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A simple and highly reproducible synthesis of amorphous bismuth nanoparticles incorporated into a
polysaccharide matrix using a photoreduction process is presented. As precursor for the generation of the
Bi nanoparticles, organosoluble triphenylbismuth is used. The precursor is dissolved in toluene and mixed
with a hydrophobic organosoluble polysaccharide, namely trimethylsilyl cellulose (TMSC) with high DSg;.
The solution is subjected to UV exposure, which induces the homolytic cleavage of the bismuth-carbon
bond in BiPhs resulting in the formation of Bi® and phenyl radicals. The aggregation of the Bi atoms
can be controlled in the TMSC matrix and yields nanoparticles of around 20 nm size as proven by TEM.
The phenyl radicals undergo recombination to form small organic molecules like benzene and bipheny],
which can be removed from the nanocomposite after lyophilization and exposure to high vacuum. Finally,
the TMSC matrix is converted to cellulose after exposure to HCI vapors, which remove the trimethylsilyl
groups from the TMSC derivative. Although TMSC is converted to cellulose, the formed TMS-OH is not
leaving the nanocomposite but reacts instead with surface oxide layer of the Bi nanoparticles to form
silylated Bi nanoparticles as proven by TEM/EDX.
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1. Introduction applications in medicine include the use of bismuth (and its com-

pounds) as contrast agents owing to its large scattering contrast

Bulk bismuth features a set of properties, which are highly
demanded in many areas of materials sciences. It plays a major
role in the design of new semiconductors (large Fermi wavelengths
(Smith, Baraff, & Rowell, 1964), strong diamagnetism, very high
magneto-resistance) (Murakami, 2006), as well as in medicine,
where the rather low human toxicity of several bismuth com-
pounds is exploited to treat different kind of illnesses (Briand &
Burford, 1999). A well known example is its action against Heli-
cobacter pylori, a bacterium associated with the pathogenesis of
gastroduodenal ulcers (Tsang, Ho, Sun, & Chan, 2011). Further
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(Lusic & Grinstaff, 2013; Yu & Watson, 1999). On the other hand,
bismuth nanoparticles (BiNPs) have been explored to a much less
extent than bulk bismuth. This can be related to difficulties in
producing nanoparticles with a defined size and shape. Up to
date the most convenient synthesis of BiNPs includes the reduc-
tion of organometallic precursors (e.g. Bi(NTMS;)3) which can be
stabilized using synthetic polymers (Wang, Tang, Yu, Gibbons, &
Buhro, 2008). Through this approach, the size and the shape of
the nanoparticles can be efficiently controlled and size depend-
ent electronic properties can be further investigated (Yarema,
Kovalenko, Hesser, Talapin, & Heiss, 2011). However, one major
drawback of this strategy is the use of synthetic polymers, which
limits the applicability of such systems. It would be highly desir-
able to employ biodegradable and biocompatible polymers such as
polysaccharides for this purpose. In addition, the Bi-precursors are
not readily available and must be synthesized prior to nanopar-
ticle preparation (Lutz et al., 2012; Reith, Stiftinger, Monkowius,
Knoer, & Schoefberger, 2011; Imran et al., 2013). An alternative
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is to use a photoreduction process for the generation of nanopar-
ticles (Warren, Jackson, Cater-Cyker, DiSalvo, & Wiesner, 2007).
In the course of photoreduction, photolabile Bi-element bonds
are homolytically cleaved (Fischereder et al.,, 2013) and elemen-
tal bismuth is obtained. An excellent precursor for this purpose
is triphenyl bismuth, which is cheap, readily available, non-toxic,
and, most importantly, which offers photolabile Bi-carbon bonds.
Moreover, BiPhs is highly soluble in several organic solvents such
as toluene and exhibits thermal stability in the absence of oxy-
gen (ca. 200°) (Berger et al., 2012). The interesting properties of
bismuth (nanoparticles) inspired us to incorporate this element
in cellulosic matrices. Problems to be addressed involve the pho-
tochemical stability of the chosen solvent/polysaccharide and to
identify polysaccharide derivatives that feature a similar solubility
like BiPhs. In addition, the polysaccharide polarity should be tune-
able in terms of hydrophilicity/hydrophobicity in order to enable
a variety of applications (e.g. in textiles and medicine). An elegant
way to achieve such a tuneable hydrophilicity/hydrophobicity is
the use of polysaccharides bearing acid or alkaline labile groups.
While the removal of acetate groups in organosoluble cellulose
acetate requires strong bases for instance, the use of acid labile
silyl ethers of polysaccharides can be easily performed with acidic
vapors of HCl. In this paper, we present an approach how to tackle
these problems by using trimethylsilyl cellulose with high DSg; in
the course of a photoreduction process of BiPhs. The solubility of
trimethylsilyl cellulose (TMSC) is strongly dependent on the DSg;
and ranges from ethanol (DS ~0.7), DMSO (~1.5) to chloroform and
toluene (>2.5). Chloroform is not photochemically stable upon UV
exposure (forms Cl*) therefore toluene seems to be the appropri-
ate choice. In addition, the use of TMSC provides an elegant way
to convert a hydrophobic matrix (for high DSs;) into a hydrophilic
one. Although other biodegradable and biocompatible polymers
could be used for such a purpose as well (i.e. by silylation and
subsequent desilylation) the use of polysaccharide derivatives pro-
vides much more potential applications due the rather high range
of molar masses available, the rather good photochemical stabil-
ity of many polysaccharides at A >300nm and the compatibility
with other biobased materials such as cellulose fibers, films and
papers. This compatibility is a crucial point since it allows to coat
or impregnate these materials easily. Although we do not inves-
tigate enzymatic digestability of the polysaccharide matrix in this
paper, it could be relevant for a variety of applications particularly
in case free bismuth nanoparticles are desired.

2. Materials and methods
2.1. Materials

Trimethylsilyl cellulose (TMSC) with a DSg; value of 2.55
(My, =175,000, M,, =36,000, kindly provided by the Centre of Excel-
lence for Polysaccharide Research, University of Jena) was used
for nanoparticle stabilization. Toluene (99.9%) was purchased from
Sigma-Aldrich and BiPhs (95%) was obtained from ABCR, Germany.

2.2. Preparation of monodisperse bismuth nanoparticles

In a typical experiment, a toluene solution containing BiPhj
(5wt.%)and TMSC (1 wt.%) was irradiated with a HBO lamp 100W/2
under stirring in a sealed quartz glass test tube for 2h under N,
atmosphere. The formation of nanoparticles is accompanied with
a brownish coloration of the solution. Afterwards, the particles are
lyophilized and exposed to vacuum conditions for a period of 3 h at
room temperature in order to remove the byproduct biphenyl.

OSiMe;
0
o
MesSiO 0SiMe;
BiPh3 BiNPs
UV-light

Fig. 1. Schematic overview on photoreduction of BiPhs using trimethylsilyl cellu-
lose. For reasons of clarity, all hydroxy groups are substituted by silyl groups; the
actual DSg; is 2.55.

2.3. Characterization of BiNPs

The studies of size, morphology and composition of the
nanoparticles were performed by means of transmission electron
microscopy (TEM) and energy dispersive X-ray using a HITACHI
HT7700 microscope equipped with a Bruker XFlash 6 EDS detec-
tor operated at 120 kV in high contrast mode. The samples for TEM
analysis have been prepared by placing small droplets of a diluted
(by ~100 x with toluene) dispersions (1 wt.%) on copper grids (300
mesh) coated with an amorphous carbon film (Ted Pella, Redding,
CA)anddried at 50°Cinvacuum for 24 h prior to the measurements.

3. Results and discussion

In first trials, the generation of bismuth particles starting from
toluene solutions of BiPhs without stabilizers was investigated.
Even after a few minutes of UV exposure, a massive gray precip-
itate was observed in the solution (data not shown). This indicates
a rather fast aggregation of the nanoparticles after formation of
elemental bismuth, which is often observed for photoreduction
processes. In general, a common strategy to control the growth
of nanoparticles is to add polymers, which act as steric stabilizers
preventing uncontrolled aggregation of NPs by interaction with
the nanoparticle surface. However, there are several constraints
on the choice of the polymeric stabilizer. It should be compatible
with the solubility of the precursor (i.e. toluene), it should exhibit
sufficient photochemical stability under the chosen conditions, it
should be tunable in terms of hydrophilicity/hydrophobicity while
being biodegradable/biocompatible to ensure a wide range of appli-
cations. Keeping these facts in mind, a few polymers come into the
closer choice such as cellulose acetates (CA) and silylethers of cellu-
lose. These show excellent solubility at high DS in organic solvents
such as toluene and can be converted to cellulose by simple proce-
dures (e.g. either by aqueous alkali treatment for CA or exposure to
HCI vapor for TMSC). The use of an aqueous conversion procedure
imposes the risk that the formed nanoparticles are altered by this
step; therefore TMSC (Koehler, Liebert, & Heinze, 2008) was chosen
as the hydrophobic polysaccharide stabilizer for Bi-NPs in order to
demonstrate the proof of principle (Fig. 1)

Moreover, TMSC at high DSg; is soluble in toluene and exhibits
sufficient photostability under the chosen reaction conditions. The
DSs; of the TMSC remains stable during the irradiation, since TMSC
derivatives with lower DS values would be insoluble in toluene
resulting in the formation of a precipitate. However, we did not
observe any precipitates during our synthesis procedures. When
irradiating TMSC solutions in the absence of BiPhs under nitrogen
atmosphere for 1 h, we could not detect a major decrease in the DP
as proven by GPC (data not shown).

In a typical procedure, TMSC is added to solutions containing
BiPhs and clear, colorless solutions with low viscosity are obtained.
After exposure to polychromatic UV-light, BiNPs are formed within
2 h which can be followed by a slightly browning of the solution.
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Fig. 2. TEM images of BiNPs generated by photoreduction of BiPhs in the presence of trimethylsilyl cellulose in different magnifications. The scattering pattern of the particles

is shown in the upper left corner.

In general, the strength of metal-carbon bonds of main group
metals considerably decreases with increasing atomic number
(Elschenbroich, 2005). Hence, it is not surprising that these bonds
are prone to photo-cleavage. The photo-decomposition of several
compounds with s2 configuration has been investigated in the past
(TI*, Pb2*, Bi3*, etc. (Kunkely, Paukner, & Vogler, 1989; Oldenburg,
Vogler, Miko, & Horvath, 1996; Vogler & Nikol, 1992)), among them
also Ph3Bi (Paez & Hoggard, 2003). Frequently, these compounds
form elemental metal and oxidation products upon irradiation. The
oxidation products result from a coupling of the ligands or from the
reaction of a possibly formed radical with the solvent. The mech-
anism is strongly dependent on the reaction conditions as well as
the ligand or organic groups bonded to the bismuth atom and not
always clear. Two reactive excited states or a mixture thereof are
usually discussed to be responsible for the photo-decomposition,
namely a metal centered sp- and a ligand-to-metal charge transfer
(LMCT) transition. In both cases the photo-excitation leads to the
same LUMO, i.e. to an antibonding o* orbital, whereas the HOMOs
differ for sp- or LMCT-transitions (Oldenburg & Vogler, 1996; Vogler
& Nikol, 1992). Subsequent relaxation of the excited state is possi-
ble by emission or radiationless deactivation or by a bond cleavage
under formation of a permanent photo-product (Nikol & Vogler,
1991). A precise assignment of the reactive excited state of BiPhj
is difficult due to the high density of the energetic levels (Berger
et al,, 2012). Vogler and Nikol (1992) postulated a LMCT as the
reactive excited state for BiCl; x CgHg eventually leading to Bi® and
biphenyl. Acomparable mechanism might be possible also for BiPh3
where the LMCT causes formal one-electron reduction to Bi(Il)
and release of a Ph* radical. In subsequent thermal reactions the
Bi(Il) species eventually yield Bi® whereas the phenyl radicals can
react with the solvent or TMSC yielding benzene and/or substituted
benzene derivatives. Indeed, we could detect benzene by GC-MS
analyses and emission spectroscopy in a control experiment upon
irradiation of BiPhs in ethanol.

While without any stabilizer the Bi atoms aggregate very fast to
form large clusters and particles resulting in a grey precipitate, the
addition of the TMSC allows for a controlled growth of the particles
by providing nucleation sites at hydroxyl groups (0.45 per AGU)
in the used TMSC derivative. Besides the nucleation sites, TMSC
offers a rather high steric protection of nanoparticles due to its
high molar weight, which prevents the particles from uncontrolled
aggregation as well. In principle, it would be desirable to vary the
DSg; in these investigations to study the effect of the amount of
hydroxyl groups in TMSC on the nanoparticle formation rate. How-
ever, although we have different samples available in our labs (DS

1.5 and DS 2.0 with similar DP), the insolubility of these materi-
als in toluene does not allow to perform these experiments and
the solvents capable of dissolving these derivatives and BiPhjs (i.e.
THF, CHCl3) are not UV stable. The main byproducts, benzene and
biphenyl, can be removed by lyophilization followed by exposure
of the dry powder to high vacuum conditions (1 x 10~3 mbar) for
several hours at room temperature. The size of the particles has
been determined using transmission electron microscopy. In this
way, monodisperse bismuth nanoparticles are obtained which are
homogenously distributed inside the TMSC matrix.

Surprisingly, diffraction experiments clearly reveal the presence
of amorphous bismuth nanoparticles, which is accompanied by dif-
fuse scattering in electron diffraction experiments (Fig. 2).

To the best of our knowledge, this is the first report on the
preparation of amorphous BiNPs up to date. Probably, the pres-
ence of a highly amorphous polymer (TMSC) prevents the particles
from crystallization. Regarding potential applications (e.g. inkjet-
printing) amorphous particles are favored over crystalline ones
since the latter require higher melting points in order to obtain
semi-metal films. Additionally, it is much easier to selectively con-
vert the amorphous particles to the corresponding pure bismuth
oxides phase, which could be advantageous in the design of new
battery electrodes based on bismuth sodium titanate.

Here, it should be mentioned that the nanoparticles do not
show any sign of agglomeration, even after 5 months of storage.
TEM images clearly reveal the same size distribution as for “just-
prepared” samples.

Since TMSC has been widely used as a precursor for the genera-
tion of biocompatible cellulosic materials (Aulin, Ahola, et al., 2009;
Aulin, Yun, et al.,, 2009; Buchholz, Wegner, Stemme, & Odberg,
1996; Kargl etal., 2013; Kontturi, Thune, & Niemantsverdriet, 2003;
Mohan et al., 2011, 2012; Orelma, Filpponen, Johansson, Laine, &
Rojas, 2011), we were interested whether the silyl groups can be
cleaved off in a similar way as in thin films for instance, where
acidic vapors (e.g. HCl) are employed. In the ideal case, the BiNPs
are not altered significantly, while the wettability of the matrix
changes from hydrophobic to hydrophilic. After exposure of the
grids containing the BiNPs in the TMSC matrix to acidic vapors of
HCI, the films should shrink and all trimethylsilyl groups should
leave the film. As expected, the matrix shrinks due to the conversion
of TMSC to cellulose caused by the formation of hydrogen bonding,
which leads to the formation of a porous structure on the grids con-
comitant with an increase in density (Kontturi & Lankinen, 2010)
(TMSC: ca. 0.99gcm™3; cellulose: 1.5gcm—3). However, the Bi-
NPs are still homogenously distributed within the cellulose matrix.
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Fig. 3. TEM images of the BiNPs after exposure to HCI vapors for 15 min at different magnifications. An EDX line spectrum showing the presence of silicon and bismuth is

incorporated in the left image.

Unexpectedly, the silyl groups do not leave the material but migrate
from the TMSC matrix to the BiNPs which yields silylated BiNPs dis-
persed in a cellulose matrix. This can be explained by the formation
of trimethylsilanol, Me3SiOH, under the chosen reaction conditions,
which is able to react with the thin oxide layer present on the out-
ermost surface of the BiNPs. As proven with TEM/EDX, the local
distribution of bismuth strongly correlates with the presence of
silicon. TEM images after regeneration can be found in Fig. 3.

This in-situ trans-silylation procedure does not significantly
affect the size of the particles (thickness of a TMS monolayer: ca.
0.5 nm) and although the silylation makes the particles hydropho-
bic, they remain homogenously distributed in the cellulose matrix
as proven by HR-TEM. These images clearly show that TMS-BiNPs
are not enriched at the air/polymer interface. Moreover, the con-
trast of the TMS-BiNPs in the TMSC matrix strongly varies, which

can be related to their homogenous distribution inside the cellu-
lose matrix. On first glance, the interaction between the cellulosic
matrix and the silylated BiNPs must be repulsive since in many
reports cellulose is considered to be mainly a hydrophilic poly-
mer. However, recent progress on cellulose dissolution (Lindman,
Karlstrém, & Stigsson, 2010; Medronho, Romano, Miguel, Stigsson,
& Lindman, 2012) and also theoretical approaches (Bergenstrahle,
Wohlert, Himmel, & Brady, 2010) in the field indicate that a much
more differentiated view is required to understand the interaction
behavior in cellulose (and its materials). In particular, hydrophobic
interactions have been underestimated in this context. Although
the proofs for the concept of amphiphilic cellulose, i.e. that cellulose
has hydrophilic and hydrophobic interaction capacities, are rather
strong, there is still an intense ongoing debate on this topic (Glasser
et al., 2012). The silylated BiNPs do support the hypothesis that

2

Fig.4. TEM images after exposure of the grids to X-rays (EDX) for 15 min at different magnifications. Note the arrows which point at the three smaller nanoparticles composing

the larger NPs.
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cellulose is an amphiphilic polymer, because the shrinkage of the
film should facilitate the removal of hydrophobic silylated nanopar-
ticles from the cellulose matrix by phase separation. Indeed, we
cannot observe such a phase separation. In contrast, our results do
not indicate any sign of phase separation and the TMS-BiNPs are
well distributed in the matrix, which probably can be attributed to
hydrophobic interactions of cellulose with the TMS-BiNPs. In addi-
tion to these results, we observed an interesting feature of these
TMS-BiNPs during EDX measurements. In the frame of the afore-
mentioned experiments, we performed EDX experiments, whereby
in the first series of measurements, the films have been exposed for
a rather long time to the X-ray beam. There are some cases known
where an increased energy input (e.g. by electron beams: electron
beam fragmentation)induces structural and chemical changes, par-
ticularly in case of nanoparticles (Esmail, Bugayev, & Elsayed-Ali,
2013; Pyrz, Park, Vogt, & Buttrey, 2007). In a very recent example,
BiNPs have been even synthesized by electron beam reduction from
Bi; 03 (Weis, Schneider, Seipenbusch, & Kasper, 2013). In addition,
the growth and decomposition (i.e. evaporation and coalescence)
can be tuned by the properties of the electron beam. It turned out
that during these EDX measurements the amount of bismuth in
the matrix was decreasing over time and after 15 min the amount
of bismuth was quite low. Obviously, under these conditions the
BiNPs evaporate from the cellulose matrix and they can be found in
the form of slightly smaller particles also outside the matrix (Fig. 4).

However, at a closer look using HR-TEM, it can be clearly seen
that the particles have a different appearance as well and look
more like aggregates of smaller particles than individual particles.
It seems that the silyl groups prevent the particles from aggregation
and coalescence to some extent.

4. Conclusion

In summary, an unconventional but highly reproducible synthe-
sis for amorphous bismuth nanoparticles in a biopolymer matrix is
described. For the proof of principle, easily accessible TMSC has
been chosen as stabilizer but in principle any other polysaccharide
can be used as well for this purpose as long as it exhibits sufficient
photostability and solubility in the chosen solvent. The combina-
tion of polychromatic UV irradiation of solutions containing BiPh;
and TMSC yields particles with a size of around 20 nm, which do
not alter when the TMSC is converted to cellulose by HCl vapors.
Future work will focus whether these particles can be used in inkjet
printing of electrodes. However, for this purpose other silylethers
of cellulose must be synthesized (e.g. tert-butyldimethylsilyl) and
other solvent systems must be investigated since first preliminary
attempts using this system (TMSC/toluene) were unsuccessful so
far.
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