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Introduction

Doped and undoped nanocrystalline tin dioxide has many
potential or demonstrated applications in various fields including
solar energy conversion,1 catalysis,2 gas sensors,3 antistatic
coatings,4 and transparent electrode preparation.5 Fluorine is the
most efficient doping agent of tin dioxide materials used to reach
the highest electronic conductivity and IR reflectivity.6 Prepara-
tion of nanostructured SnO2 has already been reported,7 but to
our knowledge, no study has been devoted to the preparation
of similar F-doped tin dioxide materials, despite its huge
practical interest. The sol-gel process, based on the hydrolysis-
condensation reactions of molecular precursors (usually metal
alkoxides), allows the preparation of oxide materials of various
shapes.8 In addition, the wealth of the metal alkoxide chemistry

permits the design of molecular precursors including each atomic
component of the desired material. This strategy has led to metal
oxides of high chemical homogeneity and has been widely
investigated in the study of heteropolymetallic precursors.9 Until
recently, the concept of a single molecular precursor of F-doped
SnO2 prepared by the sol-gel route had never been investigated.
We have recently reported the first stabilized fluoroalkoxytin
complexes giving conductive F-doped SnO2 nanocrystalline
powders.10 The synthesis of these precursors requires three
synthetic steps; we have searched for a faster synthesis of
F-doped SnO2 sol-gel materials from tin(II) difluoride, which
is cheap and easily handled. We describe here the one-step
synthesis and the characterization of the first mixed-valence
fluoroalkoxytin molecules leading to the preparation of novel
fluorine-doped tin dioxide nanoparticles by the sol-gel process.

Experimental Section

General Procedures.Tin(II) difluoride (Acros) was dried under
vacuum at 120°C for 4 h before use. Tetraalkoxides were synthesized
according to previously reported procedures.11 All experiments were
carried out under nitrogen atmosphere by using standard Schlenk
techniques. NMR solution analyses were performed on a Bruker AC-
250 spectrometer or a Bruker DPX 200 spectrometer.1H NMR spectra
were recorded at 250 MHz (solvent CDCl3), while 13C NMR spectra
were obtained at 62.9 MHz (solvent CDCl3). 119Sn NMR spectra were
recorded at 74.6 MHz (solvent CDCl3, internal reference Me4Sn) and
19F NMR spectra at 188.3 MHz (solvent CDCl3, internal reference
CFCl3). Infrared spectra (KBr pellets or plates) were recorded using a
FTIR Perkin-Elmer spectrophotometer. Elemental analyses were per-
formed in the Center of Chemical Analysis of the CNRS (Vernaison,
France). The water content was determined by the Karl Fischer method
with short time contact to avoid the titration of surface hydroxyl
functions. The Mo¨ssbauer resonance spectra were obtained with a
constant-acceleration Halder-type spectrometer with a room-temperature
CaSnO3 source in a transmission geometry. The spectra were fitted to
the sum of Lorentzians by least-squares refinements. All isomeric shifts
given refer to CaSnO3 at 293 K. The abbreviations OtBu and OtAm
correspond to 2-methylpropan-2-oxy and 2-methylbutan-2-oxy groups,
respectively.

SnF2.Sn(OtBu)4 (1a). A mixture of SnF2 (1.29 g, 8.2 mmol) and
Sn(OtBu)4 (3.27 g, 7.95 mmol) was heated at 90°C under dry nitrogen.
The tin(II) difluoride was progressively dissolved in the melted tin(IV)
alkoxide, and the heating was continued for 1.5 h. The volatile
compounds were evaporated under vacuum, then the residue was
dissolved in dry chloroform, and the solution was filtered on dry Celite
to remove nonsoluble impurities. The filtrate was concentrated, and
the obtained solids were washed four times with dry acetonitrile to
yield 4.3 g (95%) of a white powder. Mp: 95-100°C. 1H NMR (250
MHz, CDCl3): δ ) 1.21 (s, 27H, CH3), 1.12 (s, 9H, CH3). 13C{1H}
NMR (62.9 MHz, CDCl3): δ ) 78.1 (br,C(CH3)3), 73.7 (2J(Sn,C))
50 Hz,C(CH3)3), 33.7 (C(CH3)3), 33.5(C(CH3)3). 119Sn{1H} NMR (74.6
MHz, CDCl3): δ ) -388 (s,2J(Sn,Sn)) 438 Hz),-669 (t,1J(Sn,F)
) 2797 Hz,2J(Sn,Sn)) 438 Hz).19F NMR (188.6 MHz, CDCl3): δ
) -120 (s,1J(Sn,F)) 2797 Hz). IR (KBr plates):ν (cm-1) ) 2976,
2920, 1465, 1365, 1245, 1190, 1050, 935, 780, 600, 550. Anal. Calcd
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for C16H36F2O4Sn2: C, 33.84; H, 6.39; Sn, 41.80; F, 6.70. Found: C,
32.1; H, 5.90; Sn, 42.81; F, 6.89.

SnF2.Sn(OtAm)4 (1b). The same procedure as for1awas used with
SnF2 (2.1 g, 13.4 mmol) and Sn(OtAm)4 (6.07 g, 13 mmol). An orange
oil was isolated (7.87 g, yield 97%).1H NMR (250 MHz, CDCl3): δ
) 1.68 (q, 6H,3J(H,H) ) 7.5 Hz, CH2), 1.49 (q, 2H,3J(H,H) ) 7.3
Hz, CH2), 1.36 (s, 18H, C(CH3)2), 1.22 (s, 6H, C(CH3)2), 0.86 (t, 9H,
3J(H,H) ) 7.5 Hz, CH3), 0.80 (t, 3H,3J(H,H) ) 7.3 Hz, CH3). 13C{1H}
NMR (62.9 MHz, CDCl3): δ ) 80.6 (br,C(CH3)2), 75.6 (2J(Sn,C))
55 Hz, C(CH3)2), 39.0 and 38.6 (CH2), 30.4 and 29.8 (C(CH3)2), 9.4
and 8.4 (CH3). 119Sn{1H} NMR (74.6 MHz, CDCl3): δ ) -397 (s,
2J(Sn,Sn)) 426 Hz),-668 (t, 1J(Sn,F)) 2805 Hz,2J(Sn,Sn)) 426
Hz). 19F NMR (188.6 MHz, CDCl3): δ ) -117 (s,1J(Sn,F)) 2805
Hz). IR (KBr plates):ν (cm-1) ) 2976, 2957, 2926, 2880, 1463, 1385,
1367, 1162, 1144, 1060, 963, 929, 875, 738, 590, 560.

1a/THF/4. In a Schlenk tube under a nitrogen atmosphere, a mixture
of water (0.467 g, 25.9 mmol) and dry tetrahydrofuran (1.6 mL) was
added slowly to a stirred solution of1a (3.68 g, 6.48 mmol) dissolved
in dry THF (24.4 mL). After the resulting solution was stirred at room
temperature overnight, a white precipitate appeared. The solution was
removed after centrifugation, and the resulting powder was washed with
dry n-pentane and dried under vacuum at 50°C. A white powder (2.3
g) was obtained. Anal. Calcd for F2O1.9Sn2‚(OC4H9)0.2‚(H2O)0.8: C, 2.87;
H, 1.02; Sn, 70.90; F, 11.34; H2O, 4.30. Found: C, 2.43; H, 1.09; Sn,
69.95; F, 10.89; H2O, 3.86.

Electrical Measurement. Thermolysis and X-ray characterization
procedures have been already described.10 The sample resistivity was
estimated by compacting under pressure (10 tons) a given amount of
powder (200 mg) between two stainless steel cylinders. The resistance
Rs of the as-pelletized materials (13 mm diameter, 0.42 mm thickness)
was measured with a Rhopoint M210 Milli-ohmeter. The measurements
were performed under pressure (0.5 ton) using the previous cylinders
as contacts. The sample resistivityFs was deduced fromRs by the simple
formulaFs ) SRs/ewhereSandeare the surface area and the thickness
of the sample, respectively.

Results and Discussion

Only a very few mixed-valence tin compounds, with moisture-
sensitive ligands, have been described, and none have been
employed as tin oxide precursor.12-14 To introduce the fluorine
to such compounds, a Lewis acid-base reaction between an
equimolar amount of tin difluoride and tin tetraalkoxide without
solvent was used to give the new mixed-valence adducts
SnIISnIVF2(OR)4 (R ) tert-butyl, tert-amyl)1. This reaction path
leads to defined compounds only with tertiary alkoxides
(Scheme 1).

The resonances of the room-temperature119Sn NMR spectrum
(Figure 1) of1 are located at-390 ppm (singlet) and at-670
ppm (triplet) in a 1:1 ratio. According to the correlation in119Sn
NMR between the chemical shift and the coordination number
of Sn,15 the less shielded signal, close to that of the starting
alkoxides,16 can be assigned to a four-coordinated Sn, whereas
the more shielded resonance, strongly different from that of

SnF2,17 may be attributed to a five-coordinated Sn bearing two
equivalent fluorines. The latter signal shows a well-resolved
coupling (∼2800 Hz) which falls into the range of direct
119Sn-F coupling with terminal fluorine atoms.18 Both com-
ponents possess doublet satellites arising from strong2J(119Sn-
X-117/119Sn) (420-440 Hz) coupling probably throughµ2-OR
groups. Similar values were indeed reported in the case of
[Sn(OiPr)4‚HOiPr]216 and Sn(OiPr)4Sn(OiPr)2,14 which exist as
dimers in solution. The19F NMR spectrum exhibits a singlet at
-120 ppm, with doublet satellites such as1J(119Sn-F) ) 2800
Hz, confirming the chemical equivalence of the two fluorine
atoms. The1H NMR spectrum at room temperature of1b shows
two systems of peaks in a 3:1 ratio for the expected resonances
of the OtAm groups (methylene and methyl regions), suggesting
the presence of two kinds of alkoxides in1b. In addition,
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Scheme 1

Figure 1. 119Sn {1H} NMR spectrum of1b recorded in CDCl3.

Figure 2. Experimental and fitted Mo¨ssbauer spectra of1a recorded
at (a) 293 K and (b) 77 K.
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correlation peaks were observed by2D-NOESY spectroscopy
between the resonances of the two alkoxides, showing that
through-space coupling occurs. This was confirmed by variable-
temperature13C{1H} NMR measurements. The alkoxide qua-
ternary carbon region exhibits two peaks at 25°C in a 3:1
ratio: a broadened band at 80.6 ppm, and a sharp line at 75.6
ppm, near that of the starting alkoxide. Upon cooling to-40
°C, the downfield peak split into two new resonances in a 2:1
ratio at 80.5 and 80.7 ppm, both peaks exhibiting doublet
satellites (2J(13C-119/117Sn)) 25 Hz) characteristic of bridging
alkoxides.16 The upfield resonance (75.6 ppm) was unchanged
with doublet satellites (2J(13C-119/117Sn)) 50 Hz) correspond-
ing to a terminal alkoxide.16 Consequently, adduct1b includes
three bridging and one terminal alkoxide groups, the bridging
alkoxide becoming unequivalent at low temperature.19

The oxidation state of each tin site in1a was determined by
Mössbauer spectroscopy. A strong energy dissipation occurred
at room temperature, leading to no signal (Figure 2a), which
accounts for the presence of organic ligands. Conversely, the
77 K spectrum exhibits two groups of well-defined resonances
in a 1:1 ratio (Figure 2b), assigned to resonances of a tin(IV)
atom and a tin(II) atom, respectively (Table 1). For the latter,
the isomeric shift comprised between that of SnO and the one
of R-SnF2,20 and the quadrupole splitting, near that described
for Sn2OF2,20 are in favor of a tin(II) site linked to both oxygen
and fluorine atoms. In addition, the splitting of the tin(IV) signal
indicates a distorted tin(IV) site. These spectroscopic data are
therefore consistent with the dimeric structure proposed above.

Adducts1 were then hydrolyzed in THF with hydrolysis ratio
[H2O]/[Sn] ) 4. The atomic ratios F/Sn (0.97) and C/Sn (0.4)
determined by elemental analysis in the resulting powder show
that the fluorine was retained and most of the alkoxide groups
were removed upon hydrolysis. According to Mo¨ssbauer data,
the oxidation state and the chemical neighborhood of each tin
site remained unaffected upon hydrolysis (Table 1).21 The two

kinds of tin sites were observed at room temperature, confirming
the loss of most of the organic ligands. However, X-ray
diffraction experiments and conductivity measurements per-
formed on powders dried at 50°C account for a poorly
insulating crystallized material (Table 2). In this type of material,

(19) 1a behaves similarly. Two peaks in a 3:1 ratio are indeed observed
by 1H NMR spectroscopy in the methyl region corresponding to the
resonances of thetert-butyl groups.

(20) Fourne`s, L.; Grannec, J.; Mirambet, C.; Hagenmuller, P.Z. Anorg.
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Table 1. Mössbauer Parameters Deduced from Spectra Recorded atT of 1a, Hydrolyzed1a (1a/THF/4), and Hydrolyzed and Then Calcined
1a (1a/THF/4/550°C)a

Sn(IV) Sn(II)

sample T (K) δ (mm/s) ∆ (mm/s) A (%) δ (mm/s) ∆ (mm/s) A (%)

1a 77 -0.008(6) 0.606(6) 54 3.253(9) 2.106(9) 46
1a/THF/4 293 -0.084(8) 0.565(8) 74.5 3.252(20) 1.883(20) 25.5

77 -0.049(9) 0.621(9) 54.3 3.326(9) 1.929(9) 45.7
1a/THF/4/550°C 293 0.042(5) 0.835(5) >99 <1
R-SnF2

20 3.472(4) 1.520(4)
SnO20 2.708(4) 1.308(4)
Sn2F2O20: site 1 3.071(4) 2.420(4)

site 2 3.115(4) 2.057(4)

a δ ) isomeric shift with CaSnO3 as a reference;∆ ) nuclear quadrupole splitting;A ) area of each signal.

Table 2. Evolution of the ResistivityF and the Composition of
Calcined1a/THF/4 as a Function of the TemperatureT of the
Thermal Treatmenta

T (°C) F (Ω‚cm) F/Sn C/Sn

50 ∞ 0.97 0.18
400 10000 0.41 0.04
550 0.7 0.14 <0.025
700 4 0.03 <0.025

a F/Sn and C/Sn) atomic ratios between fluorine and tin, and carbon
and tin.

Figure 3. A: TEM image of F-doped tin dioxide particles derived
from the hydrolysis product of1b treated at 550°C. B: FFT of the
particles.
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deep subband gap energy states exist, as a result of structural
defects, acting as electron traps. These inhibit the electronic
mobility and thereby cause a decrease in conductivity. To
improve their physical properties, the powders were thermolyzed
at various temperatures. The materials progressively crystallized,
the fluorine content decreased as the temperature was increased,
and the resistivity reached a minimum after treatment in air at
550°C for 15 min (Table 2). In this case, the resulting material
was completely oxidized, as indicated by Mo¨ssbauer data (Table
1),21 and showed the lowest resistivity (0.7Ω‚cm). It also
exhibited an X-ray diffraction pattern characteristic of crystallites
having the SnO2 cassiterite structure22 and an average size
estimated to be 7 nm.23 The particle size observed by transmis-
sion electron microscopy (TEM) appeared in general agreement
with the XRD determinations, though there was some distribu-
tion in size (Figure 3). According to elemental analysis, this
slightly gray material contains fluorine (F/Sn) 0.14) and a
few contaminating carbon atoms (C/Sn< 0.025). Although the
fluorine content is slightly higher than the best doping amount
in SnO2 thin films, which leads to the highest conductivity and
IR reflectivity,6 the resistivity of this F-doped SnO2 nanocrys-
talline powders is 3 times lower than that reported for Sb-doped
SnO2 powders.4 Thermal treatment at higher temperature
induced fluorine content in the materials too small to obtain
low resistivity, even if the crystallite size was larger (Table 2).

As was recently shown in the case of sol-gel materials
prepared from alkoxyfluorodi(â-diketonate)tin(IV) complexes,24

the fluorine loss likely occurs from 250°C as fluorhydric acid
resulting from the Sn-F bond cleavage in the presence of water
traces. This shows that a precursor containing a large excess in
fluorine is necessary to reach the suitable fluorine amount,
leading to SnO2 materials of low resistivity.

Conclusion

The structure in solution of the new hydrolyzable mixed-
valence SnIISnIVF2(OR)4 adducts is reported. They include a
four-coordinated Sn(IV) site and a five-coordinated Sn(II)
bearing two equivalent terminal fluorines, the two tin atoms
being bridged via threeµ2-OR groups. After hydrolysis and
thermal treatment in air at 550°C, these compounds yield
nanocrystalline F-doped SnO2 materials with high electronic
conductivity. This work constitutes the faster route toward such
materials, which are good candidates for the preparation of tin
oxide thin films.5 The preparation of F-doped SnO2 thin films
by spray pyrolysis and spin-coating is presently being developed
with these mixed-valence compounds as precursors.25
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THF/4 and1a/THF/4/550°C and X-ray diffraction data for Xerosol
1a/THF/4. This material is available free of charge via the Internet at
http://pubs.acs.org.

IC000111Z

(22) See the Supporting Information. Also see:Powder Diffraction File;
JCPDS International Center for Diffraction Data: Swarthmore, PA,
1997; No. 41-1445.

(23) The mean particle size was calculated applying the Laue-Scherrer
formula to the 110 reflection. See the Supporting Information. Also
see: Eberhardt, J. P.Structural and Chemical Analysis of Materials;
John-Wiley & Sons: New York, 1991; p 203.

(24) (a) Gamard, A. Ph.D. Thesis, University Bordeaux I, 1999. (b) Gamard,
A.; Babot, O.; Jousseaume, B.; Rascle, M.-C.; Toupance, T.; Campet,
G. Chem. Mater., submitted for publication.

(25) Preliminary results show that transparent conductive F-doped SnO2
thin films were obtained at 500°C by spray pyrolysis of a solution
0.1 M 1b in tert-amyl alcohol (film thickness 90 nm;F ) 0.03Ω‚cm;
optical transmission>80%; F/Sn) 0.12).

Notes Inorganic Chemistry, Vol. 39, No. 17, 20003927


