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The synthesis and structure determination of the Sm(III) complex with 1,10-phenanthroline (phen) and
5-chloro-2-methoxybenzoate (5-Cl-2-MOBA) are reported. The crystal and molecular structure of the complex,
as well as its molecular formula and composition [Sm(5-Cl-2-MOBA)3phen]2, were determined by single-
crystal X-ray diffraction, elementary analyses, and infrared (IR) and thermogravimetric/differential
thermogravimetric (TG-DTG) measurements. Meanwhile, the molar conductance and the ultraviolet (UV)
spectra of the complex were measured and depicted. The crystal of the complex belongs to the triclinic
crystal system, space group p1j with a ) 10.729(2) Å, b ) 13.0971(18) Å, c ) 13.5925(19) Å, R ) 64.376(5)°,
� ) 84.571(6)°, γ ) 87.733(7)°, V ) 1714.3(5) Å3, Z ) 1, Dc ) 1.719 t ·m-3, µ ) 2.006 mm-1, and F(000)
) 882. Each Sm(III) ion in the crystal is nine-coordinate with a distorted monocapped square antiprismatic
comformation. The Sm(III) ion in the complex is coordinated by two O atoms of one chelating bidentate
carboxylate group, five O atoms of two bridging bidentate, and two bridging-chelating tridentate carboxylate
groups and two N atoms of one 1,10-phenanthroline molecule. The thermal decomposition of [Sm(5-Cl-
2-MOBA)3phen]2 can be divided into three stages. By the Malek method, SB(m,n) was defined as the kinetic
model of the first-step thermal decomposition. The activation energy E of this step is 183.63 kJ ·mol-1, and
the pre-exponential factor ln A is 39.59. The thermodynamic parameters ∆G*, ∆H*, and ∆S* of activation
at the peak temperature were also calculated.

Introduction

A large amount of research has been done on rare earth
carboxylate complexes for their fascinating structural propert-
ies,1-9 interesting spectroscopic properties, and potential ap-
plications in various areas. They are used as fluorescent probes
to study nucleic acids10,11 in the biological field and preserva-
tives in metal anticorrosion,12 which has an important signifi-
cance in our daily life. The various coordination modes of
carboxyl groups such as chelating, bridging, and bridging-
chelating make the complex structures of rare earth benzoate
derivatives more colorful. Lanthanide cations are used as central
atoms because they have a higher coordination number and a
more flexible coordination geometry than their transition metal
analogues.13 There are binary complexes of rare earth elements
with 5-chloro-2-methoxybenzoate obtained as solids, and the
focus of the research attention has been on the thermal behavior
of the complexes.14,15 In this paper, we have synthesized the
ternary complex of samarium 5-chloro-2-methoxybenzoate with
1,10-phenanthroline, obtained its crystal structure, and discussed
its thermal decomposition procedure by thermogravimetric/
differential thermogravimetic (TG-DTG) and infrared (IR)
techniques. In addition, the corresponding nonisothermal kinetics
values were determined from the analysis of the TG-DTG curves
of the complex by the Malek method.16,17

Experimental Section

Preparation of the Title Complex. SmCl3 ·6H2O (0.2 mmol)
was dissolved in 3 mL of distilled water. 5-Chloro-2-methoxy-
benzoic acid (5-Cl-2-HMOBA, 0.6 mmol) and 1,10-phenan-
throline (phen, 0.2 mmol) were dissolved together in 6 mL of
95 % ethanol solution, adjusting the pH of the solution in a
range of 6 to 7 using 1 mol ·L-1 NaOH solution. Then, the
mixture of the two ligands was dropped slowly into the SmCl3

aqueous solution under stirring. The reaction mixture was
continually stirred for about 8 h at room temperature and then
deposited for 12 h. Subsequently, the precipitate was filtered
out, washed three times with 95 % ethanol, and dried in an IR
dryer. The powder finally was stored in a silica-gel desiccator
for later characterization. The single crystal of the complex was
obtained from the mother liquor after two weeks at room
temperature. Elemental analyses for C72H52Cl6N4O18Sm2: calcd
(%): C 48.73, H 2.95, N 3.16, Sm 16.95. Found (%): C 48.87,
H 3.04, N 3.13, Sm 17.05.

Chemicals and Apparatus. All chemicals were analytical
grade. SmCl3 ·6H2O was prepared by dissolving its oxide in
hydrochloric acid and then drying the solution by water-bath
heating. The analyses of C, H, and N were carried out with a
Vario-EL III elemental analyzer. The metal content was assayed
using an ethylenediaminetetraacetic acid disodium salt (EDTA
disodium salt) titration method. The IR spectra were recorded
on a Bruker TENSOR27 spectrometer using the conventional
KBr discs technique at room temperature in the range of (4000
to 400) cm-1. The UV spectra were depicted on a Shimadzu
2501 spectrophotometer. The molar conductance was measured
with a Shanghai DDS-307 conductometer. The single crystal
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X-ray diffraction data were obtained by a Saturn 724+
diffractometer with graphite-monochromated Mo KR radiation
(λ ) 0.71073 A°) at 93(2) K. The structure was solved by direct
methods using the SHELXS-97 program18 and refined by full-
matrix least-squares on F2 using the SHELXL-97 program.19

TG and DTG experiments for the title complex were conducted
using a Perkin-Elmer TGA7 thermogravimetric analyzer under
a dynamic N2 atmosphere in the temperature region of (298.15
to 1173.15) K with a series heating rates of (3, 5, 7, 10, and
15) K ·min-1 for the study of kinetics.

Results and Discussion

Molar Conductance. The synthesized complex was dissolved
in DMSO (dimethylsulfoxide) solution, and its molar conduc-
tance was measured with DMSO as a reference. The value is
15.39 S · cm2 ·mol-1, indicating that the complex is a nonelec-
trolyte.20 The complex is stable at room temperature in air. It
is generally soluble in the stronger polar solvents DMSO and
dimethylformamide (DMF) and yet insoluble in the usual
solvents, such as water, ethanol, and acetone.

IR Spectra. Table 1 illustrates the important IR frequencies
of the complex and ligands. The characteristic absorption peaks
corresponding to some groups are different between the ligands
and the complex. The band at 1729 cm-1, because of the free
COOH group in the acid ligand, disappears completely in the
spectrum of the complex, whereas two bands at (1613 and 1429)
cm-1 appear that result from asymmetric and symmetric
vibrations of the COO- group, and the appearance of absorption
band at 416 cm-1 is attributed to νSm-O. These changes indicate
that the oxygen atoms from the carboxylate group are coordi-
nated to the Sm3+ ion.21 In addition, ∆ν(COO-) ) 184 cm-1

of the complex is less than that of the sodium salt (209 cm-1),
from which we can infer that the acid ligands have a bidentate
coordination mode with the Sm3+ ion.22 This result is consistent
with the crystal structure of the complex. The bands of νCdN

(1561 cm-1) and δC-H [(854 and 738) cm-1] in the spectrum of
1,10-phenanthroline ligand move to low wavenumbers in the
spectrum of the complex, suggesting the coordination of the
two nitrogen atoms of the neutral ligand to the Sm3+ ion.23

UltraWiolet (UV) Spectra. The title complex and the two
ligands were depicted in DMSO solution by UV spectra with
DMSO as a reference. The maximum absorbance λmax of the
free ligand 5-Cl-2-HMOBA is 256.10 nm with a molar
extinction coefficient of 1.6 ·102 L ·mol-1 · cm-1. The main
absorption of the complex [Sm(5-Cl-2-MOBA)3phen]2 is 264.20
nm, which can be explained by the fact that the free ligands
are coordinated to the metal ion, forming a π-conjugated
system.24 Moreover, compared with the complex, the maximum
peak of phen at 265.00 nm is similar to that in the complex,
suggesting that the formation of the Sm-N bond should have
no remarkable influence on the UV absorption of phen.25

However, the molar extinction coefficient ε265.00 is enhanced
from (3.1 ·102 to 1.02 ·103) L ·mol-1 · cm-1, suggesting a bigger
chelating ring is formed.

Single-Crystal X-ray Diffraction Studies. A single crystal
with dimensions of (0.33 × 0.23 × 0.20) mm was selected for
measurement. Table 2 gives a summary of the crystallographic

data and details of the structural refinements for the title
complex. (CCDC 775373 is the number of the Sm(III) complex,
which contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via http://www.ccd-
c.cam.ac.uk/data_request/cif.) The selected bond lengths and
angles are listed in Table 3. The molecular structure and the
detailed coordination sphere around the Sm(III) ion are shown
in Figures 1 and 2.

As shown in Figure 1, two Sm(III) ions, six 5-Cl-2-MOBA
groups, and two phen molecules are contained in the molecular
structure, which forms a binuclear complex with a crystal-

Table 1. Important IR Absorption Bands for the Ligands and
Complex (cm-1)

ligands and
complex νCdN νCOO νas(COO-) νs(COO-) δC-H νSm-O

phen 1561 854 738
5-Cl-2-HMOBA 1729
[Sm(5-Cl-2-MOBA)3phen]2 1519 1613 1429 844 730 416

Table 2. Crystal Data and Structure Refinement for the Title
Complex

item data

empirical formula C72H52Cl6N4O18Sm2

formula weight 1774.58
temperature 93(2) K
wavelength 0.71073 Å
crystal system, space group triclinic, p1j
unit cell dimensions a ) 10.729(2) Å; R ) 64.376(5)°

b ) 13.0971(18) Å; � ) 84.571(6)°
c ) 13.5925(19) Å; γ ) 87.733(7)°

volume 1714.3(5) Å3

Z, calculated density 1, 1.719 t ·m-3

absorption coefficient 2.006 mm-1

F(000) 882
crystal size (0.33 × 0.23 × 0.20) mm
θ range for data collection 3.02 to 27.50°
limiting indices -13 e h e 13, -16 e k e 16,

-17e l e 17
reflections collected/unique 17390/7784 [R(int) ) 0.0244]
completeness to θ ) 27.50 98.7 %
absorption correction semiempirical from equivalents
max. and min. transmission 0.6898 and 0.5547
refinement method full-matrix least-squares on F2

data/restraints/parameters 7784/2/474
goodness-of-fit on F2 1.002
final R indices [I > 2σ(I)] R1 ) 0.0255, wR2 ) 0.0572
R indices (all data) R1 ) 0.0293, wR2 ) 0.0590
largest diff. peak and hole (0.916 and -0.462) e ·Å-3

Table 3. Selected Bond Lengths (Å) and Angles (deg) for the Title
Complexa

Bond Bond
Sm(1)-O(8)#1 2.3591(16) Sm(1)-O(4) 2.3794(15)
Sm(1)-O(5)#1 2.3814(16) Sm(1)-O(7) 2.4630(16)
Sm(1)-O(9) 2.4646(17) Sm(1)-O(6) 2.4779(16)
Sm(1)-N(1) 2.610(2) Sm(1)-N(2) 2.643(2)
Sm(1)-O(8) 2.7029(16)

Angle Angle
O(8)#1-Sm(1)-O(4) 75.41(6) O(8)#1-Sm(1)-O(5)#1 75.85(6)
O(4)-Sm(1)-O(5)#1 133.62(5) O(8)#1-Sm(1)-O(7) 148.65(6)
O(4)-Sm(1)-O(7) 131.73(5) O(5)#1-Sm(1)-O(7) 88.98(5)
O(8)#1-Sm(1)-O(9) 123.57(5) O(4)-Sm(1)-O(9) 85.41(6)
O(5)#1-Sm(1)-O(9) 81.10(6) O(7)-Sm(1)-O(9) 79.60(6)
O(8)#1-Sm(1)-O(6) 147.19(6) O(4)-Sm(1)-O(6) 78.54(5)
O(5)#1-Sm(1)-O(6) 136.93(5) O(7)-Sm(1)-O(6) 53.23(5)
O(9)-Sm(1)-O(6) 73.11(6) O(8)#1-Sm(1)-N(1) 83.68(6)
O(4)-Sm(1)-N(1) 74.21(6) O(5)#1-Sm(1)-N(1) 136.69(6)
O(7)-Sm(1)-N(1) 89.33(6) O(9)-Sm(1)-N(1) 140.75(6)
O(6)-Sm(1)-N(1) 70.20(6) O(8)#1-Sm(1)-N(2) 76.45(6)
O(4)-Sm(1)-N(2) 130.09(6) O(5)#1-Sm(1)-N(2) 75.76(6)
O(7)-Sm(1)-N(2) 73.25(6) O(9)-Sm(1)-N(2) 144.31(6)
O(6)-Sm(1)-N(2) 106.69(6) N(1)-Sm(1)-N(2) 62.39(6)
O(8)#1-Sm(1)-O(8) 73.56(6) O(4)-Sm(1)-O(8) 68.75(5)
O(5)#1-Sm(1)-O(8) 68.62(5) O(7)-Sm(1)-O(8) 126.39(5)
O(9)-Sm(1)-O(8) 50.07(5) O(6)-Sm(1)-O(8) 114.66(5)
N(1)-Sm(1)-O(8) 140.20(5) N(2)-Sm(1)-O(8) 137.79(5)

a Symmetry transformations used to generate equivalent atoms: #1 -x
+ 1, -y + 1, -z + 1.
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lographic inversion center. In the molecular structure, carboxyl
groups have three kinds of coordination modes, chelating
bidentate, bridging bidentate, and bridging-chelating tridentate.
Each Sm(III) ion is coordinated by seven oxygen atoms from
carboxyl groups and two nitrogen atoms from a phen, yielding
a distorted monocapped square antiprismatic comformation
(Figure 2), in which atom O8 locates at the capped position,
atoms O4, O8A, O5A, and O9 form the topside plane of the
square antiprism, and the underside plane is formed by atoms
N1, N2, O7, and O6. The distances of Sm-O range from
[2.3591(16) to 2.7029(16)] Å, and the average distance of
Sm-O is 2.4612 Å. Noticeably, the average bond length of
Sm-O from the bridging-chelating tridentate carboxylate
groups (2.5088 Å) is longer than that of the bridging bidenatte
carboxylate groups (2.3804 Å), which can explain the result
that part of the carboxyl groups decomposed in the first stage
of the thermal decomposition. The length of Sm-N bonds is
in the range of [2.610(2) and 2.643(2)] Å with a mean bond
length of 2.627(2) Å. By comparing the two bond distances,
the bond energy of Sm-O is stronger than the Sm-N bond, so
the neutral ligand phen should decompose first, which can be
proved well by the thermal decomposition process.

Thermal Decomposition Process of the Title Complex.
Figure 3 shows the TG-DTG curves of the title complex at a
heating rate of 7 K ·min-1 under a dynamic N2 atmosphere. As
seen from the DTG curve, the thermal decomposition process
of the complex presents three stages. The first mass loss is 35.21
% between (473.15 and 591.16) K. It can be easily seen that
part of the 5-Cl-2-MOBA ligands have also been decomposed.
The IR spectrum of the intermediate residue at 591.16 K shows
the disappearance of the absorption band of CdN at 1519 cm-1

and the bands of the asymmetric vibrations νas(COO-) at 1613
cm-1, and symmetric vibrations νs(COO-) at 1429 cm-1 are weaker
than that in the complex, which indicates the two phen
(theoretical mass loss is 20.30 %) and part of the 5-Cl-2-MOBA
ligands are released together. This is also consistent with the
structure analyses. The second and third stages took place at
591.16 K and continued to 1070.8 K with a total loss of 45.19
%, corresponding to the loss of the rest. The characteristic
absorptions of the final residue are same as the standard sample
spectra of Sm2O3. Therefore, up to 1070.8 K, the title complex
was completely degraded into Sm2O3 with a total loss of 80.40
% (theoretical loss is 80.35 %).

Kinetics of the First Decomposition Stage. The Malek
method16,17 was applied to study the kinetics of the first thermal
decomposition process of [Sm(5-Cl-2-MOBA)3phen]2. As the
most important factor for the determination of the function f(R)
in the Malek method, the activation energy E of the first
decomposition step was calculated by the integral isoconver-
sional nonlinear method (NL-INT method)26 in the condition
of not involving the kinetic function, and the results are listed
in Table 4. The average value of E is 183.63 kJ ·mol-1, and its
standard deviation is 12.63. The average value of E was used
to calculate the defined functions Y(R) and Z(R). The needed
experimental data of T, R, and dR/dt are obtained from the TG-
DTG curves. Functions Y(R) and Z(R) can be obtained by
substitution of the experimental data and activation energy E
into the following equations:16

where x ) E/RT and Π(x) ) (x3 + 18x2 + 88x + 96)/(x4 +
20x3 + 120x2 + 240x + 120), which is the expression of the
temperature integral. Figures 4 and 5 show the curves of the
dependence of Y(R) and Z(R) on R at different heating rates,
respectively. From the profiles of the two figures, it can be seen
that both Y(R) and Z(R) have a clear maximum when R is more
than zero. Y(R) which has a clear maximum indicates that the

Figure 1. Molecular structure and atom labeling scheme of the complex.

Figure 2. Coordination polyhedron of the Sm(III) ion.

Figure 3. TG-DTG curves of the complex at a heating rate of 7 K ·min-1.

Y(R) ) (dR/dt)ex (1)

Z(R) ) Π(x)(dR/dt)T/� (2)
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kinetic model of the first thermal decomposition step of the title
complex is JMA(n > 1) or SM(m,n), while Z(R) has a clear
maximum, which is consistent with the fact that the Z(R)
function has a maximum at Rp

∞ for all of the kinetic models
summarized in Table 5. To obtain the accurate values of Rm

and Rp
∞, at which the functions Y(R) and Z(R) have a maximum,

the Mathematica 4.1 software was used to fit the curves of
Y(R)-R and Z(R)-R. It is found that the equations obtained
by an eight-time fitting are the most accurate.

The values of Rm and Rp
∞ at various heating rates can be

obtained by the derivation of the fitted equations listed in Table
6, and Table 7 presents the calculated results. It can be seen
from Table 7, 0 < Rm < Rp at various heating rates, and the
values of Rp

∞ are not equal to 0.633. In combination with
Figure 4 in the literature,16 the kinetic model of the first thermal
decomposition step of the title complex can be determined to
be SB(m,n). Furthermore, the kinetic exponents m and n and
the pre-exponential factor A were calculated by the following
equations:16

where f ′(Rp) ) (df(Rp)/dR), and the results are given in Table
8.

The thermodynamic parameters of activation can be calculated
from the equations:27,28

where ν is the Einstein vibration frequency, ∆G* the Gibbs
energy of activation, ∆H* the enthalpy of activation, and ∆S*

Table 4. Values of E for the First Step Decomposition of the
Complex Obtained by the NL-INT Method

R

temperature/K E

3 K ·min-1 5 K ·min-1 7 K ·min-1 10 K ·min-1 15 K ·min-1 kJ ·mol-1

0.025 495.8 500.043 505.998 508.713 512.673 184.25
0.05 500.286 504.759 509.702 512.632 516.864 195.88
0.075 502.481 506.933 511.639 514.728 519.161 196.71
0.10 503.96 508.434 513.118 516.286 520.934 195.82
0.125 505.15 509.636 514.28 517.462 522.19 196.10
0.15 506.117 510.681 515.224 518.375 523.169 197.70
0.175 506.781 511.489 515.942 519.161 523.955 196.98
0.20 507.593 512.142 516.517 519.845 524.673 198.43
0.225 508.151 512.677 517.024 520.454 525.321 197.70
0.25 508.665 513.176 517.475 521.007 525.922 197.05
0.275 509.055 513.596 517.913 521.521 526.489 195.28
0.30 509.462 514.033 518.356 522.009 527.06 193.85
0.325 509.812 514.452 518.791 522.504 527.639 191.73
0.35 510.197 514.883 519.179 523.016 528.237 189.79
0.375 510.491 515.326 519.698 523.552 528.874 186.72
0.40 510.894 515.77 520.231 524.115 529.574 183.52
0.425 511.328 516.284 520.775 524.753 530.265 181.81
0.45 511.822 516.885 521.448 525.498 531.144 178.80
0.475 512.369 517.64 522.219 526.412 532.051 175.78
0.50 513.013 518.399 553.011 527.267 533.148 172.55
0.525 513.669 519.212 523.986 528.288 534.257 169.68
0.55 514.54 520.146 524.987 529.341 535.47 166.97
0.575 515.479 521.17 526.071 530.473 536.662 165.60
0.60 516.536 522.343 527.194 531.435 537.477 167.88
0.625 517.428 523.219 528.354 532.203 538.489 168.51
0.65 518.363 524.282 529.233 533.282 539.871 166.13
0.675 519.709 525.498 530.577 534.67 541.403 165.18
0.70 521.143 526.617 531.6 536.045 542.639 166.58
0.725 522.391 527.852 532.784 537.538 543.483 172.67
0.75 524.12 529.494 534.144 539.451 544.766 169.46
0.775 526.325 531.674 536.108 541.527 546.676 176.11
0.80 529.195 534.307 538.534 544.018 548.89 181.72
0.825 532.417 537.5 541.428 547.025 552.01 187.19
0.85 536.407 542.08 545.041 550.607 555.51 197.81
0.875 540.596 545.195 549.016 554.705 559.284 200.12

183.63a

12.63b

a Average value of E. b Standard deviation.

Figure 4. Relationship of Y(R) and R at various heating rates for the first
step decomposition: b, � ) 3 K ·min-1; 9, � ) 5 K ·min-1; 2, � ) 7
K ·min-1; 1, � ) 10 K ·min-1; [, � ) 15 K ·min-1.

Figure 5. Relationship of Z(R) and R at various heating rates for the first
step decomposition: b, � ) 3 K ·min-1; 9, � ) 5 K ·min-1; 2, � ) 7
K ·min-1; 1, � ) 10 K ·min-1; [, � ) 15 K ·min-1.

Table 5. Mathematical Expressions of the Kinetic Models

model symbol f(R)

Šesták-Berggren equation SB(m,n) Rm(1 - R)n

Johnson-Mehl-Avrami equation JMA(n) n(1 - R)[-ln(1 - R)]1-1/n

Reaction order equation RO(n) (1 - R)n

two-dimensional diffusion D2 1/[-ln(1 - R)]
Jander equation D3 3(1 - R)2/3/2[1 - (1 - R)2/3]
Ginstling-Brounshtein equation D4 3/2[(1 - R)-1/3 - 1]

ln[(dR/dt)ex] ) ln A + n ln[Rp(1 - R)] (3)

m ) pn (4)

p ) Rm(1 - Rm) (5)

A ) -�xp exp(xp)/[Tpf'(Rp)] (6)

A exp(E/RT) ) ν exp(-∆G*/RT) (7)

∆H* ) E - RT (8)

∆G* ) ∆H* - T∆S* (9)
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the entropy of activation. The values of these thermodynamic
parameters at the peak temperature obtained on the basis of eqs
7 to 9 are summarized in Table 9.

Conclusion

In summary, the title complex has been successfully synthe-
sized, and the crystal structure was determined by single crystal
X-ray diffraction. The Sm(III) ion is nine-coordinated with a
distorted monocapped square antiprismatic comformation. The
thermal decomposition of the complex [Sm(5-Cl-2-
MOBA)3phen]2 occurs in three steps as shown in the text. The
kinetic parameters of the first step were determined by the Malek
method. The kinetic model is SB(m,n), and the corresponding
values of the activation energy E and the pre-exponential factor
ln A are 183.63 kJ ·mol-1 and 39.59. The thermodynamic
parameters ∆G*, ∆H*, and ∆S* of activation at the peak
temperature are 142.34 kJ ·mol-1, 179.32 kJ ·mol-1, and 71.38
J ·mol-1 ·K-1, respectively.
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