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ABSTRACT

Single crystals of strontium tartrate tetrahydrate, SrC,H,04-4H,0O, were grown at 308 K by a gel
method using silica gel as the medium of growth. Differential scanning calorimetry,
thermogravimetric-differential thermal analysis, and X-ray diffraction measurements were
performed on the single crystals. The space group symmetry (orthorhombic P2,2,2;) and the
structural parameters were determined at room temperature. The O-H-O hydrogen-bonded
network formed between adjacent C4,H;,O¢ molecules was found to extend along the a-axis. Weight
losses due to thermal decomposition of SrC4H,O¢-4H,0 occurred in the temperature range of 350—
1200 K. The weight losses during decomposition were suggested to be caused by the evaporation
of bound water molecules and the evolution of H,CO, 1/20,, and 2CO gases. The chalky white
substance remaining in the open vessel after decomposition was strontium oxide, SrO.

Keywords: SrC,4H,;0¢°4H,0; crystal structure; thermal decomposition; DSC; TG-DTA; X-ray.
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1. INTRODUCTION

The two types of tartrate salt are represented
by two different chemical formulas, which
have two monovalent cations or one bivalent
cation: MMC4H,0¢xH,O (M* = H', Li*, Na*, K",
Cs*, or NH,") and BC,H,0¢xH,0 (B* = Ca®,
Mn?*, Fe*", Co?, cu?', zn*", Sr**, sn*, Ba®", or
Pb*), respectively [1-11]. Some of the
compounds exhibit a range of interesting
physical properties such as ferroelectricity,
piezoelectricity, structural phase transitions
and dielectric anomalies, and are used in
ultrasonic transducers and microphones, as
well as in linear and nonlinear mechanical
devices [2,12-14]. More than 150 years ago,
Louis Pasteur developed the first chiral
separation of the enantiomers of sodium
ammonium tartrate by utilizing the asymmetry of
the crystals [15-17]. He found that a change in
the optical rotation of plane-polarized light was
induced by the different structures of the
enantiomers in water solution. The discovery of
enantiomers has played an important role in
advancing the scientific understanding of
molecular chirality.

Strontium tartrate (SrC4H;Og) is known to
have two different crystal structures. One is
monoclinic with space group P2;, and contains
three independent water molecules in the
structure. The positional and thermal parameters
of the atoms in the crystal structure of
SrC4H406:3H,O have been reported by
Ambady [10]. The other is orthorhombic with
space group P2;2;2;, and contains four
independent water molecules in the structure.
The lattice parameters of SrC4H;04-4H,0
obtained from powder X-ray diffraction are
close to those of calcium tartrate tetrahydrate,
CaC4H40¢6-4H,0 [9,11]. However, the crystal
structure of the SrC4H;O¢:4H,O crystal has
not yet been determined. The crystal structure
of the strontium salt is expected to be close
to that of the calcium salt. Moreover, a
detailed description of the thermal
properties of SrC;H406-4H,0 has not yet been
reported.

The purpose of this study is to determine the
crystal structure of SrC4H;04-4H,O at room
temperature using X-ray diffraction
measurements, and to obtain the thermal
properties of the strontium salt using differential
scanning calorimetry (DSC) and
thermogravimetric-differential thermal analysis
(TG-DTA) measurements.

2. EXPERIMENTAL

2.1 Crystal Growth

Single crystals of SrC,H,04-4H,0O were grown in
silica gel medium at 308 K using the single test
tube diffusion method. The gels were prepared in
test tubes (length of 200 mm, and diameter of 30
mm) using solutions of 2M Na,SiOz (20 ml), 1M
C4HeO6 (20 ml), and 2M CH3;COOH (20 ml), and
aged for one day. A solution (20 ml) of 0.5 M
SrCl,-6H,0 was then gently poured on top of the
gel. The crystals used were harvested after three
months.

2.2 X-ray Crystal Structure Determination

The X-ray diffraction measurements were carried
out using a Rigaku Saturn CCD X-ray
diffractometer with graphite-monochromated Mo
K, radiation (A = 0.71073 A). The diffraction data
were collected at 299 K using an w scan mode
with a crystal-to-detector distance of 40 mm, and
processed using the CrystalClear software
package. The sample used was spherical in
shape with a diameter of 0.30 mm. The intensity
data were corrected for Lorentz polarization and
absorption effects. The structure was solved with
direct methods using the SIR2011 program and
refined on F? by full-matrix least-squares
methods using the SHELXL-2013 program in the
WinGX package [18-20].

2.3 Thermal Measurements

DSC and TG-DTA measurements were
respectively carried out in the temperature
ranges of 105-450 K and 300-1250 K, using
DSC7020 and TG-DTA7300 systems from Seiko
Instruments Inc. Aluminium (for DSC) and
alumina (for TG-DTA) open pans with no pan
cover were used as the measuring vessels and
reference pans. Fine powder samples prepared
from crushed single crystals were used for the
measurements. The sample amount varied
between 2.88 and 3.94 mg, and the heating rates
were 5 or 10 K min™ under a dry nitrogen gas
flow.

3. RESULTS AND DISCUSSION

3.1 Crystal Structure

The crystal structure of SrC4H;04-4H,0 was
determined at room temperature by X-ray
diffraction. The lattice parameters calculated
from all observed reflections showed that the
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crystal belongs to an orthorhombic system. The
intensity statistics and systematic extinctions in
the observed reflections strongly indicated that
the crystal belongs to an acentric point group,
and the possible space group is P2,2,2;. Thus,
the space group of SrCsH4064H,O was
determined to be orthorhombic P2,2,2; with a =
9.4694(4) A, b =9.5130(3) A, and ¢ = 10.9703(3)
A. The atomic coordinates and thermal
parameters for SrC4H;04-4H,0, including the
positions of all hydrogen atoms, were determined
at room temperature. A final R-factor of 4.01%
was calculated for 5076 unique observed
reflections. The relevant crystal data, as well as a
summary of the intensity data collection and
structure refinement parameters, are given in
Table 1. Fig. 1 shows a perspective view of the
crystal structure of SrC,H;04:4H,0. The
positional parameters in fractions of a unit cell,
and the thermal parameters are listed in Table 2.
Selected bond lengths (in A) and angles (in
degrees) are given in Table 3. The hydrogen-
bond geometry (in A and degrees) is presented
in Table 4.

The observed lattice parameters along the a- and
c-axes are slightly larger than those of
CaC4H406'4H,0, whereas the parameter along
the b-axis is slightly larger than that determined

Table 1. Crystal data, intensity collection and str

by the powder X-ray diffraction method for
SrC4H406-4H,0 [7-9,11]. The observed structure
of the strontium salt contains  four
crystallographically independent H,O molecules,
and is very close to that of the calcium salt [7,8].
The fundamental features of the obtained
structure are as follows. Each Sr atom in the unit
cell is surrounded by eight O atoms at distances
from 2.527(2) to 2.676(2) A to form a SrOg
dodecahedron, as shown in Table 3. The
average Sr—O distance is 2.594 A. The lengths of
the six O-C bonds in a C4H,O molecule are in
the range of 1.241(4)-1.428(4) A, as shown in
Table 3. The variation in O-C distances is
probably related to differences in bond type. The
lengths of single and double O-C bonds in
organic molecules are around 1.43 and 1.22 A,
respectively. The lengths of O(3)-C(2) and O(4)—
C(3) bonds on hydroxyl group are about 1.43 A.
Thus, two of the O-C bonds have single bond
character. As the lengths of the remaining four
O-C bonds are about 1.25 A, these bonds have
double bond character. Moreover, the lengths of
the three C-C bonds are in the range of
1.518(4)-1.541(4) A. Because the length of a
single C—C bond in organic molecules is around
1.54 A, these three bonds have single bond
character. Rotational symmetry of the C4H;O¢
molecule is seen about the axis perpendicular to

ucture refinement for SrC  4,H,O04-4H,0 at room

temperature

Compound, M,

Crystal shape, colour
Crystal system, space group
Lattice constants

V,Z

D(cal.), (Mo Kg), F(000)
Sample shape, size in diameter
6 range for data collection
Index ranges

Reflections collected, unique
Completeness to Omax
Absorption correction type
Transmission factor Tmin—T max
Date, parameter

Final R indices

R indices (all data)

Weighting scheme

Goodness-of-fit on F2
Extinction coefficient
Largest diff. peak and hole
Flack parameter

SI’C4H12010, 307.75

Prism, yellowish

Orthorhombic, P2,2:2;
a=9.4694(4) A, b =9.5130(3) A
¢ =10.9703(3) A

988.23(6), 4

2.069 Mg m, 5.496 mm™, 616
Sphere, 2r =0.30 mm
2.83-38.07°
-16<h<16,-16<k<16,-18<1<18
28662, 5239 [R(int)=0.0458]
97.9%

Spherical

0.3176-0.3440

5076 [I>20(1)], 185

R; = 0.0401, wR; = 0.0699

R; = 0.0428, wR; = 0.0713

W = 1/[0%(Fo?)+(0.0164P)*+0.9939P]
P = (Fo’+2F)/3

1.113

0.019(1)

0.75and -1.18 eA®

-0.013(3)
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the C(2)—-C(3) bond. In fact, the O(1)-C(1), O(2)—
C(1), and O(3)-C(2) bond lengths, and O(1)-
C(1)-0O(2) angle are almost the same as the
O(5)-C(4), 0O(6)-C(4), and O(4)-C(3) bond
lengths, and 0O(5)-C(4)-0(6) angle,
respectively, as shown in Table 3. The
angle between the two least-squares planes

Table 2. Atomic coordinates and thermal parameters
SrC,4H40¢-4H,0 with standard deviations in brackets. The anisotr

of atoms, 0O(1)0(2)O(3)C(1)C(2) and
0(4)0(5)0(6)C(3)C(4), in the C4H40s molecule
is 88.7(1)°, which is close to a right angle
(90°). These bond lengths and angles for
C4H4O¢ in the SrC4H,04-4H,0 structure are
very close to those observed in CaC4H;O¢-4H,0
[7.8].

(><104 Az) at room temperature for
opic thermal parameters are

defined as exp [-21m2(Unah? + Uyb™k? + Usac ™ + 2Ugb ¢kl + 2Ugza’c hl + 2Ug,a b 'hk)]. The

isotropic thermal parameters ( A?) for H atoms are listed under Uy,
Atom X y z Uis U Uzs Uz Uiz Uiz
Sr 0.31839(3) 0.19274(3) 0.68474(3) 158(1) 224(1) 184(1) 9(1) 2(1) 3(1)
C(l) 0.1245(3) 0.1625(3) 0.2059(3) 180(11) 231(12) 183(12) 11(9) 1(9) 3(9)
C(2) 0.2821(3) 0.1645(3) 0.2378(3) 143(10) 216(12) 178(11) -10(9) 23(8) -5(9)
C(3) 0.3040(3) 0.2254(3) 0.3643(3) 146(11) 196(11) 183(10) -11(8) -4(9) 11(9)
C(4) 0.4615(3) 0.2397(3) 0.3976(3) 154(11) 217(12) 216(12) -4(9) 3(10) -27(10)
O(1) 0.0605(3) 0.2769(2) 0.2150(2) 206(10) 250(11) 306(12) -25(8) -4(9) 35(8)
O(2) 0.0698(3) 0.0481(2) 0.1732(3) 218(10) 239(10) 459(15) -7(11) -117(11) -28(8)
O(3) 0.3401(2) 0.0266(3) 0.2290(2) 186(11) 225(10) 328(12) -68(9) 36(9) 19(8)
O(4) 0.2340(2) 0.1443(3) 0.4557(2) 150(9) 325(12) 196(9)  14(9) 33(8) -15(8)
O(5) 0.4894(3) 0.2395(3) 0.5102(2) 179(10) 564(17) 215(11) 23(11) -36(8) -86(10)
O(6) 0.5485(2) 0.2573(3) 0.3143(2) 174(9) 393(12) 227(10) -7(11) 30(9) -69(9)
O(7) 0.4386(4) 0.4046(4) 0.0572(4) 409(18) 501(20) 521(20) 121(17) 136(17) 7(15)
O(8) 0.5602(5) 0.0749(5) 0.0713(4) 693(26) 505(21) 554(23) -167(18) 320(20) -139(21)
0(9) 0.7751(4) 0.3302(4) 0.0787(3) 395(16) 518(21) 258(12) 26(13)  10(11)  98(15)
O(10) 0.8015(4) 0.0373(3) 0.3429(4) 380(18) 297(14) 829(30) -88(15) 183(19) -7(13)
H(1) 0.405(6) 0.032(6)  0.183(5) 0.04(2)
H(2) 0.145(6) 0.187(6)  0.460(5) 0.06(2)
H(3) 0.328(5) 0.224(5)  0.184(4) 0.02(1)
H(4) 0.269(6) 0.329(6)  0.367(5) 0.04(2)
H() 0.477(6) 0.428(6)  -0.014(6) 0.07(2)
H() 0.509(6) 0.407(6)  0.117(5) 0.08(2)
H(7) 0.606(6) 0.148(6)  0.069(5) 0.07(2)
H(@) 0.587(5) 0.031(5)  0.012(5) 0.06(1)
H(9) 0.840(6) 0.299(6)  0.044(5) 0.04(2)
H(10) 0.772(6) 0.406(7)  0.053(6) 0.06(2)
H(11) 0.732(7) 0.005(7)  0.365(6) 0.07(2)
H(12) 0.848(6) -0.017(6)  0.295(6) 0.07(2)

Table 3. Selected interatomic distances (in A) and

angles (in degrees) for SrC ;H40¢-4H,0 at

room temperature

Sr-0(1)®@ 2.559(2) Sr-0(2)" 2.527(2)
Sr-0(3)" 2.616(2) Sr-0(4) 2.676(2)
Sr-0(5) 2.547(3) Sr-0(6) 2.599(2)
Sr-0(9)® 2.636(3) Sr-0(10)® 2.591(3)
0(1)-C(1) 1.250(4) 0(2)-C(1) 1.257(4)
0(3)-C(2) 1.425(4) 0(4)-C(3) 1.428(4)
0(5)-C(4) 1.263(4) 0(6)-C(4) 1.241(4)
C(1)-C(2) 1.534(4) C(2)-C(3) 1.518(4)
C(3)-C(4) 1.541(4)

0(1)-C(1)-0(2) 125.2(3) 0O(1)-C(1)-C(2) 116.2(3)
0(2)-C(1)-C(2) 118.5(3) 0(3)-C(2)-C(1) 110.3(2)
0(3)-C(2)-C(3) 111.1(2) 0(4)-C(3)-C(2) 111.9(2)
0(4)-C(3)-C(4) 109.3(2) 0(5)-C(4)-0O(6) 125.5(3)
0(5)-C(4)-C(3) 115.7(3) 0(6)-C(4)-C(3) 118.7(3)
C(1)-C(2)-C(3) 110.3(2) C(2)-C(3)-C(4) 112.5(2)

(Symmetry codes: (a) x+1/2,-y+1/2,-z+1; (b) -x+1/2,-y,z+1/2; (c) x-1/2,-y+1/2,-z+1)
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Table 4. Hydrogen bond distances (in A) and angles

(in degrees) for SrC 4H;O¢-4H,0 at room

temperature

D-H--A D-H H--A D--A <D-H--A
0(3)-H(1)--0(8) 0.79(6) 1.96(6) 2.748(4) 172(5)
0(4)-H(2)--0(5)® 0.94(6) 1.66(6) 2.593(3) 172(5)
C(2)-H(3)--0(7) 0.93(5) 2.45(5) 3.366(5) 173(4)
C(3)-H(4) 1.04(6)

O(7)-H(5)--0(2)® 0.89(6) 1.97(6) 2.852(5) 172(6)
O(7)-H(6)--O(3)® 0.93(6) 2.30(6) 3.212(5) 164(5)
O(8)-H(7)~0(9) 0.81(6) 2.37(6) 3.170(6) 168(5)
O(8)-H(8)-0(10)” 0.81(5) 2.23(5) 3.022(6) 164(5)
0(9)-H(9)- -0(7)“*’f 0.78(6) 2.42(6) 3.100(6) 147(5)
0(9)-H(10)---0(4)® 0.78(6) 2.27(7) 3.013(5) 161(6)
0(10)-H(11)--O(7)@ 0.76(6) 2.06(6) 2.822(5) 172(7)
0(10)-H(12)--0(1)@ 0.86(6) 2.14(6) 2.872(4) 142(6)

(Symmetry codes: (a) x-1/2,-y+1/2,-z+1; (b) x+1/2,-y+1/2,-z; (C) -x+1,-y+1/2,-z+1/2; (d) -x+3/2,-y,z-1/2; (e) x+1/2,
-y+1/2,-z; (f) -x+1,y+1/2,-z+1/2; (g) -x+1,y-1/2,-z+1/2)

Fig. 1. Perspective view of the SrC

4H404°4H,0 structure at room temperature with 50%

probability-displacement thermal ellipsoids

The four H,O molecules in the structure of
SrC4H,04-4H,0 are bonded to C4,H,O¢ molecules
or other H,O molecules. The lengths of the O—H-
O hydrogen bonds are in the range of 2.822(5)—
3.212(5) A, as shown in Table 4. There are three
different types of hydrogen bond between two
neighbouring C4H;Os molecules. One is the
0O(4)-H(2)-0(5) hydrogen bond, with a bond
length of 2.593(3) A and a bond angle of 172(5)°.

The C,H,Os molecules are linked into a chain
running along the a-axis by this bond. The other
hydrogen bonds are the O(7)-H(5)-O(2) and
O(7)-H(6)-0O(3) bonds formed between the
H,O(7) molecule and two neighbouring C,H;0O4
molecules. The H,O(7) molecule is located
interstitially between the two neighbouring
tartrate molecules. There is a slight difference in
the physical and chemical properties of these
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hydrogen bonds. The length (2.593(3) A) of the
0O(4)-H(2)-0O(5) hydrogen bond is shorter than
those (2.852(5) and 3.212(5) A) of the O(7)-
H(5)-0(2) and O(7)—-H(6)-0(3) bonds formed by
the H,O(7) molecule. Thus, the bonding strength
of the O(4)-H(2)-O(5) hydrogen bond between
two neighbouring C4H,O¢ molecules is stronger
than those of the hydrogen bonds between
H,0O(7) and two neighbouring C4H,;O¢ molecules.

The magnitudes of the thermal parameters for
the four oxygen atoms (O(7)-0O(10)) in the H,O
molecules are nearly twice those of the O atoms
in the C4H,Og molecule, as shown in Table 2.
The thermal fluctuations of an atom are
considered to be affected by the surrounding
atoms and chemical bonds. Therefore, this
magnitude difference may be caused by the
longer distances between the H,O molecules
and their surrounding atoms (2.748(4)-3.366(5)

A).
3.2 Thermal Analysis

Fig. 2 shows the DSC curve of the
SrC4H406:4H,0 crystal on heating in the
temperature range from 105 to 450 K. The
weight of the sample (powder) used for the
measurement was 3.32 mg, and the heating rate
was 5 K min™ under a dry nitrogen flux of 40 ml
min™. Two large endothermic peaks are clearly
seen in the DSC curve at 355.7 and 394.2 K,
with onset temperatures 337.1 and 392.2 K,
respectively. The transition enthalpies AH
(entropies AS) associated with these peaks were
determined to be 98.2 (35.0R) and 31.4 kJ mol™
(9.63R), respectively, where R is the gas
constant (8.314 JK'lmoI'l). No significant
endothermic or exothermic peaks were observed
in the DSC curve between 105 and 337.1 K.
Generally, a clear peak in the DSC curve can be
attributed to a change of exchange energy at
phase transition. Thus, the results indicate that
the transitions of SrC4H;04-4H,0 take place at
337.1 and 392.2 K, and there is no phase
transition in the temperature range between 105

and 337.1 K. Table 5 shows the peak
temperatures, onset temperatures (transition
temperatures), transition enthalpies AH, and

transition entropies AS obtained from the DSC
curve.

As mentioned above, four non-equivalent water
molecules  exist in the  structure of
SrC4H404-4H,0. The temperatures at which the
large peaks are observed in the DSC curve are
close to the boiling point of water (373 K). Thus,

it is expected that these peaks can be attributed
to the evaporation of water molecules. A very
small endothermic peak in the DSC curve is also
seen at 277.7 K. When the sample used for the
above DSC measurement in the temperature
range of 105-450 K was remeasured, the small
and two large endothermic peaks were not
observed in the DSC curve. Thus, the
disappearance of the small and large peaks
indicates that these peaks are mostly the result
of evaporation of water from the sample. In
general, there are many defects in the structure
of a crystal, such as pores and cracks, and the
aqueous solution used for crystal growth can
infiltrate the defects. The very small peak at
277.7 K, which is close to 273 K, may be
produced by the state change of the solution
from ice (solid) to liquid in the defects of the
SrC4H406-4H,0 crystal.

Endo.

I ImW

100 200 300 400
Temperature (K)

Fig. 2. DSC curve for the SrC 4H;0¢°4H,0O
crystal on heating. The sample weight
(powder) was 3.32 mg, and the heating rate
was 5 K min * under a dry N , flux of
40 ml min *

Fig. 3 shows the TG, differential TG (DTG), and
DTA curves for SrC4H,044H,O in the
temperature range of 300-1250 K. The weight of
the sample (powder) used for the measurement
was 3.46 mg, and the heating rate was 10 K
min™ under a dry nitrogen gas flow of 300 ml
min™®. The DTA curve exhibits three apparent
endothermic peaks at 360.0, 399.3, and 1172.9
K, and three small exothermic peaks at 559.2,
740.1, and 956.7 K. The small peaks are
indicated by arrows in Fig. 3. An enlarged view of
the curve around 550 K is also shown (Fig. 3,
inset). In this enlarged view, a very small
endothermic peak can be observed on the curve
at 546.1 K, which is close to the exothermic peak
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at 559.2 K. The observed DTA peaks at
360.0 and 399.3 K correspond to the
above-mentioned DSC peaks at 355.7 and
394.2 K, respectively. The slight differences
of about 5 K between the peak temperatures
are probably caused by the different heating
rates (5 or 10 K min'l) and sample pans
(aluminium or alumina) used for these
measurements. The obtained TG and DTA

Table 5. Peak temperatures, onset temperatures (tra
AS for SrC 4H,O¢-4H,0 obtained from DSC, DTA, and

enthalpies AH, and transition entropies

curves are very different from those reported
previously for SrC4H,04-4H,0 and
CaC,4H40¢-4H,0, except for the DTA curve below
473 K for calcium tartrate [21-23]. The DTA curve
of calcium tartrate clearly showed two
endothermic peaks at 384.3 and 437.4 K, which
may correspond to the peaks observed at 360.0
and 399.3 K, respectively, in the DTA curve in
this study.

nsition temperatures), transition

DTG curves
DSC Peak temp. (K) 355.7 394.2
Onset temp. (K) 337.1 392.2
AH (kJ mol™) 98.2 31.4
AS/R 35.0 9.63
DTA Peak temp. (K) 360.0 399.3 546.1 559.2 740.1  956.7 1172.9
Onset temp. (K) 343.6 393.7 537.1 552.7 729.3 943.0 —
DTG Peak temp. (K) 358.3 395.9 — 564.3 7419 956.6 1169.1
(Gas constant R = 8.314 JK'mol™)
2.4
1.8
<
=]
12 €
&
=
A
0.6
0 1 1 1 1 1 1 1 1 1 O
300 500 700 900 1100 1300

Temperature (K)

Fig. 3. TG, DTG, and DTA thermograms for the SrC
figure shows an enlarged view of the curve around 5

4H406°4H,0 crystal on heating. The inset
50 K. The sample weight (powder) was

3.46 mg, and the heating rate was 10 K min ™ under a dry N , flux of 300 ml min ™
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The DTG curve in Fig. 3 has peaks at 358.3,
395.9, 564.3, 741.9, 956.6, and 1169.1 K. The
peak temperature of 956.6 K was determined
from the numerical data for the DTG curve, as no
obvious peak was detected around the
temperature in the curve. These DTG peaks
correspond to the respective DTA peaks. As the
DTG curve is the first derivative of the TG curve,
the DTA peaks are associated with the rate of
weight loss on the TG curve. Table 5 also shows
the peak temperatures and onset temperatures
(transition temperatures) obtained from the DTA
and DTG curves.

The TG curve shows the temperature
dependence of the weight loss of the
SrC4H406-4H,0 crystal. The weight loss around
360.0 K in the TG curve (determined over the
temperature range from 300 to 375 K) was
12.5%, and that around 399.3 K (determined
over the temperature range from 375 to 500 K)
was 8.6%. As mentioned above, it is expected
that the two endothermic peaks around 373 K
are caused by the evaporation of bound water
molecules. The theoretical weight loss caused by
the elimination of two H,O molecules from the
SrC4H406-4H,0 crystal is calculated to be 11.7%
[z2x18.02/307.75], whereas that caused by the
elimination of one H,O molecule is calculated to
be 5.9% [=18.02/307.75]. These values are close
to the experimental weight losses of 12.5% and
8.6% around 360.0 and 399.3 K, respectively.
The different evaporation temperatures are
probably caused by differences in the hydrogen
bonding strength between the H,O molecule and
its surrounding ions, as mentioned in section 3.1,
and thus, by differences in the O—H-O hydrogen
bond length. The lengths of the hydrogen bonds
originating from the H,O molecules are in the
range of 2.822(5)-3.212(5) A. The slightly
shorter bond lengths of 2.852(5) and 2.822(5) A
are observed for H,O(7) and H,O(10) molecules,
respectively. Thus, the weight loss around 360.0
K is considered to be caused by the evaporation
of H,O(8) and H,O(9) molecules.

Very small endothermic and exothermic peaks
were observed at 546.1 and 559.2 K in the DTA
curve, respectively. It is believed that
endothermic and exothermic peaks in a DTA
curve, accompanied by decomposition at high
temperature, are due to evaporation and the
formation of products, respectively. Thus, these
two processes are considered to have taken
place around 550 K. We assume that the weight
loss is caused by the elimination of the remaining
H,O molecule and H,CO gas formed from 2H"
and CO” ions. The theoretical weight loss is
calculated to be 15.6% [=(18.02+30.03)/307.75].
This value is very close to the experimental
weight loss of 17.4% around 550 K determined
from the TG curve over the temperature range
from 500 to 650 K. Because small exothermic
peaks at 740.1 and 956.7 K were observed in the
DTA curve, the formation of products, which we
assume are H,CO and 1/20,, respectively, also
occurs at these temperatures. The theoretical
weight losses caused by the eliminations of
H,CO and 1/20, gases are calculated to be 9.8%
[=30.03/307.75] and 5.2% [=16.00/307.75],
respectively. These values are close to the
respective experimental weight losses of 9.5%
and 3.1% around 740.1 and 956.7 K determined
from the TG curve over the temperature ranges
of 650-900 K and 900-1050 K, respectively. An
endothermic peak was observed at 1172.9 K in
the DTA curve, indicating that an evaporation
reaction due to thermal decomposition occurs
around this temperature. The theoretical weight
loss caused by the evolution of 2CO gas is
calculated to be 18.2% [=2x28.01/307.75]. This
value is close to the experimental weight loss of
15.5% around 1172.9 K determined from the TG
curve over the temperature range of 1050-1200
K. The experimental and theoretical weight
losses, the molecules eliminated by evaporation,
and the evolved gases at the various
temperature ranges are summarized in Table 6.

Finally, the total theoretical weight loss from
SrC,H,04-4H,0 is calculated to be 66.3%. This

Table 6. TG results for the SrC  4H,0¢-4H,0O decomposition process

Temp. range [K] Weight loss Weight loss Elimination molecules
(obs.) [%0] (cal.) [%]

300-375 12.5 11.7 2H,0

375-500 8.6 5.9 H20

500-650 17.4 15.6 H20 + H2CO gas

650-900 9.5 9.8 H,CO gas

900-1050 31 5.2 1/202 gas

1050-1200 155 18.2 2CO gas

Total 66.6 66.3
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value is very close to the total experimental
weight loss of 66.0%. Thus, the slight differences
between the experimental and theoretical weight
loss values are probably caused by overlapping
of the temperature ranges corresponding to the
decomposition reactions. After the measurement,
a chalky white substance remained in the open
vessel. The white substance is suggested to be
strontium oxide (SrO), the formation of which is
described below.

Summarizing the considerations mentioned
above, the chemical reactions involved in
the thermal decomposition of SrC,H;04-4H,0O
can be described by the following chemical
equations:

SrC4H406-4H,0 — SrC4H404-2H,0 + 2H,0
SrC4H405'2H20 b SrC4H405'H20 + Hzo
SrC4H4OG'H20 — SrC3H205 + H2CO + Hzo
SrC;H,05 — SrC,0,4 + H,CO

SrC,04 — SrC,05 + 1/202

SrC,03 — SrO + 2CO.

4. CONCLUSION

Single crystals of strontium tartrate tetrahydrate,
SrC4H406-4H,0, were grown in silica gel medium
at 308 K by a diffusion method. The thermal
properties and crystal structure of the single
crystals were studied by DSC, TG-DTA, and X-
ray diffraction measurements. The crystal
structure at room temperature was determined to
be orthorhombic with space group P2,2,2; by
means of single-crystal X-ray diffraction. It was
confirmed that the structure consists of SrOg
dodecahedra and a hydrogen-bonding network
along the a-axis between adjacent C4H;O¢
molecules, which is very similar to the structure
of CaC4H;04-4H,0 reported in previous papers.
Weight losses during the thermal decomposition
of SrC4H;O¢:4H,O occurred in the temperature
range of 350-1200 K. The chemical equations
illustrating the decomposition reactions of
SrC4H4,06:4H,O  were presented with the
corresponding temperature ranges. It was
suggested that the weight losses were caused
by the evaporation of bound H,O molecules and
the evolution of H,CO, 1/20,, and 2CO gases,
and the resulting chalky white substance in the
open vessel after decomposition was strontium
oxide.
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