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Abstract

The ability to control the properties of monolayer protected gold nanoparticles (MPNPs) discloses
unrevealed features stemming from collective properties of the ligands forming the monolayer and
presents opportunities to design new materials. To date, the influence of ligand end-group size and
capacity to form hydrogen bonds on structure and hydration of small MPNPs (< 5 nm) has been
poorly studied. Here, we show that both features determine ligands order, solvent accessibility,
capacity to host hydrophobic compounds and interfacial properties of MPNPs. The polarity
perceived by a radical probe and its binding constant with the monolayer investigated by electron
spin resonance is rationalized by molecular dynamics simulations, which suggest that larger space-
filling groups — trimethylammonium, zwitterionic and short polyethylene glycol — favor a radial
organization of the thiolates, whereas smaller groups — as sulfonate — promote the formation of
bundles. Zwitterionic ligands create a surface network of hydrogen bonds, which affects
nanoparticle hydrophobicity and maximize the partition equilibrium constant of the probe. This
study discloses the role of the chemistry of the end-group on monolayer features with effects that
span from molecular- to nano-scale and opens the door to a shift in the conception of new MPNPs

exploiting the end-group as a novel design motif.

Keywords: Nanochemistry, Supramolecular Chemistry, Electron Spin Resonance, Molecular
Simulations, MD, Weak Interactions, Hydrophobic Binding.
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1. Introduction
The simultaneous control of topology and solvation of functional groups in a catalytic site is
achieved in natural systems with proper folding of the proteic polymer.! This has significant
influence on cell-protein interaction,>¥ internalization mechanisms,® recognition® and
catalytic processes,”! to mention a few. In an attempt to mimic Nature’s “machines” scientists
have turned their attention to synthetic models such as micellest® or liposomes.[**® Metal
nanoparticles (NPs) coated by organic monolayers of self-assembling ligands (SAMSs) have also
been studied as protein-mimicking, catalytic artificial systems by exploiting their inherent
multivalence, cooperativity, nanoconfinement, and control achieved in their preparation.[16l
Indeed, properties of SAM-NPs can be modulated by a variety of parametersi*’-?2 such as ligand
chemistry, functional groups exposed on the surface, nanoparticle dimension, ligand length and
density, molecular composition of the monolayer, and ligand organization for heteroligand
shells.[?221 All these parameters impact on the activity of NPs and the way they interact with
solvent!?®2"l and external (biological) environment.[28-331

Ligand end group chemistry is a key element able to impart to the nanoparticles specific ability,
properties, controlled colloidal stability and dispersibility.% Yet, studies aimed to rationalize this
effect on monolayer structure and ligand environment are isolated and a general framework lacks.
This is particularly relevant for small and ultrasmall NPs — namely below 5 nm — where i) the high
surface curvature impacts more on ligand arrangement than in larger NPs, which rather resemble
2-D SAM and ii) the surface chemistry plays a central role in regulating the transient bionano
interactions with proteins and cell membranes.321 The lack of studies on ligand end group effect
is partially due to the difficulty in characterizing the monolayer structure. In the solid state
information about the organization of the shell is retrieved from X-Ray structure analysis of small

gold clusters/nanoparticles,®*3¢ protected by ligands designed to impart rigidity to the SAMs and
3
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presenting relatively short alkyl chains and/or aromatic rings. However, this cannot be extended
to larger NPs functionalized by flexible and longer thiolates. Thus, probing ligand distribution in
solution on larger NPs is still extremely challenging.[*”]

As indeed stated by Grzybowski recently, “we have only an indirect understanding (from
simulations) of how the ligand shell is organized”.*¥ For instance, Glotzer described the influence
of alkanethiolate chain length, temperature and nanoparticle size on ligand arrangement.*8 Below
450 K, molecular dynamics (MD) calculations suggest long-range ordering of thiolates having
more than 9 carbon atoms. They form clusters (e.g. bundles), similar to those of alkanethiols on
flat Au(111) surfaces, but with larger tilting angles. For longer chain lengths (9 and 17 carbons)
Grest*¥ reported on the effect of the end group (CHs, NH2, COOH) and its ionization state on the
structure of gold NPs (AuNPs) coated with w-functionalized alkylthiolates in water and decane.
This analysis was later expanded by Sphor? for AuNPs coated with 6 to 24 carbon atom long
chains, linear and branched. Both computational studies supported a chain length dependence of
the hydrophobic bundling and a negligible influence of the head group chemistry. Repulsion
between charged chains seems to mitigate ligand association and favours more disordered
conformations.

Coupling indirect experimental approaches with theoretical or computational models has been of
help in overcoming such limitations.[“*%l In a recent work by Murphy,*¥ the combination of NMR
and implicit solvent MD simulations suggests that monolayers of (16-
mercaptohexadecyl)trimethylammonium bromide on AuNPs organize in a radial fashion
(following the continuous model introduced by Landman**) with end groups more closely
packed in larger than in smaller (< 10 nm) NPs. Nonetheless, the divergent mode of ligand

organization — radial vs. bundled — on metal NP surface has not found a rational harmonization in
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literature and the definition of which aspects direct ligand ordering toward a specific arrangement
has not fully emerged.

Solvation energy contribution to SAM organization needs to be considered, especially when there
are polar end groups that strongly interact with the solvent molecules,*! or charged groups as
ammonium ions, carboxylates and sulfonates which may be involved in hydrogen bonds.
Moreover, for instance, primary ammonium ions differ from quaternary ones in size, charge
density, hydrophilicity and consequently in solvation by water. Additionally, solvent may screen
out inter-particle attractive interactions leading to monolayers intergiditation, which in turn is
accompanied by a change in the conformational structure of the ligands.[*6-4]

Different ligand arrangements mean also different accessibility of solvent and small molecules
to the inner of the monolayer. Monolayer accessibility is relevant for sensing®®® and drugs
binding by weak interactions®®° and can be addressed by species sensitive to the polarity of the
environment that become good reporters of the hydrophobicity/hydrophilicity of their local
surroundings. This is the case of specific radical probes with affinity for the monolayer and whose
spectroscopic parameters are influenced by the local environment, thus enabling to gather
information about the polarity of the medium by electron spin resonance (ESR) spectra analysis.
ESR spectroscopy allows the assessment of the partition equilibrium constant, Keq, of radical
probes between monolayer and solvent (Figure 1), and the spectroscopic parameters are directly
related to the to the hydrophobicity of the medium.[6:57]

In this work, ESR measurements are carried out using the radical probe drawn in Figure 2, which
has a good affinity for hydrophobic monolayers and whose spectroscopic parameters strictly

depend from the local polarity of the surrounding medium and the monolayer.[41:4249.56-58]
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Figure 1. a) Partition equilibrium of a radical probe between water and NP monolayer; b)

mesomeric forms of the radical probe: on the left, the one prevalent in hydrophobic media and on
the right, that prevalent in hydrophilic media.
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Figure 2. Structure of ligands 1-6 used for the preparation of homoligand monolayer-protected
AUNPs (NP1-NP6) and the radical probe used in this study.

»

ESR spectra, carried out at different temperatures, are analyzed and simulated to determine the
hyperfine coupling constants, which are here coupled with MD calculations of NPs to rationalize
monolayer structure, solvation, and probe location. ESR measurements at different nanoparticle
concentration allow deriving the equilibrium constants of the probe free in solution and within the

monolayer, which is an indication of the host properties of the monolayer. Selected NPs are
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characterized by synchrotron-based X-ray photoelectron spectroscopy (XPS), in order to estimate
the thickness of the self-assembled monolayer and to compare it with data from MD simulations.

We chose ligands, well known in the literature of SAMs, presenting as terminal groups: a positive
charged quaternary ammonium ion, ligands 1 and 2, with alkyl chain of 12 and 16 carbon atoms,
respectively, indicated as C12 and C16; a negatively charged sulfonate ion, ligands 3 and 4, with
chains C12 and C16, respectively; a zwitterionic group having an inner phosphate and an ending
trimethylammonium group, ligand 5, and a neutral triethylene glycol monomethyl ether, ligand 6
(Figure 2). The thiolates were designed to differ in nature and size of the end-groups as well as in
chain length. The gold core diameter, of ~ 4 nm, was selected because of the relevance of the
surface chemistry at this size for the interactions with biological entities and was maintained as
much as possible constant. In principle, the dimension of NP core (relative to the ligand length)
may itself affect the shell organization; lowering the diameter, the chains gain available free
volume due to the increased core surface curvature. This reduces the chance of interchain
interactions, making ligand clustering more difficult and thus affecting the overall monolayer
structure.

The results from this systematic investigation allows us to draw general conclusions on the role
of surface group chemistry on ligand arrangement, monolayer hydration and ability to complex

small hydrophobic compounds.

2. Materials and methods
Synthesis: Thiols 1, and 3 were prepared as reported in literature.’% Detailed procedures for the
preparation of thiols 2, 4, and 5 and their characterization are described in Supporting Material

(SM).
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The procedure used for the preparation of gold NPs was adapted from ref. 60.1%1 The experimental
conditions used for the syntheses of NP1-NP5 are the same and in particular the reactions were
carried out at room temperature with a ratio between HAuCls : TOAB : NaBHs0f1:5.4:14.50n
a scale 0f 0.100 g, 0.296 mmol, of HAuCl4 or half of this for NP3.

Synthesis of NP1: To a solution of tetrachloroauric acid (0.100 g, 0.296 mmol, 1 equiv) in 11.6
mL deoxygenated milliQ water, TOAB (0.869 g, 1.59 mmol, 5.4 equiv) in 8.8 mL of deoxygenated
chloroform was added and the solution was let to stir for 30 min at room temperature. The two
phases were separated and a solution of sodium borohydride (0.161 g, 4.27 mmol, 14.5 equiv) in
7.8 mL milliQ water was added to the organic phase and the reaction mixture stirred for 15 minutes
under argon atmosphere. After this time a solution of 1 (0.010 g, 0.034 mmol) in 6 mL isopropanol
was added and the nanoparticles precipitated. After 1.2 h the solid was separated and the
nanoparticles were washed six times with chloroform (6 x 15 mL) (4500 rpm, 4 min, 25 °C). TEM:
44 +1nm,n=495 DLS: Dy 7.97 +1.98 nm. TGA 15 %. Average composition: Au2s50C12Nsgs.
Synthesis of NP2: A solution of TOAB (0.868 g, 1.59 mmol, 5.4 eq) in 9 mL of chloroform was
added under argon atmosphere to an aqueous solution of tetrachloroauric acid (0.100 g, 0.296
mmol, 1 eq) in 11.6 mL milliQ water at 25 °C and the reaction was let to stir for 15 minutes. The
two phases were separated and a solution of sodium borohydride (0.161 g, 4.27 mmol, 14.5 eq) in
7.8 mL of water was added to the organic phase. The red colored solution was stirred for 15
minutes and then a solution of 2 (0.015 g, 0.042 mmol) in 8.2 mL of isopropanol was added. Under
these conditions the nanoparticles precipitated and the dispersion was stirred for 2 hours. The solid
was separated and washed with chloroform (5 x 30 mL, 4500 rpm, 5 min). TEM: 4.2 £ 0.9 nm (n

= 307). DLS: Dy 7.66 + 2.10 nm. TGA 16%. Average composition: Auz75eC16N326.
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Synthesis of NP3: HAuCIls-xH2O (0.050 g, 0.147 mmol, 1 eq) was dissolved in 5.8 mL of
deoxygenated water and stirred for 30 min at room temperature with a solution of TOABr (0.435
mg, 0.795 mmol, 5.4 eq) in 4.4 mL of deoxygenated chloroform. The colorless aqueous layer was
discarded, while the orange organic phase containing the gold ions was placed in a round bottomed
flask and, under vigorous stirring, a cold solution of NaBH4 (0.081 mg, 2.133 mmol, 14.5 eq) in
deoxygenated water (3.9 mL) was quickly added. After stirring for 15 min at room temperature, a
dark red-violet dispersion of nanoparticles in chloroform was obtained. The aqueous phase was
discarded and the organic solution was divided equally in two flasks.

To the first sample a solution of thiol 3 (0.007 g, 0.025 mmol) in 3.3 mL of 2:1:0.3 deoxygenated
methanol:isopropanol:DMF was added dropwise to the nanoparticles solution in chloroform. The
suspension was stirred for 1.20 h at r.t. After wash with chloroform (4 x 20 mL) and ethanol (3 x
20 mL) and centrifugation at 4200 rpm for 5 min, nanoparticles were dried under flux of argon
and characterized. Nanoparticles are soluble in water. TEM: 4.1 £ 1.0 nm, n =557. DLS: Dy 6.69
+ 2.05 nm. TGA: 15,3%. Average composition: Auzs00MDDS33o.

Synthesis of NP4: HAuCIl4-xH20 (0.100 g, 0.294 mmol, 1 eq) was dissolved in 11.6 mL of
deoxygenated water and stirred for 30 min at 25 °C with a solution of TOAB (0.869 g, 1.59 mmol,
5.4 eq) in 8.8 mL of deoxygenated chloroform.

After the colorless aqueous layer was discarded and a cold solution of NaBH, (0.161 mg, 4.27
mmol, 14.5 eq) in 7.8 mL deoxygenated water was quickly added to the orange organic phase
containing gold and the mixture was vigorously stirred for 15 min at 25°C. Finally, the aqueous
layer was removed and a dark red-violet solution of nanoparticles in chloroform was obtained.
0.013 g (0.036 mmol) of thiol 4 were dissolved in 8 mL of deoxygenated 3:1 methanol:isopropanol

mixture, and the obtained solution was added dropwise to the nanoparticles solution. After stirring
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for 1.20 h at 25 °C, precipitated nanoparticles were washed by centrifugation with chloroform
pretreated with K.CO3 (5 x 20 mL) and methanol (5 x 20 mL). The obtained nanoparticles were
characterized by !H-NMR spectroscopy, TEM and UV-vis spectroscopy. The obtained
nanoparticles are soluble in water with 10% of isopropanol. TEM: 4.4 + 1.0 nm, n = 550. DLS:
Dh 14.86 + 4.25 nm. TGA 16%. Average composition: Auz9s0MHDS3ga4,

Synthesis of NP5: A solution of TOAB (0.084 g, 5.4 eq) in chloroform (7.6 mL) was added, under
argon atmosphere, to an aqueous solution of tetrachloroauric acid (0.084 g, 0.247 mmol, 1 eq) in
10 mL of deoxygenated milliQ water, at 25 °C and the reaction was let to stir for 15 minutes. The
two phases were separated and a solution of sodium borohydride (0.135 g, 3.58 mmol, 14.5 eq) in
11.5 mL of water was added to the organic phase. The red colored solution was stirred for 15
minutes and then a solution of thiol 5 (0.016 mg, 0.042 mmol) in 6.9 mL isopropanol was added.
The nanoparticles precipitated and the dispersion was stirred for 2 hours. The precipitate was
separated and washed five times with chloroform (30 mL, 4500 rpm, 5 min). TEM: 4.4 £ 0.9 nm,
n=313. DLS: Dy 6.30 £ 0.92 nm. TGA: 18%. Average composition: AuzeoZW-PN3eo.
Computational methods: Preparation and simulation of each nanoparticle model followed the
protocol described in our previous work® and reported here in brief. Ligand 1-6 were prepared
using antechamber and assigning gaff2 atom types;!®-62 force field parameters for the radical probe
were taken from the works of Barone et al.[%4, Partial charges were calculated applying the RESP
method provided by RED®! server. Au-Au interactions were described with the parameters of
INTERFACE®® force field for metals. lcosahedral gold cores were built matching the
experimental values and the proper number of ligands was then assigned for the functionalization.
A harmonic bond was created between each sulfur atom and a gold atom within 3.3 A with a spring

constant 50.000 kJ/mol*nm?.[67 Although this interface structure disregards possible gold—sulfur
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binding motifs, it has been shown recently®® that this simplified treatment yields a description of
the structure of self-assembled alkanethiols of various length (n = 3-15) on 2-6 nm size gold core
in agreement with experiments. The systems were then solvated with TIP3P water molecules,
extending at least 15 A from each solute atom, and counterions added to neutralize the system. A
combination of steepest descent (10000 cycles) and conjugate gradient (10000 cycles), followed
by a heating phase of 100 ps in NVT ensemble (integration step = 1 fs), was carried out to reach
the production temperature of 300 K. Then, density was brought to its final value with at least 50
ns in NPT conditions (integration step = 2 fs, pressure 1 atm), and pressure was maintained by
Berendsen barostat. Finally, we switched to Monte Carlo barostat for production run, of which the
first part was discarded until steady-state of ligands RMSD was reached. Trajectory for final
ensemble averages (400 ns) was stored from this point on. Temperature was controlled by
Langevin method (damping coefficient of 5 ps?) throughout all simulations. Electrostatic
interactions were computed by means of Particle Mesh Ewald (PME) algorithm, and calculations
were carried out using AMBER 18.1%871 Analysis was conducting using AMBERTools18 and in-
house Python scripts. Results were ensemble averaged on three repeated calculations. For systems
containing the probe, the radical was placed close to the equilibrated monolayer (not in contact)
changing initial position and orientation of the probe with respect to the NP and assigning different
starting velocities to enhance the sampling of the binding for a total of 1.6 ps time of simulation.

Further details are provided in the SM.

3. Results and discussion
3.1. Ligand packing is sensitive to the size and hydrogen bonding capability of the end-group
The ESR spectra of the radical probe were characterized by two resolved set of signals, see for

NP1 Figure 3 as an example. The one with larger hyperfine coupling constants is due to the radical

11
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located in water, while the second one arises from the radical hosted in the less polar environment
of the monolayer, in equilibrium with the free nitroxide (see Figure 1), and has a nitrogen
hyperfine splitting (an, see Table 1) significantly smaller than that measured for the radical in

solution.

3300 3320 3340 3360
Field/ G

Figure 3. ESR spectra of the radical probe recorded in the presence of NP1 (13.5 mg/0.1 mL) at
300 K (top) and 340 K (bottom) in water. In red are reported the corresponding theoretical
simulations, NRMSD (normalized root mean square displacement, RMSE/data range) 0.024 at 300
K and 0.028 at 340 K.

Table 1. Spectroscopic parameters for the radical probe and partition equilibrium (Keq) constants.

NP T(K) an(G) am(G) Ke(M?)

- 300 16.25 10.14

- 340 16.22 9.80

NP1 300 15.20 8.50 131
NP1 340 15.34 8.46 30
NP2 300 14 50° 8.45%

NP2 300 15.18° 8.58°

NP2 340 15.15 8.50 320
NP3 300 15.15 8.40 133

12
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NP3 340 15.40 8.48 26

NP4 300 14.40*  8.38°

NP4 300 1523  8.30°

NP4 330 1458*  8.40°

NP4 330 1533  8.33°

NP4 340 15.32 8.40 98

NP5 300 15.25 8.35 550

NP6° 298 15.70 9.00 77
% The values given in bold type refer to probe in the most hydrophobic location.  These values refer to the
less hydrophobic location of the probe. © Data from ref. [56].

The spectroscopic parameters of the radical in the monolayer were very similar for NP1, NP3 and
NP5 with ay in the range of 15.15 — 15.25 G (Table 1), suggesting that the probe is experiencing
a similar polarity even in presence of differently charged end groups. Surprisingly, these an values
are 0.55 — 0.45 G units smaller than the corresponding value measured in previous works, when
the same radical probe is immersed in the monolayer of ligand 6 (NP6, an = 15.7 G),[®® and even
smaller than those measured in fluorinated monolayers.*®! This observation reflects a higher
hydrophobicity experienced by the probe in the monolayer of NP1, NP3 and NP5 compared to
NP6. Such behaviour was unexpected especially for NP3 and NP5, where the probe hydroxyl
moiety could, in principle, form hydrogen bonds with the oxygen atoms of sulfonate groups in
NP3 or with the oxygen of phosphate groups in NP5, thus bringing the nitroxide moiety of the
probe more exposed to the aqueous medium and leading to an an value close to that measured for
NP6.

At molecular level, MD calculations showed that in NP6 ligands organize radially around the
core (Figure 4), stabilized by the presence of interchain and chain/water hydrogen bonds (Figure
Slaand Table S1). This is consistent with the disordered bent conformation of the PEG-end group
and the presence of interligand C=0----H-N hydrogen bonds as suggested by Rotello on the basis
of IR measurementst and more recently by Mancin and De Vivo,[>" which also provide a

degree of asphericity to the monolayer (Table S2). In agreement with the ESR data, the radical

13
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303

probe is completely immersed within the monolayer and oriented with the polar head in the
hydrophilic outer layer and the para-alkyl tail in the hydrophobic inner region (Figure S2a).
Radial distribution function (RDF) of the nitrogen atom of the probe allowed determining its
average position, which is centered at 1.28 nm (N-peak) distant from the gold surface, where it is

surrounded by a relatively hydrated environment (Figure S2b and c).

NP4 NP5 NP6

Figure 4. Space-filling model of monolayer organization around the NP gold core as obtained
from MD calculations for NP1-NP6. Solvent is not shown for clarity. Color legend: carbon, grey;
oxygen, red; sulfur, yellow; phosphorous, orange; nitrogen, blue; hydrogen, white.

By contrast, at 300 K, when NP1 and NP3 are considered, the nitrogen atom of the probe is located
at 1.46 and 1.34 nm (Figure S3), respectively, from the surface with its axis almost perpendicular
to the ligands axis (Figure 5). While NP1 shows an isotropic distribution of ligands around the

core and a spherical shape, chains in NP3 associate in more elongated bundles with almost all

14
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314
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chains in trans conformation (Figure 4 and Table S2); thus, it appears that the sulfonate end-group
with its less bulky nature allows ligands to better compact and order themselves establishing
favourable interchain interactions. At the same time, ligands may be kept close by forming water
bridges and hydrogen bonds with water molecules, which relief the electrostatic repulsion between

the sulfonate groups (Table S1 and Figure S1b).

Figure 5. Binding of the radical probe within NP1 (a, left) and NP3 (b, left) in space-filling model.
Solvent is not shown for clarity. Color code: probe, cyan; carbon, grey; oxygen, red; sulfur, yellow;
nitrogen, blue; hydrogen, white. The probe is colored by atomic element (carbon, grey; nitrogen,
blue; oxygen, red; hydrogen, white) in each right side of panel a/b, and the monolayer is depicted
as blue sticks. Normalized water distribution at increasing distance from the gold surface for NP1
(c) and NP3 (d). The graphs plot the distribution of the atom (oxygen of water or carbon of
thiolates) closest to gold surface (centered on the gold core and placed at increasing distances from
its surface) shown as a two-dimensional projection of the sphere surface (x-axis, the azimuthal
angle @; y-axis, the cosine of the polar angle 6). Value of 1 indicates that an oxygen atom of a
water molecule is always the closest; if it is equal to 0, it indicates that a carbon atom of a chain is
always the closest. Simplifying, red to salmon areas represent poorly hydrated zones, while blue
areas stand for highly hydrated parts of the monolayer (at a certain distance from the gold surface).
At distances lower than those considered the microenvironment is almost hydrophobic, while at

15



323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

346

347

higher distances it is fully hydrated and no major difference between the monolayers could be then
detected. For bundled monolayer morphologies as in NP3, red areas are mainly constituted by
space points belonging to ligand bundles. The arrow superimposed to ligand 1 (c) and 3 (d)
structure helps to identify visually the region within the monolayer which the water maps refer to.
Despite thiols 1 and 3 have a comparable hydrophobic portion, the presence of a bulky end-group
and steric hindrance effect, in the former, forces the monolayer to adopt a radial organization.
Consequently, the probe is located isotropically inside the shell in the monolayer of NP1 (Figure
5a), whereas in NP3 it binds the monolayer at bundle interface, deep in the valley between bundles
(Figure 5b).

Interestingly, regardless the different monolayer organization and interaction position, the probe
shares in NP1 and NP3 a similar hydration environment as identified from water density
distribution at radial distances close to the average nitrogen position of the probe (compare Figure
5c¢ and 5d). This provides a molecular interpretation of the similarity in the spectroscopic
parameters an(G), az+(G) found in the ESR measurements. Furthermore, the averaged hydration
values around the nitrogen atom of the probe in NP1 or NP3 are much lower compared to that in
NP6, supporting higher hydrophobicity of these two monolayers compared to monolayer of ligand
6 in agreement with ESR data in Table 1.

For NP5 MD simulations predicted a radial organization of the chains (Figure 4) and the
nanoparticle adopts a spherical shape with a slightly lower fraction of trans dihedrals respect to
NP1 (Table S2). The thickness of the self-assembled monolayer, obtained from XPS data
according to the methodology described by Shard,[™ is of 1.37 nm (see SM for further details on
the methodology), in good agreement with the computational average value of 1.58 nm, supporting
the folding at the phosphate group, which exposes both ions to water. Also in this case, the presence

of bulky end groups hinders ligand association in long-living bundles. The radial conformation is
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stabilized by a significant amount of hydrogen bonds, both involving ligand-water and ligand-
water-ligand interactions (Table S1 and Figure S1c)). This induces a stable hydration network in
the outer layer of the shell, and hampers further solvent penetration as it can be clearly assessed
by comparing solvent density distributions for NP5 and NP1 systems (Figure S4c and 5c). At the
same distance from the gold core, the monolayer of NP5 appears much less hydrated than NP1.
The probe is mainly placed 1.55 nm far from the gold surface (Figure S4b), where the average
water distribution is comparable to that observed close to the N-peak in NP1 and NP3, thus
explaining the similarity of the spectroscopic parameters for these systems.

As expected, hydrogen bond formation between the probe and the oxygen atoms of the phosphate
is detected; however, these bonds exist only for 67% of the simulation time, which is lower than
the 80% calculated for NP6 (Figure S5). Taken together, these evidences justify the unexpected

lower value of an of NP5 compared to NP6.

3.2 The probe is hosted in a complex environment in thicker monolayers and binding is

maximized by zwitterionic end-groups
A different behaviour was instead observed in presence of monolayers composed of longer
hydrocarbon chains containing 16 carbon atoms, i.e. NP2 and NP4. Figure 6a shows the ESR
spectrum of the nitroxide probe recorded at 300 K in the presence of NP4. The spectrum of the
radical probe is characterized by the presence of two set of signals due to the radical hosted in the
less polar environment of AUNP monolayer, in equilibrium with the free nitroxide.

However, comparison of the values of an for the radical located in the longer NP4 and shorter
NP3 monolayer indicates that it is substantially smaller (in Gauss equal to —0.70) in the former

case (Table 1). This suggests that the probe in NP4 is positioned in an environment having a
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polarity lower than that experienced in the shorter chain monolayer of NP3, hereafter named
probe@positionl.

By increasing the temperature, a new set of signals, characterized by spectroscopic parameters
very similar to those previously measured in the monolayer of NP3 appears in the spectrum, named
probe@position2 (Figure 6a, 330 K, and Table 1). The presence of this new triplet of triplets is
indicative of two diverse sites where the radical is located in the monolayer experimenting different

polarities.

c 10— — 8x104
) a0k | 300 K

6x104

4x104

RDF

2x104

3300 3320 3340 3360 0 1 2 3
Field / G r(nm)

Figure 6. a) ESR spectra of the radical probe recorded in the presence of NP4 (13.3 mg/0.1mL) at
300 K (top), 330 K (middle) and 340 K (bottom). Stars refer to the three different radical species
(see text). In red are reported the corresponding theoretical simulations; NRMSD: 0.035 at 300 K,
0.0164 at 330 K and 0.044 at 340 K. b) Representative binding mode of the radical probe within
NP4 @positionl and @position2 from MD simulations at 300 K in space-filling model. Color
code: probe, cyan; carbon, grey; oxygen, red; sulfur, yellow; hydrogen, white. Positions are
superimposed to allow visual comparison. The probe is also reported by atomic element (carbon,
grey; nitrogen, blue; oxygen, red; hydrogen, white) in the right side of panel (b), and the monolayer
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is depicted as blue sticks. ¢) MD radial distribution function (RDF) of nitrogen atom of the radical
probe in the monolayer of NP4 at 300 K (solid line, left axis) and ligand 4 (dotted line, right axis)
reported from the gold surface. Inset: same RDFs as in panel c), but predicted at 340 K.

The relative concentration of the probe in these two positions changes reversibly varying the
temperature, being probe@position2 the dominant species at higher temperatures (340 K, Figure
6a). Thus, we were able to reproduce the experimental spectra by considering different amount of
the radical specie located in the three different environments at different temperatures in the
corresponding theoretical simulations (see red line in Figure 6a). The quantitative determination
of the relative amounts of the radical in the different positions, however, was drastically hampered
by the poor spectral resolution and only a crude estimation of
[probe@position1]/[probe@position2] ratio was possible. On this basis, we estimated a
[probe@position1]/[probe@position2] ratio equal to ~ 0.3 and ~ 2.7 at 300 and 330 K,
respectively. Van’t-Hoff plot of these data (Figure S6), gives rise to approximate thermodynamic
parameters AH = +13 + 4 kJ/mol, AS = +42 + 12 Jmol? K?, indicating an entropy driven
equilibrium for the formation of the probe@postion2 at higher temperatures.

At molecular level, the long ligand 4 assembled into five bundles, which endow the NP with a
less rounded structure (Figure 4 and Table S2); as also seen in NP3, ligand-water-ligand hydrogen
bonds take place between the oxygen atoms of the sulfonate end group, contributing to chain
compaction and ligand ordering (Table S1 and S2). The radical probe interacts with NP4 shell at
the energetically-favoured interface between the bundles (Figure 6b) and at 300 K the N-peak is
found at two main distinct locations in contact with the monolayer (Figure 6c): the first at 1.26
nm and the second at 1.90 nm from the gold surface, in agreement with experimental ESR data.

These positions are characterized by a significantly different hydration. As shown in Figure S7,
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at a distance of 1.26 nm from the core, a limited number of water molecules access the monolayer
and the environment is virtually hydrophobic, this corresponding to the probe@ positionl detected
by ESR. Moving to 1.90 nm, the probe enters a much more hydrophilic local environment. At
higher temperatures (340 K), the two peaks merge in one single peak with an average N position
at 1.83 nm from the metal surface (Figure 6c, inset), which resembles probe@position2.

Similar experimental results were also obtained with NP2. In this case, however, the spectral
resolution and the differences in the value of hyperfine splitting constants did not permit to
spectroscopically resolve the signals of the radicals partitioned in the two different monolayer
environments. It is interesting to note that the larger affinity of the probe for NP2 monolayer
allowed us to record spectra containing mainly the signal due to probe@positionl at 300 K and
probe@position2 at 340 K (see Figure S8).

MD simulations show that despite NP2 exhibits a uniform radial organization of ligands around
the core (Figure 4) thanks to the large trimethylammonium end group, two distinct probe locations
were found at 300 K (Figure S9a); the first, with the N-peak at 1.02 nm from Au surface and
poorly hydrated, corresponds to the low-polarity probe@positionl. The second, placed at 1.64
nm, is more hydrated and well describes probe@ position2 (Figure S9b). The peaks merge in one
single peak at 340 K (1.83 nm) (Figure S9a). XPS data acquired on NP2 support these outcomes,
returning a thickness of the organic shell around the metal core of ca. 1.88 = 0.10 nm (see SM)
indicative of a fully extended alkyl chain, which agrees well with the high percentage of trans
dihedrals in the ligand chains (Table S2).

Thus, sufficiently long ligand chains allow the probe to bind in two distinct sites, not observed
in monolayers composed of shorter ligands, one located deeper in the shell and the other more

exposed to the exterior.
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Relevant is the analysis of Keq Values measured by ESR (Table 1), which is also consistent with
the monolayer packing picture offered by MD simulations. In general, the partition equilibrium
constants are lower at higher temperature as expected from the thermodynamics of the process and
increase with the thickness of the hydrophobic portion of the monolayer up to one order of
magnitude, see data for NP1 vs. NP2 and NP3 vs. NP4 in Table 1. Moreover, the presence of
open canyons allows easier ingoing and outgoing of the probe compared to radial monolayers, and
is consistent with the lower Keq measured for NP4 with respect to NP2. Additionally, the
zwitterionic monolayer in NP5 favours the complex formation by a factor of 4 with respect to NP1

and NP3, presenting the same hydrophobic monolayer thickness.

4. Conclusions
Experimental ESR studies combined with MD simulations suggest that the packing mode of self-
assembled monolayers on gold nanoparticles with a core of ~ 4 nm is affected by the nature and
space occupied by ligand end group. Larger size surface groups such as trimethylammonium,
zwitterionic and PEG groups, lead to a radial organization and the end-group contribution
overcomes association-promoting interactions, as van der Waals and solvophobic forces. On the
contrary, smaller end-groups, such as sulfonate ones, allow chains to arrange closer and establish
further stabilizing interactions (such as hydrogen bonds), which cooperate to make ligand bundles
long-living. This has significant consequences on hydration of the monolayer, local environment
and solvent distribution within the shell, which is more uniform in radially organized than
anisotropic monolayers.

Another key finding is that for long enough chains two positions at distinct polarity exist, where

a hydrophobic host could be detected, opening to the design of monolayers able to promote
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catalytic events influenced by the number of water molecules present in the catalytic site, similarly
to enzymes.

Thus, the role of the end-group is not limited to the surface properties but its nature influences
structure and hydration of the whole self-assembled monolayer. This study reveals that one,
simple, molecular-level parameter (chemical nature and size of NP surface group) affects the
monolayer properties across several length scales, from molecular- up to nano-scale.

We trust that this work will offer novel perspectives on the molecular features controlling the
behaviour of SAM protected gold nanoparticles, their ability to host hydrophobic drugs and
interface with exogenous molecules as nanocarriers or nanoreceptors with tailored affinity and

selectivity.

Supporting Material
Synthesis and characterization of thiols and characterization of nanoparticles. ESR experimental

details. XPS characterization of monolayer-protected nanoparticles. Additional results.
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