
pubs.acs.org/ICPublished on Web 11/17/2010r 2010 American Chemical Society

Inorg. Chem. 2010, 49, 11449–11462 11449

DOI: 10.1021/ic1013945

Hydrothermal Synthesis and Characterization of 2D M(II)-Quinate (M = Co,Zn)

Metal-Organic Lattice Assemblies: Solid-State Solution Structure Correlation

in M(II)-Hydroxycarboxylate Systems

M. Menelaou,† A. Konstantopai,† N. Lalioti,‡ C. P. Raptopoulou,§ V. Psycharis,§ A. Terzis,§ C. Mateescu,||

K. Tsarhopoulos,^ P. Rigas,# and A. Salifoglou*,†

†Department of Chemical Engineering, Aristotle University of Thessaloniki, Thessaloniki 54124, Greece,
‡Department of Chemistry, University of Patras, Patras 26500, Greece, §Institute of Materials Science,
NCSR “Demokritos”, 15310 Aghia Paraskevi, Attiki, Greece, ||Banat University of Agricultural Sciences and
Veterinary Medicine, Timisoara 300645, Romania, ^Rigas Laboratories S.A., Thessaloniki 54626, Greece, and
#Biotoxins and Analytical Chemistry Laboratory, Department of Fisheries and Aquaculture Technology,
Technological Educational Institute of Thessaloniki, N. Moudania, Greece

Received July 13, 2010

Co(II) and Zn(II) ions exhibit variable reactivity toward O-containing ligands in aqueous media, affording isolable
materials with distinct solid-state lattice properties. D-(-)-quinic acid is a cellular R-hydroxycarboxylate metal ion
binder, which reacts with Co(II) and Zn(II) under pH-specific hydrothermal conditions, leading to the isolation of
two new species [Co2(C7H11O6)4]n 3 nH2O (1) and [Zn3(C7H11O6)6]n 3 nH2O (2). Compound 1 was characterized by
elemental analysis, spectroscopic techniques (FT-IR, UV-visible, EPR), magnetic studies, and X-ray crystallography.
Compound 2 was characterized by elemental analysis, spectroscopic techniques (FT-IR, ESI-MS), and X-ray
crystallography. The 2D molecular lattices in 1 and 2 reveal the presence of octahedral M(II) units bound exclusively to
quinate in a distinct fashion, thereby projecting a unique chemical reactivity in each investigated system. The magnetic
susceptibility and solid-state/frozen solution EPR data on 1 support the presence of a high-spin octahedral Co(II) in an
oxygen environment, having a ground state with an effective spin of S = 1/2. Concurrent aqueous speciation studies
on the binary Zn(II)-quinate system unravel the nature and properties of species arising from Zn(II)-quinate
interactions as a function of pH and molar ratio. The physicochemical profiles of 1 and 2, in the solid state and in
solution, earmark the importance of (a) select synthetic hydrothermal reactivity conditions, affording new well-defined
lattice dimensionality and nuclearity M(II)-quinate materials, (b) structural speciation approaches delineating solid
state-aqueous solution correlations in the binary M(II)-quinate systems, and (c) pH-specific chemical reactivity in
binary M(II)-quinate systems reflecting structurally unique associations of simple aqueous complexes into distinctly
assembled 2D crystalline lattices.

Introduction

TheCo(II) andZn(II)metal ions have beenwidely involved
in the design of metal-organic coordination polymers,1

which have recently attracted considerable interest, mostly
due to their supramolecular composition and versatile frame-
work topologies as well as their potential applications as
functional materials inmolecularmagnetism, catalysis, gas
sorption, fluorescent sensing, and optoelectronic devices.2

Cobalt and zinc have been knownas essential trace elements
in human physiology.3 Cobalt has been found in enzymatic

systems such as the B12 coenzyme, vitamin B12,
4 and cobalt-

containing metallohydrolases.5,6 It has also been (a) reported
to exert carcinogenic activity,7,8 (b) shown to cause DNA
strand breaks in animal cell cultures,9 (c) linked to anemias,10
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and (d) shown to exert toxic effects associated with elevated
formation of red corpuscles and heart disease.11,12 Zinc is one
of the most important trace metal ions in all living organisms,
influencing nutrition,13 gene expression, and cell division.14 As
a metal, it enters a wide range of applications, including
batteries,15 alloys,16 dye-casting,17 dental materials,18 etc.
Consequently, both Co(II) and Zn(II) can interact with
various molecular mass binders, entering binary and ternary
interactions and affording unique complexes with distinct
structural and spectroscopic properties. In this context, appro-
priately structured ligands bearing O-, N-, and S-containing
anchors are excellent candidates to interact with Co(II) and
Zn(II). R-Hydroxycarboxylic acids are such low molecular
mass ligands poised to promote binding to Co(II) and Zn(II),
forming soluble complexes. A representative R-hydroxycar-
boxylic acid binder is D-(-)-quinic acid, a precursor of
shikimic acid,19 which is involved in the biosynthesis of
aromatic amino acids. It is a polyfunctional organic ligand
containing two important structural features: (a) a carboxylate
moiety known to promote metal ion binding and (b) alcoholic
moieties, one of which is in an R position to the carboxylate
group and three adjacently located alcoholic groups, akin to
polyol functionalities.
Given the paucity of well-characterized binary M(II)-

quinate (M = Co, Zn) materials of distinct structural and
spectroscopic properties in the solid state and in solution, an
in-depth investigation of the aqueous chemistry ofCo(II) and
Zn(II) with R-hydroxycarboxylic D-(-)-quinic acid could
shed light on the respective binary interactions and physico-
chemical profile of (a) the emerging soluble species and (b)
ultimately the isolated materials as a function of pH, molec-
ular stoichiometry, and reaction conditions. To this end, we
report herein (a) aqueous solution speciation studies on the
binary Zn(II)-quinate system and the pH-specific synthesis,
isolation, and structural characterization of the first trinuc-
lear core-containing Zn(II)-(D-(-)-quinate) coordination
polymer; (b) the synthesis, isolation, and structural charac-
terization of the first dinuclear core-containing Co(II)-
quinate polymer along with transformation studies associat-
ing all reported mononuclear Co(II)-quinate species with
the aforementioned compound, and finally (c) the distinct
physicochemical attributes of 2D M(II)-quinate crystal
lattices along with solid-state-solution structure correlations.

Experimental Section

Materials and Methods. All manipulations were carried out
under aerobic conditions. Co(CH3COO)2 3 4H2Owas purchased

from RP Carlo Erba, D-(-)-quinic acid from Fluka, and Zn-
(CH3COO)2 3 2H2O from Merck. Nanopure-quality water was
used for all reactions run.

Physical Measurements. FT-infrared measurements were
takenona1760XFT-InfraRed spectrometer fromPerkin-Elmer,
using KBr pellets. UV/visible measurements were carried out on
a Hitachi U2001 spectrophotometer in the range 190-1000 nm.
A ThermoFinnigan Flash EA 1112 CHNS elemental analyzer
was used for simultaneous C, H (%) determination.

ESI-MS infusion experiments were carried out by using a
ThermoFisher Scientific (Bremen, Germany) model LTQ Orbi-
trapDiscoveryMS. All aqueous solutions (A=Zn(II) and B=
quinic acid, 10-2 M each, mixed in molar ratios A/B of 1:1 and
1:2) were introduced into the ESI source of theMS at a flow rate
of 3 μL/min by using an integrated syringe pump. The infusion
experiments were run using a standard ESI source operating in a
positive ionization mode. Source operating conditions were as
follows: 3.7 kV spray voltage, 275 �C heated capillary tempera-
ture, and 8 psi sheath gas pressure. Full scan MS analysis was
performed in profilemode, using theOrbitrapmass analyzer at a
mass resolving power of 30 000 (fwhm, atm/z 400), followed by
data-dependent MS/MS on the top five most intense ions from
the full scan. Data-dependent MS/MS analysis was performed
in parallel with the MS analysis, in centroid mode, using the
LTQ mass analyzer. All accurate mass measurements of the
[MþH] ions were carried out by scanning from 150 to 500m/z.
Automatic gain control (AGC) of the linear ion trap was
switched on. TheAGC target valuewas 30 000 accumulated ions
for the linear ion trap and 500 000 accumulated ions for the
Orbitrap. The Orbitrap was calibrated before the infusion
experiments by using amixture of caffeine, MRFA peptide, and
Ultramark 1600. Data were acquired in an external calibration
mode. The Mass Frontier (HighChem, Slovakia) software was
used to confirm a suggested compound identity and structure
based on observed fragmentation patterns.

The EPR spectra of complex 1 in the solid state and in frozen
aqueous solutions were recorded on a Bruker ER 200D-SRC
X-band spectrometer, equipped with an Oxford ESR 9 cryostat
at 9.61 GHz, 10 dB (2 mW), and 4 K. Magnetic susceptibility
data were collected on powdered samples of 1 with a Quantum
Design SQUID susceptometer in the 3.0-290.0 K temperature
range, under various applied magnetic fields. Magnetization
measurements were carried out at three different temperatures
in the field range 0-7 T.

pH-PotentiometricMeasurements. The protonation constants
of quinic acid were determined by pH-potentiometric titrations
of 30 mL samples in the pH range 2.8-13.0 under a purified Ar
atmosphere. The concentration of quinic acid was in the range
of 1.7-7.0 mmol dm-3. The stability constants of the complexes
between Zn(II) and quinic acid were determined by pH-poten-
tiometric titrations of 30 mL samples in the pH range 3.3 to
7.9-8.2, at which point Zn(OH)2 began to precipitate. The
samples were, in all cases, completely deoxygenated by bubbl-
ing purified Ar for 10 min before the measurements. Ar was
also passed over the solutions during the titrations. The final
pH depends on the zinc/ligand molar ratio. Precipitation was
observed at a pH of ∼7.9-8.2, in line with the previously
reported behavior of the aqueous system of Zn(II) with orotic,20

2-hydroxynicotinic, and 3-hydroxypicolinic acids;21 N-acetyl-
His-Pro-His-His-NH2;

22 and some aminodiphosphonic
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All solutions were prepared using Fluka reagent-grade quinic
acid, Zn(NO3)2 3 6H2O, and ultrapure deionized water. The
purity of quinic acid and the exact concentration of quinate
were determined by the Gran method.24 The Zn(II) solution
was calibrated with standard ethylene diamine tetraacetic acid
(EDTA).25

The ionic strength was adjusted to 0.15 M with NaCl, and
the temperature was maintained at 25.0 ( 0.1 �C during the
measurements. The titrations were carried out with a carbonate-
free NaOH solution of a known concentration (ca. 0.15M). The
NaOH solution was standardized using potassium hydrogen
iodate (KH(IO3)2). The ligand concentration was 4 mM, and
the employed metal/ligand ratios were 1:1, 1:2, 1:3, and 1:4. The
pH was monitored with a computer-controlled Crison titration
system elaborated for titrations at such low concentrations26

and a Mettler Toledo-Inlab 412 combined glass-electrode,
calibrated for hydrogen ion concentration according to Irving
et al.,27 by using the GLEE program.28 The ionic product of
water was found to be pKw = 13.76.29

The stepwise protonation constants of quinic acid are given as
logKn (n = 1,2), consistent with the equilibrium Hn-1L þ H a
HnL, where Kn = [HnL]/[Hn-1L][H]. The initial computations
were obtained in the form of overall protonation constants βn=
[HnL]/[L] [H]n, taking into account that βn=Πn=1

n=2Kn. The con-
centration stability constants βpqr = [MpLqHr]/[M]p[L]q[H]r for
quinic acid were calculated with Superquad,30 and for Zn(II)-
quinate complexes, emerging in the investigated system,with the
PSEQUADcomputer program.31 Species distribution diagrams
were computed from the overall formation constants with
HySS.32

The formation of hydroxo complexes ofZn(II), and [ZnH-1]
þ,

was taken into consideration in the employed calculations.21

The stability constant used for the monohydroxo species of
Zn(II) was taken from the data of Reichle et al.33 and corrected
for an ionic strength of 0.15 M, using the Davies equation:
[ZnH-1]

þ (log β1-1 = -8.08).34

Synthesis of [Co2(C7H11O6)4]n 3 nH2O (1). Co(CH3COO)2 3
4H2O (0.80 g, 3.2 mmol) and D-(-)-quinic acid (1.2 g, 6.5 mmol)
were placed in a 25 mL round-bottom flask and dissolved in
4 mL of water. The pH of the arising solution was ∼5. The
reaction mixture was then stirred at room temperature until
both reactants were completely dissolved. The resulting reaction
mixture was placed in a Teflon-lined vessel and heated at 120 �C
for 2 days. Upon returning the reaction vessel to room tempera-
ture, a pink crystalline product appeared on the bottom of the
flask. The product was isolated by filtration and dried in vacuo.
Yield: 1.0 g (∼71%). Anal. Calcd for 1 (C28H46Co2O25, MW:
900.51): C, 37.31; H, 5.11. Found: C, 37.50; H, 5.12%.

Transformation of [Co2(C7H11O6)4]n 3 nH2O to [Co(C7H11O6)2-
(H2O)2] 3 3H2O. [Co2(C7H11O6)4]n 3 nH2O (0.25 g, 0.28 mmol)
was dissolved in 4 mL of water. The reaction mixture was then
stirred at room temperature and placed in the refrigerator
at 4 �C. Addition of ethanol resulted in the precipitation of
pink crystalline material on the bottom of the flask. The crystal-
line product was isolated by filtration and dried in vacuo. Yield:
0.12 g (40%). Positive identification of the product was achieved
by FT-IR spectroscopy and X-ray crystallographic unit cell
determination for one of the single crystals isolated.35

Transformation of [Co(C7H11O6)2(H2O)2] 3 3H2O to [Co2-
(C7H11O6)4]n 3 nH2O. [Co(C7H11O6)2(H2O)2] 3 3H2O (0.10 g,
0.19 mmol) was dissolved in 4 mL of water in a 25 mL round-
bottom flask. The resulting mixture was then placed in a Teflon-
lined vessel and heated at 120 �C for 2 days. Finally, a pink
crystalline product appeared on the bottom of the vessel. The
product was isolated by filtration and dried in vacuo. Yield:
0.060 g (71%). Positive identification of the product as 1 was
achieved by FT-IR spectroscopy and X-ray crystallographic unit
cell determination for one of the single crystals isolated.35

Synthesis of [Zn3(C7H11O6)6]n 3 nH2O (2). The complex was
prepared under hydrothermal conditions in a 23 mL Teflon-
lined stainless steel container by heating a mixture of Zn-
(CH3COO)2 3 2H2O (0.80 g, 3.6 mmol) and D-(-)-quinic acid
(1.4 g, 7.3 mmol) in 10 mL of H2O under continuous stirring.
The pH of the resulting solution was ∼5. The mixture was
heated at 160 �C for 72 h. The colorless crystals were isolated by
filtration and dried in vacuo. Yield: 0.70 g (42%). Anal. Calcd
for 2 (C42H68O37Zn3, MW: 1361.07): C, 37.03; H, 5.00. Found:
C, 37.10; H, 4.96%.

X-Ray Crystal Structure Determination. Single crystals of 1
and 2 were obtained from aqueous solutions according to the
described synthetic procedures. A single crystal with approxi-
mate dimensions 0.50 � 0.60 � 0.60 mm (1) and 0.50 � 0.35 �
0.30 mm (2) was mounted on a capillary. Diffraction measure-
ments for 1 were taken on a Crystal Logic dual-goniometer
diffractometer, using graphite monochromated Mo KR radia-
tion. Unit cell dimensions were determined and refined by using
the angular settings of 25 automatically centered reflections in
the range 11 < 2θ < 23�. Intensity data were recorded using
θ-2θ scans. Three standard reflections weremonitored every 97
reflections over the course of data collection and showed less
than 3% variation and no decay. Lorentz and polarization
corrections were applied by using Crystal Logic software. Dif-
fraction measurements for 2 were made on a Rigaku R-AXIS
SPIDER Image Plate diffractometer using graphite monochro-
mated Cu KR radiation. Data collection (ω-scans) and process-
ing (cell refinement, data reduction, and empirical absorption
correction) were performed using the CrystalClear program
package.36 Important crystallographic data for both structures
are listed in Table 1. Further experimental crystallographic
details for 1: 2θmax = 50�; reflections collected/unique/used,
6016/5769 [Rint = 0.0190]/5769; 563 parameters refined; Δ/σ=
0.003; (ΔF)max/(ΔF)min = 0.300/-0.392 e/Å3; R/Rw (for all
data), 0.0237/0.0634. For 2, 2θmax = 65�; reflections collected/
unique/used, 32 836/7911 [Rint = 0.1610]/7911; 750 parameters
refined; (ΔF)max/(ΔF)min=1.37/-0.92 e/Å3;R/Rw (for all data),
0.0679/0.1577.

The structures of 1 and 2 were solved by direct methods using
SHELXS-9737 and refined by full-matrix least-squares techniques
on F2 with SHELXL-97.38 All hydrogen atoms in 1 and 2 were
located by difference maps and were refined isotropically or were
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Ueyama, N. J. Inorg. Biochem. 2006, 100, 1272–1279.
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(27) Irving, H. M.; Miles, M. G.; Petit, L. D. Anal. Chim. Acta 1967, 38,
475–479.

(28) Gans, P.; O’Sullivan, B. Talanta 2000, 51, 33–37.
(29) Harned, H. S.; Owen, B. B. The Physical Chemistry of Electrolytic

Solutions, 3rd ed.; Reinhold Publishing Corp.: New York, 1958.
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1195–1200.
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(36) CrystalClear; Rigaku/MSC Inc.: The Woodlands, TX, 2005.
(37) Sheldrick, G. M. SHELXS-97; University of G€ottingen: G€ottingen,

Germany, 1997.
(38) Sheldrick, G. M. SHELXL-97; University of G€ottingen: G€ottingen,

Germany, 1997.



11452 Inorganic Chemistry, Vol. 49, No. 24, 2010 Menelaou et al.

introduced at calculated positions as riding on bonded atoms. All
non-hydrogen atoms in 1 and 2 were refined anisotropically.

Results

Syntheses. In an expedient synthetic procedure, Co(II)
and D-(-)-quinic acid reacted in water:

with a molar ratio of 1:2 at a pH of∼5 (reaction 1) under
hydrothermal conditions. A similar procedure was car-
ried out in the case of the binary systemZn(II) with D-(-)-
quinic acid (reaction 2). The use of different bases was
not crucial in the investigation of the two binary systems.
On the contrary, the hydrothermal reaction conditions
proved to be a significant factor assisting in the ultimate
isolation of pure compounds 1 and 2.

In the described synthetic approaches, the aforemen-
tioned simple reactions under hydrothermal conditions
were very effective in providing pure crystalline materials
suitable for further characterization through analytical,
spectroscopic, and crystallographic studies. Elemental
analyses on the derived products suggested the formula-
tion [Co2(C7H11O6)4] 3H2O for 1 and [Zn3(C7H11O6)6] 3
H2O for 2. Further X-ray crystallographic investigations
confirmed the above analytical formulations.

Compounds 1 and 2 are stable in the air for long periods
of time. Compound 1 is soluble inwater unlike compound
2, and both crystalline materials are insoluble in organic
solvents, acetonitrile, chlorinated solvents (CHCl3,
CH2Cl2), toluene, and DMF.

Co(II)-(D-(-)-Quinic Acid) Transformation Chemistry.
Poised to understand the association between two differ-
ent species arising from the same binary system Co(II)-
(D-(-)-quinic acid), the potential synthetic link between
compound 1 and the mononuclear compound [Co-
(C7H11O6)2(H2O)2] 3 3H2O

35 was explored. To this end,
compound 1 was dissolved in water and placed in the
refrigerator at 4 �C (Scheme 1). The addition of ethanol as
a precipitating agent afforded a pink crystalline material
identified as [Co(C7H11O6)2(H2O)2] 3 3H2O

35 by (a) FT-IR
spectroscopy and (b) X-ray crystallographic determi-
nation of the cell parameters of a single crystal from the
isolated crystalline material. Through this approach, 1
was linked to well-defined species arising from the same
binary system.
In an analogous fashion, compound [Co(C7H11O6)2-

(H2O)2] 3 3H2O was dissolved in water and, under specific
hydrothermal conditions, afforded pink crystals. The crys-
talline material, characterized through FT-IR spectros-
copy and X-ray crystal structure determination of the cell
parameters, was proven to be identical to 1. Finally, the
mononuclear compound was proven to be the dominant
species in the aqueous Co(II)-(D-(-)-quinate) system, as
it is involved in several interwoven transformations,
encompassing the mononuclear species [Co(C7H11O6)2]

0

and the associated mononuclear species containing
Co(II) bound to three molecules of D-(-)-quinic acid
[Co(C7H11O6)3]

- (Scheme 1).35

X-Ray Crystallographic Structures. The three-dimen-
sional X-ray crystal structure determination of complexes
1 and 2 revealed the formation of 2D polymeric structures.
Complex 1 crystallizes in the monoclinic space group P21.
The DIAMOND diagram of the organic-inorganic hy-
brid [Co2(C7H11O6)4]n 3 nH2O is shown in Figure 1. A
select list of interatomic bond distances and angles for 1
is given in Table 2. In the observed 2Dmolecular lattice of
polymeric compound 1, the repeating unit consists of dis-
crete dinuclear [Co2(C7H11O6)4]

0 entities. A water mole-
cule of solvation completes the crystallographic molec-
ular formulation. In each such dinuclear unit, there are
two six-coordinate and symmetry-independent Co(II)
ions interacting with four quinate ligands each. The first
type of Co(II) ions, dubbed the Co(1) assembly, involves
four carboxylato and two alcoholic oxygen atoms from
four different quinate ligands. Specifically, one quinate
ligand coordinates to the metal ion through the carbox-
ylate and alcoholic oxygens O(1) and O(3), respectively.
These two moieties bind the Co(II) ion, promoting the
formation of a five-membered metallacyclic ring and
rendering the arising species quite stable. The D-(-)-
quinic acid is singly deprotonated through the carboxylic
acid binding site, with the R-hydroxy group retaining its
proton. The formation of the five-membered metallacy-
clic ring has already been shown to be present in other
Co(II)-quinate species that have been both isolated
and well-characterized.35 The second carboxylate oxy-
gen atom of that quinate ligand, O(2), is coordinated
to a neighboring Co(1)000 ion (000 = -1 þ x, y, z), leading

Table 1. Summary of Crystal, Intensity Collection, and Refinement Data for
[Co2(C7H11O6)4]n 3 nH2O (1) and [Zn3(C7H11O6)6]n 3 nH2O (2)

1 2

formula C28H46Co2O25 C42H68Zn3O37

fw 900.51 1361.07
temp, K 298 298
wavelength Mo KR 0.71073 Cu KR 1.54187
space group P21 P21
a (Å) 5.768(3) 5.7095(1)
b (Å) 21.660(10) 32.3254(6)
c (Å) 13.150(7) 13.2471(2)
β (deg) 93.02(2) 93.036(1)
V (Å3) 1640.6(14) 2441.48(7)
Z 2 2
Dcalcd/Dmeasd (Mg m-3) 1.823/1.82 1.851/1.86
abs coeff (μ), mm-1 1.119 2.780

-6 e h e 6 -6 e h e 5
range of h, k, l -25 e k e 25 -38 e k e 38

-0 e l e 15 -15 e l e 15
goodness-of-fit on F2 1.075 1.055
Ra R = 0.0236b R = 0.0658b

Rw
a Rw = 0.0633b Rw = 0.1568b

a R values are based on F values; Rw values are based on F2.

R ¼
P

jjFo j- jFc jjP
ðjFo jÞ , Rw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP½wðF2
o -F2

c Þ2�=
P½wðF2

o Þ2�
q

. bFor 5735 (1),

7286 (2) reflections with I > 2σ(I).
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to a syn-anti bridging mode of the carboxylate moiety.
The aforementioned mode of coordination is shown in

Scheme 2 (mode I). The distance between the Co(II)
ions [Co(1) and Co(1)000] is equal to the length of the

Figure 1. Crystal structure of the repeating unit in [Co2(C7H11O6)4]n 3 nH2O (1). Thermal ellipsoids are drawn by DIAMOND and represent 30% probability
surfaces.Hydrogenatomshavebeenomitted for clarity. Primedatomsaregeneratedby symmetryoperations: (0)-x, 0.5þ y, 1- z; (0 0) 1þ x,y, z; (0 0 0)-1þ x,y, z.

Scheme 1. Transformation Chemistry of the Binary System Co(II)-D-(-)-Quinic Acid
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crystallographic a axis (5.768(3) Å). Therefore, this type
of bridging leads to the formation of chains of Co(1)
assemblies along the a axis. Moreover, a second quinate
ligand is coordinated to the Co(1) ion in a similar coordi-
nation mode through one of its alcoholic and carboxylate
oxygen atoms, O(13) and O(11), respectively. However,
the second terminal carboxylate oxygen O(12) does not
participate in the coordination sphere of the Co(1) ion.
Thus, the carboxylate group of the second quinate ligand
employed adopts a monodentate coordination mode,
as is depicted in Scheme 2 (mode II). The remaining
alcoholic groups of the D-(-)-quinate ligand remain
protonated. Therefore, each quinate Co(II) binder is
singly deprotonated though the carboxylic binding site.
The coordination sphere of Co(1) is filled through
participation, at terminal positions, of two carboxylate
oxygen atoms, O(2)00 (00=1þx, y, z) and O(21)* (/=-x,
0.5 þ y, 1- z), which belong to quinate ligands that
bind Co(1) centers along the crystallographic a axis and
link Co(1)with Co(2) centers along the crystallographic
b axis.
The second type of Co(II) centers, reflected as Co(2) in

complex 1, exhibit a different coordination sphere from
that in Co(1) centers. In particular, four coordination
sites are occupied by two different quinate ligands, where
both bind the aforementioned cobalt ion through the
(a) R-alcoholic oxygens O(23) and O(33) and (b) carbox-
ylate oxygens O(22) and O(31). The oxygen atoms O(31)
and O(33) and O(22) and O(23) promote the formation
of two five-membered metallacyclic rings around Co(2)
centers, aswas observed forCo(1) centers.Another coordi-
nation site is occupied by the oxygen terminal O(32)000
[(000) = -1 þ x, y, z] of the carboxylic binding site of an
abutting quinate ligand attached to a nearby cobalt ion
Co(2)00 [(00)= 1þ x, y, z]. The distance of Co(2) 3 3 3Co(2)

00
is equal to 5.768(3) Å, i.e., the length of the crystallo-
graphic a axis. As a result, polymeric chains of the Co(2)
assemblies are formed, parallel to the crystallographic
a axis. The Co(2) 3 3 3Co(2)

00 chains together with the
Co(1) 3 3 3Co(1)

000 chains mentioned above form a poly-
meric chain of [Co2(C7H11O6)4]

0 dimers along the crystal-
lographic a axis. The remaining coordination site ofCo(2)
ion is occupied by an oxygen atom originating in one of
the three protonated alcoholicmoieties O(14) of a quinate
ligand, which through its other termini (O(11) and

O(13) atoms) is anchored to the first discrete Co(1) ion
described above. In this respect, the coordination sphere
of Co(2) differs from that of Co(1). Even though the
coordination number of Co(2) is six, three carboxylato
and three alcoholic oxygen atoms from four different
quinate ligands are involved, with the arising coordina-
tion environment being distorted octahedral. The equa-
torial plane of the octahedron is formulated by the oxygen
terminals O(22), O(32)000, O(31), and O(14), while the
alcoholic oxygens O(23) and O(33) fulfill the axial require-
ments of the Co(2) environment. The [Co2(C7H11O6)4]n
chains of dimers, developed parallel to the crystallo-
graphic a axis, are repeated along the crystallographic
b axis through the 2-fold screw axis that runs parallel to it
and passes through point (0, 0, 0.5) (Figure 2a). Along the
b axis, dimer chains are linked through carboxylic O(21)
oxygen atom of the corresponding quinate ligand, form-
ing a 2D polymer parallel to the (0, 0, 1) crystallographic
plane.
In conclusion, several things are responsible for the

formation of the 2D polymeric structure (Figure 2b) of
compound 1: (a) themultifunctional nature of the crystal-
lographically distinct Co(II)-interacting quinate ligands,
(b) the way the quinates extend into the coordination
sphere of Co(II) ions, promoting various coordination
modes, and (c) hydrogen-bonding interactions (vide infra).
Complex 2 crystallizes in the monoclinic space group

P21. The DIAMOND diagram of the repeating unit in
[Zn3(C7H11O6)6]n 3 nH2O is shown in Figure 3. A select list
of interatomic bond distances and angles for 2 is given in
Table 3.The 2Dpolymeric structure of complex2 is built by
the repetition of discrete [Zn3(C7H11O6)6] trinuclear units
formed by three symmetry-independent Zn atoms and six
symmetry-independent quinic ligands. Awatermolecule of
solvation completes the crystallographic molecular formu-
lation. The coordination sphere of each Zn(II) ion is filled
by six oxygen atoms. In each triad formed, the metal-
quinate assembly forms differently from the coordination
point of view. Specifically, each Zn(II) ion of every triad
involves four quinate ligands, yet the formation of the as-
sembly in Zn(1) is different compared to those in Zn(2)
and Zn(3), which share a similar coordination status. In
addition, three carboxyl oxygens [O(1), O(2), and O(12)]
are coordinated to Zn(1) originating in three different
quinate ligands. Two of the carboxylate oxygens, namely,
O(1) and O(12), participate in the formation of two five-
membered cyclic rings involving the alcoholic oxygens
O(3) andO(13), respectively. Therefore, each quinate ligand
acts as a bidentate ligand, being singly deprotonated, with

Table 2. Bond Lengths [Å] and Angles [deg] in 1a

distances

Co(1)-O(21)0 2.014(2) Co(2)-O(32)0 0 0 2.037(2)
Co(1)-O(11) 2.067(2) Co(2)-O(31) 2.056(2)
Co(1)-O(2)0 0 2.086(2) Co(2)-O(22) 2.069(2)
Co(1)-O(3) 2.089(2) Co(2)-O(23) 2.107(2)
Co(1)-O(1) 2.104(2) Co(2)-O(33) 2.109(2)
Co(1)-O(13) 2.213(2) Co(2)-O(14) 2.267(2)

angles

O(11)-Co(1)-O(2)0 0 88.9(1) O(31)-Co(2)-O(22) 107.5(1)
O(2)0 0-Co(1)-O(3) 79.0(1) O(31)-Co(2)-O(23) 92.5(1)
O(21)0-Co(1)-O(1) 90.6(1) O(32)0 0 0-Co(2)-O(33) 85.1(1)
O(3)-Co(1)-O(1) 74.9(1) O(22)-Co(2)-O(33) 89.2(1)
O(21)0-Co(1)-O(13) 83.2(1) O(32)0 0 0-Co(2)-O(14) 79.7(1)
O(11)-Co(1)-O(13) 73.1(1) O(23)-Co(2)-O(14) 99.9(1)

a Symmetry transformations used to generate equivalent atoms:
(0) -x, 0.5 þ y, 1 - z; (0 0) 1 þ x, y, z; (0 0 0) -1 þ x, y, z.

Scheme 2
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the deprotonated site being the carboxylate group. The
R-hydroxy groups involved remain protonated, and as
such they coordinate to the metal ion center. The fifth
coordination site of Zn(1) is occupied by another car-
boxyl oxygen O(2) belonging to a different quinate bind-
er. The last coordination site of the six coordinate
octahedral geometry of Zn(1) is filled through an alco-
holic oxygen [O(56)*] from a fourth quinate ligand in-
volved. The formation of the coordination sphere of
Zn(2) and Zn(3) is similar. In particular, in both Zn(II)
ions left to complete the triad, two five-membered me-
tallacyclic rings form through the carboxylate oxygens
[O(21) and O(32) and O(41) and O(51), respectively] and
the R-alcoholic oxygens [O(23) and O(33) and O(43) and
O(52), respectively]. Therefore, the quinate ligands act as
bidentate ligands, and the deprotonated site in each
quinate ligand is the carboxylate group, much like in

the case of Zn(1). The two remaining sites of Zn(2) and
Zn(3) are occupied by carboxylate oxygens [O(22) and
O(11) and O(31) and O(42), respectively] from two dif-
ferent quinate ligands for each ion. Zn(1), Zn(2), and
Zn(3) atoms are bridged to three Zn(1)0, Zn(2)0, and
Zn(3)0 atoms (0 = 1 þ x, y, z), respectively, translated
along the crystallographic a axis, with the help of three
quinic ligands binding through their carboxylate oxygen
atoms O(2), O(22), and O(42). The result is the formation
of chains of trimers along the crystallographic a axis. The
[Zn3(C7H11O6)6] chains of trimers that develop parallel to
the crystallographic a axis are repeated along the crystal-
lographic b axis through the 2-fold screw axis that runs
parallel to it and passes through point (0.5, 0, 0.5). Along
the crystallographic b axis, the chains of trimers are linked
through carboxylic oxygen atom O(56) of the corre-
sponding quinate ligand, forming a 2D polymer parallel

Figure 2. (a) Link of [Co2(C7H11O6)4] dimers along the 2-fold screw axis [2 (0, 1/2, 0) (0, y, 0.5)]. The bracket in the left indicates the repeating unit of
dimers. Next to each selected atom is given the symmetry operation that brings that atom at the specific position. (b) Packing diagram of 1 in the bc plane.
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to the (0, 0, 1) crystallographic plane. The development of
the chain of abutting Zn(II) trimers extending along the
crystallographic b axis is shown in Figure 4.
Themolecular structures of 1 and 2 are further stabilized

through an extensive network of intra- and intermolecular
hydrogen bonding interactions (see the Supporting In-
formation). The intermolecular hydrogen bonding interac-
tions emerge along the crystallographic c axis and generate
an overall 3D framework structure.

Representative examples of complexes between diva-
lent metal ions such as Mn(II), Cu(II), and Ni(II) and
carboxylate-bearing substrates include the citrate-containing
complexes (NH4)4[MnII(C6H5O7)2] (3),

39 [CdII(C6H6O7)-
(H2O)]n (4),

40 (NH4)4[Cu
II(C6H5O7)2] (5),

41 K2[NiII(C6H5-
O7)(H2O)2]2 3 4H2O (6),42 and [PbII(C6H6O7)]n 3 nH2O (7).43

TheCo-Obonddistances are in the range from2.014(2)
to 2.267(2) Å found in 1, and they are of comparable length
with those found in [CoII{(CH3)3NCH2COO}2(H2O)4]-
Cl2 3 4H2O (2.087(2)-2.101(2) Å),44 [CoII(C2H5OH)6]-
[CoBr4] (2.01(3)-2.14(3) Å),45 and [CoII(COO-CH2-
CHOH-COO)] 3 3H2O (2.067(3)-2.136(3) Å).46 The oc-
tahedral cobalt ion in 1 exhibits similarities with other octa-
hedral divalent metal ions, such as Zn(II)47 and Ni(II)48 in
analogous octahedral species. TheM-Odistances observed
in those complexes are in line with those seen in 1 and range
from2.052(2) to2.164(2) Å (Zn(II)) and2.021(3) to2.072(3) Å

Figure 3. Crystal structure of the repeating unit in [Zn3(C7H11O6)6]n 3
nH2O (2). Thermal ellipsoids are drawn at 40% probability surfaces.
Primed atoms are generated by the symmetry operations (0) 1þ x, y, z and
(0) x, 1þ y, z. Atoms with stars are generated by the symmetry operation
(/) 1- x, 0.5þ y, 1- z. Atomswith primes and stars are generated by the
symmetry operation (0*) -x, 0.5 þ y, 1 - z.

Table 3. Bond Lengths [Å] and Angles [deg] in 2
a

distances

Zn(1)-O(12) 2.027(4) Zn(2)-O(11) 2.084(4)
Zn(1)-O(2)0 2.029(4) Zn(2)-O(23) 2.118(4)
Zn(1)-O(1) 2.031(4) Zn(2)-O(33) 2.152(4)
Zn(1)-O(3) 2.109(4) Zn(3)-O(31) 1.983(4)
Zn(1)-O(13) 2.124(4) Zn(3)-O(51) 2.044(4)
Zn(1)-O(56)0 0 2.350(4) Zn(3)-O(41) 2.067(4)
Zn(2)-O(32) 2.065(4) Zn(3)-O(42)0 2.082(4)
Zn(2)-O(22)0 2.075(4) Zn(3)-O(43) 2.124(4)
Zn(2)-O(21) 2.080(4) Zn(3)-O(53) 2.329(4)

angles

O(12)-Zn(1)-O(2)0 90.9(2) O(21)-Zn(2)-O(23) 75.2(2)
O(2)0-Zn(1)-O(3) 83.7(2) O(32)-Zn(2)-O(33) 75.0(2)
O(1)-Zn(1)-O(3) 76.6(2) O(11)-Zn(2)-O(33) 78.5(2)
O(12)-Zn(1)-O(13) 77.2(1) O(31)-Zn(3)-O(41) 93.1(2)
O(1)-Zn(1)-O(56)0 0 85.2(2) O(51)-Zn(3)-O(42)0 89.6(2)
O(13)-Zn(1)-O(56)0 0 95.8(2) O(41)-Zn(3)-O(43) 74.9(2)
O(21)-Zn(2)-O(11) 87.5(2) O(42)0-Zn(3)-O(43) 76.4(2)
O(22)0-Zn(2)-O(23) 79.8(2) O(31)-Zn(3)-O(53) 78.9(2)
O(22)0-Zn(2)-O(32) 88.4(2) O(51)-Zn(3)-O(53) 71.2(2)

a Symmetry transformations used to generate equivalent atoms:
(0) x - 1, y, z; (0 0) -x þ 1, y þ 1/2, 1 - z.

Figure 4. Development of the chain of trimers of 2 along the 2-fold
screw axis [2 (0, 1/2, 0) (0.5, y, 0.5)]. Primed atoms are generated by the
symmetry operation (0) 1þ x, y, z. Atoms with stars are generated by the
symmetry operation (/) 1 - x, 0.5 þ y, 1 - z.
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(Ni(II)), while a wider range due to Jahn-Teller distortion
is observed in the copper analog (1.969(3)-2.341(3) Å).
TheZn-Obonddistances are in the range from2.027(4)

to 2.350(4) Å [Zn(1)-O], 2.065(4) to 2.152(4) Å [Zn(2)-
O], and 1.983(4) to 2.329(4) Å [Zn(3)-O] found in 2, and
they are in good agreement with the bond distances found
in [Zn3(C6H5O7)2(H2O)2]n,

49 (NH4)4[Zn(C6H5O7)2],
50 [Zn-

(C4H4O5)(C10H8N2) 3 3H2O]n,
51 [Zn(C3H5O3)2(C3H4N2)2] 3

0.5H2O, and [Zn(C4H7O3)2(C3H4N2)2].
52

Finally, compound 1 is isostructural with the metal-
organic hybrid [Mn2(C7H11O6)4]n 3 nH2O.53 Also compar-
able are the M-O distances occurring in various quinate
complexes such as K[Co(C7H11O6)3] 3 3CH3CH2OH,35

Na[Co(C7H11O6)3] 3 3CH3CH2OH 3 2.25H2O, [Co(C7H11-
O6)2(H2O)2] 3 3H2O, Na[Ni(C7H11O6)3] 3 2.75H2O,54 [Cu-
(C7H10O6)(H2O)]2(H2O)2,

55 {[Cu(NO3)(C7H11O6)(H2O)] 3
2H2O}n, {[CuCl(C7H11O6)(H2O)] 3H2O}n,

56 [Pt(C6H14N2)-
(C7H10O6)],

57 [Zn(C7H11O6)2],
58 [Cd(C7H11O6)2] 3H2O, and

(NH4)2{[V(O)2]2[V(O)](μ-C7H10O6)2} 3H2O.
59

Overall, the quinate ligand is proven to play the role of
an efficient metal ion chelator, employing various types of
anchors (mode I and mode II in Scheme 2) due to its
multifunctional chemical structure and its effective coordi-
nation ability in formulating the coordination environment
around divalent metal ions, such as Mn(II), Co(II), and
Zn(II).

Electronic Spectroscopy. The UV/visible spectrum of
1 was taken in water (see the Supporting Information).
The spectrum shows a well-defined major peak at λmax=
512 nm (ε = 13 M-1 cm-1), with a shoulder-like band
around λ = 476 nm (ε ∼ 10 M-1 cm-1). In addition, a
distant band rising into the UV region appears at 287 nm
(ε 800 M-1 cm-1). The absorption features in the low
energy region are most likely due to d-d transitions,
which are typical for a Co(II) d7 octahedral species.60 The
multiply structured band around 512 nm could be tenta-
tively attributed to the 4T1g f 4T1g(P) transition. The
observed multiple structure is in good agreement with
literature reports invoking (a) the admixture of spin
forbidden transitions to doublet states derived from
2G and 2H, (b) spin-orbit coupling, and (c) vibrational
or low symmetry components, to account for the

complexity of the spectrum.61 The UV-visible spectrum
of 1 in water is different from that of Co(II)aq,

62 reflecting
the unique coordination sphere composition of Co(II) in
solution.

Infrared Spectroscopy. The FT-infrared spectra of 1
and 2 in KBr revealed the presence of resonances attrib-
uted to vibrationally active carbonyls of the quinate ligand.
In both 1 and 2, the antisymmetric stretching vibrations
νas(COO-) appear between 1639 and 1607 cm-1 for 1 and
1654 and 1597 cm-1 for 2. The aforementioned bands likely
overlap with scissoring vibrations of water. The symmetric
stretching vibrations νs(COO-) appear between 1451 and
1380 cm-1 for 1 and 1421 and 1416 cm-1 for 2. Quinate
CH2 wagging vibrations likely coexist in the same region.
Both water and/or quinate methylene group vibrations
in the same frequency regions of the spectrum as those
of the carboxylate groups in the metal-bound quinate
ligand do not hamper interpretation of the spectra. In 1
and 2, the frequencies of the bands of the antisymmetric
and symmetric stretching vibrations are shifted to lower
values compared to the corresponding vibrations in free
D-(-)-quinic acid, thus indicating a change in the coordi-
nation status of the carboxylates in the quinate ligand. The
frequency difference, Δ(νas(COO-) - νs(COO-)),63,64 in
both 1 and 2 is greater than 200 cm-1, indicating the
presence of deprotonated carboxylate groups coordinated
to the metal ions in a monodentate fashion. This conten-
tion is further proven by the X-ray crystal structure deter-
mination of 1 and 2.

Magnetic Susceptibility. Magnetic susceptibility mea-
surements on complex 1were carried out at differentmag-
netic fields and in the temperature range 3.0-290.0 K.
Figure 5 shows the χMT versus T magnetic suscepti-
bility data at 0.5 T. The χMT values decrease from

Figure 5. Temperature dependence of themagnetic susceptibility of1, in
the form of χMT vs T, in the temperature range 3.0-290.0 K using an
externalmagnetic field of 0.5 T. The solid line represents the fitting results
(see text).
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7.2 emu mol-1 K at 290 K to 3.2 emu mol-1 K at 3.0 K.
The high-temperature value of χMT is higher than
3.75 emu mol-1 K, the value that would be expected for
a Co(II) dinuclear system with S1 = S2 = 3/2 (g = 2).
This behavior is consistent with the presence of a sig-

nificant orbital contribution to the anisotropic nature of
the Co(II) system investigated. Co(II) can be described by
the low-lying spin-doublet S = 1/2, which is anisotropic
in Co(II). It must be pointed out that in Co(II) this effec-
tive spin doublet arises from the splitting of the 4T1 term
through spin-orbit coupling and local distortion of the
octahedral sites. To verify the magnitude of the exchange
interaction in 1, if any, the general quantum mechanical
operator can be written explicitly as

H ¼ - ðJ zSz1Sz2 þ J xS
x
1S

x
2 þ J yS

y
1S

y
2ÞþB 3 gi 3 Si ð1Þ

where i=1 and 2, the effective spin is S1= S2= 1/2, and
axial J (Jx = Jy, Jz) and g (gx = gy, gz) values are con-
sidered. This anisotropic model limits its applicability in
the low-temperature range (T < 30 K).65,66 There, only
the lowest lying spin doublet of Co(II) is significantly
populated, yet that is adequate to obtain useful informa-
tion on the exchange parameter J. When Jz 6¼ 0 and Jx =
Jy=0, the system is in the Ising limit. When Jz=0 and
Jx = Jy 6¼ 0, the system is in the XY limit.
The best fit of the experimental susceptibility data to

the expression of the magnetic susceptibility derived from
this model gives an exchange parameter Jz=-2.1(2) cm-1,
gz=7.2(2), Jxy/Jz=0.37(2), and gxy/gz=0.57(2) and is
shownas a solid line in the inset ofFigure 5. Bearing inmind
that Jiso = (Jx þ Jy þ Jz)/3, the value of the isotropic ex-
change constant Jiso for this model is Jiso=-1.21(2) cm-1,
which is in accordance with a small anisotropic antiferro-
magnetic interaction.
To test the validity of the fitting values, the magnitude

of the anisotropy for the Co-Co interaction was investi-
gated. Generally, that is given by Jxy/Jz ∼ (gxy/gz)

2, where
Jxy and Jz are the parallel and perpendicular exchange com-
ponents, respectively, to the spin direction (J has been as-
sumed to be axial).66,67 On the basis of the values obtained
from the fitting process, an agreement arises between the
two termsof the aforementionedmathematical relationship.

Magnetization Studies. Magnetization measurements
on 1 were run at three different temperatures (2.5, 3, and
4 K), and in the field range 0-7 T. The derived data are
shown in the form ofM/NμB vsH/T in Figure 6. The large
value ofMsaturation (5 μB at 2.5 K) is in accordance with a
very small interaction between the two Co(II) magnetic
centers. To further investigate the fitting process, simula-
tions of the magnetization data (vide infra) were carried
out at different temperatures using the values obtained
from the susceptibility fitting. The results are shown also
in Figure 6 as solid lines. Here, too, the observed simula-
tions are in agreement with the experimental curves.

EPR Spectroscopy. To explore the existence of a weak
interaction between the Co(II) centers in complex 1,

X-band powder and solution EPR experiments were
carried out in the temperature range 4-40 K (Figure 7).
As a consequence of the fast spin-lattice relaxation time
of high-spin Co(II), signals were observed only below
40 K. The g values obtained from the powder EPR spec-
trum show large variations in the range 17.0-1.0, indicat-
ing the presence of an exchange interaction between the
Co(II) ions.
An important piece of information pertaining to the

nature of the exchange interaction emerges from the
g values of the single Co(II) ion: if gz > gx, gy, the ion is
closer to the Ising limit. If gx, gy> gz, the system is closer
to the XY limit. The conditions for observing gz > gx, gy
were given earlier by Abragam and Bleaney, using a crys-
tal field approach.67 It was, then, found that in the Ising
limit gz= 8-9 and gx= gy= 0, while for the XY limit
gxy=4and gz=2. The values observed here for complex
1 are beyond every limit, thus indicating that an interac-
tion between the twoCo(II) octahedral centers does arise.
It is interesting to note that, in solution, the dimer seems

to dissociate into monomers, in view of the fact that the
derived signal exhibits an isotropic g value equal to 4.21
followedbyabroadpeakatg=2.2.Thispicture is consistent

Figure 6. Magnetization of 1, in the form ofM/NμB vsH/T, at 2.5, 3.0,
and 4.0 K and in the field range 0-7 T. Fitting results are shown as solid
lines.

Figure 7. PowderX-bandEPRspectrumof1 in the field range 0-8000G.
Frozen water solution X-band EPR spectrum in the field range 0-8000 G.

(65) Casan-Pastor, N.; Serra, J. B.; Coronado, E.; Pourroy, G.; Baker,
L. C. W. J. Am. Chem. Soc. 1992, 114, 10380–10383.

(66) Garcia, C. J. G.; Coronado, E.; Almenar, J. B. Inorg. Chem. 1992, 31,
1667–1673.

(67) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of
Transition Ions; Clarendon Press: Oxford, U.K., 1970.
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with previous observations on the EPR behavior of the
binary Co(II)-(D-(-)-quinic acid) system.35

Speciation Studies. Potentiometric titrations of the free
ligand D-(-)-quinic acid as well as Zn(II) with D-(-)-
quinic acid in variousmolar ratioswere carried out. Someof
the derived titration curves, both experimental and calcu-
lated, are shown in Figure 8. The titration curves were eva-
luated with different potential speciation models. Never-
theless, the best fit arising among the experimental and cal-
culated titration curves for the binary Zn(II)-quinic acid
system was obtained by considering the species [Zn]2þ;
[ZnL2]

0, where LH = C7H12O6 and L = C7H11O6
-;

[ZnL2H-1]
-; and finally [ZnH-1]

þ.
Other complexes including oligonuclear species, such

as 2:1 or 3:1 Zn(II)/quinate complexes or variably proto-
nated and deprotonated species, were rejected by the
computer program (PSEQUAD) during the computa-
tional process. The species emerging from the speciation
distribution of the binary systemare in line with the species
synthesized and isolated in the solid state. It is worth
stating that the same speciation model was established in
similar binary systems, including Co(II)-quinate35 and
Ni(II)-quinate.54 The stability constants of the com-
plexes formed are listed in Table 4. The uncertainties
(3SD values) for the stability constants are given in paren-
theses. The pH range of the optimal formation of com-
plexes is also reported. For the titratable quinate carbox-
ylate group, the pKa value of 3.34 was obtained and was
found to be very close to the values reported by Clifford
(3.40)68 and Luethy-Krause et al. (3.36).69 For shikimic
acid (3R,4S,5R)-3,4,5-trihydroxy-1-cyclohexanecarbox-
ylic acid), the pKa value is 4.15. The presence of an alco-
holic moiety in a position R to the carboxylate group of
quinic acid increases its acid strength.
The titrimetric data were evaluated on the premise that

complex formation between Zn(II) and quinate proceeds
through binding of the quinate carboxylate moiety and
the alcoholic group. The titration curves in the absence
and presence of Zn(II) suggest formation of the complexes

[Zn]2þ and [ZnL2]
0, in the acidic region up to pH 7-7.5,

and of [ZnL2H-1]
- at pH values beyond 6.5 (Figure 9).

The studies also suggest that this ligand reacts expediently
with Zn(II) ions, forming soluble metal chelate complexes.
Similar complex species were observed in the speciation
model of the Zn(II)/orotic acid system.20 The Zn(II) ion is
not sufficiently strong to deprotonate the alcoholic oxygens
of the quinate ligand. Therefore, in congruence with the
solid state structure (Figure 3), which shows only the car-
boxylate group being deprotonated, themononuclear com-
plex [ZnL2]

0 contains the singly deprotonated ligandbound
to the metal ion. This species forms in the entire pH range
investigated, with a maximum of 20% at a pH of 4.5-6.5,
and it coexists with the hexa-aquo Zn(II) species [Zn-
(H2O)6]

2þ over the entire pHdomain (Figure 9). The species
distribution inZn(II) complexes formed by fibrinopeptideA
shows the presence of more than 95% free Zn2þ up to a pH
of 7 even with a molar ratio L/Zn = 5:1.70 The presence of
thehexa-aquo [Zn(H2O)6]

2þ speciesover the entirepHrange
investigated or over a wide pH range was also observed in
some aqueous systems of Zn(II) with N-acetyl-His-Pro-His-
His-NH2 at a pH of 4-7,71 2-hydroxynicotinic acid at a pH
of 2-7,21 (2-amino-2-phenyl-1-hydroxy)ethyl phosphonic
acid at a pH of 2-9,72 L-aspartyl-L-alanyl-L-histidine-N-
methyl amide and glycylglycyl-L-histidine-N-methyl

Figure 8. Potentiometric titration curves of free quinic acid (9) and
Zn(II)-quinic acid with different molar ratios: (1) cZn = 0.004067
mol dm-3, cligand=0.00403mol dm-3; (4) cZn=0.002033mol dm-3, cligand=
0.00403 mol dm-3; (O) cZn = 0.001383 mol dm-3, cligand = 0.00403
mol dm-3; (b) cZn = 0.001017 mol dm-3, cligand = 0.00403 mol dm-3.

Table 4. Proton (log K) and Zn(II)-Quinic Acid Complex Formation Constants
(log β) at I = 0.15 M (NaCl) and 25 �Ca

quinic
acid (QA) Zn(II)-QA

pH range for
each species

log K(HL) 3.34(1)
log β (ZnL2) 4.23(3) entire domain
log β (ZnL2H-1) -3.08(8) >6.5
pK ([ZnL2H-1]/[ZnL2]) 7.31
fittingb 4.861 � 10-2

no. of pts. 129

aCharges from the various species are omitted for clarity. bGoodness
of fit between the experimental and the calculated titration curves
expressed in milliliters of titrant.

Figure 9. Speciation curves for complexes forming in the Zn(II)-quinic
acid system; cZn= 1.38 mmol dm-3, cligand = 4.03 mmol dm-3. Charges
are omitted for clarity.

(68) Clifford, M. Tea Coffee Trade J. 1987, 159, 35–39.
(69) Luethy-Krause, B.; Pfenninger, I.; Landolt, W. Trees Struct. Funct.

1990, 4, 198–204.

(70) Galey, J.-F.; Kozlowski, H.; Pettit, L. D. J. Inorg. Biochem. 1991, 44,
149–153.

(71) Jakab, N. I.; Jancso, A.; Gajda, T.; Gyurcsik, B.; Rockenbauer, A.
J. Inorg. Biochem. 2008, 102, 1438–1448.

(72) Gumienna-Kontecka, E.; Gazezzowska, J.; Drazg, M.; Latajka, R.;
Kafarski, P.; Kozzowski, H. Inorg. Chim. Acta 2004, 357, 1632–1636.
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amide at a pH of 5-8.5,73 the cyclic dipeptides c-HisCys at
a pH of 2-7,74 and N(R)-acetylcysteine at a pH of 2-8.75

The overall stability constant of the mononuclear com-
plex [ZnL2]

0 (log β=4.23) is closer to that of similar com-
plexes of Zn(II) with R-hydroxycarboxylic acids, such
as 2-hydroxyacetic acid (glycolic acid; log β=2.70),76

2-hydroxypropanoic acid (lactic acid; log β = 3.04),77

2-hydroxybutanoic acid (log β= 3.02),78 2-hydroxy-2-
methylpropanoic acid (2-hydroxyisobutyric acid; log β=
2.97),79 and 2-hydroxy-2-phenylacetic acid (mandelic
acid; log β=2.58).80 Also, the overall stability constant
of [ZnL2]

0 is in line with the corresponding constant of the
analogous quinate complexes ofCo(II) (logβ=4.34)35 and
Ni(II) (log β= 4.95).54

At pH values beyond 6.5 in the binary Zn(II)-quinic
acid system, both (a) themononuclear species [ZnL2H-1]

-

and (b) the mononuclear species [Zn(OH)]þ are present,
as in the case of the aqueous quinate system with Co(II)35

and Ni(II).54 In the [ZnL2H-1]
- species, however, one of

the two quinate ligands bound to the Zn(II) is probably
deprotonated at the alcoholic group adjacent to the car-
boxylate group or one of the two coordinated water mole-
cules in [ZnL2]

0. The overall stability constant of the
[ZnL2H-1]

- (log β=-3.08) species is similar to the over-
all stability constant of the same species in the aqueous
binaryCo(II)-quinic acid35 andNi(II)-quinic acid54 sys-
tems. The Zn(II) ion exhibits a relatively strong tendency
to formhydroxo complexes and evenprecipitates, creating
problems in the interpretation of Zn(II) complex chem-
istry.81 Over the pH range 7.9-8.25, depending on the
molar ratio of Zn(II)/quinic acid in the binary system of
Zn(II) with quinic acid, a precipitate appears and the pH
rise ceases, most likely because OH- ions are consumed
toward the formation of Zn(OH)2. The incipient precipi-
tation at pHs beyond 8.25 makes the observation of the
next step doubtful, even in the presence of a higher ligand-
to-metal molar ratio.
A similar speciation model arose for the 1:1 ZnL case

(see the Supporting Information). The adopted speciation
model considered the species [Zn]2þ, [ZnL]þ (LH =
C7H12O6; L = C7H11O6

-), [ZnLH-1]
0, and [ZnH-1]

þ.
The fit is reasonably good in the overall pH and concen-
tration range used, demonstrating that the adopted spe-
ciation model is satisfactorily defined (f=0.05829). To
this end, the two speciation models are reasonably good,
and they suggest that additional informationmay be need-
ed to select the one more representative of the solution
picture. ESI-MS spectroscopy was crucial in that respect,
pointing out the species present in aqueous solutions of
Zn(II) and quinic acid. Solution mixtures of Zn(II) (solu-
tion A) and quinic acid (solution B) in molar stoichiome-
tries of 1:1 and 1:2 showed that the species present is the
1:2 (m/z=447.075, z=1), very likely reflecting the ZnL2

species proposed by the aqueous speciation model pre-
sented above (see the Discussion). In the analogous case
of the Co(II)-quinic acid binary system, ESI-MS spec-
troscopywas critical in establishing the presence of the 1:2
CoL2 species, which was subsequently synthesized, iso-
lated, and characterized.35 Analogous synthetic attempts
are currently in progress in the case of the corresponding
zinc species.

Discussion

Chemical Reactivity and Interconversions in Co(II)-
Quinate Structural Chemistry. The variable reactivity of
Co(II) toward D-(-)-quinic acid exemplifies once again
the chemical affinity of D-(-)-quinic acid for divalent
metal ions such as Co(II). Undoubtedly, the pH of the
reaction solution (absence of base) as well as the reaction
temperature in the investigated binary system was crucial
in promoting the presented reactions and finally the isola-
tion of discrete crystalline products in a suitable form for
further characterization. The analytical, spectroscopic,
and structural characterization of the isolated inorganic-
organic hybrid [Co2(C7H11O6)4]n 3 nH2O (1) reflected (a) the
physical and chemical properties of1dictatedbypHand the
employed hydrothermal conditions and (b) the basis of
potential transformations and linkage of 1 with various
mononuclear binary partner Co(II)-quinate species.
Therefore, compound 1 provides awell-defined example

of a binary M(II)-quinate material (a) accessible through
the hydrothermal synthesis between a divalent metal ion
and an R-hydroxycarboxylate ligand, (b) gaining stability
upon chelation of the R-hydroxycarboxylate moiety of a
quinate ligand binding Co(II) and the formation of five-
membered cyclic rings, (c) characterized by the presence of
R-hydroxycarboxylate bound to Co(II), with the alcoholic
group adjacent to the carboxylic acid moiety retaining its
proton;protonation of the R-hydroxy group of the qui-
nate ligand has also been observed in the case of the pre-
viously isolated and characterized mononuclear Co(II)-
quinate species as well as in the case of other divalent or
trivalent metal-quinate complexes, including Mn(II),53

Ni(II),54 and Fe(III)82;and (d) possessing one of the
quinate triol functionalities participating in metal binding,
thereby promoting the formation of polymeric and/or poly-
nuclear species. In this regard, 1 is the first of the Co(II)-
quinate family of species, where one of the protonated triol
moieties plays a key role in the formation of polymeric spe-
cies, similar to isostructural [Mn2(C7H11O6)4]n 3 nH2O.53

In the latter case, however, no analogous aqueous trans-
formation chemistry had been shown to link the dinuclear
repeating unit with mononuclear partners of variable
composition.
Magnetic susceptibility studies of 1 revealed the pres-

ence of distinct high-spin Co(II) ions in an octahedral
crystal field, and the EPR spectrumprovided information
about the (a) solid state signature of 1, (b) comparison of
the spin signature with that of the Mn(II) counterpart,
and (c) integrity of 1 in solution. The studies suggest that
1 dissociates upon dissolution in an aqueous medium
and does not retain its structure in solution. The frozen

(73) Lakusta, H.; Sarkar, B. J. Inorg. Biochem. 1979, 11, 303–315.
(74) Gockel, P.; Vogler, R.; Gelinsky, M.; Meissner, A.; Albrich, H.;

Vahrenkamp, H. Inorg. Chim. Acta 2001, 323, 16–22.
(75) Gockel, P.; Vahrenkamp, H. Helv. Chim. Acta 1993, 76, 511–520.
(76) Pushparaja, B.; Sudersanan, M. Indian J. Chem. 1980, 19A, 149.
(77) Lepri, L.; Desideri, P. G. J. Chromatogr. 1973, 84, 155–164.
(78) Filipovic, I.; Piljac, I.; Bach-Dragutinovic, B.; Kruhak, I.; Grabaric,

B. Croat. Chem. Acta 1973, 45, 447–452.
(79) Lengyel, T. Acta Chim. Acad. Sci. Hung. 1969, 60, 373.
(80) Matusinovic, T.; Filipovic, I. Croat. Chem. Acta 1985, 58, 227.
(81) Martin, R. B. Prod. Natl. Acad. Sci. U.S.A. 1974, 71, 4346–4347.

(82) Menelaou, M.; Mateescu, C.; Zhao, H.; Rodriguez-Escudero, I.;
Lalioti, N.; Sanakis, Y.; Simopoulos, A.; Salifoglou, A. Inorg. Chem. 2009,
48, 1844–1856.
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solution EPR spectrum of 1 was shown to be identical to
that of [Co(C7H11O6)2(H2O)2],

35 thereby attesting to the
identity of species in water as [CoL2]. In a similar fashion,
the frozen solution EPR spectrum of the anionic species
[CoL3]

- isolated in the solid state was shown to be the
same as that of [CoL2]

0.35 Further proof of that observa-
tion had been previously provided by ESI-MS spectros-
copy in aqueous solutions of (a) the dissolved [CoL2]

0

species and (b) Co(II) and quinic acid reacting at various
molecular stoichiometries. Hence, the suggestion that the
mononuclear [CoL2]

0 species is the dominant species in
aqueous solutions of the Co(II)-quinate family, as pre-
viously reported, is herewith being enhanced.
On the basis of the above revelations, rational synthetic

transformations were examined, emphasizing the possible
chemical linkbetweenvarious species arising fromthebinary
Co(II)-quinate system. For that reason, two different
chemical pathways were followed. As shown in Scheme 1,
the dominant species clearly proved to be the mononuclear
species [CoL2]

0. Therefore, under various synthetic proce-
dures (a) the anionic complex [CoL3]

- and (b) the dinuclear
species [Co2L4]

0 were isolated. Furthermore, another suc-
cessful transformation was accomplished; the starting com-
poundwas the inorganic-organic hybrid [Co2L4]

0 and, as is
depicted in Scheme 1, the aqueous transformation led to the
[CoL2]

0 species, indicating the close relationship between the
two Co(II)-quinate species. The demonstrated transforma-
tion work emphasizes the importance of solid-state-solution
structure correlation, targeting specific binary interactions
with physiological D-(-)-quinic acid and metal ions like
Co(II) and Zn(II). The employment of such simple binary
M(II)-quinate mononuclear species as precursors in the
assembly of higher nuclearity materials is a task currently
under investigation.

The Structural Speciation of the Binary M(II)-Quinic
Acid System. The physicochemical properties of the
binary Zn(II)-D-(-)-quinic acid system were studied
thoroughly in the solid state and in solution. To this
end, the aqueous speciation studies in the binary Zn(II)-
quinate system (a) contribute to the understanding of the
nature of various species forming as a function of pH
and reagent molar stoichiometry and (b) provide a direct
correlation of the physicochemical profile of the pro-
posed species with the structure and properties of the
species synthesized and isolated, [Zn3(C7H11O6)6]n 3 nH2O
(2). The considered potential speciation models suggest
the presence of either 1:1 ZnL or 1:2 ZnL2 species in solu-
tion (among others). Combined solution speciation stud-
ies and ESI-MS spectroscopy suggest that the likely spe-
ciation model is the one containing the 1:2 ZnL2 species.
To this end, confirmation supporting the aqueous specia-
tion data and the identity of the proposed species comes
fromESI-MS spectroscopy (m/z=447.075, z=1, [ZnL2

þ H]þ). Therefore, the likely binary species prevailing in
the aqueous speciation of the investigated binary system
appears to be the one bearing a 1:2 Zn/L stoichiometry.
In line with this stoichiometry, mononuclear ([ZnL2]

0,
[ZnL2H-1]

-) species emerge as competent participants in
the pHdistribution. The proposed speciation distribution
for Zn(II) is in line with the corresponding speciation
distributions previously observed in the case of Co(II)35

and Ni(II).53 Of the two species, the [ZnL2]
0 complex re-

flects quite well themolecular stoichiometry of the species

synthesized and isolated in the solid state (2). It could be
envisioned that 2 may arise through substitution of the
water molecules bound to Zn(II) in [ZnL2]

0 by adjacently
located similar units, utilizing the anchoring ability of the
second oxygen terminal of the carboxylate group bound
to Zn(II). Such a tentative reactivity scheme may be the
result of the reaction conditions during hydrothermal
synthesis at elevated temperatures (160 �C). Support
for such a case would be the synthesis and isolation of
species such as [ZnL2]

0. Efforts are currently under way
to synthesize and isolate species reflected in [ZnL2]

0 and
[ZnL2H-1]

-.
In the analogous case of [Co2(C7H11O6)4]n 3 nH2O (1),

the Co/L 1:2 stoichiometry reflected in the solid state spe-
cies projects analogous reactivity between Co(II) and qui-
nic acid under the prevailing reaction conditions during
hydrothermal synthesis. Here too, the solid state species 1
gives rise to CoL2 in solution, with the presence of such a
species being attested toby (a)ESI-MSandEPR in solution
speciation studies and in solutions resulting upon dissolu-
tion of 1 and (b) synthetic procedures leading to the isola-
tion of the actual complex CoL2 in the solid state followed
by X-ray crystallographic characterization.

2D Lattice Architecture vs M(II)-Quinate Materials.

In both 1 and 2, hydrothermal synthesis provides a strat-
egy to achieve solid state metal-organic lattices of (a)
specific dimensionality, (b) composition and architecture,
and (c) physicochemical properties that either differenti-
ate the isolated species from already known species within
the same binary system35 or project unique materials that
otherwise might not have been possible to synthesize. To
this end, hydrothermal techniques have proven to be very
successful in the synthesis of coordination polymers. The
reactivity chemistry in each of the investigated binary
systems coupled with the inherent structural properties of
quinate lead to specific lattice architectures (in 1 and 2),
reflecting the reactivity of the specific metal ion and the
ligand bound to it in a distinct coordination mode. In
their respective solid-state lattice, the two-dimensional
arrangement of Co(II) (1) and Zn(II) (2) complex units
reveals that the employed reaction conditions very likely
direct the specific and unique assembly of the correspond-
ing complexes, taking into consideration the structure and
coordination mode of the ligand, the pH, the charge distri-
bution on the arising quinate moiety, and the potential
emergence of variable strength H-bond and hydrophobic-
hydrophilic forces, among other factors. Given the multi-
component nature of quinate and thus the diverse modes it
can adopt when reacting with metal ions, it appears that a
variety of factors (such as those emerging in hydrothermal
synthesis) can influence the mechanistic pathway leading to
the assembly of 2Dmetal-organic lattices such as those in 1
and 2. It would not be surprising if carefully selected reac-
tion conditions within the binary Co(II)/Zn(II)-quinate
system influence specific pathways leading to newand elusive
polymeric or discrete nonpolymericmetal-organicmaterials
of unique lattice composition, nuclearity, dimensionality
(1D-3D), and properties (magnetostructural, spectro-
chemical, etc.). An investigation of approaches attempt-
ing to deconvolute such interwoven relationships (between
metal-ligand interacting factors and synthetic reaction
conditions) influencing lattice assembly processes in binary
M(II)-hydroxycarboxylate systems is underway in the lab.
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Conclusions. The pH-specific synthetic chemistry pre-
sented herein exemplifies the diversity of reactivity condi-
tions under which D-(-)-quinic acid can interact with
metal ions such as Co(II) and Zn(II) to yield well-defined
materials. Compounds 1 and 2 have distinct chemical and
structural properties in the solid state and in solution,
thereby allowing for ensuing ternary interactions with
third partners under specific reaction conditions. To this
end, the hydrothermal conditions used for the synthesis
and isolation of theM(II)-(O)-containingmaterials 1 and
2 may pave the way to new oligo- or multinuclear materi-
als, starting from simple reagents (synthons) not unlike
those in 1 and 2. Such species (a) are proposed through the
aqueous speciation in the binary Co(II)/Zn(II)-quinate
system, and (b) can serve as precursors to new variable nu-
clearity compounds that could be isolated from the binary
[Co(II),Zn(II)]-quinate systems, under hydrothermal or
solvothermal conditions, with distinct chemical properties
and lattice architecture. In this regard, further in-depth

work seeking to discover well-defined links between vari-
ably structured R-hydroxycarboxylate ligands and diva-
lent Co(II) and Zn(II) are warranted and are currently
under investigation in our lab.
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stants. Bond lengths [Å] and angles [deg] of 1 and 2. Hydrogen
bonds in 1 and 2. The material is available free of charge via
Internet at http://pubs.acs.org.


