
ZnO Nanocrystal Coated Zinc Particles Degrade Dyes in the Dark by
Constantly Releasing ·O2

− and H2O2

Guangshun Yi,* Gunjan Agarwal,† and Yugen Zhang*

Institute of Bioengineering and Nanotechnology, 31 Biopolis Way, The Nanos, 138669 Singapore

*S Supporting Information

ABSTRACT: Photoactive semiconductors as dye degradation catalysts play an important
role in various industries. These materials rely on the external stimulus of photoirradiation
to generate reactive oxygen species (ROS), which limits their practical application in real
environments. Herein, simple ZnO nanocrystal coated zinc particles are proven to
continuously generate ROS in the absence of an external energy input (in the dark). The
core/shell structured Zn/ZnO showed an excellent dye degradation capability, which can
degrade a series of dyes (cresol purple, methylene blue, methyl orange, rhodamine B,
phenol red, and alizarin red) in water. Further studies showed that Zn/ZnO constantly
generates ·O2

− radicals and H2O2, which degrade dyes. The mechanism for the generation
of ROS in the dark was proposed through zinc corrosion and electron transfer processes.
This new material provides a potential solution to general wastewater treatment and
drinking water purification.

■ INTRODUCTION

The degradation or mineralization of organic pollutants in
water is a major challenge worldwide. For example, organic
dyes, which are extensively used in industries such as textile,
leather, paper, paint, printing inks, plastics, food, drugs,
automobile, furniture, and cosmetics, are released into bodies
of water, resulting in high levels of chemical oxygen demand
even after treatment. More than 79105 metric tons of dyestuffs
is produced worldwide annually, with 10−50% of this amount
being released into wastewater.1 Fenton degradation using
H2O2 to generate ·OH radicals via the iron catalyst is a clean
and efficient organic waste degradation method.2,3 However, a
large amount of H2O2 is consumed, which are costly and have
transportation and storage issues.4 Photodegradation with
semiconductor-based photocatalysts is another promising
solution where reactive oxygen species (ROS) are generated
under photoexcitation.5−9 For example, as typical wide band
gap semiconductors, wurtzite ZnO and anatase TiO2 have
been widely used as photocatalysts under ultraviolet (UV)
irradiation.1 Artificial UV light sources tend to be expensive,
and the UV light component in sunlight reaching the surface of
the earth is relatively small (approximately 3−5%). Recent
efforts have been focused on exploring a means to utilize the
inexpensive visible light for treating polluted waters.10−17

Many research groups have attempted to reduce the band gap
of wide band gap semiconductors from UV region to visible
region in order to harvest the maximum region of the solar
spectrum.18 Such attempts include doping/codoping with
metal/nonmetal ions,17,19 compositing with activated carbon/
CNT/fullerenes/graphene,20−22 and coupling with narrow
band gap semiconductors.23,24

Compared to photocatalytic dye degradation, catalytic dye
degradation without light irradiation is rare.24,25 For example,

Lakshmi Prasanna and Rajagopalan have recently reported a
new nanocomposite of ZnO2/polypyrrole (ppy), which can
degrade methylene blue and rhodamine B in the dark.24 This
degradation process is driven by consumption of zinc peroxide
(ZnO2). In fact, the degradation of organic contaminants in
the dark has urgent demand for point-of-use drinking water
and field applications, especially in developing countries.26

Metals can donate electrons to metal oxide semiconductors
by a self-corrosive process.27−30 Recently, we have reported a
simple antibacterial Zn/ZnO core/shell composite that
releases ROS in the dark. In this system, the involved ζ
potentials over NHE are Zn/Zn2+ = −0.76 V,31 O2/

·O2
− =

+0.07 V,32·O2
−/H2O2 = +0.36 V,32 and ECB (ZnO) = −0.15

V.5 Electrons are donated from Zn to ZnO (CB), reducing
oxygen molecules to generate radicals.5,33,34 The whole system
does not rely on an external stimulus. We have found that this
composite has a much better antibacterial property than Zn
and ZnO, which is due to the release of ROS (·O2

− and
H2O2).

30 Besides bacteria contamination, organic waste is
another major pollutant in water. Herein, the ZnO nanocrystal
coated zinc particle has been prepared and used for various dye
degradation in the dark, and the superior dye degradation
capability for a wide range of dyes was demonstrated.

■ MATERIALS AND METHODS
Materials. Zinc powders (<10 μm, Cat: 209988), zinc

oxide powder (<1 μm, Cat: 20553−2), Zn(NO3)2·6H2O,
anatase TiO2 (<25 nm, Cat: 637254), TEMPO, catalase (from
bovine liver, 2950 U per mg protein), XTT (2,3-bis-(2-
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methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxani-
lide), 2′,7′-dichlorofluorescein diacetate, and HPF (hydrox-
yphenyl fluorescein) were purchased from Sigma-Aldrich and
used as received. KOH was purchased from Merck. Dyes
methylene blue, rhodamine B, and methyl orange, were
purchased from Sigma-Aldrich. m-Cresol purple, alizarin red,
and phenol red were purchased from Alfa Aesar.
Preparation of Zn/ZnO Core/Shell Particles. Under

vigorous stirring, 250 mL of 4 M KOH was slowly added to
250 mL of 0.5 M Zn(NO3)2 aqueous solution; after the
solution became clear, 200 g of Zn particles (pretreated with
200 mL of 1% HCl to remove the zinc oxide on the surface)
was added to the solution. After 2 h of reaction at room
temperature under gentle agitation, the product was separated
by filtration followed by washing three times with DI water and
two times with ethanol. The prepared product was dried in a

vacuum oven and stored at room temperature for future use.
The final product weighed at 218.63 g.

Characterization of Zn/ZnO Core/Shell Particles. The
morphology of the core/shell structures was characterized
by transmission electron microscope (TEM, FEI Tecnai G2

F20 electron microscope), scanning electron microscope
(SEM, JEOL JSM-7400E), and X-ray diffraction (XRD,
PANalytical X-ray diffractometer, X’pert PRO, with Cu Kα
radiation at 1.5406 Å). Prior to SEM imaging, the samples
were coated with a thin Pt film using a high-resolution sputter
coater (JEOL, JFC-1600 Auto Fine Coater). Coating
conditions were 20 mA and 30 s.

ROS Testing. ·O2
− Radical Measurement by XTT.35 0.01 g

of sample was added into 1.5 mL centrifuge tubes. For the
detection of ·O2

−, 1 mL of 100 μM XTT solution in PBS was
added to each tube, and the mixture was well mixed by vortex

Figure 1. SEM images of Zn (a) and Zn/ZnO core/shell particles (b) and XRD pattern (c) of the as-prepared Zn/ZnO core/shell particles. (d)
Illustration of Zn/ZnO core/shell particles that release superoxide radical and hydrogen peroxide species and lead to the reaction from phenol red
to bromophenol blue. (e) Solution of phenol red containing Na2WO4 and NaBr. Zn/ZnO and ZnO were added to the solution for 48 h. The color
changed from red to blue for Zn/ZnO, and almost no color change was observed for ZnO. (f) UV−vis absorbance of the three solutions in panel
(e). (g) Levels of ·O2

− radicals generated from Zn/ZnO and ZnO in water analyzed by XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide) probe.35 (h) Levels of H2O2 generated from Zn/ZnO and ZnO in water analyzed by 2′,7′-dichlorofluorescein
diacetate (DCFDA) probe, and (i) levels of ·OH generated from Zn/ZnO and ZnO in water analyzed by hydroxyphenyl fluorescein probe. (e,f)
Conducted in the dark for 48 h; (g−i) conducted in the dark for 24 h. The data are expressed as mean ± SD in triplicate.
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and kept at room temperature in the dark. At a certain time
point, the tube was centrifuged (16800 rpm × 5 min), and 100
μL of solution was transferred to a 96 well plate for absorption
measurement. Absorption at 470 nm was measured with a
microplate reader (Tecan Multimode reader, Spark 10M).

·O2
− Radical Measurement by NBT (Nitroblue Tetrazo-

lium).10,24 0.2 g of Zn/ZnO was added to 10 mL of 1000 mg
L−1 NBT in water and kept in the dark. At a certain time point,
the absorption spectrum of NBT was measured by a UV−vis−
NIR spectrophotometer (UV-3600, Shimadzu, Japan).

.OH Radical Measurement.36 0.01 g of sample was added
into 1.5 mL centrifuge tubes. 1 mL of 10 μM HPF testing
solution was added in each sample. The solution was well
mixed by vortex and kept at room temperature in the dark. At a
certain time point, the solution was centrifuged (16800 rpm ×
5 min), and 100 μL of solution was transferred to a black 96
well microplate for fluorescence testing. Fluorescence at 490/
515 nm was collected with a microplate reader (Tecan
Multimode reader, Spark 10M).

.OH Radical Measurement by HPLC with Benzoic Acid
Probe.10 0.01 g of Zn/ZnO, ZnO, or TiO2 was added to 50
mL of 1 mM benzoic acid solution in a 100 mL beaker under
1000 rpm magnetic stirring at room temperature. Under dark,
room light, and 365 nm UV light irradiation for 1 h, the
solutions were centrifuged, and the supernatants were used for
HPLC testing (Agilent Technologies 1200 Infinity Series)
(testing conditions: column: C18 (250 mm × 4.6 mm, 5 μm
particle size), eluent: 80% acetonitrile 20% water, flow rate: 1
mL.min−1, detector: 255 nm for benzoic acid and p-isomer
hydroxybenzoic acid and 300 nm for o- and m-isomers of
hydroxybenzoic acid). The integration peak area of the p-
isomer was used to plot figures. The concentration factor used
to convert total hydroxybenzoic acid from the p-isomer was
5.87.
Detection of H2O2.

37 Testing samples were kept in a 1.5
mL centrifuge tube. 1 mL of water containing 5 μL of 5 mg
mL−1 2′,7′-dichlorofluorescein diacetate in acetone was added
to each tube. After incubation at room temperature in the dark,
100 μL of the solutions was pipetted into a 96 well black
microplate in triplicate. The fluorescence was recorded using a
microplate reader (Tecan Multimode reader, Spark 10M) with
excitation at 485 nm and emission at 538 nm.
Detection of H2O2 with Phenol Red Method.38 0.01 g

of Zn/ZnO and ZnO was added in a 25 mL of phenol red
aqueous solution (5 × 10−5 M), which contains 0.025 M NaBr
and 0.1 mM Na2WO4, and kept in the dark under magnetic
stirring at 500 rpm. After 48 h, 3 mL of solution was
transferred into a quartz cell (10 mm), and the absorbance was
measured in a UV−vis−NIR spectrophotometer (UV-3600,
Shimadzu, Japan).
Detection of H2O2 by Pierce Quantitative Peroxide

Assay Kits (Aqueous). 0.01 g of catalyst (Zn/ZnO, ZnO, or
TiO2) was added to 50 mL of water. The solution was kept
under magnetic stirring at 1000 rpm with different light
sources (dark, room light, and UV lamp at 365 nm) for 1 h.
After that, the solution was centrifuged, and 20 μL of solution
was added to the detection solution following their protocol
(https://assets.thermofisher.com/TFSAssets/LSG/manuals/
MAN0011275_Pierce_Quant_Peroxide_Asy_UG.pdf).
Dye Degradation Reaction. In 100 mL of dye solution

(1−100 mg L−1), 0.2 g of material (Zn/ZnO, ZnO, or TiO2)
was added. The experiment was conducted under magnetic
stirring at 1000 rpm at room temperature. Dark conditions

were made by aluminum foil sealing of the glass reactor, and
simulated sunlight was made by using a 300 W xenon lamp
controlled by a PLS-SXE300c system (Perfectlight, China). At
a certain time point, 2 mL of solution was taken out and
centrifuged (10000 rpm × 2 min), and 1 mL of solution was
transferred to a quartz cell for the absorbance test in a UV−
vis−NIR spectrophotometer (UV-3600, Shimadzu, Japan).

·O2
− Scavenging Study with TEMPO.10 The study was

performed using the same dye degradation reaction above,
except that 5 mM TEMPO was added to the dye solution. Dye
solution without TEMPO was used as the positive control.

H2O2 Scavenging Study with Catalase.10 The study was
performed using the same dye degradation reaction above,
with 1 mg L−1 catalase (∼2.95 U ml−1) being added to the dye
solution (for alizarin, 0.1 mg L−1 catalase was added because,
at 1 mg L−1, the absorbance peak of alizarin will be
overwhelmed by the absorption peak of catalase). Dye solution
without catalase was used as the positive control.

Wastewater Treatment by a Column System. 100 mL
of water containing six dyes was continuously pumped through
a column in the dark (conditions: dye concentration: 1 mg L−1,
peristaltic pump (Peri-Star Pro pump, World Precision
Instruments) flow rate: 20 mL min−1). A column filled with
1 g of Zn/ZnO was used for the experiment (flash column:
RediSep).

■ RESULTS AND DISCUSSION
Figure 1a−c shows the formation of the core/shell structure of
Zn/ZnO from micron-sized Zn particles, with ZnO nanopillars
growing on the Zn core (Figure S1). The high-resolution TEM
(HRTEM) image (Figure S1c) on one pillar reveals the single-
crystal format of ZnO.39 The size of the Zn/ZnO core/shell
was in the range of 1−10 μm, which was mainly decided by the
original Zn particles, and the ZnO pillars on the shell were in
the size of 0.2−0.5 μm. The XRD pattern confirmed the
coexistence of the diffraction peaks of Zn and ZnO (Figure
1c). The ZnO pillars on the shell could prevent the formation
of a dense oxide layer on zinc, which will stop the further
reaction of Zn(0) to Zn(II).
As a proof of concept, Zn/ZnO release of ·O2

− and H2O2
radicals in water in the dark was first proven by a brominating
reaction from phenol red to bromophenol blue.40 As illustrated
in Figure 1d, if ·O2

− and H2O2 radicals exist in the solution,
they oxidize Br− to Br2 or HBrO, the latter of which reacts with
phenol red and forms bromophenol blue. Figure 1e clearly
shows the color change with Zn/ZnO. As comparison, no
color change was observed with ZnO (Figure 1e,f). The ROS
radicals were tested, as shown in Figure 1g−i. Figure 1g clearly
shows that Zn/ZnO releases a much higher level of ·O2

− in the
dark while the amount of ·O2

− released from ZnO is similar to
that of the blank control.35 The generation of ·O2

− was also
confirmed by the NBT (nitroblue tetrazolium) method,10,24 as
shown in Figure S2. Both ZnO and Zn/ZnO can generate
H2O2, while Zn/ZnO generates nearly three times more H2O2
than ZnO,37 as shown in Figure 1e. The high level of H2O2
generated from the Zn/ZnO composite may be converted
from ·O2

− radicals.34,41,42 There was no significant difference of
·OH radical concentration in ZnO, Zn/ZnO, and the blank
control (Figure 1i).
Degradation profiles of six representative dyes (cresol

purple, methylene blue, methyl orange, rhodamine B, phenol
red, and alizarin red, Figure 2) with Zn/ZnO particles in the
dark were investigated. These six dyes have different
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representative structures, which include azo dye (methyl
orange), triphenylmethane dyes (cresol purple and phenol
red), anthraquinone anionic dye (alizarin red), and basic
cationic dye (methylene blue).43 These dyes also cover
different color spectra from purple, blue, orange, to red.
As shown in Figure 3, all these dyes were degraded by Zn/

ZnO core/shell particles at room temperature in the dark. The
absorbance of the six dyes in the visible range disappeared in
the curve after the reaction, and the dye solution changed from

colorful to colorless. Considering that the photocatalytic
literature shows only one or two dyes that degrade under
UV or simulated sunlight,18 the degradation of six dyes with
one material makes Zn/ZnO very promising, and this is
achieved in darkness. The degradation rates are structure-
dependent, which varied from 1 to 24 h (methylene blue and
rhodamine B). The dye degradation profile under room light is
similar to that in the dark (Figure S3). Higher concentrations
of dyes would also be degraded by Zn/ZnO but would take a
longer time (Figure S4).
To study whether the ROS (·O2

− and H2O2) released from
Zn/ZnO are the key to dye degradation, ROS scavenger
experiments were conducted. TEMPO was used as the
quenching agent for ·O2

−, while catalase was used as the
quenching agent for H2O2.

10 With the addition of TEMPO,
degradation rates of all six dyes are apparently decreased by
50−90% (Figure S5). This proved that ·O2

− really played a key
role in dye degradation. Similarly, the degradation reactions of
dyes all slowed down when catalase was added into the system
(Figure S6). Combined results from Figures S5 and S6 proved
that both ·O2

− and H2O2 released from Zn/ZnO contribute to
the dye degradation reaction, and ·O2

− plays a more significant
role.
For dye photodegradation, wurtzite ZnO and anatase TiO2

are the most effective photocatalysts. First, the performances of

Figure 2. Structures of the six dyes.

Figure 3. Degradation of six dyes in the dark by Zn/ZnO particles. Conditions: 100 mL 10 mg L−1 dyes in water (methylene blue and rhodamine
B: 1 mg L−1), with 0.2 g Zn/ZnO. The experiments were conducted in the dark under magnetic stirring at 1000 rpm at room temperature.
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Zn/ZnO core/shell particles and ZnO were compared. As
shown in Figure 4, under identical conditions in the dark, all
dyes were degraded by Zn/ZnO, while no dye degradation was
observed for ZnO. This can be well explained as ZnO itself
cannot release radicals without an external light source. ZnO is
a wide band gap semiconductor with a band gap of 3.37 eV. It
only works under UV light with a wavelength of <368 nm.18 It
cannot degrade dyes under visible light (400−800 nm) and in
the dark. However, for Zn/ZnO, electrons donated from Zn
can migrate to the conduction band of ZnO and reduce oxygen
to form ·O2

− ROS, which degrade the dyes.
Since ZnO did not show dye degradation capability in the

dark, the comparison of Zn/ZnO with wurtzite ZnO and
anatase TiO2 under simulated sunlight was performed, as
shown in Figure 5.
Under sunlight conditions, it showed clearly that Zn/ZnO,

ZnO, and TiO2 all showed good dye degradation activities. For
Zn/ZnO core/shell particles, the dye degradation rate under
sunlight is higher than that in the dark, showing additional
photocatalytic activities as well. Compared with ZnO and
TiO2, Zn/ZnO is less active than pure ZnO, but it is
comparable to anatase TiO2.
ZnO and TiO2 are wide band gap semiconductors, with

band gaps of 3.37 and 3.2 eV (anatase TiO2), respectively.
They only work under UV light with wavelengths of <368 nm
for ZnO and <387 nm for anatase TiO2. On exposure to
sunlight or UV light, electrons and holes will be separated and
·OH and ·O2

− will be generated, which are responsible for
degradation of pollutants. To further understand the
mechanism, the ROS levels in the dark, under room light,

and under UV were tested. The fluorescent probes in Figure 1
were not working well under UV due to the dye degradation
effect. Hence, the generation of ·OH radicals under UV was
monitored by the benzoic acid probe using HPLC,42,44 and
H2O2 was measured by Pierce quantitative peroxide assay kits
with xylenol orange.45 As shown in Figure 6, in the dark and
room light, Zn/ZnO released much higher ·O2

− radicals and
H2O2 but did not release ·OH. ZnO and TiO2 did not release
any radicals in the dark and room light. However, under UV
irradiation, ZnO released high levels of ·OH and H2O2, and
TiO2 released a moderate level of ·OH radicals. In all cases,
Zn/ZnO released high levels of .O2

− and H2O2 and increased
under UV. However, no ·OH was generated by Zn/ZnO. This
explained the dye degradation behavior of the three materials
under UV light. This further confirmed that Zn/ZnO is not
dominant by the traditional light-driven electron−hole
separation model.30

It is clear that Zn/ZnO core/shell particles can degrade dyes
in the dark and room light. Under sunlight or UV light, the
Zn/ZnO exhibited increased activity, which is comparable to
anatase TiO2. Zn/ZnO generates H2O2/

·O2
−, which can

degrade a wide range of dyes. For Zn/ZnO, after Zn was
consumed, ZnO was the only product, which is nontoxic and
retains as a typical photocatalyst.
It has been demonstrated that Zn/ZnO can degrade dyes in

water with and without light. The dye degradation processes
were conducted by mixing Zn/ZnO powder with dye solution
under stirring. After degradation, purified water was obtained
by centrifugation or filtration. These separation processes may
not be feasible for point-of-use water treatment systems. An

Figure 4. Comparison of Zn/ZnO with ZnO in the dark for degradation of six dyes. Conditions: 100 mL 10 mg L−1 dyes in water (methylene blue
and rhodamine B: 1 mg L−1), with 0.2 g materials. The experiments were conducted in the dark under magnetic stirring at 1000 rpm at room
temperature.
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alternative setup to use Zn/ZnO as a material for wastewater
treatment was demonstrated. As shown in Figure S7. Zn/ZnO
was filled in a column. Water with six dyes was passed through

the column in the dark. As shown in Figure S7, after 1 h, the
absorbance peak between 400 and 500 nm disappeared, and
the peaks at 540 and 660 nm showed decreased absorbance,

Figure 5. Comparison of ZnO nanocrystal coated Zn particle with wurtzite ZnO and anatase TiO2 under simulated sunlight for the degradation of
six dyes. The asterisk indicates that no signal was detected. Conditions: 100 mL 10 mg L−1 dyes in water (methylene blue and rhodamine B: 1 mg
L−1), with 0.2 g materials. The experiments were conducted under simulated sunlight with magnetic stirring at 1000 rpm at room temperature. The
data are expressed as mean from duplicate measurements.

Figure 6. (a) Levels of ·O2
− radicals generated from Zn/ZnO, ZnO, and TiO2 in water analyzed by XTT probe. (b) Levels of ·OH in water

analyzed by HPLC with benzoic acid probe. (c,d) Levels of H2O2 generated from Zn/ZnO, ZnO, and TiO2 in water, analyzed by Pierce
quantitative peroxide assay kits with xylenol orange. All reactions were conducted for 1 h in DI water. The data are expressed as mean ± SD of
triplicate measurements.
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indicating the degradation of four dyes (cresol purple, methyl
orange, phenol red, and alizarin red) and the gradual
degradation of two dyes (methylene blue and rhodamine B).
After 24 h, all peaks disappeared, indicating the complete
degradation of six dyes. The decay profile is similar to their
respective degradation profiles in Figure 3.
In summary, redox-active Zn/ZnO core/shell structured

particles have been proven with good dye degradation
capability in the dark. Zn/ZnO particles generate high levels
of ·O2

− and H2O2 by a self-corrosive process, which responds
to their dye degradation property in the dark. Under sunlight
irradiation, Zn/ZnO shows an accelerated photodegradation
capability. Its dye degradation performance is comparable to
that of anatase TiO2. Applications of Zn/ZnO particles in
wastewater treatment have been demonstrated. Considering its
antibacterial activity,30 Zn/ZnO could play pivotal roles in
point-of-use water treatment system.
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Gorelik, T. E.; Gural’skiy, I. A.; Pfitzner, F.; Link, T.; Schenk, S.; et al.
Haloperoxidase mimicry by CeO2−x Nanorods combats biofouling.
Adv. Mater. 2017, 29, 1603823.
(39) Wu, X.; Bai, H.; Li, C.; Lu, G.; Shi, G. Controlled one-step
fabrication of highly oriented ZnO nanoneedle/nanorods arrays at
near room temperature. Chem. Commun. 2006, 1655−1657.
(40) Sels, B.; Vos, D. D.; Buntinx, M.; Pierard, F.; Kirsch-De
Mesmaeker, A.; Jacobs, P. Layered double hydroxides exchanged with
tungstate as biomimetic catalysts for mild oxidative bromination.
Nature 1999, 400, 855−857.
(41) Lakshmi Prasanna, V.; Vijayaraghavan, R. Insight into the
mechanism of antibacterial activity of ZnO: surface defects mediated
reactive oxygen species even in the dark. Langmuir 2015, 31, 9155−
9162.
(42) Mostofa, K. M. G.; Liu, C.-q.; Sakugawa, H.; Vione, D.;
Minakata, D.; Saquib, M.; Mottaleb, M. A. Photoinduced generation
of hydroxyl radical in natural waters. In Photobiogeochemistry of

Organic Matter: Principles and Practices in Water Environments;
Mostofa, K. M. G.; Yoshioka, T.; Mottaleb, A.; Vione, D., Eds.;
Springer Berlin Heidelberg: Berlin, Heidelberg, 2013; pp 209−272.
(43) Wu, T.; Liu, G.; Zhao, J.; Hidaka, H.; Serpone, N. Evidence for
H2O2 generation during the TiO2-assisted photodegradation of dyes
in aqueous dispersions under visible light illumination. J. Phys. Chem.
B 1999, 103, 4862−4867.
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