International Research
Journal of Pure and
Applied Chemistry

International Research Journal of Pure & Applied Ch  emistry

14(2): 1-10, 2017; Article no.IRJPAC.34299
ISSN: 2231-3443, NLM ID: 101647669

w9

Crystal Structure and Thermal Properties of
Racemic SrC 4H;06-4H,0 Single Crystals

T. Fukami ¥, S. Hiyajyo !, S. Tahara' and C. Yasuda *

'Department of Physics and Earth Sciences, Faculty of Science, University of the Ryukyus, Okinawa
903-0213, Japan.

Authors’ contributions

This work was carried out in collaboration between all authors. Author TF performed measurements,
managed the literature searches and wrote the first draft of the manuscript. Authors SH, ST and CY

revised the manuscript and participated in group discussions. All authors have read and approved the
final manuscript.

Article Information

DOI: 10.9734/IRJPAC/2017/34299
Editor(s):

(1) Wolfgang Linert, Institute of Applied Synthetic Chemistry Vienna University of Technology Getreidemarkt, Austria.
Reviewers:

(1) Birsa Mihail Lucian, Alexandru loan Cuza University of lasi, Romania.

(2) Manuel Soriano, Universidad Nacional Autbnoma de México, México.

(3) Hao Wang, Northeastern University, China.

Complete Peer review History: http://www.sciencedomain.org/review-history/19544

Received 23mrd May 2017
— - Accepted 8 " June 2017
Original Research Article Published 14 ™ June 2017

ABSTRACT

Single crystals of racemic strontium tartrate tetrahydrate, SrC,H,04-4H,0, 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 (triclinic P1) and structural
parameters were determined at room temperature. Weight losses due to thermal decomposition
were found to occur in the temperature range of 370-1170 K, likely due to the evaporation of bound
water molecules and the evolution of H,CO, (1/2)O,, and 2CO gases. The chalky white substance
remaining in the vessel after decomposition was strontium oxide SrO. The crystal structure and
thermal properties obtained were compared with those of racemic CaC4H,O¢-4H,0O reported

previously.

Keywords: Racemic SrC4H,04:4H,0; crystal structure; thermal decomposition; DSC; TG-DTA; X-ray
diffraction.
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1. INTRODUCTION

Many tartrate compounds are

the reaction of tartaric acid
formula: C4H¢Os; systematic name: 2,3-
dihydroxybutanedioic acid) with compounds
containing positive ions (two monovalent cations
or one divalent cation) [1-6]. Tartaric acid has
two chiral carbon atoms in its structure, which
provides the possibility for four possible different
forms of chiral, racemic, and achiral isomers:
L(+)-tartaric, D(-)-tartaric, racemic (DL-) tartaric,
and meso-tartaric acid [6-8]. Some of these
compounds are of interest due to their physical
properties, particularly their excellent dielectric,
ferroelectric, piezoelectric, and nonlinear optical
properties [1,9-11]. Moreover, they are used in
numerous industrial applications, for example, as
transducers and in linear and non-linear
mechanical devices [1,4,11]. More than 150
years ago, Louis Pasteur first separated the two
enantiomers of sodium ammonium tartrate
(NaNH,C4H,O¢) by utilizing the asymmetric habit
of their crystals [12,13]. In addition, he observed
the change in optical rotation induced by the

formed by
(chemical

different structures of each enantiomer in
solution. The discovery of enantiomers has
played an important role in advancing the

scientific understanding of molecular chirality.

Using DL-tartaric acid as a crystallization reagent
instead of L(+)-tartaric acid, DL-tartaric
compounds have been synthesized with a
divalent cation [2,14]. We have grown single
crystals of racemic (DL-) calcium tartrate
tetrahydrate, CaC4H;06¢-4H,0, by the gel method
and have determined the crystal structure at

room temperature with space group P 1 [14].
Moreover, it was revealed that the phase
transition driven by intramolecular proton transfer
between three possible sites occurs around 310
K, and the chemical reactions that take
place during thermal decomposition of DL-
CaC4H,;04-4H,0 are as follows.

CaC4H,;04-4H,0 — CaC4H406 + 4H,0
CaC4H, 05 — CaC,04 + 2H,CO
CaC,0, — CaC,0; + (1/2)0,
CaC,0; — CaO + 2CO
However, investigations on the crystal growth
and physical properties of DL-tartaric compounds

other than those of DL-CaC,;H;0¢-4H,0 have not
been carried out yet.

In this paper, we describe the synthesis of single
crystals of racemic strontium tartrate tetrahydrate,
SrC4H406-4H,0, using the gel method and
determine their crystal structure at room
temperature using X-ray diffraction. Moreover,
the thermal properties of the DL-strontium salt
are studied by means of differential scanning
calorimetry (DSC) and thermogravimetric-
differential thermal analysis (TG-DTA).

2. EXPERIMENTAL
2.1 Crystal Growth

Single crystals of DL-SrC,4H;O¢:-4H,0 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 aqueous solutions of Na,SiO3z (20 ml
of 1 M), DL-C4HOs (25 ml of 1 M), and
CH3COOH (25 ml of 1 M), and aged for six days.
A solution of SrCl,-6H,0 (40 ml of 0.25 M) was
then gently poured on top of the gel. Many small
transparent crystals, which are similar to the
shapes of DL-CaC4H,0¢-4H,0 (as seen in Fig. 1
of reference [14]), were grown at the gel matrix-
solution interface, and the crystals used (size
about 3x1x[5x10'] mm) were harvested after
about two months.

2.2 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 intensity data were corrected for
Lorentz polarization and absorption effects. The
structure was solved by direct methods using the
SIR2011 program and refined on = by full-matrix
least-squares methods using the SHELXL-2013
program in the WinGX package [15-17].

2.3 Thermal Measurements

DSC and TG-DTA measurements were carried
out in the temperature ranges of 100-490 K and
300-1470 K, respectively, using DSC7020 and
TG-DTA7300 systems from Seiko Instruments
Inc. Aluminium (for DSC) and platinum (for TG-
DTA) open pans with no pan cover were used as
measuring vessels and reference pans. Fine
powder samples, prepared by grinding single
crystals, were used for the measurements. The
sample amount varied between 4.09 and 7.46
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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 DL-SrC4H;O4:4H,O was
determined at room temperature by the single-
crystal X-ray diffraction method. The lattice
parameters calculated from all observed
reflections indicated that the crystal belongs to
triclinic system. The atomic coordinates and
thermal parameters for DL-SrC4H4O4-4H,0,
including the positions of all hydrogen atoms,
were determined with the space group symmetry

of triclinic P1. A final R-factor of 2.80% was
calculated for 4354 unique reflections. The
relevant crystal data, and a summary of the
intensity data collection and structure refinement
parameters are given in Table 1. Fig. 1 shows a
projected view of the DL-SrC4H,O4:-4H,0 crystal
structure along the a-axis. The positional
parameters in fractions of the 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 and structure
are very similar to those of DL-CaC4H,;O¢-4H,0
previously reported, except for small differences
in the lattice constants along the a- and b-axes
[14]. The determined structure consists of SrOg
dodecahedra, C4H,0¢ and four independent H,O
molecules, and O-H---O and C-H---O hydrogen
bonds, similar to the DL-calcium salt. Each Sr
atom in the unit cell is surrounded by eight O
atoms in the C,4H,Os and H,O molecules at
distances from 2.540(1) to 2.639(1) A, forming
the SrOg dodecahedron (Table 3). The average
Sr-O distance is 2.581 A. The structure of the
DL-calcium salt also consists of CaOg
dodecahedra with an average Ca—O distance of
2.450 A [14]. Thus, the volume of the SrOg
dodecahedron is larger than that of the CaOg one
due to the difference in ionic radii of Sr** and
Ca’"ions.

OHG)
‘ ﬁ’ﬁ(ﬂ)

0(10)%

Fig. 1. Projection of the crystal structure of DL-S
temperature with 60% probability-displacement therm

rC4H;404-4H,0 along the a-axis at room
al ellipsoids

The solid and dashed short lines show O—H---O hydrogen bonds, as described in Table 4
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Table 1. Crystal data, intensity collection and str ucture refinement for DL- SrC  4H,O¢-4H,0

Compound, M,

Sr0,,C,H1,, 307.75

Crystal shape, color

Measurement temperature
Crystal system, space group

Lattice constants

V,Z

D(cal.), (Mo K), F(000)
Crystal size
6 range for data collection
Index ranges
Reflections collected, unique
Completeness to Hax
Absorption correction type
Transmission factor T in—T max
Date, parameter
Final R indices

R indices (all data)
Weighting scheme

Goodness-of-fit on F?
Extinction coefficient
Largest diff. peak and hole

Prism, colorless

299 K

Triclinic, P1

a=6.4008(4) A, b = 8.4251(4) A, ¢ = 10.4856(5) A
a=95.227(1)°, B = 106.386(2)°, y = 107.056(1)°
509.24(5) A3, 2

2.007 Mg m*, 5.333 mm™, 308
0.20%x0.25x0.30 mm

2.06-38.05°
-10sh<11,-14<k<14,-17<1<17
14779, 5242 [R(int) = 0.0375]

94.3 %

Numerical

0.2859-0.4344

4354 [1 > 20(1)], 185

R, = 0.0280, wR, = 0.0488

R; = 0.0400, wR, = 0.0527

w = 1/[0°(F,%)+(0.0170P)?], P = (F,>+2F.2)/3
0.980

0.023(1)

0.503 and -0.741 e A®

Table 2. Atomic coordinates and thermal parameters (><104 AZ) at room temperature for DL-
SrC,4H40¢-4H,0 with standard deviations in brackets. The anisotr opic thermal parameters are
defined as exp [-212(Unna?h? + Uyb™k? + Usac ™ + 2Ugsb ¢kl + 2Ugza’c hl + 2U,a'b'hk) ]. The
isotropic thermal parameters ( A?) for H atoms are listed under  U;;

Atom x y VA Ull U22 U33 U23 U13 U12
S 0.33982(2) 0.19619(2) 0.27454(2) 163.6(6) 206.7(6) 186.5(6) 46.9(4) 33.9(4) 55.0(4)
C(l) 0.6147(2) 0.1537(2) 0.8878(1) 144(5) 235(6) 165(5) 43(4) 29(4) 33(4)
C(2) 04165(22) 0.1319(2) 0.7580(1) 164(5) 197(5) 162(5) 52(4) 30(4) 62(4)
C(3) 0.1962(2) 0.1270(2) 0.7927(1) 170(5) 202(5) 154(5) 48(4) 24(4) 63(4)
C(4) 00219(2) 0.1497(2) 0.6677(1) 183(6) 253(6) 177(5) 64(4) 48(4)  107(5)
O(1) 0.6983(2) 0.2966(1) 0.9634(1) 251(5) 229(5) 255(5) -7(4)  -7(4)  34(4)
0(2) 0.6802(2) 0.0295(1) 0.91071(9) 281(5) 298(5) 183(4)  45(4) -4(4)  153(4)
0(3) 0.3813(2) -0.0171(1) 0.66821(9) 268(5) 316(5) 144(4) 11(4) 4(3)  156(4)
O(4) 0.0969(2) -0.0255(1) 0.8318(1) 182(4) 303(5) 175(4) 110(4) 7(3)  28(4)
0(5) -0.1604(2) 0.0297(1) 0.6061(1) 194(5) 385(6) 238(5) 139(4) -15(4) 26(4)
0(6) 0.0778(2) 0.2911(1) 0.6336(1) 384(6) 232(5) 288(5) 106(4) 51(4) 130(4)
0(7) 0.1258(2) 0.3508(2) 0.3908(1) 275(6) 361(6) 254(5) 61(5) 65(4) 124(5)
0(8) 0.1794(2) 0.3646(2) 0.0982(1) 273(6) 369(7) 467(7) 217(6) 18(5) 84(5)
0(9) 0.6112(2) 0.3142(2) 05175(1) 293(6) 365(6) 303(5) 13(5) -23(4) 138(5)
0(10) 0.6977(2) 0.3856(2) 0.2272(1) 342(6) 287(6) 292(6) 43(5) 118(5) 12(5)
H(1) 0327(3) -0.009(2) 0.595(2)  0.050(6)

H(2) 0.51(4) -0.021(3) 0.903(2)  0.049(6)

H() 0460(3) 0.227(2) 0.719(2)  0.020(4)

H4) 0236(3) 0.221(2) 0.872(2)  0.026(4)

H(5) 0.106(3) 0.324(3) 0.455(2)  0.043(6)

H(6) 0.000(4) 0349(3) 0.338(2)  0.057(7)

H(7) 0234(4) 0453(3) 0.093(2)  0.056(7)

H@®) 0041(4) 0337(3) 0.062(2)  0.060(7)

H(©) 0692(4) 0.418(3) 0543(2)  0.053(6)

H(10) 0.710(4) 0.279(3) 0.545(2)  0.072(8)

H(11) 0.752(4) 0.488(3) 0.252(2)  0.058(7)

H(12) 0.695(3) 0.369(2) 0.154(2)  0.038(5)
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Table 3. Selected interatomic distances (in A) and

angles (in degrees) for DL-SrC  4H,O¢-4H,0

Sr—o(2)% 2.540(1) Sr—0(3)™ 2.639(1)
Sr—0(4)® 2.592(1) Sr—0(5)? 2.544(1)
Sr-0(7) 2.600(1) Sr-0(8) 2.597(1)
Sr-0(9) 2.554(1) Sr-0(10) 2.585(1)
sr—c(1)® 3.397(1) Sr—C(4)®@ 3.373(1)
O(1) -C(1) 1.255(2) 0(2)-C(1) 1.255(2)
0(3)-C(2) 1.418(2) 0(4)-C(3) 1.410(2)
0(5)-C(4) 1.251(2) 0(6)-C(4) 1.255(2)
C(1)-C(2) 1.529(2) C(2)-C(3) 1.543(2)
C(3?—C(4) 1.532(2)

sr'Y-0(2)-c(1) 123.48(8) Sr'—0(3)-C(2) 121.13(7)
Sr®-_o(4)-c(3) 121.20(7) Sr®-o(5)-C(4) 121.63(8)
sr-c(1)-0(1) 152.86(9) srP-c(1)-0(2) 38.58(6)
sSrP-c(1)-C(2) 84.32(7) Sr®-c(4)-0(5) 39.96(6)
Sr®-c(4)-0(6) 155.69(9) SrP-c(4)-C(3) 83.15(7)
0(1)-C(1)-0(2) 125.3(1) O(1)-C(1)-C(2) 116.3(1)
0(2)-C(1)-C(2) 118.4(1) 0(3)-C(2)-C(1) 109.5(1)
0(3)-C(2)-C(3) 111.7(1) 0(4)-C(3)-C(2) 112.5(1)
0(4)-C(3)-C(4) 109.6(1) 0(5)-C(4)-0(6) 124.6(1)
0(5)-C(4)-C(3) 119.6(1) 0(6)-C(4)—-C(3) 115.8(1)
C(1)-C(2)-C(3) 109.8(1) C(2)-C(3)-C(4) 108.2(1)

(Symmetry codes: (1) -x+1,-y,-z+1; (2) -X,-y,-z+1)

The lengths of all six O-C bonds in the C4H4O¢
molecule are in the range of 1.251(2)-1.418(2)
A, as listed in Table 3. The variation in O-C
distances is probably related to differences in
bond type, matching typical lengths of single and
double O—C bonds in organic molecules (around
1.43 and 1.22 A, respectively). Thus, the O(3)—
C(2) and O(4)-C(3) bonds on hydroxyl group
have single-bond character, and the remaining
four bonds have double-bond character.
Moreover, the lengths of three C-C bonds are in
the range of 1.529(2)-1.543(2) A. Because
typical C-C single bonds in organic molecules
are around 1.54 A, these three bonds have
single-bond character. These bond lengths of the
O-C and C-C bonds are very close to those
reported for the DL-calcium salt [14]. The angle
between the two least-squares planes of atoms,
0O(1)O(2)0(3)C(1)C(2) and O(4)O(5)0(6)C(3)
C(4), in the C4H4045 molecule was calculated to
be 42.52(5)% compared to 44.76(3)° in the DL-
calcium salt. Thus, it can be concluded that the
characteristic features of the C,H,0Os molecule in
the DL-SrC4H,O¢-4H,0 crystal are very similar to
those in the DL-CaC4H;O¢-4H,0 crystal [14].

It can be seen in Fig. 1 and Table 4 that O—H:---O
and C-H:-O hydrogen bonds are formed
between adjacent molecules (C4H40¢ or H,O) in
the crystal structure. The bond lengths of the O—
H--O bonds are in the range of 2.683(1)-
3.231(2) A, and of the C-H.-O bonds are
3.410(2) and 3.665(2) A. The lengths of the C—

H---O bonds are longer than those of the O-H---O
bonds. Thus, the bonding strength of C—H:--O is
weaker than that of O—H---O since the magnitude
of strength is mainly reflected in the bond length.
There is a hydrogen-bonding network along the
c-axis, connected by two types of O-H:-O
hydrogen bonds (O(3)-H(1):-O(5) and O(4)-
H(2)---0(2)) between adjacent C,H,0O4 molecules,
as shown in Fig. 1. Moreover, four H,O
molecules in the structure are located interstitially
between two neighboring C,H,04 molecules, and
form nine O—H--O hydrogen bonds with C4H,0¢
or other H,O molecules. There is also a

hydrogen-bonding network in the [011] direction,
consisting of C4H,0¢ and H,O molecules linked
by the nine O—H---O bonds, as shown in Fig. 1.
The structures formed by these hydrogen-
bonding networks are very similar to those in the
DL-calcium salt [14].

3.2 Thermal Analysis

Fig. 2 shows the DSC curve of the DL-
SrC4H406-4H,0 crystal upon heating from 100 to
490 K. The sample weight (powder) used for the
measurement was 7.45 mg, and the heating rate
was 5 K min™ under a nitrogen gas flow of 40 ml
min™. Three large endothermic peaks are clearly
seen in the DSC curve at 376.3, 408.8, and
431.4 K. The total enthalpy (AH) for the three
peaks was determined to be 172.3 kJ mol™.
Moreover, the AH values of 23.7, 62.6, and 86.1
kJ mol™* corresponding to the three peaks were
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Fig. 2. DSC curve for DL-SrC 4H;04-4H,0 crystal on heating
The sample weight (powder) was 7.45 mg, and the heating rate was 5 K min™ under a dry N flux of 40 ml min™

Table 4. Hydrogen bond distances (in A) and angles

Article no.IRJPAC.34299

(in degrees)

D-H--A D-H H-A DA <D—H--A
O(3)-H(1)--0(5)Y 0.76(2) 2.05(2) 2.800(1) 171(2)
O(4)-H(2)--0(2)® 0.72(2) 1.97(2) 2.683(1) 172(2)
C(2)-H(3)--0(9) 0.94(2) 2.63(2) 3.410(2) 140(1)
C(3)-H(4)--0(8)® 1.01(2) 2.73(2) 3.665(2) 154(1)
O(7)-H(5):-O(6) 0.76(2) 1.97(2) 2.723(2) 172(2)
O(7)-H(6)--O(10)* 0.83(2) 2.08(2) 2.907(2) 170(2)
0O(8)-H(7)--0(1)® 0.74(2) 2.19(2) 2.914(2) 164(2)
O(8)-H(8)--0(1)® 0.81(2) 2.05(2) 2.858(2) 172(2)
0(9)-H(9)--O(7)® 0.85(2) 1.90(2) 2.744(2) 177(2)
0(9)-H(10)--O(5)"" 0.77(3) 2.55(3) 3.231(2) 149(2)
0O(9)-H(10)--O(6)" 0.77(3) 2.24(2) 2.962(2) 156(2)
O(10)-H(11)--0(6)® 0.81(2) 1.94(2) 2.722(2) 161(2)
0(10)-H(12)--0(1)® 0.76(2) 2.05(2) 2.801(2) 172(2)

(Symmetry codes: (1) -X,-y,-z+1; (2) -x+1,-y,-z+2; (3) X,y,z+1; (4) x-1,y,z; (5) -x+1,-y+1,-z+1; (6) x-1,y,z-1; (7) x+1,y,z;
(8) x,y,2-1)

obtained from the peak separation procedure in
the DSC curve, and entropies (AS) of 7.58R,
18.4R, and 24.0R were calculated using the AH
values, where R is the gas constant (8.314 JK™
mol'l). Table 5 shows the peak temperatures,
enthalpies, and entropies determined from the
DSC curve. The three-peak structure observed
differs from the DSC curve of the DL-calcium salt

Table 5. Peak temperatures, and transformation enth

which showed only one endothermic peak at
387.8 K with an enthalpy change of 136.6 kJ
mol™ [14]. The enthalpy change (AH=172.3 kJ
mol™) around 410 K in the DL-strontium salt is
also larger than that in the DL-calcium salt, which
is likely due to slight underestimation of the DSC
peak area in the DL-calcium salt caused by
decreased uncertainty in the baseline.

alpies AH and entropies AS for DL-

SrC4H,04:4H,0 obtained from DSC, DTA and DTG curves

DSC Peak temp. (K) 376.3 408.8 431.4

AH (kJ mol™ 23.7 62.6 86.1

ASIR 7.58 18.4 24.0
DTA  Peaktemp.(K) 3779 405.1 4374 565.2 7410 7617 1086.5 1164.9
DTG Peaktemp.(K) 3758 403.8 4363 5635 7375 761.6 1082.4 1159.3

(Gas constant R = 8.314 JK mol ™)
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In general, it is believed that a distinct peak in a
DSC curve can be attributed to the change in
exchange energy at phase transition. Therefore,
the results indicate that the transformations in
DL-SrC4H40¢-4H,0O take place at around 376,
409, and 431 K, and that there is no transition in
the temperature range of 100-376 K. The
transition temperature of 376.3 K is very close to
the boiling point of water (373 K), so we attribute
the three peaks in the temperature range of 376—
431 K to the evaporation of bound water
molecules from the sample. This is confirmed by
the weight loss observed around 410 K in the TG
curve (Table 6). Since there are eight water
molecules in the unit cell, the AH value per water
molecule is estimated to be 21.5 kJ mol™, adding
up to the total enthalpy 172.3 kJ mol™* observed.
We assume that the peaks in the range of 376—
431 K are produced by the evaporation losses of
one, three, and four water molecules. Then, the
AH value corresponding to each peak can be
calculated to be 21.5, 64.5, and 86.0 kJ mol*
(1x21.5, 3x21.5, and 4x21.5 kJ mol'l,
respectively). These values are very close to
those obtained from the peak separation
procedure in the curve (Table 5). Thus, it can be
concluded that the weight losses of one, three,
and four bound water molecules due to
evaporation are driven by increasing temperature
in the range of 376-431 K. Moreover, the
difference in evaporation temperature of the eight
water molecules is probably caused by the
difference in  hydrogen-bonding  strengths
connecting the water molecules. The hydrogen-
bonding strength is mainly influenced by O---O
distance of the bond. The bond lengths of the O—
H---O hydrogen bonds in the DL-strontium and
DL-calcium salts are in the ranges of 2.722(2)—
3.231(2) A (shown in Table 4) and 2.731(1)-
3.205(1) A, respectively [14]. The maximum
difference among the lengths in the DL-calcium
salt is smaller than that in the DL-strontium salt.
We consider that the evaporation of all the water
molecules takes place at only one temperature
when the bond lengths have almost the same
value and, therefore, similar strengths. We can
conclude that the difference in the DSC peak
structure between the DL-strontium and DL-
calcium salts is probably related to the
differences in hydrogen-bond lengths.

A very small endothermic peak at 276.8 K is also
seen on the DSC curve in Fig. 2, which is very
close to 273 K. We observed a complete
disappearance of the small peak in the curve of
the sample dried at room temperature, as well as
an increase of peak intensity at 376.3 K and a

decrease of peak intensity at 431.4 K. In general,
there are many defects in the crystal structure,
such as pores and cracks, and the aqueous
solution used for crystal growth can infiltrate
these defects. The very small peak at 276.8 K
may be produced by the state change of the
infiltrated solution from a solid (frozen state) to
liquid in the defects of the DL-SrC4H,O¢-4H,0
crystal upon heating.

We have recently reported the results from DSC
and X-ray measurements of DL-CaC4H,;O¢-4H,0
[14]. The value of AS for the small endothermic
peak around 310 K observed in the DSC curve
was determined to be 1.05R, which is very close
to R In 3 (1.10R). The position of the H(1) atom
bonded to the O(3) atom was determined by X-
ray structural analysis, and moreover, two
anomalous residual electron density peaks in the
vicinity of the O(2) and O(3) atoms were found in
the difference Fourier map after the final
refinement cycle. The distances between the
atoms and detected peak positions were all
around 1.0 A, the O(3)-H(1) bond was 0.82(2) A,
and the distance between the O(3) atom and one
of the peak positions was 1.02 A. The angle
formed at the O(3) atom by the H(1) atom and
the peak position was 137°. Furthermore, the
distance between the O(2) atom and the other
peak position was 0.94 A, and the distance
between the two peaks was 1.13 A. From these
results the number of steady states of the H atom
was suggested to vary from one to three possible
positions at the phase transition around 310 K.
However, no endothermic peak corresponding to
the small peak around 310 K is observed in the
DSC curve of the DL-strontium salt (Fig. 2).
Moreover, residual electron density peaks near
those observed in the DL-calcium salt were not
found in the difference Fourier map during the
refinement procedure.

The two density peaks were nearly located on
the line connecting the O and Ca atoms. The
angles formed at the peak position by the O and
Ca atoms in the O(2)-Ca and O(3)-Ca bonds
were 128° and 142° respectively. The bonds
formed between oppositely charged 0* and Cca*
ions in the DL-calcium salt possess both ionic
and covalent characteristics. There is localized
low electron density around the H atom in the
hydrogen bond, which is calculated as a
difference Fourier peak in the X-ray refinement
procedure. The electrons belonging to the
covalent bond between the O” and Ca®" ions
may relate to the electron density around the H
atom given its existence probability. The bond
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lengths of the O(2)-Sr and O(3)-Sr bonds in the
DL-strontium salt are 2.540(1) and 2.639(1) A, as
shown in Table 4, and are longer by about 0.1 A
than those of the O(2)—Ca and O(3)—Ca bonds at
2.4011(7) and 2.5261(7) A, respectively. The
electron density in the bonding orbital located
between the O> and Sr** ions is smaller than that
between the O* and Ca’* ions because the Sr**
and Ca”" ions have the same magnitude (+2e) of
charge. Consequently, the residual electron
density peaks on the O(2)-Sr and O(3)-Sr bonds
are not observed around the peak positions
found in the DL-calcium salt. Then, we consider
that no phase transition in the DL-strontium salt
is closely related to the difference in length
between the O-Sr and O-Ca bonds.

Fig. 3 shows the DTA, TG, and differential TG
(DTG) curves of the DL-SrC4H;404-4H,0 crystal in
the temperature range of 300-1470 K. The
sample weight (powder) used for the
measurement was 7.46 mg, and the heating rate
was 10 K min™ under a nitrogen gas flow of 400
ml min®. The DTA curve exhibits eight
endothermic peaks at 377.9, 405.1, 437.4, 565.2,
741.0, 761.7, 1086.5, and 1164.9 K, including
small peaks. The peak structure around 410 K in
the DTA curve is very similar to that in the DSC
curve of Fig. 2. Moreover, eight peaks at 375.8,
403.8, 436.3, 563.5, 737.5, 761.6, 1082.4, and
1159.3 K, including very small peaks, are
observed in the DTG curve. These DTG peaks
almost correspond to the respective DTA peaks.
The DTG curve, which is the first derivative of TG
curve, reveals the temperature dependence of
the rate of weight loss. Thus, the DTA peaks are
associated with the maximum rate of weight loss
in the TG curve due to thermal decomposition of
the sample. The peak temperatures obtained
from the DTA and DTG curves were added to
Table 5. The TG curve shows the temperature
dependence of the weight loss for the DL-
SrC4H406-4H,0O  crystal. According to the
chemical reactions for decomposition of DL-
CaC,H,04-4H,0 as mentioned in the introduction,
we assume that the chemical processes involved
in the decomposition of DL-SrC,4H,O¢-4H,0O can
be described by the following equations [14]:

Table 6. TG results of thermal decomposition proces

SrC4H,;06-4H,0 — SrC,H;0¢ + 4H,0
SrC4H,06 — SrC,04 + 2H,CO
SrC,0,4 — SrC,03 + (1/2)0,

SrC,03; — SrO + 2CO.

The experimental weight losses obtained from
the TG analysis, the theoretical losses based on
the chemical reactions above, and the molecular
gases eliminated at various temperature ranges
are summarized in Table 6. The theoretical loss
values calculated for each temperature range
match closely with the experimental data. The
slight differences between the experimental and
theoretical values at each temperature range are
probably a result of overlapping temperature
ranges corresponding to the decomposition
reactions. After heating the sample up to 1470 K,
a chalky white substance was found in the open
vessel. The white substance is strontium oxide
SrO, as suggested by the chemical equations as
described above.

The thermal decompositions of the DL-strontium
and DL-calcium salts were observed in different
temperature ranges of approximately 370-1170
and 390-970 K [14]. The difference in the
temperature ranges is caused by the
decomposition above 900 K. The peak
temperatures and weight loss profiles between
500 and 900 K are very similar in the two salts,
and the evolved gases during the thermal
decomposition of C4;H,Oe, as described by the
second and third equations, are qualitatively and
guantitatively the same. The decomposition
temperature (1159.3 K) of the DL-strontium salt
is higher by about 200 K than for the DL-calcium
salt (964.4 K), and the decomposition reaction is
shown as the last equation mentioned above.
The experimental data suggest that evolution of
2CO gas molecules from the DL-strontium and
DL-calcium salts is exactly the same, and the
only major difference is in the final decomposition
reaction product (SrO or Ca0). The difference in
the decomposition temperature indicates that the
production of SrO requires higher temperatures
than for CaO.

s of DL-SrC 4H40g-4H,0

Temp. range [K] Weight loss (obs.)[%]

Weight loss (cal.) [%] Elimination molecules

300-500 235 23.4 4H,0
500-680 18.0 19.5 2H,CO
680-900 7.3 5.2 (1/2)0,
900-1300 19.6 18.2 2CO
Total 68.4 66.3
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Fig. 3. TG, DTG, and DTA thermograms f

or DL-SrC  4H404-4H,0 crystal on heating

The sample weight (powder) was 7.46 mg, and the heating rate was 10 Kmin™ under a dry N2 flux of 400 ml min™*

4. SUMMARY

Single crystals of racemic strontium tartrate
tetrahydrate, SrC,H;O44H,0O, were grown in
silica gel medium by gel technique at 308 K. The
thermal properties and crystal structure of the
single crystals were studied by DSC, TG-DTA,
and X-ray diffraction. The crystal structure at
room temperature, including the positions of the
hydrogen atoms, was determined to be triclinic

with space group P1 by means of single-crystal
X-ray diffraction, and found to consist of SrOg
dodecahedra, C4,H,04 and four independent H,O
molecules, and hydrogen-bonding networks that
are connected between adjacent C4H;O¢
molecules along the c-axis and between C4H;O4

and H,O molecules along the [011] direction.
Weight losses during the thermal decomposition
of DL-SrC4H4044H,0O crystals occur in the
temperature range of 370-1170 K. It is
suggested that the weight losses are caused by
the evaporation of bound water molecules and
the evolution of 2H,CO, (1/2)0,, and 2CO gases,
and the resulting chalky white substance in the
vessel after decomposition is strontium oxide
SrO. The crystal structure and thermal properties
observed in this study are very similar to those of

racemic CaC4H;O¢-4H,O previously reported,
except for the phase transition around 310 K, the
DSC peak structure for water evaporation around
390 K, and the difference in the decomposition
temperature range [14].
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