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ABSTRACT: Poly(ferrocenylsilane)s (PFSs) as redox-responsive
organometallic polymers have been used in redox reactions in
noble metal ion-containing electrolyte solutions and in hydrogels
swollen by electrolytes for successful preparation of metal
nanoparticles (NPs) by in situ direct reduction. We report a
surprising imbalance of stoichiometric ratios in redox reactions
with transition metals between metal cations and PFS observed in
hydrogels. Due to the redox-active ferrocene center in PFS
backbones, well-dispersed noble metal NPs are directly formed in
situ in the hydrogel matrix depending on their redox potential. By
careful analysis, an extra-stoichiometric amount of gold NPs was
found in the reaction when following the principle of exergonic
electron transfer from ferrocene to gold(III) with the reduction of
AuIII to Au0, and the iron center’s oxidation state increases from II to III. This surprising result is targeted to account for a
stoichiometric balance of the electrons in the redox reaction, that is, we tackle the question “where do the electrons come from?”
First, HAuCl4 was allowed to react with an oxidized PFS hydrogel to determine the source of the unaccounted electrons.
Surprisingly, essentially regardless of the redox state of PFS, similar amounts of gold NPs were formed. The formation of H+ ions in
the reaction indicates that H2O could be a possible electron source. A comparison with the stoichiometric relations in PtNP
formation further confirms this hypothesis.
KEYWORDS: redox responsivity, poly(ferrocenylsilane), metal nanoparticle, oxidation, electrochemistry, origin of electrons

■ INTRODUCTION
Metal nanoparticles (MNPs), typically gold and silver NPs,
have attracted intense scientific and technical interest due to
their special optical, electronic, and thermal properties1 as well
as due to the facile synthesis and surface bioconjugation
possibilities2−4 and applications in clinical diagnostics and
therapeutics.5,6 Gold NPs (AuNPs) garnered the most
attention owing to their useful optical properties, as well as
their utility in catalysis, biosensing, and biochemistry.
There are numerous well-known methods to produce

AuNPs, most often via the reduction of the gold(III) cation
of tetrachloroauric acid (HAuCl4) or its salts. The citrate-based
or Turkevich method7,8 (named after John Turkevich) is
perhaps the most widely utilized one. In this synthesis,
trisodium citrate acts as both the reducing agent and the
stabilizer of the NPs, referred to as a capping agent. NaBH4 can
also be used as a reductant in a modified Turkevich method,
where citrate only acts as a capping agent.9 In aqueous
solutions, NaBH4 can serve alone as a reducing as well as
stabilizing agent.10 Numerous other small-molecule reducing
and capping agents have also been employed for the synthesis

of AuNPs and other gold nanostructures over a wide variety of
reaction conditions.11−14

Two-phase syntheses involving nonpolar organic solvents
have also been described. The Brust−Schiffrin method15−17
utilizes NaBH4 as a reductant, but the stabilization of the
MNPs is warranted on the phase boundary through covalent
bonding of water-insoluble alkanethiols to the NP surface.
Another material that has been used for AuNP synthesis at a
phase boundary is ferrocene (Fc).18,19 This metal−organic
compound owes its redox activity to the iron(II) ion
sandwiched between the two cyclopentadienyl rings. The
FeII/FeIII redox pair’s potential is below that of numerous
metal ion/metal pairs, enabling ferrocene- or ferrocene
derivative-mediated MNP syntheses (Table 1.).20 In Astruc’s
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group, a large variety of ferrocenes18,21−26 were used in
tetrahydrofuran (THF)/water mixtures, or in ethers, to reduce
aqueous HAuCl4 to gold NPs. The water-soluble gold NPs
formed were stabilized by chloride ligands, and the electro-
static stabilization was provided by a variety of ferriceniums
(Fc+).
Poly(ferrocenylsilane)s (PFSs) are one of the most well-

developed classes of metallopolymers with a main chain
consisting of alternating silane and ferrocene units. Due to the
presence of ferrocene, PFSs possess a high density of redox
centers and can be reversibly oxidized and reduced by chemical
and electrochemical means.27−29 PFSs were reported to reduce
metal ions to the corresponding MNP by Manners30−32 as
early as 2005 and more recently by our group.33 Among other
macromolecules capable of stabilizing AuNPs,34−36 water-
soluble PFSs were found to synthesize AuNPs that were then
also stabilized as a colloid by the polymer chains.33,37 For PFSs
featuring propyl sulfonate side chains, when they are used to
obtain MNPs, the NPs were also stable in solutions of up to 3
M NaCl. Other PFS-containing hydrogels were shown to
stabilize in situ formed NPs within the cross-linked hydrogel
system, providing antibacterial properties, higher conductivity,
and no aggregate formation (see Scheme 1).38

Of course, if progress is to be made toward obtaining
designer MNP-containing hybrid materials, one must fully
understand the mechanism of the redox process. A remarkable
result to this end has been recently published by Loh and
Nijhuis et al., who have shown that electrons for the gold(III)
reduction do not necessarily need to come from a chemical
reactant39 or from an electrochemical device. The authors have
concluded that electron irradiation under a transmission
electron microscope (which was performed in an attempt to
obtain further insights into the formation mechanism of the

MNPs) can induce AuNP formation from a supersaturated
HAuCl4 solution. This result draws attention to the fact that
other factors outside the immediate reaction system need to be
addressed to account for the MNP formation mechanism, in
particular when considering the reaction stoichiometry. Thus,
mechanisms other than direct redox transfer from the redox
agents should also be considered. In addition to external
electrons coming from a cathode, photons can also induce
AuNP formation.40−43 Photochemical AuNP synthesis involves
the photodecomposition of organic precursors into ketyl
radicals. These radicals then reduce the gold ions in one-
electron transfer steps. These reactions have also been
exploited for the preparation of other MNPs, such as silver.
When external electron sources participate in the MNP

reduction process, the formation of an extra amount of MNPs
could confuse the reaction stoichiometry between the chemical
reactant and MNP precursors. In our study, a PFS-containing
hydrogel has been used successfully for the in situ formation of
MNPs (Au, Ag, Pt, Pd, Rh, and Ir), as can be seen in Figure
1.20 The redox-responsive PFSs were assumed to be the only

Table 1. Standard Electrode Potentials of Common MNP
Formation Half-Reactions and Those of Ferrocene and
Water Oxidation.20

redox pair redox potential vs SHE/V

Au3+/Au 1.50
Pt2+/Pt 1.19
Ir3+/Ir 1.16
Ag+/Ag 0.80
PtCl42−/Pt 0.76
Rh3+/Rh 0.76
PdCl42−/Pd 0.64
Fc+/Fc 0.40
O2/H2O 1.23

Scheme 1. Schematic Illustration of the Formation of Metal NPs

Figure 1. Transmission electron microscopy images of the MNPs
(Au, Ag, Pt, Pd, Rh, and Ir) formed in situ within a PFS hydrogel.
Scale bar: 20 nm.20
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reducing agent in the system which means that each ferrocene
unit could provide a maximum of one electron during the
redox process. However, by changing the amount of HAuCl4,
which reacts with a constant amount of the PFS hydrogel, PFS
hydrogels were found to be capable of reducing more than the
stoichiometric amount of HAuCl4. We were surprised by this
apparent stoichiometric imbalance and embarked upon a
systematic study to find an explanation.
Additional motivation for this work was triggered by the

possibility of PFS-capped AuNPs where the polymer chains
bear active side groups for catalysis, antibacterial applications,
sensing, or other applications. For this, a precise determination
of the reaction stoichiometry and understanding the
mechanism of the redox process is necessary. In principle,
the stoichiometric reaction of aqueous HAuCl4 with 3 equiv of
ferrocene (eq 1) results from exergonic electron transfer
between AuIII and ferrocene corresponding to the reduction of
AuIII to Au0 while the iron center’s oxidation state in ferrocene
increases from II to III

AuCl 3Fc 3Fc 4Cl Au4
0+ + ++

(1)

The same should apply to PFS repeating units as each unit
contains one ferrocene group in its main chain. However, in
the study of PFS hydrogels for gold NP formation presented
here, up to 15 times more than the expected stoichiometric
amount of gold particles was formed. When PFS hydrogels
were oxidized first and then reacted with HAuCl4, the amount
of the resulting gold particles barely changed. This extra-
stoichiometric MNP formation has not been found to occur in
the in situ synthesis of PtNPs in PFS hydrogels. The possible
origin of the electrons in the process of gold NP formation will
be discussed below.

■ RESULTS AND DISCUSSION
The materials shown in Scheme 2 were used in attempts to
synthesize AuNPs and in the case of 1 to synthesize PtNPs. 1,
1ox, and 2 were used as cross-linked polymeric hydrogels, with
a random arrangement of the monomers in the case of 1 and
1ox. The MNPs were synthesized by direct immersion of a
piece of hydrogel or oxidized hydrogel in a solution of metal
salts as shown in Scheme 1.
Investigations on Stoichiometry. Building on previous

(inconclusive) experimental data of our group, our first goal
was to ascertain whether the reaction between the ferrocene
centers of the PNIPAM/PFS-DMAPMA-Cl hydrogel and the
gold ions of HAuCl4 proceeds according to the simple 1:3
stoichiometry outlined in eq 1. To this end, we immersed dry
pieces of 1 into electrolytes containing different concentrations
of HAuCl4. Reactions were left to run in the dark for up to 120
h. According to data obtained by UV−vis spectrophotometry
(Figure 2 and Table 2), up to 13.8 times the stoichiometric
amount of Au3+ (or 4.6 Au3+ equiv per Fc) was consumed
during the reaction depending on the duration of the
experiment. The UV−vis measurements were conducted at
pH 1.1 to avoid the speciation of the AuCl4− anion. The two
characteristic absorbance peaks of this anion, at 226 and 313
nm, were used to follow the concentration change of the Au3+

ions. After 72 h, only the sample with 15× the stoichiometric
amount of HAuCl4 exhibited these two peaks. The
stoichiometry was calculated to be 4.3 Au0 synthesized per
Fc unit at 72 h and 4.6 Au0 synthesized per Fc unit at 120 h.
The stoichiometric amount according to eq 1 is one AuIII per
three Fc units. Similarly, the stoichiometry in the case of
PtNPs is one PtII per two Fc units.

Scheme 2. Polymer Structures Used in This Study for the Synthesis of Gold NPs
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We note that as a control measurement, we conducted an
experiment with a hydrogel only containing crosslinker 2. In
this case, no substantial change in [AuCl4−] occurred, as can be
seen in the Supporting Information.
Building on these data, we conducted a time-dependence

study using hydrogels immersed in 15× the stoichiometric
amount of HAuCl4. The results (Table 2) indicate that the
reaction speed dropped after 24 h. This slowdown of the
synthesis can be attributed to two factors: the decreasing
concentration of available Au3+ and the blocking of the active
sites within the hydrogel by the NPs formed. Syntheses longer
than 120 h were not attempted, but it can be assumed that
more gold would be reduced, albeit at even slower speeds. We
note that using smaller hydrogel pieces, the reaction proceeded
faster, presumably due to the easier diffusion of Au3+ moieties
into the hydrogel. Finally, we point out that changing the
electrolyte to KAuCl4 does not result in a substantial change in
the observed stoichiometry.
In addition to the surprising excess in NP formation,

oxidation of the ferrocene centers with ferric chloride prior to
the NP synthesis only has a minor effect on Δ[AuCl4−]. This
points to the occurrence of a redox reaction distinct from the
Fc+/Fc couple in the system.
Similar trends, however, cannot be observed during the

formation of PtNPs: when 1 was immersed in a solution

containing an excess amount of K2PtCl4 for 24 h, only
approximately the stoichiometric amount (0.5 equiv) of Pt2+
was consumed from the electrolyte (see UV−vis data in the
Supporting Information).
In our search of the electrons and the reasons for the non-

stoichiometric reduction, first, X-ray photoelectron spectros-
copy (XPS) measurements were conducted on dried hydrogel
samples (Figure 3) to check whether the lower concentration
of Au3+ in the electrolyte was not simply due to adsorption
onto or absorption into the gel. These experiments reinforce
the spectroscopic results. The shifted 4f5/2 and 4f7/2 peaks of
Au3+ as compared to those of Au0 present a Au3+/Au0 ratio
(79% Au0) in line with the change in [AuCl4−] indicated by
UV−vis in the electrolyte (73% in the case of this sample),
with no other gold moiety detected.
In order to prove that no other redox active material was

present in the system, cyclic voltammetry (CV) of the hydrogel
was performed after depositing it on an indium tin oxide
(ITO) electrode (Figure 4). CV only shows the characteristic
double redox peak of PFS, indicating that no other species
within the hydrogel was redox active in the observed potential
range.
To shed further light on the processes behind these results,

pH-metric measurements were performed on the electrolytes
before and after the immersion of the hydrogel. In the
electrolyte we examined, the pH changed from 3.0 to 2.7. This,
taking the volume and concentration used into account,
corresponds to 1.2 H+ being freed for every Au0 formed. The
experiments conducted with the KAuCl4 electrolyte for 120 h
showed a similar pH change, from 3.2 to 2.81, indicating 1.1
H+ formed for every reduced Au atom.
Water Oxidation Hypothesis. From the above-men-

tioned experiments, we concluded that the mechanism of the
gold formation in our system is not as simple as presented in
eq 1. The change in pH, particularly, points to the formation of
H+ or H3O+ ions during the reaction. One answer to what
could be the source of both of these protons and the electrons
required for the gold reduction could be that these species
form during water oxidation. While the standard potential of
the AuCl4−/AuCl2− or AuCl2−/Au0 redox pairs is below that of
the O2/H2O couple, uncomplexed Au3+ is thermodynamically
capable of oxidizing water (Table 3), though this reaction has a
stoichiometry of 3:1 with respect to the protons and neutral Au
atoms formed (eqs 2 and 3).

AuCl Au 4Cl4
3

bound++
(2)

4Au 6H O 4Au 3O 12H3
2

0
2+ + ++ + (3)

This hypothesis could also explain why similar, anomalous
results were not observed when Pt was used instead of gold. In
this case, the relevant redox pair’s potential is slightly lower
than that of O2/H2O.

■ CONCLUSIONS
In summary, our investigations have shown that gold NP
formation in PNIPAM/PFS-DMAPMA-Cl hydrogels does not
follow the 1:3 stoichiometry represented by the Au3+/Au0 and
Fc+/Fc redox couples. We have also shown that ferrocene is
not the only reducing agent that is operational during MNP
formation. The formation of the hydronium ions indicates that
H2O possibly works as a reducing agent in the reaction with
uncomplexed Au3+, likely catalyzed by Fc+. Further research is
required to shed light on the precise nature of this process, but

Figure 2. UV−vis spectra of the HAuCl4 solutions after immersion of
the PFS-containing hydrogel sample. The numbers in the legend
signify the amount of HAuCl4 in the solution compared to the
“stoichiometric” amount according to eq 1. Inset: UV−vis spectra of
the same solutions before insertion of the hydrogel sample.

Table 2. Results of Time-Controlled AuNP and PtNP
Syntheses Using Fc-Containing Materials

reductant nFc/μmol t/h
Au3+ equiv. per Fc

(initial)
Au3+ equiv. per Fc
(consumed)

1 0.26 3 5.1 1.4
1 0.25 24 5.1 3.7
1 0.26 72 5.1 4.3
1 0.26 120 5.1 4.6
1 1.33 72 5.2 3.0
1ox 1.39 72 5.2 3.1
1a 1.79 24 5.1 3.8
1a 1.05 72 5.1 4.4
1a 0.73 120 5.1 5.1

reductant nFc/μmol t/h
Pt2+ equiv. per Fc

(initial)
Pt2+ equiv. per Fc
(consumed)

1 0.80 24 7.7 0.55
aThese experiments were conducted using a KAuCl4 electrolyte.
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our findings show that water oxidation by uncomplexed Au3+
moieties provides an explanation for our unexpected
stoichiometry results.

■ EXPERIMENTAL METHODS
Materials. Poly(ferrocenyl(3-iodopropyl)methylsilane) (Mw: 312

kDa, Mn: 156 kDa, Mw/Mn = 2.0) was synthesized according to a
previously published procedure.37 N-[3-(Dimethylamino)propyl]-
methacrylamide (DMAPMA), lithium phenyl-2,4,6-trimethylbenzoyl-
phosphinate (LAP), N,N′-methylenebisacrylamide (MBAm), sodium
chloride, ferrocene, (dimethylaminomethyl)ferrocene, ferric chloride,
tetrachloroauric(III) acid, and potassium tetrachloroplatinate(II)
were obtained from Aldrich and used without further purification.
Potassium tetrachloroaurate(III) was obtained from Sigma-Aldrich
and used without further purification. N-Isopropylacrylamide
(NIPAM, Aldrich) was recrystallized twice from a toluene−hexane
solution (50% v/v) and dried under vacuum prior to use. Dimethyl
sulfoxide (DMSO), THF, n-hexane, ethanol, diethyl ether, toluene,
and methanol were obtained from Biosolve.
Characterization Methods. The UV−visible spectroscopic

measurements were carried out using a PerkinElmer LAMBDA 850
spectrometer using 1 cm quartz cuvettes. A pH 1.1 HCl solution was
used as the blank electrolyte in all measurements. In each case, two
measurements were conducted: one on the original gold salt solution
and another on an aliquot taken after the NP synthesis. Both samples
were diluted so that their expected concentrations would fall within
the calibration range, and the pH of the samples was set to 1.1 with
hydrochloric acid to prevent the speciation of Au3+ into any forms
other than AuCl4−. The average error of the measurements on the
original electrolytes was −2.40%.
XPS measurements were conducted using a PHI Quantera SXM−

XPS instrument with an Al-Kα emitter, using the 4f line of gold at
83.97 eV as a reference. The hydrogel and electrolyte samples were
dried under N2 and powdered on a glass or silica substrate before
measurement. The CV measurement was conducted at a slow sweep
rate of 10 mV/s in an electrolyte of 0.5 M NaCl between −200 and
+500 mV versus a Pt wire reference electrode.
Synthesis of PFS-DMAPMA-Cl. PFS-DMAPMA-Cl was synthe-

sized according to a previously published procedure.44 DMAPMA

Figure 3. Results of XPS measurements of the PFS-containing hydrogel samples and dried electrolytes after gold NP synthesis from 15× HAuCl4.
(A) Area specific to the gold 4f peaks in the hydrogel sample. (B) Full spectrum of the samples. The atomic concentration of the majority (C) and
the minority elements (D) in the two samples. In (B−D), red, liquid sample; black, solid sample.

Figure 4. Cyclic voltammogram of a PFS/PNIPAM hydrogel on ITO.
0.5 M NaCl; Pt wire as counter and reference electrodes; sweep rate =
10 mV/s.

Table 3. Redox Pairs Relevant to the Water Oxidation
Hypothesis

redox pair redox potential vs SHE/V

AuCl4−/AuCl2− 0.93
AuCl2−/Au0 1.15
Au3+/Au0 1.50
AuCl4−/Au0 1.00
Pt2+/Pt0 1.19
O2/H2O 1.23

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c00978
ACS Appl. Nano Mater. 2022, 5, 8868−8874

8872

https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00978?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(1.0 mL, 8.3 mmol) in THF/DMSO (2:1 v/v, 12 mL) was allowed to
react with poly(ferrocenyl(3-iodopropyl)methylsilane) (0.5 g, 1.26
mmol repeat units) at room temperature for 24 h. After removing
THF by a N2 flow, the viscous mixture was diluted with ethanol (20
mL), transferred into a Spectra/Por 4 dialysis hose (MWCO 12−
14,000 g/mol), and dialyzed against 0.1 M NaCl (4× 1 L) and Milli-
Q water (4× 1 L). After removing water by a N2 flow, PFS-
DMAPMA-Cl orange flakes (0.6 g, 100%) were obtained.
Synthesis of PNIPAM/PFS-DMAPMA-Cl Hydrogels. A high-

power UV light-emitting diode (LED) (P8D236, Seoul Optodevice
Co., South Korea) with a narrow emission spectrum (365 ± 5 nm)
was mounted onto a printed circuit board in series with a 4.7 Ω power
resistor and operated with a laboratory power supply. NIPAM, PFS-
DMAPMA-Cl, MBAm, and LAP (photoinitiator) were added into
methanol in a mole ratio of NIPAm/PFS-DMAPMA/MBAm/LAP/
methanol = 100:0.47:1:1.28:673. The solution was placed at a
distance of 15 mm from the LED. A voltage of 6.7 V was applied to
the LED with a fixed forward current of 0.6 A. Photopolymerization
was conducted under UV LED irradiation for 20 min at room
temperature. After completion of the photopolymerization, the gel
was washed with Milli-Q water to remove the unreacted monomer
and photoinitiator.
AuNP Synthesis with PFS. A PNIPAM/PFS-DMAPMA-Cl

(120:1) hydrogel sample was dried and periodically weighed until
its mass remained constant, and then, a piece with a dry weight
between 10 and 20 mg was broken off. This piece was swollen in
water for at least an hour, and then, extra water was removed from the
vial. The sample was weighed again so that the water absorbed by the
hydrogel could be accounted for, and then, the HAuCl4 or KAuCl4
electrolyte was added into the vial. The Au3+ to Fc ratio was adjusted
by changing the concentration of HAuCl4 in the electrolyte. The
reaction was left to proceed for a given time in the dark, during which
time both the hydrogel and the electrolyte turned purple.
In one case, the hydrogel was immersed in a solution containing an

excess amount of FeCl3 (36.4 mmol FeCl3 to a hydrogel containing
1.43 mmol Fc units) before the NP synthesis. The sample was left in
the dark overnight, during which time the hydrogel turned dark green,
the typical color for oxidized PFS hydrogels. We repeatedly washed
the hydrogel with water to remove the unreacted FeCl3 as well as
FeCl2 resulting from the reaction, and then, we proceeded with the
AuNP synthesis as described above.
PtNP Synthesis with PFS. The procedure was identical to that of

the AuNP synthesis. The Pt2+ to Fc ratio was chosen to be 7.7:1 (15.4
times the stoichiometric amount of Pt2+). The reaction was left to
proceed overnight or for two nights in the dark, during which time the
color of the hydrogel darkened slightly.
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