exchanged amines appears to depend
on steric factors as secondary and tertiary amines replace a lower
number of bound ones than primary amines do. Steric factors
affect the strength of binding, too. The kinetic of the exchange
process is bimodal with a fast process accounting for the first
63% of exchangeable amine (t1/2 ranging from 15 to 46 s) and a
slow one (t1/2 ranging from 760 to 1824 s) accounting for the re-
maining 37%. These two processes constitute the first two steps
in the cartoon representation of Figure 8.

The rates of exchange do not depend on the concentration of
the added, entering amine, suggesting a dissociative, SN1-like,
mechanism, consistent with a weak N–Au(0) interaction. The rel-
ative ratio of the fast/slow exchange processes is the same for all
amines (primary, secondary, and tertiary) and is likely related to
the position, in the nanocrystal, of the Au(0) atom to which the

Adv. Mater. 2024, 36, 2211624 2211624 (9 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 8. Cartoon representation of the amine exchange processes occurring on the gold nanoparticle surface (here arbitrarily presented as an icosa-
hedron). The original passivation results in the formation of amines bound through their lone electron pair and those oxidized to form a radical cation
(evolving to a radical after the loss of a proton). Upon addition of an entering amine, a first, fast exchange process occurs replacing the fluorescent
amines bound to the flat surface with their lone electron pair, followed by a slower one replacing those on edges and vertexes with the same interaction.
Removal of the amines interacting with the gold surface as radicals is only possible by adding a thiol (last step).

exiting amine is bound. We suggest that amines bound to flat
(111) or (100) surfaces apparently exchange faster than those
bound to lower coordination number gold atoms residing on
rims and ridges. A stronger interaction with these atoms has
been associated with their higher catalytic activity.[65]

However, these nanoparticles contain a sizeable amount of
Au(I) on their surface (≈9% in our case). This allows the reduc-
tion of Au(I) present in the nanoparticles and the oxidation of
the bound amines into radical cations that, after a loss of a pro-
ton, form Au(0)–RN/RN.+ bonds. Once this redox process has oc-
curred it is impossible to replace the bound amine with an enter-
ing one, at least within the longest time scale we have followed
our kinetics (≈72 h). Very likely the exchange process would be-
come associative and only the addition of a thiol allows the com-
plete removal of this fraction of amines to occur (third step in Fig-
ure 8). It is hence obvious that full exchange is only possible by
using nanoparticles devoid of Au(I) atoms on their surface. The
occurrence of such a redox process could play a role in the forma-
tion of a strongly bound protein corona when gold nanoparticles
containing a fraction of Au(I) atoms are exposed to proteins with
amino groups on their surface. Furthermore, AuNPs prepared
using amines as reducing and passivating agents should be more
stable than those obtained by passivation with an amine after the

complete reduction process has occurred (by using a different re-
ductant, for instance). This could be quite useful in preparing ro-
bust, protein-based nanozymes for biological applications where
avoiding the exchange with serum proteins is an important req-
uisite.

For technical reasons, the solvent of our investigation was
ethanol and not water, the biological solvent. However, we believe
that our conclusions can be extended to an aqueous environment
in view of the existing correlation between the amine’s pKa in
the two solvents. The higher affinity of amines for protons than
for Au atoms on nanoparticle surface implies that the pH consti-
tutes a critical issue in controlling what drives the interaction of
residues present on the surface of proteins with the bare surface
of gold nanoparticles. Under conditions in which amino groups
are not protonated we believe their pKa could provide significant
selectivity in binding. The matter is complicated by the fact that
both the protein and the nanoparticle surface are multivalent and,
hence, multiple interactions occur simultaneously with possible
cooperative effects. By using proteins of similar valency, more ba-
sic ones will bind more strongly. With shorter peptides it appears
evident that along with N-Au interactions also hydrophobic ones
play a relevant role.[78,79] In ethanol hydrophobic interactions are
less relevant. It also affects the secondary structure of proteins.

Adv. Mater. 2024, 36, 2211624 2211624 (10 of 12) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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4. Experimental Section
The following experimental details are reported in the Supporting In-

formation: general procedures; instrumentation used in the experiments
performed throughout the paper; synthesis and characterization of the
gold nanoparticles (TEM pictures, thermal gravimetric analysis, and sur-
face coverage); surface exchange experiments and dissociation constants
determination; exchange kinetics; study of the morphology of the nanopar-
ticles by HRTEM; synthesis and characterization of the fluorescent probes
(NMR spectra and ESI-MS data); computational methods used in study-
ing the interaction of amines with the gold surface; voltammograms and
electrochemical studies.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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