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Low-Temperature Sn° Nanoparticles Synthesis by Means of

Tin(ll) N,N-Complexes Reduction

Michael Srb,” Yaraslava Milasheuskaya,” Roman Jambor,” Katefina Kopecka,™" and

Petr Knotek*™

A novel low-temperature liquid phase synthesis of the Sn°
nanoparticles has been reported. The effect of different
reducing agents (Li[AIH,], KIBEt;H], Na[BH,]) on the reduction of
the two different N,N-coordinated Sn" complexes has been
described. The influence of the different imino-pyridine chelat-
ing ligands to the synthesis of the Sn° particles, their separation

Introduction

Tin containing alloy was the first metallic alloy developed and
widely used by mankind for thousands of years before our era.
In modern times, tin-based eutectic alloy with lead (63 wt.% of
Sn with the melting point 183°C) was frequently used for
soldering due to the strength of the joint, as well as due to the
conserved chemical composition which is stable at all the used
atmospheric conditions and, thanks to a low operating temper-
ature, prevented thermal damage of the devices concerned.
Pb-containing alloys are banned, however, by the Restriction of
Hazardous Substances Directive 2002/95/EC" As a conse-
quence, Pb-free soldering became one of the most interesting
topics in material science at the beginning of the millennium
due to the solder material market size of over 1 billion USD.">*?
Tin-based materials are still widely studied but attention has
moved from tin alloys to tin nanoparticles because of the
possibility of decreasing the melting temperature with a
reduction of particle size (T,euing 140°C for the sub 10 nm Sn-
nanoparticles®™ is lower than the original Sn—Pb eutectic solder;
Trelting 230°C for the bulk Sn). The possible applications of tin
nanoparticles are therefore not limited to soldering. They have
also been widely studied as an anode material for Li-battery
technology,”” for catalytical purposes e.g. for alkylation,”
production of the conductive inks,®? alternative route for
planar waveguide preparation by local glass Sn-enrichment
instead of the expensive Sn ion-implantation® for solarization
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and the usage of surfactant for resuspendation to nanocolloid
has been studied. The Sn° nanoparticles were studied by means
of Energy-dispersive X-ray spectroscopy, powder X-ray diffrac-
tion, atomic force microscopy and dynamic light scattering
from the point of view of the chemical composition, crystal-
linity and size/agglomeration behavior.

of glass surfaces and increasing the second harmonic gener-
ation effect and holographic recording in glasses.”

The Sn-based nanoparticles can be prepared via both top-
down or bottom-up approaches. As an example of a top-down
approach from bulk metal, one can name high-intensity ultra-
sound treatment,® the spark erosion method® or the surfac-
tant-assisted solution plasma technique."” The ablation meth-
od, the next top-down method for the preparation of metallic
nanoparticles was used for the Ge-Sn alloy or SnO,
nanoparticles.” The tin nanoparticles resulting from the
procedures mentioned above are nearly spherical but with a
large size distribution (e.g. 50-3500 nm®). More precise control
of the Sn° nanoparticles size was achieved by the bottom-up
approach. Nanoparticles can be prepared by a hydrothermal
synthesis in H, atmosphere or the microwave-assisted solvo-
thermal route,**™ but the most promising procedure is the
chemical reduction. The strong influence on the properties of
final nanoparticles has been reported for different reduction
agents (e.g. diethylene glycol,™ Na[BH,],**"! K[BH,],"® NaH,"”
n-BuLi"® or KGC"). Equally important is the role of the
precursors, complexing agents modifying the reaction route
(e.g. 1,10 N,N-phenantroline"®2%), or surfactants for the stabili-
zation of the colloid."***2" The thermal decomposition of
organometallic complexes was also tested as an alternative
route for Sn° nanoparticles preparation e.g. [[Sn(NMe,),],] at
140°C,™ [Sn(salen)] at 650°C*" or Bu,SnPh (tributylphenyltin)
at 700°C.

We were focused in this study on a room temperature Sn°
nanoparticles preparation route. Two imino-pyridines L' were
used to prepare N,N-coordinated complexes [L'?—SnCl,].
Subsequent substitution yielded unstable complexes [L'*—
SnH,] in situ that eliminated the molecule of H, easily along
with the syntheses of the desired Sn° nanoparticles.”® The
influence of different chelating ligands L'?, the use of different
reduction agents as well as the addition of surfactant on the
properties of the resulting Sn° nanoparticles were studied.
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Results and Discussion

Chelating ligands L' were prepared according to the literature
procedure.”” Treatment of L'? with 1 eq. of SnCl, provided the
starting N,N-chelated complexes [L'—SnCl,] (1) and [L>—SnCl,]
(2), respectively (Scheme 1).

Compounds 1 and 2 are highly soluble in chlorinated
solvents. Both compounds have been characterized by elemen-
tal analysis and NMR spectroscopy (see Supplementary materi-
als). In the 'HNMR spectrum of 1 the CH=N proton resonates
at 0 =8.39 ppm shifted downfield as compared to the starting
ligands L' (6=8.21 ppm, similarly 6 =8.69 ppm for 2 vs. 6=
837 ppm for L?. The 'HNMR spectrum of 1 revealed a
downfield shift of hydrogen in the ortho position of the
pyridine (6=9.29 ppm) as compared with free L' (6=
8.67 ppm). The "°Sn NMR spectrum of 1 revealed signal
—219.5 ppm (0 =-235.5 ppm for 2). The values are shifted
upfield when compared to the related complex [TMEDA—
SnCl,] (8= —165.0 ppm)™’ suggesting higher electronic shield-
ing of the tin atom in 1 and 2 due to the strong CH=N—Sn
coordination. In addition, the tin atom is sterically protected by
tBu groups of the CH=N moiety in 1, while the shielding of the
Sn atom is arranged by the Ph group in the ortho position of
the pyridine in 2.

Complexes 1 was used as the starting material for the
production of the Sn° nanoparticles at laboratory temperature.
The addition of the stoichiometric amount of hydride origi-
nated from Li[AlH,], K[BEt;H] or Na[BH,] to the solution of 1
provided the unstable N,N-chelated complex [L'—SnH,]. We
used reducing agents that significantly differ from the reactivity
as illustrated e.g. by decomposition temperature/decomposi-
tion enthalpy per one hydrogen atom 180°C/22 kJ.mol™" and
400°C/—47 kJ.mol~" for Li[AIH,] and Na[BH,], respectively.”® A
spontaneous redox reaction provided the Sn°® nanoparticles
along with the elimination of H, and free ligand L' as detected
by the 'HNMR spectrum of the crude reaction mixture
(Scheme 2).
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L% R'=Ph,R?=/Pr;R®=H [L>>SnCl,] (2)

Scheme 1. Synthesis of compounds 1 and 2.
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Scheme 2. The general reaction pathway for Sn° formation.
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The separated dried product was a gray, crystal-like solid
material with the size of hundreds of um illustrated in Figure 1.
The materials were agglomerates of smaller particles (see
Figure 1 and Figure S8). The chemical composition responds to
the Sn with a typical content 96 wt.% (Figure 2a). The traces of
Al (the rest of the reagents), Si (the fragments of the chemical
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Figure 1. Optical (a, b) and SEM (c) microscopic images of the formed Sn°
solids originated/resulted from the reaction 1+ Li[AIH,].
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Figure 2. (a) lllustration of EDX spectra and (b) XRD pattern of the Sn°
particles originated from the reaction 1+ Li[AlH,] (black); the inset shows the
difference of the full-width of the diffractions in comparison to the product
of 14 Na[BH,] (red).

apparatus) and routine/unexceptional traces of carbon and
oxygen (C target for the sample and surface contamination)
were detected (Figure 2).

The samples were characterized by the powder X-ray
diffraction (XRD). Figure 2b indicates the XRD patterns of the
as-prepared material. All diffraction peaks can be readily
indexed to crystalline tin with tetragonal lattice (JCPDS card
No. 04-004-6229, see black squares and Figure S9). No peak
belonging to the other crystalline compounds was detected.
The Scherrer formula?”’ was applied for the calculation of the
average crystallite size based on the calculation of full pattern
matching using EVA software.”

The Sn® that was prepared by the reduction of 1 was
dispersed in the THF and sonicated for 25 minutes. The
material was broken up into the colloidal system, which seems
to be stable without the occurrence of any sediment. The
hydrodynamic size of the particles was determined by the DLS
and the histograms of the hydrodynamic diameters are
illustrated in Figure 3 for all the reducing agents. For all the
reduction agents, the histogram was bimodal. “Small” fractions
have been located in a range of 50-160 nm, where the lowest
fraction was prepared by the reaction of 1 with K[BEt;H]. This
fact frequently influenced the effective hydrodynamic diameter
of the colloid (D eff), but non-precisely, used as the main
parameter of particle size,”” see the data in Tab. 1. In addition,
the size of the crystallite (XRD) is comparable with the “small”
fraction of colloid for the Sn° obtained by the reaction of 1 with
K[BEt;H]. From this point of view, the size of the Sn° depends
on the reduction agent and the K[BEt;H] is the best reagent.

The reaction of 2 with K[BEt;H] has therefore been done
and the decomposition of an unstable [L>—SnH,] provided the
Sn°® (Scheme 2), which has been separated and characterized in
a similar manner. The data obtained both from the crystallite
(XRD) and THF dispersion (DLS) are provided in Table 1 and
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Figure 4. The particle size distribution of the Sn® dispersed via bath
sonication for different times of sonication: as prepared (a), stabilized by PVP
(b). The measurements were taken directly after sonication in THF.

Figure 3. It is apparent that the use of ligand L% where the Sn
atom is protected by the Ph in the ortho position of the
pyridine, provided the material with significantly higher
crystallite and size of the “small” fraction as compared to ligand
L' (Table 1). The size of the Sn° may also be tuned by sterical
shielding of the ligand L. Our results suggest an important role
of the substituents on the CH=N group (compare 2,4,6-tBu,-
CgH, in L' vs. 2,6-iPr,-C¢H; in L?) and the negligible effect of the
ortho substituents of pyridine (compare H in L' vs. Ph in L?).

© 2021 Wiley-VCH GmbH
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Figure 5. AFM topographical images of the typical particle distribution (a) and the “small” fraction (b) Sn° nanoparticles and topographical profiles of
agglomerates (c) and “small” fraction (d).

Table 1. The main system characteristics for different reagents (n.d.-not

) . . 0.
determined) (25 minutes of sonication in THE). As the reaction of 1 with K[BEt;H] yielded the Sn® with the

smallest size of crystallites (XRD), we focused on a higher

Crystallite D, eff D, eff Population dispersion degree and true nanoparticle colloid preparation
size (nm)® (nm)®! (nm) (%)"9 . . s .
from this material by the sonication in THF. Figure 4a presents

1+ LifAIH,] 95 350 130 37 the time dependency of the particle size distribution of a
T+ Na[BH,] 39 340 140 44 colloid during sonication. Before sonication, the particles were
1+ K[BEt;H] 45 280 50 20 ble b h di dd h
2+ KIBELH] 59 550 280 50 nonmeasurable by DLS, as they were sedimented due to the
1+ KIBEt;H] + nd. 150 50 80 size in the order of hundreds of um (Figure 1). As can be seen,
PVP40 kDa after 5 minutes of sonication, the trimodal distribution occurred
1+ KIBEt;H] + n.d. 240 60 40

with the “smallest” fraction at the hydrodynamic diameter
180 nm and the fractions at 600 and 1100 nm (the overall
E]hdet'ermiged by'XRdD.b[b]D'II:fS\e overall colloid and [c] “small” fraction effective D, =490 nm). Due to the further sonication for a
ehaviour determined by PL>. cumulative time of 25 minutes, the population of the particles

PVP360 kDa

ChemistrySelect 2021, 6,3926-3931  Wiley Online Library 3929 © 2021 Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistrySelect doi.org/10.1002/slct.202100618

Sn nanoparticle (1)+K[BEt,H]+PVP
bulk Sn

Heat flow (W/g)

T T T T T T
180 190 200 210 220 230 240

Temperature (°C)

Figure 6. Melting DSC curves (endo up) of the as-synthesized Sn° nano-
particles prepared by (1) + K[BEt;H] stabilized by PVP40 (black) and bulk Sn
(red).

600-1100 nm disappeared, being shifted to the distribution of
330 nm, with a smaller size fraction decreasing to around
50 nm (the overall effective D;=280 nm). The further sonica-
tion (illustrated for 60 min, see Figure 4a) led to an increase in
all the parameters of the population (disappearance of the
nanoparticles, increase of the overall effective D,;=385 nm) by
the reagglomeration process. This phenomenon was previously
observed for other “sticky” nanoparticles in different liquids
with different ionic strengths <3

The unwanted/undesired agglomeration is typically re-
duced by the surfactant. We used PVP as the most effective
stabilizing agent avoiding nanoparticle agglomeration and
surface oxidation.”®?" The advantage of PVP as a stabilizing
agent is the low influence of the particle growth, wide
applications for nanoparticles stabilization and a high affinity to
SnO,, the disadvantage is a higher crystallite size of prepared
Sn° particles in comparison with the citrate or hydrobenzamide
stabilized particles for a similar synthesis condition (160, and 90
and 50 nm respectively).?"” The Sn° nanoparticles could also be
stabilized by the monomer layer of the new stabilizing agents:
2,4,6-tri(2- pyridyl)-1,3,5-triazine and 3-(2-pyridyl)-5,6-diphenyl-
1,2,4- triazine and the stability of the nanoparticles are
demonstrated by the successful cycling of the battery with a
minimal decrease of the capacity.®” The positive effect of
PVP40 kDa was declared on the visual appearance of the
colloids (see supplementary materials, Figure S10) and mainly
on the histogram (Figure 4b), where the Sn-nanoparticles
population is illustrated under a similar procedure as in
Figure 4a with the PVP40 kDa addition. The population of
nanoparticles dramatically increased (maxima around 50 nm,
population over 80%) and the agglomeration process was
suppressed. The higher molecular weight PVP360 kDa did not
increase the nanoparticle dispergation. This is connected with
the decrease in both the solubility of PVP360 kDa and of the
molar concentration of accessible PVP for Sn° nanoparticles.

By means of the optimization of the process, we were
successful in the preparation of the Sn° nanoparticles with a
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diameter of around 50 nm and narrow size distribution, stable
for at least 12 hours (data not shown). Particles around 300 nm
were low populated (20%) and there was a need to determine
their origin: an agglomerate of the 50 nm nanoparticles or
300 nm single particle. The AFM microscopy and DSC were
used for the characterization of the Sn° particles. The AFM
topographical images indicate the two different sizes of Sn°
particles synthesized by chemical reduction and stabilized by
PVP after 60 min of the sonication. The nanoparticles are
round-shaped with the topographical height ranging from 35
to 70 nm (derived from the distance from the substrate, see
Figure 5) and the several hundreds nanometers particles (with
a height 300-700 nm). The population of the nanoparticles and
agglomerates were 72 and 10 units on the scan, respectively.
The detection was based on the thresholding technique of
image analysis.®? The topographical profiles of agglomerates
were not symmetrical (see Figure 5) as a relict of the several
crystallites forming these particles. The melting of the dried
sample by the DSC confirmed the significant decrease of the
melting temperature in comparison with the bulk Sn (220 and
233°C, determined as an onset temperature, see Figure 6). This
is in an agreement with the decrease typical for the 50 nm Sn°
nanoparticles.* The decrease of the minimal melting temper-
ature and increase of the full width at a half maxima is
connected with the surface effect of the nanoparticles and size
distribution."* The PVP presence is displayed as a background
shifting during the measurement, not observed on the pure Sn
melting (Figure 6).

To the best of our knowledge, based on the observed
characteristics of the material (single melting temperature
(DSC), the single crystallite size (XRD) and nonsymmetrical
agglomerates (AFM)), the agglomerates are formed from 50 nm
nanoparticles, in all probability grown from a single nucleus.
This results in the stability of the agglomerate during
sonication.

Conclusion

We have demonstrated for the first time a novel way of
obtaining a well-dispersed Sn° nanoparticles by the reduction
of imino-pyridines N,N-coordinated Sn" complexes. The process
was optimized from the point of view of the reducing agent
and ligand (K[BEt;H] and less shielding complex without Ph
group in complex 1), stabilizing agent (PVP40kDa) and
dispergation condition (low-cost sonication) for obtaining
stable colloid of 50 nm Sn° nanoparticles. The reaction
components were characterized by means of '°Sn{'H} NMR
spectroscopy and the product by the set of techniques (EDX,
XRD, AFM, DSC and DLS).

Supporting Information Summary

In the Supporting Information the experimental procedures are
reported (details of material synthesis, characterization and
stabilisation) as well as additional figures.
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