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Abstract

Two copper helical coordination polymers, [Cu(2-pc)(3-pc)]n 1 and [Cu(2-pc)(4-pc)]n 2 (2-pc ¼ 2-pyridine carboxylate, 3-pc ¼

3-pyridine carboxylate, 4-pc ¼ 4-pyridine carboxylate) have been hydrothermally synthesized directly from pyridine carboxylic acids and

copper nitrate. The crystal structure were determined by single-crystal X-ray diffraction with the following data: compound 1,

orthorhombic, P212121, a ¼ 6.591(3) Å, b ¼ 8.692(5) Å, c ¼ 20.548(9) Å, V ¼ 1177.2(9) Å3, Z ¼ 4; compound 2, orthorhombic, Pna21,

a ¼ 21.160(10) Å, b ¼ 9.095(5) Å, c ¼ 6.401(3) Å, V ¼ 1231.9(11) Å3, Z ¼ 4. The acentric three-dimensional (3D) framework of 1 is

constructed from right-handed helical Cu(2-pc) chains and left-handed Cu(3-pc) helices. As for 2, Cu(2-pc) helical chains, in which left-

and right-handed helices are coexisting, and Cu(4-pc) zigzag chains combined together to form acentric 3D architecture of 2 as well.

Additionally, besides general spectral characterization, we first introduce generalized 2D correlation spectroscopy to explore the

coordination polymers and ascertain the stretching vibration location of carboxylate groups of compounds 1 and 2.

r 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Over the past few decades, there has been intense
research effort on metal-organic framework structures
(MOFs) in coordination chemistry [1,2]. The rapid devel-
opment of MOFs not only due to their intriguing structural
topologies but fascinating properties such as adsorption,
ion-exchange, non-liner optical (NLO) materials and
heterogeneous catalysis [3–9].

Meanwhile, the fascination of the structure, potential
application in anti-symmetric catalysis, NLO materials and
biomimetic chemistry as well as understanding of mole-
cular self-assembly process, have prompted chemists to
design and synthesize metal complexes exhibiting helical
e front matter r 2007 Elsevier Inc. All rights reserved.
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architecture recently [10–15]. The self-assembly of helical
structure is still a challenging subject due to the difficulty of
the selection of optimal components, although consider-
able strategies have been developed and many coordination
polymers with helical structures have been reported
[16–24]. Generally, the extended structures based on helical
chains can be produced through either connection of
neighboring helices to each other via cross-linking or
introduction of additional bridging ligands into reaction
system [25]. Though deprotonated pyridine carboxylic
acids, 2-pc ¼ 2-pyridine carboxylate, 3-pc ¼ 3-pyridine
carboxylate and 4-pc ¼ 4-pyridine carboxylate can play
above two roles in construction of helical coordination
polymers in theory, the reported examples are few [26–30].
Nevertheless it is noteworthy that various bridging types
that carboxylate groups (e.g. syn–syn, anti–anti, syn–anti
and mono-monodentate and mono-bidentate, etc.) can
adapt make them used widely in the field of construction
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Table 1

Crystallographic data and structure refinement for 1 and 2

1 2

Empirical formula C12H8N2O4Cu C12H8N2O4Cu

Formula mass 307.74 307.74

Crystal system Orthorhombic Orthorhombic

Space group P212121 Pna21
a (Å) 6.591(3) 21.160(10)

b (Å) 8.692(5) 9.095(5)

c (Å) 20.548(9) 6.401(3)

V (Å3) 1177.2(9) 1231.9(11)

Dc (g cm�3) 1.736 1.659

Z 4 4

F(0 0 0) 620 620

l(MoKa) (Å) 0.71073 0.71073

y range (1) 3.07–27.47 3.66–27.48

Limiting indices �8php8 �26php27

�11pkp11 �11pkp11

�24php26 �6php8

Goodness-of-fit on F2 1.013 1.096

Collected reflections 9974 10563

Independent reflections (Rint) 2693(0.0692) 2591(0.0560)

observed reflections (I42s (I)) 2232 2043

Final R factors (I42s (I)) R1
a
¼ 0.0402 R1

a
¼ 0.0389

wR2
b
¼ 0.0755 wR2

b
¼ 0.0914

Final R factors (all data) R1 ¼ 0.0550 R1 ¼ 0.0563

wR2 ¼ 0.0810 wR2 ¼ 0.1093

Largest difference map peak

and hole e Å�3
0.405 and

�0.573

0.375 and �0.373

aR1 ¼
P

||F0|�|Fc||/
P

|F0|.
bwR2 ¼ {

P
[w(F0

2
�Fc)

2]/
P

[w(F0
2)2]}1/2.
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MOFs [31–35]. Numerous structures constructed from only
one of these three deprotonated or protonated pyridine
carboxylic acids or introducing secondary ligands simulta-
neously have been widely reported [36–45]. However, to the
best of our knowledge, the coordination polymers contain
any two of above three kinds of pyridine carboxylate at the
same time are numberable [46,47]. And what’s more, the
helical coordination polymers synthesized from two kinds
of pyridine carboxylic acids have not been reported before,
except one example that crystallized via ligand in situ

solvothermal hydrolysis [48].
Taking the advantage of above factors, we have

successfully synthesized two three-dimensional (3D) helical
copper coordination polymers [Cu(2-pc)(3-pc)]n 1 and
[Cu(2-pc)(4-pc)]n 2 by adopting pyridine carboxylic acids
and copper nitrate as synthesis source. Both compounds
crystallize in non-centrosymmetric space groups, P212121
and Pna21, respectively. Additionally, whereas our research
group has successfully introduced the generalized 2D
correlation spectroscopy proposed by Noda [49–51] to
the polyoxometalates (POMs). The results indicate that 2D
IR correlation spectroscopy can not only improve to
recognize the structure of POMs but provide valuable
dynamic information for in-depth study of POMs [52–56].
Now, we try to extend 2D IR correlation spectroscopy to
explore the coordination polymers and some interesting
results were obtained as well.

2. Experimental

2.1. General procedures

All analytical regent grade chemicals were commercially
purchased and used without purification. The elemental
analyses of C, H, and N were performed with an Elementar
Vario EL III elemental analyzer. The IR spectra were
recorded with a Perkin-Elmer Spectrum 2000 FT-IR
spectrometer in the range of 400–4000 cm�1 using the
KBr pellet technique. In order to get the dynamic IR
spectra, the magnetic intensity variation was controlled by
a homemade magnetic intensity controller from 2 to 20mT
at intervals of 2mT. By way of parenthesis introducing, the
magnetic intensity was controlled by altering the voltage of
Potentiostatic Apparatus which was demarcated by Gauss
Meter in advance. 2D IR correlation spectra were obtained
by treatment of the series of dynamic spectra with 2D IR
correlation analysis software provided by Tsinghua Uni-
versity. The ultraviolet–visible diffuse reflection integral
spectrum (UV–vis DRIS) was measured by a Perkin-Elmer
Lambda 900 UV–vis spectrometer. Thermo-gravimetric
(TG) analyses were conducted on a Perkin-Elmer TGA7
Thermal analyzer in an argon atmosphere with a heating
rate of 10 1Cmin�1 from room temperature to 800 1C.

2.2. Synthesis of compounds

Synthesis of 1: Cu(NO3)2 � 2H2O (0.224 g, 1mmol) was
added to the hot aqueous solution (4 cm�3) of 2-pyridine
carboxylic acid (0.061 g, 0.5mmol) and 3-pyridine car-
boxylic acid (0.061 g, 0.5mmol), then the solution was
dropped with 15% NaOH to adjust pH with 3.0 value.
Finally, the mixture was sealed in a Teflon-lined stainless
autoclave and heated at 150 1C for 3 days under
autogenous pressure and then cooled to room temperature
unaffectedly. Blue block crystals of 1 suitable for X-ray
analysis were obtained in about 62% yield (based on Cu).
Anal. calc. for C12H8N2O4Cu: C, 46.79wt%; H, 2.60wt%;
N, 9.10wt%; Found: C, 46.05wt%; H, 2.68wt%; N,
9.34wt%. IR (KBr, cm�1): 3070(w) for u(=C–H);
1653(vs), 1616(vs) and 1603(w) for uas(=COO); 1365(vs)
for us(=COO), 1149(m) and 1048(m) for u(C–C); 850(m)
and 766(s) for g(=C–H); 696(m) for d(OCO).
Synthesis of 2: The synthesis method of 2 is similar to 1

except using 4-pyridine carboxylic acid instead of
3-pyridine carboxylic acid. And a mixture of 3 cm�3

distilled water and 1 cm�3 anhydrous ethanol was used as
solvent. Additionally, the pH value of the solution was
adjusted to 2.2 with dropping 15% NaOH as well. Dark
blue block crystals of 2 were harvested in 50% yield (based
on Cu) suitable for X-ray analysis. Anal. calc. for
C12H8N2O4Cu: C, 46.79wt%; H, 2.60wt%; N, 9.10wt%;
Found: C, 46.20wt%; H, 2.77wt%; N, 9.33wt%. IR (KBr,
cm�1): 3064(w) for u(=C–H); 1659(vs), 1614(vs) and
1557(vs) for uas(=COO); 1371(vs) for us(=COO); 1048(s)
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for u(C–C); 841(s), 760(m) and 710(s) for g(=C–H); 696(s),
696(m) for d(OCO).

2.3. X-ray crystallography

The reflection intensities for 1 and 2 were collected on a
Rigaku Weissenburg IP diffractometer with MoKa radia-
tion (l=0.71073 Å) at 29872K. Lp correction and a c
empirical absorption correction were made for the intensity
data. The structures of both crystals were solved by the
direct methods and successive Fourier difference syntheses,
and refined by the full-matrix least-squares method on F2

with anisotropic displacement parameters for all non-
hydrogen atoms. The remaining hydrogen atoms were
generated geometrically and not refined. The isotropic
Table 2

Selected bond lengths (Å) and angles (1) for 1 and 2

Compound 1 Compound 2

Cu(1)–O(1) 1.961(3) Cu(1)–O(3) 1.952(3)

Cu(1)–O(4)#1 1.968(3) Cu(1)–O(1)#3 1.970(3)

Cu(1)–N(2) 1.992(3) Cu(1)–N(1) 1.988(4)

Cu(1)–N(1) 1.994(3) Cu(1)–N(2) 1.991(4)

Cu(1)–O(2)#2 2.268(3) Cu(1)–O(4)#4 2.224(4)

O(1)–Cu(1)–O(4)#1 165.05(12) O(3)–Cu(1)–O(1)#3 164.18(17)

O(1)–Cu(1)–N(2) 91.77(12) O(3)–Cu(1)–N(1) 92.54(15)

O(4)#1–Cu(1)–N(2) 91.91(12) O(1)#3–Cu(1)–N(1) 89.38(14)

O(1)–Cu(1)–N(1) 82.15(12) O(3)–Cu(1)–N(2) 82.66(14)

O(4)#1–Cu(1)–N(1) 92.26(12) O(1)#3–Cu(1)–N(2) 93.67(15)

N(2)–Cu(1)–N(1) 170.70(14) N(1)–Cu(1)–N(2) 172.41(17)

O(1)–Cu(1)–O(2)#2 104.21(12) O(3)–Cu(1)–O(4)#4 101.21(17)

O(4)#1–Cu(1)–O(2)#2 90.29(11) O(1)#3–Cu(1)–O(4)#4 94.53(16)

N(2)–Cu(1)–O(2)#2 89.82(12) N(1)–Cu(1)–O(4)#5 88.70(15)

N(1)–Cu(1)–O(2)#2 98.46(12) N(2)–Cu(1)–O(4)#4 97.97(16)

Symmetry codes. #1: �x, y�1/2, �z+1/2; #2: x�1/2, �y+3/2, �z; #3:

�x+1/2, y�1/2, z+1/2; #4: �x+1, �y+1, z+1/2; #5: �x+1, �y+1,

z�1/2.

Fig. 1. Perspective view of the coordination environment of compound 1

(50% probability thermal ellipsoids). Hydrogen atoms are omitted for

clarity. Symmetry code for the generated atoms: (i) �0.5+x, 1.5�y, �z;

(ii) 0.5+x, 1.5�y, �z; (iii) �x, 0.5+y, 0.5�z; (iv) �x, �0.5+y, 0.5�z.
displacement parameters of all hydrogen atoms were
defined as Uiso(H)=1.2Ueq(C). Further details of
the crystallographic data and structure refinement for
both are tabulated in Table 1. Selected bond lengths and
angels are listed in Table 2. All calculations were performed
on a computer with SHELXTL-PC program package
[57,58].
Fig. 2. View of the helices in compound 1(a) and 2(b): two kinds of helices

one in right-handed (left) and the other in left-handed (right). All

hydrogen atoms and some carbon, nitrogen atoms are omitted for clarity.

Color code: Cu: black; C and N: white; O: gray.

Fig. 3. View of structure of the compound 1 down the a direction,

showing the combination of Cu(2-pc) helices and Cu(3-pc) helices. The

hydrogen atoms are omitted for clarity.
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3. Results and discussion

3.1. Structural description of [Cu(2-pc)(3-pc)]n 1

The X-ray crystal structure analysis reveals that com-
pound 1 crystallizes in space group P212121. The atom
labeling scheme for 1 is shown in Fig. 1. The copper atom is
located at the bottom center of tetragonal pyramid with a
little deviation (0.188(2)Å) from basal plane constructed by
N2O2 coordination sphere from one 2-pc and two 3-pc
units. Additionally, one oxygen of another 2-pc occupied
the axial position (Cu–O ¼ 1.961(3)–2.268(3) Å, Cu–N ¼
1.992(3)–1.994(3) Å,
N(O)–Cu–O(N) ¼ 82.15(12)–170.70(14)1). Moreover, all
of the Cu–O and Cu–N bond lengths fall within the
range found for other similar compounds, Cu(3-pc)(4-pc),
Cu2(m3-OH)(4-pc)2(BDC)0.5 (BDC ¼ 1,3-benzenedicarbox-
Fig. 4. Thermal ellipsoid plot (30%) showing the coordinate environment

of copper in compound 2. Hydrogen atoms are omitted for clarity.

Symmetry code for the generated atoms: (i) 0.5�x, �0.5+y, 0.5+z; (ii)

1�x, 1�y, 0.5+z.

Fig. 5. View of structure of the compound 2 down the c direction,

showing the combination of Cu(2-pc) helices and Cu(4-pc) zigzag chains.

The hydrogen atoms are omitted for clarity.
ylate), [Cu(4-pc)][EtOH] and Cu(3-pc)2 [38,46]. As illu-
strated in Fig. 1, the 2-pc acts as N,O,O0-tridentate
bridging ligand, in which one oxygen atom and nitrogen
atom chelated to copper atom and the carboxylate groups
adapt the syn–anti bridging pattern. Compared to 2-pc,
3-pc is in N,O-bidentate bridging mode with one of the
carboxylic oxygen not taking part in the coordination.
Furthermore, copper atoms and 2-pc combine together to
form the right-handed helices along a-axis and 3-pc bond
copper atoms to build left-handed one along b-axis as well,
and the helical pitch lengths are 6.591(3) and 8.692(5)Å,
respectively (Figs. 2(a) and 3). Additionally, the 21 screw
axes which lie along b-axis and c-axis created two
symmetrically equivalent left-handed and two right-handed
helices in the unit cell and exist by turns, respectively. The
Cu(2-pc) helices alternate crossly with one connecting to
nearby four by bidentate bridging 3-pc. Meanwhile, two
sides of every Cu(3-pc) helix are decorated by numerous
Fig. 6. Magnetism-dependent IR spectra of compounds 1 (a) and 2 (b)

over a magnetic intensity from 2 to 20mT.
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Cu(2-pc) helices (Fig. 3). Ultimately, numerous cross-
linking helical chains along a-axis and b-axis further result
in an unprecedented 3D framework structures as shown in
Fig. 3.

3.2. Structural description of [Cu(2-pc)(4-pc)]n 2

Compound 2 crystallizes in space group Pna21 and is
isostructural with the reported compound [Zn(2-pc)(4-pc)]n
[48]. The synthesis sources of these two compounds were
distinct: Zn(2-pc)(4-pc) was achieved with in situ solvother-
mal hydrolysis of ligand PPO(2-(2-pyridyl)-5-(4-pyridyl)-
1,3,4-oxadiazole) to 2-pc and 4-pc, while compound 2 we
obtained was successfully synthesized directly from a
mixture of 2-pc and 4-pc. At the same time, compared to
compound 1, there are several similarities and differences
between compound 1 and 2. First of all, the coordination
environment of copper atom in 2 is similar to that of 1,

with the deviation 0.189(1) Å from the plane (Fig. 4). Then,
the coordination modes of ligands are identical except that
4-pc was used instead of 3-pc (Fig. 5). Lastly, the view of
combination of Cu(2-pc) helices and Cu(4-pc) zigzag
chains down the c direction are look-alike to the view of
combination of Cu(2-pc) helices and Cu(3-pc) helices in 1

down the a direction. However, compared to two
symmetrically equivalent right-handed Cu(2-pc) helical
chains in 1, the Cu(2-pc) helices in 2 are in different
helicity: left-handed and right-handed helices running
Fig. 7. Synchronous and asynchronous correlation spectra of compounds 1 (a)

to 20mT.
along crystallographic 21 axis in the c direction coexist
with the pitch length of 6.401(3) Å and helices are
connected by bidentate 4-pc (Figs. 2(b) and 5). Meanwhile,
copper atoms and 4-pc form zigzag chains along b-axis
substitute the left-handed Cu(3-pc) helices in 1 (Fig. 5).
In a word, the similarities and differences during the
ligands (2-pc, 3-pc, 4-pc) lead to the similarities and
differences of structure of compounds 1 and 2.

3.3. IR analysis

The IR spectra of 1 and 2 show the absence of free
carboxyl groups fairly by virtue of no absorption around
1700 cm�1 [59]. The strong absorptions at the range of
1659–1557 cm�1 and 1371–1365 cm�1 of two compounds
are attributed to anti-symmetric and symmetrical stretch-
ing vibrations of the coordinated carboxylate groups,
respectively. The difference between the anti-symmetric
and symmetric carboxylate groups stretchings, D
(D ¼ uas�us), cover a broad range, which suggests that
the carboxylate groups in 1 and 2 are in unidentate and
bridging bidentate coordination mode simultaneity [60–62].
These inferences are in accordance with the X-ray
diffraction analysis.
In order to clarify the structural changes of COO

stretching more efficiently, 2D correlation analysis is
applied in the spectral region of 1300–1700 cm�1. Figs. 6
and 7 depict the magnetism-dependent IR spectra and the
and 2 (b) in the range of 1300–1700 cm�1 over a magnetic intensity from 2
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synchronous and asynchronous 2D correlation spectra of
compounds 1 and 2, respectively. As shown in Fig. 7(a),
four strong autopeaks along the diagonal line are un-
ambiguously detected at 1365, 1603, 1616 and 1653 cm�1,
which demonstrate the intensity change of COO band is
sensitive to the magnetism variation. According to the rule
of Noda [49], the response at the cross-peaks in the
synchronous and asynchronous spectra indicate the vibra-
tion direction of the symmetrical and anti-symmetric
stretching vibrations of COO and the vibration order of
two, respectively. The similar results can be obtained for
compound 2 from Fig. 7(b), with four strong autopeaks at
1371, 1557, 1614 and 1659 cm�1. These results illuminate
that the generalized 2D IR correlation spectroscopy with
magnetism perturbation can ascertain the location of
stretching vibrations of carboxyl in copper(II)-pyridine
carboxylate coordination polymers. In a word, due to the
interaction between magnetic particles and exoteric mag-
netic field, 2D IR correlation spectroscopy with magnetism
perturbation can probe the sensitive response of the
coordination groups which coordinate to magnetical
particles. Apparently, it is meaningful to explore more
function of generalized 2D IR correlation spectroscopy
with various perturbations (such as magnetism, light, heat,
electricity, chemistry, etc.) in coordination polymers.

4. Conclusion

In summary, two copper helical coordination polymers
compounds 1 and 2 were successfully synthesized under
hydrothermal conditions. It is worth noting that Cu(2-pc)
helical chains are in different helicity for these two
compounds: both right-handed for 1 and left- and right-
handed coexisting for 2. Moreover, in compound 1, Cu(2-pc)
helices are connected by left-handed Cu(3-pc) helical chains
to extend to acentric 3D framework, while the 3D
architecture of 2 are built by linking Cu(4-pc) zigzag chains
and Cu(2-pc) helices together. In addition, we first try to
introduce 2D IR correlation spectroscopy to coordination
polymers and it is worthwhile to explore the in-depth function
of 2D IR correlation spectroscopy analysis in MOFs.
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