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a b s t r a c t

Four novel sodium tetrafluoroborate directed supramolecular networks having 3- and 3,8-disubstituted
1,10-phenanthroline (phen) ligands, formulated as [Na(3-bromo-phen)2BF4] (1), [Na(3-bromo-phen)
BF4]4 (2), [Na(3,8-dibromo-phen)BF4]n (3) and [Na(3-(thiophen-20-yl)-phen)BF4]n (4), have been prepared
and structurally characterized, together with 3,8-dibromo-1,10-phenanthroline (5). Versatile coordina-
tion numbers for the sodium(I) centers (varying from 3, 4, 6 to 7) and coordination modes for the
phen-based ligands (monodentate and bidentate) have been observed, where different coordinating
and bridging fashions for the tetrafluoroborate anions as well as dissimilar intermolecular p–p stacking
and hydrogen bonding interactions have been found in mononuclear complex 1, tetranuclear complex 2,
one-dimensional (1D) and two-dimensional (2D) coordination polymers 3 and 4. By checking the latest
version of CCDC databases, it is found that the structural examples are all very rare on the monodentate
coordination mode for the phen-based ligand, the presence of three and four-coordinate sodium(I) coor-
dination centers and the sodium(I)–thiophene coordination bonds.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Coordination polymers have been extensively investigated in
recent decades, producing various architectures that are rationally
constructed from a variety of molecular building blocks and inter-
actions between them [1–3]. Compared with the supramolecular
frameworks based upon transition-metal ions, sodium(I) ion med-
iated self-assemblies are less involved because of its weak coordi-
nation ability [4–6]. On the other hand, tetrafluoroborate anion is
commonly used as a counterion, which is not involved in the for-
mation of coordinative bond with transition-metal ions also be-
cause of its weak coordination ability [7–10].

However, from the viewpoint of Hard–Soft-Acid–Base theory,
fluorine is a hard element and in some cases it can be coordinated
with a hard acid like a sodium(I) ion. Actually, sodium(I) tetrafluo-
roborate is often used as a salt to help precipitate the metal com-
plexes by its large anionic effect, but studies on the sodium(I)
tetrafluoroborate sustained supramolecular networks and coordi-
nation polymers having certain organic building blocks are not
well performed, mainly because of the weak coordination ability
of sodium(I) cation and tetrafluoroborate anion as well as the dif-
ficulties in obtaining their single-crystal structures [11–15]. In our

previous study, we have used the sodium(I) ion as a template to
synthesize some macrocyclic complexes [16], which can also be re-
garded as a kind of self-assembly to some extent. In addition, some
sodium(I) ion directed three-dimensional self-assemblies with
some pyridinecarboxylates (3,5-pyridinedicarboxylate and 4-pyri-
dinecarboxylate) [17] as well as certain chiral molecules such as
(1R,3S)-1-monoamidocamphoric acid [18] have been reported. In
particular, we have described a novel single-strand helical coordi-
nation polymer directed by sodium(I) tetrafluoroborate and 1,10-
phenanthroline (phen) in which the BF4

� anion acts as a new l3

bridging ligand [19].
To make systematic investigations on this issue, we have ex-

tended our work and reported herein four new sodium tetrafluoro-
borate directed supramolecular networks 1–4 having 3-bromo,
3,8-dibromo and 3-(thiophen-20-yl)-phen ligands (Scheme 1), in
which diverse coordination fashions have been observed for the
central sodium(I) ion (varying from tridentate to septdentate)
and the phen-based ligands (monodentate and bidentate). More-
over, the tetrafluoroborate anions exhibit different bridging modes
with the sodium(I) ions in 1–4. They are mononuclear complex 1
[Na(3-bromo-phen)2(BF4)] with one six-coordinate sodium(I) cen-
ter, tetranuclear complex 2 [Na(3-bromo-phen)BF4]4 with four
three-coordinate sodium(I) centers, 1D coordination polymer 3
[Na(3,8-dibromo-phen)BF4]n with seven-coordinate sodium(I) cen-
ters, and 2D coordination polymer 4 [Na(3-(thiophen-20-yl)-
phen)BF4]n with four-coordinate sodium(I) centers and uncommon
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sodium(I)-thiophene coordination bonds. In addition, the single-
crystal structure of 3,8-dibromo-phen (5) has been included show-
ing a 1D double ribbon structure linked by the Br� � �Br contacts.

2. Experimental

2.1. Materials and physical measurements

All reagents and solvents were of analytical grade and used
without further purification. UV–Vis spectra were recorded with
a Shimadzu UV-3150 double-beam spectrophotometer using a
quartz cell with a path length of 10 mm at room temperature.
Infrared spectra (IR, 4000–400 cm�1) were determined in a Horiba
FT-700 spectrophotometer. Analyses for carbon, hydrogen and
nitrogen were performed on a Perkin-Elmer 1400C analyzer. 1H
NMR spectra were collected on a Varian Unit 500 MHz spectrome-
ter and a JEOL GSX 270 MHz spectrometer. Electrospray ionization
mass spectra (ESI-MS) were recorded on a Finnigan MAT SSQ 710
mass spectrometer in a scan range 100–1200 amu.

2.2. Syntheses of [Na(3-bromo-phen)2BF4] (1) and [Na(3-bromo-
phen)BF4]4 (2)

A mixture of sodium tetrafluoroborate (0.055 g, 0.5 mmol) in
10 cm3 water and 3-bromo-phen (0.259 g, 1.0 mmol) in 40 cm3

ethanol was stirred at room temperature for 2 h. The mixture
was concentrated to nearly dry using a rotatory evaporator, and
then the resulting precipitate 1 was filtered and washed by diethyl
ether and dried in a vacuum. Yield: 0.22 g (70.1%). Main IR (KBr
pellets, cm�1): 3052 (w), 1617 (m), 1577 (m), 1560 (m), 1499
(m), 1420 (s), 1099 (vs), 1080 (vs), 1056 (vs), 900 (s), 873 (m),
839 (m), and 731 (s). Elemental Anal. Calc. for NaC24H14Br2N4BF4:
C, 45.90; H, 2.25; N, 8.92. Found: C, 45.96; H, 2.39; N, 8.99%. 1H
NMR (500 MHz, CD3COCD3, ppm): 9.12 (dd, 2H, J = 1.70 and
1.70 Hz, H9), 9.10 (d, 2H, J = 2.20 Hz, H2), 8.76 (d, 2H, J = 2.45 Hz,
H4), 8.53 (dd, 2H, J = 1.70 and 1.70 Hz, H7), 8.08 (d, 2H,

J = 9.05 Hz, H5), 7.99 (d, 2H, J = 9.05 Hz, H6), 7.82 (dd, 2H, J = 4.35
and 4.15 Hz, H8). ESI-MS: m/z 541 [Na(3-bromo-1,10-phenanthro-
line)2]+, 100%. UV–Vis in water: kmax = 235, 271 and 293 nm.

A mixture of stoichiometric amounts of sodium tetrafluorobo-
rate (0.110 g, 1.0 mmol) in 10 cm3 water and 3-bromo-phen
(0.259 g, 1.0 mmol) in 40 cm3 ethanol was refluxed for 2 h. The
mixture was cooled to room temperature and concentrated to
nearly dry using a rotatory evaporator, and then the resulting pre-
cipitate 2 was filtered and washed by diethyl ether and dried in a
vacuum. Yield: 0.28 g (75.9%). Main IR (KBr pellets, cm�1): 3018
(m), 1618 (s), 1588 (s), 1576 (s), 1542 (s), 1466 (s), 1387 (m),
1338 (m), 1308 (s), 1088 (vs), 1067 (vs), 1051 (vs), 903 (s), 839
(m), 713 (s), and 522 (m). Elemental Anal. Calc. for NaC12H7BrN2-

BF4: C, 39.07; H, 1.91; N, 7.59. Found: C, 39.20; H, 2.01; N, 7.55%.
1H NMR (500 MHz, CD3COCD3, ppm): 9.61 (dd, 1H, J = 6.80 and
5.85 Hz, H9), 9.53 (dd, 1H, J = 7.10 and 5.60 Hz, H2), 9.34 (d, 1H,
J = 4.90 Hz, H4), 9.09 (d, 1H, J = 1.95 Hz, H7), 8.59 (d, 1H,
J = 8.30 Hz, H5), 8.50 (d, 1H, J = 9.05 Hz, H6), 8.42 (dd, 1H, J = 2.70
and 2.70 Hz, H8). ESI-MS: m/z 282 [Na(3-bromo-phen)]+, 100%.
UV–Vis in water: kmax = 233, 272 and 311 nm. Colorless needlelike
single crystals of 1 and 2 suitable for X-ray diffraction determina-
tion were grown from a mixed solution of acetone and water (v/
v = 3:1) by slow evaporation in air at room temperature.

2.3. Syntheses of [Na(3,8-dibromo-phen)BF4]n (3) and [Na(3-
(thiophen-2’-yl)-phen)BF4]n (4)

1D and 2D coordination polymers 3 and 4 were synthesized via
the similar method as that of 2 except that 3,8-dibromo-phen
(0.338 g, 1.0 mmol) in the case of 3 and 3-(thiophen-20-yl)-phen
(0.262 g, 1.0 mmol) in the case of 4 were used, respectively. 3:
Yield: 0.35 g (78.1%). Main IR (KBr pellets, cm�1): 1653 (m), 1636
(m), 1617 (s), 1560 (m), 1306 (m), 1098–1040 (vs), 772 (s), 723
(m), and 622 (s). Elemental Anal. Calc. for NaC12H6Br2N2BF4: C,
32.19; H, 1.35; N, 6.26. Found: C, 32.35; H, 1.49; N, 6.42%. 1H
NMR (500 MHz, CD3COCD3, ppm): 9.31 (d, 2H, J = 2.20 Hz, H2 and
H9), 9.02 (d, 2H, J = 2.20 Hz, H4 and H7), 8.20 (s, 2H, H5 and H6).

Scheme 1. Schematic illustration for the preparation of sodium(I) complexes 1–4 with different nuclearities and coordination modes for the central sodium(I) ions. The
unusual monodentate coordination fashion for the phen-based ligands in 2 and 4 as well as the sodium(I)–thiophene coordination bonds in 4 are shown in blue and green
color, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ESI-MS: m/z 361 [Na(3,8-dibromo-phen)]+, 100%. UV–Vis: kmax in
water = 242, 278 and 309 nm. 4: Yield: 0.21 g (56.5%). Main IR
(KBr pellets, cm�1): 3108 (w), 3024 (w), 1637 (s), 1619 (s), 1596
(m), 1552 (m), 1477 (m), 1426 (s), 1088–1034 (vs), 835 (s), 715
(s), 620 (s), 522 (s). Elemental Anal. Calc. for NaC16H10N2SBF4: C,
51.64; H, 2.71; N, 7.53. Found: C, 51.45; H, 2.98; N, 7.72%. 1H
NMR (500 MHz, CD3OD, ppm): 9.53 (s, 1H, phen), 9.20 (d, 1H,
J = 5.20 Hz, phen), 9.04 (d, 1H, J = 8.55 Hz, phen), 8.86 (s, 1H, phen),
8.26�8.18 (dd, 2H, J = 9.15 and 8.85 Hz, phen), 8.16 (d, 1H,
J = 5.20 Hz, phen), 7.87 (dd, 1H, J = 3.35 and 3.20 Hz, thienyl),
7.69 (d, 1H, J = 5.20 Hz, thienyl), 7.29 (dd, 1H, J = 5.15 and
3.70 Hz, thienyl). ESI-MS: m/z 285 [Na(3-(thiophen-20-yl)-phen)]+,
100%. UV–Vis: kmax in MeOH = 360, 339, 315 and 265 nm. Colorless
needlelike single crystals of 3 and 4 suitable for X-ray diffraction
determination were grown from a mixed solution of methanol
and water (v/v = 2:1) by slow evaporation in air at room
temperature.

2.4. X-ray data collection and solution

All single crystal samples were covered with glue and mounted
on glass fibers and used for data collection on a Rigaku Mercury
CCD area-detector at 120–291(2) K using graphite mono-chro-
mated Mo Ka radiation (k = 0.71073 Å). The collected data were re-
duced by using the program CRYSTALCLEAR [20] and the empirical
absorption corrections were done. The original data files generated
by CRYSTALCLEAR were transformed to SHELXTL97 format by the TEXSAN

program [21]. The crystal systems were determined by Laue sym-
metry and the space groups were assigned on the basis of system-
atic absences using XPREP. The structures were solved by direct
methods and refined by least-squares method on Fobs

2 by using
the SHELXTL-PC software package [22]. All non-H atoms were

anisotropically refined and all hydrogen atoms were inserted in
the calculated positions assigned fixed isotropic thermal parame-
ters and allowed to ride on their respective parent atoms. All calcu-
lations and molecular graphics were carried out with the SHELXTL PC
program package. In the case of complex 4, two fluorine atoms of
the tetrafluoroborate anion (atoms F1 and F3) are refined disor-
deredly with different site occupancy factors of 0.84(3)/0.16(3)
and 0.50(6)/0.50(6), respectively. The summary of the crystal data,
experimental details and refinement results for 1–5 is listed in
Table 1. Selected bond distances and bond angles involving the so-
dium ions and hetero atoms are given in Table 2, while versatile
hydrogen bonding interactions are tabulated in Table 3.

3. Results and discussion

3.1. Preparation and spectral characterization

Complexes 1–4 are easily prepared and successfully isolated
with satisfied yields just by mixing NaBF4 and 3- or 3,8-disubsti-
tuted 1,10-phenanthroline. The treatment of NaBF4 and 3-bromo-
phen with 1:1 and 1:2 M ratios in a mixture of ethanol and water
(v:v = 1:1) yields mononuclear and tetranuclear complexes 1 and 2
at room temperature and under reflux condition, respectively. Fur-
ther experiments reveal that the molar ratio of two starting mate-
rials is much more important than the reaction temperature. In
their 1H NMR spectra, it is found that the peaks corresponding to
the protons of 3-bromo-phen, 3,8-dibromo-phen and 3-(thio-
phen-20-yl)-phen ligands have been shifted to the lower field to
different extents after sodium(I) ion complexation. For example,
as for 1D coordination polymer 3, the chemical shifts for three
peaks of 3,8-dibromo-phen have been changed from 9.10, 8.71
and 7.99 ppm to 9.31, 9.02 and 8.19 ppm in CD3COCD3 before

Table 1
Crystal data and structural refinements for 1–5.

Compound 1 2 3 4 5

Empirical formula NaC24H14Br2N4BF4 NaC12H7BrN2BF4 NaC12H6Br2N2BF4 NaC16H10N2SBF4 C12H6Br2N2

Formula weight 628.01 368.91 447.81 372.12 338.01
T (K) 173(2) 120(2) 120(2) 120(2) 291(2)
Wavelength (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic monoclinic orthorhombic monoclinic tetragonal
Space group C2/c P21/c P212121 P21/c P42/ncm
a (Å) 17.636(4) 7.127(1) 14.532(3) 7.771(2) 14.562(4)
b (Å) 13.429(3) 22.640(5) 5.026(1) 11.815(2) 14.562(4)
c (Å) 11.648(2) 17.917(4) 19.667(4) 17.437(4) 5.852(3)
b (�) 118.06(3) 108.39(3) 90 102.58(3) 90
V (Å3) 2434.5(11) 2743.3(11) 1436.4(5) 1562.4(6) 1240.9(8)
Crystal size (mm) 0.40 � 0.10 � 0.10 0.30 � 0.10 � 0.10 0.30 � 0.10 � 0.10 0.20 � 0.10 � 0.10 0.10 � 0.10 � 0.10
Z 4 8 4 4 4
Dcalc (Mg m�3) 1.713 1.786 2.071 1.582 1.809
l (Mo Ka) (mm�1) 3.400 3.065 5.711 0.279 6.505
F (000) 1232 1440 856 752 648
Absorption correction multi-scan multi-scan multi-scan multi-scan multi-scan
Reflections collected/

unique
9910/2076 23246/4799 12249/2501 13096/2393 5445/569

Limiting indices �20 6 h 6 19,
�14 6 k 6 15,
�11 6 l 6 13

�8 6 h 6 7,
�25 6 k 6 26,
�19 6 l 6 21

�17 6 h 6 16,
�5 6 k 6 5, �23 6 l 6 20

�9 6 h 6 8,
�12 6 k 6 14,
�20 6 l 6 20

�15 6 h 6 17,
�16 6 k 6 17, �6 6 l 6 6

Max and min
transmission

0.711/0.683 0.739/0.684 0.563/0.511 0.970/0.956 0.555/0.553

Observed data/
restraints/
parameters

1968/0/164 4413/0/379 2400/0/199 2393/0/247 569/2/181

R1, wR2 [I > 2r(I)]a R1 = 0.0677, wR2 = 0.1342 R1 = 0.0794, wR2 = 0.1677 R1 = 0.0507, wR2 = 0.0993 R1 = 0.0980, wR2 = 0.2095 R1 = 0.0583, wR2 = 0.1538
R1, wR2 (all data)a R1 = 0.0714, wR2 = 0.1362 R1 = 0.0889, wR2 = 0.1725 R1 = 0.0550, wR2 = 0.1009 R1 = 0.1171, wR2 = 0.2188 R1 = 0.1609, wR2 = 0.1785
Flack parameter – – 0.031(18) – –
Goodness of fit on F2 (S) 0.962 1.139 1.176 1.125 0.700
D (e Å�3) (max, min) 2.402/�0.696 1.004/�1.031 0.792/�0.687 0.519/�0.447 0.336/�0.326

a R1 =
P

||Fo| � |Fc||/
P

|Fo|, wR2 = [
P

[w(Fo
2 � Fc

2)2]/
P

w(Fo
2)2]1/2.
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and after sodium(I) ion complexation mainly because of the desh-
ielding effects of coordination interactions.

3.2. Structural elucidation of [Na(3-bromo-phen)2BF4] (1) and [Na(3-
bromo-phen)BF4]4 (2)

X-ray single-crystal diffraction analysis for mononuclear sodiu-
m(I) complex 1 reveals that it crystallizes in the monoclinic space
group C2/c and the asymmetric unit contains half of the molecule.
As illustrated in Fig. 1a, the sodium(I) center is six-coordinated by
two fluorine atoms of one tetrafluoroborate anion and two biden-
tate 3-bromo-phen ligands adopting a severely distorted octahe-
dron coordination configuration. The two 3-bromo-phen ligands
in 1 are nearly perpendicular with a dihedral angle of 89.9(2)�. In
the crystal packing, typical p–p stacking interactions are observed
between vicinal 3-bromo-phen molecules with the centroid-to-
centroid separation of 3.456(5) Å, forming a 1D supramolecular
framework (Fig. 1b). In addition, hydrogen bonding interactions
are found between the hydrogen atom of 3-bromo-phen ligand
and one of the fluorine atoms of BF4

� anion with the C8–H8� � �F1
bond length and bond angle of 3.288(9) Å and 165�.

Study on the single-crystal structure of tetranuclear complex 2
indicates that it crystallizes in the monoclinic space group P21/c
and the asymmetric unit contains half of the molecule. As can be
seen in Fig. 2a, the central sodium(I) ion is rarely three-coordinated
by one nitrogen atom of 3-bromo-phen and two fluorine atoms of
two neighboring tetrafluoroborate anions. It is interesting to men-
tion that 3-bromo-phen in this case serves as an uncommon mono-
dentate coordination mode by means of its nitrogen atom far away
from the bromide atom. The corresponding Na1–N2 and Na2–N4
bond lengths are 2.664(8) and 2.690(8) Å, and the other uncoordi-
nated Na1–N1 and Na2–N3 bond lengths are 3.140(8) and
3.212(9) Å by contrast. To the best of our knowledge, this is the
first structural example on the sodium(I) complex having monod-
enate phen-based ligand.

As shown in Scheme 2, two types of BF4
� anions are present

with distinguishable bridging fashions linking adjacent sodium(I)
ions into a novel tetranuclear complex. Two sodium(I) ions, two
boron atoms and four fluorine atoms from two BF4

� const-
itute an octagonal ring, and the dihedral angle between the

least-squares planes of Na2B2F4 eight-membered ring and 3-bro-
mo-1,10-phen ligand is 22.3(5)�. The 3-bromo-phen ligands in
the tetranuclear unit of 2 are essentially coplanar with the dihedral
angle of 1.2(5)� and typical p–p stacking interactions are observed
between vicinal 3-bromo-phen molecules with the centroid-to-
centroid separation of 3.546(7) and 3.554(7) Å. In the crystal pack-
ing, all the 3-bromo-phen molecules are found to point to the same
direction forming a layer packing structure (Fig. 2b), where p–p
stacking interactions are found between the aromatic rings of
neighboring tetranuclear units with the centroid-to-centroid sepa-
rations of 3.669(7) and 3.672(7) Å.

3.3. Structural elucidation of [Na(3,8-dibromo-phen)BF4]n (3), [Na(3-
(thiophen-20-yl)-phen)BF4]n (4) and 3,8-dibromo-phen (5)

X-ray single-crystal diffraction analysis for complex 3 reveals it
crystallizes in the orthorhombic P212121 space group and the so-
dium(I) center is seven-coordinated by five fluorine atoms from
three BF4

� anions and one bidentate 3,8-dibromo-phen molecule
(Fig. 3a). As illustrated in Scheme 2, the BF4

� anion serves as a

Table 2
Selected bond distances (Å) and bond angles (�) in sodium(I) complexes 1–4.

1 2 3 4

Na1–N1 2.458(4) Na1–N2 2.664(8) Na1–N1 2.444(7) Na1–N2 2.732(8)
Na1–N2 2.455(6) Na1–F1 2.755(8) Na1–N2 2.462(6) Na1–S1_f 3.383(5)
Na1–F2 2.391(5) Na1–F5 2.865(7) Na1–F1 2.420(5) Na1–F1 2.793(10)

Na2–N4 2.690(8) Na1–F2 2.480(5) Na1–F10 2.78(8)
Na2–F7_b 2.807(8) Na1–F3_d 2.303(5) Na1–N1 3.194(8)
Na2–F6 2.787(8) Na1–F2_e 2.448(5)
Na2–Na1 3.871(9) Na1–F4_e 2.435(5)
Na2–Na1_c 3.712(9)

F2–Na1–N1 116.4(2) F1–Na1–N2 138.7(5) F1–Na1–F2 55.3(2)
F2–Na1–N2 120.9(2) F6–Na2–F7 101.8(5) F1–Na1–N1 80.7(2)
F2–Na1–F2_a 55.0(2) F6–Na2–N4 123.7(5) F1–Na1–N2 125.7(1)
F2–Na1–N1_a 144.0(2) F1–Na1–F5 125.4(5) F1–Na1–F3_d 131.4(2)
F2–Na1–N2_a 86.9(2) F1–Na1–F2_e 76.0(2)
N1–Na1–N2 67.7(1) F1–Na1–F4_e 126.8(2)
N1–Na1–N1_a 89.8(2) F2–Na1–N1 121.4(2)
N1–Na1–N2_a 90.6(2) F2–Na1–N2 169.4(2)

F2–Na1–F3_d 86.9(2)
F2–Na1–F2_e 72.7(2)
F2–Na1–F4_e 87.8(2)
N1–Na1–N2 67.8(2)
F2_e–Na1–F3_d 124.6(2)
F3_d–Na1–F4_e 73.3(2)
F2_e–Na1–F4_e 55.4(2)

Symmetry codes: a = 2 � x, y, 3/2 � z; b = 1 � x, 1 � y, �z; c = 1 + x, y, z; d = 2 � x, �1/2 + y, 3/2 � z; e = 2 � x, 1/2 + y, 3/2 � z; f = 2 � x, �1/2 + y, 1/2 � z.

Table 3
Hydrogen bonding interactions (Å, �) in sodium(I) complexes 1–4.

1
C8–H8� � �F1 0.95 2.36 3.288(9) 165 �1/2 + x, �1/2 + y, z

2
C1–H1� � �F2 0.95 2.40 3.331(8) 167
C13–H13� � �F8 0.95 2.32 3.270(8) 176 1 � x, 1�y, �z
C8–H8� � �F2 0.95 2.32 3.265(9) 171 1 � x, 1/2 + y, 1/2 � z
C15–H15� � �F4 0.95 2.40 3.211(8) 143 1 + x, 1/2 � y, 1/2 + z
C17–H17� � �F4 0.95 2.43 3.236(10) 143 1 + x, 1/2 � y, 1/2 + z
C18–H18� � �F6 0.95 2.51 3.452(10) 170 1 + x, 1/2 � y, 1/2 + z
C20–H20� � �F8 0.95 2.36 3.252(9) 156 1 + x, 1/2 � y, 1/2 + z
C21–H21� � �F4 0.95 2.43 3.059(11) 124

3
C6–H6A� � �F3 0.95 2.40 3.302(9) 158 3/2 � x, 1 � y, �1/2 + z

4
C14–H14� � �F1 0.95 2.44 3.324(11) 154 x, 1 + y, z
C8–H8� � �F2 0.95 2.51 3.417(8) 161 1 � x, 1/2 + y, �1/2 � z
C15–H15� � �F4 0.95 2.40 3.235(10) 146 2 � x, 1 � y, �z
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Fig. 1. (a) An ORTEP diagram (30% thermal probability ellipsoids) of the molecular structure of 1; (b) A 1D supramolecular chain connected by p–p stacking interactions
between neighboring 3-bromo-phen rings in the crystal packing of 1, together with the unit cell.

Fig. 2. (a) An ORTEP diagram (30% thermal probability ellipsoids) of the molecular structure of 2; (b) A 1D supramolecular chain connected by p–p stacking interactions
between neighboring 3-bromo-phen rings in the crystal packing of 2.
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bridging ligand in this case linking three contiguous Na(I) ions into
a 1D coordination polymer. All the 3-bromo-phen rings in 1 are
found to point toward two directions at each side of 1D NaBF4

chain center, and the dihedral angle between the counterparts is
89.6(2)�. Furthermore, p–p stacking interactions are observed be-
tween two side and the central rings of neighboring 3-bromo-phen
molecules with the centroid-to-centroid separations of 3.708(5)
and 3.804(5) Å.

The molecular structure of complex 4 with the atom-numbering
scheme is shown in Fig. 4a. It crystallizes in the monoclinic space
group P21/c and the side thiophene ring is not coplanar to the cen-
tral phen ring with the dihedral angle of 12.0(2)�. The sulfur atom
of thiophene ring points to the same direction as the two nitrogen
atoms of phen unit. The central sodium(I) ion is four-coordinated
by one nitrogen atom of 3-(thiophen-20-yl)-phen, one sulfur atom
of another 3-(thiophen-20-yl)-phen ligand and two fluorine atoms
of two neighboring tetrafluoroborate anions. Similar to 2, only
the one nitrogen atom far away from the thiophene ring in ligand
3-(thiophen-20-yl)-phen is coordinated with the sodium(I) ion with
the Na–N bond distance of 2.732(8) Å, while the uncoordinated
Na–N distance is 3.194(8) Å by constrast. It should be mentioned
that an unusual coordination bond is formed between the

thiophene ring of 3-(thiophen-20-yl)-phen ligand and the sodium(I)
center with the Na–S bond length of 3.383(5) Å. The formation of
this weak Na–S coordination bond can also be verified by the pres-
ence of tetrahedral coordination environment for the central so-
dium(I) ion. By checking the latest version of CCDC databases
(ConQuest Version 1.14 (Build RC5), CSD Version 5.33 updated to
August 2012) for the case of sodium(I)–thiophene coordination
bonds, it is found that there is only one structural report on one
Na4O4 cluster in literature [23].

Two tetrafluoroborate anions in 4 are found to act as double l2

bridges linking two adjacent sodium(I) ions into a dinuclear unit,
and the Na-S bond further links vicinal molecules into a 2D coordi-
nation polymer (Fig. 4a). Moreover, p–p stacking interactions are
observed between the thiophene and the side and central rings
of contiguous 3-(thiophen-20-yl)-phen molecules, respectively,
with the centroid-to-centroid separations of 3.699(8) and
3.889(8) Å.

In addition, single-crystal structure of 3,8-dibromo-phen (5) is
determined in this work. The structure of 5 belongs to the tetrag-
onal space group P42/ncm, which is different from a previously re-
ported 3,8-dibromo-phen�CHCl3 with different unit cell
(a = 21.149(4), b = 6.7797(14), c = 10.982(2) Å, V = 1574.6(6) Å3)

Scheme 2. Schematic illustration for distinguishable bridging fashions regarding to the BF4
� anions in 1–4, together with the corresponding Na–F bond lengths.

Fig. 3. (a) An ORTEP diagram (30% thermal probability ellipsoids) of the molecular structure of 3; (b) Perspective view of the 1D coordination polymer of 3 connected by the
tetrafluoroborate anions.
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and orthorhombic space group Pnma [24]. It is noted that the two
nitrogen atom and the two carbon (5 and 6 positions) atoms of 3,8-
dibromo-phen in 5 are disordered about a twofold axis. The ab-
sence of solvent chloroform molecules in the asymmetric unit cell
of 5 is suggested to be the reason why it has higher crystallo-
graphic symmetry. It is worthwhile to mention that a 1D double
ribbon structure is observed in 5 (Fig. 5), where adjacent molecules
are linked by the Br� � �Br contacts in the length of 3.775(2) Å [3/
2 � x, 3/2 � y, z].

4. Conclusion

In summary, four novel sodium tetrafluoroborate directed
supramolecular networks 1–4 having 3- and 3,8-disubstituted
1,10-phenanthroline ligands are described herein. The central so-
dium(I) ions in mononuclear complex 1, tetranuclear complex 2,
1D and 2D coordination polymers 3 and 4 show diverse coordina-
tion numbers (6, 3, 7 and 4) and three kinds of phen-based ligands
show distinguishable coordination modes (bidentate in 1 and 3

Fig. 4. (a) An ORTEP diagram (30% thermal probability ellipsoids) of the dinuclear unit in 4; (b) Perspective view of the 2D coordination polymer of 4 showing the unusual
Na–S coordination bond.

Fig. 5. Perspective view of 1D double ribbon structure of 5 linked by the Br� � �Br contacts.
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and monodentate in 2 and 4). Furthermore, the tetrafluoroborate
anions in 1–4 exhibit dissimilar coordinating and bridging fashions
linking adjacent sodium(I) ions into different supramolecular net-
works with the help of intermolecular p–p stacking and hydrogen
bonding interactions. By checking the latest version of CCDC dat-
abases, it is found that the structural examples are all very rare
on the monodentate coordination mode for the phen-based ligand,
the presence of low coordination numbers for the sodium(I) center
(3 and 4) and sodium(I)–thiophene coordination bonds.

The above-mentioned structural differences are believed to
arise from the weak coordination ability of the sodium cation
and tetrafluoroborate anion. Because the structural tendencies of
sodium complexes are less understood compared to the transition
metals, this report that offers insight to how sodium assembles
with neighboring ligands and counterions could offer considerable
value to the structural community. Further work is being under-
way on the construction and comparison of sodium tetrafluorobo-
rate mediated supramolecular networks bearing other 3, 3,8 and
5,6 aromatic heterocycle substituted 1,10-phenanthroline ligands
[25].
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