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Cu®*-Citrate Dimer Complexes in Aqueous Solutions
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Abstract: The UV-Vis spectra, speciation diagrams, and potentiometric profiles for Cu**-citrate complexes in aqueous
solutions are presented. As the pH increases from 2.29 to 5.15, the UV-Vis spectral profile of the Cu**-citrate complexes
showed a blue shift from 820 nm to 760 nm. We have set the conditions to construct the speciation diagram as follow:
Cu®":citric acid was in 1:1 ratio with concentration of 1.0 x 10 mol.L”", 0.1023 mol.L"" NaOH solution, and pKw = 13.781
+ 0.006 taken from Sweeton, Mesmer, and Baes. The current report is the first potentiometric study that has taken into
accounts two Cu-Cit dimeric species to be refined simultaneously. These spectroscopic and potentiometric data are
discussed which augment what had been reported in the literature.
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1. INTRODUCTION
1.1. Copper

Copper (the most stable oxidation state cu® will be
used as the shorthand notation) is an essential trace
metal ion involved in many metalloproteins including:
ceruloplasmin [1-8], cytochrome oxidase [9-13],
superoxide dismutase [14-19], dopamine-B-hydro-
xylase [20-22], ascorbate oxidase [23-27], lysyl oxidase
[28-30], and tyrosinase [31-35]. To build up these cu®
containing metalloproteins/metalloenzymes, the biolo-
gical machinery has to transport Cu®* and the raw
materials (low molecular mass organic molecules
building-blocks) through a very complex transport/
storage mechanism system. A detailed American
Chemical Society (ACS) library search that was
conducted on September 26, 2013 showed, as
expected, very large number of publications when it
comes to the search key term searches “Copper or
Cu®*”. When the key search term “Copper” was spelled
out ~150 thousands (~150 K) papers appeared
anywhere in the paper. When this search term was
narrowed within the abstract ~ 10 K papers appeared.
When the search was narrowed within the title only ~ 3
K papers appeared. When the key search term “Cu*”
was used; instead of copper; within the title 475 papers
were returned. When the term “Cu® combined with
citrate” was included within the title no papers were
received. When the term “Cu®* combined with citrate
and combined with the term dimer” more than 500
papers were returned anywhere, but zero paper in both
title and abstract. Figure 1 shows these detailed library
searches.
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1.2. Citrate and the Copper-Citrate System

Citrate is considered to be a pre-eminent low
molecular mass metal binder. Cu** citrate complexes
(or more precisely Benedict's solution) have been
studied for over 100 years [36]. The Cu®" citrate
reaction was revisited in 1953 and 1976 at which
various Cu®* citrate complexes or Cu® citrate species
were discovered. The Cu®* citrate one-to-one complex
in solution was first identified by Warner and Weber
[37]. The Cu® citrate dimer was first crystallized in
1976 by Schugar et al. [38]. Because of the essentiality
of copper in biological systems and the pre-eminence
of citrate as metal binder, we are testing the interaction
of citrate/citric acid with the essential metal ions Cu®".

2. EXPERIMENTAL SECTION
2.1. Materials

Ligand and Copper aqueous solutions were
prepared using Fisher reagent grade citric acid,
CsHgO7, formula weight 192.12 g.mol'1, tri-trisodium
citrate salt monohydrate, CgHsNazO7;. H,O, formula
weight 258.08 g.mol'1, copper nitrate hemipentahy-
drate, Cu(NO;3),©2.5H,0, formula weight 232.59
g.mol'1, or copper sulfate pentahydrate, Cu(SQO,),<
5H,0, formula weight 249.68 g.mol'1, using doubly
deionized water. Potentiometric titrations were conduc-
ted using the Orion pH electrode-meter combination
model 720A+ which measures pH'’s to the accuracy of
0.001 in aqueous solutions at room temperature.

2.2. Preparation of the Potentiometric Titration
Solutions

Cu®*-Citrate or Cu*-Citric acid potentiometric
titrations were conducted using standard NaOH
solution as the titrant. The NaOH solutions were
prepared from NaOH solid pellets in carbonate free
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Figure 1: Charts of the American Chemical Society (ACS)-Library search for total number of published articles that appeared in
all ACS journals using the ke¥+terms indicated above the charts at which no hits were returned if the search was looking for the

key terms Cu®* Citrate or Cu
Anywhere the key search word appeared in the article.

water. Methods used to prepare CO, — free NaOH
solution had been described elsewhere [39-41].
Primary standard potassium hydrogen phthalate (KHP)
was used to standardize this NaOH solution. Solid
NaOH and solid KHP were purchased from Fisher
Chemical Co. Before titrating NaOH with KHP, solid
KHP was dried at 110°C for 24 hours and stored in a
desiccator and used a day later. An indicator solution of
~ 0.2% phenolphthalein in ~ 90% ethanol was prepared
from reagent grade solid phenolphthalein. KHP was
titrated to the phenolphthalein end point (colorless to
pale pink end point). Thirteen to fifteen runs were
carried out to standardize the NaOH solution. Statistical
treatments of all gathered numbers were conducted
such as average, standard deviation, T-test, and Q-test
using Excel software.

2.3. Potentiometric Titrations

Potentiometric titrations were carried out in a very
clean 250 mL beaker equipped with a magnetic stirring

citrate dimer in either the title or the abstract. September 26, 2013. 1. Title, 2. Abstract, and 3.

bar. The beaker was covered with Teflon cover for
good seal from the surroundings. In each titration citric
acid solution or trisodium citrate solution separately
were added first then the Cu® ion solution was added
second followed by the addition of the appropriate
amount of water to take the total volume to 100.0 mL.
The titration solutions were allowed to stir for 20
minutes to reach a state of equilibrium. The NaOH
titrant was added in an increment of 100 uL using an
Eppendorf micropipette followed by continuous stirring.
The time intervals between the additions of the NaOH
solution were set to 5 minutes that was sufficient to get
the pH values stabilized.

2.4. Ultraviolet
Spectroscopy

Visible (UV-Vis) Absorption

UV-Vis spectra measurements were collected by
using one of our T60 high performance spectrophoto-
meter in connection with UVWIN software version 5.0.
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Both of the instrument and the software were
purchased from Advanced ChemTech., Louisville, KY.
The Cu®*-Citric acid solution mixtures were prepared
and the entire UV-Vis spectrum was scanned from 250
nm to 1100 nm using the 4.0 mL total capacity quartz
cuvettes with 1 cm optical path length. Reference
cuvettes were used with all UV-Vis-measurements at
which they were filled with an equal volume of D. I.
water.

3. RESULTS AND DISCUSSION

3.1. UV-Vis Absorption Spectra

Figure 2 shows the correlation of the three UV-Vis
absorption spectra for the Cu?~citric acid system in
aqueous solutions at 25°C in 1:2 ratio (see Figure 1 of
the supplementary material for more details). The
concentration of Cu®* was equal to 32.34 milli Molar
(32.34 x 10° mol.L™"). The three spectral curves were
collected at the following pH-values: 2.29, 2.81 and
5.19. The measured absorbance increased as the pH
increased giving rise to the following Amax values of
820 nm, 800 nm, and 760 nm with the corresponding
pH values mentioned above respectively. Clearly the
Amax values are showing a blue shift (a shift towards
shorted wavelength or higher energy). These pH-
Values were chosen because Warner and Weber [37]
confirmed the formation of a copper-citrate chelate with
the 1:1 ratio within these pH-values. In which there
were four protons released into the solution due to the
formation of this copper-citrate chelate complex.
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Figure 2: Ultraviolet and visible (UV-Vis) absorption spectra
for the reaction mixture of Cu®* and citric acid in 1:2 molar
ratio, [Cu2+] = 32.34 mM at pH-values of 2.29, 2.81, and 5.19.
Clearly we are showing the visible region where the
absorption increases as the pH-value increases with a blue-
shift towards higher energy (shorter wavelength).

3.2. Potentiometry of Cu**-Citric Acid System

Figure 3 shows the all of the potentiometric titration
plots for the free Cu®, the free Citric acid, and the

Cu®*-citric acid solutions in different molar ratios. It is
clear that the appearance of the plots for the Cu**-citric
acid system in different molar ratios far away or apart
from that of the free Cu** and free Citric acid plots is
indication of a strong binding. As it has been known
potentiometrically; the presence of an inflection point
indicates the presence of a dominant metal complex.
The position of that inflection indicates the total number
of protons released into the solution via the formation
of this dominant metal complex [39-42]. Table 1
catalogues all of these titration curves shown in Figure
3. An exact amount of 0.1999 milli moles of free citric
acid have been used to generate the free citric acid
curve shown in Figure 3.
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Figure 3: Potentiometric titration plots for the free Cu2+, free
citric acid, and Ccu?/Citric acid reaction mixtures in various
ratios of (1:2, 1:3, and 1:4) at 25 °C in 0.1 M ionic strength.

From Figure 3 and Table 1 it is clear that when the
free citric acid was titrated, the acid has been defined
as an HsL ligand which meant that there are three
titratable functional groups. Those are the three
carboxylic acid groups. Figure 4 is the speciation
diagram for the Cu?*-Citric acid reaction mixture (using
pKw = 13.781+0.006) showing the dominance of the
two dimeric copper citrate complexes throughout the
pH range of 3-10 [43,44].

By closely examining the 0:1, 1:2, 1:3, and 1:4
titration curves in Figure 3; these curves show a
gradually raising buffer regions between pH = 2.5-6.6.
There were no visible precipitates observed for these
titration systems. For the 1:2 titration system the buffer
regions were terminated with sharp and well-defined
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Table 1: Potentiometric Titration Data for Cu®* with HsCit in Different Molar Ratios at 25 °C in 0.1 M lonic Strength

Cu®":H;Cit mole Vol. of NaOH Equivalents of the A eq. Proposed species Remarks
ratio titrant (mL) NaOH titrant *
1:0° 2.00° 1.94° - Cu(OH), Two H* were
released
0:1° 6.20° 2.83° - - Citric acid is a tri-
protic acid
1:2 6.70 6.50 - (Cu-CitH *), The dimer is formed
1:3 9.00 8.75 2.25 eq. - An oligomer is
formed
1:4 11.40 11.07 2.32 eq. [(Cu-CitH.; )21 The oligomer is
probably a tetramer

*The term equivalent is defined as the ratio of the number of millimoles of titrant (NaOH in this case) to the number of millimoles of citric acid. If Cu® is present the
term equivalent is defined as the ratio of the number of millimoles of titrant to the number of millimoles of cu*.
®0.09702 milli moles of Cu®" and °0.1999 milli moles Citric acid were titrated to generate the free Cu® and free citric acid curves shown in Figure 3.

inflection at half integers (6.50 proton equivalents). The
appearance of these sharp inflections at half integers is
good evidence that the dominant species present in
aqueous solutions is the dimeric Cu®*~citrate complex.
We do not know why the 1:3 and the 1:4 titration ratios
gave these fraction integers perhaps due to some sort
of oligomerization. The titration continued to pH-values
of = 10.5-11.0.
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Figure 4: Speciation diagram of the total Cu?* with citric acid
(HsCit) in 1:1 molar ratio using the speciation program HYSS
[43].

3.3. Potentiometry Cu**-Trisodium Citrate System

Figure 5a shows all of the titration curves for the
Cu**-trisodium citrate system in aqueous solutions at
1:1, 1:2, 1:3, and 1:4 molar ratios at 25 °C in 0.0 M
ionic strength. These titration curves showed buffer
regions between pH = 4.5-6.0. For all titration curves
i.e. 1:1, 1:2, 1:3, and 1:4 titration systems the inflection
points appeared between pH = 6.5-9.5. No Vvisible
precipitations were observed at all in any of these
titration systems. The solubilizing effect of citrate for
the similar metal ions in aqueous solution is well

established in the literature [39,40,45-49]. It is worth
mentioning that there was no fluctuation observed for
the pH-readings from the pH-meter-electrode
combination, which indicated that the Cu**-trisodium
citrate system is reaching a high degree of equilibrium
state.

Figure 5b shows the linear regression of the
observed pH-values and the measured potential in mV
for the (1:1, 1:2, 1:3, and 1:4 molar ratio) for the
Cu®":tri-sodium citrate reaction mixture within the pH
range of 4.5 to 11.5. The slope is in agreement with
Nernst equation. The same regression have been
observed for the Fe*" and Cr**-trisodium citrate solution
in the same molar ratios titration systems which was
done in our laboratory more than a decade ago [39]. In
the presence of excess citrate around the copper metal
ion the chances of dimerization is less than that if there
were one or two moles of citrate. This further confirms
the argument by Spiro et al. that states when there is
limited supply of citrate, the dimerization and
polymerization process will be more probable as seen
with other researchers [50,51].

CONCLUSION

The library search confirmed that the cu® along
with Citrate as a search key word shows very limited
number of papers. Even more limited number of papers
if the search key words were cu® along with Citrate
and Dimmer. Herein we are presenting a speciation
diagram which proves the presence of the dimeric
species within a very large range of the pH values. In
this speciation diagram we have taken into account
three major species of the free citrate the mono-, the
di-and the tri- protonated free citrate (namely HCit,
H,Cit, and H;3Cit) along with the presence of another
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Figure 5: (a) Potentiometric titration plots for the Cu?*trisodium citrate reaction mixtures in various ratios of (1:1, 1:2, 1:3, and
1:4) Cu?*tri-sodium citrate at 25 °C in 0.0 M ionic strength. (b) Linear regression of the relation between the observed pH and
the potential in mV for the (1:1, 1:2, and 1:3) Cu?*":tri-sodium citrate reaction mixture. The slope is in agreement with Nernst

equation.

three Cu**-Citrate complexes (namely  CuCitH,
Cuy(Cit),;, and Cuy(Cit); H.1. Out of these six species
that were taken into account the two dimeric species
dominated the diagram. The dimerization of various
metal ions in various oxidations states in aqueous
solutions is well documented in the literature [49-52].
Because this paper is not meant to be a full review of
the dimmer citrate, it will suffice that we will reference
only two metal ions as examples (Fe** and Cu®")
[62,53]. In the literature, an FeZ(H-1cta)22' complex, and
Cuz(cta)zz' and Cuy(H.cta), dimers have been reported
in previous potentiometric studies [52,53]. The current
report is the first potentiometric study that taken into
accounts two Cu-Cit dimeric species simultaneously.
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