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Abstract 

In an attempt to understand the aqueous interactions of Cr(III) with the low molecular mass 

physiological ligand citric acid, the pH-specific synthesis in the binary Cr(III)-citrate system was 

pursued, leading to the new complexes Na3[Cr(C6H5O7)2]·8.5H2O (1) and 

(Hdmphem)6[Cr(C6H5O7)2]
.
(NO3)3

.
14H2O (2).  Complexes 1 and 2 were characterized by elemental 

analysis, spectroscopic, structural, thermal, EPR and magnetic susceptibility studies.  The structures of 

1 and 2 reveal a mononuclear octahedral complex of Cr(III) with two citrate ligands bound to it.  Albeit 

of the same deprotonation state, the disposition of the two citrate ligands with respect to Cr(III) differs 

between 1 and 2 in the solid state, thus reflecting the presence of pH-structural variants in the requisite 

binary system.  This conformational difference is lifted in aqueous solution, thus providing a) 

comparative information on the distribution and diversity of species in the binary Cr(III)-citrate system, 

and b) insight into the nature of interactions developing in the binary Cr(III)-hydroxycarboxylate 

systems in abiotic and biological applications. 

Keywords: Chromium, synthesis, X-ray structure, Cr(III)-citrate interactions, pH-structural variants, 

magnetic susceptibility 
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1. Introduction 

Chromium is a hard, brittle, white metal of the first 

transition metal series, with physical properties [1] 

rendering it ideal for industrial applications.  The 

resistance of chromium to attack by a variety of 

chemicals at normal temperature makes it useful as 

a protective agent of other more reactive metals, 

i.e. as a component of stainless steel [2].  

However, at high temperatures it reacts with many 

chemicals.  As a typical transition metal element, 

chromium forms many compounds that are colored 
and paramagnetic [3].  Its oxidation states vary 

from -1 to +6, with the most common oxidation 

states being +2, +3, and +6 [4].   

 

 

Since Cr(II) is a very strong reducing agent, it is not 

found in biological systems [5].  All Cr(VI) 

compounds, except the hexafluoride (CrF6), are oxo 

compounds; chromium occurs predominantly as 

either chromate (CrO4
2-) or dichromate (Cr2O7

2-) [6].  

In the environment, Cr(VI) is highly water soluble, 

carcinogenic and mutagenic [7,8].  Cr(VI) 

compounds are strong oxidizing agents and are 

therefore readily reduced to Cr(III) in acidic 

solutions. Cr(III) has been shown to be less harmful 
in aquatic environments and it readily forms 

insoluble chromium hydroxides at neutral pH, thus 

facilitating its removal from the environment [9].   
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Chromium has been associated with the Low – 

Molecular - Weight Chromium - Binding 
Substance (chromodulin) [10] playing a pivotal 

role in glucose homeostasis and lipid metabolism 

through potentiation of insulin action.  In this 
regard, low molecular mass chromium complexes, 

such as chromium picolinate, are often used as 

dietary supplements [11] supporting normal 

physiology, improving insulin sensitivity and 

correcting dyslipidemia.  Concerns, however, over 

chromium toxicity associated with such 
compounds have [12] compromised their 

therapeutic potential.  In vitro tests have shown 

that soluble Cr(III) is a potential toxin, because it 
can act as a competitive inhibitor of many cellular 

processes [13].  Furthermore, Cr(III)-DNA cross 

links have been linked with Cr(VI)-induced 

carcinogenic activity emerging from cellular 

exposure to Cr(VI) [10,11].   

One of the outstanding features of Cr(III) chemical 

reactivity is its ability to form coordination 

complexes, most of which are hexacoordinated and 

relatively inert [14,15].  To this end, the aqueous 

[Cr(H2O)6]
3+

 ion bears an octahedral configuration, 
with the ligand displacement reactions having half-

lives of several hours.  Chromium can also form 

bridges with hydroxyl groups (olation).  Olation is 
enhanced by alkalis and temperatures up to 120 oC, 

but can be prevented and reversed by oxalate ions 

and other strong ligands, whereas weaker ligands 

can only prevent the reaction [16].  To this end, 

pyrophosphate, methionine, serine, glycine, 

leucine, lysine, and proline in biological systems 
inhibit the olation of Cr(III) [17, 18].  In such 

systems, Cr(III) is able to react due to its solubility 

maintained by weaker organic and inorganic 
ligands.   

Undoubtedly, therefore, soluble Cr(III) presents a 

metal ion linked to a number of abiotic and 
biological species for which specific knowledge of 

chemistry and biology are needed.  Poised to 

understand the binary interactions of Cr(III) with 

low molecular mass substrates in cellular 

processes, we have launched research efforts 

targeting the pH-specific reactivity of Cr(III) 

toward metal-complexing hydroxycarboxylate-

containing physiological ligands.  In this respect, 

we herein report the pH-specific synthesis and 
physicochemical characterization of two new 

binary pH-structural variants of the Cr(III)-citrate 

system emerging from the requisite aqueous 
speciation. 

2. Materials and methods 

All experiments were carried out in air.  Nanopure 
quality water was used for all reactions.  

Cr(NO3)3
.9H2O and citric acid monohydrate, were 

purchased from Aldrich.  Sodium hydroxide was 
supplied by Fluka and 2,9-dimethylphenanthroline 

(C14H12N2) by Aldrich. 

 

3. Results and Discussion 

Synthesis.  The synthesis of compound 1 was 

expediently pursued through a facile reaction 
between Cr(III) and citric acid (molar ratio 1:3) in 

aqueous solutions at pH ~ 5.5.  Product 1 was also 

obtained in the pH-range 5-8.5.   The adjustment of 
pH was achieved by addition of aqueous NaOH 

solution.  NaOH served as a base for the adjustment 

of the pH of the reaction mixture and the concurrent 

generation of the counter ion for the assembled 

anionic complex.  This behavior had been previously 

observed on a number of occasions in metal-citrate 

chemistry.  The stoichiometric reaction leading to the 

formation of 1 is shown below: 

COOH

HO         C        COOH

CH2

CH2

COOH

+   12  H2O 
3-

[Cr(C6H5O7)2]
pH ~5.5

+   6 OH -Cr(III)    +   2  

 

The compound was isolated in pure crystalline form 

upon addition of ethanol to the reaction mixture at 4 

ºC.  Elemental analysis of the isolated pink 

crystalline material suggested the molecular 
formulation Na3[Cr(C6H5O7)2]·8.5H2O for 1.  Further 

spectroscopic inspection of 1 by FT-IR revealed the 

presence of citrate bound to Cr(III), thus affirming 
the proposed formulation.  Remarkably, when the 

same reaction was run with a molar ratio of 

Cr(III):citrate 1:2, under identical reaction conditions 
as above, the same product was obtained at 

comparable yields, albeit of lower bulk crystallinity.  

The synthesis of compound 2 was expediently 

pursued through a facile reaction between Cr(III) and 

citric acid (molar ratio 1:4) in aqueous solution at pH 

3.5.  The adjustment of pH was achieved by addition 

of 2,9-dimethylphenanthroline.  2,9-

dimethylphenanthroline was also used for the 

concurrent generation of the counter ion for the 
assembled anionic complex.  It’s worth noting, that 2 
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was isolated only at this specific pH and only 

under the conditions specified.  The stoichiometric 
reaction leading to the formation of 2 is shown 

below: 

COOH

HO         C        COOH

CH2

CH2

COOH

Cr(III)    +   2  

2                                                                                             

N

N

H
3
C

H
3
C

 

pH 3.5
N

HN

H
3
C

H
3
C

 

+   3 

+   3  H+ 

3

[Cr(C6H5O7)2]+

 

Compound 2 was isolated in pure crystalline form 

upon addition of ethanol to the reaction mixture at 

4 ºC.  Elemental analysis of the isolated purple 

crystalline material suggested the molecular 

formulation (Hdmphem)6[Cr(C6H5O7)2]
 

.(NO3)3
.14H2O for 2.  Further spectroscopic 

inspection of 2 by FT-IR revealed the presence of 

citrate bound to Cr(III), thus supporting the 
proposed formulation.  Compounds 1 and 2 are 

soluble in water.  There are insoluble in organic 

solvents, like methanol, acetonitrile, chlorinated 
solvents (CHCl3, CH2Cl2), toluene and DMF.  

The materials are stable in the air at room 

temperature for a long period of time. 

Description of the structure. 

Na3[Cr(C6H5O7)2]·8.5H2O (1).  The X-ray crystal 

structure of 1 reveals the presence of discrete cations 
and anions in the lattice.  The compound crystallizes 

in the monoclinic space group C2/c.  The structural 

diagram of 1 is shown in Figure 1. 

 
Figure 1. Labeled plot of the structure of the 

[Cr(C6H5O7)2]
3-

 anion in 1. 

 
The negative charge of 3- in complex 1 is 

counterbalanced by three sodium ions.  These counter 

ions likely contribute to the stability of the crystal 
lattice through interactions with oxygen anchors from 

the citrate ligands and lattice water molecules. 
Sodium ions are diversely coordinated to O-bearing 

anchors, contributing to the establishment of the 

crystal lattice (Figure 2 (A) and (B)). 

 

 

 
 

                                           (A)                                                                               (B) 

Figure 2.  Packing Diagram of 1 along the ac (A) and off the ab (B) plane. 
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(Hdmphem)6[Cr(C6H5O7)2]
.(NO3)3

.14H2O (2).  

Compound 2 crystallizes in the triclinic space 
group Pī.  The structural diagram of 2 is shown in 

Figure 3.   

 

 
Figure 3. Partially labeled plot of the structure of the 

[Cr(C6H5O7)2]
3-

 anion in 2.  The intramolecular 

hydrogen bonds are shown as dashed lines. 

 

In the lattice of 2, there exist intermolecular 
hydrogen-bonding interactions involving the 

[Cr(C6H5O7)2]
3-

 anion, the NO3
-
 and Hdmphem

+
 

ions, and the solvate water molecules, which result 

in the formation of a 2D network extending 

parallel to the (101) plane (Figure 4).  

 
Figure 4. Part of the 2D network in the lattice structure 

of 2 due to intermolecular hydrogen bonding 

interactions. H bonds are shown as dashed lines. 

 

 

 

4. Conclusion 

One of the two predominant ionic forms of chromium 
in nature, Cr(III), was found to a) react with citric 

acid, a low molecular mass physiological agent of 

many structural and chemical attributes, under pH-
specific conditions, and b) afford two new binary 

Cr(III)-citrate complexes Na3[Cr(C6H5O7)2]·8.5H2O 

(1) and (Hdmphem)6[Cr(C6H5O7)2]
.
(NO3)3

.
14H2O (2).   

The two conformationally discrete pH-structural 

variants complement the already known Cr(III)-

citrate species, justifying the focused effort to 
delineate the structural speciation of the binary 

Cr(III)-citrate system.  Both 1 and 2 were 

characterized spectroscopically and structurally, thus 
providing essential information on the relevant binary 

interactions under pH-variable conditions and 

molecular stoichiometries dictated by a plethora of 

factors in abiotic or biological settings.  Given that 

well-characterized forms of Cr(III) in the presence of 

citrate are likely involved in (bio)chemical processes, 

underlying physiological and/or toxic manifestations 

linked with that metal ion’s involvement in biological 

media, further studies targeting a) the synthesis and 

characterization of binary and ternary Cr(III)-
hydroxycarboxylate-L (L = O,N-containing 

substrate) species, b)  the investigation of the solution 

chemistry of such species toward variable molecular 
mass substrates, are needed. Collectively, such 

studies are expected to provide good understanding 

of the chemical reactivity of Cr(III) in binary and 

ternary systems, under variable conditions, leading to 

species a) of specific structural, spectroscopic and 

magnetic properties, and b) useful in the development 
of technologically apt materials.  Studies along these 

lines are currently in progress in our lab. 
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