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a b s t r a c t
A pair of 3,8-dithiophen (dtphen) and 3,8-di-3-methylthiophen (dmtphen) substituted 1,10-phenanthroline cadmium(II) nitrates, formulated as [Cd(dmtphen)2(NO3)2] (1) and [Cd(dtphen)2(NO3)2] (2), exhibit
cis and trans conﬁguration in the whole complexes because of the substituent effects of methyl group
in the dmtphen ligand. In 1 and 2, both ligands possess similar cis/trans conﬁguration but different dihedral angles from 19.0(1)° to 45.5(1)° in 1 and 2.6(1)° to 5.9(1)° in 2 due to the spatial crowding effects of
methyl group. Additionally, anionic effects of NO3, Cl, and Br have been studied where two cis Cd(II)
complexes formulated as [CdBr2(dmtphen)2] (3) and [CdCl2(dtphen)] (4) are obtained and the side thiophene and methyl-thiophene rings in each ligand adopt the cis/trans and trans/trans conﬁguration relative to the central phen unit.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Studies on the design and control of the molecular conﬁguration
such as cis/trans position isomerism have attracted increasing
attention in recent years because of their potential applications
in various subjects ranging from inorganic [1] to organic and biological chemistry [2,3]. In particular, the molecular conﬁguration
of metal coordination complexes can be rationally designed by
careful regulation on temperature and solvents [4,5], photo and
proton-induced effects [6], steric interactions [7], counterions,
electronic features and conﬁguration of ligands [8,9]. The most famous example is the anti-cancer drug cis-[(NH3)2PtCl2] (also
known as cis-platin) which still attracts considerable attention
for its outstanding cytostatic properties up till now [1].
By means of rational design and slight modiﬁcation of ligands,
one could ﬁnely tune their conformation and energy levels, resultantly impact the photophysical properties and functions of the
transition-metal complexes. However, it should be mentioned that
investigations on the conﬁgurational alterations for a series of metal complexes originated from the substituent and anionic effects
are rarely reported. Earlier work from our laboratory shows that
the cis and trans isomers of bis(4,40 -dimethyl-2,20 -bipyridine)cad-

mium(II) nitrates can be yielded simultaneously and obtained individually by the mechanical separation via a one-pot reaction [10].
In the previous work, we have focused on the preparation and
optoelectronic properties for a series of linear 1,10-phenanthroline
based heterocyclic aromatic semiconducting compounds by introducing thiophene, imidazole, pyridyl, phenyl and oligothiophene
groups into the 3 and 8 positions of 1,10-phenanthroline via the
carbon–carbon and carbon–nitrogen crossing coupling reactions
[11–16]. Recently we have reported four nickel(II), zinc(II), and
copper(II) perchlorate complexes of 3,8-di(thiophen-20 ,200 -yl)1,10-phenanthroline (dtphen) with different metal-to-ligand ratios
[17]. In order to investigate how the substituent and anionic effects
affect the conﬁguration of ligands as well as ﬁnal metal complexes,
we ﬁrstly use 3,8-di-3-methylthiophen-1,10-phenanthroline (dmtphen) to prepare its metal complexes and make comparisons with
similar dtphen-based metal complexes. In this contribution, we report four Cd(II) complexes of dtphen or dmtphen with NO3, Cl,
and Br ions and discuss the cis/trans variations of conﬁguration
both in the ligands and metal complexes (Scheme 1).

2. Experimental
2.1. Materials and physical measurements

⇑ Corresponding author. Tel.: +86 25 83686526; fax: +86 25 83314502.
E-mail address: whuang@nju.edu.cn (W. Huang).
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All reagents and solvents were of analytical grade and used
without any further puriﬁcation. The anhydrous solvents were
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Scheme 1. Schematic illustration for the preparation of Cd(II) compounds 1–4.

drawn into syringes under a ﬂow of dry N2 gas and directly transferred into the reaction ﬂask to avoid contamination. 3,8-Dibromo1,10-phenanthroline [18], 3,8-di(thiophen-20 ,200 -yl)-1,10-phenanthroline (dtphen) [19] and 3,8-di(3-methylthiophen-2-yl)-1,10phenanthroline (dmtphen) [11] were prepared via a previously reported approaches.
Elemental analyses (EA) for carbon, hydrogen, and nitrogen
were performed on a Perkin–Elmer 1400C analyzer. Infrared (IR)
spectra (4000–400 cm1) were recorded using a Nicolet FT-IR
170X spectrophotometer on KBr disks. UV–Vis spectra were recorded with a Shimadzu UV-3150 double-beam spectrophotometer using a Pyrex cell with a path length of 10 mm. Luminescence
spectra were recorded on a Hitachi 850 ﬂuorescent spectrophotometer at room temperature (25 °C). 1H NMR spectroscopic measurements were performed on a Bruker AM-500 NMR
spectrometer, using TMS (SiMe4) as an internal reference at room
temperature.
2.2. Syntheses of metal complexes
2.2.1. Preparation of complex [Cd(dmtphen)2(NO3)2] (1)
A mixture of Cd(NO3)24H2O (15.4 mg, 0.05 mmol) and dmtphen (37.2 mg, 0.1 mmol) were dissolved in ethanol (10 cm3). After
stirred and reﬂuxed for 3 h, the mixture was cooled and ﬁltered,
and the ﬁltrate was left for slow evaporation in air at room temperature. Yellow single crystals suitable for X-ray diffraction determination were obtained after 7 days. Yield: 21.0 mg (42.8% based on
ligand). Main FT-IR absorptions (KBr pellets, m, cm1): 3441 (b),
1605 (m), 1539 (w), 1502 (m), 1441 (vs), 1385 (s), 1352 (m),
1304 (m), 1121 (w), 1034 (w), 914 (w), 837 (w), 816 (w), 727
(m), 716 (m), 628 (w), and 515 (w). Elemental Anal. Calc. for C44H32CdN6O6S4: C, 53.85; N, 8.56; H, 3.29. Found: C, 53.52; N, 8.64;
H, 3.52%. 1H NMR (500 MHz, DMSO-d6) d: 9.13 (s, 2H, phen), 8.86
(s, 2H, phen), 8.28 (s, 2H, phen), 7.71 (d, 2H, J = 5.1 Hz, thiophenyl),
7.15 (d, 2H, J = 5.1 Hz, thiophenyl), 2.34 (s, 6H, Me). UV–Vis in ethanol: kmax/e (L mol1 cm1) = 360 (380 68), 286 (43 561), and 252
(42 229) nm.

(w), 914 (w), 852 (w), 814 (w), 721 (m), and 526 (w). Elemental
Anal. Calc. for C40H24CdN6O6S4: C, 51.92; N, 9.08; H, 2.61. Found:
C, 51.75; N, 9.26; H, 2.87%. 1H NMR (500 MHz, DMSO-d6) d: 9.30
(d, 2H, J = 1.9 Hz, phen), 9.11 (s, 2H, phen), 8.27 (s, 2H, phen),
7.91 (d, 2H, J = 3.2 Hz, thiophenyl), 7.86 (d, 2H, J = 5.0 Hz, thiophenyl), 7.36–7.31 (m, 2H, thiophenyl). kmax/e (L mol1 cm1) = 360 (34 773) and 282 (41 079) nm.
2.2.3. Preparation of complex [CdBr2(dmtphen)2] (3)
Complex 3 was prepared in the same method as that of 1 except
that CdBr24H2O (17.2 mg, 0.05 mmol) was used instead of
Cd(NO3)24H2O. Yield: 21.4 mg (42.1% based on ligand). Main FTIR absorptions (KBr pellets, m, cm1): 3483 (b), 1603 (m), 1537
(w), 1504 (w), 1472 (w), 1443 (vs), 1416 (w), 1379 (w), 1350
(w), 1263 (w), 1225 (w), 1121 (m), 1020 (w), 914 (m), 837 (w),
779 (w), 726 (s), 629 (w), and 515 (w). Elemental Anal. Calc. for C44H32Br2CdN4S4: C, 51.95; N, 5.51; H, 3.17. Found: C, 52.13; N, 5.74;
H, 3.36%. 1H NMR (500 MHz, DMSO-d6) d: 9.40 (s, 2H, phen), 8.90
(s, 2H, phen), 8.29 (s, 2H, phen), 7.73 (d, 2H, J = 4.8 Hz, thiophenyl),
7.16 (d, 2H, J = 4.7 Hz, thiophenyl), 2.42 (s, 6H, Me). UV–Vis in ethanol: kmax/e (L mol1 cm1) = 366 (37 407), 287 (42 973), and 253
(37 464) nm.
2.2.4. Preparation of complex [CdCl2(dmtphen)2] (4)
Complex 4 was prepared in the same method as that of 2 except
that. CdCl24H2O (12.8 mg, 0.05 mmol) was used instead of
Cd(NO3)24H2O. Yield: 24.3 mg (55.7% based on ligand). Main FTIR absorptions (KBr pellets, m, cm1): 3439 (b), 1605 (m), 1529
(w), 1387 (w), 1350 (w), 1439 (vs), 1387 (w), 1348 (w), 1271
(w), 1119 (w), 1067 (w), 908 (w), 849 (w), 779 (w), 725 (s), 694
(m), 598 (w), and 525 (w). Elemental Anal. Calc. for C40H24CdCl2N4S4: C, 55.08; N, 6.42; H, 2.77. Found: C, 55.22; N, 6.54; H, 2.99%. 1H
NMR (500 MHz, DMSO-d6) d: 9.51 (s, 2H, phen), 9.00 (s, 2H, phen),
8.19 (s, 2H, phen), 7.86 (s, 2H, thiophenyl), 7.83 (s, 2H, thiophenyl),
7.32 (s, 2H, thiophenyl). UV–Vis in ethanol: kmax/e (L mol1 cm1) = 372 (44 540) and 290 (43 710) nm.
2.3. X-ray data collection and solution

2.2.2. Preparation of complex [Cd(dtphen)2(NO3)2] (2)
Complex 2 was prepared in the same method as that of 1 except
that dtphen (34.4 mg, 0.1 mmol) was used instead of dmtphen.
Yield: 17.8 mg (56.0% based on ligand). Main FT-IR absorptions
(KBr pellets, m, cm1): 3427 (b), 1606 (m), 1528 (w), 1481 (m),
1440 (m), 1385 (vs), 1283 (s), 1271 (s), 1228 (w), 1119 (w), 1022

Single-crystal samples of 1–4 were covered with glue and
mounted on glass ﬁbers and then used for data collection at
291(2) K. The diffraction data were collected on a Bruker SMART
1 K CCD diffractometer using graphite mono-chromated Mo Ka
radiation (k = 0.71073 Å). The crystal systems were determined
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Table 1
Crystal data and structural reﬁnements for complexes 1–4.
Compound

1

2

3

4

Empirical formula
Formula weight
Crystal size (mm)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
a (°)
b (°)
c (°)
V (Å3)
Z/Dcalc (Mg m3)
F(0 0 0)
l (mm1)
Maximum/minimum transmission
Data collected/unique
hmin/hmax
kmin/kmax
lmin/lmax
Parameters
R [F2 > 2r(F2)]
wR (F2) (all data)
S
D (e Å3) (maximum, minimum)

C44H32CdN6O6S4
981.45
0.10  0.14  0.14
triclinic

P1

C40H24CdN6O6S4
925.34
0.10  0.11  0.12
monoclinic
C2/c
18.510(3)
13.141(2)
17.190(3)
90
121.296(2)
90
3572.9(10)
4/1.720
1864
0.906
0.9148/0.8990
8758/3145
17/22
11/15
20/19
270
0.0427
0.1085
0.964
0.644/0.741

C44H32Br2CdN4S4
1017.23
0.10  0.11  0.11
monoclinic
P21/c
11.250(2)
15.991(3)
22.764(5)
90
94.731(3)
90
4081.3(14)
4/1.656
2024
2.736
0.7715/0.7529
20 302/7163
13/12
18/12
27/27
488
0.0588
0.1565
0.890
3.211/1.247

C40H24CdCl2N4S4
872.22
0.10  0.10  0.12
triclinic

P1

R1 =

P

||Fo|  |Fc||/

10.5098(9)
14.7423(13)
14.9092(13)
110.766(1)
91.200(1)
101.075(1)
2109.7(3)
2/1.545
996
0.772
0.9268/0.8996
10 774/7347
12/12
7/17
17/17
542
0.0565
0.1417
0.963
0.836/2.009

9.9952(8)
13.0842(11)
14.4591(12)
104.903(2)
94.085(1)
105.041
1745.4(3)
2/1.660
876
1.056
0.9017/0.8837
8907/6057
11/10
15/13
17/17
449
0.0699
0.2018
1.030
4.294/2.055

P
P
P
|Fo|, wR2 = [ [w(Fo2  Fc2)2]/ w(Fo2)2]1/2.

by Laue symmetry and the space groups were assigned on the basis
of systematic absences using XPREP. Absorption corrections were
performed to all data and the structures were solved by direct
methods and reﬁned by full-matrix least-squares method on Fobs2
by using the SHELXTL-PC software package [20]. All non-H atoms were
anisotropically reﬁned and all hydrogen atoms were inserted in the
calculated positions assigned ﬁxed isotropic thermal parameters
and allowed to ride on their respective parent atoms. The summary
of the crystal data, experimental details and reﬁnement results for
complexes 1–4 is listed in Table 1, selected bond distances related
to the central Cd(II) ions are given in Table 2, while hydrogen
bonding interactions are listed in Table S1.

3. Results and discussion
3.1. Syntheses and spectral characterizations
Four Cd(II) complexes, namely [Cd(dmtphen)2(NO3)2] (1),
[Cd(dtphen)2(NO3)2] (2), [CdBr2(dmtphen)2] (3), and [CdCl2(dtphen)2] (4), can be easily prepared just by reﬂuxing stoichiometric amounts of cadmium(II) salts and the dtphen or dmtphen
ligand in ethanol. UV–Vis spectra of complexes 1–4 in ethanol with
the concentration of ca. 2.0  105 mol/L are illustrated in the inset
of Fig. S1. Compared with the absorptions of two free ligands, the
p–p⁄ transition between the heterocyclic aromatic rings shows
bathochromic shifts from 352 nm in the dtphen ligand [17] to
360 and 372 nm in its Cd(II) complexes 2 and 4, respectively. In
contrast, absorption of the p–p⁄ transition between the aromatic
heterorings in the dmtphen ligand is also red-shifted from
346 nm in the dmtphen ligand [11] to 360 and 366 nm in its Cd(II)
complexes 1 and 3, respectively.
Considering that most of the coordination complexes having
full d10 electronic conﬁguration show excellent photoluminescence properties, we have studied the luminescence spectra of
complexes 1–4 in the solid state at room temperature (Fig. S1).
Fluorescence emissions of four Cd(II) complexes are observed at
523 nm (kex = 466 nm) for 1, 530 nm (kex = 330 nm) for 2, 520 nm
(kex = 376 nm) for 3, and 528 nm (kex = 394 nm) for 4, respectively.
Compared with the free dtphen and dmtphen ligands (381 and

375 nm), the most drastic red shifts observed for complexes 1–4
may be attributed to the strong p–p⁄ aromatic stacking interactions in the solid state and the ligand to metal charge transfer
transition.
1
H NMR spectra of free ligands dmtphen and dtphen and their
cadmium(II) complexes 1–4 have been carried out in DMSO-d6 to
give further insights into the differences between the chemical
shifts of aromatic protons before and after metal-ion complexation.
As can be seen in Fig. 1, the 1H NMR spectra have been divided into
two groups with the same abscissa for comparison between the
free ligands and their cadmium(II) complexes. The results clearly
demonstrate that the 4,7- and 2,9-protons of phen units of ligands
dmtphen and dtphen in 1–4, which are close to the coordinating
nitrogen atoms, have shifted to the lower ﬁeld range apparently
due to the deshielding effects after metal ion complexation
[16,21]. For example, the chemical shifts of 4,7- and 2,9-protons
of phen (b and c) have shifted from 8.62 and 8.13 ppm in ligand
dmphen to 8.86 and 8.28 ppm in complex 1 and 8.90 and 8.29 in
complex 3, while those have shifted from 8.72 and 8.07 ppm in ligand dtphen to 9.11 and 8.27 ppm in complex 2 and 9.00 and 8.19
in complex 4. In contrast, the protons of thiophene and methylthiophene rings show only slight variations in their chemical shifts
before and after Cd(II) ion complexation because of their longer
distances than the phen units with the Cd(II) coordination centers
in 1–4.

3.2. Crystal structures of complexes 1–4
The molecular structures of Cd(II) complexes 1–4 are illustrated
together in Fig. 2 for full comparison. The side methylthiophene
and thiophene rings of dmtphen and dtphen ligands adopt the
cis/trans, cis/cis, and trans/trans conﬁguration relative to the central
phen unit in four Cd(II) complexes. In addition, two bidentate dmtphen or dtphen ligands and two coordinated ions (NO3, Cl, and
Br) exhibit the cis (1, 3, and 4) and trans (2) conﬁguration in the
whole Cd(II) complexes.
 and the
Complex 1 crystallizes in the triclinic space group of P1
central Cd(II) ion is eight-coordinated by four nitrogen atoms from
two bidentate dmtphen ligands and four oxygen atoms from two
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Table 2
Select bond lengths (Å) for complexes 1–4.
1
Cd1–O1
Cd1–O2
Cd1–O4
Cd1–O5
Cd1–N1
Cd1–N2
Cd1–N3
Cd1–N4

2
2.385(4)
2.624(3)
2.615(3)
2.379(4)
2.398(4)
2.429(4)
2.406(4)
2.406(4)

Cd1–O1
Cd1–N1
Cd1–N2

3
2.370(4)
2.443(3)
2.342(3)

Cd1–Br1
Cd1–Br2
Cd1–N1
Cd1–N2
Cd1–N3
Cd1–N4

4
2.639(1)
2.666(1)
2.409(6)
2.415(6)
2.500(7)
2.418(6)

Cd1–Cl1
Cd1–Cl2
Cd1–N1
Cd1–N2
Cd1–N3
Cd1–N4

Symmetry codes: a = 1  x, y, 1/2  z.

Fig. 1. 1H NMR spectra of ligands dmtphen, dtphen and their cadmium(II) complexes 1–4 in DMSO-d6 for comparison.

2.526(2)
2.527(2)
2.412(6)
2.467(6)
2.414(6)
2.540(6)
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Fig. 2. ORTEP diagrams of molecular structures of Cd(II) complexes 1–4 with the atom-numbering scheme. Displacement ellipsoids are drawn at the 30% probability level.
Hydrogen atoms are omitted for clarity.

nitrate ions. In contrast, complex 2 crystallizes in the monoclinic
space group of C2/c and exhibits 2-fold symmetry and the central

Cd(II) ion is six-coordinated by four nitrogen atoms from two
bidentate dtphen ligands and two oxygen atoms from two nitrate

Fig. 3a. View of the p–p stacking indicated by dashed lines in the crystal packing of 1, hydrogen atoms are omitted for clarity.

B. Hu et al. / Inorganica Chimica Acta 394 (2013) 576–582

Fig. 3b. View of the p–p stacking and hydrogen bonds indicated by dashed lines in the crystal packing of 2.

Fig. 3c. View of the p–p stacking indicated by dashed lines in the crystal packing of 3, hydrogen atoms are omitted for clarity.

Fig. 3d. View of the p–p stacking indicated by dashed lines in the crystal packing of 4, hydrogen atoms are omitted for clarity.
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ions. NO3 is a bidentate ligand in 1, while it is monodentate in 2.
The measured Cd–O bond lengths in 1 are 2.379(4), 2.385(4),
2.615(3), and 2.624(3) Å (Table 1). The Cd1–O1 bond length in 2
is 2.370(3) Å.
By comparing the molecular structures of cadmium(II) nitrate
complexes 1 and 2, it is found that the only difference between
them is the use of different ligands where the presence of two
additional methyl groups in dmtphen results in the distinguishable
dihedral angles between adjacent aromatic rings as well as the
alterations of cis and trans conﬁguration with regard to the whole
complexes. Both of the bidentate dmtphen and dtphen ligands in 1
and 2 adopt the cis/trans conﬁguration. However, the dihedral angles between the two side methylthiophene rings and the mother
phen ring in 1 are 45.5(1), 19.0(1), 25.0(1), and 28.6(1)°, (for rings
involving S1, S2, S3, and S4 respectively), and those in 2 are much
smaller at 5.9(1)° and 2.6(1)° (for rings involving S1, S2 respectively). It is noted that two chelating dmtphen ligands and two
bidentate NO3 ions are in the cis conﬁguration in 1, while two
chelating dtphen ligands and two monodentate NO3 ions are in
the trans conﬁguration in 2. This pair of cadmium(II) nitrate complexes is believed to be a good example to study the inﬂuence of
substituent (steric hindrance) effects on the stereochemistry both
in ligand and in metal complex.
In order to further reveal the anionic effects of NO3, Cl, and

Br , another two Cd(II) complexes, namely [CdBr2(dmtphen)] (3)
and [CdCl2(dtphen)] (4), have been obtained and structurally characterized. In 3 and 4, each Cd(II) center is six-coordinated by two
bidentate dmtphen ligands and two bromido ligands forming a distorted octahedral coordination environment. Two chelating dmtphen ligands and two Br or Cl ions adopt the cis conﬁguration
in both 3 and 4. However, the side methylthiophene and thiophene
rings of dmtphen and dtphen ligands in 3 and 4 adopt different
conﬁguration relative to the central phen unit. That is to say, one
dmtphen ligand adopts the cis/trans conﬁguration in 3 with the
dihedral angles of 32.2(2)° and 42.5(2)°, and the other adopts the
trans/trans one with the dihedral angles of 13.5(1)° and 50.0(2)°.
In contrast, both of the dtphen ligands in 4 are in the cis/trans conﬁguration with the dihedral angles between adjacent aromatic
rings of 24.8(2)°, 1.9(2)°, 2.9(2)°, and 6.5(2)° (four rings involving
S1, S2, S3, S4).
In the crystal packing structures of 1–4, weak C–H  O hydrogen bonding (Table S1) and p–p stacking interactions are found between neighboring aromatic rings forming different layered
packing suparmolecular networks. There are four kinds of p–p
stacking interactions in 1 with the centroid–centroid separations
varying from 3.617(9) to 3.880(9) Å (Fig. 3a), while two kinds of
p–p stacking interactions are observed in 2 with the centroid–centroid separations of 3.771(6) and 3.760(6) Å (Fig. 3b). In 3, there are
three types of p–p stacking interactions with the centroid–centroid distances of 3.762(11), 3.903(11) and 3.932(11) Å (Fig. 3c),
and eight sorts p–p stacking interactions are found in 4 with the
centroid–centroid distances in the range of 3.580(12)–
3.846(12) Å (Fig. 3d).
4. Conclusion
In summary, dtphen and dmtphen ligands are used to prepare
four new mononuclear cadmium(II) complexes 1–4 to explore
the substituent and anionic effects on the ﬁnal cis/trans conﬁgura-

tion of ligands and metal complexes. In the former pair of cadmium(II) nitrates, the central Cd(II) ion is six-coordinated in 1
but eight-coordinated in 2, the slight difference of ligands results
in the distinguishable dihedral angles between adjacent aromatic
rings in ligands as well as the alterations of cis and trans conﬁguration with regard to the whole complexes. In the latter two six-coordinate cadmium(II) complexes, different conﬁguration (cis/trans
and trans/trans) in ligands but the same cis conﬁguration in metal
complexes are found. From the results of this work, it is concluded
that the interactions in supramolecular level including substituent,
steric, and anionic effects, p–p stacking and hydrogen bonding
interactions could adjust the molecular conﬁguration of ligands
and metal complexes in the solid state.
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