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ABSTRACT
Ru(II)BT have been synthesized by the reaction between substituted bromobenzal
thiosemicarbazones and precursors of ruthenium metal complexes, [RuHCl(CO)(EPh3)3]
(where E = P/As). The bromobenzal thiosemicarbazones and Ru(II)BT was characterized
by analytical and spectroscopic techniques. It confirms the coordination of the
thiosemicarbazone ligands and suggest the octahedral geometry of the complexes. The
Ru(II)BT is comprised of a metal centre with bidentate ligands. The stabilization of free
radicals with Ru(II)BT was studied. The ligand and Ru(II)BT have significant anticancer
activity on MCF-7 cancer cells.
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1. INTRODUCTION
In the living kingdoms, metals offer an unprecedented versatility in terms of potent
drugs (Barolli et al., 2017). Exploring metallodrugs with fascinating chemical and
pharmacological properties remains a challenge in the recent years. In addition, to
overcome the destructive effects of platinum based drugs like tumor resistance, dose
dependent toxic effects, etc., alternative metal drugs with mimic toxicity have been
discovered by Arjmand et al. (2012). The complexes of ruthenium metal offers promising
innovative alternatives to platinum compounds. In addition, ruthenium compounds are
known to be stable in solid states as well as in solutions shown in Gilewska et al. (2018).
Complexes of ruthenium possesses high activity against a series of diseases like cancer,
malaria, etc. Moreover, the inhibition power of organic drugs is increases by the
substitution to a ruthenium atom implies (Sampath and Jayabalakrishnan, 2017).
The derivatives of thiosemicarbazones have attracted special interest because of their
significant superior actions in various directions (Chowdhury et al., 2011). The
thiosemicarbazones containing sulphur and nitrogen atoms which shown significant
applications in the pharmacology, viz., antituberculous, also Anitha et al. (2013) point
out antiviral infection, antimalarial as well as analgesic drugs. The integration of benzal
thiosemicarbazone ligand with ruthenium atom may increase their properties and
activities indicated by Khan and Asiri (2017). In this research work, we have synthesized
bromobenzal thiosemicarbazone ligands and the ligand substituted ruthenium(II)
complexes. All the compounds were characterized using various analytical and
spectroscopic techniques. Further, the compounds were tested their anticancer using
MCF-7 cell lines and antioxidant activities.
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Scheme 1. Synthesis of thiosemicarbazone ligands where R = CH3/C6H5
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Scheme 2. Synthesis scheme of the ruthenium(II) complexes, where E = P/As

2. EXPERIMENTAL
2.1 Materials and Methods

The chemicals or substances were used in this research
are of AR grade. The ruthenium metal precursors were
synthesized by the report given by Natarajan and Agarwala
(1978); Sanchez-Delgado et al. (1991). IR spectra were
recorded by means of KBr pellets between 400 and 4000
cm-1 region in Perkin Elmer spectrophotometer. In DMSO
solvent, electronic spectra were recorded using a Systronics
UV-Vis spectrophoto meter in between 200-800 nm. 1H, 13C
and 31P NMR spectra in DMSO-d6 were recorded on a
Bruker500 MHz instrument using TMS and ortho
phosphoric acid as references. Anticancer analysis were
carried out at KMCH Pharmacy College. Melting points
were recorded using Veego heating table and were
uncorrected.

2.2 Synthesis of Thiosemicarbazone Ligands

A 20 mL methanol solution of respective
thiosemicarbazide (0.01 mol) was added with stirring to a
methanolic solution (20 mL) of 2-bromobenzaldehyde (0.01
mol). Then the mixture was refluxed for about 30 mins. A
white colored precipitate was formed, filtered and the yield
is 88 %. It is washed with methanol and recrystallized using
methanol.

2.3 Synthesis of Ruthenium(II)thiosemicarbazone
Complexes

A 20 mL methanol solution of respective
thiosemicarbazone ligands (0.5 mmol) is mixed with 0.5
https://doi.org/10.6703/IJASE.202109_18(5).015

mmol, triethylamine and were added with stirring to
ruthenium
metal
precursors
(0.5
mmol)
[RuHCl(CO)(EPh3)3], E = P/As, in 20 mL of benzene. The
red colored reaction mixture was refluxed for about 8h. The
resulted solution was cooled and the formed precipitate was
filtered. The TLC was used to check the purity and
recrystallized from the solvent mixture of CH2Cl2/n-Hexane.

2.4 Biological Properties
2.4.1 In Vitro Anticancer Activity

Anticancer activity as in vitro conditions on MCF-7 i.e.
breast cancer cells of human was tested by cell viability
using the MTT assay method proposed by Mossman (1983).
The cells were loaded onto 96-well plates and incubated at
35°C with 5 % CO2, 95 % air for about 24 h. After this, the
test compounds in DMSO with 1 % fetal bovine serum
medium at various concentrations were added. Triplicate
run was carried out and the medium alone acts as a control.
After 48 h, 15 µL in phosphate buffered saline of MTT was
added to all the wells and incubated at 37°C for 4 h. The
absorbance was measured at 570 nm and then IC50 value
was calculated.

2.4.2 Antioxidant Activity

The antioxidant activity of the compounds against the
DPPH radical was analyzed by the modified reported
procedure exhibit by Elizabeth and Rao (1990). The
experimental test solution concentration, 100 µL, was added
to methanol solution of DPPH, 0.3 mM, 1 mL. The solution
was made up to 4 mL and the methanol solvent used as a
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Table 1. Physico-chemical analysis data of the ligands and complexes
Elemental analysis calculated (Found) %
M.P
Ligands and complexes
Color
(°C)
C
H
N
S
39.72
3.70
15.44
11.78
1
HL
White
170
(39.11)
(3.99)
(15.47)
(11.75)
50.31
3.62
12.57
9.59
2
HL
White
180
(50.21)
(3.52)
(12.58)
(9.72)
55.85
4.06
4.34
3.31
[RuCl(CO)(PPh3)2(L1)]
Yellow
215
(55.95)
(4.16)
(4.46)
(3.65)
51.20
3.72
3.98
3.04
[RuCl(CO)(AsPh3)2(L1)]
Orange
223
(51.01)
(3.99)
(4.25)
(3.04)
58.32
4.01
4.08
3.11
[RuCl(CO)(PPh3)2(L2)]
Yellow
248
(58.60)
(3.88)
(3.86)
(3.17)
53.73
3.70
3.76
2.87
[RuCl(CO)(AsPh3)2(L2)]
Red
236
(53.35)
(3.80)
(3.99)
(2.74)
Table 2. FT-IR (cm-1) and electronic (nm) spectral data of the ligands and complexes
Ligands and complexes
ν(C = N) ν(C = S)
ν(C - S)
ν(C ≡ O)
ν(Ru - N)
UV-Vis, λmax
HL1
1592
881
302, 358
HL2
1594
859
304, 361
[RuCl(CO)(PPh3)2(L1)]
1557
743
1902
519
307, 369, 406
[RuCl(CO)(AsPh3)2(L1)]
1559
735
1927
589
306, 365, 405
[RuCl(CO)(PPh3)2(L2)]
1522
753
1917
541
315, 362, 410
[RuCl(CO)(AsPh3)2(L2)]
1522
736
1911
539
312, 366, 407
blank with DPPH in methanol as positive control. The
absorbance of DPPH solution with test compounds (20-100
µg/ mL) run in triplicate which was measured at 517 nm.
The IC50 value can be calculated using the percentage of
activity.

3. RESULTS AND DISCUSSION
All the complexes are stable in air and soluble in most
common solvents. The micro analyses (C, H, N&S) of the
ligand
and
the
ruthenium(II)
bromobenzal
thiosemicarbazone complexes, Ru(II)BT, are shown in
Table 1 which are agree well with proposed molecular
formula.

3.1 Infrared Spectra

The FT-IR spectra of Ru(II)BT have shown some changes
in comparison with bromobenzal thiosemicarbazones,
which shows the coordination of bromobenzal ligand to
ruthenium. The significant spectral bands were tabulated in
Table 2. A strong sharp band for azomethine C = N
stretching frequency shown at 1592-1594 cm-1 for
bromobenzal ligands. According to Selvamurugan et al.
(2017), this was lowered at 1522-1559 cm-1 in the Ru(II)BT
indicates the coordination of ligand centered C = N nitrogen
to ruthenium. A band at 881-859 cm-1 is confirmed by the
existence C = S group. Sampath et al. (2013) proposed
disappearance of this band and new band of C–S is appeared
at 735-753 cm-1 confirms the next coordination mode is
thiolateS. In all the Ru(II)BT, the medium intensity bands at
519-589 cm-1 and 1902-1927 cm-1 were attributed to Ru-N
https://doi.org/10.6703/IJASE.202109_18(5).015

and terminal carbonyl group respectively. Overall, the
bromobenzal thiosemicarbazones coordinated to Ru(II)BT
via NS coordination.

3.2 Electronic Spectra

The absorption spectrum of all the bromobenzal
thiosemicarbazones and Ru(II)BT complexes in DMSO
solvent is tabulated (Table 2). The bromobenzal
thiosemicarbazone ligands showed two ligand centric bands
in the range 302- 410 nm regions associated with π → π*
and n → π* transitions. In Ru(II)BT, the ligand bands were
shifted at 306-369 nm, indicates the involvement of the
bromobenzal thiosemicarbazone ligand in coordination to
ruthenium proven by White et al. (2017). Rodrigues et al.
(2008) suggested new bands appeared at 405-410 nm due to
charge transfer transitions of molecular orbital from the
ruthenium to bromobenzal thiosemicarbazones. The pattern
of the electronic spectra obtained indicates the octahedral
environment around the Ru(II) and these patterns are similar
to the other Ru(II) complexes manifest by Nagaraju and Pal
(2014); Manikandan et al. (2015).

3.3 NMR Spectra

The NMR spectra for bromobenzal thiosemicarbazone
ligands and Ru(II)BT were recorded and the chemical shift
values are shown (Table 3, Fig. 1 and Fig. 2) to confirm the
mode of coordination of bromobenzal thiosemicarbazones
to r utheniu m. T he p ro ton NMR sp ectr um o f the
bromobenzal thiosemicarbazones showed a singlet for the
presence of NH proton of hydrazine moiety in the region δ
8.62-10.21. It is absent in the spectra of Ru(II)BT indicates
the enolization of hydrazine NH moiety and deprotonation.
3
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Ligands and complexes
HL1
HL2
[RuCl(CO)(PPh3)2(L1)]
[RuCl(CO)(AsPh3)2(L1)]
[RuCl(CO)(PPh3)2(L2)]
[RuCl(CO)(AsPh3)2(L2)]

Table 3. 1H NMR data of the ligands and complexes
1H NMR data, δ
HC = N
Hydrazine NH
Terminal NH
11.72
8.62
8.43
12.04
10.21
8.56
11.84
8.46
11.87
8.47
12.10
8.61
12.19
8.64

Aromatic
7.29-8.28
7.21-8.45
7.11-7.93
7.00-8.01
6.80-7.95
6.85-7.92

CH3
3.01
3.14
3.15
-

Fig. 1. 1H NMR spectra of the ligands (top: HL1, bottom: HL2)
Hence, the coordination is through thiolate sulphur reveal
by Mir et al. (2019).
A peak observed at δ 11.72-12.04 due to the –CH = N
proton which is downfield in the Ru(II)BT at δ 11.84-12.19,
supports the –C = N group in coordination as suggested by
Mishra et al. (2005). The bromobenzal thiosemicarbazone
ligands and Ru(II)BT showed a multiplets in the region of

https://doi.org/10.6703/IJASE.202109_18(5).015

δ 6.80-8.45 for the aromatic protons which is due to the
electron delocalization in the compounds and these signals
cannot be differentiated with the aromatic signals of PPh3/
AsPh3 because of their extensive electron density overlap
designated by Sampath et al. (2013). The bromobenzal
thiosemicarbazone and its Ru(II)BT showed a chemical
shift for CH3 group at δ 3.01-3.15 for its methyl proton.
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Fig. 2. 1H NMR spectra of the complexes (top: [RuCl(CO)(PPh3)2(L1)], bottom: [RuCl(CO)(AsPh3)2(L1)])
Table 4. 13C and 31P NMR data of the ligands and ruthenium (II) thiosemicarbazone complexes
13
C NMR data, δ
31
P NMR data, δ
Ligands and complexes
C=N
Aromatic
PPh3
C=S
C-S
CH3
C≡O
imine
Carbon
1
HL
178
140
123-133
31
HL2
176
141
124-139
[RuCl(CO)(PPh3)2(L1)]
185
136
128-132
32
194
36.21
[RuCl(CO)(AsPh3)2(L1)]
186
134
128-133
33
196
[RuCl(CO)(PPh3)2(L2)]
183
135
123-133
197
36.46
[RuCl(CO)(AsPh3)2(L2)]
182
133
123-131
192
The 13C NMR spectral data of the bromobenzal
thiosemicarbazones and the Ru(II)BT were given in Table 4.
The thioamide carbon (C = S) signal observed for the
bromobenzal thiosemicarbazone ligands at δ 140-141,
which disappears in the Ru(II)BT spectra and appearance of
(C – S) signal showed at δ 133-136 suggests the
deprotonation of sulphur were shown. Therefore ruthenium
is coordinated with sulphur as proposed by White et al.
(2017).
The azomethine carbon signal of the bromobenzal
thiosemicarbazone ligands showed at δ 176-178 which
shifts to downfield in Ru(II)BT at δ 182-186 indicates by
Thota et al. (2015), that the coordination of azomethine
group to ruthenium. In all the bromobenzal
https://doi.org/10.6703/IJASE.202109_18(5).015

thiosemicarbazone ligands and its Ru(II)BT show the
aromatic signal in the region δ 123-139. The peak for CH3,
and terminal C ≡ O, carbon is observed at δ 31-33 and δ
192-197 respectively shown by Manikandan et al. (2015).
The presence of PPh3 group was confirmed by 31P NMR.
This NMR were recorded only to Ru(II)BT containing PPh3
(given in Table 4). At δ 36, a singlet peak was observed
because of the magnetically equivalent PPh3 groups. The
two PPh3 groups in Ru(II)BT are trans to each other which
are in accordance to Sampath et al. (2013).

3.4 Biological Studies

5
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3.4.1 In Vitro Anticancer Evaluation

The anticancer activity of the bromobenzal
thiosemicarbazones and their Ru(II)BT were evaluated on
MCF-7 cell line by MTT assay. The results were shown by
IC50 value and the compounds concentration in the range
from 0.1 to 100 µM and are shown in Table 5. The cell
viability curve with respect to the ligands and complexes
were shown in Fig. 3. The results reveal that, when the
concentration of compounds increases, it shows significant
activity against the cancer cells. As noted by Thota et al.
(2016) that, the Ru(II)BT showed higher activity than the
respective bromobenzal thiosemicarbazone ligands which
confirms the coordination of these thiosemicarbazones to
ruthenium atom is the only reason for their observed
significant cytotoxic activity. Compare to triphenylarsine
complexes, triphenylphosphine complexes have shown
better results due to the lipophilic nature of
triphenylphosphine. Among the Ru(II)BT studied, the
Ru(II)BT with methyl thiosemicarbazone have shown
higher activity than the Ru(II)BT with phenyl
thiosemicarbazone ligands. Though, the Ru(II)BT
complexes have shown significant activity but it does not
reach to the standard, cisplatin (Krishnamorthy et al. 2011).

3.4.2 Antioxidant Studies

From the anticancer studies, it reveals the significance of
Ru(II)BT in the development of potent anticancer drugs, it
is valuable to analyze the scavenging activity of
antioxidants by bromobenzal ligands and the complexes
(Table 5). Bal-Demirci et al. (2020) mentioned antioxidants
which exhibits considerable radical scavenging activity
receives great attention because they present significant
anti-inﬂammatory and antiaging activities. The activity of
the Ru(II)BT was found to be higher than that of
bromobenzal thiosemicarbazone ligands. The complexes
containing methyl thiosemicarbazones ligands showed
higher activity than the complexes containing phenyl group.
Among these methyl thiosemicarbazone substituted
complexes, the complexes containing PPh3 as co-ligands
showed higher activity than AsPh3 complexes.

Fig. 3. Cell viability curve of the ligands and complexes

4. CONCLUSION
The research work focuses on the synthesis and various
characterization of bromobenzal thiosemicarbazone ligands
and Ru(II)BT with PPh3/AsPh3 as co-ligands. The
bromobenzal thiosemicarbazone ligands and its Ru(II)BT
characterized by analytical and spectroscopic techniques.
An octahedral geometry has been tentatively proposed for
all the complexes. The synthesized ligands and complexes
were analyzed against tumor cells and antioxidants by in
vitro. The anticancer and antioxidant activity reveals that the
complex containing methyl thiosemicarbazone ligands
along with PPh3 as co-ligands showed higher activity than
the other complexes and the free bromobenzal
thiosemicarbazone ligands.

REFERENCES
Anitha, P., Chitrapriya, N., Jang Y.J., Viswanathamurthi. P.
2013. Synthesis, characterization, DNA interaction,
antioxidant and anticancer activity of new ruthenium(II)
complexes of thiosemicarbazone/semicarbazone bearing
9, 10-phenanthrenequinone, Journal of Photochemistry
and Photobiology B: Biology, 129, 17–26.
Arjmand, F., Parveen, S., Afzal, M., Shahid M. 2012.
Synthesis, characterization, biological studies (DNA
binding, cleavage, antibacterial and topoisomerase I) and
molecular docking of copper(II) benzimidazole
complexes. Journal of Photochemistry and Photobiology
B: Biology, 114, 15–26.

Table 5. In vitro anticancer and antioxidant activity of the ligands and complexes
IC50 value
Ligands and Complexes
MCF-7 Cancer cell line
DPPH radicals
HL1 (1)
>100
118
HL2 (2)
>100
137
[RuCl(CO)(PPh3)2(L1)] (3)
57.45
54
[RuCl(CO)(AsPh3)2(L1)] (4)
58.04
63
[RuCl(CO)(PPh3)2(L2)] (5)
81.56
75
[RuCl(CO)(AsPh3)2(L2)] (6)
98.82
81

https://doi.org/10.6703/IJASE.202109_18(5).015

6

International Journal of Applied Science and Engineering
Ramaswamy et al., International Journal of Applied Science and Engineering, 18(5), 2020246

Bal-Demirci, T., Güveli, S., Yeşilyurt, S., Ozdemir, N.,
Ulkuseven, B. 2020. Thiosemicarbazone ligand,
nickel(II)and ruthenium(II) complexes based on vitamin
B6 vitamer: The synthesis, different coordination
behaviors and antioxidant activities, Inorganic Chimica
Acta, 502, 119335–119368.
Barolli, J.P., Maia, P.I.S., Vegas, L.C., Moreira, J., Plutin,
A.M., Mocelo, R., Deflon, V.M., Cominetti, M.R.,
Mathias, M.I.C., Batista, A.A. 2017. Heteroleptic trischelate ruthenium(II) complexes of N, N-disubstitutedN’-acylthioureas: Synthesis, structural studies, cytotoxic
activity and confocal microscopy. Polyhedron,126, 33–
41.
Chowdhury, N.S., Seth, D.K., Drew, M.G.B., Bhattacharya,
S. 2011. Ruthenium mediated C-H activation of
benzaldehyde thiosemicarbazones: Synthesis, structure,
and spectral and electrochemical properties of the
resulting complexes, Inorganica Chimica Acta, 372, 183–
190.
Elizabeth, K., Rao, M.N.A. 1990. Oxygen radical
scavenging activity of curcumin, International Journal of
Pharmaceutics, 58, 237–240.
Gilewska, A., Masternak, J., Kazimierczuk, K., Trynda, J.,
Wietrzyk, J., Barszcz, B. 2018. Synthesis, structure, DNA
binding and anti cancer activity of mixed ligand
ruthenium(II) complex, Journal of Molecular
Structure,1155, 288–296.
Khan, S.A., Asiri. A.M. 2017. Synthesis and spectroscopic
studies
of
Ru(II)
complexes
of
steroidal
thiosemicarbazones by multi step reaction: As antibacterial agents, Steroids, 124, 23–28.
Krishnamorthy, P., Sathyadevi, P., Cowlwy, A.H., Butorac,
R.R., Dharamaraj, N. 2011. Evaluation of DNA binding,
DNA cleavage, protein binding and in vitro cytotoxic
activities of bivalent transition metal hydrazone
complexes. European Journal of Medicinal Chemistry, 46,
3376–3387.
Manikandan, R., Anitha, P., Prakash, G., Vijayan, P.,
Viswanathamurthi, P., Butcher, R.J., Malecki, J.G. 2015.
Ruthenium(II) carbonyl complexes containing pyridoxal
thiosemicarbazone
and
transbis(triphenylphosphine/arsine): Synthesis, structure and
their recyclable catalysis of nitriles to amides and
synthesis of imidazolines. Journal of Molecular Catalysis
A Chemical, 398, 312–324.
Mir, J.M., Jain, N., Jaget, P.S., Khan, W., Vishwakarma, P.K.,
Rajak, D.K., Malik, B.A., Maurya, R.C. 2019. Urinary
tract anti-infectious potential of DFT- experimental
composite analyzed ruthenium nitrosyl complex Ndehydrpacetocacod-thiosemicarbazide, Journal of King
Saud University- Science, 31, 89–100.
Mishra, D., Naskar, S., Drew M.G.B., Chattopadhyay, S.K.
2005. Mononuclear and binuclear ruthenium(II)
complexes with 4-(phenyl) thiosemicarbazone of
benzaldehyde: A discussion on the relative stabilities of
the four-membered and five-membered chelate rings
formed by the ligand, Polyhedron, 24, 1861–1868.
https://doi.org/10.6703/IJASE.202109_18(5).015

Mossman, T. 1983. Rapid colorimetric assay for cellular
growth and survival application to proliferation and
cytotoxicity assay, Journal of Immnological Methods, 65,
55–63.
Nagaraju, K., Pal, S. 2014. Complexes of cisbis(triphenylphosphine)ruthenium(II) with N, S-donor
thiobenzhydrazones of polycyclic aromatic aldehydes:
Synthesis, properties and structures, Inorganica Chimica
Acta, 413, 102–108.
Natarajan,
K.,
Agarwala,
U.
1978.
βdiketonato(trihenylphosphine)complexes
of
ruthenium(II), Inorganic and Nuclear Chemistry Letters,
14, 7–10.
Rodrigues, C., Batista, A.A., Aucélio, R.Q., Teixeira, L.R.,
Visentin, L.D.C., Beraldo, H. 2008. Spectral and
electrochemical studies of ruthenium (II) complexes with
N4-methyl-4-nitrobenzaldehyde and N4-methyl-4nitrobenzophenone thiosemicarbazone potential antitrypanosomal agents. Polyhedron, 27, 3061–3066.
Sampath, K., Jayabalakrishnan, C. 2017. Biomolecular
interaction and cytotoxicity of ruthenium(III)
benzothiazole substituted ferrocenyl thiosemicarbazone,
Arabian Journal of Chemistry, 10, S3207–S3215.
Sampath, K., Sathiyaraj S., Jayabalakrishnan, C. 2013.
Evaluation of DNA-binding DNA cleavage, antioxidant
and cytotoxic activity of mononuclear ruthenium(II)
carbonyl complexes of benzaldehyde 4–phenyl-3thiosemicarbazones, Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 115, 287–296.
Sanchez-Delgado, R.A., Lee, W.Y., Choi, S.R., Cho, Y., Jun,
M.J. 1991. The chemistry and catalytic properties of
ruthenium and osmium complexes. Part 5. Synthesis of
new compounds containing arsine ligands and catalytic
activity in the homogeneous, Transition Metal Chemistry,
16, 241–244.
Selvamurugan, S., Ramachandran, R., Prakash, G., Nirmala,
M., Viswanathamurthi, P., Fujiwara, S., Endo, A. 2017.
Synthesis of heteroleptic copper(I) complexes with
phosphine-functionalized thiosemicarbazones: Efficient
catalyst for regioselective N-alkylation reactions
thiosemicarbazones, Inorganica Chimica Acta, 454, 46–
53.
Thota, S., Vallala, R. Yerra, Rodrigues, D.A., Raghavendra,
N.M., Barreiro, E.J. 2016. Synthesis, characterization,
DNA binding, DNA cleavage, protein binding and
cytotoxic activities of Ru(II) complexes, International
Journal of Biological Macromolecules, 82, 663–670.
Thota, S., Vallala, S., Yerra R., Barreiro, E.J. 2015. Design,
synthesis, characterization, cytotoxic and structure
activity relationships of novel Ru(II) complexes, Chinese
Chemical Letters, 26, 721–726.
White, J.K., Schmehl, R.H., Turro, C. 2017. An overview of
photo substitution reactions of Ru(II) imine complexes
and their application in photobiology and photodynamic
therapy, Inorganica Chimica Acta, 454, 7–20.

7

