
3.  Copper-organic  complexes  synthetized

electrochemically

The anode coupons at the end of the experiments with carboxylate acids, lac-
tose and casein contained deposit varying in shades of blue/green (Fig 3.1).

Fig 3.1 – Copper coupons at the end of experiments anode coupons are those on the left, fol-
lowing exposure to palmitic acid (a), stearic acid (b), oleic acid (c), linoleic acid (d), lactose (e)

and casein (f)

3.1. Characterization of Copper Soaps

The (+) coupons from the electrolyte containing palmitic and stearic acids were 
covered by a light greenish/blue powdery deposit (Fig 3.1a-b) whilst those 
exposed to oleic and linoleic acids were covered by a dark green, reflective sticky 
film (Fig 3.1c-d). For ease of reference, these deposits will be referred to as Cu-
Palmitate, Cu-Stearate, Cu-Oleate and Cu-Linoleate respectively.
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3.1.1 Analysis by Fourier Transform Infrared Spectrocopy (FTIR)

Carboxylic acids normally exist as dimers due to strong intermolecular hydrogen
bonding [1] characterized by hydroxyl (OH) and carbonyl (C=O) vibrations. Their
most recognizable OH vibrations are a broad band in the 3300-2500cm-1 region 
and a variable intensity band around 955-890cm-1, whilst the C=O vibration 
appears as a strong band within 1715-1680cm-1 region. When ionization occurs 
forming the COO- carboxylate ion, resonance is possible between the two C-O 
bonds [2]. The C=O band is replaced by two vibrations: a characteristic strong 
band between 1610-1550cm-1 (COO- asymmetric stretching) and a medium band 
between 1420-1300cm-1(COO- symmetric stretching) [3]. 

The COO- bands in Cu-Palmitate appear as a strong band around 1583cm-1 and a
medium band around 1422cm-1. The appearance of  these bands coincide with the 
reduction of the C=O band around 1700cm-1 (Fig 3.2b). 

Fig 3.2 - FTIR spectra of Palmitic Acid (a) and Cu-Palmitate (b) obtained in ATR mode 

Analogous bands to Cu-Palmitate were also identified in the spectra of the 
remaining copper soaps (Table 3.1).
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Cu-Palmitate Cu-Stearate Cu-Oleate Cu-Linoleate Band Assignment
2914 vs 2912 vs 2916 vs 2924 vs C-H stretching vibrations
2849 vs 2846 vs 2849 s 2853  s C-H stretching vibrations
1701 m     1695 w,br 1729 m C=O (dimer) stretching
1583 vs 1585 vs 1583 vs 1601 vs COO- asymmetric  stretching  vibra-

tions
1422 m 1419 m 1414 m 1413 m COO- symmetric stretching vibrations

   946 vw OH deformation
  721 m   716 m   718 w COO- scissor vibrations
  682 m   673 m COO- wagging vibrations

vs (very strong), s (strong), m (medium), w (weak)

Table 3.1.  Characteristic FTIR bands of Copper Soaps

The peaks at around 1700cm-1 and at 950cm-1 are  due to the presence of acid 
residues - unreacted acid or resulting from the behavior of the carboxylate ions in 
aqueous medium [4] according to the following reactions: 

2H2O ⇌ H3O+ + OH-

RCOO- + H3O+ ⇌ RCOOH + H2O

The (+) coupons containing the copper soaps were also analysed by FTIR with 
an ATR microscope attachment (Fig 3.3). The main advantage of using an ATR 
microscope is that it enables spatially resolved analysis without sample removal, 
ideal for the study of paintings and manuscripts. The obtained spectra for Cu-
Palmitate and Cu-Stearate contain a well-defined peak corresponding to 
asymmetric COO- stretching vibrations (area within a rectangle in Figure 3.3), 
practically non-existent in Cu-oleate and Cu-linoleate spectra. This may explain 
why unsaturated copper soaps are not reported in FTIR-ATR analyses in the 
literature [5-7].
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Fig 3.3 – FTIR spectra of Copper Soaps obtained with ATR microscope 

3.1.2 Analysis by Raman Spectroscopy

Theoretical and experimental studies have assigned bands below 590cm-1 in the 
infrared and Raman spectra of metal-organic complexes to metal-nitrogen (M-N) 
and metal-oxygen (M-O) vibrations [1, 3]. Cu-O vibrations have been specifically 
assigned to bands in the 350-180cm-1 region for copper(II) acetate [8-9], 
copper(II) hexanoate [10] copper palmitate and copper stearate [11]. The bands at 
307cm-1 and 255cm-1 in Cu-Palmitate’s spectrum (Fig 3.4b), which do not appear 
in the spectrum of palmitic acid (Fig 3.4a), may be attributed to Cu-O vibrations 
and thus considered evidence of metal-organic complexation. Similar bands were 
also identified in the spectra of Cu-Stearate and Cu-Oleate but not in Cu-Linoleate
due to fluorescence (Figure 3.5d).
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Fig 3.4 - Raman spectra of Palmitic Acid (a) and Cu-Palmitate (b) baseline corrected

Fig 3.5 - Raman spectra of Cu-Palmitate (a), Cu-Stearate (b), Cu-Oleate (c) and Cu-Li-
noleate (d)

The main difference between the copper soaps’ spectra is the broad peak at 
around 1630cm-1 in Cu-Oleate and Cu- Linoleate (Figure 3.5c-d and Table 3.2). 
This peak corresponds to the C=C bond(s), which are very weak in FTIR.

Cu-Palmitate Cu-Stearate Cu-Oleate Cu-Linoleate Band Assignments
2934 m 2931 m 3007 m 2920 s C-H stretching vibrations
2880 m 2880 vs 2867 s 2867 s C-H stretching vibrations
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2847 vs 2847 vs C-H stretching vibrations
1633 s 1638 s C=C stretching vibrations

1556 vw 1523 vw 1517 w COO- asymmetric stretching vibration
    1437  s    1442  s 1440 s 1440 s CH2 scissors aliphatic
    1296  s    1297  s 1301 s 1302 s CH2 torsion
    1130  s    1132  s 1132 s C-C vibrations
    1066  s    1063  s 1070 s 1085 s COO- deformation

431 m Cu-O vibration
371 m 364 m Cu-O vibration

307 m Cu-O vibration
287 m 282 m Cu-O vibration

255 m Cu-O vibration

vs (very strong), s (strong), m (medium), w (weak), vw (very weak)

Table 3.2 - Characteristic Raman bands of copper soaps

3.1.3 Analysis by X-ray Photoelectron Spectroscopy (XPS)

The  elemental  composition  obtained  by  XPS  shows  an  agreement  between
theoretical  and  experimental  values  for  Cu-Palmitate  and  Cu-Oleate,  but
deviations for Cu-Stearate of 11% and of 61% for Cu-Linoleate (Table 3.3). The
high  deviation   obtained  for  Cu-Linoleate  is  likely  to  result  from  the
decomposition of the sample prior to or during analysis but invisible to the naked
eye.

Ligand 
Formula

Relative Atomic % C:O:Cu
C1s O1s Cu2p Theoretical Experimental*

Palmitic Acid C16H32O2 89.32 10.62 - 32:4:0 34:4:0
Cu-Palmitate C16H32O2 85.53 10.72 2.81 32:4:1 32:4:1
Cu-Stearate C18H36O2 84.62 10.62 2.93 36:4:1 32:4:1
Cu-Oleate C18H34O2 87.97 9.81 2.25 36:4:1 36:4:1
Cu-Linoleate C18H32O2 68.93 24.23 3.00 36:4:1 11:4:1
*rounded to the closest integer

Table 3.3 - Elemental Composition and Atomic Proportions for palmitic acid and copper 
soaps

Cu(II) ions can be differentiated from Cu(I) ions,  independent of the ligand, by 
the presence of shake-up (or satellite) peaks in their Cu2p spectrum in the regions 
below 960eV and between 945-940eV [12-14]. The Cu2p spectra for all copper 
soaps analysed contain satellite peaks in these regions confirming the presence of 
Cu(II) ions.
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Evidence of metal complexation can be obtained by comparing the high-
resolution spectra of C1s and O1s regions of the carboxylic acid and its copper 
soap. 

Fig 3.6. Spectra of C1s and O1s regions of Palmitic Acid (a-b) and Cu-Palmitate (c-d)

Palmitic acid’s C1s spectrum contains two well defined peaks (Fig 3.6a). One 
peak is centered at 284.7eV corresponding to C-C/C-H bonds in a carbon chain 
and another at 289.1eV corresponding to a carbon coordinated to oxygen atoms, 
O-C=O. In contrast, the C1s spectrum for Cu-Palmitate (Fig 3.6b) shows a single 
large peak. This peak can be decomposed into a peak at 284.8eV corresponding to
C-C/C-H and two further two peaks for the carboxylate carbon. One peak at 
286.2eV can be assigned to C-C=O [15] and another peak at 288.2eV to C-O [16].

The O1s spectra of palmitic acid (Fig 3.6c) also differs from that obtained for 
Cu-Palmitate (Fig 3.6d).  The binding energy (BE) of the O=C decreases from 
532.1 to 531.8eV with an increase in the O-C from 533.2 to 533.3eV. Similar 
values were also observed for the remaining copper soaps (Table 3.4).

Region Chemical
Bonds

Cu-Palmitate Cu-Stearate Cu-Oleate Cu-Linoleate

C1s
BE (eV)

C-C, C-H, C=C 284.8 284.6 284.6 284.4
C-O 286.2 285.8 285.9 285.9

C=O, C-O-Cu 288.2 287.8 288.7 288.2
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O1s
BE (eV)

O-(C=O*)-C 531.8 531.7 531.7 531.6
O*-(C=O)-C 533.3 533.1 533.0 532.8

Table 3.4 - C1s and O1s peaks binding energies (BE) for copper soaps

As the position of an XPS peak for an atom is affected by the initial binding en-
ergy of the electron in its orbital, any changes in the atom’s vicinity are likely to 
shift peak positions. However, copper soaps exist as coordination complexes 
where the bond between the metal ion and the organic component is often delocal-
ized, without having a distinct covalent or ionic character. Hence, the chemical 
shifts imposed by the metal ion on the carboxylic function cannot be easily meas-
ured by this technique.

3.1.4 Analysis by X-ray Diffraction (XRD)

Diffraction patterns were obtained between 5-40o 2θ for Cu-Palmitate (Table 
3.5), Cu-Stearate (Table 3.6) and Cu-Oleate (Table 3.7). No diffraction pattern 
was obtained for Cu-Linoleate.

Below 25o 2θ, the intensity and position of the peaks appear to correlate with the
length of the carbon chain and its level of unsaturation. An increase in the carbon 
chain (from C16 in Cu-Palmitate to C18 in Cu-Stearate) resulted in a shift in peak 
positions to lower angles, analogous to the acid forms as reported in the literature 
[11].

2θ (o) d-spacings
(nm)

I/Io (%) 2θ (o) d-spacings
(nm)

I/Io (%)

5.991 1.4739 28.3 18.52
2

0.4787 1.3

6.246 1.4139 100.0 18.98
9

0.4670 1.5

7.435 1.1880 34.7 19.38
5

0.4575 3.5

8.353 1.0576 10.8 19.89
3

0.4460 3.4

8.812 1.0027 0.8 20.44
3

0.4341 1.9

9.196 0.9607 1.7 20.81
3

0.4265 2.1

9.901 0.8927 10.4 21.61
2

0.4109 43.1

10.462 0.8449 18.6 22.46
3

0.3955 1.5
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11.129 0.7944 4.2 22.86
6

0.3886 3.7

11.739 0.7533 5.2 23.13
5

0.3842 10.8

11.878 0.7445 5.7 23.80
3

0.3735 4.4

12.402 0.7131 12.0 24.20
7

0.3674 22.4

13.315 0.6644 1.9 27.21
2

0.3276 1.0

13.755 0.6433 1.9 27.62
5

0.3227 0.6

14.548 0.6084 2.5 29.08
3

0.3068 1.0

15.799 0.6047 1.1 30.26 0.2951 3.0
17.367 0.5102 1.1

Table 3.5 – X-ray powder diffraction pattern obtained for Cu-Palmitate, most intense 
peaks in BOLD

2θ (o) d-spacings
(nm)

I/Io (%) 2θ (o) d-spacings
(nm)

I/Io (%)

5.272 1.6749 39.8 13.145 0.6730 6.5
5.611 1.5739 100.0 14.071 0.6289 0.6
7.012 1.2596 9.0 15.047 0.5883 0.5
7.499 1.1779 14.5 15.846 0.5588 0.7
8.772 1.0073 10.2 16.188 0.5471 0.6
8.959 0.9862 3.9 16.94 0.5230 1.1
9.375 0.9426 26.9 19.385 0.4575 1.0

10.528 0.8396 2.2 19.752 0.4491 0.5
10.851 0.8147 0.8 20.196 0.4394 0.3
11.108 0.7959 1.6 21.378 0.4153 0.4
11.261 0.7852 3.6 23.01 0.3862 1.4
12.299 0.7191 3.3 23.565 0.3772 1.2
12.56 0.7042 1.4

Table 3.6 - X-ray powder diffraction pattern obtained for Cu-Stearate, most intense peaks 
in BOLD

2θ (o) d-spacings
(nm) 

I/Io (%) 2θ (o) d-spacings
(nm) 

I/Io (%) 

6.194 1.4257 100.0 19.823 0.4475 19.1 
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8.265 1.0689 10.1 20.382 0.4354 3.1 

10.388 0.8509 37.0 21.741 0.4085 3.8 

10.87 0.8133 14.5 22.404 0.3965 3.9 

11.532 0.7666 9.3 22.816 0.3895 3.1 

12.438 0.7111 7.6 23.446 0.3791 5.1 

14.525 0.6093 6.9 24.091 0.3691 3.0 

18.752 0.4728 1.6 25.953 0.3430 0.8 
Table 3.7 - X-ray powder diffraction pattern obtained for Cu-Oleate, most intense peaks in 
BOLD

The effect of carbon chain unsaturation on the diffraction patterns can be 
observed by comparing the patterns obtained for Cu-Stearate (Table 3.6) with 
those obtained for Cu-Oleate (Table 3.7). The highest intensity peak of Cu-Oleate 
has a d-spacing (1.4257nm) in the same order as that of Cu-Palmitate (1.4139nm),
not which has a shorter carbon chain, as reported in the literature [2, 17].

The diffraction patterns obtained for the copper soaps conform to the general 
structural arrangement of a metal soap where metal atoms form a mono cationic 
layer sandwiched by the carboxylate carbon chains [18]. The effect of this 
arrangement is high intensity long d-spacings at low angles, as the x-ray strikes 
the length of the metal soap dimer molecule, with the short d-spacings at higher 
angles corresponding to the chain packing arrangement [18]. 

3.1.5Analysis by Mass Spectrometry Techniques

3.1.5.1      Direct mass measurement by Flow Injection Analysis (FIA)

Only the mass of the carboxylate ions could be found, but at extremely low 
counts, varying according to the solvent (Table 3.8). The low abundance of 
carboxylate ions may be a consequence of the strength of the bond between 
copper and carboxylate ligand. The low ion count for the carboxylate ions 
obtained in acetonitrile was expected as this solvent can chelate Cu(II) ions 
resulting in copper(I)-acetonitrile complexes [19]. Interestingly, copper(I)-
acetonitrile complexes were identified in the Cu-Stearate (main ion peak) and Cu-
Oleate. Both samples also yielded the highest relative amount of carboxylate ions.

ion m/z Ion abundance in
Acetonitrile Chloroform Methanol

Cu-Palmitate 255.2327 * *** **
Cu-Stearate 283.2636 ** ** ***
Cu-Oleate 281.2119 ** *** *
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Cu-Linoleate 279.2317 * * **
 KEY: * trace ** low ***medium in logarithmic scale

Table 3.8 - Copper soaps’ relative solubility in selected solvents

3.1.5.2 Quadrupole Time-of-Flight Gas Chromatography with Tandem Mass 
Spectrometry with a Thermal Sample Probe (QTOF-GC-MS/MS with TSP)

Despite the presence of minor impurities, the chromatograms of Cu-Palmitate 
(Fig 3.7a), Cu-Stearate (Fig 3.8a) and Cu-Oleate (Figure 3.9a) all contained a 
large chromatographic peak corresponding to the carboxylic acid both in Electron 
Ionization (EI) and Chemical Ionization (CI) modes. For Cu-Linoleate, the largest 
peak in its chromatograms (Figure 3.10a) corresponds to azelaic acid (C9H16O4) 
due to the oxidative cleavage of linoleic acid [20-22].



Fig 3.7 – Cu-Palmitate’s EI and CI Chromatograms (a), Mass Spectra in EI (b) and CI (d), and NIST library match (c) 



13

Fig 3.8 - Cu-Stearate’s EI and CI Chromatograms (a), Mass Spectra in EI (b) and CI (d), and NIST library match (c)
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Fig 3.9 - Cu-Oleate’s EI and CI Chromatograms (a), Mass Spectra in EI (b) and CI (d), and NIST library match (c)
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Fig 3.10 - Cu-Linoleate’s EI and CI Chromatograms (a), Mass Spectra in EI (b) and CI (d), and NIST library match (c)



3.1.5.3 Solvent extraction with N, O-Bistrifluoroacetamide (BSTFA) 
derivatization followed by by Gas Chromatography with Mass 
Spectrometry (GC-MS)

Only the palmitic and stearic ligands (as methyl esters) were identified.

3.1.6 Discussion

The FTIR, Raman and XRD results largely agree with those published in the 
literature [11, 17]. Confirmation that copper is coordinating with oxygen ions was 
obtained by the strong peak at around 1580cm-1 in the FTIR spectra and the peaks 
under 450cm-1 in the Raman spectra. 

The blue/green colour of the compounds indicated the presence of Cu(II) ions, 
which was confirmed by XPS. The XPS survey data also indicates that each Cu(II)
ion coordinates with two carboxylate ions in a dimer arrangement, leading to the 
long d-spacings observed in the XRD data. This stoichiometry could not be 
confirmed for Cu-Linoleate, possibly because the sample was damaged/degraded 
before or during data acquisition [23]. 

The results obtained from the mass spectrometry analyses differed. Only the 
saturated ligands were identified using the solvent extraction protocol. The low 
solubility of metal soaps in organic solvents has long been recognized as a 
drawback to GC-MS protocols that include solvent extraction [24]. However, the 
results obtained indicate that the bond between copper ions and palmitate/stearate 
may have a more ionic character (making these soaps more soluble) than the bond 
with oleate/linoleate ligands. 

3.2 Characterization of Cu-Lactose 

The (+) coupon at the end of the experiment with the electrolyte containing 
lactose was covered by a blue powdery deposit (Fig 3.1e), from this point onwards
referred to as Cu-Lactose.
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3.2.1 Analysis by FTIR

Saccharides usually bind to a metal ligand via deprotonation of one or more 
hydroxyl groups [25-26]. Lactose is a disaccharide consisting of one galactose 
unit linked to a glucose unit by an O-glycosidic bond. Given its many hydroxyl 
groups, many modes of coordination with metal ions are possible. 

The spectra of lactose and Cu-Lactose are very similar (Fig 3.11) with the most 
characteristic peak being the hydroxylated broad band centred around 3400cm-1 

(Table 3.9). For lactose, this band contains small peaks at 3453, 3392 and 3294cm-

1 due to its high level of crystallinity [27-28]. In Cu-Lactose (Fig 3.11b) these 
small peaks disappear due to the presence of water molecules [29] trapped within 
the complex during synthesis of the complex. The three sharp bands at 1480-
1300cm-1, 1160-890cm-1 and 660-460cm-1 shift to around 1400cm-1, 1080cm-1 and 
500cm-1 interaction [26, 29].

Fig 3.11 - FTIR spectra of Lactose (a) and Cu-Lactose (b) obtained by the KBr method
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Lactose Cu-Lactose Band Assignments
3744-3000 br 3694-3003 br OH stretching vibration 
2978 w CH stretching vibrations
2957 w CH stretching vibrations
2903 m CH symmetric vibration of CH2OH group
2878 m 2853 w CH asymmetric vibration of CH2OH group
1454 w H-CH group scissoring vibrations
1417 m CH2 wagging (galactose)
1361 m OCH deformation
1343 m CCH deformation
1253 m C-H rocking, OH rocking (glc)
1160 s 1160-890 br C-O-C stretching vibration (glc)
1097 m C-O-C stretching vibrations (gal)
1070 s C-C stretching vibrations (gal)
990 m C-H out-of-phase ring stretching and twisting
892 m C-H out-of-phase ring stretching and twisting 
597 m OCO in-plane bending (gal)
461 m C-C-O in-plane bending (glc)

                br (broad), vs (very strong), s (strong), m (medium), w (weak), gal (galactose) and glc (glucose) 

Table 3.9 - Main FTIR peaks for Lactose and Cu-Lactose with band assignments

3.2.2 Analysis by Raman

The shape of the spectrum of Cu-Lactose indicates fluorescence from the com-
plex itself or impurities within it (Fig 3.12b). 

Fluorescence results from the emission of energy absorbed by the molecule as
they return to a lower state of energy. If the laser excitation energy is close to the
electronic  transition energy  of  the  molecule,  fluorescence  may obscure  Raman
scattering [30]. 

The most common method for overcoming fluorescence is to use a laser with
lower wavelengths [30-31], but none were available. Attempts were made to re-
duce the fluorescence by photobleaching the sample and by analysing Cu-Lactose
directly off the copper coupon (as opposed to removing it to a glass slide) – both
without success.
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Fig 3.12 - Raman spectra of Lactose (a) and Cu-Lactose (b)

3.2.3 Analysis by XPS

The elemental composition measured for lactose as relative atomic percentages 
was 52.4% carbon, 43.5% oxygen and 4.1% silicon. Despite the silicon 
contamination, these values are close to those reported for anhydrous α/β lactose 
[32]. For Cu-Lactose, the relative atomic percentages were 43.3% carbon, 41.0% 
oxygen and 15.7% copper; its Cu2p spectrum contained the characteristic satellite 
peaks indicating the presence of Cu(II) ions.

The C1s and O1s spectra for lactose and Cu-Lactose also differed (Fig 3.13). In 
the copper complex, the peaks are broader due to charging of the sample during 
data collection, affecting particularly the carbon species. Consequently it is 
possible to decompose the C1s spectra of Cu-Lactose in more than three peaks 
(Figure 3.13c), with the extra peak centred at 285.84eV.
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Fig 3.13 - Spectra of C1s and O1s regions of Lactose (a-b) and Cu-Lactose (c-d) 

The O1s spectra for lactose and Cu-Lactose also differ. Complexation with 
copper resulted in the disappearance of the C-OH aromatic peak at 533.60eV and 
the appearance of a new peak centred at 531.39eV (Figure 3.13d). Although 
dehydroxylation of saccharides can occur during XPS analysis [32], there was no 
sign of degradation of the Cu-Lactose sample during or after analysis. Therefore, 
the peak at 531.39eV in the Cu-Lactose O1s spectra could be attributed to Cu-O 
bonds, which in inorganic compounds appear between 530.99-531.25eV [14].

3.2.4 Analysis by XRD

The diffractogram obtained for Cu-Lactose (not shown) was practically 
continuous. The few peaks present could be assigned to a cuprite (Cu2O) phase in 
a largely amorphous sample.
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3.2.5Analysis by Mass Spectrometry Techniques

3.2.5.1 Direct mass measurement by FIA

No ion corresponding to Cu-Lactose was found in any of the solvents. Lactose, 
albeit at low ion counts, was identified in all solvents. Its with highest relative ion 
count was achieved in acetonitrile, where ions corresponding to copper-
acetonitrile complex were also identified.

3.2.5.2 QTOF-GC-MS/MS with TSP

Lactose converts into its monosaccharide units after long exposure to 
temperatures above 180oC [33], yielding characteristic anhydro sugars and furan 
derivatives at 650oC [34]. The high number of chromatographic peaks – each 
representing at least one compound – obtained for Cu-Lactose in EI and CI modes
(Figure 3.14) was therefore expected as the thermal separation probe (set at 
320oC) acts as a low temperature pyrolysis chamber. The identification of 
levoglucosenone (peak 4 in Figure 3.14) is therefore significant, as this compound 
is a derivative of levoglucosan and a pyrolysis product of glucose [35] and lactose 
[36]. 

The chromatograms for Cu-Lactose contain bigger peaks for fatty acids (4 and 5 
in Fig 3.14) than those found in the lactose chromatograms (not shown). As the 
same amount of lactose and Cu-Lactose were analysed, this result may indicate 
copper’s preference for forming complexes with carboxylic acids originally 
present in lactose as contaminants.  A strong 61m/z peak, (Fig 3.14b) and peak 3 
(identified as 5-acetoxynethyl-2-furaldehyde) were not observed in lactose’s 
chromatograms. Their presence may be explained by catalytic effect of Cu(II) 
ions, which lowers the decomposition temperature of carbohydrates. For cellulose,
this effect has translated into to higher yields of acetic acid, furans and gases [37].
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Fig 3.14 - EI (a) and CI (b) chromatograms for Cu-Lactose [1] 2H-Pyran-2,6(3H)-dione; [2] 
levoglucosenone; [3] 5-acetoxymethyl-2-furaldehyde; [4] n-hexadecanoic acid and [5] octa-
decanoic acid
 

3.2.6Discussion

The characterization of Cu-Lactose by FTIR/Raman was complicated by poor 
peak definition and fluorescence. The XPS data confirmed the presence of Cu(II) 
ions within the compound suggesting coordination via the deprotonation of 
hydroxyl groups of the saccharide molecule. The identification of a cuprite phase 
by XRD is not surprising given that the glucose moiety in lactose is a reducing 
agent via its free aldehyde function that easily oxidises to acid [20].

The mass spectrometry characterization of the Cu-Lactose was only possible 
using the thermal separation probe method via identification of characteristic 
carbohydrate thermal decomposition products.
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3.3 Characterization of Cu-Casein 

The (+) copper coupon immersed in the electrolyte containing casein was 
covered by a translucent blue/greenish film at the end of the experiment (Figure 
3.1f), which film peeled off upon drying out. From this point onwards this film 
will be referred to as Cu-Casein.

The structure of a protein is organized in four different levels. Its primary 
structure is determined by the amino acid composition of the main polypeptide 
chain and is dominated by covalent bonds between atoms. The folding of the 
polypeptide chain results in different types of interaction which are responsible for
their secondary, tertiary and quaternary structures. 

Bovine casein is a mixture of αs1-, αs2-, β-, κ-casein and other proteinaceous 
impurities. Despite having many hydrophobic amino acids, caseins have an open 
hydrated structure with areas of high negative charge enabling them to form 
colloidal aggregates [38].

Complexation between metal ions and proteins requires coordination with a 
donor atom, possibly via the deprotonation of a nitrogen from an amino group, the
oxygen from a carboxylic acid group, and/or by interactions with the π-electrons 
from aromatic rings in the side chain of amino acids. In milk, αs- and β-caseins 
bind Ca2+ ions at phosphorylated serine residues [39] providing stability to micelle
structures [40].

3.3.1 Analysis by FTIR

The spectra (not shown) for casein and Cu-Casein were practically identical. The
only minor differences between the FTIR bands of casein and Cu-Casein (Table 
3.10) are the sharpening of the 3700-3300cm-1 broad band, a decrease in the amide
I band from 1651 to 1647cm-1 and an increase in the amide II band from 1536 to 
1540cm-1.
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Casein Cu-Casein Band Assignments
3700-3300 br 3700-3300 br N-H and O-H stretching vibrations
3072 sh 3071 sh Overtone of amide II band
2961 m 2961 m NH3+ and CH stretching vibrations
2870 vw 2877 w CH stretching vibrations
1651 vs 1647 vs Amide I band α helix (80% C=O stretching or COO - asymmetric

stretching vibrations; 10% C-N stretching vibrations and 10% N-
H vibrations)

1536 s 1540 s Amide II band and C=O stretching or COO- asymmetric stretch-
ing vibrations

1335 vw 1335 vw C-H deformation vibrations
1238 m 1238 m Amide III α helix
1073 m 1070 m C-C stretching vibrations

br (broad), sh (shoulder), vs (very strong), s (strong), m (medium), w (weak)

Table 3.10 - Characteristic FTIR bands in Casein and Cu-Casein

3.3.2 Analysis by Raman

The Raman spectrum of casein is arched due to fluorescence (Fig 3.15a). 
Fluorescence in proteins result from the movement of electrons in conjugated 
systems such as those present in double bonds of aromatic rings. Changes to these 
systems, , lead to fluorescence suppression as observed for Cu-Casein (Fig 3.15b).
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Fig 3.15 - Raman spectra of Casein (a) and Cu-Casein (b)

Despite the issues with fluorescence a few band assignments were still possible 
(Table 3.11).

Casein Cu-Casein Band Assignments
3061 w 3061 w Overtone of amide II band
2934 vs 2934 m Asymmetric CH2 stretching
2879 sh 2879 sh Symmetric CH2 stretching
1673 s 1670 s Amide I band (random chain) and COO- asymmetric 

stretching vibration
1555 w 1555 w Amide II band
1323 vw Amide III band (incl. CN stretching, NH bending, C-O 

stretching, O=C-N bending etc)
1211 w 1211 w C-O vibrations
1073 m 1070 m C-C stretching vibrations

sh (shoulder), vs (very strong), s (strong), m (medium), w (weak), vw (very weak)

Table 3.11 - Characteristic Raman bands of Casein and Cu-Casein

The results obtained from FTIR and Raman are not surprising given how 
challenging metalloproteins are to analyse by these techniques, often requiring 
deconvolution and specific excitation to enhance the vibration of certain bonds. In 
the case of blue proteins – those that contain copper(II) ions - it is possible to 
observe shifts due to Cu-N, Cu-S or Cu-O bonds using a 600nm laser [3]. The 
Raman data was obtained with a 514nm laser.
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3.3.3 Analysis by XPS

The relative atomic percentages obtained for casein were: 75.0% carbon, 
16.96% oxygen and 8.03% nitrogen. Those for Cu-Casein were 72.2% carbon, 
16.34% oxygen, 9.03% nitrogen, 0.6% phosphorus and 1.5% copper. The satellite 
peaks in the Cu2p spectrum of Cu-Casein indicates the presence of Cu(II) ions, 
assumed to be present given the characteristic blue colour of Cu-Casein.

The decomposed peaks for C1s and O1s and for N1s in casein and Cu-Casein 
are also informative (Fig 3.16). Peak decomposition and assignment are 
complicated by their broad shape due to sample charging and the structural 
complexity of casein, which contains a variety of chemical environments. 
Notwithstanding these difficulties, there are clear differences between the casein 
and Cu-Casein. The peaks of the C1s and O1s regions in Cu-Casein (Fig 3.16d-e) 
are narrower than casein’s (Fig 3.16a-b), with the opposite effect observed for the 
N1s region (Fig 3.16c,f).

It is tempting to interpret an increased oxygen carboxylate peak at 531.69eV 
and, due to Brønsted donation [41], an increase in the nitrogen protonated amide 
peak at 401.61eV, as evidence of Cu(II) coordination with the second carboxylic 
acid groups of aspartic and glutamic acids in the peptide chain. These findings 
contrast with values observed in biological systems, where copper coordination is 
predominantly via nitrogen and sulfur donor atoms in the side chains of histidine, 
cysteine and methionine [42] and, at pH values above 10, with the amine of lysine 
[43]. The sensitivity of XPS compounded by the structural complexity of proteins 
means that such deductions would have to be confirmed by supplementary 
analysis such as magnetic nuclear resonance (NMR) or electron paramagnetic 
resonance (EPR) [44].

3.3.4 Analysis by XRD

The diffractogram obtained for Cu-Casein was similar to that obtained for Cu-
Lactose. It was characteristic of an amorphous substance, with the exception of a 
peak above 35o 2θ, identified as a Cu2O phase.



Table 3.16. Spectra of C1st, O1s and N1s regions of Casein (a-c) and Cu-Casein (d-f) peak fittings based on [45-46]



3.3.5 Analysis by Mass Spectrometry Techniques

3.3.5.1 Direct Mass Measurement by FIA

No high mass ions were detected in any of the solvents, indicating that Cu-
Casein is not soluble in acetonitrile, chloroform or methanol.

3.3.5.2 QTOF-GC-MS

The peaks in the chromatograms for casein and Cu-Casein in EI mode (not 
shown) relate to nitrogen-containing aromatic compounds, products of the 
cyclisation of amino acids in the polypeptide chain subjected to pyrolysis [47].

Casein’s chromatogram contained fewer peaks than Cu-Casein’s. The extra 
peaks in the Cu-Casein chromatograms perhaps reflect specific thermal 
decomposition products associated with the presence of copper ions. Indole was 
the only compound identified in both EI and CI modes in Casein and Cu-Casein, 
one of the main products of the thermal degradation of bovine β-casein [48].

3.3.5.3 Proteomics

The four types of caseins were matched to the peptides recovered from casein 
and Cu-Casein (Table 3.12) albeit with different -10lgP values. The -10lgP value 
is a statistical indicator used to validate protein assignments (20 being the 
threshold for publication). Its values for the protein matches for casein and Cu-
Casein are well above this minimal threshold, thus validating the extraction and 
digestion protocol used for these samples. The lower number of peptides identified
in Cu-Casein may reflect metal complexation. Although metal chelation by 
proteins is extremely complex [49] and dependent on many factors [50], some 
tentative observations may be made by comparing the peptide coverage of casein 
and the Cu-Casein (Fig 3.17).
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Protein

Average 

Mass (Da)

Coverage (%) -10lgP* # Peptides 
(# unique)

CSN Cu-CSN CSN Cu-CSN CSN Cu-CSN

αs1-casein 24529 75 59 259.41 191.20 70 (68) 19 (19)

αs2-casein 26019 64 39 217.78 130.88 47 (47) 12 (12)

β-casein 25107 91 73 208.26 190.11 49 (49) 28 (28)

κ-casein 21269 71 43 247.12 194.55 64 (63) 18 (18)

* The -10lgP value is a statistical indicator used to validate protein assignments (20 being the 
threshold for publication).
Table 3.12. Protein matches for Casein (CSN) and Cu-Casein (Cu-CSN) 

For αs1-casein (Fig 3.17a), half of the unidentified peptide residues in Cu-Casein
contain tryptophan (W). Part of a group of amino acids that includes 
phenylalanine, tyrosine and histidine, tryptophan is reported to form non-covalent 
bonds with Cu(II) ions via the π-electrons from its aromatic ring [51-52]. The 
other half of the unidentified peptide fragments contain histidine (H), an essential 
metal chelating site [53]. Metal chelation with histidine is via its imidazole ring 
supported by the amino group [54] or a deprotonated amide nitrogen supported by 
a carboxylate oxygen [55]. 

For αs2-casein (Fig 3.17b), the unidentified peptide residues in Cu-Casein imply 
an interaction between histidine and glutamic acid (E) which could interact with 
Cu(II) ions via its deprotonated carboxylic groups. Metal complexation with the 
peptide chain of αs2-casein may also have been facilitated by its low 
hydrophobicity in relation to the other caseins.

For β-casein (Fig 3.17c), the unidentified peptide residues in the copper complex
appear to indicate an interaction with glutamic acid alongside serine (S), with 
tryptophan and with proline (P). Proline is the only amino acid that contains a 
second amide, so Cu-N coordination is not possible [56]. Consequently, 
coordination with copper only happens when proline is in the N-terminal position 
of the peptide chain. In other positions, proline residues force the peptide chain to 
bend [57], thus facilitating the formation of macro-chelating sites [58].

An important caveat of the peptide coverage discussion is that the data is 
restricted to the most intense peptide fragments. Only further experiments and 
characterization with techniques such as NMR could elucidate metal-peptide 
chelation sites.



Fig 3.17 - Peptide chain for αs1-2-caseins (a-b) β-casein (c) and k-casein (d) with identified peptides in Casein (underlined) and Cu-Casein (in bold) 
with short peptide sequences containing tryptophan (W) within a dashed square. A list of amino acids abbreviations in included in the Appendix.



3.3.6 Discussion

Evidence of copper complexation with casein has been obtained with 
spectroscopic and mass spectrometry techniques. Notwithstanding the similarities 
between the FTIR spectra of casein and Cu-Casein, the slight changes on the 
bands of the latter indicate an interaction between copper and nitrogen/oxygen 
atoms. In Raman, the most obvious effect of copper complexation was the 
quenching of fluorescence, which may indicate coordination with amino acids 
containing aromatic rings.

Fluorescence in proteins usually arises from the amino acid residues 
phenylalanine, tyrosine and tryptophan (a popular marker for studying proteins’ 
interaction with cofactors [59-64]).These amino acids are present in casein [65] 
and known to coordinate with Cu(II) ions [66-68].

The presence of Cu(II) ions in Cu-Casein, although anticipated by its blue 
colour, was confirmed by XPS. These ions appear to affect the thermal 
degradation of casein given that the chromatogram of the Cu-Casein obtained by 
GC-MS with TSP contained more peaks than that of pure casein. Nonetheless, 
indole, one of the main pyrolysis products of casein – was identified in casein and 
Cu-Casein.

The peptide fragments obtained from Cu-Casein matched all four types of 
caseins but at a lower coverage and intensity than those from pure casein. The 
difference in peptide coverage appears to correlate with sites of coordination when
interpreted alongside the FTIR and Raman spectra. The data indicates different 
centres of interactions between the Cu(II) ions and deprotonated nitrogen, oxygen 
and amino acids containing aromatic rings as reported in the literature (for reviews
on metal ion complexes see for example [69-70]) and as observed in blue copper 
proteins [42, 71-72].
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