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ABSTRACT

In the present PhD thesis we have used the sol-gel method to synthesize silica-

based materials for two specific applications. The first application is the removal of

boron from aqueous solutions, and its goal is the development of a methodology that

can eventually be transferred to the industrial scale and can be used to remove

boron from subsurface water and desalinated water. The second application is the

introduction of surface-modified semiconductor nanoparticles within silicate materials,

so that their aggregation is avoided and their density within the material precisely

controlled. The goal is to protect the nanoparticles and to create composite materials

with interesting optical, catalytic e.t.c properties.

For the first application we have used three different synthetic procedures. The first

method is the simple inclusion of molecules with boron-chelating groups in a sol-gel

matrix. In the second procedure, appropriate ligands are covalently bound to the sol-

gel matrix. In the third method, boron-chelating ligands are covalently bound to

mesoporous silica matrices.

The most successful materials were those synthesized with covalent binding of

ligands to sol-gel matrix, using the method of atomic imprinting with metavanadate

ions (VO3
-). For the production of materials we have used five ligands (DPAMS,

DEGAMS, DEPAMS, LGLACTONE and LGLAMINE (figure 3.11)), which were

synthesized and characterized in solution (regarding their structure, hydrolysis

reactions, and complexation with medavanadate and borate ions at different pH) by

the Bioinorganic Research Group of the University of Cyprus. These ligands contain

alkoxygroups, so they can be copolymerized with the silica matrix. They also contain

boron chelating groups (hydroxyl,groups) for the complexation of boron from

aqueous solution. The ligands were first complexed with metavanatdate ions, then

the metavanadate ions were removed from the synthesized materials, which thus

aquire good sorption properties and high capacities for borate. Some of the

synthesized materials have boron capacities comparable to those of industrial resins

cyrrently  used for boron removal. These materials can be further improved for use at

the industrial scale.

In the second part of this thesis, semiconductor nanoparticles have been synthesized

and incorporated in silica matrices. The nanoparticles were produced in

microemulsions and stabilized using stabilizing agents of the general formula:
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(CH2)nSi(OCH3)3 which contain an X group for attachment to the nanoparticle

surface and methoxysilylgroups that can be copolymerized with the silica matrix.

We have synthesized the sulfide nanoparticles CdS, PbS and ZnS and stabilized

them with 3-mercaptopropyltrimethoxysilane (HS(CH2)3Si(OCH3)3, MPTMS). We

have also synthesized the oxides TiO2 and ZnO and stabilized them with 2-

bis(trimethoxysilyl) ethane ((CH3O)3SiCH2CH2 Si(OCH3)3, ). In all cases it was

found that the nanoparticles retain their quantum size when inserted in the silicate

material. Since they do not aggregate, the present methodology is more generally

useful for the production of nanocomposite materials for optical, catalytic e.t.c.

applications.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



1. .............................................................................................. 1

1.1. 

..................................................... 1

1.1.1. ..................................................................... 1

1.1.2. .................... 3

1.2. 

......................................................................................... 4

1.2.1. ..................................................................... 4

   1.3. ………………………………7

2.  SOL-GEL ............................................................................................ 8

   2.1. A    SOL-GEL....................................................... 10

2.1.1.  ................................................................................. 13

2.1.1.1. …………………………………………………………………13

2.1.1.2. …………………………………………………………........14

2.1.1.3. ………………………….. ..15

2.1.2. .......................................................................... 15

2.1.2.1.  pH<2 ………………………………………………………..16

2.1.2.2.  2<pH<7……………………………………………………..17

2.1.2.3.  pH>7………………………………………………………...17

2.1.3. ...................... 18

2.1.3.1. …………………………………………………………….........18

2.1.3.2. …………………………………..20

2.1.3.3. ……………………………………………………….....21

2.1.3.4.  r……………………………………………………..22

2.1.3.5. …………………………………………………........23

2.1.4.  sol-

gel .................................................................................................................. 23

2.1.4.1.  Stöber…………………………………………………………………24

2.1.4.2. ………………………………………………………………. ..26

2.1.5. ..................................... 27

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



2.2. ................................................................................... 31

2.2.1. ............................................. 31

2.2.2. , 

................................................................................... 38

2.2.3. .................................................................................. 39

2.3. 

................................................................................................ 40

2.3.1. 

............................................................................................... 44

2.3.2. 

.................................................................................... 50

3. 
.................................................................................................... 56

3.1.  – .................................................................. 56

3.2. 

...................................................................................... 59

3.3. 

............................................................................................... 62

3.3.1. .............................................................. 62

3.3.2. ....................................................................... 63

3.4. ........................................................... 67

3.5. 

................................................................................................. 69

3.5.1.  sol-gel............. 69

3.5.2. 

 sol-gel..................................................................................... 70

3.5.3.         

....................................................................................................................... 72

4. 
............................................................................................ 75

4.1. ........................................................... 75

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



4.2. .............................................. 77

4.2.1.  (bulk) ...................…..77

4.2.2.  (quantum size effect).............. 81

4.2.3. ............................................ 85

4.2.3.1 ………………………………………………………..85

4.2.3.2 ………………………………………………………….. ..88

4.2.4.  ZnS  CdS................................................. 91

4.2.5.  PbS .............................................................. 93

4.2.6.  ZnO .............................................................. 94

4.2.7.  TiO2 .............................................................. 96

4.2.8.  SiO2 ................................................................................. 98

4.3. 

................................................................ 101

4.3.1.  ................................. 101

4.3.2. 

......................................................................................................... 102

4.3.3. ................... 105

4.3.4. ........... 107

4.4. -

…………………………………………………………………………...108

4.4.1. .......................................................................... 108

4.4.2.  W/O ................................... 110

4.4.3.  W/O ................................. 112

4.5.  SOL-GEL ................ 118

4.5.1. ........................ 119

4.5.2. E ................................. 123

4.5.3. .................................................... 127

5. 
..................................... 130

5.1. 

............................................................................................. 130

5.1.1.  (Fourier Transform Infrared Spectroscopy,

FTIR)……..................................................................................................... 130

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



5.1.2.  (X-Ray Diffraction) .................................................. 132

5.1.3.  (Thermo Gravimetric Analysis, TGA)................. 134

5.1.4. 2   .............................................................. 135

5.1.5.  (Uv-vis) .. 140

5.1.6.  ( ) ............................................... 140

5.1.7.  (STEM)....................... 142

5.1.8.  (EDXS) ........................................... 142

5.2. ............ 143

5.2.1. .............................................................................. 143

5.2.2. –

 (UV–Vis)…………………................................................................. 144

5.2.3. 

(ICP)…………………………………………………………………………145

6.  
.......................................................................................................... 146

6.1. 

.............................................................................................. 146

6.1.1. ........................................................................................................ 146

6.1.2. ...................................................................................................... 147

6.1.3. ............................. 148

6.1.3.1.   

…………………………………………………………..148

6.1.3.2 -

………………………………………………………………………………150

6.1.3.3 

 (ICP)………………………..151

6.1.4. 

....................................... 153

6.1.4.1. …………………………………………153

6.1.4.2. ……………………………………….153

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



6.1.5. 

…... .............................................................................................. 154

6.1.5.1. ……………..155

6.1.5.2. 

……………………………………………………………………..155

6.1.5.2.1. ………………..155

6.1.5.2.2. ………………156

6.1.5.2.3. ………157

6.1.5.3. 

……………………………………………………………………………...158

6.1.5.3.1.  HMS…………………………………….159

6.1.5.3.2.  MCM-41………………………………..160

6.1.5.3.3.  SBA-15…………………………………161

6.1.5.3.4.  MSU-X…………………………………161

6.1.5.3.5. 

………………………………………………………………………..162

6.1.5.3.6.  GPTMS D-

…………………………………………………………………….162

6.1.6. ......................................... 163

6.2. 

.............. 164

6.2.1. ........................................................................................................ 164

6.2.2. ...................................................................................................... 165

6.2.3. ............................... 166

6.2.3.1. ………………………………………………………..166

6.2.3.2. ……………………………………………………………168

6.2.3.2.1.  TiO2………………………………………………………………168

6.2.3.2.2.  ZnO……………………………………………………………… 169

6.2.4. ......................... 171

7. 
........... 173

7.1. 

.............................................................................................. 173

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



7.2. 

....................................................................................... .174

7.2.1. ........................................................... 174

7.2.2. ......................................................... 177

7.3. 

      .............. 178

7.3.1. 

.............................................................................................. 179

7.3.2. 

.............................................................................................. 185

7.3.2.1. ………………….185

7.3.2.1.1. 

 DPAMS  DEGAMS 

………………………….185

7.3.2.1.2. 

 DPAMS  DEGAMS 

   ………………………..188

7.3.2.1.3. 

 DPAMS  DEGAMS 

 ………………………………………191

7.3.2.1.4. 

 DPAMS  DEGAMS 

 ………………………………………193

7.3.2.2.  ………………..196

7.3.2.3.    ……….198

7.3.2.3.1.  DPAMS,

DEGAMS  DEPAMS…………………………………………………….198

7.3.2.3.2.  LGLACTONE

 LGLAMINE ………………………………………………………………208

7.3.3. 

......................................................................................................... 211

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



7.3.3.1.  HMS ………………………………………211

7.3.3.2.  MCM-41…………………………………..213

7.3.3.3.  SBA-15…………………………………...223

7.3.3.4.  MSU-X……………………………………230

7.4. ... 234

7.5. 

................................ 236

8.  
................................................... 239

8.1. ................ 239

8.2. .................... 240

8.3. ........................................................................... 242

8.3.1.  CdS .................................................................................. 242

8.3.2.  PbS................................................................................... 247

8.3.3.  ZnS................................................................................... 250

8.4. ................................................................................. 253

8.4.1.  TiO2 .................................................................................. 253

8.4.2. nO .................................................................................. 259

8.5. 

…………………………………………………………………..268

9. ............................................................................... 270

9.1. 

...................................................... 270

9.1.1. 

........................................ 270

9.1.1.1. 

.............................................................................................. 270

9.1.1.2 

.............................................................................................. 271

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



9.1.1.3. 

......................................................................................................... 272

9.1.2.   ..................................... 274

9.2.  

…………………………………………………………………274

9.2.1. 

…………………………………………………………………………275

9.2.1.1. ………………………………………………………...275

9.2.1.2. ……………………………………………......................276

   9.2.2.  ………………...277

9.3.  SOL-

GEL…………………......................................................................................277

 …………………………………………………………………………. 278

 …………………………………………………………………………298

 ………………………………………………………………………….303

 …………………………………………………………………………..311

 ……………………………………………………………………….....319

 ………………………………………………………………………….323

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



1. 

1.1. 

1.1.1. 

, 

, 

. , 

, 

, 

, . 

. 

, 

 « », 

, , 

 [Nadav et al (1999)].

 1

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 (~1 ppm) 

.  100

mg/ ,

. 

 ( ).

[Waggott et al (1969)].  (WHO) 

 0.3 ppm

[WHO (1998)],  1 ppm [Weinthal et al

(2005)].

, , 

 (< 0.3 ppm), 

. 

 sol-gel, 

, 

.

 sol–gel, 

. : 

 ( ) 

 ( , )

[Hench et al (1990)]. 

.

, 

, 

. 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,

, 

.

.

1.1.2. 

, 

   1.1.

 1.1:

: ) , )
, )

. 

. 

, 

. , 

.

O
Si O

Si
O

Si
O

Si
O

SiO
SiO

Si

H
H

H

H

H

H

H

(CH2)n

(CH2)n

OH

OH
OH

OH

CH3

CH3

N

OH

OH

OH

OH

Si

O

OH

O

SiH

O

SiOH

O

O

OH

O Si
H

R

R

Si

H

OH

OH

N

OH

OH

OH

OH

)
)

)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 sol–gel, 

 2. 

. 

, 

.

 3 

.

,  sol–gel, 

 5. 

2  

 (XRD), 

. 

, 

.

, 

 6  7 .

1.2. 

1.2.1. 

, 

 (bulk). 

 (  20 nm) 

. 

. ,

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



   Bohr  ( -

), 

, 

 (

),

(quantum size effect). 

, 

,

, . [Trindade et al (2001)].

. 

, 

, 

, 

. 

, 

, 

.

: X(CH2)nSi(OCH3)3, 

 sol-gel.

 1.2:

, , 

 (  1.2).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

 ( . .). 

, 

, 

. 

, 

.

, 

 (CdS, ZnS  PbS)  (TiO2  ZnO), 

, , 

4. 

, 

. ,

, .

 5, 

 ( ).

 6 

 8.

 9 

 sol-gel 

. 

.
ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



1.3. 

:

 -   , 

 ( ) 

 ( ).

- 

.

-   (imprinting) 

.

:

- 

, 

: X(CH2)nSi(OCH3)3.

- 

, 

.

- 

.

-  ZnO 

 (Zn-gly).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



2.  SOL-GEL

 sol–gel , 

 Ebelmen  Graham  gel .  Ebelmen 

 (TEOS, Si(OC2H5)4) 

 (SiCl4) .   

 SiO2 .

 (

) .

 sol–gel, 

, 

, 

. 

 [Hench et al (1990)].

 sol–gel  

. 

 2

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 ( .  Stöber) . 

 ( ) 

 (xerogel  aerogel). 

 sol-gel  (Si), 

,  Ti, Sn, Zr, ,Al, Mo, V, Ce,

W, 

 Si  

[Hench et al (1990), Judeinstein et al (1996)].

 sol–gel 

, , 

. 

 [Hench et al (1990)].

, 

 sol–gel, 

 ( ), 

, 

. , 

.

, , 

, 

 [Moller et al (1998), Stein et al (2000)].

 sol–gel  

, 

, 

.  ( ) 

 (RO)3SiX

 (grafting), 

, 

, , 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( )  (  2.1) [Schottner et al

(2001) Stein et al (2000)].

 2.1: : ) , )

, 

, 

, . , 

 / .

2.1.   SOL-GEL

[Hench et al (1990), Iler (1979)]

 sol–gel 

, 

 sol–gel, 

. 

. 

 sol–gel 

, , , , 

 M(OR)4, : ,  Si

  Ti, Sn, Zr, ,Al, Mo, V, Ce, W  R: , 

(CH3),  (C2H5)  (C3H7).

 sol–gel, 

, 

 2.2, 

 (Si(OR)4).

)

X

XX

X XX X

X XX

)

Si

O

O
Si

A

O

O

Si

O

O
O

Si

A

Si

O
O

Si

OO

Si

O

O
A

Si

A

Si
A

Si
Si

Si

Si

A

A

A

A

O

X X X

X

X
X

X

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 2.2:  ( )  sol-gel

 (Si(O )4), i

. 

  Si-O-Si  Si-O . 

+    -  +

   -  ++

  

   

Si-OR + OH-Si Si-O-Si  + ROH
Si-OH + OH-Si Si-O-Si  + H2O

(RO)3SiOH + H2O  (RO)2Si(OH)2 + ROH
(RO)2Si(OH)2 + H2O  ROSi(OH)3 + ROH
ROSi(OH)3 + H2O  Si(OH)4 + ROH

Si(OR)4+ H2O  (RO)3SiOH + ROH

n
SiO2

       Ostwald /

-

1.

2.

3. 4. 5.

6.

/

7.

SiO2

SiO2

SiO2

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

, 

.

 Ostwald (Ostwald ripening), 

 (pH>7),  (pH<7). , 

pH , 

. 

, 

, 

.

, 

, 

, . 

,  xerogel, 

. , 

 aerogel, , 

.

,

 Si–OH (dehydration), 

. 

. 

 (>1000 °C ) (densification), 

.

, , 

, , 

, 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

2.1.1. 

[Corriu et al (1996), Brinker et al (1989)]

.   

, , 

, ’ 

 ( Cl  (CH3COOH)),  (  NaOH,

KOH  NH4OH)  (F-, N- , -

). 

, . 

.

2.1.1.1  

[Corriu et al (1996), Brinker et al (1989)]

. 

(Si), , 

 (ROH).  (  2.3), 

 ( 2 ) 

 (ROH). 

. 

,  ( R) 

 ( ). 

.

 ( )  ( R). 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, .   

.

 2.3:

2.1.1.2 

[Corriu et al (1996), Brinker et al (1989)]

, 

. 

, 

. 

 (  2.4).

 2.4:

, 

, .  ( R)  ( ) 

 ( ) 

 ( R), , 

. 

.

H
+

+

Si O
+

OR

OR OR H

R

OH2

H
+

+ +

+   H2O

Si

OR

OR

OR

OR Si

OR

OR

OR

O
+

R

H

Si

OR

OR

OR

O
+

R

H

Si OR

OR

OR OR

OH
HH

Si

OR

OR

OROHROH

++

--

+ Si OR

OR

OR OR

OH- OH- Si

OR

ORHO

OR OR

+ RO-

RO- + OH2 ROH + OH-

Si

OR

OR

OR

OR Si

OR

OR

OROH

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



2.1.1.3 

[Corriu et al (1996), Brinker et al (1989)]

. 

, 

 (Si-OR) . , 

, 

. 

, 

,   (  2.5).

 2.5:

2.1.2. 

[Brinker et al (1989), Iler (1979)]

 (Si(O )4). 

,    (  ~100

ppm) , 

, . ,

 pH 

 (

) 

, ,  pH 

,  1-3, 

 (Si(O )4), . 

 pH  7 

 (p 9.8  Si(O )4 p 6.7 

--

+ Si
OR

OR

OR

Nu

OR
OH2+

Si

OR

OR

OH2Nu

OR

OR

+ ROH
Si

OR

OR

OR

OR Nu- Nu-+Si

OR

OR

OROH
--

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



), 

.

,  pH (pH~2  pH~7)   

. 

 pH: ( )  pH<2, ( )  2<pH<7

 ( )  pH>7.

, 

 ( -) 

 ( 3
+). 

:

Si-OH + OH- Si-O- + H2O        ( )            (2.1)
Si-O- + -Si Si-O-Si  + O -       ( )           (2.2)

:

Si-OH + H3
+ Si+ + 2H2O                                      (2.3)

Si+ + -Si Si-O-Si  + + (2.4)

2.1.2.1  pH<2

 p  2  (Si(O )4) 

, 

 (  2.3  2.4), 

, 

. 

 (  – )  (

Si) , 

Si+.

 p  2 

. 

 Ostwald (Ostwald ripening), 

. ’ 

 ( ) 

 (Si-O-Si).  

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 SiO4.  p <2, 

 ~2 nm.

2.1.2.2  2<pH<7

 p  2  7, , 

 2.1  2.2 (

).  2.1

. 

 (Si-O-Si) . 

: Si(OH)4 (pK 9.8) < SiOSi(OH)3 <

SiO)2Si(OH)2 < ( SiO)3SiOH (pK 6.7 

).

, , 

. 

 p  (2<pH<7), 

 2-4 nm.

2.1.2.3  pH>7

 pH>7 

 2<pH<7,  2.1  2.2, 

,  [ -] 

 pH.  1-2

nm , 

 2<pH<7.  pH>7 

, 

.   

. 

.

 pH (

 pH  3  8), 

 Ostwald (Ostwald ripening), 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, 

.

 pH>12  ( ), 

  .

 (Si-O-Si) 

, :

2.1.3. 

 sol–gel   

, . 

.

, 

.

2.1.3.1 

,

. 

. 

. 

, 

, 

. 

 pH,  ( ) 

H2O + (HO)3Si-O-Si(OH)3
OH−

→←  2Si(OH)4

2Si(OH)4  + (HO)3Si-O-Si(OH)3 →←   (HO)3Si-O-Si (OH)2 -Si(OH)3 + 2

(2.5)

(2.6)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( )  pH. 

  , 

, 

 [Schmidt et al (1984), Brinker et al (1989)].

 ( 3
+) , 

 ( -),  [Yamane et al

(1984)]. 

, 

. 

, 

, 

 [Schmidt et al (1984), Brinker et al (1989)].

.

, 

, 

 [Yamane et al (1984)].

 pH (tg vs pH)

 2.6. 

 ( )  Si-O-Si. 

3<pH<6-7  pH. 

pH  7 , 

. 

 pH  6.  pH (pH<3) 

. , 

 pH 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, . 

[Hench et al (1990), Iler (1979)].

 2.6 :  pH (tg)

2.1.3.2 

 R  ( R) 

, .

.  Si(OR)4,  R=C2H5  17

  R=(CH3)2CH(CH2)3

CH(CH3)CH2 [Hench et al (1990)]. , , , 

 R, . 

 R 

, , 

, 

. 

 [Brinker et al (1989)].

  

 (

), 

 [Schmidt et al (1984)]. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, ,

.

.  (Si) ,

 (Ti),  (Zr)  (Al) 

, 

. 

: Zr(OR)4, Al(OR)3 >

Ti(OR)4 > Sn(OR)4 >> Si(OR)4 [Judeinstein et al (1996)].

2.1.3.3 

[Brinker et al (1989)]

, 

. 

. , 

, 

, 

 ( ), .

, 

) . 

. 

. 

. 
-

3
+

, , 

.

 ( -) 

3
+). , ,

- . 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, , 

, 3
+ .

Si-O- . 

, 

Si+.

 (Si-O-Si) 

 Si-O 

 Si-O-Si (  2.5

 2.6 ), :

,   

, . 

, 

.

2.1.3.4  r

O  r  r=moles H2O/moles

M(OR)4.  moles H2O/moles M(OR)4

, , 

.

. 

 (tg)  r . 

 r, 

Si-O-Si →← Si-OR + HO-Si       (2.7)

R-O-H.. ...

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, 

. 

 r  2.7. 

, 

 ( + -), . [Hench et al (1990)].

 2.7 :  (r = moles H2O/ moles M(OR)4) 

 (tg)

2.1.3.5 

. 

. 

, 

 [Aelion et al (1950), Cerveau

et al (2001), Hench et al (1990)].

2.1.4. 
sol-gel

, , 

 ( LC), . 

 HPLC , 

 p . 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, 

,  sol-gel.

2.1.4.1  Stöber

 Stöber et al , 

. 

Stöber ,  TEOS,

, 

. 

 10–

2000 nm.

 Stöber 

. 

, 

,  (

),

. 

. , 

. 

S

) 

, 

 (  2.8) [Bogush et al (1990), Van

Blaanderen et al (1992), Lee et al (1997)].

, 

,  ( ,

, .)  (

, , , ) 

. 

. 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

[Costa et al (2003)].

 2.8: ) , )

 Stöber (  ~90 nm) [Van

Blaanderen et al (1992)]

, 

, 

 ( Si-O- ) 

. 

.  NH4
+

 OH-

. 

 [Van Blaanderen et al (1992), Lee et al (1997)].

  . 

. 

,  OH-

. , 

 [Van Blaanderen et al (1992), Lee et al (1997)].

 Chang et al  Stöber, 

,  TEOS

.  TEOS, 

)

)1 m

250 nm

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,  TEOS .

 1000 nm [Chang et al

(2005)].

 Nozawa et al , , 

 TEOS 

. , 

 TEOS . 

TEOS , 

. 

 2000 nm [Nozawa et al (2005)].

2.1.4.2 

, 

S, . 

 Stöber ( ),

.  pH 

 H2O/

. 

: 

.

 De et al (2000) , 

, S 

 (CH3COOH) . 

S, 

S:CH3COOH:H2O=1:4:4. 

,  1 min 

.

. 

280 s 

 2000–3000 nm. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 50 nm.  520 s

. 

,  2500 nm

[De et al (2000)].

  de Dood et al (2002) 

, ,  2.2 m  40%.

 Er+3

 [de Dood et al (2002)].

 Kawaguchi et al 

 10 m 

S . 

S . 

S  2. S 

. S, 

. S  4.5 

. 

 [Kawaguchi et al (1990)].

,  Stöber ( )

, , 

. 

 (  2.2).

2.1.5. 

 sol-gel 

, , 

, 

.

, 

, , , . .

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



: 

) , 

,  Van der Waals, ),

 ( )  

. 

.

 Si(OR)4

 (R´)nSi(OR)4-n  n=1  2, 

 Si-C, 

.   R´  (

), 

.

, 

 (  2.3), 

 [Chambers et al (1993), Fyfe et al (1997),

Schmidt et al (1984), Rodr guez et al (1999)].

, 

 (  (  2.4) 

. 

, 

.  Riegel et al 

 R´Si(OR)3,  R´:  (CH3-), 

(CH3CH2-),  (CH2=CH-)  (C6H5-) [Riegel et al (1997)].

 Hüsing et al  (Si(OMe)4, TMOS

 R´(CH2)nSi(OR)3,  R´: SH (n=3), OCH2CHCH2O (n=3),

OC(O)C(CH3)=CH2 (n=3), NCO (n=3), Cl (n=3), NHC(O)OCH3 (n=3), PPh2 (n=2). 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 TMOS, . 

,  R´ 

. 

. 

 R´:SH  OC(O)C(CH3)=CH2

 [Hüsing et al (1998)].

, 

. , 

 ( -),  (CH3-)  (CH3

CH2-) 

 (-CH(CH3)2),  (-C(C 3)3), 

 (C6H11),  tert  (-CH2CH(CH3)2).  R´ 

, , . 

, 

, 

 [Loy et al (2000)].

, , 

. 

, 

.

 2.9:

,   

Si

OH

O

O

OR

H Si

OH

O

R

O

N
H

H R

H

HΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



O

 2.9) 

 [Silva et al (1997)].

.  (3-  ((CH3 )3Si

(CH2)3NH2, APTS) 

 ((CH3 )3Si(CH2)3NHCH2CH2NHCH2

CH2NH2, DTA) 

 [Rousseau et al (1995)].

. 

 (C=C) 

, 

 sol–gel. 

,  (

) 

, .  [Schottner (2001), Innocenzi et al (2003)].

 (ORSiR´SiOR). 

.  Cerveau et al  

, 

 2.10.

V , 

V) 

, , ). , 

 ( I)

 [Cerveau et al  (2001)].

, 

VIII),  ( V  VI),  ( X),  ( , , ,

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



V, X  X)  ( ) . 

 ( XI, XII XIII) (  2.10) [Shea et al (2001),

Boury et al (2002)].

 2.10:

2.2. 

. , 

, . 

sol–gel . 

, 

 ( ). 

.

2.2.1. 

 1992 

Beck et al   Kresge et al,

 sol–gel 

CnH2n+1(CH3)3NX,  n=8–16  X=Cl  Br, 

(RO)3Si Si(OR)3

Si(OR)3(RO)3Si

(RO)3Si Si(OR)3

Si(OR)3

S

S

S

Si(OR)3(RO)3Si

Si(RO)3
Si(OR)3

Si(RO)3

Si(OR)3
Si(RO)3

NH NH Si(OR)3

O

Si(OR)3(RO)3Si
CH3

Cr(CO)3

Si(RO)3 N NH

Cu3 -

NH N Si(OR)3

I
II

IX

III

VII

VIII

IV

X

VI

Si(OR)3(RO)3Si
Si(OR)3

(RO)3Si

V

(RO)3Si

Si(OR)3

Si(OR)3

Si(OR)3

Fe

XI XII XIII

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 41S. 

 MCM–41, 

 [Beck et al  (1992), Kresge et al (1992)] 

 MCM–48,  [Schumacher et al (1999),

Schumacher et al (2000)].

 MCM–41, 

, , 

. 

. 

 (Na2SiO3),  ((CH3)4NSiO3) 

 (Si(OC2H5)4). 

, 

1000 m2/g (  2.11) [Beck et al  (1992), Kresge et al (1992), Selvam et al (2001),

Vartuli et al (1994) A].

 2.11:  MCM 41 (

)

 MCM–41. 

,  Frasch et al 

, 

. 

 [Frasch et al (2000)]. 

+
+
+

+
+

+

+

+
+

Si
O

Si O

Si
O

Si

O
Si

-O

-O

-O

O-

-O

R

R

R

R

R

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

 [Huo et al (1994)].

,

. 

Beck et al 

 0.05 m  2 m, 

 2.12 ( )) [Beck et al (1992)]. 

. 

,  ( , , )

, 

, , 

, , 

, , 

 ( . 3, )  [Nooney et al (2002), Cheng et al (1997),

Vartuli et al (1994) B, Cai et al (2001), Anderson et al (1998), Huo et al (1996), Beck

et al (1994)].

 2.12:  SEM : )  MCM 41  2

m,  Beck et al (1992), )  MCM 41

 1.15 mm,  Huo et al (1997)

 Huo et al 

,  2 mm (

2.12 ( )). 

 (Si(OC4H9)4, S) 

CnH2n+1(CH3)3NBr,  n = 12, 14, 16  18. 

S 

)

1mm

)

m

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( ),  [Huo et al

(1997)].

 MCM–41  FSM–16, 

, 

 (NaHSi2O5.3H2O), 

. 

 Na+

 (CnH2n+1(CH3)3N+).  CnH2n+1(CH3)3N+

 Na+, , 

 2.13). 

, 

 [Inagaki et al (1993)].

 2.13:  FSM 16

. 

 (S+X-) 

 (I+) 

.  (X-) 

, , , 

, . 

’  ( ,

.)  [Lin et

al (2000) A, Kim et al (1999)].

. 

 (SDS, C12H25OSO3H) [Zhang et al (2001)

:CnH2n+1(CH3)3N+

Na+

CnH2n+1(CH3)3N+

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



A, Yokoi et al (2003), Xu et al (2003)]  (C11H23COOH)

[Rodriguez-Abreu et al (2004)], 

, , 

 pH. 

 [Rodriguez-Abreu et al (2004), Yokoi et al (2003)],

   [Zhang et al (2001)

A, Xu et al (2003)]. 

 pH, 

 [Yokoi et al (2003)].

, 

, 

.  Zhao et al 

(HCl). 

Brij:  CnH2n+1(OCH2CH2)yOH (  n = 12–18  y = 2–23), Triton–X:

3C(CH3)2CH2C(CH3)2C6H4 (OCH2CH2)x  (  x = 5  10), Tergitol:

CH3CH(CH3)CH(CH3)CH2CH2CH(CH3) (OCH2CH2)xOH (x=6, 10), Tween  Span

40 (  2.14)   Pluronic: (OCH2CH2)x

(OCH2CH(CH3))y (OCH2CH2)x  ((EO)x (PO)y (EO)x) (  x =  5–106  y = 30–70)

[Zhao et al (1998)].

 2.14:  Tween  Span 40 

Zhao et al (1998)

O

OH
OH

CH

CH2

OH

O C CH2(CH2)13CH3

O

O

(OCH2CH2)xOHOH(CH2CH2O)w

CH(OCH2CH2)yOH

CH2O(OCH2CH2)x-1CH2CH2O C

O

R

Span 40
x+y+z+w=20

Tween 20, R=CH2(CH2)9CH3

Tween 40, R=CH2(CH2)13CH3

Tween 60, R=CH2(CH2)15CH3

Tween 80, R=(CH2)7CH=CH(CH2)7CH3

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

.

.  n  12–18  y  2–10  Brij

  22–40 Å  570–1150

m2/g.   n /x  Brij  x/y  Pluronic, 

, , 

.  (pH<2), 

 SBA, 

,  MSU (pH 2).  SBA

 [Zhao et al (1998), Margolese et al (2000)],

  MSU 

 10 m [Boissière et al (1999), Boissière et al (2000) A, Boissière et al

(2001)].

 SBA 

: 

. 

 ( )  (REOm) 

3
+. :

 ( +) 

,  Van der Waals 

 (S0H+X-). 

. 

, 

, . 

 [Zhao et al (1998), Flodström et al (2004)].

 MSU 

Si(OEt)4  + n H3O+ pH 2〈→  Si(OEt)4-n(OH2
+)n + n EtOH

R(EO)m + yHX  → OH2  R(EO)m-y[(EO).H3O+]y…yX-

                                                         

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( , -OC2H5) 

 [Boissière et al (2000) B].

 (CnH2n+1NH2).  Tanev et al  1995, 

, S, 

, . 

 <600 m2/g) 

 [Tanev et al (1995), Prado et al (2002)]..

. 

, 

. , 

 (  2.15). 

. 

  [Tanev et al (1995), Tanev et al (1996)]. 

 (  MCM-

41), 

, 

 [Zhang et al (1997) ].

 2.15: S

. , 

 (S+X-) 

(I+) .

Si
O

Si O

Si
O

Si

O
Si

O

O

O

O

O

R

R

R

R

R

H H

H

H

H

2

2

2
2

2

2

2
2

2
: 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 [Kosuge et al (2003)].

2.2.2. , 

, 

’ 

. 

S, 1,3,5, , 1,3,5- (CH3)3C6H3) 

 MCM-41 [Beck et al (1992), Ottaviani et al (2004)],  HMS

[Zhang et al (1997) ]  SBA [Schmidt-Winkel (2000) (

), Zhao et al (1998)].  Beck et al , 

   C16H33(CH3)3N+  0–2.5,

 40–65 Å. 

S / C16H33(CH3)3N+  3, , 

 100 Å. 

, ,   

18–100 Å [Beck et al (1992)].

 C5  C15

[Ulagappan et al (1996)]. 

. 

 [Zhang et al (1997) A], 

 [Tiemann et al (2002)] .

, ,

 [Khushalani et al (1996), Han

et al (2003)]  [Ikari et al (2006), Sun et al (2003), Suzuki et

al (2004)]  [Kim

et al (2002)]  ( . ) [Lindlar et

al (2001)] .

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,   

.  Huh et al  MCM-41 

 ( S) 

   XSi(OR)3,  R = Et  Me  X = H2N(CH2)3-

 H2N(CH2)2HN(CH2)3-   H2N(CH2)2NH(CH2)2NH(CH2)3-   H2N(CO)NH(CH2)3-

NCO(CH2)3-  NC(CH2)3-   CH2=CH2CH2-.

, 

. 

, , 

, . ,

. 

, 

 [Huh et al (2003)].

2.2.3. 

 (

2 ) . 

 ( . 41S  SBA), 

, 

. 

+ [Walcarius et al (2003), Yang et al (2004), Corna et al

(1998)] 

(CnH2n+1(CH3)3N+)  MCM-41 4
+

 (NH3)  [Lang et al 2004)].

 Si–O–Si  

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, .  [Stein et al (2000)]. 

, 

 [Kruk et al (2000)].

2.3. 

 sol–gel, 

. 

» , 

, , 

. 

sol–gel. 

, , 

, 

 (

).

, 

 (  2.16).

 2.16:

. 

  (- R)

, 

Si

OR

OR

OR OR
Si

OR

Y

OR OR
+

X
X

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

.

, 

, 

» 

. 

 –

. : 

Si–OH,  geminal =Si(OH)2 .

 [Stein et al (2000)].

, 

, 

. 

. 

 Si–O–Si 

 (ROSiX3),  (ClSiX3)  (NH(SiX3)2). 

 2.17 

 [Stein et al

(2000)].

 2.17:

. 

OO

SiX3 SiX3 SiX3OH OH OH

ClSiX3  ROSiX3

    NH(SiX3)2

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

, 

.

, 

. 

, 

, 

.

. , 

, 

. 

.

. 

, 

, .

 2.18 

 [Stein et al (2000)].

 2.18: 

Si
RO OR

X

RO

Si
RO OR

OR

OR

+

1.  /

2.  ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



: 

. 

 [Si]–

 [Si]–O–Si–

.

 [Stein et

al (2000), Moller et al (1998), Soler-lllia (2002)].

 Si–X

. , 

, 

100% , 

 [Stein et al

(2000), Moller et al (1998), Soler-lllia (2002)].

 sol–gel . 

, 

. 

.

, 

. 

.  « » 

» 

 (imprinting) (  2.19).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 2.19: ,  « »

, 

) 

 ( ).

2.3.1. 

 Im et al, 

 Cu2+, 

 (Si(OCH3)4, S) 

3–  ((CH3O)3Si(CH2)3NHCH2CH2NH2,

EDATAS), (3– ) ((CH3O)3Si(CH2)3NH

CH2CH2NH(CH2)3Si(OCH3)3, bis–EDATAS)  3– o-

 ((CH3O)3Si(CH2)3SH, MPTMS) 

 Cu2+, 

.

 Cu2+. 

 bis–EDATAS  EDATAS 

 Cu2+

 MPTMS. ,  Cu2+

 Zn2+  Cd2+, 

 Cu2+

. , 

 Cu2+  Cd2+.

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

 ( +) 

 [Im et al (2000)].

 Prado et al  SiNSSH ((CH3O)3Si

(CH2)3NH(CH2)2S(CH2)2SH) 

. 

 ( )  (

). S 

. , 

 Si–O–Si. 

2.20 

.

 2.20: ) , )
 SiO2NSSH [Prado et al (2001)]

: Hg2+ >> Pb2+ > Cu2+ > Ni2+ > Co2+.

 2.20 ( ). 

 8.52, 1.90, 1.66, 1.44  1.26 mmol/g Hg2+, Pb2+, Cu2+, Ni2+  Co2+

. 

  

 pH  1–4. , , 

 pH 3. 

 pH 2, 

OH

Si N
S

OH

O

O
SH

H

H

Si N
S

OH

O

O
SH

H

H

Mh

OH

OH

OH

Si N
H

S

OH

O

O

S
H

H

Si N
H

S

OH

O

O
S

H

H

Ms

) )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 62%  pH 1,  160 ml [Prado et al

(2001)].

 Bourg et al 

. 

 TEOS 

:

 TEOS   .

 Pu4+,

Am3+, Nd3+  Eu3+.  Pu4+ , 

, 

.  Pu4+  

 pH (3.5M HNO3)  0.115

mmol/g, 

 (<0.02 mmol/g).

 Ln(NO3)2  Ln = Nd  Eu. 

, 

.  Nd3+

 Eu3+    pH (3.5M HNO3),  Pu4+

 (<0.01 mmol/g).  Ln3+

 0.1 mmol/g [Bourg et al (2001)].

.  2.1 

 2.21

2.1.

Et2N NEt2

O O

(H5C2O)3Si

+   x TEOS   +   y H2O Et2N NEt2

O O

O15Si

,    y SiO2

n

HCl  NH4F

   EtOH

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 2.1:

- /

mmol/g)

Silica gel/ SNH2
SPh

 SNH2  SPh
 silica gel

Pd2+

(0.64  SNH2,
0.36  SPh)

Seshardi et al
(1988)

Silica gel/
EDAT AS  Z-

6020 ( )  XZ-
2024 silica gel

Hg2+, Ag+, Cr3+,
Mn2+, Cu2+,

Pb2+, Co2+, Fe3+,
Ni2+, Zn2+

Leyden et al
(1975)

Silica gel,
APT S,  4-(2-

/ 8–

 APT S   4-
(2-

 silica gel 
 8– Cd2+, Zn2+, Ni2+,

Co2+
Jerozek et al

(1979)

Silica gel,
APT S,  4-(2-

/ 8–

 APT S   4-
(2-

 silica gel 
 8–

Cd2+, Zn2+, Ni2+,
Co2+, Cu2+,
Fe2+, Pb2+,

Mn2+,

Sturgeon et al
(1981)

Silica gel/
CPTMS, 1,4

(2,2,2) 

 CPTMS 
1,4  (2,2,2)

silica gel

Co2+, Cu2+,
Zn2+, Cd2+, Hg2+

Moreira et al
(1992)

Silica gel,
CPTMS/

 CPTMS  
silica gel CuX2

(X = Cl, Br,
ClO4)

Filho et al
(1994)

Silica gel,
CPTMS/ERT

 CPTMS  
silica gel  ERT Zn2+ (0.32)

Mg2+ (0.29)
Mahmoud

(1997)

Eu3+, Tb3+ Dong et al
(2000)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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TEOS/
 1–3

 TEOS
Pu4+

(0.05-0.15 Am3+

)

Broudic et al
(1999)

TEOS/TEPAam  TEOS
 TEPAam

UO2
2+ (0.01-

0.35)

TEPAam)

Caprasse et al
(2002)

TEOS/TEPAam  TEOS
 TEPAam UO2

2+

 UO2
2+

 La3+

Th4+. 

 UO2
2+

 UO2
2+

Caprasse et al
(2002)

TMOS
 TMOS

 UO2
+2 UO2

2+

 UO2
2+

(0.0085)

 Cs+,
Ca2+

Dai et al (1997)

Silica gel, (CH3)
HSi(OC2H5)2/

 Crown

 (CH3)HSi (OC2H5)2

 Crown 

Silica gel

Li+ (0.067),
a+ (0.138),
+ (0.155),

Rb+ (0.103),
Cs+ (0.117)

)

Hankis et al
(1996)

Sili
ca gel/ Silica

gel

HAsO4
2-, NO3

-,
Cl, SO4

2-, PO4
3-,

Br-, I-, CH3COO-

Sessler et al
(1998)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 2.21:  2.1

S(CH2)2(H5C2O)3Si S(CH2)2(H5C2O)3Si

NH2SPh
SNH2 (NH2 , )

 (C2H5O)3Si(CH2)3NHCH2CH2NH2

EDAT AS

NH C
S

S-

(H5C2O)3Si (CH2)3 NH CH2 CH2

(H5C2O)3Si (CH2)3 N
CH3

C S
-S

C
S-S

NH C
S

S-

(H5C2O)3Si (CH2)3 N CH2 CH2

(H5C2O)3Si O C
S

S-

XZ-2024

Z-6020 (A)

Z-6020 (B)

NHNOHC

4-(2- N
OH

8–

 (C2H5O)3Si(CH2)3NH2

APTES

(CH3O)3Si(CH2)3Cl

CPTMS

NHHN

1,4 

(2,2,2) 

NH

N

N N

OH OH

O2N

Na
+
     SO3

-

ERT: 

O O

O

O

CO2CH3

H2C=HC(CH2)9O

O

HOOC

CO

CO

N (CH2)3 Si(OC2H5)3

TAT

NH2
NH

O O

Si(OC2H5)3

 1

NH NH

O O

Si(OC2H5)3
(H5C2O)3Si

Et2N NEt2

O O

(H5C2O)3Si

 2

 3

CH2 CH C

O

NH (CH2)3 Si(OC2H5)3

TEPAam

O O

O O

O

CO2CH3

H2C=HC(CH2)9O

n

n

O O

O O

H2C=HC(H2C)8 OCH2CO2CH2CH3

Y

 Crown 1, (n=1-5)

 Crown 3, Y:-(CH2)3 -, -CH2CH2OCH2CH2 -

 Crown 2

NH

N

CH

3

CH

3

CH

3

CH

3
NH

CH

3

OH

O

N

CH

3
CH

3

NH

CH

3

CH

3

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



2.3.2. 

 Mercier et al  (Hg2+), 

, , ,

, 

 Hg2+ . 

 HMS S 

.  3–

 (SH(CH2)3Si(OCH3)3, PTMS) 

, 

.  Si–OH 

.

 Hg2+

 4 nm,  MPTMS 

. 

. , , 

 Hg2+  (0.1 mmol/g  1.5

mmol/g ). 

, 

 Hg2+ [Mercier et al (1997)].

 Feng et al 

, , 

. S 

CTAC  (1,3,5– ), 

,  Si–OH,  3–

, 

. 

, 

.

, ,  pH  3  9, 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

. 

 2.5 mmol/g. 

, 

.

, . 

, 

 (1.05 mmol / g) [Feng et al (1997)].

 Markowitz et al 

 ( S)   EDATAS

((C 3O)3Si(CH2)3NHCH2CH2NH2)  Pluronic P123 (( )20

)70 )20) . 

, 

, . 

 Cu2+ . 

 (Cu2+) , 

. 

 Cu2+. 

.  Cu2+

 73 mol/mmol 

20%  EDATAS.

(CH3CH2Si(OC2H5)3, (ETES)) 

(HOOCSi(ONa)3, (CTES). 

 EDATAS, 

 Cu2+ [Markowitz et al (2000)].

 Burleigh et al, 

 Ni2+, Cu2+  Zn2+, . 

 1,2–

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



((C2H5O)3SiCH2CH2Si(OC2H5)3, BTSE)  3– -

 (EDATAS)  CTAC  M(NO3)2.xH2O (

M = Ni2+, Cu2+, Zn2+). 

. , 

M(NO3)2.xH2O.

, 

, 

. 

, , 

.   

, 

. ,

 [Burleigh et al (2001) A].

 Dai et al  MCM-41, 

 CTA+  Cu(EDATAS)2
+2

 UO2(EDATAS)2
+2. 

, 

 [Dai et

al (1999) ].

, 

, 

.  2.2 

 2.23 

 2.2.ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 2.2:

- /

mmol/g)

TEOS,n-
, n-

,
CTAB (MES)/

MPTMS

MPTMS 

Hg2+

0.5 ( )
1.5

)
0.6

(CTAB(MES)

Mercier et al
(1998)

TEOS, P123/
MPTES MPTES Hg2+ Liu et al (2000)

TEOS, P123/
APTES APTES Cu2+, Zn2+, Cr3+,

Ni2+ Liu et al (2000)

MCM-41/
GLYPTMS, tacn GPTMS  tacn Cu2+, Mn2+ Subba Rao et

(1997)

(CH3)4NOH.2SiO2,
NaAlO2, CTAC,
MES/ EDATAS,

Cu+2

EDATAS  Cu+2 CrO4
2- (1.12),

AsO4
2- (1.00)

Fryxell et al
(1999)

TEOS,DTAC 
CTAC  CTOH/

APTS  EDATAS
 DTA, Fe+3  Co+2

 Ni+2  Cu+2

APTS  EDATAS 
DTA  Fe+3

Co+2  Ni+2  Cu+2

AsO4
2-

(0.25-2.5)
Yoshitake et al

(2003)

TEOS,DTAC 
CTAB/APTS 

EDATAS  DTA

APTS  EDATAS 
DTA 

CrO4
2- (0.45-1.82)

AsO4
2- (0.46-

1.88)

Yoshitake et al
(2002)

 SiO2,
CTAB/ DMDA DMDA 

CTAB (  2.22)

Cu2+ (1.66)
Ni2+ (0.93)
Co2+(1.05)

Sayari et al
(2005)

ΡΟ
ΔΟ
ΥΛ
Α 
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ΛΕ
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CTAB

DMDA

TEOS, n-
/

MPTMS
TEOS  MPTMS Hg2+ (0.59) Brown et al

(1999)

TEOS, TritonX100/
MPTMS TEOS  MPTMS Hg2+ (2.3) Brown et al

(2000)

TMOS,CTAB/
MPTMS TEOS  MPTMS Hg2+ (2.1) Lim et al (1998)

TEOS, TritonX100/
MPTMS TEOS  MPTMS Hg2+ (1.49) Bibby et al

(2002)

TEOS,CTAB/
MPTMS TEOS  MPTMS Hg2+ (3.8) Walcarius et al

(2003)

SE, CTAC/
EDATAS BTSE  EDATAS Cu2+ Burleigh et al

(2001) B

TMOS,TritonX114
/DMG

 DMG 

)
Ni2+ (0.009) Seneviratne et

al (2000)

TMOS, CTAB/ DTA OS  DTA Cu2+ (0.156) Seneviratne et
al (2000)

TEOS, CTAB 
SDS  n-

/
Cu(EDATAS)2

+2

TEOS 
Cu(EDATAS)2 Cu+2

Cu2+ (>99.5%)

 Zn+2

(<30%)

Dai et al (2000)

TEOS, CTAB/
Cu(EDATAS)2

+2

Cu(APTS)2
+2  CTA 

Cu(EDATAS)2
+2

Cu(APTS)2
+2

Cu+2

Cu2+ (0.1)

 Zn2+

Dai et al (1999)

 2.22:  CTAB  DMDA 

 Sayari et al (2004)
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 2.23:  2.2

. 

. 

, , 

, .

. 

. , 

, , 

. 

.

NHNH

N
H

tacn

C

CH3

HON C

CH3

NOH

DMG

SH(CH2)3Si(OC2H5)3

MPTES GLYPTMS

(H3CO)3Si (CH2)3 O CH2 CH
O

CH2

CnH2n+1(CH3)3NX
CTAC (n=16, x=Cl)

CTAB (n=16, x=Br)

DTAC (n=12, X=Cl)

CTOH (n=16, X=OH)

2 (C 2)2NH(CH2)2NH2Si(OCH3)3

DTA
2 (C 2)3Si(OCH3)3

APTS

C10H21NH(CH3)2

DMDA

(OCH2CH2)xOHC

CH3

CH3

CH2C

CH3

CH3

CH3

TritonX100
(H5C2O)3SiCH2CH2 Si(OC2H5)3

BTSE
C12H21SO3Na

SDS

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



3. 

3.1.  – 

, 

. 

 ( )3) , 

Lewis  pH 

)4]- :

+     2 2 →← +     3
+         pKa  9

, 

, 

2 )5
- : 3 3 )4

-,  4 5 )4
-2,  5 6 ( )4

- [Baes et al

(1986)].

. 

. 

B

OH

OH OH

B-

OH

OH

OH OH

 3

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

, ,

, , . 

,  (Na2B4O7.10H2O) 

. 

, 

, 

, 

 [Butterwick et al (1989)].

, 

, , , 

 [Waggott et al (1969)]. :

,  ( ), . 

(15-36 ppm), 

(<0.1 ppm).

, 

, 

. 

, 

. 

, , 

.

. 

,  «

», , 

, 

. , 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, , , . 

 0.3-1 ppm. , 

, , , ., 

 2-4 ppm [Nadav et al

(1999)].

. , 

. 

 (~1 ppm) 

, 

, .

 2

mg/ , . 

 100 mg/

, 

. 

 ( , ), 

. 

 ( ).

 (World Health Organization,

WHO) 

. 

, , , , ,

, . [Waggott et al (1969)].

 (WHO) 

 0.3 ppm [WHO (1998)], 

 1 ppm [Weinthal et al (2005)]. 

, 

.
ΡΟ
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Α 
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Η



CH2

CH2

O

O

B

OH

OH
-

CH2

CH2

O

O

B
O

H2C

H2C

O

-
CH2

CH2

O

O
B

OH

OH

CH2
-

CH2

CH2

O

O
B

O

O

CH2

CH2

CH2

H2C
-

CH2

CH2

O

O
B

O

O
CH2

H2C

H2C - C

C

O

O
B

OH

OH
O

O

-

1,2 (1,2)(1,2) 1,3 

1,2 (1,3)(1,3) (1,2)(1,3) 

3.2. 

  

. 

 1,2 cis   

 1,3 cis  1,2 cis 

 1,3 cis  [Kobayashi et al (1997), Babcock et al (1980)].

, : 1,2

, 1,3 , (1,2)(1,2) ,

(1,3)(1,3)  (1,2)(1,3)  (  3.1).

 3.1:  1,2  1,3  1,2  (

 1,2   1,3 . 

 1,2 )

 (

) 

 p 

 sp2  sp3. 

. 

 3.2. 

, 

 (  3.2) [Babcock et al

(1980), Friedman et al (1975)].

ΡΟ
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Α 
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 3.2:  1,2  - 

 1,2  1,3 

cis , 

. , 

 1,2  1,3  cis, 

, 

.

, 

 CI  IC. 

 (  3.3).  CI  (1,2) 

 IC  (1,3) . 

 CI  IC . 

  

, 

 [Miyazaki et al (2003)].

 3.3:

, 

 1,2  1,3 

 (intrachain complex). 

B

OH

OH OH

CH2

CH2

O

O

H

H

CH2

CH2

O

O

H

H

B

O

OH

OH

H

+

CH2

CH2

O

O
B

OH

OH
+ HO + H

+H
-

1,2 

O

OOH
OH

OH

HOH2C

H

CI 

O O

OH

OH

OH

HOH2C

H

IC 

ΡΟ
ΔΟ
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Α 
ΜΟ
ΛΕ
ΣΚ
Η



 1,2  1,3 

 (interchain

complex). ) 

) (  3.4), 

. 

,  (  3.4), 

, 

, , 

 [Perzon et al (1989) A].

, 

, 

. 

, ,

’ 

 [Perzon et al (1989) B].

 3.4:

CH2 CH

OH

H
H

n

)

CH2 C

CH3

C

O

OCH2 CH

OH

CH2

OH

H

H

n

)
O

O

OH

OH

O CH2

O

OOH
OH

OH HOH2C

H

O

HOH2C

HO

OH

O H

O O

OH

OH

OH

CH2

CH2

O O

OH

OH

OH

CH2OR

O O

OH

OH

OH

H

O
O

OHOH
O

HOH2C

O

OH

OH

HOH2C

O

H

H

ΡΟ
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Α 
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ΛΕ
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3.3. 

, , : 

 [Sah et al (1997)], , , 

 [Choi et al (1979), Okay et al (1985)], ,

 [Choi et al (1979), Okay et al (1985)], 

[Kunin et al (1964), Recepoglu et al (1991), Simonnot et al (2000)], 

 [Sah et al (1997)], 

 [Sah et al (1997)], , 

 [Melnik et al (1999)].

, 

, 

.

3.3.1. 

,

. , ,

, ,

 5 m, 

, , 

, ,  [Sallangos et al

(2001)].

 NaCl 

. 

, 

. 

, 

 4-6 ppm . 

ΡΟ
ΔΟ
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Α 
ΜΟ
ΛΕ
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, 

.

 15-20%, 

, 

,  pH 

 [Magara et al (1998), Prats et al (2000),

Taniguchi et al (2001)]. 

,  0.3

ppm, 

.  pH 

,  ~10,  pH 

 ( )4
-). 

,  94 000 m3

, 

 134 000 m3 .

3.3.2. 

, 

, 

. 

,  cis 

,

, 

.

 Shao et al 

, 

 (-CH2OH) 

. 

. ,

, 

. 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( 1 )=0.95

 0.96 

1 )=0.14 ), 

 (

) 

 [Shao et al (2000)].

, 

,  Amberlite IRA-743. , 

 3.5 ( ),  p-

, D-

, .

 3.5: )  Amberlite IRA-743 ( D-

), ) D-

D- , 

 ( +),

D- ,

. 

 pH (6-10).

, D- , 

3.5 ( ),  1,2  [Yoshimura et al (1998)].

CHCH2
R

R

CH2
N

CH3

H2C

HC

CH

CH

OH

OH

OH

HC OH

H2C OH

n HCCH2
R

R

B
-

CH2
NH+

CH3

H2C
HC

CH

CH

O

OH
O

HC

O
CH2

O

n

)

)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ~10 mg B/g  (~0.9 mmol B/g ) [Kunin et al

(1964)], 

3-6 mg B/g  (0.28-0.55 mmol B/g ), 

[Recepoglu et al (1991), Nadav et al (1999), Simonnot et al (2000)]. 

[Nadav et al (1999)]  [Okay et al (1985)],  [Recepoglu et

al (1991)]   , . 

,  (  10% H2SO4  HCl)

 (  10% 3), 

 ~14% 

. 

 [Kunin et al (1964), Okay et al (1985)].

.

Amberlite IRA-743 

. 

 cis

, , 

 ( +), 

. 

. 

, 

, .

 Suzuki et al  (  3.6) 

 Amberlite IRA-743.

 Amberlite IRA-

743 (~8 mg B/g , ~0.74 mmol B/g ),  100% 

pH<4.5,  Amberlite IRA-743. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



O

 Tiron (  3.6).

 (~9 mg B/g , ~0.83

mmol B/g ) 

Amberlite IRA-743.  pH, 

 pH . 

 9 ppm  58 ppb 

 (pH<3) [Suzuki et al (1999)].

 3.6:  Tiron 

, ,

  

.

 3.7 

 3.1 

 (

).

 3.1:

mg B/g (mmol B/g)  mg B/g (mmol B/g)

13.18 (1.22)* / Biçak et al
(1998)

 A -
D- 23.24 (2.15)* 9.08 (0.84) Biçak et al

(2001)
-

D- 22.92-23.56
(2.12-2.18)*^ / Biçak et al

(2000)

OH

NaO3S

OH

SO3Na

OH

SO3Na

OH

NaO3S
Tiron

ΡΟ
ΔΟ
ΥΛ
Α 
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ΛΕ
ΣΚ
Η



32.43 (3.00)** / Senkal et al
(2003)

* ,
^ ,
** 

 3.7:  3.1 (

)

3.4. 

, 

 (< 0.3 ppm), 

. 

 sol-gel, 

, 

.

, 

R

OCH3O

R

OO

OH N

N

OH

OH

OH

OH

OH

OH

0.1 0.5 0.4

R

OCH3O

R

OO

OH
N

CH3

CH2

HC

CH
HC

OH

OH
OH

HC OH

CH2 OH

0.1 0.5 0.4
CH CH2 CHCH2 CH2 CH CH2 CH CH2 CH

CHCH2

R R

RR S OO
NH

C3H7

S OO

N C3H7

CH2

CH

CH2

O

OH

CH2

CHOH

CH

HC

HC
H2C

OH

OH

OH
OH

7.01 5.64 36.15 0.8 50.4

C2H5

R

CH

CH2

O O
N

R

OH

CH3

CH2

HC

CH

CH

OH

OH

OH

HC OH

CH2 OH

 A 

D-

D-

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
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ΣΚ
Η



. 

, .

, 

.

 (>10 m) . 

, . 

, 

. , 

 (  3.8).

 3.8: 

, 

. 

, 

 (

)  D- , (

). 

 ( ), 

. 

.

O
Si

O

Si O

Si
O

Si

O
Si

O
Si

OSi
H2C

H2C

O

O

I

I

B
-

OH

OH

)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

,

. 

, 

, 

, 

.

3.5. 

, 

, 

, .

3.5.1.   sol-gel

sol-gel 

(TMOS)  (TEOS). 

 ( ) . 

, 

 R´Si(OR)3,  R´ 

. 

 (C6H5Si(OCH3)3, PTMOS).

 3.9:  D-

 sol-gel

 ( . = 15.000-20000),   

, D-  D-  (  3.4, 3.5 

O

OOH

O

HOH2CO

OHOH

O

HOH2C

OH

H

O

OOHOH

CH2OH

H

OH

OH

OH
OH

OH
OH

D-

ΡΟ
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Α 
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ΛΕ
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3.9), 

 (  3.10).

 3.10:  sol-gel 

3.5.2. 
 sol-gel

. , 

, 

2.3. 

, 

 sol-gel 

.

 3.11:

  sol-gel

O
Si O

Si
O

Si
O

Si
O

SiO
SiO

Si

H
H

H

H

H

H

H

(CH2)n

(CH2)n

OH

OH
OH

OH

CH3

CH3

Si

OCH3

N

O

O
OH

OH

Si

OCH3

N

O

O
CH3

CH3

Si

OCH3

N

O

O

O

OH

SiH3CO NH
O

OH

O

OH

OH

OH

OH

OH

SiH3CO N

OH OH OH

OH

OH CH3

OH

OH

DPAMS DEPAMS DEGAMS

LGLACTONE LGLAMINEΡΟ
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Α 
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ΛΕ
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Η



,  3.11, 

 ( , 

 pH 

) 

 [Evgeniou et al (2005),  (2006)].

, 

, , , 

, . 

, .

 ( , CF3COOH), 

. 

, 

 pH, 

, 

 -Si-O-V- (  7.2.3.3).

. 

,  (imprinting)

 (  2.3), . 

 (imprinting), 

, 

 pH , 

. 

 ( , TMOS) 

 TMOS .

.

, .
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 3.12: 

DEPAMS 

.  (VO3
- = 1.82 Å) 

 (B(OH)4
- = 2.3 Å), 

. 

 [Yizhak (1997)]. , 

. 

, 

.  3.12 

,  DEPAMS

.

3.5.3. 

, 

/

DEPAMS

V

O

O
Si

R

R

N

O

O

OH

OH

R

Si

OCH3

N

O

O
OH

OH

V

O

ON

O

O

OH

OH

Si

O

O

O

SiH

O

SiO

O

O

OH

O Si
H

Si

Si

Si

Si

Si

H

OH

H

H

H

H

OH

V

O

ON

O

O

OH

OH

Si

R

R

N

OH

OH

OH

OH

R

N

OH

OH

OH

OH

Si

O

O

O

SiH

O

SiO

O

O

OH

O Si
H

Si

Si

Si

Si

Si

H

OH

H

H

H

H

OH

N

OH

OH

OH

OH

-

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 (  2.3) : HMS 

, MCM-41 

CTAB , SBA-15  Pluronic123  Pluronic127 

  MSU  Triton-X100 . 

.

 3.13:  MCM-41 

)
, )

 2.3, 

, 

 3.13)

, 

. 

, 

 MCM-41  MCM-41 

)

)

 MCM-41  

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

.

 3.11,

 (

)  pH  (3-

 (GPTMS). , 

D- , 

 3.3) (  3.14).

 3.14:  GPTMS -

D-

 ( .  reflux 

, 

), 

.

, 

, 

.

Si

O

O

Si

Si

H

H
H

H

H

H

O
R

NH
CH3

CH2

HC

CH

CH

HC

H2C

OH

OH

OH

OH

OH

Si

O

O OH

Si

Si

H

H

H

H

H

H

N
R

CH3

CH2

HC

CH

CH

HC

H2C

OH

OH

OH
OH

OH

+

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



4. 

4.1. 

, 

, 

. 

, , 

, , 

. 

: X(CH2)nSi(OCH3)3, 

, 

, 

 sol-gel.

 sol-gel, 

 4

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 4.5. 

. 

. 

 [Yang et al (2003), Yang et al (2001), Xiong et

al (2004), Chen et al (2004)]. 

, ,

.

, 

. 

. 

, 

 (cascade

effect).

 4.1:

, , 

, , 

. 

, 

 (  4.1).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



4.2. 

, 

, 

 (bulk).  

 (  20 nm) . 

. , 

, 

, 

, , .

4.2.1.  (bulk)

[Pankove (1971), Fox (2001), Murphy et al (2002)]

, 

(bulk), 

. , 

, 

. 

. , 

, 

. 

 (Eg), 

. 

0.3-3.8 eV. 

 (

ZnS (3.6 -3.8 eV)  CdS (2.53 eV)).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, . 

. 

,

 Coulomb (screened coulombic interaction). 

 Wannier 

 ( ) (  Bohr, aB)  4.1:

2 2

2 2
e h

1 1aB m * m *e e
 = + =  µ 

h h

: : ,  e: 

 me
*  mh

* . 

 4.1  Bohr,  me
*,

mh
*

g  .

 4.1:  Bohr,   

 [Trindade et al (2001), Weast (1973-1974)]

 (Eg (eV))
 Bohr

 (nm) me
* mh

*

CdS
) 2.53 2.5-3  0.17 0.8

PbS
) 0.37 18 0.1 0.1

ZnS
) 3.8 2.5 0.28 0.5 ,

>1//*
ZnS

) 3.6 2.5 0.39 0.57

ZnO
) 3.3 1.8 0.28 0.59^

TiO2
) 3.2 0.75-1.9 1**

TiO2
) 3.0 0.75-1.9 20**

CdTe
) 1.5 7 0.14 0.35

(4.1)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



CdSe
) 1.74 5 0.13 0.6

*  ZnS  m*  (x,y,z) 
.   //  x  y, 

 z.
^ Gu et al (2004),  ** Tang et al (1994)

. , 

, 

, . 

 me
*, 

m0.

 (

)  4.2: *m2
k

=
*m2

p
=E

222 η
, 

p=h/ e= ηk , k=2 / e, η=h/2 , p: , h : 

Planck   e:  De Broglie . 

, 

 4.3 ( ):
2 2

h

k
E( ) = -

2m *
h

,  4.3 ( ):

*m2
k

+E=)(E
e

22

g

η
.  4.2 

 ( ) (  4.2). 

, 

 4.3 ( )  ( )   

 ( , ).

-k  4.4:
-12

2
2

d Em*=
dk

 
 
 

h . 

, , 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 ( .  ZnS  mh* 

me* ).  (

 Bohr ) 

, 

-k .

 4.2:  (bulk): )
 (direct), )  (indirect) (

)

 Brillouin ( , (0,0,0)) 

 (direct) (  4.2 ( )). 

 (  (Eg)),

,

 (k) 

.

 Brillouin

  (indirect) (  4.2 ( )). 

1   .2   . 2   .

k0- 22-

 L

g

1   .2   . 2   .

k0- 22-

 L

g

) )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 (k) ( 0) , 

 (q). 

. 

.

 ( ) 

 (

, . 

,  ( . CdS, ZnS, PbS, CdTe,

PbSe, ZnO .),  ( . TiO2, GaP,

AlP ).

4.2.2.  (quantum size effect)

[Wang et al (1991), Trindade et al (2001), Murphy et al (2002), Yoffe (1993)]

. 

. 

, 

, , 

, 

. 

, 

) , 

 (LU ) (  4.3).

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 d, 

. , ,

. 

 kx,  ky, kz

.

 4.3: , 

   (

. 

)

. 

, ,

. 

. 

. , 

:   

 ( ) 

k

g

k

g
g

LUMO

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 (  4.3).

 Bohr 

, 

, 

 Coulomb . 

, 

. 

,   

, 

, , 

.

, 

. 

, 

. 

, 

.

,  (R) 

 Bohr (aB) 

(L) (L<<R aB), 

. 

 (  4.3) 

 (effective mass approximation) 

 (R aB), 

 (me*,mh*)  ( ) 

. 

 4.5 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 1s: 2 2

g 2
e h

1 1E(R) E
2R m * m *

 π
= + + 

 

h
2

Ry
1.786e- - 0.248E *

Rε
 (  4.5),

:
4

2 2 -1 -1Ry
e h

e
E * =

2 (m +m )h
 (  4.6), (E(R)) 

 R g

.

 4.5,   1/R2, 

 ( ) (quantum localization

of energy). 

. 

 R. 

 4.5,  1/R, 

 Coulomb . 

 (spatial correlation effects). 

, 

 ( ).

(R<<aB)   (me*,mh*) 

 ( ) 

 k 

. 

. 

 [Weller et al (1986), Wang et al (1990), Wang et al (1987) A, Franceschetti et

al (2000), Banyai et al (1992)].
ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,  4.5 

 ( , g) 

 ( ).

4.2.3. 

, 

. 

, 

 ( ): 

.

.

4.2.3.1 

[Pankove (1971), Fox (2001), Trindade et al (2001), Steigerwald et al (1990),

Alivisatos (1996)]

 hv Eg

. 

, 

, 

.

, : ( ) 

 (hv Eg) 

)  k . 

 ( (hv)) 

 (Pif), 

 (ni) 

 (nf). 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



hv . : if i f(hv) A P nnα = ∑ . 

, ,  ( g) 

 4.7: ( )
1
2

g(hv) = A hv -E , 

 (me*,mh*) [Pankove (1971)].

k=0, .

, 

LUMO   . 

 LUMO 0 

. ,

.

0 

(q) . 

(hv) 

p. 

 ( g)    

:
( )2

g p
a

p

A hv -E +E
(hv) = E

exp -1
kT

 (  4.8), 

 hv>Eg-Ep,  Ep

. 

:
( )2

g p
e

p

A hv - E E
(hv)

E
1- exp -

kT

−
α =

 
 
 

 (  4.9)  hv>Eg+Ep.

 hv>Eg+Ep

: (hv)= a(hv)+ e(hv).

k=0  (  4.4). 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

, 

, 

, 

 4.4: : (1)
 (hv1) ( )  (q)( ), (2)

 (hv2  hv3)( )

, 

. 

, , 

. 

, 

.

 ( (R))

, 

 ( hv) =f(hv) ( :2  1/2 ) 

 5.5  ( hv) .  

 (  4.5). 

 4.5 

 (R).

k

g

q

hv 3
1

2
2

hv 2hv1

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 4.5:  (Ahv)2=f(hv)  (E(R)) 

 (  E(R))

4.2.3.2 

[Fox (2001), Murphy et al (2002), Alivisatos (1996)]

. 

, 

, 

, 

. 

.

, 

. 

, 

.  (

) . 

. 

. , 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, , ,

, 

,

.

. 

, 

 (  4.6). ,

. 

. ,  (

) 

, 

.

, 

 ps  ns. , 

, 

, , 

(interstitials).  (

) 

.

 ( ) 

. 

 ( ) , 

. 

. 

 (trap fluorescence)  (defect

fluorescence)  ns s (  4.6)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 4.6: : (1)
, (2 ( )) , (2( )) , (3)

, 

, .

: ( ) 

 (fs  ps) 

. 

 [Kaschke

et al (1990), Ernsting et al (1990), Zhang (1997) B]. 

 ( ) 

 (ps  ns). ( ) , 

 ( ), 

  , 

 [Hoheisel et al (1994)].

, 

, 

, 

. 

 2 ( )

 3

k

g
hv 1 hv 2

 1 1 hv 3
hv 4 2 ( )  3

e-

h+

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 (surface passivation).

 ( , O=P((CH2)7CH3)3)  3-

 (MPTMS, (OMe)3Si(CH2)3SH) , 

, , 

 Cd+2,   Zn+2  Pb+2 [Gerion et al (2001), Petruska et al (2004),

Iwasaki et al (2004), Rogach et al (2000)], , 

 ( , P((CH2)7CH3)3),  TOP-Se

 TOP-S [Jang et al (2004)]. , 

, 

. , .

, 

.

, 

, , 

[Chen et al (1997), Wang et al (1987) B, T rk et al (1992)]  (

) [Qi el al (2001), Huang et al (1999), Bekiari et al (2000), Lifshitz et al

(1999), Patel et al (2000)], 

 sol-gel (SiO2, ZrO2, TiO2 .) [Su et al (2001), Zelner et al (2001), Bullen et

al (2004), Mokari et al (2005)). , 

, 

, , 

  

 [Yang et al (2003)].

sol-gel, ,  4.5 . 

.

4.2.4.  ZnS  CdS

 ZnS  CdS .  ZnS

 CdS 

. 

: ( )  (VS), ( )  (VM), ( )

 (IS)  ( )  (IM). 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( ) 

. 

. 

, 

, 

. 

, 

.

, 

, 

, 

. ’ 

 [Becker et

al (1983), Denzler et al (1998)].  MS ( :Cd  Zn)

 4.7.

 4.7:  MS. 

   ZnS  CdS  (

, )

 (Uv-vis)  ZnS 

, 

. 

 ZnS, 

, 

 [Chen et al (1997)(A)].  

IS

IM

VM

VS

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ZnS , 

, 

 400-450 nm 

 [Chen et al (1997)(A), Sapra et al

(2005)].

 CdS 

. 

,

 [Mohanan et al (2004)]. 

.  CdS 

 500-700 nm  [Brus (1986), Spanhel et al

(1987), Chestnoy et al (1986)].

4.2.5.  PbS

 PbS,  ZnS  CdS, , 

 (Eg)  PbS  (0.37 eV)

 ZnS  CdS. , 

PbS ( =17.3)  (m*=0.1),    Bohr

 ZnS  CdS (18 nm). 

 ZnS  CdS, 

 <3 nm. , 

 PbS  eV (~3 eV). 

 PbS , 

 (~ 600-1200 nm).

 PbS, 

 PbS 

 [Chakaborty et al (2004), Chen

et al (2000)]. , , 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( . 1se-1ph, 1pe-1ph)  [Machol et al (1993), Machol et al (1994),

Patel et al (2000)]. 

, 

 [Martucci et al (2004), Levina et al (2005), Yang et al (2001),

(A)].

 PbS 

 ZnS  CdS, 

 ( ),

. 

 [Chen

et al (2000), Yang et al (2001), (A)] , 

 ( ) [Martucci et al

(2004), Sashchiuk et al (2002)].

, 

, 

 [Lifshitz et al (1999)].

4.2.6.  ZnO

 ZnO  (3.1-3.4 eV). 

 ZnO  

.  ZnO

 ( ).

.  300 nm

 380 nm  [Bahnemann et al (1987),

Koch et al (1985), Sakohara et al (1992)]. , 

, ,

 [Monticone et al (1998), Pesika et al (2003), Sakohara et al (1998),

Spanhel et al (1991)].

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ZnO . 

 ( ). 

 (360-380

nm) 

. 

 ( . ). 

 (370-390 nm) [Fonoberov et al

(2004), Hirai et al (2005), Cheng et al (2005) A].

 ( ) 

.  ( .  (VO),

 (IZn),  (IO)) 

, 

.

,  ZnO,

 500-550 nm. 

 (VO)  [Lu et al (2005), Vanheusden et al (1996)

A, Vanheusden et al (1996) B, Cheng et al (2005) B, Leider et al (2003)]. 

[Bahnemann et al (1987), van Dijken et al (2000)] 

 [Reynolds et al

(2001)]. 

 (IZn)  [Ischenko et al (2005), Liu et al (1992),

Li et al (2004), Kar et al (2006)] 

 (VZn)  [Kohan et al (2000)] 

 (Ozn) (anitisite defects) [Lin et al (2001)].

 ~600 nm 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 [Li et al (2004), Liu et al (1992), Cheng et al

(2005) A]. 

.

, 

.  ( . 

, ) 

 ( . ), 

. [Bahnemann et al (1987), Lu et al (2005), Koch et al (1985), Sakohara et

al (1998)].

4.2.7.  TiO2

 TiO2 .  TiO2

 400 nm  420 nm . 

 TiO2

.  TiO2

, , . 

, 

, .

 4.8:  TiO2: ) , )

 TiO2

 TiO2  800-900 ºC. 

)
)ΡΟ

ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

: 

,    (  4.8) [Jin et al (2002), Tang et al

(1993)].

 (3.2 

3.0 eV ) . 

 TiO2

. 

 (260-400 nm) [Zhu et al (1999),

Pan et al (2005), Liu et al (1997), Amtout et al (1992)], 

 307-308 nm 

 [Serpone

et al (1995)].

 TiO2 . 

. 

 TiO2

), 

. 

 360-430 nm [Lei et al (2001), Liu et al

(1997), Zhu et al (1999), Serpone et al (1995), Anpo et al (1987) Pan et al (1991)]

 (500-550 nm) 

 [Tang et al (1993), Tang et al

(1994), Zhang et al (2000)]. 

,  400 nm [Haart et al (1986), Amtout et al

(1992)].

 TiO2

.  Ti3+

Ti4+,  450-550 nm [Lei et al

(2001), Forss et al (1993), Zhu et al (1999), Haart et al (1986)]. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

. 

 Ti3+ (interstitial)  730-750 nm [Liu et al (1997), Pan et

al (1991)].

 TiO2, 

 TiO2  ~500 nm  77 , 

, 

, 

 [Deb (1972)].  Zou et al 

540 nm  TiO2

 (CH3(CH2)16COOH). 

, 

    

 [Zou et al (1991)]. 

Ramakrishna et al,  464 nm 

 TiO2

 (DBS, CH3 (CH2)10CH2C6H4S(O2ONa).

,  DBS [Ramakrishna

et al (2003)].

4.2.8.  SiO2

 SiO2 , 

 11 eV. 

, 

. 

, 

. 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

.

, 

 400-450 nm, 

. 

. 

 ( Si-

O2) [Gimon-Kinsel et al (1998), Glinka et al (2000)].

 450-550 nm 

Si, 

 sp3  Si. 

Si-O Si-  [Chang

et al (2001), Glinka et al (2000)]. , 

 600-800 nm, 

Si-O) (  p

). Si-O

Si-O- -Si  [Shen et al (2002), Gimon-Kinsel et al (1998)]. 

. 

 >700 nm [Glinka et al (2002)].

 (260-300 nm). 

. 

. 

, 

. 

. 

, 

, , 

.   

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 Lin et al 

 430-470 nm 

,  r

(=[TEOS]/[H2O])  pH  [Lin et al (2000) B]. 

 Ayers et al  460-490 nm. 

, 

 Si-O [Ayers et al (1997)]. 

,

, 

, 

 [Garc a et al (1995)].

 (VO) [Guzzi et al (1987), Jones et al (1976)].  4.9 

 SiO2

  

.

 4.9:  SiO2. 

 SiO2

, 

. , 

 ZnO  (

)  [Mo et al

(1998), Chen et al (2004), Xiong et al (2004)]. 

,  ZnS [Yang et al (2003)]  PbS

[Yang et al (2001) ], 

. 

  

Si-O2 Si Si-OVO

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, . , 

 PbS, 

. ,  ZnS, 

.

4.3. 

. 

 CdS, ZnS  PbS  TiO2

 ZnO . 

 (

).  (  4.4) 

, 

.

4.3.1. 

 ( ), 

. 

, 

 [Hu et al (2003)].

 4.2 

.

 4.2:

(nm)

CdS Cd(CH3COO)2
/ Na2S

,
,

,

6.4-13.8

)

Hoffman et al
(1992)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

CdS Cd(ethex)2* /
Na2S  (DMSO) 2.2 Diaz et al (1999)

ZnS ZnSO4 / Na2S 1-5 Denzler et al
(1998)

ZnS ZnSO4 / Na2S 

1.24-2.28

)

Chen et al (1997)

ZnO Zn(CH3COO)2 /
NaOH

,
1- ,
1- ,
1- ,

1-

2-7 (

)

Hu et al (2003)

ZnO Zn(CH3COO)2 /
LiOH.H2O

 nm

LiOH.H2O

Sakohara et al
(1998)

ZnO Zn(CH3COO)2 /
NaOH 2- 5 Bahemann et al

(1987)
TiO2 Ti(OBu)4 / H2O 4 Zhu et al (1999)

TiO2
TiCl4 / HCl
(~0.5 M) /

4-20

)

Anpo et al (1987)

TiO2 TiCl4 / H2O
, ,

2- ,

2-2.4

)

Kormann et al
(1988)

* 
 (ethex: CH3(CH2)3CH(CH2CH3)(COOH))

4.3.2. 

. 

, .

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 3-  (MPTMS, (CH3O)3Si(CH2)3SH), 

. 

 PbS  MPTMS, 

 ~3nm [Martucci et al (1999), Martucci et al (2004)]. 

Guglielmi et al  CdS  PbS 

: 

 4.10),  3-  (APTS, (CH3O)3Si(CH2)3NH2),

 3-  (APTES, (C2H5O)3Si(CH2)3NH2) 

MPTMS.  MPTMS 

,  MPTMS , 

 PbS  3.5-8 nm. 

 20 nm [Guglielmi et al

(1997)].

 ( , (C8H17)3P) 

 ( , (C8H17)3P=O). 

 CdS  5 nm 

[Jang et al (2004)]  CdS  ZnS,  5  3.6

nm , 

 40:60 (TOP:TOPO) [Malik et al (2001)].  4.3 

 4.10 

.

 4.3:

(nm)

CdS Cd( 3)2 /
Na2S

7 Correa-Duarte
(1998)

ZnS Zn(CH3COO)2 /
Na2S

1- 1.7 Sapra et al
(2005)

ZnS ZnCl2 /
 S

  10 Zhang et al
(2004) (B)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



PbS Pb(CH3COO)2 /
Na2S

1- ~3 Chen et al
(2000)

ZnO Zn(CH3COO)2 /
NaOH 1-

3-5.5

)

Pesika et al
(2002)

Pesika et al
(2003)

ZnO Zn(CH3COO)2 /
NaOH

1- ,
1- ,

-

3-6

)

Wong et al
(2001)

TiO2 Ti(OBu)4/H2O
- ~11 Ramakrishna et

al (2003)
TiO2 TiCl4/H2O 6-8 Wu et al (2000)

TiO2

Ti(OBu)4/
CH3C6H4SO3H

 HClO4
HNO3

1-5

=[ ]/
[Ti])

Scolan et al
(1998)

 4.10:

 4.3

.  Pradhan et al 

 CdS (~3.7 nm)  ZnS (~4.5 nm) 

NaO
ONa

O

O

ONa

O

.H2O

.H2O
CH3(CH2)7CH=CH(CH2)7COOH

CH3(CH2)11 2

CH3(CH2)nSH

n=5, 1-

n=7, 1-

n=11, 1-

H3C(H2C)17P

O

(OH)2

CH2H3C(H2C)10 S

O

O

ONa
CH3

CH3

O O

1-

HSH2C CH CH2OH
OH

CH3(CH2)16COOH

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 CdS/ZnS (~4 nm)  ZnS/CdS 

, , ,

 (  4.11), 

. 

,   PbS (~20 nm), 

 [Pradhan et al (2003), ( ), ( )].

 4.11:  Pradhan et al (2003), ( ), ( )

 Yang et al  Velikov et al  ZnS   

 (CH3C(S)(NH2))  

. 

 2-4 nm [Yang et al (2001) (B)], 

 ZnS  (81-1415 nm, 

) 

 10 nm [Velikov et al (2001)].

4.3.3. 

. 

. 

. 

4.4 

,  4.12 

.

CH2 O C S

S

CH3(CH2)n
2

M

n=0, 

n=8, 

n=14, 

=Cd, Zn, Pb)

CH2 S C S

S

H3C(H2C)14
M

2

=Cd, Zn, Pb)

CH2 NH C S

S

H3C(H2C)14
M
2

=Cd, Zn, Pb)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



 4.4:

(nm)

CdS Cd( 3)2 /
Na2S

PEI  PAMAM-NH2

2.8-4.4

)

Huang et al
(1999)

CdS Cd( 3)2 /
Na2S

PAMAM-NH2
PAMAM-COOH

2.4-4.2

)

Sooklal et al
(1998)

CdS CdCl2 / Na2S

PEG5000-block-PEI700

PEG5000-block-PEI400
 PEG5000-

block-PEI 1800*

2-4

)

Qi et al (2001)

CdS

Cd(CH3COO)2
 CdClO4 /

2CSNH2
)

PCL-SH

1-2
 (

)

Carrot et al
(1999)

CdS CdSO4 /
(NH4)2S

~4 Rossetti et al
(1984)

ZnS ZnSO4 / Na2S PVA ~120 Becker et al
(1983)

PbS Pb(NO3)2 / H2S
PVA  PVP 

 PS**  PMMA
4-12 (

)***
Patel et al

(2000)

PbS
Pb(NO3)2 /

2CSNH2
)

8-20
 (

 Lifshitz et al
(1999)

*PEIPA: )- ),
 **PS: 
***ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



R

NH
N

R

NH2

x y
: )

R

N
R

NH

R

O

n
R= NH2, PAMAM-NH2 : )

R= COOH, PAMAM-COOH

           (OCH2CH2)n

G: )

R

R

O O

O

SH
O

n

PCL-SH:  )
O

O

O

HC CH2

N O

HC CH2
RR

n

PVP: )

OH
HC CH2

RR

n

PVA: 

          )

R

R

CH3

O

CH3

O

n
)

R

N H 2
O

R

n

)

O
O

OHO

OSO3H

H

HOH2C O
O

OSO3H

O

H

H2C

n

 4.12:

4.3.4. 

 ( ). 

 4.5. 

, 

, 

. : ( ) , 

,  (

 aerogel), ( ) 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



.

, 

, 

, 

.

4.4. 

4.4.1. 

[  (1995)]

  (

) , 

.  

, 

. , 

 5  100 nm. 

, . 

.

 4.13 /

. , 

. , 

, 

. 

.

 4.13 ( ), 

, 

, 

. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( ) 

. 

 W/O  ( ).

 4.13: : )

 O/W )  W/O/ ,

)

 4.13 ( ) 

 4.13 ( )   

)  ( ). 

 ( ) 

)

-

W/O

-

O/W

)

)
AOT

-
 O/W

-
 W/O

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 O/W  ( ). 

 4.13 ( ) 

 ( (2- ,

Aerosol-OT). 

 (W/O  O/W) 

.

4.4.2.  W/O

 W/O 

, 

. 

 W/O , 

, 

. 

, . 

, 

. 

(R=[H2O]/[ ]), 

, 

 [Pileni (1997),

Lopez-Quintela (2003)].

, 

, 

. , 

. 

, 

: 

. ,   

, 

 « » 

 (  4.14) [Cheng et al (1998)].

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 4.14:

 W/O [Cheng et al (1998)]

, 

(2-  (Aerosol-OT ( )), 

(1,1,3,3-  (Triton-X100), 

 (CTAB) . (  4.17). 

, 

.  R 

 50

[Cheng et al (1998)]. 

. , 

, 

  

, , 

.

 CTAB, 

 CTAB 

.  CTAB 

[Curri et al (2000)].  Triton-X100  W/O

,  [Zhu et al (1992)]. 

, 

 ( ), , 

, 

: : : 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

, 

 [Sakai et al (1998)].

, 

, 

.  ,

. 

, 

, , 

 [Cassin et al (1995), Robertus et al (1990)].

4.4.3.  W/O 

 (nanoreactors) 

, , , 

. 

. 

, . 

 [Lopez-Quintela (2003)].

, 

, 

. , 

 3-

 (MPTMS, (CH3O)3Si(CH2)3SH), 

 [Pal et al (2004), Iwasaki et al (2004), Hirai et al (2000), Torimoto et al

(2003)].

, 

 Brown. 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



  . 

, 

. 

,  (  4.15) 

, 

. 

, 

 [Pileni (1997),

Lopez-Quintela (2003), Chhabra et al (1995)].

 4.15: +

-

. (

)

:

) , 

 [Lopez-Quintela, (2003)].

) 

, 

.

.

, 

, .

+ -

+

-

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,  Sakai et al 

 (2- , 1- , 1-  1- ) 

 TiO2, 

. 

, 

. , 

. 

, 

 [Sakai et al

(1998)].

, 

 TiO2, 

, 

, 

 (  4.16)

[Sakai et al (1998)].

 4.16:

) 

’ . 

, 

 [Naskar et al (2006)].

) 

. 

 [Pileni (1997), Hirai et al (1993)].

) 

.  [Moulik et al (1999),

Ti
OR

OR

OR

OR
O

H

R -ROH
Ti

OR

OR

OR

OR
O

H

R

-ROH
Ti

OR

OR

OR

OR

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



Panda et al (2001)] , 

. 

    . , 

, 

) , 

. 

 ( ) 

, 

,    [Lopez-

Quintela, (2003)].

) 

, 

. [Chakaraporty et al (2004), Lopez-Quintela, (2003)].

) 

, 

. 

, 

 [Zhang et al (2004) (A)].

) 

, 

. , 

CdS 

ZnS. 

 CdS (96 kcal/mol)  

 ZnS (110 Kcal/mol) [Hirai et al (1994)].

,

. 

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

. 

Charinpanitkul et al  ZnS 

 Triton-X100, , 

, 

 [Charinpanitkul et al (2005)].  Lv et al 

 ZnS  [Lv et al (2004)], 

,  Kaneko et al 

nO -6 (  5.17) 

 [Kaneko et al (2000)].

. 

 CdSe/ZnS  ZnS/CdSe / 

 [Kortan et al (1990)].

.  Pileni , 

,

, 

 [Pileni (1997)].  Adair et al 

,   

, 

 [Adair et al (1998)].

 4.5 

 CdS, ZnS, PbS, TiO2  ZnO, (

)  4.17 

 4.5

 4.5:

/

PbS AOT  2-4  nm* Chakaraporty et al
(2004)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



TiO2 AOT/n-  9-19 nm** Hirai et al (1993)

TiO2 Triton X-100/n-  20-50 nm Cnhabra et al
(1995)

TiO2 CDBA  0.9 nm Joselevich et al
(1994)

CdS^^ AOT 3-5 nm^

Hirai et al (2000)
Torimoto et al

(2003)
Iwasaki et al (2004)

Pal et al (2004)

CdS^^^ Triton N-101/n-
Igepal CO-520  2.5 nm Chang et al (1994)

CdS  2-4 nm^ Pileni et al (1992)

CdS CTAB/ n-  2.5-3.5 nm Curri et al (2000)
 Curri et al (2002)

CdS, ZnS
AOT,

CTAC/n- ,
DTAC/n-

2.6-3.6 nm
(CdS)

2.7-3.8 nm
(ZnS)

Sato et al (2000)

ZnS AOT  1-100 nm^, Zhang et al (2004)
(A)

ZnS AOT  1.8-3 nm Liveri et al (1999)
ZnS^^ AOT  2-3 nm Lal et al (2000)

ZnS^^ Brij-35, Igepal CO-520/
n-  3 nm Hanaoka et al

(2001)
ZnO, CdO,

PbO, AOT  / 1-2 nm Zou et al (1999)

ZnO AOT 11.7-12.9
nm^ Singhal et al (1997)

ZnO Span -80  81-87 nm^ Lu et al (1997)
ZnO AOT  3.5 nm Yu et al (1998)

**  R
^  R
^^  MPTMS 

^^^  CdS 
. 

  

  ,  CO2

ΡΟ
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Α 
ΜΟ
ΛΕ
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 4.17:

 4.5  (

)

4.5.  SOL-GEL

. 

 ( ), , 

 sol-gel (SiO2, ZrO2, TiO2 .). 

 (SiO2), 

, 

pH. 

 [Lal et al (2000)]. 

 (

) [Yang et al (2003), Yang et al

(2001), Xiong et al (2004), Chen et al (2004)].

 sol-gel 

, 

. 

Span 80 ( =15)
Span 20 ( =9)

CDBA

CTAB (x=15, X -=Br -)
CTAC (x=15, X -=Cl-)
DTAC (x=12, X -=Cl-)

Igepal CO-520 (x=5)
NP-6 (x=6)
Triton N101 (x=9-10)

Triton X100 (x=9-10)

Brij 35
O

O

R

R

O

O

R

R

S

O

O-

O

Aerosol OT (AOT)

Na
+

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 (film), 

. 

 (core-shell) 

 (   4.18).

 4.18: :

) , ) , ) -

,  sol-gel.

4.5.1. 

: 

, 

. 

, 

. 

:  ( ) 

, 

, 

 ( ) 

 (  4.19). 

 SiO2

: 

) ) )

SiO2

SiO2

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



.

  4.19: : )

, )
  ,

) , )
» 

 ( . ) 

 (  4.19 ( )) , 

, 

. 

.

: (RO)3Si(CH2)nX,  

 (  4.19 ( )). 

 3-  (MPTMS, (H3CO)3SiCH2CH2CH2SH)

)

)
)

)

I
X

I

X

IX

I

X

I

X

I X

I

X I

X

IX
I

X

I

X
I X

I X

I X

I X

I

X
IX

I

X

A+
I

X

I

X

IX

I

X

I

X

I X

I

X I

X

IX
I

X

I

X
I X

I X

I X

I X

I

X
IX

I

X

A+
A+

A+

A+

A+

A+
A+

A+

A+

A+
A+

A+

A+

I
X

I

X

IX

I

X

I

X

I X

I

X I

X

IX
I

X

I

X
I X

I X

I X

I X

I

X
IX

I

X
B -

B -

A+A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+
A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A

A+

A+

B -

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+
A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A+

A

A+

A+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+

+ + +
+

+
+

+
+

+

++

+
+
+
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 3-  ( S, (H3CO)3SiCH2CH2CH2 2). 

, 

.  ( , i( un)4),  

2

 [Zheng et al (2000), Zheng et al

(2001)].

 (

4.19 ( I)). 

 MCM-41, 

 Van Der Waals 

 SBA15. 

 Cd+2, 

.

,

,

. 

, .

,  « »

. 

 (  4.19 ( ))

 4.6 

, . 

.
ΡΟ
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Α 
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ΛΕ
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 4.6:

CdS SBA-15  6 nm Gao et al (2003)

CdSe MCM-41 <4 nm
Parala et al

(2000)

ZnO MCM-41 <2 nm

Xiong et al
(2004), Tang et

al (2004)

CdS* SBA-15 
MCM-41

 5.8
nm (SBA-15)

3.6 nm
(MCM-41)

Besson et al
(2002)

nS
MCM-41

  EDAS**

n+2

 H2S

 2.5
nm

Zhang et al
(2001) B

CdS

SBA-15 
MCM-41

S

 Cd+2

 H2S

 3.4
nm (SBA-15)

2.1 nm
(MCM-41)

Xu et al (2002)

PbS
SBA-15

S

 Pb+2

(5 nm) 

(6 nm )^

Gao et al (2001)

V2O5 MCM-48

(VTIP^^)  

- Morey et al
(1996)

TiO2 MCM-41

IB^^)  

-
Zheng et al

(2001), Zheng
et al (2000)]

CdS MCM-41
 CTA+

Cd+2   
 H2S

2.5 nm
Zhang et al

(2001) 

CdS SBA-15
)20 )70 )x-y

[EO)…H3O+]y  Cd+2

  
H2S

3 nm
Wang et al

(2002)

CdS MCM-41 Hirai et al

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 MPTMS
3 -3.6 nm (1999)

CdS

SBA -15

 Zn+2

HS(CH2)nSH
(n=2, 6, 10)

3.2 -3.9 nm
Hirai et al

(2003)

* 
**(EDAS: -3(  ((CH3O)3Si(CH2)3 NHCH=CHNH2)
^ S 
^^ : , Ti(OBun)4, VTIP: ,

(PrnO)3V=O
 Cd+2

 R 

4.5.2. E

 (   4.18 ( ))

: 

. 

, 

, 

. 

 (SiO2), , 

 (TiO2)  (ZrO2), 

 (film).

, 

. 

, . 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



, 

. 

, 

. , 

. 

 (RO)3Si(CH2)nX (  X:

). 

, 

.

, 

, 

. 

, ’ 

 sol-gel.

 MPTMS. 

, 

.  Hirai et al 

 CdS . 

S 

. 

 3  3.8 nm, 

 R=[H2O]/[AOT]   [Hirai et al

(2000)].

S , 

,  Wang et al, 

 CdSe/ZnS. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 CdSe 

 ZnS 

 MPTMS [Wang et al (2005)].  

 Rogach et al  CdSe, CdTe  CdSe/CdS,

[Rogach et al (2000],  Martucci et al  Guglielmi et al 

 PbS [Martucci et al (2004), Martucci et al (1999]  PbS

 CdS [Guglielmi et al (1997)] ,  sol-gel.

,  « », , 

. 

.

 4.7 

 sol-gel, 

.

 4.7:

PbS, CdS,
ZnS TiO2

(M(AcAc)2
^,
) 

PbS 10nm
ZnS 9 nm

 CdS
40 nm  8nm

Su et al (2001)

CdTe ZrO2

 (Cd(AcAc)-
2, TeO2) 6-18 nm*

Zelner et al
(2001)

TiO2 SiO2
 ( ^) 7-13.8 nm** Li et al (2005)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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ZnO SiO2  (
 flame

spray)

Tani et al (2004)

PbS SiO2

 (Pb(AcAc)-
2, Na2S)  PbS Yang et al

(2001), (A)

PbS ZrO2

 ***

2-4.5 nm^^
Sashchiuk et al

(2002)

PbS SiO2/TiO2

***

2.3-3.5 nm
Martucci et al

(1999)

ZnO SiO2

***

1.4-1.5 nm
Chakrabarti et al

(2003)

CdSe,
CdSe/CdS,
CdSe/ZnS SiO2/

ZrO2
***

 2.3 nm
(CdSe,

CdSe/CdS)
 5.4 nm

CdSe/ZnS

Bullen et al
(2004)

CdSe,
InAs/ZnSe,

PbSe,
CdSe/ZnS

SiO2

^^^

 CdSe,
CdSe/ZnS: 3.5-6
nm, 
CdSe, CdSe/ZnS:

11-24.5 x 3-4.9
nm,  
PbSe 10 nm,

InAs/ZnSe: 4.3-
6.3 nm

Mokari et al
(2005)

CdS SiO2

Eu+3

Hayakawa et al
(2000)

CdS PPS 
HPS 6-9 nm Choi  et al (1994)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Cd+2  S-2

ZnS SiO2
Zn+2  S-2

 8 nm Tan et al (1997)

nO SiO2
Zn+2

 nm Mo et al (1998)

* 
.

** 
S) .

*** .

^ M(AcAc)2  ( =Pb, Cd, Zn), : CH3 C NH2

S

,  :
Ti(OBun)4

^^  PbS 

^^^ 
. 

 100-1200 nm.

 PPS: 1,4- , (C2H5O)3SiC6H4Si(OC2H5)3  , HPS: 1,4-
) , (C2H5O)3SiC6H12Si(OC2H5)3

4.5.3. 

sol-gel , 

 (  4.18 ( )). 

 (SiO2) , 

 ( iO2).

, 

, 

.

:

. 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



, 

. 

, 

 ((RO)3Si(CH2)nX)) (

4.20)

 4.20: 

 ((RO)3Si(CH2)nX)

 4.8 

.

 4.8:

/

ZnS/SiO2

ZnS/TiO2
100 nm

S 
TIB

10-15 nm Zhang et al
(2004) B

ZnS/SiO2 2-3 nm

S

17-18 nm Lal et al (2000)

CdSe, -
Fe2O3/SiO2

3.5 nm (CdSe)
11.8 nm
-Fe2O3) S S

Yi et al (2005)

X Si(OR)3

X
Si(OR)3

X
Si(OR)3

AB
X

Si

O

X Si

OX

Si

O

O

R

R

AB

X

Si
O

X Si

OX
Si

O

O

R

R

OSi

OSi

OSi

O

O

OH

OH

OH

O

O
R

R

AB
TEOS
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CdS/SiO2 5 nm MPTMS 

MPTMS  TEOS
S

Torimoto et al
(2003)

Iwasaki et al
(2004)

Pal et al (2004)

CdSe/SiO2 3-5 nm

 APS*

 APS
 TEOS

25-30 nm Selvan et al
(2005)

CdSe/ZnS/
SiO2

2-5 nm

MPTMS 

MPTMS 

APS  MPTMS

1-5 nm Gerion et al
(2001)

CdTe/SiO2^^  nm

MPTMS 

MPTMS 

(RO)3Si(CH2)3X^

Schroedter et al
(2002)

*APS: 3-  ((CH3O)3Si(CH2)3 NH2)
^ X = OR, SH, 2, MePO3

-

ΡΟ
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Α 
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ΛΕ
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5. 

 sol-

gel , 

.   

.

5.1. 

5.1.1.  (Fourier Transform Infrared Spectroscopy,
FTIR)

[Pecsok et al (1980)]

 5

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



 (400-4000 cm-1). 

. .

.  (

):  ( ),  ( , 

),  ( ),  ( ),  ( ),  ( ) (s).

.

: ( ) 

, ( ),  ( ) 

.

 5.1 

, 

.

 5.1:

(cm-1)
, v(O-H) 3300-3400*

, ) 1630-1650*
 Si-O-Si, as(Si-O-Si) 1000-1100*,**

 Si-O-Si, sym(Si-O-Si) 770-800*, **
-Si-O, -Si-O) 450-460*

 SiO-C, as(SiO-C) 1050-1100*, **,^
 Si-OC, sym(Si-OC) 800-830*,**,^

 CH3  Si-O-CH3 (SiOC-H3) ~1200**,^
 Si-OH, as(Si-OH) 900-980**

 Si-C, (Si-C) 715-910*,**
 Si-C , (Si-C) . 1100-1430*

 CH2   Si-
2, ssym(SiC-H2)

1130-1160*,**

 CH2  , (CH2) 725*
 C-H , v(C- ) 2940-2855*
 C-H , (C- ) 1400-1470*

 C-H  CH3
, sym(C-H3)

1350-1380*

 C-F, v(C-F) 1100-1200*
 C-H , v(C- . 3000-3100*

ΡΟ
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ΥΛ
Α 
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ΛΕ
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 C-
, (C- .

690-750 *
 2
)

 C-C , (C-C) . 1430-1600*
 C-OH, v(C-OH) 1050-1200*,^
 C-OC, v(C-OC) ~1100*

, ) 3330-3340*

, s( )
1630-1680,
770-910*

, s( ) ~715*

 C-N , v(C-N) 1060-1070*
 C-N , v(C-N) 1000-1100*

 C-N , v(C-N) 1200-1230*
 C 3 , C - 3) 2770-2800

Breathing  ( ) 1240-1260^^
,

vas(epoxy) 810-950^^

785-865^^
 C=O, v(C=O) ~1700*

 S-H ( ), v(S-H) 2550-2600*
 CH2  S, (SC-H2) 1250

 C-S, v(C-S) 625-715
 S=O, v(S=O) 1200-1250*

 S-O-C, v(S-O-C) 900-1000*
 V=O, v(V=O) 1020-1025^^^

 V-O-V, vsym(V-O-V) 820-830^^^
 Ti-O-Ti, vas(Ti-O-Ti) 400-700

 Ti-O-Si, v(Ti-O-Si) 910-960
* Pouchert (1981), **Smith (1960), ^ Prassas et al (1984),
^^ Innocenzi et al (1999),^^^ Park et al (2000),  Li et al (2005)

5.1.2.  (X-Ray Diffraction)

[Kittel (1976), Niemantsverdriet (2000)]

,  Angström (Å), 

. 

, 

, 

. 

,  (  5.1).

, 

 Bragg: n  = 2dsin ,  n: 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, : 

 (  (Cu ) =1.5418 Å), d: 

: 

.  Bragg

 2d, . 

 – , 

 (d) 

 ( ).

 5.1: . 

Bragg

. 

 (d)  Bragg. 

, 

.

.

: 

. . 

 100 nm 

. 

Scherrer 

: D=
cos

, : D: , : 

, :  ( ), : 

d

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 ( ), : 

 0.9 .

5.1.3.  (Thermogravimetric Analysis, TGA)

[West (1984)]

 1-20 ºC/min. 

 « » 

 (m)  ( ) (m=f(T)),  

 ( m) 

m=f(T)), (  5.2). 

. 

  , 

1 2, 

. 

. 

.

 5.2: : )  (m=f(T)), )
 ( m=f(T)) (

)

, ,

 CO2 ., 

, 

. 

m1

1 2

m

m2

m
m2

1 2

m

m1

m

) )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, .

m/ =f ) m)/ =f ) (  5.3). 

, 

.

 5.3:  5.2 m/ =f( )

5.1.4. 2   

[Gregg et al (1982), Theocharis (1993), Leofanti et al (1998)]

, 

.  ( ) 

 ( ) 

 ( ), , 

. .

2

, , 

. 

, 

.

: ,  2 nm,

 2  50 nm, 

1 2

m
T

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 50 nm. ,

, 

, 

 ( . 

) ( ) 

 ( ). 

2 2

, 

2.

 Brunauer-Emmet-Teller:
0 m m 0

p 1 (c 1) p
V(p p) V c V c p

−
= +

−
,  c:

 V:  Vm: 

.  : ( ) 

, ( ) , ( ) 

,

. 

  

 0.05-0.15.

 1985  IUPAC 

,    (  5.4). 

. .

, 

 ( ), .

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

,  ( ),

. 

. 

. 

.

 5.4:  IUPAC (  IV  V

.

)

V V

, 2

 p/p0 = 0.45. 

.  

, 

. 

 Kelvin:
2K
r

0

p e
p

−
= , LVK

RT
γ

=  ( : , VL:

). 

I III

V VI

II

B

IV

B

B

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. V

 ( ), 

, V

.  

 ( ) 

, , 

.

V  V, 

 5.2).

 5.2:  (

)

1

2

3

4

  1,  ( ) 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



). 2, 

, 

. 3 4 

. 3 

, 4 

.

, 

, 

. 

, 

, 

. 

 0.45.

 (

 0.162 nm2),  (m2/g).

,  (

)  (cm3/g).

 5.5:  (

)  

  y  (V)

 BJH. ’ : 

 (dV/dP)  Kelvin, 

 (r)  (p/p0), 

. 

r

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



(V=f(r))  (  5.5). JH

.

 t-plot s-plot. 

.

5.1.5.  (Uv-vis) 

. 

. 

 4.2, 

. 

5.1.6.  ( )

[  (1995), Brandon et al (1999), Kumar et al (2005)]

 ( , transmission electron microscopy) 

, 

 (

 2 nm  5 m), ,

 Scherrer.

 ( ) 

  , . , 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



,  (film) 

 10-20 nm) .

, 

 ( ), 

, 

.

: 

.

. , ,

 « » 

. 

.

:

) . 

. 

.

(2) 

.

, 

, 

, .

: =0.61
nsin

 (

5.1), : : , n: 

 (n 1 ) : 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. 

 :

0 2
0

h=
eV2m eV 1+

2m c
 
 
 

 (  5.2), : h: 

 Planck (6.626 x10-34 J.s), e:  (1.6022 x 10-19

C), m0:  (9.109 x10-31 Kg), c:  (3

x 10 8 m2/s),  V:  (  Volts). 

 ( ). 

,  ( ). 

, .

 ~100 kV 

>0.2 nm,  HRTEM (high resolution transmission electron microscopy),

 300-400 kV, 

,  0.15-0.2 nm, 

.  HRTEM 

 100000 .

5.1.7.  (STEM)

[Kumar et al (2005)]

 HRTEM 

STEM (scanning transmission electron microscopy).  STEM, 

. 

. 

, 2 . 

.  STEM 

.

ΡΟ
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5.1.8.  (EDXS)

[Brandon et al (1999]

. 

, 

, 

.

 (EDXS,

Energy Dispersive X-ray Spectroscopy) 

.  ~500 V, 

 (77 ) . 

, 

.  ( )

.  EDXS

.

5.2. 

, 

: , 

 (UV–Vis) 

 (ICP).

5.2.1. 

[Pecsok et al (1980), Fritz et al (2000)]

, 

. , 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

.

 ( . ), 

, 

, . 

, 

. 

,

 pH . 

 4 mM 

 0.1 mM  (C6H5COONa). 

, 

 0.5 ppm (mg/L)

5.2.2. –
 (UV–Vis)

[Rumb et al (1992)]

.  (  5.6 ( )) , 

 pH = 5.10  (  5.6 ( ))

 414 nm.

 5.6: )
, )

Oxspring et al (1995)

B
-

-O3S SO3-

ON

CH

O

O

O

SO3-

-O3S

N

CH

HO3S SO3H

OHN

CH

OH

) )ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 0.1–10 ppm, 

o 

 0.1 ppm. 

, , , 

.

5.2.3.  (ICP)

[Cleseri et al (1989)]

  , 

ICP.  ICP 

, . 

 5 ppb ( g/L).

 ICP 

. 

, 

. 

, .

 10000 . 

.

. 

. 

. 

, 

, 

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



6. 

6.1. 

6.1.1. 

:

 ( S) (98%, Fluka),  (TEOS) ( 98%,

Fluka), 3-  (APTES) (99%, Aldrich),

 (DMTEOS) (97%, Aldrich), 

(PTMOS), (97%, Aldrich),  (OTEOS) (+96%, Aldrich),

,  (Aldrich),  (Fluka),  (Aldrich), N- -D-

, ( 99%, Fluka), D-  (min 99%, Riedel Riedel de Haën), 3-

 (GPTMS) (98%, Aldrich)  ( 99%,

Fluka),  (96%, Merck),  (99.8%, Merck),  (min

37%, Riedel de Haën),  (99%, Aldrich),  (99.5%, Aldrich),

 (98%, Panreac),  (96%, Aldrich),

 (30%, Merck),  (98%, Aldrich), 

 6

ΡΟ
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Α 
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Η



(99%, Aldrich),  (C16H33(CH3)3NBr, CTAB) (min

99.0%, Merck),  ( 4 3) ( 99.0%, Merck)  Pluronic P123

((EO)20(PO)70(EO)20) (Aldrich), Pluronic F127 ((EO)106(PO)70(EO)106) (Sigma),

Pluronic L64, (EO)13(PO)70(EO)13 (Fluka), TritonX-100 (Aldrich),  ( 98%,

Merck),  ( 99%, Fluka),  (min 99.9%, Merck), D-

 ( 99.5%, Merck).

: 

95.0%, Fluka), L(+)  (99%, Aldrich),  (98%, Aldrich),

 EDTA (NaOOCCH2)(HOOCCH2)NCH2CH2N(CH2COOH)(CH2COONa)

(99%, Merck),  (85%, Riedel de Haën), 

(99%, Aldrich),  (95-98%, Merck),  (99.5%, Aldrich). 

, « » 

:  (98%,

Panreac),  (99.5%, R&D),  ( 99.5%, Fluka), 

99.8%, Merck),  (99.9%, Fluka),  (69%, BDH).

. 

 Millipore (  18.2 S/cm).

6.1.2. 

  

:  JASCOW FTIR

460 plus,  XRD-6000  Shimadzu  Cu  K

=1.5418 Å),  ( 2)  , 

Micromeritics ASAP 2010,  TGA-50 

Shimadzu.  (TGA),  20

mg  10 ºC/min 

 800 ºC ( ) 

. 

.

 Uv-vis-1601  Shimadzu,  

761 Compact IC  Metrhom  Hamilton  PRP-

X100. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



) 

 pH 1  13. 

 ICP-7500  Shimadzu

Corporation, .

6.1.3. 

6.1.3.1 

 [Rumb et al (1992)]. :

§ .  0.1 g

 0.3 g L(+) , 

10 ml. 

 [Oxspring et al (1995)].

§  (pH=5.9). 

1.75 g , 0.7 g  EDTA, 3.5 ml 

 (85% .), 0.7 g  56 ml  (29% .), 

175 ml . 

,  4-5 hr , 

. 

3-4 .

§  . 

 ( . 5 ml) 

 ( . 5 ml). 

 3-4 . 

 [Oxspring et al (1995)].

§ . 

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



. ,  50 ppm

 50 ml ,  0.0140 g 

 50 ml. 

 (>10 ppm) 

 2-3 , 

(<10 ppm)  (

). 

, ,

. , 

, 

,  ( .

 ~1 ppm ) 

. 

.

 Uv-vis 

 414 nm, 

. 

 4 ml  2 ml

: 1 ml , 0.6 ml  0.4 ml 

.  20 , 

. 

, , 

 (blank).  1.6 ml

 0.4 ml .

, 

. 

. 

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

. 

, .

6.1.3.2 

, 

. 

 (

 (blank), ).

 (

) 

. , 

 (

).

 (  4 mM  0.1 mM 

(C6H5COONa)). 

 ~3 min,  7 min (  6.1).

 5-10 min, 

, 

. 

.

. 

, 

 ±2%. 

 5-6 .

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



, 

.

 6.1: :

) 10 ppm B, ) 2 ppm .  ~3 min. (

 <1 min  ( -))

 15-20 min 

 « » , 

. 

»  2 mM ,  10% ( .)

, . 

 « » , 

 1-1.5 hr, 

. 

 (tailing),

, 

250 ml  1%  6 ,

.

6.1.3.3 

 (ICP)

 ICP ,

 (blank), . 

0

2

4

6

8

10

12

14

0 1 2 3 4 5 6 7
time min

co
nd

ud
tiv

ity
 u

S
/c

m

0

0,5

1

1,5

2

2,5

3

0 1 2 3 4 5 6 7
time min

co
nd

ud
tiv

ity
 u

S
/c

m

) )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
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 ICP, ’ 

, 

 99.995% ) 

.

, 

. 

. 

.  249.77 nm

 6.2).

 6.2:

ICP. (

  )

.  120

sec . 

   60 sec, 

. 

, , ,

.

 ±2 %. 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 5-6 .

. 

 ( ). 

 4-5 , 

. 

 ~5 min.

6.1.4. 

6.1.4.1 

 TEOS  TMOS

, DMTEOS, PTES  PTMOS 

, , 

.   

 (~2-4 hr) 

 (gel). 

: 2.66 ml T OS  0.34 ml PTMOS (  90:10

mol)  6 ml . 

, 

 2 ml  NaOH  0.1 . 

 NaOH  

.  2hr 

 50 ºC 

.  4.5 hr. 

. 

 80 ºC  15 hr. 

OS (  TMOS) /PTMOS 

. 

 7.2.1 .

ΡΟ
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ΥΛ
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Η



6.1.4.2 

, , 

,  (

) . 

, 

.   

 TEOS  TMOS  PTMOS, PTES TE S,

, . 

: 0.11 g 

2 ml NaOH  0.1 M. 2.63 ml T OS  0.37 ml PTMOS

 90:10 mol)  6 ml . 

, 

 NaOH . 

 NaOH  

. 

.  1.5 hr. , 

 0.08 g /g , 

 80 ºC  15 hr.

NaOH, .  T OS  PTMOS 

 NaOH  0.1 M. 

. 

NaOH. 

 (80 ºC  15 hr). 

,  (

 3.4  3.9  3). 

 7.2.2 .ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



6.1.5. 

.

6.1.5.1 

 6.1.4.2.

, . 

D-

 D-

. (  3.5  3.9 

3).  7.3.1 .

6.1.5.2 

6.1.5.2.1 

 DPAMS 

DEGAMS  3.11. 

, 

DPAMS (M.B.=231.37 g/mol)  DEGAMS (M.B.=277.39 g/mol)  TMOS  TEOS,

 PTMOS. 

, , 

 2 hr 

 (HCl)  (CF3COOH).

: 0.8 g 

DPAMS (3.46 mmol)  0.7 ml 10 M HCl (7 mmol)  2 hr.

 pH  (

pH 9)  3M NaOH,  1.63 ml

TMOS,  TMOS/DPAMS 80:20 (mol). 

,  TMOS  T OS 

.  pH  9-11.

, 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 20 min. 

 80 ºC  15 hr.

, 

,  1 hr 

, , 

.

 ( )

, 

NaOH (0.01 ), 

. 

 7.3.2.1 .

6.1.5.2.2  

 DPAMS

) 

 CF3COOH 

 (B(OH)3). 

: 0.22 g  DPAMS (0.95 mmol)  0.7 ml 2.7  CF3COOH (1.9

mmol)  2 hr  DPAMS. 

 pH  (<8),  3  NaOH,

 2.3 ml  (B(OH)3),  0.95

mmol  B(OH)3 (  10 ppm B).  1 hr,

 pH 

15 hr 

.  0.5 ml TMOS  5 ml 

.  80 ºC  15

hr.  TMOS , 

TEOS . 

,  5-6 hr, 

 (80

ºC  15 hr).

ΡΟ
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. 

 (HCl)  0.25  D- . 

, 

, 

,   . 

 15 hr. 

 7.3.2.2.

6.1.5.2.3 

 DPAMS

(M.B.=231.37 g/mol), DEGAMS (M.B.=277.39 g/mol), DEPAMS (M.B.=263.37 g/mol,

LGLACTONE (M.B.=329.38 g/mol)  LGLAMINE (M.B.=329.42 g/mol), 

 3.11  3. 

 DPAMS  TMOS 

TEOS, 

. : 0.44 g

DPAMS (1.9 mmol)  2.4 ml 1.6  CF3COOH (3.8 mmol) 

 2 hr  DPAMS.  pH

 (<7),  3  NaOH, 

 3 ml  0.63  (NaVO3) (1.9

mmol). 

.  1 hr, 

 pH , 

 3  NaOH,  15 hr 

. 

 LGLACTONE  LGLAMINE 

pH.

 15 hr  pH, ,

 1.17 ml TMOS  10 ml  (

TMOS/DPAMS 80:20 mol). 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 3 hr. 

DPAMS, DEGAMS  DEPAMS 

TMOS,  LGLACTONE  LGLAMINE 

 TMOS 

,  ~2 hr  . 

 15 hr.

 ( 2 2) 30%. 

 ~1 hr 

. , 

. 

 3-4 , 

. 

2 2. 2 2  pH 

 (pH 7). 

 80 ºC  15 hr. ,  pH 7.5

 9, 

2 2.   

   HCl 0.01 . 

2 2  pH  7.5  8.5 

 NaOH (0.1 ) .

 DPAMS/TMOS  TEOS  

 DEGAMS, DEPAMS, LGLACTONE

 LGLAMINE.  LGLACTONE  LGLAMINE 

, , 

:NaVO3  1:1, 

 DPAMS, DEGAMS 

DEPAMS.  pH 

TMOS:LGLACTONE.  7.3.2.3 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



6.1.5.3 

. ,

 (  2.2). 

: ( ) HMS 

, ( ) MCM-41  CTAB , ( ) SBA-15 

 Pluronic 123  Pluronic F127   ( ) MSU 

Triton-X100 . 

. 

: ( ) 

 (TMOS, TEOS) , ( ) 

.

 DPAMS, DEGAMS,

DEPAMS  LGLACTONE,  (3- 

(GPTMS). 

, 

D- . 

DPAMS, DEGAMS  DEPAMS , 

 CF3COOH 

 pH  9 . 

LGLACTONE, , 

 pH  9. 

.

6.1.5.3.1  HMS

 HMS 

Tanev et al (1995  1996). 

: 2.50 g  (C12H25NH2)  2.314 ml  (C8H15NH2)

 26.6 ml    34.3 ml . 

,  11.16 ml TEOS  TEOS/

 (52.5 mmol).  TEOS 

.   (mol)

ΡΟ
ΔΟ
ΥΛ
Α 
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Η



: 1.0 (TEOS):0.27 (CnH2n+1NH2):9.09

(EtOH):29.6 (H2O).  18 hr.

 15 hr.

 1 hr 

 (200 ml  1 g ). 

 4-5 , . 

, 

, 

 (150 ºC) 

,  Prado et al (2002). 

 7.3.3.1 .

6.1.5.3.2  MCM-41

 MCM-41,  CTAB 

  Nooney et al (2002)  Walcarius et al (2003), 

. 

: 0.56 g CTAB  110 ml  11.84 ml 28% 4 , 

 50 ºC.  CTAB, 

 2.8 ml TEOS 

TEOS/  (12.5 mmol).  2 min 

 TEOS 

.  2-19 hr 

 15 hr. 

 DPAMS  DEPAMS  MCM-41

 TEOS:  60:40 mol 

 19 hr.

 CTAB 

 ( 4 3),  Lang

et al (2004). , 1 g  50 ml

 0.2 g 4 3, 

CTA+/NH4
+  1:2.  60 ºC  30 min 

.  100 ºC  5 hr, 

ΡΟ
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  4
+

3. 

 7.3.3.2  .

6.1.5.3.3  SBA-15

 SBA-15, 

  Zhao et al (1998) 

. : 1 g  P123,

 7.5 ml  30 ml HCl 2 . 

 2.3 ml  TEOS ( S)/

(10.3 mmol). , ,  20 hr.

 15 hr. 

 F127  L64. 

,  150 ºC  20 hr,

, 

 60 ºC  15-20 hr. 

. 

 15 hr.  

  H2SO4 40%, 

 Yang et al (2004). 1 g  100 ml H2SO4 40% 

 100 ºC  15-20 hr. 

. 

 pH  15 hr.  

 7.3.3.3.

6.1.5.3.4  MSU-X

 MSU-X, 

  Bibby et al (2002). 

: 1.7 g Triton-X100  100 ml . 

Triton-X100  ( ), 

.  Triton-

X100:  1:1.  1.7 g Triton-X100  0.32 ml TMB

[Boissière et al (2000)].  4.82 ml TEOS (22.7 mmol)  5 ml

HCl 0.2 . 

 8.8 mg NaF. 

 24 hr . 

ΡΟ
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Η



 200 ºC  6 hr  620 ºC  15 hr. 

 7.3.3.4 

.

6.1.5.3.5 

, ,  [Subba Rao et al

(1997), Yoshitake et al (2002), Mercier et al (1997)] 

 (  DPAMS  DEGAMS  DEPAMS 

LGLACTONE     (3-  (GPTMS)). 

: 0.5 g  50 ml

. ,  60 ºC, 

 90 ºC, 

, 

 48 hr. 

, 

.  15 hr. 

 7.3.3.4 

.

 MSU-X 

 Triton-X100 ,  900 m2/g. 

: 

=900(m2/g)x0.5(g) x1x1020(Å2/m2)=4.5x1020 Å2. 

 ~20 Å2,  « »
22 2

21
2

4.5 10 (Å ) 2.25 10
20(Å )
×

= ×

21

23

2.25 10 0.00374
6.02 10

×
=

×
 mol . 

.
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6.1.5.3.6  GPTMS D-

 GPTMS D-

 Biçak et al (2001) 

D-

 (  3.14  3.5.3). 

: 1.46 g (=0.075 mol) D-  15 ml 

D- ,  80 ºC. 

,  GPTMS: D-

 1:2.  0.5 g  MSU-X  Triton-

X100 ,  0.00374 mol GPTMS, -

D- ,  0.5 g .  8-20 hr

 80 ºC. 

 ±5 ºC.  100 ml . 

. 

 15 hr. 

 7.3.3.

6.1.6. 

 5 ppm  (

)  3 ppm (

). 

 0.1 g  5 ml  (pH 7.5), 

 3 ppm  5 ppm . 

,  15 min  3 hr. ,

 Buchner 

.  (0.1 g) , 

.
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. 

, . 

, 

.

, 

. 

. 

 0.02 g  50 ml 

 20 ppm . , 

 (  1 hr, 

). , 

 Buchner 

.  50 ml  25 ppm,

40 ppm  50 ppm. 

.

:
( ).ppmB -ppmB ml

C=
1000ml g .

×

×
,  C:

 mg B/g , ppmB .: 

ppmB .: . 

 mmol B/g 

(10.81 mg/mmol). C(mgB/g .)C(mmolB/g .)=
M.B.B

 
 
 

.

 6.1.3.1.

6.2. 

6.2.1. 

:  (99%, Merck),  (99.5%, Acros Organics), 

ΡΟ
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 (Cd(NO3)2.4H2O) ( 99%, Fluka),  (Pb(NO3)2)

(+99%, Aldrich),  ( TI , Ti(OPrn)4) (97%, Aldrich),

 (ZnSO4.7H2O) (99-104%, BDH Lab

supplies),  (Zn(CH3COO)2.2 2 ) (99.5%,

Merck),  (ZnCl2) (99%, Merck), 

 (Na2S.9H2O) (102.1%, Sigma), (2-

 (Aerosol-OT, AOT), (96%, BDH Lab supplies),  (99%,

Merck),  (99.8%, Merck),  (98%, Panreac),

 (99.6%, Acros Organics),  ( 99%, Fluka), 3- -

 (MPTMS) (95%, Aldrich), 1,2-

, (CH3O)3SiCH2CH2Si(OCH3)3) (96%, Aldrich),  ( S)

(98%, Fluka),  (99.9%, Fluka),  (~28% in water,

Fluka). . 

 Millipore (  18.2 .cm).

6.2.2. 

:  XRD

 XRD-6000  Shimadzu  Cu

 ( =1.5418 Å).  FTIR , 

,  JASCOW FTIR 460 plus. T

 Uv-vis 

Photonics Inc. 400 series diode-array. 

 JASCOW-

6300,  200-900 nm.

, 

xiovert 200 m (C. ZEISS), 

. 

 AXIOCAM HRc. 

 ZEISS AXIOVISION 413. 

. 

ΡΟ
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ΥΛ
Α 
ΜΟ
ΛΕ
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. 

. :

 (filter set 00 488000-0000) 

 530-585 nm, 

600-750 nm.  (filter set 02 488002-0000) 

 300-400 nm 

 400-750 nm.  (filter set 38 1031-346)

 450-490 nm 

 500-550 nm.  (filter

set 09 488009-0000)  450-500 nm

 510-750 nm.

.

.  CM30 (FEI) 

 300 kV. 

(STEM)  Tecnai F30 (FEI)  high-angle

annular dark field (HAADF). 

, 

 (Energy Dispersive X-ray Spectroscopy, EDXS)  EDAX, 

 Tecnai F30. 

, STEM  EDXS 

 ETH  ( ).

6.2.3. 

 ( )

, 

. 

 X(CH)nSi(OMe)3, 

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



6.2.3.1 

 CdS, PbS  ZnS 

 Iwasaki et al (2004). 

  Aerosol-OT ( ). 

4.4.2  4.15. 

 3-  (MPTMS) 

. 

 (  6.3).

 6.3:

, 

:  4.25 g AOT (0.16 M)  60 ml

 ( ). ,  1.7 ml 

. 

R:[moles ]/[moles ] ,  10. 

 30 : 

 (25 ml),  (25 ml)  (11.7 ml). 

 170 µl  78 µl  1M (NO3)2 ( : Cd  Pb)  1M ZnSO4

 170 µl  1M Na2S.9H2O. 

. 

, 

 CdS, 

 PbS , 

 ZnS . 

 X(CH2)nSi(OCH3)3

X(CH2)nSi(OCH3)3

X

Si(OCH3)3
X

Si(OCH3)3

X Si(OCH3)3
X

Si(OCH3)3
X

Si(OCH3)3

X

(H3CO)3Si

X

(H3CO)3Si

X(H3CO)3Si

X

(H3CO)3Si

X

(H3CO)3Si

ΡΟ
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Α 
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ΣΚ
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 1 hr 
2+.

 0.17 mmol S 

1 hr  0.7 mmol 

MPTMS.  MPTMS . 

 2 hr  10000

 20 min, S, 

 MPTMS.  50 ml

,  1 hr  5000 

15 min.  3 , 

. 

. 

, ,  2-5

, 

. 

MPTMS  CdS 

.

, 

 PbS, 

.  R 

,  10, 

0.24 , . 

 8.3 

.

6.2.3.2 

 TiO2  ZnO. 

, 

.

6.2.3.2.1  TiO2

 TiO2 [Chhabra et al (1995), Sakai et al (1998)]. 

ΡΟ
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 TiO2   

 Sakai et al. 

, 

, 

.

, 

TiO2,  :  3.23 g AOT (0.12 M)  60 ml

 ( ).  1.28 ml 

.

(R:[moles ]/[moles ]=10).  30 

TI  a:[moles

]/[moles ]=12  h:[moles ]/[moles ]= 15. 

, 

 TiO2.

,  4.8 mmol  TiO2, 

 2 hr  4 mmol 

.    2 hr 

 10000  20 min, 

 TiO2, . 

 50 ml  1:1,  1 hr

 5000  15 min. 

 3 , .

 20 hr.  TiO2,

, . 

 400-900 ºC  4 hr 

.

 5.4.2 

, . 

, 

TI . , 

, 

 TiO2 [Sakai et al (1998)]. 

 TiO2  8.4.1 .

ΡΟ
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6.2.3.2.2  ZnO

,  ZnO 

, , , 

. [Hu et al (2003), Pesika et al (2003), Cheng et al (2005)].

 ZnO , 

, 

 (Zn-gly, C3H6O3Zn), 

.   

700 ºC  ZnO. 

 ZnO 

Zn-gly 

 ZnO.

: 

,  2.30 g AOT (0.17 M)  30 ml

 ( ).  ( )

 1.06 g ,  0.4 mmol 

 Zn(CH3COO)2.2H2O (  0.5 M)  ZnCl2 (0.5 M) 

 ( )  1.58 g  0.60

mmol NaOH (  0.5 M). 

 ~40 ºC, .

 ~40 ºC. 

 Zn-gly, 

.  R:[ moles ]/[ moles AOT] 

 2.8, 

.  1 hr 

,  Zn-gly.

,  0.4 mmol Zn-gly,  3 hr

 ~40 ºC  1 mmol 

BTME.  2 hr 

 10000  20 min, 

 Zn-gly, . 

 50 ml  1:1,

 1 hr  5000  15

ΡΟ
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min.  3 , 

.  20

hr.  Zn-gly 

 700 ºC  24 hr,  ZnO.

 Zn-gly 

 ( ). 

 Zn-gly  700 ºC  24 hr. 

 ZnO  8.4.2 .

6.2.4. 

, 

,  (TMOS). 

. 

  

, 

Hirai et al  CdS 

 [Hirai et al (2000)].

 TMOS  TMOS . 

 TMOS 

 2%. 

 30 min  TMOS 

. ,

 65 ºC  15 hr,  20 hr.  

 TMOS 

 % , .

 CdS 

.  6.4 

.

ΡΟ
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ΛΕ
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 TMOS.

 6.4:

SiO2SiO2

AB X Si(OCH3)3
X

Si(OCH3)3

X
Si(OCH3)3

MeOH / NH3   +Si
H3CO OCH3

OCH3

OCH3

X
Si
O

X Si
OX
Si

O

O
R

R

O Si

Si

Si

O

O

R

R

R

O

O

R

R

O

O

AB

X
Si

O
X Si

OX
Si

O OSi

SiO

OSi

O

O

O

O

O

O

X

Si
O

X
Si
O X

Si
O

SiO

SiO

OSi

O

O

R

R

R O

OSiO

OSi
O

R

O

X

Si

OSi

R

Si

O

SiO

O

O

O

Si

Si

X
Si

O
X Si

O
X

Si

O OSi

SiO

OSi

O

O

O

O

O

O

X

Si
O

X
Si

O X
Si

O

OSi

SiO

OSi

O

O

O

O

O
O

O

X

SiO

SiO
O

O

O

X

Si

OSi

R

Si
O

O
O

SiOH
O

SiO

OH

O

O

O Si

O

Si

Si

Si

Si

O

Si
OH

O

Si

Si

Si O

O
Si O

O

O

O Si

Si

Si O
O

Si R

O
Si

O

O

O

O

Si

O

Si

Si

Si

Si

Si

R

R

R

Si

O

Si
R

O
O

Si O

O

O

SiSi R

R

X

R

H

H
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7. 

  

7.1. 

, 

 (<0.1 ppm)

 ICP. , 

, 

.  ICP, 

, 

, , 

.

,  ICP  Uv-Vis 

. 

. 

 7

ΡΟ
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 (

~±2%),  7.1, 

.

 7.1: 

ICP

1 ppm 1.10 1.15 1.05
3 ppm 3.10 3.20 2.90
5 ppm 4.85 4.93 4.94
7 ppm 7.10 6.85 7.20

7.2. 

, 

. 

, 

.

7.2.1. 

 7.2 

,  TEOS  TMOS 

PTES  PTMOS, 

, . 

, , 

[Yamane et al (1984)], 

. 

 ( 1) 

.

ΡΟ
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 7.2: 

% 
(mol)

 (ml )
S/

APTES 50:50 (3) / 0.9 ml 0.01
M NaOH gel

S/
APTES 80:20 (3) / 0.9 ml 0.01

M NaOH  20 min

S/
APTES 90:10 (3) / 0.9 ml 0.01

M NaOH  1.5 hr

S/
APTES 50:50 (3) / 0.9 ml 0.01

M HCl gel

S/
APTES 80:20 (3) / 0.9 ml 0.01

M HCl 5 min

S/
APTES 80:20 (3) 2 ml

CH3COOH
0.9 ml 0.01
M NaOH 1.5 hr

S/
APTES 90:10 (3) 2 ml

CH3COOH
0.9 ml 0.01
M NaOH 11.5 hr*

S/
APTES 90:10 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 2 hr

S/
APTES 95:5 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH 30 min

S/
APTES 80:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10 min

S/
APTES 90:10 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 20 min

TMOS/
PTMOS 90:10 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 6 hr*

TMOS/
PTMOS 80:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH
gel 1.2 hr

TMOS/
PTMOS 90:10 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH
gel 1 hr

TEOS/
PTMOS 80:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 9 hr*

TEOS/
PTMOS 90:10 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 4.5 hr*

*  2 hr 
 50 ºC 

 7.2 1

, 

, .

, 

. 

APTES,  APTES 

ΡΟ
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ΣΚ
Η



 TEOS  [Silva et al (1997)]

 2.1.5).

. , 

(CH3COOH), 

,  2.1.3.3,
- Si-O-

 [Brinker et al (1989)].  (pK 5)

 sol-gel.

 (PTMOS  APTES) 

.  2.1.5

 PTMOS  APTES 

, 

.

,  APTES, 

 APTES 

 TEOS 

 (  2.1.5). 

 PTMOS  TMOS 

 (  (gel)), 

 PTMOS  TEOS, 

 (  2.1.3.2),  PTMOS 

  TEOS.

, 

. 

ΡΟ
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Η



. 

 (  7.2.2).

7.2.2. 

, 

:  ( ), 

. , 

.  7.3 

 ( 2) 

.

 7.3:  (

 6 ml CH3CH2OH)

% 
(mol)

 (ml )

g -
/ g

S/
APTES 90:10 (3) 0.01^

)

2 ml 0.1 M
NaOH - 20 min

TEOS/
PTMOS 90:10 (3) 0.1^

)
2 ml 0.1 M

NaOH - 3.5 hr*

TEOS/
PTMOS 90:10 (3) 0.05^

)
2 ml 0.1 M

NaOH - 3 hr*

TMOS/
PTMOS 90:10 (3) 0.04^

)
2 ml 0.1 M

NaOH - 1.5 hr

TEOS/
PTMOS 90:10 (3) 0.05^

)
2 ml 0.1 M

HCl gel  9 hr*

TMOS/
PTMOS 90:10 (3) 0.04^

)
2 ml 0.1 M

HCl gel  4.5 hr*

TEOS/
PTMOS 90:10 (3) 0.1^

)
2 ml 0.1 M

NaOH - 3 hr*

TMOS/
PTMOS 90:10 (3) 0.08^

)
2 ml 0.1 M

NaOH - 1.5 hr

TMOS/
PTMOS 90:10 (3) 0.04^

)
2 ml 0.1 M

NaOH - 1 hr

TMOS/
PTMOS 90:10 (3) 0.08^^

)
2 ml 0.1 M

NaOH - 1.5 hr
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TMOS/
PTMOS 90:10 (3) 0.04^

)
2 ml 0.1 M

NaOH - 2 hr

 2 hr 
 50 ºC 

^  NaOH  HCl
^^ 

, 

.  , 

 TMOS  PTMOS 

 (gel), . 

.

 7.2.1  7.2.2, 

.  PTMOS 

S  (

) , 

, . 

 PTMOS, 

, , 

,

.

7.3. 

  

 FTIR 

.  FTIR 

 5.1.1. 

 7.3.3. 

XRD. 

(TGA)  BET. 

ΡΟ
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 BJH, 

 5.1.4.  < 2 nm

). 

 6.1.6.

7.3.1. 

, 

 TEOS  PTMOS  T OS  PTMOS, 

 6.1.4.2.

 7.1  FTIR 

 TEOS  PTMOS  %  90:10 (mol) 

 (0.1 g/g ) (

 7.3 ).

 7.1:  FTIR  TEOS/PTMOS (90:10 (mol)) 

 (  ( ),  ( ))

:  Si-O-Si (  1070

 790 cm-1 )    O-Si-O  490  cm-1. 

 Si-O-Si 

 C-OH  C-O-C . 

 C-H  2900-2980 cm-1

 3420 cm-1  1650

cm-1.  PTMOS  3070-3080 cm-1  700-

20

30

40

50

60

70

80

90

400900140019002400290034003900
wavenumber cm

T 
%

v( )

 v(C- )

as(Si-O-Si)
(C- -C)
(C- H)

)

 v(Si-C) .

-1

 v(C- .
 v(C-C) .

sym(Si-O-Si)

 v(C- .

(O-Si- )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



740 cm-1

C-H.  1430 cm-1

 C-C  1290 cm-1  Si-

C.

 FTIR , 

D-  D- , 

 TEOS  T OS  PTMOS.  FTIR

 T OS  PTMOS, 

 (0.1 )  ( 1- 13).

 TMOS/PTMOS  TEOS/PTMOS

 (

 7.3) 

. 

 7.2 

 TMOS  PTMOS 

 ( 14- 16) 

.

 7.2:  TMOS 

PTMOS   (

)

 TMOS  PTMOS 

IV  ( 2) 

 (> 500m2/g).  T OS 

PTMOS 

0

50

100

150

200

250

300

350

400

450

0 0,2 0,4 0,6 0,8 1
P / P0

V
   

cm
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 ( 3 4), 

.

 TEOS/PTMOS, 

, 

, 

 0.05 g /g , 

 0.1 g /g  (

7.3).  (TGA) ,

 TEOS/PTMOS 

, 

 (  7.3). 

 TMOS/PTMOS 

 T OS  PTMOS.  

 7.4.

 7.4: 

TMOS  TEOS  PTMOS 

(m2/g) (cm3/g)  (nm)
OS/PTMOS

) 515 0.75 5.8

TEOS/PTMOS
) 112 0.2 7.6

OS/PTMOS
) 510 0.67 5.2

OS/PTMOS
) 13 0.02 6.6

 7.3  (TGA) 

 7.4. 

 7.4. 

, 

.

.  (100 ºC) 

 ( ). 

 (~300 ºC) 

 TMOS  T OS, 

ΡΟ
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 (600-650 ºC) 

PTMOS.  TGA 

 PTMOS, 

 ( 17- 20).

 7.3:  (TGA)  TEOS/PTMOS 

OS/PTMOS 

 20 mg )

 7.4 : 

 7.3

100 200 300 400 500 600 700 800
T C

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

m
 / 

 T

TMOS PTMOS cellulose
TMOS PTMOS dextrin
TEOS PTMOS dextrin
TEOS PTMOS cellulose

º

0 100 200 300 400 500 600 700 800 900

T C

5

7

9

11

13

15

17

19

m
 m

g

TEOS PTMOS dextrin
TEOS PTMOS cellulose
TMOS PTMOS cellulose
TMOS PTMOS dextrin

º
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Η



 750 ºC 

, 

. 

 FTIR  TGA, 

 ( 21 ).

, 

 PTMOS.  13-18%

 (~30% 

 200 ºC, ). 

 TMOS  T OS.

,  TMOS 

PTMOS  (

) 

 TEOS  PTMOS  (

). 

, ,  TMOS/PTMOS 

-D-  D-

.  7.5 

 7.5 

 7.5.

 7.5: 

% 
 (mol)

S/
PTMOS 90:10 (0.04 g/g ) 0.1 M NaOH 

S/
PTMOS 90:10 (0.04 g/g ) 0.1 M NaOH

S/
PTMOS 90:10 (0.04 g/g ) 0.1 M NaOH

S/
PTMOS 90:10

-D-

(0.04 g/g )
0.1 M NaOH

S/
PTMOS 90:10 D-

(0.04 g/g ) 0.1 M NaOH
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 7.5:   

 (  0.1 g  5

ml  3 ppm )

, 

, 

 3 ppm  1.5–2 ppm  2.5 hr 

. 

, 

, 

,  3.2. 

.

 D-

 30 min . 

, 

.

-D-

. -D- , 

3.3.2, 

 ( +) 

, 

0

0,5

1

1,5

2

2,5

3

3,5

4

4,5

0 0,5 1 1,5 2 2,5 3 3,5 4
t  hr

pp
m

 

S/PTMOS 

S/PTMOS 

S/PTMOS 

S/PTMOS N-  D-

S/PTMOS D-
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. -D-

 3 ppm  >1 ppm  15 min  0.5 ppm 

1 hr .

 0.5 ± 0.1 mg B/g  (0.046 ±

0.010 mmol B/g ), 

-D-

 (10-20 mg B/g ,  3.3.2). 

-D- . -

-D- . 

,  D- , 

. 

 « » 

.

, 

. 

.

7.3.2. 

7.3.2.1 

7.3.2.1.1 

 DPAMS  DEGAMS , 

,  DPAMS 

DEGAMS , 

. 

 6.1.5.2.1.
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 7.6  7.7 , 

1 

.

 7.6:  DPAMS 

 (  DPAMS)

% (mol)
S/ S :

PTMOS:DPAMS
(ml, ml, g)

S/
PTMOS

87:9:4
(1.37:0.13:0.05) 2 ml MeOH 2 ml 0.2 M

NaOH - 2.5 hr

S/
PTMOS

87:9:4
(1.37:0.13:0.05) 2 ml MeOH 2 ml 0.2 M

Cl gel 24 hr

S/
PTMOS

85:6:9
(0.69:0.065:0.05) 2 ml MeOH 2 ml 0.2 M

NaOH - 2 hr

S/
PTMOS

85:6:9
(0.69:0.065:0.05) 2 ml MeOH 2 ml 0.2 M

HCl gel 6 hr

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 2 ml MeOH 1 ml 1 M

NaOH - 2 min

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 3 ml MeOH 1.1 ml 0.01 M

NaOH gel 3 hr

TMOS 82:18
(1.43:0.5) 2 ml MeOH 1.6 ml 0.06 M

NaOH - 1.5 hr

TMOS 70:30
(1.17:0.8) 2 ml MeOH 1 ml 0.1 M

NaOH gel 15 min

*TMOS 90:10
(1.1:0.2)

0.5 ml
MeOH

2 ml 0.2 M
HCl gel 1 hr^

*TMOS 90:10
(1.1:0.2)

0.5 ml
MeOH

2 ml 0.2 M
HCl gel 2.5 hr

*TMOS 90:10
(1.1:0.2)

0.5 ml
MeOH

2 ml 0.2 M
NaOH gel 30 min

TMOS 70:30
(1.17:0.8)

3 ml
CH3COOH

1 ml 2 M
NaOH - 15 min

*TMOS 70:30
(1.17:0.8)

3 ml
CH3COOH

1 ml 3 M
NaOH - 10 min

TMOS 70:30
(1.17:0.8)

3 ml
CH3COOH

1 ml 4 M
NaOH - 5 min

TMOS 70:30
(1.17:0.8)

3 ml
CH3COOH

2 ml 8 M
NaOH - 2 min
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*TMOS 75:25
(1.63:0.8) / 1ml 0.001 M

HCl - 45 min

^  reflux

 7.7:  DEGAMS

(M.B.=277.39 g/mol)   TMOS (  DEGAMS)

% (mol)
S :DEGAMS
(ml, g)

80:20 (1.63:0.8) 3 ml
CH3COOH

1 ml 1 M
NaOH^ gel 2 hr

80:20 (1.63:0.8) 3 ml
CH3COOH

1 ml 0.1 M
NaOH^ gel 3 hr

80:20 (1.63:0.8) 3 ml
CH3COOH

1 ml 0.01 M
NaOH^ gel 3.5 hr

80:20 (1.63:0.8) 3 ml
CH3COOH

1 ml 2 M
NaOH gel 10 min

80:20 (1.63:0.8) / 3 ml 0.1 M
HCl - 2 min

*80:20 (1.63:0.8) / 3 ml 0.01 M
HCl - 5 min

80:20 (1.63:0.8) / 1 ml 0.001
M HCl - 2 min

^  NaOH  20 hr  (DPAMS, TMOS) 
CH3COOH

 7.6  7.7 

1 , 

 (HCl) 

 (gel).  ( 3
+)

,  ( -), 

, 

, . 

, 

,

 [Yamane et al (1984)].   (gel)
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 (NaOH <0.1 M), 

 (

2.1.3.1).

 (gel). 

 r=moles

H2O/moles  [Hench et al (1990)] (  2.1.3.4). 

, 

) 

. 

.

7.3.2.1.2 , 
 DPAMS  DEGAMS , 

 DPAMS  DEGAMS, 

 TEOS,

TMOS  PTMOS  FTIR.  7.6 

FTIR  DPAMS, ,

 7.6.

 7.6:  FTIR DPAMS 

MOS/DPAMS (  70:30) 

 (0.1 aOH) (  ( ),  ( ), 

 ( ))
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400900140019002400290034003900
wavenumber cm

T 
%

 DPAMS

-
TMOS/DPAMS (70:30)

-1

   v(C-N)v( )  v(C- )
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(C 3)

(CH2)

)

 v(C- ),
as(si-OC)
as(Si-O-Si)

(O-Si- )
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 7.7   FTIR  DEGAMS,

 7.7.

 7.7:  FTIR  DEGAMS 

MOS/D S (  80:20) 

 (0.1 aOH) (  ( ),  ( ), 

 ( ))

, 

, , 

,  C-H 

 C- . , ,

 1700 cm-1  C=O (

). 

 NaOH.  (E

 7.7  1300-1800 cm-1, 

 C=O).

 (

 7.6 ). 

,  reflux , 

. 

. , 

 2.1.2, 

,
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400900140019002400290034003900
wavenumber cm
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%

 DEGAMS

 TMOS/
DEGAMS (80:20)
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   v(C-N)
v( )  v(C- )

(C- )
(CH2)

)

v(C=O)

 v(C- ), as(Si-OC),
     as(Si-O-Si)

(O-Si- )
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76

130014001500160017001800
wavenumber cm

T 
%

(C- )
)

-1
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ΣΚ
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 [Yamane et al (1984)]. 

 ( 1- 4), 

 7.8.

 7.8:  7.6 

(m2/g) (cm3/g) (nm)

-

OS/PTMOS/
DPAMS (85:6:9)

aOH)
237 0.38 6.0 V

-

 ( 3)

OS/DPAMS
(70:30) (NaOH) 505 0.95 7.5 V

2)
OS/DPAMS

(90:10) (HCl,
reflux)

0.12 0.005 - II

OS/DPAMS
(90:10) (HCl) 133 0.06 1.8 -

, 

, 

 7.8. 

 6.1.6.  7.9 

 mg B/g  0.1 g 

 5 ml  5 ppm  3 hr  7.8

.

 7.9   

DPAMS  DEGAMS ( ). 

 (0.1 g  + 5 ml  5 ppm 

 3 hr )(  7.6  7.7  *)

(mg B/g )
S/DPAMS

(90:10) MeOH 0.2 M
HCl (reflux) 0.11

S/DPAMS MeOH 0.2 M 0.12

ΡΟ
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Α 
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(90:10) HCl
S/DPAMS

(90:10) MeOH 0.2 M
NaOH 0.15

S/DPAMS
(70:30) CH3COOH 3 M NaOH 0.16

S/DPAMS
(75:25) / 0.001 M HCl 0.17

S/DEGAMS
(80:20) / 0.01 M HCl 0.18

 7.8:  7.9

, 

, 

. 

, .

7.3.2.1.3 
, 

 DPAMS  DEGAMS , 

, 

 6.1.5.2.1. 

.  7.10

 DPAMS  DEGAMS 2 

.
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 7.10:  DPAMS 

DEGAMS  (  DPAMS  DEGAMS)

% 
(mol)
S/ S:

DPAMS/DEG
AMS

(ml, g)

-
 DPAMS

pH
 (

 pH)

75 ( S):25
(DPAMS)
(1.63:0.8)

- 0.57 ml 12.08
M HCl

9
(3 M NaOH) - 10 min

75 ( S):25
(DPAMS)
(1.63:0.8)

- 0.7 ml 10 M
HCl

9
(5 M NaOH) - 20 min

82 (TMOS):18
(DPAMS)
(2.5:0.8)

- 0.7 ml 10 M
HCl

9
(5 M NaOH) - 15 min

75 ( S):25
(DPAMS)
(1.63:0.8)

- 0.7 ml 10 M
HCl

9
(28% NH3)

- 2 min

60 (TEOS):40
(DPAMS)
(1.18:0.8)

- 0.7 ml 10 M
HCl

9
(5 M NaOH) gel 4 hr

80 (TMOS):20
(DEGAMS)
(1.63:0.8)

- 0.57 ml 12.08
M HCl

9
(5 M NaOH) - 30 min

80 (TMOS):20
(DEGAMS)
(1.63:0.8)

- 0.7 ml 10 M
HCl

9
(5 M NaOH) -

i
30 min

80:20
(1.63:0.8) - 1 ml 10 M HCl 9

(5 M NaOH) gel 30 min

80:20
(1.63:0.8) - 0.6 ml 10 M

HCl
9

(28% NH3)
- 10 min

60 (TMOS):40
(1:1)

10 ml
MeOH

5.67 ml 1.52
M CF3COOH

9.50
(3 M NaOH) gel 30 min

58 (TMOS):42
(0.7:0.8) 5 ml MeOH 0.54 ml12.85

M CF3COOH
9.52

(3 M NaOH) gel 1 hr

56 (TEOS):44
(1:0.8)

5 ml NaCl
0.1 M

0.54 ml12.85
M CF3COOH

9.45
(3 M NaOH) 48 hr

81(TEOS):19
(3:0.8) - 6.54 ml1.06 M

CF3COOH
9.80

(3 M NaOH) 24 hr

81(TEOS):19
(3:0.8) - 6.54 ml1.06 M

CF3COOH
11.50

(3 M NaOH) gel 24 hr

81(TEOS):19
(3:0.8)

6 ml NaCl
0.1 M

0.54 ml12.85
M CF3COOH

11.50
(3 M NaOH) gel 20 hr**

81(TEOS):19
(3:0.8) - 6.54 ml1.06 M

CF3COOH
10.63

(3 M NaOH) gel 20 hr**

81(TEOS):19
(3:0.8) - 6.54 ml1.06 M

CF3COOH
9.52

(3 M NaOH) 60 hr**
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81(TEOS):19
(3:0.8) - 6.54 ml1.06 M

CF3COOH
9.83

(3 M NaOH) 60 hr**

**  15 hr  50 ºC 

 7.10 2 , 

. 

 r=moles H2O/moles  [Hench et al (1990)] (  2.1.3.4). 

 (gel).  TEOS 

 (gel) 

 (  T OS)  (  TEOS) [Hench et al (1990)]

 2.1.3.2). 

 (gel),  (HCl) 

 [Yamane et al (1984)]

 2.1.3.1).

7.3.2.1.4 , 
 DPAMS  DEGAMS , 

 7.9  FTIR MOS:DPAMS (  75:25)

 7.10.

 7.9:  FTIR , MOS/DPAMS (

 75:25)  (5 aOH (pH 9)) 

 DPAMS  0.7 ml 10 M HCl (  ( ),  ( ))

35

40

45

50

55

60

65

70

75

80

85

400900140019002400290034003900
wavenumber cm

T 
%

v( )

 v(C- )

(C- )

sym(C 3)

-1

 v(C- ),
as(si-OC)
as(Si-O-Si)

)

 vsym
(Si-O-Si)

(O-Si- )
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, 

,  C-H. 

.

 DPAMS 

. 

,  7.10, 

. 

 DPAMS ,  (

 7.10),  [Evgeniou

et al (2005)].

 7.10:  DPAMS  (

)

 7.11 MOS/DPAMS (

 75:25)  (5 aOH

(pH 9)    DPAMS  0.7 ml 10 M HCl. 

, 

. MOS/DPAMS 

 <1 ppm  30 min  (

7.11). 

, 

.

Si

R

R

N

OH

OH

CH3

R

CH3

DPAMS

Si

OCH 3

N

O

O
CH3

CH3

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 7.11: 

MOS/DPAMS (  75:25)  (5 

aOH (pH 9))    DPAMS  0.7 ml 10 M HCl

 FTIR , 

(CF3COOH), ,  CF3COOH

 C=O). 

 NaOH.  7.12  FTIR

OS/DPAMS (

81:19)  pH=10.63 (

 7.10).

 7.12:  FTIR OS/DPAMS

 81:19)  pH=10.63 (  ( ),  ( ), 

))

 ( 5)  FTIR OS/DPAMS

 81:19)  pH 9.52  9.83, . 

 7.11 (
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(O-Si- )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 7.10). 

.

 7.11:  7.10 

(m2/g) (cm3/g) (nm)

-

TEOS/DPAMS
(81:19) pH=9.52 2.6 0.01 -

TEOS/DPAMS
(81:19) pH=9.83 22 0.02 3.4 -

TEOS/DPAMS
(81:19)pH=10.63 15 0.05 11 V

-

 ( 3)

7.3.2.2 

 3.5.2  DPAMS, DEGAMS 

DEPAMS . 

 DPAMS , 

. 

 6.1.5.2.2.  7.12 

.

 7.12:  DPAMS 

 DPAMS   (

 DPAMS)

% 
(mol)
S/ S:

DPAMS
(ml, g)

mmol
)3

(ppm B)

pH
*

78( S):22
(0.5:0.22) 0.95 (10) 5 ml MeOH 9.7 gel 25 min

78(TMOS):22
(0.5:0.22) 0.95 (10) 5 ml MeOH 11.0 gel 20 min
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68(TMOS):32
(0.3:0.22) 0.95 (10) 5 ml MeOH 9.7 -

)^
-

70(TEOS):30
(0.5:0.22) 0.95 (10) 5 ml EtOH 11.3 -

)^
-

70(TEOS):30
(0.5:0.22)

0.95 (10) 5 ml EtOH 10.3 -
)^

-

70(TEOS):30
(0.5:0.22)

0.95 (10) 5 ml EtOH 9 -
)^

-

82(TEOS):18
(1:0.22)

0.95 (10) 5 ml EtOH 11 -
)^

-

82(TEOS):18
(1:0.22)

0.95 (10) 5 ml EtOH 10 -
)^

-

82(TEOS):18
(1:0.22)

0.95 (10) 5 ml EtOH 9 -
)^

-

68(TEOS):32
(2:1) 4.32 (47) 5 ml EtOH 11 -

)^
-

*  pH  NaOH 3 
^  (80 ºC  15 hr)

 DPAMS  CF3COOH  DPAMS:CF3COOH 1:2

, 

 ( )4
-).

Cl, 

, , 

. 

 Si-O-Si . 

, 

,  D- .

 7.13 

 TEOS  DPAMS (

68:32) (

7.12).  5 ppm  1

ppm . 
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 D- .

 7.13: 

OS/DPAMS (  68:32)

.

7.3.2.3 

, 

,  DPAMS, DEPAMS, LGLACTONE

 LGLAMINE  (VO3
-). 

 (VO3
-=1.82 Å), 

 « » 

 [Yizhak (1997)]. , 

. 

 ( 2 2), 

 (  3.5.2).

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5
5,5

0 0,5 1 1,5 2 2,5 3
t  hr

pp
m

 

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



7.3.2.3.1  DPAMS, DEGAMS
 DEPAMS

pH  7  11.  Evgeniou et al (2005) 

 DPAMS, DEGAMS  DEPAMS 

 pH . 

 pH  7.14 

 7.13.  DPAMS. 

 DEGAMS  DEPAMS.

 7.14:  DPAMS 

 pH

 7.13:  pH  DPAMS/VO3
-

 7.14

pH

~7.5 V2Si2
~9.5  1
~11 V1Si1

 1 Si

N

O

O
V

O O

H

H

H

H

CH3
H

CH3

Si N OH

OH

OH

O
OH

V

OH

O O

CH3 H

CH3 HV1Si1

V2Si2

Si
N

OH

OH

OH

OOH
V

OO

Si N OH

OH

OH

O
OH

V
O

O O

VO

CH3 H

CH3 H

H CH3

H CH3

-1
-3

-1

ΡΟ
ΔΟ
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ΛΕ
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 7.14 

 DPAMS  TMOS  TEOS, 

 6.1.5.2.3. 3 

.

 pH 9.3  7.5 

2 2, 

 pH

. 

. 

 HCl 0.01 , .

 7.14:  DPAMS 

,  DPAMS   

 DPAMS)

% 
(mol)
S/ S:

DPAMS
(ml, g)

mmol
NaVO3

pH
*

70(T OS):30
(0.63:0.28)

1.21 1.5 ml MeOH 9.5 - 20 hr

54(T OS):46
(0.32:0.28)

1.21 1 ml MeOH 7.5 - ^
70(T OS):30
(0.63:0.28)

1.21 1.5 ml MeOH 11.2 - ^
70(T OS):30
(0.63:0.28)

1.21 10 ml MeOH 11.5 - ^
54(TMOS):46

(0.21:0.28)
1.21 8 ml MeOH 7.6 - ^

54(TMOS):46
(0.21:0.28)

1.21 8 ml MeOH 9.5 - ^
54(TMOS):46

(0.21:0.28)
1.21 8 ml MeOH 11 - ^

70(TMOS):30
(0.42:0.28)

1.21 5 ml MeOH 7.9 - ^
70(TMOS):30

(0.42:0.28)
1.21 5 ml MeOH 9.6 - ^

70(TMOS):30
(0.42:0.28)

1.21 5 ml MeOH 11 - ^
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70(TMOS):30
(0.42:0.28)

1.21 5 ml MeOH 7.5 - ^
80(TMOS):20

(0.84:0.34)
1.47 8 ml MeOH 9.3 - ^

80(TMOS):20
(0.84:0.34)

1.47 8 ml MeOH 11 - ^
*  pH  NaOH 3 
^ 

 3 hr     

 7.15  FTIR , 

 TMOS/DPAMS (  70:30)  pH=7.5 

(5 ml) (  7.14 

).

 7.15:   FTIR OS/DPAMS

 70:30)  pH=7.5  VO3
-  ( ),

 ( ))

 (

(VO3
-),  V=O (  1020 cm-1)  V-O-V (  820 cm-1) 

, 

 Si-O-Si . 

 C=O  C-F, 

 CF3COOH . 

, . 

CF3COOH 

. 

9 10)  FTIR  pH=9.3
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400900140019002400290034003900
wavenumber cm
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%
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 V    (pH=7.5)

 TMOS/DPAMS 
 V    (pH=7.5)3

3
-

-

-1

as(Si-O-Si)
as(Si-OH)

vsym
(Si-O-Si)

(O-Si- )

   )

(C- )
v( )

 v(C- )

 v(C=O)

 v(C-F)

as(SiO-C)
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 11 (  7.14 

).

 pH=9.3  11 

. 

 7.15  7.16 

7.17 .

 7.16: ) OS

/DPAMS (  80:20)  pH=9.3 (

), )

 7.17: )
OS/DPAMS (  80:20)  pH=11 (

), )
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 7.15: 

 7.16  7.17

(m2/g) (cm3/g)  (nm)
OS/DPAMS

(80:20) pH=9.3 520^ 0.41^ 3.1

OS/DPAMS
(80:20) pH=11 547* 0.36* 2.6

 ~10%

 ~25%

IV

 ( 3) , 

. 

, 

  (~2 nm) 

(~2.7 nm) (  2 nm  BJH

).

,  TMOS  DPAMS  pH=11,

.

 7.18:   

MOS S  DPAMS 

 ( )4
-) /  (VO3

-)

 7.11  7.13 

 TMOS/DPAMS 
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 pH=11  7.18. 

, 

.

  pH 11  9  DEGAMS  DEPAMS 

 TMOS/DEGAMS  DEPAMS 80:20 (mol).  7.19  7.20

7.16 .

 7.19: ) OS/

DEGAMS (  80:20)  pH=11 (

), )

 7.20: ) OS/

DE AMS (  80:20)  pH=11 (

), )
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 7.16: 

7.19  7.20

(m2/g) (cm3/g) (nm)

OS/DEGAMS
(80:20) pH=11 435* 0.39* 3.4 V

 ( 3)

TEOS/DEPAMS
(80:20) pH=11 323^ 0.21^ 2.5 V

 ( 3)
* 

 ~10%
^ 

 ~40%

 TMOS/DEGAMS (pH=11)  TMOS/DEPAMS (pH=11) 

 TMOS/DPAMS (pH=9.3  pH=11). 

 TMOS/DE AMS(pH=11)   

 (~2 nm), 

 ( )   ~3 nm. 

 TMOS/DEGAMS  3 nm . (

 2 nm  BJH 

).

. 

 7.21 

 pH=11  7.17 

 pH=9.5  pH=11.

 DEPAMS  pH=11

 (15±3 mg B/g ). 

 3.3.2. 

. 

 DEPAMS 

, , 

 DPAMS  DEGAMS. 
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DEGAMS 

 DPAMS. 

.

 7.21:   

MOS  DPAMS  DEGAMS  DEPAMS   (

 80:20)  pH=11

 7.17: , 

MOS  DPAMS  DEGAMS  DEPAMS   (  80:20) 

pH=11  pH=9

(mg B/g ) (mmol B/g )
OS/DPAMS

(80:20) pH=11 7±2 0.65±0.19

OS/DPAMS
(80:20) pH=9.3 5±2 0.46±0.19

OS/DEGAMS
(80:20) pH=11 12±3 1.11±0.28

OS/DEGAMS
(80:20) pH=9 9±3 0.83±0.28

OS/DEPAMS
(80:20) pH=11 15±3 1.40±0.28

OS/DEPAMS
(80:20) pH=9 10±3 0.93±0.28

 7.22  DEGAMS

 DEPAMS ,  7.10 

 DPAMS.
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S/DEGAMS (80:20) (pH=11)
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 7.22: : ) DEGAMS ) DEPAMS 

 (

)

 pH=9 

 pH=11. 

  

pH=9  pH=11, 

 pH=9. 

 HCl 

 pH=9 

, 

. 

 pH=11 

 V1Si1  7.14. 

, 

, 

, 

.

Si
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7.3.2.3.2  LGLACTONE 
LGLAMINE

 DPAMS, DEGAMS  DEPAMS, 

 LGLACTONE 

pH=11  TMOS  TMOS/LGLACTONE

(80:20). 

2 2 . 

 (  27 m2/g  0.05 cm3/g). 

11 4 . 

 (

 7.23). 

 5 ppm  0.3 ppm  1 hr . 

 (4±1 mg B/g , 0.37±0.09 mmol

B/g ) 

7.17.

 7.23: , 

MOS  LGLACTONE (  80:20) 

pH=11

 LGLACTONE,  TMOS

 LGLACTONE ( ) 

 pH 

LGLACT NE:NaVO3. 

. 
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 6.1.5.2.3.  7.18

. 

,  7.18.

 7.18: 

LGLACT NE  T S

% 
(mol) T S:
LGLACTONE

(ml,g)

LGLACTONE
:NaVO3 (mmol)

pH

VO3
-

(mg B/g )
(mmol B/g

)
80:20

(0.3:0.17)
0.52:0.52

(1:1) 7.1 30% H2O2*
0.6±0.1

(0.06±0.01)
80:20

(0.3:0.17)
0.52:0.52

(1:1) 8.9 30% H2O2+
HCl 0.01 

3.0±0.5
(0.28±0.05)

80:20
(0.3:0.17)

0.52:0.52
(1:1) 6.9 30% H2O2+

HCl 0.01 
2.0±0.5

(0.19±0.05)
67:33

(0.15:0.17)
0.52:0.52

(1:1) 7.1 30% H2O2+
HCl 0.01 

1.0±0.2
(0.09±0.02)

80:20
(0.3:0.17)

0.52:1.02
(1:2) 7.1 30% H2O2+

HCl 0.01 
1.0±0.2

(0.09±0.02)
80:20

(0.3:0.17)
0.52:1.56

(1:3) 7.0 30% H2O2+
HCl 0.01 

0.7±0.1
(0.06±0.01)

80:20
(0.3:0.17)

0.52:1.02
(1:2) 7.0 30% H2O2

(pH=8.5)
3.5±1.0

(0.32±0.09)
80:20

(0.3:0.17)
0.52:1.02

(1:2) 7.0 30% H2O2
(pH=7.5)

2.0±0.5
(0.19±0.05)

80:20
(0.3:0.17)

0.52:1.02
(1:2) 7.0 0.001 M

HCl* -

*  VO3
-

 7.18 

 LGLACT NE  VO3
-

 1:1 , 

  LGLACT NE:VO3
- 1:2  1:3 

  LGLACT NE:VO3
- 1:1

 7.18). 

 HCl  VO3
-

, .

LGLAMINE. 

 6.1.5.2.3.  7.19 

. , 

 7.19.

ΡΟ
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 7.19:  LGLA

 T S

% 
(mol) T S:
LGLA

(ml,g)

LGLA
:NaVO3 (mmol)

pH

VO3
-

(mg B/g )
(mmol B/g

)

80:20
(0.3:0.17)

0.52:1.02
(1:2) 9.1

30% H2O2

)

5.0±1.0
(0.46±0.09)

80:20
(0.3:0.17)

0.52:1.56
(1:3) 9.1

30% H2O2

)

6.5±1.0
(0.60±0.09)

80:20
(0.3:0.17)

0.52:1.02
(1:2) 9.0 30% H2O2

(pH=7.5)
3.0±0.5

(0.28±0.05)

 LGLA

 LGLACT NE. 

 VO3
-

 VO3
- .

LGLACT NE  LGLA

pH~7  ~9 ,  pH 

 VO3
-. (

). 

 LGLACT NE  LGLA  VO3
-

 1:1, 

).

, 

 T S 

LGLACT NE  LGLA , 

, 

 DPAMS, DEGAMS  DEPAMS.

. 

, 

.

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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Η



7.3.3. 

, 

: ( ) 

, ( ) 

 6.1.5.3). 

DPAMS, DEGAMS, DEPAMS  LGLACTONE,  (3-

)-  (GPTMS). 

: ( ) HMS , ( ) MCM-41

 CTAB , ( ) SBA-15  Pluronic123 

Pluronic127   ( ) MSU  Triton-X100 . 

.

7.3.3.1  HMS

 HMS 

 TEOS  GPTMS  70:30 (mol), 

 TMOS  GPTMS 

 (70:30 mol)  6.1.5.3.1.

 TEOS  TMOS 

. 

, 

 FTIR 

 GPTMS .  7.24 

 FTIR  TEOS/GPTMS 

, 

. 

, 

TEOS .ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 7.24:  FTIR  HMS 

 (  ( ),  ( ),  ( ))

 FTIR 

TEOS/GPTMS  TEOS 

 1670 cm-1. 

 C–  (1070 cm-1) 

(~800 cm-1)   Si-O-Si 

.  GPTMS

 1240-1260 cm-1  800-900 cm-1

 Si-O-Si .

 TEOS 

   C-H, 

  .

 FTIR  T OS/GPTMS  T OS 

. 

 ( 1). 

 T OS  T OS/GPTMS -

-D- .

S 

, ’ 

,    (100) 

 [Tanev et al (1995), Tanev et al (1996)].  7.25 

,  TEOS 

-20

0

20

40

60

80

400900140019002400290034003900
wavenumber cm

T 
%

TEOS/GPTMS (70:30)

TEOS/GPTMS (70:30) 
 TEOS 

v( )

 v(C- )

 s( )

as(Si-O-Si)

vsym
(Si-O-Si) (O-Si- )

(C- )

 -1

v(C-N) (CH2)
sym

(C-H3)

s(N-H)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



GPTMS , . 

 TMOS/GPTMS 

2 .

 7.25:  HMS 

S/GPTMS  (C12NH2) 

C12NH2

. 

, 

  .

7.3.3.2  MCM-41

 MCM-41 

S)  CTAB, 

 6.1.5.3.2.   7.20 

 TEOS  GPTMS. 

 TEOS, 

. 

, .

 7.20:  MCM-41

% (mol)
S:GPTMS

 (ml,ml)
ml H2O

ml 4
(28%) g CTAB

70:30 221 6 0.14 2 hr*

2 4 6 8 10 12 14
2 theta

In
te

ns
ity

 a
.u

.

S/GPTMS  C  NH

S/GPTMS 
   C  NH12 2

12 2(100)

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



(0.50:0.21)
100:0

(0.71:0) 221 6 0.14 2 hr

70:30
(1.96:0.83) 110 11.84 0.56 19 hr

100:0
(2.79:0) 110 11.84 0.56 19 hr

57:43
(1.40:1.04) 110 11.84 0.56 19 hr

80:20
(2.24:0.55) 110 11.84 1.00 2 hr

80:20
(2.24:0.55) 100 13 2.40 2 hr

80:20
(2.24:0.55) 100 13 2.40 19 hr

*  2 hr 
 48 hr, 

 CTAB 

 C +
4
+

4 3 (  2.2.3). 4
+

3  120 ºC  5

hr.  FTIR . 

 7.26 ( )  FTIR  TEOS/GPTMS, 

 7.20.  FTIR 

,  C +

 ( 4
+), 4

+. 

 7.26 ( )  FTIR  TEOS

 CTAB , 

 TEOS/GPTMS.  FTIR  C .

 FTIR  TEOS/GPTMS  TEOS, 

 C , 

 C ,

 C-H  2850-2900 cm-1  ~1450

cm-1 .ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
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 7.26:  FTIR  MCM-41  CTAB : )
 TEOS/GPTMS, )

 TEOS  (  ( ),  ( ))

4 3

 C , 

 1380 cm-1,  Lang et al (2004) 

4
+. ( 3  FTIR 

NH4NO3).  C-H 

 TEOS/GPTMS 4 3

, , 

 GPTMS. 

TEOS/GPTMS  (120 ºC) 

4
+ , 

.  FTIR  C

4
+ .
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wavenumber cm
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%

T OS/GPTMS CTAB

T OS/GPTMS CTAB
NH  NO
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NH  NO 120 C

4

4 3

3

-1

º

)

(O-Si- )
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as(Si-O-Si)

vsym
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(C- )

  as
(Si-OH)
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wavenumber cm
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%
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 CTAB  NH NO
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4 3
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)

(O-Si- )
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v( )

 v(C- ) (C- )

(CH2)

as(Si-O-Si)

  as
(Si-OH)

  vsym
(Si-O-Si)
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 MCM-41 

. 

. 

 7.27 ( )  ( )  TEOS 

TEOS/GPTMS (  7.20 

) 

4 3.

 7.27: CM-41  CTAB :

)  TEOS, )
 TEOS/GPTMS (  80:20)

 [Beck et al (1992), Kresge et al (1992)]. 

 CTAB, 

S, , 

. 

2 4 6 8 10 12
2 theta

In
te

ns
ity

 a
.u

.

S  CTAB

S 
 CTAB

(100)
(1

10
)

(2
00

)

(2
10

)

)

2 4 6 8 10 12
2 theta

In
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ity

 a
.u

.

S/GPTMS 
 CTAB

S/GPTMS 
 CTAB

)

(100)

(1
10

)

(2
00

)
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S  GPTMS, 

, 

 (110)  (200). , S/GPTMS

 ( ) 

S.  GPTMS, 

. 

. , 

 43% mol GPTMS,  (100) 

 CTAB ( 4 

) [Huh et al (2003)].

 7.20  MCM-41 

 (TEOS:GPTMS),  (H2O:NH4OH)

 CTAB, 

-D- . 

-D-

6.1.5.3.6.

 7.28:  FTIR  MCM-41 

TEOS/GPTMS (  80:20)  CTA

-D-   (  ( ),  ( ), 

 (s))

 7.28  FTIR  TEOS/GPTMS (  80:20)

 7.20) 

 CTAB -

-D- . , 
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 120  C
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 CTAB  NH  NO  

 120  C -D-

4

4 3

3

-1

º

º

(O-Si- )

as(Si-O-Si)

vsym
(Si-O-Si)

  as
(Si-OH)

   )

v( )
 v(C- )

*
*

*
(C- )

 s(N- )
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-D-

. -D-

 FTIR 

 C-H, 

,  N-H. (

 * 

 7.28).

-D-

7.29. 

-D- . 

 7.20 

-D- . 

-D- , 

.

 7.29:  TEOS/GPTMS (

80:20) -D-

-D-

, 

 DPAMS  DEPAMS. 

 DPAMS  6.1.5.3.2,

 GPTMS 

 TEOS,  DPAMS,  pH

 9  NH4OH (

0
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TEOS/DPAMS  60:40 mol).  CTAB 

, , 4 3. 4
+

 100 ºC,

. 

 (150-200 ºC), 

, 

.

 CTAB 

 FTIR .  7.30

 FTIR  TEOS/DPAMS. 

4 3

4
+ (  7.30). 

 100 ºC (  7.30), 

 200 ºC 4
+ , 

 C-H  DPAMS (

 7.30).

 7.30:  FTIR   MCM-41 

TEOS/DPAMS  CTAB  (  ( ),  ( ))

 TEOS/DPAMS,  CTAB 

4
+,  (TGA). 

 7.31, 

 7.32. 

.  (~150 ºC) 

 ( 4
+) 

-15

5

25

45

65

85

400900140019002400290034003900
wavenumber  cm

T 
 %  TEOS/ DPAMS 

 CTAB
 TEOS/ DPAMS 

 NH  NO
 TEOS/ DPAMS 

 100  C
 TEOS/ DPAMS 

 200  C

4 3

-1

º

º

(O-Si- )

  vsym
(Si-O-Si)

4
+

   )

v( )  v(C- )

as(Si-O-Si)

(C- )

  as
(Si-OH)
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 T OS,  (~400 ºC) 

 DPAMS. 

 700 ºC 

.

4
+  ~200 ºC 

.

 200 ºC 

4
+

.

 DPAMS

. 

~45%,  20%. 

 DPAMS, 

 ~70%.

 7.31:  (TGA)  MCM-41 TEOS/DPAMS

 CTAB (m .=10 mg)

0 100 200 300 400 500 600 700 800

T  C

6
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9

10

m
 m

g

º
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ΥΛ
Α 
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 7.32 : 

7.31

 TEOS/DPAMS   CTAB 

4
+  100 ºC, 

.  1.0±0.2 mg /g  (0.09±0.02

mmol /g ), 

4
+.

 DEPAMS 

 TEOS/DPAMS, 

 TEOS 

 D PAMS,  pH  9 

 NH4OH.  CTAB 

, , 4 3, 

4
+, .  7.33 

 FTIR  TEOS/D PAMS, 

4 3  CTAB.

0 100 200 300 400 500 600 700

T  C

0.000

0.002

0.004

0.006
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0.016

0.018

m
/  
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   7.33:  FTIR   MCM-41 

 TEOS/D PAMS  CTAB  (  ( ), 

))

 TEOS/D PAMS 

,  CTAB 

 (9 m2/g)  (0.01 cm3/g). 

5 1 . 

PAMS .

 MCM-41. 

 TEOS/D PAMS 

 CTAB 

 (100) ( 6 ).

 TEOS/D PAMS 

 CTAB, 4
+. 

   7.34. 

 TEOS/D PAMS,  4.5±0.5 mg /g  (0.42±0.04 mmol

/g ).  TEOS/D PAMS 

 TEOS/DPAMS, 

, , 

PAMS  DPAMS. 
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wavenumber cm
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%
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OS/DEPAMS  CTAB 
 NH NO4 3

-1

(O-Si- )
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  as
(Si-OH)

  vsym
(Si-O-Si)

   )

(C- )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 imprinting

 7.3.2.3). 

, 

4
+.

 7.34:  MCM-41 TEOS/DEPAMS

 60:40)

7.3.3.3  SBA-15

 SBA-15, 

F127 ((EO)106(PO)70(EO)106), 123 ((EO)20(PO)70(EO)20)  L64 ((EO)13(PO)70

(EO)13) 

  Zhao et al (1998) 

,  6.1.5.3.3.

 TEOS  TMOS, 

 GPTMS  DPAMS  DEGAMS, 

 pH  9 

 NaOH. 

 DPAMS 

.  7.21 

.
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 7.21:  SBA-15

% 
(mol)
S/ S:

 (ml,ml (g))

ml H2O
ml HCl
(2 M)

g - -

80 (TEOS):20
(GPTMS)

(1.80:0.44)
7.5 30 1.46 g

F127

27 hr

 45 ºC +
25 hr 

 95 ºC

) 

(60 ºC)
)  40%

2SO4

80 (TEOS):20
(DPAMS)

(1.67:0.44)
7.5 30 1.46 g

F127

27 hr

 45 ºC +
72 hr 

 95 ºC

80 (TEOS):20
(D GAMS)
(1.60:0.50)

7.5 30 1.46 g
F127

27 hr

 45 ºC +
72 hr 

 95 ºC

80 (TMOS):20
(DPAMS)

(1.40:0.55)
7.5 30 1.46 g

F127

27 hr

 45 ºC +
120 hr 

 95 ºC

  150 ºC
 20 hr

60 (TEOS):40
(DPAMS)
(1.6:1.1)

10 60 1.00 g L64

27 hr

 45 ºC+
72 hr 

 95 ºC

80 (TMOS):20
(DPAMS)

(1.40:0.55)
7.5 30 1.00 g

123

18 hr

 25 ºC +
24 hr 

 45 ºC

  150 ºC
 20 hr

80 (TMOS):20
(DPAMS/ )4)*

(1.40:0.55)
7.5 30 1.00 g

123

18 hr

 25 ºC +
24 hr 

 45 ºC

  150 ºC
 20 hr

75 (T OS):25
(DPAMS) 7.5 30 1.00 g

123
18 hr

  150 ºC

ΡΟ
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(1.50:0.55)  25 ºC+
24 hr 

 45 ºC

 20 hr

90 (T OS):10
(DPAMS)
(3.2:0.3)

7.5 30 1.00 g
123

18 hr

 25 ºC+
24 hr 

 45 ºC

  150 ºC
 20 hr

* )4

 1:1. )4  D-

S/GPTMS -

-D- ,  MCM-41. 

(60 ºC) [Margolese et al (2000)], 

2 4 40% [Yang et al (2004)]. 

 FTIR 

2 4 (  7.35).  7.35 

FTIR  F127.

 7.35:  FTIR  F127   SBA-15 

 TEOS/GPTMS (80:20)  F127  (  ( ), 

 ( ))

 FTIR  C-H (2900-

2930 cm-1) 2 4, 

 (1450 cm-1) . 

, ,

 C-H 
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.  C-OC 

 ~1100 cm-1  Si-O-

Si .

 TEOS/GPTMS (80:20)  (TGA) 

 F127. 

 7.36, 

7.37.

 7.36:  (TGA)  TEOS/GPTMS 

 F127 (m .=20.7 mg)

 7.37 : 

 7.36
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. 

 (~250 ºC) 

,  (~550 ºC) 

 GPTMS.  700 ºC 

. 

 GPTMS 

.  ~10%, 

 ~7%.  ~60%, 

 ~50%. 

 GPTMS 

, 

 ~60%.

 SBA-15 TEOS/GPTMS, 

, F127  H2SO4, 

-D-

 6.1.5.3.6.  7.38  FTIR 

TEOS/GPTMS, , 

-D- .

 7.38:  FTIR  SBA-15  

TEOS/GPTMS (  80:20)  F127 

-D-  (  ( ),  ( ), 

 (s))

, 

-D- . -D-
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* * *
(C- )  s(N- )

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 FTIR . (

 * 

 7.38).   -D-

, 

-D-

 GPTMS.

 SBA-15 -D-

, 

 (TEOS,TMOS)  DPAMS

 DEGAMS,  7.21. 

 SBA-15  

 CTAB  MCM-41 [Zhao et al

(1998)]. 

 150 ºC  20 hr.  7.39 

FTIR  TEOS/DPAMS (  75:25) (

 7.21) .

 7.39:  FTIR   SBA-15 

TEOS/DPAMS (75:25)  P123  (  ( ),  ( ))

 FTIR  C-

H (2930-2970 cm-1  1450 cm-1 ) . 
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C-OC  ~1100 cm-1

 Si-O-Si .

.  7.22 

 SBA-15 .

 7.22  SBA-15,  

S S  DPAMS.  

 (0.1 g  + 5 ml  5 ppm  3 hr )

 (mg B/g )
80 (TMOS):20

(DPAMS) F127 -*

80 (TMOS):20
(DPAMS) 123 -*

80 (TMOS):20
(DPAMS/ )4)

123 -*

75 (T OS):25
(DPAMS) 123 0.22

90 (T OS):10
(DPAMS) 123 0.18

* 

 TMOS/DPAMS 

. 

.  T OS/DPAMS 

, 

, 

. 

.

 7.40 

OS/DPAMS (  75:25) 

 7.21. 

, 

 1.3 ppm  3 hr .

ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 7.40:  SBA-15 TEOS/DPAMS

 75:25)

7.3.3.4  MSU-X

,

 Pluronics 

. 

. 

.  MSU-X, 

 5-10 m

[Bibby et al (2002), Boissire et al (1999), Boissiere et al (2000) A,B]. 

.

 MSU-X 

6.1.5.3.4,  ( ) 

. 

 (200 ºC  6 hr 

 620 ºC  15 hr). ,

 FTIR 

 (  7.41).
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 7.41:  FTIR  MSU-X   Triton-

X100/TMB(  ( ),  ( ))

.  7.42 

 MSU-X ,

 7.23 .

 7.42: )  MSU-X : ) Triton X-100

) Triton X-100/ , , )

 7.23: 

  7.42

(m2/g) (cm3/g) (nm)

-

S (MSU-X),
Triton-X100 674 0.31 1.8 /

S (MSU-X),
Triton-X100/TMB 909 0.46 2.1 /
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 ~2 nm, 

. 

. 

6.1.5.3.5,  LGLACTONE, DEPAMS  GPTMS. 

 DEPAMS 

,  CF3-

COOH  pH  9.

 7.43  FTIR  MSU-X 

 LGLACTONE  DEPAMS, 

 GPTMS D- . 

LGLACTONE  DEPAMS  MSU-X, 

 Triton-X100,  GPTMS/ D-

 MSU-X,  Triton-X100/TMB. 

 C-H, 

.

 7.43:  FTIR  MSU-   

 LGLACTONE, DEPAMS  GPTMS/ D-  (

),  ( ))

S/LGLACTONE 

. 

 ~2.5  (  674 m2/g  274 m2/g  0.31 cm3/g  0.13 cm3/g

), 

0
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 %
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. ( 7 2 

).

.  7.44 

 7.24 .

 7.44:  MSU-X 

 LGLACTONE, DEPAMS  GPTMS/ D-

 7.24:  MSU-X 

 LGLACTONE, DEPAMS  GPTMS/ D-

(mg B/g ) (mmol B/g )
OS/

LGLACTONE 3±1 0.28±0.09

OS/ DEPAMS 4±1 0.37±0.09
OS/GPTMS/ -

D- 5±1 0.46±0.09

 T OS/GPTMS/ D-

 LGLACTONE 

DEPAMS. D-

.  3-5 mg B/g 

. 

, 

 MSU-X 

.

0
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1
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2
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3
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7.4. 

 7.25 

. 

, 

 ( ).

 7.25:

- -

1.

-

S
TMOS/

PTMOS 
,
,
,

-D-
,

D-

- 

- 

PTMOS

-
:

~500 m2/g

:
~0.7 cm3/g

TMOS/
PTMOS)

-
: ~0.5 mg

B/g 

TMOS/
PTMOS/ -

-D-
)

2. -
-

-

2( ). -
S

TMOS/
(PTMOS)/
DPAMS 
DEGAMS

- 

-
:

0-500 m2/g

:
0.00-0.09

cm3/g

)

 0.1-
0.2 mg B/g

OS/
DPAMS)

ΡΟ
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2( ). - S
TMOS/

DPAMS

- 

- 

- ~0.2 mg B/g

OS/
DPAMS)

2( ). -
-

S/
DPAMS,

DEGAMS,
DEPAMS,

LGLACTO-
NE,

LGLAMINE

- 

- 

-
:

300-500 m2/g

: 0.2-
0.4

 cm3/g

OS/
DPAMS,

DEGAMS,
DEPAMS)

: ~15 mg
B/g

TMOS/
DEPAMS)

3. -

3( ) -

-

S, MCM-
41, SBA-15

-
: DPAMS,

DEPAMS,
GPTMS/ -

-D-

- 
- 

-
:

9 m2/g

: 0.01
 cm3/g

-
: ~4.5 mg

B/g 

MCM-41
S/DEPA
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)  - MCM-41
S/DEPA
MS)

MS)

3( ) -
-

-

MSU-X
-

: LGLA
CTONE,

DEPAMS,
GPTMS/ -

-D-
)

- 

- 

-
:

274 m2/g

: 0.13
 cm3/g

MSU-X
S/ LGLA

CTONE)

-
: 3-5 mg

B/g 

7.5. 

 (imprinting), 

. 

 DPAMS, DEGAMS  DEPAMS 

, 

 LGLACTONE  LGLAMINE. 

, 

. 

 LGLACTONE  LGLAMINE 

.

, , 

  ,

. 

 (imprinting) 
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(imprinting) 

, 

.

, 

, 

 LGLACTONE  DEPAMS,  GPTMS

-D- , 

. 

.

 (  7.45).

 7.45: 
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 2.1.4 

 >10 m),

. 

, 

, 

.

. 

.

,

. 

  , 

.

. 

, 

 ( )  (

 >10 m, 

). 

 SEM. 

 spray-drying, 

.
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8. 

8.1. 

, 

. 

 FTIR 

. (  FTIR 

 5.1.1). 

, 

. 

, 

.

 ( , 

) . 

 ( ) 

. 

. 

 (Ahv)2=f(hv), 

 8
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 ( (R)), 

4.5.  4.5  R 

,  ( g), 

 (me
* )  (mh

*) (  4.2).

. 

. 

.

8.2. 

, 

. 

.

 4.2.8 ,

, 

 (SiO2).

, 

.  8.1 , 

S , 

.

 8.1 ( )  ( ) 

 280-350 nm,  8.1 ( )

 530-570 nm. 

.  280-340 nm , 

 ~550 nm ,  4.2.8,

Si [Chang et al (2001), Glinka et al (2000)]. 
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 350 nm  ~ 520 nm,

. 

 ( Si-O2). 

 320-350 nm.

.

 8.1: ), ( ), ( )
, )

 (filter set 02 488002-0000, ex(max) =350 nm)

 8.1 ( ) 

 (filter set 02 488002-0000, ex(max) =350 nm). 

, 

 8.1 ( ) ex=350 nm

max=520 nm).  530-570

nm,  ~770 nm, 

 ( Si-O) (

Si-O Si-O- -Si  [Shen et al (2002), Gimon-Kinsel et

)

)
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al (1998)]), . 

’ 

 >700 nm [Glinka et al (2002)].

8.3. 

 CdS, PbS  ZnS, 

 6.2.3.1, 

.

8.3.1.  CdS

 8.2  FTIR  CdS 

 ( ) 

  ( ). 

. 

 ( , 

 8.2) , 

,  C=O

 1736 cm-1  S=O  1241 cm-1. 

 CH2  S.

, 

 C-H   SiO-C,

Si-C,  Si-O-Si  Si-OH, 

  .  691

cm-1 , 

 C-S.  2550-2600 cm-1

 S-H, 

 MPTMS.

 (

 8.2), 

, 

.  C-H). , 

 C=O ,  S=O

.  CH2
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 S, 

 C-S 

.

 8.2:  FTIR  CdS  MPTMS 

 (  ( ),  ( ),  ( ))

 8.3  CdS 

. , 

, , 

.

 8.3:  CdS 

, , 

 Scherrer  3.1±0.1 nm  3.6±0.1 nm . 

 MPTMS 

 CdS, 

. 
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 2  20-30 , 

 ( ). 

 2 >30 (  8.3).  2  28º 

47º, 

 (  8.3), 

 (101)  (103)  [

PDF 06-0314}, ,  CdS  [Malik

et al (2001), Diaz et al (1999)].

 CdS 

 (Uv-vis) .  8.4 

 CdS, 

.

 8.4:  CdS 

S  (

). 

 (Ahv)2=f(hv)  2 hr ( ), (R) 

(R)=2.9 eV, R=2.3 nm )

 ~380 nm, 

 CdS [Chestnoy et al (1986), Hirai et

al (1994)] (  4.2.4). 

(Ahv)2=f(hv) (  8.4,  2 hr 

1  E  30 min  1 hr). 

,  4.5  R

, 
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(R)=2.91±0.02 eV)  ( g=2.53 eV)

 (mh=0.8)  (me=0.17) 

 CdS (  4.1  4.2.1)  CdS

CdS=8.9).  R=2.30±0.05 nm

 D= 4.60±0.05  nm), 

 XRD.

 CdS  MPTMS

.  8.5 ( )

.

 8.5: )  CdS  MPTMS 

, )
 (filter set 02 488002-0000, ex(max) =350 nm)

, -

, 

 (  4.2.4)

[Spanhel et al (1987), Chestnoy et al (1986)].  (~550 nm) 

 (

),  (~612 nm) 

 ( )

 8.5).  (filter

set 02 488002-0000, ex(max)=350 nm) 
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 (  8.5 ( )).

 CdS 

. ,

, 

. 

 CdS, 

 ( .350 nm) 

CdS .

 8.6: )  CdS  MPTMS 

, )
 (filter set 02 488002-0000, ex(max)=350 nm), )

 CdS  MPTMS 

 ( ex=360 nm))

 360 nm 

.  8.6 ( ) 

)

)

)

450 500 550 600 650 700 750 800 850
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350 nm
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 CdS 2.5%  19.5%,  

 360 nm.

. 

, 

.

8.3.2.  PbS

 PbS 

 (0.16  0.24 ), 

. 

R=[moles ]/[moles ] 

 PbS (  4.4.3). 

 CdS, 

 PbS  MPTMS 

 FTIR.  FTIR  PbS

 MPTMS 

2).

 8.7  PbS

 MPTMS, 

 (0.16 , 0.24 ), 

. 

 XRD  2

20-30 ,  ( ). 

 CdS, 

,  2 >30 (

 8.7). 

, 

.

 PbS  MPTMS  4.8±0.3 nm, 

5.2±0.3 nm.  PbS  MPTMS 
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 3.7±0.3 nm, 

 4.6±0.3 nm. 

.

 MPTMS  PbS

. , ,

 PDF 05-0592]  PbS  [Gao et al (2001),

Martucci et al (2004)].

 8.7:  PbS  MPTMS 

. 

: ) 0.16  ( ) ) 0.24  ( )

 PbS, 

.  PbS 

 [Martucci et al (2004), Sashchiuk et al (2002), Levina

)

)
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et al (2005)],  PbS

[Lifshitz et al (1999), Chen et al (2000)] (  4.2.5). 

 PbS ( ) ,  ( )

.

 8.8  PbS II

.  ~540 nm

 PbS [Martucci

et al (2004), Patel et al (2000)]. 

 (Ahv)2=f(hv) (  8.8,  30

min 3  0 min, 1 hr, 2

hr  2 hr  MPTMS).

 8.8:  PbS . 

 ( ).

 (Ahv)2=f(hv)  30 min  (R)

 ( (R)=1.76 eV, R=2.27 nm )

, 

: g=0.37 eV, mh=0.1  me=0.1

 41  42.1) PbS=17.9.  (Ahv)2=f(hv)

(R)=1.75±0.05 eV 

 4.5  R . 

 2.30±0.05 nm, (D=4.60±0.05 nm), 

 XRD.
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 PbS , 

 900 nm),  540-580 nm, 

.   

PbS 

 PbS . 

 PbS ( ) 

 MPTMS 

. 

 PbS . 

4 5 

 PbS , 

, 

.

 PbS 

, , 

 MPTMS 

, 

, 

 (  8.9).

 8.9:  PbS 

 MPTMS   ex =

550 nm ( )

8.3.3.  ZnS

 MPTMS

 ZnS  FTIR, 

700 720 740 760 780 800 820 840 860nm
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 CdS  PbS . 6 

  FTIR  ZnS 

 MPTMS .

 ZnS 

, .

 (  ZnS 

MPTMS 7   ). 

 (Uv-

vis)  (  8.10)  (Ahv)2=f(hv) (

 8.10,  30 min 8 

 1 hr  2 hr ).

 8.10:  ZnS . 

 ( ).

 (Ahv)2=f(hv)  30 min. (R)

(R)=3.95 eV, R=1.75 nm)

, 

(R)=3.93±0.01 eV  4.5, 

 (R)  1.77±0.02 nm. 

, 

 ZnS [Zhang et al (2004) ( ), Chen et al

(1997) (B)]. :

g=3.6 eV, mh=0.57  me=0.39 (  4.1  4.2.1) ZnS=8.3, 
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 4.5.

 ZnS 

.  ZnS, 

,  ~427 nm 

 (  8.11 ( ))  ,

 4.2.4, 

 ZnS.  ZnS 

 (  8.11 ( )).

 8.11: ( )  ZnS   MPTMS  

, )
 (filter set 02 488002-0000, ex(max)=350

nm)

, 

 ZnS . , 

 CdS, .  427 nm

 ZnS , 

. 

 540-550 nm, 

. 

 ZnS  (  8.12 ( ) 
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 8.12: )  ZnS   MPTMS  

  

 ( ex =320 nm), )
 (filter set 02 488002-0000, ex(max =350 nm)

8.4. 

,  TiO2  ZnO

 1,2- -

 ( , (CH3O)3SiCH2CH2Si(OCH3)3) 

 6.2.3.2.1  6.2.3.2.2 .

8.4.1.  TiO2

 8.13   FTIR  TiO2

 (MeOH/C Cl3) 

.  (

,  8.13) 

. ,

 Ti-O-Si  900 cm-1

 Ti-O-Ti  440 cm-1.  900 cm-1

 Si-OH  Si-C,

. 

 TiO2 (  Ti-O-Ti), 

;h  (  Ti-O-Si). ,

)
)
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ΡΟ
ΔΟ
ΥΛ
Α 
ΜΟ
ΛΕ
ΣΚ
Η



 1048 cm-1

 SiO-C   Si-O-Si, 

 1156 cm-1, 

 CH2  Si-CH2.

, 

 (  8.13) 

 (SiO-C, Si-O-Si, Si-CH2) 

 (Ti-O-Ti, Ti-O-Si). 

 C-H  OH.

 8.13:  FTIR  TiO2  BTME 

eOH/C Cl3  ( ),  ( ), 

),  (s))

 8.14 

 TiO2, , 

 TiO2  900 ºC. 

 (

 (  8.14 ( )). 

 3.5±1 nm, 

 (  8.14 ( )). 

 5±1 nm.

 8.14 ( )  ( ) 

 TiO2. 
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. 

, 

 (  5.1.7).

 8.14:  HRTEM  TiO2: )
TiO2 ( ), )  TiO2

 (39% 2), ), ( )  TiO2  900

ºC ( )

 TiO2  XRD 

 17<2 <30 . 

, 

 400  900 ºC.  8.15, 

.  TiO2, 

,   400-500

ºC,  ~900 ºC 

5 nm

) )

) )
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 [Chhabra et al (1995), Jin et al (2002)]. 

 <900 ºC 

, 

 900 ºC. ,

.

 8.15: TiO2

 TiO2

<900 ºC 

. 

 Li et al 

 TiO2

S  Ti( Bun)4 [Li et al (2005)].

 TiO2

 900 ºC  4.0±0.5 nm, 

. 

, 

 XRD, 

, 
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. 

Li et al [Li et al (2005)].

 8.16  TiO2

 900 ºC  (9% 2), 

 TiO2  900 ºC 

. 

, 

. 

 2 >35 ,  2  20 

30 . , 

 5.0±0.2 nm, 

. 

, 

, 

.

 8.16:  TiO2  900 ºC 

 TiO2

 (UV-vis) ( )  (

).   8.17  UV-vis  TiO2

.  290 nm

. 

 TiO2  TiO2
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.

 8.17:  UV-vis  TiO2

 TiO2 . 

, 

 TiO2. ( 9 

 TiO2

, 

). 

, 

,

 (

10 ).

 8.18 ( ) 

TiO2,  TiO2

ex = 330 nm. 

, 

. 

, 

 TiO2. 
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, , 

 TiO2

.

 8.18 ( )  (filter set 02

488002-0000, ex(max)=350 nm)  TiO2  900 ºC.

, 

 (350 nm).

 8.18: )  TiO2  ( ex

=330 nm), )  TiO2

900 ºC  TMOS (filter set 02 488002-0000, ex(max)=350 nm)

8.4.2. nO

 ZnO , 
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1: 

% 
(mol)

(ml )
S/

APTES 70:30 (3) / 0.9 ml 0.01
M NaOH

S/
APTES 93:7 (3) / 0.9 ml 0.01

M NaOH 1.5 hr

S/
APTES 95:5 (3) / 0.9 ml 0.01

M NaOH -  2 
S/

APTES 96:4 (3) / 0.9 ml 0.01
M NaOH -  2 

S/
APTES 97:3 (3) / 0.9 ml 0.01

M NaOH -  2 
S/

APTES 70:30 (3) / 0.9 ml 0.01
M HCl

S/
APTES 95:5 (3) / 0.9 ml 0.01

M HCl -  2 
DMTEOS/

APTES 50:50 (3) / 0.9 ml 0.01
M NaOH gel 3 hr

DMTEOS/
APTES 70:30 (3) / 0.9 ml 0.01

M NaOH gel ~ 24 hr*

DMTEOS/
APTES 80:20 (3) / 0.9 ml 0.01

M NaOH gel ~ 24 hr*

DMTEOS/
APTES 90:10 (3) / 0.9 ml 0.01

M NaOH gel < 24 hr*

DMTEOS/
APTES 95:5 (3) / 0.9 ml 0.01

M NaOH gel < 24 hr*

TEOS/
DMTEOS/

APTES
50:20:30 (3) / 0.9 ml 0.01

M NaOH 5 min

TEOS/
DMTEOS/

APTES
30:40:30 (3) / 0.9 ml 0.01

M NaOH 1 hr

TEOS/
DMTEOS/

APTES
50:30:20 (3) / 0.9 ml 0.01

M NaOH 1.5 hr

S/
APTES 70:30 (3) 2 ml

CH3COOH
0.9 ml 0.01
M NaOH 1.5 hr

S/
APTES 93:7 (3) 2 ml

CH3COOH
0.9 ml 0.01
M NaOH 10.6 hr*

S/
APTES 96:4 (3) 2 ml

CH3COOH
0.9 ml 0.01
M NaOH 10.25 hr*

S/ 95:5 (3) 2 ml 0.9 ml 0.01 10.5 hr*
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APTES CH3COOH M NaOH 
S/

APTES 97:3 (3) 2 ml
CH3COOH

0.9 ml 0.01
M NaOH 10 hr*

S/
APTES 90:10 (3) 1 ml

CH3COOH
0.9 ml 0.01
M NaOH 4 hr*

S/
APTES 95:5 (3) 1 ml

CH3COOH
0.9 ml 0.01
M NaOH 4 hr*

S/
APTES 90:10 (3) 1 ml

CH3COOH
0.9 ml 0.1 M

NaOH 5 hr*

S/
APTES 95:5 (3) 1 ml

CH3COOH
0.9ml 0.1 M

NaOH 5 hr*

S/
APTES 70:30 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 20 hr*

S/
APTES 80:20 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 10 hr

S/
APTES 93:7 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH 3 hr

S/
APTES 96:4 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH 6.5 hr*

S/
APTES 97:3 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH 4 hr*

S/
APTES 70:30 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 20 min

S/
APTES 80:20 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 35 min

S/
APTES 90:10 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 30 min

S/
APTES 93:7 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 30 min

S/
APTES 96:4 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 40 min

S/
APTES 95:5 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 30 min

S/
APTES 97:3 (3) 6 ml CH3OH 2ml 0.1 M

NaOH 1 hr

S/
APTES 93:7 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 30 min

S/
APTES 95:5 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 30 min

TEOS/
DMTEOS/

APTES
60:20:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10 min

TEOS/
DMTEOS/

APTES
50:30:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10 min

TEOS/
DMTEOS/

APTES
40:40:20 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10 min

TEOS/
DMTEOS/ 40:30:30 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10min
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APTES
TEOS/

DMTEOS/
APTES

45:45:10 (3) 6 ml
CH3CH2OH

2ml 0.1 M
NaOH 2 hr

TEOS/
DMTEOS/

APTES
50:20:30 (3) 6 ml

CH3CH2OH
2ml 0.01 M

NaOH 10 min

TEOS/
DMTEOS/

APTES
60:20:20 (3) 6 ml

CH3CH2OH
2ml 0.01 M

NaOH 10 min

TEOS/
DMTEOS/

APTES
60:30:10 (3) 6 ml

CH3CH2OH
2ml 0.01 M

NaOH 25 min

TEOS/
DMTEOS/

APTES
50:40:10 (3) 6 ml

CH3CH2OH
2ml 0.01 M

NaOH 25 min

TEOS/
DMTEOS/

APTES
45:45:10 (3) 6 ml

CH3CH2OH
2ml 0.01 M

NaOH 2 hr

TMOS/
PTMOS 95:5 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 4.5 hr*

TMOS/
PTMOS 97:3 (3) 6 ml

CH3COOH
2ml 0.1 M

NaOH gel 4 hr*

TMOS/
PTMOS 60:40 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH gel 3 hr

TMOS/
PTMOS 70:30 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH gel 1.5 hr

TMOS/
PTMOS 40:60 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH -  2 
TEOS/
PTMOS 40:60 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 11 hr *

TEOS/
PTMOS 70:30 (3) 6 ml

CH3CH2OH
2ml 0.1 M

NaOH 10 hr*

*  2 hr 
 50 ºC 

2: , 

 (  6 ml CH3CH2OH)

% 
(mol)

 (ml )

g -
/ g

S/
APTES 90:10 0.01^

)
2 ml 0.1 M

NaOH - 15 min

S/
APTES 95:5 0.01^

)
2 ml 0.1 M

NaOH - 1 hr
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TEOS/
PTMOS 95:5 (3) 0.05^

)
2 ml 0.1 M

NaOH - 3 hr*

TMOS/
PTMOS 80:20 (3) 0.04^

)
2 ml 0.1 M

NaOH - 2 hr

TEOS/
PTMOS 80:20 (3) 0.05^

)
2 ml 0.1 M

HCl gel  11 hr *

TMOS/
PTMOS 95:5 (3) 0.04^

)
2 ml 0.1 M

HCl gel  3.5 hr *

TMOS/
PTMOS 80:20 (3) 0.04^

)
2 ml 0.1 M

HCl gel  5.5 hr *

TEOS/
PTMOS 90:10 (3) 0.05^

)
2 ml 0.1 M

NaOH - 4 hr*

TEOS/
PTMOS 95:5 (3) 0.05^

)
2 ml 0.1 M

NaOH - 3 hr*

TEOS/
PTMOS 90:10 (3) 0.05^^

)
2 ml 0.1 M

NaOH - 3 hr*

TMOS/
PTMOS 80:20 (3) 0.04^^

)
2 ml 0.1 M

NaOH - 2 hr

TEOS/
S 90:10 (3) 0.05 ^^

)
2 ml 0.1 M

NaOH - 2

TEOS/
S 80:20 (3) 0.05 ^^

)
2 ml 0.1 M

NaOH - 5 hr*

TEOS/
S 90:10 (3) 0.05 ^^

)
2 ml 0.1 M

NaOH - 2

TEOS/
S 80:20 (3) 0.05 ^^

)
2 ml 0.1 M

NaOH - 5 hr*

 2 hr 
 50 ºC 

^  NaOH  HCl
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2:  FTIR  T OS/PTMOS (90:10 (mol)) 
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3:  FTIR  (  ( ),  ( ),

 ( ))

4:  FTIR  TEOS/PTMOS (90:10 (mol)) 
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6:  FTIR  (  ( ),  ( ),

 ( ))

7:  FTIR  TMOS/PTMOS (90:10 (mol)) 
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9:  FTIR  TMOS/PTMOS (90:10 (mol)) -D-

 (  ( ),  ( ))

10:  FTIR D-  (  ( ),  ( ), 

))

11:  FTIR  TMOS/PTMOS (90:10 (mol))  D-
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12:  FTIR  TMOS (  ( ),  ( ))
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15:  T OS 

PTMOS  (
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18 :  PTMOS 
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20 : 

19

21:  FTIR  TEOS/PTMOS (90:10 (mol)) 
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1:  DPAMS 

 (  DPAMS)

% (mol)
S/ S :

PTMOS:DPAMS
(ml, ml, g)

S/
PTMOS

87:9:4
(1.37:0.13:0.05) 1 ml MeOH 2 ml 0.2 M

NaOH -  2 
S/

PTMOS
87:9:4

(1.37:0.13:0.05) 1 ml MeOH 2 ml 0.2 M
HCl gel 24 hr

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 2 ml MeOH 1.6 ml 0.06

M NaOH gel 1 hr

TMOS/
PTMOS

89:7:4
(2.74:0.26:0.2) 8 ml MeOH 6.4 ml 0.06

M NaOH gel 1 hr

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 2 ml MeOH 1.1 ml 0.09

M NaOH gel 2 min

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 2 ml MeOH 1 ml 0.1 M

NaOH gel 5 min

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 1 ml MeOH 1.6 ml 0.06

M NaOH gel 1.2 hr

TMOS/
PTMOS

88:9:3
(1.32:0.18:0.05) 2 ml MeOH 1.1 ml 0.09

M NaOH gel 3.5 hr

TMOS/
PTMOS

78:19:3
(1.14:0.36:0.05) 2 ml MeOH 1.1 ml 0.09

M NaOH gel 2 hr

TMOS/
PTMOS

74:8:18
(1.26:0.17:0.5) 1 ml MeOH 2.2 ml 0.3 M

HCl - 2 hr

TMOS 98:2
(1.5:0.05) 1 ml MeOH 1.6 ml 0.06

M NaOH gel 10 min

TMOS 98:2
(1.5:0.05) 1 ml MeOH 2.2 ml 0.3 M

HCl gel 3 hr

TMOS 96:4
(0.75:0.05) 2 ml MeOH 1.6 ml 0.06

M NaOH gel 20 min

TMOS 96:4
(0.75:0.05) 2 ml MeOH 2.2 ml 0.3 M

HCl gel 3 hr

TMOS 70:30
(1.17:0.8)

4 ml
CH3COOH

1 ml 1 M
NaOH

gel 30 min

TMOS 70:30
(1.17:0.8)

6 ml
CH3COOH

10 ml 0.1 M
NaOH

gel 26 hr

TMOS 72:28 2 ml 1 ml 0.1 M gel 45 min

ΡΟ
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Α 
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(1.5:0.8) CH3COOH NaOH

TMOS 70:30
(1.17:0.8)

2 ml
CH3COOH

1 ml 1 M
NaOH gel 30 min

TMOS 70:30
(1.17:0.8)

3 ml
CH3COOH

1 ml 1 M
NaOH - 20 min

TMOS 70:30
(1.17:0.8)

4 ml
CH3COOH

1 ml 2 M
NaOH - 10 min

TMOS 75:25
(1.63:0.8)

3 ml
CH3COOH

1 ml 1 M
NaOH* gel 1 hr

*  NaOH  20 hr  (DPAMS, TMOS) 
CH3COOH

1: , 

OS/PTMOS  DPAMS (  85:6:9) 

 0.2  NaOH (

)

2: ,  TMOS  

 DPAMS (  70:30) 
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3: ,  TMOS  

 DPAMS (  90:10) 

 0.2  HCl  reflux (

)

4: ,  TMOS  

 DPAMS (  90:10 )

 0.2  HCl (

)

2:  DPAMS 

 (  DPAMS)

% (mol)
S/ S:

DPAMS
(ml, g)

-
 DPAMS

pH

pH)
70 (TMOS):30

(1.17:0.8) - 3.45 ml 1M
HCl^ - gel 4 hr

75 (TMOS):25
(1.63:0.8) - 0.57 ml 12.08

M HCl^ - gel 10 min

75 (TMOS):25 - 0.57 ml 12.08 9 gel 10 min
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(1.63:0.8) M HCl (2 M NaOH)
75 (TMOS):25

(1.63:0.8) - 2.3 ml 3 M
HCl

9
(5 M NaOH) gel 1 hr

75 (TMOS):25
(1.63:0.8) - 2.3 ml 3 M

HCl
9

(3 M NaOH) gel 30 min

67 (TMOS):33
(1:0.8) 5 ml MeOH 2.54 ml 3.47

M CF3COOH
9.65

(3 M NaOH) - 

87(TEOS):13
(5:0.8)

15 ml 0.001
M NaOH

0.54 ml12.85
M CF3COOH

9.58
(3 M NaOH) - 

87(TEOS):13
(5:0.8) - 6.54 ml1.06

M CF3COOH 0.4 gel 24 hr

81(TEOS):19
(3:0.8) - 2.54 ml 3.47

M CF3COOH 0.4 gel 24 hr

81(TEOS):19
(3:0.8) - 6.54 ml1.06

M CF3COOH
8.2

(3 M NaOH) - 

81(TEOS):19
(3:0.8)

6 ml NaCl 0.1
M

0.54 ml12.85
M CF3COOH

9.75
(3 M NaOH) - 

 DPAMS  HCl,  30 min  TMOS

5:  FTIR OS/DPAMS

 81:19)  pH=9.52 ( )  pH=9.83 ( ) (

 ( ),  ( ))

6: OS/DPAMS (

 81:19)  pH= 9.52 (

)
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7: OS:DPAMS (

 81:19)  pH=9.83 (

)

8: OS:DPAMS (
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3:  DPAMS 

 DPAMS     (

 DPAMS)

% 
(mol)
S/ S:

DPAMS
(ml, g)

mmol
NaVO3

pH
*

85(TMOS):15
(1:0.28) 1.21 3 ml MeOH 9.5 - 2 min

85(TMOS):15
(1:0.28) 1.21 3 ml MeOH 11 - 2 min

54(TMOS):46
(0.21:0.28)

1.21 0.5 ml MeOH 7.4 - ^

70(TMOS):30
(0.42:0.28)

1.21 1 ml MeOH 9.5 - 2 min

70(TMOS):30
(0.42:0.28)

1.21 1 ml MeOH 11.1 - 2 min

70(TMOS):30
(0.42:0.28)

1.21 1 ml MeOH 9.5 - 5 min

54(TMOS):46
(0.21:0.28)

1.21 5 ml MeOH 7.4 - ^
54(TMOS):46

(0.21:0.28)
1.21 5 ml MeOH 9.5 - ^

54(TMOS):46
(0.21:0.28)

1.21 5 ml MeOH 11 - ^
70(TMOS):30

(0.42:0.28)
1.21 8 ml MeOH 9.6 - ^

70(TMOS):30
(0.42:0.28)

1.21 8 ml MeOH 7.9 - ^
70(TMOS):30

(0.42:0.28)
1.21 8 ml MeOH 10.2 - ^

70(TMOS):30
(0.42:0.28)

1.21 8 ml MeOH 11 - ^
70(TMOS):30

(0.42:0.28)
1.21 5 ml MeOH 7.4 - ^

*  pH  NaOH 3 
^ 

 3 hr     
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9:   FTIR OS/DPAMS (

 80:20)  pH=11  VO3
- (  ( ), 

 ( ),  ( ))

10:   FTIR OS/DPAMS
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11: )   OS/
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 HMS

1:  FTIR  HMS 

 ( ),  ( ),  (s))
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5:  MCM-41 

OS/DEPAMS (  60:40)   CTAB  (

)

1:   5
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-
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-41) (60:40) 9 0.01 - II
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 MSU-X

  7: )  MSU-X 
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2:   7
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MPTMS  CdS. 

 6.2.3 

CdS,  0.17 mmol  CdS.   

 CdS 1:

CdS CdS CdS
CdS(all)

CdS CdS

m n M.B.V
d d

= = =
3

3 3
3

0.17 10 (mol) 144.5(g/ mol) 5.18 10 cm
4.8(g/ cm )

−
−× ×

= ×

(mCdS:  CdS, dCdS:  CdS (=4.8 g/cm3))

 CdS 2: VCdS= 3
CdS

4 r3

),  rCdS: , 

 (d) (r=R+b), rCdS=2+0.7=2.7 nm. VCdS=

( )3-7 3 20 34 2.7 10 (cm ) 8.24 10 cm3
−× = × .  R 

 XRD 

 Uv-vis . 

 (b) 

. 

:  MPTMS, bMPTMS=2x(  C-C)+  C-

S +  C-Si  7 Å = 0.7 nm,  , bBTME  C-C +

2x(  C-Si)  5.5 Å = 0.55 nm.

 CdS  =
3

CdS(all) 16
20

CdS

V 5.18 10 6.29 10
V 8.24 10

−

−

×
= = ×

×

.  CdS : =4 r2

) =4 (27)2 = 9161 Å2. 

 ~20 Å2. 9161 458
20

≈

 CdS.  CdS   458x6.29x106

= 2.88x1019 , 
19

5
23

2.88 10 4.78 10
6.02 10

−×
= ×

×
mol 

.  MPTMS ( . = 196.34

ΡΟ
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(g/mol), d = 1.04 (g/cm3)) 

:
5

MPTMS MPTMS
MPTMS 3

MPTMS

n M.B. 4.78 10 (mol) 196.34(g /mol)V
d 1.04(g / cm )

−× × ×
= = =

3 39.02 10 cm 9.02 l−× = .

: . = 270.43 (g/mol), d = 1.07 (g/cm3))

 19.5 %  CdS 

: 0.04 g  CdS  MPTMS  0.2 ml

TMOS, . 

0.2 ml TMOS  0.5 ml .  10 min 

 0.2 ml  2%. 

20 min.  20 hr.

3: .

.

m d V
=

m d V
, : m .: 

, m .: ,

d .: , V .: , d .:  

, V .: . , 

4: V . = 3
.

4 r3

 (V .) : V  = 3a3, 

: V  = a3, 

 (a: , 

, a=2r+x,  x: 

).  XRD, 

.  (d .), 

.
.

.

md =
V

 
  
 

.  (

.)
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 CdS  R 2 nm. 

 d=1.5 ±

0.1 g/cm3.  CdS 

, 5 :

( )
( )

( )3 3 3 3
..

3 33
. .

4 4r 4.8(g/cm ) (2+0.7) (nm)m 0.04(g)3 3= =
m 0.2(g) 1.5(g/cm )3ad 3a

⇒ ⇒ a 7.6nm=

a=2r+x ⇒  x = 7.6-2x2.7⇒ x = 2.2 nm.

1 

 4.2.4-4.2.7, 

.

1:  4.2.4-

4.2.7

(g/cm3)* (g/cm3)
CdS 4.8 1.5 ± 0.1
PbS 7.5 1.8 ± 0.1
ZnS 4.1 1.8± 0.1
TiO2 4.0 1.6± 0.1
ZnO 5.6 1.7 ± 0.1

                               *Weast, R.C. (1973-1974)

 CdS

1:  (Ahv)2=f(hv)  Uv-vis 
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2:  ( (R))  (R) 

 (Ahv)2=f(hv) 1  CdS

(R) (eV) R (nm)

30 min 2.93 2.28
1 hr 2.90 2.35

 PbS

 FTIR  PbS 

MPTMS , 

(Ahv)2=f(hv)  Uv-vis. 

 PbS  MPTMS, 

.

2:   FTIR  PbS  MPTMS 
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3:  (Ahv)2=f(hv)  Uv-vis 

8.8  )  1 hr, ) 2 hr, )  2 hr

 MPTMS )

3 :  ( (R))  (R) 

 (Ahv)2=f(hv) 3   PbS

(R) (eV) R (nm)
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