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a b s t r a  c t

The cupration of granular potato starch with ammonium tetrachlorocuprate(II) was performed by a 20 min lasting microwave-assisted process and by 40 min 
convectional heating. In both cases the degree of esterification (DE) did not exceed 6.4 � 10�3. A higher dose of cuprate had a positive effect on DE, 
regardless of whether the microwave irradiation or the convectional heating was applied, and on the thermal stability of the starch cuprate produced in the 
microwave-assisted way. As a result of cupration, the hydroxyl ligand of the starch D-glucose units was replaced by the chloride ligand of the tetrachloro-
cuprate(II) anion. In the starch cuprate formed in the microwave-assisted process, the cuprate anion additionally coordinated water molecules. The cupration 
reduced starch crystallinity, as indicated by X-ray diffractometry and differential scanning calorimetry.

1. Introduction

The hydroxyl groups of starch polysaccharides (amylose and
amylopectin) react in a way typical of primary and secondary alco-
hols, that is, among others, they form metal derivatives resembling
alcoholates and esters. Such reactions leading to Al, Bi(III), Fe(III),
La, Na, Sb(V), Sn(IV), Ti(IV), Tl(I), and Zr(IV) derivatives have been
reviewed by Tomasik and Schilling (2004). This project on starch
cupration with ammonium tetrachlorocuprate(II) has been in-
duced by a recently published (Staroszczyk & Janas, 2010a) suc-
cessful zincation of starch. Presented results extend a list of
known starch metal derivatives.

Copper is one of essential bioelements. In association with pro-
teins or enzymes, it is an integral part of the catalytic centers at
which the biochemical reactions in human cells proceed. Copper
is involved in the formation of haemoglobin and red blood cells.
It is also required for free radical detoxification, collagen synthesis,
and bone development. Copper(II) tetrahalides are often used as
model compounds for the active sites in, for example, metalloen-
zymes or metalloproteins (Penfield, Gewirth, & Solomon, 1985).

Starch, in contrast to simple sugars, has been shown to have no
influence on the advance of copper deficiency anaemia in living
organisms, while the replacement of simple sugars with starch in
the diet of anaemic copper-deficient organisms increases the hae-
moglobin levels (Johnson & Gratzek, 1986). Complexing of starch
with copper minerals can give an opportunity to include this bio-
element in starch-containing food, cosmetics and pharmaceutical
compositions, and in this way, to influence copper-requiring

chemical and biochemical reactions in living organisms. Copper
ions adsorbed by different modified starches (Śmigielska & Lew-
andowicz, 2007), as well as bound to phosphorylated cross-linked
starch (Woo, Bassi, Maningat, Ganjyal, & Zhao, 2006), exhibit
remarkable functional and nutritional properties. Complexes of
copper with starch were reported to have disinfecting properties
(Stern, 1926) and were patented as useful materials for accelerat-
ing wound healing and increasing the rate of hair growth (Pickart,
1999).

The interaction of starch with compounds containing bioele-
ments, resulting in starch complexes formation, has been exten-
sively studied. The results of these studies demonstrate that salts
containing metal ions from transition groups, among them also
Cu(II) ions, form Werner-type complexes. In these complexes, the
central metal atom is ligated through the oxygen atoms of the
hydroxyls of D-glucose units (D-Glc) (Ciesielski, Lii, Yen, & Tomasik,
2003; Ciesielski & Tomasik, 2003a, 2003b, 2004a, 2004b).

Potato starch, unlike other starches, is naturally esterified with
phosphoric acid in its D-Glc of amylopectin fraction. Therefore, this
starch contains metal cations bound to the phosphate group which
make it capable of binding a number of metal ions to phosphate
moieties utilising the cation-exchanging properties (Leszczyński,
1985). When the metal ion comes from a transition group, it is
additionally ligated by starch because of outer electronic shell with
vacancy resulting from binding to phosphate groups (Ciesielski &
Tomasik, 2004a, 2004b; Śmigielska, Lewandowicz, Goslar, &
Hoffmann, 2005).

In starch transition metal alkoxides (Tomasik, Anderegg,
Baczkowicz, & Jane, 2001; Tomasik, Schilling, Anderegg, & Refvik,
2000; Tyrlik, Tomasik, Anderegg, & Bączkowicz, 1997) the metal
atoms are bound to starch via an oxygen atom of the 6-hydroxyl
group of the D-Glc, with co-coordination to other oxygen atoms
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present in these units. Additionally, the involvement of two alkox-
ide groups in the reaction causes cross-linking of starch.

Esterification of starches produces anionic starches. Esterifica-
tion takes place preferentially with the involvement of the
6-hydroxyl and 3-hydroxyl groups of the D-Glc (Bindzus, Altieri,
Kasica, & Trzasko, 2002). Since the lone pairs of electrons of the
oxygen atom of the hydroxyl groups make starch nucleophile,
the effect of esterification with mineral acids and/or salts depends,
first of all, on the electron gap at the central atom of these com-
pounds (Staroszczyk, 2009a, 2009b; Staroszczyk, Tomasik, Janas,
& Poreda, 2007). Moreover, as demonstrated in the microwave-as-
sisted processes, if the esterifying agent is multibasic, besides
monoesters (Lewandowicz, Szymańska, Voelkel, & Walkowski,
2000), also cross-linked esters can be formed, with the involve-
ment of at least two reaction centers of the esterifying agent
(Fortuna, 1998; Mao, Wang, Meng, Zhang, & Zheng, 2006;
Staroszczyk, 2009a, 2009b; Staroszczyk, Fiedorowicz, Zhong, Janas,
& Tomasik, 2007; Staroszczyk & Janas, 2010a, 2010b; Staroszczyk &
Tomasik, 2005; Staroszczyk et al., 2007). Cancelling of intra- and
inter-molecular hydrogen bond residing in native starch by cova-
lent bonds in cross-linked starch, as well as possible hydrogen
bonding between the hydroxyl groups of the D-Glc and introduced
acid moieties, certainly contribute to the functional properties of
starch.

The objective of this study was to examine the esterification of
potato starch with ammonium tetrachlorocuprate(II) in the solid
state process. Starch cuprate, as a material of anionic character,
could find application as a potential component of pharmaceutical
compositions which can readily combine with materials of cationic
character, for instance, with proteins. To determine optimal condi-
tions for the preparation of esters, the microwave irradiation and,
for comparison, the convectional heating was applied.

2. Materials and methods

2.1. Preparation method

Native potato starch (13% moisture), isolated in Potato Enter-
prise in Łom _za (Poland), and >99% ammonium tetrachlorocup-
rate(II) dihydrate (Fluka, 00634), were blended at proportions of
1:0.1 and 1:1 (mole D-glucose unit/mole copper compound), and
were then thoroughly homogenised in an agate mortar. The final
blends (2 g) of 13% moisture content were irradiated in a Samsung
M1711N microwave oven either at 450 W for 8 and 20 min for
1:0.1 and 1:1 blends, respectively, or at 800 W for 3 min. For com-
parison, the starch-cuprate blends were also convectionally heated
in a LG MC-8084 NLC oven at 100 �C for 40 min. The pH value at the
end of the reaction was �6, and the final temperature in the case of
the microwave irradiation at 450 W for 20 min amounted to 70 �C,
and in the case of the microwave irradiation at 450 for 8 min and
800 W for 3 min, 65 �C. The reaction products were washed with
ice water (30 ml) on a suction filter, dried at 40 �C for 24 h, and
then stored in tightly closed vessels.

2.2. Analysis

2.2.1. Chemical composition
The nitrogen content of starch derivatives was determined

according to PN-EN ISO 3188 Standard (2000). A SOLAAR S4 atomic
absorption spectrophotometer, ThermoElemental (Madison, WI,
USA) was used for the determination of the total copper content
in the samples after their wet digestion with 1:4 mixture of con-
centrated sulphuric and nitric acids. All estimations were run in
duplicates.

2.2.2. Determination of the degree of esterification (DE)
From the content of Cu determined by elemental analysis, the

DE was calculated by comparing the experimental values with
the theoretical values calculated for the applied proportions of
the reagents 1:0.1 and 1:1 (starch:ATCl-Cu).

2.2.3. Thermal analysis (TG and DTG)
Thermogravimetric analysis was performed with a TG/SDTA

Mettler-Toledo 851e apparatus (Greifensee, Switzerland) located
in Regional Laboratory of Physicochemical Analyses and Structural
Research in Cracow (Poland). The samples (�30 mg) were heated
in open alumina crucibles in the air (80 cm3/min), within temper-
ature range of 25–600 �C, at a heating rate of 10 �C /min.

2.2.4. Fourier transformation infrared spectroscopy (FT-IR)
The FT-IR spectra of samples (3 mg) in KBr (300 mg) discs were

recorded in the range of 4000–400 cm�1 at a resolution of 4 cm�1,
using a Matson 3000 FT-IR (Madison, WI, USA) spectrophotometer.

2.2.5. Differential scanning calorimetry (DSC)
The samples (�8 mg) were sealed in aluminium pans with water

at the 1:3 weight ratio, left for 1 h for equilibration, and subse-
quently scanned at the rate of 6 �C/min in the temperature range
of 20–90 �C. A Mettler TA3000 calorimeter (Greifensee, Switzer-
land), equipped with a TC 10 TA processor and a DSC 30 temperature
cell, was used with an empty pan as a reference. The instrument was
calibrated against pure indium (Tm = 156.6 �C and DHm = 28.45 J/g).
Analyses were run in triplicates.

2.2.6. Powder X-ray diffractometry
The crystalline structure of the samples was determined

according to Gerard, Colonna, Buleon, and Planchot (2001). The
measurements were carried out by applying CuKa radiation of
wavelength of 0.154 nm in a Philips type X’pert diffractometer
(Eindhoven, The Netherlands). The operation setting for the
diffractometer was 30 mA and 40 kV. The spectra over the range
of 5.0–60.0� 2h were recorded at a scan rate of 0.02� 2h/s.

2.2.7. Aqueous solubility and water binding capacity
The aqueous solubility (AS) and water binding capacity (WBC) at

room temperature were estimated according to Richter, Augustat,
and Schierbaum (1968). Estimations were run in 10 repetitions.

2.2.8. Statistical analysis
The data obtained from the DSC thermal analysis and from the

AS and WBC analysis were statistically analysed by one-way
analysis of variance to determine significant differences among
samples, using STATGRAPHICS version 2.1 (Statistical Graphics
Corporation, USA). Significance was accepted at p < 0.05.

3. Results and discussion

3.1. Progress of the reaction

Derivatisation of starch was carried out on either microwave
irradiation or convectional heating of potato starch with varying
the amount of ammonium tetrachlorocuprate(II) dihydrate (ATCl-
Cu) complex. The resulting starch cuprate (Scheme 1) had a degree
of esterification (DE) 6 6.4 � 10�3, regardless of the mode of

Cl     Cl¯ NH4
+ (OH)2–Glc–O     Cl¯ NH4

+

(OH)2–Glc–OH         + Cu Cu 

Cl     Cl¯ NH4
+ Cl     Cl¯ NH4

+

Scheme 1. Cupration of potato starch with ATCl-Cu.
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esterification (Table 1). DE slightly rose with an increase in the
dose of ATCl-Cu. The microwave-assisted reaction offered a signif-
icant reduction in the reaction time but an increase in the power
applied had no positive effect upon DE. A lower power applied
(450 W) provided a 3-fold increase in DE, whereas a higher power
(800 W) gave only a 1.5-fold increase in DE with an increasing dose
of ATCl-Cu. That effect could be associated with a temperature
dependent change of the ATCl-Cu coordination geometry (Fukuda,
2007). At low temperatures, the NAHACl hydrogen bonds between
ammonium cation and the tetrachlorocuprate(II) anion ðCuCl2�

4 Þ
reduced the electron density in the CuCl2�

4 and, in consequence,
the negative charge at chlorine decreased and the ligand–ligand
repulsion weakened. Then, the square-planar geometry stabilised
in the solid. At high temperatures, the NAHACl hydrogen bonds
between NHþ4 and CuCl2�

4 broke and the ligand–ligand repulsion
became stronger, which in turn resulted in a distortion of the

CuCl2�
4 toward a tetrahedral geometry. This ability of rearrange-

ment of the configuration of the CuCl2�
4 with temperature (associ-

ated with a change of a colour in the solid) probably facilitated the
esterification of starch at low temperatures (the stronger the
NAHACl hydrogen bonds, the lower the electron density in
CuCl2�

4 ), and made the reaction difficult when the microwave irra-
diation or the convectional heating increased the temperature (the
weaker NAHACl hydrogen bonds, the stronger the ClACl electro-
static repulsion in CuCl2�

4 ).
The thermogram presented in Fig. 1 shows a one-step decompo-

sition of starch taking place within the temperature range of 260–
330 �C, with a DTG peak at 294 �C and 56.3% weight loss (see also
Table 2).

The sample of ATCl-Cu decomposed up to 600 �C in three steps
(Fig. 2), losing 13.56%, 45.86% and 34.42% of the initial weight,
respectively. The first weight loss, with a minimum on the DTG line
at 154 �C, fitted fairly well an expected loss of two water molecules
of crystallisation (13.00% calculated weight loss). The second step,
with a minimum centered at 308 �C, corresponded to the forma-
tion of cupric chloride, however, the weight loss of 45.86% deter-
mined from the thermogram did not fit exactly the calculated
value of 38.5%. Above 350 �C, in the third step, a further weight loss
was observed. At the final temperature of 600 �C, the reduction of
cupric chloride to cuprous chloride was possible, with a metallic
copper formation in the final stage of the decomposition (Judd,
Plunkett, & Pope, 1975). However, the weight loss of 34.42% from
the thermogram compared rather poorly with the calculated value
of 25.6%.

The thermal decomposition of ATCl-Cu might be represented
as:

Step 1

ðNH4Þ2CuCl4 � 2H2O! ðNH4Þ2CuCl4 �H2OþH2O "

ðNH4Þ2CuCl4 �H2O! ðNH4Þ2CuCl4 þH2O "

Table 1
Chemical characteristics of potato starch cupration products.a

Sample starch:ATCl-Cu wt.%

Calculatedb Found

Microwave irradiation Convectional heating

450 W DEc � 10�3 800 W DEc � 10�3 100 �C DEc � 10�3

Cu N Cu N Cu N Cu N

1:0.1 3.48 1.54 0.07 ± 0.005 0.03 ± 0.003 2.1 0.13 ± 0.01 0.06 ± 0.005 3.7 0.09 ± 0.009 0.04 ± 0.004 2.6
1:1 17.32 7.64 0.11 ± 0.01 0.05 ± 0.004 6.4 0.10 ± 0.01 0.04 ± 0.003 5.8 0.11 ± 0.01 0.05 ± 0.005 6.4

a Means of two measurements ± standard deviation.
b Assuming 100% reaction yield.
c Degree of esterification was calculated on the basis of the content of Cu determined by elemental analysis, by comparing experimental values with theoretical values

calculated for the applied proportions of the reagents 1:0.1 and 1:1 (starch:ATCl-Cu).
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Fig. 1. Thermogram of native potato starch.

Table 2
Thermogravimetric characteristics of native potato starch and ATCl-Cu.

Sample Temperature range (�C) Weight loss (%)a Slope (tg a)b DTG peak temperature (�C)

Native starch 25–165 15.72 2.86 76
165–352 56.29 294
352–600 27.20 500
Total 99.21

ATCl-Cu 25–165 13.56 136, 153
165–352 45.86 308
352–600 34.42 550
Total 93.84

a Weight loss (%) in the specified temperature ranges.
b The slope of TG line.
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Step 2

ðNH4Þ2CuCl4 ! CuCl2 þ 2NH3 " þ2HCl "

Step 3

CuCl2 ! CuClþ 1=2Cl2 "

CuCl! Cuþ 1=2Cl2 "

Since the total weight loss read from the thermogram disagrees
with the value calculated for the reactions shown in the above
formulas (93.84% against 77.1%), this indicated that the original
ATCl-Cu contained some impurities. Moreover, since the thermo-
gravimetric analysis was conducted in the air, oxidation might
have occurred.

Fig. 3 depicts an example thermogram of starch cuprate. The
thermograms of all samples of starch cuprate differed only slightly
from one another. The slopes of the TG line revealed their more
complex decomposition than that of native starch, and the DTG
peak appearing within the temperature range of 260–330 �C
pointed to their lower thermal stability; the temperature was sev-
eral degrees lower than the decomposition of starch, irrespective
whether the microwave irradiation or the convectional heating
was applied to obtain them (Table 3). Contrary to the products
from convectional heating, the thermal stability of starch cuprate
from the microwave-assisted reaction increased when a higher
dose of ATCl-Cu was used. However, an increase in the power ap-
plied had no effect upon these features. The insignificant increase
in the thermal stability could support the hydrogen bond interac-
tions between introduced cuprate anion and the hydroxyl groups
of D-Glc rather than the formation of cross-linked products. The
formation of these hydrogen bonds seemed to be an essential fac-
tor for the progress of the reaction, because it replaced the
NAHACl hydrogen bonds between NHþ4 and CuCl2�

4 in the reaction
conditions.

An insight in the pattern of the TG lines also revealed that the
products from microwave irradiation, unlike those from convec-
tional heating, held the water, as their actual weight loss in the
range 25–165 �C exceeded that calculated from the thermograms
of the particular components of the products.

The FT-IR spectrum of ATCl-Cu is shown in Fig. 4. The broad
absorption band centered at 3160 cm�1 represented the NAH
stretching vibrations in ammonium salt, the band of strong inten-
sity at 1405 cm�1 corresponded to NHþ4 bending vibration (Nakam-
oto, 1997), and the presence of CuCl2�

4 could be confirmed by
asymmetric stretching vibrations at 435 cm�1 (Amirthaganesan,
Kandhaswamy, & Srinivasan, 2005).

It has already been reported that the band characteristic of NAH
stretching vibration in the FT-IR spectra of ammonium salts
showed multiple splitting with strong hydrogen bonding, while
its absence led to a fusion of that band into a single peak (Choi &
Larrabee, 1989). Such changes in the NAH stretching region, result-
ing from either microwave irradiation or convectional heating,
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Fig. 2. Thermogram of ATCl-Cu.
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Fig. 3. Thermogram of the product from microwave irradiation with 800 W of 1:1
potato starch:ATCl-Cu blends.

Table 3
Thermogravimetric characteristics of potato starch cupration products.

Sample Temperature range
(�C)

Microwave irradiated Convectionally heated

450 W 800 W 100 �C

Weight loss
(%)a

Slope (tg a)b DTGc

(�C)
Weight loss (%) Slope (tg a) DTG

(�C)
Weight loss (%) Slope (tg a) DTG

(�C)

Starch 25–165 2.74 3.06 95 6.45 2.86 73 10.46 3.03 85
165–352 64.82 294 61.31 292 59.13 294
352–600 31.86 500 32.03 496 29.69 500

1:0.1d 25–165 10.62 (3.72)e 0.97 68 10.23 (7.09) 1.02 71 8.72 (10.74) 1.30 75
165–352 47.04 277 48.75 277 51.62 282
352–600 42.24 519 40.69 506 39.31 507

1:1 25–165 9.93 (8.15) 1.26 75 11.22 (10.01) 1.30 57 10.69 (12.01) 1.30 60
165–352 51.48 279 50.26 280 50.83 279
352–600 38.45 484 38.17 498 38.29 509

a Weight loss (%) in the specified temperature ranges.
b The slope of TG line.
c DTG peak temperature.
d Starch:ATCl-Cu (mole D-glucose unit/mole ATClCu) initial ratio.
e Weight loss calculated based on the thermograms of particular components of the product is given in parentheses.
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were detected in the spectra of ATCl-Cu (Fig. 5). The broad absorp-
tion band centered at 3160 cm�1 exhibited shoulders at 3310 and
3049 cm�1 in the spectrum of salt prior to its microwave

irradiation or convectional heating, while a single broad peak
was observed in the spectrum of salt after its irradiation or heating.
The changes in CuCl2�

4 geometry under reaction conditions could,
therefore, affect the reactivity of starch.

The spectra of all the starch cuprate samples showed a similar
pattern. To reveal any changes in the functional groups of starch
(Table 4) that were induced by the process of cupration, an analysis
of the patterns of the difference bands was carried out. An example
of the differential spectrum is shown in Fig. 6.

In the spectrum of starch cuprate an increase in the absorption
in the region between 3700 and 3100 cm�1 (mOH of the water mol-
ecules) and an enhancement of the band at 1640 cm�1 (dOH of the
water molecules) were noted (Fig. 6a). These changes were accom-
panied by an increased intensity in the difference band at 3440 and
1636 cm�1. Thus, it confirmed that water was involved in the for-
mation of starch cuprate. The Cu(II) coordination sphere was
known to be very flexible, and one could assume for the CuCl2�

4

either 4 + 1 or 4 + 2 coordination due to sufficient strength of the
NAHACl hydrogen bonds between cation and CuCl2�

4 (Willett,
Haugen, Lebsack, & Morrey, 1974). Thus, the cuprate anion
introduced into potato starch apparently coordinated the water
molecules from the hydrated spaces located in amorphous part
of granules (Blennow et al., 2006; Szymońska, Wieczorek, Molen-
da, & Bielańska, 2008; Łabanowska, Bidzińska, Dyrek, & Szy-
mońska, 2006; Śmigielska & Lewandowicz, 2007). At elevated
temperatures, when the NAHACl hydrogen bonds weakened, the
hydrogen bond interactions between the hydroxyl groups of the
D-Glc and chlorine atoms of introduced cuprate anion became
essential for that coordination.

An increased intensity in the difference band at 1024 cm�1, and
a decreased band at 968 cm�1, could also be observed in the differ-
ence spectrum (Fig. 6b). Moreover, the band in the spectrum of na-
tive starch originally at 982 cm�1 decreased and moved to
991 cm�1. Since that band is related to hydrogen bonding of the
hydroxyl groups at C-6 (Van Soest, de Wit, Tournois, & Vliegent-
hart, 1994), the 9 cm�1 shift of that band towards higher wave
numbers confirms that the involvement of these hydroxyl groups
in intra- and inter-molecular hydrogen bonding changed as a result
of cupration. The difference spectrum exhibited additionally two
bands at 458 and 423 cm�1 (Fig. 6b), which based on the ATCl-Cu
spectrum (Fig. 4 and Table 4) could be assigned to the CuCl2�

4 ,
which were evidently incorporated by the cupration procedure
into starch. The pattern of this part of the spectrum differed from
the pattern of ATCl-Cu. Therefore, the changes in the hydrogen
boding of the hydroxyl groups should be a result of the ligand ex-
change reaction, i.e. the hydroxyl ligand of D-Glc of starch replaced
the chloride ligand of ATCl-Cu.

Wavenumber (cm-1)
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Fig. 4. FT-IR spectrum of ATCl-Cu.
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Fig. 5. FT-IR spectra in the range 3300–2900 cm�1 of ATCl-Cu: unmodified (none)
and either microwave irradiated (450 or 800 W) or convectionally heated (100 �C).

Table 4
Band assignment in the FT-IR spectra of native starch and ammonium tetrachlorocuprate(II).

Native starch Ammonium tetrachlorocuprate(II)

Position in cm�1 and intensitya Band assignment Position in cm�1 and intensity Band assignment

3440 s mOH inter- and intra-molecular H-bond 3190 sh, 3160 vs 3130 sh mNHþ4
2928 m mCH 2820 mNHþ4
1648 w dOH polymer bound water 1590 m asymmetric dNHþ4

1432 m dOH, dCH 1405 s dNHþ4

1377 m dOH, dCH 540 m Librational modes of water and NH3 group
1162 s mCAC, mCAO, dCAOH 435 w Asymmetric mCuCl4

1082 s dCAOAC a-1,4 glycosidic linkage
982 vs dCAOH

929 m dCAOAC a-1,4 glycosidic linkage
859 w mCAOAC glycosidic linkage
765 w mCAC

a Notation of the band intensity is as follows: vs – very strong, s – strong, m – medium, w – weak, sh – shoulder.
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3.2. Physicochemical characteristics of starch cuprate

Upon microwave irradiation and the convectional heating of
starch, the corresponding X-ray patterns turned more flat, and

the phase transition enthalpy (DH) slightly decreased. That trend
agreed with observations in previous studies (Staroszczyk, 2009a,
2009b; Staroszczyk & Janas, 2010a, 2010b; Staroszczyk et al.,
2007) and reflected some disorder of the crystalline structure of
the starch granule introduced by processing (Fig. 7, Table 5).

The reduced intensity of the characteristic diffraction peaks of
B-type crystalline structure, at 5.8�, 14.9�, 17.0�, 19.6�, 22.2� and
24.0� 2h, as well as the decrease in the DH values, indicated that
the cupration partly deteriorated the crystalline structure of starch.
However, while the DH values of starch subjected solely to micro-
wave irradiation dropped in the same degree as starch was sub-
jected to convectional heating, the DH values of starch cuprate in
the microwave-assisted reaction decreased more than those in
starch cuprate from convectional heating. In contrast to the
reaction performed by convectional heating, the results of the
microwave assisted reaction were also ATCl-Cu concentration
dependent. As a consequence, the products from the microwave
irradiation bound more water and were more water-soluble (Table
6).

The phase transition temperature (Tp) of starch processed with-
out ATCl-Cu slightly decreased. However, the Tp of starch cuprates
increased, not only with respect to irradiated or heated starch, but
also to native starch. It could confirm that the cupration of starch
with ATCl-Cu was favourable for the hydrogen bond formation,
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Fig. 6. FT-IR spectra in the range 4000–400 cm�1 of the native potato starch (����), potato starch blended with ATCl-Cu at proportion 1:1 and microwave irradiated with 800 W
(- - -) and the differential spectrum of the latter, from which the spectrum of the native potato starch was subtracted (—) (a). Differential spectrum in the range narrowed
down to 1300–400 cm�1 (b).
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Fig. 7. Powder X-ray diffractograms of potato starch prior to and after microwave
irradiation with 800 W, and the cupration products resulting from microwave
irradiation with 800 W of 1:0.1 and 1:1 potato starch:ATCl-Cu blends.

Table 5
The onset (To), peak (Tp), and conclusion (Tc) temperatures and enthalpy change (DH) during gelatinisation of potato starch and its cuprated derivatives.a

Treatment To (�C) Tp (�C) Tc (�C) DH (J/g)

Starch
None 54.7 ± 0.1f 65.2 ± 0.1b,c 82.0 ± 0.0b 13.4 ± 0.2f

Microwave irradiation at 450 W 8 min 54.0 ± 0.1e,f 65.3 ± 0.9b,c 81.0 ± 0.9b 13.0 ± 0.4e,f

20 min 53.0 ± 1.1d,e 63.1 ± 1.0a 81.0 ± 0.8b 13.0 ± 0.0e,f

Microwave irradiation at 800 W 3 min 54.0 ± 0.2e,f 64.4 ± 0.4b 82.0 ± 0.9b 13.1 ± 0.1e,f

Convectional heating at 100 �C 54.0 ± 0.2e,f 64.9 ± 0.1b,c 77.0 ± 1.6a 13.0 ± 0.3e,f

Starch:ATCl-Cu = 1:0.1
Microwave irradiation at 450 W 8 min 49.0 ± 0.3a 67.4 ± 0.2f 82.0 ± 0.8b 8.6 ± 0.6b

Microwave irradiation at 800 W 3 min 52.0 ± 0.2c,d 66.2 ± 0.1d,e 80.0 ± 1.6b 10.2 ± 0.1c

Convectional heating at 100 �C 54.0 ± 0.3e,f 67.0 ± 0.2e,f 77.0 ± 0.8a 12.2 ± 0.1d,e,f

Starch:ATCl-Cu = 1:1
Microwave irradiation at 450 W 20 min 51.0 ± 0.2b,c 67.1 ± 0.1e,f 82.0 ± 0.8b 11.0 ± 0.2c,d

Microwave irradiation at 800 W 3 min 51.5 ± 0.6c,d 65.5 ± 0.1c,d 77.0 ± 0.0a 6.2 ± 0.8a

Convectional heating at 100 �C 50.0 ± 0.2a,b 67.8 ± 0.2e,f 82.0 ± 0.3b 12.1 ± 0.1e

a Results are expressed as means of three measurements ± standard deviation. The values in the columns marked with various letters differ significantly (p < 0.05).
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although it was accompanied by disorder of its crystalline
structure.

Data in Table 6 show that regardless the power applied, when
lower dose of ATCl-Cu was applied, the microwave-assisted cupra-
tion of starch resulted in the products of reduced WBC and in-
creased AS. The starch cuprated with a higher dose of ATCl-Cu
bound more water and was in most cases less water-soluble. The
values of WBC and AS of the starch cuprated by convectional heat-
ing did not depend on the concentration of ATCl-Cu, and after an
initial decrease of WBC and an increase of AS, remained almost un-
changed. Likely, as the microwave-assisted cupration progressed,
the starch became polar, which could enhance its ability to bind
water, and facilitate swelling of starch. As a consequence, the crys-
talline regions were partially degraded.

4. Conclusions

Ammonium tetrachlorocuprate(II) esterified starch both in the
microwave-assisted and the convectional heating process, in
which the ligand exchange participated. The microwave-assisted
reaction significantly accelerated cupration. The cupration reduced
starch crystallinity.
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Table 6
Water binding capacity (WBC) and aqueous solubility (AS) of potato starch and its
cuprated derivatives.a

Treatment WBC (g/g) AS (%)

Starch
None 9.13 ± 1.10a 1.00 ± 0.06b

Microwave irradiation at 450 W 8 min 18.03 ± 2.11b 0.01 ± 0.00a

20 min 92.83 ± 12.04c 0.11 ± 0.01a

Microwave irradiation at 800 W 3 min 14.27 ± 1.24b 0.01 ± 0.00a

Convectional heating at 100 �C 18.50 ± 2.34b 0.02 ± 0.00a

Starch:ATCl-Cu = 1:0.1
Microwave irradiation at 450 W 8 min 9.35 ± 0.86a 10.31 ± 0.40e

Microwave irradiation at 800 W 3 min 7.64 ± 1.15a 5.87 ± 0.24d

Convectional heating at 100 �C 8.82 ± 0.99a 3.24 ± 0.35c

Starch:ATCl-Cu = 1:1
Microwave irradiation at 450 W 20 min 18.33 ± 2.20b 3.73 ± 0.32c

Microwave irradiation at 800 W 3 min 15.16 ± 1.98b 7.52 ± 0.35d

Convectional heating at 100 �C 8.75 ± 1.01a 2.39 ± 0.27c

a Results are expressed as means of 10 measurements ± standard deviation. The
values in the columns marked with various letters differ significantly (p < 0.05).
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