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poly(e-caprolactone) (PAMAM-PCL), were analyzed and characterized. The study was
performed at the toluene-water and air-water interfaces using two different molecular
weights of PAMAM-PCL. Using this method, the interfacial activity of the dendrimers is
shown to depend on the chain length of the PCL blocks. Using the Gibbs equation, the
driving force for the adsorption process at the toluene-water interface was found to be
Interfacial tension of an enthalpic nature. In addition, stable monolayers of PAMAM-PCL at the air-water
Gold nanoparticles interface were obtained. For this analysis, the elasticity and critical exponent of the
Gibbs adsorption excluded volume, v, for the PAMAM-PCL spread monolayers were determined.
Alternatively, when the pure water phase was changed to an AuCl; aqueous solution for
both interfaces, different behavior in the interfacial activity of PAMAM-PCL was detected.
Moreover, the spontaneous formation of gold nanoparticles at room temperature, at both
interfaces, was observed. This was confirmed by UV-vis spectra and atomic force micro-
scopy (AFM) images. Finally, molecular simulations and electronic structure calculations
helped us to gain insights on the behavior of the dendrimers at the toluene-water interface
and the PAMAM-PCL-gold nanoparticle interactions, respectively.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The study of interfacial properties at the liquid/liquid and gas/liquid interfaces of diverse compounds is an interesting
research field because it addresses many technological and industrial applications, including pharmaceutical [1] and
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emulsion formulations [2], food [3], medicine [4], energy [5], membranes [G] and so on. In this context, the interfacial activity
of polymeric materials at different interfaces has attracted considerable scientific interest in recent decades [7-9]. These
types of materials constitute a highly promising alternative for the design of innovative devices with interesting interfacial
properties that can be potentially be exploited in technological applications. Two very useful experimental methods to assess
interfacial activity at the liquid/liquid and gas/liquid interfaces of polymers are the pendant drop and Langmuir techniques,
respectively [10-14]. Specifically, the interfacial tension between two immiscible liquids can be calculated from the drop
profiles of liquid 1 (L1) immersed in liquid 2 (L2), assuming that the polymer is found to be spread at the L1/L2 interface
[15,16]. For the Langmuir experiments, surface pressure variations, as a function of the surface concentration of spread
polymer monolayers at the air/water interface, are monitored [17,18]. Due to the importance of these properties in diverse
applications, theoretical predictions on the activity of polymers at interfaces, derived from scaling theories and mean field
approximations, have been contrasted with experimental techniques, such as neutron reflectivity and ellipsometry [19-22].
Recent studies based on atomistic models have been used to simulate amphiphilic dendrimers at liquid-liquid and liquid-air
interfaces [23-25]. Such studies aim to provide suitable explanations, at the atomic or molecular level, for the phenomena
experimentally observed. On this basis, the chemical modification of polymers could produce the variation of their affinity
for any of the phases that are present, enabling potential control of polymer behavior at interfaces [26-28].

Alternatively, dendrimers are a unique type of polymer with three-dimensional globular shapes due to their highly
branched architectures and monodispersity [29,30]. Such tree-like conformations allow the free energy of the dendrimeric
structures to be minimized, thereby affecting the macromolecular properties. Considering this, a special interest in studying
dendrimeric architectures to gain additional insights into their properties has recently emerged [31,32]. Compact globular
shapes and sizes, and significant peripheral functionalities, are ideal features for a wide range of applications at surfaces
and interfaces [33,34]. For example, the surface activity of amphiphilic dendrimer monolayers by the Langmuir technique
has been studied in order to understand the interfacial and physical properties of dendrimers confined at the air/water
interface [35-37]. These studies focus on the development of functional materials, such as multilayer membranes for use
in sensor devices [38,39]. Additionally, the numerous peripheral functional groups of the dendrimer would enable chemical
modification or incorporation of small ligands, drugs, ionic species or additional functionalization [40-43]. Moreover,
dendrimers with amphiphilic behavior could be obtained by polymerization onto peripheral functional groups [44,45]. In
this context, PAMAM-OH dendrimer could act as macroinitiators for the ring-opening polymerization of biodegradable poly-
ethers and polyesters (e.g. poly (ethylene glycol) (PEG) and poly (e-caprolactone) (PCL)) to form highly branched non-linear
architectures [46,47].

Based on current knowledge, the design of synthetic methods directed towards metal nanoparticles with specific charac-
teristics has attracted significant attention in recent years [48-51]. These methods include several special conditions for the
synthesis of metal nanoparticles, such as oil microemulsions in water, micelles as nanotemplates, porous membranes and
Langmuir-Blodgett films [52-55]. The spreading of different materials at interfaces has also been used for the synthesis
of metal nanoparticles. For example, monolayers of diverse surfactants have been used in the reduction of aqueous silver
nitrate solutions to obtain films containing silver nanoparticles [56]. The formation of gold nanostructures embedded into
amphiphilic vitamin C has also been reported [57]. This indicates that amphiphilic compounds are ideal for synthesis pro-
cesses that are kinetically controlled. To the best of our knowledge, comparative studies on the spontaneous reduction of
AuCly ions to produce gold nanoparticles at different interfaces have not yet been completed. Moreover, the use and
characterization of hydrophobically modified dendrimers under such experimental conditions is also a topic that has been
scarcely explored. In this work, we have focused our attention on the interfacial behavior of PAMAM-PCL dendrimers, in
order to achieve a better understanding of their role in the spatially confined synthesis of gold nanoparticles. In addition,
molecular dynamics simulations and electronic structure calculations were carried out to provide deeper insights into the
behavior of the dendrimers at interfaces and the interactions of dendrimers-gold nanoparticles, respectively. Thus, we expect
to contribute in the rational design of dendrimers having amphiphilic tailored properties, in order to achieve an adequate
activity and stability at different interfaces [36,58].

2. Experimental
2.1. Materials

e-caprolactone, hydroxyl-terminated poly (amido amine) generation 4 (PAMAM-OH G4 14,200 g/mol), poly
(e-caprolactone) (PCL 2000 g/mol), tin(Il) 2-ethylhexanoate and potassium tetrachloroaurate (KAuCl,) were purchased from
Sigma-Aldrich. CHCls, CDCl; and toluene solvents were purchased from Merck.

g-caprolactone was distilled under reduced pressure prior to use. PAMAM-OH G4 was dried by removing the solvent
under vacuum for 48 h. The water used in all experiments was purified by a Millipore Milli-Q system (resistivity higher than
18.2 MQ cm). All other chemicals were used without prior treatment.

2.2. Synthesis and characterization of PAMAM-PCL

The synthesis of PAMAM-PCL containing a core of PAMAM and PCL chains was performed using a previously reported
method [46] with minor modifications in the synthetic route. The monomer of &-caprolactone was polymerized by
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ring-opening onto the PAMAM-OH G4 dendrimer in order to obtain the respective PAMAM-PCL hyperbranched dendrimer.
Briefly, PAMAM was placed into a glass flask, carefully dried and purged with nitrogen gas prior to use. Later, the
e-caprolactone monomer and tin (II) 2-ethylhexanoate, as a catalyst, were added. The feed ratios of PAMAM-OH G4,
g-caprolactone and tin (II) 2-ethylhexanoate (PAMAM-OH G4/e-caprolactone/tin (II) 2-ethylhexanoate) were 1/3/0.05 and
1/7/0.05 (w/w/w). The reaction flask was put in an oil bath and vigorously stirred at 378 K for 48 h under N, atmosphere.
Then, the obtained solid was dissolved in chloroform and further precipitated using cold methanol. This procedure was
repeated three times. The obtained samples were dried under vacuum for 72 h at 35 °C. The samples were labeled as G4LPCL
and G4HPCL for the lower and higher dendrimer molecular weights, respectively. The entire synthesis procedure was
performed in triplicate to ensure reproducibility.

In order to determine the molecular weight of the PAMAM-PCL dendrimers, a static light scattering (SLS) unit Dawn EOS
system with an Optilab DSP interferometric refractometer, both from Wyatt Technology, connected in-line with three size
exclusion chromatographic (SEC) columns (absolute method for determining of average molecular weights of polymers)
was used. The solvent used as eluent was CHCls. The dn/dc values were determined by the interferometric refractometer.
The dn/dc values for G4LPCL and G4HPCL were 0.034 and 0.039 mL/g, respectively. The characterization of the dendrimer
samples was performed by a Vector Bruker infrared spectrophotometer (FTIR) using the KBr pellet technique. Additionally,
nuclear magnetic resonance ('"H NMR) spectrum was recorded in a Bruker ACP-200 system using CDCl; as the solvent.

2.3. Interfacial tension measurements

The interfacial tension of the PAMAM-PCL dendrimers at the toluene-water interface was measured using the pendant
drop method (OCA20, Dataphysics). The measurements of interfacial tension were carried out by the acquisition of processed
computational images of the drop profile formed inside of a cuvette, which were then fitted to the Laplace-Young equation
[59]. The measurements were performed with a water drop (Milli-Q water) immersed in a toluene solution of the PAMAM-
PCL dendrimers. For the experiments with AuCly ions, a drop of potassium tetrachloroaurate (KAuCl,) 5 pg/mL aqueous solu-
tion was also immersed into the toluene solution of dendrimers. In the absence of dendrimers, the toluene-water interfacial
tension remained constant at values of 34.8 and 34.1 mN m~! for pure water phase and KAuCl, aqueous solution phase,
respectively. For these experiments, the dendrimer concentrations used were 0.01, 0.07, 0.12, 0.21, 0.32, 0.71 and
1.03 mol L1 x 10%,

2.4. Surface pressure-area isotherms

In order to obtain the surface pressure-area isotherms (7w-A), a computerized Langmuir trough Nima Technology model
611 equipped with a mobile barrier and a pressure surface sensor was used. Monolayers were achieved by spreading 100 puL
of 0.5 mg/mL PAMAM-PCL in chloroform on water using a Hamilton Microsyringe. After 20 min of solvent evaporation, the
monolayers at the air-water interface were compressed with a rate of 10 cm?/min. Similarly, dendrimer monolayers of both
PAMAM-PCL samples were also spread on aqueous solutions of 5 pg/mL KAuCl, as the subphase.

2.5. Absorbance measurements

To verify the formation of gold nanoparticles at the interfaces studied, UV-vis spectra were recorded between 400 and
800 nm at 25 °C with a Agilent Cary 60 spectrophotometer. In the case of the toluene-AuCl; aqueous solution interface,
the solvents were completely evaporated under vacuum to avoid any possible interference of the mixed solvents in the mea-
surements. Then, the formed gold nanoparticles were resuspended in Milli-Q water to obtain the UV-spectra.

2.6. Atomic force microscopy (AFM)

The AFM images were obtained by an AFM Dimension 3110-Nanoscope using the tapping mode. With a microsyringe, a
determined sample volume was directly taken from either a Langmuir trough or cuvette, and then deposited onto a silicon
wafer to form films with or without gold nanoparticles. After this, evaporation of the solvent was carried out under vacuum
at room temperature for 30 h.

2.7. Theoretical methods

2.7.1. Building of molecular structures

Alternately, each peripheral hydroxyl group of PAMAM-OH was functionalized with three monomeric units of
g-caprolactone (32 monomers in total per dendrimer according to the G4LPCL structure) to build PAMAM-PCL molecules,
using the tleap module of the AmberTools package [60].

2.7.2. Molecular dynamics simulations
In order to obtain information on the molecular behavior of PAMAM-PCL dendrimers at the toluene-water interface, two
all-atom molecular dynamics (MD) simulations were performed.
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First of all, a PAMAM-PCL dendrimer was incorporated at the center of a 12.0 x 12.0 x 6.5 nm (the x-, y-, and z-directions,
respectively) box, a water sub-box and a 12.0 x 12.0 x 6.5 nm toluene sub-box. Secondly, a PAMAM-OH dendrimer was
incorporated at the center of a 9.0 x 9.0 x 5.0 nm box, a water sub-box and a 9.0 x 9.0 x 5.0 nm toluene sub-box. In both
cases, the dendrimers were placed in the middle of the interface, so that half of the dendrons were distributed in each sol-
vent. The amounts of water and toluene molecules were obtained on the basis of the corresponding molecular experimental
density (1 g/cm® for water and 0.867 g/cm> for toluene). The systems were built using the molecular packing program
PACKMOL [61]. MD simulations were run using the Desmond software (Desmond/Maestro academic version 2015.4) [62]
and analyzed using VMD 1.9.2 software [63].

The box type was orthorhombic with a boundary distance of 0.1 nm for the two systems previously solvated (no ionic
species were added). The systems were relaxed with the default multistage protocol in Desmond, followed by a series of
short NVT (constant number, volume and temperature) and NPT (constant number, pressure and temperature) simulations
at T =10 K with varying constraints on solute and solvent atoms [64].

MD production runs were carried out in the NPT ensemble for 24.0 ns for each dendrimer. The temperature was regulated
at 300 K with the Nose-Hoover chain thermostat [65,66] with a relaxation time of 1 ps. Pressure was regulated at 1 bar with
the Martyna-Tobias-Kleinbarostat using isotropic coupling and a relaxation time of 2.0 ps [67]. The reference system prop-
agator algorithms (RESPA) integrator [68] was used to integrate equations of motions with a 2.0 fs time step for bonded and
short-range interactions and a 6.0 fs time step for long-range interactions. A cut-off of 9.0 A was applied to non-bonding
interactions. The smooth particle mesh Ewald method [69] was used to deal with long-range electrostatic interactions with
a tolerance of 1072, The OPLS force field [70] was applied to the system and the TIP3P water model [71] was used.

2.7.3. Radius of gyration and solvent accessible surface area (SASA)

The unfolding behavior of dendrimer structures in solution was characterized using the radius of gyration [72] and SASA
[73] parameters. These parameters assess the compactness of a structure according to the relation of each atom with respect
to the center of mass of the molecule and the total structure surface in contact with the solvent, respectively. For both the
PAMAM-OH and PAMAM-PCL systems at the toluene-water interface, we obtained a total of 5000 conformations from the
MD trajectories. Thus, all respective values from these trajectories were calculated using the VMD software [74] and then
plotted using the Gnuplot 4.4 software [75].

2.7.4. Density functional theory (DFT) calculations

For all DFT electronic structure calculations, the Gaussian 09 package [76] was used. The hybrid exchange-correlation
functional, B3LYP, level of approximation was combined with the Stuttgart quasi-relativistic effective core potential
MWBG60 basis set for Au atoms along with def2-SVP for the lighter atoms (O, C and H) of the monomer models [77].
One-, two- and three-dimensional (1D, 2D and 3D) structures, represented by Au;, Aug and Au, s, respectively, were designed
to perform the calculations. As previously reported in the literature, Aug and Au;3 represent planar and 3D structures, respec-
tively [78-80].

The geometry optimization procedure for the monomer-Au, complexes was carried out by placing the monomers over
multiple adsorption sites, initially at a determined distance from the Au, structure. The complexes that were energetically
most stable were chosen and analyzed. These optimized structures were corroborated by vibrational analysis. In this case,
two models of the PCL monomer were considered, one containing an (i) ester group and one with an (ii) carboxylic acid
group, which are referred to as PCLe and PCLc, respectively.

The complexation energies of the monomer-Au, systems were calculated by the following equation:

AEcon11,7lexatian = Emonomer—Au,1 - [EAu,1 + Emonomer] (])

n=1,9o0r 13
monomer = PCLe or PCLc

where Enonomer-auy» Eau, aNd Emonomer are the ground state energies of the monomer-Au, complex, Au, free cluster and free
monomer model, respectively. Additionally, a CM5 charge analysis [81,80] (q) was performed to characterize the possible
charge involved in the monomer-Au,, systems. In addition, a PCM solvent implicit model was incorporated to compute com-
plexation energies and charges (referred to as AEcomplexationsol aNd sor, respectively) by simulating a water environment over
vacuum optimized structures.

3. Results and discussion
3.1. Characterization of dendrimers
'H NMR and FTIR spectroscopy were used to characterize the PAMAM-PCL dendrimers. Fig. S1t shows the schematic

chemical structure of G4LPCL and its respective 'H NMR spectrum. The spectrum confirms that PCL was polymerized onto
the peripheral-OH groups of PAMAM. The main signals observed were the methylene groups from both PAMAM and PCL. The
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number-average molecular weights (M,) and the respective polydispersity indices for the dendrimer samples were deter-
mined by static light scattering (SLS) using CHCl; as the eluent. As €-caprolactone monomers were polymerized onto the
PAMAM-OH, the increment in the molecular weight of the dendrimer would correspond to the incorporation of the
g-caprolactone monomers. Considering this, the content of PCL was estimated by the difference between the molecular
weight of PAMAM-PCL and the PAMAM-OH precursor. The M,, the content of e-caprolactone, the polydispersity and the
yield for each system are also summarized in Table S17.

FTIR spectra for the PAMAM-PCL dendrimers and their precursors (i.e., PAMAM-OH and PCL) are shown in Fig. S21. The
peaks located approximately at 1100 and 1050 cm™! are attributed to the C—O ester bond due to incorporation of PCL blocks.
For both dendrimers, as the content of PCL blocks increases, the intensity of the —OH signal (at approximately 3400 cm™!)
changes. This could be evidence that the polymerization of PCL blocks onto the peripheral-OH groups of PAMAM was suc-
cessfully carried out.

3.2. Interfacial tension measurements at the toluene-water and toluene-AuCly solution interfaces

To gain a better understanding of the behavior of PAMAM-PCL dendrimers at the toluene-water and toluene-AuClz aque-
ous solution interfaces, the variation of the interfacial tension, 7, as a function of PAMAM-PCL concentration in toluene
solutions, was studied at different temperatures (Fig. 1a). As seen for all samples at both interfaces, in the diluted regime,
y decreases as the PAMAM-PCL concentration increases up to the interfacial tension remains practically unchanged. It is
important to mention that at high concentrations of PAMAM-OH at the toluene-water and toluene-AuCl; aqueous solution
interfaces, a significant decrease (<1.2 mN/m) in the interfacial tensions was not observed. For the toluene-water interface,
the obtained isotherms were shown to depend on the temperature at which the experiments were performed. Increasing the
temperature produced a decrease in the interfacial tension, which was attributed to an enhancement of the ability of the
interface to solvate the dendrimers. At low temperatures, G4LPCL exhibited a more remarkable decrease in interfacial
tension than G4HPCL at similar concentrations. Thus, the interfacial behavior depends on the temperature, amphiphilic char-
acter, hydrophilic-hydrophobic balance and the degree of solvation of the dendrimer in the bulk phase. In addition, the
hydrophilic character of the PAMAM core contributes to the migration of the dendrimers from the toluene bulk phase to
the toluene-water interface. Therefore, toluene would tend to solvate PCL chains, whereas the PAMAM core would be
exposed towards the water phase. On this basis, the interfacial activity of G4HPCL is smaller than for G4ALPCL because the
former would be more solvated in the toluene bulk phase. In the case of the toluene-AuCl; solution interface, the temper-
ature variation showed a similar trend to those observed when the pure water phase was used. The G4LPCL isotherms at the
toluene-AuCly interface displayed a slightly larger decrease in the interfacial tension than the same dendrimer at the
toluene-water interface. It is likely that the presence of gold ions in the aqueous phase promotes an increase in the interfacial
activity of the G4LPCL dendrimer due to the interactions of the dendrimer-gold ions. At an early stage of the process, the
coordination between the carbonyl groups of PCL and AuCl; would take place, generating a change in the conformation
of dendrimers, unlike when pure water is used as the phase. In contrast, the behavior of G4HPCL isotherms showed no sig-
nificant differences in its activity at both interfaces. As mentioned, the interfacial activity of G4HPCL is lower since it would
be preferentially solvated by toluene molecules, limiting the possible interactions with the gold ions present in the aqueous
phase.The adsorption process of the G4LPCL and G4HPCL dendrimers at the different interfaces was assessed by the Gibbs
equation:

r= *(RT)_]CPAMAM—PCL(dV/ ACpavam-pcr) (2)

where I is the excess interfacial concentration, R is the gas constant and T is the temperature. In addition, the assessment of
the slopes, dy/dCpamam-rc, Was carried out from the experimental data of y versus Cpayam-pci, Which were adjusted to the
empirical equation of Szyszkowski:

»=17° — B log |:(CPAM2M—PCL> N 1} 3)

where 7° is the interfacial tension between the pure phases and A and B are two numerically empirical fitting parameters
obtained by iteration. The differentiation of Eq. (3) gives:

(dy/dCpamam-pcr) = —°B/(Coamam-pcr + A) (4)
Substituting into Eq. (2), the Gibbs-Szyskowski equation then becomes:
T = y°BCpamam-rcr/ [RT(Cpamant-pcr + A)] (5)

Using Eq. (5), the dependence of I" as a function of PAMAM-PCL concentration was studied for these systems. At low
dendrimer concentrations, I" vs Cpamam-pc. iS almost a linear relationship, while at high concentrations, I" is practically
independent of. Therefore, at Cpanam-pcr > A:

= =°B/RT (6)
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Fig. 1. (a) Interfacial tension as a function of PAMAM-PCL concentration at the respective interfaces and at different temperatures. (b) Standard free
energies of adsorption as a function of temperature for G4LPCL and G4HPCL for each interface.

where '™ is the limiting excess interfacial concentration. The I"*° value is related to the average area covered per molecule,
o, according to:

(7)
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where N, is the Avogadro constant. The values of A, B and the respective error from the fitting of Eq. (3) for the G4LPCL and
G4HPCL dendrimers at both interfaces are summarized in Table S2.

The o values for the dendrimers are larger than the values reported for surfactant molecules. These results are expected
because surfactants have a well-known structure made up of a hydrophilic head and a hydrophobic tail markedly oriented
towards the water and toluene phases, respectively, covering a small interfacial area, whereas the globular shape of the den-
drimers should cover a larger average area. Moreover, previous reports have proposed that the average area occupied by the
dendrimers would be larger than predicted for the spherical model because dendrimers could adopt an oblate or prolate con-
formation when confined at the interface. At higher temperatures, the area covered by the dendrimers tends to be smaller
than at low temperatures. Apparently, as the temperature increases, the solubility of the dendrimers in the toluene phase
increases.

Additionally, in the range of temperatures studied, G4HPCL exhibited smaller ¢ values compared with G4PCL, evidencing
its higher solubility in toluene because it contains a larger amount of PCL. As a result, G4HPCL dendrimers would have a more
packed and rigid structure at the interface. In general, the values of ¢ obtained from G4LPCL isotherms measured at the
toluene-AuCly solution interface are higher compared with those obtained from the toluene-water interface measurements.
Considering this, the G4PCL-AuClyinteractions promote the interfacial activity of the dendrimer due to a slight increase in
the separation of hydrophilic and hydrophobic domains and more expanded structures. In the case of G4HPCL, remarkable
differences of ¢ values obtained for both interfaces were not detected. The preferential solvation of G4HPCL by the toluene
phase would be predominant over the interactions with AuCly. For these reasons, a significant similitude in the behavior of
G4HPCL at both interfaces is noted, as described above.

3.3. Thermodynamic parameters for the adsorption process

0

The standard free energies of adsorption, AGg,,

for the adsorption processes of the dendrimers were determined using:

AGY, = 2.303RT(logA — 1.74) (8)

ads

where A is the parameter mentioned above. The obtained values of AGY, are listed in Table S31. As interpreted from the neg-
ative values of the standard free energy of adsorption, AG2,, the adsorption process takes place spontaneously in all cases.

The AG?, values become more negative for dendrimers as the temperature increases. These values help corroborate the
possible effect of the temperature on the conformation and ordering of the dendrimer at the interface. Alternatively, the

mathematical expression of the standard adsorption entropy is as follows:

dAG?
_Asgds _ dTadS (9)

To evaluate the standard entropy of the adsorption process, ASY;, the dependence of AG?

0

«ds ON temperature was plotted
(Fig. 1b). For these calculations, AS,, was considered constant over the range of temperatures studied here. From the slopes

of these curves, the AS?,. values were obtained. The values were found to be slightly negative for both dendrimers at both
interfaces. The adsorbed G4LPCL and G4HPCL dendrimers at the toluene-water (or AuCl; solution) interface should adopt a

conformation more ordered than that in the bulk solution. The standard enthalpy of the adsorption process, AHgds, was
estimated according to the following equation:
d Acgds
0 2 <T)
AHgy = ~T* — (10)

In this case, the AH?,; values were more negative. The values of thermodynamic parameters for the interfacial activity of
the dendrimers are listed in Table S31. Thereby, small negative values for AS® and larger negative values for AH® were found
for the adsorption process of the dendrimers, suggesting that the adsorption process is enthalpy-driven. The energy associ-
ated in the adsorption process of PAMAM-PCL dendrimers could be explained in terms of a balance between two competing
effects: (i) the desolvation of the toluene molecules of the PCL chains (endothermic process) and (ii) a certain degree of
solvation of the PAMAM core by water molecules (exothermic process). Thus, the adsorption process of the G4HPCL would
involve higher desolvation energies of toluene molecules due to its larger PCL chains. Specifically, the energy involved in the
GA4LPCL desolvation process should be smaller than in the G4HPCL case. On this basis, at the interface, G4LPCL could preserve
a similar conformation to that adopted in bulk toluene. This behavior is corroborated by the higher average areas covered by
the G4LPCL dendrimers. Therefore, a relatively lower energy is needed for the process of toluene desolvation and further
solvation by water molecules for G4LPCL in comparison with the case of G4HPCL. Because of this, in the range of tempera-

tures analyzed, G4HPCL presents lower negative AH°,, values than G4LPCL at both interfaces.
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3.4. Surface activity measurements at the air-water interface

A study of the ability of PAMAM-PCL dendrimers to form monolayers at the air-water interface with and without AuCly
present in the subphase, at different temperatures, by compression using the Langmuir technique, was performed. The
spreading solvent used in all cases was chloroform. The surface pressure (1) as a function of area per repeating unit (A) iso-
therms obtained for the PAMAM-PCL dendrimers at both interfaces and at three temperatures (25, 30 and 35 °C) are shown
in Fig. 2. From the isotherms, the gradual increment of & when the monolayer is compressed can be clearly observed. In gen-
eral for the case of the polymeric system, three different surface concentration regions should be noted, (i) in the dilute
regime, 0-0.1 mg m~2, (i.e. a pseudo gas state) mincrements gradually occur when the monolayer is compressed, (ii) in
the semi-dilute regime, 0.1-1 mg m~2, (i.e. pseudo liquid state) mincrements sharply occur due to the monolayer compres-
sion and iii) in the concentrated regime, >1 mg m2, (i.e. pseudo solid state) 7 increments occur slowly again to reach the
pressure of the collapse of the monolayer.

It is possible to distinguish that the G4LPCL isotherms are of the expanded type and the G4HPCL ones are of the con-
densed type, because there is a larger affinity between G4LPCL and the interface than G4HPCL. In general, G4LPCL exhibits
higher surface pressure values compared with G4HPCL, at a constant value of area. This helps to confirm that the PCL of
GA4LPCL chains would be more expanded at the interface. In addition, notorious differences in the obtained isotherms accord-
ing to the subphase used were detected, reflecting the possible existence of dendrimer-AuCly interactions. To gain insights

about these different behaviors, the static elasticity modulus, ¢, was obtained from 71 vs A isotherms, according to the
equation:

. dy
% =dInA (11

where 7y is the difference between the surface tension of pure water (72.1 mN m~') and the surface pressure, T.

The €9 dependence on 7 for the samples of PAMAM-PCL monolayers at both interfaces and at different temperatures is
also shown in Fig. 2 (insets). In general, the elasticity maximum is found to be in the semi-dilute region for polymeric mono-
layers. The more remarkable changes of &, were found to be ranged between 3.0 and 4.5 mN m~! of surface pressure. At
higher values than 4.8 mN m™!, a notorious decrease in the elasticity for all samples was observed at the air-water interface.
An important aspect is the determination of the collapse pressure (7.) for the monolayers which remains not entirely elu-
cidated until now. A generally accepted criterion to estimate the m. would be from the elasticity curves as a function of the
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Fig. 2. Surface pressure-area isotherms for PAMAM-PCL dendrimers at different temperatures for each interface. The insets correspond to the static
elasticity modulus as a function of the surface pressure.
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surface pressure. Thereby, the 7. is assigned to the value of surface pressure at which the surface pressure initiates to grow
upon reaching the minimum value of & (i.e. the higher degree of packaging of the monolayers). The collapse pressure for all
samples is summarized in Table S4at. It is important to note that the collapse pressure could not be determined unequivo-
cally for the isotherms at 25 °C. However, the 7. of the monolayers at low temperatures should be higher than those obtained
at higher temperatures. In addition, when AuCl; was used as the subphase, a different behavior of the elasticity was
detected. The maximum of &y was shifted toward lower values of surface pressures. These shifts become more remarkable
as the temperature increased. This could be attributed to the interactions between AuCl; and the PAMAM-PCL monolayer
which appear to be more favored at higher temperatures. Moreover, for the AuCl; subphase, the surface pressures associated
with the maximum values of &g for both dendrimers at the interval of temperatures studied, were smaller compared with
pure water confirming that the surface activity of dendrimers is affected due to the presence of AuCl; in the subphase.

Alternatively, the scaling concepts of the behavior of PAMAM-PCL monolayers formed in the semi-dilute regime could be
explained with some degree of accuracy. The relationship between the surface pressure and the surface concentration in this
regime is as follows:

= T2/@-1) (12)

where I is the surface concentration in mg m~2 and v is the critical exponent of the excluded volume, which is related to the
thermodynamic quality of the interface as a bi-dimensional pseudo solvent for the monolayers. In the semi-dilute regime, a
Logm vs LogI" plot would yield a linear variation having a slope equal to 2v/(2v — 1). According to the trend of the slopes, the
nature of the interactions present and the affinity of the dendrimers for the interface should be reflected. For good solvents
(i.e. good thermodynamic quality), v is close to 0.8, whereas values closer to 0.5 are related with theta solvent conditions. The
obtained v values are listed in Table S4b. For the G4LPCL and G4HPCL monolayers on the pure water subphase at 25 °C, the v
values are approximately of 0.69 and 0.57, respectively, revealing that the thermodynamics quality air-water interface is bet-
ter for G4LPCL. At higher temperatures, the values of v slightly increase for G4HPCL and decrease for G4LPCL, contributing to
the enhancement of the hydrophobic character of G4HPCL, orienting it toward the air phase. For the AuCl; solution as the
subphase, the v values of G4LPCL are higher than those obtained for the pure water subphase for all temperatures. It is likely
that the formed monolayers would have a larger affinity for the air-AuCl; solution interface in the semi-diluted regime,
caused by the presence of ionic species in the subphase.

3.5. Formation of gold nanoparticles at the toluene-AuCly solution and air-AuCly solution interfaces

The behavior of the interfacial activity of the PAMAM-PCL dendrimers reflected some kind of interactions with AuCly at
the toluene-AuCly solution interface. However, these results would not be sufficient to clarify the possible formation of gold
nanoparticles. Therefore, UV-vis spectroscopy and AFM techniques were used to verify the possible presence of gold
nanoparticles. UV-vis spectra (Fig. S31) show the obtained gold nanoparticles using a concentration of dendrimer of
0.21 mol L~! x 103 at different times of immersion of the AuCl; solution drop into the toluene solution of dendrimers. After
15 min reaction time, it is observed the apparition of typical maximum of absorption band due to the presence of the gold
nanoparticles located approximately at 550 and 580 nm for G4LPCL and G4HPCL, respectively. As the reaction time takes
place the band absorption increases. Additionally, this absorption band is shifted toward lower wavenumbers due to the for-
mation of a larger amount of nanoparticles and a possible change in the size or aggregation of gold nanoparticles. After 1 h of
reaction, there was no a significant increasing in the absorption band of gold nanoparticles. AFM images of neat films of den-
drimers and gold nanoparticles synthesized with both dendrimers (after 1 h reaction time) were obtained onto silicon wafer
upon evaporation of the mixed toluene-water solvents under vacuum at room temperature (Fig. 3a). From these images
(Fig. 3a, insets) it is possible to distinguish the differences of surface-roughness profiles between PAMAM-PCL films obtained
from toluene-water and toluene-AuCly solution interfaces. Table S5+ summarizes the values of root mean square roughness
(RMSr) for PAMAM-PCL at both interfaces. Higher roughness values were obtained for both G4LPCL and G4HPCL films
obtained from toluene-AuCl; solution which could be attributed to the presence of gold nanoparticles embedded into
dendrimer monolayer. The estimated sizes by AFM topographic profiles of gold nanoparticles are listed in Table S67.

Similarly, as described above, the formation of gold nanoparticles at the air-AuCly solution interface was also evidenced
by the same techniques used for the pendant drop experiments. Fig. S3bf shows the UV-vis spectra obtained when we used
the AuCl; solution subphase. The spectra were recorded at different reaction times maintaining constant the surface
pressure at 4.0 mN m~! and 2.5 mN m~! for G4LPCL and G4HPCL, respectively. These surface pressures were chosen in order
to ensure a regimen of concentration slightly below the maximum of elasticity. The band maxima were located approxi-
mately at 560 and 570 nm for G4LPCL and G4HPCL, respectively. The absorption increased significantly during 1 h of reaction
indicating the formation of a larger amount of nanoparticles. AFM images obtained after 1 h of the reaction time at 25 °C are
also shown in Fig. 3b. Just as toluene-AuCly interface, topographic changes are observed when we varied the subphase from
water to AuCl; solution (Fig. 3b, insets). The RMSr resulted to be higher for PAMAM-PCL films obtained formed at the
air-AuCly solution interface than those formed at the air-water interface (Table S51). These differences in the monolayer
topography are also evidenced according to the dendrimer used. Therefore, the interface and the type of dendrimer present
at the interface would influence the morphological and size of the obtained PAMAM-PCL-gold nanoparticle monolayers.
In this case, the gold nanoparticles obtained from air-AuCl; were smaller in size compared with those formed at the
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Fig. 3. AFM images obtained for GL4PCL and G4HPCL dendrimers and the respective obtained gold nanoparticles at the (a) toluene-water and air-water
interfaces and at the (b) toluene-AuCly and air-AuCly interfaces. The topographies of dendrimers and gold nanoparticles correspond to 1 h after deposition

of monolayers at 298 K. The insets correspond to surface-roughness profiles for each sample.

toluene-AuCly interface. It is likely that at the air-AuCly, the dendrimer monolayers have more exposed their functional

groups toward aqueous subphase favoring the nucleation and growth processes to form gold nanoparticles.

In previous studies, we have demonstrated that noble metal ion reduction can be performed by a variety of homopoly-
mers and copolymers containing hydroxyl end groups [82,83]. In this case, the role of the reduction process is assigned to the
hydroxyl end groups of PAMAM-PCL dendrimers. This reaction should be promoted when hydroxyl end groups of
dendrimers forming the monolayer are found to be oriented toward the AuCl; solution phase, enhancing the dendrimer-

AuClz ions contact sites.
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Therefore, the hydroxyl end groups should contribute heavily to the reducing power of these dendrimers. A proposed
mechanism for the reduction of gold ions is as follows:

PAMAM nnrvon CHo-OH| N PAMAM " +n
core 2 Au(ly ——= core COOH Au (0)
n n

s = PCL blocks
According to this mechanism, the redox reaction could produce the oxidized form of a hydroxyl end group (i.e., a car-

boxylic acid group) and metal atoms. In addition, a schematic representation of these reactions and possible interactions
as well as further formation of gold nanoparticles at both interfaces is depicted in Scheme 1.

Aucly  Audy § Toluene Phase

Aqueous Phase

Reduction of AuCI; ions
by dendrimers

Toluene Phase

Toluene Phase

COOH
?\JJCHO } Oxidized PCL chains ‘ Agglomerates

Scheme 1. Illustration of the synthesis of gold nanoparticles with PAMAM-PCL dendrimers at the (a) toluene-AuCly solution and (b) air-AuCls solution
interfaces.
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3.6. Molecular simulation and electronic structure calculations

It is likely that the most striking features of the interfacial activity of dendrimers are a result of their geometrical and
spatial arrangements. In order to address this matter, a comparative visual approach between the trajectories of the
PAMAM-OH and PAMAM-PCL systems at the toluene-water interface are shown in Fig. 4a. This interface was chosen to
be simulated due to the possible interpretation at molecular level of thermodynamic parameters obtained from pendant
drop experiments.
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Fig. 4. (a) Snapshots of trajectories for PAMAM-OH and PAMAM-PCL systems at the toluene-water interface (colored as yellow and blue, respectively) at
0.0, 3.0 and 24.0 ns of simulated time. In both cases, the last image represents the dendrimer structure from bottom(toluene phase)-up(water phase) view.
(b) Comparative graphs of (i) radius of gyration and (ii) SASA values for PAMAM-OH (yellow lines) and PAMAM-PCL (red lines) trajectories. In both cases, the total
simulated time was 24.0 ns. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Both dendrimers modified the structure of their spatial distribution to remain at the interface. Initially, both dendrimers
adopt a disk-shaped at the interface, but as time passes, an oval shaped was adopted. In addition, the hydrophilic groups and
aliphatic hydrophobic chains tend to interact selectively with water and toluene solvents, respectively. The molecular sim-
ulations showed that PAMAM-PCL dendrimer remains at the toluene-water- interface, adapting its molecular conformation
to the polar/apolar environment. Thus, in order to gain stability at the interface, PAMAM core and poly(e-caprolactone)
chains would be oriented towards water and toluene phase, respectively. On the other hand, PAMAM-OH remains also at
the interface but gradually its hydrophilic groups interact with the water solvent, decreasing dendrimer-toluene phase
interaction. These observations are coherent with the significant enthalpic contribution previously described for dendrimers
at the toluene-water interface.

According to simulation time, the initial values of radius of gyration were 17.8 and 33.5 A for PAMAM-OH and PAMAM-
PCL, respectively (Fig. 4bi). Then, both curves show a similarly constant decreasing as time elapses: 21.9 and 17.6 A at 5 ns;
17.1 and 22.8 A at 10ns; 17.4 and 22.1A at 15ns; 17.9 and 21.7 A at 20 ns and 17.8 and 22.1 A at 24 ns, respectively.
Therefore, PAMAM-PCL trajectory exhibited always higher values of radius of gyration than those of PAMAM-OH. This
suggests that PAMAM-PCL structure has a lower level of compactness which is attributed to poly(e-caprolactone) chains
and their interaction with the toluene phase increasing the radial dimensions of this system.
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The complexation energies (AEcompiexation) and net charges (q) for the monomer-Au, complexes and Au, clusters are also shown. The calculations
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PCLc and PCLe.
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The SASA analyses shown in Fig. 4bii exhibit a similar trend that radius of gyration. PAMAM-PCL has higher values of SASA
than those of the PAMAM-OH system. The initial values were 37,736 and 10,333 A2, for PAMAM-PCL and PAMAM-OH,
respectively. After 5.0 ns of simulation time, these values decreased by approximately 20,000 A?> for PAMAM-PCL and
10,000 A for PAMAM-OH. At 24 ns, the areas were 19,544 and 10,296 A? for PAMAM-PCL and PAMAM-OH, respectively.
As expected, poly(e-caprolactone) chains contribute to increasing the total area of PAMAM-PCL dendrimer at the interface.
Additionally, PAMAM-OH shows a more uniform curve compared to PAMAM-PCL which displays several peaks and pits due
to a larger spatial distribution and degree of freedom of PCL chains.

Additionally, to provide a better understanding of the interactions between PCL and gold nanoparticles, computational
electronic structure calculations were carried out. For this, under vacuum and PCM model calculations were performed.
Two monomer models, PCLc and PCLe (where c = carboxylic acid group or x = ester group) and Au, (n =1, 9 and 13) clusters
were designed. Fig. 5a shows the most stable structure for each monomer-Au,, complex. Under vacuum calculations, the for-
mation of the PCL-Au, complex should mainly be guided by interactions of the carbonylic oxygen over external Au atoms
located at the border of clusters [84,85]. Moreover, the results of the interactions for PCL-Au, complexes established that
the geometry of gold clusters remains almost unchanged.

Complexation energies for all studied monomer-Au, systems and the net charges (computed as the sum over all gold
atoms) on Au, clusters in the complexes were calculated (Fig. 5a). These calculations showed that PCLc-Au,, complexes
resulted to be energetically more stable than PCLe-Au, ones. Apparently, the formation of complexes is increased by car-
bonylic oxygen-Au, cluster interactions. This is supported by the frontier orbitals analysis of the PCL monomers, in which
spatial distribution of HOMO and LUMO are very similar for both structures (Fig. 5b). The charge analysis of clusters showed
an electronic transfer from carbonylic oxygen to Au, clusters which would indicate the type of interactions in these systems.
It is likely that the PCL chains could adapt their geometry in order to optimize multiple interactions with gold nanoparticles.
Alternatively, when incorporating water as an implicit solvent, the complexation energies and charges of Au clusters are
attenuated but maintained the same trends as described above [83].

4. Conclusions

The obtained results showed that the adsorption process at the toluene-water interface depends strongly on the hydro-
philic-hydrophobic balance between the PAMAM and PCL chains present in the dendrimeric structure. Specifically, the
interfacial activity was higher for the G4LPCL dendrimer at the interval of temperatures assayed. In addition, the presence
of gold ions in the aqueous phase increased the interfacial activity for the G4LPCL dendrimer. This was attributed to
significant interactions between the dendrimer and AuCly ions. In the case of G4HPCL, the isotherms obtained at both the
toluene-water and the toluene-AuCly interfaces were relatively similar to each other, evidencing that the interactions with
AuCly ions should be more restricted in comparison with the case of G4LPCL. For the studies performed at the air-water
interface, the G4LPCL and G4HPCL isotherms shown to be of the type expanded and condensed, respectively. Similarly,
differences in the obtained isotherms at the air-water and air-AuCl; solution interfaces are also attributed to the
dendrimer-AuCly ions interactions.

In addition, the formation of gold nanoparticles studied having AuClz solution as a phase was evidenced using UV-vis and
AFM techniques. The topography of the samples was shown to be dependent mainly on the types of interface and den-
drimers used, as well as the presence of gold nanoparticles.

Molecular dynamics simulations were shown to be a very useful tool to gain a better understanding of the stability and
tri-dimensional arrangement of dendrimers at the toluene-water interface. These studies allowed to obtain information on
the conformational change and spatial distribution of PAMAM-OH and PAMAM-PCL dendrimers.

Theoretical quantum analyses allowed to explain the possible interactions between PCL monomers with uni-, bi- and
tri-dimensional gold clusters. In this case, the O-Au interaction would drive the formation of PCL-Au,, complexes. These
interactions resulted to be stronger for PCL having carboxylic acid end groups.

Finally, the study and characterization of the possible catalytic activity of these dendrimeric systems with gold nanopar-
ticles is currently in progress. The above aimed to provide novel alternatives for potential technological applications, includ-
ing biological interfaces, membranes, photovoltaic cells and hydrogen evolution.
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