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Recent investigations have revealed very promising analytical and medical applications of poly(ethyleneimine)
(PEI) capped gold nanoparticles (Au NPs). One simpleway for their synthesis utilizes the dual nature of PEI mol-
ecules, which can simultaneously act as reducing and stabilizing agents via their amine groups. However, the for-
mation mechanism of these kinds of NPs as well as the dependence of their morphology and charge on the pH
and electrolyte additives has not been explored yet. In the present paper, the role of these factors on the PEI
assisted one-pot synthesis of gold nanoassemblies was studied systematically using IR and UV–Vis spectroscopy
as well as DLS, electrophoretic mobility and TEM techniques.
It was shown that these nanomaterials cannot be considered as simple PEI coated Au NPs. Instead, the gold par-
ticles are embedded in a rather specific polymer matrix, the structure of which ranges from a slightly cross-
linked, positively charged thin polymer layer at low pH, to an extended, negatively charged and coherent amor-
phous polymerfilm in alkalinemedium, provided that adequate type and concentration of supporting electrolyte
is also present. These observations were rationalized through the unique pH and salt dependent mechanism of
the initial gold(III)/amine complexation and that of the subsequent oxidation and cross-linking processes of
the PEI molecules. This crucially determines the following nucleation and growth as well as the morphology,
charge and size of the polymer entrapped gold NPs. The presented results may have important implications in
novel applications of gold nanoassemblies.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The importance of gold nanoparticles (Au NPs) in the current
nanoscience is incontestable due to their hot potential in a variety of
fields such as catalysis, optical, electrical and biomedical devices [1–4].
In nearly all these applications, Au NPs with controlled size, charge
and surface properties are needed. Polyelectrolytes are frequently
used for the stabilization and further functionalization of AuNPs formed
after the reduction of gold(III) ions in aqueous medium. Branched
polyethyleneimines (PEI), in particular, are promising candidates for
the surfacemodification of Au NPs due to their dendrimer-like architec-
ture and gene transfection/delivery efficiency [5] as well as their pro-
nounced potential for complexation with oppositely charged entities
[6,7].
.
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Recent investigations revealed several analytical applications of PEI
capped gold (Au-PEI) NPs including sensing platforms of As(III) [8]
and Hg(II) [9] ions as well as the colorimetric detection of heparin
[10]. These types of nanosystems have also been proposed as candidates
in different biomedical and imaging applications due to their reduced
toxicity [11–16]. In addition, interfacial layers of Au-PEI NPs were also
utilized recently for surface-enhanced Raman scattering studies [17,18].

The surface conjugation of gold particles with PEI frequently occurs
through the interaction of the polyamine molecules with pre-
synthetized Au NPs. In these cases, careful removal of the remaining re-
ducing and stabilizing agents is needed. For instance, Cho et al. demon-
strated that the remaining amount of citrate ions on the PEI capped gold
NPs -prepared from citrate stabilized Au NPs- depends on the PEI addi-
tion methods and impacts the properties of the formed polymer conju-
gated particles [19].

An alternative andmuch simpler synthetic route utilizes themild re-
ducing capability of the amine groups of PEI molecules i.e. synthetizing
polymer capped Au NPs in the absence of additional reducing agent. A
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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few one-step synthesis methods of stable PEI capped gold NPs have
been reported by several research groups [20–26], which have contrib-
uted to the development of new applications [16,18] as well as to the
preparation of novel core-shell [27] and inorganic-organic [28,29] nano-
composite materials.

Despite the promising features of the one-pot synthesis, the mecha-
nism of the nucleation and stabilization of polymer capped gold NPs is
still not understood. Cho et al. demonstrated that the earlier one pot
synthesis studies were controversial and poorly reproducible. The au-
thors revealed in their systematic study that the branched PEI sample
of 25 kDa is superior for the preparation of polyamine capped gold par-
ticles compared to the linear PEImolecules or to the branched oneswith
other molar masses. They also showed that the stability and size distri-
bution of the Au-PEI NPs are highly dependent on the ratio of PEImono-
mers and gold(III) ions [15].

Most of the mentioned investigations are related to mixtures of PEI
and HAuCl4 without any additives and the simultaneous impact of pH
and added electrolytes on the formation, charge and morphology of
PEI capped gold NPs has not been explored yet. In principle, through
the variation of these parameters during the synthetic procedure, the
charge, size and structure of the formed Au-PEI nanoassemblies may
be tuned in order to make themmore efficient and suitable to versatile
novel applications. However, for this aim a comprehensive understand-
ing of the combined role of pH, electrolyte type and concentrations in
the synthesis of the polymer capped Au NPs is needed.

In this paper, we investigate systematically the PEI assisted synthesis
of gold NP assemblies in the presence of different salt concentrations
and pH using dynamic light scattering (DLS), electrophoretic mobility,
UV–Vis spectroscopy, ATR-IR spectroscopy as well as TEM techniques.
It will be shown, that at low and high pH as well as in the presence of
different types and concentrations of electrolyte, gold nanoassemblies
of remarkably deviatingmorphology of the embedding polymer matrix
can be prepared. We will also demonstrate that these observations are
attributable to thepHand salt concentration dependent initial complex-
ation of the gold(III) ions with the amine groups of PEI, which crucially
determine their reduction processes, the subsequent nucleation and
growth of the Au NPs as well as themorphology of the formed polymer
matrix through the oxidation processes of the PEI.

2. Materials and methods

2.1. Materials

The branched poly(ethyleneimine) (PEI, Sigma Aldrich) sample has
a mass average molar mass of Mw = 25 kDa (from static light scatter-
ing) and a number average molar mass of Mn = 10 kDa (from GPC) ac-
cording to the supplier. These PEImolecules contain primary, secondary
and tertiary amine groups in an approximate 1:2:1 ratio [30]. HAuCl4
trihydrate (≥99.9%) was provided by Sigma Aldrich and used as re-
ceived. NaCl (≥99.5%), NaClO4 (≥ 98.0%), Na2CO3 (≥99.0%), and
NaHCO3 (≥99.7%)were purchased fromMerck and usedwithout further
purification. Concentrated 70 w/w% HClO4 (99.99%) solution as well as
1 M HCl (≥99%) and 1 M NaOH (≥98.0%) solutions were the products
of VWR. Ultrapure water (Milli-Q) was used for the preparation of the
solutions.

2.2. Solution preparation methods

In most of our experiments the effect of different additives on the
synthesis of gold nanoparticles was investigated. In these cases, at first
the aqueous solution of the additives was mixed with the poly
(ethyleneimine) (PEI) solution. Next, the HAuCl4 solution was added
to these mixtures under continuous stirring with a magnetic stirrer
(1800 rpm). Then the as-prepared mixtures (10 ml) were heated up
and then kept at 80 °C for 2 h. The final PEI (in ethyleneimine (EI)
2

monomer concentration) and HAuCl4 concentrations were 1.2 mM
and 0.2 mM, respectively.

In a couple of cases, the synthesiswas carried out in carbonate/bicar-
bonate buffers. At first, two buffers at the same pH (pH= 10) but with
different ionic strengths I (i.e. at two different total concentrations of the
carbonate and bicarbonate ions) were prepared, with I = 30 mM and
100 mM, respectively. Next, a concentrated PEI (60 mM in monomer
concentration) solution was diluted with the buffer and then 4 mM
HAuCl4 solution was added to this premix under continuous stirring
(1800 rpm) to attain the same final composition than for the above-
mentionedmixtures (1.2 mM EI monomer and 0.2 mMHAuCl4 concen-
trations in 10 ml total volume). The as-prepared mixtures were heated
up and then kept at 80 °C for 2 h. The pHof the sampleswas checked be-
fore and after the reaction and it remained constant within experimen-
tal error.

2.3. UV–Vis spectroscopy

The formation of AuNPswasmonitored by observing changes in the
absorption spectra at 25 °C. A Perkin Elmer Lambda 1050 UV/Vis/NIR
spectrophotometer was used to record the spectra in the 200–800 nm
wavelength interval in a quartz cuvette with path length of 1.00 cm.

2.4. Electrophoretic mobility measurements

Themean electrophoretic mobility (uζ) of the Au-PEI NPswas deter-
mined at 25.0 ± 0.1 °C, using aMalvern Zetasizer Nano ZSP instrument.
The apparatus utilizes the Mixed Measurement Mode - Phase Analysis
Light Scattering technique to derive the mean velocity of the particles
(vE) at a given electric field strength (E), from the measured frequency
shift of the scattered light due to themoving particles. Themeanmobil-
ity is determined from the well-known uζ = vE/E relationship. The
values of the electrophoretic mobility were converted to the electroki-
netic (or zeta) potential (ζ) of the particles according to theHenry equa-
tion [31]:

uζ ¼ ζεrε0
1, 5η

f κað Þ ð1Þ

where ε0 and εr are the permittivity of the vacuum and the relative per-
mittivity of themedium, respectively, and η denotes the viscosity of the
medium. (Both εr and η were approximated with the corresponding
values for water at 25 °C). a is the radius of the colloid particle, and κ
is theDebye-Hückel parameter (κ=(2000F2celz2/ε0εrRT)1/2; F is the Far-
aday number, R is the universal gas constant, T is the absolute tempera-
ture, z is the valence of the ions of the symmetrical supporting
electrolyte and cel is the electrolyte concentration). f(κa) is a correction
factor, which varies between 1.0 and 1.5 for small and large κa values,
respectively [31]. It should be noted, however, that the Henry equation
is only valid for rigid and compact particles. Therefore, the calculated
zeta potential values give only a qualitative indication of the electroki-
netic charge of the Au-PEI nanoassemblies at the slipping plane, due
to the complex structure of these particles.

2.5. Dynamic light scattering measurements (DLS)

The mean size of the nanoassemblies was monitored by dynamic
light scattering. The experimental setup (Brookhaven Instruments)
consisted of a BI-200SM goniometer system and a BI-9000 AT digital
correlator using a Genesis MX488-1000 OPS laser (1 W). The measure-
mentswere carried out atλ=488nmwavelength, at θ=90° scattering
angle and at 25.0±0.1 °C, 24 h aswell as 1week after thepreparation of
the systems. The mixtures were filtered through a 0.45 μm pore-size
membrane filter prior to the measurements. At first, the normalized
electric field autocorrelation functions were analyzed by CONTIN
analysis, which revealed wide unimodal distributions of the gold



Fig. 2. TEM images of PEI capped gold NPs synthetized in the absence of any additives.
cAu = 0.2 mM and cPEI = 1.2 mM, pH= 4.

Fig. 3. a.) Photos of gold NP dispersions prepared in the presence of various NaClO4

concentrations (0, 2, 4, 6, 8 and 10 mM). b.) The mean electrokinetic potential and the
apparent mean diameter of PEI capped gold NPs as a function of NaClO4 concentration.
The solid and open symbols denote the data measured 24 h and 1 week, respectively,
after the preparation of the samples. In the case of the DLS data the standard error of the
measurements is commensurable with the size of the symbols. (For the sake of clarity,
the zeta potential data measured after one week were not plotted since they were equal
within experimental error to the values measured 24 h after preparation). c.) The UV–
Vis spectra of the dispersions at different NaClO4 concentrations. The solid and dashed
lines indicate the spectra measured 24 h and 1 week, respectively, after the preparation
of the mixtures. cAu = 0.2 mM and cPEI = 1.2 mM. pH = 4 was found for all these
systems (which did not change within experimental error up to one week).

Fig. 1. The UV–Vis spectra of 0.2mMHAuCl4 solutions in the presence of various additives
a.) in acidic and b.) in alkaline medium.
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Fig. 4. TEM images of PEI capped gold NPs synthetized in the presence of 5 mM NaClO4. cAu = 0.2 mM and cPEI = 1.2 mM.
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nanoassemblies under the applied experimental conditions and compo-
sitions. Next, the apparent mean diffusion coefficient of the particles
(Dapp) was derived using the second order cumulant analysis of the au-
tocorrelation functions and their apparent mean hydrodynamic
(Stokes) diameter (dH) was calculated on the basis of the Einstein-
Stokes relation assuming spherical particles:

Dapp ¼ kBT
3πηdH

ð2Þ

where T is the temperature, kB is the Boltzmann constant, η is the viscos-
ity of the medium. Occasionally, the apparent mean Stokes diameters
were also determined from DLS measurements taken at θ = 173° scat-
tering angle by the back-scattering utility of the previously described
Malvern Zetasizer Nano ZSP instrument using a 10 mW He-Ne laser at
λ= 633 nm. The non-invasive back scattering method slightly attenu-
ates the effect of polydispersity since the measurements at this scatter-
ing angle will be less sensitive to the presence of large particles. In the
investigated concentration range, the dH values were not dependent
within experimental errors on the type of the applied DLS setups.
2.6. Attenuated total reflection infrared spectroscopy (ATR-IR)

The chemistry of the polymermatrix surrounding the gold nanopar-
ticles was studied by IR spectroscopy. A single reflection diamond ATR
unit (‘Golden Gate’, Specac Ltd., UK) was fitted into a Varian 2000
(Scimitar Series) FTIR spectrometer (Varian Inc., US) equipped with an
MCT (Mercury-Cadmium-Telluride) detector. 3 μl of Au-PEI sample
was pipetted onto the diamond ATR surface and was gently dried
under N2. The formed dry film was measured using 64 scans at a
spectral resolution of 2 cm−1.
Fig. 5. a.) Photos of gold NP dispersions prepared in the presence of various HClO4

concentrations (0, 2, 4, 6, 8 and 10 mM, with pH = 4, 2.8, 2.4, 2.2, 2.1 to 2, respectively)
b.) The mean electrokinetic potential and the apparent mean diameter of PEI capped
gold NPs as a function of HClO4 concentration. The solid and open symbols denote the
data measured 24 h and 1 week, respectively, after the preparation of the samples. In
the case of the DLS data the standard error of the measurements is commensurable with
the size of the symbols. (For the sake of clarity, the zeta potential data measured after
one week were not plotted since they were equal within experimental error to the
values measured 24 h after preparation). c.) The UV–Vis spectra of the dispersions at
different HClO4 concentrations measured 24 h after the preparation of the samples.
cAu = 0.2 mM and cPEI = 1.2 mM.
2.7. Transmission electron microscopy (TEM)

The nanoparticle dispersions were drop-dried on carbon coated
microgrids for the TEM study. A Philips CM 20 (200 kV) microscope
was used for the conventional electron microscopy (bright field and
dark field images) in order to characterize the shape and average diam-
eter of the particles. Particles size was both measured individually on
TEMmicrographs and tabulated using “ImageJ” a Java-based image pro-
cessing software. The calculation of the average diameter and its stan-
dard error was based on 220–250 particle images. The high-resolution
images were taken in a FEI THEMIS 200 image corrected microscope
in TEM mode.
4
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3. Results and discussion

3.1. Au-PEI assemblies with positive charges formed at pH ≤ 4

We start our discussion with the properties of gold NP dispersions
synthetized at 80 °C fromHAuCl4/PEI mixtures in the presence of differ-
ent NaClO4 or HClO4 concentrations. Under these experimental condi-
tions (pH ≤ 4) positively charged PEI capped gold nanoassemblies are
expected to be formed due to the protonated amine groups of PEI re-
maining after the completion of the reduction process of Au(III) ions
[28,29]. The perchlorate ions were preferred to chloride ions due to
the involvement of chloride ions in the mixed gold(III)/chloro/hydroxo
complex formation [32]. This is clearly demonstrated in Fig. 1, where the
UV–Vis spectra of HAuCl4 solutions are shown in the presence of various
additives in both acidic and alkaline medium.

As it is indicated by the TEM images in Fig. 2, without any additives
(pH ≅ 4), dispersions of quasi spherical, PEI-capped gold NPs are formed
withmean diameter values of 7± 4 nm by TEM (see the size histogram
in Fig. S1) and 12 ± 2 nm by DLS. These results are in agreement with
previous studies [28,29] and indicate a significantly wide size distribu-
tion of the Au-PEI NPs. This observation is attributed to the polydisper-
sity of the used PEI sample as specified in the experimental part.

In Fig. 3, the photos of the Au-PEI nanosystems, the apparent mean
size and the mean electrokinetic potential of the NPs as well as the
UV–Vis spectra of their dispersions are shown in the presence of differ-
ent NaClO4 concentrations. As can be seen, with increasing salt concen-
tration the color of the dispersions changes from rosy to purple and
blue, and above 6 mM NaClO4 precipitated systems are formed. In line
with this observation, the higher the salt concentration, the larger the
apparentmean size of the NPs and the broader the surface plasmon res-
onance (SPR) peak of the spectra becomes, indicating the appearance of
gold NP agglomerates. The electrokinetic potential of the positively
charged NPs reveals a shallow minimum and no large reduction of the
zeta potential is detectable in the function of NaClO4 concentration.
This latter observation is related to the increasing electrokinetic charge
of the particles with increasing supporting electrolyte concentration
due to the enhanced protonation degree of the amine groups of PEI
with increasing ionic strength at the given pH [33].

In Fig. 4, the TEM images of the Au-PEI NPs synthetized in the pres-
ence of 5 mMNaClO4 are shown (additional TEM images and the parti-
cle size histogram at this composition can be found in Fig. S2). The
pictures reveal that – in contrast to the salt free cases – gold aggregates
of irregular and asymmetric shapes are formed, whichmainly consist of
a couple of initially quasi-spherical gold NPs fused into each other dur-
ing the synthesis process. This is also in line with the lack of a well-
Fig. 6. Left: TEM images of PEI capped goldNPs synthetized in the presence of 5mMHClO4. Righ
cPEI = 1.2 mM.
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defined SPR peak above 5 mM NaClO4 concentration. Another impor-
tant observation is that at this composition the mean Stokes diameter
of the Au-PEI nanoassemblies from DLS (40 ± 2 nm) is much larger
than that of the average TEM diameter of the individual gold NP build-
ing blocks (9 ± 3 nm), which also indicates the formation of large ag-
glomerates in the solution phase.

In Fig. 5, the photos of Au-PEI NP dispersions, synthetized in the
presence of various HClO4 concentrations as well as themean electroki-
netic potential and the apparent diameter values of the gold
nanoassemblies and that of the measured UV–Vis spectra are shown.
As can be seen, the increasing amount of HClO4 results in a deepening
rosy color and then in the formation of purple precipitates above
10 mM acid concentration. According to Fig. 5b, the zeta potential of
the gold nanoassemblies does not change considerably with HClO4 con-
centration. This also means, that the electrokinetic charge of the Au-PEI
NPs increases with the acid concentration due to the increasing proton-
ation degree of the PEI molecules, αPEI, (between pH = 4 and 2, αPEI

varies between 0.6 and 0.7 [33]). However, with decreasing pH, the
ionic strength of the surrounding medium of the PEI-capped NPs as
well as their apparent mean diameter also increases. In contrast to
Fig. 3, however, up to 8 mM HClO4 the SPR peak of the UV–Vis spectra
remains well-defined and its position is shifted to longer wavelengths
suggesting the formation of larger NPs with increasing acid concentra-
tion. Characteristic TEM images of PEI capped gold NPs synthetized in
the presence of 5 mM HClO4 are shown in Fig. 6. (Additional TEM im-
ages and the particle size histogram at this composition are shown in
Fig. S3). The pictures reveal quasi-spherical particles, the average TEM
diameter (15 ± 6 nm) of which is much larger than that of the primary
particles formed at pH = 4. This value is also in reasonable agreement
with the apparent mean diameter from DLS (23 ± 2 nm).

These results together suggest that the increasing mean diameter
with added HClO4 concentration is primarily the consequence of the
formation of larger individual NPs (and not their stable aggregates).
The TEM images of Fig. 6 also indicate a thin amorphous interfacial re-
gion around the gold particles. This can be clearly seen at the surface
of the enlarged particle in Fig. 6. At even higher HClO4 concentrations,
i.e. at cHClO4 ≥ 10 mM, the Au-PEI NPs coagulate during the synthesis
and precipitates are formed in agreement with the purple color of the
systems and the broadening of their UV–Vis spectra.

3.2. PEI-capped gold NPs synthetized at pH ≥ 10

Since around the neutral pH range (between pH 5.6–8) precipitated
systems were formed during the synthesis, we focus our attention on
the basic pH range. In Fig. 7, the photos of Au-PEI NP dispersions,
t: An enlarged image of a gold nanoparticlewith a thin amorphous shell. cAu=0.2mMand



Fig. 7. a.) Photos of gold NP dispersions prepared at different (0, 10, 50, and 100 mM)
NaClO4 concentrations in the presence of 10 mM NaOH. pH ≈ 11.5 was found for these
nanosystems (which decreased slightly to pH = 11.2 for one week). b.) The
electrokinetic potential and the apparent mean diameter of PEI capped gold NPs as a
function of NaClO4 concentration. The solid and open symbols denote the data
measured 24 h and 1 week after the preparation of the samples, respectively. c.) The
UV–Vis spectra of the dispersions at different NaClO4 concentrations. cAu = 0.2 mM and
cPEI = 1.2 mM.
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synthetized in the presence of 10 mM NaOH with different NaClO4

concentrations (pH ≅ 11.5), are shown together with the mean
Stokes diameter and electrokinetic potential of the formed gold
nanoassemblies and their corresponding UV–Vis spectra. In sharp con-
trast with the impact of ionic strength at the acidic pH range, rosy mix-
tures with reducing color intensity are observable and precipitation
does not occur with increasing NaClO4 concentration (up to 100 mM
salt concentration). In line with this finding, the mean diameter of the
formed Au-PEI nanoassemblies and the absorbance values reduce with
increasing electrolyte concentration. An additional remarkable differ-
ence comparedwith Figs. 3 and 5 is the formation of negatively charged
gold nanoassemblies (with low zeta potential and electrokinetic
charge) in the whole investigated electrolyte concentration range. The
observed SPR peaks do not broaden even at large salt concentrations in-
dicating the formation of more regular NPs than at pH 4. This is also re-
vealed in Fig. 8, where the TEM images of Au-PEI NPs synthetized in
highly basic medium in the absence and presence of (50 mM) NaClO4

are shown. (Additional TEM images and the particle size histograms at
these two compositions are shown in Figs. S4 and S5). An interesting
feature of the pictures is that in 50mMNaClO4, agglomerates of a couple
of individual gold NPs are observable, which are embedded in a coher-
ent amorphous film, possibly made of crosslinked PEI molecules. Fur-
thermore, the mean Stokes diameter of the nanoassemblies is much
larger than the average TEM diameter of the gold NP building blocks
both at low and high ionic strengths (48 ± 4 nm and 28 ± 3 nm from
DLS as well as 7 ± 2 nm and 5± 2 nm diameter values from TEM anal-
ysis, respectively, in the absence and presence of 50 mM NaClO4).

In order to investigate the impact of other types of electrolytes in
basic medium, two gold nanosystems were synthetized in bicarbon-
ate/carbonate buffers at the same pH (pH= 10) but with two different
ionic strengths; I = 30 and 100mM, respectively. In both cases, slightly
negatively charged Au-PEI nanoassemblies were detected similarly to
the data in Fig. 7 (with ζ ≅−5 and− 10mV for I = 30 and 100mM, re-
spectively). The UV–Vis spectra of these systems are shown in Fig. 9. As
can be seen, the SPR peak position does not change dramatically, how-
ever, the absorbance values are reduced for the buffer with higher
ionic strength (similarly to the impact of salt concentration in Fig. 7c).
This finding indicates that smaller agglomerates and/or individual
gold NPs are formed in the buffer with higher ionic strength (i.e. at
larger absolute carbonate/bicarbonate ion concentrations).

The TEM images of the Au-PEI NPs prepared in these buffers are
shown in Fig. 10. (The particle size histograms for the buffers with
I = 30 and 100 mM are shown in Fig. S6). The pictures reveal that the
most regular and smallest gold NPs among all of the investigated sys-
tems are observable for the pH 10 buffer with I = 100 mM. However,
similarly to the highly basic pH range (Figs. 7 and 8), there is a huge de-
viation between the apparent mean hydrodynamic diameter of the Au-
PEI nanoassemblies and that of the average TEM diameter of their indi-
vidual gold NPs (22 ± 3 and 12 + 2 nm from DLS as well as 5 ± 2 and
4 ± 2 nm from TEM, for I = 30 and 100 mM ionic strengths,
respectively).

3.3. Structural and chemical changes of the PEI molecules in the synthetized
Au-PEI NPs

The TEM pictures of the present study indicate the formation of Au-
PEI NPs or their agglomerates with different size and shape but with
similar polycrystalline internal morphology as several twins and/or
fivefold twins observed inside of the individual gold particles [34]. How-
ever, the TEM images also reveal that the polymer shell around the Au
NPs is largely dependent on the different experimental conditions.

In order to explore qualitatively the variation of the chemistry of PEI
molecules in the polymer capped gold NPs, ATR-IRmeasurements were
carried out at the same ratio of PEI and HAuCl4 as previously, but at 10
times higher absolute concentrations of these components (due to sen-
sitivity reasons). In Fig. 11a and b, the ATR-IR spectra of PEI molecules



Fig. 8. TEM images of PEI capped gold NPs synthetized in the presence of a.) 10 mM NaOH and b.) 10 mM NaOH and 50 mM NaClO4. cAu = 0.2 mM and cPEI = 1.2 mM.
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and that of the polymer capped gold nanoparticles were compared at
pH = 4 and pH = 11, respectively, without added electrolytes.

Pure PEI exhibits the characteristic bands of amine- and ethylene
moieties [35,36]. These include the stretching vibration of secondary
amines at 3275 cm−1 and the antisymmetric and symmetric stretching
vibrations of primary amines via the shoulders at 3355 and
3176 cm−1 as well as the -NH2 bending bands around 1600 cm−1 and
the well-defined C\\H stretching bands of ethylene groups in the
2920–2800 cm−1 wavenumber region. In addition, the band around
1460 cm−1 might be a superposition of C\\H and N\\H bending and
the doublet at 1120–1040 cm−1 corresponds to the C\\N stretching vi-
brations. Changes in pH, however, cause small but notable changes in
the C\\H stretching and N\\H deformation region. At pH = 4, the
C\\H stretching region is less defined exhibiting a broad band with
peaks at 2955, 2899 and 2839 cm−1. The δN-H band around
1600 cm−1 is also split, producing satellite bands at 1507 and
1407 cm−1.

The spectra of polymer capped Au-NPs reveal significant chemical
changes in the structure of the PEI molecule after the reduction of
Fig. 9. The UV–Vis spectra of PEI capped gold NP dispersions prepared in carbonate/
bicarbonate buffers (pH = 10) at two ionic strengths (I = 30 and 100 mM). The solid
and dotted lines denote the spectra measured 24 h and 1 week after the preparation of
the samples, respectively. cAu = 0.2 mM and cPEI = 1.2 mM.
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gold(III) ions at both pHs. At pH 4, the CH2 stretching bands are sup-
pressed and a broadbandat 3382 cm−1 for -NH/-NH2 stretching is dom-
inating the spectra suggesting crosslinking processes in the PEI coating.
Furthermore, new bands appear at 1653 and 1612 cm−1, which can be
assigned to imine (-CH=N) and enamine vibrations, respectively
[35–37]. Occurrence of oxygen-containing functional groups is also sug-
gested by the small carbonyl stretching (νC=O) band at 1744 cm−1.
The peculiar frequency of νC=O indicates the presence of aldehyde
groups; therefore, it seemsplausible that some small aldehydemolecule
components are formed during the synthesis procedure.

At pH = 11, the bands corresponding to the stretching of primary
and secondary amine groups are similar to the ones measured for
pure PEI in highly basic medium. In contrast to the acidic PEI-capped
particles, the discrete CH2 stretching bands still exist in the spectrum.
However, the νCH2(NH) stretching at 2808 cm−1 is largely supressed,
which indicate chemical changes due to cross-linking between the dif-
ferent ethyleneimine moieties. The presence of imine groups was
witnessed for the Au-PEI NPs prepared at pH = 11, too. In this case
the peak position is shifted towards higher wavenumber (to
1665 cm−1), which presumes the formation of further imine groups
[35]. No carbonyl band can be detected, and some shoulders appear at
1565 and 1431 cm−1. A possible assignation for these extra bands
could be the antisymmetric and symmetric stretching of amino-
carboxylates [35].

In the presence of addedNaClO4 (Figs. S7 and S8) or carbonate buffer
(Fig. S9) the specific contribution of perchlorate and carbonate ions
dominate the spectra [35,38]. Nevertheless, similar conclusions can be
drawn with respect to the effect of pH on the PEI matrix surrounding
the gold NPs. The only difference is observable in the highly basic pH
range at 50 mMNaClO4, where the relative ratio of the primary amines
of PEI molecules is increased compared to the salt free alkalinemedium
(see Fig. S7). The summary of the peak assignments related to Fig. 11
and Figs. S7, S8 and S9 can be found in Table S1.

The above-mentioned observations indicate that the chemistry of
the polymer matrix in which the gold NPs or agglomerates are embed-
ded considerably differs at low and high pH aswell as in the presence of
different electrolytes during the synthesis. This result is the conse-
quence of the various pH and electrolyte dependent oxidative dehydro-
genation products of the various amine groups during the reduction of
gold(III) ions. Upon their oxidation, imine bonds are formed from the
ethylene-imine groups with increasing probability at high pH (such as
(-NHCH2-CH2-) → (-N=CH-CH2-) + 2H+ + 2 e−) [23,26,39]. There-
fore, the formation of -CH=N double bonds is not unexpected, and
their presence was also confirmed by independent FTIR and XPS



Fig. 10. TEM images of PEI capped gold NPs synthetized in carbonate buffer (pH = 10) a.) and b.) at I = 30 mM as well as c.) and d.) at I = 100 mM ionic strengths.
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measurements of Kim et al. for PEI capped gold NPs synthetizedwithout
additional reducing agent [24]. However, depending on the pH and the
appliedmediumaswell as on the chemistry of the amine groups, quite a
few alternative oxidation products of alkyl amine groups may also be
formed via C\\C bond cleavage and/or hydrogen abstraction [40].
3.4. The role of Au3+/PEI complexation in the mechanism of Au-PEI NP
formation

One of the key factors, which determine the stability and chemical
nature of the formed gold nanoassemblies, is attributable to the initial
form of gold(III) ion complexes in the solution. In HAuCl4 solutions,
the gold(III) ions are present in the form of Au(III)(Cl−)x(OH)y com-
plexes with an excess of chloride ions (i.e. x ≅ 2.46 and y ≅ 1.54 at
pH 4) [32].

Upon mixing the HAuCl4 solution with PEI at low pH, the negatively
charged, mixed chloro/hydroxo complexes of Au3+ ions accumulate
around the protonated amine groups of the polymer. This promotes
the exchange of chloride ions to amine groups around the gold(III)
ions, i.e. the conversion into gold(III) amine complexes Au(N-(R-H))
4
3+, which is also indicated by the sudden appearance of a deep yellow
color. This complexation is also indicated in Fig. 12, where the UV–Vis
spectra of HAuCl4/PEI mixtures are shown directly after their prepara-
tion (i.e. in the absence of gold nanoparticles) in the presence of differ-
ent additives. The formed Au3+/amine complexes possibly have local
planar structures [41].
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At pH 4, the primary amine groups of PEI are practically fully and
its secondary amine groups are also largely protonated [30], whereas
the protonation of the tertiary amine groups is considerably hin-
dered [30,33]. Therefore, at this pH the gold(III)/amine complexes
are formed within the core of the PEI molecules with primary in-
volvement of the tertiary and some secondary amine groups. The for-
mation of small aldehyde compounds at low pH is due to the
cleavage of the tertiary amine groups as reported for the reduction
of gold (III) ions with trimethylamine molecules [42]. This supports
the important role of tertiary amine groups in the reduction process
in the acidic pH range, which keeps the gold NP core within the PEI
molecules.

The formed gold nanoassemblies are stabilized by the charges of the
remaining protonated primary and secondary amine groups. Decreas-
ing further the pH by HClO4 addition, there is an optimal pH, where
the primary role of the tertiary amine groups is enhanced, and the
formed gold NPs are the most stabilized (such as at 5 mM HClO4). On
the other hand, in this acidic pH range, C\\C cleavage and the formation
of reactive carbon radials could also occur [40], which results in a cross-
linked PEI matrix around the gold NP core in accordance with the TEM
images in Fig. 6. Addition of NaClO4 of increasing concentration during
the synthesis at pH 4 leads to asymmetric, large gold nanoassemblies
-due to the fusion of the primary particles and the formation of their
stable agglomerates- and then to precipitates at the largest applied
salt concentrations. With a further decrease of pH, more tertiary
amine groups of PEI become protonated making the formation of Au
(N-(R-H))43+ complexes less and less favorable, as well as the enhanced



Fig. 11. Comparison of the ATR-IR spectra of Au-PEI NPs with the spectra of PEI molecules
a.) at pH= 4 (the pH of the PEI solution (1 w/w%) was adjusted with HCl and the Au-PEI
NPs preparedwithout any additives). b.) at pH= 11 (pure PEI solution (1 w/w%) without
pH adjusting was used and the Au-PEI NPs were prepared in the presence of 10 mM
NaOH). All mixtures were prepared at the same PEI/HAuCl4 ratio, but with ten times
higher absolute concentrations of the components then in the previous systems
(Figs. 1–10). cAu = 2 mM and cPEI = 12 mM.

Fig. 12. The UV–Vis spectra of mixtures containing 0.2 mMHAuCl4 and 1.2 mM PEI in the
presence of other additives directly after solution preparation a.) in acidic (pH ≤ 4) and b.)
in alkaline medium (pH > 11).
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ionic strength leads to the coagulation of the gold nanoassemblies and
precipitation during their synthesis.

In alkaline medium (i.e. at pH ≥ 10), the initial gold(III) complexes
are largely different from the ones formed at low pH as shown in
Fig. 12. Under these conditions, the gold(III) ions are initially present
in the form of planar Au(III)(Cl−)x(OH−)y complexes with a large ex-
cess of hydroxide ions (at pH = 10.4, for instance, x ≅ 0.1 and y ≅ 3.9)
[32]. At the same time, in the highly basic pH range only a very little
fraction of the primary and even less of the secondary amine groups of
PEI are protonated [30]. As indicated in Fig. 12b, the addition of PEI to
HAuCl4 in the presence of 10mMNaOH leads to a largely different (col-
orless) Au(III)/PEI complex as compared to the ones formed at low pH.
These complexes are in themixed amine-amido Au(N(R-H)3(R−))2+ or
amine-hydroxide Au(N(R-H)x(OH−)y)2+ planar form [41].

In alkaline medium, the secondary amine groups are expected to
govern primarily the reduction of gold(III) ions [23,43]. However, in
contrast to the acidic pH range, there is no stabilizing electrostatic repul-
sion between the formed gold NPs; therefore, they can aggregate/fuse
into each other during the synthetic procedure. This process could
either occur within a PEI molecule or between Au NPs belonging to
9

different polyamine molecules. Furthermore, in alkaline medium the
formation of carbon radicals is enhanced from imine radical cations
[40], thus, crosslinking may occur within and between the PEI mole-
cules. This could lead to a superstructure, where gold NPs and/or
agglomerates are embedded in a large network of cross-linked PEI mol-
ecules, resulting inmuch largermean Stokes diameter (fromDLS) of the
nanoassemblies compared to the size of their primary gold NP building
blocks (from TEM). Although this polymer networkmay be too loose to
be seen in the TEM images, it provides a pronounced steric stabilization
of the Au-PEI NP agglomerates. The low amount of negative charges of
the gold nanoassemblies in alkaline medium is attributed to the amine
carboxylate groups, which is suggested by the ATR-IR spectra.

Via the application of large electrolyte concentration, the extension
of PEImolecules decreases.More importantly, the type of added electro-
lyte could also affect the hydration of PEI molecules. Kretschmer et al.
reported recently the synthesis of a supraparticle Au-PEI nanosystems,
where a large number of small gold NPs were entrapped separately in
a polymer film [26]. However, these supraparticle Au-PEI assemblies
were synthetized in dimethyl formamide (DMF) and then transferred
into water. It is likely that the specific hydration of perchlorate ions



Scheme 1. Schematic illustration of the pH and NaClO4 concentration dependent morphology of the Au-PEI nanoassemblies.
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[34] affects the solvency of PEI molecules at high pH in such a way,
which accelerates the formation of carbon radicals and thus the cross-
linking processes between the ethylene imine groups (similarly as in
DMF). This results in a largely cross-linked PEI film around the gold
nanoparticles in alkaline medium with large NaClO4 concentrations.
This is also in line with the increased relative ratio of the primary
amine groups in the Au-PEI nanoassemblies under these experimental
conditions (as demonstrated in Fig. S8).

4. Conclusions

In the present contribution, we have shown that controlling the pH,
as well as the type and concentration of added electrolytes during the
synthesis, Au-PEI nanoassemblies of different morphology and charge
can be prepared. The structure of these nanomaterials is far more com-
plicated to be considered as simple PEI coated or capped gold nanopar-
ticles as they are usually referred to.

Our major results are summarized in Scheme 1. At low pH and ionic
strengths, the initial gold(III)/amine complex formation and that of the
reduction processes of the Au3+ ions occur in the internal part of the PEI
molecules due to the largely different protonation degrees of the pri-
mary, secondary and tertiary amine groups. At an optimal acidic pH
and HClO4 concentration, positively charged gold NPs stabilized
electrosterically via a thin layer of slightly cross-linked PEI molecules
can be produced. With decreasing pH or increasing electrolyte concen-
tration, however, dispersions of larger gold NP agglomerates with re-
duced stability are formed.

In alkaline medium, the initial gold(III)/amine complex formation is
equally possible for all of the ethyleneimine groups of PEI due to their
nearly negligible protonation degree. This leads to a completely differ-
ent morphology of the polymer entrapped gold nanoassemblies- com-
pared to the ones synthetized at low pH- with low negative
electrokinetic charge density. At lowNaClO4 concentrations, goldNP ag-
glomerates embedded in a loosely cross-linked network of several PEI
molecules are formed, which provides significant steric stabilization.
With increasing ionic strength, the extension of this polymer matrix
may decrease, however the stability of the gold nanosystems does not
reduce. The simultaneous application of large concentrations of sodium
perchlorate and NaOH considerably changes the mechanism of
oxidative dehydrogenation of the amine groups as well as accelerate
the subsequent fusion and cross-linking processes as compared to
10
other types of salt and/or the acidic medium. This leads to gold NPs em-
bedded in a coherent amorphous film of largely cross-linked PEI mole-
cules, which could provide a significant steric hindrance against
aggregation.

The present study indicates that stable gold NPs entrapped in a poly-
mermatrix with very different charge, morphology, extension and elas-
ticity can be synthetized by careful variation of the pH and electrolyte
additives. These results may be further exploited in novel applications
of Au-PEI nanoassemblies.
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