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Solid-State and Solution Structural Study of
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Precursor of SnO, Nanoparticles Prepared by a Sol—Gel
Route
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The effect of addition of different amounts of acetylacetone (acacH) on the species formed
at room temperature and after thermohydrolysis at 70 °C for 30 and 120 min of ethanolic
SnCl,4-5H,0 solutions is followed by EXAFS spectroscopy at the Sn K-edge. We show that
thermohydrolyzed solutions are a mixture of SnO, nanoparticles and soluble tin polynuclear
species. The complexation of the tin molecular precursors by acetylacetonate ligands is
evidenced by 'H, 13C, and *°Sn NMR spectroscopy and EXAFS for a acacH/Sn ratio higher
than 2. Single crystals are isolated from solution and the structure, determined by X-ray
diffraction, is built up from monomeric Cl3(H,O)Sn(acac)-H,O units bridged together by
hydrogen bonding. The acacH/Sn ratio in solution controls the polycondensation of the
hydrolyzed species but not the crystallite size of the SnO, nanoparticles (~2 nm). Because
of the major presence of chelated tin mono- and dimeric complexes in solution for acacH/Sn
> 2, the condensation is almost inhibited, meanwhile the decrease of amount of chelated
complexes for the acacH/Sn < 2 gives rise to an increase of the number of nanoparticles.
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Introduction

Different soluble tin alkoxide!~1! and tin halide pre-
cursors9-19 have been used for making SnO, powders
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and thin films via the sol—gel route. The hydrolytic
conversion from tin alkoxides (Sn(OR),) to metal oxides
is currently under intense investigation,!~!! aiming to
introduce low-moisture-sensitive groups in the coordi-
nation sphere of tin to control the kinetics of hydrolysis,
particle size, and morphology of powder and the micro-
structure of films. Such an approach has been success-
fully exploited to prepare nanoparticles of tin dioxide3—°
and of other metal oxides with interest for ceramic appli-
cations such as TiO,, ZrO,, and Al,03.20724 For example,
the hydrolysis of Ti(O'Pr), results in the formation of
polydispersed 10—25-nm particles of titanium dioxide,
whereas the hydrolysis of [Ti(O'Pr)s(acac)], (Pr = iso-
propyl; acacH = 2,4 pentanedione or acetylacetone)
leads to the formation of a colloidal sol consisting of
5—10-nm particles and hydrolysis of Ti(O'Pr),(acac),
results in the formation of weakly branched polymers.!
The hydrolysis of tetraalkoxitins leads to ill-defined
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aggregates (200—250 nm) of primary particles (35—85
nm),° while the lowering of the functionality of alkoxitin
precursor by complexation with weak hydrolyzable
groups, such as j-diketones, leads to the formation of
well-defined tin dioxide nanoparticles with average size
of 6—8 nm.® The list of organic modified tin alkoxide by
direct attachment of organic groups via C—Sn bonds or
partially complexed with S-diketones is very large!~1!
(see also references therein), but systematic investiga-
tion of the structure of species obtained in the initial
step of hydrolyses is relatively sparse.l=® The single-
crystal structures of organic-modified tin alkoxide pre-
cursors were reported, including as example the js-di-
ketones [Sn(OiPr)s(acac)],,® Sn(OEt),(y%-acac),, and
Sny(uz-0)2(u-OEL)4(OEt)s(n?-acac), 1 (Et = ethyl). How-
ever, in the case of acac-modified tin halides, only the
Cl,Sn(acac), has a known single-crystal structure.’?

As metal alkoxide precursors are expensive, extremely
sensitive to heat, moisture, and light, and their prepa-
ration is time-consuming,! soluble tin halide precursors
could be more appropriate for industrial applications;
many papers report the SnO, sol—gel synthesis from
tin chloride solutions.'3-1° The clear sol obtained by this
way was used to prepare conductive and transparent
films,®® ultrafiltration membranes,® and anticorrosion
coatings.!” The use of SnCl, ethanolic solution instead
of aqueous solutions results in a mixture of SnO,
nanoparticles and unhydrolyzed soluble species.'® The
precipitation of soluble species during drying of films
leads to reduction of porosity from 50 to 30% with
respect to aqueous sol derivative coatings.!® Recently,
we have shown?® that the relative amount of unhydro-
lyzed species can be tuned by changing the [acacH]/[Sn]
ratio in the initial precursor solution. This feature can
be useful to control the porosity of SnO, films.

This paper falls under our general effort to improve
the microstructural property of the SnO, coatings by
controlling the chemistry of the sol—gel route. The
objectives of this article are the determination of the
solution and solid-state structure (EXAFS, SCXRD, and
NMR data) of acac-modified tin tetrachloride precursor
and of the hydrolysis products. Furthermore, we tried
to get more quantitative information on the effect of the
nominal complexing ratio [acacH]/[Sn] on the hydrolytic
stability of the soluble complexes and on the SnO,
nanocrystallite size.

Experimental Section

Preparation of Samples. The precursor solution was
prepared by dissolving 0.09 mol/L tin tetrachloride pentahy-
drate in absolute ethanol. Different amounts of acetylacetone,
CsHgO- (noted acacH), were added at room temperature (RT)
to the solution to yield [acacH]/[Sn] nominal complexing ratios
of 0.0, 0.5, 1.0, 2.0, 4.0, and 6.0. They are referred to as AcO,
Ac05, Acl, Ac2, Ac4, and Ac6, respectively. The nominal
hydrolysis ratio of alcoholic solution prepared from pentahy-
drate tin tetrachloride (h = [H20]/[Sn] = 5) was adjusted by
dropwising addition of distilled water to yield h = [H,O])/[Sn]
= 105. The acid (pH =1) solutions were put into reflux
apparatus and the thermohydrolysis was carried out at 70.0
+ 0.5 °C for 120 min, giving rise to transparent and stable
sols. After that, the suspensions were cooled to RT, put inside
acetylcellulose membranes tubing (12—14 000 My), and then
submitted to static dialysis to eliminate as much as possible
unhydrolyzed complex and other soluble species. The colloidal
particles were isolated by freeze-drying at —5 °C and pressure
of ~1 umHg.
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NMR, Mass Spectroscopy Characterizations, and El-
emental Analysis. NMR solution analyses were performed
on a Varian Inova 300 Unity spectrometer. 'H NMR spectra
were recorded at 300 MHz, and *C NMR were obtained at
75.42 MHz. Chemical shifts were referenced to tetramethyl-
silane using the proton impurities of the deuterated solvent.
119Sn NMR spectra were recorded at 111.85 MHz, and chemical
shifts are quoted relative to (CH3)sSn, using SnSO, aqueous
solution (6 = —909 ppm) as a secondary external reference.?
NMR characterizations were performed on Ac6 solutions with
h = 5 and h = 105 before thermohydrolysis at 70 °C. After
removal at RT under vacuum of volatile components, solid
compounds were obtained in both cases, labeled complexes
CO—Ac6 and C100—Ac6, respectively. The prolonged aging
(two months) of C100—Ac6 in the liquor mother (acacH in
excess) gives rise to the formation of colorless prismatic single
crystals. The compounds CO—Ac6 and C100—Ac6 and the
single crystals so obtained were completely soluble in CD;0D
and analyzed by multinuclear NMR (*H, $3C, 119Sn) spectros-
copy. For microanalysis (C, H) the CO—Ac6 and C100—Ac6
powders were dried in a vacuum to constant weight (25 °C,
~0.01 Torr). Elemental analyses were performed with a
Perkin-Elmer model CHNS-O 1110 instrument.

Electrospray mass spectra (ESI-MS) were obtained with a
Platform 11 single quadrupole mass spectrometer (Micromass)
using an acetonitrile/H,O (1:1) mobile phase. Methanol solu-
tions of the compounds were injected directly into the spec-
trometer via a Rheodine injector equipped with a 10-uL loop.
A LC pump Shimadzu 10-AD delivered the solutions to the
vaporization nozzle of the electrospray ion source at flow rate
of 10 uL min~%. Nitrogen was used both for drying and for
nebulization with flow rates of approximately 200 and 20 mL
min~t, respectively.

Single-Crystal X-ray Diffraction (SCXRD). Colorless
prismatic single crystal was measured on an Enraf-Nonius
CAD-4 diffractometer with graphite-monochromated Mo Ka
(A =0.710 73 A) radiation working at RT. Unit-cell parameters
and orientation matrix for data collection were obtained from
least-squares refinement using the setting angles of 25 reflec-
tions in the 6 range 14.78—18.20°. W-scan absorption correc-
tion?% was applied. The structure was solved by the Patterson
and difference Fourier methods using the WinGX System.?’
The structure models were refined by a full-matrix least-
squares procedure on F?2 by means of SHELXL-97.28 In the
refinement procedure, all non-hydrogen atoms were treated
anisotropically. The hydrogen atoms of the water were ob-
tained in the Fourier difference map and refined; the carbon—
hydrogen atoms were located in their ideal positions and not
refined. All isotropic hydrogen thermal displacement param-
eters were set as 1.3 times the isotropic equivalent thermal
displacement of the attached atom.

EXAFS Measurements. EXAFS measurements were made
at LURE using the DCI storage ring (1.85 GeV and 300 mA).
The EXAFS data were collected at the Sn K-edge (30 keV), in
transmission mode, on the EXAFS IV spectrometer?® using a
two-crystal Ge (400) monochromator. The flux intensities
before and after the sample were measured by means of
ionization chambers filled with krypton. The EXAFS spectra
were recorded within a 1200-eV energy range with 4-eV steps
and 2-s accumulation time per energy. Solutions were char-
acterized at RT, using a liquid cell with Kapton windows and
an optical path length of ~15 mm. The solutions before heating
with h = 105 were measured during the first hour after the
addition of water. Freeze-dried powders (40 mg) were mixed
with 30 mg of cellulose and prepared as pellets. Crystalline
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SnO, and dichlorobis(2,4-pentanedionato)tin(1V), Cl,Sn(acac),
furnished by Sigma Aldrich, were used as EXAFS references.

EXAFS Data Analysis. The EXAFS data analysis was
processed using the procedure fully described in an earlier
paper® by using the chain of programs developed by Micha-
lowicz® and briefly summarized below. For the atomic absorp-
tion removal uo(E), the total absorption curve, u(E), above the
edge was fitted by a cubic spline function of the fifth order.
The EXAFS signal x(E) was obtained from a normalization
using the Heitler numerical procedure® and a subsequent
transformation of the energy to wavenumber scale (k). The k3y-
(k) weighted EXAFS signal was then Fourier transformed to
R distance space over ~11 A~1 (3.8—15.0 A1) using a Kaiser
apodization window with 7 = 3. The contributions of the
various shells of neighbors were extracted from the so-obtained
pseudo-radial distribution function (PRDF) by a back Fourier
transform in R space.

Simulations need the knowledge of amplitude and phase
functions for three types of backscattering atoms: oxygen and
chlorine atoms for the first coordination shell and tin atoms
for the second nearest neighbors. Oxygen backscattering
functions were extracted from the crystalline SnO; reference
after inverse Fourier transform of the first peak of the PRDF
and setting N = 6 as oxygen coordination number, R =2.06 A
as Sn—O0 distance in the first coordination shell, and 0?> = 3.6
103 A2 as Debye—Waller factor for this shell. For chlorine and
tin backscattering atoms, theoretical phase and amplitude
functions were calculated in the curved wave approximation
by using the FeFF6 code developed by Rehr and co-workerss33
and tested on the dichlorobis(2,4-pentanedionato)tin(lV), Cl,-
Sn(acac),,*? and crystalline SnO,% references, respectively. In
Cl;Sn(acac),,*? the tin atom is in a distorted octahedral
coordination with two chlorine atoms at 2.345 A and four
oxygen atoms of the two bidentate acetylacetonate ligands at
2.055 A. Errors in the structural parameters were calculated
from the standard deviation of each data point defined by the
relation, s(k) = 1/k2.35

Results

Effect of AcacH/Sn Ratio on the Structure of
Freeze-Dried Products. Figure 1 shows the PRDFs
around Sn atoms obtained for the SnO, crystalline
reference and the powdered samples obtained after
thermohydrolysis, dialysis, and subsequent freeze-dry-
ing. As for the polycrystalline SnO, reference, two main
peaks ranging between 1 and 4 A are observed on the
PRDFs of the powders. The first peak is related to the
first coordination shell of oxygen atoms at 2.06 A, and
the second broad one is related to the main Sn contribu-
tions at 3.19 and 3.72 A. They are characteristic of the
cassiterite type structure.34 Peaks at R > 4 A correspond
to the tin contributions at longer distances in the
cassiterite network. It is noteworthy that the intensity
of the PRDFs of the different powders does not depend
on the acacH/Sn ratio. As a consequence, the structural
parameters determined by a least-squares fitting pro-
cedure to simulate the first and second peaks of these
PRDFs were found invariant, whatever the acacH/Sn
ratio in starting solution. The structural parameters so
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Figure 1. Pseudoradial distribution functions around Sn of

the SnO; crystalline reference and of the powdered freeze-dried
samples as a function of the acacH/Sn ratio.

obtained were 6.0 + 0.3 oxygen atoms at 2.06 + 0.01 A
and 1.6 + 0.2 and 4.8 £ 0.4 tin atoms at 3.20 + 0.01
and 3.73 + 0.01 A, respectively. The Debye—Waller
factors were found at 3.6 x 1073 + 1074 A2 for the
oxygen and first tin nearest neighbors and 4.9 x 1073
+ 104 A2 for the second tin nearest neighbors. The
drastic reduction of the tin coordination numbers in
second nearest neighbors for the freeze-dried samples
compared to the polycrystalline SnO, reference (2 Sn
at 3.19 A and 8 Sn at 3.72 A) is due to the nanometric
size effect of the colloidal particles.3%36 Indeed the
important contribution to the total EXAFS signal of
absorbing atoms located at the surface of nanocrystal-
lites with fewer cationic nearest neighbors induces a
significant reduction of the mean coordination number
for cationic—cationic contribution compared to the value
for bulk materials containing well-developed crystallites.
The nanocrystalline size of the different samples esti-
mated according to the recurrence formula established
in ref 30 is ~2.3 + 0.3 nm whatever the acacH/Sn ratio.
These results indicate that the addition of acac as
complexing ligand has an insignificant effect on the
control of particle size growth.

Effect of AcacH/Sn Ratio on the Thermohy-
drolysis of the Solutions. The evolution of the PRDFs
for AcO, Ac05, Acl, Ac2, Ac4, and Ac6 solutions before
and after 120 min of thermohydrolysis are presented
in Figure 2a—f, respectively. This figure reports also the
PRDFs corresponding to the solutions with hydrolysis
rate h = 5. Solutions with h =5 present a single intense
peak around 2.0 A with a faintly marked shoulder
around 1.5—1.6 A. The intensity of this peak clearly
decreases with the amount of acacH in solution. This
evolution could account for the complexation of Sn by
acetylacetonate ligands. Solutions with h = 105 are
characterized by two maximums located at 1.6 and 2.0
A, respectively. Quantitative analysis of these contribu-
tions shows that the one at 1.6 A is due to oxygen
backscattering atoms located at 2.07 + 0.01 A from Sn
whereas the one at 2.0 A is related to a chlorine
contribution located at 2.37 + 0.01 A from Sn. For sake
of clarity, the Sn—0O and Sn—ClI related contributions
are only indicated in Figure 2a and f.
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Figure 2. Pseudoradial distribution functions around Sn of
the different solutions with h = 105 before (full line) and after
(dashed line) thermohydrolysis at 70 °C during 120 min: (a)
AcO, (b) Ac05, (c) Acl, (d) Ac2, (e) Ac4, and (f) Ac6. For AcO,
Acl, Ac2, and Ac6, the PRDF's for ethanolic solutions with h
=5 are also reported in full dotted line.

The comparison of the PRDFs of the solutions with h
= 105 before thermohydrolysis shows two distinct
behaviors with respect to the complexation depending
on the acacH/Sn ratio. For acacH/Sn = 2, the intensities
of the oxygen and chlorine contributions do not change
with the acacH content and the oxygen contribution
appears as a pronounced shoulder at the left side of the
chlorine contribution. For acacH/Sn < 2, the splitting
of the oxygen and chlorine contributions is enhanced
and the relative intensity of the chlorine contribution
increases with the acacH amount. This behavior sug-
gests that the local order around tin after the addition
of 2 equivalents of acacH with respect to Sn is insensi-
tive to further increase of acacH content in the reaction
bath.

Comparing now the PRDFs of the different solutions
before and after thermohydrolysis, no significant change
for the Ac4 and Ac6 solutions (Figure 2e and f) is
observed, whereas for acacH/Sn < 2, important changes
in the relative intensity of the two main peaks are
observed (Figure 2a—d). In this case, the thermohy-
drolysis leads to an increase of the intensity of the first
peak related to the oxygen contribution and to a
decrease of the intensity of the second one related to
the chlorine contribution. This effect is stronger as the
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Figure 3. Kinetics of thermohydrolysis for (a) AcO and (b)
Acl. The PRDFS correspond to t = O (full line), 30 (dot and
dashed lines), and 120 min (dashed line) of thermohydrolysis
at 70 °C.

acacH content decreases, evidencing the substitution of
Sn—Cl by the Sn—0O bond due to the hydrolysis or
complexation reactions, or both. This exchange de-
creases as the acacH/Sn ratio increases up to 2, indicat-
ing that either the thermohydrolytic stability of the
precursors or the number of acac ligands reaches a
maximum for acacH/Sn ~ 2. Furthermore, contributions
at longer distances (R > 2.2 A) are observed after the
hydrolysis at 70 °C, indicating the existence of a
medium-range order around Sn due to condensation
reactions. As observed in Figure 3 for different thermo-
hydrolysis times carried out for AcO and Acl, the longer
the hydrolysis time, the higher the intensities of the
peaks relative to the oxygen and tin atom contributions,
indicating that the condensation reactions progress with
time. It is also noteworthy that at the early stage of
thermohydrolysis (t = 30 min) the intensity of the tin
contributions is higher for solutions without acacH than
with acacH, indicating that the addition of acacH delays
the condensation reactions. The structural parameters
obtained by a least-squares fitting procedure to simulate
the peaks in the range 0.9-2.4 A of the PRDFs
displayed in Figure 2 are gathered in Table 1. For all
these solutions, the fitting procedure is based on a two-
shells procedure involving oxygen and chlorine back-
scattering atoms. For solutions with h = 5, which are
characterized by a single broad peak, the best simula-
tions are obtained by considering a two-shells model
with 0.8—1.7 oxygen atoms at 2.08 + 0.01 A and 4.4—
3.7 chlorine atoms at 2.37 + 0.01 A. We note a concomi-
tant decrease of the coordination number for the chlo-
rine shell and an increase of the coordination number
for the oxygen shell when the acacH amount in the re-
action bath increases. This could be attributed to a par-
tial substitution of chlorine atoms and water or EtOH
ligands by acac ligands. Then the oxygen contribution
for Acl, Ac2, and Ac6 before the addition of water par-
tially arises from the complexation of Sn by acac ligands.

The expected chelation of tin by acetylacetonate
ligands is strongly suggested by the EXAFS results.
Actually, this chelation is clearly evidenced by the
presence of carbon atoms as second neighbors of tin
(peak ~2.7 A) for solutions prepared with acacH/Sn =
2 as presented in Figure 2. This carbon contribution was
also observed in the experimental PRDF of the reference
compound Cl,Sn(acac), and of Clz(H20)Sn(acac)-H,0O
single crystal isolated here. These spectra, presented
in Figure 4, were successfully reproduced by ab initio
simulations performed with the FeFF63 and FeFFIT3?
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Table 1. Structural Parameters Obtained from the Filtered EXAFS Signal (Filtered R Range = 0.9—2.4 A) for
the Different Ethanolic Solutions of Tin(1V) Chloride Modified by acaH before (h = 105, t = 0 min) and after
(h = 105, t = 120 min) Thermohydrolysis?

samples before
thermohydrolysis

samples after
thermohydrolysis

(t=0min) N R (A) %2 (t =120 min) N R (A) %2

ClySn(acac); ref 40 2.055 1.57
2cCl 2.345

Ac0,h=5 0.8+040 2.08 1.09
4.4+02Cl 2.37

Ac0, h =105 334030 2.06 0.94 AcO, h =105 424060 2.07 0.98
2.6 +0.2Cl 2.37 2.0+ 0.3Cl 2.37

Ac05, h = 105 324010 2.07 1.05 Ac05, h = 105 45+060 2.08 1.36
2.7+0.1Cl 2.36 1.9+0.3Cl 2.37

Acl,h=5 1.14+050 2.09 0.41
41+03Cl 2.37

Acl, h =105 3.0+020 2.06 0.91 Acl, h =105 44+020 2.08 2.86
2.9+ 0.2Cl 2.36 2.24+0.2Cl 2.37

Ac2,h=5 1.6+ 050 2.07 1.52
3.8+0.3Cl 2.38

Ac2, h =105 3.0+020 2.07 0.91 Ac2, h =105 394020 2.08 0.39
3.24+0.2Cl 2.37 2.34+0.2Cl 2.37

Ac4, h =105 3.0+010 2.07 1.59 Ac4, h =105 3.0+020 2.06 1.37
3.14+0.1Cl 2.36 3.0+ 0.2Cl 2.37

Ac6, h =5 1.74+050 2.08 0.88
3.7+ 0.3Cl 2.37

Ac6, h = 105 31+020 2.06 1.08 Ac6, h = 105 28+010 2.07 1.04
2.8+ 0.2Cl 2.37 3.24+0.1Cl 2.36

a The effect of addition water is reported with the structural parameters for solutions with h = 5. N and R are the running parameters
whereas the Debye—Waller factors were fixed to 4.9 x 1073 A2 in both subshells. The reliability of the fit is given by the y2 parameter
defined by 2 = (Nina/Npts) Y i1 "=(1/5(k)?)[Kyexp(K) — Kytn(K)]2, where Ning is the number of independent points, Nps is the number of data

points, and s(k) is the standard deviation defined by s(k) = 1/k2.

codes based on the crystallographic structure of Cl,Sn-
(acac),™ and of Clz(H,0)Sn(acac)-H,O described in the
next section. Distances were fixed at the crystallo-
graphic values,213 and only the Debye—Waller factors
of the different single and double scattering paths
involving the atoms located at R < 3.4 A from Sn were
refined. These simulations unambiguously identify the
peak around 2.7 A in the PRDFs as arising from the
carbon atoms of the acetylacetonate ligand.

Before thermohydrolysis but when water is added (h
= 105), the first coordination shell is described in
average by 3.0 oxygen atoms at 2.06 & 0.01 A and 3.0
chlorine atoms at 2.37 + 0.01 A, whatever the acacH
content (Table 1). Then the addition of water leads to a
substantial modification of the composition of the two
subshells. The coordination number of the oxygen shell,
Nsn—o, increases whereas the coordination number of
the chlorine shell, Nsh—c), decreases.

Taking into account the error bars on the determi-
nation of the coordination number, the Nsn—o and Ngn—ci
numbers for Ac4 and Ac6 (h = 5) are invariant before
and after thermohydrolysis (Table 1). This confirms that
the change of the local order around Sn by thermohy-
drolysis is very small for acacH/Sn > 2. On the other
hand, for acacH/Sn =< 2, Ngp—o increases 1.0—1.5 atom,
whereas Ngp-c) decreases 0.6—0.9 atom. The composi-
tion after thermohydrolysis of both subshells for Ac05
and Acl is equal to that for AcO within the error bars.

Structure of Isolated CO—Ac6 and C100—Ac6
Complexes and of Cl3(H,O)Sn(acac)-H,O Single
Crystal. In the H and 3C NMR spectra of the Sn

(37) Newville, N.; Ravel, B.; Haskel, D.; Rehr, J. J.; Stern, E. A,;
Yacoby, Y. Physica B 1995, 208&209, 154.

complex CO—Ac6 dissolved in CD30D, the signals of
chelating acac were clearly observed besides the pres-
ence of that ones belonging to free acacH in excess,
which was not totally removed during the preparation
for NMR characterizations. Before hydrolysis (complex
C0—Ac6), the TH NMR spectrum at RT shows two
singlets at 5.91 and 2.17 ppm attributed to the CH and
methyl of the acac ligand. Moreover, two weak peaks
located at 5.86 and 2.14 ppm are also observed, sug-
gesting the presence of acac coordinated to another tin
species. In addition, 13C NMR spectrum exhibits peaks
for CH3, CH, and CO of the chelating ligand at 27.79,
103.12, and 197.81 ppm, respectively, and less intense
peaks corresponding to a secondary species observed at
27.63, 102.65, and 197.01 ppm. In this spectrum, the
satellites of 3C—119Sn scalar couplings could be de-
tected: 30 ((Jmethy), 94 ((Jch), and 44 Hz (2Jco). The
11950 NMR spectrum of the complex CO—Ac6, presented
in Figure 5a, displays a single major resonance with a
chemical shift at —616 ppm together with much less
intense resonance at —635, —606, —628, and —652 ppm.
The origin of these three later low-intensity second
resonances marked by arrows at the 1°Sn NMR spec-
trum can be attributed to species originated from SnCl,
in methanol solution. This statement is based on the
observation that the 1°Sn NMR spectrum of the pure
SnCl4-5H,0 in methanol shows three very broad signals
with the same chemical shifts. Correlation of 1°Sn
chemical shift values with tin coordination numbers
were previously reported,191138 and accordingly, the
chemical shift at —616 ppm of compound CO—Ac6 is
consistent with 6-fold coordinated species. Despite the

(38) Hani, R.; Geanangel, R. A. Coord. Chem. Rev. 1982, 44, 229.
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Figure 4. FeFFIT simulations of the EXAFS spectra of (a)
the Cl,Sn(acac), reference and (b) the Cl;(H.0)Sn(acac)-H,O
single-crystal according to their crystallographic structures.
The structural parameters used in the simulation of the Cl.-
Sn(acac), compound are No = 4 at 2.055 A with 02 = 3.6 103
A2 Ng =2 at 2.345 A with 02=2510"3 A2, Nc =4 at 2.98 A,
and Nc = 2 at 3.33 A with ¢ = 3.6 1073 A2 Those used in the
simulation of the Cl3(H.O)Sn(acac)-H.O single crystal are
reported in Table 4, presented as Supporting Information.
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Figure 5. 19Sn NMR spectra of CO—Ac6 (a) and C100—Ac6

(b) complexes recorded in CD3OD solution at RT. Arrows

indicate peaks related to SnCl,-5H,0 in methanol.

observed peak broadness (40 Hz for the peak at 616
ppm), indicative of exchange processes involving iso-
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meric species for the complex, the identification of these
isomers is uncertain. Examination of the effect of
temperature and concentration on the 1°Sn spectra
coupled to molecular weight studies could improve
considerations on the origin of these resonances. The
ESI-MS data revealed the [Cl3(H.O)Sn(acac)]™ (m/z 341)
molecular ion besides [M™ — H,0] fragment (m/z 323).
These spectroscopic data strongly suggest that the
complex CO—Ac6 exists in solution as Cl3(H,O)Sn(acac).
Furthermore, C = 15.5 wt % and H = 2.8 wt % were
found in elemental microanalysis, which are in reason-
able agreement with the stoichiometry of this monoch-
elate complex (Anal. Calcd of Cl3(H20)Sn(acac): C=17.5
wt %, H= 2.6 wt %). The difference between the
expected and the measured carbon and hydrogen con-
tents is indicative of the presence of a minor amount of
secondary tin species. The local tin environment of the
predominant species can be therefore constituted of one
acac ligand, a water molecule, and three chlorine atoms
arranged in an octahedral symmetry. This result is in
agreement with the average coordination number de-
termined by EXAFS for the Ac6, h = 5 solution.
Nevertheless, the first coordination sphere around tin
was described (Table 1) for this solution by 3.7 £ 0.3
chlorine atoms and 1.7 £ 0.5 oxygen atoms belonging
to acac ligand. The difference between both structural
descriptions could result from the fact that the Ac6, h
= 5 solution was characterized by EXAFS just after
addition of acacH. Then the formation of the Cl3(H,0)-
Sn(acac) compound may occur at an early stage during
the concentration of the initial solution.

The presence of chelating acac on tin nuclei in
complex was also pointed out by 'H and 3C NMR
spectra of C100—Ac6 sample obtained after addition of
water at RT, which presents the same peaks observed
for CO—Ac6. However, the intensity of the lines corre-
sponding to the secondary species increases and be-
comes as intense as that of dominant resonance initially
verified for CO—Ac6. The ratio between integrated areas
of peaks located at 5.86 and 5.91 ppm in 'H NMR
increases from 0.10 to 0.77 after addition of water. This
behavior was also noted in the 13C NMR spectrum and
is clearly illustrated in the °Sn NMR spectrum dis-
played in Figure 5b. In this spectrum, the ratio between
peaks located at —616 and —635 ppm increases from
0.08 (Figure 5a) to 0.77 after addition of water (Figure
5b). The peak at —635 ppm is in good agreement with
the chemical shift reported!® for the bis-chelate complex
Cly,Sn(acac),. This behavior is analogous to the equilib-
rium between the dimer [Sn(acac)(OR)3], and the mono-
mer Sn(acac),(OR), verified by Chandler et al.1® in
which a new 119Sn resonance placed at a more negative
chemical shift continuously increases when monomer
is converted into dimeric species. The mass spectral data
obtained in the ESI mode reveal the presence of [Cls-
Sn(acac)],™ (m/z 645) molecular ion besides fragment
m/z 446 [M* — 2acac] of the molecule mixed with those
corresponding to Clz(H,0O)Sn(acac) fragments.

The prolonged aging (two months) of C100—Ac6 in the
liqguor mother (acacH in excess) gives rise to the forma-
tion of colorless prismatic crystals. The 11°Sn NMR
spectrum of these crystals dissolved in CD3OD presents
a single resonance located at the same chemical shift
(—616 ppm) of the most intense peak verified in Figure
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Figure 6. ORTEP plots, with 50% of thermal ellipsoid
probability, of the (a) molecular geometry and atom labeling
and (b) crystal structure showing hydrogen bonding for
trichlorohydro(2,4-pentanedionato)tin(1VV) monohydrate, Cls-
(H20)Sn(acac)-H,0.

5a. Thus, only the dominant complex formed before
water addition, which we assumed as being Cl3(H,0)-
Sn(acac), seems responsible for making these crystals.
In fact, the crystal structure, determined by X-ray
diffraction, consists of Cl3(H,0)Sn(acac)-H,O units (Anal.
Calcd for Cl3(H,0)Sn(acac)-H,0O: C = 16.76 wt %, H =
3.08 wt %; Found C = 16.67 wt %, H = 3.04 wt %), which
looks like monomers of trichlorohydro(2,4-pentanedi-
onato)tin(1VV) monohydrate (Figure 6a). The asymmetric
unit contains four monomers bridged together by hy-
drogen bonding, developing an infinite polymeric struc-
ture parallel to the (001) crystallographic planes, as
shown in the ORTEP3? projection at Figure 6b. The
oxygen atoms of the bidentate acac ligand are located
at 2.063 + 0.005 and 2.078 =+ 0.005 A of the tin atom.
The other four positions of the distorted octahedral
coordination of tin(IV) atom are occupied by the three
Cl atoms at mean distances of 2.36 A and by the O of
the bonded water molecule, at 2.150 + 0.005 A. The
relevant structural parameters so determined are gath-
ered in Tables 2 and 3, grouped with the hydrogen bond
lengths and angles, while other relevant crystallo-
graphic parameters are deposed at the Cambridge
Crystallographic Data Center with CCDC 193964. The
intramolecular distances are analogous to that reported

(39) Farrugia, L. J. ORTEP3 for windows. J. Appl. Cryst. 1997, 30,
565.

(40) Séby, F.; Potin-Gautier, M.; Giffaut, E.; Donard, O. F. X
Geochim. Cosmochim. Acta 2001, 65, 3041.
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Table 2. Crystallographic Data for the Complex

C100—Ac6

formula CsHoClI303 Sn H,0
formula weight 360.20
crystal system Monoclinic
space group P2i/c
unit cell dimensions:

a(A) 7.408(1)

b (A) 6.980(8)

c(R) 23.867(3)

p (deg) 94.39(1)
unit cell volume V (A3) 1231(1)
no. of formula units per unit cell Z 4

calcd crystal density D(calc) (Mg/m3) 1.944
absorption coefficient u(Mo Ka) (mm=1)  2.711

total no, of electrons in the unit 696
cell F(000)
crystal size (mm) 0.15 x 0.20 x 0.25
temperature (K) 293
radiation wavelength Mo Kot (A) 0.71073
6 min—max (deg) 2.8, 30.0
data set hkl min:max —10:10; —2:9; —33:21
no of reflctns, total, unique data 4568, 3578
internal reliabitlity factor R(int) 0.062
observed data [l > 20(l)] 2125
no. of reflctns: Ny, No. of params 3578
used in the refinement Npar 126
reliability factor R 0.0575
weighted reliability factor wR2 0.1795
goodness of fit S 1.00
w = 1/[0%(Fs?) + (0.0990P)?2 + 0.5295P],
where P = (F,2 + 2F:2)/3
max and av shift/error 0.00, 0.00
min and max residual —0.92,1.18

density (e/A3)

for the Cl,Sn(acac),!? and are totally consistent with the
EXAFS parameters determined for the first coordination
shell of tin species in Ac6 solution after addition of water
(Ac6, h = 105).

Effect of AcacH/Sn Ratio on the Composition of
Thermohydrolyzed Solutions. The evolution of the
PRDFs observed for the solutions as a function of the
acacH/Sn ratios can be explained by a partial condensa-
tion of soluble tin species to form SnO, nanoparticles.
Tin atoms in solution are mainly involved either in the
SnO; nanoparticles or in the soluble tin species eventu-
ally complexed by acac. Then we have reproduced the
filtered EXAFS signals in solution after thermohydroly-
sis by a weighted linear combination of the filtered
EXAFS signals of SnO, nanoparticles obtained after
dialysis and freeze-drying and of the initial solution
before heating (h = 105). Figure 7 displays the best
linear combinations so obtained; the percentages of the
two components so fitted are also indicated, evidencing
as a trend that the presence of acacH at high concentra-
tion (Ac6 and Ac4) drastically affects the SnO, formation
by thermohydrolysis. On the other hand, the composi-
tion of the solutions after 120 min of thermohydrolysis
appears relatively unchanging for acacH/Sn < 2, i.e.,
~27% of SnO..

Discussion

We have shown that the solution at the advanced
stages of the thermohydrolysis is a mixture of soluble
tin species and SnO, nanoparticles. The trend evidenced
by linear combinations between the filtered EXAFS
spectra at the early stage of hydrolysis and of those of
SnO, nanoparticles to reproduce the filtered EXAFS
signals of thermohydrolyzed solutions is a decrease of
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Table 3. Distances (A) and Angles (deg) for the Complex C100—Ac6 and Hydrogen Bonds (A) and Angles (deg) for the
Complex C100—Ac6

sn cin 2.355(4) c1 c5 1.481(9)

sn cl2 2.342(3) c1 c2 1.371(9)

Sn I3 2.382(3) c2 c3 1.401(9)

sn o1 2.078(5) c3 c4 1.508(9)

sn 02 2.063(5) o1 c1 1.300(8)

Sn 03 2.150(5) 02 c3 1.289(8)

03 H130 0.73(8) 03 H230 0.71(12)

o1w H20W 0.76(9) o1w H10W 0.75(11)
cn sn cl2 100.15(8) cl2 sn 03 85.8(1)
ci Sn cI3 96.93(8) cI3 Sn o1 86.0(1)
ci Sn o1 92.7(1) CI3 Sn 02 170.1(1)
ci sn 02 90.3(1) cI3 sn 03 88.5(1)
ci sn 03 171.4(2) o1 sn 02 86.8(2)
Cl2 Sn CI3 96.05(7) o1 Sn 03 81.02)
CI2 Sn o1 166.6(1) 02 Sn 03 83.6(2)
Cl2 sn 02 89.4(1)
Sn o1 c1 125.5(4) sn 02 c3 126.2(4)
o1 c1 c2 124.9(6) o1 c1 c5 115.1(6)
02 c3 c4 115.9(6) 02 c3 c2 124.5(6)
c2 c1 c5 120.0(6) c1 c2 c3 126.8(6)
c2 c3 c4 119.6(6)
H130 03 H230 123(8) H10W 01w H20W 108(9)

12 2b 3 di12 d23 di3 angle 123
o1w H10W Cl3t 0.75(11) 2.53(10) 3.234(7) 159(9)
01w H20W Cl32 0.76(9) 2.71(9) 3.286(7) 134(8)
o1w H20W 012 0.76(9) 2.30(9) 2.980(8) 150(9)
03 H130 o1wW?3 0.73(8) 2.00(8) 2.683(8) 159(9)
03 H230 01w 0.71(12) 2.03(11) 2.734(8) 170(8)

a1=2—-X, Yoty Yp—222=x,-1+y,2.°3=1-x,Yo+y -z
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Figure 7. Filtered EXAFS signals of the thermohydrolyzed
solutions (t = 120 min) (dotted line) for the different acacH/
Sn amount reproduced by linear combinations (full lines) of
the filtered EXAFS spectrum recorded for the freeze-dried
powders and of the filtered EXAFS spectrum recorded for the
h = 105 and t = 0 solution.

the amount of nanocrystalline SnO, obtained after 120
min of thermohydrolysis at 70 °C with the increase of
AcacH in solution. This indicates that acetylacetone acts
as delaying agent for the nucleation (hydrolysis) process
involved in SnO, particles formation. But it does not
change the condensation process since the average
crystallite size (2 nm) is not affected by the acacH/Sn
ratio. A similar behavior for the invariance of size was
already reported in ref 7 for the hydrolysis of tin

isopropoxide in the presence of acacH followed by aging
at 60 °C for 24 h. The results presented herein are fully
in agreement with our previous in situ SAXS study.®
Both works suggest comparable reactivity for the hy-
drolyzed species involved in the condensation reaction
whatever the acacH/Sn ratio used in initial solution.
However, the amount of so-obtained colloidal SnO,
particles decreases drastically for acacH/Sn > 2. Taking
into account this behavior, the discussion will be focused
on clarifying two main aspects: first, the change of
nature of molecular precursor with the acacH content
in the initial solution before and after water addition
and, second, the mechanism of the initial step of the
formation of SnO, nanoparticles. For the sake of clarity,
we will discuss first the results concerning the precur-
sors prepared with excess of acacH and in the following
those with acacH/Sn < 2.

For acacH/Sn > 2, the mean coordination numbers
(Table 1) found for oxygen (Nsh-o ~ 2) and chlorine
atoms (Nsn—ci1 = 4) in the first coordination shell of tin
in solutions with h = 5 are in agreement with the
presence of anhydrous monochelate, like the monomeric
species [Cl4Sn(acac)]~. This molecular unit formation is
also in agreement with the ESI-MS, and NMR results
evidence the dominant formation of monomeric mono-
chelate species. The changes of the mean coordination
number (Nsp—o =~ 3 and Nsp-ci &~ 3) just after the
addition of water (h = 105) at RT can be accounted by
the first step of hydrolysis and formation of hydrated
monochelate Cl3(H,0O)Sn(acac) having the monomeric
structure of isolated single crystal (Figure 6a). However,
NMR shows clearly the presence of a second different
chelate species (Figure 5b) besides the monomeric
monochelate species. Its heavy molecular mass species
(m/z 446) and the existence of a medium-range order
(R > 2.2 A) around Sn atoms in its EXAFS spectrum
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Figure 8. FeFFIT simulations of the EXAFS spectrum of the
Ac6, h = 105 solution (before heating). (a) Simulation per-
formed considering a Sn—Sn* contribution; (b) simulation
performed without the Sn—Sn* contribution. These simulation
are based on the Cl3(H.O)Sn(acac) molecule shown in Figure
6a, with unchanged distances between the absorbing Sn atom
and the atoms of the acac ring. Sn—O (for O belonging to the
water molecule), Sn—ClI, and Sn—Sn¥*, if any, distances are
only refined. The parameters used for the simulations are
gathered in Table 4 of Supporting Information.

(Figure 2) suggest the formation of small polycationic
species (dimer, trimer, ...). The formation of such cat-
ionic species was confirmed by evidencing the presence
of Sn second neighbors around the absorbing atom from
ab initio FeFFiT simulations of the EXAFS spectrum
of Ac6, h = 105 (before heating). The distances of the
first coordination shell (made of three chlorine atoms
and three oxygen atoms, two from acac ligand and one
from aquo ligand) were fitted whereas the Sn—C dis-
tances were kept fixed at the values reported for the
Cl3(H20)Sn(acac)-H»0 crystal. The same multiple scat-
tering contributions as those used for the reproduction
of Cl3(H20)Sn(acac)-H,O, up to a total half-effective
length of 4.0 A, were considered. Panels a and b of
Figure 8 show the simulations performed with and
without a Sn—Sn contribution, respectively. The small
peak at ~3.6 A is satisfactorily reproduced, taking
account of a tin atom located at 3.95 A from the
absorbing atom. The EXAFS parameters determined by
the fitting procedure for the simulation of the EXAFS
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spectra of Cl3(H20)Sn(acac)-H,O and of Ac6, h = 105
(before heating), were reported in Table 4 given in the
Supporting Information. They are consistent with the
formation of polycationic species. In fact, it is expected
that the equilibrium between the monomeric and the
oligomeric complex is easily displaced by the change of
the reactant concentration and the addition of water as
previously reported by Chandler® for the acac-modified
tin alkoxide. Although, the thermodynamic constants
for this class of tin(1V) complex are unknown,*® making
difficult the modeling of this equilibrium, the abundance
of the oligomeric species when water is added strongly
suggests that tin atoms are linked by one hydroxo or
oxo bridge. In this framework, the addition of water and
subsequent equilibrium between monomeric and oligo-
meric species should be for Acac/Sn = 6:

[Cl,Sn(acac)] + H,O —
[Cl;Sn(acac)(H,0)] + CI <~
[Cl;(acac)Sn(u,-OH)], + HCI

Note that without further substitution of chlorine ligand
by water the oligomerization is limited to the formation
of dimers.

A 5-fold coordination shell for tin with Nsp—o0 ~ 1 and
Nsn—ci1 =~ 4 was determined by EXAFS for the precursor
in initial ethanolic solution without the addition of
acacH and water (AcO, h = 5). Possible models for this
precursor should be monomeric [Cl,Sn(H20)] or [Cl4Sn-
(EtOH)] species, but oligomeric species cannot be ex-
cluded. The low coordination number for tin observed
in the AcO sample (h = 5) favors the nucleophilic
addition! of water in order to fit the stable 6-fold
coordination. As revealed by EXAFS, upon addition of
water (h = 105), a partial substitution of the terminal
hydrolyzable Cl ligand by Sn—O bonds are clearly
evidenced by the decrease of the Ngn—c from 4.4 to 2.6
and the increase of the Ngh—o from 0.8 to 3.3. Thus, the
driving forces of hydrolysis are 2-fold: the expansion
of the coordination number from 5 to 6 and the substi-
tution of chlorine ligand by water. The presence of water
molecules in the coordination sphere of tin favors the
beginning of condensation as indicated by the Sn—Sn
contribution located at ~3.6 A on the PRDF of AcO, h =
105 (Figure 2 a). Ab initio simulations of the EXAFS
spectrum of AcO, h = 105, performed in the same way
as previously described for Acé h = 105 (Figure 8) was
successfully reproduced with a minimization of the
distance between tin atoms at 4.00 A evidencing the
formation of oligomers. As no remarkable change of
quasi-elastic light scattering was observed after water
addition at RT, we assume the formation of small
oligomers such as dimer, trimer, etc.

It is noteworthy that, as the acacH content increases,
the total tin coordination number for the first coordina-
tion sphere in initial ethanolic solutions without water
addition (h = 5) does not change drastically (from 5.2
to 5.4). Thus, the remarkable increase of Nsp—o coordi-
nation number from 0.8 to 1.7 and decrease of Nsn—cj
coordination number from 4.4 to 3.7 indicates that one
acacH molecule substitutes water (or EtOH) ligands and
partially hydrolyzable chlorine ligands. However, the
fact that the Nsp—o coordination number is systemati-
cally lesser than 2 indicates a mixture of unchelate and
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chelate acac species. The addition of water leads to the
expansion of the coordination sphere of tin toward the
6-fold coordination and the partial substitution of
chlorine ligands. Favorable conditions for polyconden-
sation reactions are then reached; nevertheless, the
formation of SnO, particles at RT is only evidenced by
EXAFS for AcO and Ac05. This suggests that the
formation of nanoparticles is strongly related to the
relative proportions of unchelate and chelate acac
species in solution. For excess of acetylacetone, i.e.,
acacH/Sn > 2, the condensation is limited to the
formation of small oligomeric species, like the proposed
dimer for Ac6, h = 105.

Finally the excess of acetylacetone, acacH/Sn > 2, is
a prerequisite to the formation of a tin—acac—chelate
complex at RT and stabilizes the precursor against the
formation of SnO, nanoparticles at 70 °C. This behavior
can be due to the equilibrium between bonded acac and
free acacH that is displaced toward complexation as the
acacH/Sn ratio in the reaction bath increases. Further-
more, the increase of temperature also favors the
complexation reaction and the increase of the content
of tin chelate species.’® Then the stability of less
hydrolyzable acac chelate ligand during the thermohy-
drolysis at 70 °C for 120 min accounts for the low
amount of SnO, nanoparticles (Figure 7) formed for
acacH/Sn > 2.

Conclusion

The structure of molecular species present in tin
tetrachloride ethanolic solution containing different
amounts of acetylacatonate as complexing ligand was
reported. The RT formation of monochelate acac tin
complex is systematically verified. But the proportion
of this chelate species increases with the acacH/Sn ratio.
Whatever the acacH/Sn ratio, an expansion of the tin
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coordination sphere from 5 to 6 is evidenced upon
addition of water at RT, which allows the occurrence of
polycondensation reactions. In these conditions, con-
densation reactions are limited to the formation of small
oligomeric species in excess of acetylacetone (acacH/Sn
> 2).

Single crystals were isolated from the solution with
AcacH/Sn = 6 and nominal hydrolysis ratio of 105.
The structure is built up from monomeric Clz(H,0)Sn-
(acac)-H»0 units bridged together by hydrogen bonding.
But in solution, these monomeric units are in equilib-
rium with dimeric species, with possible [Cls(acac)Sn-
(u2-OH)]2~ arrangement.

The size (2 nm) of the SnO; nanoparticles formed by
thermohydrolysis is independent of the acacH content
in the reaction bath. In the presence of an excess of
acacH (acacH/Sn > 2), the hydrolytic stability of the
acac—chelate complex increases, preventing the progress
of further condensation reaction and resulting in less
than 1% of nanoparticles. On the contrary, for acacH/
Sn < 2, the amount of SnO, nanocrystalline particles
obtained by thermohydrolysis is similar to that obtained
with the solution without acacH (~27%).
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