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Abstract

Tin on the oxide form, alone or doped with others metals, has been extensively used as gas sensor, thus, this work reports on the preparation
and kinetic parameters regarding the thermal decomposition of Sn(ll)-ethylenediaminetetraacetate as precugs®higsSti@ acquaintance
with the kinetic model regarding the thermal decomposition of the tin complex may leave the door open to foresee, whether it is possible to
get thin film of SnQ using Sn(ll)-EDTA as precursor besides the influence of dopants added.

The Sn(ll)-EDTA soluble complex was prepared in aqueous medium by adding of tin(ll) chloride acid solution to equimolar amount
of ammonium salt from EDTA under Natmosphere and temperature of°80arising the pH~ 4. The compound was crystallized
in ethanol at low-temperature and filtered to eliminate the chloride ions, obtaining the heptacoordinated chelate with the composition
H,SnH,O(CH,N(CH,CO0),),-0.5H,0.

Results from TG, DTG and DSC curves under inert and oxidizing atmospheres indicate the presence of water coordinated to the metal and
that the ethylenediamine fraction is thermally more stable than carboxylate groups. The final residue from thermal decomposition was the
SnG characterized by X-ray as a tetragonal rutile phase.

Applying the isoconversional Wall-Flynn—Ozawa method on the DSC curves, average activation £gefg¥83.7+ 2.7 and 218.9t
2.1 kJmot?, and pre-exponential factor: loy= 18.854+0.27 and 19.1@0.27 mirr?, at 95% confidence level, could be obtained, regarding
the loss of coordinated water and thermal decomposition of the carboxylate groups, respectivelyamtddogA also could be obtained
applying isoconventional Wall-Flynn method on the TG curves.

FromE, and logA values, Dollimore and Malék procedures could be applied suggesting R3 (contracting volume) and SB (two-parameter
model) as the kinetic model to the loss of coordinated water (17 7>@)ldnd thermal decomposition of the carboxylate groups (2832@3),5
respectively. Simulated and experimental normalized DTG and DSC curves besides analysis of residuals check these kinetic models.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction bonded to the nitrogen and acetates group. The 2:1 chelate
is a linear complex in which it is possible the hydrogen
1.1. Solid Sn-EDTA complex bonding between water and carboxyl groups and still the

inter or intra-molecular participation of both oxygen atoms
Solids NaSn(l1)Y-2H,0, Sn(llpY-2H20 and CaSn(ll)Y- of a carboxylate group in coordination to the metal.
4H,0, where Y = EDTA, were obtained by Langdi] Van Remoortere et al[2] suggested, through X-ray
varying the metal:ligand ratio and it was observed, through diffraction, that the distannous complex Sn(ID[Sn(ll)Y-
infrared spectra, that the tin in these compounds can haveH,0]-2H,0 crystallizes in the space group P1 with one for-
4 or 6 coordination number. The obtained sodium salt of mula weight in each triclinic unit cell. The geometry of the
a 1:1 chelate is a cyclic compound in which the metal is inner coordination sphere around tin is a distorted pentago-
nal bipyramid and the remaining sites are taken by oxygen
from each of the four carboxylate substituents. Each SnY
* Corresponding author. Fax:55-162227932. unit is bonded to four Sn(ll) atoms of the second type via
E-mail addressribeiroc@ig.unesp.br (C.A. Ribeiro). carboxylate oxygen’s.

0040-6031/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
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The crystalline structure of stannic complex, Sn(lV) where¢ is the heat flow normalized per sample mass and
(OHp)Y, was determined through X-ray diffractidi]. It AHc corresponds to the enthalpy change associated with this
has been verified that the compound crystallizes in spaceprocess.

group P3/c with four formula units in each unit cell. The rate of the kinetic process can be expressed by:
Tin(lV) is coordinated by the two nitrogen atoms, four
carboxylate oxygens of the hexadentate ligand and by the 2 _ KD - f() 7
water molecule to form a seven-coordinate aqua complex. dr
o where
1.2. Kinetic aspects £
. - KT = Aexp(——"") (8)
The mathematical description of the data from a single RT

step solid state decomposition is usually defined in terms of
a kinetic triplet, as activation energi,, Arrhenius param-
eters,A, and an algebraic expression of the kinetic model in

The shape of a dynamic DSC curve at an specific heating
rate considering any kind of model can be written as:

function of the fractional conversiom, f(«), which can be Ea
related to the experimental data as follojk ¢ = AHcA exp(—ﬁ_> fl@) )
do E
rri A exp(—ﬁ_) Sle) 1) The test to find the kinetic model proposed by MdlEk-15]

_ _ _ is based on this equation and on the normaligéd and
For dynamic data obtained at a constant heating fate,  z(x) functions, that, under non-isothermal conditions, they
d7/dt, this new term is inserted ikq. (1) to obtain the are given by:
transformation:

E

dor _(9e) (L) = (%) (2 @ Y@= ¢exp(—a> = Buf(@) (10)
ar — \dr ) \dr dr )\ B RT
de A E where B, = AH:A is constant and the shape of th&x)
ar = E p “RT fla) ®3) function is formally identical to the kinetic modéx) in

which the maximum value is [12,15]
The dynamic experiments can be more convenient to carry

out if compared to running isothermal experiments and the a

reason for that is it takes time to reach an isothermal tem- @) = ¢Tr (ﬁ) = AHcpfl)gl@) (11)

perature[5]. However, any disagreement between data ob-

tained from dynamic and isothermal experiments has beenwhere 7(Ea/RT) is an approximation of the integral tem-

argued in literaturg6]. perature[16] that, in case of the(«) function[17], can
The activation energy from dynamic data may be obtained be obtained accurately considering the approximatios

from isoconversional method of Flynn and W4H] and RT/ B, then:

Ozawa[8,9] using the Doyle’s approximation qf(x) [10], 2

which involves measuring the temperatures corresponding®(® = ¢T° = Cu fla)g(e)

to fixed values ofx from experiments at different heating

rates, plotting In(p against 1T:

(12)

whereC, = AH:BE4/R is constant and the at the maxi-
mum of thez(«), &}, is characteristic for any kinetic model
[12,15].

The kinetic models to some thermal decomposition re-
actions can also be obtained through Dollimore’s method,
which is based on the “sharpness” of the onsg} §hd fi-
nal (T;) temperatures of the TG/DTG and its asymmetry

0{18,19]. The investigation of some parameters that describe
this asymmetry can thereby indicate the probable kinetic
mechanism expressedfés). When the thermal decomposi-

A BE exp<i> (5) tion reaction is not complex, the quantitative approach may

RTZ RT,, be obtained using parameters suchxggsy or (da/dT hax
peak temperature gJ, half-width from DTG curves.

In(B) =1In |: AE
Rg(x)
This method allows to obtain the activation energy,—
E(x) independently of the kinetic model.
The pre-exponential factor is evaluated taking into ac-
count that the reaction is a first-order one and can be define
as[11]:

E
—5.331-1.052— 4
i| RT @

1.2.1. Kinetic model determination This work aims at the kinetic evaluation &, andA to

The rate of the kinetic process daftirough DSC curves  the coordinated water dehydration and thermal decomposi-
is based on the relation: tion of the carboxylate groups to the Sn(ll)-EDTA complex
do ¢ and their kinetic models through non-isothermal methods

dr  AH: 6) described above based on the TG, DTG and DSC curves.
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2. Experimental elemental analysis (N, H, C) by using CE Instruments equip-
ment, model EA 1110-CHNS-O. The residue oxide was
2.1. Chemicals characterized through DRX using a Siemens D 5000 diffrac-

tometer with Cu Karadiation, submitted to 40kV, 30 mA,
The metal, inorganic salts, acids and solvents used to pre-0.05 s~1 step and exposed to radiation frorh dp to 70
pare the complex were reagent grade. The EDTA, in acid (260). The TG/DTG-DTA experiments were performed us-
form, and metallic tin were purchased from Analyticals- ing a simultaneous module of thermal analysis, SDT 2960
Carlo Erba Co. Ammonium carbonate and chloridric acid from TA Instruments, under dynamic atmosphere of nitro-
were purchased from Merck. Anhydrous ethanol was previ- gen and synthetic air (100 ml mid), alumina crucible of

ously purified in our labor. 40pul, a-Al203 as reference material, sample mass around
6 mg and heating rates of 5, 10 and’Z0min—* from 40 up
2.2. Preparation of the solid tin(ll)-EDTA complex to 1200°C. DSC recording was obtained by using a DSC

2910 module from TA Instruments under dynamic atmo-
The 2.646 mmol of tin(ll) chloride acid solution was sphere of nitrogen (100 mImift), covered aluminum cru-
added to an equimolar amount of ammonium ethylenedi- cible of 10wl with sample mass around 2 mg, aluminum
aminetetraacetate solution undes Btmosphere (to avoid crucible as reference material and heating rates of 5, 10 and
the hydrolysis of the metallic cation) and at a temperature of 20°C min— from 40 up to 600C. TheE, and logA kinetic
50°C. The soluble chelate was obtained after the addition parameters were calculated through the software’s TGAKin
of ammonium carbonate saturated solution up topH. V4.04 and DSCASTMKIin V4.08 from TA Instruments.
The crystalline solid Sn(Il)-EDTA complex was obtained
after a slow addition of an (10:1) ethanol:water solution at
low-temperature. After total sedimentation, around 12 h, the 3. Results and discussion
white solid Sn(ll)-EDTA complex was filtered and washed
with ethanol until the elimination of the chloride ions, Data from IR spectra to the compound showed three
then dried at room temperature and stored in a desiccatorbroadening bands with medium intensity at 3535, 3438
containing anhydrous Caglyields, 70%). The obtained and 3257 cm?! due to the C—H and O-H stretching in the
compound was the ¥$nH,O(CH;N(CH>COO))2-0.5H,0 CHaz groups of the EDTA and water molecules, respectively
(Mchelate = 435.94gmot?!. Calculated: C, 27.55%; H, [20-22]. A very strong band at 1680 cthand a medium
3.93%; N, 6.43%. Found: C, 27.64%; H, 4.29%; N, 6.56%. ones at 931 cm! are due to €0 asymmetric and acetate
C-C stretching, respectivelig0-24]. The appearance of
2.3. Characterization these two bands as a single sharp line is an evidence for
the equivalence of the carboxylate groups, which would
The complex was characterized through infrared absorp-be four coordinated to the metf0,22,23]. Medium and
tion spectra (IR) in the 4000-200 crhregion by using a  weak bands at 1444 and 1130cthhave been assigned to
Spectrum 2000 spectrophotomer as Csl pellet and throughC=0 symmetric and C—N stretching, respectivgp—22].
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Fig. 1. TG-DTA curves to biSnH,O(CH;N(CH,COO)),-0.5H,O compound in (a) synthetic air and (b) nitrogen atmosphere.
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A weak additional band at 410 and 350 chare associated 100

with vSn—O andvSn-N vibrations, respectiveli21,24]. . 0f —scmnt 000

From IR spectrum data, TG curves and elemental analy- S 80F - 10% min

sis it could be suggested that the metal is coordinated to 35, 70 - e 0% min®

nitrogen atoms, to four carboxylate groups of the EDTA 2 60| A

and to a water molecule as a heptacoordinated compound, 50 | S —

HaSnHO(CHaN(CH2CO0))2-0.5H,0. % 148'_ S T S T S T S
Fig. 1 depicts the TG and DTA curves of the complex ¢ 't —scmin® '

obtained under synthetic air and nitrogen atmospheres and:~ R P —

at 10°Cmin~1. In both atmospheres, the observed mass 5 08F  ocmint

loss between 40 and 10€&, with a corresponding en- § o4f

dothermic peak at 84, may be ascribed to the loss of 021 S

0.5 molecule of hydration water. The second thermal event 0.0 f———=s——————=" S’ S

between 200 and 24% (synthetic air atmosphere) and 205 50 100 150 200 250 300 350 400 450 500

and 254C (nitrogen atmosphere), may be related to the Temperature / °C

loss of 1HO coordinated to the metal with corresponding g » TG and DTG curves to thesSnHO(CHN(CH,COOY),-0.5H,0

endothermic peaks at 239 and 245 respectively. The  compound in nitrogen atmosphere.

oxidizing atmosphere provides the decomposition/oxidation

of the ligand in two steps between 283 and 469with

two intense exothermic peaks at 327 and 2Q3with for- 3.1. Calculation of the activation energy and

mation of the Sn@ in the rutile phase over 48C as pre-exponential factor

revealed by the X-ray diffraction patterns data. In the inert

atmosphere, mass loss between 279 and®G2(B6.52%), In the TG-DTG curves (Fig. 2) in nitrogen atmosphere,

with a corresponding endothermic peak at 3C3 can be it can be seen the mass loss regarding coordinated water

observed. It may be due to the partial thermal decompo- (187-250C) and thermal decomposition of the carboxy-

sition of carboxylate groups owing to they present weaker late groups (271-338). The DSC curves (Fig. 3) show

bonds regarding the ethylenediamine group. The remain-endothermic peaks with similarities to the TG-DTG curves

der complex, Sn(CEN).CH,COO, show slow decom- (Fig. 2).

position (18.51%) up to 628C likewise with formation The kinetic parameter§,; and logA to the dehydration

of SnQ. and first thermal decomposition were obtained applying the
Thus, the final residue is SpQin the rutile phase, in  isoconversional method of Flynn and W@l and Ozawa

both air and nitrogen atmosphere, nevertheless with a likely [8,9] on the reaction limits defined by TG and DSC curves.

dissimilar mechanism, as indicated by the feature of the TG To each fixed fractional conversion, and correspondent

and DSC curves. temperature, thE; could be calculated from the slope of plot
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Fig. 3. DSC curves to the #$nH,O(CH;N(CH,COQ),),-0.5H,0 compound in nitrogen atmosphere.
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Table 1

39

Data from TG and DSC used to obtain the thermal decomposition kinetic pararBgtens! logA regarding coordinated water (186—261) and carboxyl

group (265-344C) of the Sn(ll)-EDTA complex

TGA curves (reaction limits)

DSC curves (reaction limits)

B (°Cmin1) Start (C) Stop (C) Weight loss (%) B (°Cmin1) Start ¢C) Stop (C) AH (Jgh
4.98 186.5 236.8 4.6 5.00° 203.6 235.6 —-152.4
4,98 271.2 317.0 34.9 5.09 265.5 316.7 -217.3
9.99 196.2 244.4 4.3 10.06° 213.3 245.3 —98.6
9.9% 278.5 327.1 36.5 9.99 281.7 326.5 —253.8

19.5G° 203.5 250.0 4.0 20.08" 218.1 261.5 —-106.1

19.8% 287.2 336.1 36.6 19.77 297.9 344.3 —257.3

@ Loss of the coordinated water.
b Thermal decomposition of the carboxylate group.

of In(8) against 1000/TEq. (4)) and then the corresponding Tapje 2

log A throughEq. (5). The obtained results must be within Data from DTG curves regarding the mass loss of the coordinated water

the limit to be used the Doyle approximationix) in which 8 (“CminY) T, (°C) . Half-width

the 20 < E/RT < 50. Thus, the average values, at 95% peak, HW

confidence level, found tB; and logA regarding the loss of 4.98 296.0 0.67 22 62

coordinated water were 1844.5 and 183.22.7 kJ mol 1, 9.99 231.9 0.63 24.56

and 17.64-0.57 and 18.8%-0.27 min1, from TG and DSC 19.50 236.0 0.58 25.51

curves, respectively. Regarding the thermal decomposition gxpected values >0.6 t0 <0.7 20-42

of the carboxylate groups of the complex, the average values to R3 modet

obtained tde; and logA, through TG and DSC curves, were
2005+11.7 and 218.¢ 2.1 kJmol1, and 16.75: 1.2 and
19.10+ 0.27 min~1, respectively.

3.2. Determination of the kinetic model

3.2.1. Dollimore’s procedure
Dollimore’s procedure is applied on the curves TG/DTG
whose asymmetry observed between the ofisetnd the

a T;: diffuse, Ts: sharp.

final T; in DTG curves, may be associated with the parame-
ters as the fraction at rate of maximum decompositiQi,
peak temperaturély, at (d/dT)max, and HW= HiT-LoT
which is the difference between the high-temperature
and low-temperature at half-width of the DTG peak
(Table 1).
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Fig. 4. Experimental and simulated DTG curves aC5nin—* regarding the loss of coordinated water.
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Fig. 5. They(«x) andz(«) functions calculated from DSC datgig. 3) regarding the (a) loss of coordinated water and (b) thermal decomposition of the
carboxylate group.

To the loss of the coordinated water (Fig. 2) the inves-  Applying the Malek’s procedurfl2—15]to the data from
tigation of these parametef$8,19] yields amax at Tp and DSC curves (Fig. 3) the kinetic model regarding the loss of
HW. Table 2indicates the R3 modélf(e) = (1 — «)%/3), the coordinated water and the first thermal decomposition
corresponding to the contracting volume reaction. Knowing reactions could be defined through th@) andz(«) func-
the averageg&, and logA, o — T relation andf(«), the cor- tions, as defined ifEgs. (10) and (12), againat(Fig. 5a).
responding normalized simulated da/dd@rsusT plot could The reaction, considering the mass loss of coordinated wa-
be obtained and compared with the normalized experimen-ter, presents a maximum of tizéx) function,«?, located at
tal DTG curve confirming that the loss of coordinated water 0.65 and thg/(«) function present its maximuray, located
follows the contracting volume, R3 model (Fig. 4). at zero and a convex feature [ylo> «;] (Fig. 5a). This
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= log A = 18.85min™ A A o
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Fig. 6. Experimental and simulated DSC curves aCin—! regarding the loss of coordinated water.
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Fig. 7. Experimental and simulated DSC curves a€#nin—! regarding the thermal decomposition of the carboxylate groups.

behavior is characteristic to the R3 model [RO(n B nentmthen can be calculated by the relatian= pn, where
model] and according to that found by Dollimore’s proce- p = «}/(1— «}). Thus, the found value tmwas 1.39.

dure. As to the thermal decomposition of the carboxyl group  The normalized simulate@ againstT plot obtained
at a heating rate of 8C min™1, thea ~ 0.57 andv? ~ 0.65 through Eq. (9) and its proximity with the experimental
(Fig. 5b). In spite of appearing the round 0.63, which is DSC curves confirms the R3 (Fig. 6) and SB (Fig. 7) as
close to the value that would be expected for the IMA model, the kinetic models to the loss of the coordinated water and
it has to be taken in account that the compound cannot bethermal decomposition of the carboxylate groups, respec-
consider properly homogeneous. Thus, knowing that 0  tively. Residuals analysis (Figs. 8 and 9) allow to verify
o) < af, the auto catalytic SB (Sestak—Berggren) model in that there are not significant lack of fit of the simulated to
which f(a) = " (1 — )" seems to be the most suitable. experimental DSC and DTG curves, respectively.

The kinetic exponenn of the SB model can be ob- As to the loss of the coordinated water, it can be observed
tained by the slope of the linear regression from plot of a deviation from simulated to experimental DTG and DSC
In[(da/dt) exp(E/RT)] against lof’ (1 — )] for « values be- curves (Figs. 4 and 6) from ~ 0.8 and it may be due to an
tween 0.2 and 0.8 that yields= 1.05. The kinetic expo-  alteration in activation energy at the end of the process and/or

0.1

X Analysis of Residual
experimental less simulated DSC

+ Analysis of Residual
experimental less simulated DTG

R3 model

0.0

Residuals

-0.1 L 1 L 1 L 1 L 1 L 1 L
170 180 190 200 210 220 230

Temperature/°C

240

Fig. 8. Analysis of residual between experimental and simulated DSC and DTG curves regarding the loss of coordinated water.
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Fig. 9. Analysis of residual between experimental and simulated DSC curves regarding the thermal decomposition of the carboxylate groups.
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