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Abstract. The influence of ions of heavy metals Cu*", Pb*", Co*", Ni**, Cd**, Ag", and ions, which
are common components of natural and drinking water (Na*, K*, Ca**, Mg*") on the photolumines-
cence of nanocrystals AgInS, with ZnS shell (NCs AgInS /ZnS) was investigated. Experimental data
obtained confirm the assumption on the relationship between the level of quenching of NCs AgInS./
ZnS photoluminescence under exposure to the heavy metal ions and solubility constant of their sulfides.
The concentration of ions Cu*, which caused a statistically significant quenching of NCs AgInS /ZnS
photoluminescence, is below their maximum allowable concentration in natural waters. It opens up
prospects of NCs AgInS /ZnS for developing methods for environmental monitoring of the copper ions.
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BIIJIMB IOHIB BA’KKUX METAJIIB HA ®OTOJIOMIHECHEHIIIO
HAHOKPHUCTAJIIB AglInS,/ZnS

I Ilooeypcvka, A. Paukos

AHoTauist. Byno mgociipkeHo BiuB i0HIB Bakkux MertaiiB Cu®’, Pb**, Co?*, Ni**, Cd*, Ag’, Ta
10HIB, 5IKi € 3BUYAHUMH KOMIIOHEHTaMHK IprpoaHoi i mutHoi Boau (Na*, K*, Ca?, Mg*") na ¢oromromi-
HECUEHII10 HaHOKpucTaliB AgInS, 3 obononkoro ZnS (HK AgInS /ZnS). Otpumani ekcriepuMeHTaIbHI
JIaH1 MITBEPKYIOTh MPUITYIICHHS TTPO B3a€MO3B'sI30K MK piBHEM racinHs goromominecteniii HK
AgInS /ZnS i BIIMBOM 10HIB BaKKMX METANIB Ta BEJIMYMHOK KOHCTAHTH PO3YMHHOCTI iX Cyibgi-
niB. Konnenrpartist ioniB Cu?’, 1110 BUKJIMKAE CTATUCTHYHO 3Ha4yIIe racinHs (otomominecteniii HK
AgInS /ZnS, BusBUIaCH HIDKIOKO 32 X IPAHUYHO JIOMYCTHMY KOHIIEHTPAILIO B IPUPOJHUX Bogax. Lle
Binkpusae nepcrekrtued HK AgInS /ZnS nyis po3poOku METOMIIB €KOIOrTYHOIO MOHITOPHHTY 10HIB Mii.

KurouoBi ciioBa: HaHOKpHCTaNU, GOTOTIOMIHECIICHITIS, TACIHHS, 10HH BaKKUX METAJIiB

BJIMAAHUE NOHOB TAKEJIBIX METAJIVIOB HA ®OTOJTIOMUHECIHEHIINIO
HAHOKPUCTAJIJIOB AgInS,/ZnS

HU. Ilooeypckas, A. Rachkov

AnHoTanus. Beuio HcclienoBaHo BIMSHUE HOHOB TshkeNnbiXx Metauios Cu®', Pb?", Co?', Ni*", Cd*,
Ag", 1 HOHOB, KOTOPHIE SIBJISTFOTCSI OOBIYHBIMU KOMITOHEHTAMU MPUPOTHON U TUTHeBOM BojbI (Na®, K-,
Ca*', Mg*") Ha (hoTomOMMHECHEHIMIO HaHOKpuUcTawIoB AgInS, ¢ obonoukoit ZnS (HK AgInS /ZnS).
[TomyuenHbIe HKCIIEPUMEHTANIBHBIE TAHHBIE MTOATBEPXKIAIOT MPEION0KEHNE O B3AUMOCBSI3H MEKITY
ypoBHeM TramieHus ¢poromomuaectieHmn HK AgInSz/ZnS 10 BO3JIEUCTBUEM UOHOB TSKEIIBIX METAJI-
JIOB ¥ BEJIMYMHOW KOHCTAHTBHI PACTBOPHUMOCTH UX CYIb(PHUA0B. BbIIO BBISIBICHO, YTO KOHIIEHTPAIIHS
noHos Cu’’, BBI3bIBaIOIAs CTATMCTHYECKU 3HAYMMOE ramenue poromomunecuennuu HK AglnS /
ZnS, okazajach HIDKE UX MPEJeNbHO JOMYCTUMOM KOHLIEHTPAIIMH B PUPOIHBIX BOJaX. DTO OTKPHIBAET
nepcnextuBbl HK AgInS /ZnS nst pa3spaboTky METONOB SKOJIIOTMYECKOTO MOHUTOPUHIA MOHOB MEJIN.

KuroueBble ¢jioBa: HAHOKPUCTAILIBI, (DOTOTFOMUHECIIEHITNS, TAIIICHUE, HOHBI TSHKETBIX METaJIIOB
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Introduction

The development of industry, transport and
intensive use of various chemicals in agriculture
made an environmental monitoring as a very ac-
tual and necessary task. Ions of heavy metals are
among the most dangerous and common environ-
mental pollutants. They are characterized by high
stability, solubility in precipitation, and absorp-
tion capacity for soil and plants [1-4]. Their ac-
cumulation in humans and animals can cause the
development of various pathologies: cancer, blood
disorders, diseases of endocrine system and so on.

Conventional methods of analysis of heavy
metals, such as various types of chromatography
and spectrometry, require highly qualified per-
sonnel, sophisticated and expensive equipment.
Therefore, the development of simple to use, ac-
curate, fast and cheap method for determining
the concentration of heavy metals in samples of
natural water or food is urgent and important task.
To develop such methods, quantum dots, which
are semiconductor nanocrystals (NC) capable of
photoluminescence may be used [2].

They usually consist of 10° - 10° atoms and
have a size of 1 to 12 nm. Photoluminescent NC
often built with a core represented a relatively
narrow-band semiconductor material and a shell
with a wide-gap semiconductor such as ZnS or
ZnSe, which provides greater photostability and
higher quantum yield. The core of nanocrystals
may consist of atoms of elements II - VI (ZnS,
CdS, CdSe, HgS), I1I - V (GaAs, InP, InAs, GaN),
IV - VI (PbTe, PbSe) groups. Also a core can be
formed by ternary compositions CdZnS, CdSSe,
InNP, InGaAs, etc. [2-6].

Recently, the researchers from L.V. Pisar-
zhevsky Institute of Physical Chemistry of NAS of
Ukraine developed the method for preparation of
ternary NC AgInS,, which is one of the best alter-
natives to NC based on Cd or Pb. Their advantages
are low toxicity, a large band gap (from 1.87 to
2.03 eV) and high molar extinction coefficient. NC
AgInS, used primarily for making photovoltaic de-
vices, but recent studies have shown the prospect
of using these quantum dots in cell imaging and
analysis of certain substances|7].

The aim of this work is to investigate the influ-
ence of ions of heavy metals Cu®*, Pb*', Co*, Ni*,
Cd*, Ag", and ions, which are common compo-

nents of natural and drinking water (Na*, K*, Ca*’,
Mg?") on the photoluminescence of nanocrystals
AglInS , to figure out the possibility of the further
use of the nanocrystals to determine the ion con-
centrations.

Materials and methods

To investigate the influence of metal ions
on NC photoluminescence, aqueous solutions
of CuCl,-2H,0, CoCl,-6H,0, Ni(NO,),-6H,0,
Cd(NO,),"4H,0, Pb(NO,),, AgNO,, NaCl, KClI,
CaCl, and MgCl-6H,0 were used. All of the
reagents were obtained from SC “Macrohim”
Ukraine. To prepare the solution, the deionized
water Milli-Q (type I, R = 18.2 MQ cm) obtained
by “Simplicity Water Purification” (“Millipore”,
USA) was used.

Nanocrystals AgInS, with ZnS shell (NCs
AgInS /ZnS) were synthesized and kindly pro-
vided by the senior researcher of L.V. Pisar-
zhevsky Institute of Physical Chemistry of NAS
of Ukraine, Dr. A. Raevskaya.

All photoluminescence measurements, except
for obtaining spectra, were performed using scan-
ning spectrofluorometer “Synergy HT Multi-Mode
Microplate Reader” (“BioTek”, USA). In experi-
ments using immunological plates with a special
non-binding surface that prevents sorption in its
wells (“Greiner Bio-One”, Germany). Aqueous
solutions of NCs AgInS,/ZnS (final dilution was
1:100) and the metal ions mixed in the desired
concentrations in the wells of immunological
plate. For photoluminescence excitation and emis-
sion measurement filters 460+40 nm and 590+20
nm, respectively, were used.

Photoluminescence spectra were obtained by
spectrofluorometer «Cary Eclipse» («Variany,
Australia) at the excitation wavelength 260 nm.
Aqueous solutions NC AgInS /ZnS and cadmium
ions of corresponding concentration were mixed in
a quartz cell with optical path length of 1 cm. NC
emission was recorded in the range 500 to 750 nm.

Results and Discussion

At the beginning of the investigations of the
influence of the heavy metals ions on the photo-
luminescence of NC AgInS_/ZnS, a qualitative
visual experiment was conducted - solutions of
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CuCl,, CoCl,, Ni(NO,),, ZnCl, abo Cd(NO,), were
added into test tubes with the nanocrystals to a fi-
nal concentration of ImM (an appropriate amount
of water was added into the control tube) and the
tubes put under the rays of ultraviolet lamp. Ob-
viously, the ions Cu?**, Co?" and Ni** caused the
almost complete quenching of photoluminescence
of NC AgInS_/ZnS, ions Zn** did practically no
effect on its level, and ions Cd** influenced on (to
some extent) not only the intensity of photolumi-
nescence, but also its color (Fig. 1).

Ni2* control < Zn** Cd*

C02+

Cu?*

Fig. 1. Photoluminescence of NCs AgInS,/ZnS in the
presence of the ions Cu**, Co?**, Ni**, Zn>* and Cd*".
Any ions were not added into the control test tube.

A more detailed quantitative experiment to
study the effect of ions of nine different metals on
photoluminescence of NC AgInS_/ZnS was per-
formed using scanning spectrofluorometer “Syn-
ergy HT Multi-Mode Microplate Reader” (Fig. 2).

Photoluminescence, %

1,0E-10

1,0€-08 1,0E-06 1,0E-04 1,0E-02

lon concentration, M

Fig. 2. Changes of normalized photoluminescence of

NC AgInS,/ZnS in the presence of ions Cu**, Co™,

Ni?*, Pb**, Ag*, Na*, K*, Mg?" and Ca?*. The values of

measurement error is less than the size of the marks
that have been used for plotting.

The results on the influence of ions that are nor-
mally found in natural bodies of water (Na*, K*,
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Mg?**, Ca*"), said that in relatively high concentra-
tions (10 mM) only ions of sodium and calcium
may cause some quenching photoluminescence
(19% and 9% with confidence 99% and 95%, re-
spectively). However, in natural fresh water con-
centration is typically less than 1 mM, and there-
fore should not significantly affect the level of
photoluminescence NC AgInS,/ZnS.

The strongest photoluminescence quenching
happened in the presence of ions Cu?*. Noticeable
effect (statistically significant decrease in the in-
tensity of photoluminescence of NC AgInS /ZnS)
was observed when adding 0.25 uM Cu?*, which
is much lower than the permissible content of Cu**
in natural waters. lons Co**, Ni*", Pb*", Ag'in the
range of 0.5-10 uM caused nearly identical pho-
toluminescence quenching.

Photoluminescence quenching of NC by heavy
metal ions can be explained by the binding of ions
on the surface of the nanocrystals, or rather, the
inclusion of the metal ions to the crystal struc-
ture of zinc sulfide shell on the surface AgInS,.
The ions of other metals can displace zinc ions
and integrate into the structure of the shell or join
unpaired sulfur atoms on the surface of NC [9].
Substitution of zinc in zinc sulfide may depend
on the solubility constant (Ksp) of heavy metal ion
compounds with sulfur (II). If the solubility of the
newly formed complex of metal with sulfur (II)) is
lower than the solubility of zinc sulfide, then this
metal is able to fit into a shell of NC displacing of
zinc ions and alter the intensity of photolumines-
cence due to decrease of luminescence centers on
its surface.

As shown in the Table. 1, where negative loga-
rithms of solubility constants of certain sulfides
are, these figures are quite consistent with our
experimental data on the influence of ions Cu?,
Co?", Ni*" and Pb*" on photoluminescence of NC
AgInS /ZnS. Silver ions did not quench photolu-
minescence stronger than other ions (which would
be expected based on the lowest value Ksp) per-
haps because they are components of core nano-
crystals and their integration into crystal shell does
not cause fundamental changes in its structure.
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Table. 1.

Thus, it was found that the addition of solu-

Negative logarithms of solubility constants of tions containing Cd** to NC AgInS_/ZnS caused

the next sulfides [8].

Sulfides -log K,
ZnS(P) 21,6
CoS(B) 24,7
NiS(y) 25,7
PbS 26,6
Cds 27,8
CuS 35,2
AgS 49,7

As for the role of ions Cd?*’, then an additional
experiment was conducted: instead of the chang-
es in photoluminescence of NC AgInS /ZnS at a
fixed wavelength, the emission spectra in wide
range of wavelengths were recorded (Fig. 3). Pri-
mary photoluminescence spectra of NC AgInS /
ZnS (3-4 parallel measurements) for each Cd**
concentration were averaged and fit (Fig. 3). It
allows most accurately determine the maximum
intensity of the photoluminescence spectrum and
the corresponding wavelength.

90

%
S

Photoluminescence, arb.u.
<
3

60

580 590 600 610 620 630 640 650 660
Wavelength, nm

Fig. 3. Photoluminescence spectra of NC AgInS,/

ZnS in the presence of Cd** ions, from top to bottom

0 nM, 1 nM, 10 nM, 100 nM, 1 pM, 10 pM, 100 pM,
200 pM Cd*.

some photoluminescence quenching (200 uM
Cd*" reduced the intensity of photoluminescence
approximately on 18%) and shift of the photolu-
minescence peak about 16 nm (at no Cd*" pho-
toluminescence maximum was at 610 nm, after
bringing Cd**concentration to 200 uM maximum
shifted to 626 nm). The shift of the photolumines-
cence peak with a slight decrease in its intensity
can be explained by the formation of new centers
of photoluminescence on the surface as a result
of substitution of zinc by cadmium in ZnS shell.
This assumption is confirmed by the fact that the
cadmium sulfide has a lower solubility constant
compared with zinc sulfide, and should be largely
replace the zinc ions in the shell of nanocrystals.
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Summary

The aim of this work is to investigate the influence of ions of heavy metals Cu**, Pb**, Co*’, Ni*',
Cd*, Ag", and ions, which are common components of natural and drinking water (Na*, K*, Ca*", Mg?"),
on the photoluminescence of nanocrystals AgInS, with ZnS shell (NCs AgInS_/ZnS) to figure out the
possibility of the further use of the nanocrystals to determine the concentrations of the ions.

Photoluminescence measurements of NCs AgInS /ZnS were performed using scanning spectrofluo-
rometer “Synergy HT Multi-Mode Microplate Reader”. Photoluminescence spectra were obtained by
spectrofluorometer “Cary Eclipse”.

Experimental data obtained confirm the assumption on the relationship between the level of quench-
ing of NCs AgInS /ZnS photoluminescence under exposure to the heavy metal ions and solubility
constant of their sulfides. The order of studied ions by the degree of influence on the NC photolumi-
nescence generally coincides with their order of the decrease of the solubility of their sulfides, with
the exception of ions Cd*" and Ag”, which, when substituting zinc ions in the shell of nanocrystals may
contribute to the formation of a certain amount of new centers of emission. The concentration of ions
Cu?*, which caused a statistically significant quenching of NCs AgInS,/ZnS photoluminescence, is be-
low their maximum allowable concentration in natural waters. It opens up prospects of NCs AgInS /ZnS
for developing methods for environmental monitoring of the copper ions. Such methods have several
advantages over conventional methods, among them - high sensitivity to nanomolar concentrations of
copper ions, high speed of analysis and safety for both personnel and the environment.

Keywords: nanocrystals, photoluminescence, quenching, ions of heavy metals
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Pedepar

Mertoro aHoi poOOTH € TOCIIITUTH BILIMB 10HIB TAKUX BOXKUX MeTaliB, sk Cu?t, Pb?*, Co?’, Ni*',
Cd*, Ag’, a Takox 10HIB, SIKi € 3BUYaHHUMH KOMIIOHEHTaMK PUpoIHOT Ta mutHOi Bomu (Na*, K*, Ca*,
Mg**) Ha poromominecuenuiro HaHokpucTaniB AgInS, 3 o6ononkoro ZnS (HK AgInS /ZnS), mo6
3’sICYBaTH MOYJIMBICTh BUKOPUCTAHHS ITUX HAHOKPHCTAIB JIUIsl BU3HAYEHHS KOHIICHTPAIliN 3a3HAUYEHIX
10HIB.

BuwmiproBanua ¢oromrominecuennii HK AgInS_ /ZnS OGynu BukoHaHi 3 BUKOPUCTAHHAM
CKaHyBaJIbHOTO criekTpodmyopumerpa «Synergy HT Multi-Mode Microplate Reader». Criektpu ¢o-
TOJIFOMIHECIICHIIIT Oyl OTpUMaHi 3a 1onoMororo criekrpodayopumerpa «Cary Eclipse”.

OTpumaHi eKCIIepUMEHTAaIbHI JIaH1 MiATBEPIKYIOTh MPUITYIIICHHS PO B3aEMO3B 30K MK piIBHEM
racinns goromominecuenuii HK AgInS,/ZnS nig BrmBoM i0HIB BaKKHX METAJIB Ta BETUYHHOIO
KOHCTAHTH PO3YMHHOCTI iX cynb(iaiB. [lopsaaok nocnikyBaHUX 10HIB 3a CTyIE€HEM BIUJIMBY Ha
dotomominecteniiro HK, sk nmpaBuio, 30iraeTbecs 3 MOPSIKOM 3MEHIICHHS PO3YMHHOCTI 1X CYJIb-
¢inis, 3a BuHATKOM ioHIB Cd** 1 Ag”, Ki, KOJIM 3aMIIIyIOTh I0HH IUHKY B 00OJIOHIII HAHOKPHCTAJIIB,
MOXKYTb CIPHUSITH YTBOPSHHIO MIEBHOI KUJIbKOCTI HOBUX LIeHTPiB eMicii. Konnenrpaitis ionis Cu®’, mo
BHMKJIMKA€ CTaTUCTUYHO 3Hauyle racinus ¢oromominecuenuii HK AgInS /ZnS, BusBunace HIKI010
3a iX TPaHMYHO JOIYCTUMY KOHIICHTpaLilo B MpHpoaHuX Boaax. Lle Binkpuae nepcrnekrusn HK
AgInS /ZnS nnst po3poOKK METOMIB €KOJIOTIYHOIO MOHITOPUHTY 10HIB Mii. Taki MeTOIM MaKOTh PsJL
nepeBar B MOPIBHSAHHI 3 TPAAUIIIMHUMU METOJIaMU, CEpe]l HUX - BUCOKA UYTIUBICTh /10 HAHOMOJISIPHUX
KOHIICHTpAIIil 10HIB MiJ[i, BUCOKA IIBUIKICTh aHAI3Y Ta Oe3MeKa K s IEPCOHANY, TaK i IS JOBKIILISL.

KuiouoBi ciioBa: HaHOKpHUCTAIH, POTOIFOMIHECIICHIIIS, TACIHHS, 10HW BaKKHX METaJIIB
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