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Three complexes (bpyH)[Fe(pydE#H,0 (1), [Co(pydck(p-bpy)(HO)s].4H,0 (2) and [Ni(pydc)(bpy)(H-bpy)l8H0 (3)
were prepared from the reaction between pyridifedi;arboxylic acid, pydck and 4,4 -bipyridine, bpy, with FeCiH,O,
CoChL.6H,0 and NiSQ.6H,0, respectively. The complexX)(crystallizes in the space grodl of the triclinic system and
contains two molecules per unit cell. The structhas been refined to a final value ferfactor of 0.0355 based on 4922
reflections. The crystal structure shows that Fe{$l coordinated to two pyridine-2,6-dicarboxyldigands. The complexe)(
and(3) crystallize in the space grolj2,/c of the monoclinic system and contain two molecylesunit cell. The structur@)
has been refined to a final value ®factor of 0.0295 based on 2249 reflections. Théemdar structureZ), which is a binuclear
complex, contains two pyridine-2,6-dicarboxylaigalids, and a 4,4 -bipyridine bridge ligand. Thectrre 8) has been refined
to a final value forR factor of 0.0579 based on 7721 reflections. Iis gtructure, which is a tetramer complex, pyridzng-
dicarboxylate and 4,4 -bipyridine fragments actasi- and bidentate ligands, respectively. Thetiqgration constants of 4,4"-
bipyridine and pyridine-2,6-dicarboxylate, the diium constants for the pydc-bpy system and tieéchiometry, and stability
of complexation of this system with ¥e Co* and Nf* ions in a aqueous solution were investigated hgmwmetricpH
titration method. The stoichiometry of the most pdees species in solution was found to be verylairto the crystalline cited
metal ion complexes.
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INTRODUCTION supramolecular systems and extended inorganic meswo
follow two principal methods based on the differaature of
Existing design  strategies for theynthesis of the interactions responsible for networking. In @pproach,
which is the more frequently used, coordinative atemt
*Corresponding author. E-mail: janet_soleimannejaai@g.com bonds engaged between transition-metal &mmd various
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organic linkers propagate the coordination geomeéirnyp
infinite architectures of various dimensionalitydatopology
[1-5]. The other method, still far less common, lekpveaker
intermolecular forces (particularlyr-n interactions, H-
bonding, and ion-pairing) as a guide to the assgnubl
molecular coordination complexes into extended gl
networks [2]. In both cases, seeking for new andrigtive
approaches for easily building organized
supramolecular arrays is one of the main aims.

In recent years, our research group has studiédvanked
on the synthesis and characterization of supramtdec
systems, and its complexation with different metals. We
have found out the role of non-covalent interadisuch as
hydrogen bonding, ion pairing andi-n stacking in
constructing the supramolecular crystalline compisuand
their metal complexes [6-19]. We trace a type ofst@l
engineering, which is the design and preparation aof
crystalline material based on a knowledge, or astle
consideration, of the steric, topological and imtetecular
bonding capabilities of the constituent buildingodis
specially by taking advantage of hydrogen bondithg.
continuation of previous research works, in thisgradifferent
complexation behavior of Fe(lll), Co(ll) -and Ni(lljvith
pyridine-2,6-dicarboxylic acid and 4Mdipyridine adduct is
discussed.

EXPERIMENTAL

Chemicals and Apparatus

All chemical used were of commercial suppliers asdd
without any further' purificationDoubly distilled deionized
water was used in the procedures when needed

Melting points were determined with Electrotherniét
9100 and were not corrected. IR spectra were recooh a
Bomem MB-100 spectrophotometer using KBr discs ojoN
mulls. Elemental analysis was obtained from a PeBtmer
2400 analyzer. X-ray structure analysis of suitabiegle

least-square method based Grusing SHELXL-97 [21].

Potentiometric Equilibrium Measurements

A Model 794 Metrohm Basic Titrino was attachedato
extension combined glass-calomel electrode mouirtedn
air-protected, sealed, thermostated jacketed cailht@ined at
25.0 £ 0.1 °C by circulating water, from a constant

inorganidemperature bath Fisherbrand model FBH604, LAUDA,

Germany, equipped with a stirrer and a 10.000-mbcdy
Metrohm piston burette. TheH meter-electrode system was
calibrated to read -log[Hl

The details are described in previous publicatidfis22-
24]. The concentration of bpy and pydc was 2.5@% NI, for
the potentiometriqoH titrations of pydc, bpy and pydc-bpy
system, in.the absence and presence of 1.25%mHdal ions.
A standard carbonate-free NaOH solution (0.0927 vixs
used. in all titrations. The ionic strength was atgd to 0.1 M
with KNO;. Before an experimental poirgH) was measured,
sufficient time was allowed for the establishment o
equilibrium. Ligands’ protonation constants and bgity
constants of adduct and their metal complexes weatiated
using the BEST program described by Martell and éVattis
[25]. The value of K = [H'][OHT] used in the calculations
according our previous works [15,22,23].

Synthesis of (bpyH)[Fe(pydc).4H,O Complex, (1)

An aqueous solution of pyridine-2,6-dicarboxylicich
(312 mg, 2 mmol) and 4,4 -bipyridine (167 mg, 1 nhmio
water (15 ml) which was already refluxed for onauhavas
added to a solution of FeH,0 (99 mg, 0.5 mmol) in water
(5 ml) and heated for a further one hour at 70 G@een
crystals of the complex, suitable for X-ray anayswere
obtained by slow evaporation of the solution at nmoo
temperature after two weeks. The procedure adojptdtie
synthesis of complex1] is outlined in Scheme 1. This
complex was characterized by IR spectroscopy, CHiyais
and single crystal X-ray diffraction. m.p.: 269 °@eld: 76%.

crystals were carried out on a Bruker-AXS SMART Anal. Calcd. for GH.3sFeN,Oy,: C, 50.70; H, 4.10; N, 9.86;
diffractometer with an APEX CCD area detector (Me-K Found: C, 49.92; H, 4.20; N, 10.00.

radiation, graphite monochromatar= 0.71073 A). The data
were corrected for polarization and Lorentz effeetsd an
empirical absorption correction (SADABS) was appl[€0].
The structures were solved by SHELXS-97 [21]. Tlm-n
hydrogen atoms were refined anisotropically byfthematrix
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Synthesis of
Complex, (2)
To a solution of 4,4"-bipyridine (624 mg, 4 mmaiyd

pyridine-2,6-dicarboxylic acid (167 mg, 1 mmol)vmater (15

[Ce(pydc)z(u-bpy)(H-0)4].4H,0
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Scheme IThe method for the synthesis of comp(&x

ml) that heated for one hour, was added a solutibn

shown in Scheme 3. This complex was charazei@by IR
spectroscopy, and single crystal X-ray diffractiomp.: 240
°C, Yield: 51%. Anal. Calcd. for fggH10sN2oNi4O3;: C, 53.67;
H, 4.39; N, 11.60; Found: C, 53.75; H, 4.42; N6I’1.

RESULTS AND DISCUSSION

IR Studies of Complexes

The presence of 4,4"-bipyridine and pyridine-2,6-
dicarboxylate “in. these complexes were confirmed IRy
spectroscopy. The IR spectra contained severalcatige
peaks such as an absorption band at 1400-1600venich
refers to the stretching vibration of C=0 bond, $fietching

CoCh.6H,0 (238 mg, 1 mmol) in water (5 ml). This solution frequencies due to the aromatic rings at 3000-3t0and a

was heated at 90 °C for 3 h. Red crystals wereraxaafter
one week by the slow evaporation of the solventoaim
temperature. The procedure adopted in the synthekis

broad band at the region of 3000 tuiue to the KH groups.
The lattice water frequencies appeared at the 3@00-cm'
(anti-symmetric and symmetric OH stretching) an8@8630

complex @) is shown in Scheme 2. The characterization' wagm* regions (HOH bendings).

carried out by IR spectroscopy, CHN analysis amplsi
crystal X-ray diffraction. m.p.: >380C, Yield: 43%. Anal.
Calcd. for G4H30Co,N4O,¢: C, 38.54; H, 4.01; N, 7.49; Found:
C, 38.87; H, 4.26; N, 7.82.

Synthesis of [Ni(pydc)(bpy)(u-bpy)}.8H.O Complex,
3)

To a solution of pyridine-2,6-dicarboxylic acids{@ mg, 1
mmol) and 4,4 -bipyridine (312 mg, 2 mmol) in wafg&d ml)
that heated for one hour, was added an aqueouscsplof
NiSO,.6H,O (132 mg, 0.5 mmol) in water (5 ml). This
mixture was heated at 60 °C for 30 min. Blue cigsteere
obtained after 10 days by the slow evaporatiorhefgolvent
at room temperature. The synthesis of tloenmex @) is

OH,

X-ray Crystal Structure of (bpyH)[Fe(pydc),].4H,0
Complex, (1)

The molecular structure and the crystal packirg@m of
complex () are illustrated in Figs. 1 and 2, respectivelyeT
C-O--r and C-H- « interactions in this complex are shown in
Fig. 3. Table 1 lists a summary of X-ray crystatkyghic data
and Table 2 shows selected bond lengths, anglesoasion
angles for this complex. A list of hydrogen bonslglso given
in Table 3.

This complex crystallizes in the space grdup of the
triclinic system and contains two molecules pert well.
Important features of the crystal structure are glexation of
two pyridine-2,6-dicarboxylates as tridentaligands and

OH
‘\ o) ‘0
o P o o
)9 , +CoC.6HO | ; N \C _ _ =
- A o
+ - /o NN N < N /|- amo
N Y © o
N\ 7/ \ 0
OH, OH,

(2

Scheme ZThe method for the synthesis of comp{&x
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Scheme 3The method for synthesis of complé)

Fig. 1. Molecular structure of complex).

formation of an anionic complex [Fe(pydf) and cationic
counter ion (bpyH) The Fe(lll) is hexacoordinated by two
nitrogen atoms N(1), and N(2) and four oxygen at@d(s),
0O(2), O(3) and O(4) of carboxylate groups of twyd@?.
Figure 1 and Table 2 show that the Fe(lll) atornfocated in
the center of a distorted octahedral arrangemedre.N{1)-Fe-
N(2) angle shows deviation from linearity, 170.90(6The
0(2)-Fe(1)-0O(3)-C(8), 0O(2)-Fe(1)-O(4)-C(14), O(4e{k)-
0O(1)-C(1) and O(4)-Fe(1)-O(2)-C(7) torsion anglese a
-93.74(13)°, 86.75(14)°, -102.35(14)° and 94.37(14)
respectively, indicating that two dianionic (pytidynits are
almost perpendicular to each other. Another cheristic
solid state structural feature of this complexitated by the
presence of 4,4 -bipyridinium fragment as a prodoeeptor
that deprotonates pyridine-2,6-dicarboxylic acitisIcan lead
to the formation of a metal-organo Fe(lll) compiaxwhich
ion-pairing, metal-ligand coordination and hydrodgemding
play important roles in the construction of its dér
dimensional supramolecular network.

It is of interest to note that the crystalcking diagram
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*

Fig. 3. The C-O-% and C-H- % interactions in complextj.
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Table 1.Crystallography Data for Complexel,((2) and(3)

Complex (1) Complex (2) Complex (3)

Empirical formula CoaHosFeN,Or 2 Co4H30C:N4O16 Cios Hi06 N2o Nig Os1

Formula weight 615.31 748.38 2414.97

Temperature (K) 150(2) 150(2) 150(2)

Wavelength 0.71073 A 0.71073 A 0.71073 A

Crystal system Triclinic Monoclinic Monoclinic

Space group P1 z=2 P2i/c Z=2 P2/c Z=2

Unit cell dimensions a=9.3759(9)A « =84.545(2)° a=10.5154(8)A a=20.631(7)A
b=9.3778(9)A pB=89.246(2)° b=20.1104(15)A  p=107.844(5)° b=14.872(5)A p=115.854(6)°
c=14.6284(14)Ay = 87.062(2)° c=7.3280(5)A c=19.449(7)A

Unit cell volume 1278.7(2)R 1475.10(19)A 5370(3)R

Calculated density (g ¢ 1.598 1.685 1.494

Absorption coefficient 0.665 mrit 1.208 mrit 0.782 mrit

Crystal dimentions (mf 0.39 x 0.39 x 0.28 0.32x0.21 x0.18 0.21 x x 1816

F(000) 634 768 2508

0 range for data collection 2.47 to 28.64° 2.03 to 25.00° 2.18 to 26.09°

Limiting indices -12<h<11, -12k<12, -1%I<19 -1 h<12, -2%k <23, -8<1<8 -26<h<26, -1%k<19, -261<25

Reflections collected 14814 13265 15146

Completeness t& 0 =2.47 to 28.64° 0 =2.281t0 30.43° 6=2.1810 26.9°

Refinement method Full-matrix least-squares on F Full-matrix least-squares o F Full-matrix least-squares o F

Goodness-of-fit off 1.038 1.097 1.054

FinalRindices [I > 2sigma(l)] R1 = 0.0355wR2 = 0.0942 R1 = 0.0295wR2 = 0.0788 R1 = 0.0579wR2 = 0.1529

Rindices (all data) R1 = 0.0455wR2 = 0.0987 R1 =0.0371wR2 = 0.0837 R1 =0.1083wR2 = 0.1734

Largest diff. peak and hole ~ 0.001 and 0.000e. A 0.000 and 0.000 e. A 0.001 and 0.000 e. A

Crystallographic data for the three struesunave been deposited with the Cambridge Crygtalpdhic Data Centre, CCDC 767012
for the Fe(ll) complex, CCDC 7670%ar the Co(ll) complex and CCDC 7670fd Ni(ll) complex. Copieof the data can be
obtained freef charge on application tbeDirector,CCDC,12 Union RoadCambridge CB2 1EAJK (Fax: int.code+ (1223)336-
033; e-mail for inquiry: fileserv@ccdc.camig; e-mail for deposition: deposit@ccdc.cam.ac.uk

Table 8elected Bond Lengths (A), Bond Anglésgnd Torsion Angles’) for Complex ()

Fe(1)-0(1) 2.0045(13)  Fe(1)-0(4) 2.0161(13)
Fe(1)-0(2) 2.0149(13)  Fe(1)-N(1) 2.0538(15)
Fe(1)-0(3) 2.0417(13)  Fe(1)-N(2) 2.0552(15)
O(1)-Fe(1)-0(2) 151.86(5)  O(2)-Fe(1)-O(4) 92.07(5)
O(1)-Fe(1)-0(3) 91.06(5) O(3)-Fe(1)-0(4) 150.97(5)
O(1)-Fe(1)-O(4) 94.25(5) N(1)-Fe(1)-N(2) 170.90(6)
0(2)-Fe(1)-0(3) 96.57(5)

0(2)-Fe(1)-0(3)-C(8) -93.74(13)  O(4)-Fe(1)-O(1)-E(1 -102.35(14)
0(2)-Fe(1)-0(4)-C(14) 86.75(14)  O(4)-Fe(1)-0(2)-£(7 94.37(14)
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Table 3.Hydrogen Bonds for Complex)

D-H---A d(DH) d(H---A)  d(D---A)  <DHA
O(1W)H(1B)---O(6%* 0.85 2.22 3.031(2) 159.3
O(1W)H(1A)---O(3}? 0.85 2.18 2.976(2) 156.5
O(2W)H(2B)---O(7¥ 0.85 1.93 2.726(2) 155.7
O(2W)H(2A)---O(BWH 0.85 1.88 2.732(2) 174.2
O(8W)-H(3A)---O(5}* 0.85 1.90 2:713(2) 160.2
O(3W)-H(3B)---N(3¥ 0.85 1.95 2.775(2) 162.1
O(4W)-H(4B)---O(4) 0.85 1.99 2.822(2) 167.5
O(4W)-H(4A)---O(3W) 0.85 1.99 2.838(2) 177.2
N(4)-H(4C)---O(2W¥ 0.90 1.82 2.691(2) 163.4

#Lxt+l, y+1, z+1; #2: X, y+1, z+1; #3: x+1, 3y, -z+1; #4:x+1,y, z #5: x+1, y+1,

-Z; #6x, y+1,z

(Fig. 2) indicates the layered structure for théiBecomplex.
The space provided between two layers, consistifgpyH)"
cations, are filled with a layer of [Fe(pydE)complex. In fact,
the layers involving Fe(lll) complex are bridged (pyH)
counter ionyia hydrogen bondings.

Hydrogen bondings as type O-H---O, O-H---N, ahtlNO©
between carboxylate, (bpyHand water molecules throughout
the lattice of Fe(lll) complex play important roleis
stabilizing the crystal (Table 3). The C-@-and C-H-%
interactions in this complex were investigated (RBy The

4,4 -bipyridine ligands have contributed to the ewollar
structure. The complex is a binuclear containing twetal
fragments, which are linked through 4,4 -bipyridigeoup.
Each Co(ll) atom is coordinated by one (pydchne 4,4-

bipyridine and oxygen atoms from two water molesule

Therefore, the Co(ll) atom is hexacoordinatgd two
nitrogen atoms N(1), and N(2) and four oxygen atd{s),
0O(4), O(5) and O(6) of carboxylate, 4,4"-bipyridimad water
molecules (Fig. 4). The coordination number will $ig for
each central atom and the geometry of distortedhectral is

H(17)--Cgl (Cgl: N(1), C(2)-C(6)) distance is 3.519 A, the observed around the Co(ll) atoms. With respecthto liond
H(5)--Cg2 (Cg2: N(3), C(15)-C(19)) distance is 3.631 A and angles in the O(5)-Co-O(6) shows deviation fromedirity,
the O(8)- Cg3A (Cg3A: N(2A), C(9A)-C(13A)) distance is 176.57(6) (Table 4).

3.341 A [Symmetry code: (AX:y, -Z].
X-ray Crystal Structure  of
bpy)(H.0),4].4H,0O Complex, (2)
The crystallographic data, selected bond distaniscesd
angles and intermolecular hydrogen bonds are listdébles
1, 4 and 5, respectively. The molecular structufeths
complex with atom numbering scheme and the crysteking
diagram are presented in Figs. 4 and 5, respegtinddo, the

[Co(pydc)y(-

The non-covalent interactions connect the fragsefthe
crystal packing (Fig. 5). A wide range of hydrodgeands (of
the type O-H---O) with D---A distances ranging fea623(2)
to 2.919(3) A make an extended network based owtHng
interactions. The non-coordinated water molecutagribute
to the formation of this network and increase thenher of
hydrogen bonds in the structure (Table 5). The nsfest
hydrogen bonds are between coordinated and unctedi
water molecules and carboxylate groups. The Ge@nd C-

C-O--mn and C-H- % interactions in this complex are shown in H--« interactions in this complex were investigatedy(F8).

Fig. 6.

This complex crystallizes in the space gr&#/c of the
monoclinic system with two molecules per unit cdlhe X-
ray analysis shows that both pyridine-2,6-doaylate and

The O(3)-€Cgl (Cgl: N(1), C(2)-C(6)) and H(4)Cg2 (Cg2:
N(1), C(2)-C(6)) distances are 3.154 and 3.833
respectively. These interactions play importanesoin the
construction of three dimensional supramoleculawaokek.
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Fig. 4. Molecular structure of the compleg)(

Table 8elected Bond Lengths (A), and Bond Angldsfigr Complex B)

Co(1)-0(1) 2.1539(16) " Co(1)-O(6) 2.1217(16)
Co(1)-0O(4) 2:1638(16)  Co(1)-N(1) 2.029(2)
Co(1)-O(5) 2.1335(17)  Co(1)-N(2) 2.075(2)
0O(1)-Co(1)-0O(4) 152.79(6) N(1)-Co(1)-O(5) 92.75(7)
0O(1)-Co(1)-O(5) 88.26(6) N(1)-Co(1)-O(6) 90.26(7)
0(1)-Co(1)-0(6) 90.81(6) N(2)-Co(1)-O(1) 108.30(7)
O(4)-Co(1)-0(5) 90.30(6) N(2)-Co(1)-O(4) 98.77(7)
O(4)<Co(1)-O(6) 92.03(6) N(2)-Co(1)-O(5) 87.50(7)
0O(5)-Co(1)-0(6) 176.57(6) N(2)-Co(1)-O(6) 89.66(7)
N(1)-Co(1)-O(1) 76.96(7) N(1)-Co(1)-N(2) 174.73(8)
N(1)-Co(1)-O(4) 75.97(7)

Table Blydrogen Bonds for CompleR)

D-H---A d(D-H) d(H---:A)  d(D---A) <DHA

O(8)-H(8B)---O(4) 0.86 2.03 2.842(3) 156.6

O(8)-H(8A)---O(7% 0.87 1.93 2.788(4) 168.4

O(5)-H(5A)---O(1% 0.85 1.93 2.772(2) 168.2

O(5)-H(5B)---0(3} 0.85 1.88 2.712(2) 167.3

O(6)-H(6B)---O(3% 0.85 1.91 2.749(2) 169.8

O(6)-H(6A)---O(Z¥ 0.85 1.77 2.623(2) 175.1

O(7)-H(7A)---O(6) 0.85 2.13 2.919(3) 153.3

O(7)-H(7B)---O(8) 0.85 1.84 2.683(3) 169.6

#X, y+3/2,2-1/2; #2: x+1, y+2, Z, #3: X, y+3/2,z+1/2; #4: x+1, y+2, z+1.



Different Complexation Behavior of Fe(lll), Co(ldnd Ni(ll)

Fig. 5.Cr g diagraraf complex ).

Fig. 6. The C-O-% and C-H- % interactions in complex2].
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X-ray Crystal Structure of [Ni(pydc)(bpy)(u-bpy)] s
8H,O Complex, (3)
The molecular structure and the crystal packisg@m of

types O-H---O, and O-H---N with D---A distancegingnfrom
2.516(11) to 3.231(7) A make an extended netwodetan
H-bonding interactions. Investigation of the packitiagram

complex @) are shown in Figs. 7 and 8, respectively. Table Tonfirms that the structure is stabilized by hydnodgonds

lists a summary of X-ray crystallographic data arable 6
shows selected bond lengths, and angles for thigplex. A
list of hydrogen bonds is also given in Table 7.

This complex crystallizes in the space grdtih/c of the
monoclinic system with two molecules per unit célhe
molecular structure of this complex is built ofrétuclear
units of [Ni(pydc)(bpy)(u-bpy)} in which each (pyd&)
moiety has acted as a tridentate ligand. The 4pyrine,
which was present in the reaction mixture involiadthe
resulting Ni(ll) complex. Each Ni(ll) atom is coonated by
one unit of pyridine-2,6-dicarboxylate and threétsiof 4,4 -
bipyridine (Fig. 7). The geometry of the nickel(i&tom is
distorted octahedral, in which the N(6)-Ni(1)-N(&ngle
shows deviation from linearity, 178.70(2ZJable 6).

The hydrogen bonding existing in the Ni(ll) comple as

(Fig. 8).

Solution Studies

In preliminary experiments, the fully protonatextris of
pydc (L) and bpy (Q) were titrated with a stand&dOH
solution in order to obtain some information abdbeir
protonation constants as the building blocks of idc-bpy
adduct. The protonation constants of pydc [15,28] apy
were calculated by fitting the volunpid data to the BEST
program. The  results are summarized in Table 8islt
noteworthy that the resulting I6gvalues are in satisfactory
agreement with those reported for family of bpy][#6 the
literature. The evaluation of the equilibrium cargs for the
reactions of pydc with bpy in different protonatifoms was
accomplished through comparison of thdcutated and

Fig. 7.Molecular structure of compleS).
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Table 6elected Bond Lengths (A) and Bond Angl®sf¢r Complex 8)

Fig. 8. Crystal packing diagram of comple3) (

Ni(1)-O(2) 2.088(2) Ni(2)-0(5) 2.124(3)
Ni(1)-0(2) 2.125(2) Ni(2)-O(6) 2.110(2)
Ni(1)-N(6) 2.056(3) Ni(2)-N(1) 1.973(3)
Ni(1)-N(7) 2.148(3) Ni(2)-N(2) 2.170(3)
Ni(1)-N(8) 1.982(3) Ni(2)-N(3) 2.025(3)
Ni(1)-N(9) 2.124(3) Ni(2)-N(4) 2.146(3)
O(1)-Ni(1)-0(2) 156.00(9) 0(5)-Ni(2)-0(6) 156.45(9)
O(1)-Ni(1)-N(6) 100.98(10) O(5)-Ni(2)-N(1) 77.94(11
O(1)-Ni(1)-N(7) 89.62(10) O(5)-Ni(2)-N(2) 91.78(11)
O(1)-Ni(1)-N(8) 77.83(10) 0(5)-Ni(2)-N(3) 100.43(L1
O(1)-Ni(1)-N(9) 92.35(11) O(5)-Ni(2)-N(4) 89.54(11)
0(2)-Ni(1)-N(6) 102.95(11) 0(6)-Ni(2)-N(1) 78.65(L1
0(2)-Ni(1)-N(7) 90.34(10) 0(6)-Ni(2)-N(2) 89.04(11)
0(2)-Ni(1)-N(8) 78.26(10) 0(6)-Ni(2)-N(3) 103.12011
0(2)-Ni(1)-N(9) 90.47(11) 0(6)-Ni(2)-N(4) 88.60(11)
N(6)-Ni(1)-N(7) 85.64(11) N(1)-Ni(2)-N(2) 85.60(11)
N(6)-Ni(1)-N(8) 178.70(12) N(1)-Ni(2)-N(3) 174.137)
N(6)-Ni(1)-N(9) 87.68(11) N(L)-Ni(2)-N(4) 91.83(12)
N(7)-Ni(1)-N(8) 94.82(11) N(2)-Ni(2)-N(3) 88.83(11)
N(7)-Ni(1)-N(9) 173.29(11) N(2)-Ni(2)-N(4) 176.81()
N(8)-Ni(1)-N(9) 91.86(11) N(3)-Ni(2)-N(4) 93.80(12)
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Table Hydrogen Bonds for Comple8)

D-H---A d(D-H) d(H---A)  d(D---A) <DHA
O(1W)-H(1A)---O(2W) 0.87 2.05 2.795(10) 144.1
O(1W)-H(1B)---O(4W} 0.84 2.31 3.095(11) 156.8
O(2W)-H(2B)---O(5) 0.85 1.96 2.798(4) 169.2
O(2W)-H(2A)---N(5¥ 0.85 2.01 2.785(5) 151.3
O(4W)-H(4A)---OAWS 0.85 2.38 8.095(11) 142.7
O(4W)-H(4B)---O(3WB) 0.85 1.66 2.516(11) 178.9
O(4W)-H(4B)---O(3WA) 0.85 2,09 2.912(8) 161.4
O(5W)-H(5A)---O(8W) 0.85 2.04 2.887(7) 179.5
O(5W)-H(5B)---O(7% 0.85 2.41 2.880(6) 115.3
O(6W)-H(6B)---O (4} 0.85 1.96 2.765(4) 158.1
O(BW)-H(6A)---O(2F 0.85 2.01 2.845(4) 168.2
O(6W)-H(6A)---O(3F 0.85 2.54 3.176(4) 132.9
O(7W)-H(7B)---O(5W¥ 0.85 2.07 2.693(7) 129.5
O(7W)-H(7A)---0AWY 0.85 2.08 2.551(12) 114.2
O(7W)-H(7A)---0(2WY 0.85 2.41 3.231(7) 162.1

#x+1, y+1, z+1; #2:x, y+1/2,z+1/2; #3:X,y, z-1; #4:x+1,y-1, z, #5: x+1,y-1/2, z+
312;#8:-y+3/2,z+1/2; #7: x+1,y+1/2, z+3/2.

Table 8Overall Stability and Stepwise Protonation Contstanfi pydc and bpy and Recognition Constants ftar&ction
between them in'Aqueoulitian at 25°C and p = 0.1 M KN@

Stoichiometry

bpy pydc h logp Equilibrium quotient K logK Max% pH
0 1 1 5.20 - 5.20 89.5 4.0
0 1 2 7.92 - 2.72 84.2 2.0
1 0 1 5.24 - 5.24 83.5 4.2
1 0 2 8.47 - 3.23 94.3 2.0
1 1 1 9.17 [bpypydcH]/[bpyH][pydc] 3.93 96.2 6.4
1 1 2 13.59 [opypydck[bpyH][pydcH] 3.15 55.8 4.0
L . s 1718 [bpypydch]/[bpyH][pydcH;] 4.02 947 ’0
[bpypydcH]/[bpyH:][pydcH] 3.51
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experimentalpH profiles, obtained with both pydc and bpy
present [15,24,27]. Distribution diagrams for bpg shown in
Fig. 9c and all evaluated overall stability and pstise
protonation constants are given in Table 8. Theesponding
species distribution diagram for pydc-bpy is shawirig. 10.
As it is obvious, the most abundant adduct spels@wieen
pydc and bpy, present gH values of 6.4 (96.2%), 4.0
(55.8%) and 2.0 (94.7%) are bpy-pydcH (logK = 3,9%)yH-
pydcH (logK = 3.15) and bpyH-pydeHlogK = 3.51).

In order to evaluate the stoichiometry and stgbdf Fe*,
Co®* and Nf* complexes with pydc-bpy adduct in aqueous
solution, the equilibrium potentiometnptd titration profiles of
pydc [22,28], bpy and their 1:1 mixture were obgairin the
absence and presence of thé'F€F" and Nf* ions. The
resultingpH profiles are shown in Figs. 9a, 9b and 13a. In al
cases, the titration of ligands in the presenametlal ions was
stopped when the precipitate formation observeduréi 9a
and 13a clearly indicate the titration curves othbthat the
potentiometric titration curves for pydc and pydwnrhdn the
presence of all three metal ions studies are depdes
considerably. While, Fig. 9b shows that, in corttiasFé",
the NF* and CG* ions possess very weak interactions with
bpy, as is clear from negligible depression of the
corresponding titration curves.

As mentioned in our previous publications [15,2&e
cumulative stability constants for the resulting,IMHy,
complexes is defined @&,qn, Where M, L, Q and H denote the
metal ion, pydc, bpy and proton, respectively, and, g, and
h are the respective ‘stoichiometric coefficientsheT
cumulative stability constants for all complexesnfed in
aqueous solution were evaluated by fitting the esponding
pH titration curves to the BEST program [25], anck th
resulting values for the most likely complexed spgén are
also included in Table 9. All the correspondingtriliition
diagrams are also shown in Figs. 11-13. The reghits
obtained clearly revealed that, with the exceptdiNi** and
Co**ions that form relatively weak complexes with bpyl,
the three metal ions form stable complexes withy, igydc
and pydc-bpy systems in solution.

As it is obvious from Fig. 11 and Table 9, in ttese of
pydc (L) as ligand, the most likely species forCare CoL,
CoLH,, Col, and ColH. Such complexed species for’ke
pydc and Ni'-pydc systems are reported in our previous

12

10

PH

100

80

60

%

40

20

2 4 6 8 10 12
-Log [H]

Fig. 9. Potentiometric titration curves of pydc (a) ang Kip)
in the absence and presence 6f dns with NaOH
0.0927 M in aqueous solution at 25 A3 a = 0.1 M
KNQ M= Fé', Cd" and NF"and distribution
diagrams of bpy(Q) (c).
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papers [22,28].

Figure 12 and Table 9 show that for the bpy-M exystthe
most likely species for Béare Fe®, Fe,Q,H, FeQH, and
FeQ,, and for C4"are CeQ and CoQ@ and for Nf* are NiQ,
Ni,Q and NpQo.

Figures 13b-d and Table 9, revealed the formatibma
variety of ternary complexes between the above-ioead
cations and the pydc-bpy adduct system at differanges of
pH. The predominant species for*Fare: FeLQH (at pH
2.1), FeLQH (atpH 3.4-4.0), FeLQH, (atpH 2.0), FeLkQ, (at
-Log [H7] pH 5.7) and FebQ,H, (at pH 3.6), for NF* are: NiLLQH, (at
pH 2.0), NiLQ, (at pH > 10.6), NiLQH (atpH 3.2), NiL,QH
(atpH 5.7);7and NiLQH; (atpH 2.0) and for C8 are: Col,Q
(atpH 2.0), CoLQ (at pH <8.3), CoLQH (atpH 4.5) and

100

80

60

%

40

20

2 4 6 8 10 12

Fig. 10.Distribution diagram of hydrogen bonding interaati
between the various protonated foomepy(Q) and

pydc(L).

Table Pverall Stability Constants of bpy/pydc!g/l/m) Binary and Ternary Systems in
Aqueous Siain at 25°C and p = 0.1 M KN@(M™ = Fe(lll), Co(ll), Ni(Il))

System m I q h log Max% atpH
1 0 2 0 12.02 90.4 3.0
1 0 1 0 5.94 Negligible -
1 0 1 1 8.58 Negligible -
2 0 1 0 8.69 Negligible -
Fe-bpy 2 0 2 1 17.52 29.2 2.0
1 0 1 -1 2.30 Negligible -
1 0 1 -2 -0.85 Negligible -
1 0 2 -1 5.28 Negligible -
1 0 2 -2 4.53 2.8 3.0
2 0 2 0 14.77 5.6 2.1
1 1 0 0 6.32 2.4 2.1-2.4
Co-pydc 1 1 0 2 10.93 9.0 2.0
1 2 0 0 12.10 99.8 >5.8
1 2 0 1 14.66 69.4 2.0
2 0 1 0 1.46 28.0 3.9
Co-bpy 1 0o 2 o0 1.79 79.0 7.4
1 0 1 0 2.23 42.8 >6.5
Ni-bpy 2 0 1 0 3.84 40.2 3.0
2 0 2 0 4.47 24.0 >6.6
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Table 9Continued

1 1 2 1 25.95 5.2 2.1
1 1 1 0 13.63 Negligible -
1 1 1 1 20.73 Negligible -
1 2 2 1 27.23 Negligible -
Fe-pydc-bpy 1 2 1 0 23.59 Negligible -
1 2 1 1 28.17 3.2 3.4-4.0
1 2 1 2 31.55 44 2.0
1 2 2 0 26.98 96.4 5.7
1 2 2 2 36.36 91.6 3.6
1 2 1 0 19.05 99.8 8.3<
1 2 1 1 23.99 73 4.5
Co-pydc-bpy 1 2 1 2 24.28 89 2.0
2 1 1 0 23.46 Negligible -
2 2 1 0 29.94 4.4 2.0
1 1 2 0 19.76 99.6 10.6<
1 1 2 1 23.96 38.2 3.2
1 1 2 3 27.66 6.8 2.0
) 1 1 1 0 11.96 Negligible -
Ni-pydc-bpy -
1 1 1 1 18.37 Negligible -
1 2 1 0 14.26 Negligible -
1 2 1 1 25.23 48.8 5.7
1 2 1 2 29.16 76.4 2.0

CoL,QH, (at pH 2.0). It is interesting to note that the

100 stoichiometries of some of the most abundant tgrnar
80 complexes, existing in aqueous solution, are vamnjlar to
60 those reported for the corresponding isolated cergd in the
L solid state.
40
20 CONCLUSIONS
0 We have investigated that the reaction betweemlnats
2 4 6 8 10 12 with pyridine-2,6-dicarboxylic acid and 4,4"-bipgime adduct
-Log [HY] leads to the formation of various complexes. The

intermolecular forces consisting of H-bonding, jeiring and
Fig. 11.Distribution diagrams of pydc(L)/M binary systems, r-interactions, play important roles in the constiart of
M =C8". extended networks in the crystal systeribe solution
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Fig. 12.Distribution diagrams of bpy(Q)/M binary systerivs, -Log [H']
= F& (a), NF* (b) and C6'(c). Fig. 13.Potentiometric titration curves of pydc+bpythe
absencand presence of Mions with NaOH 0.0927
M in aqueos solution at 25 °C gune 0.1 M KNG;,
potentiometric studies provided additional evidencé the M = F&, Cd" and Nf*(a) and distribution diagrams
interaction between adduct with metal ions, suppgrthe of pydc(L)/bpy(Q)/M ternary systemd, = F€” (b),
results obtained from the solid state studies. Nf* (c) and C6' (d).
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