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Four new fpa-metal complexes, [Co(fpa)2(H2O)2] (1), [Cu(fpa)2(H2O)] (2), [Zn2(fpa)4(bpp)2]n
(3), and {[Zn(bpy)(H2O)4] � 2(fpa)}n (4), have been synthesized and fully characterized by
elemental analyses, IR spectroscopy, single-crystal X-ray diffraction, and thermogravimetric
analysis (TGA), (Hfpa¼ 2,2-difluoro-2-(pyridine-2-yl)acetate, bpp¼ 1,3-bis(4-pyridyl)propane,
bpy¼ 4,40-bipyridine). X-ray diffraction analyses reveal that 1 and 2 with 0-D structures are
both extended into 3-D supramolecular networks through hydrogen bonds and �� � ��
interactions. Complex 3 with chiral centers possesses a 1-D structure constructed by two
kinds of bpp molecules and four kinds of fpa� molecules with different conformations, with
bbp and fpa� bridging and capped ligands, respectively. In 4, bpy links [Zn(H2O)4]

2þ into a 1-D
polymeric cationic chain and uncoordinated fpa� compensates the framework charge.
The results of TGA reveal that fpa� decomposes through two processes. Both 3 and 4 show
strong fluorescence in the solid state at room temperature.

Keywords: Hydrogen bonds; Coordination complex; Crystal structure; In situ reaction

1. Introduction

Coordination complexes have attracted attention due to their structures and wide
applications in storage, separation, catalysis, biomedical and sensor materials, etc.
[1–13]. Although promising results have been achieved and startling applications have
been developed, the rational design and synthesis of coordination complexes with
unique structure and function still remain a long-term challenge because self-assembly is
often influenced by medium, the nature of the ligands, pH of solution, temperature,
metal coordination environments, etc. [14–21]. The ligand is one of the most important
factors to construct coordination polymers. Coordination mode and competitive
reaction with auxiliary ligands is important for targeted organic linkers.

Coordination polymers via 2-pyridinecarboxylic acid or its derivatives have drawn
attention [22–28]; however, coordination chemistry of 2,2-difluoro-2-(pyridin-2-
yl)acetate (Hfpa), similar to 2-pyridinecarboxylic acid, is less. The choice of Hfpa is
based on the following considerations: (1) it contains two distinct coordination sites
involving carboxylic groups and pyridine creating multiple possible binding sites; (2) it
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is expected to assemble novel structural motifs due to the different coordination modes
and molecular conformations; (3) strong induction of two fluorines can change
coordination activity of Hfpa; and (4) fluorine and the aromatic ring in Hfpa might be
involved in supramolecular recognition, such as C–F� � �H, C–F� � ��, and �� � ��
interactions [29].

This study investigates the effect of coordination mode and competitive reaction with
auxiliary organic linkers on formation of different structures. Here, we report synthesis,
crystal structures of four new complexes constructed by Hfpa, [Co(fpa)2(H2O)2] (1),
[Cu(fpa)2(H2O)] (2), [Zn2(fpa)4(bpp)2]n (3), and {[Zn(bpy)(H2O)2] � 2(fpa)}n (4) as
comparison to two reported complexes [Cd(phen)Cl2]n (5) and [Ni(bimb)2Cl2]n (6)
(phen¼ 1,10-phenanthroline and bimb¼ 1,4-bis(imidazol-1-yl)-butane) [30, 31].
Both 1 and 2 are extended into 3-D supramolecular networks through hydrogen
bonds and �� � �� interactions. In 3, bpp links Zn ions into a 1-D polymeric chain,
in which unidentate fpa� is an effective capped ligand. In 4, bpy links [Zn(H2O)4]

2þ

into a 1-D polymeric cationic chain and uncoordinated fpa� compensates
framework charge.

2. Experimental

2.1. Materials and methods

All chemicals and solvents were of reagent grade and used without purification; ethyl
2,2-difluoro-2-(pyridin-2-yl)acetate (Efpa) was selected as Hfpa source. Elemental
analyses (C, H, and N) were performed on a Perkin-Elmer 240C elemental analyzer. IR
spectrum was measured on a Perkin-Elmer Spectrum One FT-IR spectrometer using
KBr pellets. Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer
TGA-7000 thermogravimetric analyzer under flowing air at a temperature ramp rate
of 10�Cmin�1. Fluorescence spectra were obtained on a LS 55 fluorescence/
phosphorescence spectrophotometer at room temperature.

2.2. Syntheses of 1–5

2.2.1. Synthesis of 1. A solution of Efpa (10.0mg, 0.05mmol) in 5mL ethanol was
directly mixed with a solution of CoCl2 in 1mL water (0.10mol dm�3) in a 15mL
beaker at room temperature. The resulting mixed solution was transferred and sealed in
a 25mL Teflon-lined stainless steel reactor and heated at 85�C for 72 h. Upon cooling to
room temperature, light red crystals were filtered and washed with water and
ethanol. Yield: 62% (based on Efpa). Elemental Anal. Calcd for C14H12CoF4N2O6

(439.19): C, 38.25; H, 2.73; N, 6.38. Found: C, 38.34; H, 2.75; N, 6.35. IR data
(KBr, cm�1): 3384(s), 2947(w), 1650(s), 1398(s), 1283(m), 1164(s), 1116(m), 1028(m),
812(m), 763(m), 694(m).

2.2.2. Synthesis of 2. The procedure was the same as that for 1 except that CoCl2 was
replaced by CuSO4 (0.10mol dm�3). The light blue crystals were filtered and washed
with water and ethanol. Yield: 68% (based on Efpa). Elemental Anal.

4376 J.-F. Song et al.
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Calcd for C14H10CuF4N2O5 (425.78): C, 39.46; H, 2.35; N, 6.58. Found: C, 39.34; H,

2.35; N, 6.55. IR data (KBr, cm�1): 3380(m), 2945(w), 1681(s), 1380(s), 1284(m),

1172(s), 1077(s), 835(m), 773(m), 698(m).

2.2.3. Synthesis of 3. A solution of Efpa (10.0mg, 0.05mmol) in 2mL ethanol was
directly mixed with a solution of ZnCl2 in 1mL water (0.10mol dm�3) in a 15mL

beaker at room temperature. A solution of bpp (10.0mg, 0.05mmol) in 3mL ethanol in

another 15mL beaker was added to the mixture. Then 2molL�1 HCl was added until

the pH of the mixture is 5.0. The resulting mixed solution was transferred and sealed in

a 25mL Teflon-lined stainless steel reactor and heated at 85�C for 72 h. Upon cooling to

room temperature, light yellow crystals were filtered and washed with water and

ethanol. Yield: 32% (based on Efpa). Elemental Anal. Calcd for C54H44F8N8O8Zn2
(1215.71): C, 53.30; H, 3.62; N, 9.21. Found: C, 53.34; H, 3.65; N, 9.25. IR data (KBr,

cm�1): 3310(m), 3106(m), 2947(w), 1599(s), 1518(s), 1413(s), 1087(s), 1005(m), 866(m),

788(s), 694(m), 625(m).

2.2.4. Synthesis of 4. The procedure was the same as that for 3 except that bpp was
replaced by bpy (7.4mg, 0.05mmol). Colorless crystals were filtered and washed with

water and ethanol. Yield: 42% (based on Efpa). Elemental Anal. Calcd for

C24H24F4N4O8Zn (637.84): C, 45.15; H, 3.76; N, 8.78. Found: C, 45.14; H, 3.79; N,

8.75. IR data (KBr, cm�1): 3373(s), 1643(s), 1403(s), 1273(m), 1135(s), 1077(m),

1008(m), 812(m), 751(m), 686(m), 626(m).

2.2.5. Synthesis of 5. The procedure was the same as that for 3 except that bpp and
ZnCl2 were replaced by phen and CdCl2. Colorless crystals were filtered and washed

with water and ethanol. Yield: 63% (based on Efpa). IR data (KBr, cm�1): 2945(w),

1413(w), 1243(m), 1093(m), 1046(m), 1002(w), 989(s), 866(s).

2.3. Crystal structure determination

The crystal structures were determined by single-crystal X-ray diffraction. Reflection

data were collected on a Bruker SMART CCD area-detector diffractometer (Mo-K�
radiation, graphite monochromator) at room temperature with the !-scan mode.

Empirical adsorption correction was applied to all data using SADABS. The structures

were solved by direct methods and refined by full-matrix least squares on F2 using

SHELXTL 97 [32]. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms

were located from difference maps and refined as riding, with O–H 0.85 in 1–4.

All calculations were carried out using SHELXTL 97 [32] and PLATON [33].

The crystallographic data and pertinent information are given in table 1; selected

bond lengths and angles in table 2; and geometric parameters of hydrogen bonds

in table 3.
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3. Results and discussion

3.1. Crystal structures

3.1.1. Crystal structure of 1. X-ray crystallography reveals that the asymmetric unit of
1 is composed of one CoII, two fpa�, and two water molecules (figure 1), with CoII in a
disordered octahedral coordination geometry where the basal plane is occupied by three
oxygen atoms (O1w, O2, and O3) and N2 from one fpa� molecule; the axial positions
are occupied by one water molecule (O2w) and N1 of fpa�. Bond angles around
CoII range from 82.68(6)� to 171.97(5)�. The Co–O (ranging from 2.0262(14) to
2.1433(14) Å) and Co–N (2.1466(17) and 2.1745(16) Å) bond lengths in 1 are in the
expected range for such complexes (table 2). In 1, each fpa� coordinates with CoII in
�-(	2 N, O) chelating mode to form a six-membered ring adopting a boatlike, folded
conformation. The six-membered ring with largest deviation (0.5830 Å) results in
instability due to larger ring strain, so chelation of fpa� is less stable than the five-
membered ring of 2-pyridinecarboxylic acid [23].

[Co(fpa)2(H2O)2] is connected into a 1-D supramolecular single chain by O–H� � �O
hydrogen bonds (O2w–H3w� � �O1¼ 2.796 Å) along the crystallographic c-axis
(figure 2a). The 1-D supramolecular single chains are joined into a 1-D supramolecular
double chain through O–H� � �O hydrogen bonding (O1w–H1w� � �O1¼ 2.750 Å, O1w–
H1w� � �O4¼ 2.747 Å, and O2w–H4w� � �O2¼ 2.877 Å) (figure 2b). Adjacent double
chains are further aggregated into a 3-D supramolecular network through �–�
interactions between pyridine rings of fpa� (the closest centroid separation is
3.9587(8) Å with an offset angle of 20.01�) (figure 3).

3.1.2. Crystal structure of 2. The asymmetric unit of 2 contains half a CuII, one fpa�,
and half a coordinated water molecule (figure 4). Cu and O1w are located in the
symmetry plane. Each Cu is distorted square pyramidal, coordinated with two oxygen
atoms (O2 and O2a) and two nitrogen atoms (N1 and N1a) from two different fpa�

anions in the equatorial plane; the axial position is occupied by one water molecule
(O1w). Due to Jahn–Teller effect of d9 configuration, the Cu–O1w distance

Table 3. Hydrogen bonds for 1, 2, and 4.

D–H� � �A d(D–H) d(H� � �A) d(D� � �A) ffDHA Symmetry code

1

O2w–H3w� � �O1 0.820 1.990 2.796 167.32 [x, �yþ 1, zþ 1/2]
O1w–H2w� � �O3 0.820 1.958 2.750 162.11 [�xþ 1, �y� 1, �zþ 1]
O1w–H1w� � �O4 0.839 1.910 2.747 176.28 [�xþ 1, y, �zþ 3/2]
O2w–H4w� � �O2 0.868 2.029 2.877 165.40 [xþ 1, �yþ 1, �zþ 1]

2

O1w–H1w� � �O1 0.798 1.916 2.704 169.06 [�xþ 1/2, y� 1/2, z]

4

O1w–H2wb� � �O2 0.849 1.794 2.643 179.36 [�xþ 1/2, �yþ 3/2, �zþ 1]
O1w–H1wa� � �N1 0.836 2.059 2.887 171.13 [�xþ 1/2, y� 1/2, �zþ 1/2]
O2w–H2wa� � �O1 0.807 1.880 2.685 174.43 [�xþ 1/2, �yþ 3/2, �zþ 1]
O2w–H2wb� � �O1 0.743 2.035 2.763 166.57 [xþ 1/2, y� 1/2, z]

2,2-difluoro-2-(pyridine-2-yl)acetate (Hfpa) 4379
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Table 2. Bond lengths (Å) and angles (�) for 1–4.

1

Co(1)–O(3) 2.0262(14) O(1W)–Co(1)–O(2W) 87.64(6)
Co(1)–O(2) 2.0882(14) O(3)–Co(1)–N(1) 90.11(6)
Co(1)–O(1W) 2.0896(14) O(2)–Co(1)–N(1) 97.49(6)
Co(1)–O(2W) 2.1433(14) O(1W)–Co(1)–N(1) 82.68(6)
Co(1)–N(1) 2.1466(17) O(2W)–Co(1)–N(1) 170.08(6)
Co(1)–N(2) 2.1745(16) O(3)–Co(1)–N(2) 93.42(6)
O(3)–Co(1)–O(2) 171.97(5) O(2)–Co(1)–N(2) 87.32(6)
O(3)–Co(1)–O(1W) 90.73(6) O(1W)–Co(1)–N(2) 172.24(6)
O(2)–Co(1)–O(1W) 87.66(6) O(2W)–Co(1)–N(2) 85.97(6)
O(3)–Co(1)–O(2W) 87.85(6) N(1)–Co(1)–N(2) 103.84(6)
O(2)–Co(1)–O(2W) 84.22(6)

2

Cu–O(2) 1.9517(14) O(2)–Cu–N(1) 90.23(7)
Cu–N(1) 2.0218(17) N(1)#1–Cu–N(1) 175.25(10)
Cu–O(1W) 2.174(2) O(2)–Cu–O(1W) 94.93(4)
O(2)–Cu–O(2)#1 170.14(9) N(1)–Cu–O(1W) 92.38(5)
O(2)–Cu–N(1)#1 89.36(7)

3

Zn(1)–O(1) 1.949(3) O(3)–Zn(1)–N(1) 109.55(14)
Zn(1)–O(3) 1.957(3) O(1)–Zn(1)–N(2) 107.33(14)
Zn(1)–N(1) 2.012(3) O(3)–Zn(1)–N(2) 114.84(15)
Zn(1)–N(2) 2.022(3) N(1)–Zn(1)–N(2) 111.18(11)
Zn(2)–O(7) 1.958(3) O(7)–Zn(2)–O(6) 98.51(13)
Zn(2)–O(6) 1.962(3) O(7)–Zn(2)–N(5)#2 116.76(14)
Zn(2)–N(5)#2 2.028(3) O(6)–Zn(2)–N(5)#2 97.96(13)
Zn(2)–N(6) 2.030(3) O(7)–Zn(2)–N(6) 106.32(15)
O(1)–Zn(1)–O(3) 94.97(11) O(6)–Zn(2)–N(6) 125.13(16)
O(1)–Zn(1)–N(1) 118.25(15) N(5)#2–Zn(2)–N(6) 112.18(12)

4

Zn(1)–O(2W) 2.0850(11) O(1W)#3–Zn(1)–O(1W) 178.63(6)
Zn(1)–O(1W) 2.0879(10) O(2W)–Zn(1)–N(2) 91.80(3)
Zn(1)–N(2) 2.1750(15) O(1W)–Zn(1)–N(2) 89.31(3)
Zn(1)–N(3) 2.2208(15) O(2W)–Zn(1)–N(3) 88.20(3)
O(2W)#3–Zn(1)–O(2W) 176.39(6) O(1W)–Zn(1)–N(3) 90.69(3)
O(2W)–Zn(1)–O(1W)#3 87.96(5) N(2)–Zn(1)–N(3) 180.0
O(2W)–Zn(1)–O(1W) 92.08(5)

Symmetry transformations used to generate equivalent atoms: #1: �xþ 1 y, �zþ 1/2; #2: x� 2, y, z� 1; #3: �xþ 1,
y, �zþ 1/2.

Figure 1. Coordination environment of CoII in 1.
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(Cu–O1w¼ 2.172 Å) is longer than the other Cu–O distances (Cu–O2¼ 1.9517(14) Å);
the corresponding bond lengths and angles around Cu are listed in table 2, confirming
distorted square pyramidal CuII in 2. Similar to 1, fpa� coordinates with CuII in �-(	2

N, O) chelating mode to form a six-membered chelate ring adopting a boatlike, folded
conformation with largest deviation of 0.7279 Å.

Figure 3. The 3-D supramolecular network via �� � �� interactions in 1.

Figure 2. (a) The 1-D supramolecular single chain and (b) 1-D supramolecular double chain along the c-axis
through hydrogen bonds in 1. Hydrogen atoms are omitted for clarity.
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The coordination water is involved in two intermolecular O–H� � �O hydrogen bonds
with uncoordinated carboxyl O1 and O1a from two neighboring molecules to generate
a 2-D supramolecular layer with square-grid framework (figure 5), in which four
[Cu(fpa)2(H2O)] units form eighteen-membered rings. The 2-D layers are packed into a
supramolecular network through �–� (the closest centroid separation is 3.9172(7) Å
with an offset angle of 17.08�) and F� � �� interactions (the distance of F and aromatic
ring of fpa� is 3.0314 Å) (Supplementary material).

3.1.3. Crystal structure of 3. The asymmetric unit of 3 contains two independent ZnII

ions, four fpa�, and two bpp molecules, in a disordered tetrahedral geometry from two
oxygen atoms from two different fpa� molecules and two nitrogen atoms of two
distinct bpp molecules. Bond angles around ZnII range from 94.97(11)� to 125.13(16)�.

Figure 5. The 2-D supramolecular layer along the bc-plane through hydrogen bonds in 2. Hydrogen atoms
are omitted for clarity.

Figure 4. Coordination environment of CuII in 2.
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The Zn–N (from 2.012(3) to 2.030(3) Å) and Zn–O (from 1.949(3) to 1.962(3) Å) bond
lengths in 3 are in expected ranges for ZnII complexes; the bond distances for Zn–N and
Zn–O and angle for N/O–Zn–N/O are given in table 2. Complex 2 crystallizes in the
chiral space group P21. Each Zn coordinates with four different ligands (two different
bbp molecules in which pyridine rings were perpendicular to one another and two
different fpa� molecules). Because the symmetry of ligands and different conformation
are changed by coordination, the chiral space group arises.

In 3, each bpp links two ZnII centers (Zn1 and Zn2) into a 1-D polymeric chain and
fpa� act as capping ligands in �-(	 O) coordination on two sides of the 1-D chain in an
anti-parallel fashion (figure 6). There are four kinds of fpa� anions (abbreviated to
fpa(I), fpa(II), fpa(III), and fpa(IV)) displaying different conformations in 3. Pyridine
rings of fpa(I) containing N11 are parallel with the 1-D chain, fpa(II) containing N10
atom is perpendicular to the 1-D chain, and there is an acute angle between fpa(III) or
fpa(IV) and the 1-D chain. The 1-D chains pack into a 3-D supramolecular network
through �–� interactions between bpp and fpa (Supplementary material). Only fpa(III)
and fpa(IV) are involved in �–� interactions and their closest centroid separations are
3.9436(7) and 4.1834 Å, respectively, with corresponding offset angles of 20.26�

and 22.98�.

3.1.4. Crystal structure of 4. X-ray crystallography reveals that the asymmetric unit of
4 is composed of half a ZnII, one uncoordinated fpa� molecule, 0.5 bpy molecule, and
two water molecules, in which ZnII is located in a center of symmetry. Each ZnII shows
a slightly distorted octahedral coordination geometry where the basal plane is occupied
by four symmetry-related water molecules (O1w and O2w) and the axis is occupied by
two nitrogen atoms of two different bpy molecules. The bond lengths of Zn–O/N lie in
the range 2.0850(11)–2.2208(15) Å and the corresponding O/N–Zn–O/N bond angles
range from 87.96(5)� to 178.63(6)�, indicating distortion of the Zn octahedral geometry.
In 4, each bpy links two [Zn(H2O)4]

2þ units into a 1-D polymeric cationic chain and
uncoordinated fpa� compensate the framework charge (figure 7).

Each O1w is involved in two intermolecular hydrogen bonds (O1w–H1wa� � �N1 and
O1w–H1wb� � �O2) with two uncoordinated fpa� molecules which lie on two sides of the

Figure 6. Coordination environment of ZnII in 3.
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1-D chain in an anti-parallel fashion to generate a 2-D supramolecular layer with
square-grid framework in the bc-plane (Supplementary material). Four O1w, two ZnII,
and two fpa�molecules assemble into a puckered 16-membered supramolecular ring via
hydrogen bonds in the ac-plane, in which two O2w molecules and two carboxylate
oxygen atoms (O1) protrude. Hydrogen bonds between O2w and O1 stabilize the
supramolecular ring; parameters of hydrogen bonds are given in table 3. The 2-D layers
were packed into a 3-D supramolecular network through �–� and F� � ��
interactions (figure 8).

3.2. IR spectra of 1–4

IR spectra of four complexes, shown in Supplementary material, have peaks at 3386
and 2931–2844 cm�1 for O–H and C–H stretch of organic linkers. Bands at
1646–1685 cm�1 were assigned as asymmetric stretches of carboxylates of fpa� and
1380–1413 cm�1 correspond with symmetric carboxylate stretches. The Deacon–Philips
rule is helpful to determine the coordination mode between carboxylates and metal ions
by calculating the frequency separation (D
) between the asymmetric (
as) and
symmetric stretches (
s) of the carboxylate [34]. The D
 for 1–4 indicates monodentate

Figure 8. The 3-D packing network of 4 via �� � �� interactions.

Figure 7. The 1-D cationic polymer chain in 4.
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or uncoordinated carboxylate for 1–4 (D
¼ 245 cm�14 200 cm�1, 
as(COO�)¼
1655 cm�1, 
s(COO�)¼ 1410 cm�1 for 1; D
¼ 306 cm�14 200 cm�1, 
as(COO�)¼
1687 cm�1, 
s(COO�)¼ 1381 cm�1 for 2; D
¼ 247 cm�14 200 cm�1,

as(COO�)¼ 1655 cm�1, 
s(COO�)¼ 1398 cm�1 for 3; D
¼ 246 cm�14 200 cm�1,

as(COO�)¼ 1646 cm�1, 
s(COO�)¼ 1400 cm�1 for 4).

3.3. TG curves of 1–4

The thermal behaviors of 1–4 were studied from 18�C to 700�C under air. The TGAs
(Supplementary material) revealed that 1, 2, and 4 decomposed through three major
processes and 3 decomposed in two major steps. The first loss of 1, 2, and 4

corresponded to loss of coordinated water at 70–170�C (7.08% for 1, 4.62% for 2, and
11.26% for 4; the corresponding Calcd 8.20% for 1, 4.23% for 2, and 11.29% for 4).
The second weight loss of 1, 2, and 4 were characteristic of combustion of parts of fpa�

molecules and the third weight loss corresponded to the residue of fpa and the other
ligands. The total weight loss of 1, 2, and 4 amounted to 82.13%, 79.88%, and 85.43%,
respectively (Calcd. 83.15% for 1, 81.21% for 2, and 87.30% for 4). Similar to 1, 2, and
4, the first weight loss of 3 corresponded to combustion of parts of fpa� and the second
weight loss was characteristic of the combustion of the residue of fpa and bpp. The total
weight loss of 3 amounted to 89.94% (Calcd 89.31%). The remaining weights for 1–4
correspond to the formation of CoO, CuO, ZnO, and ZnO, respectively (Obsd 17.87%
for 1, 20.12% for 2, 10.06% for 3, and 14.57% for 4, Calcd 16.85% for 1, 18.79% for 2,
10.69% for 3, and 12.70% for 4).

3.4. Fluorescence curves of 3 and 4

The photoluminescence spectra of 3 and 4 as well as Hfpa, bipy, and bpp in the solid
state at room temperature are shown in figure 9. Complexes 1 and 2 show very weak
luminescence that cannot be detected in the solid state at ambient temperature; both 3

and 4 exhibit blue photoluminescence with emission maxima at 425 and 397 nm upon
excitation at 335 and 320 nm, respectively. The photoluminescence spectra of Hfpa,
bipy, and bpp revealed intense fluorescent emissions at 330 (�ex¼ 280 nm) for Hfpa,

Figure 9. Solid-state emission spectra for Hfpa, bipy, bpp, 3, and 4 at room temperature.
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419 nm for bipy (�ex¼ 340 nm), and 445 nm for bpp (�ex¼ 340 nm). Comparing
photoluminescence spectra of ligands and 3, although the maximum emission
wavelength of 3 undergoes a slight blueshift, the emission bands for 3 are very similar
to those of free bpp in position and band shape. Therefore, the emissions of 3 may be
assigned to �*!� or �*! n transition of bpp ligands [35]. Similarly, emissions of 4
may be due to �*!� or �*! n transition of bipy [36].

3.5. Discussion

Although the design and synthesis of target complexes is still a challenge, exploiting a
simple system that allows modeling and study of phenomena, which are superimposed
upon a more complicated, multi-component system, is helpful to establish general
principles. Selection of Efpa as Hfpa source was based on the following consideration:
(1) Efpa was easily dissolved in organic solvents such as ethanol, and methanol,
providing facility for solvo-thermal reactions; (2) coordination complexes with
intriguing structures and wide applications have been successfully obtained via in situ
hydrolysis of an ester; (3) slow in situ formation of Hfpa will ensure growth of single
crystals sufficiently large to allow a single-crystal X-ray structure determination; and (4)
in situ hydrolysis of an ester helps to understand and direct synthesis of target
complexes. When Efpa was reacted only with metal salts such as CuSO4 � 5H2O,
Zn(NO3) � 4H2O, CoCl2 � 6H2O, CdCl2, or NiCl2 � 6H2O under mixed CH3CH2OH/H2O
at 85�C, 1 and 2 were easily obtained. Under the help of the second organic linkers such
as bpp and bpy, 3 and 4 were obtained; however, only the second linkers (bimb and
phen) were involved in coordination with metal ions in 5 and 6. In 1 and 2, fpa�

coordinated with metal by a �-(	2 N, O). However, fewer coordination sites or
uncoordinated fpa� were found in 3 and 4, respectively. These results revealed the
second neutral organic linkers coordinate more readily with metal ions than fpa� when
they are competing. The reasons for formation of fewer coordination sites and
uncoordinated fpa� are: (1) compared with the second organic linker, in situ hydrolysis
of an ester, which takes some time, results in reduced coordination with metal ions;
(2) larger steric hindrance of the second linkers prevents further coordination of fpa�;
and (3) the larger ring strain results in instability of the six-membered ring constructed
by chelating fpa�.

4. Conclusion

By selecting a flexible ligand (Hfpa), four new metal complexes have been isolated and
characterized by elemental analyses, IR spectroscopy, single-crystal X-ray diffraction,
and TGA. Both 1 and 2 are extended into 3-D supramolecular networks through
hydrogen bonds and �� � �� interactions. In 3, bpp molecules link Zn ions into a chain, in
which unidentate fpa� molecules are capping ligands. In 4, [Zn(H2O)4]

2þ and bpy
joined in a 1-D polymeric cationic chain with uncoordinated fpa� compensating the
framework charge. Analyses of syntheses, crystal structures, and coordination modes of
fpa� reveal that neutral linkers are easier to coordinate with metal than fpa�. TGAs
reveal that fpa� decomposed through two processes.
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Supplementary material

CCDC 860594–860597 for 1–4 contain the supplementary crystallographic data.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via http://www.ccdc.cam.ac.uk/data_request/cif
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