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1. Introduction

Chapter 1

Introduction.

The unique size-dependent optical properties ofloical semiconductor
nanocrystals (NCs) have been the subject of corahtieinterest in the past two decades
[1, 2]. Strongly luminescing II-VI semiconductor N®@ave found potential applications in
biological imaging and labeling [3-6], photovoltgif7], electroluminescence devices [8-
11], optical sensors [12] etc. Structural [13], fpdysical, [1, 13, 14] photochemical [15,
16] and photoelectrochemical [17-19] propertiestltd semiconductor NCs have been
intensively studied. Among the II-VI semiconducttire nanocrystals synthesized in
organic media are most intensively studied. Theoogstals synthesized in this way have
a high QY (up to 80%), high photostability but telaly low stability against water and
oxygen. By comparison the nanocrystals synthesizedater are stable against oxidation
and biological surroundings (biological buffersit have relatively low quantum yield and
do not cover all spectral regions. Thus, the imprognt of the QY of thiol-stabilized NCs

as well as synthesis of the new NCs’ types is gyoimant task.

True color image of the various samples of the agsi¢hiol-capped CdTe and ZnSe
nanocrystals.



1. Introduction

There are two general possibilities for improvirfge tquantum efficiency: i)
improving the synthesis itself (changing conditiom®&cursors etc) and ii) post-preparative

treatment of the nanocrystals (shell growth, phetitnent, etching etc).

Chapter 2 is devoted to the first successful swmhef high quality ZnSe
nanocrystals as well as to the improvement of tké linown aqueous synthesis of the
CdTe NCs. In order to understand the influencéefdynthetic conditions on the quantum
yield of CdTe nanocrystals the distribution of tedmium complexes in the synthetic
solution have been simulated. The details of thmukition procedure and their correlation

with the experimental conditions are describedhiapter 2.3 and in appendix 1.

Chapter 3 describes the improving of the quantutdyef aqueous, thiol-stabilized
ZnSe and CdTe nanocrystals. The photoassistedctawg on” of the ZnSe nanocrystals
and possible explanation of the mechanism of thi&ckimg-on processes are described in
chapter 3.2. Chapter 3.3 is mainly focused on thetgassisted shell formation. The

photo-assisted quantum yield improvement (up t&@%) will be demonstrated.

Chapter 4 focused on the electrochemical investigagemiconductor nanocrystals
preadsorbed on the gold electrodes. The aquealscpped CdTe and ZnSe nanocrystals
have demonstrated several distinct oxidation addaton peaks in the voltammograms.
The peak positions are dependent on the nano@ysiak and on the post preparative
treatment. The sensitivity of electrochemical mdthao the surface state will be
demonstrated. The clear correlation between peakiqo (i.e. presence of surface state)

and PL quantum yield of ZnSe NCs will be shown.

Chapter 5 is mainly focused on the Layer-by-Lagehhiques (LbL) [20] as well
as linking of the nanocrystals to functionalizetbstvates [21]. In this chapter the efforts in
the building of organizing superstructure via Lidchiniques will be demonstrated. The
building up of the superstructure, constructed fralternating layers of differently sized
and charged agueous nanocrystals, will be demaedtrdhe possibility of producing an
electrostatic assembly of nanocrystals (a kind @i Lwithout using intermediate
polyelectrolyte layers) will also be demonstratddhe direct linking of the thio-acid
stabilized nanocrystals to the substrate functimadlwith amino-groups is also the issue
of chapter 5. Carbodiimide chemistry was usedHtergreparation of monolayer structures

on flat and spherical substrates.



1. Introduction

Great interest attract last time the Forster enetmgnsfer in organized

superstructures [22, 23]. The chapter 5.5 is delvtdethe study of rapid FRET in such

systems. The higher FRET rate (near the theordiind) in the electrostatic assembly of

nanocrystals is demonstrated in this chapter.
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Chapter 2

Synthesis of thiol-stabilized nanocrystals.

The aqueous synthesis of thiol-stabilized 1I-VI isenductor (CdTe, ZnSe) colloidal
nanocrystals has been studied. The optimal comdiifosynthesis of the high quality ZnSe
NCs has been found. The influence of the initiaddaoons of synthesis (structure and
concentration of the Cd-Thiol complexes) on thdituaf the CdTe nanocrystals has been
revealed. The numerical simulation undertaken Hasas clear correlation between the
concentration of CdL (where L is (S@EDOY) in the initial solution and the
photoluminescence quantum yield of CdTe nanocsystal

2.1. Introduction

Chemically synthesized semiconductor nanocrystaiscplloidal quantum dots
(QDs)) have attracted considerable interest dutlreglast decades. Narrow and intensive
emission spectra, continuous absorption bands,diighmical and photobleaching stability,
processability and surface functionality are amtmg most attractive properties of these
materials. The properties of the QDs depend styooglthe type of nanocrystals, the size
(quantum-confinement) and the capping agent, thexs ¢an be tuned by a proper choice of

the synthetic conditions.

There is a wide range of very efficient light emigt QDs which can be synthesized
by wet chemical approach. Worthy of mention are&il§, ZnSe/ZnS [2] and CdS [3, 4]
(UV-blue spectral region), CdSe [5-7], InP [8, @[jTe [10-12] (visible region), PbSe [13,
14], HgTe [15], and InAs [16] (near-infrared regiomhe majority of successful syntheses
were done in organic media. However, the poteralications of such particles are
restricted by their incompatibility with water and/air. This kind of compatibility is
especially important in the field of bio-applicat® Worthy of mention is that the phase
transfer of NCs from organics to aqueous solutsoa iime consuming procedure involving
capping-agent exchange [17], encapsulation in gimgpd micelles [18], silanization of

the individual QDs [19] and preparation of polynceor dendrimer shells around the

5



2. Synthesis of thiol-stabilized nanocrystals.

particles [20]. Beside the complicity, the mainwdpacks of these procedures are limited
stability, low PL quantum vyield, large increasetlé actual size (critical in the case of

conjugation with single bio-molecules or penetnatioarkers through membrane).

At the same time the direct aqueous synthesis «f BHD be a good alternative to
the organometallic approach, especially when ptessabplications demand stability in
aqueous media. The simplicity and use of relativeiyt conditions, as well as less
dangerous materials in comparison with organometalpproach have made aqueous
synthesis attractive for researches during thetlastdecades. For example, IR-emitting
HgTe [15] and CdHgTe [21] as well as blue-emitti@glSe [22] are now available.
Aqueous CdTe NCs have been successfully synthessred the traditional procedure [23,
24] as well as in a microwave irradiated sell [ZBus, the possibilities to synthesize a
wide range of aqueous II-VI semiconductor colloig@nocrystals have been revealed.
Schemepresents an example of a general procedure foadeous synthesis of thiol-
capped NCs [10].

Me(Cl0,)z, R-SH
E = Se Te Heating
Me = Cd, Zn

Schemefor the synthesis of aqueous semiconducting ngstals

It is worth to mention that aqueous nanocrystal&lwmay efficiently emit light in
the UV-blue spectral region (below 500 nm) are.r&raong them mainly CdS (PL QE up
to 10%) [3] and ZnSe (PL QE below 1%) [26, 27] Qfa® be mentioned. In the case of

6



2. Synthesis of thiol-stabilized nanocrystals.

CdTe the aqueous synthesis allows to produce CdTe Wth a quantum efficiency of
about 5-10% for “as prepared” particles and up @&o4after post-preparative treatment
[10]. At the same time the organometallic appro@cthe synthesis of CdTe NCs leads to
nanocrystals with a QE of up to 65% [11, 12].

Thus, there are two main disadvantages of the aguesgnthesis of NCs: i)
relatively low QY (2-10 times lower then in the easf the organometallic approach) and
i) PL of the existing agueous NCs does not coVlesectral regions. Thus, the search for
new aqueous synthetic approaches as well as impevs of the known procedures is

now of special interest.

Here the first successful aqueous synthesis of @)Ssanocrystals [28] and the
sufficient improvement of the synthesis of CdTe owystals [10] is reported. Worth to
mention that after our publication [28] a numbethed papers devoted to the improving of
the quality of the ZnSe NCs have been publisheeB[9

2.2. Synthesis of aqueous ZnSe NCs.

The synthesis of ZnSe NCs was developed on the basi well known synthetic
procedure [10]. In a typical synthesis 0.875 g %2rBmol) of Zn(ClQ);" 6H,O was
dissolved in 125 mL of water, and 5.7 mmol of thelt stabilizer (thioglycerol (TG),
thioglycolic acid (TGA), thiomalic acid or 3-merdapropionic acid (MPA)) were added
under stirring, followed by adjusting the pH by pwase addition of a 1 M solution of
NaOH to 6.5 in the case of TGA or MPA capping,®ii.2-11.8 in the case of TG. The
above mentioned pH values were found experimentallye optimal for the synthesis of
stable colloids. The solution was placed in a thmeeked flask fitted with a septum and
valves and was deaerated bybuibbling for 1 hour. Under stirring,,Be gas (generated by
the reaction of 0.134 g (0.46 mmol) of.8k lumps with an excess amount of 1 NSy
under N atmosphere) was passed through the solution teigetith a slow nitrogen flow
for nearly 20 min. ZnSe precursors were formeche $tage. The further nucleation and
growth of the nanocrystals proceeded on refluxind@°C under open-air conditions
(with a condenser attached). To follow the evolutad the NC ensemble, aliquots of the
colloidal solution were taken for spectroscopic reloterization after different times of
reflux. A typical temporal evolution of the absoqgpt spectra of the ZnSe QDs is shown in
Figure 2.2.1A
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Figure 2.2.1 Evolution of the absorption spectra of a crudeitsmh of ZnSe NCs during
the synthesis (A). Absorption and luminescence tspaxf the crude solution of the ZnSe
NCs (B). The peaks in the PL spectrum correspondater Raman signal (P1), band-gap
emission (P2) and trap-emission (P3).

A growth of the NCs during reflux is indicated byl@w-energy shift of the
absorption edge. The PL of the crude solutidgiigure 2.2.1B is negligible and shows
mainly a broad trap emission band (Peak P3, 400800 An additional very weak band-
edge emission (Peak P2) appears only after longstioh reflux. It is observed that among
the capping agents used a relatively strongereanajgsion is found to be characteristic for
TG-capped ZnSe QDs. The synthesis and charactenzat this type of “whitish — blue”
emitting QDs with PL QE being below 1% was reporteckently [26].

In order to improve the quality of the nanoparscla size selective precipitation
procedure has been applied to the crude soluti@n8e NCs [32]. Briefly, the ZnSe QDs
were concentrated 3-5 times with the rotor-evaporaand precipitated from the
concentrated crude solution by portion-wise additad a non-solvent (2-propanol) and
subsequent centrifugation. The precipitates weparséed from the supernatant and were

redissolved in pure water giving stable colloidalusions. The absorption spectra of
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different size selected fractions of ZnSe NCs anvs inFigure 2.2.2A The fractions of
ZnSe NCs possess a narrow size distribution anbprahounced first exitonic transition
(especially for the smallest particles). The sel@dractions of the smallest and largest
particles possess no luminescence properties (trdywater Raman signal (P1) is
detectable in the PL spectra). At the same timdréation in the middle shows weak broad

PL similar to the crude solution (seégure 2.2.1B,peak P3).

A

P
(@
]

Normalized absorption [a.u.]
(@)
7

o
o

T . T ' e i S — A ———————
300 350 400 450 10 20 30 40 50 60 70
Wavelength [nm] 2-theta

Figure 2.2.2.Absorption spectra of size selected fractionsm®& Gray rhombs show the
absorption spectrum of “as prepared” ZnSe nanaasysthe right panel presents the XRD
patterns of three different size selected fractimnZnSe NCs. The lines, corresponding to
the absorption spectra and XRD patterns of the ssan®gles have the same colors in the
panels A and B.

Figure 2.2.2B shows the XRD patterns of three fractions of sekected ZnSe
NCs. Reflexes of the ZnSe NCs correspond to thdccdbSe structure. The sizes
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(diameters) of the ZnSe NCs in the@gure 2.2.2Bare calculated from the broadening of
the XRD reflexes.

In order to improve the PL properties of ZnSe NCspast preparative
phototreatment has been applied to the solutiomamiocrystals. Briefly, irradiation by
“white light” leads to the creation of an inorgamidoyed ZnSeS shell on the surface of the
nanocrystals which provide a high QY (25-30%) fritva NCs. The source of materials for
the shell formation are molecules of TGA (sulfung&n ions (se€hapter 3 for details).
This finding may explain the very weak band gapssion which appears after a long time
of refluxing (seeFigure 2.2.1B peak P3). The emission can be as a result of the
illumination of an unprotected flask in the dayhligthe reaction mixture contains zinc ions

and molecules of TGA).

The absence of luminescence from “as prepared” Zm&wparticles may be
explained through the existence of Se traps orstiniace of the NCs. Presence of the Se
traps on the NC’s surface was proven by electroacte@nmethods (se€hapter 4 for

details).

2.3. Synthesis of aqueous CdTe NCs. Optimization of the initial
conditions of synthesis of CdTe nanocrystals.

It is known that changing of the type and amounstabilizer strongly influences
the PL properties of nanocrystals synthesized botirganic [33, 34] and aqueous media
[10]. The pH of the solution is another importaattbr which may influence the PL of
thiol-capped aqueous nanocrystals [35, 36]. Thedppendence of the PL appears due to
the formation of thiolates under basic conditionfsich may play a role in hole trapping
[36]. Thus, changing the amount of stabilizer adl @f the solution may lead to an
improvement in the PL of the NCs. Moreover, chaggih the initial conditions of the
synthesis (before injection of;lHe) may lead to an improvement in the quality afeaps

nanocrystals in the same way.

The improvement of the synthesis of the aqueouseGdihocrystals was based on
the optimization of the well known experimental gedure [10, 37]. According to the ref
[10] the optimum pH value is strongly dependenttloe nature of the stabilizer and the
recommended value for thioglycolic acid and 3-mptopropionic acid is 11.2-11.8. The

proposed value for the TGA/Cd ratio is 2.45. Inesrtb investigate the influence of the

10



2. Synthesis of thiol-stabilized nanocrystals.

initial conditions on the optical properties andagtum efficiency the initial conditions of
synthesis (pH and Cd/thiol ratio) were systemaiiadianged.

Briefly, CdTe nanocrystals were prepared as folledq10]. In a typical synthesis
0.985 g (2.35 mmol) of Cd(Clp" 6H,0 (Alfa Aesar) was dissolved in 125 mL of water,
and 5.7 mmol of the thiol stabilizer were addedarnstirring, followed by adjusting the
pH by dropwise addition of a 1 M solution of NaOFhe solution was placed in a three-
necked flask fitted with a septum and valves and deaerated by Noubbling for 1 hour.
Under stirring, HTe gas (generated by the reaction of 0.2 g (0.4®Inai Al;Te; lumps
with an excess amount of 1 N,$D, under N atmosphere) was passed through the
solution together with a slow nitrogen flow for nga20 min. CdTe precursors were
formed at this stage. The further nucleation arawgn of the nanocrystals proceeded on
refluxing at 100°C under open-air conditions (w#hcondenser attached). The typical
evolution of the absorption and luminescence spatiiring the synthesis has been shown

in Figure 2.3.1

1583 min

331 min

171min

Absorption [a.u.]
Normalized PL [a.u.]

70min

17min

3min
T T T T T T T T T
300 400 500 600 700 800
Wavelength [nm]

Figure 2.3.1 Typical evolution of the absorption and luminesa®e spectra of a crude
solution of CdTe NCs during the synthesis. Expentakcondition: pH 11.5, TGA/Cd
ratio 1/1.3.
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2. Synthesis of thiol-stabilized nanocrystals.

It is possible to determine three main steps inatiigeous synthesis: i) formation of
the Cd-thiolate complexes in solution of the cadmagalt and stabilizer, ii) injection of the
chalcogen precursors (for exampleSd or HTe) into the reaction solution and, iii)
growing nanocrystals at the temperature of bowNider.

Here, the optimization of the synthesis of CdTechgnging the conditions at the
initial stage of synthesis of CdTe NCs namely thkgnd TGA/Cd ratio, by maintaining
the initial cadmium ion concentration constant. TG ratios between 2.45 and 1.1 were
used. The experimental data show that decreasegr@A/Cd ratio leads to a drastic
increase of the quantum yield of the CdTe NCs.Fgare 2.3.2.

50+

40-

30+

20+

Quantum yield %

104

1,0 ' 1:5 ' 2,0 2,5
TGA/ Cd Ratio

Figure 2.3.2 The relationship between TGA/Cd ratio in theiatiteaction mixture and
quantum yield of a crude solution of CdTe NCs. Eupental conditions: 20 hrs of
synthesis, pH 11.5.

In order to understand the influence of the initi@hditions of the synthesis on the
properties of the NCs, the experimental data wemmpared with the results of the
numerical simulation of the solution compositionnfaftunately, there are only a few
reports on the stability constant of cadmium comgdewith thiols: thioglycolic acid [38-
40], 3-mercaptopropionic acid [39, 41], 2-mercaptgonic acid [42, 43] and mercapto-
and dimercaptosuccinic acid [44]. The most complidea devoted to the study of the

cadmium complexes of thioglycolic acid (TGA) ovewdde range of pH values were
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2. Synthesis of thiol-stabilized nanocrystals.

provided by ref [38]. This data together with tregliest results [39, 40] and together with
information about the stability constants of thedimxy- complexes of cadmium [45],
provided us with the complete information about tt@mposition of the cadmium
complexes with thioglycolic acid. It is worth to nten that the stability constants of
cadmium complexes with thioglycolic acid are muaghler than the stability constants of
hydroxy- complexes (few orders of magnitude) and assult hydroxy- complexes play an

important role only at very high pH. SAppendix Al for details of calculations.

Briefly, the calculation of concentration and comipion of cadmium complexes

was carried out as shown below:
Taking into account the total concentration of¢thdmium ions and TGA:

Crea=[L¥] + [HL] +[HoL] +
+ 3[CdLs*] + 2[CdL,*] + [CdL] + [CdHL.*] + 2[CdHL,Y] +
+ 3[CdHL3>] + 2[CdH,L,] + 3[CdH,L3?] (1)

Ceq= [CF] +
+ [CdLs*] + [CdL,?] + [CdL] + [CdH L] + [CdH, L ]+
+ [CdHL3%] + [CdH,L ] + [CdHoLZ?] +
+ [Cd(OH)'"] + [Cd(OH),] + [CA(OH)] + [Cd(OH)*] (2)

where L represent the TGAons

Using the expression for the protonation constahteercaptoacetate ion:

(HL))
b= -

and for the stability complexes:

[Cd(H);(L)3 2]

s = (O HA @

the final equations for the equilibrium concentratof cadmium and TGA ions in solution

depending only on pH and the total concentrationcadmium and TGA have been

obtained:
Cea= [CFT (1 + By[L*T° +B,[L*]* + By[L?] + K) (5)
Croa= Bo[L?] + [Cd?](3B3 [L?]® +2B, [L*]? + By [L?]) (6)
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2. Synthesis of thiol-stabilized nanocrystals.

where B, By, By, Bs, B and K are parameters, which depend only on pH saaloility
constants:

Bo= o[H]*+ 4[H']+1

B1= 11][H+] + 101

Bo= 122[H] + 2[H T+ 102

Bs= 12dH']*+ 114H ]"‘ 103
K= 1j[OH] + 20[OH] + 3[OH]® + 4[OH]*

Numerical simulation ofEqs 5 and 6 should allow the determination of the

equilibrium concentration of cadmium ions and T@G#AS and finally the concentration of

all complexes in solution.

In this calculation a several presumptions which caduce the validity of our
calculation are used. The most important sourcgewefation is using the concentration of
the ions for calculation instead of the activity.s&cond source of deviation is the low
solubility of the uncharged complexes of cadmiuar @xample CdL). The precipitation of
the uncharged species leads to the shifting ofetipglibrium and further production of
these substances. Thus, precipitation leads tartberestimation of the overall amount of
the insoluble complex. It is assumed here that dbaeiation induced by all of our

presumptions is within 10 % (see appendlix1 for details).

The calculation has shown that only three complgkag an important role at high
pH: CdLs*, CdL* and CdL.Figure 2.3.3depict the calculated concentration of important
complexes in solution together with the QY of CdN@s depending on the TGA/Cd ratio
at pH 12. As seen from the figure, changing the TGHAratio between 5 and 0.85 is
followed by a decrease in the concentration of £dtomplex and an increase in the
concentration of the CdL complex. At the same tilme concentration of the complex
CdL,* goes through a maximum at a TGA/Cd ratio of apipnaxely 2. Simultaneously,
Figure 2.3.3 shows that the evolution of the quantum yield @T€ NCs is in good

correlation with the concentration of the CdL coexpat the initial stage of the synthesis.

In other words the increase of the quantum yiel€dTe with the decrease in the
TGA concentration can be attributed to the incremséhe concentration of the CdL
complex. The following deceleration of the growthtlle QY of the nanocrystals at very
low values of Cd/TGA ratio (near 1) can be expldingy an insufficient amount of
stabilizer in the system. In fact the thioglycaddicid plays the role of stabilizer, source of

sulfur, surfactant in the system, and is also rsasgsfor the formation of cadmium
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2. Synthesis of thiol-stabilized nanocrystals.

complexes in the solution. Actually, there is a petition of factors during the synthesis:
I) improving the quality of the nanocrystals witietincrease in the concentration of CdL
complex (by means of decreasing the concentratiom@A) and ii) the necessity for
sufficient amount of stabilizer to provide stalyiliand surface passivation of growing
particles to be present in solution. As a result this competition the optimum
concentration of the TGA (TGA/Cd ratio) can existlyounder certain conditions in the

initial solution.

100
50
80
4-
—Cd(L); 40
60 —Cd(L)} ::
= - 130 3
~ Cd(L)l Q>"
Q40 —— Cd(CH), " %
—— Cd(OH), 3
>
&
20 410
O I I ! I I O
1 2 3 4 5
TGA/Cd Ratio

Figure 2.3.3.Distribution of cadmium complexes in solution &y of CdTe NCs after
20hrs of synthesis (black dots) depending on thA/0d ratio in initial reaction mixture.

It should be noted that the solution of Cd-precuegdow TGA/Cd ratios is turbid.
This fact is additional indirect evidence of thardoation of the uncharged, low soluble
CdL complex. This observation also means that tldk Concentration has been
underestimated as was mentioned above. The tyrlmtlithe solution does not disappear
during reflux and the precipitate can be easily oeed from the solution of NCs by
filtration. The precipitate of CdL plays an additéd role as a source of cadmium. Gradual
dissolution of the CdL complex during the partiglewth could provide a constant rate of
transport of Cd ions to the particles. A slow flokthe cadmium precursor provides the

possibility to grow the particles under diffusioantrol which, as has been theoretically
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2. Synthesis of thiol-stabilized nanocrystals.

predicted [46], is preferable for narrowing of giee distribution. It's should be mentioned
that precipitation of the CdL complex shifts theudigrium in the solution towards this
complex. Thus, the real amount of this complexvienehigher than shown by numerical

simulation.

The simulation also shows that the changing optdeloes not really influence the
distribution of the cadmium complexes in the saolntiAs is seen fronfigure 2.3.4the
distribution of the complexes in solution is stalnlea pH range of between 10.5 and 12.5.
At the same time the situation in the “real” sauatichanges. The pH in the initial solution
was adjusted by the addition of a certain amourthef1M NaOH solution. Therefore a
different pH means a different volume of the Na@tugson added and as a result different
ionic strength. The deviation is about 6% for pHah2l TGA/Cd ratio 1.3 (about 7.3 mL of
1.0 M NaOH). Thus, it is may be assumed that d#fieronic strengths could influence the
kinetics of nanocrystal growth.

1,0-
—Cd(L);
0,8- —Cd(L)Z
—Cd(L),
06 —— Cd(H), (1),
O\O R
= Cd(H), (L),
0,44 ‘ —— Cd(H), (L);
] —— Cd(OH),
0,2 / —Cd(OH),
| Cd(OH)?
0,0 % , -
9 10 11

pH

Figure 2.3.4 . Distribution of cadmium complexes in solution agiaction of the pH in
the initial reaction mixture.
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Figure 2.3.5 Evolution of the positions of the s1-s1 transitio absorption spectra (left)
and stokes shift (right) during the synthesis atldkb (Black), pH 12.0 (Red) and pH 12.5
(Blue).
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Figure 2.3.6 Evolution of the QY of CdTe NCs during the syrgbe at different pH
values (left) and PL spectra of CdTe NCs with thme position of PL maxima (Right).
The PL spectra were taken after: 285 min of symsh@lack), 171 min of synthesis (Red)
and 42 min of synthesis (Blue). The same colothénpanels correspond the same pH of
synthesis.
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2. Synthesis of thiol-stabilized nanocrystals.

The experimental data shows an increase of thefghieanitial solution followed
by the acceleration of the rate of the nanocrygtalvth figure 2.3.5 lef). At the same
time, particles synthesized at pH 12.0 have thdlssté&5tokes’ shift (near 0.1 eViigure
2.3.5 right) and narrower size distribution - a smaller FWHMtlte PL spectrafigure
2.3.6 right). The evolution of QY during the synthesis is shown thefigure 2.3.6 left
The largest quantum efficiency was also obtaingaHail2. Thus, pH 12 is found to be an
optimum for the synthesis of agueous TGA stabiliged e nanocrystals.

Another important factor which may have an influeran the quality of the thiol
stabilized aqueous nanoparticles is the sulfur estntThe sulfur content in a typical
synthesis is quite high due to thermo hydrolysishef TGA at high pH and incorporation
of the sulfur into the CdTe nanocrystals whichaiolved by the formation of a mixed
phase [10, 47]Figure 2.3.7C shows the relative shift of the XRD reflexes dgrithe
synthesis of nanocrystals. The process of nanatrgsbwth (boiling of the nanoparticle
solution) followed by the continuous shift of XRDeflexes toward a position

corresponding to cubic CdS.
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Figure 2.3.7.XRD patterns of the CdTe NCs synthesized with a TGA/&d of 1.3
(Red) and 2.45 (black) after 20hrs of synthesis (2gnel B shows the influence of the
TGA/Cd ratio on the relative positions of the XREflexes of the CdTe NCs. Panel C
presents the evolution of the relative shift of ¥iRD reflexes of the CdTe NCs during the
synthesis.
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It should be noted, that reduction of the amourthefstabilizer used for synthesis
leads to the reduction of the sulfur content inrthaoparticles. XRD patterns of the CdTe
NCs show that reduction of the TGA/Cd ratio resuisa smaller shift of the reflexes
toward the position corresponding to cubic CdS (mpae 2.3.7 A and B. This finding
can be explained by the fact that decreasing theuatnof stabilizer in solution during
particle preparation and acceleration of the plagicgrowth leads to a decreasing
probability of TGA hydrolysis and, as a result,adower sulfur content. Thus, increasing
the duration of the synthesis as well as the TGA/& leads to an increasing of the
sulfur content in the CdTe nanoparticles. Thusnghey the pH of the initial solution
allows to regulate the rate of particle growth @sda result the amount of sulfur in the
CdTe NCs.

2.4. Conclusions

The aqueous synthesis of thiol-stabilized 11-VI sganductor colloidal nanocrystals
has been studied. The optimal conditions of symheisthe ZnSe NCs have been found.
The aqueous ZnSe NCs possess narrow size disbiisubut poor luminescence properties.
The influence of the initial conditions of syntheg¢structure and concentration of the Cd-
Thiol complexes) on the quality of the CdTe nanstals has been revealed. The
distribution of the complexes of cadmium with TGAshbeen across a wide range of pH
value and concentration of the cadmium ions. Oméy@dls", CdL,* and CdL (where L is
(SCH,COOY) complexes play an important role at the acrosshsyic condition (pH 9.0-
12.5). The numerical simulation shows a clear d¢atien between the concentration of
CdL in the initial solution and the photoluminescerquantum vyield of the CdTe NCs.
Improvement of the QY of CdTe NCs was achievedufhodecreasing of the TGA/Cd
ratio which is preferable for increasing of the cemtration of the CdL complex. Reduction
of the TGA/Cd ratio allowed preparation of highiyrlinescent (PL QY up to 50% for the
crude solution) CdTe NCs. Thus, the optimum coaodgiof synthesis for the CdTe NCs is
a pH 12 and low TGA/Cd ratio (the best ratio is)1The existence of optimal conditions

can be explained by the growing of CdTe particlesra optimum rate. Quick particle
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2. Synthesis of thiol-stabilized nanocrystals.

growth leads to an insufficient quality: low cryiitaty and a high amount of defects and
surface states. Conversely two slow rate leadsdorporation of a large amount of sulfur
and the formation of a mixed phase. Decreasingatheunt of stabilizer also leads to a
decrease in the sulfur content. Thus, judiciousosboof the initial conditions of the

synthesis can lead to the synthesis of high quatjtyeous CdTe nanocrystals.
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Chapter 3

Post preparative phototreatment of semiconductor

nanocrystals.

The post preparative irradiation of the solution £iSe and CdTe nanoparticles
improves their luminescence properties. In parfacul illumination of the ZnSe
nanocrystals leads to strong (up to 25-30% photah@scence quantum yield) band gap
UV-blue emission. The irradiation results in anongoration of sulfur into the particles
and in the formation of ZnSe(S) alloyed nanocrgsthl the case of CdTe nanocrystals
illumination leads to the drastically improved Pup(to 10 times) and both photoetching

and shell formation can be realized.

3.1. Introduction.

The optical properties and, in particular, the phohinescence of as prepared
colloidal QDs can be improved post-preparativelipe Tcreation of inorganic shells in
organic [1, 2] and aqueous [3, 4] media, size-s@le@recipitation [5, 6], photochemical
etching [6-9], oxidizing of NCs surface [10, 11lleaamong the methods for obtaining
strong-luminescing nanocrystals. Changing of sotuproperties (e.g. pH) [6, 12], nature
of capping agent [13, 14] or solvent [15] also negd to drastic improvement of the

luminescence properties of the semiconductor ngstadls.

Recently, photo-assisted methods of post-preparateatment were shown to be
powerful tool to improve the PL QE of the NCs. Wotb mention are the photoetching of
thiol-capped CdTe NCs [6], citric acid capped wateluble CdSe NCs [7, 8], TOPO-
capped CdSe/CdS/ZnS nanorods [16], peptide coal&#/&ZnS NCs in water [17], HDA-
capped CdSe NCs [18, 19], and the photochemichirgtdn the presence of HF of TOPO-
capped InP NCs [9], and preparation of CdS shellthen surface of CdTe NCs [3].
Photoassisted PL improvement in solid layered siras is also possible [7, 18-20]. A
moderate (3-10 times) improvement of the PL QEhef €dTe QDs and the nanorods as
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well as a drastic improvement in the cases of Cals® InP (hundreds of times) were
demonstrated.

The several hypothetical mechanisms have been gedpmr PL enhancement: i)
photoinduced surface etching [6, 9], ii) oxidatiohsurface (oxide shell formation) [10,
11}, iii) photoinduced shell formation [3, 7, 8})ireversible photo assisted absorption of

water [18, 21] or methanol [22] molecules.

This chapter focuses on the photo-assisted creafiororganic shell as well as on
the photoetching of water soluble semiconductoroparticles. Figure 3.1.1 shows

photograph of experimental setup for photoetchiniip® aqueous CdTe nanocrystals.

Figure 3.1.1 The picture of the experimental setup for phatioeiy of NCs.
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3.2. Efficient UV-blue photoluminescing thiol-stabilized water soluble

alloyed ZnSe(S) nanocrystals.

As it was shown in th€hapter 2, the PL of “as prepared” ZnSe NCs is negligible
and shows mainly a whitish-blue broad trap emisfiand. The PL QY of this type QDs
are normally below 1% [23]. An additional very wel&nd-edge emission appears only

after long times of reflux (see, for examgtegure2.1.7).

The ZnSe NCs were synthesized according to slightbgified standard aqueous
synthesis developed for CdTe NCs [6]. Sdmpter 2.2and Ref [24] for details.

In order to improve the PL properties of the ZnS&sNenhancement of the band-
edge and suppression of the trap-emission), tHeidal solutions were irradiated with the
“white light” of a 100 W xenon lamp with a watettdér to cut off the NIR part of the
spectrum. The intensity of the light was approxiehat?00 mW/cm (measured by a
Powerlitemeter C5100 (Continuum) with a PowerMax 3M2 detector). The
photochemical treatment was performed as followse $olutions were exposed to the
light and aliquots were taken for spectroscopic sueaments after different periods of
time. The dependence of the PL properties of ssdeftaction of NCs on the duration of
the irradiation is shown iRigure 3.2.1.After several hours under illumination, the PL QE
increases from near zerp (.1%), being characteristic for the as prepardatisos, up to
10-30% depending on the conditions used. The rampérature PL QE of the ZnSe
nanocrystals was estimated following the procedeireRef [25] by comparison with
Quinine (Fluka) in 1 N BBO, solution assuming its PL QE to be 51%. Being rerdove
from the light, the colloids showed a reasonaldéilty. Several months of storage in the
dark under air resulted neither in coagulation, inorecognizable changes in the optical
properties. It should be mentioned that ZnSe Qpped with TGA, MPA or TG showed
a similar increase in PL efficiency. However, fastlh MPA- and TG- capped QDs a
pronounced increase also of the trap-emission bamder irradiation is observed.

Therefore, only the TGA-capped QDs were chosemiare detailed studies.
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Figure 3.2.1.Evolution of the absorption and PL spectra (A) axditation spectra (B)
(emission wavelength 375 nm) of ZnSe NCs duringmihation with white light (Xenon
lamp, 100 W with a water filter to cut off the Nipart of the spectrum). Inset shows a
color photograph of two solutions of the ZnSe NG=foke (left) and after (right)
illumination. Solutions are excited by 366 nm lioethe Hg UV-lamp. Total irradiation
time: 422 minutes.

To understand the nature of the photoinduced pseseshe influence of the
chemical composition of the solution on the resgltPL QE was studied. The ZnSe QDs
were precipitated from the crude solution by additof a non-solvent (2-propanol) and
subsequent centrifugation. The precipitate was raggaé from the supernatant and was
redissolved in pure water giving a stable collostialution with its optical properties being
generally similar to the initial one. Purified Hyig way the QDs were used for preparation
of 3 different solutions (S1-S3, see thable). In addition, the crude solution of NCs was
divided into fractions with narrower size distritmrt (by size-selective precipitation
technique [5]) and one of the fractions was usedte preparation of solution S4. The
experiments with these solutions as well as withdtude solution (SO) were done under
the same conditions and were repeated 3 times dil gossible mistakes and confirm

reproducibility.
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As is seen from th&able the phototreatment of the ZnSe QDs proceeds effiikyi
only in the presence of an excess amount of botA @@ Zrf* ions in solution. Note that
free unreacted stabilizer molecules and*Zions are present also in the crude solution
because they are used for the synthesis in exgessh® Se source (see above the reaction

recipe).

Table. Chemical composition of the QDs solutions usedrfadiation (pH 6.5 by adding
NaOH).

Sample ZnSe QDs, TGA, Zn“*, mol/L Result of Phototreatment
Number mmol/L mmol/L (in form
(ref. to Se) of Zn(ClO,),)
SO (crude) 10.2 not added not added Stable; PL QE of up to 10%
S1 10.2 - - Coagulation after 10 min;
no improvement of PL QE
S2 10.2 42.2 - Stable; increase of PL QE
is negligible
S3 10.2 42.2 17.4 Stable; PL QE of up to 10%
S4 10.2 42.2 17.4 Stable; PL QE of up to
(selected 25-30%
fraction)

4The absorption is equal to the crude solution értégion of the first excitonic maximum.

As is seen fronkigure 3.2.], the PL efficiency of the TGA-capped QDs increases
mainly due to the appearance of a pronounced naveowl gap emission band, while the
trap-associated emission is negligible. The pasitibthe PL maximum and the absorption
edge shifted to the lower energy region, whichnscontrast to the high-energy shift
observed recently for the photoetching of thiobg8iaed CdTe nanocrystals [6]. Since the
QDs studied are in the regime of size-confinememt, a low energy band edge
corresponds to larger particles, it can be assutiedl,the colloidal ZnSe particles grow

under irradiation.

These findings together with the data of freble allow us to consider that the
growth proceeds not through the Ostwald ripeningchraaism but instead consumes
mainly Zrf* ions and TGA from the solution. In the case ofv@éd ripening the smaller
particles in an ensemble dissolve giving the “moadnspecies for the growth of the
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larger ones. It is noted, that the observed ewwiutif the PL properties of the ZnSe(S)
NCs is generally followed by a decrease of the &aift.

The appearance of the strong band-gap emissiorth@ndmall level of the trap-
associated one allow us to suggest that such aipdated growth is accompanied with a
transition of the nanoparticles in the direction sflfur enriched alloyed particles.
Moreover, the small level of surface trap emissian be a result of the formation of an
efficient passivating shell. More detailed inforimoatcan be obtained from the XRD and
TEM data Figures 3.2.2 and 3.2)3

ZnS, cubic

Before

100 220

ZnSe, cubic 31 lI .
10 20 30 40 50 60 70
2-theta

Figure 3.2.2XRD patterns of ZnSe NCs before (down) and afte) (rradiation by white
light. The line spectra show the cubic ZnSe and Zaffection with their relative

intensities.

The position of the XRD peaks exhibits a smalltsindm their normal position for

the ZnSe cubic structure. EDX data show that thterd of sulfur continually rises during
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the irradiation from 19 at% before to 29 at% aftex process (the sulfur in the EDX data
of the initial samples appears mainly due to tlabiBzer (TGA)). Indeed, the particles’
growth under these conditions can proceed onlynkglving the sulfur as a chalcogenide
source, which appears as a product of the photodeesition or hydrolysis of the
thioglycolic acid in solution. As a result, the XRIhes shift to values which are
characteristic for ZnSe-ZnS alloys, i.e. locatetieen the positions of the corresponding
lines for pure ZnSe and ZnSigure 3.2.2. Such kind of XRD-spectrum evolution
accompanied also with the growth of thiol-stabiizEdTe(S) QDs is reported in detail
recently [4, 22]. The sulfur enriched phase is fednduring the phototreatment as a kind of
an alloyed shell on the surface of the preforme&ermparticle cores, followed by a
reorganization of the particles’ structure and lig the content of sulfur increases towards
the surface of the nanoparticles. The formatioswafh an alloyed shell constructed from
larger band gap material can explain the improveroéthe optical properties (higher PL
QE and stability) [6, 11].

Figure 3.2.3. High-resolution transmission electron microscopyRTEM) image of
luminescent ZnSe(S) NCs.

It has to be emphasized, that distinctions betwees core-shell and the above
mentioned alloyed crystals, with a gradient of shéfur content, are probably not possible

from the point of view of their physical propertids fact, such small crystals (2-3 nm in
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size) have only a few lattice planes per crysta (&ttice constarat is near 0.56 nm for the
ZnSe cubic structure, see aBigure 3.2.3. From this, a removal and/or intermixing of a
second chalcogenide (S) into the surface layerslediohost automatically to an alloyed

crystal structure.

3.3. Post preparative improvement of luminescence efficiency of the
CdTe NCs

Commonly used approach for the aqueous synthesieedfdTe allows to produce

NCs with quantum efficiency about 5-10% for “aspaeed” particles and up to 40% after
applying the size selective precipitation proced6teAt the same time the organometallic
approach to the synthesis of CdTe NCs leads to Qiamocrystals up to 65% [26, 27].
Improvement of the QE of water soluble nanocryswlhe important task especially for
small green emitting NCs which are normally lessble and emit with less efficiencies.
This chapter is devoted to the investigation of glossibility of the improving the QE of

CdTe NCs by utilizing both photoetching and phoststed inorganic shell formation.

The CdTe aqueous nanocrystals were synthesizedrdangoto the procedure
described irChapter 2, by using 2.45 TGA/Cd ratio and pH 11.2-11.8. 8ependix 2
and Ref [6] for more details of synthetic proceddree solution of the NCs was irradiated
by the light of 450 W Xenon lamp equipped with titer filter to cut off NIR irradiation.
Photoassisted shell formation was performed int&wlucontaining the metal ions and
thioglycolic acid. Oppositely, the photoetching dam performed in pure solution of the
CdTe NCs in MilliQ water.

The phototreatment was done according to the faligyprocedure. The solutions
for treatment were prepared by dissolving Me(g4@Me = Zn, Cd) and TGA in MilliQ
water with 4-fold excess of all components in congma with concentration commonly
used for the NCs synthesis. The pH of these saoistwas adjusted to 11.4-11.6 by
dropwise addition of 1 M solution of NaOH. Thesdusons are named below as “Zn-
TGA” and “Cd-TGA” solutions.

The certain amount of CdTe NCs solution was addettié 0.5 mL of “Zn-TGA”
or “Cd-TGA” solutions and volume was adjusted tonR. Final concentrations of metal
ions and thioglycolic acid were 0.019M (Me(G)e) and 0.046M (TGA) correspondingly.

Irradiation was performed in quartz vessel undemp@ent flow of nitrogen.
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Worth to mention, that addition of the TGA leadshet beginning to the decreasing
of PL intensity (near 25% of initial QY for 630 nemitting particles in 16 M TGA
solution). Decreasing of QY after addition TGA teetsolution of the CdTe NCs size
selected fraction can be explain by the partiasaligion of nanoparticles surface due to
formation of the stable complexes of cadmium wi@AT Actually, the instability constant
for CdL, Cdl; and Cdls are 16*° 10™%and 16%* correspondingly [28] and solubility
product constant for CdTe is near*t(29, 30] (seeAppendix 1 for more details about
complexes formations). Irradiation of such systemdk to the establishment of the new
equilibrium in the system followed by the recoveriof initial PL intensity and finally to
the improving of the PL properties of the CdTe NCs.

Figure 3.3.1shows the typical changes in the absorption aradoplminescence
properties of CdTe NCs irradiated by UV-white ligimt the Cd-TGA and Zn-TGA
solutions. Such solutions of nanocrystals may dbight only with wavelength in region
between 200 nm (limit for quartz, material of fladsk irradiation) and 500 nm (band gap
absorption of CdTe NCs). The illumination of sm@iteen emitting) nanocrystals both in
Zn-TGA and Cd-TGA solution leads to the drastic ioyement of the luminescence of
NCs. Both solutions demonstrate the red shift isogttion and luminescence spectra
which can be attributed to the growing of nanophes during photo-assisted ZnS- and
CdS-shell formation. Formation of the CdS and ZnSsNas by product in the solution
should not be excluded.

The aqueous synthesis of thiol capped CdTe NCsst ipH (11.2-11.8) resulted
in the incorporation of the sulfur in to the nandjedes [6, 31]. Sulfur atoms are
incorporated in the nanoparticles during thermabdgposition of the stabilizer molecules,
but photo-assisted decomposition should not beuded (as a result of using unprotected
flask). The big particles can contain relativelygka amount of sulfur atoms (8 day of
reflux) in comparison with the small (green emibinvhich synthesis takes only 1-2 hours.
Continuous shift of CdTe-cubic phase XRD reflexesiry the synthesis of CdTe NCs
toward the position of reflexes corresponding te t&dS-cubic phase has been
demonstrated in Ref [6]. The direct heat-assisyethesis of CdS NPs from water soluble
thiols and cadmium salt [32] as well as the irradeassisted CdS formation [33] are well

known.
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Figure 3.3.1Absorption and normalized PL spectra of CdTe N€®ie (black) and after
(red) irradiation in the presence of Cd-TGA (lefind Zn-TGA (right) solutions. The
irradiation time is 800 minutes.

Therefore, for small CdTe nanocrystals, which hambty a few lattice plains and
relatively small sulfur content, shell growing lsadb formation of CdTe(CdS) and
CdTe(znS) alloyed shells. In this case it is imfassto distinguish between pure
core/shell system and S or ZnS enriched extertayea shell.Figure 3.3.1also shows
that irradiation of the CdTe NCs in the Zn-TGA gan leads to the smaller red shift than
irradiation in Cd-TGA solution. Smaller red shiftgears, in the case of ZnS shell, due to
large band gap of the ZnS and as a result dueetsrtfaller possibility for distribution of

the electron-wave function in the nanoparticles.

Thus the large CdTe particles have the surfaceckesuli with sulfur and further
incorporation of sulfur can not lead to the impnoamt of PL and pronounced red shift.
Oppositely a small, wide ban gap particle can cowsuwsulfur from solution more
efficiently. As a result, the competition of proses of photoetching and shell formation
leads mainly to the etching in case of large (ned BR emitting) nanoparticles and to the
shell formation for small (green emitting) nanopaels. Therefore effectiveness of shell

growing is size dependent. (Ségure 3.3.2.
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Figure 3.3.2Absorption and normalized PL spectra of CdTe N€®wie (black) and after
(red) irradiation in the Cd-TGA solution. Irradiati time is 805 min.

In order to investigate the possibility of the fatwn of CdS NCs as a “by product
the solution of red-emitting CdTe nanocrystals waadiated during 24 hourdgsigure
3.3.3shows the absorption and PL spectra of irradi@te together with PLE spectrum.

A PL spectra of irradiated sample have two cleatijuishable peaks: broad and
weak peak at 400-500 nm and strong narrow at 58&amespondinglyKigure 3.3.3A,
black line). A PLE spectrum (emission 470 riaigure 3.3.3Q shows that this emission
can be assigned to the trap-related luminescen@e8fNPs. Oppositely, the emission at
585 nm can be assigned to a band gap luminescénice €dTe/CdS core/shell structure
(Figure 3.3.3B. Panel A shows the increase of band gap emiskidng irradiation (blue
line shows emission before phototreatment). Iningasf QE of nanoparticles together
with the appearance of “blue” shoulder in absorptg&pectra allow assume that shell

formation is followed by the CdS NCs by-producti@ation.
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Figure 3.3.3Absorption, luminescence and excitation spectrthefCdTe/CdS core/shell
NCs obtained by the phototreatment during 24 hdResel A presents PL (excitation at
300 nm) spectra before (blue) and after (black)tgineatment. Panels B and C (black
lines) present the same absorption spectrum, leuschle of the Y axes in B is chosen to
be 10 times smaller compares to that C in ordgarémounce absorption maximum of ca
560 nm. The PLE spectra (red lines) measured an69(B) and at 470 nm (C) are also
shown.

In general, the irradiation of the aqueous solugbsemiconductor NCs can initiate
at least two processes i) photodissolution (photoet)) of the NCs and ii) photoassisted

modification of NC surface [3].

Photoetching is a process of photo-assisted detjpadaf nanoparticles with
releasing of cadmium ions and by product in theutsmh followed by decrease of the
particle size. Photoetching leads to the blue dbofth in absorption and luminescence
spectra. At the initial stage photoetching improlRésproperties of nanocrystals as a result
of removing of surface defects. Further irradiattam lead to the complete degradation of
the nanocrystals, which are loosing their stabilapd precipitate as a result of
decomposition of molecules of the stabilizers.
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Oppositely to the photoetching, the photoassistadlification can lead to the
increasing of particles size, i.e. shell formatiShell formation is followed by the red shift
in optical spectra as a result of a weaker confinoémeelectron—hole pairs. The appearance
of electron transitions corresponding to the shediterials in absorption spectra is also
possible. Shell formation in agueous media is géiimgugh consumption of cadmium ions
and molecules of stabilizer. Shell formation le&mlshe drastic improvement of quantum

efficiency as a result of passivation of the swefatates by material of inorganic shell.

Irradiation of the pure solution of nanocrystalsyrtesad only to the photoetching of
nanoparticles. The addition of some amount of maéscof stabilizer improves drastically

the stability of the nanocrystals suspension undadiation.

Results of competition of photoetching and photsistied shell formation depend
on the nature of semiconductor material and stadiliMaterials with different band gaps
possess different energy of electrons and holeshwban be involved in photochemical
processes. From the other side, different stabihzelecules have different ability to take
part in the photo-assisted processes. In particule post-preparative photochemical
treatment of thiol-stabilized ZnSe and CdTe nanstalg leads to the improvement of their
luminescence properties with different contributioihphotoetching and shell formation

mechanisms.

3.4. Conclusions.

The post-preparative photochemical treatment adl4tabilized ZnSe and CdTe

nanocrystals has been investigated.

Phototreatment of ZnSe NCs is going mainly througbrganic shell formation.
The illumination of “dark” ZnSe NCs leads to theosig (up to 25-30% PL QE) band gap
luminescence. Phototreatment is followed by ina@edNC'’s size, due to incorporation of
the sulfur in to the particles, which results ie flormation of ZnSe(S) alloyed protective

shell on the surface of nanopatrticles.

Oppositely, photo-treatment of CdTe NCs goes thnotlge competition of i)

photoetching of nanocrystals and ii) photo-assistesll formation. Both processes are size
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dependent. Small (green emitting) CdTe NCs undergmly the shell formation and show
pronounced red shift both in absorption and lungease spectra. Increase of particles’
size is followed by the improvement of the photbeatg efficiency due to the increasing of

sulfur content.

The post preparative irradiation of aqueous CdTeaiystals allows achieving the
PL quantum efficiency as high as 50-60% which isygarable with quantum efficiencies
of CdTe NCs synthesized by hot injection procedui@ganic media.
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Chapter 4

Electrochemical properties of aqueous nanocrystals.

Electrochemical studies of aqueous thiol-cappedeCaiid ZnSe nanocrystals have
demonstrated several distinct oxidation and redurctpeaks in the voltammograms. The
peak positions are dependent on the nanocrystai® and on the post preparative
treatment. Experimental observations allow to assigese peaks to the oxidation of Se- or
Te-related surface traps for ZnSe and CdTe NCpeas/ely. The intra-band-gap energy
levels of agueous NCs assigned to these Te- antelaeed trap states shift towards the
top of the valence band as the nanocrystal sizeases. The position of these intra band
gap states are linearly depend on the positionhef first excitonic transition of the NCs
and move towards higher potentials with size. Thet@assisted formation of ZnSe(S)
NCs leads to even more pronounced and nonlinedt ehithe intra band gap levels.
Finally, the trap level merges into the valencedhavoving of the trap level is followed by
a drastic increase of the luminescence of the Z3)S&{nocrystals (from negligible to up to
25-30%).

4.1. Introduction

As opposed to other important physicochemical ptogse of colloidal
semiconducting nanocrystals less attention has paiehto their electrochemical behavior
[1-5]. Several reports have been devoted to theystfi a correlation between the optical
band gap of the NCs and the band gap estimated thenoxidation and reduction peak
positions in cyclic voltammograms [1, 2]. Thesedss have been performed in non-
aqueous media and the results obtained are somewhiadictory. Whereas Kucur et al.
[2] found good agreement between electrochemicdlaptical E values for CdSe NCs
with different sizes, Bard and coworkers [1] reeelathat the electrochemical band gaps
were smaller than the optical gaps for CdS NCshéir recent work, Bard et al. found that
the electrochemical band gap (~ 2.1 eV) betweerfitsieanodic and cathodic peaks was
close to the optical fvalue (2 eV) for TOPO-capped CdTe nanoparticl¢sTBe authors
of the electrochemical studies noted that upon gingnthe particle size the reduction and
oxidation peaks in the voltammograms were shiftethe direction predicted by theory [1-
3, 6].
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Thus, since the size dependent electrochemicalviehaf nanoparticles is not
studied properly yet here we report on the studytle correlations between the
electrochemical properties of MPA and TGA capped€NCs of different sizes and their
optical properties. Another point of our interesttihe size dependent behavior of ZnSe
NCs, a material not being studied so far, and ealbpe@n in situ observation of a light
induced formation on alloyed ZnSe(S) NCs.

4.2. Size dependent electrochemical properties of CdTe nanocrystals.

The CdTe NCs stabilized by thioglycolic (TGA) om&rcaptopropionic (MPA)
acids were synthesized according to the procedeseridbed previously (see details of the
procedure ilAppendix 2 and Ref [7]). Portions of CdTe NCs of differertes were taken
from the crude solution at different refluxing timand size selective precipitation was
applied to the crude solutions of the nanocrystaéh portion of the crude solution was
divided into a series of fractions with narrowegesdistributions by this means [7, 8]. This
procedure allowed also washing out reaction by4pectsland excessive stabilizing agents,
which is important taking into account the high-s#wity of the electrochemical methods.

A series of the electrochemical experiments wasiethrout using pre-adsorbed
NCs. The cleaned electrodes were dipped into therdéed colloidal solutions of the NCs
for 5 min. This procedure results in the adsorpttdrNCs on the electrode surface (see
Figure 4.2.]) giving a surface concentration correspondingppreximately 50% surface
coverage. The nanocrystal-coated electrodes were washed with buffer solution and
transferred to the electrochemical cell under Anadphere. The cell electrolyte was
deaerated by purging purified Argon for 30 min (s&ependix 2 and Ref [9] for
experimental details).

The cyclic voltammogram (CV) of the bare Au eled&oin buffer solution is
shown inFigure 4.2.2 (black line). The current is negligible in the wigotential region
from 1.0 to 0.5 V. Oxidation of the gold electraglgface starts from 0.5 V with an anodic
current peak at 0.67 V that gives a cathodic cturpeak at 0.36 V during the reverse

potential scan.
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Figure 4.2.1.High-resolution SEM images of the surface of the électrode before (a)
and after adsorption of CdTe nanocrystals stakilizieh TGA (b) and MPA (c).
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Figure 4.2.2.Voltammograms of the Au electrode with pre-adsdr8eTe nanocrystals in
blank buffer solution. The black line presents @\ of the bare Au electrode. Scan from
Eoc in anodic direction (red) Scan fronpEin cathodic direction (green). The potential
sweep rate was 20 mV* sEoc: open circuit potential.

The CV curves of the gold electrode with preadsdréelTe NCs shows several
additional electrochemical peaks. When the potkofidhe electrode is swept from the
open circuit potentialHoc) in the positive direction (red line), two disttn@nodic peaks
can be recorded in the potential regions from ©.3.4 V and from 0.75 to 0.8 V. The peak
positions depend on the CdTe NC size (Segare 4.2.3. The subsequent potential cycling
between -0.5 and 1.2 V results in the disappearafttee anodic peaks, and the CV curves
become similar to those recorded in the supporefertrolyte, suggesting that the

oxidation products block the electrode surfadégure 4.2.2(green line) also shows the
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first CV curve for the Au electrode with preadsattf@dTe NCs by scanning the potential
in the negative direction from the open circuit gratal. A cathodic current peak is
observed at about —1.2 V, which is most likely asged with the reduction of the NCs.
This peak is absent if the potential is initialsasned in the positive direction through the
anodic peaks.

Figure 4.2.3shows the first CV curves of CdTe NCs of four eiént sizes at the
Au electrode in the blank buffer solution both T68A stabilized CdTe NCs (left) and for
MPA stabilized CdTe NCs right (right). In both cadée first anodic peak moves in the
negative direction with decreasing the NCs size.
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Figure 4.2.3 Voltammograms of the Au electrode in blank buffeolution after
preadsorption of the TGA-lgft) and MPA-cappedright) CdTe nanocrystals of four
different sizes. The potential sweep rate was 20shV

The dependence of the potential correspondingdditst anodic peak for the NCs
of different sizes on the PL peak energy is shownFigure 4.2.4 To assure
reproducibility, three different size-series of T@&Apped CdTe NCs were investigated. As
can be seen, this dependence is practically libetln for TGA-capped and for MPA-
capped CdTe NCs and the potential of the first @txsh peak increases with increasing the

particle size or with decreasing the NCs band @dqaracteristically, the slope of the;E
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vs. E'hnax curve is markedly greater for MPA-capped NCs imparison with TGA-

capped ones.
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Figure 4.2.4.Dependence of the ped potential on the photon energy corresponding to
the PL peak for three series of TGA-capped CdTe dMe-selected fractions and for a
series of MPA-capped CdTe NC size-selected frastion

Figure 4.2.5depicts the first cyclic voltammograms of the calicoreduction of
TGA-capped CdTe NCs of two different sizes. Theuotidn peak also moves in the

negative direction with decreasing NC size.

Since the positions of both the anodic and theaththcurrent peaks depend on the
NC size, it was of interest to elucidate the relahip between the electrochemical redox
potentials and the semiconductor band gap enerbiesseparation between the peaks A
and G is 1.4 — 1.6 V which is markedly smaller than ¢cipgical band gap of the CdTe NCs
(2.0 — 2.3 eV) estimated from their spectra. Atshene time, the A- C; peak separation
correlates better with the optical gap, remainilghtly smaller than the latter value (cf.
Table 4.7).
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Figure 4.2.5.Cathodic voltammograms of the Au electrode in buffdution after the pre-
adsorption of TGA-capped CdTe nanocrystals of ifié sizes on the electrode surface.
The potential sweep rate was 20 m¥/ s

Table 4.1.Comparison of the band gap energies estimate@i@#-capped CdTe NCs of
three different sizes from the PL maximumg“CE) position with the electrochemical

estimateDE (the difference between oxidation and reductieaks).

Size of CdTe NC5nm  DE; (A=C1)°, V'  DE» (A—C)° V Eg"", eV

2.8 1.43 1.95 2.26
3.3 1.445 1.91 2.13
3.6 1.47 1.85 1.96

#the NC size was estimated using the energy dirteabsorption peak [10]

b peak separation at the scan rate of 20 fhV s

According to our expectation, the smaller CdTe M@Geuld be oxidized at more
positive potentials and reduced at more negaties dnan the larger NCs since the top of
the valence band is shifted towards lower energiekthe bottom of the conduction band
is moved to higher energies with decreasing thegbasize. It is important to note that the
direction of the size dependent shift of the secanddic peaks and cathodic peaks is in
accord with this expectation. In contrast, thet firsidation peak behaves abnormally, i.e. it
shifts to the negative direction with decreasirgNC size.

These observations allow us to assume that thteainsdic peak can be related to
the oxidation of surface defects forming intra-b@ag surface states. The existence of trap

states has been proven by fluorescence studiesd8n CdSe and CdTe NCs prepared in
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aqueous media [11, 12]. Generally, the traps carads®ciated with both Cd and Te
dangling bonds on the nanocrystal surface wherexidation of CdTe NCs will start. A
previous high resolution photoelectron spectroscipgy of TGA-capped CdTe NCs has
revealed that a larger amount of Te atoms occutb®@surface of low luminescent NCs in
comparison with highly luminescing ones [13]. Theps at the NC surface may give rise
to non-radiative recombination pathways. Sincddkeluminescent samples possess much
more Te atoms at the surface than the high lumemsmes, it becomes apparent why the
peak A, tentatively related to the oxidation of thesgsras markedly higher for the lowly
luminescing fractions.

The shift of this peak to more positive potentialdéh increasing the NC size
indicates that the energy levels of Te-relatedstnaqpve to lower energies when the NC
size increases. Here it is important to note that effect is markedly dependent on the
chain length of the thiol ligand&igure 4.2.4clearly demonstrates that the first anodic
peak is shifted more drastically to the positiveediion with decreasing the CdTe band gap
for MPA-coated NCs as compared to TGA-coated ohles.shift becomes so large for the
largest available NCs synthesized with MPA (PL mraxin at about 800 nm), that the peak
simply merges into the second anodic peak. Thisvallus to assume that for these NCs the
energy levels of Te-related traps appear insidevéience band. For such kind of particles
the highest possible photostability and PL lifedBrare expected, which corresponds very
well with our preliminary observations [14].

Whereas the detailed mechanism of the electroclamiedation of the CdTe NCs
remains largely unknown at the moment, the secondia peak is most likely to be due to
the oxidation of the rest of the CdTe core. Theogutton of reaction products on the
electrode surface (both at the Au and ITO elecspbdeuppresses the nanocrystal
electrooxidation at the second and further scam®e @&lectrochemical activity of thus
passivated electrodes can be again restored byimteahe electrode surface (see
Experimental section). Since the second anodic gaéks only slightly in the positive
direction with decreasing the NCs size, the elettemical band gap calculated as a
separation between the second anodic peak anctihedic peak (A— G) is less than the
optical band gap especially for the smallest NCsirAilar difference has been previously
observed for thioglycerol-capped CdS NCs and waghated to a multielectron transfer
process where the electrons (or holes) are consbsnfast coupled chemical reactions due

to decomposition of the particles [1]. A total nmelkctron reaction usually involves

46



4. Electrochemical properties of agueous nanocrystals.

several consecutive steps and the redox poteritthkearate-limiting step may be different

from that of the total reaction.

4.3. In situ electrochemical observation of photo induced formation of

alloyed ZnSe(S) nanocrystals.

The photochemical treatment is a successful methad improving the
photoluminescence quantum yields [7, 15-18] of semiluctor nanocrystals as well as for
narrowing of their size distribution [7, 19]. (Se€éhapter 3 for details of the
photochemical treatment of ZnSe and CdTe NCs.)

Taking into account the high sensitivity of theottechemical methods to the NC
surface states as well as the similarity of ZnSe& @dTe NCs (TGA-capping, agueous
synthesis, etc) the evolution of the ZnSe NC serfamperties under light irradiation was

chosen to be an object for a cyclo voltammetridwtu

The nanocrystals as-prepared possess a weak bigtidhwlue emission that is
mainly associated with trap states. The irradiadbthus obtained ZnSe NCs with “white
light” led to a dramatic improving of the PL propes, i.e. narrow UV-blue band-edge
emission appeared and reached in the best casetsiguefficiencies of up to 25-30%. The
improvement was explained in terms of the formatdra sulfur enriched shell on the
surface of the nanocrystals. Photodestruction@etttess thiol molecules is assumed to be
the source of the sulfur which together with theglresent zinc ions are consumed for the
shell formation [17]. (See for exampleigure 3.2.1 for a typical evolution of the
absorption and PL spectra of thioglycolic acid (T)Gstabilized ZnSe NCs under
irradiation with a 100 W Xe lamp.)

The photochemical treatment was performed as falldwsize selected fraction of
nanocrystals (88) was added to 10 mL of a fresh solution of Zn(g06H,O (16mM)
and TGA (40mM) at pH 6.6. In order to assign thedio peaks and understand better the
details of the shell formation the behavior of #i@Se NCs in a solution of TGA only
(40mM, pH 6.6.) and in pure water has also beediestu The solution was illuminated by
the light of a high-pressure Hg lamp equipped waithaqueous IR filter and a filter to cut
the UV irradiation with < 300 nm. The total intensity of the photochentycattive light
in the wavelength range from 300 to 400 nm was 8B5uMW cnit. All experiments were
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performed in a quartz cell under open air condgiand intensive stirring. Aliquots of the
solution were taken for spectroscopic and electptbal measurements after different

periods of time.

For electrochemical measurements the aliquots per@pitated by 2-propanol and
centrifuged. The precipitates were separated from gupernatant and redissolved in
acetate buffer giving stable colloidal solutiondteA that, the gold foil was dipped for 5
minutes into the buffer solution of ZnSe NCs. Owevous study on CdTe NCs showed
that efficient adsorption (at least 50% of surfaceerage) of thiol-capped NCs on the gold
surface took place under these conditionsQbfapter 4.2 and ref. [9]). The electrode with
adsorbed ZnSe NCs was thoroughly washed in frefaraolution and re-placed into the
electrochemical cell as working electrode for thavestigations. Electrochemical
measurements were performed in a standard thretagle two-compartment cell with a
platinum counter electrode and an A&gCl KCl(sat.) electrode as the reference

electrode. SeAppendix A2.6 for experimental details.

Typical cyclic voltammograms of four different ftaans of the “as prepared” ZnSe
NCs preadsorbed on the Au electrode are showigre 4.3.1A The anodic scans of the
electrodes have three different peaks in the piaierigion 0.35 — 0.50 V (4, 0.66-0.67V
(A2) and 0.93-0.94 V (4, correspondinglyFigure 4.3.1B presents the size dependent
behavior of the potentials;fand A of this series of differently sized ZnSe NCs.

The evolution of the cyclic voltammograms of the Sén NCs during the
photochemical treatment in the solution of TGA amt ions is shown ifrigure 4.3.2A
The position of the first anodic peak jjAdrastically shifts, while the positions of the
second (A) and the third (A) peaks appear to be stable during the illuminatitmwever,
it has to be noted that the position of the sequaak (A) becomes unrecognizable due to
the masking by the moving first anodic peak. Thel@ion of the peak positions;fand
Az and the PL intensity as a function of the illumioattime are shown ifigure 4.3.2B
and 4.3.2D0 respectively The figure shows a clear correlation between fosak (A)
position and the PL properties of the NCs. Thedasing of QY of ZnSe NCs is followed
by the shifting of the Apeak toward valence band. Finally peak mergevdlence band
and the PL intensity decreases due to the photadation of the solution of the ZnSe NCs

as a result of long-time irradiation with the pofuétight source.
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Figure 4.3.1 Four examples of typical anodic voltammogramsheaf ZnSe NCs (A) and
dependence of the peak positionsadd A on the photon energy corresponding to the first
exitonic maxima for the full series of the TGA-cappZnSe NC size-selected fractions
(B). ZnSe NCs preadsorbed on Au electrodes in abetifer solution (pH 6). The black
dashed line presents the voltammogram of the bareslactrode. The potential sweep
direction was -0.15 > 1.19> +0.375 V. The poterdiaéep rate was 20 mV s-1.
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Figure 4.3.2Evolution of the cyclic voltammograms of ZnSe N@sadsorbed on the Au
electrodes upon the time of the photochemical ineat (A), evolution of the relative
positions of first (A) and third (A) anodic electrochemical peaks (B), Position oflthels
electronic transition (C), and the PL intensity (@ring the photochemical treatment of
the ZnSe NCs. Open and full squares present tHatenoof the ZnSe NCs in the solution
containing TGA and Zi ions and TGA only, respectively. The potential sp/elirection
was -0.18 > 1.05>1.33>-0.18 V. The potential swedp was 20 mV s-1.
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According to our previous findings for analogougigpared CdTe NCs (cf. ref. [9]
and Chapter 4.2), the first anodic peak (A can be associated with the oxidation of the
intra-band-gap surface states. Moreover, the posif this peak in the case of the CdTe
NCs was shown to be size dependent, i.e. it wasingoto lower energies (higher
electrochemical potentials) with the increase @& MCs’ size [9]. The maximum size
dependent shift of theApeak was about 120 mV for the first excitonic siian range of
the NCs from 550 nm to ca. 635nm. In the case ®ZhSe NCs studied, the size-span is
more limited compared to the CdTe series. HoweXee NCs exhibiting a first excitonic
transition between 312 and 350 nm are availabletmanaximum size dependent shift of
the potential A is about 170 mV. The shift depends linearly ondptgcal band gap of the
nanoparticlesKRigure 4.3.1B which is consistent with the findings for the @&NCs.

Under irradiation by white light the shift of theest excitonic maximum from 336
nm to 365 nm (about 340 meV) is accompanied byifaddtthe A; peak of as much as 400
mV. The observed behavior can be explained as ailtsineous influence of both
increasing of NCs’ size and changing of the surfamaposition during the assumed shell
formation. Thus, the photochemical growing of th@tgcting shell improves the PL
guantum vyields of the ZnSe NCs and is followed hg moving of the surface states

towards the valence band.

The irradiation of the solution of the ZnSe NCsanmixture with TGA only
demonstrates neither PL increasing nor a shifthm absorption spectra while the CV
curves show the typical shift of the first peak;Aowards the positive direction (see
Figure 4.3.2 squarep In fact, the absence of the zinc ions in the tsmiu makes
impossible the photo-assisted formation of the 2h8ll which is necessary for the PL
improvement [17]. At the same time photoexcitatainthe ZnSe NCs may lead to the
dissolution of the relatively unstable surface sielen atoms or to their replacement by the
sulfur being present as a result of the TGA dedradaThe presence of an excess of TGA
in this case provides an additional stabilizatian the NCs. Both dissolution and
replacement of the Se atoms should result in ardianshift of the oxidation peak
corresponding to the surface Se atoms (pegkwhich corresponds to the experimental
finding (Figure 4.3.2A open squares). Neither a PL improvement nor asang the
electrochemical behavior were observed when théopieatment was done in the absence
of both, Zn ions and TGA in solution. A degradatmithe colloidal solution took place

during only a few minutes under these condition&ingaimpossible further investigations.
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This supports our assumption that TGA plays a obleoth a sulfur source and stabilizing

agent for the NCs under phototreatment.

The small second peak {Amay be associated with oxidation of TGA molecules
The position of this peak matches the oxidatioreptél of the TGA solution [9] as found
recently. A small amount of TGA may appear in tlduson due to the incomplete
washing as well as due to the existence of aniequiin between the TGA on the surface
of the NCs and in the solution [20].

The third anodic peak @\ can be assigned to the direct oxidation of thve ob the
ZnSe NCs. The slight shift of this peak (about 1) towards lower potentials can be the
result of a band gap decrease of the ZnSe NCs gluhe shell formation. The
photochemical treatment gives rise a competitiotmaf processes: i) the increase of the
band gap due to the incorporation of sulfur inte MCs, and ii) the decrease of the band
gap as a result of the nanocrystal growth (sizéicement effect). The overall result of
this competition is a decrease of the band gap. [t7$ noted that the decrease of the
optical band gap during illumination reached ab@35 eV which is considerably higher
than the electrochemically observed shift of thsifoan of the A peak. This founding can
be explained by the more effective shift of thedimtive band in comparison with valence

one.

4.4. Conclusions

Electrochemical studies of thiol-capped CdTe NCsmnaqueous buffer solution
(pH 9.2) have demonstrated several distinct oxadatand reduction peaks in the
voltammograms, with the peak positions being segeddent. While the size-dependence
of the reduction (@ and oxidation (A) potentials can be attributed to moving the
energetic band positions owing to the quantum sffext, an extraordinary behavior was
found for the oxidation peakiAobserved at less positive potentials. This peake®ndo
more negative potentials as the NCs size decre@hespeak is assigned to the oxidation
of Te-related surface traps. The results obtaimelicate that the energy levels of these
traps are shifted to lower energies as the NCsis@eases, allowing thus to explain the
higher photostability of the larger NCs.

The thiol-capped aqueous ZnSe NCs demonstrateathe $ype of behavior. The

A; anodic peak is responsible for the general quefityhe nanocrystals and correlate very

51



4. Electrochemical properties of agueous nanocrystals.

well with the QY of the ZnSe NCs. The evolutiontleé position of anodic peakiAn the
voltammetric curves of the ZnSe NCs is a functibthe improving NCs quality (i.e. the
formation of a sulfur-enriched surface shell) dgrthe photochemical treatment. Thus, the
cyclic voltammetry confirms the previously proposetechanism of the ZnSe NC
phototreatment.

Thus the current research has demonstrated th&\haethod is very sensitive to
the nanocrystal surface state, providing complimgnt information for better

understanding of special size-dependent opticglgaties of semiconductor NCs.
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Chapter 5

The Assembling of Semiconductor Nanocrystals

The arranging of the semiconductor nanoparticlessuperstructures is shown in this
chapter. Coupling mechanisms utilized for this s include electrostatic and covalent
interactions. The layer-by-layer assembly and cenbhttachment of nanopatrticles to the
functionalized surface (aminated) are employed. Tdst FoOrster energy transfer in

nanocrystal superstructures is observed.

5.1. Introduction

Ordered assemblies of nanocrystalline materiaksivedncreasing interest in recent
years. Nanopatrticles (often referred to as aréfieitoms) are used to build up artificial
molecules and solids [1]. These arrays and supiedatoffer new perspectives for the
application of nanoparticles for example in opto#lenic devices. Various approaches
toward assembling nanocrystals are known. Three emsional superlattices of
semiconductor nanopatrticles have been built ugeiorganization [2] and crystallization
[3-5]. Another main route towards ordered structupé nanocrystals is covalent binding
with and without special linker molecules. Thestore$ have a direct correlation to the
investigations in the fields of covalent coupling ranoparticles to biomolecules and

surface functionalization of nanocrystals [6].

Worth to mention that, still only little is knownbaut the properties of solids
evolving from these assembled structures. Some Wwaskbeen published by Heath et al.
on collective properties of interacting metal naamtigles [7, 8]. Depending on the
interparticle distance, those solids reflect dipdilgole interaction followed by pure
electronic coupling when the particles come intosebkt contact. Later, Remacle and
Levine studied theoretically electron transfer psses in arrays of quantum dots [9]. A
shift of the first electronic absorption of smadldmium sulfide clusters to lower energies
compared to their solutions was first published/ogsmeyer et al. [10] for closely packed

layers of cadmium sulfide nanocrystals. The layeese built up from solutions of the
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clusters by a spin-coating technique and were examniby absorption spectroscopy.
Besides some further studies on Forster energgfeaim semiconductor quantum solids
consisting of particles of different sizes [11, 1R{le is known about the interaction

between semiconductor nanopatrticles.

This chapter is devoted to the layer-by-layer asdigp of semiconductor
nanocrystals with and without interfacial polyetetttes as well as direct covalent linking

of nanocrystals with aminated surface.

5.2. Layer-by-layer assembly of semiconductor nanocrystals

Uniform and multicomponent thin films consisting fahctional molecules and/or
nanocrystals may be formed by applying the so-dalsyer-by-layer (LbL) assembly
technique.Figure 5.2.1 shows schematically the LbL procedure which wagimally
introduced for the assembly of polymer electrolyf? and which was recently adapted to
the deposition of charged nanocrystals both on[1l4t 15] and on curved surfaces [16,
17]. As seen from the figure the formation of m@yelrs of deposited material is based on
the electrostatic interaction between the nanoalysind the surface. Alternation of the
sign of the charges of the species to be depoaiteds to grow quite thick multilayers
while the introduction of new components in onetled layers yields the opportunity of
virtually non-limited but controllable variationd abL-multistructure compositions [18,
19]. The application of the method described foe thodification of artificial opals
allowed to obtain intrinsically light emitting phatic crystals which were successfully

used for investigations on photonic confinementaineena [20, 21].

The following standard cyclic procedure is normallsed for the preparation of
layered structures of negatively charged nanodsys(g dipping of the substrate into a
solution of polyelectrolyte (PE) (e.g. 5 mg/ml in50M NaCl) for 10 min
(poly(ethyleneimine) - PEI was used for the fiestdr and poly(diallyldimethylammonium
chloride) - PDDA for the ' and further layers); (ii) rinsing with water for rtin; (iii)
dipping into aqueous dispersions of the nanocrydta 20 min; (iv) rinsing with water
again for 1 min (cfFigure 5.2.7. On each surface exposed this procedure resulés i
‘bilayer’ consisting of a polymer/NC compositaégére 5.2.2shows spectra of an example
of a polymer/CdTe “bilayer’.
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5. The Assembling of Semiconductor Nanocrystals.

Figure 5.2.1 Schematic representation of the LbL assembly luiwg polyelectrolyte
molecules and oppositely charged nanoparticles. prbeedures 1-4 can be repeated to
assemble more PE/nanopatrticles bilayers.
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Figure 5.2.2 PL and absorption spectra of a polymer/CdTe “bifayblack lines) in
comparison with a solution of CdTe NCs (blue lineg)ether with a PLE spectrum of a
layered structure (red line).
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The cycle can be repeated as many times as negéssditain a multilayer film of
desired thickness. The thickness of the LbL filnpeteds linearly on the number of
“bilayers”. Moreover, a linear dependence of theaoaption in the region of the first
absorption maximum on the number of bilayers waseoled [22, 23]Figure 5.2.3

presents an example of a PDDA-ZnSe layered streictur
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Figure 5.2.3 Example of the evolution of film absorption duritige LbL assembly of
PDDA/ZnSe film. The inset shows the PL of a stroetwonstructed from 5 “bilayers”.

Worth to mention that in some cases the LbL-assgrappeared to be non-
efficient. When using freshly prepared colloidalusions of nanocrystals occasionally
incomplete layer formation was observed. Low-mal@cuveight by-products of the
synthesis as well as nanocrystal precursors caadp®nsible for this because they may be
attracted by the polyelectrolyte sub-layers witlgher efficiency than the nanocrystals
themselves. Aging of nanocrystal colloidal solusamight lead to the reduction of the
activity of those poisoning species due to thesoamtion with particle shells, aggregation
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and precipitation, etc. To avoid this problem, te@make nanocrystal colloidal solutions
useful for LbL without aging them, an electropharetctivation of the colloidal solutions
of thiol-capped nanocrystals has been developed.rnBimocrystal solution to be activated
is placed in a 2-electrode electrochemical cell &itd2 V potential is applied to the cell.
The commonly used electrodes are flat stainless stdTO-glass plates of 1 éworking
surface and 5 mm gap in-between. The current gedsips from ca. 100-120 pAcfrin

the very beginning down to 5-10 pAénafter one hour of this treatment. The above
mentioned by-products and possibly other chargedciep are electrophoretically
assembled or reacted at the electrodes and thudeiduieed activated solutions can be used

for the LbL-deposition as usual after removal fribra cell.

5.3. Electrostatic assembly of semiconductor nanocrystals

However, in these LbL systems the distance betwle@ors and acceptors can not
be shorter than the thickness of the polyelecteolytonolayer. In order to avoid this
limitation which may be unfavorable for efficiemitérparticle interactions (see below) a
new kind of LbL structure has been generated [PA¢ building blocks of the system were
water soluble CdTe NCs with opposite surface clsardee charge of the CdTe NCs
depends on the kind of stabilizer [25]) which webd assembled without polyelectrolytes
between the particle layers. However, we encoudtar&insic limitations like an easy
removal of the already deposited layers and thenlicial balance of charges during the
film growth [26]. These limitations might have less influence in¢hse of the assembly of
only one NC bilayer, while at the same time therayer distance in this case would be
further reduced leading to more efficient interaict. Bilayers of oppositely charged NCs
can indeed be formed by a direct assembly of wadkible CdTe NCs capped with amino-

and carboxyl-group terminated short chain thioke(msetifjure 5.3.7).

58



5. The Assembling of Semiconductor Nanocrystals.

Figure 5.3.1 Examples of two close-packed structures utilizMg-capped CdTe NCs
(positively charged) of approximately 2 nm (blackid lines) and 4 nm (red dotted lines)
as the bottom layer. MPA-capped nanocrystals (negatcharged) of 6-8 nm in diameter
were used as the top layer in both structures shéwrereas the absorption spectra of the
structures show only the features correspondirigedoottom layer, the photoluminescence
of the top layer (centered at ca. 780 nm) dominatésth structures.

The preparation of this layered structure was peréadl in two steps. In the first
step a polyelectrolyte sub-layer was formed by #ti@dard procedure: (i) dipping of the
substrate into PEI solution for 20 min; (ii) ringimvith water for 1 min; and (iii) dipping
into PSS solution (iv) and final rinsing in wat@&ihe first PEl-layer was used to improve
the quality of the layered structure in terms oifanm surface coverage [15]. In a second
step, close-packed nanoparticle structures werendded on the surface of the
polyelectrolyte bilayer as follows. The substratéhvihe PE bilayer was (i) dipped into
aqueous dispersions of the 2-mercaptoethylamine)(Mapped nanocrystals for 20 min,
(i) rinsed with water for 1 min and finally (iiiglipped into an aqueous dispersion of the
mercaptopropionic acid (MPA) or thioglycolic aciiGA) capped nanocrystals again for
20 min. Such a procedure results in a layered tstreic consisting of a

support/polymer/NCs-NCs composite. Typical absorptand photoluminescence spectra
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of the system are shown figure 5.3.1 The composite of the nanoparticles exhibits
absorption only from the bottom layer of NCs (thes@ption from the top NC layer is
below the limit of the sensibility of our spectrappbmeter). At the same time emission
associated mainly with the top layer is observediwins taken as a first hint to efficient

energy transfer (see below).
5.4. Covalent coupling of SC NCs

5.4.1. Covalent linking of CdTe NCs to flat surfaze

Besides electrostatic coupling of NCs the genematib covalent bonds between
selected nanocrystalline entities constitutes § a#ractive and vast field. As an example
of bridging two different sorts of NCs the linkageCdTe nanocrystals stabilized by TGA
and MA can be shown [27]. The coupling has beemiezhrout directly at the ligands
without using an additional bridging molecule onligh the aid of carbodiimide acting as a
mediator for the reaction. The reaction betweeroogstal and silica bead is described in
Scheme 5.1.

Scheme 5.1of carbodiimide assisted amide bond formation.

While the covalent coupling of SC NCs is still im &nfant status the acting
chemistry may well be applied to the coupling ofd\iG pre-treated surfaces. Accordingly,
the appropriate fractions of CdTe NCs for the cgajion with various substrates like
glass, silica or silicon with different surfacesaphs have been used [28]. A general
illustration of the binding of the acid-stabiliz&Cs to aminated surfaces with the aid of
carbodiimide as a mediator in the formation of #imeide bond is shown iRigure 5.4.1

(inset).
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Figure 5.4.1 Absorption and luminescence spectra of CdTe N&fgugated with a flat
glass substrate. Excitation wavelength is 450 nrhe Tinset shows a schematic
representation of the structure.

The silicon wafers, the quartz and the glass slidese pre-treated before
conjugation in the following manner: the glass (elrGlaser, Germany) and the quartz
slides (Hellma Optic GmbH, Germany) as well asgiieon wafers (with a 400nm S;O
layer) were cleaned by sonication first in 0.1 MO\ solution, then in methanol, and
finally in pure water for 15 min each. To form amiao-terminated layer on their surface,
the substrates were immersed in a 3 vol% solutib@-@minopropyl)-triethoxysilane
(Fluka) in 95 % methanol (named below “3APTES gohif) under sonication for 15 min
followed by thorough rinsing with methanol. Dryimgs performed by a thermal treatment

at 120°C for half an hour in an oven.

The details of the linking of the CdTe NCs to flatbstrates are as follows. An
appropriate amount (0.1-0.5 mL) of aqueous solstiohCdTe NCs was mixed with 0.5
mL of MES buffer (2-(N-morpholino)ethanesulfonicich®,1 mM, Sigma) and 8 mL of
Milli-Q water. The preliminarily cleaned aminatedbstrate was dipped into this solution.
Subsequently, 0.5 mL of a solution of 1-Ethyl-3(fBmethylamino)propyl]carbodiimide
hydrochloride (Sigma) 0.025 M and N-hydroxysucciitien (Aldrich ) 0.025M (named
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below “EDC/NHS solution”) was added under vigoratisring which was continued for
another 10 min. After conjugation, the slides weeshed three times in Milli-Q water and
rinsed thoroughly in acetone and toluene and drreter vacuum condition&igure 5.4.1
shows optical spectra of the modified slides. ThepPperties of the films prepared were
found to be more stable in time as compared toogoakly LbL-assembled monolayer
films. Although the surface coverage estimated ftbm optical densities of the modified
glass slides is roughly 100% (i.e. one monolayes,formation of island-like multilayers

could not be excluded [14].

5.4.2 Covalent linking of CdTe NCs to silica andagk beads.

The method described is not limited to flat sulissaut is of more generality as
shown by successful attempts to coat glass splo¢nescron size by CdTe NCs [28]: A
dispersion (5 wt % in 10% solution of ethanol int&va of borosilicate glass microspheres
(2 £ 0.5 pm, Duke Sci. Co., USA) was treated with 0.INBIOH for 15 minutes under
sonication and washed three times in methanol biritegation. The treated microspheres
were immersed in the 3APTES solution under sormpatior 15 min and washed
thoroughly with methanol by centrifugation. Thedimmethanol dispersion was heated up
to the boiling point for 1 hour. After that, the erospheres were separated from the
methanol, redispersed in 0.5 ml of MES buffer antdsequently 0.1 ml of an aqueous
solution of CdTe NCs and 0.5 ml of the EDC/NHS $oluwas added to the dispersion
under vigorous shaking which was continued for la@otl0 min. The conjugation was
terminated by the addition of an excess amount.bfM) glycine solution. The spheres
were washed three times with Milli-Q water and stbin an appropriate solvent like water
or DMF. In Figure 5.4.2displayed a fluorescence microscopy image of thesgspheres
conjugated with the CdTe NCs. The persistency efltiminescence of the NCs is nicely
seen. This luminescence is not altered for at [@asbnths. The inset shows a SEM image
of one particle of the same sample providing anrgsgion of the coverage of the spheres

with nanoparticles.
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Figure 5.4.2.Fluorescence microscopy image of glass sphergagated with CdTe NCs.
The inset shows a SEM image of one of those pasticl

Figure 5.4.3shows some optical properties of conjugates ofeCHTs with silica
beads. For the generation of these conjugatesdfie BICs of two different sizes, namely
3 — 4 nm in diameter and 6 — 8 nm in diameter, gettygely have been used. The
absorption spectra of the conjugates possess wahlopnced first electronic transitions
and strong emissions. The positions of the absor@nd luminescence maxima relate well
to the sizes of the NCs in accord with the sizentjmation effect being operative in
semiconductor nanoparticles of such sizes. Ites $leat the emission of the larger particles
reaches into the near-IR spectral region and thedration spectra of monolayers of NCs

have been gained in this study.

For the preparation of the silica beads we usedlbkmown literature method [29].
Tetraethyl orthosilicate (1,5ml) was added to aisoh of ammonium hydroxide (2 ml) in
ethanol (50 ml) in order to prepare particles auad 100 nm in diameter. The reaction
mixture was stirred for 24 h to yield silica nandfes. The amino-functionalization of
the particles’ surfaces was accomplished by thatiaddof 25 mi of 3APTES to the
reaction mixture and continuing stirring for adalital 24 hours. After this, the mixture was
heated up to the boiling point for 1 hour. The edomixture was washed three times with
ethanol by centrifugation to give a stable dismersf amino-functionalized silica spheres.
Before conjugation, the silica particles were tfamed into DMF by consecutive

centrifugation and adding of fresh portions of DMF.
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Figure 5.4.3 Absorption and luminescence spectra of silicaigas conjugated with
CdTe NCs of two different sizes.

Conjugates of CdTe NCs with aminated silica bead= lbeen prepared as follows.
0.05 ml of aqueous solutions of the CdTe NCs arth Onl of the dispersion of the
aminated silica particles in DMF were added to O0mmMOof DMF. Then, 0.5 mL of the
EDC/NHS solution (in DMF) was added under vigoraslsaking. The shaking was
continued for another 5-20 min. The conjugation stapped by centrifugation of the silica
particles. The conjugated silica particles werehgds3 times with pure DMF and stored as

dispersions in the dark.

5.4.3 Covalent linking of CdTe NCs to the functioinsed Latex beads.

The method of carbodiimide-assisted linking may de used for formation of
ester bonds in non aqueous media. In order to dstmrade conjugation through ester bond
formation the CdTe NCs with surface OH groups waapled with latex beads whose

surface were modified by -COOH and -86I groups.
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The linking solution contained N,N'-diisopropylcadimide (DIC, 0.1M) and 4-
dimethylaminopyridine (DMAP, 0.01M) in methanol. dnder to prepare the non-agueous
suspension of latex beads consecutive centrifugaiod redispersion in fresh methanol
have been used. Finally, a methanol suspensioateX beads with 4.8xfomol of the —
COOH group per mL was obtained. The methanol sel@Te NCs (1.6x1DM, 3.6 nm
in diameter; seéAppendix 2.3 for details) were used for the coupling reacticee(
Appendix 2.2for details of the CdTe NCs synthesis).

Conjugates of CdTe NCs with functionalized latexadse have been prepared as
follows. 100uL of the latex beads dispersion wetdeal to 1 mL of methanol solution of
CdTe NCs and afterwards 10 pL of linker solutiorrevadded under extensive stirring.
The mixture was stirred overnight and washed thmnoagnsecutive centrifugation and
adding of fresh methanol. Finally a stable susmensif CdTe—modified latex beads in
methanol was obtainedfigure 5.4.5shows the SEM images and optical spectra of the

conjugated latex beads.

Figure 5.4.5 SEM images of latex beads conjugated with CdTes KIEft) and optical
spectra of the conjugates (red lines) in comparisidh methanol solution of CdTe NCs
(black lines).

65



5. The Assembling of Semiconductor Nanocrystals.

The formation of ester bonds between methanol aedldtex beads can not be
excluded. Actually, there is a competition betwdenconjugation of latex beads with OH-
groups of thioglycerol-capped CdTe NCs and with @bups of the solvent (methanol).
The conjugation of methanol molecules does the $iesutface still accessible for the
CdTe NCs since each latex bead has one carboxpgueu 0.92 nrh which is much
smaller then cross section of the CdTe nanopastiéte 3.6 nm particles). Thus, only few
carboxy-groups have the possibility to be conjugatéth CdTe nanoparticles. Other
carboxy-groups are still free for conjugation witiolecules of methanol (solvent). Both i)
steric effects and ii) kinetic competition of malées of stabilizer and solvent lead to the
high amount of linked methanol molecules. Nevedsg| conjugation of latex beads with

CdTe NCs is sufficiently effective to produce nicebvered surfaces.

5.5. Rapid Forster energy transfer

To investigate the Forster energy transfer from Iemggreen emitting, PL
maximum at approx. 555 nm) to bigger NCs (red engit650 nm) in LbL layered
assemblies two different structures both consisbingO polyelectrolyte/NCs bilayers have
been prepared. The first structure consists ofdydis of the same NCs size followed by 5
bilayers of the other NCs size on top while theosecstructure consists of alternating
bilayers of NCs of both sizes, as is schematicahown in Figure 5.5.1 The
disappearance of the green PL band and the sineolizrrelative amplification of the red
emission is inherent for both structures and israssequence of the Forster energy transfer
(FRET), i.e. energy transfer takes place betweemod@nd acceptor NCs, when the
interparticle distance is smaller than the so-dalérster radius. At the same time the
efficiency of the FRET appears to be relativelyheigin the case of alternating layers.
Indeed, the mean distance between the NCs of eliffesizes is smaller in the case of the
alternating structure. In the other case only tbseast red and green NC layers participate
in the energy transfer efficiently, while othersearoo far apart. Furthermore, the
applicability of the LbL method for the creation @fen more complex structures has been
demonstrated. This structure consisted of altaergatilayers of NCs of three different
sizes with a gradual decrease of the electronid lgap and it shows PL originating from
the biggest NCs only, while the features correspandio all NCs’ sizes appear in the

absorption spectruniigure 5.5.2
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Figure 5.5.1 Absorption and PL spectra of the LbL formed adseza sketched on the
right hand side. Green and red layers corresporttidgcemission colour of the particles
constituting the assembled PE/NCs bilayers.
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Figure 5.5.2 Absorption and PL spectra of the LbL structuresisted of alternating
bilayers of NCs of three different sizes.
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The FRET efficiency of thin alternating films of N@f 2.4 and 3.5 nm in size with
PDDA as opposite polyelectrolyte was estimated déoab high as 50% with an average
interlayer energy transfer rate of (254 pspaching the value of (134 psjor certain
subspecies in the inhomogeneous distribution ofdbeor NCs having larger spectral

overlap with the acceptor NCs [30].
5.5.1 Forster energy transfer in the close-packedistures.

As described above LbL-composite can be prepardld MCs as building blocks
only, i.e. without polyelectrolytes in between tNE layers. These structures have been
made in order to study Forster energy transferanoorystal solids, assuming that the
FRET will be facilitated by a smaller mean intedayistance. The bilayer structure is
supposed to be composed of MA-capped CdTe NCs (dpimothe bottom layer and TGA-
capped CdTe NCs (acceptors) in the top layggure 5.3.1). For comparison, two
monolayer samples comprising only donors (MA-capfetTe NCs) or only acceptors
(TGA-capped CdTe NCs) are also deposited on thgnpal underlayer. For both NC sizes
the electronic transitions can be distinguishedhm absorption spectrum of the bilayer
sample, although the contribution of the accept@sNs reduced in comparison to the
monolayer sample. This is not surprising becausebthttom layer of the donor NCs is
deposited on a polymer underlayer in both casesyifeg the attachment of the NCs, while
the top layer of acceptor NCs in the bilayer samgldeposited onto a pre-formed donor
NC layer, which is apparently limited in its abjlito attract and accommodate oppositely
charged NCs in comparison to a polymer underlaieis is indicated schematically by an
incomplete layer of acceptor NCs in the inset~@jure 5.3.1 The use of electric-field
directed layer-by-layer assembly (EFDLA)[31] whiaHies on the additional attraction of
NCs by applying an electric field to the substratey allow to overcome this problem. The
absorption spectrum of the bilayer sample can peodeiced by a linear superposition of
1.0x the donor and 0.33x the acceptor absorptientsp PL spectra show that almost all
of the emission from the bilayer sample originatesn the acceptor NCs, while the
contribution from the donor NCs is strongly dimimesl. From the quenching of the donor
and the enhancement of the acceptor NC PL in tlagdrisample, the efficiency of energy

transfer in the bilayer structure is estimatedeo-B0%.

In order to figure out the energy transfer rates streak camera data binned by

wavelengths rather than time was analyZédure 5.5.3 compares the PL decay of the
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donor NCs in the bilayer sample with the PL dechyhe donor NCs in the monolayer

sample at the same wavelength.

Figure 5.5.3 Fluorescence decays of the donor NCs in the nagaoldonor sample
(dotted line) and the donor NCs in the bilayer skenggolid line). In both samples the PL is
integrated from 500 to 525 nm. The 1/e times ag@8and 57 ps, respectively. The inset
sketches the different decay channels of an exait@nNC of the donor layer including the
corresponding timescales. Thick solid lines repredbe first excitonic transition, thin
lines represent vibronic progressions and dasimas lindicate trap states from where the
excitons decay nonradiatively. Apart from a reseérearergy transfer of excitons in donor
NC groundstates, a recycling of trapped excitonselpnant transfer to a radiating state in
an acceptor NC is also possible on an unknown tales

To ensure that the donor decay in the bilayer sansphot affected by PL cross-talk
from the acceptor NCs a wavelength-binning regibimterest from 500 nm to 525 nm has
been chosen. For both samples the PL transientaapg non-exponential decays as it is
typical for thiol-capped CdTe NCs [30, 32]. Nevettdss, one can deducé/a decay time
which decreases from 286 ps for the monolayer sardplvn to 57 ps for the bilayer
sample. A transfer rate of (71 Psis calculated from these numbers which is 3.5 gime
higher than the average transfer rate reportedédé&bo a CdTe NC bilayer structure with a
polymer linker between the layers [30]. If one cbe®m the wavelength binning region of
interest being more shifted to the high energy siddée donor spectrum (from 475 to 500
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nm), an energy transfer time as low as 50 ps iwelbrwhich is very close to the energy
transfer rates of (38 pS)predicted by Klimov et al. [33]. We attribute thixrease of the

energy transfer rate to the reduced average distagtoveen the NC layers by eliminating a
polymer linker in between. From the decay timesvigled above we derive an energy
transfer efficiency of 80%, consistent with theiaéincy we have calculated from time

integrated PL spectra.

5.6. Conclusions

The arranging of semiconductor nanoparticles iresstpuctures has been shown.
The layer-by-layer assembly and direct electrastdsembling of CdTe NCs were used for
the preparation of layered structures. A systerh aiternating layers of nanocrystals with
different sizes (i.e. band gaps) has been consttuéffective FRET is possible in these
structures. The layer-by-layer assembly may alsagpdied for the preparation of a “mono-
layered” structure through formation of “sandwidRE-CdTe layers. Fast Forster energy

transfer in such nanocrystal superstructures isrobsdl.

The covalent attachment of nanoparticles to funetiged surfaces (aminated
inorganic substrates and carboxy-functionalizedxldieads) is used for the formation of
monolayered structures. The carbodiimide assisteidlea or ester- bond formation was
used in order to link nanocrystals with substraesnild conditions in various media
(water and methanol). The higher stability of susthuctures in comparison with
conventional LbL techniques has been shown. Covaleunpling was applied to various
flat (glass, silicon and quartz slides) and spla¢((silica, glass and latex beads) substrates.
Therefore, using carbodiimide chemistry opens tbesibility to form stable layers of

semiconducting nanocrystals on surfaces of vafiaoistionalized substrates.
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Chapter 6

Summary

The present thesis focusses on the synthesis @&oagquthiol-stabilized 11-VI
semiconductor  nanocrystals, their post-preparativehoto-treatment, their
electrochemical characterization and the preparatioordered superstructures using

nanocrystals (NCs) as building blocks.

In particular, the first successful synthesis otiemus ZnSe NCs has been
developed and its optimal conditions have beendoiihe “as prepared” aqueous ZnSe
NCs possess a narrow size distribution but havdigiele and broad (deep trap)
emission. The photoluminescence (PL) quantum y{€XY) of the ZnSe NCs is
improved by a post-preparative photochemical treatil'he illumination of ZnSe NCs
by “white light” of a xenon lamp leads to strong (@ 25-30 % QY) band gap PL. This
phototreatment leads to the formation of a ZnSed89yed shell. Due to the
incorporation of sulfur into the particles theizesiincreases. The proposed mechanism

has been confirmed by an electrochemical study.

An improvement of the PL properties of the CdTe Ngsthesized in aqueous
media is shown. The influence of the initial coratis of the synthesis (structure and
concentration of the Cd-thiol complexes in the bgses solution before injection of the
H.Te) on the quality of the CdTe nanocrystals is aés@ The distribution of the
complexes of cadmium with the stabilizer thioglycahcid (TGA) is calculated in a
wide range of pH values and concentrations of #wgum ions. It is found that only
CdLs*, CdL> and CdL (where L is (SCIEOO0Y") complexes play an important role
under the synthetic conditions used (pH 9.0-12H)e results of the numerical
simulation show that the CdL concentration in thiéal solution correlates clearly with
the PL QY of the CdTe NCs. An improvement of the @the CdTe NCs is achieved
by decreasing the TGA/Cd ratio which leads to ameasing concentration of the CdL
complex. Reducing the TGA/Cd ratio allows the prapan of strongly luminescing
(PL QY up to 50% for the crude solution) CdTe NCs.
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Another possibility to improve the PL of CdTe N@Gsagain the photochemical
treatment. The illumination of a solution of the T@INCs leads to i) photoetching of
the nanocrystals and ii) to a photo-assisted faonabf a protective shell. Both
processes are size dependent. Small CdTe NCs undeamly the process of shell
formation and show a pronounced red shift bothbisogption and in the luminescence.
Thus, the post preparative irradiation of aqueoddeCnanocrystals as well as the
changing of the initial conditions in the synthegsults in PL QYs as high as 50-60%
which is comparable with the QY of CdTe NCs syntted by the hot injection
procedure in organic media. The CdTe NCs exhibitimg sufficiently high PL QY and
this simple water based synthetic procedure otiegpod compatibility with biological
surroundings and superior stability against oxarati

Electrochemical properties of thiol-capped CdTe an8e NCs which were pre-
adsorbed on an electrode are studied. The voltamanm@zgydemonstrate several distinct
oxidation and reduction peaks with the peak pas#tibeing size dependent. The size-
dependence of the reduction and the second oxidp&aks can be attributed to moving
the energetic band positions owing to the quantuze effect. An extraordinary
behavior (moving to more negative potentials asNResize decreases) was found for
the first oxidation peak (observed at less positigtentials). This peak can be assigned
to the oxidation of Se- and Te-related surfacestrapspectively. The results obtained
indicate that the energy levels of these trapsshifted to lower energies as the NCs
size increases leading finally to an enhanced eomsY. The process of the photo-
assisted shell formation (ZnSe NCs) is reflectedH®y position of the first oxidation
peak. This peak moves towards the direction ofcthreduction band of the ZnSe NCs
correlating with an improvement of the PL QY of tNEs. Finally, the peak merges
with the valence band of the ZnSe NCs. Thus, theentiresearch has demonstrated
that electrochemical methods provide importantrimiation about surface states and the
size-dependent behavior of semiconductor NCs.

The arranging of semiconductor nanoparticles inesstpuctures has been
studied. The layer-by-layer assembly and the digbsttrostatic assembly of CdTe NCs
is used for the preparation of layered structufesystem with alternating layers of
nanocrystals with different sizes (i.e. band gdyas) been constructed. Effective Forster
resonant energy transfer (FRET) is possible inkimd of structures. The layer-by-layer
assembly may also be applied to the preparatioimoho-layered” structures through
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the formation of “sandwich” polyelectrolyte-CdTeyéas. Extremely fast FRET in such

nanocrystal superstructures is observed.

The covalent attachment of nanoparticles to funetiged surfaces (aminated
inorganic substrates and carboxy-functionalizecexlabeads) is utilized for the
formation of monolayer structures. The carbodiimadsisted bond formation is used in
order to link nanocrystals with substrates undetd ngonditions. The covalent
attachment of semiconductor NCs through an amidd-amn ester-bond formation in
various media (water and methanol) is shown. A drigdtability of such structures in
comparison with the conventional LbL techniquesliserved. Covalent coupling is
applied to various flat (glass, silicon and qualides) and spherical (silica, glass and
latex beads) substrates. Therefore, the use otdheodiimide chemistry opens the
possibility to form stable layers of semiconductingnocrystals on the surface of

various functionalized substrates.
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Appendix 1

Calculation of the distribution of the complexes of

cadmium with thioglycolic acid.

Here the calculation of the distribution of the centration of cadmium complexes
as a function of the pH and TGA/Cd ratio is presdnfThis calculation is carried out to
compare its result with experimental data (quametd, stokes shift etc) and assumes the
importance of different complexes for the succdssfnthesis of aqueous NCs. The
stability constants of cadmium complexes with thioglic acid were taken from ref [1].
These data together with information about the isabconstants of the hydroxy-
complexes of cadmium [2] which may play an impartare at very high pH, provides us

with a full set of information about complexes oigion (see tabl¢.

Table. Stability constants of Cadmium(ll) complexes ifusion containing thioglycolic

acid.

Complex. Initial ions Logarithm of stability Ref.

constants

Cd(SCHCO,);" | Cd™, 3 SCHCO,” Log 103= 19.11+0.04 [1]
Cd(SCHCO,),” | Cd’, 2 SCHCO,” Log 102= 15.63%0.1 [1]
Cd(SCHCO,) Cd*, SCHCO,” Log 101 = 11.45+0.2 [1]
CdH(SCHCO,)" | Cd* H', SCHCO,” Log 111= 18.68%0.1 [1]
CdH(SCHCO,), | Cd™ H", 2 SCHCO,” | Log 11»=24.30+0.2 [1]
CdH(SCHCO,);> | Cd*,H*, 3 SCHCO,> | Log 113= 28.35+0.1 [1]
CdH,(SCHCO,), | Cd™, 2 H, 2 SCHCO,” | Log 12, = 30.88+0.1 [1]
CdH(SCH,CO,)s” | Cd*, 2 H', 3 SCHCO,” | Log 123= 36.34+0.2 [1]
Cd(OHY Cd*, OH Log 10 = 3.92 [2]
Cd(OH) Cd™*, 20H Log 20= 7,65 [2]
Cd(OH) Cd*, 30H Log 30= 8,7 [2]
Cd(OH:" Cd™*, 40H Log 40 = 8,65 [2]
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The expression for the total concentration of camimiand thioglycolic acid
through the equilibrium concentration of cadmiummsoand concentration of fully
dissociated thioglycolic acid allows to find theuddprium concentration of each ion. The
equilibrium concentration of all ions and complexdspends only on the total
concentration of TGA, cadmium salt and pH (at aegitemperature). Knowledge about
the equilibrium concentration of cadmium ions am@ tconcentration of completely
dissociated thioglycolic acid allows the calculatf the concentration of each complex in

solution.

Details of the calculation of the concentration atwmposition of cadmium

complexes are shown below:
Eq 1 expresses the total concentration of TGA in soiuti

Crea= L]+ [HL] +[HoL] +
+ 3[CdLs*] + 2[CdL,*] + [CdL] + [CdHL, ™1 +
+ 2[CdHL, ] + 3[CdHL3Y] + 2[CdH,L,] + 3[CdHyL3*] (1)

In order to express the concentrations of the candmcomplexes through the
equilibrium concentration of cadmium ions [ the concentration of fully dissociated

thioglycolic acid [l*] and pH the equatiorfsr the stability constant:

(2)

and for the protonation constant of thioglycoliedac

A

can be used.

Substitution ofeqs 2and 3 in to eq 1 and by using the values of the stability
constantsqee tabl® and protonation constants of thioglycolic acig£ 5.62 10° and , =
1.41 10" correspondingly [1]; in 1M NaCl§ allows the expression of the total
concentration of TGA through the equilibrium conzation of cadmium ions [Gd] and

fully dissociated thioglycolic acid fi]:
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Crea=[L?T+ o[L*]HT+ L*JHT? +
+3106dCANL?1% + 3 11dHN[CA*NL?T% + 3 1odH P [CA™I[L?]° +
+ 230 CAP L *T? + 2 13 HI[CA* L *]? + 2 1ofH PP [CAI[LZ]? +
+10fCA*NIL?] +  11H'[CA*[L?] (4)

Grouping the like terms together ingq 4

©)

where all expressions in brackets depend only empkhof the solution.
Bo= o[H]?+ 1H]+1 6)
Bi= 1HT+ 101 0)
Bo= 12dH P+ 11dH ]+ 102 ©)
Bs= 12dH 1%+ 11dH'T+ 103 O

Using the pH dependent parametess B, By, Bs finally allows the expression of
the total TGA concentration through equilibrium centration of cadmium [Gd and

thioglycolic acid [L*]:
Croa= Bo[L*] + [Cd?](3Bs [L*]° +2B, [L*]? + B, [L*]). (10)

It is possible to express the total concentratibcaolmium in solution in the same
way. The overall cadmium in solution is in the foofncadmium (Il) ions, complexes with

TGA and hydroxo-complexes:

Cea=[CH] +
+ [Cdls*] + [CdL,?] + [CdL] + [CdHiL,*"] + [CAHL,M] +
+ [CdHL3>] + [CdH,L,] + [CdH,L5%] +
+ [CA(OHJ'] + [CA(OH),] + [CA(OHX] + [CA(OH)?] (11)

The equation for the stability constaef] 2 allows to express the complex’s
concentration through the equilibrium concentratibicadmium (Il) and the concentration

of fully deprotonated TGA ions:
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Cea= [CHT+ 1dCANL?T* + 1dHICA*NL?T® + 1odHT[CA*I[L2]® +

+ 10dCAL?1? + 1 dH'[CA™I[LZ )P+ 1odH 1A CA L ?]% +

+ 10CANL?T+ 1u[H)[CA*][L?] +

+ 1CA*J[OHT + 2 CA*J[OHT? + 3CA*[OHT® + 4Cd*][OHT* (12

Grouping the like terms together:

(13a)

or.

(13b)
Substitutingegs 6-9in to eq 13k one can get the expression for the concentration
of all cadmium in solution as a function of the dQuum concentration of ions of

cadmium ([Cd"]) and thioglycolic acid in solution (fd]):
Cea= [CAP](1 + BAL?]® +B[L?]? + By[L?] + K) (14)

Where K = 1o[OH] + 2[OH]?+ 30[OH]®+ 4 [OH]* which depends only on the pH

as foregs 6-9

Finally, we have equations for overall concentradiof TGA €g 10 and cadmium
(eq 19 which are expressed only through the equilibrioomcentration of cadmium,

thioglycolic acid and the pH of the solutions.

The equilibrium concentration of cadmium (Il) ioftem eqs 14may be expressed

as:

(15)

Substitution of the equilibrium concentration ofdoaum in eq 10 allows

expression of the equilibrium concentration of yudissociated thioglycolic acid only
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through the external parameters — overall conceoraof cadmium, TGA and pH of

solution:

(16)

Rearranging of equatial6 allows writing of the following expressions:

(17)

(18)

(19)

Now by grouping the like terms together in the p#resis we have an expression
for the equilibrium concentration of TGA ions iretsolution which depends only on the
pH of the solution.

(20)

Numerical simulation okqgs 20 allows to find the equilibrium concentration of
TGA ( [L?]) ions. Substitution of the fi] value in equatiorl5 allows the calculation of
the concentration of cadmium ions (f¢¥l in solution. Finally, knowledge about the
equilibrium concentration of Cd(ll) and TGA ions isolution allows to find the

concentrations of each of the complexes in solwdiotne given pH and total concentration
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of cadmium and thioglycolic acid. Results of thenmauwical simulation are shown below
(Figure A1-A4).

Figure Al. Concentration of Cd(k} versus the total concentration of cadmium and the
TGA/Cd ratio.
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Figure A2. Concentration of Cd(L} versus the total concentration of cadmium and the
TGA/Cd ratio.

Figure A3. Concentration of Cd(L) versus the total concdidmaof cadmium and the
TGA/Cd ratio.
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Figure A4. Concentration of Cd(k} versus the total concentration of cadmium and the
pH of the solution.
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Figure A5. Concentration of Cd(L} versus the total concentration of cadmium and the

pH of the solution.
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Figure A6. Concentration of Cd(L) versus the total conceitnaof cadmium and the pH

of the solution.
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Al.1. Estimation of the calculation validity.

In this calculation the several presumptions witein reduce the validity of the
calculation have been made. The most importantceowf deviation is using the
concentration of the ions instead the activity éalculation. In order to estimate the
relative deviation of the calculation the ionicestgth of the solution has been calculated

using the following equation:

(1)

Using Davis’ equation allows the calculation of #tivity coefficient of the ions

in the solution:

(@)

In fact, the activity of hydrogen ions instead tt@centrations in this calculation
has been used. Practically, the substitution ofvities instead the correspondent
concentrations is not influence on the result dftudation. Comparing of calculated
complexes concentration with a real system whereiphheasured by pH-meter (see
below) lead to the using activity for hydrogen ions

Taking into account that the activity coefficient heutral species is nearly equal to
the concentration, we may estimate the deviation the dissociation constant of

thioglycolic acid:

Taking the logarithm gives:

Ki' is the thermodynamic constant which does not dgmenthe concentrations of the

species and the value of the lgg(f) can be calculated froeq 2.

Numerical calculation shows that the parameter o left side of the Davis
equation is 0.081 at ionic strength 0.064 M (pH T&HA/Cd ratio 1.3) which gives a
deviation of about 3% (pk = 3.31 [1]). The same result shows the calculatmnthe

second ionization step. In fact the ionic strengtbven smaller (about 6%) because the pH
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value in the synthesis is fixed by adding a portwbrthe solution of 0.1M NaOH (7.3 mL
for pH 12.0 at TGA/Cd ratio 1.3).

A second source of deviation is the low solubibfythe uncharged complexes of
cadmium (for example CdL). The precipitation of thecharged species leads to the
shifting of the equilibrium and further productiofh those substances. Thus, precipitation
leads to the underestimation of the overall amaiirine purely soluble complexes. Here

we assume that the mistake induced by the all mguymptions is within 10 %.
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Appendix 2

Experimental part.

All chemicals used were of analytical grade orhaf highest purity available and
were used without additional purification. All aque solutions were prepared using
MilliQ water (Millipore) as the solvent. Cadmium clate (ABCR) and
Cd(CIOy),” 6H,0 (Alfa Aesar) were used as precursors for thehggds of CdTe NCs.
Thioglycerol (TG, Fluka), thioglycolic acid (TGA, lika), mercaptosuccinic acid

(Fluka) or 3-mercaptopropionic acid (MPA, Fluka)reseised as the stabilizing agents.

A2.1 Synthesis of water soluble CdTe NCs.

The nanocrystals synthesized according to this odethare used for the
electrochemical studies as well as for all kinddird€ing procedures. Improving of the

synthesis of aqueous CdTe nanocrystals are dedanl@hapter 2.3

The “standard” synthesis of CdTe nanocrystals wasedaccording to a well
known experimental procedure [1]. In a typical &gsis 3.98 g (9.5 mmol) of
Cd(CIQy),” 6H,0 is dissolved in 500 mL of water, and 23.3 mmolhaf thiol stabilizer
(MPA or TGA) are added under stirring, followed &gjusting the pH to 11.2-11.8 by
dropwise addition of an appropriate amount of 1MOMNiasolution. The mentioned pH
values were experimentally found to be optimaltfe synthesis of stable colloids [1].
The solution is placed into a three-necked flattiedi with a septum and valves and is
deaerated by Nbubbling for 1.5 hours. Under stirring,,F& gas (generated by the
reaction of 0.8 g (1.83 mmol) of Ale; lumps with an excess amount of 1NS@,
under N atmosphere) is passed through the solution togetitie a slow nitrogen flow
for nearly 20 min. CdTe precursors are formed &t skage. The further nucleation and
growth of the nanocrystals proceeds when refluah@00°C under open-air conditions

with a condenser attached.
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A2.2 Synthesis of CdTe NCs in DMF.

The synthesis of DMF soluble CdTe NCs is done atingrto a slightly
modified procedure from ref [2]. In a typical sya#iis 664 mg (2.28 mmol) of cadmium
lactate is mixed with 50 mL of DMF and this mixtuie stirred overnight giving a
slightly turbid suspension. The suspension of tadndum precursor is placed in a
three-necked flask fitted with a septum and vableds 2.73 mmol of the thiol stabilizer
(thioglycerol) are added. The reaction mixture eaetated by Nbubbling for one
hours. Under stirring, e gas (generated by the reaction of 0.08 g (OrhB®l) of
Al,;Te; lumps with an excess amount of 1 NS, under N atmosphere) is passed
through the solution together with a slow nitroggow for nearly 20 min. CdTe
precursors are formed at this stage. The furthesleation and growth of the
nanocrystals proceeds when refluxing at the bot@mperature of DMF under open-air
conditions with a condenser attached. It takes cyqpmrately 1.5 hours to prepare
nanoparticles emitting near 600 nm. The clear gniubf red-emitting CdTe NCs is
cooled down and precipitated by adding an equitadenount of diethyl ether. The
precipitate is redispersed in pure MeOH givingeackransparent solution. Solutions of
CdTe NCs in methanol are stable for at least 6-8th®

A2.3 Determination of the size and concentration of CdTe NCs.

The size and the extinction coefficient are detaadiaccording to procedure by
X. Peng [3]. Pengs data together with the data tahqueous NCs from Reference [4]

allow finding the sizes and the extinction coeéiti of various CdTe NCs.

A2.4 Optical spectra.

UV-Vis absorption spectra are recorded either vatiCary 50 or Cary 500
spectrophotometers (Varian). Photoluminescence uneaents were carried out at
room temperature using FluoroMax-2 and FluoroLagp8ctrometers (Instruments SA).
The scattering samples were measured on the Cdrysp8ctrophotometer (Varian)

equipped with a LabSphere (Varian).
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A2.5 HRTEM and HRSEM.

High-resolution scanning electron microscopy wasedaising a LEO 1550
microscope operating at 20 kV. High-resolution $rarssion electron microscopy
(HRTEM) and energy-dispersive X-ray analysis (ED¥@re performed on a Philips
CM-300 microscope operating at 300 kV.

Samples for electron microscopy were prepared laysterring agueous
nanocrystals in organic solvent (chloroform or ésla) according ref [5] (for CdTe
NCs) or by dilution of aqueous NCs’ solution by DNH;O : DMF = 1 : 10) (for ZnSe
NCs). Diluted solutions were dropped onto 400-meatibon-coated copper grids and
the excessive solvent is evaporated immediatelsixture with DMF was chosen for

ZnSe NCs to facilitate uniform drying of the drap the hydrophobic grid surface.

A2.6 XRD.

Powder X-ray diffraction (XRD) measurements wergied out with a Philips
X'Pert diffractometer (Cu K-radiation, variable entrance slit, Bragg-Brentano
geometry, secondary monochromator). Samples ferstiidy were prepared by placing

finely dispersed powders of nanocrystals on stah8asupports.

A2.7 Electrochemical measurements.

Electrochemical measurements were performed inaadatd three-electrode
two-compartment cell with a platinum counter-eledeg and an Ag|AgCI|KCl(sat.)
electrode as the reference electrode (+0.201 \BME). All potentials were determined
with respect to this reference electrode and wearatrolled by a conventional
potentiostat with a controller. The working eledi#o compartment of the
electrochemical cell was separated from the cowglemtrode compartment by a fine

porous glass membrane.

Gold plates or ITO films on a glass substrate wesed as working electrodes.
The surface of the gold plates was polished by dradnpaste followed by boiling in
concentrated HN@®and BHSQ,. Then, the gold electrodes were thoroughly wastiégd
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doubly distilled water and annealed at 700°C forniib in air. ITO electrodes were
cleaned with a mixture of aqueous solutions of;NiHd HO, and rinsed thoroughly
with doubly distilled water. Before the measurersetite electrodes were cycled in the
supporting electrolyte in the potential region fre®rb to 1.1 V.

For electrochemical measurements, CdTe NC colloigalutions (particle
concentration in the range of®° - 440° M) in a buffer containing 0.1 M N8O, and
0.02 M NaB4O7 (pH 9.2) were prepared. The CdTe NC colloids veerfficiently stable
in the presence of this supporting electrolyteha tlark. After addition of the buffer
solution, no noticeable changes of the colloidsewWieund at least for periods of weeks

judging from their absorption and fluorescence spec

The electrochemical measurements of ZnSe NCs’isakitwere performed in
acetate buffer solution (0.1M GEHOONa + 0.0046M CECOOH (pH6)).
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Appendix 3

Safety precaution information on the used chemicals.

Substance R-phrases S-phrases Hazard
signs
3-(aminopropyl)-triethoxysilane 22-34 26-36/37/39-45 [C]
Acetone 11-36-66-67 9-16-26 [F1[Xi]
Al;Te; Not  fully  examined - -
compound
Al,Se; Not  fully examined - -
compound
Cd(ClQy), 6H,0 20/21/22-50/53 60-61 [Xn][N]
Ethanol 11-20/21/22-68/20/21/22 16-36/37 [F] [Xn]
i-propanol 11-36-67 7-16-24/25-26 [F][XI]
N,N'-diisopropylcarbodiimide 10-26-36/37/38-41-42/43  26-36/37/39-45 T
N,N-Dimethylformamide 61-20/21-36 53-45 [T]
4-dimethylaminopyridine 25-27-36/37/38 26-28-36/37/39-45 IT
1-Ethyl-3-[3- 20/21/22-34-42/43 23-36/37/39-45 [C]

(dimethylamino)propyl]carbodiimid
e hydrochloride

N-Hydroxysuccinimide - 22-24/25 -

H,SO, 1M 35 26-30-45 [C]
2-mercaptoethylamine 22-36/37/38 26-36 [Xn]
Mercaptopropionic acid 25-34 7-26-36/37/39-45 [T]
Methanol 11-23/24/25-39/23/24/25  7-16-36/37-45 [FI[T]
(2-(N-morpholino)ethanesulfonic  10-20-36/37 - [Xn]
acid

NaOH 1M 34 6-37/39-45 [C]

- 22-24/25 -
poly(ethyleneimine) - - -
poly(diallyldimethylammonium - - -
chloride)

Thioglycolic acid 23/24/25-34 25-27-28-45 [T]
Toluene 11-38-48/20-63-65-67 36/37-46-62 [F][Xn]
Thioglycerol 21/22-36/37/38 26-36 [Xn]
Zn(ClOy), 6H,0 8-34 17-26-27-36/37/39-[O][C]

45
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Risk (R-) and safety precaution (S-)phrasesused in the classification,
packaging, labelling and provision of informatiom @angerous substances

Risk phrases (R-Phrases)

R1:

R2:

R3:

R4.

R5:

R6:

R7:

R8:

RO9:

R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R41
R42
R43
R44
R45

Explosive when dry

Risk of explosion by shock, friction fire ohet sources of ignition
Extreme risk of explosion by shock frictiorrgfior other sources of ignition
Forms very sensitive explosive metallic compmsun
Heating may cause an explosion

Explosive with or without contact with air

May cause fire

Contact with combustible material may cause fir
Explosive when mixed with combustible material
: Flammable

: Highly flammable

: Extremely flammable

. Extremely flammable liquefied gas

: Reacts violently with water

: Contact with water liberates highly flammagéeses
: Explosive when mixed with oxidising substances
: Spontaneously flammable in air

. In use, may form flammable/explosive vapoumakture
: May form explosive peroxides

: Harmful by inhalation

: Harmful in contact with skin

: Harmful if swallowed

: Toxic by inhalation

: Toxic in contact with skin

: Toxic if swallowed

: Very toxic by inhalation

: Very toxic in contact with skin

: Very toxic if swallowed

: Contact with water liberates toxic gas

: Can become highly flammable in use

: Contact with acids liberates toxic gas

: Contact with acids liberates very toxic gas

: Danger of cumulative effects

: Causes burns

: Causes severe burns

- Irritating to eyes

- Irritating to respiratory system

- Irritating to skin

: Danger of very serious irreversible effects

: Possible risk of irreversible effects

: Risk of serious damage to eyes

: May cause sensitisation by inhalation

: May cause sensitisation by skin contact

: Risk of explosion if heated under confinement

: May cause cancer
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R46: May cause heritable genetic damage

R47: May cause birth defects

R48: Danger of serious damage to health by prokbegeosure
R49: May cause cancer by inhalation

R50: Very toxic to aquatic organisms

R51: Toxic to agquatic organisms

R52: Harmful to aquatic organisms

R53: May cause long-term adverse effects in that@oenvironment
R54: Toxic to flora

R55: Toxic to fauna

R56: Toxic to soil organisms

R57: Toxic to bees

R58: May cause long-term adverse effects in thed@emment
R59: Dangerous to the ozone layer

R60: May impair fertility

R61: May cause harm to the unborn child

R62: Possible risk of impaired fertility

R63: Possible risk of harm to the unborn child

R64: May cause harm to breastfed babies

Combination of risks

R14/15: Reacts violently with water, liberating igflammable gases

R15/29: Contact with water liberates toxic, higfihmmable gas

R20/21: Harmful by inhalation and in contact wikins

R20/21/22: Harmful by inhalation, in contact wittirsand if swallowed

R20/22: Harmful by inhalation and if swallowed

R21/22: Harmful in contact with skin and if swallegy

R23/24: Toxic by inhalation and in contact withrski

R23/24/25: Toxic by inhalation, in contact with skind if swallowed

R23/25: Toxic by inhalation and if swallowed

R24/25: Toxic in contact with skin and if swallowed

R26/27: Very toxic by inhalation and in contactiwskin

R26/27/28: Very toxic by inhalation, in contact kvgkin and if swallowed

R26/28: Very toxic by inhalation and if swallowed

R27/28: Very toxic in contact with skin and if svealed

R36/37: Irritating to eyes and respiratory system

R36/37138: Irritating to eyes, respiratory systemd skin

R36/38: Irritating to eyes and skin

R37/38: Irritating to respiratory system and skin

R42/43: May cause sensitisation by inhalation & sontact.

R48/20: Harmful: danger of serious damage to hdaltprolonged exposure

R48/20/21: Harmful: danger of serious damage tdtindsy prolonged exposure through
inhalation and in contact with the skin

R48/20/21/22: Harmful: danger of serious damadeetath by prolonged exposure through
inhalation, in contact with skin and if swallowed

R48/20/22: Harmful: danger of serious damage tdtindsy prolonged exposure through
inhalation, and if swallowed

R48/21: Harmful: danger of serious damage to hdajtlprolonged exposure in contact
with skin

R48/21/22: Harmful: danger of serious damage tdtinéxy prolonged exposure in contact
with skin and if swallowed
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R48/22: Harmful: danger of serious damage to hdslthrolonged exposure if swallowed
R48/23: Toxic: danger of serious damage to heaithpimlonged exposure through
inhalation

R48/23/24. Toxic: danger of serious damage to helajt prolonged exposure through
inhalation and in contact with skin

R48/23/24/25: Toxic: danger of serious damage #dthdy prolonged exposure through
inhalation, in contact with skin and if swallowed

R48/23/25: Toxic: danger of serious damage to helajt prolonged exposure through
inhalation and if swallowed

R48/24: Toxic: danger of serious damage to healthrblonged exposure in contact with
skin

R48/24/25: Toxic: danger of serious damage to hdajt prolonged exposure in contact
with skin and if swallowed

R48/25: Toxic: danger of serious damage to healthrblonged exposure if swallowed
R50/53: Very toxic to aquatic organisms, may calms® term adverse effects in the
aquatic environment

R51/53: Toxic to aquatic organisms, may cause kengn adverse effects in the aquatic
environment

R52/53: Harmful to aquatic organisms, may causg-term adverse effects in the aquatic
environment

Safety precaution phrases (S-Phrases)

S1: Keep locked up

S2: Keep out of reach of children

S3: Keep in a cool place

S4: Keep away from living quarters

S5: Keep contents under . . . (appropriate liqaide specified by the manufacturer)
S6: Keep under . . . (inert gas to be specifietheymanufacturer)

S7: Keep container tightly closed

S8: Keep container dry

S9: Keep container in a well ventilated place

S12: Do not keep the container sealed

S13: Keep away from food, drink and animal feedingfs

S14: Keep away from . . . (incompatible materialb¢ indicated by the manufacturer)
S15: Keep away from heat

S16: Keep away from sources of ignition-No Smoking

S17: Keep away from combustible material

S18: Handle and open container with care

S20: When using do not eat or drink

S21: When using do not smoke

S22: Do not breathe dust

S23: Do not breathe gas/fumes/vapour/spray (apiptepwording to be specified by
manufacturer)

S24: Avoid contact with skin

S25: Avoid contact with eyes

S26: In case of contact with eyes, rinse immediateth plenty of water and seek medical
advice

S27: Take off immediately all contaminated clothing
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S28: After contact with skin, wash immediately wylenty of . . (to be specified by the
manufacturer)

S29: Do not empty into drains

S30: Never add water to this product

S33: Take precautionary measures against statibhatiges

S34: Avoid shock and friction

S35: This material and its container must be disgad in a safe way

S36: Wear suitable protective clothing

S37: Wear suitable gloves

S38: In case of insufficient ventilation, wear abie respiratory equipment

S39: Wear eye/face protection

S40: To clean the floor and all objects contamithduye this material use (to be specified by
the manufacturer)

S41: In case of fire and/or explosion do not bréathes

S42: During fumigation/spraying wear suitable resijoiry equipment (appropriate wording
to be

specified by the manufacturer)

S43: In case of fire, use ... (indicate in the spghe precise type of fire fighting equipment.
If water

increases the risk, add "never use water")

S44: If you feel unwell, seek medical advice (stibe/label where possible)

S45: In case of accident or if you feel unwell,kseeedical advice immediately (show the
label where possible)

S46: If swallowed, seek medical advice immediadglgt show the container or label

S47: Keep at temperature not exceeding ... °Cetspecified by the manufacturer)

S48: Keep wetted with ... (appropriate materidiecspecified by the manufacturer)

S49: Keep only in the original container

S50: Do not mix with ... (to be specified by thenuaacturer)

S51: Use only in well ventilated areas

S52: Not recommended for interior use on largeasa@rireas

S53: Avoid exposure - obtain special instructioafle use

S54: Obtain the consent of pollution control auities before discharging to waste-water
treatment plants

S55: Treat using the best available techniquesréefischarge into drains or the aquatic
environment

S56: Do not discharge into drains or the envirorimdisposwe to an authorised waste
collection point

S57: Use appropriate containment to avoid envirgriede€ontamination

S58: To be disposed of as hazardous waste

S59: Refer to manufacturer/supplier for informatmnrecovery/recycling

S60: This material and/or its container must bpabed of as hazardous waste

S61: Avoid release to the environment. Refer taisphénstructions / safety data sheet
S62: If swallowed, do not induce vomiting: seek madadvice immediately and show the
containeror label
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Combined safety phrases

S1/2: Keep locked up and out of reach of children

S3/9: Keep in a cool, well ventilated place

S3/7/9: Keep container tightly closed in a coolllwentilated place

S3/14: Keep in a cool place away from ... (inconigh@atmaterials to be indicated by the
manufacturer)

S3/9/14: Keep in a cool, well ventilated place avirayn ... (incompatible materials to be
indicated by the manufacturer)

S3/9/49: Keep only in the original container ina@lg well ventilated place

S3/9/14/49: Keep only in the original containemimool, well ventilated place away from
(incompatible materials to be indicated by the nfiacturer)

S3/9/49: Keep only in the original container ina@lg well ventilated place

S3/14: Keep in a cool place away from...(incompeatimaterials to be indicated by the
manufacturer)

S7/8: Keep container tightly closed and dry

S7/9: Keep container tightly closed and in a welitdated place

S7/47. Keep container tightly closed and at a teatpee not exceeding...°C (to be
specified by manufacturer

S20/21: When using do not eat, drink or smoke

S24/25: Avoid contact with skin and eyes

S29/56: Do not empty into drains, dispose of thagermal and its container to hazardous or
special waste collection point

S36/37: Wear suitable protective clothing and gbove

S36/37/39: Wear suitable protective clothing, gkbaad eye/face protection

S36/39: Wear suitable protective clothing, andfege/ protection

S37/39: Wear suitable gloves and eye/face protectio

S47/49: Keep only in the original container at temapure not exceeding...°C (to be
specified by the manufacturer)
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